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Electronic states and superconductivity in multilayer high-Tc cuprates
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We study electronic states of multilayer cuprates in the normal phases as functions of the number of CuO2

planes and the doping rate. The resonating valence bond wave function and the Gutzwiller approximation are
used for a two-dimensional multilayert-t8-t9-J model. We calculate the electron-removal spectral functions at
(p,0) in the CuO2 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 CuO2 plane has different superconducting
amplitude from the inner CuO2 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.
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I. INTRODUCTION

In studies of high-Tc superconductivity, the number o
CuO2 planes in a unit cell,n, is one of the key factors. It is
indicated that the maximumTc monotonically increases with
n and saturates at eithern53 or 4.1,2 The bilayer compounds
have crystallographically equivalent CuO2 planes, while the
tri- and tetralayer compounds have inequivalent planes,
the outer pyramidal coordinated planes~OP! and the inner
square coordinated planes~IP!. By calculating the Madelung
energy for Bi and Tl compounds in the point-charge mode
was shown that the hole density of the IP,Nh~IP!, is lower
than that of the OP,Nh~OP!, since the IP is sandwiched b
Ca sheets with positive charge.3,4 It was also argued that
hole density differenceDNh[Nh(OP)2Nh(IP) becomes
large by increasingn and controls the superconductin
phases.5–7

Such hole distribution among the CuO2 layers was
observed aboveTc by the 17O and 63Cu nuclear mag-
netic resonance ~NMR! measurement for Pb-dope
Bi2Sr2Ca2Cu3O101y ~Bi2223!,8,9 and for HgSr2Ca2Cu3O

101y ~Hg1223!.10,11 These studies showed that the IP h
smaller carrier density and larger antiferromagnetic~AF! cor-
relation than the OP. Kotegawaet al. systematically esti-
mated the hole density in each layer by the63Cu Knight shift
in HgBa2Can-1CunO2n121y and CuBa2Can-1CunO2n14-y .12 By
use of an empirical relation between the Knight shift at ro
temperature and the hole density, which was deduced f
the nuclear quadruple resonance~NQR! frequency,13 they
found that the hole density difference among the layers
creases as either a total carrier contentd total or n increases.

As regards an interlayer hopping, the bilayer splitting w
shown by band calculations14–16and clearly observed by th
angle-resolved photoemission spectroscopy~ARPES! in
Bi 2Sr2CaCu2O81y~Bi2212! above Tc .17–19 However, a
trilayer splitting in Bi2223 has not been observed.20,21 To
understand the electronic states in the multilayer cuprate
is necessary to clarify the reason why the trilayer splitting
not clearly observed, although the bilayer splitting is dist
guishable.

In the present paper, the electron-removal spectral fu
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tion is calculated in a two-dimensional multilayert-t8-t9-J
model at zero temperature by using the resonating vale
bond ~RVB! wave function and the Gutzwiller approxima
tion. We study then dependence of the single-particle exc
tations including the interlayer hopping which connects
chemically different CuO2 planes for n>3. Since the
ARPES measurement is sensitive to a surface of sample
to a short escape depth of outgoing electron, the spectr
the tri- and tetralayer compounds should be dominated by
OP’s contribution. Moreover, the spectra depend on the in
dent photon energyhn and the photoemission matri
element.22–25 The spectra in the bilayer systems have tw
peaks composed of the bonding~B! and anti-bonding~AB!
bands, while the spectra in trilayer systems have three pe
We find that the splitting between the two dominant peaks
the trilayer system is smaller than the bilayer splitting. Th
the trilayer spectrum is narrower than the bilayer spectr
but is wider than the monolayer spectrum.

In the superconducting~SC! phase, Tokunagaet al. stud-
ied the temperature dependence of the Knight shift (Ks) and
the nuclear spin-lattice relaxation rate (1/T1) of 63Cu in the
tetralayer compound,~Cu0.6C0.4)Bi 2Sr2Ca3Cu4O121y

26 and
found two characteristic temperatures associated with th
and the OP,T0(IP) andT0(OP). BothKs and 1/T1 in the IP
markedly decrease belowT0(IP)5117 K, while those in the
OP moderately decrease belowT0(IP)5117 K, but mark-
edly decrease belowT0(OP)560 K. These results sugges
that a bulk SC transition set in at 117 K but the temperatu
dependence of SC amplitude in the OP is different from
BCS theory. Such a non-BCS amplitude is found in a tw
band system where the SC amplitude in one band is diffe
from that in the other band, and these bands are couple
each other by a pair-transfer interaction.27 The two kinds of
T0’s are observed in the tetralayer compounds, while it is
found in the trilayer compounds.12 We calculate the SC am
plitude of each layer and find that the outer CuO2 plane in
both the tri- and tetralayer systems has different SC am
tude from the inner CuO2 plane. In our calculations, the
difference of SC amplitude in the trilayer systems is com
rable to that in the tetralayer systems. We consider that
T0(IP) different fromT0(OP) could be observed also in th
trilayer compounds.
©2002 The American Physical Society02-1
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The rest of this paper is organized as follows. In Sec.
we introduce the multilayert-t8-t9-J model that includes the
interlayer hopping and the site-potential. Section III is d
voted to show the electronic states in the normal phases
the electron-removal spectral functions. The layer dep
dence of superconducting amplitudes is shown in Sec.
Summary and discussions are given in Sec. V.

II. THEORETICAL MODEL

We examine the electronic state in the characteristic bl
of n CuO2 layers. The Hamiltonian of each layer is given b

Ĥ intra52t (
a,^ i j &1st ,s

ĉa, j ,s
† ĉa,i ,s2t8 (

a,^ i j &2nd ,s
ĉa, j ,s

† ĉa,i ,s

2t9 (
a,^ i j &3rd ,s

ĉa, j ,s
† ĉa,i ,s1H.c.

1J (
a,^ i j &1st

SW a,i•SW a, j , ~1!

whereĉa,i ,s5ca,i ,s(12na,i ,2s) is the annihilation operato
of an electron in thea layer with spins at site i with the
constraint of no double occupancy, andna,i ,2s andSW a,i are
the charge and the spin operators, respectively. The sum
tions ^ i j &1st , ^ i j &2nd , and^ i j &3rd run over first, second, an
third nearest-neighbor sites, respectively. The values of
parameters are as follows:J50.14 eV, t/J52.5, t8/J
520.85, andt9/J50.575.28,29

The interlayer hopping has the dispersion relation14

e'~k!52
t'
4

@cos~kx!2cos~ky!#2, ~2!

which is obtained by integrating out the high-energy degr
of freedom from the Hamiltonian reproducing the full loca
density approximation~LDA ! calculation.15,16 We adopt Eq.
~2! for n>2 andt' /J51.0,14–18 and write the Hamiltonian
of the interlayer hopping as

Ĥ inter5 (
aÞb,k,s

e'~k!~ ĉa,k,s
† ĉb,k,s1H.c.!, ~3!

wherea andb are the neighboring layer indices.
To describe the hole distribution among the layers,

introduce a site potentialW in the IP’s as

Ĥsite5W (
g5 in,k,s

ĉg,k,s
† ĉg,k,s5W(

g5 in
ng , ~4!

whereg indicates the IP index. The value ofW should be
negative. For simplicity,W is taken to be independent of th
hole densities.

The total Hamiltonian is

Ĥ5Ĥ intra1Ĥ inter1Ĥsite . ~5!

Since this Hamiltonian includes the constraint of no dou
occupancy, we adopt the Gutzwiller approximation and s
tistically average the constraint before variational calcu
06450
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tion. Details of calculations are summarized in the Append
In the normal phases, the order parameter,

xa,t[
1

N (
i

^ca,i ,↑
† ca,i 1t,↑1ca,i ,↓

† ca,i 1t,↓&, ~6!

is introduced and referred to as ‘‘uniform RVB’’~URVB!. In
addition to this, in the SC phase the order parameter,

Ba,t52
1

N (
i

^ca,i ,↑ca,i 1t,↓2ca,i ,↓ca,i 1t,↑&, ~7!

is included and referred to as ‘‘singlet RVB’’~SRVB!.
Then, we obtain the following mean-field Hamiltonia

which is numerically solved:

ĤRVB2mN5 (
a,k,s

ja~k!ca,k,s
† ca,k,s

1 (
aÞb,k,s

ê'~k!ca,k,s
† cb,k,s

1 (
g,k,s

Wcg,k,s
† cg,k,s

2 (
k,t5x,y

3

4
Ĵ@Ba,t* cos~kt!ca,2k,↓ca,k,↑

1Ba,tcos~kt!ca,k,↑
† ca,2k,↓

† #, ~8!

ja~k!52$2 t̂ @cos~kx!1cos~ky!#14 t̂8cos~kx!cos~ky!

12 t̂9@cos~2kx!1cos~2ky!#%2m

2
3

4
Ĵ@xa,xcos~kx!1xa,ycos~ky!#, ~9!

xa,t5
1

N (
k

(
s

cos~kt!^ca,k,s
† ca,k,s&, ~10!

Ba,t52
1

N (
k

2cos~kt!^ca,k,↑ca,2k,↓&, ~11!

wherem is the chemical potential andN is the total electron
number. The values of hopping integrals and the magn
coupling constant are renormalized by the Gutzwiller fact
as

t̂5gt•t, t̂85gt•t8, t̂95gt•t9,

t̂'5gt•t' , Ĵ5gJ•J, ~12!

and
2-2
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ELECTRONIC STATES AND SUPERCONDUCTIVITY IN . . . PHYSICAL REVIEW B66, 064502 ~2002!
gt52d/~11d!, gJ54/~11d!2. ~13!

The even parity is imposed onxa,t . The k summations are
carried out on 1603160 points in the first Brillouin zone.

III. ELECTRONIC STATES IN NORMAL PHASES

We study single-particle excitations to clarify the ele
tronic states in the normal phases. The characteristic
multilayer systems are manifest at (p,0) in the dispersion
relations, since the interlayer splitting is largest at this po
according to Eq.~2!. The electron-removal spectral function
at (p,0) are shown in this section. The averaged doping
d is defined asd5d total /n, in which d total is a total hole
density in the characteristic block ofn CuO2 layers. We
choosed50.25 or 0.3, below. These values ofd are useful to
study then dependence of the single-particle excitation
since the ARPES spectra at (p,0) show sharp quasiparticl
peaks for a large doping rate. On the other hand, the ARP
spectra become broad and dull by decreasing the do
rate.30,31

Before proceeding to the study of ARPES spectrum, i
necessary to determine the value ofW that is still a free
parameter. We calculateDNhas a function ofW in the URVB
state of tri- and tetralayer systems withd50.25 and 0.3. The
results are shown in Fig. 1. We determine a value ofW by
comparing Fig. 1 to the results obtained by Kotegawaet al.12

in NMR measurement. Their results ofDNhin the tri- and
tetralayer samples are fitted by the following equations:

trilayer, DNh520.13010.759d; ~14!

tetralayer, DNh520.15010.934d. ~15!

By using Eqs.~14! and~15!, the values ofW that reproduce
the NMR results are determined as,

FIG. 1. W dependence ofDNhin the URVB state for the trilayer
and the tetralayer withd50.25 and 0.3. The values of the param
eters areJ50.14 eV, t/J52.5, t8/J520.85, t9/J50.575, and
t' /J51.0. The averaged doping rated is defined asd5d total /n, in
which d total is a total hole density in a unit cell.
06450
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trilayer,

H d50.25→DNh50.06→W/J520.25,

d50.30→DNh50.10→W/J520.35; ~16!

tetralayer,

H d50.25→DNh50.08→W/J520.30,

d50.30→DNh50.13→W/J520.45.
~17!

The dispersion relations of tri- and tetralayer systems
plotted together with the bilayer system (W50) in Fig. 2 for
d50.25. Since the interlayer hopping is given by Eq.~2!, the
dispersion relations in the bilayer system are degenerat
the (0,0)-(p,p) direction and the splitting becomes max
mum at (p,0). The band with lower-binding energy ind
cated by the solid line in Fig. 2~a! is the AB band and the
other one is the B band. The bilayer splitting at (p,0) for
d50.25 is 0.8J, which is given by 2t'gt . Most of
experiments17–19,22,23 and band calculations15,16 show two
holelike Fermi surfaces consistent with our dispersion re
tion. On the other hand, there are experimental32 and theo-
retical studies33 suggesting an electronlike Fermi surfac
where the AB band crosses the Fermi level between~0,0! and
(p,0). Such a dispersion relation would be achieved by sm
changes of parameters. In the trilayer system, there e
three bands. Among them, one of the bands indicated by
dotted line in Fig. 2~b! is separated from the other two in th
whole Brillouin zone due to the site potential. The midd
band shown by the solid line in Fig. 2~b! is composed of only
the OP’s degrees of freedom as, (uOP1&2uOP2&)/A2, where
uOP1& and uOP2& indicate the wave functions in the oute
planes. We refer to this band as the ‘‘antisymmetric~AOP!
band.’’ The wave functions of remaining two bands a
f (W)(uOP1&1uOP2&)/A26g(W)uIP&, where uIP& indicates
the IP’s wave function. The coefficientsf (W) andg(W) are
functions ofW. The positive~negative! sign corresponding to
the dotted~broken! line in Fig. 2~b! is referred to as ‘‘IP
band’’ ~‘‘symmetric ~SOP! band’’!. In the tetralayer system
OP’s and IP’s combine to give symmetric and antisymme
combinations asuOP6&5(uOP1&6uOP2&)/A2 and uIP6&
5(uIP1&6uIP2&)/A2. The four bands shown in Fig. 2~c! have
the following combinations at (p,0) from the top to the bot-
tom: ua&5 f 1uIP2&1g1uOP2&, ub&5 f 2uIP1&2g2uOP1&,
ug&5 f 3uIP2&2g3uOP2&, and ud&5 f 4uIP1&1g4uOP1&,
where f i andgi ( i 51;4) are functions ofW.

In the following, we assume that the ARPES experime
in Bi compounds mainly detect the single-particle excitati
in the CuO2 plane next to the BiO layer. The ARPES me
surement is sensitive to a surface of sample due to a s
escape depth of outgoing electron, which is about 10 Å
less depending on its kinetic energy in the range of 20–
eV.34 The cleaved surface is considered to be the Bi-O lay
from which the distance to the IP of trilayer compounds
also about 10 Å.1,2 Therefore the ARPES spectra in the tr
and tetralayer compounds should be dominated by the O
contribution. Moreover, the spectra depend on the incid
2-3
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photon energy hn and the photoemission matri
element.22–25 In the case of overdoped bilayer samples,
antibonding~AB! band has a sharp peak at (p,0) for hn
;22 eV. Although a bonding~B! band is unclear forhn
;22 eV, it becomes clear forhn;32 eV ~Ref. 23! and 47
eV.22

Then dependence of the OP contributions in the electr
removal spectral functionA2(k,v), at (p,0) is plotted in
Fig. 3 for t' /J51.0. The energy is measured from the Fer
level. In the bilayer system, the two quasiparticle pea
clearly separate each other for both doping rates. The p

FIG. 2. Dispersion relations of~a! bilayer, ~b! trilayer, and~c!
tetralayer systems ford50.25 in the URVB state. The values of th
parameters are,J50.14 eV, t/J52.5, t8/J520.85, t9/J50.575,
and t' /J51.0.
06450
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with lower-binding energy is the AB band and the other
the B band. In the trilayer system, the OP’s combine to g
symmetric and antisymmetric combinations, the latter
which is the AOP band as defined above and is located
v/J50.64. Only the former can hybridize with the IP, an
produces the SOP band (v/J50.14) and the IP band (v/J
51.49). The total splitting in the trilayer compound (Dv/J
51.35) is larger than in the bilayer compound (Dv/J
50.9), but the SOP-AOP splitting (Dv/J50.5) is smaller
than the bilayer splitting. Therefore the trilayer spectru
seems to be narrower than the bilayer spectrum as show
Fig. 3~b!, in which the appropriate broadening is given.

The contributions to the spectral weight from the OP a
IP are listed in Table I for the three bands in the trilay
system together with their binding energies. The OP con
bution distributes among the three bands as SOP:AOP
;3:5:2, while the IP contribution is obtained a

FIG. 3. Then dependence of the electron-removal spectral fu
tion in the normal phase forJ50.14 eV, t/J52.5, t8/J520.85,
t9/J50.575, andt' /J51.0. The components in the CuO2 plane
nearest to the surface are plotted~a! on then-v plane ford50.25,
and ~b! as functions ofv for d50.30 for the bi- and trilayer sys-
tems. The thin solid~broken! curve is obtained by performing a
Lorentzian broadening with a width of 0.35J for the d functions in
the bi- ~tri-! layer system. In~a! and ~b!, the values ofW follow
Eqs.~16! and ~17!.
2-4
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SOP:AOP:IP;4:0:6. If theelectron escape depth is long
than 10 Å, the weight of the IP band increases as a resu
the IP contribution to the ARPES spectrum. This makes
spectrum broader than the bilayer spectrum as easily
pected from the Fig. 3~b!. Thus the broadness might be
measure of the escape depth.

Each spectral weight in the tetralayer compound is lis
in Table II. The dominant three peaks in the OP, i.e.,a, b,
andg band, may result in a broad peak due to the line ov
lap. Including the IP contribution, it may become more d
ficult to distinguish the peaks.

IV. SUPERCONDUCTING AMPLITUDES

In this section, we consider the superconducting~SC!
state, where the SRVB state is included in addition to
URVB state. As observed in the tetralayer compounds
NMR experiment, the IP and the OP have differentT0’s,
which are ascribed to the different hole concentration in e
layer.26 In the trilayer compounds, the differentT0’s are not
still found,12 although there is a finiteDNh , which is smaller
thanDNhin the tetralayer compounds. To understand the
state in the multilayer cuprates, we calculate the SC am
tude in each layer defined asugtBa,tu, and show then depen-
dence. In the following, we assume that all CuO2 layers are
in the SC phase, and the value ofW in the SC phase is the
same as that in the normal phase. The results are show
Fig. 4. The SC gap has thedx22y2 symmetry in each layer fo
any n. The OP’s in both the tri- and tetralayer systems ha
different superconducting amplitude from the IP, while ea
layer in the bilayer systems has the same amplitude. Fon
>3, the difference of SC amplitude slightly increases w
increasingn. Since the difference in the trilayer systems
comparable to that in the tetralayer systems, the differenT0

TABLE I. The binding energies and the ARPES spectral weig
at k5(p,0) in a trilayer compound ford50.3. Each contribution
from the IP and the OP is listed.

v/J OPa IPb

SOP-band 0.14 0.31 0.37
AOP-band 0.64 0.50 0.00
IP-band 1.49 0.19 0.63

aA CuO2 layer nearest to the surface.
bA CuO2 layer next nearest to the surface.

TABLE II. The binding energies and the ARPES spect
weights atk5(p,0) in a tetralayer compound ford50.3. Each
contribution from the IP and the OP is listed.

v/J OPa IPb

a band 0.08 0.25 0.25
b band 0.35 0.43 0.07
g band 1.00 0.25 0.25
d band 1.65 0.07 0.43

aA CuO2 layer nearest to the surface.
bA CuO2 layer next nearest to the surface.
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could be observed in experiment.
We note that, although the SC amplitude is larger in

OP than the IP as seen in Fig. 4, the relative magnit
depends on the intralayer’s parameters, which modify
phase diagram of ground state in the monolayer system.35 In
the present calculation, moreover, the site potential is fixe
the value in the normal phase. It is also possible that the
potential depends on the hole densities and is determ
self-consistently. If such mechanisms are taken into acco
the hole distribution among the layers may changes be
Tc and the valance of SC amplitudes can be modified. Th
possibilities are studied elsewhere.

We did not mention quasiparticle excitations in the S
phase. The coherent SC peak in Bi2212 seems to split
two peaks.17 There are some interpretations of the bilay
splitting in the SC phase.17,33 To clarify its origin, more ex-
perimental studies on the multilayer cuprates are needed

V. SUMMARY

We have studied the electronic states and the super
ductivity in multilayer cuprates by use of the resonating v
lence bond wave function and the Gutzwiller approximati
for the two-dimensional multilayert-t8-t9-J model. In this
model, the one-particle hopping connects the chemically
ferent CuO2 planes in the tri- and tetralayer systems. W
calculated the electron-removal spectra in the CuO2 plane
next to the BiO layer, since the ARPES is sensitive to
surface of sample. We find that the ARPES spectra in
trilayer systems at (p,0) should be narrower than that in th
bilayer systems, and wider than that in the monolayer s
tems. This is consistent with recent experimental data.36

The superconducting~SC! amplitude of each layer is
shown as a function ofn. In bilayer system, both layers hav
the same SC amplitude. In tri- and tetralayer systems, the
amplitude of the OP is different from that in the IP due to t
different hole concentration. Such a difference could be

s

l

FIG. 4. Then dependence of the SC amplitude atd50.3. For
n>3, the up and down triangle indicate the amplitude in the OP
the IP, respectively. Atn52, both layers have the same amplitud
The value of parameters are,J50.14 eV, t/J52.5, t8/J520.85,
t9/J50.575, andt' /J51.0. The values ofW follow Eqs. ~16! and
~17!.
2-5
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served as two differentT0 also in the trilayer compounds.
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APPENDIX: GUTZWILLER APPROXIMATION AND RVB
WAVE FUNCTION IN MULTILAYER SYSTEMS

The RVB-mean-field theory with the Gutzwiller approx
mation showed that thedx22y2-wave superconductivity can
be stabilized in the two-dimensionalt-J model.37 The
Gutzwiller approximation has been recently generalized
the coexistent state of thed-wave SC and AF order.38 In this
section, we summarize the process to treat the const
within this approximation.

Explicitly describing the constraint, the Hamiltonian E
~5! has the following relation to the nonconstrained Ham
tonian:

Ĥ5PGHPG , ~A1!

wherePG is the Gutzwiller’s projection operator and define
as

PG5)
i

~12n̂i↑n̂i↓!. ~A2!

We assume the projected RVB wave function

uc&5PGuc0~xa,t ,Ba,t ,m!&, ~A3!

wherexa,t andBa,t are the variational parameters relating
URVB and SRVB, respectively, anduc0(xa,t ,Ba,t ,m)& is a
mean-field wave function with URVB and SRVB orders. U
ing these notations, the variational energyEvar5^Ĥ& is re-
written asEvar5^H&0, where the parameterst andJ in Ĥ are
replaced with

t̂5gt•t, t̂85gt•t8, t̂95gt•t9,

t̂'5gt•t' , Ĵ5gJ•J, ~A4!

and

gt52d/~11d!, gJ54/~11d!2. ~A5!

In the Gutzwiller approximation, the effects of the projecti
are statistically averaged and renormalized into the expe
tion values as follows:

^cis
† cj s&5gt^cis

† cj s&0 , ^SW i•SW j&5gJ^SW i•SW j&0 , ~A6!

where ^•••&0 represents the expectation value in terms
uc0&5uc0(xa,t ,Ba,t ,m)&, and^•••& represents the norma
ized expectation value inuc&5PGuc&0;
06450
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o

int

-

a-

f

^Ô&[
^cuÔuc&

^cuc&
5

^c0uPGÔPGuc0&

^c0uPGPGuc0&
. ~A7!

By considering the renormalization factors of coupling co
stant, the remaining work is to solve the self-consistent eq
tions, in which the renormalization factors are also det
mined self-consistently. In the multilayer systems, t
constraint is included in the interlayer hopping and renorm
izes t' . Ederet al. numerically showed that thet' is renor-
malized by an in-plane quasiparticle weight.39 Such an effect
is reproduced by the Gutzwiller factorgt .

Here, we summarize the eigenvalue problem in the
state of multilayer systems.40 Neglecting the details, the
Hamiltonian generally has the following form:

H5 (
a,b,k,s

Aca,k,s
† cb,k,s

1(
a,k

~B* ca,2k,↓ca,k,↑1Bca,k,↑
† ca,2k,↓

† !,

5(
k

f†S A B

B* 2A* Df1TrA,

[(
k

f†Mf1TrA, ~A8!

f†[~ca,k,↑
† ,ca,2k,↓!, ~A9!

where

A†5A, tB5B. ~A10!

The matrixM is hermite and satisfies the following relation

s3s1Ms1s352M* , ~A11!

M†5M . ~A12!

We obtain the eigenvalue and the eigenvectors by solvin

MVn5vnVn[vnS Xn

Yn
D . ~A13!

By taking account of Eq.~A11!, the complex conjugate o
Eq. ~A13! satisfies the following equation:

Ms1s3Vn* 52vns1s3Vn* . ~A14!

ThereforeWn[s1s3Vn* is also the eigenvector ofM. If Vn

belongs to a positive eigenvaluevn.0, another eigenvecto
Wn belongs to a negative eigenvalue2vn . By use ofbn

† and
bn defined below:

S bn

tbn
†D 5( S Xn,a* Yn,a*

2Yn,a Xn,a
D S ca,↑

tca,↓
† D , ~A15!

the Hamiltonian Eq.~A8! is diagonalized as
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H52(
n.0

vnbn
†bn2 (

n.0
vn1Tr A. ~A16!

By using Eq.~A15!, the electron operator is

ca,↑5(
n

~Xa,nbn2Ya,n* tbn
†!. ~A17!

The order parameters and the spectral weight are calcu
as
a
a,

rs

J.

.

H
v.

hi

n

n,

M

P.
C
v.

Y.
v.

.
.

06450
ed

^c0uca,s
† cb,suc0&5(

n
Yb,n* Yn,a , ~A18!

^c0uca,s
† cb,2s

† uc0&5(
n

2Xb,n* Yn,a , ~A19!

u^nuca,suc0&u25uYa,nu2. ~A20!
u,
o,
P.

a-

,

,
-i.
n,

.

S.
A.

.

g,
d
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