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Interlayer coupling and the thermopower of cuprate superconductors
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A review of the extant literature on the thermopow@iEP) of the cuprate superconductors reveals a
transition from polaronic to homogeneous itinerant electron behavior with increasing hole concentration in the
CuO, sheets. Superconductivity appears at the compositions of crossover from one regime to the other, and the
normal state of the superconductors retains a heterogeneous electronic structure of mobile hole-rich and
hole-poor domains, which introduces both a statistical and a transport component to the Seebeck coefficient. A
primary manifestation of the transport component is an enhancementde(i) having a maximum at a
Tmax=100-140 K, which is characteristic of a strong coupling of the charge carriers to optical rather than
acoustic phonons. Comparison of the TEP for |}4801:Cu0, Vs LagsSn 1£6aCu@ and
La; ¢Sry ,CaCuy0g, 5 Vs Bib,SL,CaCuyOg, s indicates that an increase in thexis coupling between neighbor-
ing CuG; sheets increases the size of the polaron or hole-rich domains in the underdoped compositions, thereby
lowering the room-temperature value of the Seebeck coeffici€3®0 K) and increasing the magnitude of
8a(T). These observations implicate a strong elastic component, enhanced by electron-lattice interactions, in
the c-axis coupling as well as in the formation of larger nonadiabatic polarons and their interactions within the
Cu0, planes. They also signal that caution must be exercised in any application of a “universal ptgB0sf
K) versus hole concentratiop per Cu atom in a Cu®plane to obtain a value op from TEP data.
[S0163-182606)00842-9

INTRODUCTION used to measure the mean size of polaronic charge carriers
having a given density. The transport term is relativey small,
The strong anisotropic conductivity of the high- but it is dominant where the charge carriers are itinerant; its
copper-oxide superconductors and the intergrowth architegnagnitude increases linearly with temperature in a metallic
ture of their structures have drawn primary attention to thesystem with a fixed number of carriers. The most common
role of the CuQ sheets in the superconductive mechanismJow-temperature enhancement is due to phonon drag, a phe-
On the other hand, coupling between the Guheets along nomenon reaching a maximum at a temperaflifg,~0.2
the ¢ axis has also been proved to play a critical role infp, wheredp is the Debye temperature. We shall argue that
establishing the superconductive state. In this paper, we cohe TEP of the cuprate superconductors is dominated by the
sider the influence of the-axis coupling on the thermoelec- statistical termeg, in the underdoped compositions with
tric power (TEP) of this family of oxides. We also review p=0.1 hole carriers per Cu atom of a Cu€heet and by the
briefly the evidence from TEP measurements for a heterogdransport term in the overdoped samples with0.25. In the
neous electronic state in the superconductive compositiorsuperconductive compositional range €{4<0.25, the sta-
and we interpret our results in the perspective of a model fotistical term and transport terms both make important contri-
this heterogeneous state that we have previously proposedbutions to the TEP, which provides a clear indication that the
superconductive phase is electronically heterogeneous.

THERMOELECTRIC POWER

TEP measurements have proven to be a useful probe of DATA REVIEW
the character of the charge carriers in solids; they give reli-
able information for polycrystalline as well as single-crystal
samples. In general, the TEP measurements contain thr
contributions:

We begin with a review of several critical features of the
TEP data that have been obtained for the system
§%,_,Sr.Cu0,. This system has been considered to be atypi-
cal because it falls off a so-claimeduniversal plot” of
_ room-temperature Seebeck coefficief800 K) versus hole

(M) =ast a(T)+ 5a(T), @) concentratiorp per Cu atom in the Cugsheets. However, it
where«g is a statistical term that is dominant in the case ofis, in fact, one of the most straightforward and informative
small-polaron charge carrierg,(T) is a transport term that systems to consider as it contains no charge reservoir and
measures the mean curvature of the charge-carrier energgherefore gives direct information on the transport properties
dispersion curves(k) at the Fermi surface, anfle(T) is a  of the CuQ sheets. It is the “atypical” behavior that intro-
low-temperature enhancement that requires a charge-carriduces the issue of theaxis coupling. In this system, single
energy dispersion to be manifest. The statistical tegmas  CuQO, sheets are coupled to one another along ¢hexis
described by Heikes’s formula, is temperature independenthrough an insulating La ,Sr,O, rocksalt layer, and it is
but it varies strongly with the occupancy fraction of the sitespossible to vary the compositional parameserover the
over which it moves. Therefore the statistical term can beange G<x=<0.30, while retaining oxygen stoichiometry as
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however, an optical-mode vibratibreould be assigned to
give rise to aT,,~120 K. We therefore conclude that the
overdoped compositions are electronically homogeneous, but
the itinerant electrons are unusual as they couple strongly to
optical phonons rather than to acoustic phonons.

In the superconductive range 8:¥<0.25, the Seebeck
coefficient has been descrifely the relation
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where ag~=a(300 K) is nearly temperature independent
above room temperature; it is strongly composition depen-
dent which distinguishes it from the overdoped composi-
tions, but it decreases more slowly than logarithmically with
increasingx. The inset(b) of Fig. 1 gives the temperature
dependence ok for the x=0.15 sample; it is typical for the
superconductive compositional range. The extension of the
fitting curve for the underdoped compositions falls to nega-
0 tive beyondx=0.1 instead of ak=0.5 as small polarons. It

“““ is interesting to note that the TEP measured in the range
0.0 0.1 0.2 0.3 0.1<x=0.25 follows neither extrapolation of the large po-
laronic picture found for 8x=<0.1 nor that of the itinerant-
electron band moddHashed ling The high TEP relative to
the band calculation together with the strong doping depen-
dence indicates that the statistical term still plays a role. It
therefore appears that we have
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FIG. 1. The plot of TEP at room temperatucg€300 K) for
La,_,SrCuQ,. The dashed line represents the curve fitting to a
logarithmical function in the range<Ox=<0.1. The dot and dash
line showing the result of a band calculation is taken from Ref. 3.
Inset (@) and (b) give the temperature dependence of TEP for the apg=ast ay(T), (5
samplesx=0.02 andx=0.15, respectively.

where the transport contributian(T) is relatively weak. On
has been demonstrated by Takagal? with fine-focus syn- the other hand, the enhancement teda(T) with a
chrotron x-ray diffraction. Tmax=100-140 K in the range 0<1x=<0.25 is much larger

In the underdoped compositional range<®<0.1, the in the superconductive samples than in the overdoped
TEP of the system La ,Sr,CuQ, is temperature indepen- samples. This unprecedented behavior, indicative of a coex-
dent above about 200 K. The ins@) of Fig. 1 shows a istence of an important statistical term and a large enhance-
curve ofa vs T for thex=0.02 sample, which gives a typical ment term, signals the existence of a single crystallographic
behavior for this doping range. The magnitude is given byphase containing two electronic phases: one is hole-rich cor-

the room-temperature value, which varies as responding to a condensation of interacting polarons and the
other is hole-poor supporting spin fluctuations. Erfidmgs
a(300 K)=~(k/e)In[2(1—kx)/kx], (2)  used other arguments to conclude that the normal state of the

copper-oxide superconductors is electronically inhomoge-

where k;=5.3 and the factor 2 in the brackets is a spin-
. A . neous. We have argued elsewlietieat the heterogeneous
degeneracy factor, see Fig. 1. Such a variation with hole . .
. : State is formed by a condensation of the polaron gas of the
concentrationx of a temperature-independeatshows that

- : . . . underdoped composition into a polaron liquid with the pos-
D e e e e L= e o iy of e fomation of a poaro ol belod. I
. P y nor b P . such a condensation, the polaron-polaron interactions lifting
size of a polaron is increased from one Cu site to 5.3 CL,E
sites.
In the overdoped compositions>0.25, the Seebeck co-

efficient is described by the relation

he degeneracy give rise to a dispersion of the mobile-
particle energies, which allows the manifestation &g T),
and causes the polarons to lose their individual identities as
they interact to form hole-rich domains. Equati(®) states
_ that, for a given hole concentration=p, a decrease in

(1) =e(T) + 5a(T), & as=a(300 K) must correspond to an increase kg and
whereq,(T) is small and insensitive to doping as calculatedhence in the mean size of the polarons in the underdoped
for a band modet;the enhancement teréw(T), which sets  compositions. Extrapolation of this result into the supercon-
in below room temperature, has a maximunTat,~100 K,  ductive compositions having heterogeneous hole-rich and
a temperature that is too high to be due to a conventiondhole-poor domains would give a larger volume of the hole-
phonon-drag enhancement by acoustic phoffohsleed, rich domains for a lower(300 K) at a fixed value op.
phonon-drag enhancements witil g,,~75 K in the metal- We emphasize next that superconductivity in the copper
lic chains of SyCuQ;, ;5 (Ref. 5 andT,,,,~65 K in metallic  oxides has been unambiguously correlated with a TEP for
LaCuQ; (Ref. 6 have been observed. A vibration mode giv- the CuQ sheets that shows the coexistence of the enhance-
ing T,=~100 K has not been recognized. In YBa,O5, mentda(T) having aT,,,~140 K and any, that is strongly
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doping dependeritFor example 5a(T) is not present in the
TEP of either the underdoped sample or an optimally doped

~ Cu0,

CuO
Lay 6556 3:CUO; o0 in Which perturbation of the periodic po- ’ La(Sn)0
tential of a CuQ sheet by oxygen vacancies suppresses su- g’ La(Sr);05 60
perconductivity. In this latter example, the insulating layer
between Cu@ sheets is retained as a rocksalt layer, so the La(SrO

c-axis coupling should be similar in the nonsuperconductive
sample to that in superconductive ;Lg@Sr, 1:CuQ,, and aq
does not change with the suppression of superconductivity.
We conclude that the electronic heterogeneity was retained @ )
in Lay 6556 35CUG; o but loss of the periodicity of the elec-
tronic potential suppressed the enhancement mechanism to- ‘
gether with the superconductivity. Moreover, measurements . Ca
of «(T) under different hydrostatic pressupe(Ref. 11 for > gio Cu0,
x=0.13, 0.15, and 0.22 in the La,Sr,Cu0, system gave a : Sr0
dT./dP=0.2 and 0.1 K/kbar for the two orthorhombic E La(81)202 Biz02
samples wittk=0.13 andx=0.15, but adT./dP=0 for the §10

tetragonal sample witkk=0.22. Where adT,/dP>0 oc-

" CuO,

~ CuO,

Cu0,

Cu0O,

~ Cu0,

. . Cu0,
curred, pressure also increased the magnitude of the en- Ca Ca
hancementsa(T); the enhancement was independent of Cu0, Cu0,
pressure wherd T.//dP=0. In addition, angle-resolved pho-
toemission spectroscopy on other superconductive samples © @
has demonstrated a flattening with increasifig of the
charge-carrier dispersion(k) in the direction of the Cu- FIG. 2. Schematic drawing of the crystal structures (af

O-Cu bonds in the CuQplane? From these experiments, La, SKCUQ,, (b) LaggsSn 165aCUQ, (€) Lay 651 LaCy0g- 5
we conclude that a single underlying physical phenomeno@nd(d) Bi;Sr,CaCyOs. 5.

is responsible for the increase T, the flattening ok(k) in . . . .
A L thicker insulating layer La ,Sr, ,,GaO; and the doping of

t(?e(_gu O-Cu bond directions, and the TEP enhancemeqﬂe CuQ layer is kept nearly optimélThe introduction of a
aThése eneral properties described for the Csi@ets in GaO plane into the middle of the rocksalt layer is charge
9 brop compensated by substituting one Sr for one La. The insertion

the system La_,Sr,CuQ, have been found to hold also for . ) . .
the CuQ sheets in the other cuprate superconductors whergf a GaO plane increases the thickness of the insulating layer

ever it has been possible to eliminate contributions to th separating the Cupsheets from<13 A to >16 A.
TEP f q tp | bet h Deets. Nev- ef_ao_858r1_15GaCuQ is a semiconductor down to 10 K and its

rom conductive ‘ayers between the Gueheets. Nev TEP contains no enhancement tefiaa(T); it has ana(300
ertheless, La ,Sr,CuQ, is “atypical” in one respect; the '

. . . K)=~42 uVI/K, which is significantly higher than the-23
magnitude ofx(300 K) for x=0.1 remains anomalously high . i
when compared on the “universal plot” af(300 K) vs pVIK obtained for Lg_,Sr,CuQ,, see Table I. More pre

T/ T o foT @ given hole concentration in the Cy€heets. cisely speaking, the detectable difference in oxygen content

Attemots to rationalize this anomalv as a manifestation cnfor these samples is 0.01 by iodometric titration; this differ-
P y ence cannot account for the jump in TEP. It is interesting

oxygen vacancies or of orthorhombic-tetragonal phase fluc; : . )
tuations are not tenable; the measured overdoped compo (hat althougha(300 K) in LaygsS1 155aCuQ is larger, nev

I- . : .
tions were stoichiometrit,no detectable orthorhombic fluc- Etheless the charge carriers have not collapsed to single-site

tuations were found down to 10 K for=0.2113 and there is small polarons, which should show &(B00 K)~223 uV/K.

no anomaly in the TEP at the orthorhombic-tetragonaIThe mean size of the polarons has only been reduced from

" . 5.310 4.2 Cu sites.
transition? Moreover, LaCuQ,, s can be doped to the opti- :
mal hole concentratiofp=0.14 at5=0.07) by the insertion Next, we compare two compounds with double GuO

) . : : sheets separated by a plane of ?Caions, viz.
of interstitial oxygen into the middle of the L@, rocksalt :
layer; the TEP at §=0.07 is identical to that of La; 601 CaCy06 5 and BLSECaCyOs, , The structure

14,15 of the former compound is illustrated in Fig(c®, it contains
el raonets field has siminated any magneti origin o116 S3Me L& ,S50; rocksalt layer separating the
the anomaly'® We propose here that the higher, with respectcuo[ca_Cuq layers of double Cupsheets as is found in
to the “universal plot”, (300 K) found for x>0.1 in TABLE I. The TEP at room temperature and the low-
La,_,Sr,CuQ, is caused by a weakearaxis coupling be- temperature enhancement for four cuprates.

tween the Cu@sheets.

(300 K) oa (T)
(wVIK)
INFLUENCE OF THE c-AXIS COUPLING
Lay g551p.15CUQ; g9 23 Strong
In order to test whether-axis coupling has any influence Lag S, ;6GaCuQ gq 42 None
on the TEP, we begin with the compound La,4Sr, ,CaCuOy_ s 33 Weak
Lag gsSh 15GaCuQ, Fig. 2b), in which the La_,SrO,  Bj,Sr,CaCyOg, s 8 Strong

layer of Lg_,Sr,CuQ, Fig. 2(a), has been replaced by a
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La,_,Sr,CuQ, separating single CuQsheets. This com- DISCUSSION

pound becomes superconductive witfi &= 60 K after treat-
ment under high oxygen pressure. The hole concentration Q:fo

the superconductor s~ 0.12 per Cu atom as determined by \here the intergrowth layer between Cueets is metallic
the structural refinemenf;and the resistivity vs temperature and weakest where it is insulating and thick shows that elec-

pIqtlB exhibits a behavior typical of an underdoped cuprateyon transfer between the CyGheets and the intergrowth
which supports the hole-concentration value determineghyer between them can enhance the coupling, but the domi-
structurally. Like Lg_,Sr,CuGQ,, this superconductor has a nant mechanism may still be an elastic coupling that is en-
room-temperature TER(300 K)~33 uV/K,*® Table I, that  hanced by electron-phonon interactionsTA,~140 K for
is higher than the “universal plot” fop=0.12; and the en-  §4(T), which is compatible with an enhancement associated
hancement termva(T) is relative weak. The structure of with strong coupling of the charge carriers to cooperative
Bi,S,CaCuy0Og, s is illustrated schematically in Fig.(@). It  fluctuations of individual Cu-O and/or O-O bond lengths,
contains BjO, layers between CufCa-CuQ layers of together with an increase in the magnitude&af(T) with
double CuQ sheets. The TEP reported reveals an enhancéncreased-axis coupling would seem to signal the presence
ment term da(T) below room temperature and an300 of a strong elastic component in the interactions between
K)~8 uV/K,! Table I, that falls on the universal plot for the CuQ, sheets along the axis. Moreover, a unique feature of
hole concentratiop~0.12. It is apparent that the introduc- the copper oxides, which have thetorbital degeneracy re-
tion of a metalli¢® or a narrow-gap semiconductive layer moved by the intergrowth architecture, is the possibility of a
Bi,O, between the Cu@Ca-CuQ layers of double Cu@ pseudo-Jahn-Teller deformation at oxidized copper centers
sheets has reduced significantly the measa@00 K) fora  °f the square;coplanar Cu-O bonding of a Gyane. Bend-
ghen e concantaton s Gu o i e Cugshest. ST 80 O L O o e e e,
The large difference in TEP between I ,CaCuyOg_ ) ’
and BE%I‘ZCaCL&08+5 does not appealrk%) N duLée to. the eXPeriment&?*have shown @T,/dP>0 where bent bonds
change in the transport term(T); the change in the statis- are stralgh'te_n_ed by pgessgre, bud?.ﬁc[d P._O whgre the.
tical term &, seems to be playing the dominant role, as iSbonds are |n|t.|ally 180°. Thlg observation is cor)3|st§nt with
. s the hypothesis that the optical-mode lattice vibrations re-
discussed further below.

. onsible for6a(T) are dynamic pseudo-Jahn-Teller defor-
The 90-K superconductors with the YE2u,0,_ 5 struc- spons! foa(T) are dynamic pseu ' '

¢ | i tallic chains bet : mations. Moreover, given the strong hybridization of Gii 3
ure aiso contain metafiic chains between GUOCUG, lay- and O 2 wave functions in thes’,_ , conduction band,
ers of double Cu@sheets, the chains acting as charge reser- X7y

voirs for the Cu@ sheets. Similarly the cuprates containin cooperative fluctuations of the 0-O separations may also
' y P . 9 contribute to the enhancemedity(T). These optical-mode
double TI-O planes have been shown to have mixed-valen

SAibrations would, in turn, be enhanced by stron li

20 . ; , y ger coupling
TI-O layers: AIthoug_h a metallic character has not b(_eento the electronic configurations.

demonstrated unambiguously for the Hg cuprates, the linear |, g attempt to understand what factor stabilizes a larger

O-Hg-O bonds along the axis’* appear to provide strong a5 against a small nonadiabatic polaron, a calculation has
c-axis coupling in these compounds also. Therefore, we COryeen mad¥ of the size of the polaron that can be stabilized
clude that(1) the “universal plot” of «300 K) vs p may  py the introduction of cooperativity of the pseudo-Jahn-
only apply where the-axis coupling is relatively strong, and Tgjler deformations at neighboring copper centers. The co-
(2) there only if the contribution to the TEP from conductive gperativity stabilizes a nonadiabatic polaron containing 5—7
layers other than the CyGsheets is not significant. With ¢y centers and introduces an important elastic attractive
respect to the latter, the TEP measurements ifgrce petween the polarons that is able to overcome the Cou-
Y1-xCaBa, La,CusOg g5 for example, show a dominant |ompjc repulsion between them. The larger the amplitude of
chain contribution tax(300 K) in YBa,CusO g6 . the deformations, the larger the size of the polarons and the
A variation of «(300 K) with the strength of the&-axis  gyronger the elastic interaction between them. Such a model
coupling has another interesting implicationalB00 K)~ay  introduces as well, but not considered in the calculation, an
in the superconductive and underdoped compositions ignportant elastic component to tieeaxis coupling between
dominated by a statistical contribution to the TEP, it shouIdCuo2 sheets. In this model, increasing thexis elastic cou-
provide information about the size of the polarons responyjing would enhance the amplitude of the pseudo-Jahn-Teller
sible for the statistical term. As pointed out above, a decreas&eformations, thereby increasing the volume of the polarons

in a(300 K) for a given hole concentratiomwould signal an (or the hole-rich domainsand the magnitude of the TEP
enlargement of the mean size of the polarons or of the holesnhancemensa(T).

rich domains. From the evidence cited above for a lowering
of ay with increasedc-axis coupling between CuGsheets,
we conclude that increasing tkeeaxis coupling increases the
size of the hole-rich domains; it may even increase the po-
laron size so as to transform a nonsuperconductive polaron From these considerations, we draw the following conclu-
system into a superconductor in which larger polaronssions:

strongly interact with one another. Finally, increasing the (1) The TEP data reveal a crossover with increasing hole
c-axis coupling also appears to raise the amplitude of theoncentration from polaronic conduction in the underdoped
enhancemenba(T) at 100 K<T,,,=140 K in the super- samples to a homogeneous itinerant-electron conduction in
conductive compositions. the overdoped samples. The nonadiabatic polarons of under-

The origin of thec-axis coupling between CuGsheets
uld be electronic and/or elastic. The fact that it is stronger

CONCLUSIONS
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doped samples are large; they have a mean size of betweeriti c-axis coupling can transform a nonsuperconductive gas
and 6 copper centers in a Cy6heet. The itinerant electrons of individual polarons to a superconductive state having
of overdoped samples are unusual in that they give a lowhole-rich and hole-poor domains and showing an enhance-
temperature enhancemeda(T) having a maximum at mentda(T) in the normal-state TEP. The essential features
Tmax=100—-140 K, which is too high for phonon drag by for realization of the highF, superconductive state in the
acoustic phonons but is appropriate for an enhancement dwepper oxides appear to Ha) a heterogeneous electronic
to strong coupling of the charge carriers to optical phononsphase containing hole-rich domains coexisting with a carrier-
(2) The TEP for the superconductive compositions indi-energy dispersion giving rise to an enhancem&n{T), and
cates the continued presence in the normal state of a heter(®) a significantc-axis coupling.
geneous electronic distribution of mobile hole-rich domains; (4) As the strength of the-axis coupling increases, the
however, the hole-rich polarons interact to form extendednagnitude ofa(300 K) decreases for a given hole concen-
hole-rich domains and to develop a carrier-energy dispersiotration p, at least forp<<0.15. Therefore the application of a
giving a narrow, partially filled band and a Fermi surface.claimed “universal plot” of «(300 K) vs hole concentration
The development of a carrier-energy dispersion is manifegb per Cu atom of the Cufsheets to estimate the hole con-
in a low-temperature enhancemenia(T) having a centrationp from a measurement a#(300 K) must be ap-
Tma=140 K and a larger amplitude than in the overdopedplied with caution.

samples.
(3) The size of the larger polarons, or of the hole-rich ACKNOWLEDGMENTS
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