PHYSICAL REVIEW B 66, 064502 (2002

Electronic states and superconductivity in multilayer high-T . cuprates

M. Mori, T. Tohyama, and S. Maekawa
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
(Received 1 October 2001; revised manuscript received 19 December 2001; published 1 August 2002

We study electronic states of multilayer cuprates in the normal phases as functions of the numbeg of CuO
planes and the doping rate. The resonating valence bond wave function and the Gutzwiller approximation are
used for a two-dimensional multilayéit’-t”-J model. We calculate the electron-removal spectral functions at
(7,0) in the CuQ plane next to the surface to understand the angle-resolved photoemission spectroscopy
(ARPES spectra. We find that the trilayer spectrum is narrower than the bilayer spectrum but is wider than the
monolayer spectrum. In the tri- and tetralayer systems, the outer, @lEDe has different superconducting
amplitude from the inner Cu@plane, while each layer in the bilayer systems has same amplitude. The recent
ARPES and NMR experiments are discussed in the light of the present theory.

DOI: 10.1103/PhysRevB.66.064502 PACS nuntber74.25.Jb, 74.20-z, 71.10.Fd

. INTRODUCTION tion is calculated in a two-dimensional multilayet’-t"-J
model at zero temperature by using the resonating valence
In studies of highf. superconductivity, the number of bond (RVB) wave function and the Gutzwiller approxima-
CuO, planes in a unit celln, is one of the key factors. It is tion. We study then dependence of the single-particle exci-
indicated that the maximurfi, monotonically increases with tations including the interlayer hopping which connects the
nand saturates at either=3 or 422 The bilayer compounds chemically different Cu@ planes for n=3. Since the

have crystallographically equivalent Cy@lanes, while the ARPES measurement is sensitive to a surface of sample due

tri- and tetralayer compounds have inequivalent planes, i.el0 @ short escape depth of outgoing electron, the spectra in

the outer pyramidal coordinated plan@P) and the inner the tri- and tetralayer compounds should be dominated by the

; : OP’s contribution. Moreover, the spectra depend on the inci-
square coordinated plané®). By calculating the Madelung . .
energy for Bi and TI compounds in the point-charge model, itdent photon _energyhy and the photoemission matrix

. . element?~2° The spectra in the bilayer systems have two
was shown that the hole density of the NR,(IP), is lower : 4 X
than that of the ORN,(OP), since the IP is sandwiched by peaks composed of the bondi) and anti-bondindAB)

Ca sh ith o hargé | d th bands, while the spectra in trilayer systems have three peaks.
a sheets with positive charge.It was also argued that a \yg fing that the splitting between the two dominant peaks in

hole density differenceAN,=Ny(OP)—Ny(IP) becomes e trilayer system is smaller than the bilayer splitting. Then,
large by7 increasingn and controls the superconducting the trilayer spectrum is narrower than the bilayer spectrum
phases: but is wider than the monolayer spectrum.

Such hole distribution among the CygOayers was In the superconductingSC) phase, Tokunagat al. stud-
observed aboveT, by the 'O and ®3Cu nuclear mag- ied the temperature dependence of the Knight skij (and
netic resonance (NMR) measurement for Pb-doped the nuclear spin-lattice relaxation rate T3) of ®Cu in the
BiZSrZCanngoloq (Bi2223,%° and for HgSECa,CusO tetralayer compoundCug ¢Co 4 Bi»Sr,CasCu,015.,%° and
104y (Hg1223.1% These studies showed that the IP hasfound two characteristic temperatures associated with the IP
smaller carrier density and larger antiferromagn6aie) cor-  and the OPJTy(IP) andTy(OP). BothKg and 14 in the IP
relation than the OP. Kotegawet al. systematically esti- markedly decrease beloWy(IP)=117 K, while those in the
mated the hole density in each layer by fi€u Knight shift ~ OP moderately decrease beldw(IP)=117 K, but mark-
in HgB&,Ca,.1CU,Ozp 121y and CuBgC%_lc%02n+4_y.12 By edly decrease below,(OP)=60 K. These results suggest
use of an empirical relation between the Knight shift at roomthat a bulk SC transition set in at 117 K but the temperature-
temperature and the hole density, which was deduced fromdependence of SC amplitude in the OP is different from the
the nuclear quadruple resonan¥QR) frequency:® they  BCS theory. Such a non-BCS amplitude is found in a two-
found that the hole density difference among the layers inband system where the SC amplitude in one band is different
creases as either a total carrier contégt,, or n increases. from that in the other band, and these bands are coupled to

As regards an interlayer hopping, the bilayer splitting waseach other by a pair-transfer interactidnthe two kinds of
shown by band calculatioffs*®and clearly observed by the T,'s are observed in the tetralayer compounds, while it is not
angle-resolved photoemission spectrosco§RPES in  found in the trilayer compound$.We calculate the SC am-
Bi,Sr,CaCu,0g,,(Bi2212 above T..'""'® However, a plitude of each layer and find that the outer Guflane in
trilayer splitting in Bi2223 has not been obsenfd' To  both the tri- and tetralayer systems has different SC ampli-
understand the electronic states in the multilayer cuprates, iude from the inner Cu@ plane. In our calculations, the
is necessary to clarify the reason why the trilayer splitting isdifference of SC amplitude in the trilayer systems is compa-
not clearly observed, although the bilayer splitting is distin-rable to that in the tetralayer systems. We consider that the
guishable. To(IP) different fromT,(OP) could be observed also in the

In the present paper, the electron-removal spectral fundrilayer compounds.
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The rest of this paper is organized as follows. In Sec. Iltion. Details of calculations are summarized in the Appendix.
we introduce the multilayer-t’-t”-J model that includes the In the normal phases, the order parameter,
interlayer hopping and the site-potential. Section Il is de-
voted to show the electronic states in the normal phases and 1
the electron-removal spectral functions. The layer depen- Xar=§ > (cl TCaI+TT+CaI Caitr)h (6)
dence of superconducting amplitudes is shown in Sec. IV. [
Summary and discussions are given in Sec. V.
is introduced and referred to as “uniform RVBURVB). In

Il. THEORETICAL MODEL addition to this, in the SC phase the order parameter,
We examine the electronic state in the characteristic block 1
of n CuO, layers. The Hamiltonian of each layer is given by By,=— — 2 (CaiiCaitr—CaiiiCaiitri)s (D)
N . = — AT . N . —_— 4 AT . - .
Hintra ta,(i%st,o’ CavjioCaiio ™t a,(ij>22nd,a CajoCaiivo is included and referred to as “singlet RVESRVB).
Then, we obtain the following mean-field Hamiltonian,
v S & 2. 4He which is numerically solved:
01,<ij>3rd,0' a,],o”a,l,o
+3 > S.i-Sus (1) Hryve— uN= Ek £a(K)CL K o Cakco
aliist “ne
where&a’i’”:co{yiy(r(l—na,i,,,,)_ is th(—_} annihilgtic_)n (_)perator + 2 A(k)ci v oChk.o
of an electron in thex layer with spino at sitei with the a#Bko .
constraint of no double occupancy, ang; _, and §a,i are
the charge and the spin operators, respectively. The summa- + 2 chk oCrk,o
tions{ij )1t {ij)ong, @and(ij)s,q run over first, second, and vk
third nearest-neighbor sites, respectively. The values of the
parameters are as followsl=0.14 eV, t/J=2.5, t'/J - 2 Z J[B C09K,)Cy k| Carkt
=—0.85, andt”/J=0.575?%% kir=xy
The interlayer hopping has the dispersion reldfton n BaJCOS(kT)C:rx,k,TC:ry,—k,L]’ @)

t, 5
€. (k)= 7 [eogk,) —cosk,) I% @ £,(k)= —{2i[ cos k) + cog k,)] + 41’ cog ky) cog k,)
which is obtained by integrating out the high-energy degrees
of freedom from the Hamiltonian reproducing the full local-
density approximatioflLDA) calculation*>® We adopt Eq. 3.
(2) for n=2 andt, /J=1.0"'8and write the Hamiltonian = 7 I XaxCOSK) + X yCOSKy) ], 9
of the interlayer hopping as

+21"[ cog 2k,) + cog 2k,) ]} — u

Hinter= gk €, (K)(C!  ,Cpk.otH-C), 3

; g Cos(kr)<cz,k,(rca,k,(r>1 (10)

Z||—\

wherea and B are the neighboring layer indices.

To describe the hole distribution among the layers, we 1
introduce a site potentiaV in the IP’s as Bor=— g 2c08K)(Cpk,1Ca,—k 1) (11
N At . . . .
Hsite—Wy:;k Cyk,aCrk, a—Wy2m n (40 whereu is the chemical potential arld is the total electron

number. The values of hopping integrals and the magnetic
where y indicates the IP index. The value ®{ should be coupling constant are renormalized by the Gutzwiller factors
negative. For simplicityWV is taken to be independent of the as
hole densities.

The total Hamiltonian is - -, . "
t:gt't, t :gtt y t :gtt y
H=Hinyat Hintert Hsite- 5)

Since this Hamiltonian includes the constraint of no double t,=gct,, J=g;:J, (12
occupancy, we adopt the Gutzwiller approximation and sta-
tistically average the constraint before variational calcula-and

064502-2



ELECTRONIC STATES AND SUPERCONDUCTIVITY IN . .. PHYSICAL REVIEW B6, 064502 (2002

0.20 trilayer,
—— Tri-layer (6=0.25)
--a-- Tri-layer (6=0.30)
1 Tetra'layer (6=025) 6=0.25—-A Nh: 006—>W/\] = — 025,
015 -o-- Tetra-layer (8=0.30) 5=0.30—AN;=0.10-W/J=—-0.35; (16
3
< tetralayer,
010
6=0.25—-AN,=0.08-W/J=—-0.30, L
6=0.30—-AN,=0.13-W/J=—0.45. 7
0.05 ‘ A The dispersion relations of tri- and tetralayer systems are
' -0.6 0.5 0.4 0.3 -0.2 plotted together with the bilayer systeMWE0) in Fig. 2 for
w/Jd 6=0.25. Since the interlayer hopping is given by E2), the

dispersion relations in the bilayer system are degenerate in
the (0,0)-@Gr,7) direction and the splitting becomes maxi-
mum at (w,0). The band with lower-binding energy indi-
cated by the solid line in Fig.(2) is the AB band and the
other one is the B band. The bilayer splitting at,Q) for
6=0.25 is 0.8, which is given by 2, g,. Most of
X experimenty 192228 and band calculation$'® show two
0:=26/(1+9), g;=4(1+6)". (13 holelike Fermi surfaces consistent with our dispersion rela-
tion. On the other hand, there are experimefitahd theo-
The even parity is imposed op, .. Thek summations are retical studie¥’ suggesting an electronlike Fermi surface,
carried out on 168 160 points in the first Brillouin zone.  where the AB band crosses the Fermi level betw@ed) and
(7r,0). Such a dispersion relation would be achieved by small
changes of parameters. In the trilayer system, there exist
three bands. Among them, one of the bands indicated by the
We study single-particle excitations to clarify the elec-dotted line in Fig. 20) is separated from the other two in the
tronic states in the normal phases. The characteristics ofhole Brillouin zone due to the site potential. The middle
multilayer systems are manifest a,0) in the dispersion band shown by the solid line in Fig(l® is composed of only
relations, since the interlayer splitting is largest at this pointhe OP’s degrees of freedom afQp;)—|OP,))/+2, where
according to Eq(2). The electron-removal spectral functions |OP;) and |OP,) indicate the wave functions in the outer
at (,0) are shown in this section. The averaged doping ratg@lanes. We refer to this band as the “antisymmetA©P)
8 is defined asd= &;y15/N, in Which 8,4 is a total hole band.” The wave functions of remaining two bands are
density in the characteristic block of CuO, layers. We  f(W)(|OP,)+|OP,))/\2+g(W)|IP), where [IP) indicates
chooses=0.25 or 0.3, below. These values®fire useful to  the IP’s wave function. The coefficient$W) andg(W) are
study then dependence of the single-particle excitations,functions ofW. The positive(negative sign corresponding to
since the ARPES spectra atr0) show sharp quasiparticle the dotted(broken line in Fig. 2b) is referred to as “IP
peaks for a large doping rate. On the other hand, the ARPEBand” (“symmetric (SOP band”). In the tetralayer system,
spectra become broad and dull by decreasing the dopin@P’s and IP’s combine to give symmetric and antisymmetric
rate30:31 combinations as|OP.)=(|OP;)*|0P,))/y2 and [IP.)
Before proceeding to the study of ARPES spectrum, it is:(||P1)t||p2>)/\/§_ The four bands shown in Fig(& have
necessary to determine the value Wfthat is still a free  the following combinations atzf,0) from the top to the bot-
parameter. We calculateN,as a function ofVin the URVB  tom: |a)=1,|IP_)+g,|OP_), |B)=T,|IP,)—g,|OP,),
state of tri- and tetralayer systems witk-0.25 and 0.3. The |y)=15/IP_)—gs|OP_), and |[8)=1,/IP,)+g,|OP,),
results are shown in Fig. 1. We determine a valua\bby  wheref; andg; (i=1~4) are functions of\.
comparing Fig. 1 to the results obtained by Kotegaal.* In the following, we assume that the ARPES experiments
in NMR measurement. Their results afNyin the tri- and  in Bi compounds mainly detect the single-particle excitation
tetralayer samples are fitted by the following equations:  in the CuQ, plane next to the BiO layer. The ARPES mea-
surement is sensitive to a surface of sample due to a short
trilayer, AN;=—0.130+0.7595; (14)  escape depth of outgoing electron, which is about 10 A or
less depending on its kinetic energy in the range of 20—200
eV>* The cleaved surface is considered to be the Bi-O layer,
tetralayer, ANj=—0.150+0.9346. (15  from which the distance to the IP of trilayer compounds is
also about 10 &% Therefore the ARPES spectra in the tri-
By using Eqs(14) and (15), the values ofV that reproduce and tetralayer compounds should be dominated by the OP’s
the NMR results are determined as, contribution. Moreover, the spectra depend on the incident

FIG. 1. W dependence ak N,in the URVB state for the trilayer
and the tetralayer witl#=0.25 and 0.3. The values of the param-
eters areJ=0.14 eV, t/J=2.5, t'/J=-0.85, t"/3J=0.575, and
t, /3=1.0. The averaged doping rafds defined as$= ;o5 /N, in
which 8,44 IS @ total hole density in a unit cell.

Ill. ELECTRONIC STATES IN NORMAL PHASES
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FIG. 3. Then dependence of the electron-removal spectral func-
tion in the normal phase fa¥i=0.14 eV,t/J=2.5,t'/J=-0.85,
t”/J=0.575, andt, /J=1.0. The components in the Cy(plane
nearest to the surface are plott@i on then-w plane for5=0.25,

k and (b) as functions ofw for §=0.30 for the bi- and trilayer sys-
tems. The thin solidbroken curve is obtained by performing a
Lorentzian broadening with a width of 0.3%or the § functions in

N the bi- (tri-) layer system. In[@ and (b), the values ofW follow

N Egs.(16) and (17).

(r,m) (o-,0)

with lower-binding energy is the AB band and the other is
FIG. 2. Dispersion relations df) bilayer, (b) trilayer, and(c) ~ the B band. In the trilayer system, the OP’s combine to give
tetralayer systems fa$=0.25 in the URVB state. The values of the Symmetric and antisymmetric combinations, the latter of
parameters arel=0.14 eV,t/J=2.5,1'/J=-0.85,t"/J=0.575, which is the AOP band as defined above and is located at
andt, /J=1.0. w/J=0.64. Only the former can hybridize with the IP, and
produces the SOP ban@d{J=0.14) and the IP bandu{/J
photon energy hr and the photoemission matrix =1.49). The total splitting in the trilayer compound ¢/J
element?=?° In the case of overdoped bilayer samples, an=1.35) is larger than in the bilayer compound §/J
antibonding(AB) band has a sharp peak at,Q) for hv =0.9), but the SOP-AOP splittingA(w/J=0.5) is smaller
~22 eV. Although a bondingB) band is unclear fohr  than the bilayer splitting. Therefore the trilayer spectrum
~22 eV, it becomes clear fdrv~32 eV (Ref. 23 and 47 seems to be narrower than the bilayer spectrum as shown in
ev?? Fig. 3(b), in which the appropriate broadening is given.
Then dependence of the OP contributions in the electron- The contributions to the spectral weight from the OP and
removal spectral functio®™ (k,w), at (,0) is plotted in IP are listed in Table | for the three bands in the trilayer
Fig. 3 fort, /J=1.0. The energy is measured from the Fermisystem together with their binding energies. The OP contri-
level. In the bilayer system, the two quasiparticle peakdution distributes among the three bands as SOP:AOP:IP
clearly separate each other for both doping rates. The peak3:5:2, while the IP contribution is obtained as
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TABLE I. The binding energies and the ARPES spectral weights 0.080

at k=(,0) in a trilayer compound fo6=0.3. Each contribution L
from the IP and the OP is listed.

b ;g *

wlJ oP IP 20'075 |
SOP-band 0.14 0.31 0.37 3
AOP-band 0.64 0.50 0.00 'g
IP-band 1.49 0.19 0.63 3 M
E =
a < 0070 || A OP (5=0.25)
A CuO, layer nearest to the surface. Q V IP(6=0.25)
ba CuO, layer next nearest to the surface. A OP(3=0.3)
¥  IP(5=0.3)

SOP:AOP:IP-4:0:6. If theelectron escape depth is longer |

than 10 A, the weight of the IP band increases as a result of 0.065 1 2 3 4

the IP contribution to the ARPES spectrum. This makes the n

spectrum broader than the bilayer spectrum as easily ex- FG. 4. Then dependence of the SC amplitude &t 0.3. For

pected from the Fig. ). Thus the broadness might be a n=3, the up and down triangle indicate the amplitude in the OP and

measure of the escape depth. the IP, respectively. Ab=2, both layers have the same amplitude.
Each spectral weight in the tetralayer compound is listedrhe value of parameters arg=0.14 eV,t/J=2.5,t'/J=—0.85,

in Table 1. The dominant three peaks in the OP, i®.,3, t"/J=0.575, and, /J=1.0. The values ofV follow Egs.(16) and

and y band, may result in a broad peak due to the line over{17).

lap. Including the IP contribution, it may become more dif-

ficult to distinguish the peaks. could be observed in experiment.
We note that, although the SC amplitude is larger in the
IV. SUPERCONDUCTING AMPLITUDES OP than the IP as seen in Fig. 4, the relative magnitude

) i _ ] depends on the intralayer’'s parameters, which modify the

In this section, we consider the superconducti®f) phase diagram of ground state in the monolayer sy&tdm.
state, where the SRVB state is included in addition to thgne present calculation, moreover, the site potential is fixed at
URVB state. As observed in the tetralayer compounds byhe value in the normal phase. It is also possible that the site
NMR experiment, the IP and the OP have differ@iyfs,  potential depends on the hole densities and is determined
which are ascribed to the different hole concentration in eaclg‘eﬁ_consistenﬂy. If such mechanisms are taken into account,
layer?® In the trilayer compounds, the differeffiy's are not  he hole distribution among the layers may changes below
still found 12 although there is a finitAN},, which is smaller T. and the valance of SC amplitudes can be modified. These
than ANin the tetralayer compounds. To understand the S%ossibilities are studied elsewhere.
state_in the multilayer_ cuprates, we calculate the SC ampli- \we did not mention quasiparticle excitations in the SC
tude in each layer defined 5B, |, and show therdepen-  phase. The coherent SC peak in Bi2212 seems to split into
dence. In the following, we assume that all Culayers are  two peakst’ There are some interpretations of the bilayer
in the SC phase, and the value\&fin the SC phase is the Sp“t“ng in the SC phasg_v33'|'o C|arify its 0rigin1 more ex-

same as that in the normal phase. The results are shown gerimental studies on the multilayer cuprates are needed.
Fig. 4. The SC gap has thg2_,2 symmetry in each layer for

anyn. The OP’s in both the tri- and tetralayer systems have
different superconducting amplitude from the IP, while each
layer in the bilayer systems has the same amplitude.nFor  We have studied the electronic states and the supercon-
=3, the difference of SC amplitude slightly increases withductivity in multilayer cuprates by use of the resonating va-
increasingn. Since the difference in the trilayer systems islence bond wave function and the Gutzwiller approximation
comparable to that in the tetralayer systems, the difféfgnt for the two-dimensional multilayet-t’-t”-J model. In this
model, the one-particle hopping connects the chemically dif-
TABLE II. The binding energies and the ARPES spectral ferent CuQ, planes in the tri- and tetralayer systems. We
weights atk=(w,0) in a tetralayer compound fo§=0.3. Each  c3|culated the electron-removal spectra in the Guane
contribution from the IP and the OP is listed. next to the BiO layer, since the ARPES is sensitive to the
surface of sample. We find that the ARPES spectra in the

V. SUMMARY

wld OoP PP i :
rilayer systems at+#,0) should be narrower than that in the
« band 0.08 0.25 0.25 bilayer systems, and wider than that in the monolayer sys-
8 band 0.35 0.43 0.07 tems. This is consistent with recent experimental d&ta.
y band 1.00 0.25 0.25 The superconductingSC) amplitude of each layer is
5 band 1.65 0.07 0.43 shown as a function af. In bilayer system, both layers have
the same SC amplitude. In tri- and tetralayer systems, the SC
@A CuO, layer nearest to the surface. amplitude of the OP is different from that in the IP due to the
bA CuO, layer next nearest to the surface. different hole concentration. Such a difference could be ob-
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served as two differerify also in the trilayer compounds. (Ol (| PcOPG| o)
O)= = .
=ty ™ wdPePeli

By considering the renormalization factors of coupling con-
tant, the remaining work is to solve the self-consistent equa-
ons, in which the renormalization factors are also deter-

(A7)
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Here, we summarize the eigenvalue problem in the SC
state of multilayer systenf§. Neglecting the details, the

The RVB-mean-field theory with the Gutzwiller approxi- Hamiltonian generally has the following form:
mation showed that thd,2 .-wave superconductivity can
be stabilized in the two-dimensionatd model®’ The H= > Ac, ¢

: : : H - ak,o”B Ko

Gutzwiller approximation has been recently generalized to a. Bk
the coexistent state of trewave SC and AF ordef In this
section, we summarize the process to treat the constraint
within this approximation.

Explicitly describing the constraint, the Hamiltonian Eq.

APPENDIX: GUTZWILLER APPROXIMATION AND RVB
WAVE FUNCTION IN MULTILAYER SYSTEMS

+ 2( (B*Cy,—k | Cak1 T BCL,k,TCZ,—k,l),
@,

(5) has the following relation to the nonconstrained Hamil- =S ot A B
tonian: T4 ¢ B* A* P+ TIA,

H=PcHPe. (A1) = ¢"M+TrA, (A8)
whereP is the Gutzwiller’s projection operator and defined .
as to (ot

¢ E(Ca,k,T YCa,—k,l)! (Ag)
PG:H (1_ﬁmﬁi1)- (A2)  where
I
We assume the projected RVB wave function AT=A, 'B=B. (A10)
|)=Pg| o Xar Bur b)) (A3)  The matrixM is hermite and satisfies the following relations:

wherey, , andB,, ; are the variational parameters relating to o3 Moo3=—M*, (A11)
URVB and SRVB, respectively, an@o(xq,-,Ba.- 1)) is @
mean-field wave function with URVB and SRVB orders. Us- Mt=M. (A12)

ing these notations, the variational ener@%s(ﬂ) is re-

written asE, .= (H)o, where the parametetsaindJ in H are
replaced with

We obtain the eigenvalue and the eigenvectors by solving

X
MV, = annEwn< Y”) . (A13)
n

f:gt't, ’t\,:gt't,y E/,:gt't”,
P =gt J=q..J (A4) By taking account of Eq(A1l), the complex conjugate of
179t J=00Y Eg. (A13) satisfies the following equation:
and
Mao,o3Vh = —w,0103V} . (A14)
0:=26/(1+0), g;=4/(1+ ). (A5)
) o . ThereforeW,=0,03V} is also the eigenvector dfl. If V,
In the Gutzwiller approximation, the effects of the projection belongs to a positive eigenvalug,>0, another eigenvector

are statistically averaged and renormalized into the expectQNn belongs to a negative eigenvaltao, . By use ofbﬁ and

tion values as follows: by, defined below:

<CiTono>:gt<CiTaCjo>O! (Si-S))=095(S-Sj)o, (A6) b, XE, YR Cad
where (- - -)q represents the expectation value in terms of tbl _2 Yo, Xo. tC:rll , (A15)
|40)=|¥0o(Xa.7:Ba,- 1)), @and(- - -) represents the normal- ' ' '
ized expectation value i) =Pg|#)o; the Hamiltonian Eq(A8) is diagonalized as
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H=22 w.blb,— > w,+TrA. (A16)
n>0 n>0
By using Eq.(A15), the electron operator is
Ca,T:; (Xa,nbn_Yz,ntbg)- (A17)

PHYSICAL REVIEW B6, 064502 (2002

The order parameters and the spectral weight are calculated

as

(Wolcl, ,Cp.oltho) = Z Y5 Yna (A18)
(Wolch ,ch ] wo>=§ X% Yo (AL9)
(N[0l W) Z=1Y gl (A20)
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