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I analyzed some of the available experimental data on the chemical potential within the rotating antiferro-
magnetic theory(RAFT) of high-temperature superconductors. I found that in order to interpret electron-
photoemission data the doping dependence of the bare chemical potentialm has to be considered, but in order
to interpret the work function data for the temperature dependence an effective chemical potentialmef that
takes into account the effect of Coulomb repulsion has to be considered. A discussion of this finding within,
and a comparison of RAFT to Anderson’s spin-charge separation theory is made.
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Three issues related to the electronic structure in high-
temperature superconductors(HTSC’s) were examined in
this work. These are the doping and temperature depen-
dences of the chemical potential, and the temperature depen-
dence of dopingp. According to RAFT,1,2 m is controlled by
the atoms residing between the CuO2 layers, and is therefore
temperature independent. This treatment yields excellent
agreement form versus p with experiment.3,4 However,
Rietveld et al. measured the chemical potential in
YBa2Cu3O7−d and found a significant temperature,T, depen-
dence, and even a singularity in the derivative ofm at the
superconducting(SC) transition temperatureTC.5 The prob-
lem is therefore to reconcile this experimentalT dependence
with the T independence of the bare chemical potentialm in
RAFT.

First of all I start by explaining how aT-independent
chemical potential is obtained in RAFT. In order to address
the issue of theT-dependence of the Hall coefficientRH,6–8 I
assumed that the electrons density on CuO2 layers is tem-
perature dependent.2 It is known that upon doping HTSC’s
parent compounds electrons are exchanged between the
CuO2 layers and the atoms doped(dopants) between the lay-
ers. But, I guess for convenience, it was always assumed that
the transfer of electrons back and forth between the dopants
and the layers is temperature independent. However, one
could in principle write down a Hamiltonian that includes the
degrees of freedom associated with both the layers and the
dopants, and calculate the resulting temperature dependence
of the density of charge carriers on the CuO2 layers, along
with the temperature dependence of the chemical potential of
the system as a whole, since the number of carriers is glo-
bally conserved. But for simplicity, to leading order in ther-
modynamics, the CuO2 layers are assumed to behave as an
open system in contact with a particle reservoir(formed by
the dopants) with a large number of electrons. The electron
density on the layers is thereforeT dependent and the chemi-
cal potentialT independent. An interesting consequence of
this treatment is theT linearity of the hole density in the
underdoped regime, which is in good agreement with the
linear T dependence of the Hall carrier density below the
pseudogap(PG) temperature for La2−xSrxCuO4 for example.9

RAFT has been developed using the two-dimensional
(2D) extended Hubbard model with Hamiltonian

H = − o
i,j ,s

tijci,s
† cj ,s − mo

i,s
ci,s

† ci,s+ Uo
i

ni,↑ni,↓ − Vo
ki,jl

ni,↑nj ,↓,

s1d

where −V,0 is an effective inter-site attractive interaction
andU the on-site Coulomb repulsion.tij designates inter-site
electron hopping energies on a square lattice withN sites.
RAFT describes HTSC’s in terms of two competing order
parameters, which are the SC gap amplitudeD0= ukci,↑cj ,↓lu,
with i and j labeling adjacent sites, and the rotating antifer-
romagnetic(AF) parameterQ= ukci,↑ci,↓

† lu. Q is the amplitude
of a rotating staggered magnetization, which has been pro-
posed to model the PG behavior.10 The mean-field Hamil-
tonian is

H < o
k,

Ck
†HCk + NsUQ2 + 4VD0

2 − Un2 − mefd, s2d

wheremef=m−Un, n=kci,s
† ci,sl;r /2 is the electron density

per site and spin, and
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The Hamiltonian density is

H = S H8 UQ

− UQ − H8
D ,

with H8 andUQ, two 434-matrices, given by

H8 =1
− m8skd eskd 0 Dskd

eskd − m8skd Dskd 0

0 Dskd m8skd − eskd
Dskd 0 − eskd m8skd

2 ,

UQ =1
0 0 QU 0

0 0 0 − QU

− QU 0 0 0

0 QU 0 0
2 .

The summationok,
takes into account the sum over

k and its opposite, and also over the two AF sublattices
A and B. eskd=−2tscoskx+coskyd−4t-fcosskxdcoss2kyd
+cosskydcoss2kxdg and Dskd=2VD0scoskx−coskyd. t, t8, t9,
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and t- are the hopping energies to first, second, third, and
fourth nearest-neighbor sites, respectively. The quantity

m8 = mef + 4t8coskxcosky + 2t9scos 2kx + cos 2kyd s4d

is the mean-field-quasiparticles(QP) chemical potential. In a
Fermi liquid (FL), the QP and bare chemical potentials are
the same, and the sole effect of electron interaction onm is
the re-distribution of states about the Fermi energy. Here, the
chemical potential shifts by a term that isT dependent and
other terms that arek dependent.Q and D0 are determined
by self-consistent integral equations found in Ref. 1. These
are solved by fixing the bare chemical potentialm and allow-
ing the densityr to vary withT, a procedure different than in
ordinary metals.

Figure 1(a) showsm versus dopingp=1−r at zeroT for
the set of Hamiltonian parameters given in the caption. The
behavior displayed bym compares well with electron photo-
emission spectroscopy(EPS) experiments3,4 for m is pinned
in the underdoped regime, but shifts rapidly in the overdoped
regime. Figure 1(b) showsQ and D0 as a function ofp. Q
vanishes atp=pQCP<0.16, signaling the occurrence of a
quantum transition.pQCP is thus a quantum critical point
(QCP). Superconductivity is stable for 0.05,p,0.45 and is
optimal atp<pQCP. RAFT identifies the PG behavior with
the phase withQ.0. Also according to RAFT, in the normal
phase withQ.0 belowpQCP the FL behavior is replaced by
a new liquid state characterized by more than one QP.11 The
QP operators are linear combinations of up and down spin
operators, and particularly in the large-U / t limit, one can
show that the number of independent QP’s is approximately
two, and that these have a character reminiscent of charge-
spin separation in a way similar to that found in the one-
dimensional Kondo-lattice model.12 Note however that these
QP operators carry both charge and spin degrees of freedom.

The spin-charge separation theory of Anderson starts from an
existing 2D Fermi surface and considers bosonized excita-
tions of electron’s spin and charge. As far as I know, work on
relating the boson operators to the true electron operatorsck,↑
and ck,↓ has yet to be completed. In the normal state with
D0=0, I speculate that the corrections inQ beyond the mean-
field point would yield both spin and charge bosonlike fluc-
tuations. Finally, according to Anderson, the spin-up and
spin-down forward scattering is responsible for the break-
down of the FL theory in two dimensions because of the
persistence of a finite phase shift at the Fermi surface.13 It
perhaps is not a coincidence thatQ= ukci,↓ci,↑

† luÞ0 breaks the
FL state within RAFT even at the mean-field level. RAFT
could therefore constitute a possible starting point for the
theory of the normal state of HTSC’s.

There exists a clear effect ofQ andD0 on the densityr or
dopingp. In Fig. 2,Q, D0 andpsTd are displayed as a func-
tion of T for several initial zero-T doping densitiespsT=0d.
It is found that for doping levels near the half-filling point
psT=0d=0, Q behaves as in a second-order phase transition

FIG. 1. m in (a), andQ andD0 in (b) are plotted vs dopingp at
T=0. The parametersU=2.8t, V=0.85t, t8=−0.16t, t9=−0.01t, and
t-=−0.05t are used throughout this paper.

FIG. 2. Q, D0=Ed/4V, andpsTd are displayed versusT.
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with only one order parameter, meaning that it monotonously
increases asT decreases to zero. Forps0d.0.05, D0 be-
comes nonzero and as a consequenceQ decreases withT for
T,TC. For ps0d in the neighborhood ofpQCP the competi-
tion from superconductivity is so strong thatQ is nonzero
only for an interval of the temperature well aboveT=0. The
state withQ=0 displays a re-entrance behavior at lower tem-
peratures as seen in Fig. 2(c). The normal-state properties are
therefore affected forp,pQCP even thoughQ vanishes at
zero T. The existence of the PG has the strongest effect on
the T dependence ofpsTd. As soon as the PG vanishes com-
pletely in the overdoped regime,psTd shows a much smaller
variation with T. Very close to optimal doping Fig. 2(d)
shows that the state withQÞ0 is stable aboveTC. This be-
havior is interesting in the light of the experimental evidence
for a non FL state characterizing this region. I will report
further on this behavior in the near future.

Regarding the Hall effect, in order to comparepsTd with
the experimental data for the Hall numbernH, I made an
additional assumption according to which the charge carriers
in HTSC’s consist of only one single type, which is either
holelike in the underdoped regime or electronlike in the
overdoped regime. Some experimental data are in favor of
this assumption.8,14 Within RAFT, the electron occupation
probability revealed the existence of pockets reminiscent of
the hole pockets in doped Mott-Hubbard insulators.1 In the
underdoped regime, I will compare theT dependence trends
in psTd andnH. The present results forpsTd and the available
data fornH share two very interesting features for which the
PG is responsible. As seen in Figs. 2(a)–2(c), psTd shows a
minimum atTC and a linearT dependence forTC,T,T* .
The data of Chaudhariet al. for nH measured in the case of
epitaxial films of YBa2Cu3O7−d show a minimum at exactly
TC and a linearT dependence forTC,T,T* too.6 Also, the
linear behavior ofpsTd is in excellent agreement with the
data of Batlogget al.below the PG temperature.9 In addition,
Hwang and coworkers data show the presence of a maximum
(minimum) in RH snHd at TC.15

Using spin-charge separation, Anderson explained the
1/T behavior ofRH by proposing that the motions perpen-
dicular and parallel to the Fermi surface have different relax-
ation times, and that only spinons determine the Hall mean-
free time for the motion parallel to the Fermi surface.13 In
Anderson’s theory, the confinement of electrons within the
CuO2 planes is essential, and the conduction along thec-axis
is achieved incoherently when spinons and holons recombine
to yield electrons that tunnel to the adjacent planes. In the
present treatment, a given electron that moves from a charge
reservoir to a CuO2 layer does so as a bare electron, but once
on the layer it renormalizes down to RAFT’s QP’s. In RAFT,
I can view thec-axis electron motion as being mediated by
the charge reservoir, which gives rise to an incoherent mo-
tion because of the decay into QP’s of the electrons within
the CuO2 layers. The 2D Fermi surface stays unaffected by
this c-axis motion in agreement with Anderson’s suggestion
that the c-axis hopping energyt' does not affect the 2D
Fermi surface.

In the remainder of this work, I addressed the issue of the
experimentally observable chemical potential in HTSC’s.

The idea of aT independent chemical potentialm seems to
contradict the experimental results of Rietveldet al. who
measured an anomalous temperature dependence inm at TC.5

According to RAFT, there may be two sources ofT depen-
dence in the chemical potential when it is measured. The first
source is due to the fact that when one varies experimentally
T, doping varies, leading to a varying chemical potentialm as
well, becausemspd is doping dependent. This is an implicitT
dependence ofm. Note however that in the underdoped re-
gime m varies negligibly withp. It is therefore unlikely that
this implicit dependence is significant. In the calculations
performed here, fixingm avoids this implicitT dependence.
The second source ofT dependence is explicit and may re-
sult from the QP chemical potentialm8. TheT dependence of
the latter is contained in the termmef=m−UrsTd /2.

Next, in an attempt to reconcile my results(for m) with
the anomaly shown by the chemical potential atTC, I studied
the temperature dependence ofmef. The anomaly in the
chemical potential as given by Rietveldet al. is

Udsms − mnd/dT

cs − cn
U

T=TC

=
d ln TC

dr
, s5d

wheremnscnd and msscsd are, respectively, the chemical po-
tentials(specific heats) in the normal and SC states.5 For mef,
RAFT yields

U d

dT
smefs− mefndU

T=TC

= UU

2

d

dT
spn − psdU

TC

, s6d

wheremefnspnd andmefsspsd are the effective chemical poten-
tials (doping densities) in the normal and SC states, respec-
tively. Equation(6) shows that the anomaly in the QP chemi-
cal potential is related to the on-site Coulomb repulsionU.

Figure 3 illustrates the anomaly inmef for doping densi-

FIG. 3. The effective chemical potentialmef is plotted as a func-
tion of temperature for(a) p=0.11 and 0.14 in the underdoped
regime and(b) p=0.19 in the overdoped regime.
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ties psT=0d=0.11 andpsT=0d=0.14 in the underdoped re-
gime, andpsT=0d=0.19 in the overdoped one. ForpsT=0d
=0.11 andpsT=0d=0.14, the slope ofsmefs−mefnd / t at TC is,
respectively, −1.7 and −2.4 giving a negatived ln TC/dr.
This agrees with the fact that the charge carriers are holelike
in the underdoped regime.5 For p=0.19, the slope is approxi-
mately 0.16, leading to electronlike charge carriers in agree-
ment once again with experiment. According to this analysis,
the nature of the charge carriers changes at optimal doping
whereTC is maximum. The slope in the overdoped regime is
comparable in magnitude to the value reported in Ref. 5 for
YBa2Cu3O7−d, but is one order of magnitude greater in the
underdoped regime. The shape of the curves in Fig. 3 com-
pares very well to experiment;5 below TC in the underdoped
regime,smefs−mefnd / t rises linearly asT decreases then satu-
rates asT approaches zero.

Considering theT dependence ofmef is very appealing.
However, note that it ismef that is compared with experiment
as far asT dependence is concerned, but the bare chemical
potential m for the doping dependence. This inconsistency
could have resulted from the assumption that the interlayer
doped atoms form a thermodynamic reservoir of electrons.
To solve this problem, perhaps one has to relax this assump-
tion and consider the exchange of electrons between the in-
terlayer atoms and the CuO2 layers to beT dependent while
allowing for the chemical potential to change with tempera-
ture as well. However, the present leading-order treatment
should produce the correct trends; I expect that anyT depen-
dence inm would only give smaller higher-order contribu-
tions. Therefore, one can assume that the present approach is
correct, and the remedy may be the following. Experimen-
tally, the doping dependence ofm is obtained using EPS, a
technique used to probe locally shifts in core electron levels
from which chemical potential shifts are deduced. This
means that in this case EPS is not sensitive to the effective

chemical potentialmef, which depends on valence electrons
interactions(here when two electrons occupy together the
same site). I propose that the work function measurements
probedmef whereas EPS probedm. In EPS, it is the bare
electrons that are emitted from the sample. The chemical
potential measured in this way should reflect that of electrons
that have undressed from any renormalization due to various
interactions. In the Rietveldet al. experiment, electrons stay
inside the sample. In this case, I think that it is the chemical
potential of the mean-field QP’sm8 (so of mef) that enters
into play. It is possible to check the present proposal of two
different chemical potentials by experimentally measuring
the effect of temperature on the chemical potential in core
electron EPS at fixed doping densities.

In conclusion, I addressed within RAFT the temperature
and doping dependences of the chemical potential of high-TC
cuprates. I predict that two chemical potentials characterize
these materials. One is the bare chemical potentialm, which
can be probed in EPS experiments. The other one is an ef-
fective chemical potentialmef that is seen by electrons renor-
malized by Coulomb(and other) interactions. These two
chemical potentials reconcile RAFT’s proposal of a tempera-
ture independent chemical potentialsmd with the observation
in work function measurements of aT dependentsmefd one.
One way of testing the present prediction is to measure the
temperature dependence of EPS data. Finally, I discussed the
fact that RAFT and the idea of the chemical potential being
governed by the atoms doped between the CuO2 layers are
consistent with the Anderson theory of spin-charge separa-
tion, in that the interlayer electron hoppingt' does not affect
the 2D Fermi surface.
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