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The electronic properties of a strongly correlated heterostructure consisting of t-J layer and metallic layer
have been investigated by using the Gutzwiller projected mean-field approximation. Considering the proximity
effect due to the large pseudogap energy scale of t-J layer, a large superconducting gap could be induced on the
metallic layer. This enhanced superconducting gap may be even larger than that of the t-J layer. Related
physical quantities including spectral functions and density of states are obtained. The consequences of these
results on experiments are discussed.
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I. INTRODUCTION

Despite of intensive investigations both experimentally
and theoretically, there is still no consensus regarding to the
nature and origin of the pseudogap state in underdoped cu-
prate superconductors.1 This exotic phase exists above Tc
and serves as the normal state of a superconductor across a
broad range of hole densities in the underdoped regime.
Since the energy scale of the pseudogap state is much higher
than that of superconducting �SC� state, a question arises
whether it is plausible to increase Tc by constructing cuprate
heterostructures, which combine the high pairing energy of
underdoped layers with the large carrier density of metallic
layers. There are some recent interesting experiments on het-
erostructures involving metallic-ion oxides.2–7 Such sce-
narios are inherently interesting due to the possibility that
interface superconductivity can occur at temperatures above
the maximum possible in bulk samples. In fact, experimental
measurements on heterostructures have shown transition
temperatures higher than that of either layer in isolation.

Theoretically, some proposals have been suggested to ex-
plain these phenomena.8–10 In particular, a simple two-
component model consisted of a metallic layer and an under-
doped pairing layer modeled by negative-U Hubbard model,
and suggested that Tc of the whole system can be greatly
enhanced by increasing the interlayer coupling. However this
negative-U model is over simplified and the doped Mott in-
sulator physics has not been seriously considered in such
composite systems. Moreover, there are some mean-field
studies on the combinations of underdoped and overdoped
layers.11,12 The SC order parameter in the overdoped layers is
enhanced by the proximity effect of the strong pairing scale
originating from the underdoped layers. The enhanced order
parameter can even exceed the maximum value in uniform
systems.

Although some microscopic theories have been proposed,
the nature of the enhanced proximity effect has not been
addressed in such details as to compare with or predict the
experiments. In this paper, we study a composite system con-
sisting of an underdoped cuprate layer modeled by a t-J

Hamiltonian and a metallic layer modeled by a tight-binding
Hamiltonian. By employing the renormalized mean-field
method, we investigate the pairing gap amplitudes of two
individual layers at zero temperature. Due to the different
correlation natures of these two layers, the interlayer cou-
pling may lead to a much enhanced SC proximity effect and
the SC order parameter on the metallic layer could be largely
induced. Our results show that by increasing the interlayer
coupling, the pairing gap of the t-J layer is suppressed while
the SC gap on the metallic layer could be greatly enhanced.
The maximal value of SC gap on metallic layer could be
even greater than that of underdoped cuprate layer. Some
physical quantities such as spectral function and the local
density of states are calculated. The consequence of these
results on experimental measurements will be discussed.

II. FORMALISM

The composite system we studied consists of a metallic
layer as well as an underdoped t-J layer. As illustrated in Fig.
1, the model Hamiltonian can be described as

H = H1 + H2 + H�, �1�

where H1 is the Hamiltonian of the t-J layer, which includes
both nearest-neighbor and next-nearest-neighbor hopping
terms on the square lattice,

H1 = − t �
�i,j�,�

Pd�ci,�
† cj,� + H.c.�Pd + J�

�i,j�
Si · S j − ��

i

n1,i,

�2�

where ci,�
† is an electron creation operator with spin � at site

i, Si is a spin operator for electron, and � is the chemical
potential. The summations �i , j� run over all the nearest-
neighbor and second-nearest-neighbor links, and their corre-
sponding hopping strengths are, respectively, t and t�. Pd is a
Gutzwiller projection operator to impose no double occupa-
tion of electrons at any site on the lattice. The second layer
above the t-J layer is a metallic layer. Its Hamiltonian is
given by
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H2 = − t0 �
�i,j�,�

f i,�
† f j,� + H.c. − ��

i

n2,i, �3�

where f i,�
† denotes the electron creation operator of the sec-

ond layer and t0 stands for its hopping integral. Both layers
share the same chemical potential �. The two layers are
coupled by the single-particle interlayer tunneling Hamil-
tonian as

H� = − t��
i,�

Pdci,�
† Pdfi,� + H.c., �4�

where t� denotes the amplitude of interlayer tunneling. Here-
after we set t=1, a=1 and use t as the energy unit and mea-
sure the length in units of lattice constant a, and choose t0
=0.5, t�=−0.1, and J=0.3.

Next we utilize the well-established Gutzwiller-projected
wave-function technique and renormalized mean-field
method; all the local constraints of no-double occupancy can
be taken into account by an effective Hamiltonian13,14

H1
ef f = − gtt �

�i,j�,�
ci,�

† cj,� + H.c. − gtt� �
�i, j��,�

ci,�
† cj,� + H.c.

+ gsJ�
�i,j�

Si · S j − ��
i

n1,i, �5�

where the two renormalization factors gt and gs are deter-
mined by the hole concentration �1 of the t-J layer,

gt =
2�1

1 + �1
, gs =

4

�1 + �1�2 . �6�

After decoupling the spin-spin superexchange interaction in
H1, we get the mean-field Hamiltonian of the composite sys-
tem in a four-dimensional matrix form,15

Hef f = �
k

�k
†�

�1,k � 0 �k

� �2,k 0 0

0 0 − �2,k − �

�k 0 − � − �1,k

��k, �7�

where the four-component field operator using the Nambu
formalism is �k

† = �ck,↑
† fk,↑

† f−k,↓ c−k,↓�. �1,k and �2,k corre-
spond to the band dispersions of the t-J and metallic layers,

respectively. �1,k is from spin-spin exchange interaction
term. Their explicit forms are given by

�1,k = − 2gtt�cos kx + cos ky� − 4gtt��cos kx cos ky�

−
3

4
gsJ��1,x cos kx + �1,y cos ky� − � , �8a�

�2,k = − 2t0�cos kx + cos ky� − � , �8b�

�k = −
3

4
gsJ��1,x cos kx + �1,y cos ky� , �8c�

� = − �gtt�, �8d�

where the mean-field order parameters are

�1,ê = �ci,↑
† ci+ê,↑ + ci,↓

† ci+ê,↓�0,

�1,ê = �ci,↑
† ci+ê,↓

† − ci,↓
† ci+ê,↑

† �0,

with ê= 	x or 	y, i+ ê denotes the nearest neighbor of site
i in the ê direction, and the average of operators is performed
in the unprojected BCS states. Here we focus on the
translational-invariant state with the spin singlet and even
parity SC pairing symmetry, where �1,i,i+ê=�1,i+ê,i=�1,ê and
�1,i,i+ê=�1,ê. The SC order parameter of t-J layer is related to
mean-field pairing amplitude by �1,ê

SC =gt�1,ê. Antiferromag-
netism is a possible order parameter in our studied system. In
single-layer t-J model, antiferromagnetic order may exist at
the very underdoped region �smaller than 0.03�. The doping
level in our present study is in the medium range. Here the
appearance of antiferromagnetic state has not been consid-
ered for simplification.

The effective Hamiltonian Hef f can be diagonalized by
performing an unitary transformation as �k

i =� j=1
4 v j

i
k
j , where

the matrix element v j
i is k dependent and the quasiparticle

field operator is 
k
† = �dk,↑

† gk,↑
† g−k,↓ d−k,↓�. The four eigen-

values of Hef f can be obtained,

E	�k� = �w+
2 + �2 	 �w−

4 + ��k
2 + Vk

2��2, �9�

where w	
2 = ��1,k

2 +�k
2 	�2,k

2 � /2, Vk=�1,k+�2,k and E1=E+,
E2=E−, E3=−E−, E4=−E+. In the case of �=0, the quasipar-
ticle spectra are reduced to decoupled t-J model and tight-
binding model. Because of the study of the SC proximity
effect for the composite system, we need to define two extra
mean-field order parameters �2,ê and �2,ê=�2,ê

SC on the metal-
lic layer,

�2,ê = �f i,↑
† f i+ê,↑ + f i,↓

† f i+ê,↓�0,

�2,ê = �f i,↑
† f i+ê,↓

† − f i,↓
† f i+ê,↑

† �0.

In terms of the new operators d† ,d and g† ,g, these four mean
fields can be expressed at zero temperature as

�1,ê =
2

N
�
k

�	v3
1	2 + 	v4

1	2�cos kê,

t-J layer

metallic layer

t⊥

0t

t′

t J

FIG. 1. �Color online� Schematic configuration of the composite
bilayer system. The upper layer is metallic with hopping integral t0

while the lower one is an underdoped t-J layer where nearest-
neighbor and next-nearest-neighbor hopping integrals are t, t�, re-
spectively, and the spin-spin coupling is J. The interlayer tunneling
strength is t�.
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�1,ê =
2

N
�
k

�v3
1v3

4 + v4
1v4

4�cos kê,

�2,ê =
2

N
�
k

�	v3
2	2 + 	v4

2	2�cos kê,

�2,ê =
2

N
�
k

�v3
2v3

3 + v4
2v4

3�cos kê,

where N denotes the number of sites on two-dimensional
lattice. Together with definition of the hole concentrations on
two layers �1=1−N1 /N, �2=1−N2 /N+ �N2 /2N�2, we can
self-consistently determine the SC order parameters by nu-
merically solving the above equations. Here N1 and N2 cor-
respond to the electron numbers on the t-J and metallic lay-
ers, respectively.

Next we need compute the physical quantities such as
spectral function and density of states directly from the bare
single-particle Green’s function. Angle-resolved photoemis-
sion spectroscopy �ARPES� is one of the efficient techniques
to probe the electronic structure. The ARPES result can be
easily interpreted theoretically from a microscopic Hamil-
tonian approach because it measures the one-particle spectral
function A�k ,�� with both momentum and energy informa-
tion of the electrons inside solids. Thus we could analyze the
physics of different regions in the momentum space at dif-
ferent energy scales. The bare single-particle Green’s func-
tion in Nambu formalism is given by

G0�k,t� = − i�T�k�t��k
†�0�� �10�

and

G0�k,i��ij = �
n

vn
i vn

j

i� − En�k�
. �11�

We then obtain the spectral function of the composite system
as A�k ,��=− 1

�Im
G0�k ,�+ i�11+G0�k ,�+ i�22�, where
the first term represents the spectral function of t-J layer and
the second term denotes the spectral function of metallic
layer. The Fermi surface can be determined according to the
spectral weight at Fermi energy. The density of states is
given by the imaginary part of the bare single-particle
Green’s function in real space. Scanning tunneling micros-
copy measures the spatially resolved local density of states
�DOS� in terms of the differential conductance dI /dV instead
of the quantities in the momentum space.

III. NUMERICAL RESULTS

It is well known that the SC proximity effect is caused by
the diffusion of electronic excitations in the superconductor.
That is to say the single-particle tunneling interaction be-
tween two layers may induce the nonzero SC order param-
eter in the normal material. When we consider a heterostruc-
ture system consisting of a conventional BCS
superconductor and a normal material, the enhancement of
Tc due to proximity effect is largest when the normal mate-
rial is a metal with a large diffusivity rather than an insulator.

The critical temperature Tc of the BCS superconductor is
suppressed and indications of weak superconductivity are
observed in the normal material. In our studied strongly cor-
related heterostructure, the underdoped cuprate layer has a
high pairing energy scale while strong phase coherence of
carriers exists in the metallic layer. According to the SC
proximity effect, it is natural to predict that the metallic layer
may have nonzero SC order parameter. Moreover, the main
difference between the BCS superconductor and underdoped
cuprate superconductor is the effect of strong correlations. In
the composite system, the double occupation of electrons on
each site is forbidden on the t-J layer while there is no such
a constraint on metallic layer. When the single-particle inter-
layer tunneling interaction is switched on, an electron may
hop onto the t-J layer only when the destination site is non-
occupied. This Mott physics effect is clearly shown in for-
mula �8d� where the interlayer tunneling strength is explic-
itly renormalized by a factor of �gt which is much larger
than the renormalization factor gt on the t-J layer. As shown
in the following results, this effect may lead to the giant
enhancement of superconductivity on the metallic layer.

To illustrate the effect of the strong correlation more
transparently, we compare the SC order parameters �SC of
these two layers at different values of t� as functions of
doping levels �1 and �2. In the absence of interlayer tunnel-
ing, it is obvious that there is no SC order parameter on
metallic layer and the doping dependence of SC order pa-
rameter on t-J layer follows a nonmonotonic domelike
shape.13–16 This dome shape is a combinatorial effect of
mean-field gap and Gutzwiller projection factor as a function
of hole doping. In the presence of interlayer tunneling, elec-
trons on the metallic layer may have an induced supercon-
ductivity due to the SC proximity effect which is indirectly
generated by the spin-spin superexchange interaction on the
t-J layer. As shown in Figs. 2�a� and 2�d�, a small finite t�

may suppress the amplitude of �SC on the t-J layer while the
SC order parameter on metallic layer shows up due to prox-
imity effect. With the increasing of t�, we can observe that
the SC order parameter on metallic layer can be greatly en-
hanced. When t� is close to 0.3, the values of SC order
parameters on two layers are comparable. When t� is further
increased as depicted in Figs. 2�c� and 2�f�, a large order
parameter appears on the metallic layer and its value is much
larger than that of t-J layer which indicates a giant SC prox-
imity effect due to strong correlation effect. From the con-
ventional proximity effect, we know that the induction of
superconductivity in normal materials may result in the sup-
pression of the SC order parameter in original superconduct-
ors. This effect is clearly shown in Fig. 2. With the increas-
ing of interlayer coupling, we observe the suppression of
superconductivity on t-J layer while the SC order parameter
increases on metallic layer. As illustrated in Fig. 2�c�, the
remarkable enhancement of SC order parameter on metallic
layer may lead to the suppression of SC order parameter
around �1=0.2 region and the two-order-parameter peak
structure appears.

In our theoretical treatment, these two coupled layers may
mutually influence each other. For a small finite interlayer
coupling strength, the SC order parameter as a function of
doping level on each layer exhibits a single peak structure
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while two-peak structure shows up for quite strong t�. As a
matter of fact, the bandwidth of the metallic layer may affect
the proximity effect and the wider metallic bandwidth may
lead to the proximity effect weaker. Meanwhile we find out
that the mean-field amplitude �2,ê will be greatly suppressed
by increasing the doping level on metallic layer and the SC
order parameter is remarkably enhanced. In other words, the
suppression of kinetic energy in metallic layer may attribute
to the enhancement of SC order parameter in metallic layer
via the interlayer tunneling interaction. Note that the above
qualitative behaviors do not depend on the choice of differ-
ent Hamiltonian parameters.

To better compare with or predict the future ARPES ex-
periments, we investigate the evolution of spectral function
as well as Fermi surface as a function of energy. Before
proceeding to the composite system, we work on the spectral
function for a single t-J layer. Due to the nature of d-wave
symmetry of mean-field pairing, the gap is vanishingly small
in the nodal region around �� /2,� /2� and reaches maximum
near the antinodal region around �� ,0� and �0,��. So the
spectral weight will be nonzero only around four nodal
points while the spectral weight at other regions along the
Fermi surface will be greatly suppressed by the finite pairing
gap, as displayed in Fig. 3�a�. Away from the Fermi energy,
as shown in Figs. 3�b�–3�e�, a sort of Fermi pocket structure
shows up. Both the shapes, areas and orientations of the
Fermi pockets depend on the energy deviations from the
Fermi level and their signs. So by gradually increasing of the
energy, the Fermi pocket will be elongated along the under-
lying Fermi surface. For positive �, the spectral function
corresponds to that of the hole pocket, and for negative �, it

corresponds to the electron pocket. One side of the inner part
of the Fermi pocket has much weaker spectral weight due to
the contribution of coherence factor. The Fermi pocket struc-
tures at finite � obtained in our calculation may be relevant
to the observation of the ARPES experiments17 with a small
energy window at the Fermi level.

Next we consider how the interlayer tunneling influences
the spectral weight distribution of the composite system. In
the absence of t�, it is obvious that only the nodal point
shows up on t-J layer while the whole Fermi surface appears
on the metallic layer. The introduction of interlayer tunneling
interaction may give rise to two major physical effects: one
is the single-particle band splitting, another is the SC prox-
imity effect. Then the spectral weight distribution of the
composite system might be dramatically reconstructed. In
the left panels of Fig. 4, we show the evolution of spectral
weight on t-J layer for different t�. By increasing of inter-
layer tunneling strength, the original nodal point becomes
more dispersed and finally evolves into two separated points

see Fig. 4�c�� because of the band splitting effect. In the
right panels of Fig. 4, we show the evolution of Fermi sur-
face on the metallic layer for various t�. With the increasing
of t�, the spectral weights around the original Fermi surface
are gradually suppressed. It is worth to mention that the sup-
pression of the spectral weight becomes anisotropic in mo-
mentum space. As shown in Fig. 4�f�, the proximity effect on
metallic layer becomes more pronounced and consequently
the large induced d-wave SC order parameter may strongly

FIG. 2. Superconducting order parameters �1,ê
SC of the t-J layer

�the left column� and �2,ê
SC of the metallic layer �the right column�

with various interlayer hopping strengths t� 
0.1 for �a� and �d�, 0.3
for �b� and �e�, and 0.8 for �c� and �f�� are plotted as functions of
doping densities �1 and �2, respectively.
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FIG. 3. �Color online� Evolution of spectral function A�k ,�� of
single t-J layer for various energies �. Panels �a�–�e� correspond to
�=0.0, 0.1, −0.1, 0.15, and −0.15, respectively. The chemical po-
tential � is fixed at −0.3.
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suppress the spectral weight away from the nodal point.
Finally we study the DOS spectrum of the composite sys-

tem. As expected, same physics of enhanced SC proximity
effect will be shown in DOS spectrum as well. At the limit
t�=0, a d-wave gap structure is clearly shown on t-J layer.
This mean-field gap is pseudogap instead of SC gap. Once
we switch on the interlayer tunneling interaction both the
single-particle band splitting and the proximity effect may
exhibit themselves, as illustrated in Fig. 5. The main features
of DOS spectrum on one layer may exhibit its one-to-one
correspondences of peak features and energy positions on the
counterpart layer. In other words the DOS spectra on such
two layers can be regarded like mirror images. As already
displayed in Fig. 4, due to a finite interlayer coupling, the
Fermi surfaces of two layers would be split. In real-space
DOS spectrum, the original pseudogap coherent peak may be
further split into two separated peaks and the separation dis-
tance between two peaks is determined by the strength of
interlayer tunneling. In the left panels Figs. 5�a�–5�c� for t-J
layer, by increasing the interlayer tunneling strength, the
pseudogap structure exhibits no much change while a new
low-energy d-wavelike SC gap structure emerges and its gap
value progressively increases. Meanwhile the right panels
Figs. 5�d�–5�f� for metallic layer, a similar low-energy
d-wavelike SC gap structure is clearly shown up and its co-
herence peak is remarkably high. The emerged d-wavelike

SC gap on metallic layer is induced by the large pseudogap
energy scale of the t-J layer due to the enhanced SC prox-
imity effect. Besides we notice that the DOS peaks have
more structures at positive energy region than negative en-
ergy region because the whole system is hole doped. It is
worth to mention that the relationship between SC order pa-
rameter and SC gap is nontrivial in the composite system.
For the weak interlayer coupling strength t�, the pairing gap
is essentially the pseudogap which is much larger than the
SC gap on the t-J layer. On the metallic layer, the SC gap is
defined as half of the distance between the coherent peaks in
Figs. 5�d�–5�f�. It is not the SC order parameter as discussed
in Figs. 2�d�–2�f�.

Even though the present mean-field calculations apply
only at zero temperature. We emphasize here that the
strongly correlated heterostructures can really enhance the
SC order parameter on metallic layer via the proximity ef-
fect. At finite temperatures, the SC metallic layer may have
large phase stiffness. We expect a larger order parameter at
zero temperature might give rise to higher Tc at least in the
approximation of mean-field level. Our theoretical results
agree with the experimental observations qualitatively. In
Ref. 3, the proximity effect in both Au /La2−xSrxCuO4 and
La1.55Sr0.45CuO4 /La2−xSrxCuO4 bilayers has been investi-
gated. Their experimental results provided a strong evidence
of performed pairs in such bilayer systems. In particular, they
found the proximity-induced gaps would persist over Tc and
up to nearly pseudogap temperature. Our theoretical results
suggest that the enhanced superconducting proximity effect
in strongly correlated heterostructures is driven by the
pseudogap energy scale in the t-J layer. That is to say, the
appearance of proximity-induced gap may always show up
below the pseudogap temperature.
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FIG. 4. �Color online� Evolution of spectral weight as a function
of interlayer tunneling strength t� at Fermi energy. The left panels

�a�–�c�� and right panels 
�d�–�f�� belong to the t-J layer and me-
tallic layer, respectively. Panels 
�a� and �d��, 
�b� and �e��, and 
�c�
and �f�� correspond to t�=0.05, 0.1, and 0.15, respectively. The
chemical potential � is fixed at −0.3.

FIG. 5. Density of states in the t-J layer 
�a�–�c�� and in the
metallic layer 
�d�–�f��. Panels 
�a� and �d��, 
�b� and �e��, and 
�c�
and �f�� correspond to t�=0.05, 0.1, and 0.15, respectively. The
chemical potential � is set to be −0.3.
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IV. SUMMARY

We have studied the electronic properties of a strongly
correlated heterostructure consisting of underdoped cuprate
and metallic layers by using renormalized mean-field
method. The large pseudogap energy scale of the t-J layer
may induce a large SC gap on the metallic layer due to the
enhanced SC proximity effect. The induced SC gap could be
even larger than that of the t-J layer. We calculate the related
physical quantities such as spectral function and density of
state of the composite system. By analyzing these quantities
as functions of interlayer coupling and energies, we obtain
some interesting physical properties of strongly correlated
heterostructures. Our results may shed light on the under-

standing of the enhanced superconductivity in such struc-
tures.
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