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Electronic theory for bilayer effects in high-Tc superconductors
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The normal and superconducting state of two coupled CuO2 layers in the high-Tc superconductors are
investigated by using the bilayer Hubbard model, the fluctuation exchange approximation on the real frequency
axis, and the Eliashberg theory. We find that the planes are antiferromagnetically correlated leading to a
strongly enhanced shadow band formation. Furthermore, the interlayer hopping is renormalized which causes
a blocking of the interplane charge transfer for low doping. Finally, the superconducting order parameter has
a dx22y2 symmetry with significant interlayer contributions and a largeroptimal dopingwith respect to the
single layer.@S0163-1829~97!04805-4#
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The importance of the multiple CuO2 layers within the
high-Tc superconductors like Bi2Sr2CaCu2O81d ~BSCCO!
or YBa2Cu3O61d ~YBCO! is intensively studied. Neutron
scattering experiments show evidence that antiferromagn
cally correlated spin fluctuations are quite strong between
bilayers in YBCO.1 Recent angular-resolved photoemissi
~ARPES! experiments found indications for two separat
bands in YBCO,2 that might be related to the existence
two CuO2 bands caused by a interplane quasiparticle tra
fer. However, the small observed bilayer splitting in YBC
and the difficulty to resolve two bands in BSCCO~Refs. 3
and 4! support the idea that short-ranged antiferromagn
correlations in the cuprates alter the electronic excitati
and reduces the interlayer hopping.

In this Brief Report we study the bilayer Hubbard Ham
tonian within the fluctuation exchange ~FLEX!
approximation.5 We find that the antiferromagnetically co
related planes yield strong deformations of the quasipart
dispersions and a blocking of the effective interlayer hopp
for small doping concentrations and low excitation energ
For YBCO- and BSCCO-like systems we observe that
shadows of the Fermi surface6 ~FS! occur only when the
interplane coupling is considered. The superconducting s
has adx22y2 symmetry with inter- and intralayer Cooper pa
formation. Theoptimal dopingfor bilayers, whereTc be-
comes maximal, shifts to larger doping concentrations co
pared to a single CuO2 plane.

Previously, bilayer effects have been studied microsco
cally by incorporating solely a magnetic coupling7 and
within the bilayer Hubbard model by including either an i
terplane hopping8–11 or an interlayer Coulomb repulsion.11

Furthermore, by assumingV'52Vi for the intralayer (Vi)
and the interlayer (V') interactions, it has been shown th
bilayer correlations might lead to a superconductings-wave
order parameter.11,12 This has opposite signs in the tw
CuO2 bands (s6 state! which corresponds to an interlaye
pairing state. However, it isa priori not evident that these
models which correspond to perfectly correlated bilayers
V'[2Vi apply to real systems like YBCO or BSCCO. Co
sequently, it is of interest for a further understanding of
high-Tc materials to use a fully self-consistent approach
determineVi andV' independently.
550163-1829/97/55~5!/2784~4!/$10.00
ti-
e

s-

ic
s

le
g
s.
e

te

-

i-

a

e
o

Our theory is based on the bilayer Hubbard model:

H5 (
i , j ,l ,l 8,s

~ t j ,l 8
i ,l

2md j ,l 8
i ,l

!ci ,l ,s
† cj ,l 8,s1U(

i ,l
ni ,l ,↑ni ,l ,↓ .

Here the hopping integralst j ,l 8
i ,l determine the bare dispersio

« l l 8
0 (k) in two-dimensionalk space,i and j ( l andl 8) are the
site ~layer! indices,d j ,l 8

i ,l is the Kronecker symbol,U is the
local Coulomb repulsion, andm is the chemical potential
The interaction-free contribution of the Hamiltonian can
diagonalized yielding an antibonding (2) and a bonding
band (1) with bare dispersion«6

0 (k). Assuming that this
symmetry holds also in the full interacting case, one c
define corresponding Greens functionG6(k,ivm) with fer-
mionic Matsubara frequenciesvm5(2m11)pT and tem-
perature T. They are connected to the self-ener
S6(k,ivm) via the Dyson equation G6(k,ivm)
51/$ ivm2@«6

0 (k)2m#2S6(k,ivm)%. For the FLEX self-
energy one obtains

Sl~k,ivm!5 (
k8,l8

Vl,l8~k2k8,ivm2 ivm8!Gl8~k8,ivm8!

with (k85(T/N)(k8,m8, band indexl56, and number of
k pointsN. Due to the symmetry of the bilayer it follows fo
the intraband interactions thatV11(k,ivm)5V22(k,ivm)
and for the interband contributions thatV12(k,ivm)
5V21(k,ivm). Vl,l8(k,ivm) is obtained by calculating the
electron-hole bubblexl,l8(k,ivm)52(k8Gl(k81k,ivm
1 ivm8)Gl8(k8,ivm8) and by performing the summation o
the FLEX diagrams5 in the layer representation yielding a
inter-,V'(k,ivm), and an in-plane,Vi(k,ivm), interaction:

V16~k,ivm!51/2@Vi~k,ivm!6V'~k,ivm!#. ~1!

Note, our expression forV11(k,ivm) andV12(k,ivm) are
similar to the formulas obtained by Ref. 11 when we negl
the interlayer Coulomb repulsion and take the correct dou
counting of the second-order diagram into account.

This set of coupled equations is solved self-consisten
on the real frequency axis.13 The FS topology is character
ized by

«6
0 ~k!52$2t@cos~kx!1cos~ky!#14t8cos~kx!cos~ky!

12t9@cos~2kx!1cos~2ky!#6t'%
2784 © 1997 The American Physical Society
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55 2785BRIEF REPORTS
with intraplane hopping integralst50.25 eV, t8520.38t ,
t9520.06t,14 and t'50.4t5100 meV~Ref. 15! as the ex-
plicit model for YBCO. To investigate the complete depe
dence of the electronic properties ont' we also use a mode
dispersion witht85t950. Since the corresponding FS
similar to the La22xSrxCuO4 system fort'50,16 we call
this dispersion for simplicity LSCO-like. However not
LSCO is in distinction to YBCO or BSCCO a monolay
compound and the antiferromagnetic coupling between a
cent planes is weaker across the unit cells. Although the
of these two in-plane parameter sets differs considerably
t'50, they become very similar for finitet' as shown in
Fig. 1. Consequently, we find that the physical results d
cussed below do not depend qualitatively on the particu
choice of the hopping elements. For comparison with pre
ous results we takeU54t but notice that we find no signifi
cant changes in our data up to values ofU56t.

In Fig. 1~a! we investigate the interplay between the inte
and intraplane antiferromagnetic correlations upont' and the
doping x. For both in-plane dispersion we find th
Vi(k,v) decreases only slightly whent' is increased. Such a
behavior was also observed in quantum Monte Carlo~QMC!
simulations at half filling.9 SinceV'(k,v) andVi(k,v) have
almost samek dependence, but with opposite signs, the t
layers are antiferromagnetically correlated as observed
experiments.1 As a measure of this phenomenon we plot
Fig. 1~a! the ratio of the corresponding interaction
2V' /Vi :52V'(q,0)/Vi(q,0) at their maxima, where
q'Q for the LSCO-like model. Here we observe that t
bilayer coupling increases rapidly with increasingt' . In ad-
dition, it is remarkable that not onlyV'(k,v) andVi(k,v)
increase with decreasing doping, but also the ra
2V' /Vi . Thus, the stabilization of the interplane magn
tism via a coupling of antiferromagnetically ordered in-pla
regions~size;j) across the layers should be most effect
for smallx. Note, by performing the same analysis in case
the YBCO system we find rather similar results as can
seen in Fig. 1~a! for x50.12 besides thatVi(k,v) and
V'(k,v) are commensurate@q5Q5(p,p)#,14 due to the

FIG. 1. Dependence of the interactions on the doping and
t' . ~a! Ratio -V'/V i and V11/V12 for the LSCO-like model with
x50.09 ~solid line!, x50.12 ~dashed line! and x50.16 ~dashed-
dotted line! compared with the YBCO model forx50.12~squares!.
FS’s and their shadows for the LSCO~b! and YBCO-like~c! model.
-

a-
S
or

-
r
i-

-

in

o
-

f
e

overdamped nature of the spin excitations. By transform
these results to the band representation via Eq.~1!, one
sees in Fig. 1~a!, where we plot V11 /V12 :
5V11(q,0)/V12(q,0), that the contribution of the intra
band interactions vanishes rapidly for low doping witht'
thereby explaining the absence of these excitations
experiments.1

By investigating the two bands of the LSCO model wi
t'50.4t, we observe similar to Ref. 10 that the bilayer spl
ting is strongly renormalized from the uncorrelate
D«„k5(p,0)…52t'5200 meV toD«„k5(p,0)…5125 meV
in the case ofx50.12.17 To study the origin of this effect and
more interestingly to investigate the low-energy interpla
electron dynamics ReS'(k,v)51/2Re@S1(k,v)
2S2(k,v)# is plotted in Fig. 2 fork5(p,0) upon doping.
This quantity renormalizest' and yields an effective fre-
quency and momentum-dependent interplane hopping am
tudet̃'(k,v)5t'2ReS'(k,v), which follows directly from
the matrix Dyson equation in the layer representation. T
sign of ReS'(k,v) is determined for smallv by the sign of
V'(k,v), such that we findt̃'(k,v)!t' for v,t' and low
x (x,0.12). This interesting phenomenon can be fou
along the entire FS although it is most pronounced at (p,0)
and exists for a wide range oft' as can be observed in th
inset of Fig. 2. Consequently, the effective interplane ho
ping at the Fermi energy is blocked, which leads to the d
appearance of a coherent quasiparticle tunneling process
though, due to the frequency dependence of ReS'(k,v),
both bands are still splitted. Physically, this is related to
fact that each interlayer hopping process is accompanied
spin flips due to the opposite antiferromagnetic environm
in the other plane. Thus, due to the corresponding la
ImS'(k,v) an incoherent coupling of the layers occur. T
blocking of thec-axis hopping is rather similar to the inte
esting confinement idea of Ref. 18, although we find tha
only occurs for smallx. Thus this remarkable doping depe
dence should be particular important for normal-st
c-axis transport properties. Here the experimental obse
tion thatunderdopedLSCO and YBCO systems are chara

n

FIG. 2. ReS'(k,v) for different doping values. Inset
ReS'(k,0) at the FS of the antibonding band versust' .
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2786 55BRIEF REPORTS
terized by a semiconductorlike temperature dependenc
the resistivity, whileoverdopedcuprates show a metalliclike
behavior,19 might be related to a crossover from a cohere
hoppinglike dynamics to a phonon or impurity-dominat
one.20

In Fig. 3 we demonstrate the influence of the interpla
coupling on the formation of shadow states in the case of
LSCO-like model. In Ref. 21 we showed that the dynami
antiferromagnetic short-range order in the cuprates leads
transfer of spectral weight from the FS atk to its shadow at
k1Q. Now, since we find for a bilayer system th
V11(k,v) is small compared toV12(k,v) for intermediate
t' , we expect that the spectral weight is not only shifted
the momentumQ, but simultaneously also from the bondin
to the antibonding band and vise versa. This phenomeno
demonstrated in Fig. 3, where we present our results for
spectral density for the bonding„%1(kFS,v)… and the anti-
bonding „%2(kFS1Q,v)… band and FS momentumkFS.
There is a transfer from the bonding to the antibonding b
leading to an occupied shadow state and in addition a tr
fer in the reversed direction above the Fermi energy. M
interestingly, the intensity of the shadow states is stron
dependent on the magnitude of the interplane hopping as
be observed in the right inset of Fig. 3. Here the shad
peak is most pronounced fort'50.4t before it decrease
again for even larger values oft' . To verify that this result
is related to an enhanced antiferromagnetic coupling, we
vestigated ImS2(kFS1Q,0) as a measure of the coupling
the FS to its shadow21 and found a corresponding maximu
at t'50.4t. Therefore, the strongly enhanced formation
shadow states in bilayers is caused by electronic correlat
and is related to the already discussed suppression of
bilayer splitting and a corresponding large spectral densit

FIG. 3. Spectral density%6(kFS,v) for the LSCO-like model.
Right inset: Dependence of the shadow state intensity ont' . Left
inset: Position of the bands at the (p,0) point with respect to the
Fermi energy forU50 andU54t.
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the Fermi level. This is demonstrated in the left inset of F
3, where we plot thet' dependence of the position (v (p,0))
of the flat quasiparticle band at (p,0) with respect to the
Fermi level forUÞ0 andU50. It can be seen that th
antibonding band moves away from the Fermi ene
(v50) (;t'), while the bonding band is tightly pinned a
v50 up tot''0.45t. Note that the shadow state intensity
also enhanced for largerx and most importantly that in a
bilayer shadow states can be found up to doping concen
tions of x'0.17, while they vanish forx'0.13 in a single
layer compound.

By performing calculations for the YBCO dispersion w
find no shadow states fort'50 down tox50.05. Therefore,
due to the similarity of the YBCO and BSCCO FS’s~Ref. 4!
the observation by Aebiet al.6 cannot be satisfactorily un
derstood by considering only a single CuO2 plane. However,
by taking a finitet' into account we find for YBCO and
BSCCO-like22 systems, in agreement with our results for t
LSCO-like model, that the antiferromagnetic coupling i
creases and that shadow states start to appear forx,0.12
with a maximum intensity att''0.4t. Furthermore the mos
favorable region to observe shadow states in ARPES is n
(p/2,p/2), where the main and shadow band are well se
rated. Near (p,0) the absolute intensity of the shadow sta
is largest, but they are difficult to detect because of th
superposition with the dominant main band.

The superconducting state of the bilayer Hubbard mo
was treated by using a strong coupling Eliashberg the
within the FLEX approximation.23 By assuming that there is
no interband pairing,25 one obtains one order parameter f
each band, namelyf6(k,v). These are connected to th
layer representation viaf6(k,v)5f i(k,v)6f'(k,v),
where f i(k,v) „f'(k,v)… describes intra-~inter-! layer
Cooper pair formation. By solving these equations for t
YBCO dispersion with t'50, we find for all x a
dx22y2-wave superconducting state (Tc570 K for
x50.08). Concerning the pairing symmetry in a bilayer sy
tem and in view of our results for the effective interaction
the argumentation of Ref. 12 might apply to low doping a
might cause a change fromd- to s-wave pairing. To clarify
this important point, we present in Fig. 4 our results forT
well belowTc and the YBCO-like model witht'50.4t and
x50.08 in comparison witht'50. Here in contrast to the
single layer case, where only ad-wave pairing state occur
@Fig. 4~a!#, we find ans6 state as a solution of the Eliashbe
equations as shown in Fig. 4~b!. Nevertheless, thes6 state
refers only to a metastable solution, since the bila
dx22y2 pairing symmetry, as shown in Figs. 4~c! and 4~d!,
still yields fd@fs and consequently a much larger conde
sation energy (Tc575 K for x50.08). Interestingly, the
d-wave state is characterized by an increasing contribu
of interlayer pairing with decreasing doping, where f
x50.08 Cooper pairs are formed by electrons from the sa
layer as from different layers with almost equal probabilit

One of the most characteristic properties of the cuprate
the occurrence of anoptimal doping. To investigate the in-
fluence of the bilayer coupling on the superconducting ph
transition we use the LSCO-like dispersion for comparis
with previous results where theoptimal dopingwas found to
be at x50.13.24 We calculatedTc from the condition
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55 2787BRIEF REPORTS
D050 with D05ReD(k,D0) to account for the fluctuation
effects of the superconducting state.24 Here we find thatTc is
suppressed for small doping (x50.09: Tc

mono585 K to
Tc
bi577 K! with respect to the monolayer whereas it is e

hanced for largerx (x50.16:Tc
mono595 K to Tc

bi5107 K!.
Thus, theoptimal dopingis shifted to largerx which is in

FIG. 4. Superconducting order parameter forT548 K, U54t,
and the YBCO dispersion.~a! single layer (t'50, Tc570 K!. ~b!
metastable bilayers6 state for the antibonding band.~c and d!
bilayer d-wave state in the layer representation (t'50.4t, Tc575
K!.
nn

of
-

correspondence to our prediction that shadow states are
observable below this critical doping concentration.24 Fur-
thermore this remarkable behavior is directly related to
dx22y2 symmetry of superconductivity. Although the bilaye
pairing state yields a significant interlayer contribution, t
additional energy gain compared to the monolayer has
compete with the loss caused by magnetic frustration. H
the bilayer coupling interferes with the interplaned-wave
superconductivity since two ferromagnetically oriented sp
would be coupled in the case of a perfect antiferromag
which can only be allowed due to the dynamical short ran
order. Therefore, the dependence ofTc on t' for a given
doping concentration depends sensitively on which contri
tion is dominant. For larger doping, the magnetic correlat
length j is relatively small (;2–3 lattice spacings!21 and
thus Tc increases due to the interlayer Cooper pairin
whereas for small doping, the region of tightly arranged a
tiferromagnetically correlated spins is much larger leading
a lowerTc .

26

In conclusion, we presented new results for the bila
Hubbard model by using the FLEX approximation. The a
tiferromagnetic coupling between the layers leads to an
hanced shadow state intensity and to their observability
YBCO- and BSCCO-like models. We found that the bilay
splitting is reduced (;50%) and the interlayer hopping i
effectively blocked for small doping. Finally, the superco
ducting d-wave order parameter has significant interlay
contributions causing theoptimal doping to shift further
away from half filling.
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