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Pairing correlations in electron-doped cuprates
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We calculate on-sites, extendeds anddx22y2 pairing correlation functions in a generalized Hubbard model
for the cuprates, for parameters appropriate for electron-doped systems, using numerical diagonalization of a
434 cluster. We find indications ofd-wave superconductivity for small doping (;0.1 electrons per unit cell!
ands-wave superconductivity for overdoped systems (;0.5 electrons per unit cell! or smallU. The magnitude
of the pairing correlation functions and the vertex contributions to them are in general much smaller than in the
hole-doped case. We also present results for the spin-structure factor.
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I. INTRODUCTION

The origin of the pairing mechanism and the symmetry
the order parameter in electron-doped cuprate supercond
ors, such as Nd12xCexCuO4 ~NCCO! or Pr12xCexCuO4

~PCCO! remains controversial. Tunneling experiments1 indi-
cate the presence of at least somes-wave components in the
superconducting gap, and Raman measurements are co
tent with a nearly uniformly gapped Fermi surface2

Microwave-penetration-depth experiments in NCCO w
considered as evidence fors-wave pairing,3 but a recent re-
interpretation of similar experiments suggests a strongly
isotropic gap in both NCCO and PCCO.4 Also, phase-
sensitive experiments in tricrystal films suggest that the or
parameter has a large component withdx22y2 symmetry,5

which is in agreement with photoemission experiments.6 An
important part of the experimental evidence might be r
dered consistent if the order parameter contains boths and
dx22y2 components. On the theoretical side, this feature
obtained in a generalizedt-J model7,8 where the ground stat
has a significant overlap with a resonance-valence-b
wave function.8 However, an analysis based on a Ginzbu
Landau theory indicates that a mixed order parameter wo
require two phase transitions as the temperature
increased.9

While the experimental situation is still not settled, it
important to clarify if any realistic effective model for th
electron cuprates can lead to nonconventionals-wave super-
conductivity or not. The electron-phonon interaction usua
gives rise to ans-wave superconducting gap, but it is n
expected to lead toTc of the order of 20 K in systems with
comparatively low density of states and number of carrie
Conventional superconductivity withTc539.5 K, has been
recently found in MgB2.10 However, this compound is mark
edly different from the cuprates since there is a strong c
pling with high-frequency phonon modes and a very sm
Coulomb repulsion.11 Theoretically, it has been proposed th
electron-phonon interaction can lead to highTc in the cu-
prates, even withdx22y2 symmetry12 if the Fermi level is
near a van Hove singularity of the two-dimensional ba
structure~leading to a high density of states at the Fer
level!. As discussed below, this is clearly not the case
electron-doped cuprates.
0163-1829/2001/64~21!/214518~7!/$20.00 64 2145
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In principle, one could expect that thet-J model including
next-nearest-neighbor hoppingt8 is the appropriate model to
describe electron-doped superconductors13,14~see the Appen-
dix!. It is known that this model leads todx22y2-wave super-
conductivity. To our knowledge, a similar model leading
s-wave superconductivity has not been derived. One po
bility in this direction is to consider excitonic pairin
mechanisms15,16 that have been proposed in the search fo
common pairing mechanism in all perovskite supercondu
ors, including doped BaBiO3.17 However, the results of Ref
15 might be an artifact of the particular form chosen for t
distance dependence of interatomic repulsions. An effec
attraction between electrons added in next-nearest-neig
positions, driven by nearest-neighbor Cu-O repulsion,
been obtained using perturbation theory.16 However, a nu-
merical study of the appropriate generalizedt-J model that
contains this interaction, indicates that this term does
lead to superconductivity.18 The derivation of this effective
model is described in the Appendix.

Another effective model for the cuprates in which doub
occupancy at each effective Cu site is allowed is the Hubb
model with nearest-neighbor correlated hopping and ne
nearest-neighbor hoppingt8.19–21 Since the effective on-site
repulsion U in this model is related to the Cu-O charg
transfer energyD,20 and this energy is lower in electron
doped cuprates due to the absence of apical O atoms22 it
seems particularly important here to consider a finiteU. In
addition, a finiteU enhances the mobility of superconductin
pairs.23,24 The superconductivity in this model was studie
previously within a Hartree-Fock Bardeen-Cooper-Schrief
~BCS! approximation.25,26 If t850, only s-wave supercon-
ductivity for high-enough doping is obtained.25 However, for
the hole-doped system with realistic or larget8, dx22y2-wave
superconductivity takes place at dopings for which the Fe
level is near the van Hove singularity, if the correlated ho
ping is large enough to overcome the antiferromagne
instability.26 Furthermore, thedx22y2-wave superconductiv-
ity survives if the effect of short-range antiferromagne
spin fluctuations is included.26 This picture suggests that i
the system is doped with electrons instead of holes,
Fermi surface moves away from the van Hove singularit
and the dominant superconducting instability would ha
s-wave symmetry. This is an interesting situation; the sa
©2001 The American Physical Society18-1
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A. A. ALIGIA AND LILIANA ARRACHEA PHYSICAL REVIEW B 64 214518
model would lead todx22y2-wave superconductivity for dop
ing with holes and tos-wave superconductivity for electro
doping. The case of hole doping has received strong sup
by our recent numerical studies on a cluster containing
34 unit cells.27 This was the first report on pairing correla
tion functions in any generalized Hubbard model and
quired a big computational effort and the use of group the
to reduce the size of the matrices by a factor 256.

This work extends the numerical study to the case of
electron-doped system, keeping the same parameters tha
to dx22y2-wave superconductivity in the hole-doped case.
Sec. II we briefly describe the model. Section III contain
few technical explanations and the results for the pair
correlation functions, their vertex contributions, and sp
spin correlation functions for different electron dopings. S
tion IV contains a summary and a brief discussion.

II. THE EFFECTIVE MODEL

The effective model we consider was derived from t
three-band model for the cupratesH3b @Eq. ~A1!#,28 through
the following steps:19–21 ~i! change the basis of the 2ps O
orbitals to Wannier functionsa i , g i centered at each Cu sit
i ~the former hasx22y2 symmetry, such as the relevant C
3d orbital di), ~ii ! solveH3b neglecting intersite terms in thi
basis,~iii ! map the states of lowest energy for each effect
site i with 0, 1, and 2 holes, into the corresponding states
the Hubbard model, and~iv! calculate the intersite terms i
this restricted basis, including other states perturbatively.
resulting one-band Hamiltonian that describes the motion
holesin electron-doped systems has the form

H5U(
i

ni↑ni↓2t8 (
^ i j 8&s

cis
† cj 8s2 (

^ i j & s

~ci s̄
†

cj s̄1H.c!

3$tAA~12nis!~12nj s!1tBBnisnj s

1tAB@nis~12nj s!1nj s~12nis!#%, ~1!

where ^ i j & (^ i j 8&) denotes nearest-neighbor~next-nearest-
neighbor! positions of the lattice. Here the vacuum state c
responds to the 3d10 configuration of Cu and 2p6 configura-
tion of each O atom. The statecis

† u0& represents the groun
state ofH3b within site i with one hole and has the form
(Adis

† 1Ba is
† )u0&. Similarly ci↑

† ci↓
† u0& represents the groun

state with two holes at effective sitei, which has the form of
a Zhang-Rice singlet, @A(a i↑

† di↓
† 2a i↑

† di↓
† )1Bdi↑

† di↓
†

1Ca i↑
† a i↓

† #u0&.
The Hamiltonian is the same as that used before by us

hole doping.26,27 However, in the representation used he
cis

† creates holes~instead of electrons! so thattAA andtBB are
interchanged andt8 is positive ~a change of sign of al
nearest-neighbor hopping does not affect the physics
bipartite lattice!. The hopping parametertAB is expected to
be larger than (tAA1tBB)/2.19,20 This is clearly the case fo
small Cu-O hoppingtpd .25 As in previous studies we tak
tAA5tBB51 as the unit of energy and choose somewhat
aggerated values oftAB in order to enhance the superco
ducting signals. We also retain the valuet850.45 ~Refs. 14
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and 29! used for the hole-doped case~with opposite sign due
to the electron-hole transformation!.

III. NUMERICAL METHOD AND RESULTS

In this section, we present results for the pairing corre
tion functions as functions of distance, and the spin-struct
factor as a function of wave vector, for different occupatio
in a square lattice containing 16 unit cells. The calculatio
were done using the Lanczos method.30 The size of the Hil-
bert space and the number of nonzero matrix elements a
inclusion of next-nearest-neighbor hopping, is near the li
of present state of the art numerical diagonalizations. To r
der the computation feasible, we have exploited all symm
try operations of the space group of the square lattice31 plus
time reversal and total spin projection. For each numbe
holesN ~corresponding to electron dopingx512N/16), we
have calculated the correlation functions for two values
tAB ~1 and 2! and three values ofU ~0, 4, and 10!, keeping
tAA5tBB51 andt850.45.

In each case we have first verified which are the optim
boundary conditions~OBC! for the set of parameters chose
We define the OBC as the boundary conditions~BC! leading
to the minimum ground-state energy. The different BC co
sidered are as follows: periodic in both directions~PBC!,
antiperiodic in both directions~ABC!, or mixed~MBC!. For
the noninteracting system (U50), it is known that the use o
twisted boundary conditions allows one to represent all w
vectors even if one is working with a finite system. Minimi
ing with respect to the boundary conditions leads then to
best possible representation of the filled Fermi sea in
thermodynamic limit and usually to a nondegenerate clos
shell configuration for the ground state. In one dimension
has been verified that the choice of OBC leads to a smoo
variation of several quantities as the size of the system
increased, alternating PBC and ABC.32 In our system, OBC
ensure closed-shell configurations for the noninteracting s
tem (U50) in most of the fillings under consideration, wit
the only exception of the case withN514. In a previous
work,33 it was verified that the occupation ink space is
mildly modified as the interactionU is switched on and tha
OBC lead to a nondegenerate closed-shell ground state
total spinS50. Thus, we assume that these OBC most r
ably represent the physical behavior of the system in
thermodynamic limit and use them in the rest of the com
tations.

To save memory, the operators that entered the diffe
calculations were symmetrized with respect to the po
group operations. This is a technical trick that does not aff
the results.

The pairing correlation functions are defined as

Pa~ i !5^Da
†~ i !Da~0!&, ~2!

where for on-sites pairing Dos
† ( i )5ci↑

† ci↓
† , while Da

†( i )
5(d f a(d)(ci 1d↑

† ci↓
† 2ci 1d↓

† ci↑
† )/A8, with f es(d)51 for

extendeds pairing and f d(d)51 @ f d(d)521# when d
56(1,0) @d56(0,1)# for dx22y2 pairing. We normalize
Da

†( i ) in such a way thatuDa
†( i )u0&u251, to facilitate com-
8-2
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PAIRING CORRELATIONS IN ELECTRON-DOPED CUPRATES PHYSICAL REVIEW B64 214518
parison among the different pairing correlation functions.
also compute the so-called vertex contribution to the pair
correlation functions,34 denoted asP̄a( i ). In order to do this,
the quantity (̂cl

†cj&^cm
† cn&2^cl

†cn&^cm
† cj&) is subtracted,

for every term in Eq.~2! of the form ^cl
†cm

† cncj&. The im-
portance of the vertex contributions resides in that for a B
ground state,P̄a( i ) is positive and proportional to the squa
of the order parameter. Then, one can expect that they

FIG. 1. Pairing correlation functionsPa(r ) ~top! and vertex

contributionsP̄a(r ) ~bottom! as functions of distance forN514
and different parameters~left: tAB51, U50, right: tAB52, U
54). Triangles, circles, and squares correspond to on-sites, ex-
tendeds anddx22y2 symmetry, respectively.

FIG. 2. Spin-structure factor as a function of wave vector
N514 and different values oftAB andU.
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resent a more sensitive measure of superconductivity,
that part of the finite-size effects is canceled in the subst
tion. For MBC there are two nonequivalent lattice vectors
some distances and the reported pairing correlation funct
are averages over all lattice vectors with the same modu
Following our previous experience,27 we will assume that
superconducting correlations in thea channel are present in
the model whenboth quantities, Pa andP̄a , are enhanced a
large distances relative to the noninteracting case.

We have also calculated charge and spin correlation fu
tions. The spin-structure factor is

S~q!5(
i j

^Si
zSj

z exp@ iq•~Ri2Rj !#&/L
2, ~3!

with L516, and it indicates when one can expect a com
tition of superconductivity with antiferromagnetism.

In Fig. 1 we show the result of the differentPa(r ) and
P̄a(r ) as functions of the distancer for N514 ~doping x
50.125) in the noninteracting case and fortAB52, U54.
The latter is the most significant set of values oftAB andU
for which some increase in one of the pairing correlati
functions relative to the noninteracting case (tAB51, U
50) is observed. ThisPa(r ) corresponds todx22y2-wave
symmetry andPd(r ) increases particularly at the largest di
tances within the cluster. The OBC correspond to MBC
U<4 and PBC forU510. For the noninteracting case
P̄a(r ) should be zero in the thermodynamic limit, or fo

r

FIG. 3. P̄a(r ) for N512 and different parameters (tAB51, U
54; tAB52, U50).
8-3
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A. A. ALIGIA AND LILIANA ARRACHEA PHYSICAL REVIEW B 64 214518
finite size if the ground state is given by one Slater deter
nant. The latter is the case for all other dopings studied h
However, forN514, the ground state is degenerate. As
consequence, for general values oftAB andU, P̄a(r ) should
be compared with the result fortAB51, U50 to extract
conclusions regarding superconductivity. This comparis
shows also a significant increase inP̄d(r ) for tAB52, at a
moderate valueU54. For tAB52 and U50, there is an
increase ofPos(r ) and P̄os(r ) with respect to the noninter
acting case~not shown!. For N514 and other parameter
different from the above mentioned but within the region
have explored, there are no signals of superconductivity.

In Fig. 2 we showS(q) for N514 and different values o
tAB andU. In all cases, there is a rather sharp peak at w
vector (p,p). For U<4, this peak increases slightly whe
tAB is changed from 1 to 2. From the results in a finite s
tem, we do not know if this peak evolves into ad function
with increasing system size, indicating an antiferromagn
normal ground state, or into a broad peak indicating sh
range antiferromagnetic correlations but allowing f

FIG. 4. P̄a(r ) for N510, tAB52 and three values ofU. The
meaning of the different symbols is the same as in Fig. 1.
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dx22y2-wave superconductivity. The latter possibility wa
found in previous studies of hole-doped systems, such
those indicating a resonance-valence-bond wave functio
the ground state8 as well as in our previous analytical trea
ment of the present model including antiferromagnetic s
fluctuations.26 In any case, our results suggest that the
pected symmetry of the superconducting order paramete
x22y2 for low electron doping.

For N512, the OBC are MBC for all parameters studie
In the noninteracting case the ground state is nondegene
and then allP̄a(r )50. In Fig. 3 we show theP̄a(r ) for two
sets of parameters where signals of superconductivity
obtained@similar conclusions can be reached comparing
Pa(r ) with the noninteracting case#. For the Hubbard mode
including next-nearest-neighbor hopping withU54 or U
510 ~not shown!, weak dx22y2-wave correlations seem t
persist at large distances. The effect of increasingtAB seems
to reduce this pairing, although it persists fortAB52 andU

510. However, the small value ofP̄d(r ) at large distances
compared with its oscillations and the fact that forN514 or
for small hole doping,26,27 tAB helps rather than inhibits
dx22y2-wave superconductivity, suggest that these res
might be the consequence of finite-size effects. As befo
s-wave superconductivity~of the on-site type! exists only for
very smallU.

For N510, the OBC are PBC for all parameters. T
Pa(r ) for dx22y2-wave and extendeds symmetry ~not
shown! have a marked zigzag structure~with maxima atr
52 and r 52A2) that seems to affect the vertex contrib

FIG. 5. Spin structure factor as a function of wave vector
N510 and different values oftAB andU.
8-4
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PAIRING CORRELATIONS IN ELECTRON-DOPED CUPRATES PHYSICAL REVIEW B64 214518
tions P̄a(r ) for largeU. In any case,Pd(r ) is always smaller

than in the noninteracting case. Concerning theP̄a(r ), as
shown in Fig. 4, one sees an increase inP̄os(r ) for tAB52
and U50, as for the dopings previously considered, a
some signals of extendeds superconductivity, which migh
be due to finite-size effects, related with the abov
mentioned zigzag structure. Nevertheless, there is an
crease inPes(2A2) in comparison with the noninteractin
case.

The spin-structure factor has evolved with doping.
shown in Fig. 5,S(q) is flatter and the main peak at (p,p)
is displaced to incommensurate positions@near (p,p/2)# for
small tAB . This is somewhat similar to the shifts calculat
in the hole-doped case.27 However, for the same abolut
value of the doping, the shifts are more pronounced in
hole-doped case.

For N58, the OBC are ABC. The magnitude ofPa(r )
and P̄a(r ) is reduced as compared with previous cas
However, thePa(r ) are flatter and the results seem to be le
affected by finite-size effects. For example, in the nonint
acting case allPa(r ),1023 for r>2. Then, we believe tha
our results are reliable. In agreement with previo
expectations,25 the vertex corrections shown in Fig. 6 sugge
s-wave superconductivity with both on-site and extendes
components fortAB52 andU<4.

IV. SUMMARY AND DISCUSSION

Using exact diagonalization of a 434 cluster, we have
studied the pairing correlation functions in the electro

FIG. 6. P̄a(r ) for N58, tAB52 and two values ofU.
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doped Hubbard model with correlated hopping, derived
fore as an effective model for the cuprates. In comparis
with the case of hole doping,27 the analysis of the numerica
results is more difficult due to the fact that the supercondu
ing signals are smaller. In fact as explained in Sec. II,
vertex contributionsP̄a(r ) are expected to be proportional t
the square of the superconducting order parameter, and
experimental fact thatTc is smaller in electron-doped cu
prates, seems to be reflected in the calculations. Some
perimental studies are also affected by this fact.6

From previous calculations using a generalized Hartr
Fock BCS decoupling, we expected to obtains-wave super-
conductivity in the model.25 Instead, clearly, for small doping
the dx22y2-wave symmetry is preferred for realisticU. This
suggests that at least near half filling, a Hartree-Fock dec
pling of the on-site Coulomb repulsionU is inadequate for
large U. A more realistic analytic description might be ob
tained in the nearly antiferromagnetic Fermi-liqu
scenario.26 On-site superconductivity takes place for ve
small values ofU, and only for dopingx*0.37 signals of
s-wave superconductivity are obtained for moderate val
of U.

As expected, the model is able to provide a nonconv
tional pairing mechanism ofs-wave symmetry, without ex-
plicit attractive terms in the Hamiltonian. However, for th
parameters more realistic for the cuprates, it seems that
dx22y2-wave pairing correlations show a significant enhan
ment with respect to the noninteracting case.
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APPENDIX GENERALIZED T-J MODEL
FOR ELECTRON-DOPED CUPRATES

Here we describe the derivation of an effective Ham
tonian for electron-doped cuprates in which the states w
two holes at any site are integrated out of the relevant Hilb
space. The starting point is the three-band Hubbard mod28

H3b5H01H11H2 ,

H05ed(
is

nis1ep(
j s

nj s1Ud(
i

ni↑ni↓1Up(
j

nj↑nj↓

1Upd (
idss8

nisni 1ds81
Upp

2 (
j gss8

nj snj 1gs8 , ~A1!

H15tpd(
ids

~pi 1ds
† dis1H.c.!, H252tpp(

j gs
pj 1gs

1 pj s .
8-5
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Heredis
† creates a hole in the 3dx22y2 orbital of Cu at sitei.

Similarly pj s
† creates a hole in the 2p orbital of O aligned

along its two nearest-neighbor Cu atoms~usually called 2ps

orbital!, at site j. The operatornis5dis
† dis and if the sub-

script is j, i 1d, or j 1g thennj s5pj s
† pj s , etc. The four O

atoms nearest neighbors to Cu sitei ~O site j ! are denoted as
i 1d ( j 1g).

In the case in whichUd@tpd and also the charge-transfe
energy differenceD5ep2ed@tpd , one can start from the
~degenerate! ground state ofH0 and eliminateH1 through a
canonical transformation.13 We must warn, however, thatD
@tpd is not well satisfied in electron-doped systems,22 and in
this case one expects that Eq.~1! is a more realistic effective
Hamiltonian. CalculatingeS(H01H1)e2S5H8 and choos-
ing S in such a way thatH8 does not contain terms linear i
H1, the resulting transformed Hamiltonian becomes

H8524N
tpd
2

D1Upd
1(

i
4tpd

2 S 2

D1Upd
2

1

D Dni

1(
id

2tpd
2 S 1

D
2

1

D1Upd
Dnini 12d

2
tpd
2

D (
ids

di 12ds
† dis . ~A2!

Here, N is the number of unit cells. The first and seco
terms are trivial. The third term is an effective neare
neighbor Cu-Cu repulsion driven by the original Cu-O rep
sion and the last term is the nearest-neighbor Cu-Cu h
ping, usual in thet-J model.

To transformH2, one can use the result of the canonic
transformation onpj s . After a simple algebra one obtains

eSpj se2S52(
i

8
~12ni !

tpd

D1Upd(
i

8
ni

dis , ~A3!

where the sum runs over the two nearest-neighbor Cu at
to O site j. Using Eq.~A3!, the transformation ofH2 takes
the form
.G

n

n

hy

.

21451
-
-
p-

l

s

eSH2e2S5
tpptpd

2 Upd

D2~D1Upd!
F4(

id
nini 12d

2
Upd

~D1Upd!
(

id'd8
nini 12dni 12d8

12 (
id'd8s

di 12ds
† disni 12d8

1S 22
Upd

D1Upd
D (

id'd8s

nidi 12d8s
† di 12dsG

22
tpptpd

2

D2 S 2(
ids

di 12ds
† dis1(

igs
di 12gs

† disD .

~A4!

One of the most relevant terms here is the second one. It
three-body attraction that favors to add the doped electr
in next-nearest-neighbor sites. This term is responsible
the attraction found in Ref. 16 using perturbation theory
states withN22 static holes. However, to reach safe conc
sions regarding superconductivity, the dynamics of the ho
and realistic dopings have to be considered. The last ter
a positive next-nearest-neighbor hoppingt8.

Adding the usual superexchange term, the effect
Hamiltonian is

He f f5H81eSH2e2S1
J

2 (
id

S Si•Si 12d2
1

4D , ~A5!

whereSi is the spin operator at Cu sitei and up to ordertpd
4

and linear order intpp ,

J5
4tpd

4

~D1Upd!
2 H 1

Ud
S 11

4tpp

D1Upd
1

4tpp

D12Upd
D

1
2

2D1Up
F114tpp

4D13Upd1Upp

~D1Upd!~2D1Upd1Upp!
G

18
tpp

~2D1Upd1Upp!~D12Upd!
J . ~A6!

A numerical investigation of this model in a 434 cluster
suggests that the three-body attraction in Eq.~A4! does not
lead to increased pairing correlation functions of eithers or
dx22y2 symmetry. In fact, it favors phase separation.18
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