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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,Qagr 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 underdoped cuprates by introducing the transfer interactions
between the neighboring CyObctahedra, where they as-

Since Bednorz and Mier* discovered high-temperature sumed that the localized spins in the Gul@yer form anti-
superconductivity in La_,Ba CuQ,, a number of theoretical ferromagnetic(AF) ordering by the superexchange interac-
models have been proposed. Among them Andéra@s the  tion in an area whose length is the magnitude of a spin-
first to point out the important role of strong correlation in correlation length. In this metallic state the dopant holes can
this system of materials. However, the exact solution thamove relatively freely in the CuQplane by taking the char-
takes into account the various many-body interactions stilacter of a Zhang-Rice spin-singlet state and that of a Hund’s-
eludes us today. Most of the proposed models start by assurgeupling spin-triplet state alternately between neighboring
ing an electronic structure of the copper oxide followed by asites. This carrier motion does not disturb the underlying AF
refinement which makes use of disposable parameters to fiirdering and can lead to superconductivitydeave pairing
experimental datd.This procedure makes it difficult to as- symmetry? This model is called the “Kamimura-SuwS)
sess the predictive nature of the model, for example, hownodel.” An important consequence of the KS model is that,
cuprates containing CyQoctahedra or Cuppyramids may having taken into account the strong spin-exchange interac-
give rise to different features of highs superconductivity. tions between the spins of a dopant hole and a localized hole
In an attempt to address this problem, Kamimura and coat the same site in a mean-field approximation, the thermal
workers have carried out a series of theoretical studies beand transport properties of the highly underdoped cuprates
ginning with the calculations of the electronic structure ofcan be treated within a framework similar to a single-particle
La,_,Sr,CuQ, (hereafter abbreviated as LSC@om first  band structure. The systems of YBE@nd Bi2212 can also
principles by Kamimura and Ett? Unlike the usual ap- have a similar kind of electronic states according to Refs. 6
proach of modifying the Fermi liquid picture by treating cu- and 7.
prates already in a highly doped state, their calculations be- Recently, phenomena which can be attributed to the re-
gan by considering the electronic structure of the lightlyduction of the density of states near the Fermi energy, called
doped superconductors. The theoretical treatments by Kahe pseudogaphave been observéf.A striking example
mimura and Etb® are based on embedding a hole-dopedthat has drawn considerable attention is the strange doping
single CuQ octahedron in LSCO structure and employing adependence of the electronic entropy in LSCO observed by
multiconfiguration self-consistent field variational methodLoram et al!® Since the electronic entropy depends on the
with configuration interactiodMCSCF-C). The MCSCF-CI  density of states of hole carriers, it includes crucial informa-
method is the most suitable variational method to calculatéion on the metallic state of cuprates. In this context, we will
the electronic structure of a strongly correlated cluster sysealculate the electronic entropy by using two kinds of the
tem. Recently Kamimura and S#hcand Tobita and density of states of hole carriers in cuprates obtained by first-
Kamimurd have extended these calculations to include thos@rinciples calculations. Those are the density of states calcu-
of a single Cu@ pyramid embedded in YB&uO; (abbre-  lated by the KS model on the one hand and that calculated by
viated as YBC®) and BpSr,CaCyOg, s (abbreviated as the ordinary band theory with the local density approxima-
Bi2212), respectively. tion (LDA) on the other.

Based on the first-principles cluster calculations for a In this paper, we will show that this peculiar doping de-
CuQ; octahedron embedded in LSCO by Kamimura andpendence of the electronic entropy can be explained by the
Eto*® Kamimura and Suwfaconstructed a metallic state of KS mode? without any adjustable parameters, while the
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LDA band structure gives too small values even in the over- ﬂ ﬂ

doped region, compared with the experimental values. This H il i byg
means that the metallic state of cuprates may be described b ‘\_ _ __ &
the KS model. In order to show further experimental sup- (a) ¥

ports for the KS model, in this paper we will also calculate R d
the normal-state transport properties of LSCO based on the -1 —l_ —I_ —l_ oyt
KS model, such as the temperature and hole-concentratior
dependences of the resistivity and of the Hall coefficient, and

compare the calculated results with experimental ones. ay, by, aly b
In Sec. Il we describe the KS model briefly. In Sec. Il the / /

calculated results of the electronic entropy for LSCO are K

presented and compared with experimental results. In Sec / /

IV we describe the structure of Fermi surface based on the \{

KS model. In Sec. V the calculated results of the resistivity

and of the Hall coefficient for LSCO are presented and com- B A
pared with experiments. Finally a summary is given in Sec. 19

VI.

&=
L —
L—
—

Il. KAMIMURA-SUWA MODEL

A. Introduction (b)

In this section, we will describe briefly the theoretical - = —I_ —l— Oy
treatment of the KS mod&hnd its physical justification. In

the presence of AF order, a pair of neighboring GLdta-
hedra(or CuQ; pyramids with their up and down localized
spins are to be taken as a basis unit, where the localizec / /
holes occupy the antibondinl, 4 (b;) orbital, by, (bT), k

with a main character of Cd,2_,2 orbital. Consider a dop- \f/ y/
ant hole with an up spin within this basis unit. It can either

occupy the antibonding, 4 (a;) orbital a7, (a7) in the up-

spin half of the octahedrofpyramid pair and form a spin- 1A1g 3B1g 1A1g 3319
triplet state with a localized up spin via Hund’s coupling or
the bondingb, 4 (b,) orbital in the neighboring Cufocta- FIG. 1. Schematic view of the coherent motion of a dopant hole

hedron (Cu@ pyramid with a localized down spin and form  from the Hund's coupling triplet state to the Zhang-Rice singlet
a spin-singlet state as shown in Figall where theai‘g (a}) state and then to the Hund’s coupling triplet state, etc., in the pres-
orbital consists of a Cd,2 orbital and surrounding sigive) ence of AF ordering of the localized spin system in the case of
oxygenp orbitals while theb; 4 (b;) orbital consists mainly superconducting LSCO. Hete) and(b) correspond to states for up
of the four in-plane oxygep,, orbitals hybridized by the Cu spin and down spin of a dopant hole, respectively, where the white
d,2_ 2 orbital. According to the first-principles cluster calcu- armrow represents the spin of a dopant hole while the black arrow
lations for a CuQ octahedron in LSCO by Kamimura and represents the spin of a localized hole which forms AF order via
Eto® for a CuG, pyramid in YBCG, by Kamimura and SuPerexchange interaction.

Sano® and for a CuQ@ pyramid in Bi2212 by Tobita and

Kamimura’ the energy separation between the Hund'’s coution as shown in Fig. (b). This characteristic feature in the
pling triplet multiplet denoted by3819 (or 3B,;) and the wave functions of dopant up- and down-spin holes is the
Zhang-Rice singlet multiplet denoted Byxlg (or 'A;) ina origin for thed-wave symmetry of a Cooper pair.

CuQ; octahedron(or a Cu@ pyramid is about 0.1 eV, The coexistence of the character of the Hund’s coupling
where a multiplet means a many-electron eigenstate in tiplet and Zhang-Rice singlet states has been experimentally
single CuQ@ octahedron cluster or a Cy@yramid cluster. verified by Chenet al'* and Pelleginet al'® In order to
This value is of the same order as the transfer interactiogheck the character of the Hund’s coupling triplet state, they
energy (~0.3 eV) between nearest-neighbor sites, after takperformed polarization-dependent x-ray absorption measure-
ing into account the observed local distortion of the GuO ments for OK and CuL edges in LSCO. As for Cu edges,
octahedron (Cu©pyramid)***?Thus, in the KS model, the they observed the doping-induced satellite peak) (for
dopant holes can move coherently from one gutahe- both polarizations of the electric vector of the x r&y, par-
dron (CuQ pyramid to a neighboring Cug@ octahedron allel and perpendicular to theaxis, in a shoulder area of the
(CuGs pyramid in a CuQ layer by the transfer interaction, doping-independent Cii; line, where thel; line corre-
assisted by localized AF order but without disturbing thissponds to transitions from the CyZore level to the upper
order’® The situation for a down-spin hole is energetically Hubbard Cud,2_,2 band. Since the formerE{|c) and the
similar but occupies a complementary electronic configuralatter (ELc) polarizations detect the characters of the
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Hund’s coupling triplet state and of the Zhang-Rice singletand Zhang-Rice exchange const#qt

. g-RI [, are taken from the
state, respectively, the appearance of the doping-induced SeHr'st-principles cluster calculations for a Cg©ctahedron in
ellite peak for both polarizationat the same energgug-

4 ; i -
gested that a state of dopant holes must consist of the HundLﬁSCO’ and the energy difference  of the effective one
electron energies betweeﬁifg and b, 4 orbital states,sa;
9

coupling triplet state and the Zhang-Rice singlet state. In _ _
addition, recent site-specific x-ray absorption spectroscopy- &b, ;= — 2.6, is determined so as to reproduce the energy
by Merz et al!® has given clear evidence for the prominent difference between théBlg and 1Alg multiplets in LSCO in

role of apical oxygen in the metallic state of cuprates. Acthe MCSCF cluster calculatiofiswhile those oft, s are
cording to their result the experimental values of the holejye to band structure calculatiohs®

distribution in a Cu@ plane, at an apical O site and in a
Cu-O chain, are 0.4, 0.27, and 0.24, respectively, for super-
conducting YBaCuGQso;, While vanishing for insulating . Derivation of an effective one-electron type energy band

Yo0.9Ca% 0B CU:060. Since theaj, (aj) orbital in the _ L .
Hund's coupling triplet state contains the orbital at an In order to solve the effective Hamiltonidh), Kamimura

apical oxygen site, the experimental results by Metral ° and Ushid® paid attention to the experimental results by Ma-

21 22 23 H
may be considered as clear experimental support for the k&N €t al.™ Yamadaet al,” and Leeet al™ that the spin-
model. correlation length\¢ in the underdoped region of LSCO in-

creases as the Sr concentration increases #e1.05, the
onset of superconductivity, and reaches a value of about
50 A or more at optimum dopingx&0.15). In this spin-
The following effective Hamiltonian is introduced in or- correlated region, the frustrated spins on its boundary change
der to describe the KS mod&lt consists of four parts: the their directions by the fluctuation effect in the two-
effective one-electron Hamiltoniakier for ajg(ay) and  dimensional2D) Heisenberg AF spin system during the time
b,4(b,) orbital states; the transfer interaction between neighgpt 7 defined byr.=#/J with J being the superexchange
boring CuQ octahedra (Cu@pyramids, Hy,, the superex- nteraction (-0.1 eV)?*In this case the hole carriers at the
change interaction between the @e_,2 localized spins, Fermi level may move coherently much longer than the ob-
Har; and the exchange interactions between the spins oferved spin-correlation length, when the traveling time of a
dopant holes andl,2_,2 localized holes within the same hole carrier at the Fermi level over an area of the spin-

B. Effective Hamiltonian for the Kamimura-Suwa model

Cu@; octahedron (Cu©pyramid, He,. Thus we have correlation length which is given byr=\¢/vg is longer
than 75, wherevg is the Fermi velocity of a hole carrier at

H=Hes+ Hy+Hapt Hex the Fermi level. This is the case for underdoped LSCO, be-
causers is of the order of 10 sec whiler; is of the order
= E SmCiTma-Cim(r of 10" sec for the underdoped region 0¥ 0.10—-0.15 in

i,m,o LSCO. In this way the region of a metallic state becomes

much wider than the spin-correlation length so as to reduce

- E tmn(CiTm(ern<r+ H_C_)+JE S-S the increase of the kinetic energy due to the confinement of

(.j).mn,o (i) hole carriers in the spin-correlated region.

In this context Kamimura and Ushio treated the fourth
+>) KmS.mS (1) termin Eq.(1), the exchange interaction between the spins
i,m of a dopant hole and a localized hole spin, in the mean-field
. x ) approximation by replacing; by its average valuéS). Thus
wheree,, [m=aj(a7) or byg(b,)] represents the effective (he effect of the localized hole spin system is dealt with as an
one-electron energy of thei(ai) and byy(b;) orbital  effective magnetic field acting on the hole carrier. As a result
states,Cl,, and Cj,, are the creation and annihilation op- they could separate the localized hole spin system in the AF
erators of a dopant hole with spinin theith CuQ; octahe- order and the hole-carrier system and calculated the one-
dron (ith CuQ pyramid, respectively,t,,, the effective electron-type energy band for a carrier system assuming a
transfer integrals of a dopant hole betweetype andn-type  periodic AF ordef®
orbitals of neighboring Cu@octahedra (Cu@pyramids, J Thus, in the presence of the local AF ordering due to the
the superexchange interaction between the spimndS; of  localized hole spins in the CyQayer, the hole carriers can
dy2_2 localized holes in thé?(bT) orbital at the nearest- move relatively freely in the CuQDplane by taking the char-
neighbor Cu sites andj (J>0 for AF interaction, andK,, acters of a Zhang-Rice spin-singlet state and a Hund’s-
the exchange integral for the exchange interaction betweegoupling spin-triplet state alternately between neighboring
the spin of a dopant holg,, and thed,2_,2 localized spinS  sites. By averaging the character of wave function for each
in theith CuQ; octahedronith CuQ; pyramid. wave vectork over the Fermi surface faor=0.1 in LSCO,
The values of the parameters in Ed) are J=0.1, Ka’{g we gave obltained Ithe mixing r:atioh of charactersI of the
— _ = _ . Hund’s coupling triplet state to the Zhang-Rice singlet state
2.0, Ky, =40, tayor =02, tblgblgl 0'4f 'P1s  in the metallic state at the Fermi level, which is found to be
= tazaz to, p,;~0.28, £ax =0, &y, =2.6 in units of eV, 1 tg 5 Thus the existence ratio of the Hund's coupling triplet
where the values of Hund’s coupling exchange cons!{@slag state in the metallic state at the Fermi level is only 20%. This
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FIG. 2. The calculated density of states of LSCO based on the=100 KandT=200 K, Ss(100x), Sks(200x), based on the KS
KS model as a function of energy. The energy is measured from thg1odel (solid curves and that of the “LDA state” atT=100 K,
top of the conduction band calculated. A sharp peak at the energ§Loa(100x), based on the LDA density of statéthin solid line.

around—0.1 eV corresponds to a saddle-point-type singularity atThe experimental results of Loraset al. (Ref. 10 are also shown
(w/a,0,0) in the Brillouin zone. by solid squares for comparison. Note that both the calculated val-

ues and the experimental data for the 200 K entropy have been
shifted to aid clarity.

Hole concentration x

value is close to the observed intensity ratio of Hile to the
EL c polarization at the Cu 3 satellite peak fox=0.1 in ) ) )
LSCO by Cheret al* ~0.3in Lg_,Sr,CuQy,. The appearance of this sharp peak is
The most important consequence of this treatment is thaglue to a saddle point singularity &;=(7/a,0,0) in the
having taken into account the strong spin exchange interadrillouin zone, wherea is the Cu-O-Cu distance in a C4O
tions in the mean-field approximation, the thermal and transplane. Then, usingys(e), we can calculate the doping)
port properties of the highly underdoped cuprates can bé&nd temperatureg(T) dependences of electronic entropy
treated within a framework similar to a single-particle bandS(T,x) from the following well-known formula:
structure. In this case, the assumption of an antiferromag-
netic lattice is made, but the exchange interactions between o
dopant holes and this lattice obtained by their first-principles S(Tx) =~ kBJ%[f(s’“)ln fe,u)+{1-f(e, )}
calculations are included in the single-particle band struc-
ture. XIn{1—f(e,u)}]p(e) de, 2
In 1997 Anisimov, Ezhov, and Rice calculated the energy ) ) .
band structure of the ordered alloy Jla, Cly <O, by the — Wherep(e) is the density of states ani(e,«) the Fermi
LDA +U method?® and they showed that a fairly modest distribution function.
reduction of the apical Cu-O band length is sufficient to sta- The calculated electronic entropies in LSCO &t
bilize the Hund’s coupling spin triplet state with dopant holes=100 K and 200 K,Sxs(100x) and S¢s(200x), respec-
in both b,y and aj, orbitals. Their result is consistent with tively, are shown by solid curves in Fl'gl; 3, where the elec-
the KS model. It should be remarked here that the effectivdronic entropy measured by Loraet al." is also shown by
Hamiltonian of the KS model, Eq1), has been solved re- solid squares for comparison. We find that both the calcu—_
cently by another method. That is the exact diagonalizatiof@te€d doping and temperature dependences of the electronic
method?’ According to Hamadat al.2” computational stud- €Ntropy,Sxs(100x) and S¢s(200x), are in good agreement
ies by the exact diagona”zation method for a 2D square |atW|th e.)(perlmental results. |t should be noticed that there are
tice with 4x4=16 sites clearly showed that a hole carrier N0 adjustable parameters in the present calculation. _
takes the characters of the Hund’s coupling triplet state and ©On the other hand, we have also calculated the electronic
of the Zhang-Rice spin singlet state alternately without de€ntropy by using the density of states derived from the con-
structing the AF order, supporting the KS model. duction band in thg ordm_ary band theory w[th a LDA, which
corresponds to antibondirigy ; symmetry. This band has the
main character of a Cd,2_,2 orbital. Shimaet al'® have
calculated the density of states for tb§g energy band in
Based on the one-electron-type energy band calculated HySCO, p,pa(e). By usingp pa(e) for p(e) in Eqg. (2), we
Ushio and Kamimurd> we have first calculated the density have calculated the electronic entropy as a function of hole
of states of the conduction band in LSCgxs(¢), based on concentration. The calculated values of the entropy in the
the KS model. The calculated result pfs(e) is shown in  LDA at T=100 K, S pa(100x), are shown by thin solid
Fig. 2. It has a sharp peak at(x) corresponding tox line in Fig. 3. We see that calculated entropy based on

lIl. ELECTRONIC ENTROPY
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FERMI SURFACE (X=0. 15) FERMI SURFACE (X=0, 35)

FIG. 4. The Fermi surface for=0.15 based on the KS model. FIG. 5. The Fermi surface for=0.35 based on the KS model.
Here two kinds of Brillouin zones are also shown. One at the outHere two kinds of Brillouin zones are also shown. One at the out-
ermost part is the ordinary Brillouin zone and the inner part is theermost part is the ordinary Brillouin zone and the inner part is the
folded Brillouin zone for the antiferromagnetic unit cell in LSCO. folded Brillouin zone for the antiferromagnetic unit cell in LSCO.

Here thek, axis is taken alond"G,, corresponding to th& axis  Here thek, axis is taken alond" G,, corresponding to th& axis
(the Cu-O-Cu directionin real space, wher&=(0,0,0) andG; (the Cu-O-Cu directionin real space.
= (ma,0,0).

structure on the Fermi surface suggesting the short-range an-

perimental results. Thus we may say that the electronic Structiferromagnetig: correla}tio.n. Itis ea§ily seen that the ARPI.ES
ture based on the LDA band which we call “LDA state” may results b}/ Agbet al. cqlnmde well with the calgulgted Fermi
not be appropriate even for the overdoped region of cuprate§urface in Fig. 4. This means that our prediction of/a
This means that both the local lattice distortion and strong< V2 antiferromagnetic local order has been proved experi-
correlation included in the KS model play important rolesmentally. Further Marshalkt al®* have also observed a
even in the overdoped region. From the present results, wemall Fermi surface structure for the underdoped Dy concen-
suggest that the KS model may provide an appropriate ddration of B,LSr,Ca, _,Dy,Cu,0g., s with T.=65 K, consis-

pLpa(e) of the LDA band is too small, compared with ex-

scription for the metallic state in cuprates. tent with our prediction of a small Fermi surface.
The present calculation is based on a periodic system with
IV. FERMI SURFACE the antiferromagnetic order. Since the region of the metallic

) 76 state on the KS model is finite, as we described in Sec. Il A,

Based on the KS model, Ushio and Kaminfiraalcu-  he appearance of the small Fermi surface structure should
lated the Fermi surf_aces for _the underdoped regime %have a finite lifetime. As a result various phenomena based
LSCO. We extend the_lr calculations to the overdoped regime . ine present small Fermi surface structure are also ex-
of LSCO. The Fermi surface structures calculated Xor pected to have lifetime effects. For example, the observed

=0.15 andx=0.35 are shown in Fig. 4 and Fig. 5, respec- . .
tively. Since only the dopant holes contribute to the FermiOUter edge of each pocket in the Fermi surface structure

surface, it consists of four small pockets in the underdope&zov\”?j N flgt.h4 T)ay nqut ?e sh?frp tC?rTan('fedt' with ES |tnrr]1er
regime forx=0.15. This unique feature of the Fermi surface ©99€ cue€ f0 the above filetime efiect. This itetime etiect has

structure is consistent with the experimental results of thd€CeNtly been observed in the ARPES experiments, where the

angle-resolved photoemission spectroscOBRPES for the ifetime effect due to the“ vague outer es?lge of the Fermi sur-
superconducting BSr, P 0<CUOs + 5 (Bi2201) compounds ~ f@ce has been called a “shadow edgé: _
which includes a single CuDlayer in a unit cell, like With the increase of doping, the _Ferml surface chgnges
LSCO?® Further the observed energy dispersion along thdrom the structure of small pockets into a large Fermi sur-
I'-G, line for Bi2201 (Ref. 28 also coincides well with the face, as is shown in Fig. 5 for=0.3. Such a change of the
one-electron-type energy band which includes the exchangeermi surface from a small one to a larger one with increas-
interaction between the spins of a hole carrier and a localizethg the hole concentration is also consistent with recent
hole?® Fermi surface structures for fBr,CaCyOg, s ARPES experimental results by Norma al®® Wen and
(Bi2212) determined by angle-resolved photoemis&iont  Lee also showed that small Fermi pockets at low doping
are also very alike to the present result, although the Ferngontinuously evolve into a large Fermi surface a high doping
surface structure for Bi2212 is more complicated due to theoncentratiori* Further, as regards the small pocket struc-
existence of two Cu®layers in a unit cell. ture of Fermi surface, various theoretical groups have re-
In particular, Aebiet al?® have found ac(2x2) super- cently derived it theoretically?
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V. TRANSPORT PROPERTIES —_ g _ z =0.05
A. Introduction = ]
S z=0.1
As other experimental evidence to support the KS model, £ w |
we will discuss transport properties of cuprates, such as the = z=0.15
resistivity and Hall effect in this section. In particular, we - 2
will show that the anomalous behaviors of the normal-state SO
transport properties of cuprates can be explained by the KS Z 3
model well. Z
7 2
B. Resistivity é N_
We begin with discussing the anomalous behavior of re- St
sistivity of underdoped cuprates. The temperature depen- 00 10 20 30 40 50
dence of the resistivity in the normal state of,LaSr,CuQ, Temperature T [x10? T (K)]

has been reported by Takagt al>®3" In the underdoped

region, it shows a linear temperature dependence in a wide FIG. 6. The calculated temperature dependence of the resistivity
temperature range from h|gh temperatures above room tenﬂ] theab plane of LSCO for various hole concentrations, based on
perature down tdT. In this paper we will show that this the KS model.

anomalous linear temperature dependence in a wide tempera:th I fum t fer due to th I Fermi
ture range down td@, can be explained in terms of a small W't Small momentum transfer due to the small Fermi sur-

Fermi surface described in a previous section. For this purf-f"u.:e of LSCO,_a Iinegr temperature dependence qf the re;is-
pose we have calculated the phonon-limited resistivity intlvity appears in a .W.'de. temperature range, consistent with
LSCO from the variational expression for the resistivity of the observed r(3373|st|V|ty in the normal state of Lg55CuO,
metal$® by using the small Fermi surface in the KS model by Takagiet al™" For value_s ofx .ab'o've 0'13’ the observed
described in Sec. IV. The resistivity formula we have used€MPerature dependence in resistivity deviates upward from

38,39 the linear dependence in a low-temperature region. Since this
deviation is more remarkable for sintered sampfe¥ such a
A q -1 deviation might be due to disordered effects.
1= 27 [ o2 ]
2e°kgT keT C. Hall effect
. 0S5 d& 3 The observed Hall coefficient of LSC@®,;, has also
[(vk—vi)-ul ve Uk ®  shown an anomalous behavior. The Hall data in LSCO show

a drop inRy by two orders of magnitude asincreases from

x=0.11t0 0.3. Then a sign changeR{, from a holelike to an
-1 electronlike character occurs at arouxd 0.3354142|n this

(4) section we will show that these anomalous behaviors of the

Hall coefficient can be explained by the KS model without
where gy « is the electron-phonon matrix element betweenintroducing any adjustable parameters. .
the states of the wave vectdksandK of an electron which For this purpose we use the formula derived by Schimizu
interacts with a phonon of the wave vectpand frequency ~and Kamimurd,® by substituting— of/JE, for the & function
wqWith g=K—k, v, the group velocity of an electron in the N their formula. The formula for the Hall coefficieR; thus
statek which is given byv,=JE/dk, f w, the phonon en- obtained is given as follows:
ergy, u the unit vector in the direction of the external electric

with

ds d
A=“f(vk~u)(v+<-u)(vk-vK)U—?—SK

Uk

field which is parallel to thex axis, andf/dS, an integration f ‘9_Ek ‘9_Ek ‘92Ek_ ‘7_Ek 9*Ex ( _ ﬁ_f)
over the Fermi surface. Since the Fermi surface sectioninthe 473 Jez ~ dkc| dky ak2 Ky dkedky |\ 9B,
ky-ky plane is small, the phonons of small wave vectors are RH:R IE, | 2 af 12 ,
involved in the mechanism of causing resistivity. Thus [f d (—) ( — —)

Ok is expressed by the following form:|gy «|? Bz | I IEk

=(N/2M wq)(C~q)2, with C being a coupling constant )
whose dimension is energy. Further the phonon dispersiofhere E, represents the energy dispersion of a conducting
along thec axis is small, so that we have expressed thenole. By using the effective one-electron-type energy band
phonon dispersion in a two-dimensional space asiw,  for the hole carriers derived by Ushio and Kamimura for
=vsqL=vs\/qX2+qy2, with the sound velocityvs whose LSCOZ® we have calculated both the hole-concentration and
value is 5<10° cm/s for LSCO The calculated results of temperature dependences Rf,. The calculated results of
resistivity in theab plane of LSCO are shown in Fig. 6 as a Ry in La, ,Sr,CuQ, for T=80 K and 300 K are given as a
function of temperaturel for x=0.05, 0.1, and 0.15 in function ofxin Fig. 7, where the experimental resultsRj
La,_,Sr,Cu0,. Because the resistivity in the underdoped re-by Takagiet al® are also shown for comparison. It is seen
gion of LSCO is governed by the electron-phonon scatterindrom this figure that the calculated results Rf, decreases
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‘é higher temperature than 300 K the dominant number of holes

lie on the states for which the second derivatives of the en-
7 © 80K Exp. by ergy dispersion is negative. As a result the Hall coefficient
= a 300K Takagi et al. becomes negative at higher temperatures. In this way the KS
~ model can explain the anomalous behavior of the observed
lS Hall effect without introducing any disposal parameter.

VI. CONCLUSION

10-3

In order to clarify the feature of a metallic state in super-
conducting cuprates, we have first calculated the electronic
entropy of LSCO using the two kinds of density of states

10~¢

Hall Coefficient Ry ( cm?/ C )

» derived from first-principles calculations, the one from the
= KS model and the other from the LDA band structure. It was
00 01 02 03 04 05 shown that the observed peculiar doping dependence and the
Sr concentration z absolute magnitudes of electronic entropy reported by Loram
et all® can be explained by the KS model without any ad-

FIG. 7. The calculated concentration dependence of the Hallystable parameters. In contrast, an LDA band structure gives
coefficientR,, for T=80 KandT=300 K based on the KS model, antropy values which are too small even in the overdoped
together with the experimental results by Takegal. (Ref. 3§. region. We have further shown that the temperature and hole-
concentration dependences of the resistivity and of the Hall
effect calculated on the basis of the KS model can explain
well the characteristic features of observed anomalous trans-
port properties. From these results, we would like to suggest
. . S o that the Kamimura-Suwa model may provide an appropriate
like). This behavior in thex dependence dRy, coincides well  yascrintion for the metallic state in cuprates, while the “LDA

. . . 36 .
with the experimental results by Takagial™ According 10 giate” may not be appropriate even for the highly overdoped
the present theoretical result, the reason for the sign changggion of cuprates.

of Ry is due to the fact that, in the region of &3, the four
small pockets of the Fermi surface change into a large Fermi
surface and that, on the large Fermi surface, the second de-
rivatives of the energy dispersion such (ﬁﬁk/aki change It is a great pleasure to acknowledge stimulating conver-
sign over a dominant region of the Fermi surface. This leadsations and valuable discussions with Professor W. Y. Liang
to the negative Hall coefficierRy at T=0 K in this con-  from University of Cambridge, who stayed in Science Uni-
centration region. When temperature increases, the holersity of Tokyo as a visiting professor in the 2000 academic
with higher energy than the Fermi energy contribute more to/ear. The numerical calculations were performed at the In-
the Hall coefficient of a negative sign. In other words, at aformation Technology Center, the University of Tokyo.

like 1/x in very low concentrations. Then in the underdoped
to overdoped region it decreases more rapidly than tke 1/
behavior and at aroungd~ 0.3 the Hall coefficient changes
its sign from positive(hole like) to a negative ongelectron
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