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Doping dependence of chemical potential and entropy in hole- and electron-doped high: cuprates
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We examine the thermodynamic properties of hole- and electron-doped cuprates by using -tfiel
model. We find that the chemical potential shows different doping dependence between the hole and electron
dopings. Recent experimental data of the chemical potential shift are reproduced except for lightly underdoped
region in the hole doping where stripe and/or charge inhomogeneity are expected to be important. The entropy
is also calculated as a function of the carrier concentration. It is found that the entropy of the electron-doped
system is smaller than that of the hole-doped systems. This is related to a strong antiferromagnetic short-range
correlation that survives in the electron-doped system.
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High-T. superconductivity emerges with carrier doping BSCCO. A strong AF short-range correlation that survives in
into insulating cuprates. The carrier is either an electron or #he electron-doped system is the origin of the small entropy.
hole. The phase diagram exhibits an asymmetry between the The t-J Hamiltonian with long-range hoppings, termed
electron and hole dopings: in the electron-doped cupratthet-t’'-t"-J model, is
Nd,_,CegCuQ, (NCCO an antiferromagneti¢AF) phase
remains up to the concentration-0.15, while in the hole-
doped cuprate La ,Sr,CuQ, (LSCO) the AF phase disap- H=J 2 S'Sj_t<i %: CiTUng—t' 2 CiTg-Cjo_t"

st J)1s0

pears with an extremely small amount xf Remarkable (i (3 2ng

differences of the electronic states between the two materials

have been observed in several experiments. Inelastic neutron X 2 ciTUcJ-,,+ H.c., 1)
scattering experiments showed the presence of incommensu- R

rate spin structures in LSCO but not in NCEThe optical o . o

conductivity exhibits a gaplike feature at around 0.2 eV inWhere the summation§,j) s, (i,j)2ng@nd(i,j)3q run over

the AF phase of NCCO,but there is no such feature in first-, second-, and third-nearest-neighbor pairs, respectively.
LSCO. From angle-resolved photoemission experiments, it i_glo double occupancy is aIIowed,_and the rest of the notation
clearly observed that hole carriers doped into the parent Mot Standard. In the model, the difference between hole and
insulators first enter into thex /2, m/2) points in the Bril-  €lectron carriers is expressed as the sign difference of the
louin zone, but electron carriers are accommodatédat0) ~ NOPPIng parametefs>0, t'<0, andt”>0 for hole doping,

and (0,+).* The doping dependence of the core-level pho-2ndt<0, t’>0, andt”<0 for electron doping. The ratios
toemission also shows different behaviors of the chemical’ /t andt”/t are taken to be material dependent/(,t"/t)
potential shift between NCCO and LSCQt is interesting =(—0.34,0.23) for NCCO and BSCCO, arte0.12,0.08

that even in hole-doped cuprates the chemical potential shifer LSCO? J/[t] is taken to be 0.4. In order to examine the
strongly depends on materiisthe shift is larger in thermodynamic p_roperties of the model, we use a finite-
Bi,Sr,Ca _(Pr,EryCu,0g.,, (BSCCO than in LSCO. This temperature version of the Lanczos methdor a square
indicates the difference of the electronic states among thigttice with 18x 18 sites under periodic boundary
hole-doped cuprates. conditions*® The chemical potentigk and the entropy den-

In previous studie$,we showed that the-J model with ~ Sity s are calculated under the grand-canonical ensemble.
long-range hoppings andt” explains the differences of the ~ Figure 1 shows the carrier concentration for the
inelastic neutron scattering, optical conductivity, and anglet-t'-t"-J model with different parameter values as a function
resolved photoemission data between hole- and electro®f u at T=2J/4=0.1t|. The data for the-J model are con-
doped cuprates. In this paper, we examine the thermodysistent with previous reportswith increasing magnitudes of
namic properties of the hole- and electron-doped cuprates by andt” in the hole carrier sidéfrom t-J to LSCO and
using the same model. A finite-temperature version of thd3SCCO, the slope of thex vs u curves at a small concen-
Lanczos method for small clusters is employed to calculatération regiorx<0.2 becomes weak. The derivativesolith
the thermodynamic properties under the grand canonical eriespect tou is proportional to the charge compressibility
semble. The calculated chemical potential shows a different —dx/du. The variation of the slope thus means that
dependence on the carrier concentration between the hottecreases with increasirig andt”, i.e., in the ordert-J,
and electron dopings. The experimental d@re nicely re- LSCO, and BSCCO. The fact that the charge fluctuation
produced except for a lightly underdoped region in the holewveakens with the increase of long-range hoppings is consis-
doping where stripe and/or charge inhomogeneities are estent with the tendency that the phase-separated region in the
pected to play important roles. The entropy is also calculated vs J/t phase diagram at zero temperature is reduced with
as a function of the carrier concentration. It is found that theincreasingt’.** On the other hand, the slope in NCCO is
entropy in NCCO is smaller than the entropies of LSCO andsimilar to that oft-J, indicating that the charge fluctuation is
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FIG. 1. Carrier concentrationvs chemical potentiak for sev-
eral parameter sets of thiet’-t”-J model with 18 sites.T/|t|
=0.1 and J/|t|=0.4. The hopping parameters ard,t(,t")
=(1,0,0) fort-J (dotted ling, (1,—0.12,0.08) for LSCO(solid
line), (1,-0.34,0.23) for BSCCO(dashed ling and (-1,0.34,
—0.23) for NCCO(dot-dashed ling

FIG. 3. Entropy densitys vs carrier concentration for both
hole- and electron-doped systems with 18 sites. The solid, dashed,
and dot-dashed lines represent the results for the parameters of
LSCO, BSCCO, and NCCO, respectively|t|=0.4. The three sets
of the three lines correspond to the datal4t|=0.1, 0.2, and 0.4
from the bottom to the top. The circles shows experimental results
for LSCO atT=320 K, taken from Ref. 14.
as strong as that it J. Comparing NCCO and BSCCO, both
of which have the same magnitude |of| and|t”|, we can _ o 8 i
see a remarkable difference in the doping dependenge of that [t| is material independent and h{t$=0.35 eV.” (ii)
between the electron- and hole-doped systems. We examine a carrier concentratiafi where u is almost

In Fig. 2, the experimental data of the chemical potentiatemperature independehsnd fit u at x* to an experimen-
shift Ax (Refs. 5 and Bare replotted for the sake of a com- tally expected A at x*: (x*,Au)=(0.18-0.1eV),
parison with our theoretical results. The experimental shift i90.24,-0.4 e\), and(0.16,0.2 eV for LSCO, BSCCO, and
measured fromu at the lowest concentration in each panel. NCCO, respectively. We find in Fig. 2 that our results nicely
In the lightly doped region, almost no change/f is ob-  reproduce the global features of the experimenfalin both
served in the hole-doped materials, while in NC@Q@ is  electron- and hole-doped materials. In particular, the calcu-
proportional tox. It is also interesting in the experimental |ated data show a good agreement with the experimental data
data that the two hole-doped materials LSCO and BSCCQt aroundx~0.1 in both LSCO and BSCCO. Therefore, the
exhibit different behaviors: the change afu at aroundx  different chemical potential shifts between the two materials
~0.1is larger in BSCCO than in LSCO. _ _can be attributed to the difference in the long-rang hoppings.

In order to compare our results in Fig. 1 with the experi- Ajthough the global agreement with experiment is satisfac-
mentalAu, we use the following procedure§) We assume oy we find remarkable deviations from the experimental

data in the lightly underdoped regions of the hole-doped

FIG. 2. Chemical potential shith . vs carrier concentratior
for both hole- and electron-doped systems. The solid, dashed, a

%: 0.4 ‘ . ‘ systems x<<0.1), where experimentallyu/dx~0 (k—).

= \"\,l 108 One of the possible origins of the deviations might be the

=S oz i‘ég,\ loa difference of the temperature between the measureménts (

= R ' ~80K) and the calculations T(=0.1t|=350 meV

= 20 NCCO los ~400 K). If we were able to reducE by an increase in the

b= o2k system size, the deviations would become small because of

% ' LSCO 0.0 the enhancement of.° However, it is unlikely thatx di-

2 o4l . verges independently of the magnitudetbfandt”. In this

8 N 0.2 context, we hope for experiments at higher temperatures. An-

E .06 BSCCO g~ _ other possibility that can account for the deviations might be

5 ‘ ] ‘ ] ] -0.4 the presences of stripes and/or charge inhomogeneity that are
03 02 01 00 01 02 03 experimentally reportetf!® Since we have no evidence of

Electron x Hole x

the charge inhomogeneity in our calculations, it may be nec-
essary to calculatg in the presence of external potentials
4@at induce such an inhomogeneity. This would be a future

dot-dashed lines represent the calculated results for the parameté?EOblem to be solved.

of LSCO, BSCCO, and NCCO, respectively. The valuétpfs set
to be 0.35 eV for all systemg/|t|=0.4 andT/|t|=0.1. The circles

Figure 3 shows the doping dependence of the entropy
densitys at various temperatures for the three parameter sets

and triangles denote the experimental data of LSCO and NCC®f thet-t'-t"-J model. AtT/|t|=0.4, there is no remarkable
taken from Ref. 5, respectively, and the squares are the Bsccdifference among LSCO, BSCCO, and NCCO, particularly

data from Ref. 6. The experimental shift is measured fgomt the

lowest concentration examined in the experiments.

in the underdoped region. With decreasing temperature from
T/|t|=0.4 to 0.1,5in NCCO is strongly suppressed as com-
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pared with LSCO and BSCCO. We find by examining theerties of the hole- and electron-doped cuprates by using the
temperature dependence of the spin correltibat the sup-  t-t’-t”-J model. The calculated chemical potential shows
pression ofs in the underdoped region is correlated with the different behaviors between the hole and electron dopings.
development of the AF short-range order. This is easily unThe experimental data of the chemical potential shift are ex-
derstood because the AF order reduces the entropy cominglained by taking into account the material dependences of
from the spin degree of freedom. On the other hand, thendt”, except for the lightly underdoped region in the hole
difference ofs between hole- and electron-doped systems inyoping where the stripe and/or charge inhomogeneities are
the overdoped region is probably due to the difference of they e cted to be important. The entropy is also calculated as a
de_‘nS|ty of states. It is desirable to cqnﬂrm the suppression q{mction of the carrier concentration. It is found that the en-
Slm ellectron-dopeddsfystems expeilmentalll)‘(. IE Fig. 3, Wetropy of the electron-doped system is smaller than that of the
aiso p Qtﬁ‘ '::eaSLl”el Oc: tggg (?T_E'ZO 5'0 1T. € aglr'ee— hole-doped ones. This is related to a strong AF short-range
r_nent with the calculate I ata_'ﬁlljtl— L Is qualita- correlation that survives in the electron-doped system. To
tively good, but not quantitatively satisfactory. There are sev- firm this. specific heat measurements in the electron-
eral reasons for the disagreeme(id: uncertainties in the gon Irm » SP -
) ST . . oped materials are desired.

conversion of a theoreticdl into a realistic one and in the
experimental determination sf (i) a finite-size effect in our We would like to thank N. Harima and A. Fujimori for
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