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Theoretical exploration of electronic structure in cuprates from electronic entropy
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The electronic entropy of superconducting cuprates includes crucial information on the metallic state. In this
context the electronic entropy of cuprates is calculated for the CuO2 layer in order to clarify the features of
metallic states. It is shown that the observed peculiar doping dependence of electronic entropy can be explained
by the Kamimura-Suwa model without introducing the pseudogap concept, while an ordinary band structure
gives too small values even in the overdoped region. It is also shown that the observed anomalous behaviors
in normal-state properties of cuprates such as resistivity and the Hall effect are explained by the Kamimura-
Suwa model. From these results it is suggested that the hole carriers in cuprates form a metallic state by taking
the Zhang-Rice singlet and Hund’s coupling triplet alternately in the presence of the local antiferromagnetic
ordering.
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I. INTRODUCTION

Since Bednorz and Mu¨ller1 discovered high-temperatur
superconductivity in La22xBaxCuO4, a number of theoretica
models have been proposed. Among them Anderson2 was the
first to point out the important role of strong correlation
this system of materials. However, the exact solution t
takes into account the various many-body interactions
eludes us today. Most of the proposed models start by ass
ing an electronic structure of the copper oxide followed b
refinement which makes use of disposable parameters t
experimental data.3 This procedure makes it difficult to as
sess the predictive nature of the model, for example, h
cuprates containing CuO6 octahedra or CuO5 pyramids may
give rise to different features of high-Tc superconductivity.
In an attempt to address this problem, Kamimura and
workers have carried out a series of theoretical studies
ginning with the calculations of the electronic structure
La22xSrxCuO4 ~hereafter abbreviated as LSCO! from first
principles by Kamimura and Eto.4,5 Unlike the usual ap-
proach of modifying the Fermi liquid picture by treating c
prates already in a highly doped state, their calculations
gan by considering the electronic structure of the ligh
doped superconductors. The theoretical treatments by
mimura and Eto4,5 are based on embedding a hole-dop
single CuO6 octahedron in LSCO structure and employing
multiconfiguration self-consistent field variational meth
with configuration interaction~MCSCF-CI!. The MCSCF-CI
method is the most suitable variational method to calcu
the electronic structure of a strongly correlated cluster s
tem. Recently Kamimura and Sano6 and Tobita and
Kamimura7 have extended these calculations to include th
of a single CuO5 pyramid embedded in YBa2Cu3O7 ~abbre-
viated as YBCO7) and Bi2Sr2CaCu2O81d ~abbreviated as
Bi2212!, respectively.

Based on the first-principles cluster calculations for
CuO6 octahedron embedded in LSCO by Kamimura a
Eto,4,5 Kamimura and Suwa8 constructed a metallic state o
0163-1829/2002/66~5!/054504~8!/$20.00 66 0545
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underdoped cuprates by introducing the transfer interact
between the neighboring CuO6 octahedra, where they as
sumed that the localized spins in the CuO2 layer form anti-
ferromagnetic~AF! ordering by the superexchange intera
tion in an area whose length is the magnitude of a sp
correlation length. In this metallic state the dopant holes
move relatively freely in the CuO2 plane by taking the char
acter of a Zhang-Rice spin-singlet state and that of a Hun
coupling spin-triplet state alternately between neighbor
sites. This carrier motion does not disturb the underlying
ordering and can lead to superconductivity ofd-wave pairing
symmetry.9 This model is called the ‘‘Kamimura-Suwa~KS!
model.’’ An important consequence of the KS model is th
having taken into account the strong spin-exchange inte
tions between the spins of a dopant hole and a localized
at the same site in a mean-field approximation, the ther
and transport properties of the highly underdoped cupra
can be treated within a framework similar to a single-parti
band structure. The systems of YBCO7 and Bi2212 can also
have a similar kind of electronic states according to Refs
and 7.

Recently, phenomena which can be attributed to the
duction of the density of states near the Fermi energy, ca
the pseudogap, have been observed.10 A striking example
that has drawn considerable attention is the strange do
dependence of the electronic entropy in LSCO observed
Loram et al.10 Since the electronic entropy depends on t
density of states of hole carriers, it includes crucial inform
tion on the metallic state of cuprates. In this context, we w
calculate the electronic entropy by using two kinds of t
density of states of hole carriers in cuprates obtained by fi
principles calculations. Those are the density of states ca
lated by the KS model on the one hand and that calculated
the ordinary band theory with the local density approxim
tion ~LDA ! on the other.

In this paper, we will show that this peculiar doping d
pendence of the electronic entropy can be explained by
KS model8 without any adjustable parameters, while t
©2002 The American Physical Society04-1
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LDA band structure gives too small values even in the ov
doped region, compared with the experimental values. T
means that the metallic state of cuprates may be describe
the KS model. In order to show further experimental su
ports for the KS model, in this paper we will also calcula
the normal-state transport properties of LSCO based on
KS model, such as the temperature and hole-concentra
dependences of the resistivity and of the Hall coefficient, a
compare the calculated results with experimental ones.

In Sec. II we describe the KS model briefly. In Sec. III th
calculated results of the electronic entropy for LSCO
presented and compared with experimental results. In
IV we describe the structure of Fermi surface based on
KS model. In Sec. V the calculated results of the resistiv
and of the Hall coefficient for LSCO are presented and co
pared with experiments. Finally a summary is given in S
VI.

II. KAMIMURA-SUWA MODEL

A. Introduction

In this section, we will describe briefly the theoretic
treatment of the KS model8 and its physical justification. In
the presence of AF order, a pair of neighboring CuO6 octa-
hedra~or CuO5 pyramids! with their up and down localized
spins are to be taken as a basis unit, where the local
holes occupy the antibondingb1g (b1) orbital, b1g* (b1* ),
with a main character of Cudx22y2 orbital. Consider a dop-
ant hole with an up spin within this basis unit. It can eith
occupy the antibondinga1g (a1) orbital a1g* (a1* ) in the up-
spin half of the octahedron~pyramid! pair and form a spin-
triplet state with a localized up spin via Hund’s coupling
the bondingb1g (b1) orbital in the neighboring CuO6 octa-
hedron (CuO5 pyramid! with a localized down spin and form
a spin-singlet state as shown in Fig. 1~a!, where thea1g* (a1* )
orbital consists of a Cudz2 orbital and surrounding six~five!
oxygenp orbitals while theb1g (b1) orbital consists mainly
of the four in-plane oxygenps orbitals hybridized by the Cu
dx22y2 orbital. According to the first-principles cluster calc
lations for a CuO6 octahedron in LSCO by Kamimura an
Eto,4,5 for a CuO5 pyramid in YBCO7 by Kamimura and
Sano,6 and for a CuO5 pyramid in Bi2212 by Tobita and
Kamimura,7 the energy separation between the Hund’s c
pling triplet multiplet denoted by3B1g ~or 3B1) and the
Zhang-Rice singlet multiplet denoted by1A1g ~or 1A1) in a
CuO6 octahedron~or a CuO5 pyramid! is about 0.1 eV,
where a multiplet means a many-electron eigenstate
single CuO6 octahedron cluster or a CuO5 pyramid cluster.
This value is of the same order as the transfer interac
energy (;0.3 eV) between nearest-neighbor sites, after t
ing into account the observed local distortion of the Cu6
octahedron (CuO5 pyramid.!11,12Thus, in the KS model, the
dopant holes can move coherently from one CuO6 octahe-
dron (CuO5 pyramid! to a neighboring CuO6 octahedron
(CuO5 pyramid! in a CuO2 layer by the transfer interaction
assisted by localized AF order but without disturbing th
order.13 The situation for a down-spin hole is energetica
similar but occupies a complementary electronic configu
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tion as shown in Fig. 1~b!. This characteristic feature in th
wave functions of dopant up- and down-spin holes is
origin for thed-wave symmetry of a Cooper pair.9

The coexistence of the character of the Hund’s coupl
triplet and Zhang-Rice singlet states has been experimen
verified by Chenet al.14 and Pelleginet al.15 In order to
check the character of the Hund’s coupling triplet state, th
performed polarization-dependent x-ray absorption meas
ments for OK and CuL edges in LSCO. As for CuL edges,
they observed the doping-induced satellite peak (L38) for
both polarizations of the electric vector of the x ray,E, par-
allel and perpendicular to thec axis, in a shoulder area of th
doping-independent CuL3 line, where theL3 line corre-
sponds to transitions from the Cu 2p core level to the upper
Hubbard Cudx22y2 band. Since the former (Eic) and the
latter (E'c) polarizations detect the characters of t

FIG. 1. Schematic view of the coherent motion of a dopant h
from the Hund’s coupling triplet state to the Zhang-Rice sing
state and then to the Hund’s coupling triplet state, etc., in the p
ence of AF ordering of the localized spin system in the case
superconducting LSCO. Here~a! and~b! correspond to states for u
spin and down spin of a dopant hole, respectively, where the w
arrow represents the spin of a dopant hole while the black ar
represents the spin of a localized hole which forms AF order
superexchange interaction.
4-2
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Hund’s coupling triplet state and of the Zhang-Rice sing
state, respectively, the appearance of the doping-induced
ellite peak for both polarizationsat the same energysug-
gested that a state of dopant holes must consist of the Hu
coupling triplet state and the Zhang-Rice singlet state.
addition, recent site-specific x-ray absorption spectrosc
by Merz et al.16 has given clear evidence for the promine
role of apical oxygen in the metallic state of cuprates. A
cording to their result the experimental values of the h
distribution in a CuO2 plane, at an apical O site and in
Cu-O chain, are 0.4, 0.27, and 0.24, respectively, for su
conducting YBa2CuO6.91, while vanishing for insulating
Y0.97Ca0.03Ba2Cu3O6.0. Since thea1g* (a1* ) orbital in the
Hund’s coupling triplet state contains thepz orbital at an
apical oxygen site, the experimental results by Merzet al.16

may be considered as clear experimental support for the
model.

B. Effective Hamiltonian for the Kamimura-Suwa model

The following effective Hamiltonian is introduced in o
der to describe the KS model.8 It consists of four parts: the
effective one-electron HamiltonianHeff for a1g* (a1* ) and
b1g(b1) orbital states; the transfer interaction between nei
boring CuO6 octahedra (CuO5 pyramids!, H tr , the superex-
change interaction between the Cudx22y2 localized spins,
HAF ; and the exchange interactions between the spins
dopant holes anddx22y2 localized holes within the sam
CuO6 octahedron (CuO5 pyramid!, Hex. Thus we have

H5Heff1H tr1HAF1Hex

5 (
i ,m,s

«mCims
† Cims

2 (
^ i , j &,m,n,s

tmn~Cims
† Cjns1H.c.!1J(

^ i , j &
Si•Sj

1(
i ,m

Km si ,m•Si , ~1!

where«m @m5a1g* (a1* ) or b1g(b1)# represents the effectiv
one-electron energy of thea1g* (a1* ) and b1g(b1) orbital
states,Cims

† and Cims are the creation and annihilation op
erators of a dopant hole with spins in the i th CuO6 octahe-
dron (i th CuO5 pyramid!, respectively,tmn the effective
transfer integrals of a dopant hole betweenm-type andn-type
orbitals of neighboring CuO6 octahedra (CuO5 pyramids!, J
the superexchange interaction between the spinsSi andSj of
dx22y2 localized holes in theb1g* (b1* ) orbital at the nearest
neighbor Cu sitesi and j (J.0 for AF interaction!, andKm
the exchange integral for the exchange interaction betw
the spin of a dopant holesim and thedx22y2 localized spinSi
in the i th CuO6 octahedron (i th CuO5 pyramid!.

The values of the parameters in Eq.~1! areJ50.1, Ka
1g*

522.0, Kb1g
54.0, ta

1g* a
1g* 50.2, tb1gb1g

50.4, ta
1g* b1g

5Ata
1g* a

1g* tb1gb1g
;0.28, «a

1g* 50, «b1g
52.6 in units of eV,

where the values of Hund’s coupling exchange constantKa
1g*
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and Zhang-Rice exchange constantKb1g
are taken from the

first-principles cluster calculations for a CuO6 octahedron in
LSCO,4 and the energy difference of the effective on
electron energies betweena1g* and b1g orbital states,«a

1g*

2«b1g
522.6, is determined so as to reproduce the ene

difference between the3B1g and 1A1g multiplets in LSCO in
the MCSCF cluster calculations,5 while those oftmn’s are
due to band structure calculations.17–19

C. Derivation of an effective one-electron type energy band

In order to solve the effective Hamiltonian~1!, Kamimura
and Ushio20 paid attention to the experimental results by M
son et al.,21 Yamadaet al.,22 and Leeet al.23 that the spin-
correlation lengthls in the underdoped region of LSCO in
creases as the Sr concentration increases fromx50.05, the
onset of superconductivity, and reaches a value of ab
50 Å or more at optimum doping (x50.15). In this spin-
correlated region, the frustrated spins on its boundary cha
their directions by the fluctuation effect in the two
dimensional~2D! Heisenberg AF spin system during the tim
of ts defined byts[\/J with J being the superexchang
interaction (;0.1 eV).24 In this case the hole carriers at th
Fermi level may move coherently much longer than the
served spin-correlation length, when the traveling time o
hole carrier at the Fermi level over an area of the sp
correlation length which is given bytF[ls /vF is longer
thants , wherevF is the Fermi velocity of a hole carrier a
the Fermi level. This is the case for underdoped LSCO,
causets is of the order of 10214 sec whiletF is of the order
of 10213 sec for the underdoped region ofx50.10–0.15 in
LSCO. In this way the region of a metallic state becom
much wider than the spin-correlation length so as to red
the increase of the kinetic energy due to the confinemen
hole carriers in the spin-correlated region.

In this context Kamimura and Ushio treated the fou
term in Eq.~1!, the exchange interaction between the sp
of a dopant hole and a localized hole spin, in the mean-fi
approximation by replacingSi by its average valuêS&. Thus
the effect of the localized hole spin system is dealt with as
effective magnetic field acting on the hole carrier. As a res
they could separate the localized hole spin system in the
order and the hole-carrier system and calculated the o
electron-type energy band for a carrier system assumin
periodic AF order.25

Thus, in the presence of the local AF ordering due to
localized hole spins in the CuO2 layer, the hole carriers can
move relatively freely in the CuO2 plane by taking the char
acters of a Zhang-Rice spin-singlet state and a Hun
coupling spin-triplet state alternately between neighbor
sites. By averaging the character of wave function for ea
wave vectork over the Fermi surface forx50.1 in LSCO,
we have obtained the mixing ratio of characters of t
Hund’s coupling triplet state to the Zhang-Rice singlet st
in the metallic state at the Fermi level, which is found to
1 to 5. Thus the existence ratio of the Hund’s coupling trip
state in the metallic state at the Fermi level is only 20%. T
4-3
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value is close to the observed intensity ratio of theEic to the
E'c polarization at the CuL38 satellite peak forx50.1 in
LSCO by Chenet al.14

The most important consequence of this treatment is t
having taken into account the strong spin exchange inte
tions in the mean-field approximation, the thermal and tra
port properties of the highly underdoped cuprates can
treated within a framework similar to a single-particle ba
structure. In this case, the assumption of an antiferrom
netic lattice is made, but the exchange interactions betw
dopant holes and this lattice obtained by their first-princip
calculations are included in the single-particle band str
ture.

In 1997 Anisimov, Ezhov, and Rice calculated the ene
band structure of the ordered alloy La2Li0.5Cu0.5O4 by the
LDA1U method,26 and they showed that a fairly mode
reduction of the apical Cu-O band length is sufficient to s
bilize the Hund’s coupling spin triplet state with dopant ho
in both b1g and a1g* orbitals. Their result is consistent wit
the KS model. It should be remarked here that the effec
Hamiltonian of the KS model, Eq.~1!, has been solved re
cently by another method. That is the exact diagonaliza
method.27 According to Hamadaet al.,27 computational stud-
ies by the exact diagonalization method for a 2D square
tice with 434516 sites clearly showed that a hole carr
takes the characters of the Hund’s coupling triplet state
of the Zhang-Rice spin singlet state alternately without
structing the AF order, supporting the KS model.

III. ELECTRONIC ENTROPY

Based on the one-electron-type energy band calculate
Ushio and Kamimura,25 we have first calculated the densi
of states of the conduction band in LSCO,rKS(«), based on
the KS model. The calculated result ofrKS(«) is shown in
Fig. 2. It has a sharp peak at«F(x) corresponding tox

FIG. 2. The calculated density of states of LSCO based on
KS model as a function of energy. The energy is measured from
top of the conduction band calculated. A sharp peak at the en
around20.1 eV corresponds to a saddle-point-type singularity
(p/a,0,0) in the Brillouin zone.
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;0.3 in La22xSrxCuO4. The appearance of this sharp peak
due to a saddle point singularity atG15(p/a,0,0) in the
Brillouin zone, wherea is the Cu-O-Cu distance in a CuO2
plane. Then, usingrKS(«), we can calculate the doping~x!
and temperature~T! dependences of electronic entrop
S(T,x) from the following well-known formula:

S~T,x!52kBE
2`

`

@ f ~«,m!ln f ~«,m!1$12 f ~«,m!%

3 ln$12 f ~«,m!%#r~«! d«, ~2!

where r(«) is the density of states andf («,m) the Fermi
distribution function.

The calculated electronic entropies in LSCO atT
5100 K and 200 K,SKS(100,x) and SKS(200,x), respec-
tively, are shown by solid curves in Fig. 3, where the ele
tronic entropy measured by Loramet al.10 is also shown by
solid squares for comparison. We find that both the cal
lated doping and temperature dependences of the electr
entropy,SKS(100,x) andSKS(200,x), are in good agreemen
with experimental results. It should be noticed that there
no adjustable parameters in the present calculation.

On the other hand, we have also calculated the electro
entropy by using the density of states derived from the c
duction band in the ordinary band theory with a LDA, whic
corresponds to antibondingB1g symmetry. This band has th
main character of a Cudx22y2 orbital. Shimaet al.19 have
calculated the density of states for theb1g* energy band in
LSCO, rLDA(«). By usingrLDA(«) for r(«) in Eq. ~2!, we
have calculated the electronic entropy as a function of h
concentration. The calculated values of the entropy in
LDA at T5100 K, SLDA(100,x), are shown by thin solid
line in Fig. 3. We see that calculated entropy based

e
e

gy
t

FIG. 3. The calculated electronic entropies of LSCO atT
5100 K andT5200 K, SKS(100,x), SKS(200,x), based on the KS
model ~solid curves! and that of the ‘‘LDA state’’ atT5100 K,
SLDA(100,x), based on the LDA density of states~thin solid line!.
The experimental results of Loramet al. ~Ref. 10! are also shown
by solid squares for comparison. Note that both the calculated
ues and the experimental data for the 200 K entropy have b
shifted to aid clarity.
4-4
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rLDA(«) of the LDA band is too small, compared with ex
perimental results. Thus we may say that the electronic st
ture based on the LDA band which we call ‘‘LDA state’’ ma
not be appropriate even for the overdoped region of cupra
This means that both the local lattice distortion and stro
correlation included in the KS model play important rol
even in the overdoped region. From the present results
suggest that the KS model may provide an appropriate
scription for the metallic state in cuprates.

IV. FERMI SURFACE

Based on the KS model, Ushio and Kamimura25 calcu-
lated the Fermi surfaces for the underdoped regime
LSCO. We extend their calculations to the overdoped reg
of LSCO. The Fermi surface structures calculated forx
50.15 andx50.35 are shown in Fig. 4 and Fig. 5, respe
tively. Since only the dopant holes contribute to the Fer
surface, it consists of four small pockets in the underdo
regime forx50.15. This unique feature of the Fermi surfa
structure is consistent with the experimental results of
angle-resolved photoemission spectroscopy~ARPES! for the
superconducting Bi2Sr0.97Pr0.03CuO61d ~Bi2201! compounds
which includes a single CuO2 layer in a unit cell, like
LSCO.28 Further the observed energy dispersion along
G-G1 line for Bi2201 ~Ref. 28! also coincides well with the
one-electron-type energy band which includes the excha
interaction between the spins of a hole carrier and a local
hole.25 Fermi surface structures for Bi2Sr2CaCu2O81d
~Bi2212! determined by angle-resolved photoemission29–31

are also very alike to the present result, although the Fe
surface structure for Bi2212 is more complicated due to
existence of two CuO2 layers in a unit cell.

In particular, Aebiet al.29 have found ac(232) super-

FIG. 4. The Fermi surface forx50.15 based on the KS mode
Here two kinds of Brillouin zones are also shown. One at the o
ermost part is the ordinary Brillouin zone and the inner part is
folded Brillouin zone for the antiferromagnetic unit cell in LSCO
Here thekx axis is taken alongGG1, corresponding to thex axis
~the Cu-O-Cu direction! in real space, whereG5(0,0,0) andG1

5(p/a,0,0).
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structure on the Fermi surface suggesting the short-range
tiferromagnetic correlation. It is easily seen that the ARP
results by Aebiet al.coincide well with the calculated Ferm
surface in Fig. 4. This means that our prediction of aA2
3A2 antiferromagnetic local order has been proved exp
mentally. Further Marshallet al.32 have also observed
small Fermi surface structure for the underdoped Dy conc
tration of Bi2Sr2Ca12xDyxCu2O81d with Tc565 K, consis-
tent with our prediction of a small Fermi surface.

The present calculation is based on a periodic system w
the antiferromagnetic order. Since the region of the meta
state on the KS model is finite, as we described in Sec. I
the appearance of the small Fermi surface structure sh
have a finite lifetime. As a result various phenomena ba
on the present small Fermi surface structure are also
pected to have lifetime effects. For example, the obser
outer edge of each pocket in the Fermi surface struc
shown in Fig. 4 may not be sharp compared with its inn
edge due to the above lifetime effect. This lifetime effect h
recently been observed in the ARPES experiments, where
lifetime effect due to the vague outer edge of the Fermi s
face has been called a ‘‘shadow edge.’’30,31

With the increase of doping, the Fermi surface chan
from the structure of small pockets into a large Fermi s
face, as is shown in Fig. 5 forx>0.3. Such a change of th
Fermi surface from a small one to a larger one with incre
ing the hole concentration is also consistent with rec
ARPES experimental results by Normanet al.33 Wen and
Lee also showed that small Fermi pockets at low dop
continuously evolve into a large Fermi surface a high dop
concentration.34 Further, as regards the small pocket stru
ture of Fermi surface, various theoretical groups have
cently derived it theoretically.35

t-
e

FIG. 5. The Fermi surface forx50.35 based on the KS mode
Here two kinds of Brillouin zones are also shown. One at the o
ermost part is the ordinary Brillouin zone and the inner part is
folded Brillouin zone for the antiferromagnetic unit cell in LSCO
Here thekx axis is taken alongGG1, corresponding to thex axis
~the Cu-O-Cu direction! in real space.
4-5
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V. TRANSPORT PROPERTIES

A. Introduction

As other experimental evidence to support the KS mod
we will discuss transport properties of cuprates, such as
resistivity and Hall effect in this section. In particular, w
will show that the anomalous behaviors of the normal-st
transport properties of cuprates can be explained by the
model well.

B. Resistivity

We begin with discussing the anomalous behavior of
sistivity of underdoped cuprates. The temperature dep
dence of the resistivity in the normal state of La22xSrxCuO4
has been reported by Takagiet al.36,37 In the underdoped
region, it shows a linear temperature dependence in a w
temperature range from high temperatures above room
perature down toTc . In this paper we will show that this
anomalous linear temperature dependence in a wide temp
ture range down toTc can be explained in terms of a sma
Fermi surface described in a previous section. For this p
pose we have calculated the phonon-limited resistivity
LSCO from the variational expression for the resistivity
metals38 by using the small Fermi surface in the KS mod
described in Sec. IV. The resistivity formula we have us
is38,39

r~T!5
Ap

2e2kBT
E E vqugk,Ku2FcoshS \vq

kBT D21G21

3@~vk2vK!•u#2
dSk

vk

dSK

vK
, ~3!

with

A5F E E ~vk•u!~vK•u!~vk•vK!
dSk

vk

dSK

vK
G21

, ~4!

where gk,K is the electron-phonon matrix element betwe
the states of the wave vectorsk andK of an electron which
interacts with a phonon of the wave vectorq and frequency
vq with q5K2k, vk the group velocity of an electron in th
statek which is given byvk5]Ek /]k, \vq the phonon en-
ergy,u the unit vector in the direction of the external elect
field which is parallel to thex axis, and*dSk an integration
over the Fermi surface. Since the Fermi surface section in
kx-ky plane is small, the phonons of small wave vectors
involved in the mechanism of causing resistivity. Th
gk,K is expressed by the following form:ugk,Ku2
5(N/2Mvq)(C•q)2, with C being a coupling constan
whose dimension is energy. Further the phonon disper
along thec axis is small, so that we have expressed
phonon dispersion in a two-dimensionalq space as\vq

5vsq'5vsAqx
21qy

2, with the sound velocityvs whose
value is 53105 cm/s for LSCO.40 The calculated results o
resistivity in theab plane of LSCO are shown in Fig. 6 as
function of temperatureT for x50.05, 0.1, and 0.15 in
La22xSrxCuO4. Because the resistivity in the underdoped
gion of LSCO is governed by the electron-phonon scatter
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with small momentum transfer due to the small Fermi s
face of LSCO, a linear temperature dependence of the re
tivity appears in a wide temperature range, consistent w
the observed resistivity in the normal state of La22xSrxCuO4
by Takagiet al.37 For values ofx above 0.18, the observe
temperature dependence in resistivity deviates upward f
the linear dependence in a low-temperature region. Since
deviation is more remarkable for sintered samples,36,37such a
deviation might be due to disordered effects.

C. Hall effect

The observed Hall coefficient of LSCO,RH , has also
shown an anomalous behavior. The Hall data in LSCO sh
a drop inRH by two orders of magnitude asx increases from
x50.1 to 0.3. Then a sign change ofRH from a holelike to an
electronlike character occurs at aroundx50.3.36,41,42In this
section we will show that these anomalous behaviors of
Hall coefficient can be explained by the KS model witho
introducing any adjustable parameters.

For this purpose we use the formula derived by Schim
and Kamimura,43 by substituting2] f /]Ek for thed function
in their formula. The formula for the Hall coefficientRH thus
obtained is given as follows:

RH5
4p3

ec

E
BZ

dk
]Ek

]kx
F ]Ek

]kx

]2Ek

]ky
2

2
]Ek

]ky

]2Ek

]kx]ky
G S 2

] f

]Ek
D

F E
BZ

dkS ]Ek

]kx
D 2S 2

] f

]Ek
D G2 ,

~5!

whereEk represents the energy dispersion of a conduct
hole. By using the effective one-electron-type energy ba
for the hole carriers derived by Ushio and Kamimura f
LSCO,25 we have calculated both the hole-concentration a
temperature dependences ofRH . The calculated results o
RH in La22xSrxCuO4 for T580 K and 300 K are given as
function ofx in Fig. 7, where the experimental results ofRH
by Takagiet al.36 are also shown for comparison. It is see
from this figure that the calculated results ofRH decreases

FIG. 6. The calculated temperature dependence of the resist
in the ab plane of LSCO for various hole concentrations, based
the KS model.
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like 1/x in very low concentrations. Then in the underdop
to overdoped region it decreases more rapidly than thex
behavior and at aroundx;0.3 the Hall coefficient change
its sign from positive~hole like! to a negative one~electron
like!. This behavior in thex dependence ofRH coincides well
with the experimental results by Takagiet al.36 According to
the present theoretical result, the reason for the sign cha
of RH is due to the fact that, in the region of 0.3>x, the four
small pockets of the Fermi surface change into a large Fe
surface and that, on the large Fermi surface, the second
rivatives of the energy dispersion such as]2Ek /]ky

2 change
sign over a dominant region of the Fermi surface. This le
to the negative Hall coefficientRH at T50 K in this con-
centration region. When temperature increases, the h
with higher energy than the Fermi energy contribute more
the Hall coefficient of a negative sign. In other words, a

FIG. 7. The calculated concentration dependence of the
coefficientRH for T580 K andT5300 K based on the KS mode
together with the experimental results by Takagiet al. ~Ref. 36!.
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higher temperature than 300 K the dominant number of ho
lie on the states for which the second derivatives of the
ergy dispersion is negative. As a result the Hall coefficie
becomes negative at higher temperatures. In this way the
model can explain the anomalous behavior of the obser
Hall effect without introducing any disposal parameter.

VI. CONCLUSION

In order to clarify the feature of a metallic state in supe
conducting cuprates, we have first calculated the electro
entropy of LSCO using the two kinds of density of stat
derived from first-principles calculations, the one from t
KS model and the other from the LDA band structure. It w
shown that the observed peculiar doping dependence an
absolute magnitudes of electronic entropy reported by Lor
et al.10 can be explained by the KS model without any a
justable parameters. In contrast, an LDA band structure g
entropy values which are too small even in the overdop
region. We have further shown that the temperature and h
concentration dependences of the resistivity and of the H
effect calculated on the basis of the KS model can exp
well the characteristic features of observed anomalous tr
port properties. From these results, we would like to sugg
that the Kamimura-Suwa model may provide an appropr
description for the metallic state in cuprates, while the ‘‘LD
state’’ may not be appropriate even for the highly overdop
region of cuprates.
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