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Doping dependence of chemical potential and entropy in hole- and electron-doped high-Tc cuprates
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~Received 4 November 2002; published 27 March 2003!

We examine the thermodynamic properties of hole- and electron-doped cuprates by using thet-t8-t9-J
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-Tc superconductivity emerges with carrier dopin
into insulating cuprates. The carrier is either an electron o
hole. The phase diagram exhibits an asymmetry between
electron and hole dopings: in the electron-doped cup
Nd22xCexCuO4 ~NCCO! an antiferromagnetic~AF! phase
remains up to the concentrationx;0.15, while in the hole-
doped cuprate La22xSr2CuO4 ~LSCO! the AF phase disap
pears with an extremely small amount ofx.1 Remarkable
differences of the electronic states between the two mate
have been observed in several experiments. Inelastic neu
scattering experiments showed the presence of incomme
rate spin structures in LSCO but not in NCCO.2 The optical
conductivity exhibits a gaplike feature at around 0.2 eV
the AF phase of NCCO,3 but there is no such feature i
LSCO. From angle-resolved photoemission experiments,
clearly observed that hole carriers doped into the parent M
insulators first enter into the~6p/2,6p/2! points in the Bril-
louin zone, but electron carriers are accommodated at~6p,0!
and ~0,6p!.4 The doping dependence of the core-level ph
toemission also shows different behaviors of the chem
potential shift between NCCO and LSCO.5 It is interesting
that even in hole-doped cuprates the chemical potential s
strongly depends on materials6: the shift is larger in
Bi2Sr2Ca12x(Pr,Er)xCu2O81y ~BSCCO! than in LSCO. This
indicates the difference of the electronic states among
hole-doped cuprates.

In previous studies,7 we showed that thet-J model with
long-range hoppingst8 andt9 explains the differences of th
inelastic neutron scattering, optical conductivity, and ang
resolved photoemission data between hole- and elect
doped cuprates. In this paper, we examine the thermo
namic properties of the hole- and electron-doped cuprate
using the same model. A finite-temperature version of
Lanczos method for small clusters is employed to calcu
the thermodynamic properties under the grand canonical
semble. The calculated chemical potential shows a diffe
dependence on the carrier concentration between the
and electron dopings. The experimental data5,6 are nicely re-
produced except for a lightly underdoped region in the h
doping where stripe and/or charge inhomogeneities are
pected to play important roles. The entropy is also calcula
as a function of the carrier concentration. It is found that
entropy in NCCO is smaller than the entropies of LSCO a
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BSCCO. A strong AF short-range correlation that survives
the electron-doped system is the origin of the small entro

The t-J Hamiltonian with long-range hoppings, terme
the t-t8-t9-J model, is

H5J (
^ i , j &1st

Si•Sj2t (
^ i , j &1sts

cis
† cj s2t8 (

^ i , j &2nds
cis

† cj s2t9

3 (
^ i , j &3rds

cis
† cj s1H.c., ~1!

where the summationŝi , j &1st, ^ i , j &2nd and^ i , j &3rd run over
first-, second-, and third-nearest-neighbor pairs, respectiv
No double occupancy is allowed, and the rest of the nota
is standard. In the model, the difference between hole
electron carriers is expressed as the sign difference of
hopping parameters8 t.0, t8,0, andt9.0 for hole doping,
and t,0, t8.0, andt9,0 for electron doping. The ratios
t8/t and t9/t are taken to be material dependent: (t8/t,t9/t)
5(20.34,0.23) for NCCO and BSCCO, and~20.12,0.08!
for LSCO.8 J/utu is taken to be 0.4. In order to examine th
thermodynamic properties of the model, we use a fin
temperature version of the Lanczos method9 for a square
lattice with A183A18 sites under periodic boundar
conditions.10 The chemical potentialm and the entropy den
sity s are calculated under the grand-canonical ensemble

Figure 1 shows the carrier concentrationx for the
t-t8-t9-J model with different parameter values as a functi
of m at T5J/450.1utu. The data for thet-J model are con-
sistent with previous reports.9 With increasing magnitudes o
t8 and t9 in the hole carrier side~from t-J to LSCO and
BSCCO!, the slope of thex vs m curves at a small concen
tration regionx,0.2 becomes weak. The derivative ofx with
respect tom is proportional to the charge compressibilityk
}2]x/]m. The variation of the slope thus means thatk
decreases with increasingt8 and t9, i.e., in the ordert-J,
LSCO, and BSCCO. The fact that the charge fluctuat
weakens with the increase of long-range hoppings is con
tent with the tendency that the phase-separated region in
x vs J/t phase diagram at zero temperature is reduced w
increasingt8.11 On the other hand, the slope in NCCO
similar to that oft-J, indicating that the charge fluctuation
©2003 The American Physical Society09-1
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as strong as that int-J. Comparing NCCO and BSCCO, bot
of which have the same magnitude ofut8u and ut9u, we can
see a remarkable difference in the doping dependencem
between the electron- and hole-doped systems.

In Fig. 2, the experimental data of the chemical poten
shift Dm ~Refs. 5 and 6! are replotted for the sake of a com
parison with our theoretical results. The experimental shif
measured fromm at the lowest concentration in each pan
In the lightly doped region, almost no change ofDm is ob-
served in the hole-doped materials, while in NCCODm is
proportional tox. It is also interesting in the experiment
data that the two hole-doped materials LSCO and BSC
exhibit different behaviors: the change ofDm at aroundx
;0.1 is larger in BSCCO than in LSCO.

In order to compare our results in Fig. 1 with the expe
mentalDm, we use the following procedures:~i! We assume

FIG. 1. Carrier concentrationx vs chemical potentialm for sev-
eral parameter sets of thet-t8-t9-J model with 18 sites.T/utu
50.1 and J/utu50.4. The hopping parameters are (t,t8,t9)
5(1,0,0) for t-J ~dotted line!, (1,20.12,0.08) for LSCO~solid
line!, (1,20.34,0.23) for BSCCO~dashed line!, and (21,0.34,
20.23) for NCCO~dot-dashed line!.

FIG. 2. Chemical potential shiftDm vs carrier concentrationx
for both hole- and electron-doped systems. The solid, dashed,
dot-dashed lines represent the calculated results for the param
of LSCO, BSCCO, and NCCO, respectively. The value ofutu is set
to be 0.35 eV for all systems.J/utu50.4 andT/utu50.1. The circles
and triangles denote the experimental data of LSCO and NC
taken from Ref. 5, respectively, and the squares are the BSC
data from Ref. 6. The experimental shift is measured fromm at the
lowest concentration examined in the experiments.
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that utu is material independent and hasutu50.35 eV.8 ~ii !
We examine a carrier concentrationx* where m is almost
temperature independent,9 and fit m at x* to an experimen-
tally expected Dm at x* : (x* ,Dm)5(0.18,20.1 eV),
~0.24,20.4 eV!, and ~0.16,0.2 eV! for LSCO, BSCCO, and
NCCO, respectively. We find in Fig. 2 that our results nice
reproduce the global features of the experimentalDm in both
electron- and hole-doped materials. In particular, the ca
lated data show a good agreement with the experimental
at aroundx;0.1 in both LSCO and BSCCO. Therefore, th
different chemical potential shifts between the two materi
can be attributed to the difference in the long-rang hoppin
Although the global agreement with experiment is satisf
tory, we find remarkable deviations from the experimen
data in the lightly underdoped regions of the hole-dop
systems (x,0.1), where experimentally]m/]x;0 ~k→`!.
One of the possible origins of the deviations might be
difference of the temperature between the measurementT
;80 K) and the calculations (T50.1utu5350 meV
;400 K). If we were able to reduceT by an increase in the
system size, the deviations would become small becaus
the enhancement ofk.9 However, it is unlikely thatk di-
verges independently of the magnitude oft8 and t9. In this
context, we hope for experiments at higher temperatures.
other possibility that can account for the deviations might
the presences of stripes and/or charge inhomogeneity tha
experimentally reported.12,13 Since we have no evidence o
the charge inhomogeneity in our calculations, it may be n
essary to calculatem in the presence of external potentia
that induce such an inhomogeneity. This would be a fut
problem to be solved.

Figure 3 shows the doping dependence of the entr
densitys at various temperatures for the three parameter
of the t-t8-t9-J model. AtT/utu50.4, there is no remarkabl
difference among LSCO, BSCCO, and NCCO, particula
in the underdoped region. With decreasing temperature f
T/utu50.4 to 0.1,s in NCCO is strongly suppressed as com

nd
ters

O
O

FIG. 3. Entropy densitys vs carrier concentrationx for both
hole- and electron-doped systems with 18 sites. The solid, das
and dot-dashed lines represent the results for the paramete
LSCO, BSCCO, and NCCO, respectively.J/utu50.4. The three sets
of the three lines correspond to the data atT/utu50.1, 0.2, and 0.4
from the bottom to the top. The circles shows experimental res
for LSCO atT5320 K, taken from Ref. 14.
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pared with LSCO and BSCCO. We find by examining t
temperature dependence of the spin correlation7 that the sup-
pression ofs in the underdoped region is correlated with t
development of the AF short-range order. This is easily
derstood because the AF order reduces the entropy com
from the spin degree of freedom. On the other hand,
difference ofs between hole- and electron-doped systems
the overdoped region is probably due to the difference of
density of states. It is desirable to confirm the suppressio
s in electron-doped systems experimentally. In Fig. 3,
also plots measured for LSCO atT5320 K.14 The agree-
ment with the calculated LSCO data atT/utu50.1 is qualita-
tively good, but not quantitatively satisfactory. There are s
eral reasons for the disagreement:~i! uncertainties in the
conversion of a theoreticalT into a realistic one and in the
experimental determination ofs, ~ii ! a finite-size effect in our
calculations that is seen as the dip ofs at x;0.22, which
comes from relatively large sparseness of the low-ene
levels in the 18-site four-hole system, and~iii ! more plausi-
bly the effect of the stripe and/or charge inhomogeneity d
cussed above, by whichs in the underdoped region is ex
pected to be reduced.15

In summary, we have examined the thermodynamic pr
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erties of the hole- and electron-doped cuprates by using
t-t8-t9-J model. The calculated chemical potential sho
different behaviors between the hole and electron dopin
The experimental data of the chemical potential shift are
plained by taking into account the material dependences ot8
and t9, except for the lightly underdoped region in the ho
doping where the stripe and/or charge inhomogeneities
expected to be important. The entropy is also calculated
function of the carrier concentration. It is found that the e
tropy of the electron-doped system is smaller than that of
hole-doped ones. This is related to a strong AF short-ra
correlation that survives in the electron-doped system.
confirm this, specific heat measurements in the electr
doped materials are desired.
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