PHYSICAL REVIEW B 72, 024533 (2005)

Contribution of electronic structure to thermoelectric power in (Bi,Pb),(Sr,La),CuQy, s
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The energy-momentum (e —Kk) dispersion and the shape of the Fermi surface in the (Bi,Pb),(Sr,La),CuOg, s
(Bi2201) superconductors with various hole concentrations were determined by the high resolution angle-
resolved photoemission spectroscopy. On the basis of the e—k dispersion thus obtained, temperature and
hole-concentration dependence of the thermoelectric power S(T) was calculated within the framework of the
Boltzmann transport theory. S(7) of the optimally and overdoped samples was quantitatively reproduced by the
present calculation, strongly indicating that characteristics in S(7) of the high-T, cuprates under the optimally
to overdoped conditions is unambiguously caused by the band structure characterized by the van Hove singu-

larity near the Fermi level.
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I. INTRODUCTION

Thermoelectric power S(7) of the high-T, superconduct-
ors exhibits a unique temperature and hole-concentration (p)
dependence.!~® S(T) monotonically decreases with increasing
p regardless of temperature. S(7) in the optimally and under-
doped samples shows strong temperature dependence de-
scribed below, in sharp contrast to that in the overdoped
samples staying negative and linearly decreasing with in-
creasing temperature over a wide temperature range. The op-
timally and underdoped samples generally possess a positive
value of S(7) at low temperature. With increasing tempera-
ture, S(7) at first increases and then starts to decrease after
becoming maximal at Tje,. Above Tk, S(T) monotonically
decreases with increasing temperature and eventually shows
a negative value at T= T Both Ty and Ty decrease
with increasing p. At high temperature above T, S(T)
decreases linearly with increasing temperature. The charac-
teristic behavior of S(7) observed for the optimally and un-
derdoped samples is definitely inconsistent with the 7-linear
dependence, which is generally observed in typical metallic
phases and is usually given by

S(T) =

ﬂ'szT[z?ln 0'(8):| (1)

- 3le] de

where o(e) is the spectral conductivity.

Obertelli et al.” pointed out that the S(290 K) in a number
of cuprate superconductors drops on a ‘“universal” curve
when it is plotted as a function of T,/T.™*. They suggested,
as a consequence of the $(290 K) vs T,./T ™ plot, that the
value of S(290 K) can be used as a measure for the p by
additionally employing an empirical relation T,./T =1
-82.6(p—0.16)? reported by Presland et al.® Although physi-
cal interpretation of the relation between S§(290 K) and
T./T ™™ has not been well established, S(290 K) has been
often used to estimate unknown “p” in the high-T,. cuprates
according to the Obertelli’s relation.
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Note that the Obertelli’s “universal” relation between
S$(290 K) and p was reported invalid for some superconduct-
ors such as La, Sr,CuO, (LSCO)">!9  and
Bi,Sr,_La,CuOg,s (La-doped Bi2201).!" It is, therefore,
strongly required to confirm the validity of the relation be-
tween S(290 K) and p by investigating the mechanism in-
ducing the characteristic behavior of S(7) in the cuprate su-
perconductors. Since the ‘“universal” relation between
S(290 K) and p is constructed on the basis of the two em-
pirical relations, S(290 K) vs T./T ™™ and T,./T ™ vs p, the
validity of both relations has to be carefully investigated.

Several attempts had already been made to account for the
characteristic ~ behaviors of S(7) in the cuprates
superconductors.”!>18 Some of these studies are conducted
on the basis of a pure charge-carrier diffusion mechanism,
including the narrow-band effects.®!¢-!® McIntosh and
Kaiser'® used a hypothetical band structure to estimate S(7),
and succeeded in qualitatively accounting for the behavior of
the S(7) in terms of the presence of van Hove singularity
(VHs) inherent in the two-dimensional system. Although the
electronic structure employed by McIntosh and Kaiser was
certainly different from the real one, which is revealed by a
large number of angle-resolved photemission (ARPES) stud-
ies, the presence of vHs near the chemical potential is indeed
one of the most characteristic properties in the electronic
structure of the high-T, superconductors.'”?3 It is, thus,
strongly expected that if a precisely determined electronic
structure is employed instead of the hypothetical one, the
calculated S(7) would quantitatively reproduce the measured
data.

ARPES is widely known as a unique and powerful experi-
mental technique to study the momentum-resolved electronic
structure. Recent development of the energy and momentum
resolutions in the ARPES measurement allows us to quanti-
tatively discuss the electronic transport properties by using
the ARPES spectra. In this work, we employed ARPES mea-
surements for the (Bi,Pb),(Sr,La),CuQOg,s (Bi2201) single
crystals with various p’s to interpret their characteristic be-
haviors of S(7).
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TABLE 1. Sample preparation conditions for the present Bi2201 single crystals.

Nominal composition Atmosphere Temperature T. Label

(Bi 74Pbg 35)Sr| 8sCuOg, 5 2 atm O, 400 °C for 72 h <2K ODOK
(Bi 74Pbg 35)Sr| 8sCuOg, 5 1 atm Air 750 °C for 24 h 7K OD7K
(Bi 74Pbg 35)Sr; 8sCuOg, 5 Vacuum 650 °C for 24 h 21K OD21K
(Bi; 35Pby g5)(Sry 47Lag 33)CuOg, 5 Ar flow 650 °C for 24 h 35K OP35K
(Bi; 35Pbg 5)(Sry 40La9 45)CuOg, 5 Ar flow 650 °C for 24 h 27K UD27K

We selected the Pb-substituted Bi2201, which is a single-
layered cuprate free from the structure modulation, because
it possesses only one band crossing the Fermi level'>?* in
sharp contrast to the complicated electronic structure in the
Bi,Sr,CaCu,0g, s (Bi2212) characterized by the bilayer
splitting?>?7 and Umklapp-bands®®? caused by the incom-
mensurate structure modulation in the Bi-O layers. Their low
critical temperature 7**~35 K and ability in wide range
carrier-doping further encouraged us to employ the Bi2201
samples for the investigation of normal state properties by
using the ARPES spectra.

The band structure (the e—k dispersion) was precisely
determined from the measured ARPES spectra. S(7) of these
samples was calculated within the framework of the Boltz-
mann transport theory on the basis of the experimentally
determined -k dispersion. By comparing the calculated
S(T) with the measured one, we demonstrate that it is inap-
propriate to use Obertelli’s relation for estimating p.

II. EXPERIMENTAL PROCEDURE

(Bi,Pb),(Sr,La),CuQq,s (Bi2201) single crystals were
grown by the conventional floating-zone (FZ) technique.
Synthesized crystals were cut into typically (1-3)X3
X 0.05 mm in dimension. The partial substitution of Pb for
Bi removes the superstructure along the b axis,>*3%-32 that is
one of the most famous structural features in the Bi-based
superconductors and has prevented us from easily analyzing
the band structure by inducing unfavorable Umklapp
bands.?>* Hole concentration, p, was controlled by the par-
tial substitution of La for Sr and the subsequent heat treat-
ments. The partial substitution of La for Sr is needed to
reduce the doping level from the optimally to the underdoped
condition, while the La-free Bi2201 samples yield in the
overdoped condition in which p can be widely controlled
simply by the annealing. The nominal compositions and the
annealing conditions are summarized in Table I together with
the resulting 7.

T, of each sample was determined by the dc susceptibility
measurement and the electrical resistivity measurement. The
thermoelectric power S(7) of these samples was measured in
the temperature range from 90 to 400 K with the Seebeck
Coefficient Measurement System, MMR inc.

The overdoped samples of 7.<2 K, T.=7 K, and T.
=21 K were labeled as ODOK, OD7K, and OD21K, respec-
tively. The ODOK possesses no evidence for the supercon-
ductivity in its dc susceptibility nor in the electrical resistiv-
ity at temperatures above 2 K. The optimally doped sample

of T.=35 K and the underdoped sample of 7,=27 K were
labeled as OP35K and UD27K, respectively.
High-resolution ARPES spectra were accumulated using
the Scienta SES2002 hemispherical analyzer with the Gam-
madata VUV5010 photon source (Hela) at the Institute of
Solid State Physics (ISSP), the University of Tokyo. The
angular and energy resolutions employed in this work were
0.13° and 10 meV, respectively. The £—k dispersion in an
energy range of a few kg7 across the chemical potential u
has to be investigated for the quantitative evaluation of the
temperature dependence of the electronic transport proper-
ties. Although it is often argued that the photoemission spec-
troscopy measurement cannot reveal the unoccupied part of
the electronic states above u, we have to stress here that it
does probe the conduction band even though the energy
range is restricted in a very narrow energy range up to a few
kgT above u because of the nonzero value of the Fermi-
Dirac distribution function (FD(e,T)) in this particular en-
ergy range. In this study, we intentionally measured the spec-
tra at 200 K rather than at low temperature to obtain the band
structure both above and below u. Moreover, by dividing the
measured spectra by FD(e,200 K), we obtained the -k

dispersion up to ~50 meV above u, as clear as that below
24,34
YT haa

III. RESULTS

A. Thermoelectric power

The measured S(7)’s of ODOK, OD7K, OD21K, OP35K,
and UD27K are shown in Fig. 1. Obviously, S(7T) of the
present Bi2201 samples possesses a strong p dependence;
S(T) in the overdoped samples stays negative and decreases
almost linearly with increasing temperature over the whole
temperature range of the measurement. On the other hand,
S(T) in the optimally and underdoped samples possesses a
positive value at low temperature and increases with increas-
ing temperature below Tpe,. Then S(T) starts to decrease,
and eventually reaches below zero at T, The same char-
acteristics were generally observed in other cuprate
superconductors.'"® The additional characteristics in S(7)
can be also stressed in the heavily overdoped samples. S(7)
in the ODOK sample, which is expected to be nearly “normal
metal,” possesses weak nonlinear tempearture dependence.
This experimental fact cannot be explained by Eq. (1),
though Eq. (1) is frequently used to evaluate S(7) of the
metallic compounds.

Figure 2 shows T,./T ™ of the present Bi2201 plotted as
a function of §(290 K) together with the data previously re-
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FIG. 1. The measured and calculated S(7T) of ODOK, OD7K,
OD21K, OP35K, and UD27K. The calculated S(7) are shown by
the solid lines for ODOK, OD7K, OD21K, and OP35K, and by a
dashed line for UD27K. The quantitative agreement is observed for
the optimally and overdoped samples. The calculated S(7) of
UD27K deviates from the measured one, particularly at a low
temperature.

ported for other cuprates.!3®!! The “universal” curve of
T./T™ vs S(290 K), proposed by Obertelli et al.,’ is super-
imposed by the dashed line in Fig. 2. Although it shows
appropriate consistency at negative S(290 K), the relation
between T,./T ™ and S(290 K) for the Bi2201, including

T
Bi2201 4
La-doped Bi2201
Bi2212
LSCO
YBCO
TI1201 G
TI2212
--——-“universal” curve |

PEXO+O0

S (290K) (#V/K)

FIG. 2. TJ/T?™ as a function of $(290 K) in the present
(Bi,Pb),(Sr,La),CuOg, s (Bi2201). The data for various high-7. cu-
prates of Bi,Sr, LaCuOg,s (La-doped Bi2201) (Ref. 11),
Bi,Sr,Ca;_Nd,Cu,0, (Bi2212) (Ref. 3), La,_Sr,Cu0, (LSCO)
(Ref. 1), YBa,CusO, (YBCO) (Ref. 4), TlysPbysSr,_,La,CuOs
(T11201) (Ref. 5), and Tl,Ba,Ca,_,Y,Cu,Og,, (TI2212) (Ref. 6),
are superimposed. The “universal” curve proposed by Obertelli et
al. (Ref. 7) is shown by the dashed line. The solid lines are drawn
for the guide to the eye, which clearly show that 7./T ™ vs
S(290 K) in Bi2201, La-doped Bi2201 and LSCO obviously pos-
sess data far from the “universal” curve.
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our present samples, obviously deviates from the “universal”
curve. This deviation was more pronouced for LSCO.! These
experimental facts strongly indicate that the “universal”
curve proposed by Obertelli et al.” may not be universally
valid.

B. Band structure determined by ARPES

The electronic structure of cuprate superconductors has
already been frequently studied, and it is already known as a
consequence of these studies that the shape of the FS in the
Bi2201 is slightly different from that in Bi2212 or
LSCO.20:2235 Tt is, therefore, strongly expected that the dif-
ference in the T,./7T ™ vs §(290 K) curve among the various
cuprates is caused by the difference in the band structure,
which leads to the difference in the FS shape. In oder to
quantitatively evaluate the role of the band structure that is
responsible for the characteristic temperature and p depen-
dence in S(7), the band structure about u was precisely de-
termined by the present ARPES measurement.

Figures 3(a-A), (a-B), and (a-C) show momentum- and
energy-dependent ~ ARPES intensity at 200 K,
Int(e,k, 200 K), for the ODOK measured along momentum
lines A, B, and C, respectively, shown in Fig. 3(e). It is
obviously confirmed in Figs. 3 (a-A)—(a-C) that the
Int(e,k,200 K) has small but finite intensity even above w
due to the thermal excitation. The measured
Int(e,k,200 K)’s along three k lines of A—C were divided by
the FD(&,200 K) and shown in Figs. 3 (b-A)—(b-C). The ¢
—k dispersion above w is much more clearly observed in
Int(e,k,200 K)/FD(g,200 K) than that in Int(e,k,200 K).

By extracting energy distribution curves (EDC’s) and mo-
mentum distribution curves (MDC’s) from
Int(e,k, 200 K)/FD(e,200 K) and taking the peak energy
(egpclky,k,)) and the peak momentum (eypc(k,.k,)) of
these EDC’s and MDC'’s, the e—k dispersion was success-
fully determined in the energy range of —300<&e=<150 meV
for ODOK, OD7K, OD21K, OP35K, and UD27K. For ex-
ample, extracted MDC and EDC with the fitting curve of a
Lorentzian shape are shown in Figs. 3(c) and 3(d), respec-
tively. A large number of data points of &(k,,k,) in the OD7K
thus determined by the ARPES measurement is shown in
Fig. 4 as a typical example.

Note here that eypc(k,,k,) is not exactly the same with
egpc(ky,ky), which directly represents the eigenvalue of elec-
trons (&(k,,k,)), at high binding energies. This inconsistency
is brought about by the nonsymmetrical shape of the spectral
function appearing in EDC’s and pronouced at high binding
energies. In the narrow energy range of —50<&<50 meV,
this inconsistency between eyipc(ky,ky) and egpc(k,,k,) is
not seriously obvious, and hence we mainly used MDC’s
having a symmetrical Lorentzian shape to easily determine
the precise &(k,,k,) rather than using EDC’s having a com-
plicated line shape. EDC’s were used to determine &(k,,k,)
below £=-50 meV, where the error in eypc(k,.k,) is en-
hanced. Although it is located near w, &(k,,k,) about the
(7,0) point was also determined from egpc(k,,k,) because it
was difficult to separate two peaks overlapped in MDC.
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FIG. 3. (a) The ARPES intensity images of ODOK measured at 200 K, Int(e,k,200 K). A, B, and C refer to the measured momentum
lines in the first Brillouin Zone shown in (e). Thermal broadening is observed for up to a few kg7 above w. (b) Int(e,k,200 K) divided by
the Fermi-Dirac distrivution function at 200 K. The e—k dispersion up to a few kg7 above w can be more clearly observed. (c¢) MDC
measured at the energy shown by a dashed line (I) in (b-A), and (d) EDC measured along the dashed line (II) in (b-A). Momentum and
energy of the peaks in MDC and EDC were determined by the Lorentzian-function fitting.

It is found that the fairly large van Hove singularity (vHs)
persists at the (7,0) point regardless of the hole concentra-
tion. This vHs is generally observed near u in all cuprates
superconductors. The energy of the vHs (e,y,) increases with
increasing hole concentration, and eventually exceeds u in
the ODOK of the highest hole concentration among those in
the present samples; e,y,’s of ODOK, OD7K, OD2IK,
OP35K, and UD27K are —4, 6, 16, 42, and 70 meV, respec-
tively. The negative value of &,y only for ODOK is consis-
tent with the result reported by Takeuchi et al,'” who
claimed that the (7r,0) of ODOK is located above w. Thus,
we stress here that only the heavily overdoped Bi2201 with a
T. of less than 2 K has an electronlike Fermi surface (FS)
centered at the (0,0) point, while all other samples with a
smaller hole concentration show the holelike FS centered at
the (47, ) point.

We reported in our previous work that the € —k dispersion
is kept almost rigid over a wide hole concentration range
from the optimally to overdoped condition.’ In the present
study, the rigid band is also confirmed in the lightly under-
doped sample of UD27K. Thus we decided to use the
e(k,,k,) of OD7K, shown in Fig. 4, to evaluate S(7) in all

samples with shifting u so as the resulting &,y coincide with
the measured value.

We employed here the tight-binding fitting method on the
experimentally determined &(k,,k,) for OD7K, which dis-
cretely scatter in the reciprocal space, as shown in Fig. 4. Six
tight-binding functions?® employed in this study are listed in
Table II together with the obtained coefficients. Although it
has to be used for the tight-binding fitting, the eigenvalue at

(, T)

FIG. 4. The -k dispersion determined from the peaks in the
ARPES spectra for OD7K.
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TABLE I1I. Fitting functions and resulting coefficients in the
present tight-binding fit on the experimentally determined dataset of
&(ky,k,) for OD7K.

i n; t; (eV)

0 1 0.2716
1 1/2(cos k,+cos k,) -0.8528
2 cos k,cos ky 0.1772
3 1/2(cos 2k, +cos 2k,) -0.1574
4 1/2(cos 2k, cos k,+cos k, cos 2k,) —0.0828
5 cos 2k, cos 2k, 0.0571

the (7, 7) point, e(7, ), cannot be experimentally deter-
mined because it stays far above w. We tentatively employed
1.3 eV as the (7, 7) for OD7K. This value is very close to
that used by Norman et al.?” for the optimally doped Bi2212.
Even though we used a less precise value for (7, ), the
resulting e(k,,k,) near u obtained by the tight-binding
method is reliable because a large number of data points in
this particular energy range were precisely determined by the
ARPES measurement and used for the fitting.

We have to comment on the effect of the mass renormal-
ization caused by a bosonic collective mode in the energy
scale of 40—70 meV,**¥ because this effect is not rigorously
taken into account in our present analysis. It is well known
that the mass-renormalization effect causes the smaller group
velocity ~v/a and the larger density of states ~aN(e).
Since the spectral conductivity o(e) that determines S(7) is
proportional to the product of the group velocity and the
density of states, the resulting spectral conductivity is not
affected by the mass renormalization. We, therefore, strongly
believe that the S(7) is not greatly modified, even under the
influence of the bosonic mode, and that the present analysis
would lead to the proper understanding about the role of the
electronic structure to the characteristic behaviors in S(7).

From the -k dispersion thus determined, we calculated
the electronic density of states N(g). The resulting N(g) for
OP35K is shown in Fig. 5 together with that of the optimally
doped Bi2212, which is calculated from the £ -k dispersion

@ 8 F T ! T T

= ; — OP35K

g 6 i Bi2212 (OP) |
5 |

7 4r .
Q i

2 of = I
ey i

-’ O L ] 1

= 05 u 05 10 15

Energy (eV)

FIG. 5. The density of states N(g) of OP35K calculated from the
e—k dispersion determined by the ARPES measurement. N(g) of
optimally doped Bi2212 calculated from the -k dispersion re-
ported by Norman et al. (Ref. 20) is superimposed.
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reported by Norman et al.”® The N(g) of the present Bi2201
is characterized by the less significant vHs than that in
Bi2212. This difference indicates that the flat e —k dispersion
of the saddle point observed at (7,0) is more extended in
Bi2212 than in Bi2201.

Hole concentration p was calculated from the area sur-
rounded by the holelike FS centered at (7, 7), A s, by using
the relation of p=2(A,rs/Apz)—1, where Ag; indicates the
area of the first Brillouin zone (BZ). The shape of FS for
these samples was reported in detail elsewhere.* The Apps’s
in the ODOK, OD7K, OD21K, OP35K, and UD27K were
determined to be 72%, 70%, 67%, 64%, and 62% of Agy,
respectively. Thus the resulting p’s for ODOK, OD7K,
OD21K, OP35K, and UD27K yield 0.43, 0.40, 0.35, 0.28,
and 0.25 holes/Cu, respectively.

It has been argued that p in the high-T. superconducting
phase extends from ~0.05 to ~0.3 holes/Cu. This argument
is based on the p in LSCO, that is unambiguously deter-
mined from its stoichiometric composition.*®3° The empiri-
cal relation T,/T ™*=1-82.6(p—0.16)*> was proposed on the
basis of the relation between 7,/T ™ and p in LSCO.® We
have confirmed by using reported FS’ determined by the
ARPES measurement that p in Bi2212* and LSCO?? indeed
falls into this particular range. However, the present Bi2201
samples obviously have a much larger p, ranging from 0.25
to 0.43 holes/Cu. This experimental fact suggests that the
hole-concentration range of 0.05<p<<0.3 holes/Cu for the
high-T, superconductors and the relation of 7./T1*=1
—82.6(p—0.16)%> cannot be used, at least in our present
Bi2201 samples.

IV. DISCUSSION

In this section, the thermoelectric power S(T) of Bi2201 is
discussed in terms of the electronic structure near u, deter-
mined by the present ARPES measurement.

The S(7) of metallic phases is, in general, believed to
possess T-linear dependence according to Eq. (1). However,
the nonlinear temperature dependence in S(7) suggests that
we cannot use Eq. (1) for the present Bi2201. We introduce
here the more rigorous equation from which Eq. (1) is de-

duced:
f“ U(S)(S—M)(?)d{i
=— = © 2
SO [ ( af(s)> ®
o(e)| - P de

Here of(e) and f(g) represent the spectral conductivity and
the Fermi-Dirac distribution function, respectively. For the
transformation from Eq. (2) to Eq. (1), o(e) is assumed to
vary linearly with energy in the narrow energy window in
which (=df(e)/de) has a nontrivial value. As shown in Fig.
5, the density of states N(g) in high-T.. cuprates is character-
ized by the presence of vHs near u, and does possess a
nonlinear energy dependence within this narrow energy win-
dow. It is, thus, expected that o(e) also possesses a nonlinear
energy dependence and that Eq. (1) is no longer valid to
estimate S(7) of the high-T, cuprates.
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Mclntosh and Kaiser!® calculated S(7) of the cuprates by
using Eq. (2) and the hypothetical o(¢). Their o(e) consists
of two components from narrow and wide two-dimensional
bands. The former provides large vHs near u and the latter
linearly increasing N(g) with increasing energy. Their calcu-
lated S(7) qualitatively accounted for the observed S(7) in
the cuprates without assuming any special scattering mecha-
nism for the conduction electrons. However, the two-band
electronic structure, which was indispensable to reproduce
the measured S(7) in their calculation, is not experimentally
observed in Bi2201, but the one-band structure crossing the
Fermi level is unambiguously observed by the ARPES mea-
surement. Since we have precisely determined the electronic
structure of Bi2201, it is now a good opportunity to verify
the scenario of the vHs-inducing unusual thermopower using
the experimentally determined electronic structure. The cal-
culation of S(7) with the experimentally determined elec-
tronic structure is the first attempt and should provide new
and important information about the nature of high-7, cu-
prates.

Here we employ the Boltzmann transport equation to cal-
culate o(e);

2
ole) = %E vale, Ky(e, K)e®®) -], (3)
k

where 1,(g,k) and v,(e,K) (a=x or y) represent the mean-
free path and the group velocity of the conduction electron at
an eigenstate (g,K), respectively. The mean-free path [ (e,k)
is described as

1 (g,K) =v,(e,k) 7 (g, k), (4)

where 7 (¢, K) represents the relaxation time.

The scattering probability of the electron in the eigenstate
of (g,k) is proportional to the energy width of the EDC
spectrum. If the EDC spectrum has a symmetrical shape, [,
can be estimated from the peak width of MDC (Ak,) with
the relation of /,~ 1/Ak,.*' This condition takes place in the
vicinity of FEg, at which the energy-window function
(—df(e)/ de) restricts the integration in Eq. (2). This means
that the relation of /,~1/Ak, can be used to estimate the
mean-free path /, in our present analysis. We observed a
nearly direction-independent peak width of MDC at Ef. in the
overdoped sample, which suggests that the scattering events
in the overdoped sample are nearly direction independent. In
addition, the width of MDC was kept almost constant within
the energy range of —50<&=<50 meV centered at w in the
overdoped sample, strongly indicating that the mean-free
path is almost energy independent in the narrow energy
range. Therefore we assumed an energy- and momentum-
independent [, to caluclate S(7). As a consequence, [, comes
out from integrals both in numerator and denominator of Eq.
(2) and is canceled out.

The o(g) for OP35K evaluated from the experimentally
determined e—k dispersion under the assumption of constant
1, is shown in Fig. 6(a). A hump in the o(e) located near u
is caused by the presence of vHs in N(g), as shown in Fig. 5.
One may wonder that the hump in the o(g) should be as
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FIG. 6. (a) a(e) for OP35K calculated from the ek dispersion
determined by the ARPES measurement within the framework of
the Boltzmann transport theory under an assumption of constant /.
(b) (= w)(df(e)/de) at 50 and 400 K.

strong as vHs in the N(g). We should comment that even
though their contribution to the N(g) is fairly pronounced,
the electrons associated with vHs have small v(e,k) to pro-
vide a less significant contribution to the o(g). A less-
pronounced effect of the vHs on o(g) due to the small group
velocity was not taken into account in the Mclntosh and
Kaiser analysis, therefore, which overestimated the effect of
vHs on S(7).

We calculated S(7) using Eq. (2) with o(g) shown in Fig.
6(a). Here the Fermi level was shifted by the energy in the
calculation of S(7) in ODOK, OD7K, OD21K, OP35K, and
UD27K according to the doping level of each sample so e,y
coincides with the measured value. The resulting S(7) is su-
perimposed on the measured one in Fig. 1. The calculated
S(T) quantitatively reproduces the measured one for the op-
timally and overdoped samples, while only the S(7) of
UD27K is not quantitatively reproduced by the present cal-
culation. The fairly good agreement between the calculated
S(T) and the measured one in the optimally and overdoped
samples suggests that the temperature and p dependence of
S(T) in high-T, cuprates in these doping conditions is simply
caused by the topology of electronic structure characterized
by the presence of vHs near wu rather than by the strong
electron correlation. These results encourage us to believe
that the effect of the electron correlation does not contribute
to induce the unusual behavior of S(7) in optimally and over-
doped samples of all cuprates superconductors, but only
those in the underdoped samples. The threshold, where our
calculation of S(7) becomes invalid, was unambiguously de-
termined to be near the optimally doped condition.

Before discussing the reason for the inconsistency be-
tween the measured and calculated S(7) in the underdoped
sample, we discuss here the mechanism leading to the char-
acteristic behaviors of S(T) of the cuprate superconductors in
the optimally and overdoped conditions.

S(T) can be easily understood by dividing Eq. (2) into
three different quantities: Q,(T), Q_(T), and o(T) given by
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0.(1) = || o)z - 10 L e (5)
0.(1)- || o)z - 10 L e, (6)

and
o7 = (s)< éf(s)) )

respectively.  S(7) s S(T)=(Q.(7)|
-0 (D)) /(To(T)).

Electrical conductivity o(7) can be considered as the av-
erage value of o(e) within the energy window of
(—=0f(e)/de), because the function (—df(e)/de) has a
Gaussian-like  shape and its integrated intensity
I2.(=df(e)/ de)de provides unity regardless of the tempera-
ture. Since the averaged o(e) over an energy range of a few
kgT centered at u does not drastically vary with varying
temperature, especially in the present calculation, under the
assumption of the constant [,, (|Q.(T)|-|0_(T)|)/T mainly
contributes the characteristic behaviors of S(7).

Q,(T) and Q_(T) are obtained by the integration of the
o(e) multiplied by (e—u)(df(g)/de) in the energy range be-
low and above u, respectively. Their temperature depen-
dence would be easily understood, if o(e) and T dependence
of (= w)(df(e)/ de) are separately treated. In Fig. 6, (e—pu)
X (df(e)/ de) at 50 and 400 K are represented, together with
o(e), for OP35K. The function (g—pu)(df(g)/de) has a posi-
tive value below u and a negative value above . The posi-
tive and negative peaks in the (e—pu)(df(e)/de), located at
e~ +1.3kgT, shift to lower and higher energy with increas-
ing temperature, respectively. Thus, the difference between
o(e) about e=—1.3kT and that about e=+1.3kzT would
have an important role to determine S(7).

The |Q,(T)|/T and |Q_(T)|/T of OP35K are calculated as
a function of temperature and shown in Fig. 7. Since o(g)
has a negative slope near u, o(—1.3kgT) is larger than
o(+1.3kgT) at a low temperature and the difference increases
with increasing temperature. This condition leads to larger
|Q(D|/T than |Q_(T)|/T, and the resulting (|Q.(7)]
—|Q_(T)|)/T continuously increases with increasing tempera-
ture. Once the temperature is increased as far as the positive
peak of (e—pu)(df(e)/de) reaches the energy of the hump in
ole), (T)|/T starts to rapidly decrease with increasing
temperature. Thus S(7) shows a maximum at a particular
temperature 7.

At a high temperature, the hump in o(e) has a less sig-
nificant contribution to S(7) because the positive and nega-
tive peaks in (e—u)(df(e)/de) go far below and above the
hump, respectively. Since the o(g) more rapidly decreases
with decreasing energy below the hump energy than with
increasing energy above the hump energy, |Q.(T)|/T de-
creases much more rapidly than |Q_(T)|/T. S(T) at high tem-
perature, thus, decreases with increasing temperature, and
eventually turns out to be negative at 7. In this way, the

expressed  as
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FIG. 7. The magnitude of positive energy flow |Q.(7)| and that
of negative energy flow |Q_(7)| divided by T, which are carried by
the electrons below and above u, respectively. The (|Q.(7)]
—|Q_(T)|)/ T, which mainly determines the magnitude and sign of
S(T), is also shown.

characteristic behavior of S(7) is almost completely ac-
counted for.

In order to examine whether our present calculation of
S(T) for Bi2201 is universally applicable for other cuprate
superconductors, we calculated S(7) in Bi2212 by using the
e—k dispersion reported by Norman et al.?’ The calculated
S(T)’s for Bi2212 of different doping levels are shown in
Fig. 8, together with the measured one with various T, re-
ported by Munakata et al.*> The p’s for the calculated S(7)’s
are estimated from Apgg’s and are shown in the same panel.
The calculated S(7)’s for the samples with p=0.17 and 0.26
holes/Cu, which are considered to be in optimally and over-
doped conditions, respectively, quantitatively reproduce the
measured S(7)’s of the optimally and overdoped samples
with 7.=86 K and 7.=76 K, respectively. The large values
exceeding 20 uV/K, measured for the underdoped samples,
cannot be reproduced by the present calculation. These con-
ditions are exactly the same as those for the present Bi2201
samples.

The present calculation of S(7) in Bi2212 were performed
without considering the presence of the bilayer splitting in
the band structure, which were clearly observed in Bi2212
by the recent high-resolution ARPES measurement.”>~2” The
saddle point producing vHs near u observed in Norman’s
band corresponds to that in the antibonding band, while that
of the bonding band is located far below w. Therefore we
consider that S(7) of Bi2212 would not be greatly affected
by the bonding band, and that is why our calculation of S(7)
in Bi2212 on the basis of the band structure reported by

Norman et al.?” provides us a reasonable result.
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FIG. 8. The measured (Ref. 42) and calculated S(7) of the
Bi,Sr,Ca;_, Y, Cu,Og, s (Bi2212). The calculation was performed
using the e—k dispersion reported by Norman et al. (Ref. 20). The
quantitative agreement between the measured and calculated S(7) is
observed for the optimally and overdoped samples. The large S(7)
exceeding 20 uV/K in underdoped samples cannot be reproduced
by the present calculation.

We propose here some possible reasons for the unusual
behavior of S(7) in the underdoped sample.

The first one is related to the problem in the band deter-
mination method we used in this paper. It is reported that the
spectra in the underdoped samples are fairly broadened, es-
pecially around (7r,0), because of the very short lifetime of
the Bloch states due to the strong electron correlation.*3#
We did not take this effect into account, but simply used the
peak energy of the spectrum as the eigenvalue for the se-
lected momentum. If the wave number K is no longer a good
quantum number because of the strong scattering limit, the
e—k dispersion determined by the peaks of ARPES spectra
cannot be used to evaluate S(7). This may cause inconsis-
tency between the calculated S(7) and measured one, espe-
cially in the underdoped samples.

The assumption of a constant mean-free path (I), em-
ployed in our analysis, would be inappropriate, especially in
the underdoped samples. We found that the MDC width in
the present overdoped Bi2201 samples possesses a less sig-
nificant momentum dependence and moderate energy depen-
dence in the very narrow energy range used in our calcula-
tion of S(7T). This experimental observation encouraged us to

PHYSICAL REVIEW B 72, 024533 (2005)

employ the constant / approximation. It was reported for
Bi2212, however, that the ARPES spectra around (7,0) get
drastically broadened with decreasing p, especially in the
underdoped samples, in sharp contrast to the spectral width
at kg in the (0,0)—(7r,7r) direction, possessing almost no p
dependence.**** These results suggest that the momentum-
dependent scattering events are enhanced in the underdoped
condition. If this anisotropy of the scattering events causes a
strong energy dependence in [ and resulting o(g), S(T) would
be greatly affected by it.

Another mechanism, which is the most plausible one,
should be discussed in terms of a pseudogap. It is well
known that the pseudogap persists up to a higher temperature
than T, in the underdoped condition.**¢ A temperature- and
p-dependent pseudogap would cause strong variation in o(g)
and resulting S(7). The detailed analysis on S(T) under the
pseudogap formation is far beyond our present analysis.
Since the effect of the pseudogap cannot be fully understood
without a further detailed investigation, we keep this prob-
lem open.

Before closing the discussion, we should comment on the
empirical use of $(290 K) for the p estimation proposed by
Obertelli et al.” This empirical method to estimate p is con-
structed on the basis of two relations: 7./T I as a function
of $(290 K), and T./T "*=1-82.6(p—0.16).> We showed in
this paper that both experimental relations of T./T ™ vs
S(290 K) and T./T ™ vs p are not applicable, at least for the
present Bi2201 samples. We found that S(7) is unambigu-
ously determined by the vHs instead of these relations. A
fairly large difference in the shape of vHs on N(g) between
Bi2201 and Bi2212 suggests that the absolute value of p has
less important effects on the magnitude of S(290 K). We
conclude, therefore, that S(290 K) cannot be used to estimate
p in the cuprate superconductors.

V. CONCLUSION

The band structure (the e—k dispersion) of Bi2201 with
various p’s was determined by ARPES measurements. By
using the experimentally determined £ —k dispersion, we cal-
culated S(7T) within the framework of the Boltzmann trans-
port theory. The calculated S(7) quantitatively reproduced
the measured one in the optimally and overdoped samples. It
is found, as a consequence of the present analysis, that the
temperature and p dependence of S(7) in Bi2201 is well
accounted for by considering the presence of the van Hove
singularity near the Fermi level and the energy shift of u
with a varying hole concentration. We also found that
S(290 K) cannot be used to estimate p in Bi2201 and other
cuprate superconductors.
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