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Preface

This volume contains the proceedings of the 2004 University of Miami
Workshop on Unconventional Superconductivity. The workshop was the
fourth in a series of successful meetings on High-TC Superconductivity and 
related topics, which took place at the James L. Knight Physics Building on 
the University of Miami campus in Coral Gables, Florida, in January 1991,
1995, 1999, and 2004.

The workshop consisted of two consecutive events: 1. NATO Advanced 
Research Workshop (ARW) on New Challenges in Superconductivity:
Experimental Advances and Emerging Theories, held on January 11-14, 
2004; 2. Symposium on Emerging Mechanisms for High Temperature 
Superconductivity (SEMHTS), held on January 15-16, 2004. 

It is hard to write a balanced preface to a volume like this one, yet at least 
we try to offer the reader a taste of what was happening in this workshop. 
There were close to a hundred scientists from around the world, albeit fewer
Russians than we had originally hoped for. Nevertheless, the workshop was
very lively and we trust that this is demonstrated in this volume. 

The workshop included high-quality presentations on state of the art 
works, yet a key issue, discussed by many, was how homogeneous the 
cuprates are. STM data, as well as other reports, showed that the cuprate
superconductors (SC’s) studied were inhomogeneous, especially in the 
underdoped regime; while experiments, like ARPES and magnetoresistance
have established the existence of a Fermi Surface (FS), at least above some 
doping level, in the cuprates. 
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This leaves us with the question of how would one understand the 
existence of an FS in a sample consisting of a 2 nm wide island of an SC
embedded in (and eventually connected by) a bad exotic metal. Thus it is 
necessary to understand the meaning of the FS within the scale in which it 
exists. It seems to be established that a quasiparticle peak is the signature of 
the SC islands; yet there are different views on the meaning of this peak. 

As usual, there have been almost as many interpretations and definitions 
of the pseudogap temperature T* as there were participants. Thus, there was
hardly any convergence on this topic, especially that different thoughts exist 
concerning the normal state. Consequently there were at least five generic 
phase diagrams presented that imply different frameworks. Convincing data 
has been shown that a glassy state persists up to about x=0.19 in LSCO; yet 
that still did not clarify controversies concerning the existence of quantum 
critical points.

Most scientists consider d-wave symmetry to be confirmed in the
cuprates; yet there were several reports that the situation may be more 
complicated. In general, experiments have shown more convergence than
high-TC theories. There is definitely no consensus on the high-TC

mechanism, although two broad groups exist: those around the extended 
"Big Tent" homogenous scheme, and those who assume an intrinsic
inhomogeneous state. Another division could be viewed between those who 
consider the high-TC mechanism to be essentially of an electronic-magnetic 
origin (with no role played by the lattice), and those who assign an important 
role to the lattice.

There seems to be a consensus that MgB2 and the fullerenes are simpler
SC’s than the cuprates, while work on ruthenocuprates and the coexistence
of SC and ferromagnetism still provides new stimuli to research and 
understanding. Interest was drawn also by the new NaxCoO2•yH2O SC.
Although this is a low-TC material, its physical properties have a similarity 
to those of the cuprates; thus research on this system seems to be important 
for the understanding of high TC SC.

In conclusion, the workshop showed that more outstanding experimental 
and theoretical work is necessary to elucidate high TC SC and related 
phenomena. Thus further challenges await all of us!

                                                                                                  The Editors
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LATTICE DYNAMICS AND ELECTRON 

PAIRING IN HIGH TEMPERATURE 

SUPERCONDUCTORS

A. Lanzara1,2, G.-H. Gweon2, S. Y. Zhou1

1Department of Physics, University of California, Berkeley, CA 94720, U.S.A. 
2Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, 

U.S.A.

Abstract: Angle resolved photoemission spectroscopy combined with isotope 
substitution (16O 18O) sample preparation method is used to probe the effect 
of the lattice degrees of freedom on the electron dynamics of optimally doped 
Bi2Sr2CaC2O8+ high temperature superconductors, as a function of momentum 
and temperature.  Our data show that the lattice dynamics strongly 
renormalizes the electron dispersion and the photoemission line shapes.  The 
renormalization is enhanced near the anti-nodal region and in the 
superconducting state, i.e. as the superconducting gap opens up.   This unusual 
behavior is direct evidence that the electron-phonon interaction is correlated 
with the electron pairing in the high temperature superconductivity.

Key words: Electron-lattice interaction, phonons, Spin Peierls, Angle Resolved 
Photoemission spectroscopy, Isotope Substitution 

1. INTRODUCTION 

One of the ongoing debates in the field of high temperature 
superconductors is whether the lattice degrees of freedom are responsible for 
some of the unusual electronic properties of the cuprates.  While many 
experiments have pointed out that the lattice is heavily involved in several 
properties of the cuprate superconductors [1], the lack of experiments 
probing directly the electronic response to the lattice has kept the debate 
open.  In addition, the absence of a pronounced conventional isotope effect 

1
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[2] on the critical temperature (Tc) [3, 4] has reinforced the belief that the 
magnetic interaction is the main player instead.  However, the meaning of 
this small isotope coefficient of Tc is unclear since even for conventional 
superconductors screening can induce small and/or negative value of the 
isotope coefficient [5].  Indeed, there are several experiments suggesting the 
presence of a strong electron-phonon interaction in the cuprates, for example 
the observation of a phonon “kink” in the quasiparticle dispersion measured 
by photoemission spectroscopy [6], the presence of a very large isotope 
effect on the pseudogap formation temperature [7,8] and the magnetic 
susceptibility [9], and the observation of an anomalous isotope effect on the 
in-plane far-infrared optical conductivity [10]. 

2. ISOTOPE EFFECT ON THE ELECTRON 

DYNAMICS

To probe directly the response of the electronic degrees of freedom to the 
lattice degrees of freedom we propose a novel experiment where Angle 
Resolved Photoemission Spectroscopy (ARPES) is combined with oxygen 
isotope substitution on high temperature superconductors.  This allows 
monitoring how changes in the lattice induce changes in the electronic 
structure. While ARPES in fact is the only technique that probes the 
electronic structure in a momentum resolved manner, isotope substitution 
control the lattice degrees of freedom.

ARPES data were collected at beamline 10.0.1 of the Advance Light 
Source using a SCIENTA 2000 analyzer on optimally doped oxygen isotope 
substituted Bi2Sr2CaC2O8+  (Bi2212) (Tc=92K) superconductors.  Upon 
isotope substitution (16O 18O), Tc changes to 91K. The details of isotope 
substitution are described elsewhere [11]. The energy resolution was of 15 
meV FWHM and the angular resolution of 0.15 degree, corresponding to 
momentum resolution better than 0.01 /a.  The vacuum during the 
measurement was better than 5 x 10-11 Torr.  The photon energy was 33 eV.  
Data were collected for scans parallel to the nodal cut Y, (0, 0) to ( , ), of 
the Brillouin zone, at two different temperatures, below (25K) and above 
(100K) Tc.  Each cut is assigned a cut number, which is the angle offset from 
the nodal direction.  For example, cut 0 will mean a nodal cut, and cut 6 will 
mean a cut 6 degrees displaced from the nodal cut. 

In Figure 1 we show the raw ARPES data as image plots, for several cuts 
in the momentum space, from the nodal Y (panel a0 and b0) to half way 
towards the M point ( , 0) (panels a6 and b6), for the two isotope substituted 
samples.  The color scale represents the photoelectron intensity versus the 
momentum and binding energy, with maximum in black and minimum in 
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white.  The reversibility of the isotope effect upon the isotope re-substitution 
(18O 16O) has been shown elsewhere [11]. 

Figure 1. Low temperature (25 K) ARPES data of optimally doped Bi2Sr2CaC2O8+ high
temperature superconductors with oxygen isotope 16O (panels a) and 18O (panels b).

These maps are normalized so that the intensity of each EDC goes from 0 to 1 (see 
text for details).  The panels are labeled with a cut number, i.e. angle offset from the 
nodal cut.  Inset of panel c shows the cut numbers.  In panel c, isotope dependence 
of a few selected EDC’s are shown for cut 6.  The top pair corresponds to k=kF, i.e. 
momentum value on the normal state Fermi surface, shown as a curve in the inset.

The intensity maps shown in Figure 1 were normalized (i.e. shifted and 
scaled in intensity) in such a way that each energy distribution curve (EDC) 
at each momentum value has intensity range from 0 to 1.  This new way of 
presenting the data allows an easy overview of main differences between the 
two isotopes, because the information regarding the energy-momentum 
dispersion relation and the line widths can be already “read off” from the 
images, without actually applying EDC fit procedures, which are not so 
straightforward in general.  Because of this reason, we will refer to these 
maps as “pro-EDC maps.” 

In particular, the maps in Figure 1 make it very easy to see the dichotomy 
of two dispersing branches, sharp low energy branch (sharp peaks) and broad 
high-energy branch (broad humps).  Note that throughout this paper we use 
the terms energy and binding energy interchangeably.  Following the Fermi 
liquid terminology, we refer to the low energy branch as coherent branch, 
while we refer to the high-energy branch as incoherent branch.  Also, we will 
loosely refer to the sharp peak near Fermi level (EF; defined as zero 
throughout the paper) as “coherent quasi-particle” peak. 

In these pro-EDC maps, the kink phenomenon [6] is visualized as the 
crossover from the low energy quasi-particle branch to the high-energy 
incoherent branch.  This crossover region is the region of low intensity 
(indicated by white dashed line, and blue and red arrows), where the two 
dispersions mix and give rise to a double peak structure, commonly referred 
to as a “peak-dip-hump” structure, of EDC’s [6,12-14].  In this terminology, 
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the dip energy corresponds to the kink energy, and coincides with the 
position of the dispersion kink, i.e. change of velocity, in momentum 
distribution curve (MDC) analysis [15]. 

Another feature to note in Figure 1 is the superconducting gap, which 
increases as we approach the antinodal point (from cut 0 to cut 6). The 
isotope dependence of the gap was discussed in details in Ref.’s [11,16].  
Note that in pro-EDC maps, the apparent gap, i.e. the closest approach of the 
low energy branch to the Fermi level, is often given by the instrumental 
energy resolution, which is the case for near-nodal cuts in Figure 1.  This is 
of course not the true gap.  However, when the true gap value becomes 
bigger than the energy resolution, the peak position is a good representation 
of the gap, as for cuts 5-6.  For smaller gaps, MDC analysis, presented before 
[11], is essential. 

We will now focus on the differences between the two isotope samples.  
As is well known in band theory [17], the total energy range of the dispersion 
decreases as we move towards the antinodal point (cut 6).  Upon a close 
inspection of the images (see also white dotted lines extracted from EDC 
peak position), we find that the most striking change induced by the isotope 
substitution occurs at high energy and is manifested by a reduction of the 
binding energy of the incoherent branch, all the way up to the highest energy 
shown (see black arrows in panels a and b).  On the contrary, the low energy 
dispersion is weakly isotope dependent, similar to its weak doping 
dependence [18].

This isotope dependence is strongly momentum dependent.  As we move 
from the nodal (panels a0, b0) to the antinodal region (panels a6,b6), 
comparison between the upper (16O data) and the lower (18O data) panels 
clearly shows that the isotope-induced changes are enhanced closer to the 
antinodal region (cuts 5,6).  More specifically we see that the isotope 
substitution induces a narrowing of the band width up to 20%, near the 
antinodal region (compare panel a6 to b6), by a factor of two bigger, in 
absolute energy, than along the nodal direction [11].  We note that the shift 
of the incoherent peak in the EDC’s cannot be accounted for by a rigid shift 
due to the isotope-induced change of the superconducting gap, which 
decreases only by few meV upon isotope substitution, as can be seen from 
the change in the leading edge position. 

Another important observation is that, in addition to the isotope-induced 
change in the band width, there is a clear isotope-induced narrowing of the 
EDC’s [16], as can be noticed by the broader black shadowed area for 16O
sample (upper panels), with respect to the 18O sample (lower panels).  The 
width changes become appreciable only in the incoherent part of the 
dispersion.  Again the changes are maximum near the antinodal region.  
Panel c shows an explicit comparison of the EDC’s where the EDC 
narrowing of the 18O sample can be clearly noted.
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Figure 1 summarizes our main findings: a) the isotope substitution 
strongly affect the high energy incoherent quasiparticle spectra, inducing a 
reduction of the bandwidth and a narrowing of the line shape width upon 18O
substitution, b) The isotope effect is energy dependent: i.e. it is negligible at 
low energy scale and is strongly enhanced at high energy; c) the kink energy 
separates the low energy region where the isotope effect is negligible from 
the high energy region where the effect is strong, thus putting a strong 
constraint on the phonon involvement in the kink dynamics. 

In Figure 2 we report raw normal state (100K) ARPES data for similar 
cuts as in figure 1.  The most striking observation from the data is the 
similarity between the 16O and 18O data, (compare upper and lower panels). 
The reduction of the isotope effect can be also seen from the EDC peaks 
(panel c).  No appreciable change of the peak position or peak width is 
observed at this high temperature.  The reduction of the isotope effect in the 
normal state suggests that the low temperature behavior is associated with 
the onset of additional scattering mechanism.  This unusual temperature 
dependence is also consistent with other experimental results where an 
enhancement of the isotope effect is observed below T*.

Figure 2. Same as Fig. 1, except for the high measurement temperature (100 K). 

The onset of electron-phonon interaction in the superconducting state is 
unusual in term of conventional electron-phonon interaction where one 
would expect that the phonon contribution is weakly dependent on the 
temperature [19], and increase at high T.  Indeed, based on this naive 
expectation, this type of unconventional T dependence has been often used to 
rule out phonons.  Here, however, we see clearly that this reasoning is not 
justified.  Moreover, this type of unconventional enhancement of the electron 
phonon interaction below a characteristic temperature scale is actually 
expected for other systems such as spin-Peierls systems or charge density 
wave (CDW) systems.  Thus, our results put an important constraint on the 
nature of the electron phonon interaction in these systems. 
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In Figure 3 we report a quantitative comparison of the isotopes-induced 
changes in peak positions and line shapes.  Panel a shows the momentum 
dependence of the high-energy isotope-induced changes of the EDC peak 
positions, plotted as a function of the superconducting energy gap ( ).
Clearly the isotope induced changes increase as the antinodal direction is 
approached, consistent with the observations made above with Figures 1 and 
2.  Additionally there is a strong correlation of the isotope-induced change of 
the dispersion with the momentum dependence of the superconducting gap 
[11].  This observation strongly suggests that the high-energy states are 
correlated with the superconducting transition.

Figure 3. (a) The isotope shift of the high energy EDC vs. the superconducting gap ( ), for 
the 6 cuts shown in Fig. 1.  The isotope shift is measured at the same energy (220 meV, 
isotope average) for all cuts.  The superconducting gap is the average value between the two 
isotope samples.  (b) The isotope difference of the EDC widths for cuts 0 and 6.  The width is 
measured in HWHM, on the low energy side of each EDC, i.e. between the peak position and 
the Fermi energy.  The horizontal axis corresponds to the peak position at which the isotope 
difference of the width was extracted.  (c) Isotope difference for each cut, averaged and 
plotted as a function of the isotope-averaged superconducting gap.  HE (circles) refers to 
average over high energy (-220 meV to -70 meV) and LE (triangles) refers to average over 
low energy (-70 meV to 0).

In panels b1 and b2 we show the difference of the EDC widths between 
the two isotopes, as a function of energy (peak position), for the nodal and 
antinodal cuts respectively (cuts 0 and 6).  The difference is taken in the 
superconducting state.  For the measure of the width, the FWHM on the low 
energy side is used since the FWHM on the high-energy side is difficult to 
extract due to the strong high-energy intensity tail.  We observe that the 
isotope-induced changes in both cases turn on gradually above 60meV,
which corresponds to the kink position.  This effect may already be observed 
qualitatively in Figure 1, and coincides with the other two phenomena 
discussed with that figure, namely sudden broadening of EDC peak and 
sudden increase of the isotope effect of EDC dispersion as energy increases 
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beyond the kink energy.  Clearly the effect is stronger in the antinodal 
direction (panel b2) where the total isotope-induced narrowing of the peak 
width is by a factor of two bigger than for the nodal direction.  To study the 
details of the momentum dependence of the incoherent peak width upon 
isotope substitution, in panel c we report FWHM of the high-energy isotope-
induced changes versus superconducting gap. The overall trend is an 
increase of the effect as the antinodal is approached (large gap).  On the 
other hand, in the low energy part, the isotope dependence of the width is 
negligible and slightly dependent of the momentum (i.e. superconducting 
gap).  There are two major important observations from these analyses.  The 
first is that there is overall a narrowing of the peak width upon isotope 
substitution.  Such narrowing could be due to multi-phonon contribution 
[11].  In addition the narrowing of the peak becomes stronger as we 
approach the antinode.  This result clearly suggests that low energy quasi-
particles are more heavily dressed in the superconducting state and near the 
anti-nodal region.  The strong isotope dependence means that phonons are an 
important part of this dressing.

3. IMPLICATIONS OF THE ANOMALOUS 

ISOTOPE EFFECT TO SUPERCONDUCTIVITY 

In conclusion our data clearly point to a picture where the electron 
dynamics is strongly renormalized by interaction with the lattice.  Further, 
this renormalization has a strong correlation with the superconducting gap, 
since it is large in the anti-nodal region and at low temperature.  In terms of 
energy dependence, the renormalization of the quasiparticle dynamics is 
strongest in the energy window of J to 2J, where J is the anti-ferromagnetic 
exchange interaction, and is reduced for larger energies [11].  Thus, the 
energy region where phonons are active coincides with the energy region 
dominated by the strong electron correlation.  This is strongly suggestive that 
there is a cooperative interplay between the two degrees of freedom, lattice 
and spin.  Specifically, we have proposed [11] that the dynamic spin-Peierls 
physics [20] summarizes the essence of our results, and is responsible for the 
enhanced electron-phonon interaction at low temperature. 

In view of this scenario, it is expected that the exchange interaction J is 
affected by the isotope substitution. 
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DIRECT ARPES AND TC ENHANCEMENT IN

COMPRESSIVELY STRAINED LSCO-214 FILMS

Davor Pavuna*, Mike Abrecht, Daniel Ariosa, Dominique Cloetta
Institute of Physics of Complex Matter, FSB, Ecole Polytechnique Fédérale de Lausanne
(EPFL), CH-1015 Lausanne, Switzerland (* davor.pavuna@epfl.ch )h

Abstract: Direct ARPES studies on in-situ grown strained LSCO-214 films show striking
strain effects on the electronic structure. The Fermi surface (FS) of LSCO-214
evolves with doping, yet changes even more significantly with strain. The
compressive strain changes the Fermi surface topology from hole-like to
electron-like and  causes band dispersion along kxkk and the Fermi level crossing
before the Brillouin zone boundary, in sharp contrast to the 'usual' flat band
remaining 30meV below EF measured on unstrained samples. The associated 
reduction of the density of states does not diminish the superconductivity;
rather, Tc is strongly enhanced (up to factor of two)  in compressively  strained
thin films.

Key words: Cuprates, superconductivity, photoemission, films, strain, Tc, laser ablation

1. INTRODUCTION

  In order to truly understand the mechanism of high-Tc superconductivity it 
is important to combine complementary studies like ARPES (surface) and 
transport (bulk) on in-house made (systematically monitored and 
characterized) single crystals and thin films. This was indeed our strategy in
this complex field. In general, films of high-Tc oxides are different fromt

single crystals even when they are of the highest quality [1-3]. Namely, it is 
often difficult to fully oxygenate single crystals, and there is always certain
amount of growth induced strain (and also disorder) induced in films (at least 
up to ~25nm).  Moreover, most of the crucial ARPES studies were performed 
on cleaved BSCCO-2212 single crystals or films [2] and there is still not d

sufficient systematic data of equal quality on numerous other  
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relevant phases. There are no reports on ARPES on thin oxide films (<30nm), 
or the role of strain and consequent changes of the electronic structure. The 
effect of strain in high-Tc cuprates was initially demonstrated by Sato and 
Naito et. al. (NTT-Tokyo) [4] and Locquet et al (IBM- Rüschlikon) [5] who 
have shown that  in LSCO-214 films can enhance the Tc roughly by about 
50%. Bozovic et al. have recently shown that it is important to ‘fill’ the films 
with oxygen: this, combined with the growth induced strain, can enhance Tc

in LSCO-214 films up to 51K [6]. We were able to confirm the Tc

enhancement due to compressive strain in thin LSCO-214 films, and in the 
first direct ARPES studies (without cleaving the samples) observed some 
striking effects on the electronic structure. 

2. DIRECT PHOTOEMISSION ON HTSC FILMS 

 Since 1996 we have performed systematic photoemission studies (PES) 
on in-situ  grown thin films of high-Tc and related oxides at the Synchrotron 
Radiation Center (SRC) in Wisconsin.  We have successfully solved several 
non-trivial technical problems inherent in combining the epitaxial film 
growth by pulsed laser ablation (PLD), usually with 300mbar of oxygen 
pressure at substrate temperature of ~1030K, with photoemission 
measurements performed in an adjacent UHV chamber (10-10-10-11 Torr) at 
low temperatures (300-6K). We have optimized an off-axis growth procedure 
(with deposition rate of only ~1Ås-1) mostly on (100) SrTiO3 substrates and 
on SrLaAlO3 (SLAO) for strained LSCO films. The result is high epitaxial 
quality of c-axis oriented films with an in-plane crystal coherence of up to 
~1µm [7-11]. We have studied thin cuprate films (down to ~1UC) and 
fabricated films of manganites and ruthenocuprates. We have mastered the 
transfer of in-situ  grown films under vacuum to the adjacent PES chamber 
and systematically performed core level spectroscopy[11].  A summary of 
some of the most  relevant results was given in a recent article [14,15]. 

In Figure 1 we schematically illustrate the changes of the Fermi surface 
(FS) topology  with compressive strain: There is an evolution of the FS shape 
with strain, from the hole-like to the electron-like. This has been 
convincingly confirmed in our measurements on overdoped LSCO-214 films: 
while the measurements on  the unstrained film give effectively the same 
(‘flat band’) spectra as reported by Ino et. al. on scraped single crystals [12], 
those on strained films unambigously show the band crossing. Therefore, we 
can confidently consider the data measured on unstrained films as equivalent 
to those on scraped single crystals.  However, the fact that the saddle point 
near ( , 0) is no longer detected in the strained samples [13-15]   is rather 
surprising since the associated sharp reduction of the DOS  
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near EF (“hot spot”) according to several models does not favor the Tc

enhancement from 38 to 44K, as measured in our optimally doped strained 
film. This is also consistent with our studies of underdoped and overdoped 
strained LSCO films  discussed at length elsewhere [14,15]. 

Figure 1: Schematic illustration of the Fermi surface  topology change 
from the ‘hole-like’ of an unstrained film or single crystal (dashed line) to an 
‘electron–like’ in a thin film grown under compressive strain (straight line) 
[13-15].
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Our  results on strained cuprate films seem imply that the changes in 
density of states may not be the sole explanation of the measured high Tc.
However, we note that the nesting may play an important role and recent 
detailed calculations of  the effective band structure of cuprates, taking into 
account strong correlation effects, seem to accurately reproduce measured 
energy bands of  LSCO-214, Bi2212 and Y-123 [16]. Our experimental 
results seem to be in accordance with the two-component scenario developed 
for the inhomogenous cuprate superconductors [17], and our results are 
evidently closely related to previous measurements of local displacements and 
doping variations in LSCO-214, critical lattice fluctuations as well as the Hall 
effect studies of strained LSCO films [18].   Still, more detailed studies are 
required before we can clearly favor or rule out some of the existing 
theoretical models. 

3. TC-ENHANCEMENT AND DISCUSSION 

As shown in Table 1, Tc is enhanced in all our compressively strained 
films. What is truly striking is that by using essentially the same growth and 
oxydation procedure in underdoped (x=0.1) and overdoped (x=0.2)  films we 
essentially double Tc in both cases simply by changing the substrate of the 
film (thereby altering the compressive strain) [14, 15].

Table 1:  Measured critical temperature Tc of the unstrained and 
compressively strained LSCO-214 films: 

Doping, x No strain/Tc(K)       Strain / Tc(K)

0.10  20   40 
0.15 38 44
0.20  24   40   

It is highly unlikely that the aforementioned changes in the in-plane 
electronic structure alone (see the discussion in the previous section) can 
account for the measured Tc-enhancement effects. Especially striking is the 
case of overdoped films (x=0.2); in that regime,  where samples should 
behave almost as in the Fermi liquid / BCS  picture, an enhancement of 
density of states would be a natural explanation, yet that doesn’t seem to be  
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the case according to our ARPES results [13]. As the compressive strain 
clearly alters the lattice and increases the c-axis length,  one has to take 
seriously models that take into account the role of the lattice and of the strain 
(see contributions by authors cited in ref. [17]); it seems difficult to argue that 
some sort of ‘magnetic’ mechanism that completely neglects the lattice effects 
would give such a Tc-enhacement, especially in the overdoped samples, yet 
this possibility still cannot be ruled out without further work. 

4. CONCLUDING REMARKS

In summary, the main success of our new method, direct ARPES on in-situ 
grown thin films, was demonstrated by the first ever ARPES studies on the 
low energy electronic structure of any high Tc superconductor under strain. In 
particular, we have confirmed that the Fermi surface (FS) topology of LSCO-
214 evolves with doping toward electron like, yet changes even more 
significantly with in-plane compressive strain. For a given doping, the FS 
becomes electron-like for in-plane compressed samples (for all doping values 
x studied, 0.1<x<0.2) whereas the FS of non-strained samples are hole-like 
(except for doping values exceeding x 0.22) [13-15]. This result is rather 
surprising since the associated reduction of the density of states near the 
Fermi level, according to many existing models, does not favor the increase of 
Tc observed in our films. The carriers from all over the Fermi surface seem to 
contribute to superconductivity, since Tc-enhancing compressive strain 
transfers carriers from 'hot spots' to the 'cold spots'.

     Further experimental work is evidently needed to clarify some more 
subtle aspects. Namely, several theorists claim that our ARPES and Tc results 
[13-15] can be interpreted differently within their proposed models [19]; yet 
very detailed data sets are needed to prove or disprove such statements. 
Furthermore, clear evidence of the superconducting gap, a sharp quasiparticle 
feature, and the variation of the pseudogap of LSCO films with doping and 
strain will require even better sample control and improved ARPES energy 
resolution. Moreover, the role of tensile stress in LSCO will is currently 
studied and the experiments on Bi-2201 compounds are being performed. The 
latter, in addition to unusually high T*/Tc ratio,  enable us also a direct 
comparison with numerous published results on cleaved single crystals of the 
2212 'reference' phase. We also note that we can in many cases even control 
the termination of uppermost block of our films. We will ultimately also 
perform 'usual' substitutions (like Zn or Ni instead of Cu in the cuprate ab-
plane) and perform systematic experiments on strained CMR manganite films. 
In brief, with our direct, in-situ ARPES on cuprate films a milestone has been 
set for a different, complementary type of photoemission spectroscopy 
studies which will certainly receive in the coming years, more 
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 attention from the photoemission, thin films and nanotechnology 
communities, as well as the beam scientists at newly built synchrotrons. 
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FULL FERMI SURFACE OF A HIGH 

TEMPERATURE SUPERCONDUCTOR 

REVEALED BY ANGULAR 

MAGNETORESISTANCE OSCILLATIONS
Full Fermi surface of a high-Tc superconductor 
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We report the first observation of polar angular magnetoresistance oscillations in the 
high-Tc cuprate Tl2Ba2CuO6. These measurements establish the existence of a 
coherent three-dimensional Fermi surface on the overdoped, superconducting side of 
the cuprate phase diagram, even in materials with extreme electrical anisotropy. 
Detailed analysis of the oscillations reveals that c-axis dispersion vanishes at specific
symmetry points. This observation has implications for our understanding of a wide 
range of unusual metallic and superconducting properties of cuprates.

Key words: High-Tc cuprate, Fermi surface,

1. INTRODUCTION 

To many, the high-Tc superconductors represent perhaps the most striking 
example to date of the breakdown of Landau’s Fermi-liquid description of 
metals. One of the fundamental signatures of a Fermi-liquid is a Fermi 
surface, the locus in reciprocal space of long-lived quasi-particle excitations 
that govern the electronic properties at low temperatures. In conventional 
metals, these excitations have well-defined momenta with components in all 
three dimensions. The failure to unambiguously observe such an entity in the 
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cuprates, coupled with their unusual, highly 2D electronic properties above Tc,
have led to an intensive theoretical search for novel (strongly correlated) 
electronic ground states in two dimensions. 

extensively to probe the topology of the Fermi surface in other layered metals, 
particularly the organics. The applicability of AMRO to the cuprates however 
has been hampered principally by their large scattering rates and the 
correspondingly small probability of cyclotron motion. With this in mind, we 
set out to observe AMRO in crystals of the cleanest cuprate (overdoped 
Tl2Ba2CuO6+  (Tl2201)) using the world’s highest persistent magnetic field 
(45 Tesla) [2]. The simple band structure of Tl2201 [3], coupled with an 
absence of additional conducting elements, e.g. CuO chains, makes 
interpretation of any AMRO data in principle straightforward. 

Tl2201 crystals (typical dimensions 0.2 x 0.1 x 0.02 mm3) were mounted 
in a quasi-Montgomery configuration and the resultant zero-field c-axis
resistivity curves c were found to exhibit good metallicity despite a large 
resistive anisotropy c/ ab > 1000. The high-field magnetoresistance 
measurements were carried out inside a 3He cryostat inserted into the 45T 
Hybrid magnet at the NHMFL in Florida, USA.

2. RESULTS AND DISCUSSION 

Fig. 1A shows AMRO data c( , ) for one crystal (Tc ~ 20K) taken at 
4.2K and 45T. Similar features were observed in 6 other crystals. The 
different traces represent polar AMRO sweeps at given azimuthal angles 

relative to the Cu-O-Cu bond direction ({kx, ky} = ( , 0)). Each sweep 
contains significant -dependent structure that is summarised as follows. (i) a 
sharp dip in c at  = 90o for low , which we attribute to the onset of 
superconductivity at angles where Hc2( , ) is maximal, (ii) a broad peak 
around H//ab (  = 90o) that is maximal for  ~ 45o, consistent with previous 
azimuthal AMRO studies in overdoped Tl2201 [4], (iii) a small peak at H//c
(  = 0o) and (iv) a second peak in the range 25o <  < 45o whose position and 
intensity vary strongly with .

Such strong - and -dependence can only arise from a coherent open 
Fermi surface with significant in-plane anisotropy. The Fermi surface of such 
a quasi-two dimensional metal is most elegantly expressed in the form of an 
expansion in cylindrical coordinates [5]:

N. E. HUSSEY,  M. ABDEL-JAWAD,  A. CARRINGTON,  A. P. 

Polar angular magnetoresistance oscillations or AMRO [1] have been used 
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where  = kzd and d is the interlayer spacing (= 1.16 nm for Tl2201). The 
crystal structure of monolayer Tl2201 has the tetragonal I4/mmm 
representation with consecutive CuO2 layers being displaced by half a unit 
cell. This body-centred-tetragonal symmetry of the crystal lattice imposes 
certain symmetry constraints on the resultant Fermi surface, namely that 
coefficients kmn are non-zero only for n even and m divisible by 4, or for n odd
and mmod4 = 2 [5]. Following the standard procedure for a series expansion, 
we proceed by expanding to the lowest order necessary to satisfy these 
constraints and fit to the data.

FIGURE 1. Experimental (A) and simulated (B) polar AMRO data for 
overdoped Tl2201 (Tc = 20K). A schematic of the experimental geometry (A) 
and resultant Fermi surface (B) are shown as insets. 

In order to simulate the experimental data, we calculated c( , ) using the 
Shockley-Chambers tube-integral form of the Boltzmann transport  
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c

magnitude, but not the angular dependence, of the oscillations and is set to 

c  = 0.45, the value which best matched the overall scale of the AMRO. As 
shown in Figure 1B, excellent overall agreement with the experimental data 
was found with the following combinations of harmonic terms kF( , ) = k00 +
k40cos4 + cos (k21sin2 + k61sin6  + k101sin10 ) with k00 = 7.45, k40 = - 0.19, 
k21 = 0.031, k61 = 0.022 and k101 = - 0.0085. All kmn coefficients are expressed 
in units of nm-1. Note that the aymmetry in the AMRO signal, due to slight 
misalignment of the crystal in the rotating plane, has also been accounted for 
in the fitting procedure. The absolute values of k21, k61 and k101 were estimated 
from the resistive anisotropy ( c ab 1000) and have an associated error in 
their relative values of order +10%. Some contributions to AMRO were 
neglected in our calculation of c( , ), such as in-plane anisotropy in  and 
vF, but since these are likely to be small in such an overdoped cuprate, we 
believe that the above expression represents a robust empirical determination 
of the Fermi surface dispersion of Tl2201. As a consistency check on our 
fitting procedure, c was estimated independently from in-plane 
measurements of the Hall coefficient RH and resistivity ab on similarly doped 
crystals [6]. Given RH ~ 8 (1) x 10-8 m3C-1 and ab ~ 8 (2) cm, we find c

= B xy/ xx = BRH/ ab ~ 0.45 (0.1) in 45 Tesla, in agreement with our AMRO 
analysis.

The overall shape of the Fermi surface, shown schematically in Fig. 1B, is 
consistent with features of band structure calculations for optimally doped 
Tl2201 [3] and other cuprates [7] using the local density approximation. The 
Fermi surface occupies around 62% of the first Brillouin zone, equivalent to a 
hole doping per Cu atom of p = 0.24. Moreover, the particular form of kF( ) is 
consistent with the tetragonal symmetry of Tl2201 and gives the FS the 
appearance of a slightly rounded square within the ab-plane. The peak 
observed at H//c coupled with the remarkable sensitivity of our analysis to 
fine details in the c-axis warping provides compelling evidence that coherent 
motion takes place between adjacent planes in overdoped Tl2201. 

Fig. 2 shows our empirically determined Tl2201 Fermi surface projected 
onto the ab-plane in order to highlight the in-plane variation of the c-axis
hopping integral t ( ). Significantly, c-axis dispersion is found to vanish 
along eight specific symmetry lines of the Brillouin zone, in the so-called 
nodal directions along ( , ), where the in-plane quasiparticles are longest-
lived, and in the anti-nodal regions ( , 0), where in-plane scattering is most 
intense and quasiparticles (at optimal doping and below) are incoherent above 
Tc [8]. In the superconducting state, the nodes in t ( ) also coincide with the 
gap nodes of the d-wave superconducting order parameter [9]. 
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FULL FERMI SURFACE OF A HIGH TEMPERATURE 

SUPERCONDUCTOR REVEALED BY ANGULAR 

MAGNETORESISTANCE OSCILLATIONS 

FIGURE 2. Projection of the deduced Fermi surface of Tl2201 onto the 
ab-plane. The magnitude of the c-axis warping has been increased three-fold 
to emphasise the 8 loci where kz dispersion vanishes. The Brillouin zone has 
also been simplified as to accommodate the full ab-plane projection.

Recognition of the role of oxygen bonding and virtual Cu 4s orbitals in c-

axis conduction led to a well-known prediction [7] of the existence of 
dispersive nodes in tetragonal cuprates. These dispersive nodes have formed 
an integral part of numerous theoretical treatments of the physics of high-Tc

cuprates, in both the normal and superconducting states, but until now their 
presence had never been directly confirmed experimentally. This locally non-
dispersive structure has been invoked, for example, to explain the striking 
differences observed between the in- and out-of-plane normal state 
conductivities ab( ,T) and ( ,T) [10,11] and the in- and out-of-plane 
penetration depths ab(T) and (T) [12]. This information about the warping 
structure should also prove invaluable to the interpretation of several other 
important experimental techniques, including scanning tunnelling microscopy 
and c-axis tunnelling, which rely heavily on knowledge of c-axis tunnelling 
matrix elements. 
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3. CONCLUSIONS 

2 2 6+

establishes the existence of a coherent three-dimensional Fermi surface in 
high-Tc cuprates and represents a significant challenge to models of high-Tc

superconductivity based on purely 2D electron motion within the CuO2

planes. Whilst Tl2201 at this level of doping clearly comes from the side of 
the phase diagram in which more conventional behaviour is observed [13], it 
is still a high-Tc superconductor (Tc ~ 20K). Moreover, its normal state 
resistive anisotropy ( c/ ab ~1000) is actually larger than that seen in some 
optimally doped materials, suggesting that the findings reported here will 
apply to a wide range of the superconducting phase diagram.

The Fermi surface shows many features consistent with band structure 
calculations, including the vanishing of c-axis dispersion along certain 
symmetry points in the Brillouin zone. This anisotropic warping structure 
offers a natural explanation of several features of the high-Tc physics that 
were previously considered as anomalous. Finally, these measurements reveal 
that the superconducting cuprates at high doping levels can be understood 
within a model of the normal state based around fermionic quasiparticles, in 
common with other studies of Tl2201 [14]. How and where this model breaks 
down as the Mott insulator is approached at half-filling remains an important 
outstanding issue. However, in providing crucial information on the 
dimensionality of the conducting planes, AMRO may prove to become the 
ideal complementary probe to ARPES in exploring this evolution of the 
electronic ground state in cuprates across the phase diagram. 
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Abstract From very high accuracy reflectivity spectra, we have derived the optical con-
ductivity and estimated the spectral weight up to various cut-off frequencies in
underdoped Bi2Sr2CaCu2O8+δ (Bi-2212). We show that, when evaluating the
optical spectral weight over the full conduction band (1 eV), the kinetic energy
decreases in the superconducting state, unlike in conventional BCS supercon-
ductors. As a consequence, the Ferrell-Glover-Tinkham sum rule is not satisfied
up to this energy scale. This stands as a very unconventional behavior, contrasted
with the overdoped Bi-2212 sample.

Keywords: High Tc superconductors, infrared conductivity, spectral weight

Introduction

A long lasting debate about the cuprate superconductors, stems from the dif-
ferences and similarities with BCS behavior. The actual pairing mechanism,
which eventually results in lowering the free energy of the system, is not yet
known. In BCS superconductors, the free energy gain results from a compe-
tition of electronic kinetic energy increase and an eventually larger potential
energy decrease. If the free energy in cuprates can be (somewhat arbitrarily)
separated between potential and kinetic energy [1, 2], then the latter is mea-
sured by optics [3, 4]. The kinetic energy can be inferred from the partial sum
rule or spectral weight W , defined as:

W (Ω) =
∫ Ω

0
σ1(ω, T )dω (1)

where σ1(ω, T ) is the frequency (ω) and temperature (T ) dependent conductiv-
ity, and Ω is a cut-off frequency. Setting Ω = ΩB , where ΩB is the conduction
band widht, one can get the kinetic energy Ek per copper site [4], through:

W (ΩB) =
π

2
e2

h̄2

a2

Vu
[−Ek] (2)
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where a is the lattice parameter, and VuVV the volume per Cu site.
In the superconducting state, the integral in eq.1 or 2 includes the contri-

bution of the superfluid, i.e. the weight of the δ(ω) function centered at zero
frequency. The Ferrell-Glover-Tinkham (FGT) sum rule [5, 6] requires that
the spectral weight lost at finite frequency in the superconducting state must
be retrieved in the spectral weight WsWW of the δ function. In conventional su-
perconductors, it was found to be fulfilled if integrating up to h̄̄Ω0 ∼ 4∆ (∆
is the superconducting gap). h̄̄Ω0 is a characteristic energy of the boson spec-
trum responsible for the pairing mechanism. The FGT sum rule would then
be exhausted for cuprates, if conventional, for h̄̄Ω0 ∼ 0.1 eV (assuming ∆ ∼
25 meV) [7, 8].

The studies of the FGT sum rule, first performed from c-axis (interlayer)
optical conductivity data, showed a strong violation, interpreted as a change of
interlayer kinetic energy [3, 9]. However, the amount of kinetic energy saving
which was found is too small to account for the condensation energy. Although
in-plane data appeared firstly to yield a conventional behavior [9], these early
results were subsequently contradicted by ellipsometric and infrared data [10].
Our own infrared-visible reflectivity experiments, in Bi-2212, showed that in-
plane spectral weight lost from the visible range is transferred into the δ func-
tion [11]. These two independent sets of data yielded a decrease of kinetic
energy below TcTT of the order of 1 meV.

The present paper implements our previous report [11] by using the par-
tial sum rule in Eq.2. Although this is in principle equivalent to the FGT sum
rule, we found this method to be more robust, because we can trace the entire
temperature evolution of the spectral weight. We focus here on the underdoped
thin film from the Bi-2212 family. We pin down the raw reflectivity data which
allows to establish small changes at high energy (up to 10000 cm−1) in the con-
ductivity, hence in the spectral weight, thus illustrating why our unprecedented
resolution is a necessary condition to trace this phenomenon. Our present,
more elaborate analysis confirms that within error bars, the in-plane kinetic
energy, calculated from Eq.2, decreases in the superconducting state. Using
the partial sum rule in Eq.2 (and not only the FGT sum rule, as in [11]) shows
qualitatively the opposite, conventional behavior in the case of the overdoped
sample [12].

1. Experimental results

Reflectivity spectra, recorded in the range 30-25000 cm−1 for 15 tempera-
tures between 300 K and 10 K, are reported elsewhere [13]. An example is
recalled in Fig.1, for selected temperatures, up to 3000 cm−1, for the under-
doped sample (TcTT =70 K). Most of the change with temperature occurs below
1000 cm−1. However, the difference between the spectra at 10 K and 100 K
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Sum rules and energy scales in BiSrCaCuO

extends up to 5000 cm−1, displaying a reflectivity increase in the supercon-
ducting state of 0.3%, in this range, to be compared to the 4% increase below
1000 cm−1 (see inset of fig.1).

Figure 1. Reflectivity spectra in the 0,3000 cm−1 range at three temperatures: 200 K: dashed,
100 K: solid, 10 K: dotted line. The thick gray line is the fitted spectrum at 100 K. Inset:
difference R(10 K)- R(100 K) between the reflectivity at 10 K and 100 K.

A standard thin film fitting procedure was applied in order to derive the op-
tical conductivity [13, 14]. The fit is accurate enough so as to reproduce within
less than 0.1 %, the small reflectivity difference between 100 and 10 K. This
illustrates the accuracy of our data and analysis. A Kramers-Kronig based
argument shows that such a small difference in reflectivity over a given fre-
quency range ∆ω results into changes in conductivity extending over a fre-
quency range 2-3 ∆ω [14]. The changes of spectral weights over an unusu-
ally large frequency range (possibly up to 16000 cm−1 as discussed further),
arises from this general argument. Without the ability of resolving 0.1 % in
the reflectivity, the results to be described further could not possibly be firmly
established. The optical conductivity is shown in Fig.2, in the same frequency
range and the same temperatures as in Fig.1.

2. Kinetic energy

From the optical conductivity, we compute the spectral weight or partial
sum rule defined in Eq.1. We show in Fig3-a and -b the temperature variation
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Figure 2. Real part σ1(ω, T ) of the optical conductivity, for the underdoped and overdoped
(for comparison) samples. Temperatures are the same as in fig.1. Note that, in the former, a

very large Drude-like contribution persists in the superconducting state.

of the spectral weight for selected cut-off frequencies Ω ranging from 500 to
8000 cm−1, both for the underdoped sample (500, 1000, 8000 cm−1), and for
the overdoped sample (8000 cm−1). For sake of clarity, we have normalized
each spectral weight to its value at 300K. The integration starting from 0+ ,

in the superconducting state, does not include the spectral weight WsWW of the
δ function. We have added below TcTT the weight of the superfluid, using the
input parameter determined by the best fit [15]. We thus obtain, below TcTT , the
data represented by the open symbols in Fig.3, hereafter referred to as the total
spectral weight. We have carefully worked out the accuracy of the data by
using various sets of fitting parameters (mainly the superfluid weight and the
Drude contribution) and by estimating the uncertainty on each experimental
point accordingly. The size of symbols in Fig.3-b has been adjusted so as to
represent the uncertainty.

We see in Fig.3-a that, when integrating up to 1000 cm−1, the normal
state spectral weight above TcTT follows a T 2 increase, as indicated by a dotted
line. The total spectral weight exceeds significantly this normal state spectral
weight. Considering 1000 cm−1 as a conventional energy scale as discussed
in the introduction, we are led to conclude that the energy scale over which
one must extend the integration, in order to retrieve the spectral weight of the
δ function, exceeds significantly any conventional scale. The excess in total
spectral weight in the superconducting state, with respect to the normal state, is
present throughout the conduction band, i.e. up to typically 1 eV=8000 cm−1

(fig.3-b). In this range, the spectral weight follows a T 2 behavior down to
130 K, then levels off. Between the normal (horizontal dotted line) and su-
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Sum rules and energy scales in BiSrCaCuO

Figure 3. Partial sum rule shown for underdoped (a) and (b), and overdoped (c) samples,
for selected cutoff freff quencies. Full symbols represent the spectral weight, integrated from 0+,
hence without the superfluid contribution. Open symbols include (below TcTTT ) the superfluid
weight. Fig3-b and -c represent the intraband spectral weight, hence −Ek, as a function of
temperature. The dotted lines are T 2 best fits to the normal state data.

perconducting state (horizontal solid line), we observe a small but definite in-
crease. Equation 2 yields then the change of kinetic energy associated with this
change of spectral weight. We find ∆Ek = −(0.5± 0.3) meV per copper site,
thus consistent with our early data [11] and confirming that the onset of super-
conductivity in the underdoped Bi-2212 sample is associated with a decrease
of kinetic energy. In contrast, the overdoped sample displays a very clear de-
crease of spectral weight when performing the integration up to 8000 cm−1

(fig.3-c), i.e. an increase of kinetic energy. This is the conventional BCS be-
havior [17]. In order to make the connection with our earlier work, we now
translate briefly these results in terms of the FGT sum rule. The FGT sum rule
is fulfilled for the overdoped sample over a conventional range (1000 cm−1)
[11]. Conversely, it is not satisfied up to 8000 cm−1 in the underdoped sample.
With our refined analWW ysis, we can set a lower limit of 10000 cm−1 and an up-
per limit of 16000 cm−1 for the enerff gy scale required to satisfyff the FGT sum
rule. Recent work also shows a much larger energy scale for the exhaustion of
the FGT sum rule in underdoped YBCO, as compared to the optimal doping
[18]. Such large energy scale is difficult to reconcile with a simple phonon
mechanism, and seems therefore to call for a different excitation spectrum or
more elaborate mechanisms.

Condensation by kinetic energy saving [19, 20] has been considered by sev-
eral groups, sometimes with reasonable quantitative agreement [19]. Other
models have been discussed in order to account for these data [21].
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3. Summary

In conclusion, we have shown that according to the doping level in Bi-2212,
the onset of superconductivity is associated with a decrease of kinetic energy in
the underdoped material, whereas the overdoped material exhibits an increase
of kinetic energy. Such a drastic difference confirms that the superconducting
state in the underdoped regime of cuprates is unconventional.
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Abstract We studied the optical conductivity of electron doped Pr1−xCexCuO4 from the
underdoped to the overdoped regime. The observation of low to high frequency
spectral weight transfer reveals the presence of a gap, except in the overdoped
regime. A Drude peak at all temperatures shows the partial nature of this gap.
The close proximity of the doping at which the gap vanishes to the antiferro-
magnetic phase boundary leads us to assign this partial gap to a spin density
wave.

Keywords: Electron doped cuprates, optical conductivity, normal state gap

1. Introduction

The electron and hole doped cuprates phase diagram shows a global sym-
metry. However, many aspects of the electron doped compounds, includ-
ing the nature of the superconducting gap, the behavior of the normal state
charge carriers, and the presence of a normal state (pseudo)gap are still un-
clear. A pseudogap phase is now well established on the hole doped side [1].
In Bi2Sr2CaCu2O8+δ, angle resolved photoemission spectroscopy measure-
ments (ARPES) indicate a pseudogap opening along the (0, π) direction in k
space [2]. However, the in-plane optical conductivity does not show any direct
evidence of this pseudogap [3]. The optical conductivity of non superconduct-
ing Nd2−xCexCuO4 (NCCO) single crystals (x = 0 to 0.125) suggests the
opening of a high energy partial gap well above TNeelT [4]. Low temperature
ARPES reveals a Fermi surface characterized by the presence of pockets [5].

We determined the temperature evolution of the optical conductivity in a set
of Pr2−xCexCuO4 thin films. Our data reveals the onset of a “high energy”
partial gap below a characteristic temperature TWTT which evolves with doping.
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It is clearly detected for 0.13, it is absent down to 20 K for x = 0.17 and it
has a subtle signature for x = 0.15 (optimal doping). The proximity of our
samples to the antiferromagnetic phase makes a spin density wave (SDW) gap
the natural interpretation for our observations, consistent with ARPES [5].

2. Experimental

The thin films studied in this work were epitaxially grown by pulsed-laser
deposition on a SrTiO3 substrate [6]. The samples studied are (i) x = 0.13
(underdoped) TcTT = 15 K (thickness 3070 A), (ii) x = 0.15 (optimally doped),
TcTT = 21 K (thickness 3780 A) and (iii) x = 0.17 (overdoped) TcTT = 15 K
(thickness 3750 A). All TcTT ’s were characterized by electrical resistance mea-
surements. We checked the x = 0.15 sample homogeneity by electron mi-
croscopy analysis (using the micron scale X-ray analysis of an EDAX system)
and found no dispersion at the micron scale in the Pr, Ce or Cu concentra-
tions. Thin films are easy to anneal but, most important, they can be made
superconducting in the underdoped regime, whereas this seems difficult for
crystals [4]. Infrared-visible reflectivity spectra (at an incidence angle of 8◦),
were measured for all the films in the 25–21000 cm−1 spectral range with a
Bruker IFS-66v Fourier Transform spectrometer within an accuracy of 0.2%.
Typically 12 temperatures (controlled better than 0.2 K) were measured be-
tween 25 K and 300 K. The far-infrared frequency range (10–100 cm−1) was
measured for samples (ii) and (iii) utilizing a Bruker IFS-113v at Brookhaven
National Laboratory.

3. Results and Discussion

Figure 1(a) shows the raw reflectivity (R) from 25 to 6000 cm−1 for a set
of selected temperatures. As the temperature decreases, an unconventional
depletion of R appears for x = 0.13. This feature, denoted by an arrow, is
still visible for x = 0.15 as a subtle change in R. Conversely, the reflectivity
of the x = 0.17 sample increases monotonously with decreasing temperature
over the whole spectral range shown. We applied a standard thin film fitting
procedure to extract the optical conductivity from this data set [3]. The real part
σ1(ω) of the optical conductivity is plotted in Fig. 1 (b). At low energies, for
all concentrations, the Drude-like contribution narrows as the temperature is
lowered in the normal state from 300 K to 25 K (Fig. 1 inset). This corresponds
to a quasiparticle lifetime increasing in agreement to the metallic behavior of
the resistivity. Figure 1(b) shows that the feature in the reflectivity of the x =
0.13 sample produces a dip/hump structure in σ1 with a peak at ∼ 1500 cm−1.
For x = 0.15 the reflectivity behavior is not clearly seen in σ1. A similar
feature was observed in NCCO single crystals only for doping levels where
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Figure 1. (a) Infrared reflectivity of x = 0.13, 0.15 and 0.17 samples. Curves are shifted
from one another by 0.1 for clarity. (b) Real part of the optical conductivity from 400 to 6000
cm−1. Curves are shifted by 400 Ω−1 cm−1. The inset shows the low energy (0-1000 cm−1

)

free carrier contribution to σ1(ω) of the x=0.13 sample at 300 K and 25 K. In both panels the
temperatures shown are 300 K (dash-dotted); 200 K (dashed), 100 K (dotted) and 25 K(solid).

such crystals are not superconducting [4], whereas we observe it in the x=0.13
sample.

4. Partial gap

To understand the dip/hump structure, we define the partial sum rule W (ω) =∫ ω
0 σ1(ω′)dω′. Making ω → ∞ yields the standard f -sum rule W = πne2/2m

.

When integrated over our full measured spectral range, we find a temperature
independent W in all samples. Figure 2(a) shows the normalized temperature
dependence W (2000 cm−1, T )/W (2000 cm−1, 300 K) for all films. The con-
tinuous increase of W with decreasing T observed in the x = 0.17 sample is

a

signature of decreasing scattering rate. In the x = 0.13 sample W (2000 cm−1
)

decreases for T < 150 K, corresponding to the opening of a gap. As a Drude
peak is present at all T ’s, we conclude that the gap covers only part of the
Fermi surface. The behavior of the x = 0.15 sample is intermediate, suggest-
ing a small or broadened gap.

A possible interpretation for the origin of the gap is a commensurate (π, π
)

spin density wave. It induces a symmetry breaking, folding the Fermi surface
upon itself, and a partial gap ∆SDW opens at the intersection of the antiferro-
magnetic Brillouin zone, creating pockets in the Fermi surface [5].
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Figure 2. (a) Temperature dependence of partial sum rule for samples with x = 0.13, 0.15
and 0.17 integrating σ1 up to 2000 cm−1. (b) Optical conductivity calculated by a spin density
wave model for x = 0.125.

Figure 2(b) shows calculations [7] using a Marginal Fermi liquid with pa-
rameters chosen to reproduce ρ(T ) for T > 200 K, combined with a commen-
surate (π, π) SDW gap opening for T < 200 K. The T = 0 gap magnitude
was adjusted to correctly locate the maximum in σ at T = 0. The calculation
is seen to reproduce the data fairly well [compare to Fig. 2(b)].

5. Summary

We have measured with great accuracy the reflectivity of electron doped
Pr2−xCexCuO4 at various Ce doping levels. An optical conductivity spec-
tral weight analysis shows that a partial gap opens at low temperatures for Ce
concentrations up to x = 0.15. A spin density wave model reproduces satis-
factorily the data.
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TUNNELING SPECTRA NEAR TcTT IN OVERDOPED
Bi2Sr2CaCu2O8+δ

M. Oda, Y. Tanaka, A. Hashimoto, N. Momono and M. Ido
Department of Physics, Hokkaido University, Sapporo 060-0810, Japan

Abstract In this article, we focus on the dip structure of tunneling spectra in overdoped
Bi2Sr2CaCu2O8+δ (Bi2212), measured in Bi2212/vaccum/Bi2212 junctions,
which are of the superconductor/insulator/superconductor (SIS) type below TcTT .
It is confirmed that the dip structure appears at voltages |V | ∼ (2∆0+Eres)/e in
the SIS type tunneling spectra, where 2∆0 is twice the d-wave superconducting
(SC) gap amplitude and Eres the energy of an antiferromagnetic (AF) resonance
mode. Furthermore, it is demonstrated that the temperature evolution of the dip
structure is in good agreement with that of the AF resonance mode, which also
develops below TcTT . These results suggest that the tunneling dip structure will be
associated with the development of AF resonance mode in accordance with the
SC transition.

Keywords: high-TcTT superconductor, electronic energy spectrum, tunneling spectroscopy

1. Introduction

One of the striking features for the SC state of Bi2Sr2CaCu2O8+δ (Bi2212)
is a strong suppression of spectral weights for the electronic excitations, the so-
called “dip structure” in the electronic energy spectrum, in the energy regions
just outside the d-wave SC gap edges (E = ±∆0). It has recently been demon-
strated in angle-resolved photoemission spectroscopy (ARPES) and tunneling
spectroscopy experiments [1, 2, 3, 4] that the energy difference Ω of the dip
from the SC gap edge is almost the same with the characteristic energy Eres

(∼40 meV) of an antiferromagnetic (AF) resonance mode, which is directly
observed in neutron scattering experiments [5, 6] and also seen as the excita-
tion responsible for the sharp onset of scattering in infrared absorption spectra
[7]. The AF resonance mode seems to develop markedly in accordance with
the SC transition. On the basis of these results, the origin of the dip struc-
ture in the electronic energy spectrum has been argued in terms of strong cou-
plings of electrons with the magnetic resonance mode. Interestingly, the Ω and
Eresvalues exhibit a hole doping level (p( ) dependence similar to that of TcTT ;
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namely, they roughly scale with TcTT [1, 4], which will be an important clue for
the understanding of the SC transition mechanism.

In this article, we discuss the origin of the dip structure on the basis of
tunneling spectra, which were measured in overdoped Bi2212/vaccum/Bi2212
(BVB) junctions fabricated using a scanning tunneling microscope (STM). We
have confirmed that Ω is comparable to Eres and roughly scales with TcTT , and
shown that the temperature evolution of the dip structure strongly correlates
with that of the AF resonance mode. These facts suggest that the dip struc-
ture of tunneling spectra in the SC state will be brought through couplings of
electrons with the AF spin excitations.

2. Experiments

Single crystals of Bi2212 were grown by the TSFZ method. The SC critical
temperature TcTT of the as-grown crystals was ∼ 90 K, indicating that their hole-
doping level p was nearly optimal (p(( ∼ 0.18). The as-grown crystals were an-
nealed at 700◦C in a high-pressure (20 atm) oxygen gas; thus, the p value was
increased to a slight overdoping one, p ∼ 0.22, and the TcTT value was reduced
to 81 K. In the present tunneling experiments, BVB junctions, which are of the
superconductor/insulator/superconductor (SIS) type below TcTT , were fabricated
in an STM system using the fabrication technique that was first achieved in
a point-contact tunneling spectroscopy system by Miyakawa et al. [8]. The
fabrication process was reported in Ref. [9].

3. Results and discussion

3.1 Tunneling characteristics of BVB junction at T � TcTT

A typical example of BVB junction characteristics at T = 10 K (� TcTT ) is
shown in Fig. 1; the upper and lower panels, (a) and (b), are a current-voltage
(I-V ) curve and the corresponding dI/dV -V curve (tunneling spectrum), re-
spectively. In the inset in Fig. 1 (a), the I-V curve is magnified in the V
range around the zero-bias voltage. One can see in the inset that the I-V curve
exhibits a steep increase of current at V ∼ 0, corresponding to the sharp zero-
bias dI/dV peak in Fig. 1 (b). As mentioned above, the BVB junction is of
the SIS type below TcTT . This fact suggests that the steep increase of current at
V ∼ 0 will be due to the Josephson coupling. However, it should be noticed
that the junction is not superconductive but resistive at V = 0. More interest-
ingly, a negative resistance is observed, following the steep increase of current
at V ∼ 0, in the I-V curve. Such I-V characteristics around V = 0 could be
explained in terms of thermal phase-fluctuation effects on the Josephson cou-
pling in a small SIS type junction, which will be discussed elsewhere in detail.
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Tunneling spectra near TcTT in overdoped Bi2Sr2CaCu2O8+δ

Figure 1. (a) I-V and (b) dI/dV -V curves for an overdoped BVB junction with p ∼ 0.22

The tunneling conductance dI/dV exhibits sharp, large peaks, the so-called
“coherence peaks”, at voltages |V | = VpVV (45 mV), corresponding to twice the
d-wave gap amplitude 2∆0 because the junction is of the SIS type. Further-
more, it also exhibits a clear dip and hump structure in the voltage regions just
outside the coherence peaks. Such a peak-dip-hump structure is a characteris-
tic feature of the tunneling spectrum in the SC state of Bi2212, as reported in
Ref. [4], [8] and [9]. The energy difference of the dip from the peak, Ω, is esti-
mated to be ∼ 36 meV, and follows the relation between Ω and TcTT , Ω ∼ 5kBTcTT ,
which holds for a wide doping range including under- and overdoped regions
in Bi2212 [4]. Interestingly, a similar relation holds for an effective SC gap
magnitude 2∆eff and TcTT , which was introduced in explaining the unusual re-
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duction of SC condensation energy in underdoped La214 samples [10]. The
value of Ω obtained for p ∼ 0.22 is comparable to the energy Eres of an AF
resonance mode, which was demonstrated to develop below ∼ TcTT in neutron
scattering experiments for almost the same doping level on Bi2212 [11], sug-
gesting that the dip structure of the electronic energy spectrum in the SC state
will be due to couplings of electrons with the magnetic resonance mode. In the
following subsection, we discuss their relation for the temperature evolution.

3.2 Temperature evolution of tunneling dip below TcTT

Figure 2 is a three dimensional illustration of BVB tunneling spectra around
TcTT for a slight overdoping level p ∼ 0.22. One can see in the figure that the
spectrum changes markedly in accordance with the SC transition at TcTT = 81
K. In the normal state, the spectrum exhibits a weak suppression in an en-
ergy region comparable to the SC gap. This gap like behavior is called “small
energy-scale pseudogap” or “small pseudogap (SPG)”, to distinguish it from
the other pseudogap with a several times larger energy scale, the so-called
“large pseudogap (LPG)” [9]. The LPG, which has been considered to be
due to the gradual development of AF spin correlations, is associated with the
downward shift of flat bands from the Fermi level EF, and becomes less evi-
dent in the overdoped region. In the SC state, the SC gap structure develops
in the SPG energy region, together with the rapid growth of coherence peaks
in the vicinity of TcTT . Furthermore, one can see that the dip structure develops
gradually just outside the SC gap or the coherence peaks below ∼ TcTT .

Figure 2. 3D illustration of the tunneling spectrum for a slightly overdoped Bi2212 crystal
with p ∼ 0.22 and TcTT = 81 K. This was generated by using a 3D imaging software from
the spectra measured at a temperature interval of every one or two K. The spectrum at each
temperature is normalized with the value at V = -150 mV.

As shown in Fig. 1 (b), the dip depth is defined as the difference of tun-
neling conductance dI/dV (≡ σ) between the dip and hump, ∆σ, normalized
with the hump value σh, and plotted as a function of temperature in Fig. 3. The
∆σ/σh value becomes larger with the lowering of temperature and is saturated
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Tunneling spectra near TcTT in overdoped Bi2Sr2CaCu2O8+δ

Figure 3. Temperature dependence of normalized dip depth in the tunneling spectra (Fig. 2).

at low temperatures. This temperature dependence of ∆σ/σh is very simi-
lar to the development of a kink structure of the electronic dispersion curves
near EF in the antinodal region around (π, 0) and (0, π), which has recently
been reported in ARPES experiments on Bi2212 [12, 13, 14]; these features
appear to be related. As is well known, a similar kink structure also exists in
the dispersion curves near EF along the nodal directions. However, it is al-
most independent of temperature and seen in both the normal and SC states
[2, 15]. The temperature-independent kink structure along the nodal directions
has been reproduced very well in terms of strong electron-phonon couplings
[15]. On the other hand, the temperature evolution of the kink in the antin-
odal region, corresponding to the dip structure of tunneling spectra, is different
from that of the kink in the nodal region. It has been found in the present
study that the temperature dependence of the dip structure, which appears at
|V | = (2∆0 + Eres)/e in the SIS-type tunneling spectra, is in good agree-
ment with that of the intensity of neutron scattering due to the AF resonance
mode with a characteristic energy Eres (∼40 meV) [5]. Evidently, the tunnel-
ing dip structure or the kink in the antinodal dispersion curves are related to
the coupling of antinodal electrons with the AF spin excitations.

4. Summary

In the present study, we examined the SIS-type tunneling spectrum of slightly
overdoped Bi2212 over a wide temperature range including both the normal
and SC states, and demonstrated that the temperature evolution of the dip
structure, observed at |V | = (2∆0 + Eres)/e, correlates with that of the
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AF resonance mode with a characteristic energy Eres. Very recently, it has
been shown in neutron inelastic scattering experiments on the phonon struc-
ture of YBa2Cu3O7 that the spectral weights of Cu-O stretching modes change
slightly in a manner similar to that of the AF resonance mode below TcTT [16].
This fact suggests that the AF spin excitations will also couple with such
phonon modes, as proposed in some theoretical studies [17, 18], and raises an
interesting question as to whether antinodal electrons couple with the AF spin
excitations directly or through their interactions with phonons. The present
study seems to support the contention that the tunneling dip structure will be
associated with the development of AF resonance mode below TcTT . However,
further studies are needed to achieve a better understanding of the mechanism
of coupling between electrons and AF spin excitations.
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ANDREEV – SAINT JAMES REFLECTIONS AS A 

TOOL FOR THE STUDY OF 

UNCONVENTIONAL SUPERCONDUCTORS 
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Abstract: Andreev – Saint James reflections have been observed at normal metal contacts 
and tunnel junctions with YBCO, LSCO, BSCCO and other High Temperature 
Superconductors. The characteristic feature of these reflections is an enhanced 
conductance at low bias. Its observation implies the existence of extended quasi-
particle arcs around the nodal directions. The enhancement persists up to Tc and 
so far has not been observed above it. Return to the normal state conductance 
occurs at an energy that scales with Tc, including in the pseudogap regime. In 
YBCO, the detailed shape of the conductance at low bias is consistent with a 
pure d-wave symmetry of the order parameter in the optimally doped and 
underdoped regimes, and with a mixed symmetry in the overdoped one.

Key words: superconductivity; quasi-particles; pseudo-gap; bound states 

1. INTRODUCTION 

One of the clearest manifestations of the existence of electron pairs in the 
superconducting state is the enhancement by a factor of 2 of the conductance 
of a normal metal to superconductor contact at small bias. Although 
specifically described only in 1982 by Blonder, Tinkham and Klapwijk (1) 
(BTK), this enhancement follows directly from the reflection mechanism at 
the interface, described originally in chronological order by de Gennes and 
Saint James (2), Andreev (3) and Saint James (4). An incoming electron 
from the normal side N is reflected as a hole along the trajectory of the 
incoming electron, while a Cooper pair flows in the superconducting side S: 
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a charge of 2e flows on both sides of the contact, compared with a charge of e 
in the normal state (above Tc, or at a bias larger than the gap). The conversion 
from quasi-particles to pairs takes place over a coherence length. Two 
fundamental conditions are essential for this mechanism to take place. First of 
all, there must exist quasi-particle excitations on the S side that can match 
those on the N side. Second of all, the velocity of these quasi-particles must 
be nearly equal to each other, otherwise normal reflections at the interface 
will dominate. The mere observation of an enhanced low bias conductance at 
normal metal – HTS contacts introduces therefore important constraints on 
HTS theories.

When the N side of the contact has a finite thickness dN, an interesting 
cycle, first described explicitly by Saint James (4), takes place. After being 
reflected at the interface as a hole, the particle undergoes a normal reflection 
at the free surface of N, comes back to the interface, is reflected as a hole, 
which itself is normal reflected at the free surface, thus completing the cycle. 
During this Saint James cycle, composed of four legs instead of two for a 
usual particle in a potential well, the particle is an electron half of the time, 
and a hole the other half, a hall mark of an excitation in a superconductor at 
the gap edge. Solutions are bound states of finite energy in N, decaying over a 
coherence length in S. As first shown by Hu (5), the situation is different 
when S is a d-wave superconductor, and the normal to the interface 
corresponds to a node direction. Then, the Saint James cycle has for solution 
zero energy states. This is because of the difference of phase of  of the order 
parameter, between the two successive reflections at the interface. Note that 
these zero energy states persist down to dN = 0. Thus, in addition to being 
sensitive to the nature and the velocity of the electronic excitations in S, the 
experiment is also a powerful tool for the study of the symmetry of the order 
parameter. Because of the chronological order of the publications, and the 
importance of the Saint James cycle, we propose to use the name "Andreev – 
Saint James reflections", or in short ASJ reflections.

2. ASJ REFLECTIONS ALONG ANTI NODAL 

DIRECTIONS

Experiments performed along the anti-nodal direction using point 
contacts on a variety of cuprates at or near optimum doping such as YBCO 
(6,7) have shown an enhanced zero bias conductance up to a rather well 
defined gap edge. These early results established the existence of quasi 
particles in the cuprates for that range of doping. They may not be 
compatible with theories of the normal state such as RVB in which the 
charge and spin degrees of freedom are separated. However, RVB has not 

38 GUY DEUTSCHER



ANDREEV – SAINT JAMES REFLECTIONS AS A TOOL FOR the 

STUDY OF UNCONVENTIONAL SUPERCONDUCTORS 

considered in detail ASJ reflections. The results also imply that the Fermi 
velocities of the quasi-particles on the S and N sides are not very different, 
which is a priori surprising in view of the small Fermi velocity in the cuprates 
as determined either by ARPES or from values of the superconducting 
coherence length (8). These values are typically of the order of about 2.107

cm/s, almost one order of magnitude less than the Fermi velocity in Gold. 
Actually, it has been shown (8) that the Fermi velocity that determines the 
mismatch is not the fully dressed velocity. It is possible from the ratio of the 
fully dressed velocity, as obtained for instance from the coherence length, to 
that which fits the low conductance bias, to calculate renormalization effects. 
They are qualitatively similar to those in heavy fermions, where ASJ 
reflections have also been observed. 

3. ASJ SURFACE BOUND STATES 

Experiments showing the existence of ASJ surface bound states have been 
performed using tunnel junctions (9,10) or Scanning Tunneling Microscopy 
(STM) (11) on surfaces perpendicular to the CuO planes. Here the low energy 
states show up as a Zero Bias Conductance Peak (ZBCP). It is interesting to 
note that the zero energy states are quite easily detected, even though 
reflections at the surface are certainly not in majority specular as assumed in 
theoretical models. In fact, a ZBCP is observed even if the normal to the 
surface is the [100] direction, an orientation for which for reasons of 
symmetry ASJ states are not expected. The reason for this deviation from 
theoretical predictions may precisely be the non specular character of the 
normal reflections. For part of the trajectories, a difference of phase of 
between two successive reflections may occur also for a [100] orientation. 
Likewise, this difference of phase will not exist for some of the trajectories 
when the orientation is [110]. The net result of this non specularity is that for 
ordinary surfaces there is not much difference between the two orientations.

ASJ states are a good tool for the study of the underdoped regime. This is 
because in this regime it is in general difficult to obtain good contacts with a 
normal metal tip. This difficulty may be due to the presence of a "dead 
layer", or to the occurrence of the pseudogap (see below). By contrast, ASJ 
states have been observed at all doping levels, including in strongly 
underdoped samples of YBCO (12) and BSCCO (13). This is an important 
result, because it implies that there are nodal quasi-particle excitations, over 
a substantial arc, even in underdoped samples. Otherwise, the reflections that 
give rise to the ASJ surface states could not take place, since in a Saint 
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James cycle electron and hole excitation play symmetric roles. It is not clear 
how the Saint James cycle could take place if the only excitations in the HTS 
were holons and spinons (14). At a minimum, additional excitations are 
necessary  (15). 

4. ASJ BOUND STATES AND THE PSEUDOGAP 

ISSUE

The conclusion that there are extended quasi-particle excitations along 
nodal arcs is in good agreement with the STM observations by the group of 
S.Davis, as reported in these proceedings (16). When measuring the STM 
tunneling spectrum over the sample's surface they observe that the low bias 
part, up to about 20 meV, is quite homogeneous, including in underdoped 
samples. The high bias part, on the other hand, is inhomogeneous on the 
nanometer scale with conductance peaks ranging up to more than 50 meV. 
They show that the low bias part corresponds to regions of the Fermi surface 
around the nodes, while the high bias part (the large gaps, or pseudo-gaps 
seen prominently in underdoped samples) correspond to anti-nodal regions. 
The bias range of up to about 20 meV where the spectra are homogeneous 
corresponds precisely to the energy scale observed by ASJ scattering, which 
never reaches energies characteristic of the pseudo-gap (17). The two sets of 
experiments are therefore in excellent agreement. The nodal regions or Fermi 
arcs are unaffected by the pseudo-gap phenomenon. The gap is homogeneous 
and the quasi-particles are of a conventional nature in these regions, giving 
rise to ASJ reflections and ASJ bound states. The extension of these arcs 
around the nodes is not known exactly, but is always substantial even in 
deeply underdoped samples (otherwise ZBCPs would not be observed), and 
they possibly extend up to the anti-nodal points in overdoped samples. 

A related property of ASJ bound states is that they disappear at Tc, 
contrary to the pseudo-gap. This is the case even in deeply underdoped 
samples where pseudo-gap values are several times larger than Tc (12,13). 
This behavior is in line with the above conclusions, and with the observation 
that the energy scale that characterizes ASJ bound states varies as Tc, 
decreasing in the underdoped regime, while the pseudo-gap keeps increasing 
(17). It may also be noted that a strong pseudo-gap, whether it reflects the 
formation of incoherent Cooper pairs or a different order appearing at high 
temperatures, is incompatible with ASJ reflections, as shown by Pistolesi and 
Nozieres (18). The observation of ASJ bound states in strongly underdoped 
samples having a large pseudo-gap, is by itself sufficient to prove that there is 
no pseudo-gap along extended nodal arcs. 
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5. ORDER PARAMETER MINORITY COMPONENT 

The existence of a minority component in the cuprates remains a point of 
controversy. It is related to the High Tc mechanism itself, because some of 
them (the magnetic ones) require a pure d-wave symmetry, while others 
(phonon mechanisms) don't. The most recent data is not converging on this 
issue. Tsuei et al. conclude from their tricrystal experiments that there is no 
detectable minority component even away from optimum doping in YBCO, 
LSCO and BSCO, and imply that this is a general property of all cuprates, a 
conclusion that would support a magnetic model (19). But a recent 
measurement of the field dependence of the heat capacity in the electron 
doped cuprate PCCO has shown a linear dependence characteristic of an s-
wave symmetry (20). Cuk et al. have uncovered a coupling of the electronic 
bands to a 40 meV phonon mode which they propose is important for the 
pairing mechanism, which would not imply a d-wave symmetry (21).

The possible existence of a minority component has been examined by 
ASJ spectroscopy as a function of doping, magnetic field (22) and in a 
proximity effect situation (23). In the bound state geometry, an imaginary 
minority component lifts the degeneracy between states carrying opposite 
surface currents, and results in a net surface current that produces a split of the 
ZBCP. Such a split, increasing with doping, was observed in overdoped 
YBCO (22). It may be of course that the minority imaginary component 
occurs only at the surface of the sample. But even if this were the case, this 
occurrence would show that there is substantial coupling of the electronic 
states with a phonon mode, getting stronger in the overdoped regime (24). A 
detailed analysis of the conductance of point contacts in the anti-nodal 
direction has shown that there must exist an imaginary component, possibly 
having the is symmetry, that develops in the HTS near the interface with the 
normal metal (23). No theory is available at the moment for this situation, but 
again the appearance of such a component requires that the corresponding 
coupling channel be present. 

A splitting of the ZBCP is also observed in the presence of a magnetic 
field applied parallel to the sample's surface and perpendicular to the CuO 
planes. Meissner screening currents in increasing fields will produce such a 
split. But since initially these currents increase in proportion to the applied 
field, splitting should be linear in field (24). It has been shown that this is not 
the case at or near optimum doping (22). Again, this may only be a surface 
phenomenon, but even in that case a substantial phonon coupling is  
necessary to explain the result (25). The observation of a splitting varying as 
the square root of the applied field in decreasing fields and under field  
cooled conditions has also been reported fir YBCO films having the (110) 
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orientation, and discussed as possibly resulting from a field induced idxy

component (26). 

6. CONCLUSIONS 

Andreev – Saint James spectroscopy gives important indications on some 
of the remarkable properties of the cuprates. Amongst them are the existence 
of quasi-particle excitations along extended arcs around the nodal directions, 
including in the underdoped regime, and the absence of a pseudo-gap in same. 
In the pure d-wave symmetry, the Saint James cycle leads to the formation of 
zero energy surface bound states. The energy of these states is modified by 
time reversal symmetry breaking, due for instance to Meissner currents or to 
an imaginary component of the order parameter.
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Abstract The combined bicrystal, artificial cross-whisker, and natural cross-whisker
c-axis twist experiments on Bi2Sr2CaCu2O8+δ (Bi2212) provide strong
evidence that the superconducting order parameter is predominantly s-
wave for T ≤ TcTT , and that the c-axis tunneling is strongly incoherent.

Keywords: Order parameter; incoherent tunneling; Josephson junctions

Introduction
There has long been a raging debate over the orbital symmetry of

the superconducting order parameter (OP) in the high transition tem-
perature (TcTT ) superconductors.[1] Many experiments were interpreted as
providing evidence for a predominantly dx2−y2-wave OP, but others were
interpreted as providing evidence for a predominantly s-wave OP. Müller¨
argued that the OP is d-wave on the surface and s-wave in the bulk.[1]

Bi2Sr2CaCu2O8+δ (Bi2212) forms a disordered array of superconduct-
ing and non-superconducting pseudogap nanodomains, as revealed by
scanning tunneling microscopy studies.[2] Hence, only phase-sensitive
experiments can distinguish s-wave from d-wave OP’s in Bi2212.

1. Bicrystal Twist Josephson Junctions
Li et al. made extraordinarily perfect artificial c-axis twist bicrystal

junctions.[3] These junctions were extensively characterized using high
resolution transmission electron microscopy (HRTEM), electron energy
loss spectroscopy, and low energy electron diffraction, etc., and the re-
sults were compared with computer simulations.[4] More recently, off-
axis electron holography provided compelling evidence of the remarkable
atomic perfection and reproducibility of the twist junctions.[5]
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Figure 1. Left: Plot of the bicrystal JJ
cJJ (φ0)/JS

cJJ at 0.9TcTT .[3] The curves refer to the
incoherent limits for single OP components. Right: Weak tunneling JcJJ (φ0)

J/JJ
cJJ (0) at

0.9 TcTT assuming the tight-binding Fermi surface appropriate for Bi2212 and a dx2−y2 -
wave OP.[6] The σ2 values are given in the legend. Curves marked 0 and | cos(2φ0)| are
the coherent and incoherent limits, respectively. The Gaussian (•), exponential (◦),
rotationally invariant Lorentzian (�), stretched Lorentzian (solid inverted triangles),
and Lorentzian (�) tunneling model results are shown. [6]

Li et al. measured the critical current densities JJ
cJJ and JS

cJJ across
the twist junction and constituent single crystals for 12 samples with
different φ0 values. They found JJ

cJJ (φ0)/JS
cJJ = 1 near to TcTT , as shown in

the left panel of Fig. 1.[3]
Since dx2−y2-wave and dxy OP’s are orthogonal, JcJJ (45◦) = 0 for a

single d-wave OP component in a tetragonal crystal with weak interlayer
tunneling.[6] Although Bi2212 is slightly orthorhombic, JcJJ (φ∗

0) = 0 for
a d-wave OP, where φ∗

0 ≈ 45◦, inconsistent with the Li et al. data.
[3, 7] The mixing of OP components to compensate for the physical
twist junction might allow a predominant dx2−y2-wave OP to result in a
substantially φ0-independent JJ

cJJ for T � TcTT , but not for T ≈ TcTT , where
the measurement was performed.[3, 7] An additional d-wave scenario
leading to a non-vanishing (albeit very small) JcJJ (45◦) could arise if the
c-axis tunneling were strong and coherent.[8] Those authors also showed
that the overlap of two tight-binding Fermi surfaces rotated φ0 with
respect to each other decreases greatly with increasing φ0, leading to a
substantial reduction in the coherent tunneling matrix element.[8]

Bille et al. studied the weak tunneling case of a tetragonal crystal
with a variety of single-component OP and tunneling matrix element
forms. In each tunneling model, the single parameter σ2 characterizes
the change ∆k in the intralayer wave vector relative to π/a, where a
is the lattice constant, with σ2 → 0,∞ in the coherent and incoher-
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Bi2Sr2CaCu2O8+δ c-axis bicrystal twist and cross-whisker experiments

Figure 2. Plots at 0.9Tc of JJ
c (φ0/JJ

c (0) for the isotropic s-wave (left)and extended-
s-wave (right) OP’s, respectively. The lines marked ∞ indicate the incoherent limit;
the other labels are as in the right panel of Fig. 1.[6]

ent limits, respectively. Their results for the dx2−y2-, ordinary-s-, and
extended-s-wave (∝ | cos(kxa) − cos(kya)|) OP’s are shown in Figs. 1
and 2.[6]

2. Artificial Cross-Whisker Junctions
Bi2212 whiskers naturally have insulating surfaces. Takano et al.

weakly sintered two different whiskers together, obtaining artificial cross-
whisker junctions (ACWJ).[9] The measured Jc(φ0) varied substantially
with φ0, being rather flat for 30◦ ≤ φ0 ≤ 60◦, as shown in the right panel
of Fig. 3 and in Fig. 4. However, the resistivity for T > Tc increased
monotonically with decreasing φ0,[10] suggesting that some of the Jc(φ0)
ACWJ data might be extrinsic.[10, 11]

In 4-5 45◦ ACWJ’s, Jc(45◦) was nearly sample independent and non-
vanishing.[12] For these ACWJ’s, they obtained Fraunhofer-like patterns
and performed Shapiro step analyses, indicating that their junctions
were weak and first order. They also found JJ

c (φ0) to be independent of
T for 4.2 K≤ T ≤ 60K.[9, 12] Hence, the non-vanishing Jc(45◦) precludes
a pure d-wave OP, even near to Tc.

Although coherent tunneling in Bi2212 is highly unlikely,[2] Figs. 1
and 2 show that incoherent tunneling cannot possibly fit the ACWJ data
for any OP form. In the right panel of Fig. 3, we show our best weak,
first-order coherent tunneling fits to the data, with the tight-binding
Fermi surface and a dominant d-wave OP. Although the curves fit the
data nicely for φ0 ≈ 90◦, they fail to do so for φ0 ≈ 45◦, rendering a
dominant d-wave OP highly unlikely. In the left panel of Fig. 4, we fit
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Figure 4. Best coherent tunneling fits to the ACWJ data.[9, 11] Left: tight-binding
FS, anisotropic-s-wave OP. Right: van Hove (vH) states, variosu OP’s.

the data quantitatively using the same tight-binding Fermi surface and a
highly anisotropy s-wave OP of the form ∆c + ∆0[cos(kxa)− cos(kya)]8,
where ∆c ≈ 1.0− 2.0 meV. In the right panel of Fig. 4, we assumed the
van Hove normal state scenario with coherent tunneling, and found that
an isotropic s-wave OP could fit the data quantitatively.[11]

3. Natural Cross-Whisker Junctions
Very recently, Latyshev et al. annealed naturally-occurring cross

whiskers, forming natural cross-whisker junctions (NCWJ’s), and stud-
ied their properties.[13] The normal state resistance per square RJ across
the NCWJ was independent of φ0, and roughly a factor 60 higher than
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Bi2Sr2rr CaCu2O8+δ c-axis bicrystal twist and cross-whisker experiments

RS for the intrinsic junctions in bulk Bi2212. At low T , they measured
JJ

cJJ (φ0) three ways: (a) from the zero-field IJ
cI , (b) from the oscillatory

part of the Fraunhofer-like IJ
cI (B), and (c) from the sharp rise in the

I/V characteristics at V = 2∆. These three different measurements
were consistent, and the overall conclusion is that JJ

cJJ (φ0) is indepen-
dent of φ0. Although JJ

cJJ (φ0) ≈ JS
cJJ /40, where JS

cJJ is the critical current
density across intrinsic bulk junctions, since JJ

cJJ RJ ≈ JS
cJJ RS , this is con-

sistent with the twist junctions being uniformly weaker than the bulk
junctions. Latyshev et al. also showed that the φ0-independence of JJ

cJJ
holds for 4.2K≤ T ≤ TcTT .[13]

In Fig. 5, we have plotted log10[JJ
cJJ (A/cm2)] versus φ0 at 4.2 K for

the NCWJ’s,[13] along with the ACWJ data (open circles) of Takano et
al.,[9, 10] and the JJ

cJJ (φ0) bicrystal data (solid diamonds) at 0.9TcTT from
Table 1 of Li et al.,[3] multiplied by a factor of 4.00 = JcJJ (0)/JcJJ (0.9TcTT )
expected from the Ambegaokar-Baratoff formula. The data from mea-
surements (a), (b), and (c) are represented by the stars, solid circles,
and solid squares, respectively. The solid and dot-dashed lines represent
the averages of the bicrystal and NCWJ data from measurements (b)
and (c), respectively. The NCWJ data are consistent with the ACWJ
data for 30◦ ≤ φ0 ≤ 60◦, but differ substantially from the ACWJ data
outside that region. The bicrystal data of Li et al. are nearly consistent
with much of the ACWJ data outside that region. Combining all three
experiments, the main (constant) difference between the bicrystal data
and the NCWJ data arises from the uniformly different junction matrix
elements, and the strong ACWJ JJ

cJJ (φ0) dependence most likely arises
from an extrinsic φ0 dependence of the tunneling matrix elements.

4. Summary
The bicrystal c-axis twist junctions are by far the best characterized

Josephson junctions studied to date, and JcJJ (φ0) was independent of φ0.
[3] Although the ACWJ data of Takano et al. exhibited an extrinsic
JJ

cJJ (φ0) dependence,[9] the NCWJ data also showed JcJJ (φ0) independent
of φ0. These experiments are only consistent with a predominantly s-
wave OP for T ≤ TcTT , and with strongly incoherent c-axis tunneling.
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Figure 5. A comparison of log10[J
J
cJJ (A/cm2)] versus φ0 data at 4.2 K of the bicrystal

data multiplied by 4.00 as described in the text (solid diamonds),[3] with the ACWJ
data,[9] (open circles), and the NCWJ data, measured with methods (a) (stars), (b)
(solid circles), and (c) (solid squares).[13]
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Abstract Muon spin rotation (µ+SR) results are reported on single-crystal YBa2Cu3O7,
having a transition temperature of Tc = 91.3 K with ∆Tc < 0.5 K (in zero ap-
plied field). Flux motion and de-pinning can mask intrinsic properties such as
the true underlying pairing state, and has led to misinterpretations of data. The
present data exhibit a non-monotonic behavior for the second moment of the in-
ternal field distribution as a function of field as T→0, which rules out any single
pairing state explanation of the data, without including other extrinsic effects.
The data are, however, consistent with s-wave (or extended s-wave) pairing,
provided that field-dependent and temperature-activated vortex de-pinning are
first taken into account. Applying a self-consistent vortex de-pinning model, the
data are found to be best described by an underlying two-fluid model, yielding
a London penetration depth value of λab(T=0,H=0) = 127.6 nm. Attempts to fit
the data using BCS theory with varying coupling strengths and a d-wave model
produced much poorer fits. In fact, the probability that the d-wave model gives
a better fit than the two-fluid model is less that 4×10−6. This work reveals that
the d-wave interpretations are incorrect, confirms earlier work (Refs. 1-3) which
first established s-wave pairing in YBa2Cu3O7 powders and (heavily twinned)
crystals, and re-establishes s-wave pairing for superconductivity in this material.

Keywords: High-Tc superconductivity, pairing state, muon spin rotation
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1. Introduction

Already by 1990, the high-temperature superconductivity of YBa2Cu3O7

had been observed (and confirmed) to reflect s-wave (or extended s-wave)
pairing of holes, both in powders1,2 and in single crystals,3 using muon spin
rotation (µ+SR). Not only is µ+SR a bulk probe, but it is one of the few mea-
surements that probes only the superconducting bands, and is thus superior to
many other techniques probing the high-Tc pairing state. The single-crystal
measurements confirmed the earlier conclusion from powders that the pairing
state was either s-wave or extended s-wave for both the 90 K (δ ∼0.05) and
the 60 K (0.3 ≤ δ ≤ 0.4) bulk phases (with oxygen content 7 − δ). In all of the
above-cited experiments, the vortex lattice was strongly pinned, suppressing
fluxon motion and temperature-dependent de-pinning effects below Tc.

A comparable demonstration of agreement with s-wave pairing was also
provided in 1991 for unannealed Bi2Sr2CaCu2O8 crystals.4 In this case, the
effects of vortex motion and temperature-activated de-pinning were clearly ev-
ident at 0.3 and 0.4 Tesla. However, the effects of vortex motion and de-pinning
were suppressed in higher fields (1.5 Tesla), revealing the true underlying s-
wave character, a result that has been recently corroborated.5 Since these ef-
fects were much less evident in powder samples,6 it was concluded that they
were suppressed by the stronger pinning forces present in the powder samples.

Following this Bi2Sr2CaCu2O8 work, others,7 citing primarily surface sen-
sitive probes, have argued that the hole-pairing in high-Tc materials is primar-
ily d-wave pairing. Indeed, other µ+SR data on single-crystal YBa2Cu3O7

were produced, from which the authors claimed evidence for d-wave pairing.8

In this paper, we concentrate on the µ+SR measurements and determine
if YBa2Cu3O7 is a bulk s-wave (nodeless) superconductor, as determined in
Refs. 1-3, or a d-wave superconductor, whose order parameter ∆(k), changes
sign as a function of k, as claimed in Ref. 8. In making this determination, we
show that the features observed in the single-crystal data of Ref. 8 are actually
due to temperature-activated fluxon de-pinning, an effect which is not readily
observable in strongly pinned systems such as the early powder samples or the
early heavily-twinned crystals.

To prove the s-wave character of the superconductivity, we first present
µ+SR data acquired in a high-quality YBa2Cu3O6.95 crystal at applied mag-
netic fields of 0.05, 1.0, 3.0, and 6.0 Tesla. The measured temperature- and
field-dependences of the second moment of the local field distribution, σ(T,H),
are carefully compared using a self-consistent analysis in which deviations
from s-wave symmetry are attributed to weak fluxon de-pinning phenomena,
rather than to d-wave effects. We show that the purported intrinsic d-wave be-
havior previously claimed for muon experiments is actually not due to d-waves
but is an extrinsic phenomenon caused by flux de-pinning.9
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2. Experiment and Analysis

The YBa2Cu3O6.95 crystal measured for the present work was grown in a
Y-stabilized ZrO2 crucible according to methods described elsewhere.9 The
sample exhibits a transition temperature of Tc=91.3 K, has a transition width
of ∆Tc < 0.5 K (in zero applied field), and has dimensions 5 × 4 × 0.75 mm3.
The µ+SR experiments were conducted at the TRIUMF cyclotron facility in
Vancouver, B.C., Canada, using the LAMPF (low-field) and Belle (high-field)
spectrometers. Transverse-field measurements were employed in time differ-
ential mode, yielding a relaxation function Gxx(t), consisting of a relaxation
envelope modulating a precessing muon spin amplitude. Data were taken at
magnetic fields applied along the c-direction of 0.05, 1.0, 3.0, and 6.0 Tesla.

The analysis of the µ+SR data is given in detail elsewhere,9 so only a brief
description will be presented here. Our present analysis retains λ and ξ as
constants, and employs a cut-off London model with the cut-off parameter
ξ0 fixed at 0.1 nm for all four fields analyzed (i.e., all vortices were treated as
virtually point vortices). The relaxation function Gxx(t) is obtained (the dipolar
broadening contribution is determined by fitting above Tc) by first deriving the
field probability distribution function, dn(b)/db, numerically from the cut-off
London model. A Gaussian convolution is also performed, of width σM (the
smearing parameter), to better account for variations in the local or internal
field arising from distortions in the vortex lattice. Finally, a Gaussian decaying
signal is added to describe the small signal from the muons that stop outside the
superconducting sample, but are not vetoed by the electronics. From this, the
fitted parameters σM (T,H) and λ(T,H) are obtained, which model the magnetic
field distribution in the vortex lattice distorted by pinning. Results for the
second moment of the field distribution are calculated using the expression,
σ2(T,H) = σ2

L + σ2
M , where σL= 0.0609 Φ0/λ2 (triangular lattice) and Φ0 is the

flux quantum (the model field distribution is used to obtain the moments).

3. Results and Interpretation

By plotting σ against temperature for the four fields studied,9 H = 0.05,
1.0, 3.0 and 6.0 Tesla, one finds qualitatively similar features to previous data
(see e.g., Ref. 10), but also certain features that rule out d-wave pairing, and
which provide clues regarding the extrinsic effects (i.e., effects not directly
associated with the gap function symmetry) that play a role in shaping them.
Specifically, these data show (i) a distinctive inflection point in σ(T,H) versus
temperature near T ≈ 20 K, which is most evident at intermediate fields (i.e.,
H=1.0 and 3.0 Tesla), and is reminiscent of earlier data on Bi2Sr2CaCu2O8,4

and (ii) a non-monotonic dependence of the quantity σ(T→0,H) on applied
magnetic field H. These two effects cannot be adequately explained with either
an s-wave or a d-wave model alone.
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Instead of forcing the data to conform to the d-wave picture, we take the
approach that the deviations from s-wave behavior are due to quantifiable phe-
nomena, most notably temperature-dependent fluxon de-pinning. Since the
maximum temperature for the data acquired at each field is below the melting
curve (see Fig. 4 of Ref. 11), the vortex lattice is subject to pinning, as oc-
curs in very clean crystals where the flux lattice becomes locked-in by weak
pinning at oxygen vacancies and/or other defects.

4. Collective pinning model

The experimental results for σ(T,H) incorporate pinning and vortex mo-
tion, coupled with an underlying pairing symmetry.9 Using a self-consistent
approach, we determine the true nature of the underlying pairing state [i.e.,
λab(T,H)], and extract the London penetration depth, λab(T=0,H=0). From
our analysis, the resulting effective underlying magnetic penetration depth,
λab(T,H), was found to be a monotonically increasing function of temperature
and magnetic field,9 as expected. Specifically, we find λab(T=0,H=0) of 127.6
± 1.5 nm, a Tc of 90.8 ± 0.5 K, and a de-pinning temperature of about 19.6
(+18.2/-12.2) K, with a χ2 per degree of freedom of 2.38, assuming a two-fluid
pairing state symmetry. Extrapolating to zero field, the result for λab(T,H=0)
is shown in Fig. 1. The collapse of all of the data onto a single curve clearly
illustrates that the self-consistent agreement between the pinning theory de-
tailed here and elsewhere,9 assuming an s-wave ground state, far exceeds the
comparatively poor agreement found using the non-local d-wave theory of Ref.
10. For example, the best d-wave model fit yielded λab(T=0,H=0) = 120.5 ±
1.8 nm and Tc = 90.6 ± 0.7 K with χ2 ≈ 13. This poor χ2 value is attributed
primarily to the inability of the underlying d-wave function to deal with the
non-linear temperature dependence in our 0.05 Tesla data. The probability
that the d-wave model gives a better fit than the two-fluid model is less than
4 × 10−6.

Experiments utilizing microwave cavity resonance, ac susceptibility, or rf
resonance12 have been executed on YBa2Cu3O7 to test theoretical predictions
of d-wave pairing theory for the non-linear Meissner effect.13 The predicted
effects turned out to be either absent or unobservably small. Moreover, the
predicted four-fold symmetry in the ab plane for the d(x2−y2) order parameter
is also absent.14

5. Conclusion

From the data and analyses presented, and the comparison with the non-
local d-wave theory of Ref. 10, it is clear that there is no evidence in any of
the µ+SR data for d-wave pairing. All of the data are, however, completely
consistent with temperature-activated vortex de-pinning that masks an under-

52



Figure 1. The temperature dependence of the zero-field penetration depth, λab(T,H=0), with
the fitted effects of pinning removed. The data are fitted with a London penetration depth of
λab(T=0,H=0) = 127.6 ± 1.5 nm. The curve shown represents the two-fluid model.

lying strong-coupled s-wave (or extended s-wave) pairing state. Clearly, d-
wave pairing, even with pinning effects included, cannot adequately explain
the µ+SR data. As in the case of unannealed Bi2Sr2CaCu2O8 single crystals,4

temperature-activated de-pinning produces a strong departure from s-wave be-
havior, which is suppressed in higher magnetic fields, revealing the s-wave
character of the underlying pairing function. Thus, the bulk superconductiv-
ity of YBa2Cu3O7 (and of Bi2Sr2CaCu2O8) is unquestionably strong-coupled
s-wave (or extended s-wave) in character.

Since the CuO2 plane bands are a linear combination of the d (Cu) and
other (mostly oxygen) bands, one would expect that superconducting carriers
in these bands would exhibit some strong d-wave composition. Our observa-
tion that the superconducting bands detected by µ+SR have s-wave character,
strongly indicates that the superconducting band is not a Cu band, and hence
likely not a CuO2 band. On the other hand, the BaO bands have virtually no
d-wave character, and so are strong candidates for the superconducting layer.
This same conclusion has been reached before, by different methods.15
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NUCLEAR SPIN RELAXATION
AND INCOMMENSURATE MAGNETISM
IN DOPED CUPRATES

L. P. Gor’kov,∗
NHMFL, Florida State University, Tallahassee, FL 32310, USA
and L.D.Landau Institute for Theoretical Physics, 142432 Chernogolovka, Russia
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Abstract Existing data on 63Cu-nuclear spin relaxation reveal two independent
relaxation processes: the one that is temperature independent we link
to incommensurate peaks seen by neutrons, while the ”universal” tem-
perature dependent contribution coincides with 1/63T1TT (T ) for two-chain
YBCO 124. We argue that this new result substitutes for a ”pseudo-
gap” regime in a broad class of high-TcTT cuprates and stems from the 1st
order phase transition that starts well above the superconductivity TcTT
but becomes frustrated because of broken electroneutrality in the CuO2
plane.

Keywords: superconductivity, pseudogap, magnetic properties, NMR

One of the most intriguing normal properties of the high-TcTT (HTc)
cuprates is the so called ”pseudogap” (PG) phenomenon. It is com-
monly presented in the (T, x) plane as a line that starts from rather
high temperatures (at small x) and reaches the superconductivity (SC)
TcTT ”dome” below at or above optimal x ∼ 0.16. In a broad sense x means
the hole concentration in the CuO2- plane, but more often than not one
refers to properties of the Sr-doped La2−xSrxCuO4 The PG feature was
seen in numerous experiments (NMR, tunneling spectra, resistivity etc.;
see for example reviews [1, 2]). It has been stressed [3] that the PG
temperature is not defined unambiguously.
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A widespread view is that the feature comes from some crossover in
the electronic density of states (DOS). The main result of the present
paper is that after a proper re-arrangement of the experimental data no
PG feature exists in the 63Cu nuclear spin relaxation time behaviour.
Instead, the data show two independent parallel relaxation mechanisms:
a temperature independent one that we attribute to stripes caused by the
presence of external dopants and an ”universal” temperature dependent
term which turns out to be exactly the same as in the stoichiometric
compound YBCO 124.

We attempt below to put the results in the context of a phase separa-
tion [4]. The decomposition of 1/63T1TT (T, x) into two terms, as it will be
discussed below in more details, manifests itself in a broad temperature
interval above TcTT . It is limited from above by a T ∗ that depends on the
concentration, x. We consider T ∗ defined in this way as a temperature
of a 1st order phase transition, which, however, cannot complete itself
in spatial coexistence of two phases because of the electroneutrality con-
dition [5]. It was already argued in [4] that such a frustrated 1st order
phase transition may actually bear a dynamical character. The fact that
a single resonant frequency for the 63Cu nuclear spin is observed in the
NMR experiments, confirms this suggestion. Although in what follows,
we use the notions of the lattice model [4, 5], even purely electronic
models [6–9] for cuprates may reveal a tendency to phase separation.

The basic assumption in [4, 5] are the following. At large enough
doping holes move between coppers and oxygens. Spins in the system
are d9-holes trapped to the Cu-sites at the expense of local lattice dis-
torsions. Elastic attractive interactions between these distorsions give
rise to a lattice driven frustrated transition below some T ∗. Exchange
interactions, as in the parent La2CuO4, tend to organize the Cu-spins in
the antiferromagnetic (AF) sub-phases. Excess charge of the dopants’
ions in AF regions must be compensated by accumulation of holes in
”metallic” regions.
We now turn to experimental data. In what follows we address only

1/63T1TT behaviour because for cuprates AF fluctuations prevail over the
Korringa mechanisms.

In Fig. 1a we collected data on 1/63T1TT in LSCO from [10]. Note the
following: 1) according to [11] 1/63T1TT (T ) at higher temperatures tends
to 2.7 msec−1 for all Sr concentrations, in spite of considerable spread
seen in Fig. 1a. Beginning of deviation from that value could serve us
as a definition of T ∗(x); 2) note that dissipation 1/63T1TT monotonically
decreases from small x to 0.24; 3) after an appropriate vertical offset
all curves in Fig. 1a collapse onto the T dependence of 1/63T1TT for the
“optimal” x = 0.15 above 50 K (Fig. 1b). We have checked that last
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Figure 1. The temperature dependence of 1/63T1(x) for LSCO: a) the plots for
different x and Tc (see inset) are taken from [10], at higher temperatures all of them
converge to the same value of 2.7 msec−1 [11] ; b) the same dependencies collapsing
to the single curve after the corresponding vertical offsets.

tendency works well for YBCO (6.5) doped with Ca i.e., the data for
different z in Y1−zCazBa2 Cu3 O6.5 [12] may be put on the top of each
other after proper offsets.

This prompts us to verify whether same ”off-settings” of the 1/63T1

data apply to a broader group of materials. The stoichiometric
YBa2Cu4O8 possesses no structural or defect disorder and we adjust
all data to the 1/63T1 behaviour for this material [3]. Fig. 2 shows that
after a vertical shift in 1/63T1 all the materials indeed follow the same
”universal” temperature dependence above their Tc and below 300 K.

In other words, in this temperature range the nuclear spin relaxation in
these cuprates is a sum of contributions from two parallel processes:

1/63T1 = 1/63T 1(x) + 1/63T̃1(T ) (1)

In eq. (1) 1/63T 1(x) depends on a material and a degree of disorder (x),
but does not depend on temperature, while 1/63T̃1(T ), depends only on
temperature, is the same for all these compounds and coincides with the
1/63T1 for the two chains YBCO 124 above its Tc=62 K.
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Figure 2. The temperature dependence of 1/63T1 for different compounds: the
1/63T1 for YBCO (123) [13] overlayed with that for LSCO [10] and YBCO (124) [3].

Thus, to some surprise the only ”pseudogap” feature in the NMR data
that may be discerned in Fig.2 is the one for YBCO 124: a change in
the temperature regime between 130 and 180 K. It would be tempting
to take again this feature as a mark of the PS regime taking place now
in the stoichiometric material where doping most definitely comes about
as a spill-over of carriers from the CuO-chains into CuO2 planes. It is
also natural to think that the number of the transferred carriers is not
small: actually the low temperature Hall effect measurements [15–17]
show a rapid increase in the number of carriers (i.e. Fermi surface size)
up to one hole per unit cell even in the single layer material like LSCO,
at the optimal doping x ∼ 0.15. Recall, however, that little is known for
the ”homogeneous” phase (i.e. above T ∗(x)). Properties of both YBCO
124 and the optimally doped LSCO (see [1] for review) are unusual
and best described in a very broad temperature interval in terms of the
”marginal” Fermi liquid [18]. We have not found a reliable experiment

to define T ∗ for these compounds and therefore leave the origin of the
1/63T̃1(T )-term for further discussions.

The decomposition (1) into two parallel dissipation processes show
that usual definitions of T ∗ [19] have no grounds. In Fig.1a the LSCO
data with x < 0.15 are spread even above 250 K. As a rough estimate
for T ∗, it is much higher than the SC onset temperature.

Fig. 3 presents the dependence on x for 1/63T 1 in La2−xSrxCuO4.
The inset provides the ”offsets” (i.e. 1/63T 1 terms) for other materials.
We return to discussion of Fig.3 later.

The observation that is central for the following is that in all the
materials with non-zero 1/63T 1 (see the inset in Fig.3) incommensurate
(IC) peaks have been observed in neutron scattering [20]. Peaks are
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Figure 3. The offset 1/63T 1(x) vs Sr content x for LSCO (relative to that for
YBCO 124), line is a guide for eyes. Inset: the offsets for some other compounds
(data for underdoped (u) and overdoped (o) BISCCO 2212 deduced from [14]; to
compare BISCCO with LSCO and YBCO materials the hyperfine constants have to
be properly adjusted).

close to the [π, π] – point: at [π(1± δ), π] and [π, π(1± δ)] [21]. We will
now look for the connection between these two phenomena.

We first make an attempt to agree on a semi-quantitative level the
observed IC magnetic peaks in La2−xSrxCuO4 with the values of the
first term in eq. (1). We concentrate on La1.86Sr0.14CuO4 for which the
most detailed data are available [22].

With the notation from [23]

1/T1 =
kBT

2µ2
B�2ω

∑
i

F (Qi)
∫

d2q

(2π)2
χ′′(q, ω → 0) (2)

where Qi stands for one peak, hyperfine ”tensor” F (Q) = {A⊥ +
2B[cos(Qx) + cos(Qy)]}2 and for χ′′(q, ω → 0) we take near single peak,
say [π(1 − δ), π]

χ′′(q, ω) =
χ′′

peak(T )ω

[1 + (xξx)2 + (yξy)2]2
(3)

where (x, y) = (qx − π(1 − δ); qy − π) and ξx and ξy are the correlation
lengths in the two proper directions. After integration the contribution
from stripes with q along the x-direction is

1/63T1 =
kBT

πµ2
B�ξxξy

{A⊥ − 2B[cos(πδ) + 1]}2χ′′
peak (4)

Experimentally [22] χ′′
peak(T ) ∝ T−2 and for x = 0.14 δ = 0.245 ∼1/4.

Assuming the T−1 dependence [22] only for the one of ξ’s, ξx and us-
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ing for A⊥ and B the known values [23] one obtains: 1/63T1TT = (4/ξy)
msec−1. With the AF correlation length ξy ∼ 4 this is the correct order
of magnitude.

The descending dependence of the offset (Fig.3) agrees qualitatively
with the behavior of δ(x) [24] in eq.(4). For a quantitative description
one need to know the x-dependence for χ′′

peak(T ). Such data in the
absolute units are absent yet except [22]. Another fact that may underlie
this behaviour is that with the x -increase buckling in the CuO2-planes
is known to decrease diminishing pinning effects and making the local
symmetry of the CuO2-unit same as in other materials from the class
with small offset in Fig.3. Also, the system grows more metallic with a
high holes‘ content [15–17].

Next comes the question concerning the origin and the role played
by IC peaks and the physics of fluctuations related to them.

Discovery of IC spin fluctuations presented a challenge for explaining
the NMR results for the oxygen spin relaxation times: hyperfine field
”leaks” originated by the AF incommensurate fluctuations, would con-

siderably increase the oxygen’s relaxation rates, but this was not seen
experimentally. Slichter (see in Ref.[25]) interpreted these contradictions
in terms of ”discommensurations”: a periodic array of soliton-like walls
separating regions with a short-range AF order. Unlike neutrons, the
NMR as a local probe, does not feel the overall periodicity.

Existence of stripes looks just natural in terms of a static phase sep-
aration. At doping the system (LSCO) must screen the excess charge
(Sr2+-ions) in AF regions. Therefore stripes of the AF ordered phase
must alternate with ”metallic” domain walls. The stripe arrangement
by itself is nothing but an optimization of the competing Coulomb and
lattice forces [7]. (The phenomena is well known in physics of surface.)

Stripes in a dynamical regime need better understanding. For in-
stance, often the IC peaks are seen by neutrons only at low enough
temperatures or for large energy transfer at an inelastic scattering [20].
At low temperatures stripes may form a long-range order even in LSCO
(at smaller x, [26]), breaking the symmetry of the ground state. A
better example of the ”pinned” stripe order is given by Nd (or Eu)-
doped LSCO [27–30]. (La1.6−xNd0.4SrxCuO4 reproduces all features of
La1−xSrxCuO4 , including SC and same positions for IC peaks at given
x.) The transition into the ordered stripe phase is driven by appearance
first of the lattice/charge peaks [29]. At finite temperatures stripes could
be viewed as a new type of excitations above the ordered state.

On the other hand in LSCO itself ”stripes” are seen through the
inelastic scattering processes for arbitrary low energy transfer even at
high temperatures 100-300 K [22]. while the ordered IC ground state
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sets in only well below, at about T ∼ 30K [26]. This example provides
the argument against treating ”stripes” as ”excitations”: at so high
a temperature the underlying ”long-range” IC ground state would be
already melted. Therefore the two-phase description seems to be closer
to reality meaning that in the dynamical regime the AF regions get
coupled via Coulomb forces with the ”metallic” layer. Note that with
the further x-increase δ(x) increases as well and saturates making it
meaningless to speak in terms of a strictly ”monolayer” wall already
above x ∼ 0.14, where δ ≈ 1/4 [22]. (Note the difference in notations
for IC peaks: (δ from [22] equals 2ε from [29] equals 2δ from [24]).
Fig.3 demonstrates same tendency to increase the share of the ”metallic”
fraction with increase of Sr-concentration: 1/63T 1(x) continues to drop
with x above 1/8.

Coexistence of a SC and the IC AF phases at low temperatures
was confirmed recently by the neutron diffraction experiments [31] for
La2−xSrxCuO4 (x = 0.10) in the vortex state. (The coexistence of SC
and AF formations was found also from the µSR spectra [32]). The
way of the ”coexistence” of SC and the stripe order in the same sam-
ple remains unresolved: one view treats the new stripe symmetry as
a superstructure superimposed on the Fermi surface that changes the
energy spectrum like any SDW/CDW can do it (e.g. [33]). Another
plausible alternative would be a spatially inhomogeneous coexistence of
the nonsuperconducting IC AF phase and a ”metallic” phase with strong
fluctuations.

We have found that in a temperature interval above TcTT and below some
T ∗ ∼300 K the nuclear spin relaxation for a broad class of cuprates comes
from two independent mechanisms: relaxation on the“stripe“-like exci-
tations that leads to a temperature independent contribution to 1/63T1TT
and an “universal” temperature dependent term. For La1.86Sr0.14CuO4

we obtained a correct quantitative estimate for the value of the first
term. We concluded from eq.(1) and Fig.3 that ”stripes” always come
about with external doping and may be pinned by structural defects.
We argue that the whole pattern fits well the notion of the dynamical
PS into coexisting metallic and IC magnetic phases. Experimentally, it
seems that with the temperature decrease dynamical PS acquires the
static character with the IC symmetry breaking for AF phase dictated
by the competition between the lattice and the Coulomb forces. The
form of coexistence of the IC magnetism with SC below TcTT remains not
understood as well as behaviour of stoichiometric cuprates.

The work of L.P.G. was supported by the NHMFL through NSF co-
operative agreement DMR-9527035 and the State of Florida, that of
G.B.T. through the RFFR Grant N 04-02-17137.
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Abstract Spatially-resolved NMR is used to probe antiferromagnetism in the vortex state
of nearly optimally doped high-Tc cuprate Tl2Ba2CuO6+δ (Tc = 85 K). The
broadened 205Tl-spectra below 20 K and the temperature dependence of the
enhanced nuclear spin-lattice relaxation rate 205T −1

1 at the vortex core region
indicate clear evidences of the antiferromagnetic order inside the vortex core
of Tl2Ba2CuO6+δ .

Keywords: NMR, Antiferromagnetism, High-Tc superconductor, Tl2Ba2CuO6+δ

1. Introduction

Strong antiferromagnetic (AF) fluctuations play a crucial role in determining
many physical properties of cuprate superconductors, and the electronic struc-
ture of vortex core in high-Tc superconductors (HTSC) with d-wave symmetry
is very different from that of ordinary superconductors. As vortex cores are re-
gion of the suppressed superconductivity, how the antiferromagnetism emerges
when the d-wave superconducting order parameter is suppressed comes out to
be a fundamental problem in HTSC. [1] A new class of theories have em-
phasized the importance of the magnetism arising from the strong electron
correlation for accounting for the microscopic vortex core structure. Possible
competing orders, such as AF [2–6], staggered flux [7], and stripe orderings
[8, 9] in and around cores have been discussed.

Neutron scattering experiment on La2−x Srx CuO4 has reported that an applied
magnetic field enhances the AF correlation in the superconducting state [10].
A checkerboard halo of the local density of states (LDOS) around the core has
been reported in Bi2Sr2CaCu2O8+δ. [11] However, the relation between the
observed phenomena and antiferromagnetism within vortex cores is not clear,
because of lack of a spatial resolution of the magnetism.

Recent experimental [12, 13] and theoretical [14] NMR studies have estab-
lished that the frequency dependence of spin-lattice relaxation rate T −1

1 in the
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vortex state serves as a probe for the low energy excitation spectrum at different
spatial regions of the vortex lattice. In this paper, we provide local information
on the AF correlations in the different regions of the vortex lattice by perform-
ing a spatially-resolved NMR imaging on 205TI-nuclei in nearly optimal doped
Tl2Ba2CuO6+δ.[15]

2. Experimental

NMR measurements were carried out on the c-axis oriented polycrystalline
powder of high quality Tl2Ba2CuO6+δ (TcTT = 85 K) in the external field along the
c-axis. The 205TI spin echo signals were obtained by a pulse NMR spectrometer
under the field cooling condition (FCC) in a constant field. The spectra was
obtained by convolution of the respective fourier transform spectra of the spin
echo signals measured with an increment of 50 kHz.

3. Results and Discussion

A very sharp spectrum (∼50 kHz) of 205Tl in Tl2Ba2CuO6+δ above TcTT be-
comes broad and asymmetric below TcTT , which originates from the local field
distribution associated with the vortex lattice (the Redfield pattern). The lo-
cal field profile in the vortex state is given by approximating HlocHH (r) with the
London result, as described in Ref. [13, 15] The solid line in Fig. 1 shows a
histogram at a particular local field which is given by the local field distribu-
tion f (HlocHH ) = ∫

�

∫∫
δ[HlocHH (r(( ) − HlocHH ]d2r , where � is the magnetic unit cell. In

the calculation we used ξab = 18 Å and λab = 1700 Å, and assumed the square
vortex lattice. The inset of Fig. 1 shows the image of the magnetic field distribu-
tion in the vortex lattice. The magnetic field is lowest at the center of the vortex
square lattice (point C), and it is highest at the center of the vortex core (point
A). The intensity of the histogram shows a peak at the field corresponding to
the saddle point (point B).

The real spectrum broadens due to imperfect orientation of the powder and
distortion of the vortex lattice. The dotted line in Fig. 1 represents the simulation
spectra in which the Lorentzian broadening function, f (HlocHH ) = σ/(4H 2

locH +
σ 2), is convoluted to the Redfield pattern using σ = 42 kHz. The theoretical
curve reproduces the data well in the whole frequency range at T = 20 K.
On the other hand, the spectrum at 5 K shows significant broadening at high
frequency region (core region), while it can be well fitted below 52.1 MHz as
shown in Fig 1.

The filled circles in Fig. 2 display the line width at the high frequency tail,
� f , which is defined as a difference of frequency between the peak intensity and
the frequency at which the intensity becomes 1% of the peak. For comparison,
the line width calculated from the Readfield spectra (between A and C point)
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Figure 1. 205Tl-NMR spectrum (solid line) at 5 K. The intensity is plotted in a linear scale.
The thin solid line depict the histogram at particular local fields of the Readfield pattern.
The dotted line represents the simulation spectrum convoluted with Lorentzian broadening
function. The filled circles show the frequency dependence of 205T −1

1TT at the Tl site. The inset
shows the image of the field distribution in the vortex square lattice; center of vortex core (A),
saddle point (B) and center of vortex lattice (C).

is plotted by a dashed line. At high temperatures � f agrees well with the
calculation, while below 20 K it becomes much larger. We also plot δ f which
represents the line width at the half intensity (open circles). The fact that δ f
changes little even below 20 K confirms that the line broadening occurs only

Figure 2. The line widths of the 205Tl-NMR spectrum plotted as a function of T.TT � f (filled
circles) indicates the line width determined by the frequency at which the intensity becomes
1% of the peak. The dashed line represents the line width calculated from the simulation
spectrum without taking into account the core magnetism. Open circles represent δ f which is
defined as the line width at the half intensity. Inset shows the spectrum at 5 K and 20 K and
the definitions of � f and δ f .
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in the high frequency core region. It should be noted that because of large
transfer hyperfine coupling between Tl nuclei and Cu moment, the broadening
of the Tl-NMR spectrum associated with the static magnetism is pronounced.
Therefore, the observed broadening below ∼20 K is naturally explained by the
appearance of static magnetism within cores below ∼20 K.

We can obtain the spatially-resolved information of T1TT by analyzing the
frequency distribution of T1TT in the corresponding NMR spectrum. [13] The filled
circles in Fig. 1 show the frequency dependence of 205T −1

1TT of the vortex state in
Tl2Ba2CuO6+δ. [15] On scanning from the outside into the core (C → B → A),
205T −1

1TT increases rapidly after showing a minimum near the saddle point (B).
The magnitude of 205T −1

1TT near the core region (A) is almost two orders of
magnitude larger than that near the saddle point (B). This large enhancement of
205T −1

1TT is in striking contrast to 17T −1
1TT at 17O sites in the under doped YBa2CuO8

[13]. 205T −1
1TT can monitor AF fluctuations sensitively, because the Tl atoms are

located just above the Cu atoms and there exist large transferred hyperfine
interactions between Tl and Cu nuclei through the apical oxygen. Thus, as
205T −1

1TT thus is dominated by Cu spin fluctuations, the remarkable enhancement
(more than 100 times) of 205T −1

1TT around the core provides microscopically a
direct evidence that the AF correlations are strongly enhanced near the vortex
core region.

Figure 3 shows the T -dependences of (T1TT T )−1 and T −1
1TT of 205Tl nuclei

within the core (filled circles) and at the frequency corresponding to the saddle
point (open circles) in Tl2Ba2CuO6+δ. From high temperatures down to about
120 K, (T1TT T )−1 obeys the Curie-Weiss law, (T1TT T )−1 ∝ 1/(T + θ). The lowest

Figure 3. T-dependence of (TT 205T1TT T )
−1

(a) and of 205T −1
1TT (b) at low temperatures. The filled

and open circles represent the data at vortex cores and at the saddle point, respectively.
T ∗ � 120 K is the pseudogap temperature. The dotted line represents the Curie-Weiss law
which is determined above T ∗. In (b), TNTT is the temperature at which 205T −1

1TT at the core
exhibits a sharp peak.
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T at which this law holds is conveniently called the pseudogap temperature T ∗.
Below T ∗, (T1TT T )−1 decreases rapidly without showing any distinct anomaly
associated with the superconducting transition at TcTT , similar to other HTSC with
pseudogap behavior.[16] Below 40K, (T1TT T )−1 is nearly T-independent down toTT
4 K due to the induced local DOS in d-wave superconductor.[17] An important
signature is that 1/205T1TT at the core region exhibits a sharp peak at T = 20 K,
which we label as TNTT for future reference (Fig. 3(b)). Below TNTT , (205T1TT )

−1
at

the core region decreases rapidly with decreasing T . The sharp peak of 205T −1
1TT

at TNTT seems to support AF ordering. The broadening of the Redfield pattern at
the high frequency region gives also additional evidence on AF ordering. On
basis of these results, we are lead to conclude that the vortex core shows local
AF ordering at TNTT = 20 K; namely TNTT corresponds to the Néel temperature
within the core.

We finally discuss the spin structure within the core. The broadening occurs
only at high frequencies, while it is absent at low frequencies. This fact indicates
that the AF spins are oriented parallel to the CuO2 layers. This follows by
observing that the broadening should occur at both high and low frequency
sides if the AF ordering occurs perpendicular to the layers, because in this
case the direction of the alternating transferred hyperfine fields are parallel
and antiparallel to the applied field. Using the hyperfine coupling constant,
Ah f = 56kOe/µB , the magnetic moments induced within the core is estimated
to be ∼0.1µB .

In summary, we have obtained novel features for the vortex core antifer-
romagnetism by the spatially-resolved 205Tl-NMR in Tl2Ba2CuO6+δ; (1) the
strong enhancement of (205T1TT )

−1
(Fig. 1), (2) the peak of (205T1TT )

−1
at T = 20 K

(Fig. 3), (3) the broadening of the NMR spectrum below T ∼20 K (Fig. 2).
All of these results provide direct evidence that in the vortex core region the
AF spin correlation is extremely enhanced, and that the paramagnetic-AF or-
der transition (freezing of spin fluctuations) of the Cu moments takes place at
TNTT ∼20 K. The present results offer a new perspective on how the AF vortex
core competes with the d-wave superconductivity.
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EXPLORING THE OXYGEN ORDER IN Hg -1223

AND Hg -1201 BY 
199

Hg MAS NMR 
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1National Institute of Chemical Physics and Biophysics (NICPB), 12618 Tallinn, ESTONIA,
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Abstract: We demonstrate the use of a high-resolution solid-state fast (45 kHz) magic 
angle spinning  (MAS) NMR for mapping the oxygen distribution in Hg-based 
cuprate superconductors. We identify observed three peaks in 199Hg spectrum 
as belonging to the different chemical environments in the HgO  layer with no 
oxygen neighbors, single oxygen neighbor, and two oxygen neighbors. We 
discuss observed differences between Hg-1201 and Hg-1223 materials. 

Key words: 199Hg NMR; MAS; High-Tc superconductors; oxygen order 

1. INTRODUCTION

In many of high-temperature superconductors (HTSC) the charge balance 
is tuned by changing the oxygen content of the system. The final result 
depends sensitively not just on total number of added or removed oxygen 
atoms but also on their distribution patterns, the details of which are 
impossible to study by common X-ray or microscopy methods. Nuclear 
magnetic resonance (NMR) spectroscopy has served as an important tool to 
explore HTSC allowing one to obtain valuable information about the local 
environment of selected atoms. We propose a high-resolution NMR 
technique to study the oxygen distribution in mercury containing HTSC. 
These materials show record high transition temperatures of 133 K1. Due to 
its ½-spin the mercury isotope 199Hg is a convenient nuclear spin label for 
the study of Hg based HTSC. As pointed out earlier by Hoffmann et al.2,
Gippius et al.3, Suh et al.4 and Horvatic´et al.,5 the resolution of traditional 
NMR measurements on randomly oriented powder samples is not high 
enough to record any reliable 199Hg Knight shift. Here we report first results 
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of 199Hg NMR studies of the HgBa2CuO4+  (Hg-1201) and HgBa2Ca2Cu3O8+

(Hg-1223) phases using magic angle spinning (MAS) technique to obtain 
high resolution spectra. 

2. EXPERIMENTAL DETAILS

We investigated five powder samples of Hg-1201 and Hg-1223 listed in 
Table 1. The Hg-1223 samples were synthesized in sealed silica tubes using 
an one-temperature furnace. Mixtures of oxides, with the starting nominal 
composition were annealed at 880 ºC during 10 hours. All operations with 
air-sensitive reagents and products were performed in an Ar-filled glove box 
(MBraun Labmaster 100). The samples of Hg-1201 are as-prepared (almost 
optimally doped sample #4) and oxidized (overdoped sample #5). 

Table 1. Superconducting properties of the samples: label, nominal composition, lattice 
constants a and c, onset of superconducting transition as measured by susceptibility (1-3) or 
deduced from lattice parameters6 (4-5), isotropic shift iso and full width at half maximum 
of center bands or their components as on Fig. 1. 
Nr Nominal Composition a [Å] c [Å] Tco [K] iso [ppm]  [ppm]

A   -969(8) 100 
B   -860(5) 61 

1. HgBa2Ca2Cu3O8+  3.8541(1) 15.8043(7) 126 

C   -772(41) 90 
2. Hg0.8Tl0.2Ba2Ca2Cu3O8+  3.8533(1) 15.854(1) 129 -840(3) 156 

A   -982(3) 81 
B   -868(2) 75 

3. Hg0.8Sc0.2Ba2Ca2Cu3O8+  3.8593(3) 15.806(1) 110 

C   -756(4) 73 
4. HgBa2CuO4+  3.8802(1) 9.5005(9) 77 -684(9) 237 
5. HgBa2CuO4+  3.8751(2) 9.4984(8) 96 - 653(3) 152 

We have made use of rather unique high-resolution solid-state NMR
technique - so called fast-MAS NMR7. The lines of the 199Hg nuclei are 
typically very broad due to large chemical or Knight shift anisotropy and 
therefore they are hard to observe. Fast-MAS of a powder sample results in 
narrow resonance line at isotropic shift value iso (center band, marked by * 
on Fig. 1) and in number of spinning sidebands at multiples of spinning 
speed frequency. The sideband amplitudes approximately map the original 
broad powder pattern. In our experiments 44-46 kHz spinning speed was 
used. The volume of the spinning rotor (1.8 mm outer diameter) is very 
small, therefore, for a good quality Hg spectrum we need to average about 
for 24 hours. All the spectra were taken at room temperature, high spinning 
additionally heats the sample up by about 15 degrees. The chemical (Knight) 
shifts are given in Me2Hg scale. 
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Figure 1. 199Hg MAS NMR spectra recorded in 4.7T field (35.79MHz). The center bands 
(denoted by 

*
) of the full spectra are given in the right panels together with the Gaussian fits. 

3. RESULTS AND DISCUSSION

The high resolution 199Hg spectra of three samples are given in Fig 1, the 
data for all samples are given in Table 1. In case of Hg-1201 we observe a 
single gaussian 199Hg line. The as-prepared sample (#4) has remarkably 
broader linewidth than the oxygen annealed one (#5), reflecting the higher 
homogeneity in the last one. In 199Hg spectra of our Hg-1223 samples 
(except sample #2) we observe three narrow components (labeled A, B, and 
C in Fig. 1). Our interpretation of the three lines is following. 

According to neutron scattering results8 there is maximally about 30% of 
oxygen in HgO  layer. Therefore the following different environments of Hg 
nuclei are possible 

Hg with no oxygen nearest neighbors in HgO  plane (assigned to line A), 
Hg with 1 oxygen nearest neighbor (line B) 
Hg with 2 oxygen neighbors (line C). 
In fact the sites with 3 and 4 nearest neighboring oxygen are thinkable, 

but the probability to find these sites is quite low and we do not see these 
lines in the spectrum. 

Assuming random distribution of the oxygen atoms in the layer, one can 
easily calculate the probabilities for all five configurations. 
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Figure 2. Probabilities P0, P1,..., P4 to find Hg sites with 0, 1 ...,4 oxygen neighbors in the 
HgO  layer, assuming random distribution, with the relative intensities of lines A, B, and C. 
The oxygen content  for #1 and #3 is estimated from the lattice parameter a.6

Fig. 2 shows that relative intensities of the center band lines of the 
sample 1 fit well to the random scenario, whereas those of the sample 3 
indicate deviation from the random distribution. Here the large intensity of 
the line B suggests that the oxygen atoms tend to be separated by at least one 
lattice period.
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TWO FLUIDS FORMATION IN THE NORMAL 

STATE OF HIGH-TC SUPERCONDUCTOR 
High Temperature Thermopower of La2-xSrxCuO4

J. S. Kim and Y. W. Park 
School of Physics and Condensed Matter Research Institute, Seoul National University, Seou

151-747, Korea 

Abstract: Thermoelectric power (TEP) of high-TC superconductors has been investigated
in a wide range of temperature (TC < T < 700 K) for La2-xSrxCuO4.  For wide 
doping level from underdoping to heavily overdoping, TEP follows the linear-
T dependence above the broad peak temperature, Tp. At high temperatures, 
however, TEP shows deviation from the linear-T dependence at a certain 
temperature Th, which is consistent with the pseudogap temperature. The 
systematic change of the TEP behavior is discussed in terms of the two fluids 
model of bound pairs and independent normal carriers. 

Key words: High-TC cuprates, Two fluids, Normal state, and High temperature 
thermoelectric power. 

1. INTRODUCTION 

The normal state properties in high-TC cuprates are generally considered 
to be related to the origin of high-TC superconductivity. From intensive 
studies in last two decades, it was found that the normal state properties
show strong deviation from Fermi-liquid behavior, and such anomalous
behavior is related to the pseudogap formation at the Fermi level (EF)[1].
Below a characteristic temperature (T*), both spin and charge gaps are 
gradually developed with decrease of temperature and connect smoothly to
the superconducting gap across TC.  Also the d-wave symmetry observed in 
the pseudogap is the same as that of the superconducting gap.  
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The origin of pseudogap is at present a controversial subject. Based on 
such similarities between the pseudogap and superconducting gap, a 
promising explanation is the presence of bound pairs above TC [2-5]. The 
appearance of pseudogap is originated from the formation of incoherent 
bound pairs, and as a result, the system undergoes the transition from the 
normal metallic state with independent normal electrons to an intriguing 
two-fluid state due to coexistence of normal electrons and bound pairs[2-3].

Since TEP is a sensitive probe of the entropy per carrier in the system, it 
can provide information about the anomalous properties of the two-fluid 
state in the normal state of high-TC cuprates. Here we carefully investigated 
the TEP of La2-xSrxCuO4 (LSCO) for x = 0.05 ~ 0.35 using the newly 
developed TEP measurement technique at high temperatures up to 700 K. 
Based on our TEP results, the possibility of bound pair formation in the 
normal state is discussed as the origin of the intrinsic inhomogeneity in the 
normal state (TC < T < Th) of high-TC superconductors.

2. EXPERIMENTS 

The polycrystalline LSCO samples were synthesized using solid-state 
reaction method. X-ray diffraction and energy dispersive spectroscopy show 
all samples are homogenous and stoichiometric except the heavily doped 
ones, x = 0.325 and 0.35. In these two samples, small amount (less than 5 %) 
of impurity phase was found. TEP is measured using an ac steady-state 
method with low frequency (~ 0.033 Hz) [6]. Samples were kept in flowing 
oxygen to avoid the oxygen deficiency at high temperature. The TEP data 
are reproducible without any hysteresis upon thermal recycling from room 
temperature to 700K.

3. RESULTS AND DISCUSSION 

Figure 1 shows the temperature dependence of TEP of LSCO for TC T

 700 K. Below 300 K our results are in good agreement with other 
published data on polycrystalline and single-crystal samples [7]. For lightly 
doped sample (x = 0.05), the TEP rises towards a maximum near Tp and 
decreases linearly with temperature up to 700 K. As the doping 
concentration increases, the magnitude of TEP and Tp are decreased, and 
TEP begins to deviate from the linear-T dependence near Th for x > 0. Such 
deviation from linear-T dependence is enhanced with doping up to x = 0.2 
and eventually reduced on the heavily doped samples for x > 0.25 (See Fig. 
1(b)). In heavily over-doped regime, the linear-T dependence is much 
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pronounced as shown in Fig. 1(b). However, up to x = 0.35, slight deviation 
from linear-T dependence at high temperature is observed and moreover, the 
broad peak of TEP at low temperature is still maintained. 

Figure 1. Temperature dependence of TEP for LSCO in wide temperature range (TC T

700 K) for (a) 0.05 x  0.20 (b) 0.25 x  0.35. For clarity, the TEP curves of (b) are offset 
by a constant. The dashed line is the fitting curve with linear-T dependence in the 
intermediate temperature regime. The arrows indicate Tl and Th (See the text.) 

Figure 2(a) presents the subtracted TEP ( S = S(T) - SL(T)) data with the 
linear fitting function SL(T) = T+  for typical LSCO samples. From this 
plot, we can clearly define the temperature range (Tl T Th) for linear-T
dependent TEP. If we plot Th as a scaling temperature, all TEP data merge to 
a universal curve with the exponent ~ 0.34. Th is changed systematically 
showing a minimum at x ~ 0.2. The inset shows the doping dependence of 
the slope ( ) and offset ( ) for SL(T). In Fig. 2(b), we compared the 
characteristic temperatures (Th, Tl and Tp) with the previously reported 
pseudogap temperature [1]. For the underdoped and optimally doped LSCO, 
the pseudogap temperature coincides with Th and the DOS near EF begins to 
be suppressed as the pseudogap opens resulting the slope change of TEP. For 
the overdoped and heavily overdoped LSCO, Th turns to increase with the 
hole doping in contrast to the pseudogap temperature that is saturated around 
100 K. It indicates that Th in the overdoped regime reflects another crossover 
behavior. If the crossover behavior is explained with the crossover from the 
strange metal to the normal metal as discussed in the photoemission data 
[8,9], the slope of TEP changes at the crossover. Therefore, Th vs. hole 
doping concentration curve can be interpreted as the two crossover 
behaviors; one is from the strange metal to the large pseudogap regime for 
underdoped LSCO (x < 0.2) and the other is from the strange metal to the 
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Figure 2. (a)The subtracted TEP ( S = S(T) - SL(T)) data with linear fitting function SL(T) = 
T+  for typical LSCO samples. The inset shows the doping dependence of the slope ( ) and 

the offset ( ) for SL(T). (b) Characteristic temperatures, TC, Th, Tl and Tp (See the text.) with 
the pseudogap temperatures reported from various experiments for LSCO (Ref. [1]).

conventional metallic regime for overdoped LSCO (x > 0.2). 
One way of understanding the observed TEP behavior is the formation of 

bound pairs at Th, which opens up the pseudogap resulting the enhancement 
of TEP upon cooling [2]. The number of bound pairs increases upon cooling 
until T = Tl. At Tl the pair-pair correlation between the bound pairs is turned 
on leading to the superconducting condensate at T = TC. Therefore, for TC < 
T < Th, the bound pairs coexist with independent normal carriers forming a 
two-fluid state.

Since TEP is a measure of entropy per carrier, the TEP in the two-fluid 
state can be given by a combination of two contributions from the 
independent normal carriers (Sn) and the bound pairs (Sp) [2] as 

S = [(nn) Sn+(np/2) Sp]/N x) Sn+(x/2) Sp], where 

Sn = (kB /e) ln[naCnn]/ nt = (kB /e)ln [2{1-(1-x) /(1-x) }],  and

Sp = (kB/e) ln[(na-nn)C(np/2)]/ nt = (kB/e)ln[{1-(1-x/2) /(x

with nn + np= nt. Here x = np/nt, = nt/na, = nt/ N is a constant, np is the 
number of charge carrier forming the independent bound pairs, so that the 
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number of bound pairs is np/2, nt is the total number of charge carriers 
contributing to the configuration entropy, nn is the number of normal carriers, 
and na is the number of available sites and N is the total number of 
conducting charge carriers.  The factor  can be interpreted as only the 
fraction of the total number of conduction carriers contributes to the 
configuration entropy and the rest of them are locked inside the Fermi 
surface with no entropy contribution. As a result, the statistical factor is 
already encountered in our phenomenological two-fluid state model. The 
temperature dependence of x is assumed as,

1- x = nn / nt =1 - Exp[(Tc-T)/(T*-Tc)].

In this assumption, 1- x, i. e. the effective number of remnant normal carriers 
become 1 at high temperature where bound pairs does not exist, and become 
0 at TC when all electrons condensate into superconducting state. At T ~ T*
the fraction of carriers (np/nt) involved in the bound pair formation is around 
1/e and increases with decreasing temperature becoming 1 at TC. Figure 3(a) 
shows that the fitting results for underdoped, optimally doped, and 
overdoped LSCOs are surprisingly good. Fitting parameters , , and T* are 
shown in Fig. 3(b). It is interesting that the doping dependence of T*
coincides with Tl.

Figure 3. (a)The temperature dependence of TEP is reproduced with our mixed state model. 
(b) Hole doping dependence of one of fitting parameters T* with the characteristic 
temperatures, Th, Tl and Tc  (See the text.). Fitting parameters, , and  are also shown with 
variation of doping concentration in the inset.
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4. CONCLUSIONS 

We have carried out the TEP measurement up to 700 K for the series of 
LSCO samples (0.05 x  0.35). For the whole doping range, we observed 
the linear-T dependence of TEP (Tl < T < Th) even in the lightly doped 
nonsuperconducting sample (x = 0.05). At high temperature, the deviation 
from the T-linear dependence is observed, which becomes pronounced upon 
doping up to x = 0.2, but turns to be suppressed with further doping. The 
characteristic temperatures, Tp, Tl, and Th change systematically with the 
hole doping. In comparison with the pseudogap temperatures from other 
experiments, we found that the pseudogap temperature coincides with Th for 
underdoped regime. In overdoped regime, the slope change of TEP is also 
observed, which is attributed to the crossover from the strange metal to 
conventional metal. The possibility of bound pair formation in the normal 
state is discussed as the origin of the pseudogap in the normal state of high-
TC superconductors. 
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Abstract Variation of the magnitude and the temperature dependence of the nor-
mal state resistivity ρ(T ) has been very frequently observed in different
Y Ba2Cu3O7−δ (YBCO) single crystals (or YBCO thin films) of the
same Tc. We investigated the origin of these changes by analyzing opti-
mally doped and underdoped YBCO thin films (with 7−δ = 6.80−6.95)
whose resistivity ρ(T ) was characterized by a "superlinear" temperature
dependence [with a flattening of ρ(T ) below 230K]. We induced oxygen
redistribution in these films without any change in the total oxygen con-
tent, by either careful annealing over a temperature range of 120−140oC
in argon, or by aging at room temperature in air. This procedure leads
to a transition from a superlinear ρ(T ) towards the linear one, and an
increase of both the magnitude of resistivity and Tc. Long-term aging
yields a perfectly linear ρ(T ). We proposed a filamentary model of the
changes in ρ(T ), which is based on a thermally activated redistribution
of the interchain bridging oxygen O(5) in the chain-layer of YBCO. The
results show that a perfectly linear ρ(T ) can be observed in YBCO of
oxygen content 7−δ as low as 6.8, which is essential for the development
of theories of the normal state resistivity and the pseudo-gap state.

Keywords: Resistivity, Y Ba2Cu3O7−δ superconductors, chain-layer, oxygen-redistribution.
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Several measurements of the temperature dependence of resistivity
ρ(T ) in untwinned YBCO crystals [1, 2, 3] revealed a linear ρa(T ) in the
a-b planes but a non-linear (a T 2-like, sometimes called a "superlinear")
ρb(T ) along the chain (the b-) direction, with the magnitudes of ρa(T )
being larger than those of ρb(T ). On the other hand, ρab(T ) measured
in twinned optimally doped YBCO crystals (or YBCO thin films) of the
same TcTT was found to exhibit both linear and non-linear temperature
dependencies [4, 5, 6] with the magnitudes of a linear ρab(T ) being in
general higher than those of a non-linear ρab(T ).

Questions related to this problem are:
(a) What are the conditions that lead to these two different (linear

and non-linear) forms of ρ(T )?
(b) What is the effect of oxygen distribution on ρ(T )?
(c) Is the linear temperature dependence of ρ characteristic of opti-

mally doped YBCO only?
This paper presents the results of our investigation of the origin of a

non-linear ρab(T ) in YBCO films, i.e. the origin of a superlinear tem-
perature dependence (with a flattening below approximately 230 K). We
also investigated why the magnitudes of a non-linear ρab(T ) are very of-
ten much smaller than those of a linear ρab(T ) in samples of the same TcTT .
The studies were focused on the relationship between the temperature
dependence of ρab(T ) in YBCO thin films and oxygen distribution in
these materials. It is known that annealings of YBCO at temperatures
120− 140oC (400-420 K) do not cause any change in the overall content
of oxygen in the sample, but they could lead to a redistribution of oxygen
in the chain layer [7]. In order to study the effect of oxygen redistribu-
tion on the temperature dependence of ρab(T ), we performed series of
annealings at 120 − 140oC in argon, or at room temperature in air, of
c-axis oriented optimally doped (TcTT = 90-91 K) and underdoped (TcTT =
81-85 K) YBCO thin films, whose ρab(T ) has a non-linear dependence
on temperature.

The measurements of ρab(T ) were done using the four-probe method
on 60µm wide thin film bridges over a temperature range between 80K
and 300 K. The resistivity was measured on unannealed samples as well
as on annealed ones after each 2-4 hour annealing interval. The results
reveal an increase in resistivity and a reduction of non-linearity in ρab(T )
with an increasing annealing time for all films studied (see Figures 1 and
2). For underdoped films with TcTT = 84-85 K, annealing in argon at
120 − 140oC leads also to an increase of TcTT . Our interpretation of the
data is based on the assumption that redistribution of oxygen during
low temperature annealings takes place in the chain layer of YBCO. It is
known that even optimally doped YBCO (or RBCO in general) contains
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Figure 1. (a), (c) and (e) Temperature dependence of the in-plane resistivity ρab

measured in c-axis oriented YBCO thin films 13, 12 and 11 with TcTT = 85.5K and
90K before and after annealing in argon at 120 − 140oC. Note a systematic increase
of resistivity and a reduction of a deviation from a linear temperature dependence
with an increasing annealing time. (b), (d) and (f) Dependence of resistivity on
temperature close to TcTT before and after annealings. Note a systematic increase of TcTT
with an increasing annealing time for underdoped films.

a few percent of an interchain oxygen O(5) in the chain layers [8, 9]. O(5)
oxygens form links between partially occupied chains of oxygen O(1)
and allow the transport current in the chain layer to zigzag between the
chains via O(5) sites. The overall resistivity of a sample ρab(T ) is due to
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a parallel combination of resistivity of the planes and the chain layers,
and can be expressed by the formula: 1/ρab = (1/ρplaneρ ) + (1/ρchain), or
ρab = ρplaneρ ρchain/(ρplaneρ + ρchain).

According to the experimental results obtained on untwinned YBCO
single crystals [1, 2, 3], temperature dependence of resistivity in the
planes is linear, i.e. ρplaneρ = a1 + a2T , where a1 and a2 are constants.
On the other hand, temperature dependence of the chain resistivity in
YBCO was found to follow approximately a quadratic dependence, i.e.
ρchain = b1 + b2T

2, where b1 and b2 are constants [3]. T 2 dependence
of resistivity is expected to occur in 1D wires due to electron-phonon
scattering. In the presence of interchain O(5), the transport current can
zigzag between the chains in the chain layer via O(5) bridges along the
paths of the lowest resistance. In this case, electrical transport is still 1D
and the resistivity should be proportional to T 2. The activation energy
for the motion of O(5) oxygen between chains in the b-direction is small
[10] and during annealing at temperatures of 120−140oC, O(5) is highly
mobile in this direction. There are two important consequences of high
mobility of O(5) during annealing. O(5) can fill some O(1) vacancies in
the chains, which leads to a higher TcTT . On the other hand, during this
process, missing O(5) oxygens between the chains break the paths of
the lowest resistance, which leads to an increase of the resistivity in the
chain layer. One could consider the following explanation of an increase
of resistivity with the annealing time in twinned optimally doped and
underdoped YBCO. In the presence of oxygen O(5) the electrical trans-
port in the chain layer is determined by the resistance of the chains and
the interchain bridges through O(5) sites. The resistance of interchain
parallel bridges is R = Ro/N , were Ro is the resistance of a single bridge
and N is the number of effective O(5) bridges through which the current
flows. During annealing due to high mobility of oxygen O(5) the number
of effective bridges is reduced. We assume that this process is completely
random and the number of bridge disintegrations that occurs is propor-
tional to the number N of effective bridges present, i.e. dN/dt = −αN ,
where α is a decay constant. The result for the dependence of N on time
is then N = NoNN exp(−αt), where NoNN is the number of effective bridges at
t = 0. The resistance R = Ro/N will then increase with time t according
to the expression: R = (Ro/NoNN ) exp(αt). Because of the exponential
factor, R dominates the resistance in the chain layer.

Therefore, we could write the resistivity in the chain layer as a function
of time and temperature in the simple form: ρchain(t, T ) = ρo(T ) exp(αt) =
(b1 + b2T

2) exp(αt). We assume that ρplaneρ is independent of time and
depends only on temperature, i.e. ρplaneρ = a1+a2T . Then the total resis-
tivity ρab(t, T ) = ρplaneρ (T )/[1+ρplaneρ (T )/ρchain(t, T )] = (a1+a2T )/{1+
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Figure 2. (a) Temperature dependence of the in-plane resistivity ρab measured in
a c-axis oriented underdoped YBCO thin film 4 with TcTT = 81K before and after
aging for 742 days in air. Note the transformation of ρab(T ) from a superlinear to a
perfect linear temperature dependence after aging. (b) Dependence of resistivity on
temperature close to TcTT before and after aging. (c) Upward deviation of ρab(T ) (mea-
sured for film 4) from a linear temperature dependence of resistivity ρ(T ), defined as
∆ρ(T )/ρ(T1TT ) = [ρab(T ) − ρ(T )]/ρab(T1TT ), where T1TT is the temperature at which the
maximum upward deviation of ρab(T ) from a linear ρ(T ) occurs. Note the indepen-
dence of ∆ρ(T )/ρ(T1TT ) on temperature after aging, which indicates a perfect linear
temperature dependence.

(a1 + a2T )/[(b1 + b2T
2) exp(αt)]}. We performed computer calculations

of ρab(t, T ) and compared them with the data for ρab(t, T ) obtained for
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c-axis oriented YBCO films. The fitting parameters are a1, a2 and α. In
fact a1 and a2 are close to those found for ρplaneρ (T ) in untwinned YBCO
single crystals. Constants b1 and b2 in ρchain(T ) = b1 + b2T

2 were calcu-
lated using equation ρab = ρplaneρ ρchain/(ρplaneρ + ρchain) and the exper-
imental data for ρab(T, t = 0) of unannealed YBCO films. Good agree-
ment between the experimental data for ρab(T, t) and this model was
obtained. The most important results could be summarized as follows:
(a) The temperature dependence of ρ can be linear in Y Ba2Cu3O7−δ for
an oxygen content 7− δ as low as 6.8; (b) A non-linear ρ(T ) approaches
a linear dependence as a result of oxygen redistribution (most likely a
redistribution of an interchain oxygen O(5) in the chain layer); (c) This
is associated with an increase of the magnitude of ρ, and either no change
or a small increase in TcTT .

These results suggest that a non-linear (i.e. superlinear) ρ(T ) is caused
by a filamentary flow of the current in the chain layer through interchain
bridges formed by a residual amount of O(5). Breaking the interchain
links (by low temperature annealing, for example) leads to an increase
of the magnitude of ρ(T ) ∝ T 2 in the chain layer, and consequently to a
higher (but linear) total resistivity which is dominated by the planes.

This work was supported by the Natural Sciences and Engineering
Council of Canada. We thank M.Denhoff, J.Preston and R.Hughes for
supplying us with YBCO thin films.
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Abstract We will summarize here some of our measurements of the suWW perconducting fluc-
tuations effects on the in-plane electrical resistivity (the so-called in-plane para-
conductivity) in La2−xSrxCuO4 thin films with different Sr content. Our re-
sults suggest that these superconducting fluctuations effeff cts are not related to
the opening of a pseudogap in the normal-state of underdoped compounds.

1. Introduction: the questions that are and aren’t
addressed here

In Fig. 1, we represent an example of the temperature behaviour of the elec-
trical resistivity of underdoped La1.9Sr0.1CuO4. These data were taken from
Refs. [1] and [2], and correspond to a bulk polycrystalline sample (Fig. 1a) and
to a thin film (Fig. 1b). In these figures, TCTTT is the temperature where dρ/dT
has its maximum (TCTTT is close to TCTTT 0, the temperature where the measured re-
sistivity vanishes), T ∗ is the temperature at which the pseudogapa in the normal
state opens, and TC is the temperature at which the measured resistivity, ρ(T ),
becomes indistinguishable from the background resistivity, ρB(T ). This back-
ground resistivity (solid line in Fig. 1b) is obtained by extrapolating through
the transition the normal-state resistivity measured well above the supercon-
ducting transition. The details of this extrapa olation procedure may be seen in
Ref. [2].

The difference between ρ(T ) and ρB(T ) (dark region in Fig. 1b) is supposed
to be due to the presence of coherent Cooper pairs created in the normal state
by thermal fluctuations. As usual, these superconducting fluctuations (SCF)

∗Unidad Asociada al ICMM, CSIC, Madrid, Spain

effects m ay be quantifi ed through the so-called in- plane paraconductivity,
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Figure 1. Temperature dependence of the resistivity of (a) a polycrystalline sample of the
underdoped cuprate La1.9Sr0.1CuO4, taken from [1], and (b) a film of the same composition
and thickness ∼ 150 nm, taken from [2]. In (b), the measurements correspond to the in-plane
direction (parallel to the CuO2 layers). The temperatures T ∗, T C and TCTT correspond, respec-
tively, to the pseudogap opening temperature, to the temperature where the SCF effects become
indistinguishable, and to the (inflexion-point) observed normal-superconducting transition tem-
perature.

∆σ(T ) ≡
1

ρ(T )
−

1

ρB(T )
. (1)

The two questions that we will address here are: i) How ∆σ(T ) is affected
by doping? This question may be directly answered by the experiments, inde-
pendently of any theoretical approach. ii) Is the observed TCTT a “good” mean-
field critical temperature for the SCF, even up to TC? This second question
is related to the theoretical description of the SCF. We will answer it on the
grounds of the Gaussian-Ginzburg-Landau (GGL) approach, extended up to
TC by introducing a “total-energy” cutoff that takes into account the limits
imposed by the uncertainty principle to the shrinkage of the superconducting
wave function when the temperature increases well above TCTT .[2, 3] We are not
going to directly address here another important (mainly to discriminate be-
tween the existing theoretical proposals for the pseudogap[4]) open question:
Is T ∗ the “true” mean-field superconducting transition temperature?

To answer the above questions we will present measurements of the in-plane
paraconductivity in La2−xSrxCuO4 thin films with different Sr concentrations.
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Doping effects on the paraconductivity of cuprate superconductors

Our experiments were detailed elsewhere.[2]. They extend to high reduced-
temperatures the earlier measurements of Hikita and Suzuki.[5] Other original
aspect of our present work is the analysis in terms of the “extended” GGL ap-
proach (other analyses by other groups of the paraconductivity at high reduced-
temperatures in different HTSC[6, 7] did not take into account the quantum
effects on the SCF, see also later).

2. How are affected by doping the superconducting
fluctuations above TCTT ?

Some examples of the influence of the Sr content on the in-plane paracon-
ductivity curves, ∆σ(ε)x, measured as a function of the reduced temperature,
ε ≡ ln(T/TCTT ), are shown in Fig. 2. These data correspond to La2−xSrxCuO4

thin films, of about 150 nm thickness and grown on (100)SrTiO3 substrates.
Other experimental details may be seen in Ref.[2]

The “as-measured” data of Fig. 2 provide a direct answer to the question
stated in the title of this section: The only appreciable effects of doping on the
SCF is to change somewhat the slope of the log ∆σ(ε)x versus log ε curves
in the low reduced-temperature region. We will see in the next section that
these changes are associated with changes in the SCF dimensionality. How-
ever, these changes manifest themselves only in the overdoped regime: As di-
rectly illustrated by the data in Fig. 2a, in all the temperature range of our mea-
surements (approximately 10−2 ≤ ε ≤ 1), the data for x = 0.1 and x = 0.12,
which are well in the underdoped regime, agree well within the experimental
uncertainties with those of the optimally-doped film (x = 0.15). Moreover,
the results of Figs. 2a to 2c show that in all the cases the SCF vanish above a
reduced temperature of around 0.7, which corresponds to TC ∼ 2TCTT . Note
already here that in the underdoped compounds TC � T ∗ (see also section 4,
and Figs. 1 and 3). These different results already suggest, therefore, that the
opening of the normal-state pseudogap is not related to the coherent Cooper
pairs created above the superconducting transition by thermal fluctuations.

3. Is the observed TCTT (x) a “good” mean-field
superconducting-normal transition temperature?

This question is also answered in Fig. 2, where we compare the experi-
mental paraconductivity with the GGL approach extended to high reduced-
temperatures by introducing a “total-energy” cutoff. This cutoff takes into
account the limits imposed by the uncertainty principle to the shrinkage of the
superconducting wave function, associated to the coherent Cooper pairs cre-
ated by thermal fluctuations, when the temperature increases well above TCTT .[3]
The paraconductivity was calculated on the grounds of this “extended” GGL
approach by Carballeira et al.[8] The corresponding expressions for a single-
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Figure 2. In-plane paraconductivity versus reduced temperature measured in Ref.[2], in
La2−xSrxCuO4 films with thickness ∼ 150 nm and Sr contents covering the underdoped
(x < 0.15), optimally-doped (x = 0.15) and overdoped (x > 0.15) compositions. The solid
lines correspond to the best fit to those data using the GGL approach with a total-energy cutoff
(Eq. (2)). See main text for details.

layered superconductor, which is the case well adapted to La2−xSrxCuO4, is
[2, 8]

∆σ(ε)E =
e2

16h̄s

[
1

ε

(
1 +

BLD

ε

)
−1/2

−
1

εC

(
2 −

ε + BLD/2

εC

)]
, (2)

where h̄ is the reduced Planck constant, e is the electron charge, s is the super-
conducting CuO2 layers periodicity (s = 0.66 nm for La2−xSrxCuO4), BLD ≡

[2ξc(0)/s]
2 is the Lawrence-Doniach (LD) parameter and ξc(0) is the super-

conducting coherence length amplitude in the c-direction (perpendicular to the
CuO2 layers). Note that in calculating this expression for ∆σ(ε)E we have as-
sumed the BCS-like value for the SCF relaxation time, τ0 = (πh̄/8kBTC)ε−1

(for more details see Refs.[2, 8, 10]). The solid lines in Fig. 2 are the best fits
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of Eq. (2) to the data points, with ξc(0) and εC , the reduced-temperature where
∆σ(ε)x vanishes, as the only free parameters.

As may be observed in these figures, for all the samples the agreement be-
tween Eq. (2) and the experimental data is excellent, in the entire studied ε-
region. The central result here is that this comparison strongly suggests then
that the observed TCTT (x) is a “good” mean-field transition temperature for the
measured SCF. This comparison also confirms the existence of a well-defined
reduced-temperature, εC , of around 0.7, above which the in-plane paracon-
ductivity vanishes. Taking into account the experimental uncertainties,[2] this
value matches fairly well the value ∼ 0.6 which may be roughly estimated on
the grounds of the uncertainty principle, the mean-field ε-dependence of the
in-plane coherence length, and the BCS relationship between the Pippard and
the Ginzburg-Landau coherence lengths.[2, 3] Moreover, by comparing the ob-
tained values of ξc(0), which are given in the corresponding figures, with s, it
is easy to conclude that in the underdoped and optimally doped samples the
SCF have a 2D-3D crossover around ε � 7× 10−2. In contrast, the SCF in the
overdoped compounds are 2D in almost all the accessible ε-region.

Figure 3. Comparison for La2−xSrxCuO4 between the temperatures of the pseudogap
opening (T ∗), of the vanishing of the in-plane paraconductivity (T C), and of the normal-
superconducting transition as observed in the resistivity measurements (TCTT ). The T ∗ values
are taken from the compilation in Ref. [9], and correspond to resistivity measurements (ρ), Hall
coefficient measurements (RH ), infrared measurements (τ ), and static susceptibility measure-
ments (χ0)
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4. Conclusions

The main conclusions of the experimental results and analyses presented
here may be summarized as follows:

A model-independent conclusion: The general behaviour of the in-plane
paraconductivity is not affected, even up to TC , by doping. The SCF effects in
La2−xSrxCuO4 thin films seem to be not related to the pseudogap.

From the comparison of the measured paraconductivity with the “ex-t
ended” GGL approach: i) The measured TCTT is a good mean-field critical

temperature for the GGL approach. ii) Both the relaxation time of the SCF and
the reduced temperature, εC , where the SCF vanish, are doping-independent
and they take values close to those of BCS superconductors. This last result
demands further studies.

The independence of the SCF and the pseudogap seems to be confirmed
when three characteristic temperatures, TCTT , TC and T ∗, are compared. This
is done in Fig. 3, where the doping dependence of TCTT , TC and T ∗ is repre-
sented. The data for T ∗ where taken from Ref. [9]. This figure illustrates that
in the underdoped La2−xSrxCuO4 superconductors not only TCTT but also TC is
much lower than T ∗ and that the doping behaviour of both TCTT and TC is very
different from the one of T ∗.
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Abstract: On the basis of the thermodynamic analysis of the related experimental data, a 
possibility is shown of a manifestation of a phase fluctuation-like effect in the 
high-temperature superconducting (HTSC) cuprates, especially with respect to 
physical properties of melt-textured composites, thin films, coatings, 
nanomaterials and heterostructures. 

Key words: Superconducting Y123, the diffusion controlled topo-chemical decomposition 
of Y123, the standard oxygenation treatment, a phase fluctuation-like effect 

1. INTRODUCTION 

     As has been shown in numerous studies1-5, the formation and growth of 
large (up to a few microns) stacking faults (SFs) occurs in YBa2Cu3O6+X / 
Y2BaCuO5  (123/211) melt-textured composites, from low-angle boundaries 
and especially around 211 precipitates, as well as degradation layers within 
gaps of microcracks around 211 precipitates, which themselves are filled 
with Cu-rich phases, upon increasing the oxygenation time (at Po2 = 1 bar, T
= 723 K, as used in study1). Both SFs and 123 matrix degradation layers are 
observed1,5 along the (001) planes, giving rise to a pronounced two-
dimensionality (2D) of the aged microstructure. SFs in 123 orthorhombic 
phase have been assumed1,5 to consist of an additional CuO chain layer 
adjacent to the BaO plane, giving rise to a double chain layer, that is a local 
YBa2Cu4O8 (124) structure or a Y2Ba4Cu7O14+Z  (247) structure. Large 
splitting widths observed in TEM studies have been assumed1,5 to be 
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relevant to a negative SF energy which is associated with a local phase 
transformation to a 124 structure or to a 247 structure. 
     The dissolving of large SFs in the melt textured composites has been 
studied2,3 (at Po2=10-9-10-10 bar, 613-629 K, and at 0.2-1 bar, 1073-1203 K, 
correspondently). The chemical character of the decomposition processes 
has been experimentally shown in studies3,4.
     In the present study, the thermodynamic analysis6,7 of such processes in 
the cuprates has been carried out with the aim of finding the rate-controlling 
steps, the nature of the SFs-like precipitates, the role of the lattice defects’ 
regions in the internal topo-chemical reactions, and finally – to show a 
possibility of a manifestation of a phase fluctuation-like effect. 

2. RESULTS AND DISCUSSION 

     According to studies8-12, the 123 orthorhombic structure is 
thermodynamically unstable at all temperatures and compositions, and 
particularly, in the experiment1 conditions corresponding to a standard 
oxygenation treatment of the ceramics (Fig. 1, point [1]). The decomposition 
processes can occur as follows, within extrapolation of the corresponding 
lines in Fig. 1 to 723 K: 

6YBa2Cu3O6+X=Y2BaCuO5+2Y2Ba4Cu7O14+Z+3BaCuO2

+0.5(6x-3-2z)O2,                 (1)         
6YBa2Cu3O6+X=2Y2BaCuO5+Y2Ba4Cu7O14+Z+3Ba2Cu3O5+Y 

+0.5(6x-3-z-3y)O2, (2) 
4YBa2Cu3O6+X=2Y2BaCuO5+3Ba2Cu3O5+Y+CuO+0.5(4x-2-3y)O2;            (3) 

reactions (1) and (2) correspond to the solid lines 1 and 2 in  Fig. 1,  and the 
metastable reaction (3) - to the chained-dotted line 3 in  Fig. 1. 
     Some other reactions can be also taken into account, as follows8-12:

2 YBa2Cu3O6+X + CuO + 0.5 (1 + z – 2x) O2 = Y2Ba4Cu7O14+Z,                  (4)
YBa2Cu3O6+X + CuO + 0.5 (1 – x) O2 = YBa2Cu4O8.                 (5) 

     Then, the decomposition reaction can be considered as (1) or (2), where 
(2) can be combined as the sum of (3) and (4). Another decomposition 
reaction (6) can be combined as the sum of (3) and (5), and it results in:
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5YBa2Cu3O6+X=YBa2Cu4O8+2Y2BaCuO5+3Ba2Cu3O5+Y+0.5(5x-3-3y)O2. (6)

Figure 1. Evaluated and experimental stability range of Y123 phase, in the light of studies8-12.

The dashed lines represent the intercalated oxygen content (x). The “tet/ort” line corresponds 

to the tetragonal-orthorhombic phase transition. Solid lines 7 - 9 represent: 

YBa2Cu3O6+X Y2BaCuO5+(Liquid phase)+O2; 9YBa2Cu3O6+X=4Y2BaCuO5+ YBa4Cu3O8.5+Q 

+10BaCu2O2+0.5(5.5+9x –q)O2; 2YBa2Cu3O6+X=Y2BaCuO5+BaCuO2+2BaCu2O2+0.5(2x 

+1)O2.  The points , , , [1], [2], [3], [4], [13], [14]   are the known experimental data.

     All these reactions can be used for the interpretation of processes1-5,13,14, if 
SFs are equivalent to two-dimensional 247 or 124 phases, as it has been 
mentioned above. The thickness of SFs is assumed1,2,5 to be hSF  2 Å, that is 
the same as the double layer. The thickness of the SFs’ phase of 247 may be 
assumed 6,7 to be hSFP  10 Å , comparable with the c-axis size of the cell of 
the 247 structure, that is the phase layer of a nanometer thickness. 
     There are reasons1-12 to assume that the first (obviously, fast) step (3) of 
the decomposition reaction ((2) or (6)) is mainly localized in the vicinity of 
pre-existing 211 precipitates, which can grow due to the formation of new 
layers of 211 phase. Then it can provide the flowing of the second 
(obviously, sluggish) step [(4) or (5)] of the decomposition reaction [(2) or 
(6)]. It can be controlled6,7 by the diffusion supply of oxygen and/or copper 
atoms (from the 211 vicinity) through the 123 matrix to the tops of the 
growing (from there) SFs of 124 or 247. 
     The apparent chemical diffusion coefficient can be evaluated as6,7:

lg
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D (app)  L2 / t,                        (7) 

where L is the characteristic diffusion length (about the SFs´ linear size), and 
t is the oxygenation time. According to TEM data1, the SFs elongated in one 
of two mutually perpendicular ‹100› directions about of 2 m away from the 
211/123 interface, from which they were originated (t = 156 h, T=723 K); 
hence, D (app)  1 10-13 cm2/s.
     The obtained value is smaller by about four orders of magnitude from 
experimental values15,16 of the chemical diffusion coefficient for oxygen in 
the ab-plane of the 123 matrix (DO(123)ab), and higher by five orders from the 
experimental value15 of the tracer diffusion coefficient for copper in the ab-
plane of the 123 matrix (D*Cu(123)ab), Table 1; the latter can be of the same 
order or by one order lower than the chemical diffusion coefficient15,16.

Table 1.  Experimental values15,16 of the tracer diffusion coefficients (D*, cm2/s) and the 

chemical diffusion coefficients (D, cm2/s) of the relevant elements in the Y(123) and Y(124) 

ceramics (for PO2-T conditions1).

-------------------------------------------------------------------------------
D*O(123)c D*O(124)ab DO(123)ab D*O(124)c D*Cu(123)ab D*Cu(123)c D*Ba(123)ab 

-------------------------------------------------------------------------------
 1 10-16   3 10-16     7 10-10     3 10-20     1 10-18     3 10-20     2 10-38

-------------------------------------------------------------------------------    

     By taking into account a high anisotropy of the diffusion in the 123 
matrix (Table 1), and the above mentioned orientation of the SFs with 
respect to 211 precipitates in single-domain samples1, one can predict the 
diffusion supply of copper and oxygen in the ab plane of the matrix. This is 
consistent with TEM data1 that the SFs propagate easier along the ‹100› 
direction, and the shear component of their associated displacement vectors 
is exchanged between the a and b axis directions of the 123 matrix at every 
twin boundary. 
     According to data15 on a strong anisotropy of the oxygen diffusion in the 
ab plane of the 123 matrix, the quantity for the b axis direction (DO(123)b) is 
much larger than for the a axis direction (DO(123)a). Hence, for randomly 
twinned samples there is DO(123)ab  0.1 DO(123)b, because oxygen atoms 
diffuse preferably along the b axis direction (Fig. 13, in reference15).
     From these two facts, one can conclude that the rate-controlling stage of 
the process1 is the oxygen diffusion supply, which is characterized by a 
decrease of several orders of magnitude of the diffusion coefficient. On the 
other hand, the copper diffusion supply is, obviously characterized by a 
several orders’ enhancement of the diffusion coefficient. 
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     In this respect, it can be noted that the oxygen diffusion supply through 
SFs areas of 124 or 247 can be neglected (due to the relatively small 
diffusion coefficient (D*O(124)ab, Table 1). It is also relevant to emphasize that 
(as it is seen from Table 1) the diffusion redistribution of barium and yttrium 
atoms in the 123-matrix (which is necessary for flowing of step (3)) is 
possible only in the close vicinity of the 211 precipitates. 
     Results1 indicate that the 123 matrix undergoes a local severe plastic 
deformation, mainly, in the 211 vicinity, when the composite is submitted to 
the oxygenation treatment. The most apparent features of the treated 
microstructure is a drastic increase of the dislocation density within the 123 
matrix up to 1010 cm-2, as well as the dislocation-twin interaction modes. 
Samples1 are also characterized by both a high density of low-angle grain 
boundaries, and a high concentration of homogeneously distributed fine 211 
precipitates (31-36 vol. %), which provide a high effective 211/123 interface 
area, as well as a high density of microcracks in the matrix at the interfaces. 
     There is a basis17 to assume that in the studied samples1 both the oxygen 
diffusion decrease, and the copper diffusion enhancement are caused by the 
influence of the co-segregation at dislocations. This is also consistent with 
the fact pointed in study15 that twin boundaries in the 123 matrix do not 
contribute apparently to the effective bulk oxygen diffusion.
     The local deformation, cracking and the dislocation formation in the 
composites1 under the oxygenation treatment, obviously, occur at the 
expense of the energies of the internal reactions17.
     By using Fig. 1, the free energy change per mole of the ceramics, for 
instance, for step (3) can be evaluated as: 

G(3) = RT ln [(PO2(3)/PO2
eq)(2x-1-1.5y)/4 (aOy/aOx

eq)3/4 /(aOx/aOy
eq)],                    (8) 

where Peq
O2 can be found from the extrapolated line 3 in Fig. 1; R is the gas 

constant; thermodynamic activities of oxygen (aO) can be found by using 
data16; the internal stresses can be estimated (102-103 bar, as it is obtained in 
study17).
     If the SFs (phase) concentration ( SFP, cm-1) is obtained from the TEM 
observation3, then the volume percentage of SFs (phase) can be evaluated as:

Vol. % (SFs) SFP hSFP 100,                   (9) 

where hSFP  1 10-7 cm. By using stoichiometric coefficients of reaction ((2) 
or (6)), and taking into account 31-36 vol. % of the pre-existing 211 phase, 
the phase composition of the treated samples1-5 can be evaluated.
     The plausibility of the concepts developed above can be confirmed by 
results of such an analysis of data2-4,13,14, see Fig. 1.
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     The results of the data analysis show the possibility of a manifestation of 
a phase fluctuation-like effect with respect to physical properties of HTSC 
cuprates, which can be evaluated for different oxygenation regimes.
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PSEUDOGAP BEHAVIOR IN UNDERDOPED 

CUPRATES

David Pines 
Institute for Complex Adaptive Matter, University of California Office of the
President, Physics Dept., UIUC, and Los Alamos National Laboratory 

Abstract: I review some of the experimental evidence and theoretical arguments that 
suggest that pseudogap matter is a new form of matter that coexists with 
coherent electron matter in the normal state and with superconducting matter 
below the superconducting transition temperature. I describe work in progress 
on a phenomenological two-fluid description of the evolution of pseudogap 
behavior that offers an explanation for the unexpectedly simple scaling 
behavior for the uniform magnetic susceptibility found in the underdoped 
cuprates and use this to propose a physical picture of the underdoped cuprates 
and to  estimate the fraction of quasiparticles that become superconducting in 
underdoped superconductors. 

Key words: Cuprates, superconductivity, pseudogap matter, two-fluid model 

1. INTRODUCTION 

    For those of us who predicted d-wave superconductivity in the cuprates, 
the discovery of d-wave symmetry has meant that the key question in the 
cuprates has shifted from “What is the mechanism for high Tc?  (our answer, 
“ It is electronic and magnetic in origin”) to fundamental questions about an 
unexpected new state of matter, pseudogap matter, that is found well above 
the superconducting transition temperature in underdoped cuprate 
superconductors. What is the physical origin of pseudogap behavior, and 
what is its onset temperature? What does experiment tell us about the 
resulting transformation of coherent electron states to pseudogap states and 
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the description of pseudogap matter? What is the evidence that pseudogap 
behavior competes with superconductivity, and that this competition can lead 
to the existence of a quantum critical point?

   In this talk, I review briefly some of the experimental evidence and 
theoretical arguments that suggest that pseudogap matter is a new form of 
matter that coexists with coherent electron matter in the normal state and 
with superconducting matter below the superconducting transition 
temperature. I describe work in progress on a phenomenological two-fluid 
description of the evolution of pseudogap behavior that offers an explanation 
for the unexpectedly simple scaling behavior found by Nakano, Johnston, et 
al for the uniform magnetic susceptibility in the underdoped cuprates and use 
their results to estimate the fraction of quasiparticles that become 
superconducting in underdoped superconductors.

2. THE  PSEUDOGAP  STATE  

Measurements of the uniform spin susceptibility of the 1-2-3 materials by 
Alloul and his colleagues in 1989 showed that in underdoped samples it 
possessed a maximum at a doping-dependent temperature, T*. The fall-off in 
that susceptibility below T* was attributed by Friedel to a gap in the 
quasiparticle spin spectrum, which he called a pseudogap. Subsequent 
experiments showed that a similar pseudogap phenomenon was present in all 
cuprate superconductors, while Johnston and Nakano showed in the 2-1-4 
materials that when one plotted the ratio of the temperature dependent part 
of the uniform magnetic susceptibility to that at T*, as a function of T/T*, its 
temperature evolution displayed simple scaling behavior. Further insight into 
the pseudogap phenomenon came from NMR and ARPES experiments 
which suggested that in the underdoped cuprates an energy gap formed for 
the hot or antinodal quasiparticles (those near pi,0) in momentum space, 
while from their analysis of the antiferromagnetic component of the Cu spin-
lattice relaxation rate and spin-echo decay rate, Barzykin and Pines argued 
that T* is the temperature at which the AF correlation length associated with 
the hot quasiparticles is of order 1 to 2 times the lattice spacing, a.

STM experiments suggested that in these materials at low temperatures 
one had intrinsic electronic spatial inhomogeneity. This conclusion is 
consistent with a proposal by Slichter on how one might reconcile the results 
of NMR experiments (a local probe) that seemed to require commensurate 
spin fluctuation peaks and INS experiments (a global probe) that show an 
incommensurate peak; Slichter proposed that one is observing 
discommensuration in the 2-1-4 (and possibly other cuprates), with regions 
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of commensurate spin fluctuations being separated by small domains that are 
far less magnetic.

This past October at an Erice workshop, Seamus Davis presented 
convincing experimental evidence from his STM experiments on 
underdoped BSCCO that provide direct support for these scenarios 
(condmat0404005). He finds that pseudogap matter is made up of “hot” or 
anti-nodal quasiparticles and that it co-exists with superconducting matter at 
low temperatures, His results were supported by Shin-ichi Uchida in his 
Erice workshop presentation; along with Davis, Uchida argued that there are 
two distinct d-wave energy gaps, one associated with superconducting 
matter, one associated with pseudogap matter, and that the width of the 
distribution of the large doping dependent energy gaps in the underdoped 
materials reflects a range of densities in the regions of pseudogap matter. 
Uchida reported on experiments by Matsuda on the doping dependence of 
the range of measured energy gaps in the 2-1-4 materials that show this 
range narrowing as one increases the doping, with a very narrow distribution 
being measured for a doping level of 0.22. Matsuda’s results suggest that for 
these materials, 0.22 marks the crossover from underdoped to overdoped 
materials. At Erice, Uchida also reported on experiments that indicate that 
the decrease in the condensation energy and the superfluid density seen as 
one goes toward increasingly underdoped materials may simply reflect the 
volume of the sample that is superconducting. 

      A simple physical picture that is consistent with the above results is that 
above T* one has coherent itinerant quasiparticle behavior over the entire 
Fermi surface, observed as an anomalous Fermi liquid. Below T* one loses 
that coherent behavior for a portion of the Fermi surface near the antinodes; 
the hot quasiparticles (those whose spin-fluctuation-induced interaction is 
strongest) found there enter the pseudogap state; its formation is 
characterized by a transfer of quasiparticle spectral weight from low to high 
frequencies that produces the decrease in the uniform spin susceptibility 
below T*.The remainder of the Fermi surface is largely unaffected. 

    In the pseudogap state at high temperatures one thus finds the coexistence 
of two distinct components; pseudogap matter and coherent quasiparticle 
matter; as the temperature is lowered it is the coherent quasiparticles that 
enter the superconducting state, while the pseudogapped quasiparticles are 
largely unaffected by the superconducting transition and do not participate in 
the superconducting behavior. One therefore expects two gaps in the 
superconducting state; a hot quasiparticle gap characterizing the pseudogap 
matter , with an energy ( of order 2 T*) that increases as the doping is 
reduced, and the d-wave gap of  the superconducting matter (of order 3 kTc), 
that decreases as the doping is reduced.
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What is the physical origin of the formation of pseudogap matter by the 
hot quasiparticles? It seems plausible that it is the increase in the strength of 
their antiferromagnetic correlations, as suggested by Barzykin and Pines. 
Viewed from the perspective of a hot quasiparticle, it is truly difficult for it 
to continue to be both itinerant and strongly antiferromagnetically correlated 
over distances somewhat greater than a lattice spacing. So a hot quasiparticle 
opts for the pseudogap state in which it is effectively localized and so finds 
no difficulty in becoming increasingly antiferromagnetically correlated as 
the temperature is lowered. Being effectively localized, it may also become 
spatially ordered. Quite importantly, Ali Yazdani ‘s group (Vershinin et al, 
Science 303,1995,2004 ) has found direct evidence from their STM 
experiments  for such spatial ordering at temperatures above the 
superconducting transition in the BSCCO materials, while Seamus Davis 
also reported at Erice on evidence from his group’s STM measurements on 
BSCCO at very low temperatures for the existence of  periodic structures, 
presumably associated with regions of pseudogap matter that coexist there 
with superconductivity.

Pseudogap behavior is most easily identified at temperatures below T* 
but well above the superconducting transition temperature. A simple 
expression for the doping dependence of T* for the 2-1-4 materials that is 
consistent with the Nakano analysis and the Matsuda experiments is 

    T*=1250 (1-x/0.22) K 

where x is the hole doping level. To the extent that this extrapolation is 
correct for very low hole densities, it tells us that in the undoped material, 
the Mott insulator, at temperatures of order J, one enters the pseudogap state, 
out of which the Neel antiferromagnet forms at 400K or so. Since T* is of 
order J, it is plausible that it is a measure of the effective magnetic coupling 
between nearest neighbor Cu spins which might  decrease as the hole density 
is increased. As one increases the doping above 0.02, one would then expect 
to find a coherent quasiparticle state coexisting with ordered pseudogap 
matter until one reaches doping levels above 0.06 or so, where at low 
temperatures the coherent quasiparticles become superconducting. The very 
recent optical experiments of the Basov group (Padilla et al, unpublished) 
provide striking evidence that this is the case. They see two components in 
the optical absorption, which are distinct at doping levels below 0.06: one is 
the Drude peak produced by coherent quasiparticles; the second is a mid-IR 
feature that it seems natural to identify with the pseudogap state. Rather 
surprisingly the coherent quasiparticle component of the normal state does 
not change its character appreciably with doping; the observed Drude peak 
corresponds to quasiparticles whose effective mass is independent of doping; 
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only the height of the peak, proportional to the density of coherent 
quasiparticles, varies with doping throughout the entire underdoped region. 
Since the effective mass is doping independent, it is tempting to identify 
Basov’s low frequency component as representing Fermi liquid islands of  
approximately constant density whose concentration increases with 
increasing doping. 

A corollary of the above results is that one should expect isotope effects 
in the quasiparticle spectrum measured in the pseudogap state, since once 
localized, the hot quasiparticles can become strongly coupled to the lattice. 
(When not localized, the coupling of the hot quasiparticles to phonons is 
markedly reduced by vertex corrections associated with their magnetic 
coupling.) Any coupling of cold quasiparticles to the lattice would be very 
much smaller. These conclusions appear consistent with the ARPES results 
reported by Lanzara at this workshop. It leads me to predict that no isotope 
effect will be found for hot quasiparticles in overdoped materials.

As one increases doping, the above expression suggests that in the 
absence of superconductivity one would encounter a quantum critical point 
at a doping level of ~0.22. However this is likely not the case, since we have 
argued above that the low frequency behavior of the material associated with 
coherent quasiparticle matter is not affected by the emergence of the 
pseudogap state; the competition between the pseudogap state and the Fermi 
liquid state for the hot quasiparticles would therefore not give rise to 
quantum critical behavior. Put another way, the expected quantum critical 
point is hidden by the coherent quasiparticles whose behavior goes smoothly 
through the point in question. 

It is worth remarking that the above phenomenology leads one to 
conclude that the marginal Fermi liquid behavior hypothesized for the 
optimally doped samples (x~0.16) does not reflect quantum critical behavior. 

3. A TWO-FLUID DESCRIPTION OF EMERGENT 

PSEUDOGAP BEHAVIOR 

 The transfer of spectral weight from low frequencies to high 
frequencies that accompanies the formation of pseudogap matter is the 
inverse of process in heavy electron materials by which at some onset 
temperature the itinerant coherent  heavy electron state emerges out of the 
local moments that make up the Kondo lattice. It has recently proved 
possible to develop a two-fluid description that describes this emergent  
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coherent itinerant electron behavior and, in so doing, uncover fundamental 
scaling laws (Nakatsuji, Pines, and Fisk , PRL 92, 016401,2004);
Curro, Young, Schmalian, and Pines (condmat 0402179). It is natural to 
inquire whether insight into the evolution of pseudogap matter can be 
obtained from the measured fall-off in (T)below T*, by extending this  two-
fluid description to the underdoped cuprates, I thus assume that at 
temperatures below T* some fraction, f(T), of the coherent hole states 
become part of pseudogap matter, and  write the spin susceptibility as 

(T)= f(T) PG(T) + (1-f(T)) COH (T*) 

where f(T) may be thought of as an order parameter characterizing the 
pseudogap state, PG(T) describes the contribution of the pseudogapped 
quasiparticles to , and I have made an assumption consistent with the Basov 
optical results-- that below T* the coherent quasiparticles cease to evolve so 
that the contribution of the coherent quasiparticles to  is temperature 
independent, and  given by their value at T*. To the extent that the transfer 
of spectral weight to high frequencies for the hot quasiparticles is effective 
in eliminating their contribution to  , we may neglect PG(T). We then find 

(T)/ (T*)=  1-f(T) 

so that the fall-off in  (T) below T* is explained as the loss of the 
coherent quasiparticle contribution to  (T) and provides  a direct measure of 
f(T). If  T* sets the scale for the temperature variation of f,  ie f(T/T*), one  
obtains the scaling behavior of  (T)  proposed by Johnston and Nakano et 
al. 

 1-f(Tc) then provides a direct measure of the fraction of  the 
quasiparticles that  are coherent and participate in the superconducting state. 
Assuming that the scaling behavior found for the 2-1-4 materials is 
universal, we may then use measured (or estimated) values of T* to obtain 
the following results 

 Material                T*(K)                   1-f(Tc)

 1-2-3 O 6.95          175                   0.9 
   1-2-3 O 6.63          420                       0.25 
   2-1-4 Sr 0.15          420                       0.25 

It will be interesting to see to what extent these results are consistent with 
the superconducting fraction obtained by other probes. 
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The much greater relative percentage of pseudogap matter in the 2-1-4 
materials might then explain the differences in Tc between the 2-1-4 and 1-
2-3 materials. If the superconducting fraction of the 2-1-4 materials behaves 
just like that in the quite overdoped region of the 1-2-3 materials where Tc 
increases from zero to, say, 40K, then since at this and lower 2-1-4 hole 
doping densities, pseudogap matter formation successfully competes with 
superconductivity, there would be no regions with a Tc greater than 40K. 

4. OUTLOOK 

The Davis experiments also suggest that in underdoped BSCCO 
materials, one has islands of local superconductivity embedded in a sea of 
pseudogap matter, a proposal that has been made by many people. The 
global result will then be granular d-wave superconductivity, brought about 
by Josephson coupling between d-wave islands whose hole density is that 
found near optimal doping , but whose relative fraction (volume) decreases 
as one decreases the overall doping level. This result is just what one would 
expect if it is the coherent Fermi liquid islands in the normal state that 
become superconducting. As noted earlier, a possible corollary of the Uchida 
results is that the increase in superfluid density with x, as one increases 
doping from the severely underdoped side, mainly reflects the increase in the 
relative number of superfluid regions whose average density is pretty much 
constant, and is of the order of that found near optimal doping. For this 
scenario to be consistent with a number of experiments that have been 
successfully interpreted as though one has bulk superconductivity, the 
Josephson coupling must be sufficiently strong that quasiparticles in the 
superconducting islands tunnel easily through pseudogap matter, so that  at 
low frequencies there would be no appearance of inhomogeneity.  D-wave 
superconductivity will help being this about, but an intimate relationship 
between pseudogap and superconducting matter may also be required.

The Hall effect measurements of Balakirev and Boebinger  (BB) provide 
added support for a transition to pseudogap matter, since only that fraction of 
the Fermi surface that is superconducting would change its character at fields 
greater than that required to destroy superconductivity, and that fraction 
should change with doping. As one goes from the overdoped to the 
underdoped state at very low temperatures in the absence of 
superconductivity, one would expect to see a jump in the Hall effect whose 
magnitude would reflect the relative fraction of the quasiparticles that enter 
the pseudogap state. 
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The existence of islands of superconductivity that, upon application of a 
strong enough magnetic field, become “cold” quasiparticle conducting 
islands embedded in insulating  pseudogap matter, might provide a simple 
explanation of the log dependence on T found in the B B resistivity 
measurements in fields strong enough to destroy both granular sc and sc in 
the cold qp matter islands.

Clearly much more work needs to be done before the physical picture 
presented here is confirmed. Of particular interest is the issue of the order 
parameter that describes the pseudogap state which, as of this writing, is an 
open question. 
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NOTES ON RVB-VANILLA BY ANDERSON ET AL.

C.M. Varma
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Abstract The claims made for the Resonating Valence Bond ideas for the Cuprates in
a recent paper by Anderson et al. on the basis of a variational calculation are
discussed.

Keywords: High-Tc cuprates, RVB, phase diagram

1. Introduction

Within weeks of the confirmation of the discovery of high temperature su-
perconductivity in the cuprates by Bednorz and Muller, Anderson[1] suggested
an explanation of the phenomena and called it resonating valence bonds (RVB).
Despite an enormous theoretical effort by the international scientific commu-
nity, systematic or consistent theoretical results have been hard to obtain on this
idea for the model proposed by Anderson for the cuprates. When some specific
predictions were made based on the general ideas or approximate calculations,
experiments did not conform.

In a curious recent note Anderson, Lee, Randeria, Rice, Trivedi and Zhang
(ALRRTZ) [2]. put forth that the variational calculations that were done
over a decade ago based on Anderson’s ideas and have been revived [3] re-
cently, support the ideas of RVB for the cuprates. They also reiterate that the
Hubbard/t-J model, also proposed by Anderson is a sufficient model for the
essential physics of the cuprates.

In this note I point out the following:
(1) The principal result of the variational calculations discussed by ALRRTZ

is contrary to a vast array of experimental results. This disagreement is of a
fatal nature for ideas which the variational calculation is taken to support.

(2) The properties of the Hubbard/t-J model cannot be adequately studied
using the wavefunctions with the limited variational degree of freedom em-
ployed by ALRRTZ.

(3) In view of (1) and several other experimental and theoretical results, the
Hubbard/t-J model is itself inadequate as a model for the Cuprates.
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Figure 1. The calculated variation of the parameter �0 in the wavefunction Eq. (1) and the
calculated magnitude of the superconducting order parameter with x; adapted from Ref. (2)

2. Experiments and the results from the chosen
Wavefunction

The chosen variational wavefunction is the d-wave superconducting wave-
function with projection to remove double occupation:

� = P̄φBC S(�(k)). (1)

P̄ is the projection operator and �(k) is the the d-wave BCS order parameter
function with a variational parameter of magnitude �0. The principal result of
the calculations is that the ground-state energy is minimized when �0 varies
with x , the deviation from half-filling as shown schematically in figure (1), while
the superconducting long-range order parameter |
| has a dependence with x
as also sketched in the figure. �0 is interpreted to represent the magnitude of the
experimentally observed pseudogap. A corollary to fig. (1) is a phase diagram
sketched in fig. (2), where T A

pT marks the crossover temperature to pseudogap
properties. The validity of the argument can be tested by comparing the results
of figs. (1) and (2) with experiment. Other comparisons with experiment are
not meaningful if this test fails.

The authors acknowledge that the wavefunction does not correctly give the
region near x = 0, where the model studied as well as the Cuprates have an
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Figure 2. The Phase diagram in the T − x plane implied by calculations reported in Ref. (2)

AFM ground state. An unasked question is : At what x does the chosen RVB
variational wavefunction have a lower energy than a wavefunction describing
AFM at appropriate wave-vectors Q(x)? They also acknowledge that their
approach is no help in understanding the universal normal state properties for
compositions near those for the highest TcTT . I will return to both these points;
first, let us compare the claims made with the experiments.

A crucial feature of Fig. (1) is that the parameter �0 is finite throughout the
superconducting region xmin < x < xmax . I summarize evidence below that, in
experiments, the pseudogap properties disappear above a critical composition
xc within the superconducting region. Moreover experiments show that a singu-
larity exists at xc, the Quantum Critical Point (QCP) in the limit T → 0. If TcTT is
reduced by application of a magnetic field, the normal state anomalies continue
to lower temperatures. The pseudogap region as well as the Fermi-liquid region
emanate from xc. Any theory which is smooth across x = xc can then not be a
theory for the Cuprates. The universal phase diagram of the cuprates [4] is as
sketched in fig. (3).

The evidence is diverse and mutually consistent:
(1) Tunneling Measurements: The most direct is the measurement of pse-

duogap by tunneling by Alff et al. [5] in two electron doped superconductors by
reducing TcTT on applying a magnetic field. The central observations are (a) for
x < xc within the superconducting dome, the characteristic pseudogap feature
in tunneling conductance is observed while the superconducting gap feature
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Figure 3. The universal Phase diagram for the Cuprates; from Ref.(4)

disappears as TcTT (H ) is reduced to 0, (b) This feature appears at a temperature
TpT (x) below TcTT (x) at H = 0, (c) the magnitude of the pseudogap for three dif-
ferent samples with TpT (x) below TcTT , and TpT (x) itself, extrapolate to zero at an
xc inside the superconducting dome.

(2) Resistivity near T = 0: In the region above TcTT (x) and below a temper-
ature characterized by TpT (x), a change in the temperature dependence of the
resistivity from linear to a higher power is observed. Similarly below a temper-
ature TFT (x) for x > xc, a change in the power law tending towards the Fermi-
liquid value of 2 is observed. This is observed in all the cuprates studied, Fig.(4)
organizes the data in a number of compounds [8].

A linear temperature dependence of resistivity at low temperatures cannot
occur without a putative singularity in the fluctuation spectra at T = 0. Mea-
surements in a large enough magnetic field to drive TcTT to 0 show that the linearity
persists in an increasingley narrower region of x as TcTT is decreased and persists
at least down to 40mK in one cuprate compound [6] and down to at least 2 K
in another [7]. To within the finest composition variation studied, δx = 0.01,
the resistivity power law changes to higher values on either side of xc.

(3) Hall effect near T = 0 [6]: In the case of one of the class of compounds
whose TcTT is reduced to 0 by a magnetic field, the Hall coefficient has been
measured at low temperatures. It shows a singular derivative at x ≈ xc.

(4) Transport properties above TcTT (x): Actually, it is not necessary to study
the properties near T = 0 to rule out a pseudogap region beyond an xc in
the superconducting range of x . If fig. (2) were true, the universal normal state
anomalies would change to the pseudogap properties for any x for temperatures
below T A

pT (x) and above TcTT (x). The data does not sustain this point of view.
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Figure 4. Organization of the Resistivity data for a number of Cuprates: In the region between
the set of points indicated by TcTT , TpT , T fT , the resistivity is linear in temperature. It has a different
dependence in other regions. Figure taken from Ref.(8).

The resistivity data consistent with the phase diagram (3) has been shown
in fig. (4). Wuydt et al.[9] have shown that the determination of TpT (x) by
thermodynamic measurements, specific heat and magnetic susceptibility as
well as the Cu-nuclear relaxation rate is consistent with that from resistivity.
Recent measurements of the optical conductivity [10] for various compositions
are also consistent with the phase diagram (3).

In a very recent paper, Naqib et al.[11] have measured the resistivity of
Y1−xCax Ba2(Cu1 − y Zny)3 O7−δ over a wide range of x and y and in a mag-
netic field. Just as a magnetic field, Zn reduces TcTT without affecting the pseu-
dogap. They can thereby observe the variation of TpT below the un-Zndoped
and zero magnetic field TcTT . TpT continues below this TcTT , extrapolating to a finite
value well within the superconducting dome.

(5) Thermodynamic Measurements: ALRRTZ [2] quote only the thermody-
namic measurements and analysis by Loram et al.[12] both in the normal state
and for the superconducting condensation energy, and claim not to understand
how the conclusions were reached. Actually the conclusions of Loram et al. are
consistent with the existence of a QCP and all the experiments quoted above.
This is discussed further below in connection with fig.(5).

(6) Raman Susceptibility: Careful measurements of Raman intensity in the
compound 123 near x = xopt , the composition for the highest TcTT , show [13]
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that the susceptibility has the scale invariant form

I mχ (ω/T ) ∝ ω/T, for ω/T � 1 (2)

∝ constant, for ω/T � 1.

More complete are measurements [14] in the compound 248. At stoichiometry,
this compound displays the pseudogap properties with a characteristic change
in resistivity from linear to that of the pseudogap behavior below TpT ≈ 200K
and a TcTT of 80 K. Under pressure P, TcTT continuously rises to 110 K at a P of
100 kbar; simultaneously TpT decreases and is invisible above a P about 80 kbar
[15]. Raman measurements under pressure reveal the form of Eq. (2) near
100 kbar but at lower P one finds a characterstic infra-red cut-off proportional
to TpT (P).

In their paper ALRRTZ reproduce the magnitude of a gap deduced from
the photoemission experiments [16] which indeed varies with x in the manner
similar to fig. (1). This gap is deduced at low temperatures from experiments
in the superconducting phase. This may appear reasonable enough. After all
the comparison is being made to a parameter in a ground state wavefunction.
Actually, this is a specious argument if �0 is understood to represent the pseu-
dogap. A tunneling measurement made below TcTT will show a gap which is zero
only when both the pseudogap and the superconducting gap are zero because
the gap measured is is an appropriate combination of the pseudogap D(x) and
the superconducting gap �sc(x); for instance

gap =
√

|D(k)|2 + |�sc(k)|2 (3)

To measure the pseudogap one must kill the superconducting gap as Alff et al.
[5] have done, as discussed above. The total gap in zero field and at low tem-
peratures then goes to zero only for x > xmax . Alternately one may deduce the
pseudogap from measurements above TcTT . Loram et al. have done this through
modelling their thermodyanmic measurements. A comparison of their deduced
values of the pseudogap as a function of x with those obtained from tunneling
and photoemission at low temperature is shown [17] in fig.(5). The two sets of
gaps do follow a relation not inconsistent with Eq. (3) if �sc0 is proportional
to TcTT (x).

3. Restricted Variational freedom

The variational results are at odds with the phase diagram for the cuprates.
Are they a good representation of the physics of the t-J model? What does
the variational parameter �0 really represent? In a model with strong local
interactions U � t , there must be a transfer of the distribution function n(k)
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Figure 5. The energy gap in the normal state determined by fitting to the specific heat data
with a model density of states by Loram et al. is shown in green. The tunneling experiments
well below TcTT give the gap shown in red in agreement with ARPES shown in blue.

from below the Fermi-vector to above compared to non-interacting electrons.
In the wavefunction, Eq. (1), �0 is the only parameter to accomplish this
physics. There is then simply no choice but for the calculations to exhibit a
pseudogap. It is put in by hand without comparing the ground state energy with
other wavefunctions which accomplish the same physics. The choice of Eq. (1)
automatically ensures �0 ≈ J for x ≈ 0 with a decline to ≈ 0 for large enough
x . A Fermi-liquid, accomplishes the same physics with a discontinuity z in n(k)
at kF . z changing smoothly from 0 near x = 0 to 1 for large enough x. Much
more relevant for the physics of the t-J model would be to compare the ground
state energy using Eq. (1) with that for a wavefunction representing AFM order
at a wave-vector Q(x), also projected to remove double-occupation. We know
the wavefunction (1) is wrong for the t-J model near x = 0 only because the
experiments say the region near x = 0 is AFM. How far does this problem
with the wavefunction persist. Only comparison of the energy with an AFM
wavefunction can tell. Based on the results of the mean-field calculations and
several numerical calculations, my conjecture is that the regime of AFM for the
t-J model is much more extended than in the experiments and that in variational
calculations the phase diagram will show AFM followed by a co-existing region
of AFM and d-wave superconductivity followed by d-wave superconductivity
alone. The physics is much the same as that for d-wave superconductivity
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derived from AFM fluctuations with numerical corrections from Fermi-liquid
effects [18].

This is not to say that the t-J model has a superconducting ground state
above some x . As Anderson et al. point out, numerical evidence on this issue
is divided. But, from the perspective of a theory of the cuprate phenomena
this issue is incidental. Even if the ground state of the t-J model were to be
superconducting, it cannot be a model for the Cuprates unless it can give a
phase diagram similar to Fig. (3).

4. Model for Cuprates

It was suggested [19] that a unique property of the cuprates is that the
ionization energy of the Cu++ ions is very close to the affinity energy of O−−.
(This is what makes the half-filled Cuprates charge transfer insulators[20]).
Their difference εpdε is similar to the kinetic energy parameter tpdtt and estimates
of the screened nearest neighbor Cu-O ionic interactions V. In this condition, in
the metallic phase charge fluctuations exist almost equally on Cu and O ions and
that new physics can arise in a model with three dynamic degrees of freedom per
unit cell (two Oxygens and one Copper)due to the ionic interactions. Anderson
et al. argue instead that as observed in experiments there is only one band near
the Fermi-surface and in any case the three orbital model may be reduced to
a one effective orbital model by a canonical transformation. In this canonical
transformation, they ignore the interactions represented by V. It is easy to show
that for zV ≥ tpdtt , εp − εd , where z is the number of nearest neighbors, this
canonical transformation does not converge.

The argument has never been that there is more than one band near the
chemical potential. The relevant question is what is the nature of the wave-
functions in this band and the effective interactions among one-particle exci-
tations of the band after the states far from the chemical potential (in band
calculations) are eliminated. That new physics arises in the general model
(3-orbitals and ionic interactions as well as local interactions) [19] is known
from two exact solutions : (a) A local model, which bears the same relation
to the general model as the Anderson model for local moments bears to the
Hubbard model. A QCP is found in the model with logarithmic singularities
unlike the Ground state singlet of the Anderson or Kondo model [21]. (b) Long
one-dimensional —Cu-O-Cu-O— chains on which extensive numerical results
[22] have been obtained. This model gives new physics including long-rage
superconducting correlations not found when the ionic interactions are put
to 0.

Mean-field calculations [19] on the general model give a phase diagram
similar to fig. (3), with a QCP at xc and an unusual time-reversal violating
phase for the pseudogap region.
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5. Concluding Remarks

If fluctuations of the form of Eq. (2) persist down to T → 0, they give that
the real part of the susceptibility has the singularity

Reχ(ω.T ) ∝ ln(ωc/ω) for T � ω, (4)

∝ ln(ωc/T ) for T � ω,

assuming a high energy cut-off ωc. I singled out the Raman experiments in
Sec. 2, because they directly measure the singularity in the region near xopt .
They also show the crossover to fluctuations with an infrared cut-off in the
pseudogap region. It is true that the measurements are at present available only
above TcTT (x). But, given all the other experimental results, can there be any
doubt that when measurements are carried out in a magnetic field to reduce TcTT
to 0, the singularity of Eqs. (2,4) will continue at xc with an infrared cut-off on
both sides of it.

This singularity specifies not only a QCP in the Cuprates inside the super-
conducting dome but also the critical exponents of the fluctuations about it.
This form was predicted [23] in 1989 on phenomenological grounds. Actually
what is measured in Raman scattering is only the long wavelength limit of
the predicted form. Essentially every normal state anomaly in region I has the
marginal Fermi-liquid form which follows from this singularity. The lineshape
in single-particle spectra as a function of momentum and energy was predicted
and verified in ARPES experiments. From two parameters, obtainable from the
ARPES spectra quantitative agreement with transport properties including the
Hall effect have been obtained to within a factor of 2.

But what about superconductivity? In any theory based on Cooper pairs, the
fluctuations in the normal state and their coupling to the fermions engender
the superconducting instability. The high frequency cut-off and the coupling
constant of the singular fluctuation obtainable from normal state properties cer-
tainly give the right order of magnitude of TcTT . This idea can be quantitatively
tested in complete detail through an analysis of ARPES experiments in the
superconducting state [24] which is an extension to anisotropic superconduc-
tors of the Rowell-Mcmillan method of analysing tunneling data for s-wave
superconductors [25].

What of the microscopic theory for the singularity and the fluctuations about
it? A QCP in more than one-dimension is generally the end-point of a line
of phase transitions. From Raman scattering results, as well as lack of any
convincing evidence for change of a translational or spin-rotational symmetry,
we know that the change of symmetry at this phase transition must occur at
q = 0 and in the spin-singlet channel. Based on the general model for Cuprates,
an unusual Time-reversal violating phase has been predicted for the pseudogap
phase [4]. A new experimental technique using ARPES was suggested to look
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for this phase [26]. This experiment [27] has been successful. A confirmation
of this phase by this or other methods should remove any doubt on what is
the minimum model for the Cuprates and what is the nature of the fluctuations
responsible for the Cuprate phenomena [28].

Arguments have been given why the fluctuations to this phase in this model
produce the specified fluctuations. An exact calculation of the related local
model [21] produces precisely the specified form of fluctuations. More work
on this issue will be forthcoming.

The vast array of experiments in the cuprates narrows the possible theories
for the phenomena. One can be certain that the theories should have a QCP
with a phase with a pseudogap ending at it. One can also be certain that in the
long wavelength limit, the fluctuations about the QCP must have the form of
Eq. (2) because that is what is observed [29].

Unless the ideas of RVB satisfy these requirements, they together with sev-
eral others which do not, can be excluded as a framework for a theory of the
cuprate phenomena. The first paper of Anderson was important for cuprates; it
posited the phenomena was due to electron-electron interactions and suggested
that quite new physics will be required to understand it. This has turned out to
be true. Its direct importance is to physics other than that in cuprates, in the in-
terest it has provoked in search for models in which quantum-mechanics leads
to beautiful new states of existence such as RVB. This may have implications
for physics yet to come.
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ENHANCED TC NEAR THE METAL/INSULATOR

TRANSITION: A NEW PERSPECTIVE ON

UNCONVENTIONAL SUPERCONDUCTING

MATERIALS
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Abstract: Many apparently unrelated systems, including disordered metals and metallic

oxides, undergo a metal/insulator transition (MIT) when their carrier
concentrations are reduced and/or their disorder is increased.  We have found

that the superconducting transition temperature, Tc, of such materials is very

often enhanced in the vicinity of the MIT.  We have constructed

superconductivity phase diagrams (Tc vs s , the conductivity) for many

materials whose only common feature is proximity to the MIT and found that

they are remarkably similar.

Key words: metal insulator transition; superconductivity; HTS; cuprates; oxides;
disordered metals.

1. INTRODUCTION

It is known that many bulk, low-temperature superconductors have

dramatically enhanced (sometimes by several orders of magnitude)

superconductive transition temperatures, Tc, when they are rendered into a

disordered or granular state.  Even more striking is the fact that several other

systems whose constituents usually have no, or unmeasurably low, Tc’s,

have been shown to have measurable, and sometimes, even reasonably high

Tc‘s1-13

One common feature of these materials is that, when reported, they have

resistivities that are considerably higher than those of clean conventional

metals.14-16 Figure 1 is a plot of the normalized Tc versus the log of the

resistivity at 4K for several systems.  Two features of this plot are

noteworthy.  The first is that Tc is very low or zero for low and high
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resistivity samples and peaks in between (note that the Nishida SiAu has no

data on the low resistivity side).  The second feature to note is that these

enhancements in Tc occur near the so-called Mott resistivity (0.1-1 m -

cm)17 which is an indication that conventional transport models are not valid.

A similar plot can be made for doped SrTiO4, the first known

superconductive oxide.18 These observations suggest that the conventional

model of superconductivity should be modified.
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Figure 1. Normalized Tc versus r4K for several materials. The data are from references: 19

(WSi), 8 (SiAu Mockel), 9 (SiAu Nishida and SiHAu), and 7 (GeCu and GeAu).

2. THE METAL-INSULATOR TRANSITION

The MIT is a quantum phase transition, i.e. one that occurs at T=0, that

demarcates the boundary between materials with electronic states that are

extended from those that are localized.  In practical terms, such materials can

be identified through their electronic transport properties: metals have finite,

non-zero conductivity, s, at T=0 and insulators have s=0 at T=0.  Figure 2 is

a schematic diagram showing the temperature dependence of the

conductivity for a series of materials spanning the metallic to insulating

phases.  The region labeled “conventional metal” represents the clean limit

where the conductivity is very high and increases as the temperature

decreases.  In this region the appropriate description of physical behavior is

given in terms of a Fermi liquid comprised of long-lived, weakly interacting

carriers (quasi-particles) occupying well-defined energy and momentum

states.  This description remains valid for imperfections at low and moderate

concentrations.  As these imperfections are added, the conductivity

decreases and the temperature dependence weakens. In these regions

transport can be described using Boltzmann transport theory. As the disorder

is further increased, however, the concept of a Fermi liquid becomes

increasingly inaccurate and the conventional description of the normal state

is rendered invalid. The transition into this region occurs near the Mott
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conductivity (1/rMott).  In this region (labeled “Scaling” in figure 2), which is

still metallic since s(T=0)>0, fluctuations begin to become important and

the conductivity decreases with decreasing temperature but less dramatically

than in an insulator. When the disorder is sufficiently large to induce

fluctuations on a length scale comparable with the thermal diffusion length,

the system enters the “critical” region. In this region, which lies close to the

MIT line in figure 3, fluctuations are so large that the quasi-particle concept

is totally invalid. In these two regions physical properties are described by

scaling laws. Below the MIT is the insulating phase which is characterized

by conductivity that decreases with decreasing temperature and s(T=0)=0.

T 1/2

s

Insulator

Scaling

(metal)
MIT

~1/rMott {

Conventional
Metal

Figure 2. Schematic diagram of the conductivity as a function of T1/2 above and below the

MIT.

We introduce a coordinate that defines the “distance” from the MIT. The

appropriate choice is the inverse of the correlation length, 1/x,20 which in

turn is defined in terms of a measured quantity, p.  For instance, p may be

the carrier concentration, n, or the doping concentration, x, or  s300K, the

value of the conductivity at 300K.21 This correlation length is negligible in

conventional (clean) metals.  It becomes important only in the “Scaling”

region and is a result of the fact that near the MIT, electron-electron

interactions become important causing the carriers within a volume x3 to no

longer move independently. By definition, 1/x~[(p-pc)/ pc]
1/n, where pc is the

value of p at the MIT and where n is a critical exponent. The expression for

1/x may be written more precisely as
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where a is a microscopic parameter comparable to the lattice parameter and

where n has been shown to be approximately 1 for many systems.22

Furthermore, pc may be determined by an experimental technique so that r is
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completely defined by experimentally measured quantities.19 We may also

express x in terms of kFl, the parameter often used to quantify disorder. That

is, if we identity the MIT by the condition, kFl =1, then  kFl = r + 1.

3. MODEL FOR Tc

Since proximity to the MIT controls the normal state transport properties

it is natural to assume that it might also influence the superconductive

properties.  To include these effects in a model, we modified the the Morel-

Anderson model for Tc, to span the entire metallic range of an alloy:

Tc = 0.85QD exp
-1.04(1+ l )

l - 0.15(1 + 0.62l )

È

Î
Í

˘

˚
˙

            (2a)

l = N0 1- exp(-ar)[ ]d 4pe2

ks
2 + qc

2

È

Î
Í

˘

˚
˙             (2b)

ks
2 ª

kTF
2

1+ a/ ar( )2
            (2c)

where QD is the Debeye temperature in the clean limit, a  and d  are

experimentally determined parameters associated with the “scaling” region,

No is the single-particle density of states in the clean limit, qc is a phonon

cut-off momentum in the clean limit, kTF the Thomas-Fermi screening wave

vector in the clean limit, and a is a fitting parameter.23 Except for a, all of the

parameters in equations 2 are independently determined experimentally.

4. LTS

A search of the literature led us to choose the following alloy systems

for analysis23: NbTi,24-27 radiation damaged Nb3Sn and V3Si,28 WSi,1,2 MoGe

and MoSi,8 Ti and Mo alloys.29-31 The results are presented in figure 3.  Note

that the magnitude of the fitting parameter, a, quantifies the extent of the Tc

enhancement.

5. HTS

It is well known that HTS are peculiar metals with high resistivity whose

transport properties are not consistent with conventional Fermi liquid
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behavior.  It is also well known that they undergo MIT’s as the doping level

is reduced.  These properties suggest that our model might be applicable for

the HTS.32 Indeed, whenever the data allows us to perform the proper

analysis we have found that Tc(r) data can be fit to equation 2.33
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Figure 3. The superconductive transition temperature, Tc, as a function of distance, ar, from

the metal/insulator transition (ar =0) for nine alloy systems. The data points are shown as

solid circles, and the solid curves represent fits to equations 2. The fitting parameter, a, is

given in parentheses for each system: Nb3Sn (0.01), NbTi (0.69), VTi (1.5), TaTi (2.5), MoTi

(6.), MoGe (15), ReMo (11), MoSi (17), and WSi (24.1).

REFERENCES

1. W.L. Bond, A. S. Cooper, K. Andres, G. W. Hull, T. H. Geballe, and B. T. Matthias,

Phys. Rev. Lett. 15, 260 (1965).
2. S. Kondo, J. Mater. Res. 7, 853 (1992).

3. M. A. Noak, A. J. Drehman, K. M. Wong, A. R. Pelton, and S. J. Poon, Physica 135B,

295 (1985).

4. S. Kubo, J. Appl. Phys. 63, 2033 (1988).

121



5. B. Stritzker, Phys. Rev. Lett. 42, 1769 (1979).
6. H. L. Luo, T. S. Radhakrishnan, and B. Stritzker, Z. Phys. B-Condensed Matter 49, 319

(1983) and references therein.

7. B. Stritzker and H. Wuhl, Z. Physik 243, 361 (1971).
8. D. Mockel and F. Baumann, Phys. Stat. Sol. (a) 57, 585 (1980).

9. N. Nishida, M. Yamaguchi, T. Furubayashi, K. Morigaki, H. Ishimoto, and K. Ono, Sol.

St. Commun. 44, 305 (1982); M. Yamaguchi, N. Nishida, T. Furubayashi, K. Morigaki,

H. Ishimoto, and K. Ono, Physica 117B&118B, 694 (1983); T. Furubayashi, N. Nishida,
M. Yamaguchi, K. Morigaki, and H. Ishimoto, Sol. St. Commun. 55, 513 (1985);T.

Furubayashi, N. Nishida, M. Yamaguchi, K. Morigaki, H. Ishimoto, Sol. St. Commun. 58,

587 (1986).

10. N. M. Jisrawi, W. L. McLean, N. G. Stoffel, M. S. Hegde, C. C. Chang, D. L. Hart, D. M.
Hwang, T. S. Ravi, B. J. Wilkens, J. Z. Sun, and T. H. Geballe, Phys. Rev. B 43, 7749

(1991).

11. D. B. Kimhi and T. H. Geballe, Phys. Rev. Lett. 45, 1039 (1980).

12. S. J. Poon and W. L. Carter, Sol. St. Commun. 35, 249 (1980).

13. M. Strongin, O. F. Kammerer, and A. Paskin, Phys. Rev. Lett. 14, 949 (1965).

14. T. Zint, M. Rohde, and H. Micklitz, Phys. Rev. B 41, 4831 (1990).

15. M. Giannouri, E. Rocofyllou, C. Papastaikoudis, and W. Schilling, Phys. Rev. B 56, 6148

(1997).

16. B. I. Belevtsev, Y. F. Komnik, V. I. Odnokozov, and A. V. Fomin, J. Low Temp. Phys.

54, 587 (1984).

17. e.g. 1/rMott=smint
3D in P. A. Lee and T. V. Ramakrishnan, Rev. Mod. Phys. 57, 287 (1985).

18. C. S. Koonce, M. L. Cohen, J. F. Schooley, W. R. Hosler, and E. R. Pfeiffer, Phys. Rev.

163, 380 (1967).

19. M. S. Osofsky, R. J. Soulen, Jr., J. H. Claassen, G. Trotter, H. Kim, and J. Horwitz, Phys.

Rev. Lett. 87, 197004 (2001).
20. NB, the correlation length discussed here is not the superconducting coherence length,

which is often identified by the same symbol.

21. M. Osofsky, H. Tardy, M. LaMadrid, and J. M. Mochel, Phys. Rev. B 31, 4715 (1985);

M. Osofsky, H. Tardy, M. LaMadrid, and J. M. Mochel, Phys. Rev. B 32, 2101 (1985).
22. G. Hertel, D. J. Bishop, E. G. Spencer, J. M. Rowell, and R. C. Dynes, Phys. Rev. Lett.

50, 743 (1983).

23. R. J. Soulen, Jr., M. S. Osofsky, and L. D. Cooley, PRB 68, 094505 (2003).

24. Lance Cooley, Peter Lee, and David Larbalestier, in Handbook of Superconducting

Materials, edited by David A. Cardwell and David S. Ginley (Institure of Physics,

London, 2003).

25. A. Mani, L. S. Valdhyanathan, Y. Hariharan, M. P. Janawadkar, and T. S. Radhakrishnan,

Cryogenics, 36, 937 (1996).
26. James Charles McKinnell, Ph. D. thesis, Univerity of Wisconsin (1990).

27. J. K. Hulm and R. D. Blaugher, Phys. Rev. 123, 1569 (1961).

28. A. K .Ghosh and Myron Strongin, Superconductivity in d- and f-band Metals, p. 305-315.

29. F. J. Morin and J. P. Mita. Phys. Rev. 129, 1115 1963).
30. E. W. Collings, A Source book of titanium alloy superconductivity, Plenum Press, New

York (1983).

31. T. G. Berlincourt and R. R. Hake, Phys. Rev 131,140 (1963).

32. M. S. Osofsky, R. J. Soulen, Jr., J. H. Claassen, G. Trotter, H. Kim, and J. Horwitz, PRB

66, 020502(R) (2002); M. S. Osofsky, R. J. Soulen, Jr., W. Si, X. H. Zeng, A.

Soukiassian, and X. Xi, Phys. Rev. B 66, 060501 (R) (2002); M. S. Osofsky, R. J. Soulen,

Jr., W. Si, X. H. Zeng, A. Soukiassian, and X. Xi, IEEE Trans. Supercond. 13, 2799

(2003).
33. R. J. Soulen, Jr. and M. S. Osofsky, unpublished.

122



ELECTRON-LATTICE INTERACTION IN HTSC 

CURATES

T. Egami 
University of Tennessee, Dept. of Matrials Science and Engineering and Dept. of Physics and

Astronomy, Knoxville, TN 37996, and Oak Ridge National Laboratory, Oak Ridge, TN 37831

Abstract: While the majority opinion in the field of high-temperature superconductivity 
has been that the electron-phonon coupling is irrelevant to the mechanism of 
superconductivity, recent experimental results suggest otherwise. We show 
that in the cuprates the electron-phonon coupling is unconventional, and 
suggest that the Cu-O bond-stretching LO phonons may play a crucial role in 
superconductivity through formation of a vibronic bound state.

Key words: Electron-lattice coupling, phonons, spin-phonon interaction, vibronic state, 
neutron scattering 

1. INTRODUCTION 

When the high temperature superconductivity (HTSC) was discovered1 it 
was clear that this phenomenon could not be explained by the conventional 
BCS theory. Thus it was natural that nearly everyone became convinced that 
the mechanism involves something other than phonons, most likely spins. 
However, experimental results indicating the participation of lattice and 
phonons in the HTSC persisted2, and the recent ARPES results3 made it 
difficult to deny the importance of the electron-phonon (e-p) coupling. In 
addition the recent STM/STS observation4,5 suggests that the local lattice 
distortion and electronic inhomogeneity may be intrinsic to the cuprates. It is 
likely that the negative opinion on the role of the lattice and the phonon 
mechanism is based upon the conventional view of the electron-phonon 
coupling, while in the cuprates certain phonon modes show unconventional 
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e-p coupling. We suggest that the Cu-O bond-stretching LO phonons that 
show anomalous temperature dependence6 play a crucial role in the HTSC 
mechanism through formation of a vibronic bound state.

Because the undoped cuprates are charge-transfer insulator, optical 
phonons that modify the Cu-O bond length induce charge transfer between O 
and Cu. Due to strong on-site Coulomb repulsion these transferred charges 
are spin polarized, resulting in an unconventional e-p coupling. This 
dynamic charge transfer could create a localized dynamic electronic state in-
phase with LO phonons, the so-called vibronic state. We discuss the possible 
experimental evidence of such a localized state in the results of inelastic 
neutron scattering. 

2. ELECTRON-PHONON COUPLING IN THE 

CUPRATES 

The electron-phonon coupling is usually described by the model of 
deformation potential in the Fermi sea. The motion of an ion is completely 
screened by the screening charge except for the Friedel oscillation, and the 
interaction is well described by the Holstein model with localized Einstein 
oscillator. This picture, however, needs some modification when we describe 
transition metal oxides including the cuprates. Firstly the electronic 
screening is so weak that even in the metallic state atoms are ionic. Thus 
most of the valence electrons move with the nuclei, and phonons modify the 
overlap of the atomic orbitals and thus the transfer integral, and this 
modification results in charge transfer. This interaction is best described by 
the Su-Schrieffer-Heeger (SSH) model7,

,,
,,,,

ji

ijjijiijpe ccccuu
a

tH  (1) 

where ui is the displacement of the i-th ion, a is the inter-atomic distance and 
 denotes spin.
The most widely known case of phonon-induced charge transfer may be 

that in ferroelectric oxides, such as BaTiO3. In the classic picture of 
ferroelectricity polarization is produced by positive and negative ions 
displaced in opposite directions. The polarization is given by uZ, where u is 
the atomic displacement and Z is the ionic charge. In reality, however, the 
actual polarization is much larger because of charge transfer; 

uZZaZuP *  (2) 
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where Z is the amount of charge transfer, a is the distance between the 
atoms, and Z* is called the Born effective charge. For Ti4+ the effective 
charge is often more than twice the nominal charge. An elegant Berry phase 
theory was developed to calculate the Born effective charge8,9.
 In the cuprates the phonon modes that modulate the Cu-O bondlength 
induce similar charge transfer. It was found10, however, that the direction of 
the electronic polarization was opposite of the ionic polarization when the 
cuprates are doped with holes, and the electronic polarization is strongly 
dependent on the wavevector q. Fig. 1 shows the effective charge of oxygen 
as a function of q, calculated for the two-band Hubbard model with a frozen 
phonon,

,,,
,,,,

i
iiii

ji

ijjijiij nUnnccccuu
a

tH . (3) 

where ni = ci
+ci. Deviation from the ionic value (Z = -1.9) represents 

electronic polarization due to charge transfer. While the charge transfer at q
= 0 is small, it is quite large in the middle of the Brillouin zone. 

Figure 1. The q dependence of the effective charge of oxygen in the 1-d Hubbard model due 
to the LO phonon monde, calculated for the ring of N = 12 sites with doping level x = 0, 1/3 
and for N = 16 with x = 0, 1/4.  The dashed line indicates the ionic value (static charge)10.

 It is usually assumed that the e-p coupling perturbs only the electronic 
states near the Fermi surface within the energy , where  is the phonon 
frequency. However, this is true only for the Holstein coupling. In the SSH  
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couling it extends further, as shown in Fig. 2. The optical conductivity is 
profoundly changed by the phonon up to several eV10. This is because of the 
SSH coupling (2) modifies the transfer integral, thus all parts of the band 
structure. Phonons are strain waves, and even at  = 0, the static strain 
affects the band structure at all energy scales. The SSH coupling describes 
this effect more effectively. In other words the SSH coulping results in 
strong multi-phonon effects.

It was found that the optical conductivity of the cuprates changes up to 0.5 
eV or so upon transition to the superconducting state, and this was used as an 
argument for an electronic mechanism rather than the phononic 
mechanism11-13. The result shown in Fig. 2 suggests that the phonon 
mechanism is completely consistent with the observation with the optical 
conductivity. Similarly in the result of the angle-resolved photoelectron 
spectroscopy (ARPES) the real part of the electron self-energy was found to 
be modified up to high energies3, and was argued to be the evidence of 
electronic coupling. This, again, must be the consequence of the multi-
phonon effect of the SSH coupling. 

Figure 2. Optical conductivity calculated for the N = 16 ring with x = 0, 1/4, without phonon 
(  = 0 ), and with phonon (  = 1) with q = 0.5 (breathing mode), and with q = 0.25 mode10.

In the Hubbard model it was found that phonon-induced charge transfer is 
spin polarized because of strong electron correlation. The dynamics of spins 
is strongly modified by the Cu-O bond-stretching phonons, and the spin 
excitations are generally greatly softened by phonons10. This must be related 
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to formation of the spin-charge stripes. The results above illustrate the fact 
that the e-p coupling in the cuprates is quite different from the e-p coupling 
in simple metals: It should be characterized as unconventional.

3. IMPLICATIONS TO THE MECHANISM OF 

HIGH-TEMPERATURE SUPERCONDUCTIVITY 

 While it is clear that the conventional BCS mechanism does not explain 
the high-temperature superconductivity, the unconventional nature of the e-p

coupling suggests that the phonon mechanism cannot be discarded without 
careful examination. In addition the electronic inhomogeneity observed by 
the STM/STS measurement4,5 suggests that the inhomogeneity may be an 
intrinsic nature of the HTSC phenomenon, and any theory on the mechanism 
has to incorporate this aspect in a fundamental manner. At present no theory 
can explain both simultaneously. 

The STM/STS measurement also made clear that there are three groups of 
electrons present in the cuprates14. The first group is the ( ,0) quasi-particles 
(QP) that become superconducting below TC. The second is the ( ,0)
electrons that form the pseudo-gap (PG) below the pseudo-gap temperature 
TPG. The third is the ( , ) electrons that have a long mean-free-path, and do 
not get scattered by the electronic inhomogeneity of the ( ,0) electrons. As 
the hole density is decreased the PG matter increases in volume. The PG 
matter develops charge ordering (CDW) consistent with the Fermi surface 
nesting15. At the same time below TPG the electron dispersion determined by 
ARPES develops a clear gap in the k-space close to the ( ,0) point. 

A possible scenario to describe these complex developments is the 
formation of two-hole spin-singlet vibronic bound states made of waves 
around four { ,0} points and corresponding two wavepackets of { ,0} LO 
phonons. The judicious choice of the envelope makes it possible for these 
waves to couple effectively. Such a vibronic coupling will greatly enhance 
the e-p coupling, and can lead to high values of TC. Strong anisotropy in the 
coupling can stabilize the d-wave superconductivity, while the anisotropic s-
wave superconductivity is close in energy. A model calculation based upon 
the electronic dispersion consistent with the ARPES results and the dielectric 
function determined from the phonon dispersion demonstrated that such a 
scenario would results in the d-wave superconductivity with the value of TC

over 100 K16. Experimental confirmation of formation of such vibronic 
states will greatly advance our understanding of the HTSC phenomenon.
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Abstract Evidence is presented that high-temperature superconductivity does not neces-
sarily originate in the cuprate-planes. In the cuprates such as YBa2Cu3O7, i

t
is argued that the superconductivity resides in the BaO layers. This supercon-
ductivity is s-wave, not d-wave, in the bulk. The trio of ruthenate compounds,t

Cu-doped Sr2YRuO6, GdSr2Cu2RuO8, and Gd2−zCezSr2Cu2RuO10 all super
conduct in their SrO layers, which is why they have almost the same ∼45 K onset
temperatures for superconductivity. Ba2GdRuO6, whether doped or not, does-

not superconduct, because the Gd breaks Cooper-like pairs. Bi2Sr2CaCu2O8
YBa2Cu3O7, Nd2−zCezCuO4 homologues, and the Pb2Sr2(RE)1−xCaxCu3O8
compounds that superconduct (where RE is a rare-earth) are all s-wave, p-type,,

superconductors.

Keywords: Theories and models of the superconducting state; Type II superconductivity;
High-Tc compounds.

1. Locus of high-temperature superconductivity

Most workers in the field of high-temperature superconductivity have as-
sumed that the superconducting hole condensate resides primarily in the cuprate-
planes based on two papers: (i) work by Cava et al. claiming that the Cu
charge in the cuprate-planes jumps discontinuously with composition x in
YBa2Cu3Ox just below the onset of superconductivity at x < 6.5 [1], and (ii)
data by Jorgensen et al. which claimed to confirm the Cava work [2]. How-
ever, a close examination of the Cava data reveals that there is only a single
datum (and a single composition x) in the jump (all other data are basically
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on a straight line), and that no such jump occurs in the Jorgensen data (all of
which lie essentially on a line). (See Fig. 1.) In brief, the most-cited evidence
supporting the notion that the cuprate-planes superconduct does not support
cuprate-plane superconductivity, as claimed.

Figure 1. Cuprate-planar Cu charge extracted from the data, versus oxygen content x for
YBa2Cu3Ox, as reported by Cava et al. (Ref. [1]) and by Jorgensen et al. (Ref. [2]). The two
data sets do not follow the same line, because of calibration differences. The jump in the data of
Ref. [1] occurs for only one datum, and is not reproduced in Ref. [2]. This calls into question
claims that high-temperature superconductivity originates in the cuprate-planes.

2. The cuprate-planes do not superconduct

There is a great deal of evidence that the cuprate-planes do not supercon-
duct, not the least of which is that the cuprate-planes are sometimes adjacent
to a magnetic (J�=�� 0) pair-breaking rare-earth with L=0, such as Gd+3, which
is unsplit by the crystal fields (because it has L=0). In such a case, as in the
compound Gd2−zCezCuO4 (which contains a CuO2 plane, a Gd layer, an O2

layer, and a Gd layer) the Gd does break Cooper-like pairs and does destroy
superconductivity in the adjacent layers (/Gd/O2/Gd/). (An interstitial oxygen
may also occupy a Gd layer.)

But Gd does not destroy superconductivity in GdBa2Cu3O7, despite be-
ing adjacent to a cuprate-plane, because the cuprate-plane does not supercon-
duct and the superconductivity occupies the BaO layer. This pair of facts
alone, that Gd2−zCezCuO4 does not superconduct and GdBa2Cu3O7 does,
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suggests that the superconducting hole condensate of GdBa2Cu3O7 is not in
the cuprate-planes adjacent to the Gd (as widely believed) but is in a layer
more distant from Gd, namely the BaO layer. It is confirmed by the fact
that (Gd1−uLau)2−zCezCuO4, which unquestionably has a bond-length long
enough to superconduct, nevertheless does not superconduct. So Gd2−zCezCuO4,
like (Gd1−uLau)2−zCezCuO4, does not superconduct because Gd is a pair-
breaker with J�=�� 0 (and L=0).

3. Doped Sr2YRuO6

Sr2YRuO6 superconducts when it is doped with only 1% Cu on Ru sites
[4]. While the onset of superconductivity occurs at about 45 K, full bulk su-
perconductivity is not observed until 23 K, corresponding to the spin-freezing
temperature, TN , of the fluctuating Ru moments. (Above this temperature,
near 30 K, a narrow spin-glass phase has been detected.) Doped Sr2YRuO6

demonstrates that fluctuating magnetic moments tend to break pairs, thereby
suppressing the superconductivity above 23 K [5].

The Sr2YRuO6 compound superconducts at 1% Cu-doping, and is a ro-
bust superconductor with only 5% Cu. This suggests that cuprate-planes are
not needed for Sr2YRu1−uCuuO6 to superconduct. The material has only two
layers per unit cell, a 1

2 (YRuO4) layer and a SrO layer. It is clear that the
YRuO4 layer features a significant magnetic moment, that lies (almost) in the
a-b plane and reverses direction every YRuO4 layer along the c-axis. Therefore
the material is an antiferromagnet, whose YRuO4 planes are individually fer-
romagnetic, but stacked antiferromagnetically. Clearly the superconductivity
of Cu-doped Sr2YRuO6 lies in its SrO layers.

This raises two questions: (1) are the SrO layers (or the cuprate planes)
of other superconducting materials the hosts of superconductivity; and (2) do
Sr2YRuO6’s sister compounds, GdSr2Cu2RuO8 and Gd2−zCezSr2Cu2RuO10,
superconduct in their cuprate planes or in their SrO layers?

4. GdSr2Cu2RuO8 and Gd2−zCezSr2Cu2RuO10

The onset temperatures for superconductivity in both GdSr2Cu2RuO8 and
Gd2−zCezSr2Cu2RuO10 are also near ∼45 K, and so it does appear that doped
Sr2YRuO6, GdSr2Cu2RuO8, and Gd2−zCezSr2Cu2RuO10 are all members of
the same class of superconducting materials, and that they all superconduct in
their SrO layers.

This viewpoint is bolstered by the fact that both compounds, GdSr2Cu2RuO8

and Gd2−zCezSr2Cu2RuO10, show magnetism (associated with their cuprate-
planes) at low temperatures, which strongly suggests that their superconduc-
tivity is in their SrO layers [6], and not in their cuprate-planes.
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5. Ba2GdRuO6 does not superconduct

It is rather interesting that Ba2GdRuO6 does not superconduct, even when
doped with Cu, because Ba2GdRuO6 is virtually the same as Sr2YRuO6 (and
is certainly in the same class as Sr2YRuO6), and is expected to superconduct,
except for the fact that Gd has J�=�� 0 (even though it does have L=0). This oc-
curs because Ba2GdRuO6 doped with Cu on Ru sites does not superconduct
on account of J�=�� 0 Gd being a pair-breaker which kills the superconductivity.
Therefore, Cu-doped Sr2YRuO6 superconducts, Cu-doped Ba2GdRuO6 does
not superconduct (because it has L=0, J�=�� 0 Gd in it), and GdSr2Cu2RuO8 and
Gd2−zCezSr2Cu2RuO10 both superconduct. The three materials that super-
conduct begin superconducting at about ∼45 K, but the superconductivity of
Cu-doped Sr2YRuO6 becomes full at ∼23 K. The superconductivity occurs in
the SrO layers, not in the cuprate-planes.

6. Bi2Sr2CaCu2O8

Recent scanning tunneling microscopy (STM) measurements of the cuprate-
planes of Bi2Sr2CaCu2O8 by Misra et al. [7] show a band gap in excess of
10 mV, with little or no conductivity throughout most of the gap. Those au-
thors have imaged a sub-surface cuprate-plane (the second one below the BiO
surface, sticking out of the side of the crystal), and have reported negligible
conductivity in that plane. Then they have assumed that the protruding cuprate-
plane is representative of a cuprate-plane in the bulk, and have argued that their
data are evidence of d-wave superconductivity in that cuprate-plane. (Note the
absence of any visible states within the gap, opening the possibility of insulat-
ing behavior.) Their data definitely are not evidence for s-wave superconduc-
tivity at the surface of their protruding plane. However, muon spectroscopy,
which senses the superconductivity in the bulk not just in a protruding surface
layer, does show that the superconductivity is consistent with s-wave pairing
[8]. Klemm and co-workers have also found Bi2Sr2CaCu2O8 to be s-wave in
character [9]. Clearly the bulk superconductivity of Bi2Sr2CaCu2O8 is s-wave
and (to be consistent with other high-temperature superconductors) it should
be in the SrO layers.

7. YBa2Cu3O7

YBa2Cu3O7 is clearly an s-wave superconductor as demonstrated convinc-
ingly by the measurements of Harshman et al. [10]. Once temperature-activated
and field-dependent flux-line disorder are accounted for, the data are fully con-
sistent with s-wave pairing. These data also rule out d-wave pairing.
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8. There are no n-type high-temperature superconductors

Many people in the field believe that some high-temperature superconduc-
tors, most notably of the Nd2−zCezCuO4 class, are n-type. But since most
high-temperature superconductors rely on oxygen to superconduct, and since
at least some oxygen in these materials is already in the O−2 state, to dope
them n-type requires forming O−3, which does not form.

The situation becomes more complex when one considers Nd2−zCezCuO4

because Ce purportedly dopes the material n-type [11]. But the Madelung po-
tential at the Ce site is about 7 V too weak to ionize Ce to Ce+4 (which requires
36.8 V), as needed for this n-type doping viewpoint to be correct. To overcome
this ∼7 V problem, we have proposed that the Ce is not an isolated dopant,
but is accompanied by an interstitial oxygen, forming a (Ce,Ointerstitial) pair,
which dopes the material p-type rather than n-type. (Oxygen has a charge be-
tween O−1 and O−2.) Consequently, Nd2−zCezCuO4 superconducts when it is
doped p-type by (Ce,Ointerstitial) pairs, not when it is doped n-type by isolated
Ce.

This behavior is easy to understand, because O−2 can be doped p-type to,
say O−1; but it cannot be doped n-type to, say O−3, because the maximum
negative charge on oxygen is approximately −2. Hence the claimed n-type
simple doping cannot occur; the doping must be more complex and also must
be p-type. There are no n-type high-temperature superconductors.

9. PSYCO compounds: either p-type and
superconducting, or n-type and non-superconducting

The (rare-earth)-PSYCO compounds [12], Pb 2Sr22 (RE)22 1−11 xCaxx xCuxx 3O33833 ,in which,,
RE is a rare-earth ion or Y, superconduct for all the common rare-earth ions
(for which the material is p-type) except for RE=Ce, which naturally becomes
Ce+4 in its crystal-field and then dopes the material n-type, and the material
does not superconduct [13]. The same happens for Am+4 doping. Clearly,
the PSYCO compounds superconduct when doped p-type, but not when doped
n-type.

This lends support to the contention that the (rare-earth)2−zCezCuO4 com-
pounds must be p-type when they superconduct, not n-type.

10. Summary

The superconducting hole condensate resides in the SrO or BaO planes of
most high-temperature superconductors, and in the interstitial oxygen regions
of many of the rest, such as Nd2−zCezCuO4. All of these superconductors are
p-type, s-wave superconductors.
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Abstract: By relating the Cooper/BCS model inter-electron interaction dimension-

less coupling  with doping concentration, the familiar cT  “dome-shaped” 

behavior observed in many cuprates is obtained from a boson-fermion 

(BF) binary gas mixture model of unpaired electrons and bosonic Cooper 

pairs (CPs). This is done by deriving an analytic relation between a Bose-

Einstein condensation (BEC) temperature cT  and the fermion chemical 

potential which varies with CP formation. 

Key words: Superconductivity; cuprates; boson-fermion model; Bose-Einstein 
condensation.

To describe superconductors it is argued Refs. [1-9] that a system of 
electrons with energies  such that DFDF  in 2D (or within a 
spherical shell in k-space in 3D) may be divided into two coexisting 
dynamically interacting subsystems: a) fermions (pairable but unpaired) and  
b) boson CPs made up of two bound fermions. Here F  is the Fermi energy 
of the ideal Fermi gas (IFG) and D  the Debye energy. The Hamiltonian 
describing the binary BF mixture with BF interactions is [1,4] 

,
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KKkkk K HbbEaaH               (1)
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where ka  and ka  are fermion creation and annihilation operators for 
individual electrons, and Kb  and Kb  are similar operators for 2e-CPs of 
total, or center-of-mass, momentum (CMM) K . Here mkk 2/22  with m

the effective electron mass and )(KE is the CP energy while L  and d  are the 
size and dimensionality of the system. Finally, the BF form factor f  in (2) is 
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a phenomenological parameter responsible for 2e-CP formation/disintegra-
tion processes; it is related to the Cooper/BCS model attractive inter-electron 
interaction V  > 0 via Vf D2 [4]. The total number N  of electrons is 

21 NNN  where 1N  is the number of unpairable (i.e., non-interacting) 
electrons while 2N  is the number of pairable (i.e., active) electrons. By 
pairing into CPs, electrons leave the Fermi subsystem and enter the Bose 
one. That is, at fixed V and temperature T, 2N  includes the number 20N  of 
unpaired (but pairable) electrons as well as the paired ones 202 NN  within 
the interaction shell of energy width D2 . A change in the number FN of
unpaired electrons must be accompanied by a corresponding opposite 
change in the number BN  of CPs. Hence, the total electron number N

conservation law is BBF NNNNNN 22 201  and the total number of 
CPs at any T is 2/)( 202 NNN B . To consider variations in FN  and BN  due 
to CP formation, (1) is recast in the form NH 2  where 2  is defined 
by demanding that N  be fixed. We write the CP energy )(KE  in  as 

KK 2)(22)( 22 FE  where Kvc FdK  (d = 2 or 3) is a non-
negative CP excitation energy with dc  a numerical coefficient, and 

)/1sinh(/D . Both relations follow from Refs. [8,9] where the Bethe-
Salpeter equation in the ladder approximation yields a linear dispersion 
relation for moving (i.e., with nonzero CMM) CPs.

In the RPA approximation, below a certain depairing temperature *T  one 
finds [10]

1/ 1TkE
k

Bken  for the number of electrons kn  in a k -state (see 
also Ref. [4]), and 

1/
, 1Tk

B
Ben K

K  for the boson number KBn ,  in a state 
with CMM K . Here kE and K are
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(see also Refs. [10,11]) where d
BB LNn /0.  is the number density of 

condensed bosons in the 0K  state. Because of mutual transitions of 
electrons from the Fermi to the Bose system and vise versa, as caused by 

intH , the electron 20N  and boson BN  numbers become - and T-dependent.
In analogy with 3/2322 )/3)(2/( LNmF  of the 3D IFG we introduce ~

where instead of N  one has the total number NF 201 NN  of unpaired

electrons in a 3D BF mixture and assume that the main contribution to the 
change in F  that occurs by switching on intH  is associated with variations 
in the fermion number by 202 NN . We thus set ~

2 , a choice that keeps 

2N  constant. This may be done by adding 20N , determined from ~ , to BN2 ,
and noting that the sum equals 2N . That is, the change in the number of 
unpaired fermions is accompanied by a corresponding change in BN  such 
that BNNN 2202  so that 21 NNN  remains constant. In the 2D BF case 
we relate 2  to the density n of unpaired electrons 2

201 /)( LNNn  through 
mn /2

2 . We then substitute BNNN 2220  into 2  and get 
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In 2D the result is exact, while in 3D it is good to first-order in the binomial 
expansion of 2  for small NNB / . Equations (4) relate BN  in the mixture to 
the change in 2F  due to pair formations.

The total number of bosons in the system is 
K

K
1/ 1Tk

B
BeN . When 

0K  a singularity occurs in BN  that defines the BEC transition 
temperature cT , in analogy with the pure boson gas [12]. Putting 0K  and 

0  in BN , replacing the sum over q  by integration over  of the density-
of-states (DOS) )(N  (taken as a constant, exactly in 2D and to good 
approximation in 3D provided that D << F) leaves 

D

D

dx
x
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]2/)tanh[(

2
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2 .                      (5) 

Now 2F  depends both on , interpreted as a CP formation energy 
above the Fermi sea, and on the redistribution of the single-electron levels 
due to CP formation. For the linear dispersion law Kvc FdK  [8] and 
spherical symmetry in K , the integration over K  in BN  is readily perform-
ed (see e.g., Ref. [12]) and yields 
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Putting (4) into (6) then gives

.3)/1(3.0/2)/1(7.0/ 3/1
2

2/1
2 DTkDTk FFcBFFcB    in      and       in       (7)

Simultaneous solution of (5) and (7) determines BEC Tcs as functions of .
We first express 2F  through (7) in terms of cT ; then (5) gives a single 
equation the numerical solution of which yields cT . We display cT  as a 
function of  for the 2D case in Fig. 1 for two values of D  typical in 
cuprates. As  increases from zero cT  increases, it then maximizes, and 
finally decreases. Indeed, a superconducting state emerges in this model if 

2 < F . The first term  on the rhs of (5) increases with , and gives rise 
to an increase in 2  over F . Therefore, CPs excited much above F , i.e.,
associated with larger values of , are less likely to satisfy both 02F

and (5) simultaneously, than CPs formed with smaller . On the other hand, 
the second term on the rhs of (5), which depends on  as well on the 
redistribution of the single-electron levels due to CP formation, considerably 
reduces the value of 2 . Competition between these two effects determines 

cT . Contributions from different terms in (5) compensate each other consi-
derably at large , leading to 02F  and thus extinguishing supercon- 
ductivity.  Finally,  it  should  be  noted  that  if  in  the  relation VN )0( the
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Figure 1. Fc TT /  as a function of . Dashed curves show monotonic increase that would 
result if the CP (linear) dispersion law were not gapped, i.e., if in (5)  was artificially 

deleted.

parameter V is assumed independent (or weakly-dependent) of the 
concentration of charge carriers x , then, due to charge density dependence 
of )0(N ,  becomes proportional to x , i.e., x , with  some positive 
constant, at least in 3D. The cT vs  behavior shown in Fig. 1 thus 
reproduces the cT vs x  behavior found experimentally in many high- cT

cuprates.
To conclude, in a BF mixture model of superconductivity we have 

extracted an analytic relation between a BEC cT and the electron chemical 
potential that varies with the degree of CP formation. The BEC cT  formula 
contains contributions from both varying electron number as well as from 
the redistribution of free-electron states caused by boson formation. As a 
result cT vs  exhibits non-monotonic behavior, so that superconductivity 
emerges only for a limited range of coupling-parameter and doping-
concentration values. 
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Abstract
We examine the band properties of the extended Emery model, parameterized

by Cu-O charge transfer energy ∆pd, copper-oxygen overlap t0, oxygen-oxygen
overlap t′ and Coulomb interaction U on the copper site. In the charge-transfer
limit U � ∆pd > t, t′, it retains realistic three band structure, unlike the usu-
ally used Hubbard model. Neglecting the ordering of spin degrees of freedom,
infinite U slave boson mean field approximation is used to calculate at small
doping δ the renormalization trends of the effective band parameters ∆pf and
t, replacing ∆pd and t0, while t′, related exclusively to oxygens, remains un-
changed. It is shown that small, negative t′ expands the range of stability of the
metallic phase, changing, through the higher order corrections in t′, the thermo-
dynamical nature of the metal-insulator transition point. In the nonperturbative
limit, t′ modifies qualitatively the renormalization of ∆pf at zero doping, mak-
ing it saturate at the value of 4|t′| and keeping thus the system in the regime of
strong correlations. Finite doping δ suppresses the insulating t = 0 state ap-
proximately symmetrically with respect to its sign. The regime ∆pf ≈ 4|t′| fits
very well the ARPES spectra of LSCO and also explains the evolution of the FS
with doping accompanied by the spectral weight- transfer from the oxygen to
the resonant band. Additionally, the values of the band- parameters ∆pf/t′ and
t/t′ are allowed to vary freely, in order to describe the ARPES data on LSCO,
thus providing the direct insight in the role of oxygens, underestimated in the
magnetic t-J limit of the large U Emery model. The important role in this theory
is played by the effective Cu-O overlap t, very small in the underdoped HTS
cuprates and evolving to the values of the order of t′ at larger doping.

Keywords: High-Tc cuprates, effective band-structure, slave boson method, La2−δSrδCuO4
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Introduction
Most of the many-body theories [1] of the high Tc superconductors, which

attribute the peculiar properties of these materials to the CuO2 conducting
planes, are based on the extended Emery model [2]. This model is parame-
terized by the Cu-O site energy splitting ∆pd, the Cu-O overlap t0, oxygen-
oxygen overlap t′ and the Coulomb interaction U on the Cu site. The ex-
tended Emery model can be analyzed within various limits. If ∆pd is taken to
be the largest parameter, this model reduces to the extended Hubbard model,
which retains one site per unit CuO2 cell [1]. In the opposite case, when
U � ∆pd � t0, t

′, so called charge transfer (CT) [3] limit is reached, where
doped holes go on oxygen. Thus the physical properties of the system are
governed also by the oxygen band, possibly close to the Fermi level. This par-
ticular fact seems to be supported by the ARPES data on the HTS cuprates,
exhibiting oxygen-like symmetry of the FS, either in the whole range of dop-
ing, as in Bi2Sr2CaCuO8+δ (Bi2212)[4] and YBa2Cu3O7−δ (Y123)[5], or at
low doping in La2−δSrδCuO4 (LSCO) [6]. In particular, the evolution of the
FS upon doping in LSCO is accompanied by the transfer of the spectral weight
from the lower to the conducting band.

In this paper, we show that the observed band-properties can be described
within the CT limit of the Emery model, taking into account, beyond the per-
turbation level, the direct oxygen-oxygen overlap t′, treated by the infinite U
paramagnetic slave boson method.

1. Slave boson method
When the interaction U is taken to be infinite, within the mean field proce-

dure, two allowed states on the Cu atom can be represented by auxiliary boson
and fermion fields [7]. This constraint automatically implies the renormaliza-
tion of the band-parameters ∆pd and t0 related to Cu, while t′, related exclu-
sively to oxygen, does not change. Thus the problem of the strong renormaliza-
tion on Cu is mapped to the problem of finding the renormalization functions of
the effective parameters ∆pf (∆pd, t0, δ) and t(∆pd, t0, δ), depending strongly
on the underlying band-structure [8]. The physical content of this approxi-
mation can be understood from the single-hole propagator between Cu-sites
[9]

Gd(ω,k) ≈ cδ Gf (ω,k) (1)

+ (1 − cδ)
∫

dk
(2π)2

mk(k)2

ω − (ε(k) − εf − εd) − iη
,

where constant c � 1, showing that the spectral weight of the physical hole is
distributed between the resonant band at εf close to the oxygen energy at εp

and the copper level at εd. One hole (c � 1!), residing on the Cu level, can
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in spin-dependent calculations be related with localized magnetic moments,
while both charge and spin fluctuations occur in the resonant band with δ holes,
mostly on oxygens (εf ≈ εp).

2. Anderson’s lattice-like limit of the Emery model
It was shown that there exist various limits of the effective parameters, re-

sulting either in strongly correlated regime involving copper [10] or in the non-
renormalized all oxygen regime [8]. However, the ARPES measurements point
to the limit where the oxygen band is close to the resonant band. This is the
case where the bandwidth of the oxygen band 4|t′| is close to the ∆pf . At the
half filling, ∆pf does not go to zero, as in the t′ = 0 case [10], but saturates at
the value of 4|t′| [8]

∆pf = 4|t′| + 2|t′|e−
|t′|∆pd

4πt2
0 (2)

deferring strongly from the physical picture associated with t′ = 0 t-J model
[11]. Nevertheless, the system thus remains in the regime of strong correla-
tions. When small doping δ is added, a situation similar to the heavy-fermion
system is obtained: the bandwidth of the resonant band is obtained through
the spectral weight-transfer from the oxygen band, resulting in the Anderson
lattice-like case where narrow Cu band "interacts" with the broad O band. The
transferred oxygen states are thus responsible for the oxygen-like symmetry of
the FS, observed by ARPES. When the doping is increased, ∆pf remains close
to 4|t′|, while t ∼ √

δ, raising upon doping to the value comparable to the value
of t′. Through the increase of t, the symmetry of the resonant band is changed
from hole-like to electron-like, characteristic of the usual Cu-O lattice.

3. Neighborhood of the Brinkmann-Rice point
The influence of finite t′ is also important in the neighborhood of

the Brinkmann-Rice (BR) metal-insulator transition point [10] at ∆pd ∼ 2t0,
where it can be treated [8] on the perturbation level. It can be shown that small
t′ does not suppress metal-insulator transition, but only shifts the position of
the critical point on ∆pd scale and the corresponding critical value of ∆pf .
The introduction of finite small t′ expands the range of stability of metallic
phase with respect to the insulating one, if the sign of t′/∆pf is negative, and
vice-versa. Concerning the nature of the BR point, it remains tricritical point
of the second order phase transition in the lowest order perturbation theory.
However, logharitmical terms transform the BR point into bicritical one, in this
case associated with one first order and one second order phase transitions.
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4. Symmetries
It is also important to note that the slave boson method itself possess two dif-

ferent types of symmetry with respect to doping. From the doping dependence
of the effective copper-oxygen overlap t for ∆pd/t0 large enough, symmetry
with respect to zero doping emerges [8], since

t ∼
√
|δ| (3)

which can be related to the overall symmetry of the phase diagram of the
single-layer cuprates [12].

The second symmetry is the consequence of the local symmetry of the den-
sity of the states of the resonant band. Finite, small t′ modifies strongly the
dispersion of the conducting band in the vicinity of the van Hove singularities,
adding extra states below the Fermi level. The Fermi energy at the half-filling
is therefore shifted from the van Hove singularity towards the (π, π) point when
t′ < 0.

Thus the band-properties have the symmetry with respect to the doping δc

[8] required to bring the Fermi energy back to the van Hove singularity, as
observed in the transport data.

5. Experiments
To relate the above results to the physical systems, we now give the com-

parison of the calculated band structure in the Anderson lattice-like limit of
the Emery model with the ARPES data on LSCO [6]. The regime of the bare
parameters is ∆pd/t0 � 1, resulting in ∆pf ≈ 4|t′| (and t′ < 0).

In the underdoped regime, since t is small, i.e. proportional to
√

δ, dominant
propagation axis is the zone-diagonal, which gives the hole-like FS. The value
of t raises upon doping to the value of 2|t′|, resulting finally in the electron-like
FS, associated with the propagation along the main axes (Fig.1).

This is accompanied [8, 9] by the transfer of the spectral density from the
top of the oxygen band to the resonant band upon doping, as shown on Fig 2.

The observed evolution of the shape of the band-structure upon doping sat-
isfies the Luttinger sum rule [9]. It should be noted that only in the Anderson
lattice-like limit of the Emery model it is possible to obtain the observed evo-
lution of the FS upon doping. In all other cases, the oxygen symmetry of the
FS can be attributed to the (non-renormalized) oxygen band and therefore the
strong doping dependence of the band structure cannot be expected.

The same limit also successfully explains the change of the FS topology in
the strained LSCO films data [13], implying the increase of nominal doping
with strain, in agreement with [14].
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Oxygen-Related Band-Features of theExtended Emery Model for the HTS
Cuprates
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Figure 1. (a-e) Experimentally measured Fermi surfaces for LSCO[6] (dots) and the three
band model fits (solid). (f) fitting parameters in the regime ∆pf ≈ 4|t′|; circles: values of
∆pf/t′, dots: values of t/t′.
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Figure 2. Band-fits for the conducting band of LSCO of [6], corresponding to the Fermi
surfaces of Fig.1, illustrating the spectral weight transfer from the lower (oxygen) band to the
resonant band upon doping
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CONDENSATION  ENERGY  FOR  SPIN 

FLUCTUATIONS  MECHANISM  OF  PAIRING 

IN HIGH-Tc SUPERCONDUCTORS 

Sergei Kruchinin

Bogolyubov Institute for Theoretical Physics, Kiev, Ukraine 

Abstract: The condensation energy for the antiferromagnetic spin fluctuations 
mechanism of pairing are considered. For the calculation the method of  
functional integrals was used. It has been shown that the condensation  energy  
in high-Tc superconductors  is highly sensitive to the doping level, and  is 
greatly reduced in underdoped region.We consider that this effect is due to the 
decreasing of the number of hot quasiparticles, which are responsible for the 
interaction with antiferromagnetic spin fluctuations. It is in qualitative 
agreement with experiment. 

Key words: Condensation energy, spin fluctuation mechanism of pairing, thermodynamic, 
underdoped region, pseudogap

1. INTRODUCTION 

The condensation energy  is fundamental property of cuprate 
superconductors. During  last years many experiments investions of the 
condensation energy in high-Tc superconductors. One of the puzzling 
features  of high-Tc cuprates is that the superconducting condesation energy 
at  T=0 , U0 is greatly reduced in underdoped  region [1,2]. This issue  has 
been considered a clue to understanding the mechanism of high-Tc 
superconductivity  and problem of pseudogap. The main problem of theory 
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of superconductivity is the determining of the mechanism of  electron 
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pairing. In this report we will discuss some thermodynamics properties  of 
the high Tc superconductors on basis of the conception of spin-fluctuations 
mechanism of pairing. Antiferromagnetic spin fluctuations play important 
role in high-Tc superconductors[3]. Electron scattering on these fluctuations 
may cause of electron pairing [4]. 

In this present paper we’ll calculated the condensation energy on basis of 
antiferromagnetic spin fluctuation mechanism of pairing in high-Tc 
superconductors.

2. THEORETICAL BACKGROUND 

Early was proposed to used the functional integral methods for 
calculation the thermodynamic properties of high-Tc superconductors  
including antiferromagnetic spin fluctuations [5]. 

The antiferromagnetic antiferromagnetic spin fluctuations which result in 
d-pairing in cuprate superconductor are described by the Lagrangian in 
lattice representation [5-7]: 

0n

L exp , ,      dndndnS dNe i
, (1) 

where L(t)  is Lagrangian in lattice representation which  are described 
the spin fluctuations mechanism of pairing [3] : 

 ,,  - ,  -  ,  L
pn,n

pnntnn

, ,, ,
2

1
  , , 

2
 ,  1

,,
n ,

mSmnnSnSnng jjimn ii

i ,    (2) 

where  the summation is made over all knots of infinite lattice, where
– is the thermodynamical potential, =1/kT, L – is the Lagrangian in the 
lattice  representation , p – is a unit vector, which connects the neighboring 
knots, Si – is the spin of spin fluctuations in the lattice representation , N – is 
a normalization multiplier, t – is a band halfwidth , µ – is a chemical 
potential, i,j( m, n, ) – is the spin correlation function in lattice 
representation., which is modulated by
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2 2
, ,

1 ( )
Q

SF

q
q Q i

    (3) 

0,   0,x yq q

where Q is the static spin susceptibility at wave vector ,Q a a ,
 -is the temperature-dependent antiferromagnetic correlation length, SF is 

the paramagnon energy[8]. All these parameters are taken from NMR 
experiments .The strong antiferromagnetic fluctuations cause (q, ) to peak 
at Q=(  ,  ). This has led to distinguish two classes of quasiparticle: hot  
quasiparticle which are located near  ( , 0 ) and (0,  ) which highly 
anomalous and strongly ccoupled  with antiferromagnetic spin fluctuations  
and cold quasiparticles , those near the diagonals from  (0,0) and (  ,  ) which 
are not strongly connected by antiferromagnetic spin fluctuations . 

Paramagnon energy is connected with antiferromagnetic correlation 
length:

,zSF
A          (4)

where  z=1 for pseudogap regime,  z=2 for mean field behavior [3]. 
It was shown that the temperature dependence of the specific heat of the 

spin-fluctuations mechanism  in cuprate superconductors proportional to 
square the temperature, which correspond d wave pairing [6,9] 

Detailed calculations of the big statistical sum are given [5-7] 
We have obtained the following expression for the jump of the 

thermodynamical potential : 

2 2

2

2

2 22

2 2

( ( ) ) ( )2 2ln

( ) 2
8 (2 )

( ( ) ) ( )( )

22 ( ( ) ) ( )

ch k k

V d k ch

k kk
th

k k

, (5) 
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where  – the jump in thermodynamical  potential, )(k – the spectrum 
of two-dimensional electrons, V – the square  of cuprate layer , )(k – the 
order parameter , k – impulse  of electron. 

3. CONDENSATION ENERGY 

We can evaluate the superconducting condensation energy U0 by 
integrating the entropy difference

Sn-Sc, between T=0 and Tc [10-12]: 

0

0

cT

n sU S S dT ,             (6) 

where the subscripts “s” and “n” stand for the superconducting and the 
normal state , respectively. 

where specific heat : 

2 2

2 2

;   ;

;  ;

s n
s n

s n
s n

C C

T T

C T C T
T T

  (8)

 and thermodynamical potential 

( ),    (0).s n  (9)                        
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We have a numerically calculated the dependence of the condensation 
energy U0 on the doping level using  formula (6-9) and  (5).We have carried 
out computer calculations of the condensation energy for the compounds 
Y0.8Ca0.2.Ba 2 Cu 3O7-x as a function of doping x. For our calculation we used 
the parameters SF and  depended on the doping x, which we took from the 
Refs. [3, 13, 14]. 

4.  SUMMARY AND CONCLUSIONS  

The results of the numerical calculation of U0 versus the doping level x 
are shown in Fig. 1(+ - theory).   There are also shown the experimental 
values of U0 (*- experiment- solid curve) taken from [1]. It can be seen that 
the condensation energy is greatly reduced in the underdoped region (right 
hand side of the figure) condensation energy 

Figure 1. Tc, U0 the  condensation  energy  (J/g-at.K)  vs. doping level 

x  in Y0.8Ca0.2Ba2 Cu 3O7-x (underdoped side is right hand side of the 

diagram): + - theory , *- experiment- solid curve. 
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We consider that this effect is due to the decreasing of the number of hot 
quasiparticles [3], which are responsible for the interaction with 
antiferromagnetic spin fluctuations in the underdoped region. It is qualitative 
agreement with the experiment [1,2]. Important that we can explain the 
condensation energy for underdoped region which connected with 
pseudogap region. The theory of pseudogap was successfully developed 
[2,3]. There were proposed the following models:  the model involving 
preformed pair [16], the model based on microstripes [15] and our model of 
antiferromagnetic spin fluctuations [3,4]. We can explain the condensation 
energy as for suerconducting  and pseudogap region using interaction hot 
electron with antiferromagnetic spin fluctuations.

In conclusion, it was shown  that the condensation energy in cuprate 
superconductors is highly sensitive to the doping level and is greatly  
reduced in underdoped region.
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EFFECTS OF DISORDER WITH FINITE RANGE
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Abstract It has long been established that disorder has profound effects on unconven-
tional superconductors and it has been suggested repeatedly that observation
and analysis of these disorder effects can help to identify the order parame-
ter symmetry. In much of the relevant literature, including very sophisticated
calculations of interference and weak localization effects, the disorder is repre-
sented by δ-function scatterers of arbitrary strength. One obvious shortcoming
of this approximation is that resonant scattering resulting from the wavelength
of the scattered quasiparticle matching the spatial extent of the defect is not in-
cluded. We find that the mitigation of the Tc-reduction, expected when d-wave
scattering is included, is very sensitive to the average strength of the scattering
potential and is most effective for weak scatterers. Disorder with finite range
not only has drastic effects on the predicted density of states at low energies,
relevant for transport properties, but affects the spectral function at all energies
up to the order parameter amplitude. The gap structure, which does not appear
to be of the simplest d-wave form, should show a defect-dependent variation
with temperature, which could be detected in ARPES experiments.

Keywords: Unconventional superconductivity, disorder, non-s-wave scattering, ARPES

Introduction

The driving force behind the study of disorder effects in superconductors is
the hope that such investigations will give information on the pairing state and
the pairing interaction. Indeed, qualitative differences are expected between
conventional and unconventional superconductors, the latter being defined by
a vanishing Fermi surface average of the order parameter. Potential scattering
in an anisotropic conventional superconductor would at high enough concen-
tration lead to a finite, isotropic gap, while unconventional superconductors
would acquire midgap states before superconductivity is destroyed. Conven-
tional superconductors show this kind of behavior in the presence of spin-flip
scattering. [Abrikosov and Gor’kov, 1961] Because of the innate magnetism
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in high temperature superconductors, nonmagnetic impurities can induce local
moments and thus blur the seemingly clear distinction between potential and
spin-flip scattering.

Here, we shall assume that we are dealing with d-wave superconductors.
Since for unconventional superconductors there is no qualitative difference
between these two types of scattering, we shall confine ourselves to the study of
potential scattering. Even with this limitation there is a wide range of theoretical
predictions as regards TcTT -suppression, density of states, transport properties etc,
depending on the way disorder is modelled and depending on the analytical
and numerical approximations employed to derive experimentally verifiable
conclusions. [Atkinson et al., 2000]

In much of the published work, the scattering centers are assumed to be
short ranged (s-wave scattering). Even for defects within the CuO2-planes it
seems rather doubtful, that their effect is limited to a single site. Defects due
to oxygen nonstoichiometry and cation disorder, which reside on lattice sites
away from the conducting CuO2-planes, are only poorly screened and hence are
certainly long ranged. We generalize the selfconsistent T-matrix approximation
(SCTMA) to scattering potentials of arbitrary range and then calculate single
particle selfenergy correction in 2D d-wave superconductors. First application
is to the TcTT -suppression and the angle dependent density of states as seen in
ARPES.

1. Model assumptions

We start from a two-dimensional free electron gas. The Fermi surface in this
model is circular and the band width is infinite. Superconducting properties
are described in a Fermi surface restricted approach, so that the weak coupling
selfconsistency equation reads

�(ϕ) = π NF T
∑
ωn

∫
dψ

2π
V(ϕ, ψ)g1(ψ, iωn), (1)

where g1(ψ, iωn) is the energy integrated anomalous Green function (8). If
the pairing interaction is separable such that �(ϕ) = �(T )e(ϕ), the amplitude
and the ratio 2�(0)/TcTT depend sensitively on details of disorder. The variation
with ϕ, however, is completely unaffected by the introduction of disorder. This
changes when the pairing interaction is nonseparable as in the spin fluctuation
model.[Monthoux and Pines, 1993; Dahm et al., 1993] To elucidate the effects
of disorder it is sufficient to consider a two-component order parameter

�(ϕ) = �2 2 cos 2ϕ + �6 2 cos 6ϕ. (2)
The pairing interaction that gives such an order parameter is of the form

NFV(ϕ, ψ) = −2
∑

{ν,µ}={2,6}
cosνϕ�νµcosµψ. (3)
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This could be diagonalized to give two states, each with its own transition
temperature, when both eigenvalues are positive. We shall show that momentum
dependent scattering mixes the two eigenstates even at TcTT .

For a specific example of an impurity potential with finite range we choose
a Gaussian. Taking matrix elements between plain wave states �kF and �k ′

F gives

v(ϕ) = v0
eγ cosϕ

I0II (γ )
= v0

+∞∑
n=−∞

InII (γ )

I0II (γ )
cos nϕ = v0

+∞∑
n=−∞

uneinϕ. (4)

ϕ is the angle between �kF and �k ′
F . v0 is the average of v(ϕ) over the Fermi surface

so that u0 = 1. Below, we parametrize v0 in terms of an s–wave scattering
phase shift δ0 : π NFv0 = tan δ0. The last equality in (4) defines the expansion
coefficients un , which are often treated as free parameters.

2. Selfconsistent T–matrix approximation (SCTMA)TT

Within the Fermi surface restricted approach, the impurity averaged Green
function has the form

Ĝ(k, ω) = [
ωσ̂0σσ − ε(k) 3̂ − �(ϕ) 1̂ − �̂(ϕ, ω)

]−1
, (5)

where �̂(ϕ, ω) = nimp t̂(ϕ, ϕ; ω) is proportional to the single defect T̂ –matrix:

t̂(ϕ, φ; ω) = v(ϕ − φ) 3̂ + π NF

∫
dψ

2π
v(ϕ − ψ) 3̂ĝ(ψ, ω)t̂(ψ, φ; ω). (6)

Expanding t̂ and ĝ in terms of Pauli matrices σ � and the unit matrix we obtain
four coupled one-dimensional integral equations for the components t�(ϕ, φ)
of the matrix t̂ , which contain the energy integrated normal and anomalous
retarded Green functions

g0(ψ, ω+) = − ω − �0(ψ, ω+)√
[�(ψ) + �1(ψ, ω+)]2 − [ω − �0(ψ, ω+)]2

(7)

g1(ψ, ω+) = − �(ψ) + �1(ψ, ω+)√
[�(ψ) + �1(ψ, ω+)]2 − [ω − �0(ψ, ω+)]2

(8)

g3(ψ, ω+) is assumed to vanish, because it is an odd function of energy.
The t�’s are expanded in Fourier series’ and the coefficients are collected in

the form of matrices t̃�˜ with elements:

t�
nmt = π NF

∫ 2π

0

∫∫
dϕ

2π

∫ 2π

0

∫∫
dφ

2π
t�(ϕ, φ) e−inϕ+imφ. (9)
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For an order parameter with dxd 2−y2–symmetry, gl(ψ ; ω) has the general form

g�(ψ ; ω) =
+∞∑

m=−∞
g�

q,q+|4m−2�|(ω) cos [(4m − 2�)ψ] � = 0, 1. (10)

The expansion coefficients are independent of q , but have been written in this
form to define matrices g̃� corresponding to t̃�˜ . When the Fourier coefficients
un tan δ0 of the potential (4) are written in the form of a diagonal matrix ˜, the
four integral equations are transformed to four equations for t̃�˜ . From these, t̃2˜̃
and t̃3˜̃ can be eliminated, so that we finally obtain.

t̃0˜̃ ± t̃1 = [
1 − ṽ(g̃0 ∓ g̃1) ˜(g̃0 ± g̃1)

]−1
ṽ(t̃0˜̃ ∓ t̃1) ˜ (11)

In general, a selfconsistent solution of these two equations can only be
obtained numerically.

3. Transition Temperature TcTT

In order to calculate TcTT , the selfconsistency equation (1) is linearized, which
implies that the Green functions (7,8) are to be replaced by

g0 = −i sgn ωn and g1(ψ, iωn) = −�(ψ) + �1(ψ, iωn)

|iωn − �0(ψ, iωn)| . (12)

�0 is required to zeroth order in the order parameter, so that t̃0˜̃ in (11) is diagonal
and both t̃1 and g̃1 can be neglected. Together with (9) we obtain

�0(iωn) = −i sgn ωn�
el
N

∞∑
m=−∞

u2
m

cos2 δ0 + u2
msin2 δ0

. (13)

Here, �el
N = nimp

π NF
sin2 δ0 is a scattering rate that determines the impurity limited

normal state d.c. conductivity.[Hensen et al., 1997] This normal state selfenergy
is isotropic, as was to be expected because in our model rotational symmetry
is broken only by the superconducting order. Note, that taking the unitary limit
δ0 → π/2 would cause problems with the convergence of this series.
t̂1 and ĝ1 are non-diagonal, but since we can neglect products of these matrices
we obtain equally easily (11)

�1(ψ, iωn) =
∞∑

�=−∞
g1

q,q+4�−2 λ1
4�−2 cos [(4� − 2)ψ], (14)

where

λ1
4�−2 = −�el

N

∞∑
m=−∞

umum+4�−2 (1 + umum+4�−2 tan2 δ0)

(cos2 δ0 + u2
m sin2 δ0) (1 + u2

m+4�−2 tan2 δ0)
. (15)



Effects of Disorder with Finite Range 155

This, too, would seem to diverge for δ0 = π/2. From (12) we find by inserting
the expansions (1), (8), (13), (14):

g1
q,q+4�−2 = − �4�−2

|ωn| + πTcTT λ4�−2
, (16)

where the pair breaking parameters are given by

λ4�−2 = �e�
N

πTcTT

1

2

∞∑
m=−∞

(um − um+4�−2)2

(cos2 δ0 + u2
m sin2 δ0) (1 + u2

m+4�−2 tan2 δ0)
. (17)

Special cases: For an isotropic order parameter, um+4l−2 has to be replaced by
um and pair breaking from defect scattering is absent, irrespective of the exact
form of the scattering potential. For δ–functions scatterers, only u0 �= 0. Then
the pair breaking is equally effective whatever the exact form of the dxd 2−y2

order parameter: λ4�−2 = 1
πTcTT �el

N .
Taking the unitary limit in (17) it would appear as if every term in the series van-
ishes. However, when the series is terminated at m = ±m0 [Kulić and Dolgov,
1999], one finds λ4�−2 = 1

πTcTT �el
N (4� − 2), independent of m0. The approach

to this limit, however, is sensitive to the choice of m0. In summary, strong
scatterers are more effective in breaking pairs when they have a finite range.
In the Born limit, (17) can be expressed in terms of the square of the potential:

λBorn
4�−2 = �

πTcTT
(π NF )2

∫ 2π

0

∫∫
dϕ

2π
v2(ϕ){1 − cos([4� − 2]ϕ)} > 0. (18)

This can become arbitrarily small and would vanish for v2(ϕ) ∝ δ(ϕ). For the
Gaussian model potential (4) the integral can be evaluated

λBorn
4�−2 = �el

N

πTcTT

1

I 2
0II (γ )

[I0II (2γ ) − I4II �−2(2γ )]. (19)

If we had normalized the potential such that the average of v2(ϕ) were kept
constant, this would be a monotonically decreasing function of γ , approaching
zero for γ → ∞. When only a few terms are kept in the Born limit of Eq. (17),
a qualitatively different behavior can result. This discrepancy arises because in
the Born limit v2(ϕ) rather than v(ϕ) is approximated.
In order to calculate TcTT , we choose the pairing interaction (3). This leads to two
coupled linear equations for the two order parameter amplitudes �2 and �6 in
(2). From these we obtain �6/�2 and two real solutions for TcTT :

ln
ωD

2πTcTT
= 1

2

[
1

λ+
+ 1

λ−
+ ψ2 + ψ6

]
± 1

2

[(
1

λ+
− 1

λ−

)2

+
(20)

+ (ψ2 − ψ6)2 − 2(ψ2 − ψ6)

(
1

λ+
+ 1

λ−

)
�22 − �66

�22 + �66

] 1
2

.
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Figure 1. Critical temperature versus �el
N for the Gaussian potential with width γ = 5 for

δ0 = 0.05π, 0.3π, 0.3π full line: Abrikosov-Gorkov, dashed lines: one-component OP, dot-
(dash) lines: two-component OP (2). Inset: �6/�2 versus �el

N for the same three values of δ0

with the parameters of the pairing interaction chosen such that T +
cTT = 90 K, T −

cTT = 30 K and
�26/�22 = 0.1.

with ψi = ψ
(

1
2 + λi

2

)
. λ± = 1

2 (�22 + �66) ± 1
2

√
(�22 − �66)2 + 4�2

26 are the
eigenvalues of the matrix (�νµ) Only when both λ+ and λ− are positive, do we
have two transition temperatures. The solution found for λ− < 0 is an artefact.
For the case of pure s-wave scattering this equation reduces to

ln
ωD

2πTcTT
= ψ

(
1

2
+ �el

N

2πTcTT

)
+ 1

λ±
. (21)

This is the famous and well-known Abrikosov-Gorkov result. [Abrikosov and
Gor’kov, 1961] We have now shown that this is independent of the exact form
of the order parameter when the scattering is isotropic.

In the limit λ− → 0+, (20) reduces to

ln
TcTT

TcTT 0
= �22

�22 + �66

[
ψ

(
1

2

)
− ψ2

]
+ �66

�22 + �66

[
ψ

(
1

2

)
− ψ6

]
. (22)

In both these special cases, �6/�2 is independent of disorder.[Haas et al.,
1997] A variation of �6/�2 can, therefore, only be expected for λ2 �= λ6 and
�2

66 �= �22�66. However, since �6/�2 depends only on ψ2 − ψ6 the varia-
tion remains modest even for TcTT → 0. The inset of Fig. 1 gives an example
of the variation of �6/�2 with �el

N and δ0. The main panel shows the transi-
tion temperature normalized to its clean limit value as function of the scatter-
ing rate, normalized to the critical scattering rate for pure s-wave scattering
�crit = 0.882TcTT 0, for three values of the scattering phase shift. In the case of
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the single component order parameter ∝ cos 2ϕ, ln TcTT
TcTT 0

= ψ
(

1
2

) − ψ
(

1
2 + λ2

2

)
(dashed lines) shows deviations from (21) that were to be expected from the
variation of the pair breaking parameter λ2 with δ0, which arises from the
finite range of the scattering potential. The reduction in slope observed in
electron-irradiated samples [Rullier-Albenque et al., 2003] is compatible only
with the assumption of weak scattering. By the same token one concludes that
Zn-impurities are strong scatterers. The regime of linear variation can be in-
creased only if the order parameter is some general basis function of the B1

irreducible representation of the point group C4v and if the scattering is weak.
In the example shown in Fig. 1 this change is accompanied by an increase in
slope. Finally, we note that an equation formally identical to (22) has been ob-
tained in the Born approximation for arbitrary singlet order parameters and an
anisotropic scattering potential of the form v(ϕ, φ) = vi + va f (ϕ) f (φ) [Harań
and Nagi, 1996].

4. Density of States

The normalized angle dependent DoS, which is measured in ARPES experi-
ments [Borisenko et al., 2002], can be obtained directly from (7): N (ω,ψ)

NF
=

−Im gII 0(ϕ, ω+). Results for strong scatterers and a single component OP
∝ cos 2ϕ are shown in Fig. 2.

Figure 2. Left panel: Gaussian potential with γ = 5. Right panel: Point like scatterers.
Note the difference in scale. δ0 = 0.49π, �el

N = 0.2 MeV

In the clean limit, we would have square root singularities at ω = � cos 2ϕ.
Defects causing pronounced forward scattering broaden and reduce these sin-
gularities much more strongly than point like scatterers. The leading edge gap
(LEG), as measured in ARPES, is much less clearly defined. The angle depen-
dence of the LEG, differs substantially from the angle dependence cos 2ϕ of
the OP, being rather U-shaped near the node. In this respect, forward scatteringUU
would have the same effect as the admixture of a cos 6ϕ component to the order
parameter.
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At very low frequencies, the angle integrated DoS is reduced by invoking
forward scattering. Details depend sensitively on the choice of the coefficients
un in (4). This change in the DoS would greatly affect the thermal conductivity
and the microwave conductivity.

5. Summary

In the kind of theory developed here, the observed variation in the slope
of the disorder-induced TcTT -degradation can be attributed to different strengths
of the scattering potentials. A mitigation of this TcTT -degradation occurs only
for strong forward scattering by weak potentials. This could explain why high
temperature superconductivity is rather insensitive to cation disorder and dis-
order associated with oxygen non-stoechiometry. A qualitative change of the
dependence of TcTT on the scattering rate is found only when the d-wave order
parameter has a more complicated angular dependence than cos[(4m − 2�)ϕ].
The angle dependent DoS reflects details of the defect potential which could
be measured for varying defect concentration nimp by ARPES. Sufficiently low
temperatures to eliminate inelastic scattering and high resolution are, of course
a precondition. Comparison with TcTT (nimp) would provide clues to the form of
the pairing interaction V(ϕ, ψ).
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Abstract I propose a superconductivity model, which is based on the assumption that
stripes in high-TcTT cuprates (a) exist and (b) organize themselves in a two-dimen-
sional superstructure. The model describes hole states, which are localized ei-
ther inside the stripes or in the antiferromagnetic domains between the stripes.
The superconductivity in this model emerges due to the interaction, which is,
presumably, mediated by the transverse fluctuations of stripes. The tunnelling
density of states obtained from the mean field solution of the model is asymmet-
ric with respect to the chemical potential, has Van Hove singularity identified as
a superconducting peak, and, in one of the model regimes, has linear functional
form in the vicinity of the chemical potential. The relation between the critical
temperature and the zero-temperature superfluid density has “fish-like” form,
which quantitatively resembles experimental data. The superconducting order
parameter obtained from this model has two components exhibiting non-trivial
phase and sign change under translations in real space.

Keywords: Stripes, high temperature superconductivity

If energetically deep stripes absorbing most of the charge carriers are present
in a superconducting (SC) material, then it is likely that the SC mechanism
operating in this material would not be operational without stripes. If one
further accepts that deep stripes exist in the La2−xSrxCuO4 (LSCO) family
of high-TcTT cuprates, then it implies that the SC mechanism in LSCO is not
operational without stripes. Finally, if one also assumes that the SC mechanism
is the same in all families of high-TcTT cuprates, then the unavoidable conclusion
is that stripes, or, at least strong local inhomogeneities exist in all families of
high-TcTT cuprates and play a crucial role in the mechanism of superconductivity.

In LSCO, the basic evidence of (dynamic) stripes comes in the form of the
well-known four-fold splitting of magnetic (π, π) peak, which is observed by
inelastic neutron scattering[1], and corroborated by the observation of the elas-
tic response with similar peak pattern in Nd-doped LSCO[2]. The above four-
fold splitting has been generally interpreted in the “stripe community” as the
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Figure 1. (a) 2D configuration of diagonal stripes. (b) Checkerboard pattern formed by b-
states. Circles represent the regions, where b-states are localized.

evidence for two stripe domains, each characterized by a one-dimensional ar-
ray of stripes running along one of the principal lattice directions. This pic-
ture, however, runs into many diffi culties, given numerous manifestly two-
dimensional (2D) properties of high-TcTT cuprates. An alternative interpretation
of the four-fold peak pattern, which has been discussed in the literature (see,
e.g., Ref. [3]) but never pursued very far, would be based on the 2D arrange-
ment of stripes shown in Fig. 1. The purpose of the present work is to show
that the above 2D picture is compatible with superconductivity in general, and
with the phenomenology of high-TcTT cuprates in particular. This manuscript
constitutes a compressed version of a longer paper (Ref. [4]).

The 2D stripe background shown in Fig. 1 implies the existence of two kinds
of hole states: a-states — localized inside the antiferromagnetic (AF) domains,
and b-states — localized inside the stripes. The on-site energies associated
with a- and b-states will be denoted as εa and εb, respectively. In underdoped
cuprates, the expectation is that εa > εb. The typical value of the difference
εa−εb should then be identifi ed with the pseudogap. The stripe superstructure
should strongly suppress the transport of holes. Therefore, in the zeroth-order
approximation, it is reasonable to neglect the direct hopping between both a-
states and b-states belonging to different units of the stripe superstructure and
also exclude all interaction terms, which shift the center of mass of the hole
subsystem.

Here, I introduce, perhaps, the most simple model, which satisfi es the above
“selection rule”. The model confi guration includes one a-state per AF do-
main, and two b-states per stripe element having opposite orientations of spins.

160



Superconductivity in the background of two-dimensional stripe superstructure

(Stripe element is a piece of a stripe confi ned between two subsequent inter-
sections with perpendicular stripes.) The model Hamiltonian is:

H = εa

∑
i

a+
i ai + εb

ηi=1∑
i,j(i),σ

b+
ij,σbij,σ + g

ηi=1∑
i,j(i)

(b+
ij,+b+

ij,−aiaj + h. c.), (1)

where single index i or j labels AF domains; notation j(i) implies, that the
jth AF domain is the nearest neighbor of the ith domain; ai is the annihilation
operator of a hole inside the ith AF domain; bij,σ is the annihilation operator
of a hole inside the stripe element separating the ith and the jth AF domains;
σ is the spin index, which can have two values “+” or “−”; εa and εb are
position-independent on-site energies for a- and b-states, respectively, counted
from the chemical potential; and, fi nally, g is the coupling constant. The spin
wave function of a-states alternates together with the AF order parameter, i.e.
a-states belonging to neighboring AF domains always have opposite spins. The
spins of a-states are tracked by index ηi, which can have values 1 or −1. The
supercells corresponding to ηi = 1 and ηi = −1 are to be called “even” and
“odd,” respectively. The sum superscript “ηi = 1” in Eq.(1) indicates that the
summation extends only over even supercells. Each transition corresponding
to the interaction term in the Hamiltonian (1) can be described either as “two
holes from the opposite sides of a given stripe element hopping simultaneously
into that element”, or as the reverse process. This kind of interaction is, pre-
sumably, mediated by the transverse fluctuations of stripe elements.

The mean-fi eld solution of the above model consists of (i) making the Fourier
transform of even a-operators and odd a-operators separately, which gives, re-
spectively, ae(k) and ao(k); and (ii) introducing the following Bogoliubov
transformations:

ae(k) = u(k)Ae(k) + v(k)eiφa(k)A+
o (−k), (2)

ao(−k) = u(k)Ao(−k)− v(k)eiφa(k)A+
e (k), (3)

bij+ = sBij+ + weiϕij B+
ij−; (4)

bij− = sBij− − weiϕijB+
ij+, (5)

where Ae(k), Ao(k) and Bij,σ are the annihilation operators of new Bogoli-
ubov quasiparticles; φa(k) and ϕij are the phases of these transformations; and
u(k), v(k), s and w are the real numbers obeying the following normalization
conditions: u2(k) + v2(k) = 1; s2 + w2 = 1. Phases ϕij ≡ ϕ(rj − ri)
are chosen to be the same for all translationally equivalent stripe elements.
Four kinds of translationally non-equivalent stripe elements correspond to four
possible even-to-odd nearest neighbor translation vectors R1 = (1, 1) l/

√
2;

R2 = (−1, 1) l/
√

2; R3 = (−1,−1) l/
√

2; and R4 = (1,−1) l/
√

2. (Here l
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is the length of a stripe element.) Correspondingly, there exist four independent
phases ϕα = ϕ(Rα).

Below I consider two most promising cases: Case I — characterized by
εb = 0, and Case II — characterized by εa = 0. In Case I, the standard varia-
tional scheme leads to the following equations for the critical temperature (Tc):

Tc =
g2

[
exp

( |εa|
Tc

)
− 1

]
8|εa|

[
exp

( |εa|
Tc

)
+ 1

] , (6)

and for the zero-temperature energies of A- and B- quasiparticles :

εA(k) =
√

ε2
a +

1
4
g2|V (k)|2, (7)

εB =
g2

8N

∑
k

|V (k)|2
εA(k)

, (8)

where N is the total number of supercells, and V (k) =
∑

α e−iϕα−ikRα . The
four phases ϕα are only constrained by condition (ϕ2 + ϕ4 − ϕ1 − ϕ3)/2 =
π/2+πn,, where n is an integer number. The density of B-states thus consists
of two symmetric δ-function peaks located at ±εB . The density of A-states, is
continuous but asymmetric with respect to the chemical potential. It has Van
Hove singularities at εA0 = ±√

ε2
a + g2, and a gap extending between −εa

and εa.
In Case II, the analogous results are:

Tc =
g2

[
exp

( |εb|
Tc

)
− 1

]
8|εb|

[
exp

( |εb|
Tc

)
+ 1

] . (9)

εA(k) =
g2 |V (k)| Ca0

8εB
, (10)

εB =
√

ε2
b + g2 C2

a0/16, (11)

where V (k) is the same as in Case I, and Ca0 ≡ 1
N

∑
k |V (k)| = 0.958... . In

this case, the density of A-states is symmetric and has Van Hove singularities at
εA0 = ±g2Ca0

4εB
, while the δ-peaks, corresponding to B-states are asymmetric.

Unlike the result for Case I, the density of A-states in Case II has no gap around
the chemical potential. Instead, it equals zero at the chemical potential and then
increases linearly.

In order to interpret the experimental tunnelling data, it is necessary to as-
sume, that the observed spectra are those of A-states, which means that εA0
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corresponds to the energy of the experimentally observed SC peak. The B-
states are, perhaps, more diffi cult to observe. However, B-states (in the SC
state), or b-states (in the normal state) form a checkerboard pattern shown in
Fig. 1(b). Therefore, they may be responsible for the checkerboard patterns
seen by scanning tunnelling microscopy[5–7].

The superfluid properties of this model are unusual because of the unusual
form of the current operator. Fundamental to this model is the internal current
operator, which describes the particle flow between a- and b-states. For the ith
supercell, the internal current operator can be obtained as follows:

Jab(i) ≡ − d

dt
(a+

i ai) = −ig

h̄

∑
j(i)

(b+
ij,+b+

ij,−aiaj − h.c.). (12)

Operator (12) sums over four possible transitions, each transferring a hole from
ith AF domain to one of the four surrounding stripe elements. When the di-
rection of each of the above transitions is taken into account, the following
expression for the translational current operator can be obtained:

Jt
i = − ig

2h̄

∑
j(i)

n̂ij

(
b+
ij,+b+

ij,−aiaj − h.c.
)

, (13)

where n̂ij is the unit vector in the direction from the ith to the jth supercell.
The internal supercurrent corresponding to operator (12) emerges, when the

SC solution is modifi ed by adding an extra phase φab to ϕij in the Bogoli-
ubov transformation for b-states. If the phase φab is the same for all stripe
elements, then the translational supercurrent equals zero. However, when φab

has a weak position dependence, the zero-temperature density of translational
supercurrent can be expressed as:

j =
e

lz0
〈Jt

i〉 = Sφ∇φab, (14)

where, in Case I,

Sφ =
eg2

16Nh̄z0

∑
k

|V (k)|2
εA(k)

; (15)

and, in Case II,

Sφ =
eg2C2

a0

32 h̄ z0 εB
. (16)

Here, z0 is the transverse distance per one SC plane, and Sφ is the SC phase
stiffness (frequently referred to as superfluid density).

As the doping concentration changes, the value of εa − εb (characterizing
the pseudogap) should, in relative terms, change stronger than the coupling
constant g. Therefore, an approximate relation between Tc and Sφ within one
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Figure 2. TcTT vs. Sφ (presented as 1/λ2 , where λ is the in-plane penetration depth of magnetic
field): solid line —Case I; dashed line —Case II, circles —experimental points from Ref. [8].
Each plot contains the same pair of theoretical curves, which, initially, were calculated in arbi-
trary units as described in the text, and then rescaled in such a way that the experimental critical
points (evident in every plot) match the theoretical critical point corresponding torr εa = εb = 0.

family of high-TcTT cuprates can be obtained by fi xing the value of g and then
calculating TcTT and Sφ as functions of εa (in Case I), or εb (in Case II). The
resulting theoretical relation is compared with experiments in Fig. 2.

In conclusion, I have shown that superconductivity is compatible with 2D
stripe superstructure. The specifi c model presented in this work has the follow-
ing qualitative features resembling the phenomenology of high-TcTT cuprates: (i)
emergence of the quasiparticle coherence in k-space only at temperatures be-
low TcTT (see εA(k)); (ii) linear density of states in the vicinity of the chemical
potential (in Case II); (iii) asymmetry in the tunnelling characteristics; (iv)
Van Hove singularity in the tunnelling density of states (εA0); (v) real space
checkerboard pattern in the density of states; (vi) low superfluid density having
universal “fi sh-like” dependence on TcTT . Although not discussed in this paper,
the Bogoliubov transformations (2-5) imply a very unconventional symmetry
of the SC order parameter, which, in particular, includes the sign change of
at least one of the two SC components under translations in real space [4]. A
similar prediction has also been made by Ashkenazi in Ref. [9].
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Abstract We argue that a Scalapino-Schrieffer-Wilkins analysis of the elementary exci-
tations is possible in high-TcTT cuprates. We demonstrate this by considering the
resonance peak in inelastic neutron scattering (INS) experiments and the kink in
angle-resolved photoemission (ARPES) data. Both properties contain character-
istic features of the superconducting gap function ∆(k, ω) that reflect the pairing
interaction. We can qualitatively explain the experiments by using a generalized
Eliashberg theory for the one-band Hubbard model based on spin-fluctuation-
mediated Cooper-pairing in which ∆(k, ω) is calculated self-consistently. This
gives strong evidence for Cooper-pairing due to spin excitations in the high-TcTT
cuprates.

Keywords: high-TcTT superconductivity, spin-fluctuation mechanism
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Introduction

More than 15 years after the discovery of high-Tc superconductivity in lay-
ered cuprates its mechanism is still under debate. This has to do with the
asymmetry of physical properties between the electron-doped and hole-doped
side of the complex phase diagram, temperature vs. doping, T (x), and with the
fact that no consensus has been reached about the question what are the key
experiments a theory of high-Tc superconductivity must be able to explain. In
this paper we argue that the elementary excitations and their interdependence
with spin excitations in the cuprates are of central interest in order to learn
more about the correlations in general and, in particular, about the mechanism
for Cooper-pairing in these systems.

For comparison we discuss first the key experiments in conventional (strong-
coupling) phonon-induced superconductors like niobium or lead. In general,
neutron scattering data can be used in order to determine the phonon den-
sity of states, and I-V characteristics of superconducting tunnel junctions yield
also informations about the electron-phonon coupling. Assuming that the ex-
changed phonon can be described by a spectral function F (q, ω) and that it
couples to the electrons via a vertex function α(k, ω), one arrives at the effec-
tive pairing potential

Veff = α2
k,k′F (ω) . (1)

Then, employing the conventional strong-coupling, i.e. ω- dependent, Eliashberg-
theory and using Veff as an input, one obtains a superconducting gap function
∆(ω) that can be tested experimentally. In a pioneering work Scalapino, Schri-
effer, and Wilkins used ∆(ω) in the general expression for tunneling density
of states, NT (ω), (normalized by the density of states at the Fermi level N(0))

NT (ω)
N(0)

= Re

[
ω√

ω2 − ∆2(ω)

]
(2)

and found very good agreement with experimental data [1]. Therefore, in short,
the understanding of the elementary excitations, in particular, their charge de-
grees of freedom, were most important in accepting the picture of electron-
phonon mediated superconductivity.

Similarly, in the high-Tc cuprates many experiments reveal characteristic
fingerprints of the superconducting gap function ∆(k, ω) where also the k-
dependence becomes important. For example, phase sensitive measurements
in hole- and electron-doped cuprates show a d-wave symmetry of the super-
conducting order parameter [2], ∆(k) = ∆0

2 [cos(kx) − cos(ky)], where ∆0

is the maximum of the superconducting gap function for T → 0. In addition,
an large number of experiments using different techniques are compatible with
nodes and thus with the d-wave interpretation [3, 4]. Hence, in short, a theory
for Cooper-pairing in the high-Tc cuprates should be able to explain a d-wave

166



Theory for Key Experiments in Cuprate Superconductors

Figure 1. Illustration of singlet Cooper-pairing due to spin excitations. They are described by
a spin susceptibility χ(q, ω) and interact with electrons via a (renormalized) vertex U (Ueff ).

order parameter on both sides of the phase diagram. This is possible for the-
ories based on the exchange of antiferromagnetic spin fluctuations because a
simple Ornstein-Zernicke form for the spin susceptibility χ(q, ω) [5],

χ(q, ω) =
χQ

1 + ξ2(q −Q)2 − i ω
ωsf

. (3)

allows for a sharp enhancement of fluctuations near the antiferromagnetic wave
vector Q = (π, π). In this case, in analogy to the conventional picture, the
process for Cooper-pairing is described by the Feynman diagram shown in
Fig. 1 in which spin excitations are exchanged. In Eq. (3), χQ is the value of
the static spin susceptibility at the wave vector Q, ξ is the magnetic correlation
length, and ωsf is the characteristic frequency of spin fluctuations. Based on
weak-coupling arguments one can show on general ground that (repulsive) spin
excitations described by this χ(q, ω) yield d-wave pairing [6, 7]. However,
note, in an electronic theory the physical properties ξ and ωsf should follow
from a self-consistent calculation.

But what about the important frequency-dependent fingerprints of the su-
perconducting gap ∆(ω) in analogy to Scalapino, Schrieffer, and Wilkins? In
the past it was shown by several groups that the so-called peak-dip-hump struc-
ture observed in angle-resolved photoemission spectroscopy (ARPES) below
TcTT can be explained in terms of a feedback effect of superconductivity aris-
ing from the frequency-dependent gap function ∆(ω) [8–10]. Moreover, it
has been argued that this structure reflects the effective pairing interaction and
points towards a spin-fluctuation-mediated Cooper-pairing. We consider this
as an important first step to compare fingerprints of ∆(ω) in the charge chan-
nel, however, we argue that the spin degrees of freedom should mainly to be
analyzed, if Cooper-pairing is mediated by spin excitations.
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Figure 2. Illustration of the kink in both the nodal (kn) and antinodal (ka) direction (solidlFF
ines) that is a result of many-body interactions described by ωk = εk + Re Σ(k, ω) (Σ is the

quasiparticle self-energy). The dashed line refers to the bare tight-binding band structure εk.
While the kink in the nodal direction is present above and below TcTT reflecting mainly the normal
state excitations, the kink in the ((0, π) → (π, π)) direction occurs only in the superconducting
state and thus is directly reflecting ∆(ω).

Recently, due to an improved ARPES resolution, another fingerprint of
∆(ω) has been observed: an abrupt change of the Fermi (or group) velocity
of the quasiparticles along the antinodal ((0, π) → (π, π)) direction that re-
sults in a ’kink’ in the dispersion occurring only in the superconducting state.
Such a kink is also present in the nodal ((0, 0) → (π, π)) direction above and
below TcTT . Both kinks are illustrated in Fig. 2. In Ref. [11] we have shown
that the existence as well as its temperature- and momentum-anisotropy can be
well described by spin fluctuation-mediated Cooper-pairing. Here, we focus
on the relation of the kink to the resonance peak.

In order to discuss the the spin susceptibility we illustrate Im χ(q, ω) at
the antiferromagnetic wave vector Q = (π, π) for YBa2Cu3O6.7 (YBCO), for
example. The normal state data, although in experiment difficult to extract
from the background, can be described by Eq. (3). On the other hand, below
TcTT a strong feedback of superconductivity occurs: a strong suppression for
small frequencies accompanied by a resonating peak structure. Thus, one has
to answer the important question: is this behavior a characteristic fingerprint of
the superconducting gap function ∆(k, ω) in analogy to the conventional study
by Scalapino, Schrieffer, and Wilkins [1]? In the following we will argue that
such an analysis is indeed possible.
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Figure 3. Illustration of the resonance peak at the antiferromagnetic wave vector Q = (π, π)
for hole-doped cuprates (after [12]). While the normal-state data (lower curve) may be described
by an Ornstein-Zernicke form (see Eq. (3)), in the superconducting state a strong suppression
for small frequencies occurs followed by a large peak at ωres � 2∆0.

1. Generalized Eliashberg theory

What is a minimum model for describing the main physics of a single CuO2-
plane? In this paper we employ an effective one-band Hubbard Hamiltonian:

H = −
∑
〈ij〉σ

tij
(
c+
iσcjσ + c+

jσciσ

)
+ U

∑
i

ni↑ni↓ , (4)

where c+
iσ creates an electron with spin σ on site i, U denotes the on-site

Coulomb interaction, and tij is the hopping integral. This one-band approach
seems to be justified because upon hole doping antiferromagnetism disappears
due to Zhang-Rice singlet formation and quenching of Cu-spins. In this one-
band picture the Coulomb interaction between the quasiparticles refers to an
effective interaction (i.e. the Hubbard U ) within the conduction band. Then,
further doping increases the carrier mobility and a system of strongly corre-
lated quasiparticles occurs. In the overdoped case less magnetic activity is
present yielding usual Fermi liquid (FL). It is perhaps interesting to note that,
as we will discuss below, in our approach we are not considering the half-filled
case (or close to it). We assume here the conventional FL picture rather than
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the view of a doped Mott insulator. Thus, for simplicity, we assume U � W/2
(W = bandwidth) independent of the doping concentration.

After diagonalization of the first term, one arrives at the bare tight-binding
energy dispersion εk = −2t (cos kx + cos ky) + 4t′ cos kx cos ky − µ. Here,
t and t′ refer to the hopping of a hole (electron) between nearest, next-nearest
sites on the square lattice, and µ is the chemical potential that defines the dop-
ing. We also set the lattice constant to unity. Then, the description of the
electron- and hole-doped cuprates within a one-band approximation is possi-
ble if one takes into account different parameters and quasiparticle dispersion.
Note that in the case of electron doping the electrons occupy the copper d-
band, while in the hole-doped case holes refer mainly to the oxygen p-states
yielding different dispersion parameters.

How to calculate the important k- and ω-dependence of the superconduct-
ing gap? In this one-band model, we assume that the same electrons (holes) are
participating in the formation of antiferromagnetic fluctuations and in Cooper-
pairing due to the exchange of these fluctuations. Thus, both the magnetic sus-
ceptibility and the quasiparticle self-energy must be calculated self-consistently.
This is possible in the FLEX approximation [11, 13–16]. In this approach
the dressed one-electron Green’s function are used to calculate the charge and
spin susceptibilities. These susceptibilities are then used to construct an ef-
fective Berk-Schrieffer-like [17] pairing interaction reflecting the exchange of
spin fluctuations on an RPA level which is a generalization of Fig. 1 and of
Eq. (3). Note that the FLEX approximation ignores the fact that cuprates are
doped Mott insulators and, secondly, is only based on perturbation theory. On
the other hand, in defending this approach, we argue that for optimally doped
or overdoped cuprates the Mott physics is no longer dominant. And, in ad-
dition, this method allows to calculate the important frequency dependence
of the superconducting gap in a controlled way which enables us to employ
a Scalapino-Schrieffer-Wilkins analysis to the spin spectrum in the supercon-
ducting state (resonance peak), for example.

Like in conventional Eliashberg theory, due to the central role of the super-
conducting gap function ∆ which can be understood as the off-diagonal part of
the quasiparticle self-energy, it is convenient to formulate the theory in terms
of self-energy components. In a short-hand notation, the generalized Eliash-
berg equations for a repulsive spin fluctuation-mediated pairing can be written
down in terms of the quasiparticle self-energy components Σν (ν = 0, 3, 1)
with respect to the Pauli matrices τν in the Nambu representation[18, 19], i.e.
Σ0 = ω(1 − Z) (mass renormalization), Σ3 = ξ (energy shift), and Σ1 = φ
(gap parameter). They are given by

Σν(k, ω) =
∑
k′

∫ ∞

0
dΩ Veff (k− k′,Ω)

∫ +∞

−∞
dω′I(ω,Ω, ω′)Aν(k′, ω′) (5)
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with the effective pairing interaction

Veff =
[
Ps(k − k′,Ω) − (δν1 − δν0 − δν3)Pc(k − k′,Ω)

]
. (6)

Ps and Pc denote the spectral density of the spin and charge excitations, re-
spectively, and are treated within RPA, Ps = (2π)−1U2 Im (3χs − χs0) with
χs = χso(1 − Uχs0)−1 and Pc = (2π)−1U2 Im (3χc − χc0) with χc =
χc0(1 + Uχc0)−1. The kernel I and the spectral functions of the one-particle
Green’s function in Eq. (5), Aν , read

I(ω,Ω, ω′) =
f(−ω′) + b(Ω)
ω + iδ − Ω − ω′ +

f(ω′) + b(Ω)
ω + iδ − Ω − ω′ , (7)

Aν(k, ω) = −π−1Im [aν(k, ω)/D(k, ω)] , (8)

and

D = [ωZ]2 − [ε0
k + ξ]2 − φ2, (9)

a0 = ωZ(k, ω), a3 = ε0
k + ξ(k, ω), a1 = φ(k, ω) . (10)

The superconducting gap function can be written as φ = Z∆. In Eq. (7),
f and b are the Fermi and Bose distribution function, respectively. In short,
within our generalized Eliashberg approach the dressed one-electron Green’s
function are used to calculate the charge and spin susceptibilities. Thus, for
example, no input parameters in Eq. (3) are needed because ξ and ωsf are
calculated self-consistently for fixed values of U , t, t′, and µ. These suscepti-
bilities are then used to construct an effective Berk-Schrieffer-like [17] pairing
interaction Veff describing the exchange of charge and spin fluctuations. More
details on this theory can be found in Ref. [11]. These generalized Eliashberg
equations allow us to calculate all the properties of the system self-consistently
like the elementary excitations and their interdependence with the dynamical
spin susceptibility and the resulting k- and ω-dependent superconducting order
parameter, for example.

2. Results and discussion

While the original analysis of the elementary excitations made by Scalapino,
Schrieffer, and Wilkins was done on tunneling experiments (i.e. on the charge
channel) we argue that, if spin excitations are responsible for Cooper-pairing
in the cuprates, one has first to analyze the spin susceptibility (spin channel) in
order to see fingerprints of the superconducting gap function ∆(ω). In other
words, for high-Tc cuprates Eq. (2) has to be replaced by the RPA expression
for the spin susceptibility (in our case for the one-band Hubbard model)

Im χ(Q, ω) =
Im χ0(Q, ω)

(1 − U Re χ0(Q, ω))2 + U2 (Im χ0(Q, ω)2
, (11)
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Figure 4. Calculated feedback of superconductivity on the spin susceptibility Im χ(q, ω) for
hole-doped cuprates at optimal doping (x=0.15) for wavevector q = Q using U = 4t and
t′ = −0.45t. The solid curves refer to the normal state (T = 1.5Tc), while the dashed curves
denote the renormalized spin susceptibility in the superconducting state at T = 0.7Tc.

that contains the self-consistently calculated gap function. For simplicity we
focus here on the antiferromagnetic wave vector Q = (π, π). Note that usually
Im χ0(Q, ω) yields the dominating structure in Eq. (11), except if a resonance
condition towards a spin-density-wave collective mode is satisfied (or close to
it):

1
Ucr

= Re χ0(q = Q, ω = ωres) . (12)

Our results for the spin susceptibility Im χ(Q, ω) are shown on Fig. 4. Note
that the suppression of Im χ(Q, ω) for low frequencies is a result of both the d-
wave symmetry of the gap and also its frequency dependence [20]. Then, in ad-
dition, if Eq. (12) is fulfilled, the spin excitations may become resonant reflect-
ing in particular the frequency dependence of the superconducting gap (and its
overall magnitude, of course). Because, in general, ∆(k, ω) reflects the struc-
ture of the actual pairing interaction yielding a renormalized spin susceptibility
below Tc, we safely conclude that a detailed Scalapino-Schrieffer-Wilkins-like
analysis has to be done on the spin susceptibility in order to proove that spin
excitations are responsible for Cooper-pairing in cuprates. This is possible
within our theory and our calculation using model parameters already yields
fair agreement with experiment.

So far, we have discussed our results only for the important antiferromag-
netic wave vector Q = (π, π), but what is the dispersion of resonance peak?
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Figure 5. Lower branch of the dispersion of the resonance peak using qy = π and the same
parameters as in Fig. 4.

To a good approximation the RPA expression for Im χ(Q, ω) (see Eq. (11))
can be expanded around its resonance condition yielding two quadratic dis-
persions of the resonance peak. Our results are shown in Fig. 5 in which for
simplicity only the lower branch is displayed. One clearly sees a parabola-like
envelope which is in good agreement with experiment [21]. A closer inspec-
tion shows that for frequencies smaller than ω � 35meV a strong decrease of
the resonance peak occurs. In such a situation, the nominator of Eq. (11) may
become dominant yielding four peaks around (π, π). This seems to be case in
La2−xSrxCuO4 (LSCO) in which the gap is too small to generate a resonance
peak. Recently Tranquada et al. measured χ(ω) at one of these q-points and
have found only a rearrangement of spectral weight, but no resonance peak
[22]. This scenario has been theoretically discussed in connection with Fig.
10(a) in Ref. [11].

Finally, we return to the charge degrees of freedom. Although the above
Scalapino-Schrieffer-Wilkins-like analysis of the spin channel might already
be enough to identify the pairing interaction, an independent fingerprint in the
elementary excitations directly would be extremely helpful. In contrast to the
early work on conventional superconductors, where only the k-integrated den-
sity of states was analyzed, in the case of high-TcTT cuprates the local density
of states, i.e. the k-resolved spectral density N(k, ω), can be analyzed di-
rectly due to a highly improved resolution in angle-resolved photoemission
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Figure 6. Calculated spectral density N(k, ω) along the antinodal (π, 0) → (π, π) direction
as a function of frequency in the fi rst BZ in the normal (a) and superconducting (b) state. We
use the same parameters as in Fig. 4. Due to the flat band close to the Fermi level the spectral
density shows no kink structure in the normal state. Below Tc the superconducting gap ∆(ω)
opens yielding a kink structure in the spectral density.

(ARPES) experiments. Therefore, it is important to compare the above theory
with ARPES data that reveal a sudden change (’kink’) in the Fermi (or group)
velocity close to the Fermi level for all hole-doped cuprates.

While the kink in the nodal direction is theoretically discussed in Ref. [11],
we focus here on the antinodal ((0, π) → (π, π)) direction, in which supercon-
ducting gap function is clearly seen [23, 24]. In Fig. 6 we show our results for
this direction above (a) and below TcTT (b). In the normal state no kink occurs
due to the flat part of the band dispersion around (π, 0) as illustrated by the
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dashed line in Fig. 2. In agreement with experiment we obtain a kink only
in the superconducting state. This again, is only possible due to the impor-
tant frequency-dependent gap function ∆(k, ω) that leads to structure in the
self-energy and thus to a renormalized energy dispersion ωk:

ωk = εk + Re Σ(k, ω) (13)

yielding a renormalized Fermi velocity close to the antinodal point (see solid
line in Fig. 2). Because the same superconducting gap function ∆(k, ω) (in
our case calculated self-consistently) is entering both the resonance condition
(Eq. (12)) and the renormalized dispersion (Eq. (13)), the kink in the antinodal
direction is intimately related to the resonance peak. Hence, in short, both the
kink in the antinodal direction and the resonance peak below TcTT contain the
information of the momentum and frequency dependence of the gap function
and thus reflect the pairing interaction. Then, what is needed is a detailed
comparison with experiment as Scalapino, Schrieffer, and Wilkins had done.

Finally, we comment on the doping dependence of the resonance peak and
kink [25]. In our view, the kink in hole-doped cuprates in the nodal direction is
a result of the coupling of quasiparticles (holes) to spin excitations in the nor-
mal state, and, if strong enough for generating a high TcTT , should thus be present
for almost every doping concentration. This is a quite general effect and is also
expected in other unconventional superconductors [11]. On the other hand,
both the kink in the antinodal direction and the important resonance peak are
only possible, if ∆(k, ω) is large enough and reveals a robust structure in or-
der to change significantly the self-energy of the quasiparticles. In addition, in
the case of the resonance peak, Eq. (12), i.e. the resonance condition, must
be fulfilled. Thus, we expect in overdoped cuprates where TcTT ∝ ∆0 is valid,
that no resonance peak might be seen in INS experiments while the kink in the
antinodal direction might be still observable for ARPES. For larger overdoping
even this kink should vanish.

3. Summary

To summarize, we argue that the resonance peak observed in INS and the
kink in ARPES experiments are key experiments when a Scalapino-Schrieffer-
Wilkins analysis the to high-TcTT cuprates is applied. While in many experiments
the d-wave symmetry is observed, a closer inspection is needed for identify-
ing the frequency dependence of the superconducting gap function. Within a
generalized Eliashberg theory using the one-band Hubbard Hamiltonian and
a Berk-Schrieffer-like paring due to spin fluctuations, we are able to account
qualitatively for the main features in both INS and ARPES experiments, if
∆(k, ω) is calculated self-consistently. For a quantitative comparison between
theory and experiment further detailed analysis is needed.
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Abstract Starting from the three-band p – d Hubbard Hamiltonian we derive the effective
single-correlated model Hamiltonian including electron-phonon interaction of
quasiparticles with optical phonons and strong electron correlations. Within an
effective Hamiltonian we analyze their influence on the dynamical spin suscep-
tibility in layered cuprates. We find an isotope effect on resonance peak in the
magnetic spin susceptibility, Im χ (q, ω), seen by inelastic neutron scattering.
It results from both the electron-phonon coupling and the electronic corre-
lation effects taken into account beyond random phase approximation(RPA)
scheme.

Keywords: High-Tc cuprates, spin susceptibility, electron-phonon interaction

Introduction

An understanding of the elementary and the spin excitations in high-Tc

cuprates is of central significance. For example, it is known that the Cooper-
pairing scenario via the exchange of antiferromagnetic spin fluctuations was
quite successful in explaining the various features of superconductivity in hole-
doped cuprates such as dxd 2−y2 -wave symmetry of the superconducting order
parameter and its feedback on the elementary and spin excitatitions[1]. Most
importanly, in this scenario the dynamical spin susceptibility, χ (q, ω), con-
trols mainly the superconducting and normal state properties of the layered
cuprate [1]. One of the key experimental fact in the phenomenology of high-Tc

cuprates is the occurrence of a so-called resonance peak in the inelastic neu-
tron scattering(INS) experiments[2, 3]. It occurs below Tc in the dynamical spin
susceptibility, χ(q, ω), at the antiferromagnetic wave vector Q = (π, π) and
ω ≈ ωres which is of the order of 40meV in the optimally doped cuprates. Its
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feedback in various electronic properties like optical conductivity, Raman re-
sponse function, and elementary excitations has been observed experimentally
by various techniques[1]. Furthermore, its successful explanation within spin-
fluctuation-mediated Cooper-pairing together with dxd 2−y2 -wave symmetry of
the superconducting order parameter favors this scenario as a basic one for su-
perconductivity in the cuprates. On the other hand, recent experiments indicate
that also electron-phonon interaction influences strongly their behavior[4–7].
In particular, the observation of the relatively large isotope effect in various
characteristics of cuprates like penetration depth[4], ‘kink’-structure seen by
ARPES[8] still raises a question: what is the role of phonons in determining
the superconducting properties of cuprates?

Here, we derive an effective t – J Hamiltonian where both the hopping in-
tegral, t, and the superexchange interaction between neighboring spins, J, are
renormalized by phonons. We analyze the influence of the electron-phonon in-
teraction on the dynamical spin susceptibility in layered cuprates. In particular,
we find an isotope effect on the resonance peak in the magnetic spin suscep-
tibility, Imχ(q, ω). It results from both the electron-phonon coupling and the
electronic correlation effects taken into account beyond random phase approx-
imation(RPA) scheme. We show that even if the superconductivity is driven
by the magnetic exchange the characteristic energy features of cuprates can be
significantly renormalized by the strong electron-phonon interaction.

1. Effective Hamiltonian

We start from the atomic limit of the three-band p – d Hamiltonian

H0HH =
∑

εdd†
iσ diσ +

∑
εp p†

iσ piσ +
∑

UdUU nd↑nd↓

+
∑

UpU n p↑n p↓ +
∑

h̄̄ωq f †qff fqff (1)

where εd and εp are the on-site energies of the copper and the oxygen holes,
ndσ = d†

iσ diσ and n pσ = p†
iσ piσ are the copper 3d and oxygen 2p2 hole densi-

ties for site i, respectively. UdUU and UpU refer to the on-site copper and oxygen
Coulomb repulsion, respectively, f †qff denotes the phonon creation operator and
h̄̄ωq is a phonon energy dispersion. The hopping term between copper and
oxygen

H1 =
∑

σ

tpd
(
d†

ad σ pbσ + h.c.
)
, (2)

and the electron-phonon interaction

H2HH =
∑

l=d,p

glnl

(
f †−ff q + fqff

)
, (3)
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Figure 1. IIlustration of the copper-oxygen singlet formation on the square lattice. The ad-
ditional doped hole cannot go to the copper site due to strong on-site Coulomb repulsion and
is distributed among four oxygen sites forming together with the copper spin a Zhang-Rice
singlet.

we consider as a perturbation. Here, tpd is a hopping term between copper
and oxygen, gl is a electron-phonon coupling strength at the site l. This no-
tation is similar to the simplified Holstein model where the migrating charge
interacts locally with breathing phonon modes forming electron-vibrational
states.

To derive an effective t–J Hamiltonian we employ the canonical Schrieffer-
Wolf-like transformations e−S HeS [9, 10]. The matrix of the unitary transfor-
mation for the initial Hamiltonian is found by excluding the odd terms with
respect to the hopping integral with an accuracy up to the sixth order pertur-
bation theory and the details are published elsewhere[11]. Note, in the second
order perturbation the effective hopping integral, ti j , appears. It is further renor-
malized by the electron-phonon interaction in the fourth order term where we
introduce the average over the phonons. Similarly, the superexchange interac-
tion occurs in the fourth order perturbation theory and its renormalization takes
place in the sixth order term. Finally, the relevant effective Hamiltonian is given
by

H =
∑

i j

ti j

pd,σ

i 

σ,pd
j +

∑
i> j

Ji jJJ
[
(Si S j ) − ni n j

4

]
. (4)

The index pd corresponds to a Zhang-Rice singlet formation with one hole
placed on the copper site whereas the second hole is distributed on the

neighboring oxygen sites [12]. Namely, 

pd,σ

i = 1√
2

[
X↑,↓

i P↑,0
iPP − X↑,↑

i P↓,0
iPP

]
is the copper-oxygen creation operator in terms of copper (X) and oxygenXX
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Figure 2. The spectral weight of the lower Hubbard (copper) band (−1 < δ < 0) and the
singlet-correlated (copper-oxygen) band (0 < δ < 1). Note, the optimal doping corresponds
to the half-filled copper-oxygen band which is reached for δ = 1/3.

(P) projecting operators. One can check that copper-oxygen exchange term
JpdJ

[(
SpSd

) − nd n p

4

]
is diagonal by introducing 
 pd,σ and 
σ,pd operators, i.e.

i h̄̄ ∂

pd,σ

i
∂t = JpdJ

2 

pd,σ

i .
Note, in general case the effective Hamiltonian contains also the Coulomb

interaction between doped holes and the interaction of quasiparticles via
the phonon field. We dropped these terms here, because they do not con-
tribute directly to the spin susceptibility. The hopping matrix element is
ti j = t0

i j e−γ E∗
i /h̄̄ω∗

i
[

1+δ
2 + 2

1+δ
< Si S j >

]
where t0

i j is the bare hopping inte-
gral. The exponential factor takes into account electron-phonon interaction,
Ei = (g∗

i )2/h̄̄ω∗
i is the so-called polaron stabilization energy of the copper-

oxygen singlet state and 0 < γ < 1. From the experimental data[13] the whole
exponential factor was estimated to be γ E∗

i /h̄̄ω∗
i ≈ 0.92 around the optimal

doping. Note, its value is increasing upon decreasing doping. The effect of the
copper spin correlations is described by the square brackets. In particular, one
sees that for the antiferromagnetic square lattice the hopping between nearest
neighbors vanishes. This is illustrated in Fig. 1. As one sees the oxygen hole
cannot move between the copper sites with antiparallel spin orientation. Fur-
thermore, there is no more than one oxygen hole per each unit cell. Then, the
spectral weight of the singlet-correlated band changes upon doping similar to
that of the upper Hubbard band. The half-filling is already reached at δ = 1/3.
This doping level we will refer to the optimal doping. We show in Fig.2 the dop-
ing evolution of the spectral weight for the lower Hubbard (copper) band and
singlet-correlated (copper-oxygen) band. Note, the latter is completely filled
for δ = 1.
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Similarly the superexchange interaction between nearest copper spins is
given by

J = J0JJ

{
1 + 3h̄̄̄

�2
pd

[
E pωp coth

(
h̄̄ωp

2kB T

)

+ Edωd coth

(
h̄̄ωd

2kB T

)]}
, (5)

where �pd = εp − εd + UpU − UdUU is the energy transfer from copper to oxy-
gen and is known to be of the order of 1.5eV in the cuprates. Here, J0JJ is the
superexchange interaction of copper spins via the intermediate oxygen atom
in the absence of phonons. We took the phonon frequency of the order of
ω∗ ≈ ωp ≈ ωd = 50meV which roughly corresponds to the energy of the lon-
gitudinal optical(LO) bond stretching phonon mode in cuprates. According
to the recent experiments[5, 6] it may play an essential role in the physics
of cuprates. The so-called polaronic stabilization energy E∗ ≈ E p ≈ Ed was
estimated of the order of 0.5eV in accordance with the measurements of the
isotope effect in cuprates[14].

2. Dynamical spin susceptibility

To derive the dynamical spin susceptibility in the superconducting state we
use the method suggested by Hubbard and Jain[15] that allows to take into
account strong electronic correlations. First we add the external magnetic field
applied along c-axis into the effective Hamiltonian

HiHH = h−qei(ωt−qRi) + hqe−i(ωt−qRi). (6)

Then we write an equation of motion for the 
 operators using the Roth-type of

the decoupling scheme[16] and expanding the Pσ
pdP =

{



σ,pd
i 


pd,σ

i

}
= 1+δi

2 +
σRe

∑
q

[
Sz

qei(qRi−ωt)
]

up to the first order in Sq = χ zz(q, ω)hq. In particular,

i h̄̄
∂


−σ,pd
k

∂t
= (εk − µ)
−σ,pd

k + �k

pd,σ

−k

+
[(

JqJJ

2
− tktt −q

)
Sq − hq

2

]



−σ,pd
k−q e−iωt (7)

and the similar expression occurs for 

pd,σ

−k . Here, �k = �0
2 (cos kx − cos ky)

is dxd 2−y2 -wave superconducting gap, JqJJ = J (cos kx − cos ky) is the Fourier
transform of the superexchange interaction on a square lattice.
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The expression for the longitudinal component of the dynamical spin sus-
ceptibility can be obtained from the relation

〈
 pd,↑
i 


↑,pd
i 〉 − 〈
 pd,↓

i 

↓,pd
i 〉 = 0, (8)

and using the Bogolyubov-like transformations to the new quasiparticle states

,

. (9)

Here, u2
k = 1

2

(
1 + εk−µ

EK

)
and v2

k = 1
2

(
1 − εk−µ

EK

)
are the Bogolyubov coeffi-

cients, µ is a chemical potential, and Ek =
√

(εk − µ)2 + �2
k is the energy

dispersion in the superconducting state. Substituting Eq.(9) in Eq.(8) and using
the equations of motion (7) one obtains the expression for the dynamical spin
susceptibility in the form

χ(q, ω) = χ0(q, ω)

JqJJ χ0(q, ω) + �(q, ω) + Z (q, ω)
. (10)

This is a central result of our paper. Here, χ0(q, ω) is the usual BCS-like Lind-
hard response function, �(q, ω) and Z (q, ω) result from the strong electronic
correlation effects. In the normal state the expression for �(q, ω) has been
obtained by Hubbard and Jain [15]. In the superconducting state it is given by

�(q, ω) = PpdP

N

∑
k

ukuk+q(ukuk+q + vkvk+q)
tktt fkff − tktt +q fkff +q

ω + i0+ + Ek − Ek+q

+ vkvk+q(vkvk+q + ukuk+q)
tktt (1 − fkff ) − tktt +q(1 − fkff +q)

ω + i0+ − Ek + Ek+q

+ ukvk+q(ukvk+q − uk+qvk)
tktt fkff − tktt +q(1 − fkff +q)

ω + i0+ + Ek + Ek+q

+ uk+qvk(vkuk+q − ukvk+q)
tktt (1 − fkff ) − tktt +q fkff +q

ω + i0+ − Ek − Ek+q
. (11)

The function Z (q, ω) is written as follows

Z (q, ω) = 1

N

∑
k

ω + i0+

ω + i0+ + ε
(1)
k − ε

(1)
k+q

. (12)

Here, fkff is the Fermi distribution function, ε
(1)
k = 1−δ

2 tktt , εk = PpdP tktt is
the energy dispersion in the normal state, and tktt = 2t(cos kx + cos ky) +

,

,

pd

kk

pd

kk

pd

k

pd

kk

pd

kk

pd

k

vuX ,, pd

k

pd

k

vuX , pd

k

pd

k

uk

uu , pd

k
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4t ′cos kx cos ky + 2t ′′(cos 2kx + cos 2ky) is the Fourier transform of the hop-
ping integral on a square lattice including nearest, next- and next-next-nearest
neighbor hopping, respectively. The origin of the terms �(q, ω) and Z (q, ω)
relates to the no double occupancy constraint. In particular, for the Coulomb
repulsion U = ∞ and J = 0 the dynamical spin susceptibility does not reduce
to the standard Lindhard response function but is renormalized by the electronic
correlation effects[17]. For the �k = 0 Eq.(10) agrees with the normal state
result for the dynamical spin susceptibility[15, 18, 19].

3. Results and Discussion

Inelastic neutron scattering(INS) measurements probe directly the imagi-
nary part of the dynamical spin susceptibility. Therefore, it is of interest to
analyze the role played by the electronic correlations in connection with the
‘resonance’ peak seen by INS[3]. This feature is well understood using various
approaches[20, 21] as a result of the spin density wave(SDW) collective mode
formation at ω = ωres, i.e. when the denominator of the RPA spin susceptibility
at the antiferromagnetic wave vector Q is close to zero.

Let us first concentrate on the influence of the electronic correlations be-
yond RPA on the resonance peak formation at Q = (π, π) In Fig. 3(a) we
show results of our calculations for the Im χ(Q, ω) from Eq. (10) as a func-
tion of frequency and qx (qy = π ) in the superconducting state. Here, we use
t = 200, t ′ = −20, and t ′′ = 4 (in meV) at optimal doping. For comparison
we also put RPA results using the same parameters in Fig.3(b). Clearly, addi-
tional electronic correlations beyond RPA (� and Z terms) affect significantly
the Imχ behavior in the superconducting state. First, in contrast to the RPA
the position of the resonance peak obtained from Eq.(10) is shifted to a lower
frequencies. The main reason is that due to � and Z–terms the resonance con-
dition can be satisfied easily in a more wide range of parameters. Furthermore,
its intensity is also much higher than in the RPA case. In addition, the upper
branch of the resonance peak dispersion away from ωres and QAF is much more
pronounced. Note, these dispersion curves ∝ q2 are in good agreement with
experiment[22, 23]. Finally, we discuss the influence of the electron-phonon
interaction on the resonance peak formation by changing the isotope mass of
16O by 18O. This shifts the average frequency of the LO phonon mode and
consequently renormalizes the hopping integral t and the superexchange cou-
pling constant, J. Most importantly, the electron-phonon interaction changes
most dramatically the hopping integral t rather than the superexchange coupling
J. In particular, as can be seen from Eq.(5) the superexchange coupling con-
stant J changes less than 1% upon substituting the isotopes[24] which agrees
well with experimental data[25]. Therefore, there is almost no influence of
the isotope substitution on the resonance peak determined from RPA, since
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Figure 3. Dispersion of the resonance peak calculated from Eq.(10)(a) as a function of fre-
quency and qx away from (π, π ). Two branches of the dispersion curves are in good agreement
with recent experimental data [23]. For comparison we also put the RPA results(b) using the
same parameters.

in this approximation its formation is determined mainly by J . In particular,
we find within RPA no change in the ωres value upon changing the isotopes.
in the case of Eq.(10) the most important contribution to the isotope effect
on the resonance peak appears due to �(q, ω) ∝ tkt . In particular, using our
estimation given above we find that at optimal doping the hopping integral
changes by 6% upon replacing 16O by 18O. This results in the lowering of
the resonance frequency at (π, π) from 41meV for the 16O isotope towards
39meV for the 18O sample. This leads to αres = − dln ωres

dln M ≈ 0.4 for optimally-
doped cuprates. This effect is beyond the experimental error and can be further
tested experimentally. Furthermore, in the underdoped cuprates one may expect
larger isotope effect due to a larger value of γ E∗

i /h̄̄ω∗
i [13]. At the same time

the superconducting transition temperature which is determined by J shows
much weaker isotope effect and is around αTc ≈ 0.05 [24]. Therefore, even if
the superconductivity is driven by the magnetic exchange the resonance peak
formation can be significantly renormalized by the strong electron-phonon
interaction.
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4. Summary

To summarize, we analyze the influence of the electronic correlations and
the electron-phonon interaction on the dynamical spin susceptibility in layered
cuprates. The electronic correlations taken beyond RPA redistribute the spec-
tral weight of the resonance peak away from (π, π) leading to the pronounced
dispersion. This is in good agreement with recent INS data[22, 23]. Further-
more, we find the isotope effect on the resonance peak due to strong coupling of
the carriers to LO phonon mode. It results from both electron-phonon coupling
and electronic correlation effects. In contrast to the small isotope effect on the
superconducting transition temperature we find larger isotope coefficient on the
resonance peak αres ≈ 0.4 in optimally-doped cuprates. We also would like to
note that the value of the isotope coefficient depends strongly on the value of the
exponential factor. Therefore, the experimental verification of our prediction is
desirable. In particular, it would put a strong constraint on the ingredients the
theory of cuprates must contain.

It’s pleasure to thank Ph. Bourges and P. Meier for useful discussions. The
work of I.E. is supported by INTAS grant No. 01-0654. M.V.E. is supported by
the RFBR Grant No. 03-02-16550 and RSP “Superconductivity” 98014-3.

References

[1] Chubukov A.V., Pines D., and Schmalian J., (2003). “A Spin Fluctuation Model for d-wave
Superconductivity” in The Physics of Conventional and Unconventional Superconductors
eds. by Bennemann K.H. and Ketterson J.B., Vol. 1 (Springer-Verlag).

[2] He H., Bourges P., Sidis Y., Ulrich C., Regnault L.P., Pailhes S., Berzigiarova N.S.,
Kolesnikov N.N., and Keimer B., (2002). Magnetic Resonant Mode in the Single-Layer
High-Temperature Superconductor Tl2Ba2CuO6+δ . Science 295:1045–1047.

[3] See for review Bourges P., (1998). “From Magnons to the Resonance Peak: Spin Dynamics
in High-Tc Superconducting Cuprates by Inelastic Neutron Scattering” in The Gap Sym-
metry and Fluctuations in High Temperature Superconductors edited by Bok J., Deutscher
G., Pavuna D., and Wolf S.A. (Plenum Press), pp.349–371.

[4] Khasanov R., Eshchenko D.G., Luetkens H., Morenzoni E., Prokscha T., Suter A.,
Garifianov N., Mali M., Roos J., Conder K., and Keller H., (2003). The oxygen-isotope
effect on the in-plane penetration depth in underdoped Y1−x Prxr Ba2Cu3O7−δ as revealed by
muon-spin rotation. J. Phys.: Condens. Matter 15:L17–L24.

[5] McQueeney R.J., Sarrao J.L., Pagliuso P.G., Stephens P.W., and Osborn R., (2001). Mixed
Lattice and Electronic States in High-Temperature Superconductors. Phys. Rev. Lett.,
87:077001.

[6] Pintschovius L., Endoh Y., Reznik D., Hiraka H., Tranquada J.M., Reichardt W., Uchiyama
H., Masui T., Tajima S., (2003). Evidence for Dynamic Charge Stripes in the Phonons of
Optimally Doped YBCO. cond-mat/0308357 (unpublished).

[7] For review of earlier results see Kulic M., (2000). Interplay of electron-phonon interaction
and strong correlations: the possible way to high-temperature superconductivity. Phys. Rep.
338:1–264.



186

[8] Lanzara A., private communication.
[9] Schrieffer J.R., and Wolf P.A., (1966). Relation between the Anderson and Kondo Hamil-

tonians. Phys. Rev. 149:491–492.
[10] Kugel K.I., and Khomskii D.L., (1980). Polaron effects and exchange interaction in magnetic

insulators with Jahn-Teller ions. Zh. Eksp. Teor. Fiz. 79:987–1005 [Sov. Phys. JETP 52:501–
515].

[11] Eremin I., Kamaev O., and Eremin M.V., (2004). Possible isotope effect on the resonance
peak formation in high-Tc cupraes. Phys. Rev. B 69:094517.

[12] Zhang F.C., and Rice T.M., (1988). Effective Hamiltonian for the superconducting Cu
oxides. Phys. Rev. B 37:3759–3761.

[13] Zhao G.-M., Hunt M.B., Keller H., and Mueller K.A., (1997). Evidence for polaronic
supercarriers in the copper oxide superconductors La2−x Srxr CuO4. Nature 385:236–239.

[14] Zhao G.-M., Keller H., and Conder K., (2001). Unconventional isotope effects in the high-
temperature cuprate superconductors. J. Phys.: Condens. Matter 13:R569–R587.

[15] Hubbard J., and Jain K.P., (1968). Generalized spin susceptibility in the correlated narrow-
energy-band model. J. Phys. C (Proc. Phys. Soc.), Ser. 2 1:1650–1657.

[16] Plakida N.M., Hayn R., and Richard J.L., (1995). Two-band singlet-hole model for the
copper oxide plane. Phys. Rev. B 51:16599–16607.

[17] Note, the term Z (q, ω) in the dynamical spin susceptibility occurs in the higher order
decoupling scheme for the Green’s function. It originates from the spin fluctuations in
the singlet pd-band and lower Hubbard (copper) band, which is in hole-doped cuprates is
completely filled.

[18] Zavidonov A.Yu., and Brinkmann D., (1998). Evolution of antiferromagnetic short-range
order with doping in high-Tc superconductors. Phys. Rev. B 58:12486–12494.

[19] Eremin M., Eremin I., and Varlamov S., (2001). Dynamical charge susceptibility in lay-
ered cuprates: Beyond the conventional random-phase-approximation scheme. Phys. Rev.
B 64:214512. Eremin I., (1997), Physica (Amsterdam) B, 234–236, 792.

[20] Onufrieva F., and Pfeuty P., (2002). Spin dynamics of a two-dimensional metal in a su-
perconducting state: Application to the high-Tc cuprates Phys. Rev. B 65:054515; Manske
D., Eremin I., and Bennemann K.H., (2001). Analysis of the resonance peak and magnetic
coherence seen in inelastic neutron scattering of cuprate superconductors: A consistent
picture with tunneling and conductivity data. Phys. Rev. B 63:054517.

[21] Norman M.R. (2001). Magnetic collective mode dispersion in high-temperature supercon-
ductors. Phys. Rev. B 63:092509.

[22] Arai M., Nishijima T., Endoh Y., Egami T., Tajima S., Tomimoto T., Shiohara Y.,
Takahashi M., Garrett A., and Bennington S.M., (1999). Incommensurate Spin Dynam-
ics of Underdoped Superconductor YBa2Cu3O6.7. Phys. Rev. Lett. 83:608–612.

[23] Reznik D., Bourges P., Pintschovius L., Endoh Y., Sidis Y., Shiokara Y., and Tajima
S., (2003). Dispersion of Magnetic Excitations in Superconducting Optimally Doped
YBa2Cu3O6.95. cond-mat/0307591 (unpublished).

[24] Eremin M.V., Eremin I.M., Larionov I.A., and Terzi A. V., (2002). Polaron Effects on
Superexchange Interaction: Isotope Shifts of TN , Tc, and T∗ in Layered Copper Oxides.
Pis’ma Zh. Eksp. Teor. Fiz. 75:467–470 [JETP Lett. 75:395–398].

[25] Zhao G.-M., Singh K.K., and Morris D.E., (1994). Oxygen isotope effect on Neel temper-
ature in various antiferromagnetic cuprates. Phys. Rev. B 50:4112–4117.



STRIPE-LIKE INHOMOGENEITIES, COHERENCE,
AND THE PHYSICS OF THE HIGH TCTT CUPRATES

J. Ashkenazi
Physics Department, University of Miami, P.O. Box 248046, Coral Gables, FL 33124, U.S.A.

jashkenazi@miami.edu

Abstract The carriers in the high-TcTT cuprates are found to be polaron-like “stripons”
carrying charge and located in stripe-like inhomogeneities, “quasi-electrons”
carrying charge and spin, and “svivons” carrying spin and some lattice distor-
tion. The anomalous spectroscopic and transport properties of the cuprates are
understood. The stripe-like inhomogeneities result from the Bose condensation
of the svivon field, and the speed of their dynamics is determined by the width of
the double-svivon neutron-resonance peak. The connection of this peak to the
peak-dip-hump gap structure observed below TcTT emerges naturally. Pairing re-
sults from transitions between pair states of stripons and quasi-electrons through
the exchange of svivons. The pairing symmetry is of the dxd 2−y2 type; however,
sign reversal through the charged stripes results in features not characteristic
of this symmetry. The phase diagram is determined by pairing and coherence
lines within the regime of a Mott transition. Coherence without pairing results
in a Fermi-liquid state, and incoherent pairing results in the pseudogap state
where localized electron and electron pair states exist within the Hubbard gap.
A metal-insulator-transition quantum critical point occurs between these two
states at T = 0 when the superconducting state is suppressed. An intrinsic het-
erogeneity is expected of superconducting and pseudogap nanoscale regions.

Keywords: High-TcTT , cuprates, stripes, inhomogeneities, pairing symmetry, Mott transition

1. Introduction

It is suggested that the anomalous physics of cuprates, including the exis-
tence of high-TcTT superconductivity, can be understood as the result of a behavior
typical of their structure within the regime of a Mott transition. Theoretical cal-
culations, and a variety of experimental data, support the assumption that their
microscopic structure, within this regime, is often characterized by dynamic
stripe-like inhomogeneities.

To study this regime, a combination of large-U and small-U orbitals is con-
sidered, where major aspects within the CuO2 planes are approached by the
t−t ′−J model. The large-U electrons, residing in these planes, are treated by
the “slave-fermion” method [1]. Such an electron in site i and spin σ is created
by d†

iσ = e†i si,−σ , if it is in the “upper-Hubbard-band”, and by d ′†
iσ = σ s†iσ hi , if it
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is in a Zhang-Rice-type “lower-Hubbard-band”. Here ei and hi are (“excession”
and “holon”) fermion operators, and siσ are (“spinon”) boson operators. These
auxiliary operators have to satisfy the constraint: e†i ei + h†

i hi + ∑
σ s†iσ siσ = 1.

An auxiliary space is introduced within which a chemical-potential-like
Lagrange multiplier is used to impose the constraint on the average. Physi-
cal observables are projected into the physical space by expressing them as
combinations of Green’s functions of the auxiliary space. Since the time evo-
lution of Green’s functions is determined by the Hamiltonian which obeys the
constraint rigorously, it is not expected to be violated as long as justifiable
approximations are used.

The reader is referred to previous publications by the author [2, 3] which
include technical details concerning the work discussed here.

2. Auxiliary Fields

Uncoupled auxiliary fields are considered at the zeroth order, where the
spinon field is diagonalized by applying the Bogoliubov transformation for
bosons [4]:

sσ (k) = cosh (ξσk)ζσ (k) + sinh (ξσk)ζ †
−σ (−k). (1)

Spinon states created by ζσ (k) have “bare” energies εζ (k), having a V-shape
zero minimum at k = k0. Bose condensation results in an antiferromagnetic
(AF) order of wave vector Q = 2k0 = (

π
a , π

a

)
. Within the lattice Brillouin zone

(BZ) there are four inequivalent possibilities for k0:± (
π
2a , π

2a

)
and± (

π
2a , − π

2a

)
,

thus introducing a broken symmetry. One has [4]:

cosh (ξk) →
{+∞, for k → k0,

1, for k far from k0,

sinh (ξk) →
{−cosh(ζk), for k → k0,

0, for k far from k0.
(2)

The dynamic stripe-like inhomogeneities are approached adiabatically, treat-
ing them statically with respect to the electrons dynamics. Their underlying
structure is characterized [5] by narrow charged stripes forming antiphase do-
main walls between wider AF stripes. Within the one-dimensional charged
stripes it is justified to use the spin-charge separation approximation under
which two-particle spinon-holon (spinon-excession) Green’s functions are de-
coupled into single-auxiliary-particle Green’s functions. Holons (excessions)
within the charged stripes are referred to as “stripons” (of charge − e), created
by p†

µ(k).
Localized stripon states are assumed at the zeroth order, due to the disordered

one-dimensional nature of the charged stripes. Their k wave vectors present
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k-symmetrized combinations of localized states to be treated in a perturbation
expansion when coupling to the other fields is considered.

Away from the charged stripes, creation operators of approximate fermion
basis states of coupled holon-spinon and excession-spinon pairs are constructed
[2]. Together with the small-U states they form, within the auxiliary space, a
basis to “quasi-electron” (QE) states, created by q†

ıσ (k). The bare QE energies
εq

ı (k) form quasi-continuous ranges of bands within the BZ.
When the cuprates are doped, such QE states are transferred from the upper

and lower Hubbard bands to the vicinity of the Fermi level (EF). The amount of
states transferred is increasing with the doping level, moving from the insulating
to the metallic side of the Mott transition regime.

Hopping and hybridization terms introduce strong coupling between the QE,
stripon and spinon fields, which is expressed by a coupling Hamiltonian of the
form (for p-type cuprates):

H′ = 1√
N

∑
ιλµσ

∑
k,k′

{σε
qp
ιλµ(σk, σk′)q†

ισ (k)pµ(k′)

× [cosh(ξλ,σ (k−k′))ζλσζζ (k − k′)

+ sinh(ξλ,σ (k−k′))ζ
†
λ,ζ −σ (k′ − k)] + h.c.}. (3)

Using the formalism of Green’s functions (G), the QE, stripon and spinon
propagators are couples by a vertex introduced through H′ [6].

The stripe-like inhomogeneities are strongly coupled to the lattice, and it is
the presence of stripons which creates the charged stripes within them. Conse-
quently, processes involving transitions between stripon and QE states (which,
through H′, are followed by the emission and/or absorption of spinons) involve
also lattice displacements. Since the hopping and hybridization terms depend
on the atomic positions [7], the effect of these lattice displacements can be ex-
pressed by modifying H′ in Eq. (3), adding to each of the spinon creation and
annihilation operators there a term in which the spinon operator is multiplied
by a lattice displacement operator. This introduces a new vertex due to which
the spinons are renormalized, becoming “dressed” by phonons, and thus carry
some lattice distortion in addition to spin. Such phonon-dressed spinons are
referred to as “svivons”, and the physical effect of the new vertex, which is
most relevant here, is assumed to be the replacement the spinons by svivons in
the H′ vertex.

The physical signature of the auxiliary fields, within the t–t ′–J model, is
demonstrated in Fig. 1, where an adiabatic “snapshot” of a section of a CuO2

plane, including a stripe-like inhomogeneity, is shown. Within the adiabatic
time scale a site is “spinless” either if it is “charged”, removing the spinned
electron/hole on it (as in “stripon sites” in Fig. 1), or if the spin is fluctuating on a
shorter time scale (due to, e.g., being in a singlet spin pair). In this description,
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Figure 1. An adiabatic “snapshot” of a stripe-like inhomogeneity and carriers within a CuO2

plane.

a site stripon excitation represents a transition between these two types of a
spinless site within the charged stripes, a site svivon excitation represents a
transition between a spinned site and a fluctuating-spin spinless site, and a
site QE excitation represents a transition between a spinned site and a charged
spinless site within the AF stripes. The dynamics of these sites is ignored in
Fig. 1 for demonstration purposes.

3. Auxiliary Spectral Functions

Self-consistent expressions are derived [2] for the spectral functions Aq ,
Ap, and Aζ for the QE’s, stripons, and svivons, respectively [A(ω) ≡ �G(ω −
i0+)/π ], including the scattering rates �q, � p, and �ζ [�(ω) ≡ 2��(ω −
i0+)], and the real parts of the self-energies ��q, �� p and ��ζ . Since the
stripon bandwidth turns out to be considerably smaller than the QE and svivon
bandwidths, a phase-space argument could be used, as in the Migdal theorem,
to ignore vertex corrections to the H′ vertex.

The expressions are derived for the intermediary energy range (and the T →
0 limit), where the high energy range (� 0.5 eV) is treated by introducing cut-
off integration limits at ±ωc (resulting in spurious logarithmic divergencies at
±ωc), and the low energy range (� 0.02 eV) introduces non-analytic behavior
at “zero-energy”. The k dependence is omitted in the expressions for simplicity,
and all the coefficients appearing in them are positive. The expressions for the
auxiliary spectral functions are:

Aq(ω) ∼=
{

aq
+ω + bq

+, for ω > 0,

−aq
−ω + bq

−, for ω < 0,
(4)

Aq(ω) ∼= δ(ω), (5)
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Aζ (ω) ∼=
{

aζ
+ω + bζ

+, for ω > 0,

aζ
−ω − bζ

−, for ω < 0.
(6)

Analyticity is restored in the low-energy range, and specifically Aζ (ω = 0) = 0.
Special behavior occurs for svivons around k0. The expressions for the QE and
svivon scattering rates are:

�q(ω)

2π
∼=

{
cq
+ω + dq

+, for ω > 0,

−cq
−ω + dq

−, for ω < 0,
(7)

�ζ (ω)

2π
∼=

{
cζ
+ω + dζ

+, for ω > 0,

cζ
−ω − dζ

−, for ω < 0,
(8)

and those for the real parts of their self energies are:

−��q(ω) ∼= ωc(cq
+ − cq

−) + (dq
+ ln |ω − ωc

ω
| − dq

− ln |ω + ωc

ω
|)

+ ω(cq
+ ln |ω − ωc

ω
| + cq

− ln |ω + ωc

ω
|), (9)

−��ζ (ω) ∼= ωc(cζ
+ + cζ

−) + (dζ
+ ln |ω − ωc

ω
| + dζ

− ln |ω + ωc

ω
|)

+ ω(cζ
+ ln |ω − ωc

ω
| − cζ

− ln |ω + ωc

ω
|). (10)

The logarithmic divergencies at ω = 0 are truncated by analyticity in the low-
energy range.

For the case of p-type cuprates the following inequalities exist between the
coefficients:

aq
+ > aq

−, bq
+ > aq

−, cq
+ > cq

−, dq
+ > dq

−, (11)

aζ
+ > aζ

−, bζ
+ > bζ

−, cζ
+ > cζ

−, dζ
+ > dζ

−. (12)

For “real” n-type cuprates, in which the stripons are based on excession and not
holon states, the direction of the inequalities is reversed for the QE coefficients
(11), but stays the same for the svivon coefficients (12). Deviations from these
inequalities, especially for the a± and b± coefficients, could occur due to band-
structure effects, and at specific k points; by Eq. (2) they almost disappear for
svivons close to point k0.

The auxiliary-particle energies are renormalized (from ε to ε̄) through: ¯ =
ε + ��(¯). This renormalization is particularly strong for the stripon energies,
and their bandwidth drops down to the low energy range [thus having a δ-
function for Ap(ω) in Eq. (5)].
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Figure 2. A typical self-energy renormalization of the QE energies, for p-type cuprates.
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ζε
q-qq 0 k-k0kk

Figure 3. A typical self-energy renormalization of the svivon energies around the minimum
at k0.

A typical renormalization of the QE energies (for p-type cuprates), around
zero energy, is shown in Fig. 2. The kink-like behavior around zero energy is
a consequence of the logarithmic singularity at ω = 0 (truncated in the low
energy range) in the (dq

+ − dq
−) In |ω| term in Eq. (9) for ��q . The asymmetry

between positive and negative energies is a consequence of inequality (11), and
this asymmetry is expected to be inverted for real n-type cuprates.

A typical renormalization of the svivon energies, around the V-shape zero
minimum of εζ at k0, is shown in Fig. 3. The significant effect results from
the (dζ

+ + dζ
−)ln |ω | term in Eq. (10) for ��ζ (ω), contributing a logarithmic

singularity at ω = 0 (which is truncated in the low-energy range). By Eq. (8) ¯ζ

is expected to have a considerable linewidth around k0 (except where it crosses
zero). But the existence of a pairing gap in the low-energy QE and stripon
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states, coupled by svivons around k0, disables the scattering processes causing
the linewidth near the negative minimum of ¯ζ at k0.

This renormalization of the svivon energies changes the physical signature
of their Bose condensation from an AF order to the observed stripe-like inho-
mogeneities (including both their spin and lattice aspects). The structure of ¯ζ

around its minimum at k0 determines the structure of these inhomogeneities,
and their dynamics depends on the linewidth of ¯ζ around k0, becoming slower
(and thus detectable) in a pairing state.

As was mentioned above, the stripon states are based on localized states in
the charged stripe-like inhomogeneities (see Fig. 1), to which some itineracy
is introduced by coupling to the QE and svivon states through H′. This implies
that their translational symmetry is lower than that of the basic lattice, resulting
in a mixture of k values of the lattice BZ. Since the charged stripes (where
the bare stripon states reside) occupy about a quarter of the CuO2 plane, the
number of stripon states should be about a quarter of the number of states in
this BZ.

The BZ k values mostly contributing to the stripon states reflect the structural
nature of the stripe-like inhomogeneities, on one hand, and the minimization of
free energy due to the H′-coupling, on the other hand. Such a minimization is
achieved when the stripon k values are mainly at BZ areas where the energetic
effect of their coupling is the strongest. This would occur for optimal stripon
coupling with svivons around k0 (see the behavior of ¯ζ there in Fig. 3), and
with QE’s at BZ areas of highest density of states (DOS) close to EF, which are
found in most of the cuprates around the “antinodal” points (π

a , 0) and (0, π
a ).

If (from its four possibilities) k0 were chosen at ( π
2a , π

2a ), then in order to
minimize free energy, the BZ areas (in most of the cuprates) which the k values
contributing to the stripon states should mostly come from, would be at about
a quarter of the BZ around ± kp = ±( π

2a , − π
2a ) (thus the antinodal points are

at kp ± k0). Stripon states corresponding to an equal mixture of kp and −kp

states are created by:

p†
e(±kp) ∝

∑
i

p†
i cos

[ π

2a
(xi − yi )

]
,

p†
o(±kp) ∝

∑
i

p†
i sin

[ π

2a
(xi − yi )

]
. (13)

In the stripe-like inhomogeneity shown in Fig. 1 (where the stripes are directed
in the y-direction), one has (xi , yi ) = (4am, an), where m and n are integers,
and thus p†

e(±kp) creates a state with non-zero amplitudes in the even n points,
while p†

o(±kp) creates a state with non-zero amplitudes in the odd n points.
A similar result would be obtained also in lattice areas where the stripes are
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directed in the x-direction. It will be shown below that pairing occurs between
stripon states close to the ones in Eq. (13).

4. Electron Spectrum

Spectroscopic measurements (as in ARPES) based on the transfer of elec-
trons into, or out of, the crystal, are determined by the electron’s spectral func-
tion Ae. Projecting the spectral functions from the auxiliary to the physical
space [2], Ae is expressed in terms of QE (Aq) and convoluted stripon-svivon
(Aq Aζ ) terms. From the quasi-continuum of QE bands, only few, closely re-
lated to those of physical electron, contribute “coherent” bands, while the others
contribute an “incoherent” background to Ae.

The electron bands are specified by k vectors within the lattice BZ, though
the stripe-like inhomogeneities introduce a perturbation of lower periodicity,
reflected e.g. in “shadow bands”. These bands (as well as the incoherent back-
ground in Ae) include hybridized contributions of QE states and convoluted
stripon–svivon states. As in Eq. (7) for �q , the electronic bandwidths have a
∝ ω and a constant term, in agreement with experiment.

A significant stripon–svivon contribution to Ae close to EF (at energies
around ε−p ± ε̄ζ ) is obtained with svivons around their energy minimum at
k0 (see Fig. 3). As was discussed above, such a contribution should be found
(in most cuprates) in BZ areas around the antinodal points, as has been widely
observed (see e.g. Ref. [8]).

Such type of a stripon-svivon contribution is not expected close to “nodal”
Fermi surface (FS) crossing points, in the vicinity of ±( π

2a , ± π
2a ). Thus the

behavior of the electron bands there should be similar to that of the QE bands
ε−q (see Fig. 2), having a kink closely below EF, as has been observed in ARPES
[9, 10]. The observed kink has been attributed to the coupling of electrons
to phonons [9] or to the neutron scattering resonance mode [10]. However,
such a coupling would generally result in two opposite changes in the band
slope (below and above the coupled excitation energy) below EF, while the
experimental kink looks more consistent with one change in slope below EF,
as in Fig. 2.

This kink was not found in measurements in the n-type cuprate NCCO [11],
which is consistent with the prediction here (suggested by the author earlier
[3]) that in real n-type cuprates this kink should be above, and not below EF

(where ARPES measurements are relevant). Also, there appears to be a sharp
upturn in the ARPES band in NCCO [11] very close to EF (believed there to
be an artifact), which is expected here as the kink is approached from the other
side of EF (see Fig. 2).

Measurements of the doping-dependence of the slopes of the electron bands
around the nodal points [12] show almost no change with doping of the slope
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very close to EF from below (thus including the kink effect). Here this low-
energy slope depends on the nature of the low-energy truncation of the loga-
rithmic singularity in Eq. (9); thus it depends of the width ωp of the stripon
band. Our analysis for the thermoelectric power [3], discussed below, predicts
ωp ∼ 0.02 eV, with very weak decrease with doping, which is consistent with
the observed slope behavior.

The nodal kink, discussed above, shows almost no change when the temper-
ature is lowered below TcTT , as is expected here. A different type of a kink has
been observed around the antinodal points [13, 14], showing a very strong tem-
perature dependence, where its major part appears only below TcTT . Within the
present analysis, the temperature dependent part of this antinodal kink orig-
inates from the stripon–svivon contribution to the electron bands (discussed
above), while the temperature-independent part is of the same origin as the
nodal kink (thus due to the QE contribution to the electron bands).

As will be discussed below, the opening of a superconducting (SC) gap
causes a decrease in the svivon linewidth around the energy minimum at k0,
resulting in the narrowing of the stripon–svivon contribution to the antinodal
electron bands below TcTT . This is expressed by the appearance of the temperature-
dependent antinodal kink, as well as a peak-dip-hump structure, below TcTT (see
discussion below). The appearance of this antinodal kink away from the nodal
point on the FS is viewed in ARPES studies, above and below TcTT [15], of FS
crossings between the nodal point and half way towards the antinodal point.

The existence of high electron DOS close to EF around the antinodal points
is actually a consequence of the hybridization between QE’s and convoluted
stripon–svivon states of svivons around k0. This has been viewed in ARPES
[16] as “an extra low energy scattering mechanism” around the antinodal points.
As was discussed above, this could occur when the stripons reside around points
±kp, which by Eq. (13) is consistent with “vertical stripes” (as those shown in
Fig. 1). And indeed, in ARPES measurements in LSCO [17], including both
high and low (non-SC) doping levels (which are characterized by “diagonal
stripes”), a contribution of Ae close to EF is observed around the nodal points
for all doping levels, while around the antinodal points it is observed only for
doping levels where the stripes are vertical.

As was demonstrated in Ref. [2], t ′ hopping processes (between next-nearest-
neighbor sites – along the diagonal) in a CuO2 plane, can take place without
disrupting the AF order, and thus are only weakly affected by stripes and
stripons, while in order for t hopping processes (between nearest-neighbor
sites) to occur without the disruption of the AF order, it is essential for stripons
in vertical stripes of 4a separation (as in Fig. 1) to be involved. The ex-
istence of nodal electron states close to EF is mainly due to t ′ processes,
while the existence of antinodal electron states close to EF is mainly due to t
processes.
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5. The Neutron Resonance Mode

The imaginary part of the spin susceptibility χ ′′(q, ω) (at wave vector q and
energy ω) has a major contribution from double-svivon excitations which can
be expressed [2] as:

χ ′′(q, ω) ∼
∑

k

sinh(2ξk) sinh (2ξq−k)
∫

′ ζ ′

ζ ′ ζ ′

+ 2Aζ (q − k, ω′ − ω)[bT
′

T (ω′]}. (14)

Due to the sinh (2ξ ) factors, and Eq. (2), large contributions to χ ′′ are obtained
0

ε̄ζ (k) at k0, (see Fig. 3), and specifically in the SC state, where its linewidth
is often small, is the existence of a peak in χ ′′(q, ω) at q = 2k0 = Q (the AF
wave vector) and ω = −2ε̄ζ (k0). This peak is consistent with the neutron reso-
nance mode [of energy Eres = −2ε̄ζ (k0)], often found in the high-TcTT cuprate at
∼ 0.04 eV [18, 19]. It is expected here that the energy of this resonance mode has
a local maximum, as a function of k, at k = Q [since ¯ζ has a minimum at k0];
however, also a branch of the mode with energy rising with k − Q is expected
due to the range where ¯ζ (k) is positive and rising. And indeed, measurements
in YBCO [18, 19] show a neutron-scattering peak branch dispersing downward
(from the k = Q value), and also one dispersing upward [19]. An approximate
circular symmetry around k = Q is obtained [19], as is expected here.

The incommensurate low-energy neutron-scattering peaks, corresponding
to the stripe-like inhomogeneities [5], occur at points Q ± 2q, where the slope
of the low-energy ¯ζ (k) is not too steep (see Fig. 3). In the LSCO system the
resonance energy at k = Q is higher than the maximal SC gap, and thus a sharp
peak is not observed there, being too wide (see discussion below); however,
sharp peaks have been observed [20–22] at incommensurate Q ± 2q points,
where the energy is lower than the maximal SC gap. In the LBCO system, the
energy dependence of the peak (whether it is sharp or wide) with q was also
found [23] to have branches dispersing both downward and upward around
k = Q. A similar behavior was observed in YBCO6.6 [24].

Thus, both the resonance mode at k = Q, and the excitations at incommen-
surate Q ± 2q, are double-svivon excitations, around its energy minimum at
k0, shown in Fig. 3. These are excitations towards the destruction of the stripe-
like inhomogeneities; their width determines the speed of the inhomogeneities
dynamics, and they exist for stoichiometries where SC exists [21]. Because of
the lattice dressing of svivons, these double-svivon excitations are expected to
be lattice-dressed spin excitations, and indeed, Cu–O optical phonon modes
have been found to be involved in such excitations [25].

ω A (k, ω )

× {A (q − k, −ω − ω ) − A (q − k, ω − ω )

when both k and q − k are close to k . The effect of the negative minimum of

(ω − ω) − b

d
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Spin excitations in bilayer cuprates are expected [2] to have either odd or
even symmetry, with respect to the layers exchange. For odd symmetry one gets
results similar to those obtained in the single-layer approach discussed above,
while for even symmetry one gets a mode whose energy has a minimum at
k = Q, in agreement with experiment [26].

6. Transport Properties

Transport properties, unlike e.g. ARPES, measure the electrons within the
crystal, and thus can detect the small energy scale of the stripons, without
convoluting them with svivons.

Normal-state transport expressions, not including the effect of the pseudogap
(PG), were derived [3] using linear response theory, where the zero-energy
singularities in the auxiliary spectral functions in Eqs. (4–6) are smoothened in
the low-energy range, through Taylor expansion [imposing Aζ (ω = 0) = 0].
In this derivation it was taken into account that the electric current can be
expressed as a sum j = jq

0 + jp
0 of contributions of bare QE and stripon states,

respectively, and that jp
0

∼= 0 since the bare stripon states are localized. Thus
the contributions to the current of both the QE and the stripon dressed (thus
coupled) states originate from jq

0 .
Results for the electrical resistivity ρ, the Hall constant RH, the Hall number

nH = 1/eRH, the Hall angle θH (through cot θH = ρ/RH), and the thermo-
electric power (TEP) S, are presented in Fig. 4. Their anomalous temperature
dependencies result both from the low-energy-range stripon band [Eq. (5)],
modeled by a “rectangular” shape Ap of width ωp and fractional occupancy
n p, and from those of the scattering rates �q(T, ω = 0) and �p(T, ω = 0) (see
Ref. [3]), including also impurity scattering temperature independent terms.

The transport results in Fig. 4 correspond to five stoichiometries of p-
type cuprates, ranging from n p = 0.8, corresponding to the underdoped (UD)
regime, to n p = 0.4, corresponding to the overdoped (OD) regime. The param-
eter N q

eNN corresponds to the QE contribution to the electrons DOS at EF. It is
assumed to increase with the doping level x, reflecting transfer of QE spectral
weight from the upper and lower Hubbard bands towards EF, while moving
from the insulating to the metallic side of the Mott transition regime. Con-
sequently ωp is assumed to decrease somewhat with doping, due to stronger
renormalization of the stripon energies [3].

The parameters nq
H and np

H represent effective QE and stripon contributions
to the density of charge carriers (reflected in the Hall number). Since they both
contribute through the current jq

0 of the bare QE states, they are expected to
have same sign (corresponding to these states). The values of these parameters
are assumed to increase with x (for the same reason that N q

eNN does). Since the
coupling between QE’s and stripons grows with x, and the increase of N q

eNN with
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Figure 4. The transport coefficients, in arbitrary units and µV/VV K// units for S (a)], for: n p =
0.8, 0.7, 0.6, 0.5, 0.4; 10000N q

eNN = 20, 23, 26, 29, 32; ωp[K] = 200, 190, 180, 170, 160;
n p

H = 0.1, 0.2, 0.3, 0.4, 0.5; nq
H = 6, 7, 8, 9, 10; Sq

1 = −0.025; γ
p

0γγ = 500; γ
p

2γγ = 0.03;
γ

q
0γγ = 5; γ

q
1 = 0.2. The last values correspond to the thickest lines.
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x is slower than that of 1 − n p, it is assumed that the increase of n p
H with x is

faster than that of 1 − n p, which is faster than that of nq
H.

Doping-independent values are assumed for the QE TEP parameter Sq
1 [3]

[which is normally negative for p-type cuprates by the inequality (11)], and for
the stripon and QE scattering rate parameters γ

p
0γγ , γ

p
2γγ , γ

q
0γγ , and γ

q
1 [3].

The TEP results depend strongly on n p, and reproduce very well the doping-
dependent experimental behavior [27, 28]. The position of the maximum in S
depends on the choice of ωp, and it may occur below or above TcTT (the existence
of a PG may shift it to a higher temperature than predicted here).

Also the results for the Hall coefficients in Fig. 4 reproduce very well the
experimental behavior [29, 30]. The anomalous temperature dependence of the
nH is due to the growing role of nq

H in its determination with increasing T, beingTT
dominantly determined by n p

H at T = 0.
The temperature dependence of the resistivity in Fig. 4(d) is linear at high T,TT

becoming “sublinear” at low T (for all stoichiometries), while experimentally
[31] the low-T behavior crosses over from “superlinarity” in the UD regime,
to sublinearity in the OD regime (being linear at low T for optimally doped
cuprates). The superlinear behavior is being generally understood as the effect
of the PG (not considered here), and the crossover to sublinear behavior (pre-
dicted here) in the OD regime is a natural consequence of the disappearance of
the PG with increasing x.

The TEP in real n-type cuprates is normally expected [3] to behave similarly
to the TEP in p-type cuprates, but with an opposite sign and slope. Results for
NCCO [32] show such behavior for low doping levels, but in SC doping levels
the slope of S changes from positive to negative, and its behavior resembles
that of OD p-type cuprates, shown in Fig. 4(a). This led [3] to the sugges-
tion that NCCO may be not a real n-type cuprate, its stripons being based on
holon states (like in p-type cuprates). More recent measurements on the n-type
infinite-CuO2-layer SLCO [33] do show TEP results for an SC cuprate which
have the opposite sign and slope than those of Fig. 4(a) (for p-type cuprates),
as is expected for real n-type cuprates (thus with stripons based on excession
states).

As was discussed above, the absence of a kink in the nodal band below EF

[11] in NCCO, supports the possibility that it is also a real n-type cuprate. It
is possible that the change in the sign of the TEP slope in NCCO with doping
is an anomalous band-structure effect, probably associated with the peculiar
evolution of its FS with doping, detected in ARPES [34]. The position of the
kink (below or above EF) is determined by the inequality (11) between dq

+
and dq

−, which is less susceptible to band-structure effects than the inequality
(11) between bq

+ and bq
−, determining the sign of the TEP slope. Anomalous

behavior is observed also in the Hall constant of NCCO [32], which changes
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its sign with temperature in the stoichiometries where the sign of the slope of
the TEP has changed.

7. Hopping-Induced Pairing

As was demonstrated in Ref. [2], the H′ vertex enables inter-stripe stripon
hopping, through intermediary QE–svivon states. This vertex was also demon-
strated [2] to enable inter-stripe hopping of pairs of neighboring stripons
through intermediary states of pairs of opposite-spin QE’s, obtained by the
exchange of svivons. The pair hopping was shown to result in a gain in inter-
stripe hopping energy (compared to the hopping of two uncorrelated stripons),
avoiding intermediary svivon excitations. Furthermore, the hybridization of the
QE’s with orbitals, beyond the t−t ′−J model, results in further gain in both
intra-plane and inter-plane hopping energy.

This provides a pairing scheme based on transitions between pair states
of stripons and QE’s through the exchange of svivons. The inter-plane pair
hopping, introduced within this scheme, is consistent with c-axis optical con-
ductivity results [35], revealing (in addition to the opening of the SC gap), the
increase of the spectral weight in the mid-IR range (well above the gap) below
TcTT . This effect has been observed both in bilayer and single-layer cuprates, and
proposed [35] to be the signature of a c-oriented collective mode emerging (or
sharpening) below TcTT . The existence of such a mode below TcTT is due to the
hopping of pairs in the c-direction, during their QE-pair stages, while above
TcTT , c-axis hopping of stripons (through intermediary QE-svivon states) is, at
the most, limited to adjacent CuO2 planes.

The pairing diagram (sketched in Ref. [6]) provides Eliasherg-type equa-
tions, of coupled stripon and QE pairing order parameters. Coherent pairing
occurs [2] between two subsets of the QE and stripon states. For QE’s these
subsets are, naturally, of the spin-up (↑) and spin-down (↓) QE’s. Since the
stripons are spinless, their subsets should be determined according to a differ-
ent criterion.

As was illustrated in Fig. 1, for a CuO2 plane within the t−t ′−J model,
the ↑ QE’s can reside on ↓ sites, and the ↓ QE’s can reside on ↑ sites of the
stripe-like inhomogeneities. In Fig. 5 an adiabatic snapshot of an extended sec-
tion of a stripe-like inhomogeneity is shown, including an expected crossover
between stripe segments directed in the a and the b directions. Denoted are
the available sites for the ↑ and ↓ QE subsets. Since the QE subsets have a
spatial interpretation in the CuO2 planes (within the adiabatic time scale) it is
natural to choose the stripon subsets also on a spatial basis, in a manner which
optimizes the coupled pairing.

Since the pairing is optimal between neighboring stripons along the charged
stripes [2], the stripon pairing subsets are chosen such that the nearest neighbors
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Figure 5. An adiabatic snapshot of an extended section of a stripe-like inhomogeneity, where
the available sites for the QE and stripon pairing subsets are illustrated, as well as sketches
demonstrating the local symmetry of the pairing order parameters �q and �p .

of a site corresponding to one subset are sites corresponding to the other subset.
These subsets are denoted by � and ∇, and the sites available for them are
shown in Fig. 5 too. Note that each of the stripon states created by p†

e(±kp)
and p†

o(±kp), defined in Eq. (13), belongs to a different subset. This indicates
that combinations of stripon states around points ±kp in the BZ are consistent
with this pairing scheme. The required degeneracy of the QE and stripon paired
subsets is restored by stripes dynamics.

The QE and stripon pair-correlation functions (pairing order parameters) are
defined, within in the position (r) representation, as:

�q(r1, r2) ≡ 〈q↑(r1)q↓(r2)〉, (15)

�p(r1, r2) ≡ 〈p�(r1)p∇(r2)〉. (16)
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They are coupled to each other through Eliashberg-type equations, which can
be expressed, in the position and the Matzubara (ωn) representations, as:

�q(r1, r2, iωn) =
∑

n′

∫
dr′

1

∫
dr′

2 K qp(r1, r2, n; r′
1, r′

2, n′)

×�p(r′
1, r′

2, iω′
n),

(17)

�p(r1, r2, iωn) =
∑

n′

∫
dr′

1

∫
dr′

2 K pq(r1, r2, n; r′
1, r′

2, n′)

× �q(r′
1, r′

2, iω′
n). (18)

Expressions for the kernel functions K qp and K pq are obtained from the pairing
diagrams; they depend on �q and �p up to the temperature where the latter
vanish. The combination of Eqs. (17) and (18) results in BCS-like equations for
both the stripon and the QE order parameters. The coupling between �q and �p

results in maximal pairing between nearest neighbors in the stripe direction,
both for stripons and QE’s. The resulting local symmetry of �q(r1, r2) and
�p(r1, r2) (within the adiabatic time scale) is illustrated in Fig. 5, where point
r1 is fixed on selected sites (of the ↑ and � QE and stripon subsets), while point
r2 is varied over the space including the nearest neighbors.

As is illustrated in Fig. 5, the sign of �q reverses between the two sides
of a charged stripe. This is expected because when two QE sites on different
sides of a charged stripe have a stripon site midway between them, then one of
them is of ↑ and the other is of ↓, and since the exchange of the two fermion
operators in the definition of �q in Eq. (15) results in sign reversal, there must
be sign reversal in �q between the two sites. A similar sign reversal has been
proposed recently by Fine [36].

The sign of both �q and �p is expected to be reversed between a-oriented
and b-oriented stripe segments meeting in a “corner” (shown in Fig. 5). This
provides optimal pairing energy, yielding maximal |�q(r1, r2)| when r1 and r2

are at nearest neighbor QE sites, and zero �q(r1, r2) when r1 and r2 are at next
nearest neighbor sites (where the QE’s have the same spin and thus do not pair).
Away from the corner regions, |�q(r1, r2)| is maximal when r1 and r2 are at
nearest neighbor QE sites along the stripe direction, but it does not vanish when
they are at nearest neighbor sites perpendicular to the stripe direction (which
is not implied from Fig. 5).

These symmetry characteristics of �q and �p are reflected in the symme-
try of the physical pairing order parameter. The overall symmetry is expected
to be of a dxd 2−y2 type; however, the sign reversal of �q through the charged
stripes, and the lack of coherence in the details of the dynamic stripe-like
inhomogeneities between different CuO2 planes, is expected to result in fea-
tures different from those of a simple dxd 2−y2 -wave pairing (especially when the
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c-direction is involved). There is a strong experimental support in the existence
of features of dxd 2−y2 -wave pairing, though different features have been reported
too.

8. Pairing and Coherence

The pairing mechanism here depends on the stripe-like inhomogeneities,
and is expected to be stronger when the AF/stripes effects are stronger, thus
closer to the insulating side of the Mott transition regime. Consequently one
expects the pairing temperature TpairTT to decrease with the doping level x, as is
sketched in the pairing line in Fig. 6.

The existence of SC requires the existence of not only pairing, but also of
phase coherence of the pairing order parameters. Under conditions satisfied for
low x values, within the phase diagram of the cuprates, pairing occurs below
TpairTT , while SC occurs only below TcohTT (< TpairTT ), where phase coherence sets
in. The normal-state PG, observed in the cuprates above TcTT (except for high
x values) is a pair-breaking gap at TcohTT < T < TpairTT (see Fig. 6). Its size and
symmetry are similar to those of the SC gap, and specific heat measurements
[37] imply that it accounts for most of the pairing energy. The pairs in the PG
state behave similarly to localized bipolarons, and do not contribute to electrical
conductivity at low temperatures.

Pairing coherence requires energetic advantage of itineracy of the pairs. Thus
TcohTT is expected to increase with x, as is sketched in the coherence line in Fig. 6,
due to moving towards the metallic side of the Mott transition regime. Such a
determination of the pairing coherence temperature is consistent with a phe-
nomenological model [38] evaluating TcohTT on the basis of the phase “stiffness”.
It yields TcohTT ∝ n∗

s /m∗
s , where m∗

s and n∗
s are the effective SC pairs mass and

density, in agreement with the “Uemura plots” [39] in the PG doping regime.
Similarly, the existence of single-electron coherence in the normal state,

namely the existence of a Fermi liquid, depends on the advantage of itineracy
of the electronic states near EF, resulting in the increase of TcohTT with x (due to
moving towards the metallic side of the Mott transition regime), as is sketched
in Fig. 6. Within the non-Fermi-liquid approach used here, the stripe-like inho-
mogeneities are treated adiabatically. But their dynamics becomes faster above
TpairTT , resulting (for TpairTT < T < TcohTT ) in a Fermi-liquid state where fast stripe
fluctuations may still exist.

ARPES measurements in the OD regime [40] confirm the appearance of co-
herence effects for TpairTT < T < TcohTT . They are found in the nodal and antinodal
peaks, and consist of the existence of sharp peak edges and resolved bilayer-
split bands. The existence of a coherent three dimensional FS in this regime has
been demonstrated through polar angular magnetoresistance oscillations [41].
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Figure 6. A schematic phase diagram for the cuprates. The TcTT line is determined by the
pairing line (TpairTT ), decreasing with x, and the coherence line (TcohTT ), increasing with x. Broken
lines should not be regarded as sharp lines (except when T → 0), but as crossover regimes.
The MIT point is where a metal-insulator transition occurs at T = 0 when SC is suppressed.

Measurements of the in-plane optical conductivity through TcTT [42], show a
BCS-type behavior in the OD regime, supporting the existence of Fermiliquid
normal state there (as shown in Fig. 6). On the other hand, in the UD regime
these measurements reveal the transfer, below TcTT , of spectral weight from high
energies (extending over a broad range up to at least 2 eV), to the infrared
range. This behavior has been associated with the establishment of coherence
[43]. Within the present approach the PG state consists of localized pairs (and
unpaired carriers) within the Hubbard gap, while the establishment of pair
coherence in the SC state requires moving states from the upper and lower
Hubbard bands into this gap, to contribute to Bloch-like states, explaining the
observed transfer of spectral weight.

ARPES measurements on LSCO thin films [44] show that TcTT rises under
strain, while the bands close to EF become wider. Such a change in the bands is
consistent with a move towards the metallic side of the Mott transition regime.
Thus we predict that the increase in TcTT under that strain is due to an increase in
TcohTT , and that TpairTT (where the PG state sets in) may have decreased in this case.

As is sketched in Fig. 6, there is an increase in the values of TpairTT and TcohTT in
the regime where pairing and coherence coexist, compared to their extrapolated
values from the regimes where only one of them exists. This is due to the energy
gain in the SC state, compared to both the PG and the Fermi-liquid normal states.

If the SC state is suppressed, the occurrence of a metal-insulator transition
(MIT) is expected here at T = 0, at the MIT point in the phase diagram (see
Fig. 6), where the metallic phase is of the Fermi-liquid regime, and the insulating
phase is of the PG regime of localized electrons and electron pairs within the
Hubbard gap. And indeed, experiments where the SC state is suppressed by
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a magnetic field [45], or by doping [46], show an MIT at T → 0, at x �
0.19. This stoichiometry corresponds here to a fractional stripon occupancy
of n p � 1

2 , as was determined from the TEP results above (see Fig. 4). The
existence of the MIT close to this stoichiometry is plausible, because for higher
doping levels inter-atomic Coulomb repulsion destabilizes the dynamic charged
stripes, essential for the PG state (though the energy gain in the SC state helps
maintaining them for higher x).

The MIT point in Fig. 6 is a quantum critical point (QCP), and there have
been various theoretical approaches addressing the existence of such a QCP.
Such approaches often consider different mechanisms for the SC pairing and
for the driving force of the PG state, and consequently predict (in difference
with the present approach) the existence different regimes of different symme-
tries, within the SC phase [47]. This has not been confirmed by experiment, in
agreement with the present approach. The existence of an intrinsic nanoscale
heterogeneity of SC and PG regions [48] will be addressed below.

The connection between SC and an MIT (where the insulating state is due
to localization) in the cuprates, as well as in other systems with a similar phase
diagram, has been pointed out by Osofsky et al. [49]. The conclusion from the
present approach is that if a pairing interaction exists, and the insulating state
is characterized by the existence of localized pairs at low temperatures, then
an SC phase, based on the same pairing interaction, ought to exist around the
MIT regime.

9. Pairing Gap, Excitations, and the Resonance Mode

The QE and stripon pairing gaps 2�q and 2�p are closely related to the order
parameters �q and �p [see Eqs. (15) and (16)], and have the same symmetries.
Thus �q vanishes at the nodal points and has its maximum �

q
max at the antinodal

points. Since the stripons reside in about a quarter of the BZ around ±kp [see
Eq. (13)], |�p| does not vary much from its mean value �̄p, and it is greater
than the stripon bandwidth ωp, except for the heavily OD regime.

Since the coupled pairing equations (17) and (18) yield in the second order
BCS-like equations for both �q and �p, the QE and stripon single-auxiliary-
particle (Bogoliubov) energy bands in a pairing state can be expressed as:

Eq
±(k) = ±

√
εq(k)2 + �q(k)2, (19)

E p
±(k) = ±

√
ε p(k)2 + �p(k)2 (20)

(where E p
± � ±�p in the UD regime), and the pairing gaps scale with TpairTT ,

approximately according to the BCS factors, with an increase due to strong-
coupling. The relevant factors are of s pairing for �p, and of d pairing [50] for
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�q :

2�̄p � 3.5kBTpairTT , 2�max � 4.3kBTpairTT . (21)

In the PG state the pairs lack phase coherence, and thus Eq. (19) does not
yield a coherence peak in the QE gap edge. Furthermore, in this state the low-
energy svivon states are wide, due to incoherence and scattering, and thus the
gap is filled with unpaired convoluted stripon–svivon states (see discussion
below). Consequently the PG is just a depression of width:

2�PG(k) = 2�q(k) (22)

in the DOS, as has been observed, e.g. by tunneling spectroscopies [51, 52].
Pairing coherence sets in below TcTT , and the structure of the pair-breaking ex-

citations is determined by the scattering between QE, stripon, and svivon states.
This scattering is strong when Eq � E p ± εζ , and particularly for svivon states
close to k0, where the cosh (ξk) and sinh (ξk) factors, appearing in the coupling
terms, are large [see Eqs. (2) and (3)]. When there are unpaired convoluted
stripon–svivon states within the QE gap, paired QE states are scattered to them,
resulting in the widening of the QE coherence peak [due to Eq. (19)], at the QE
gap edge, to a hump.

The existence of a pairing gap, and especially of the SC gap, limits the scat-
tering of the svivon states around k0, resulting in a decrease in their linewidth.
Let kmin be the points of small svivon linewidth, for which εζ (kmin) is the closest
to the energy minimum εζ (k0) (see Fig. 3). Often one has kmin = k0, but there
are cases, like that of LSCO, where the linewidth of εζ is small not at k0, but at
close points kmin = k0 ± q. The resonance mode energy Eres is taken here as
−2εζ (kmin), accounting both for the generally observed “commensurate mode”
at Q = 2k0, and for cases of an “incommensurate mode”, as observed in LSCO
at Q ± 2q [20–22].

The determination of kmin is through the limitation of the scattering of a
double-svivon excitation of energy −2εζ (kmin) to a QE pair-breaking excitation
of at least the SC gap 2|�SC|, by exchanging a stripon. If 2�̃SC (which is
somewhat smaller than the maximal SC gap 2�SC

max) is the minimal energy
necessary to break a pair of QE’s which are coupled to stripons around ±kp

through a svivon at kmin, then this condition can be expressed as:

Eres

2
= |εζ (kmin)| ≤ �̃SC. (23)

Consequently the svivon energies εζ have a small linewidth within the range
|εζ | ≤ |εζ (kmin)|, and for ¯ζ within this range, the convoluted stripon–svivon
states of energies E p

+ ± |εζ | and E p
− ± |εζ | from spectral peaks around

±Epeak(k) = E p
±(k ± k0), (24)

q
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where to the “basic” peak width:

WpeakWW = 2|εζ (kmin)| = Eres (25)

one has to add the effects of the svivon and stripon linewidth, and of the
dispersion of E p

±(k ± k′) when εζ (kmin) � εζ (k′) � 0 (see Fig. 3). The size of
the SC gap is experimentally determined by the spacing between the closest
maxima on its two sides. Thus, in the BZ ranges around the antinodal points
where Epeak(k) exists, it often determines the SC gap:

|2�SC(k)| = 2 min[|�q(k)|, Epeak(k)]. (26)

[Actually, since the peak lies on the slope of the QE gap, its maximum may be
shifted to an energy slightly above Epeak(k).] �SC equals �q around its zeroes
at the nodal points, which is consistent with the observation by STM [48]
that the low energy excitations near the SC gap minimum are not affected by
heterogeneity, while the excitations near the gap edge (where it equals Epeak) are
affected by it (see discussion below). Note that there remain within the SC gap,
below the peak, some unpaired convoluted stripon–svivon states corresponding
to svivon states of large linewidth and of positive energies εζ at k points farther
from k0 (see Fig. 3).

As a result, one gets below TcTT a peak-dip-hump structure (on both sides of
the gap), where the peak is largely contributed by the convoluted striponsvivon
states around Epeak(k), the dip results from the sharp descent at the upper side
of this peak, and the hump above them is of the QE gap edge and other states,
widened due to scattering to the peak states. Such a structure has been widely
observed, e.g. by tunneling measurements [51, 52], where the evolution of the
gap from a depression in the PG state to a peak-dip-hump structure in the SC
state has been viewed. The appearance of the resonance mode energy Eres in
the peak width in Eq. (25) has been observed in tunneling measurements as the
energy separation between the SC gap edge, and the dip for different doping
levels [53].

By Eqs. (21), (22), and (26), �PG and �SC scale with TpairTT , and thus decrease
with x, following the pairing line in Fig. 6, as has been observed. Since −εζ (k0)
is zero for an AF, its value (and thus Eres) is expected to increase with x,
distancing from an AF state. However, by Eq. (23) its linewidth cannot remain
small if it crosses the value of �̃SC, which decreases with x. Thus the energy
Eres of a sharp resonance mode is expected to cross over from an increase to a
decrease with x when it approaches the value of 2�̃SC, as has been observed [18].
This crossover could be followed by a shift of the resonance wave vector 2kmin

from the AF wave vector Q to incommensurate wave vectors.
Studies of the gap structure by ARPES give information about its k depen-

dence, confirming the above features. In bilayer cuprates, the QE bands are
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split around the antinodal points into a bonding band (BB) and an antibonding
band (AB). On the other hand, the convoluted stripon–svivon peak given by
Eqs. (24) and (25) is not split and extends over a range of the BZ around the
antinodal points. As x is increased, �

q
max is decreased, and in the OD regime

it is exceeded by Epeak(k), at least in a part of the antinodal BZ range [see
Eqs. (20) and (24)].

The AB lies very close to EF, on the SC gap edge, and consists of Bogoli-
ubov quasiparticles [54] through the antinodal BZ range. In the UD regime the
stripon–svivon peak lies within the QE AB gap, reflected in the observation
[55] of an AB hump above the peak. On the other hand, in the OD regime
the peak lies on the QE AB, or even above it, and consequently the strong
scattering which widens the QE band edge coherence peak into a hump is
missing. Thus the reported observation is either of one AB peak [13], including
the unresolved QE and stripon–svivon contributions, or of two barely resolved
peaks [56], where the QE contribution is referred to as an “AB peak”, and
the stripon–svivon contribution, lying slightly above it, is referred to as a “BB
peak”.

The BB, on the other hand, crosses EF, and disperses up to over 0.1 eV
from it. Below TcTT , when its distance from EF is greater than that of the stripon–
svivon peak, it contributes a (QE) hump, referred to [13, 55, 56] as a “BB
hump” (though in much of this range its nature is close to that of a normal-state
band). In the range where the QE BB overlaps the stripon–svivon peak, the
fact that the electron band is formed by their hybridized contributions results
in the appearance of the antinodal kink [13–15], due to the narrowing of the
peak, as the temperature is lowered below TcTT . This narrowing slows down
the stripes dynamics, and widens the “hump states” above the peak. As has
been observed [15], this widening (and the resulting band renormalization)
has an isotope effect due to the significance of lattice effects in the stripe-like
inhomogeneities and in the svivon dressing.

The peak-dip-hump structure has been also observed in tunneling measure-
ments in single-layer BSCO and BSLCO [52], proving that it is not the result
of just bilayer splitting. These measurements show that in the PG state above
TcTT in BSLCO, the stripon–svivon peak, and the QE hump are merged into
one hump. ARPES results in the PG state of BSLCO [57] show an apparent
“bilayer splitting” which may indicate that even though the QE and the stripon–
svivon contributions to this hump appear merged in tunneling results, they are
separated from each other in different k points.

In the heavily OD regime, where �SC and Eres become smaller than ωp, the
dispersion of Epeak(k) becomes wider than �SC and WpeakWW [see Eqs. (20), (24)
and (25)]. This results in the smearing of the peak in spectroscopies where it
is integrated over the BZ, though it may still be detected in different k points
[where there remains some smearing, as was mentioned below Eq. (25)]. The
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apparent disappearance, in the heavily OD regime, of the peak (of width Eres)
observed in optical measurements [58] below TcTT may be the result of such
smearing (see Ref. [59]). Concerning the question [58]. whether the resonance
mode is significant for high-TcTT SC, the approach presented here considers
svivons in the vicinity of k0 to be significant for the SC pairing, whether they
contribute to the narrow resonance mode peak, or to higher energy excitations
[23, 24].

10. Heterogeneity and Pairs Density in the SC Phase

The narrow stripon band splits in the SC state, through the Bogoliubov
transformation, into the E p

−(k) and E p
+(k) bands, given in Eq. (20). The states in

these bands are created, respectively, by p†
−(k) and p†

+(k), which are expressed
in terms of creation and annihilation operators of stripons of the two pairing
subsets [see Eq. (16)] through equations of the form:

p−(k) = uk p�(k) + vk p†
�(−k),

p†
+(k) = −vk p†

�(k) + uk p�(−k), (27)

where |uk|2 + |vk|2 = 1.
If all the stripons were paired, then at low temperatures, where the E p

− band is
completely full, and the E p

+ band empty, then the fractional stripon occupancy
n p should have been equal to 〈|uk|2〉. However this cannot be fulfilled in the
UD regime, where �̄p, is considerably greater than the stripon bandwidth ωp,
and E p

± � ±�p, resulting in 〈|uk|2〉 � 1
2 , while n p > 1

2 (see Fig. 4).
Consequently, in the UD regime, the PG state should consist of both paired

and unpaired stripons (as was discussed above), and the SC phase should be
intrinsically heterogenous with nanoscale SC regions, where, locally, n p � 1

2 ,
and PG regions where, locally n p > 1

2 , such that the correct average n p for that
stoichiometry is obtained. The size of the regions in this nanostructure should
be as small as permitted by the coherence length, and it was indeed observed in
nanoscale tunneling measurements in the SC phase [48]. There are, however,
physical properties which are determined through a larger scale averaging over
these regions. This nanostructure would be naturally pinned to defects, and
could become dynamic in very “clean” crystals.

For x � 0.19, one has n p � 1
2 , and an SC phase could exist without such a

nanostructure. Furthermore, in the OD regime �̄p becomes comparable, and
even smaller than ωp, and the condition 〈|uk|2〉 = n p could be satisfied with
all the stripons being paired. Thus the SC phase could exist in the OD regime
(especially for x � 0.19) without the above nanoscale heterogeneity, as has
been observed [48].
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The Uemura plots [39] give information about the effective density of SC
pairs n∗

s . Within the present approach, the pair states are fluctuating between
QE and stripon pair states, and thus n∗

s is determined by the smaller one, i.e., the
density of stripon pairs. As was discussed above, the stripon band is half full for
x � 0.19, and consequently n∗

s should be maximal around this stoichiometry,
being determined (for p-type cuprates) by the density of hole-like stripon pairs
for x � 0.19, and of particle-like stripon pairs for x � 0.19. This result is
not changed by the intrinsic heterogeneity for x � 0.19, since even though
the stripon band remains approximately half full within the SC regions, the
fraction of space covered by these regions, and thus n∗

s , is increasing with x
in this regime, while in the x � 0.19 regime, n∗

s is decreasing with x because
the occupation of stripon band is decreasing below half filling. This result is
consistent with the “boomerang-type” behavior [60] of the Uemura plots around
x � 0.19.

Low temperature ARPES results for the spectral weight within the SC peak
(omitting the background including the hump), integrated over the antinodal
BZ area [61], reveal a maximum for x � 0.19 (similarly to n∗

s ). This is expected
here, assuming that the integrated spectral weight counted is dominantly within
the stripon–svivon peak (discussed above), and that this peak counts the major
part of SC hole-like pair-breaking excitations of stripons within the E p

− band, as
is expected. For the intrinsically heterogenous x � 0.19 regime, the integrated
weight within the peak is expected to increase with x because of the increase
in the fraction of space covered by the SC regions (keeping the stripon band
approximately half full within these region). For the x � 0.19 regime the inte-
grated weight, measured by ARPES, scales with 〈|uk|2〉, and is thus decreasing
with x below half filling of the stripon band. Note that the contribution of the
QE AB to the ARPES peak had to be omitted [61] in order to get the decrease
of the peak weight for x � 0.19, confirming that this behavior is due to the
stripon–svivon peak, as is suggested here.

11. Conclusions

The anomalous properties of the cuprates, including the occurrence of high-
TcTT superconductivity, are found to be a result typical of their electronic and
lattice structure, within the regime of a Mott transition. On one hand, hopping-
induced pairing, which depends on dynamical stripe-like inhomogeneities, is
stronger for low doping levels, closer to the insulating side of the Mott transition
regime. On the other hand, phase coherence, which is necessary for supercon-
ductivity to occur, is stronger for high doping levels, closer to the metallic side of
the Mott transition regime. Pairing without coherence results in the pseudogap
state of localized electrons and electron pairs, and coherence without pairing
results in a Fermi-liquid normal state. Suppression of superconductivity results
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in a quantum critical point of a metal-insulator transition between these two
states at T = 0. An intrinsic heterogeneity exists of nanoscale superconducting
and pseudogap regions.
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Abstract The superconducting state in the novel family of layered metalochloronitrides
is provided by electronic collective excitations, the acoustic plasmons. These
plasmons are a characteristic feature of layered conductors. This is the first
experimentally observed case of self-supported superconductivity.

Keywords: layered superconductors, chloronitrides, electronic pairing mechanism

Introduction

This study has been motivated by the recent discovery and investigations of
a new family of superconductors: metal-intercalated chloronitrides. For exam-
ple, the compound Li0.48(THF)yHfNCl has a relatively high value of TcTT ∼ 25K
[1]-[5]. The mechanism of superconductivity for these materials had remained
a puzzle. Indeed, according to theoretical calculations [6] the electron-phonon
interaction is not sufficient to provide the observed value of TcTT . Analysis of the
data on heat capacity [2], based on the dependence γ ∼ (1+λ), see [7], has led
to a similar conclusion (γ is the Sommerfeld constant, λ is the electron-phonon
coupling constant).
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The absence of magnetic ions rules out the magnetic mechanism. Note also
that normal properties are very well described by the Fermi liquid picture, and
this excludes the importance of correlation effects.

One can show, and this is the subject of our paper, that we are dealing with
the remarkable case of self-supported superconductivity. The pairing is pro-
vided by the exchange of unusual acoustic plasmons, that is, by collective ex-
citations of the same electronic system, which undergoes the superconducting
transition.

Plasmon Spectrum of Layered Conductors

As is known, the plasmon spectrum in ordinary metals is characterized by
the dispersion law: ω(q) = ω0+αq2 ; the value of ω0 ∼ 5−10eV is very high,
so that the Coulomb interaction in usual superconductors can be described by
a static pseudopotential µ
.

The picture in layered conductors is entirely different. The plasmon spec-
trum of such conductors contains low frequency acoustic branches. Qualita-
tively, this can be seen in the following way. The plasmons correspond to the
solution of the equation: ε(κ, qz;ω) = 0, ε = 1+ΠV with V = e2/(κ2 + q2

z),
κ is the in-plane momentum, the axis z is chosen to be perpendicular to the
layers [q = (κ, qz)]. The polarization is provided by the in-plane transport
only: Π ≡ Π(κ, ω). At small κ one can obtain Π ∼ −(κ/ω)2. As a result, the
equation ε = 0 at qz = 0 has a root ω = ω0 = constant (this corresponds to
the upper branch and is similar to the 3D case. However, for qz 	= 0, including
qz = π/dc (dc is the interlayer distance), we obtain an acoustic dispersion law
ω ∼ κ. This result has been obtained first in the hydrodynamic approximation
in [8]. A general expression for the plasmon band ω(κ, qz) has the form [9]:

ω = vF κ

√
1 +

α2

4(α + 1)
, α =

4me2

εMκ

sinhκdc

cosh κdc − cos qzdc
. (1)

One can show also [10] that the density of states for the plasmon band is peaked
at the upper (qz = 0) and the lower (qz = π/dc) branches. As a result, the
plasmon band can be modeled as a set of two branches (see Fig. 1). The up-
per branch is similar to that in the 3D case. The most important factor is the
existence of low acoustic branches (“electronic” sound).

Superconducting State

The acoustic branch can contribute to the pairing in a way similar to usual
acoustic phonons. Theoretically the pure acoustic plasmon mechanism was
studied in [11]. Such a mechanism in conjunction with phonon contribution
(phonon-plasmon mechanism) was proposed in [9]. The equation for the order
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0 1 2
κ/2κF

0

1

2

ω/ω0 qzL = 0
π/5
π

ω=κv F

Figure 1. Collective excitations in a layered conductor. At ω > vF κ there are one optical
and Nc − 1 acoustic plasmon branches (Nc is the number of conducting planes).

parameter which allows us to evaluate Tc has the form:

∆(k, ωn)Z(k, ωn) = T
∞∑

m=−∞

∫ d3k′

(2π)3
Γ(k,k′;ωn − ωm)F †(k′, ωm), (2a)

Z(k, ωn) − 1 =
T

ωn

∞∑
m=−∞

∫ d3k′

(2π)3
Γ(k,k′;ωn − ωm)G(k′, ωm), (2b)

where F † =< c†k,↑c
†
−k,↓ > is the Gor’kov pairing function, G =< c†k,σck,σ >

is the usual Green function, and Γ is the total interaction kernel. The total
kernel Γ ≡ Γ(q, ωn − ωm), with q = k− k′, is written in the form

Γ = Γph + Γc + µ
Θ(ω − ωc), (3)

The first term on the right hand side of Eq.(2) describes the phonon contribu-
tion to the pairing, the third term is the usual static term (it corresponds to the
region ω < vF κ), and the second term reflects the dynamic, acoustic plasmon
channels of the pairing. The formalism of thermodynamic Green’s functions is
employed [12]. Let us consider the metalochloronitride Li0.48(THF)yHfNCl.
The parameters for this material (see [2–6], are: dc = 18.7A, Ω = 60meV,
mb = 0.6me, EF ∼ 1eV. We have chosen also a reasonable value of εM =
1.75. Note that the inequality εM > 1 allows one to justify the use of the
RPA, since λc ∼ ε−1

M . If we neglect the plasmon term (assume λc = 0), then
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we obtain from Eq.(2) the value of TcTT = T ph
cTT . which appears to be very low:

T ph
cTT < 1K. The presence of the dynamic term makes a great impact. Indeed,

with use of the parameters for the compound (see above), we obtain TcTT � 25K
(!), in a good agreement with the observed value. Therefore, the superconduct-
ing state in the metal-intercalated chloronitride compound is mainly provided
by the exchange of acoustic plasmons. It is essential that the acoustic plas-
mons are collective excitations of the same electronic system which undergoes
the superconducting transition. This case is different from other pairing scenar-
ios. Indeed, usually pairing is provided by some second subsystem ( ions for
the phonon mechanism, magnetic excitations,etc.) Even the other case where
acoustic plasmons arise (the so-called "demons" in the presence of two bands,
see the review [13] and [14, 15]) requires the presence of two bands. In our
case of layered conductors we are dealing with a single group of electrons for
which the acoustic plasmons correspond to their collective excitations. There-
fore, we are dealing with the phenomenon of self-supported superconductiv-
ity. The electronic mechanisms of superconductivity were introduced first in
[16–18]. We think that the layered metalochloronitrides are the first observed
systems with electronic nature of the pairing mechanism. The presence of low
frequency plasmons is important for other layered conductors as well. The rel-
ative contribution of the plasmon mechanism depends on the values of the pa-
rameters entering Eq.(2) and is different for various systems. For example, for
the organic superconductor κ-(ET)2Cu(NCS)2 one can calculate T ph

cTT ∼ 6.3K
and TcTT ∼ 10.4K, that is, about 40% of the pairing is provided by the acoustic
plasmons exchange ( see Ref. [19]).

Summary

In summary, it is shown that the superconducting state of the novel family of
layered superconductors, the metalochloronitrides, is provided by the plasmon
mechanism, or more specifically, by the exchange of acoustic plasmons, the
existence of which is specific to layered conductors. To the best of our knowl-
edge, this is the first observed system with self-supported superconductivity,
that is, with the pairing provided by collective modes of the same electrons as
those undergoing the superconducting transition.
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FIRST ORDER SUPERCONDUCTING TRANSITION
NEAR A FERROMAGNETIC QUANTUM CRITICAL
POINT

Dirk K. Morr ∗
Department of Physics, University of Illinois at Chicago, Chicago IL 60607

Abstract We study the emergence of triplet superconductivity in an electronic system near
a ferromagnetic quantum critical point (FQCP). Previous studies found that the
superconducting transition is of second order, and TcTT is strongly reduced near the
FQCP due to pair-breaking effects from thermal spin fluctuations. In contrast,
we show that near the FQCP, the system avoids pair-breaking by undergoing a
first order transition at a much larger TcTT . At some distance from the FQCP, a
second order superconducting transition emerges at a tricritical point.

Keywords: ferromagnetic superconductors, ferromagnetic quantum critical point, first order
transition, tricritical point

Superconductivity near a magnetic instability is a topic of current interest
in condensed-matter physics. Magnetically mediated pairing near an antiferro-
magnetic instability is a candidate scenario for d−wave superconductivity in
the cuprates and heavy fermions compounds while superconductivity mediated
by the exchange of ferromagnetic spin fluctuations is expected near ferromag-
netic transitions. Ferromagnetic exchange yields Cooper pairs with S = 1 and
therefore generally gives rise to triplet pairing [1]. In recent years, an intensive
search has focused on superconductivity in compounds which can be tuned to
a ferromagnetic quantum critical point (FQCP) by varying either pressure or
chemical composition. Examples include MnSi, and the heavy fermion com-
pound UGe2 [2].

The emergence of superconductivity in electronic systems close to a fer-
romagnetic instability has recently been studied by solving a linearized gap
equation within the Eliashberg formalism [3–5]. In both two- (2D) and three-
dimensional (3D) systems, it was found that the superconducting transition
temperature, T l

cTT (’l’ stands for linearized) substantially decreases as the sys-

∗This work was done in collaboration with A. V. Chubukov, A. M. Finkel’stein, and R. Haslinger
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tem approaches criticality. The physical origin of this decrease lies in the
presence of thermal spin fluctuations which behave like magnetic impurities
whose scattering potential diverges as the FQCP is approached [3–5]. This be-
havior is reflected in the fermionic self-energy in the normal state, Σ(ωn) ∝
iT

∑
m sign (ωn)χL(ωm − ωn), where χL(ω) =

∫
dD−1qχ(q, ω) is the “lo-

cal” spin susceptibility. Since χL(ω = 0) diverges at the FQCP for D ≤ 3
(assuming χ(q, 0) = χ0/(ξ−2 + q2) with ξ → ∞), the dominant contribution
to Σ(ωn) comes from the n = m term in the frequency sum, i.e., from classi-
cal, thermal spin fluctuations. This leads to Σ(ω) = iγsign ω with γ ∝ Tξ3−D

for system dimension D < 3 and γ ∝ T log ξ for D = 3. Inserting this result
in the linearized gap equation yields that T l

c vanishes as T l
c ∝ ξD−3 in D < 3,

and T l
c ∝ 1/ log ξ for D = 3. Numerical solutions of the linearized Eliashberg

equations near a FQCP confirm this conclusion [3–5].
We argue below that the behavior of the system is actually different in that

close to a FQCP, superconductivity emerges via a first order phase transition
at Tc ∼ Tc0, where Tc0 is the transition temperature in the absence of thermal
fluctuations. The origin of this first order transition lies in feedback effects
from the superconducting pairing on the ferromagnetic spin fluctuations. These
effects, which are only accounted for when considering the full set of nonlinear
Eliashberg equations, lead to a smooth evolution of the pairing gap from T = 0
up to T ∼ Tc0. The much smaller T l

c is thus the end point of the temperature
hysteresis loop at which the normal state becomes unstable.

The physics of the first order transition can be understood by considering
the ratio of the divergent terms in the self-energy and the pairing vertex. These
terms appear with different signs in the gap equation, hence if the overall fac-
tors were the same, the pair-breaking effects would be cancelled out. The
overall factors are, however, not equal since the spin factor in the self-energy,
Σαβ = Σδαβ , is 3 as

∑
γ σαγσγβ = 3δαβ . In contrast, the spin factor in the

triplet pairing vertex, Γαβ = Γδαβ , is 1 as
∑

γ,δ δγδσγασδβ = δαβ . The ratio
of the divergent terms in the self-energy and in the pairing vertex is then 3/1,
i.e., pair-breaking effects are not cancelled out, and T l

c vanishes at criticality.
Consider next a triplet superconducting state, which can be either of the A

or B type [1, 6]. Since the low-energy fermions acquire a gap, the low-energy
part of the spin susceptibility, arising from these fermions, changes. In the A
phase, where without loss of generality the spin of the Cooper pair �Scp lies in
the spin XY -plane, feedback effects on the spin susceptibility are different for
χzz and χ±. In particular, χ± remains massless at the FQCP, but χzz acquires
a mass and becomes non-divergent. When χ± and χzz are not equivalent,
the spin summation shows that the former 3/1 ratio of the dangerous terms
becomes now [2χ± + χzz] / [2χ± − χzz] and the divergent terms cancel out
in the nonlinear gap equation. Thus the superconducting state remains stable
well above T l

c , but only as long as ∆(ω) is not small. We then expect that at
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the FQCP, the solution with a finite gap survives up to T nl
c ∼ Tc0 � T l

c (’nl’
stands for the solution of the nonlinear equation) where it becomes unstable.
This is a classic first order transition. The superconducting state therefore re-
mains stable well above T l

c , but only as long as the gap remains large. In the
B phase, the spin susceptibility remains isotropic, but all of its components
become massive and thus do not diverge in the superconducting state [6].

In the remainder of this paper we consider the A phase and compute T nl
c

from the full set of nonlinear Eliashberg equations. Our starting point is the
spin-fermion model, which describes the interaction of low-energy fermions
with their own spin degrees of freedom, Sq, whose propagator is peaked at
q = 0 [7, 3–5, 8]. The model is described by the Hamiltonian

H =
∑
k,α

vF(k − kF )c†k,αck,α +
∑
q

χ−1(q)SqS−q

+g
∑

q,k,α,β

c†k+q,α σα,β ck,β · S−q , (1)

where the spin-fermion coupling, g, the Fermi velocity, vF (we assume a cir-
cular Fermi surface), and the static spin propagator χ(q, 0) are input param-
eters. While the upper energy cutoff is in general also an input parameter,
our results are cutoff independent in D = 2 (our conclusions are, however,
also valid in D = 3). We assume that the static χ(q, 0) has the conventional
lorentzian form with a weakly temperature dependent ξ. The dynamical part
of χ(q,Ωm) = χ0/[q2 + ξ−2 + Π(q,Ωm)] arises from the interaction with the
low-energy fermions and is explicitly calculated. A conventional perturbation
theory in the spin-fermion coupling (for which Σ = Π = 0 is the point of de-
parture) holds in powers of λ = g2χ0/(4πvF ξ−1). Since the quantum-critical
region near the FQCP corresponds to the strong coupling limit, we employ
the Eliashberg theory [9] whose validity requires certain restrictions that we
discuss after presenting the results.

We first consider the situation at the FQCP where ξ−1 = 0. In the nor-
mal state, the dynamical part of the spin polarization operator, Π(q,Ωm), is
independent of the fermionic self-energy, Σ(q, ωn) (but not vice versa), as
the essential momenta for Π(q,Ωm) are those with vF q � Ωm,Σ. As a re-
sult, Π(q,Ωm) has the same form as for free fermions, i.e., for |Ωm| � vF q,
Π(q,Ωm) = F (Ωm)/(vF q) where F (Ωm) = αk2

F |Ωm|, α = g2χ0/(2πEF ),
and EF = kF vF /2. At the same time, one finds Σ(ωm) = ω

1/3
0 ω

2/3
m , where

ω0 = (3
√

3/4)α2EF . The non-Fermi liquid, ω2/3-dependence of the self-
energy in 2D is due to the divergence of the perturbation theory at the FQCP
[10]. In the superconducting state, the equations for two components of F (Ω)
(Fzz and Fxx = Fyy) are coupled to the equation for the pairing gap ∆(ω),
which need to be self-consistently solved. At the FQCP, the coupled equations
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for ∆(ω), Fzz(Ω) = F− and Fxx = Fyy = F+ are

∆ (ωn) =
4π
9

ω
1/3
0 T

∑
m

1√
ω2

m + ∆2(ωm)

×
{

2ωm

[F+(T,∆, ωm − ωn)]1/3

[
∆(ωm)

ωm
− ∆ (ωn)

ωn

]

− ωm

[F−(T,∆, ωm − ωn)]1/3

[
∆(ωm)

ωm
+

∆ (ωn)
ωn

]}
(2)

and

F±(T,∆, ωm − ωn) = πT
∑
n

[
1 − ωn(ωm) ± ∆(ωn)∆(ωm)√

ω2
n + ∆2(ωn)

√
ω2

m + ∆2(ωm)

]
(3)

Since F+(T,∆, 0) = 0 the corresponding susceptibilities, χxx and χyy , de-
scribe massless modes. The vanishing of F+(T,∆, 0), however, is not dan-
gerous as it is compensated by the simultaneous vanishing of the numerator in
Eq.(2). The vanishing of F−(T,∆, 0) would be dangerous, but for finite ∆,
F−(T,∆, 0) = 2πT

∑
n ∆2(ωn)/

√
ω2

n + ∆2(ωn) is also finite and the lon-
gitudinal spin excitations described by χzz are massive. In contrast, for the
linearized gap equation ∆ is vanishingly small, F−(T,∆, 0) vanishes, and the
r.h.s of Eq.(2) diverges. Due to this divergence, the linearized gap equation
does not have a solution down to T = 0. Since the only energy scale in the
Eliashberg equations is ω0, the gap equation is fully universal. In Fig. 1a we
present the numerical solution for ∆(T ) at the lowest Matsubara frequency,
ωm = πT . As expected for a first order phase transition, the gap changes dis-
continuously from a finite value to zero at T nl

c ∼ 0.015ω0. The inset shows
that the discontinuous jump in ∆ occurs for all Matsubara frequencies.

Away from criticality (ξ−1 	= 0) the equations for F±(T,∆, ωm) retain
their form, but in the gap equation, the factors F±(T,∆, ωm) are replaced
by F±(T,∆, ωm)/I3(β±), where I(β±) by itself depends on F±(T,∆, ωm)
through

I(β±) =
3
√

3
2π

∫ ∞

0
dx

x

1 + β±x + x3
, (4)

β± = b/[F±(T,∆,Ωm)/ω0]2/3, and b = (8/3
√

3)2/3(αkF ξ)−2 measures the
deviation from the FQCP (b = 0 at the FQCP). At finite ξ, the gap equation
is divergenceless, even at infinitesimally small ∆, thus both T nl

c and T l
c are

nonzero. In Fig. 1b we plot ∆(T, iπT ) for b = 2. The temperature dependence
of the gap is now continuous, in contrast to Fig. 1a, and the transition is second
order for b > bc (the inset shows that the continuous evolution of ∆ holds for
all Matsubara frequencies). The tricritical point is located at bc ≈ 1.2, where
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Figure 1. (a) Temperature dependence of ∆(T, ωm) at ωm = πT for b = 0. ∆, T and ωm

are in units of ω0. The discontinuity of ∆(T ) at 0.015 indicates a first order transition. The inset
shows ∆(ω) versus frequency at several T . (b) Same away from the FQCP, for b = 2. Now the
transition is continuous. (c) The jump of ∆(T, iπT ) at the instability temperature versus b. All
lines are guides to the eye. (d) ∆(T, iπT )) at the lowest T versus b.

Figure 2. Phase diagram near the FQCP. For b < bc, the superconducting transition is first
order, while for b > bc, it is a second order transition. Inset: the reduction of TcTT at large b.

the gap discontinuity disappears (the jump of ∆(T, iπT ) at T nl
cT is plotted in

Fig. 1c). The system’s phase diagram is presented in Fig. 2. Note that T nl
cT and

T l
cTT are the instability temperatures for the solutions with a large and infinites-

imally small gap, respectively. The actual first order transition temperature,
TcTT , lies between T l

cTT and T nl
cTT and remains finite at b = 0. The insert shows the

reduction of TcTT at large b due to the decreased effective coupling.
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The validity of the Eliashberg theory requires that three conditions be sat-
isfied. First, typical bosonic momenta qB should be much larger than typical
fermionic |k − kF |, leading to Σ(k, ω) ≈ Σ(ω). Since qB ∼ αkF , while the
|k − kF | ∼ ω0/vF ∼ α2kF , the Eliashberg theory is valid if α � 1. Hence,
ω0 � EF and the physical behavior of the system is universally determined
by low energy excitations only. Second, vertex corrections should be small.
Generally, this is not possible for qB � kF , but for α � 1, we only need to
consider vertex corrections with Ω � vF q (since vF qB 
 Ω ∼ ω0) in which
case they scale as log ξ. They are still non-negligible at the FQCP, where they
change the pole in the spin susceptibility into a branch cut [7]. Third, the mo-
mentum dependence of the pairing gap should be neglected, while preserving
the gap symmetry. This approximation is again justified for α � 1, since
the typical momentum transfers along the Fermi surface δk ∼ qB ∼ αkF are
much smaller than kF . The momentum variation of the gap only introduces
O(1) corrections to the Eliashberg theory [8], which can be safely neglected.

In summary, we showed that near a FQCP, spin fluctuation exchange gives
rise to a strong first order transition into a triplet superconducting state. As a
result, TcTT saturates at a nonzero value at criticality. The first order transition
persists up to a finite distance from the FQCP, where it becomes second order.
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Abstract Since the discovery of high TCTT cuprates, superconductivity has been sought
in nickel or cobalt oxides, because the elements are neighboring to copper
in the periodic table; however the attempts were in vain. We found the first
superconductor, Nax CoO2.yH2O (x ≈ 0.35, y ≈ 1.3), in cobalt oxides.

Keywords: Sodium cobalt oxide, superconductivity, layered structure, hydrate

1. Introduction

Cobalt oxides with layered structures are attracting a great deal of interest
because of their potential for practical applications and their unique physical
properties. Lix CoO2 has been used as a cathode material in commercialized
lithium-ion batteries [1], and Nax CoO2 shows large thermoelectric power [2],
which is promising for its application to thermoelectric elements. Their unique
physical properties are based on spin-frustration or strongly-correlated elec-
trons. Such interest has provoked a number of studies on the layered cobalt
oxides; however, superconductivity has never been found in the system. We
found that a softchemical modification makes a cobalt oxide superconducting
[3]. This finding made the material much more interesting.

2. Softchemical modification of sodium cobalt
oxide into a superconducting phase

The superconducting cobalt oxide was prepared from a parent compound,
Na0.7CoO2, that has a layered structure comprising of two-dimensional CoO2

layers and charge-balancing Na+ ions between them. Partial deintercalation of
Na+ ions by chemical oxidation using an ace-tonitrile solution of bromine and
the subsequent insertion of H2O molecules into the galleries brought about a
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Figure 1. Powder X-ray diffraction patterns of parent Na0.7CoO2 and the bilayer-hydrate
phase obtained by the softchemical modification. Miller indices based on space group of
P63/mmc for strong reflections are labeled.

remarkable change in the XRD pattern as shown in Fig. 1. The basal spacing, or
interlayer distance, was increased from 5.5 Å in the parent phase to 9.8 Å. The
large separation between the adjacent CoO2 layers will enhance the two dimen-
sionality. Superconductivity might be found in the new phase with the large
interlayer distance, because such strong two-dimensionality is important na-
ture of high TCTT cuprates. The magnetic and electric properties of the new phase
shown in Fig. 2 were clear evidence for superconducting transition at ca. 5 K.
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Figure 2. Magnetic susceptibility (χ) and resistivity (ρ) of the bilayer hydrate as a function
of absolute temperature T .
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3. Crystal structure of the superconducting cobalt oxide

Procedures that formed the superconducting phase were a chemical oxidation
with Br2 and immersion in water. Therefore, conceivable intercalation guest
that propped open the interlayer is H2O molecule. In fact, energy dispersive
X-ray spectroscopy evidenced that bromine did not remain in the superconduct-
ing phase, and infrared spectrum of the evolved gas from the heated sample
revealed the presence of H2O molecules in the superconducting phase. When
the sample of the superconducting phase was dried, a new series of basal re-
flections with an interlayer distance of 6.9Å appeared with disappearance of
the superconductivity [4]. The new reflections disappeared with recovery of the
original reflections of the 9.8 Å phase, when humidity, to which the sample was
exposed, was increased again. This result suggested that the superconducting
phase has H2O molecules in the galleries and removal and insertion of H2O
molecules controlled its interlayer distance. The interlayer distances of 5.5 Å
in the parent oxide, 9.8 Å in the superconducting phase, and 6.9 Å in the dried
phase are similar to those found in a manganese oxide system: an anhydrous
phase, a bilayer-hydrate (BLH) one called buserite, and a monolayer-hydrate
one called birnessite [5], respectively. Therefore, it will be concluded that H2O
molecules were coordinated to the residual Na+ ions, forming a double layer in
the gallery in the superconducting phase. However, positions of H2O molecules
in such BLH structures have not been refined, because the highly-disordered
arrangement of H2O molecules makes the refinement rather difficult. We tried
to refine the crystal structure by a Rietveld analysis with aid of a maximum-
entropy method (MEM).

Layered sodium cobalt oxides show many polymorphs with different stack-
ing sequences of CoO2 layers [6,7]. First of all, we should know the stack-
ing sequence. When the reflections were indexed, all of them were indexable
based on the same space group as the parent oxide (P63/mmc), indicating that
the superconducting phase has the same stacking sequence of CoO2 layers as
the parent phase. We used MEM to find out the positions of H2O molecules. We
started with a structure model that does not contain H2O molecules. Structure
factors were estimated by a preliminary Rietveld analysis using this model, and
electron-density distribution was calculated by MEM from the structure factors,
using computer programs, RIETAN-2000 [8] and PRIMA [9], respectively. The
MEM analysis gave electron-density distribution displayed in Fig. 3, in which
additional electrons coming from H2O molecules, which were excluded in the
structure model, were clearly observed.

When the structure model was modified by taking into account H2O
molecules positioned where the additional electrons were observed, the struc-
ture parameters refined by the Rietveld analysis listed in Table 1 gave satisfac-
torily low R-factors.
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Table 1. Fractional coordinates, occupancies, g, and isotropic atomic displacement
parameters, U , of Nax CoO2·yH2O (x ≈ 0.35, y ≈ 1.3).

Site x y z g U/Å2

Co 2a 0 0 0 1 0.0063(6)
O 4 f 1/3 2/3 0.0451(3) 1 0.0162(12)

Na1 2d 2/3 1/3 1/4 0.159(4) = U (O)
Na2 2b 0 0 1/4 0.192∗ = U (O)

WO1† 12k 0.174(13) = 2x(WO1) 0.1793(2) 0.070(12) = U (O)
WO2† 12k 0.370(12) = x(WO2)/2 = z(WO1) 0.176(12) = U (O)

Space group: P63/mmc (No. 194); a = 2.8230(2) Å and c = 19.6207(14) Å; Rwp = 11.58% (S = 2.17),
RB = 2.84%, and RF = 3.53%. †WO denotes a virtual chemical species whose atomic scattering factor is
set equal to the sum of one O and two H atoms. ∗Na content was constrained to be 0.351 that was determined
by ICP-AES.

a1 a2a

Figure 3. Isosurfaces of electron densities calculated by a MEM analysis using from a pre-
liminary structure model that does not contain H2O molecules. Balls indicate atoms used in
the structure model. Equidensity level: 1.2 Å−3.

In BLH-Nax CoO2, the guest species in the galleries are highly disordered.
MEM is quite effective for detailed structure analysis of such an intercalation
compound. In MEM-based whole-pattern fitting (MPF), crystal structures are
expressed not by structure parameters such as fractional coordinates and atomic
displacement parameters but by electron densities in the unit cell. Therefore,
MPF allows us to represent the disordered atomic configuration in a more appro-
priate way than conventional Rietveld analysis adopting a split-atom model. The
MPF decreased the R-factors from RB = 2.84%, RF = 3.53% to RB = 1.84%,
RF = 2.03%. Disordered arrangement of H2O molecules are clearly seen as
spread electron-density distribution as shown in Fig. 4.
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Figure 4. Structure model (left) and isosurfaces of electron densities determined for the
sodium cobalt oxide hydrate by MEM analysis (right). Equidensity level: 1.0 Å−3.

4. Summary

We have presented the softchemical modification making a cobalt oxide su-
perconducting, and the results of the structure study on the superconducting
phase. Although many theoretical studies already have been done to elucidate
its superconducting mechanism, its characterization still remains rather dif-
ficult owing to its strongly-disordered arrangement of the guest species and
non-stoichiometry. For example, conventional X-ray diffraction was used to
investigate its crystal structure in the present study. More accurate character-
ization, e.g. using neutron diffraction, will lead us to better understanding of
the material. We have investigated its crystal structure again using synchrotron
radiation. The result will be presented in near future.
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UPPER CRITICAL FIELD FOR COBALT OXIDE
SUPERCONDUCTORS
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Abstract Motivated by the recent discovery of superconductivity in the cobalt oxide su-
perconductors, we calculate the upper critical field for the CoO2 layer. Using
the lattice version of the Gor’kov equations we investigate how applied mag-
netic field affects superconductivity on a triangular lattice. We demonstrate the
possibility of field-induced transition from singlet to triplet superconductivity,
explaining the observed temperature dependence of the upper critical field.

The fundamental problem of the influence of the external magnetic field on
superconductivity has attracted much interest for several decades. There are two
mechanisms responsible for a suppression of conventional superconductivity
in an external magnetic field: the Pauli pair breaking and the diamagnetic pair
breaking. First of them, the Pauli pair breaking, is connected with the Zeeman
coupling. The magnetic field tends to align the spins of the electrons forming the
Cooper pair, and the singlet superconductivity disappears at the Chandrasekhar–
Clogston (CC) limit [1]. However, this critical field for the majority of type–II
systems is found to be above HcHH 2 determined by the orbital (diamagnetic) pair–
breaking. Especially, this effect is of minor significance in materials with low
effective g–factor. Another possibility is the superconductivity with nonhomo-
geneous order parameter (the Larkin–Ovchinnikov–Fulde–Ferrell state [2]),
which can exist above the CC limit. One can also look for high–magnetic–field
superconductivity in systems with triplet equal spin pairing.

The second effect, the diamagnetic pair–breaking, usually crucial in deter-
mining the upper critical field, is connected with the orbital frustration of the
superconducting order parameter in a magnetic field. This frustration enlarges
the free energy of the superconducting state, and, when the magnetic field is
strong enough, the normal state becomes energetically favorable. The orbital
effect can be reduced in layered two–dimensional superconductors, when the
applied magnetic field is parallel to the conducting layers. Such a situation has
been analyzed theoretically [3] and recently observed experimentally in organic
conductors [4].

The upper critical field, i.e., the magnitude of the magnetic field at which
superconductivity disappears in the whole sample, can be determined using
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various methods. However, due to the complexity of the Gor’kov equations
one usually assumes that the normal–state properties of the system under con-
sideration can properly be described by three– [5] or two–dimensional [6]
electron gas. Recently, we have proposed an approach that enables calculation
of the upper critical field for a two–dimensional lattice gas [7, 8]. This method
has been developed for s– and d–wave superconductivity on a square lattice. Indd
the present paper we extend it to cover a triplet pairing and a triangular lattice.
Such an extension is motivated by the recent discovery of superconductivity in
Nax CoO2 · yH2O. This systems is made of stacked triangular layers and it is
unclear whether its superconductivity originates from singlet or triplet pairing.
The temperature dependence of the upper critical field, measured by Yang et al.
[9], possesses a very large slope and extrapolated to low temperatures goes far
above the CC limit. This feature strongly supports the triplet pairing scenario,
at least in strong applied field. The superconductivity occurs when the distance
between CuO2 layers is enlarged by hydration. This indicates the crucial role
of the dimensionality of the system.

We consider a two–dimensional triangular lattice immersed in a perpendic-
ular uniform magnetic field of magnitude HzHH . We assume pairing interactions,
V s and V t , responsible for singlet and triplet pairing, respectively. The relevant
Hamiltonian reads:

H =
∑
〈i j〉σ

i j e
iθi j c†iσ c jσ − µ

∑
i,σ

c†iσ ciσ − gµB HzHH
∑

i

(
c†i↑ci↑ − c†i↓ci↓

)
+ V s

∑
〈i j〉

(
�i j c

†
i↑c†j↓ + H.c.

)
+ V t

∑
〈i j〉

∑
s1,s2=↑↓

(
�

s1s2
i j c†i,s1

c†j,s2
+ H.c.

)
, (1)

where

�i j = 〈ci↑c j↓ − ci↓c j↑〉, (2)

is the singlet, and

�
↑↓
i j = 〈ci↑c j↓ + ci↓c j↑〉, �

↑↑
i j = 〈ci↑c j↑〉, �

↓↓
i j = 〈ci↓c j↓〉 (3)

are the triplet superconducting order parameters. Here, c(†)
iσ annihilates (creates)

an electron with spin σ at the lattice site i, g is the gyromagnetic ratio and µB

is the Bohr magneton. θi j describes the phase that an electron acquires when
hopping from site i to site j in the presence of magnetic field. According to
so called Peierls substitution [10] it is given by: θi j = (ie/hc¯̄ )

∫ Ri

R

∫∫
j

A.dl. We
restrict our analyzes to the case of nearest–neighbor pairing. However, as the

t
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superconductivity develops on the triangular lattice, at each site we introduce
three order parameters in each pairing channel: �1 describing paring along the
x axis, �2 and �3 corresponding to the cases when the sites involved in the
Cooper pair form an angle of 60◦ and 120◦ with the x–axis. Since the applied
magnetic filed destroys the translational symmetry, the order parameters are
site dependent. However, in the Landau gauge A = (−HzHH y, 0, 0) they depend
on the y coordinate only.

In order to determine the upper critical field we follow the procedure de-
scribed in [7, 8]. We start with the diagonalization of the first term in Eq. (1)
for a finite system. Due to translational symmetry along the x axis, the eigen-
functions are of plane–wave character in this direction. Their y–dependence
is determined from one-dimensional Harper equation [11]. Using these eigen-
functions we derive the set of selfconsistent equations for the gap functions
(�1(y), (�2(y), (�3(y)). Next, we solve a linearized version of these equa-
tions on 150 × 150 cluster and get the temperature dependence of HcHH 2 for
singlet and triplet superconductivity. In the latter case we have investigated
separately the paired states |↓↓〉, 1/

√
2(|↑↓〉+ |↓↑〉) and |↑↑〉. We refer to

these states by the corresponding spin projection SzS = −1, 0, 1, respectively.
The crucial parameters that determine the shape of HcHH 2(T ) are the pairing po-
tentials for singlet and triplet superconductivity and the carrier concentration.
In the following we assume the potentials are independent of the applied field
and are of comparable magnitude. The former assumption has partially been
verified in Ref. [8], whereas the latter one is fulfilled e.g. for nearest–neighbor
density–density interaction. If zero field transition temperatures for singlet and
triplet types of pairing differ significantly, the highest HcHH 2(T = 0) takes place
for pairing with larger TcTT . However, if these temperatures are of comparable
magnitudes the slope of HcHH 2(T ) is always larger for triplet superconductiv-
ity. The triplet equal–spin superconductivity is obviously favored in high field
regime due to the absence of the Pauli pair–breaking mechanism. However,
this feature holds also in the triplet state with SzS = 0, indicating that the orbital
pair–breaking mechanism is more effective in the singlet state. As a result the
external magnetic field may induce the transition from singlet to triplet su-
perconductivity. This transition shows up as a bend of HcHH 2(T ), similar to that
observed in Refs. [9, 12]. It is illustrated in Fig. 1. We present a reduced critical
field hc2 = �(HcHH 2)/�0, where �(H ) is the flux through the lattice cell and �0

is the flux quantum. Here, carrier concentration, n = 0.67, has been assumed
according to the experimental data [13].

To conclude, we have shown that the specific shape of HcHH 2(T ) observed in
the cobalt oxide superconductor can be explained in terms of the field–induced
transition from singlet to triplet pairing. This scenario assumes a competi-
tion between singlet and triplet types of superconductivity, which remains in
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Figure 1. Numerical results for hc2(T ) (solid lines, left and bottom axes). We have assumed
the model parameters n = 0.67 and V s = V t = 0.7t . The experimental points (top and right
axes) are taken from Ref. [9].

agreement with the phase diagram proposed in Ref. [14] for Nax CoO2 · yH2O.
However, this hypothesis should be verified by phase–sensitive experiments.
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DISPROPORTIONATION AND SPIN ORDERING
TENDENCIES IN Naxa CoO2 AT x = 1
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Abstract The strength and effect of Coulomb correlations in the (superconducting when
hydrated) x ≈ 1/3 regime of Nax CoO2 have been evaluated using the correlated
band theory LDA+U method. Our results, neglecting quantum fluctuations,
are: (1) there is a critical UcUU = 3 eV, above which charge ordering occurs at
x = 1/3, (2) in this charge-ordered state, antiferromagnetic coupling is favored
over ferromagnetic, while below UcUU , ferromagnetism is favored; and (3) carrier
conduction behavior should be very asymmetric for dopings away from x =
1/3. For x < 1

3 , correlated hopping of parallel spin pairs is favored, suggesting
a triplet superconducting phase.

1. Introduction

Since the discovery of high temperature superconductivity in cuprates, there
has been intense interest in transition metal oxides with strongly layered, (quasi)
two-dimensional (2D) crystal structures and electronic properties. For several
years now alkali-metal intercalated layered cobaltates, particularly Nax CoO2

(NxCO) with x ∼ 0.50 − 0.75, have been pursued for their thermoelectric prop-
erties.[1] Lix CoO2 is of course of great interest and importance due to its battery
applications. The recent discovery[2] and confirmation[3–5] of superconduc-
tivity in this system, for x ≈ 0.3 when intercalated with H2O, has heightened
interest in the NxCO system.

The crystal structure[6–8] is based on a 2D CoO2 layer in which edgesharing
CoO6 octahedra lead to a triangular lattice of Co ions. Na donates its electron to
the CoO2 layer, hence x controls the doping level of the layer: x = 0 corresponds
to Co4+, S = 1

2 low spin ions with one minority t2g hole, and x = 1 corresponds
to non-magnetic Co3+. Nearly all reports of non-stoichiometric materials quote
values of x in the 0.3–0.75 range, and the materials seem generally to show
metallic conductivity. Reports of the magnetic behavior are of particular interest
to us. For x in the 0.5–0.75 range, the susceptibility χ(T ) is Curie-Weiss-like
(C-W) with reported moment of the order of magnitude 1 µB per Co4+[2, 3]
which indicates the presence of correlated electron behavior on the Co ions.
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Magnetic ordering at 22 K with very small ordered moment has been reported
for x = 0.75[9] and Wang et al. measured field dependence [4] that indicated
the spin entropy of the magnetic Co system is responsible for the unusual
thermoelectric behavior. Thus for x ≥ 0.5 magnetic Co ions and magnetic
ordering give evidence of correlated electron behavior.

However, for H2O intercalated samples with x ≈ 0.3, (i.e. the superconduct-
ing phase) C-W behavior of χ vanishes. [3, 5, 10, 11]. It is extremely curious
that the appearance of superconductivity correlates with the disappearance of
Co moments in the samples. From a single-band strongly interacting view-
point, the x = 0 system corresponds to the half-filled triangular lattice that has
been studied extensively for local singlet (resonating valence bond) behavior.
[12] The x ≈ 0.3 region of superconductivity in NxCO is however well away
from the half-filled system, and the behavior in such systems is expected to
vary strongly with doping level.

There is now a serious need to understand the electronic structure of the
normal state of the unhydrated material, and its dependence on the doping level
x. The electronic structure of the x = 1/2 ordered compound in the local density
approximation (LDA) has been described by Singh.[13] Within LDA all Co ions
are identical (“Co3.5+”), the Co t2g states are crystal-field split (by 2.5 eV) from
the eg states, and the t2g bands are partially filled, consequently the system is
metallic consistent with the observed conductivity. The t2g band complex is
W ≈ 1.6 eV wide, and is separated from the 5 eV wide O 2p bands that lie just
below the Co d bands. Singh noted that the expected on-site Coulomb repulsion
U = 5–8 eV on Co gives U � W and correlation effects can be anticipated.
A value of U ≈ 4 eV was assumed by Wang, Lee, and Lee [14] to justify a
strongly correlated t − J model treatment of this system. While it must be
kept in mind that the study of this system is still in its infancy and no clear
experimental data plus theoretical interpretation agreement has established the
degree of correlation, we also take the viewpoint here that effects of on-site
repulsion need to be assessed.

Although the experimental evidence indicates nonmagnetic Co ion in the
superconducting material, most theoretical approaches[14–16] consider the
strongly interacting limit where not only is U important, it is large enough
to prohibit double occupancy, justifying the single band t − J model. Another
question to address is whether the single band scenario is realistic: indeed the
rhombohedral symmetry of the Co site splits the t2g states into ag and e′

g rep-
resentations, but the near-octahedral local symmetry leaves their band centers
and widths very similar.

In this paper we begin to address the correlation question using the correlated
band theory LDA+U method. We focus on the x ≈ 1/3 regime where super-
conductivity emerges. We find that U ≥ UcUU = 3 eV leads to charge ordering
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at x =1/3 accompanied by antiferromagnetic (AFM) spin order; of course, the
fluctuations neglected in the LDA+U method, the availability of three distinct
sublattices for ordering, and the tendency of the Na ions to order[8] (which can
mask other forms of ordering at the same wavevector), can account for the lack
of ordering (or of its observation).

2. Method of Calculation

Two all-electron full-potential electronic methods have been used. The
full-potential linearized augmented-plane-waves (FLAPW) as implemented in
Wien2k code [17] and its LDA+U [18] extension were used. Valence and con-
duction s,p, , and d states were treated using the APW+lo scheme [19], while
the standard LAPW expansion was used for higher l’s. Local orbitals were
added to describe Co 3d and O 2s and 2p2 states. The basis size was determined
by Rmt Kmax = 7.0. In addition, the full-potential nonorthogonal local-orbital
minimum-basis scheme (FPLO) of Koepernik and Eschrig[20] was also used
extensively. Valence orbitals included Na 2s2p3s3p3d, Co 3s3p4s4p3d , and
O 2s2p3s3p3d. The spatial extension of the basis orbitals, controlled by a con-
fining potential [20] (r/r0)4, was optimized for the paramagnetic band structure
and held fixed for the magnetic calculations. The Brillouin zone was sampled
with regular mesh containing 50 irreducible k-points. Both popular forms[21]
of the LDA+U functional have been used to assess possible sensitivity to the
choice of functional, but in these studies the differences were small. We do not
consider interlayer coupling in the work presented here, which allows us to use
a single layer cell in the calculations.

3. Results of Self-Consistent Calculations

LDA electronic structure at x = 1
3.

The crystal field splitting of 2.5 eV puts the (unoccupied) eg states (1 eV
wide) well out of consideration. The trigonal symmetry of the Co site splits the
t2g states into one of ag symmetry and a doubly degenerate e′

g pair. The ag band
is 1.5 eV wide (corresponding to t = 0.17 eV in a single band picture) while
the e′

g states have nearly the same band center but are only 1.3 eV wide; hence
they lie within the ag band. As might be anticipated from the local octahedral
environment, there is mixing of the ag and e′

g bands throughout most of the
zone, and the ag DOS does not resemble that of an isolated band in a hexagonal
lattice. For the paramagnetic case x = 1

3 corresponds to 8
9 filling of the t2g band

complex, resulting in hole doping into the e′
g states as well as in the ag states.
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Figure 1. Effect of the intraatomic repulsion U on the magnetic moment of the Co1 and Co2
ions for ferromagnetic order. The LDA+U method in the FPLO code was used. Dispropor-
tionation to formal charge states Co3+ and Co4+ states occurs above UcUU = 3 eV.

Singh found that ferromagnetic (FM) phases seemed to be energetically fa-
vored for all noninteger x [13]. No ferromagnetism is seen in this system, so
NxCO becomes another member in small but growing list of compounds[22]
whose tendency toward FM is overestimated by LDA because they are near a
magnetic quantum critical point. We confirm these FM tendencies within LDA
for x = 1/3, obtaining a half metallic FM state with a moment of 2

3µB/Co that
is distributed almost evenly on the three Co ions, which occupy two crystal-
lographically distinct sites because of the Na position. The exchange splitting
of the t2g states is 1.5 eV, and the Fermi level (EF ) lies within the metallic
minority bands and just above the top of the fully occupied majority bands.
The FM energy gain is about 45 me V/Co. With the majority bands filled, the
filling of the minority t2g bands becomes 2

3 , leading to larger e′
g hole occupation

than for the paramagnetic phase. We conclude that, in opposition to much of
the theoretical speculation so far, x = 1

3 is necessarily a multiband (ag + e′
g)

system. Our attempts using LDA to obtain self-consistent charge-ordered
states, or AFM spin ordering, always converged to the FM or nonmagnetic
solution.

LDA+U Magnetic Structure and energies

First the behavior of the LDA+U results versus U were studied (on-site
exchange was kept fixed at 1 eV). The dependence of the magnetic moment
on U (obtained from the FPLO code) for FM ordering is shown in Fig. 1. Re-
call that the ordered array of Na ions in our cell gives two crystallographically



Disproportionation in Nax CoO2 239

Disproportionation in Naxa CoO2

Figure 2. Upper left: The charge ordered triangular Co lattice → honeycomb lattice, with
antiferromagnetic spin order designated by solid circles (↑), dashed circles (↓), and filled circles
(Co3+S = 0 sites). Lines denote nearest neighbor magnetic couplings. Upper right: addition
of a ↑ electron converts a Co4+S = 1

2 site to a nonmagnetic site. Hopping of a neighboring
hole to this site costs 4J in energy. The lower two panels illustrate the correlated pair hopping
process after a ↑ hole is added to the system: hopping of the hole to a neighboring site, followed
by refilling of the site by the added hole, results in an identical (but translated) state.

inequivalent Co sites. For U < UcUU ≈ 3 eV, the moments are nearly equal and
similar to LDA values (which is the U → 0 limit). Above UcUU , charge ordering
accompanied by a metal-insulator (Mott) transition occurs by disproportion-
ation into nonmagnetic Co3+ and two S = 1

2 Co4+ ions. Nonmagnetic Co3+

states lie at the bottom of the 1 eV wide gap, with the occupied Co4+ e′
g states

1–2 eV lower. After adding the on-site correlation to LSDA results, the hole on
the Co4+ ion occupies the ag orbital A possibility that we have not attempted
would be to obtain a solution in which the hole occupies an e′

g orbital, in which
case one should then investigate orbital ordering in addition to charge- and
spin-ordering.

Reasonable estimates for cobaltates put U at 5 eV or above, so we now con-
centrate on results for U = 5.4 eV, which we expect is near the lower end of
reasonable values. For this value of U both FM and AFM spin-ordered solu-
tions are readily obtained, with AFM energy 1.2 mRy/Co lower than for FM
order. In terms of nearest neighbor (nn) coupling on the charge-ordered hon-
eycomb lattice, the FM - AFM energy difference corresponds to J = 11 meV.
Referring to the paramagnetic bandwidth identified above, the corresponding
superexchange constant would be 4t2/U ∼ 20 meV.
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Discussion and Comparison with Experiment

These calculations establish that at x = 1/3, there is a strong tendency
to charge-order, and that there is a nn J of antiferromagnetic sign; hence
we consider as reference the

√
3 × √

3 charge-ordered AFM state shown in
Fig. 2. Considering the charge-ordering energies as dominant over the mag-
netic energies, the fundamental problem at x = 1

3 becomes the spin behavior of
the half-filled honeycomb lattice. Spin correlations and quantum fluctuations
on the honeycomb lattice have been considered by Moessner et al.[23] based on
the quantum dimer model, where singlet-pairing regimes indeed are found in
which the rms magnetization on a site is strongly reduced. Such pairing would
strongly suppress the Curie-Weiss susceptibility.

The foregoing discussion neglects (among other aspects) the metallic nature
of NxCO. Now we consider “doping” away from x = 1/3. Addition of an
electron (of, say, spin up) converts a Co4+ ↓ to a Co3+, that is, it destroys a
spin down hole which also was a potential carrier (if charge order were lost).
This frees up a site for hopping of a neighboring hole, but the energy cost of
doing so is 4 J (loss of two favorable J and gain of two unfavorable J ) and thus
is strongly inhibited. Now we turn to the removal of an ↑ electron (addition
of a hole) corresponding to superconducting region x < 1

3 , which has quite a
different effect. This type of doping converts an inert Co3+ to a Co4+ that is
surrounded by six Co4+ sites with alternating spins. Single particle hopping is
disallowed (strictly speaking, it costs U ); however, correlated parallel-spin pair
hopping as shown in Fig. 2 returns the system to an equivalent state and therefore
requires no net energy. This process suggests a tendency toward triplet pairing
superconductivity in this regime, although our results are too preliminary to
permit serious conclusions. Although some progress on such processes might be
made analytically within a single band model, the multi-band nature of NxCO
turns even the relatively simple Hubbard model on a triangular or honeycomb
lattice into a formidable numerical problem.

4. Summary and Acknowledgments

Now we summarize. We have used the LDA+U method to evaluate the ef-
fects of Hubbard-like interactions in NxCO, and find charge disproportionation
and a Mott insulating state at x = 1

3 when fluctuations are neglected. Nearest
neighbor coupling J ≈ 11 meV provides AFM correlations. Indications based
on this “mean field” AFM charge-ordered state are for very different behavior
for electron or for hole doping relative to x = 1

3 ; hole doping from this point
tends to favor parallel-spin pair-hopping and thus possible triplet superconduc-
tivity. Fluctuation effects may however be substantial.
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Abstract The scattering process responsible for connecting the bands remains one of the
last open questions on the physical properties of MgB2. Through the analysis
of the equilibrium and photo-induced far-infrared properties as well as electron
spin resonance of MgB2 we propose a phonon mediated energy transfer process
between the bands based on the coupling of quasiparticles to an E2g phonon.

Keywords: MgB2, infrared, ESR, pump-probe, interband scattering

1. Introduction

The discovery of superconductivity in MgB2 [1] triggered a major theoret-
ical and experimental effort to understand its mechanisms. Kortus et al. [2]
predicted that that MgB2 should have two metallic bands at the Fermi energy

,one two dimensional (σ) band along the Γ–A direction and another three di-
mensional (π) band covering most of the Brillouin zone volume. They also
predicted that both bands should undergo the superconducting transition with
different energy gaps, the higher being in the σ band. Several experimental
studies have found evidence for a double gap in MgB2 [3, 4]. In particular

,Giubileo et al. STM data [3] showed that these two gaps close at the same
Tc. The first attempt to describe a two band superconductor was done as early
as 1959 [5], when Suhl et al. proposed that when two superconducting bands
interact the critical temperature (Tc) of the lowest gap band increases and joins
the one of the higest gap band. This is qualitatively the effect observed in STM
measurements. Most of the physics behind superconductivity of MgB2 is now
understood [6] and the remaining big question concerns the process responsi-
ble for connecting the two bands.
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In this work we address this issue by looking at the far-infrared equilibrium
and photo-induced reflectivity of a MgB2 thin film and at the Electron Spin
Resonance (ESR) of powder samples.

2. Experimental

Optical data was taken on a ∼ 30 nm thick c-axis oriented film of MgB2

deposited on a sapphire substrate at Postech [7]. Its TcTT of 30 K is suppressed
compared to the bulk material (TcTT = 39 K). Standard reflectance measurements
were performed using the Bruker 66v FTIR spectrometer at beamline U10A
of the NSLS, with synchrotron radiation as the IR source. The specimen was
solidly clamped with indium gaskets to the copper cold-finger of a heli-tran
cryostat, leaving a 3 mm diameter aperture exposed for the IR measurement.
The remaining 80% of the sample’s surface was available for thermal conduc-
tion into the cold finger.

Transient far-infrared photo-reflectance measurements were also performed
using the same spectrometer and beamline. Here, we measured the reflectance
change due to illuminating the MgB2 film with 2 ps near-infrared (λ = 760
nm) pulses from a Ti:sapphire laser. The laser pulses break pairs and weaken
the superconducting state for a brief amount of time (∼ 1 ns) [8]. The result-
ing change in reflectance is sensed with the ∼ 1 ns infrared pulses from the
synchrotron in a pump-probe configuration [9]. The average laser power was
20 to 50 mW (0.4 to 1 nJ per pulse) so that the MgB2 film could be maintained
at T = 5 K. The pulse repetition frequency was 53 MHz, matching the pulsed
IR output from the synchrotron. For time-dependent studies, the broadband
probe pulses were not spectrally resolved, and the response is an average of
the reflectance across the 10 to 100 cm−1 spectral range.

ESR data was collected between 40 K and 600 K with a Bruker ESP300E
10 GHz spectrometer equiped with an Oxford ESR He cryostat on MgB2 pow-
der samples synthesized in Princeton. The powder was mechanically ground
to avoid skin depth problems.

3. Results and Discussion

Figure 1(a) shows the ratio of superconducting to normal far-infrared re-
flectance at equilibrium. The dashed line is a Mattis-Bardeen fit [10] assuming
a gap at 43 cm−1. The solid line is obtained using a simple non-interacting
carrier model for the conductivity σ = (1 − f)σσ + fσπ where σσ and σπ are
Mattis-Bardeen conductivities for each band and f is the fraction of the π band
that contributes to the total conductivity. The parameters used for the latter are
2∆σ = 56 cm −1 and 2∆π = 30 cm −1 (f = 0.6). Although the 2 gap model
better describes the data at low frequencies, the improvement is not sufficient
to conclude that two gaps must exist. In fact, previous data on equilibrium
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Figure 1. (a) Equilibrium infrared reflectivity of MgB2 film at 5 K (dots). The lines are
fits using the Mattis-Bardeen optical conductivity for systems with one or two gaps. (b) Photo-
induced reflectivity of MgB2 film at 5 K (dots). The lines are attempts to describe the data using
the same parameters as those from panel (a). The dashed line assumes a single gap. The dotted
and continuous lines are calculations for a two gap system. For the former we assume that in
the photo-excited state both bands have excess quasiparticles and for the latter, we assume that
all excess quasiparticles find themselves in the lower energy gap band (π). The inset in panel
(b) shows the time dependence of the integrated photo-induced signal.

infrared spectra of MgB2 [11] did not provide any clear cut picture about the
presence of two bands in MgB2, either. However, the data does not seem to
follow strictly the BCS theory.

An analysis of the time dependent transient photo-reflectance gives us a
good estimate of the effective pair recombination rate [8]. The inset in Fig. 1(b)
shows the average reflectance change as a function of the delay between pump
and probe pulses at 6 K. In accordance with other BCS superconductors the
effective recombination time is found to be a few nanoseconds. One important
remark is that, within the experimental time resolution, no evidence of multiple
decays is found. In fact, ultra-fast pump-probe measurements on MgB2 [12,
13] did not find any evidence for a double relaxation down to the ps regime.

Panel (b) in Fig. 1 shows the photo-induced spectra taken with pump and
probe at coincidence. The pairs broken by the laser pulse will create an excess
quasiparticle population. Owen and Scalapino [14] showed that this excess
quasiparticle population weakens the superconducting state. This weakened
state can be spectroscopically detected and resolved as a slightly reduced en-
ergy gap allowing the transient photo-reflectance data to be analyzed using the
same expressions as those for the equilibrium reflectance. The dashed curve
in Fig. 1(b) assumes that the system has a single gap at 43 cm−1 which is
decreased by photo-excitation. Although the amplitude and overall shape of
the signal can be reproduced by this simulation, quantitative agreement is not
achieved. The dotted line assumes that the system has the same two gaps used
in the equilibrium reflectance fit and that in the photo-excited state both gaps
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Figure 2. (a) ESR signal for MgB2 at 151 K (circles) and 465 K (triangles). The solid line
are fits with an assymetric Dysonian line. (b) ESR line widths for this work (circles), Ref. [17].
(diamonds) and Ref. [18] (stars). The solid line is the resistivity (normalized to compare with
the ESR data) from Ref. [19].

shrink by an amount consistent with a small rise in the electronic temperature.
The introduction of this second gap does not improve the data description and,
actually, introduces new features absent from the data. Our third approach,
depicted by the solid line, assumes that the system does have two gaps but
that only the smaller energy gap shrinks in the photo-excited state. This is
the behavior one would expect if, after pair-breaking by the laser, the excess
quasiparticles are left primarily in the band having the smaller energy gap.

Figure 2(a) shows the ESR signal measured for two temperatures and fits
using an assymetric Dysonian line shape. The fit allows us to determine the
Lande g factor and the line width (∆H) gives us a measurement of the spin
scattering time τsτ using (gµB∆H)τsτ = h̄̄.

ESR spectroscopy uses a static magnetic field to lift spin states degeneracies
by a Zeeman splitting and probes the magnetic dipole transitions between these
states with a small perpendicular rf magnetic field. In metals, the high colli-
sion rate of quasi-particles defines a single spin-lattice relaxation time τsτ . The
electronic spin-orbit interaction has two consequences on the ESR response:
(i) a “static” interaction produces a shift in the g factor from the free electron
value and (ii) in the presence of phonons a “dynamic” (time averaged) inter-
action leads to the Elliott-Yafet relation [15]. The Elliott-Yafet relation states
that (δg)2τcττ /τsτ = const, where τcττ is the electronic collision scattering time. In
a simple one band model these two relaxation rates are proportional, a fact that
has been observed in many metals [16].

Figure 2(b) compares the thermal evolution of the MgB2 ESR linewidth
(this work and Refs. [17, 18]) with its dc resistivity extract from Ref. [19].
The linewidth is measuring the spin scattering rate and the resistivity gives the
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electron collision rate. Had Elliott-Yafet been followed, the ESR data should
agree with the resistivity. Both quantities agree at low temperatures but this
agreement breaks down around room temperature. Formally this implies a g
factor unexpectedly varying with temperature. However, if one considers that
the σ and π bands have different g factors, a temperature dependent mixing of
these bands leads to a temperature dependent effective g.

4. Interband scattering

The photo-induced spectra in the superconducting state and the ESR data in
the normal state can be understood in terms of an interband scattering process.
When talking about interband scattering, one may think in terms of transfer
of quasiparticles or, alternatively, transfer of the energy of quasiparticles. The
latter process can be viewed as a process in which excited quasiparticles in one
band relax emitting phonons which can excite quasiparticles in the other band.
There is no transfer of the actual quasiparticles but rather of their energy.

The recent inelastic X-ray scattering data of Shukla et al. [20] shows that
the E2g phonon at around 60 meV is anomanously large in the Γ−A direction
of the Brillouin zone, the same direction as the σ bands. This E2g phonon is
the only phonon showing a large linewidth and it is natural to assume that this
effect is coming from a strong coupling with σ quasiparticles. However, once
created, E2g phonons can scatter quasiparticles in both bands. As the π bands
occupy a larger volume of the Brillouin zone, it is natural to assume that more
quasiparticles in this band will get excited.

This picture naturally explains our data. The photo excited spectra origi-
nates from quasiparticles created by a 1.5 eV laser excitation. When quickly
relaxing from high energies, the quasiparticles in the σ band eventually reach
energies comparable with that of the E2g phonon. At that time their energy is
transfered to the π bands leading to a photo-excited state (at our ns time res-
olution) that is composed mostly of excess quasiparticles in the π band. The
ESR response can be understood in similar terms. In this case we have no ex-
cited quasiparticles. At lower temperatures the g factor is a mixture of σ and
π bands. When we raise the temperature we give enough energy to the quasi-
particles to interact with the E2g phonon. Eventually, this changes the balance
between σ and π bands populations inducing a change in the effective g factor.

5. Summary

We looked at the far-infrared equilibrium and photo-induced reflectivity of a
MgB2 thin film and at the ESR spectra of powder samples. The photo-induced
response shows one gap at 3 meV and another at 7 meV. However, excess
quasiparticles are only found at the edge of the smaller gap. ESR data on the
normal state shows a break down, around room temperature, of the
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Elliott-Yafet time relaxation behavior observed in virtually any metal. These effects
can be described in terms of an interband energy transfer process mediated by
the anomanously broadened E2g phonon [20].
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Abstract In strong-coupling superconductors with a short electron mean free path
the self-energy effects in the superconducting order parameter play a
major role in the phonon manifestation of the point-contact spectra
at above-gap energies. We compare the expressions for the nonlinear
conductivity of tunnel, ballistic, and diffusive point-contacts and show
that these expression are similar and correspond to the measurements
of the phonon structure in the point-contact spectra for the π-band of
MgB2.

Keywords: MgB2, point-contact spectroscopy, two-band/gap superconductivity, electron-
phonon interaction

1. Introduction
The inelastic point-contact spectra of phonons in metals are based on

expansion of the nonlinear I − V characteristic in terms proportional
to d/lε, where d is the characteristic size of metallic nanoconstriction
connecting two bulk metal half-spaces and lε is the inelastic electron
mean free path [1, 2].

If d is smaller than the electron mean free path l (l−1 = l−1
i + l−1

ε ,
li is the elastic mean free path), the electrons flow through the contact
ballistically. In opposite cases (d � l) they perform a diffusive motion,
but if the energy relaxation length Λε ≈ √

lilε remains larger than d,
their movement inside the constriction is conservative, and the inelastic
point-contact spectroscopy is still possible [3, 4].

In the superconducting state a new characteristic length appears: the
size of the Cooper pair or the coherence length ξ, and the additional
nonlinear features emerge being proportional to the expansion of the
so called ”excess” current in terms proportional to d/ξ. In all the cases
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considered, the size of the contact is smaller than the corresponding
characteristic length scale: ξ, lε, Λε etc.

The zero-approximation in expansion of I(V ) in d/lε is the ohmic
current considered by Sharvin [5]. From the Sharvin’s formula the char-
acteristic size d of the contact can be determined in the ballistic limit.
The second derivative of the first approximation in expansion of I(V ) in
d/lε is directly proportional to the spectral function of electron-phonon
interaction (PC EPI) gPC(ω) = α2

PC (ω) F (ω) of the specific point-
contact transport both in the normal and in the superconducting states
[1, 6, 7]. This term is the basis of the canonical inelastic point-contact
spectroscopy (PCS). Here, α2

PC (ω) is the average electron-phonon ma-
trix element taking into account the kinematic restriction imposed by
contact geometry and F (ω) is the phonon density of states.

In diffusive point contacts (d � li) the role of the scale, where the
backscattering inelastic processes become essential, turns from d in li
and in the case when li/lε � 1 the corresponding contribution becomes
negligible [3, 4]. This property will be essential when we consider the
phonon structure in point-contact spectra of dirty MgB2 contacts in the
c-direction.

In the superconducting state, due to the Andreev reflections of quasi-
particles at the N − S boundary, the excess current appears both in
S − c − N and S − c − S contacts (c stands for constriction). Its mag-
nitude is the constant proportional to ∆ for the weak-coupling BCS
approximation at eV � ∆ (∆ is the superconducting energy gap) [8, 9].
In the strong-coupling model of EPI the energy gap depends on the en-
ergy of quasiparticles due to phonon retardation effects reflecting the
characteristic features of the phonon spectrum at singular van-Hove en-
ergies. Hence, even in the zeroth order the nonlinearities appear in I(V )
[10]. For the issue of this study it is most important that these nonlin-
earities are independent of the elastic mean free path (i.e., purity of the
contact). In this connection one should keep in mind that for the simple
method of a gentle touch between two sharp edges of the electrodes it
is not possible to control the elastic mean free path in the constriction.
In what follows we show that in spite of this restriction, the satisfacto-
rily reproducible results are obtained not only for the shapes of phonon
structure but also for their amplitude.

To conclude this section, we mention that the use of the first ap-
proximation in expansion of excess current in powers of d/ξ allows the
nonequilibrium effects in the vicinity of the constriction to be developed,
which are out of the scope in this paper [11].
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2. Theoretical background of zeroth-order
elastic component in excess current

In this section we review what has recently become known about the
phonon structure in the point-contact spectra [12]. In order to do this,
we should refer to the works where the excess current in point contact is
considered in terms of the strong-coupling theory. That was first done
in the paper of Omel’yanchuk, Beloborod’ko and Kulik for ballistic
S − c−N point contact [10]. The first derivative of I(V )-characteristic
at T = 0 has the following form in this case:

RN

(
dI

dV

)
bal

= 1 +

∣∣∣∣∣ ∆ (ε)
ε +

√
ε2 − ∆2 (ε)

∣∣∣∣∣
2

, ε = eV (1)

where RN is the resistance of the contact in the normal state. This
expression implies d � ξ to be fulfilled (ξ is the coherence length in
pure metal).

For diffusive point contact with the restriction: li � d � √
liξ, the

same quantity takes the form [12]:

RN

(
dI

dV

)
dif

=
1
2

ln
∣∣∣∣ε + ∆(ε)
ε − ∆ (ε)

∣∣∣∣
� ε√

ε2−∆2(ε)

� ∆(ε)√
ε2−∆2(ε)

, ε = eV (2)

We would like to compare these dependences with the expression for
the conductance of the tunnel junction due to the self-energy effect in
the superconducting energy gap:

RN

(
dI

dV

)
tun

= � ε√
ε2 − ∆2 (ε)

, ε = eV (3)

In the above mentioned formulae ∆ (ε) is the complex superconduct-
ing order parameter

∆ (ε) = ∆1 (ε) + i∆2 (ε) , (4)

where ∆1 (ε) and ∆2 (ε) are the � (ε) and �∆ (ε), respectively. It would
be very instructive to express Eqs. (1), (2), (3) as functions of real and
imaginary components.

Thus, using the auxiliary expression A (ε) =
√(

ε2 − ∆2
1 + ∆2

2

)2 + 4∆1∆2,

the results are as follows:
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RN

(
dI

dV

)
bal

= 1 +
1(

∆2
1 + ∆2

2

) [
ε2 + A −

√
2ε

√
A + ε2 − ∆2

1 + ∆2
2

]
,

(5)

RN

(
dI

dV

)
dif

=
1
2

ln

⎡
⎣

√(
ε2 − ∆2

1 − ∆2
2

)2 + 4ε2∆2
2

(ε − ∆1)
2 + ∆2

⎤
⎦ × (6)

×
ε
√

A + ε2 − ∆2
1 + ∆2

2

∆1

√
A + ε2 − ∆2

1 + ∆2
2 ± ∆2

√
A − ε2 + ∆2

1 − ∆2
2

,

where ”plus” and ”minus” in the last line stand for ∆1∆2 < 0 and
∆1∆2 > 0, respectively.

Finally, for tunnel junction the same quantity reads:

RN

(
dI

dV

)
tun

=
ε
√

A + ε2 − ∆2
1 + ∆2

2√
2A

. (7)

Expressions (1), (2), (3) [and (5), (6), (7)] seem quite different but in
reality they are very similar. This becomes evident if we compare their
asymptotic expressions for the limit ε � ∆. For three extreme regimes
of current flow in aforementioned point contacts the corresponding equa-
tions take the form:

for a ballistic point contact:

RN

(
dI

dV

)
bal

≈ 1 +
∆2

1

4ε2
+

∆2
2

4ε2
, (8)

for a diffusive point contact:

RN

(
dI

dV

)
dif

≈ 1 +
∆2

1

3ε2
, (9)

and for a tunnel junction:

RN

(
dI

dV

)
tun

≈ 1 +
∆2

1

2ε2
− ∆2

2

2ε2
. (10)

In all these equations ε = eV and T = 0 are implied.
Since ∆2 (ε) becomes comparable to ∆1 (ε) only at the highest phonon

energy, almost in the whole phonon energy range these three extreme
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regimes of current flow differ only little, mostly in amplitudes, which de-
crease in the tunnel→diffusive→ballistic contact row like their prefactors
1
2 → 1

3 → 1
4 . This derivation is of a key importance to understanding

the quite similar phonon point-contact spectra for the different contacts
randomly accessible in the experiment.

3. Self-energy effect in c-axis oriented MgB2

films
For two-band superconductor MgB2 (see the review [13]) the �∆ (ω)

and �∆ (ω) for π and σ-band are depicted in the upper and lower panel
of Fig. (1)[12], respectively. We are interested mostly in the π-band de-
pendences, since for thin films oriented along the c-axis only the π−band
part of the Fermi surface has nonzero Fermi velocity for charge carri-
ers (holes) along the contact axis, playing the main role in the contact
current. For the σ-band, which is two-dimensional, only holes with the
velocity in the ab-plane exist. The driving force for superconductivity is
the very strong EPI of these holes with the E2g-phonon mode with the
energy of about 70 meV. This mode is seen as the strong peak in �∆σ

in the lower panel of Fig. (1) [13]. Note, that the ordinate scale for the
latter panel is about three times higher than that for the π-band. For
the π−band all the phonons in the energy range ∼ 30 ± 100 meV take
part in the �∆π dependence, but with a lower magnitude as compared
with the σ-band. Up to about 80 meV �∆ (ω) is small, hence, only
�∆ (ω) is important in Eqs. (8), (9), (10). Thus, we expect that up to
∼ 80 meV the point-contact spectra differ only in amplitude just like
the prefactors in the [�∆ (ε) /ε]2 term. This is evident from Fig. (2).
We can see that up to the energies ∼ 80 ÷ 90 meV the shapes of the
calculated spectra are similar (Fig. (2)). The discrepancy is observed
only at higher energies, where �∆ (ω) becomes essential. In the range
of biases 80÷120 meV the variations of point-contact spectra are quite
appreciable and mirror in the experimental curves. Although the ∆ (ω)
value is of the order of ∆max at biases higher than 120 meV, the phonon
features on the PC spectra are small enough, due to the factor 1/ε2 (ω).
When we compare theoretical and experimental curves, we consider only
the biases up to 120 meV, since for higher biases the experimental results
are irreproducible, due to nonequilibrium suppression of the supercon-
ducting state in the contact. Comparison of calculated and experimental
curves is shown in Fig. (3). For the ordinate scale we use the second
harmonic voltage V2VV measured in experiment, which is related to the
second derivative of the I − V characteristic as follows:
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Figure 1 Real and
imaginary parts of ∆ (ε)-
dependences for π- and
σ-bands (upper and lower
panels, respectively) of
MgB2 [12].

V2(V ) = − V 2
1

2
√

2
d

dV

(
RN

dI

dV

)
, (11)

where V1 is the modulation voltage, which is conventionally taken equal
to 3 meV (close to the value used in the experiment).

In the upper panel of Fig. (3) three different point-contact spectra are
shown. They have similar shape up to 100 meV with a slight increase
of average amplitudes in the row RN = 49→36→80 Ω. In the same se-
quence the so-called zero-bias maximum in the dV/dI(V ) characteristic
increases (not shown) , being R0/RN ≤ 1, 
 1 and ≥ 1, respectively
(R0 is the zero-bias resistance in the superconducting state), for the
above mentioned row. One may speculate that in the same direction the
contact changes from ballistic towards the tunnel regime1. The lower
panel of Fig. (3) shows that in the same row the average amplitude of
phonon structure increases in the calculated curves. The positions of the
maxima of the experimental phonon features roughly correspond to the
expected ones taking into account that the orientation of experimental
junction is approximately along the c-axis, since the spreading behavior
of current in direct conductivity point contact embraces a wide solid an-
gle near the contact axis. The alignment of our contacts along the c-axis
is inferred indirectly by measuring the Andreev reflection spectra in the

1One should be cautioned to ascribe the case R0/RN � 1 to the ballistic regime with the
tunnel barrier having Z parameter of about 0.5. In most cases this value of Z in the BTK [9]
fitting corresponds to the diffusive regime of current flow. This happens in many cases, where
the same Z value have many junctions with quite different materials as dissimilar electrodes.
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Figure 2. Calculated point-contact spectra for π- and σ-bands (upper and lower
panels, respectively) of MgB2 [12] for ballistic (dashed curve), diffusive (thick solid
curve) and tunnel (dotted curve) regimes of current flow. Real and imaginary parts
of ∆ (ε) are taken from Fig. (1).

energy gap region and by observation of only the small gap ∆ ≈ 2.4
meV characteristic of the π-band.

Special attention should be paid to the amplitude of the experimental
curves, which roughly equals that predicted theoretically. In inelastic
spectroscopy the amplitude of the EPI spectrum is an order of magnitude
lower than expected one (see Fig. (1) in Ref.[14] and the discussion cited
therein). This discrepancy may be explained either by the diffusive
regime of current flow with and unknown mean free path li, or by the
specific PC-transport character of the EPI function obtained from the
inelastic backscattering spectrum.

255



Figure 3. Comparison of experimental (upper panel) and calculated (lower panel)
phonon structures in point-contact spectra of MgB2. The contact axis is oriented
along the c-axis. The normal state resistances are given for each curve. In the
experimental panel the upper curve corresponds to the ordinate scale, and the other
two are shifted down for clarity. T = 4.2 K. In the theoretical (lower) panel three
transport regimes are illustrated on the same scale as in the experimental graph.
Here, the lower curve corresponds to the ordinate scale, the other two are shifted up
for clarity. The π-band EPI function (dashed curve) [15] is shifted to higher voltages
by ∆π = 2.4 meV. The modulation voltage is taken equal to 3 mV.

Comparing theoretical and experimental spectra, one can infer that
all the phonons are essential in the EPI function for the π-band. In
the lower panel of Fig. (3) we plot the

(
α2F

)
π function taken from Ref.

[15]. As expected, the maxima in the EPI spectral function shifted by
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∆π(0) to the right coincide approximately with the maxima in the second
harmonic dependences V2VV (V ).

4. Conclusion
The self-energy effect in the phonon feature of a superconducting

point contact can be used, in principle, in the same way as the Rowell-
McMillan program for determination of the EPI spectral function in
tunneling spectroscopy of superconductors [16]. Two difficulties arise on
this way. One is theoretical, since this program works well only for the
one-band superconductor, and its application to the two-band case, like
MgB2, encounters difficulties [17]. The other is experimental, since all
other sources of I − V nonlinearities should be removed, and especially,
the nonequilibrium effects in superconductor should be excluded.

The result obtained for superconductivity in MgB2 is the first direct
proof of validity of the calculated EPI function [15], at least in the π-
band. Unfortunately, this method encounters difficulty, while applying it
to the σ-band. In this case the very strong generation of nonequilibrium
phonons cannot be efficiently excluded from the contact region and this
destroys the superconductivity in the constriction.

The question may arise whether the self-energy effects are important
in the normal state. These are known to be smaller than the inelastic
backscattering nonlinearities in the ballistic regime [18]. If we decrease
the contact size d or the elastic mean free path li in order to make the in-
elastic contribution negligible, the latter parameters become comparable
to the Fermi wave length of charge carriers and the strong nonlineari-
ties connected with localization occur, which masks the desired phonon
structure [19].

5. Acknowledgements
The author is grateful to Yu.G. Naidyuk, S.I. Beloborod’ko, O.V. Dol-

gov and A.A. Golubov for collaboration. The work was carried out in
part by the State Foundation of Fundamental Research under Grant
Φ7/528-2001.

257



References
[1] I.O. Kulik, A.N. Omel’yanchuk and R.I. Shekhter, Sov. J. Low Temp. Phys. 3,

840 (1977).

[2] I.K. Yanson, in book ”Quantum Mesoscopic Phenomena and Mesoscopic Devices
in Microelectronics”, I.O. Kulik and R. Ellialtioğlu (eds.), p. 61, (2000 ) Kluwer
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A THEORETICAL  APPROACH  TO  DESIGN 

UNCONVENTIONAL  SUPERCONDUCTORS BY 

HETEROCYCLIC  MOLECULES 
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Abstract: Quantum chemical calculations at molecular mechanical level 
were carried out to search a possible correlation between the 
number of pyrrole units and the total energy, dipole moment and 
dihedral angles of the possible polymers of pyrrole molecule. 
The ideal superconductive polymer of that molecule could be 
formed by repeating asymmetric type of dimer up to 3 units.

Key words: superconductivity; quantum chemical; heterocyclic molecules; unconventional 
superconductors; dimer

1.   INTRODUCTION 

In last two decades molecular-based materials in intermediate or 
strong electron correlation regime have attracted much interest in relation to 
molecular magnetism, magnetic conductivity and superconductivity1. Films 
formed from the heterocyclic polymers have found to behave as good 
conductors and have been used in manufacture of chemically modified 
electrodes, sensors and solid batteries. Diverse composite materials such as 
synthetic electro-conductive nylon or polyester fibers covered with a thin 
layer of poly-pyrrole have been used as a coating for aeroplane fuselages to 
prevent the reflection of radar signals. The same textile has also been used to 
shield electronic equipment including computers and control systems2. Some 
recent reports on the theoretical aspects of molecule-based conductors exist 
in literature3,4. In the present work we are now reporting on the geometrical 
aspects of polymerization of pyrrole molecule which might well act as an 
unconventional conductor (i.e. molecular wire). The ultimate purpose study 
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is to find some kind of correlation between the computed physical 
parameters and the geometry of the polymer systems using simple level of 
theory.

2.   METHOD OF CALCULATION 

CS ChemOffice (R) version 4.5 packet program and MM2 method 
which is implemented in CS ChemOffice (R) version 4.5 were used 5.

3.   RESULTS AND DISCUSSION 

To enlighten some of the obscure parts of the possible experimental 
studies we have attempted to carry out some quantum chemical calculations 
on polymerization of pyrrole derivatives to drive predictive conclusion. The 
computed total energy values along with dipole moments and dihedral 
angles are depicted in Table 1. Among the other possible polymer forms 
A’A’A’A’ and A’B’A’B’ forms seems to require smaller energies and both 
dihedral angles (i.e  and ) have value of zero which suggest  planar 
structures for those polymers and of course indicates the possibility of full 
conjugation and easiness of electron transfer from one end of the molecule to 
the other. The A’B’A’B form seems to  have the smallest negative dipole 
moment also. All these data let us to speculate that if the planarity is 
essential for a molecule to be a conductor the ideal polymer of pyrrole will 
be obtained with repeating units of AA and A’B’ forms up to X values of 10 
(i.e s-form) and 6 (i.e. a-form) respectively as shown below. 

N

H

N

H

N

H

H

N

X=5 X=3

                                                 s                            a 
                                      symmetric dimer    asymmetric dimer 

Correlation graph of dihedral angles with number of pyrrole units 
(Figures 3-4) indicate that  angle keep the value of null steadely until n=5 
in A’B’ form whereas  angles has small fluctuations from null. The total 
energy values correlate well with number of pyrrole units  up to n=11 for AB 
form whereas it degregates at n=9 for AA, n=8 for A’A’  and n=5 for  A’B’

forms. On the  other hand the dipole moments correlates well with number 
of pyrrole units for AB whereas deviation from linearity starts at n=6 for AA 
and A’A’, n=5 for A’B’ forms (Figures 1-2).

4.   CONCLUSIONS

1. It seems that quantum chemical calculations can lead the experimental 
studies in predictive manner. 
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N N

1

2 3

4

5 6

      Table 1.    MM2 calculated   Total energy, ET (kcalmol-1), Dipol moment (D), Dihedral 
angles for studied polypyrrole molecule.    

 ET (kcalmol-1) (D)  (1,2,3,4) (5,2,3,6) 

AA 16.59 0.40 -1.343 -1.450 
AB 16.83 0.15 -1.184 -1.142 
A’A’ 6.71 -0.56 0.000 0.000 
A’B’ 6.68 -0.98 0.000 0.000 

AAA 22.57 0.82 -0.316 -0.547 
ABA 23.03 0.31 0.000 0.000
A’A’A’ 12.87 -0.11 -0.316 0.000 
A’B’A’ 13.07 -0.80 0.316 0.000
AAAA 28.58 1.23 -0.949 -1.002 
ABAB 29.33 0.47 -2.147 -2.591 
A’A’A’A’ 19.09 0.36 -0.547 -0.706 
A’B’A’B’ 19.49 -0.62 0.000 0.000
AAAAA 34.57 1.65 0.316 0.000
ABABA 35.58 0.63 0.000 0.000
A’A’A’A’A’ 25.26 0.85 0.000 -0.316 
A’B’A’B’A’ 25.96 -0.43 0.316 0.000 
AAAAAA 40.81 2.07 0.000 0.000 
ABABAB 41.64 0.79 0.316 0.000
A’A’A’A’A’ A’ 31.72 1.36 0.000 -0.448 
A’B’A’B’ A’B’ 28.46 -0.39 -5.345 7.982 
AAAAAAA 46.83 2.21 0.706 0.633 
ABABABA 47.91 0.95 0.000 0.000 
A’A’A’A’A’A’A’ 36.56 1.51 0.000 0.000 
AAAAAAAA 52.77 2.61 0.000 0.000 
ABABABAB 54.04 1.11 0.000 0.000 
A’A’A’A’A’A’A’A’ 41.83 2.04 0.448 0.547 
AAAAAAAAA 57.76 3.42 -2.193 -2.369 
ABABABABA 60.28 1.28 0.000 0.000 
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AAAAAAAAAAA 70.23 4.88 0.000 -0.838 
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2. Better programs are needed ( i.e. programs with no limitations) to be able 
to carry out more convincing and more reliable calculations which will 
produce closer data to the  experimental results.
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3. Nevertheless since the linearity of the polymer is important even the very 
rough calculations indicate that pyrrole molecule might be used as a versatile 
conductors providing that the appropriate polymerization reaction can be 
managed.

Figure 1. MM2 Total energy –number of pyrrole unit correlation diagrams for polymerization 

of pyrrole molecule.
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Figure 3.  dihedral angle- number of pyrrole unit correlation diagrams for polymerization
of pyrrole molecule. 

Figure 2. Dipole- number of pyrrole unit correlation diagrams for polymerization of pyrrole 
molecule.
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