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Effects of electronic correlations on the thermoelectric power of the cuprates
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We show that important anomalous features of the normal-state thermoelectricpoeigh-T, materials
can be understood as being caused by doping-dependent short-range antiferromagnetic correlations. The theory
is based on the fluctuation-exchange approximation applied to the Hubbard model in the framework of the
Kubo formalism. First, the characteristic maximum®#as a function of temperature can be explained by the
anomalous momentum dependence of the single-particle scattering rate. Second, we discuss the role of the
actual Fermi-surface shape for the occurrence of a sign chan§e®fa function of temperature and doping.
[S0163-18207)51232-X

The thermoelectric powgTEP), S, of the highT, mate- In this paper, we demonstrate that short-range antiferro-
rials in the normal state exhibits anomalous featij‘r%mat magnetic(AF) correlations are responsible for salient fea-
are not well understood at present. For example, its temperadres of the temperature and doping dependence of the TEP.
ture dependence shows a characteristic maximum that can ¢ particular, we show that for underdoped systems the oc-
found in all optimally and underdoped cuprates, which is incurrence of a pseudogap in the single-particle excitation
contrast to the conventional line@rbehavior of a weakly  spectrum, and for optimally doped systems the pronounced
correlated Fermi liquid. Furthermore, a better understandinghcrease of the scattering rate near the “hot-spot” regions
of the doping dependence, which has been shown to be Uninear (,0)], are essential. As was proposed by Stojkovic
versal for a large class of highs materials’ is needed. et al.® the latter phenomenon is also of importance for the

Experimentally, the TEP is positive for thenderdoped  yeqqription of the temperature dependence of the Hall coef-
cuprates. [t increases rapidly as a function of temperaturgjciont Fyrthermore, we discuss the influence of the shape of
reaches a maximur§” at a temperaturd™ and falls off the Fermi surface of LSCO and YBCO and of the bilayer
aLmost linearly with *temperature. 'I_'he size _of the mammumcoup”ng
S” and the value of " decrease rapidly with increasing dop- We note that AF spin correlations have recently also been

ing, while the slope for the fall off aT>T" is almost inde- argued to be intimately related to the normal-state pseudogap
pendent of the doping concentration. The TEP of neeply in underdoped cuprates and to a sizable deformation of the

timally doped materials shows a similar behavior below

room temperature, but the overall size of the TEP is reducedluasiparticle band structure and Fermi surface as a function
Furthermore. the TEP for most of the optimally doped©f doping!®!! These ideas have been corroborated with evi-

samples changes sign at approximately room temperatureédence from quantum-Monte-Carl@MC) simulations in a
For overdopedsamples, the behavior of the TEP is very dif- recent work by Preusst al'® - _ _
ferent: It is negative and decreases linearly with increasin% The thermoelectric powe3 is determined by the relation
temperature. At present there are only two classes of Rijgh- between the electrical currepind the temperature gradient
materials that do not follow this generic trend, namelyVT:j=o4{E—SVT), whereoy is the dc conductivity and
La,_,SKrCuQ, (LSCO) and YB3CwO,_5 (YBCO). For E an applied electrical field. In order to account for the
LSCO the TEP remains positive in the overdoped regimestrong electronic correlations and the pronounced short-
where it exhibits a maximum of decreasing height for in-range AF correlations of the cuprates, we use the two-
creasing hole concentratiGnyhereas YBCO shows a nega- dimensional single-band Hubbard model witk(k)=

tive TEP in the overdoped regime but with a positive slope at~ 2t (Cok,+cosky) —4t’cok,cosk,—2t"[cos(X,) +cos (X,) ]
temperatured >T*.23 Recently, Bernhard and Talldpre-  for the microscopic calculation &. We sett=0.25 eV and
sented strong experimental evidence that the chain contribtd =4t. The values of the longer-range transfer integrals will
tion is responsible for this nongeneric TEP of YBCO while be given below. The transport coefficients. and S are

the contribution of the Cu@planes follows the generic be- calculated within the Kubo-formalism as

havior.

Theoretically, important open problems concerning the 2 _

characteristic behavior of the TEP remain, although there Tge= € fdw[ dM(w)ldo]o(w), @
have been several attempte explain this behavior, includ-

ing the van Hove scenafid and phonon drag effecfsThe e

most important open questions are the physical origin of the S=- O'dcTJ do[ —df(w)/dw]wo(w), )
characteristic temperature scdlé and of the doping depen-

dence of the sign o8. with the differential conductivity
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FIG. 2. Differential conductivity(solid lineg and density of
states(dotted line$, both in arbitrary units, for two doping levels
0 1 1 1 — —
0 100 200 300 200 andT=200 K. All for U=4t.

TK ing TEP] with a momentum and frequency-independent re-

FIG. 1. Thermopowes for the LSCO system as a function of 1@xation time; see the inset of Fig. 1. In this approashs
temperature for different doping concentrations. The inset si®ws Negative and proportional td in the relevant temperature
of the tight-binding model for the same doping values. The triangleg@nge (T<<600 K). In the high-temperature limit, the TEP
indicate the high-temperature limit given by the generalized Heikedeviates from this linear behavior far~t and finally ap-
formula. proaches the values given by a generalized high-temperature

Heike’s formulaZ® Such aU =0 theory, in which no details
20 of the relaxation or scattering rate are included, still fails to
o(w)= WZ ve AZ(k,) . (3)  describe experiments even when a more sophisticated phe-
: nomenological band structure with a pronounced flattening
Equations(1) and (2) are obtained following, for example, of the dispersion near the Fermi le¥ebs found in photo-
the derivation of Moreno and Colemdrand approximating emission experiment$?is included. Thus, the strong quali-
the full vertex function by the velocity, ,= V,e(k). Heree  tative disagreement between the abtie 0 and our FLEX
is the electronic charge) the number of sitesf(w) the  results for the interacting system implies that for an under-
Fermi function, andA(k,w)=— (1/7)ImG(k,w) the spec- standing of the experimental data it is necessary to take into
tral function. The single-particle propagatéi(k, ) is cal-  account the momentum and frequency dependence of the
culated within the fluctuation-exchange approximationscattering rate. In order to demonstrate in more detail the role
(FLEX).1* This approximation includes the interaction of the of electronic correlation effects f@&(T) in our approach, we
electrons with charge and spin fluctuations. It includes feednow show(i) that our results for the sign & are caused by
back effects for low-energy excitations resulting from the AFthe anomalou& dependence of the scattering rate(k) =
correlations built up by these low-energy states. This makes ImX(k,o=0) due to AF correlations, andi) that the
FLEX a useful approach for the determination (oftrinsi-  temperature dependence®fs determined by the character-
cally low-energy transport properties, although its applica- istic temperature scales of these correlations. It is instructive
tion for high-energy feature®@ccurrence of Hubbard bands to consider the differential conductivity(w) of Eq. (3),
is limited®> We employ a real-frequency approach to thissince the TEP, from Eq2), is a measure of the asymmetry
approximation, which directly yielda(k,»).X® The electron  of o(w) with respect tow=0 for energies of the order of
energyw is counted from the chemical potential. kgT. Thus the TEP is very sensitive to excitations of states

In Fig. 1, we show the TEP for the single-layer LSCO which are close to but not directly at the Fermi surface.
system as function of temperature for different electron oc- In Fig. 2(a), we showo(w) and the density of states
cupation numbersi=1—x. Here LSCO is described hy o(w)=2,A(k,w)/N for x=0.20. Althoughg(w) is peaked
=1t"=0 to ensure that the Fermi surface is closed aroundor >0 (as in the uncorrelated cas¢he differential con-
(0,0) For all fillings, our theory yields the interesting re- ductivity o(w) exhibits its maximum fow <0, yielding the
sult of a positive TEP which decreases with increasing holgositive value ofS. This behavior can be understood if one
concentration and shows pronounced maxima at about 150 #kes into account that in E3) momentum states with
for the two lowest doping levels. Far=0.20, the maximum small velocityv, and large line widtHlarge scattering ratgs
is very broad and shifts to higher temperatures. The behaviare suppressed. Antiferromagnetic spin fluctuations lead to
of the TEP is very similar to the experimental observation inlarge scattering rates for momenta ndar-Q [kg Fermi
LSCO>®Note that also the absolute values of the calculatednomentum,Q= (r, )] which, for LSCO, are everywhere
TEP are in good agreement with experimental dafar the  outside of the Fermi surfadsee Fig. 8a)].
dc resistivity we find similar results as in Ref. 19. Thus the scattering rate of unoccupied stdtesdes near

To understand the role of electronic correlations forthe the Fermi surface is larger than the scattering rate of the
dependence and sign & and to relate them to previous corresponding occupied statéslectron$. This suppresses
theories, it is of interest to contrast them with the TEP of thethe contribution of the holeg@t w>0) to o(w), which as a
U =0 system. Her& is obtained from a tight-binding model result has a maximum ab<<0. This effect is illustrated in
calculated in the relaxation-time approximatifthe U=0 detail in Fig. 3c), where we show the spectral function
calculations along the lines of Eg4) to (3) yield a vanish- A(k,®) in the vicinity of «=0. It can be clearly seen that



RAPID COMMUNICATIONS

56 EFFECTS OF ELECTRONIC CORRELATIONS ON THE ... R4319
(—7,m) |(a) LSCO | (p) ‘-'f\\ YBCO | (i, ) 40
U=4t
&
>
20 =
»
(==, —m) § 0 48 2 1620
1 = Doping (%)
L) = \, LSCO @
0.5 " T = 200K, x=0.20 -20
- —x-004
E . —u x=0.08
0.(5) (d) _ . YBCO *+—#x=0.16
- _ " —40 2 L s
03 e 0 100 200 300 400
0,0) (,0) (m,m) (m/2,m/2) (0,0) T K]
FIG. 3. Fermi surface(a,b, and spectral functior(g,d), for the FIG. 4. TEP for the YBCO parameters as a function of tempera-

LSCO and YBCO parameters, respectively. () and (d) dark  ture for different hole dopingéinset: doping dependence
(white) areas correspond to largemall) spectral weight.

the spectral weight is more sharply peaked for occupied thadependence of the planar contribution to the TEP of a ge-
for unoccupied states aroundr). The suppression of neric system, labelled YBCO. To generate a Fermi surface
states nears,0) due to the low velocities near the van Hove that is closed around#, =) as observed for various highs
singularity also contributes to the absolute magnitud&Sof material$®> we sett’=—0.3& and t"=—0.0& [see Fig.
but does not determine its sign and order of magnitude. Thi8(b)]. In contrast to the LSCO system and in agreement with
demonstrates that the thermoelectric power is determined iyie general trends in the experiments, the thermopower
the combined momentum and energy dependence of the scahanges its sign as a function of the doping concentration. In
tering rate, making transport for holes less coherent than foprder to understand the origin of this behavior, we plot in
electrons, yieldingS>0. The transition to conventional be- Fig. 4 the TEP as a function of temperature for different
havior occurs at temperatures for which the AF correlationdoping values. As in LSCO, a maximum of the TEP occurs
length becomes smaller than the range of the hopping matrifor small doping and small temperatures. However, for in-
(determined byt, t’, andt”), such that no pronounced mo- creasingT, the sign ofS becomes negative. For larger dop-
mentum dependencies in the scattering rate otttiFor  ing, S decreases until it becomes negative at all temperatures.
decreasing doping concentration, the strength of the AF corn agreement with the experimental observatlong find
relations increases, leading to the appearance of a pseudogyat the negative slope of the TEP for largeis almost
in the density of statedOS) as a precursor of the AF phase doping independent. These phenomena can also be under-
transition'*'? The FLEX calculation forU=4t (Ref. 1)  stood in terms of the pronounced momentum dependence of
yields results for the pseudogap qualitatively similar to thosdhe scattering rates caused by AF spin fluctuations. We find
obtained in QMC simulation¥ The density of states show- that for low doping, the scattering rates are maximal for mo-
ing the pseudogap is presented in Fip)2The asymmetry mentum states ned-+ Q. However, as can be seen in Fig.
in o(w) caused by the AF fluctuations is even more pro-3(b), these states are solely outside the Fermi surface for
nounced ino(w) such that these correlations cause in addikg+ Q near (w/2,7/2), while they are within the Fermi sur-
tion to the positive sign a pronounced increase of the magface forkg+Q near (7,0), in contrast to the LSCO system.
nitude ofS. For temperatures smaller than the characteristidf these two regions in momentum space were of equal im-
energy set by AF correlations, the TEP is lineafibut with  portance for the suppression of near-Fermi surface states in
a sign and magnitude as discussed above. Whbecomes o (w), they would cancel each other, leading to a negéffive
larger than this energy scale, new thermally activated stategs found forU=0. However, the transport properties are
behave rather conventional, leading to a decreass(®j. dominated by the quasiparticles near the diagonal of the Bril-
The maximumS* thus arises from the competition of these louin zone?* This can also be observed in the spectral func-
two effects and is consequently a thermal measure of th#on plot for YBCO in Fig. 3d), in which the states near
above-mentioned characteristic energy scale. Note, howeve/2,7/2) are much more coherent than the ones nes0).
the weak doping dependenceTdf in our theory. We believe For ke near (w/2,7/2), the holes near the Fermi surface are
that this shortcoming is related to the difficulties in the the-closer tokg+ Q than the corresponding electron states and it
oretical description of the single-particle excitation spectrunfollows thatS>0 for sufficiently strong AF correlations. Fi-
of underdoped systems rather than to the approximate treatally, due to the more subtle competition of different regions
ment of the transport problem. We believe that a better dein momentum space for the YBCO parameters, the weaken-
scription of the detailed momentum dependence of theng of AF correlations for increasing doping or temperature
pseudogap, in agreement with recent angular resolved phdeads to the more rapiths compared to LSCQransition to
toemission experimerfts and QMC result$ is essential negative values of the TEP, shown in Fig. 4. For a quantita-
here. tive comparison of our results in Fig. 4 with experiment, it
The inset in Fig. 4 displays our results for the dopingshould be noted that the magnitudeSoés well as the doping
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level at whichS changes its sign for low are smaller than yields better agreement of the calculated spin susceptibility
in experiment. One reason for this quantitative differencewith the spin-excitation spectrum deduced from NMR
might be the neglect of the bilayer coupling in YBCO which experimentg/’

was shown to enhance the in-plane AF correlatfort§ By In summary, we have shown that the anomalous features
taking bilayer coupling into account via an interlayer hop-of the in-plane thermopower can be understood as conse-
pingt, , we solved the FLEX equations and determined thequences of short-range AF correlations. The opening of a
TEP. Note, that, =0.4t is a reasonable value for the inter- pseudogap and the anomalous momentum dependence of the
layer hopping in YBCG? The results are also shown in the single-particle scattering rate provide an explanation of the
inset of Fig. 4 for different values d@f and demonstrate that general trends of both temperatutmaximum and sign
indeed a considerable increase of the absolute magnitude ghange¢ and doping dependence of the in-plane ther-

S occurs due to interlayer spin correlations.

mopower. This demonstrates that the thermoelectric power is

Concerning the influence of the band-structure parametria sensitive probe of the anomalous nature of the low-energy
zation used for YBCO, it might be argued that the velocity excitations, caused by the antiferromagnetic correlations of
Uk, ON the Fermi surface depends more strongly on the dithe cuprates.

rection of k than for other parametrizationge.g., t'=
—0.4% andt”=0 (Ref. 9]. However this is not essential for

our results, since the agreement with experiments would be We are indebted to E. Arrigoni, K. H. Bennemann, and B.

even better if we were to neglect thisdependence, which

Stojkovic for useful discussions. Financial support by the

suppressess. We have used this parametrization since itBavarian HighT, Program FORSUPRA is acknowledged.
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