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Pairing correlations in electron-doped cuprates
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We calculate on-sits, extendeds andd,._ 2 pairing correlation functions in a generalized Hubbard model
for the cuprates, for parameters appropriate for electron-doped systems, using numerical diagonalization of a
4X 4 cluster. We find indications af-wave superconductivity for small doping-Q.1 electrons per unit cell
ands-wave superconductivity for overdoped systemd)(5 electrons per unit celor 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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[. INTRODUCTION In principle, one could expect that thel model including
next-nearest-neighbor hoppimgis the appropriate model to
The origin of the pairing mechanism and the symmetry ofdescribe electron-doped superconducfotd(see the Appen-
the order parameter in electron-doped cuprate supercondugiix). It is known that this model leads the_,2-wave super-
ors, such as Nd,CeCuQ, (NCCO) or Pr_,CgCuQ,  conductivity. To our knowledge, a similar model leading to
(PCCO remains controversial. Tunneling experiméritxji- swave superconductivity has not been derived. One possi-
cate the presence of at least sosagave components in the bility in this direction is to consider excitonic pairing
superconducting gap, and Raman measurements are congigechanisms*®that have been proposed in the search for a
tent with a nearly uniformly gapped Fermi surféce. common pairing mechanism in all perovskite superconduct-
Microwave-penetration-depth experiments in NCCO wereors, including doped BaBi'’ However, the results of Ref.
considered as evidence fewave pairing’ but a recent re- 15 might be an artifact of the particular form chosen for the
interpretation of similar experiments suggests a strongly andistance dependence of interatomic repulsions. An effective
isotropic gap in both NCCO and PCCOAIso, phase- attraction between electrons added in next-nearest-neighbor
sensitive experiments in tricrystal films suggest that the ordepositions, driven by nearest-neighbor Cu-O repulsion, has
parameter has a large component witfy 2 symmetry’>  been obtained using perturbation thetryHowever, a nu-
which is in agreement with photoemission experim&mis.  merical study of the appropriate generalized model that
important part of the experimental evidence might be rencontains this interaction, indicates that this term does not
dered consistent if the order parameter contains bathd lead to superconductivifi? The derivation of this effective
dy2_y2 components. On the theoretical side, this feature ignodel is described in the Appendix.
obtained in a generalizedd model® where the ground state Another effective model for the cuprates in which double
has a significant overlap with a resonance-valence-bondccupancy at each effective Cu site is allowed is the Hubbard
wave functior However, an analysis based on a Ginzburg-model with nearest-neighbor correlated hopping and next-
Landau theory indicates that a mixed order parameter wouldearest-neighbor hoppirtg.**=?! Since the effective on-site
require two phase transitions as the temperature igepulsionU in this model is related to the Cu-O charge-
increased. transfer energyA,?° and this energy is lower in electron-
While the experimental situation is still not settled, it is doped cuprates due to the absence of apical O atoris,
important to clarify if any realistic effective model for the seems particularly important here to consider a fitlteln
electron cuprates can lead to nonconventiaraahve super- addition, a finiteU enhances the mobility of superconducting
conductivity or not. The electron-phonon interaction usuallypairs?>?* The superconductivity in this model was studied
gives rise to answave superconducting gap, but it is not previously within a Hartree-Fock Bardeen-Cooper-Schrieffer
expected to lead td@, of the order of 20 K in systems with a (BCS) approximatiort>?® If t’=0, only swave supercon-
comparatively low density of states and number of carriersductivity for high-enough doping is obtainédHowever, for
Conventional superconductivity with.=39.5 K, has been the hole-doped system with realistic or latged,2_2-wave
recently found in MgB.1° However, this compound is mark- superconductivity takes place at dopings for which the Fermi
edly different from the cuprates since there is a strong coulevel is near the van Hove singularity, if the correlated hop-
pling with high-frequency phonon modes and a very smallping is large enough to overcome the antiferromagnetic
Coulomb repulsiod! Theoretically, it has been proposed that instability®® Furthermore, thel,2_y2-wave superconductiv-
electron-phonon interaction can lead to highin the cu- ity survives if the effect of short-range antiferromagnetic
prates, even witd,>_,» symmetry? if the Fermi level is  spin fluctuations is include®f. This picture suggests that if
near a van Hove singularity of the two-dimensional bandthe system is doped with electrons instead of holes, the
structure(leading to a high density of states at the FermiFermi surface moves away from the van Hove singularities
level). As discussed below, this is clearly not the case ofand the dominant superconducting instability would have
electron-doped cuprates. swave symmetry. This is an interesting situation; the same
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model would lead tal,>_ 2-wave superconductivity for dop- and 29 used for the hole-doped cageith opposite sign due

ing with holes and t&-wave superconductivity for electron to the electron-hole transformatipon

doping. The case of hole doping has received strong support

by our recent numerical studjes on a cluster 'containing 4 IIl. NUMERICAL METHOD AND RESULTS

X 4 unit cells?’ This was the first report on pairing correla-

tion functions in any generalized Hubbard model and re- In this section, we present results for the pairing correla-

quired a big computational effort and the use of group theoryion functions as functions of distance, and the spin-structure

to reduce the size of the matrices by a factor 256. factor as a function of wave vector, for different occupations,

This work extends the numerical study to the case of thén a square lattice containing 16 unit cells. The calculations

electron-doped system, keeping the same parameters that legre done using the Lanczos mettidhe size of the Hil-

to dy2_y2-wave superconductivity in the hole-doped case. Inbert space and the number of nonzero matrix elements after

Sec. Il we briefly describe the model. Section Ill contains ainclusion of next-nearest-neighbor hopping, is near the limit

few technical explanations and the results for the pairingdf present state of the art numerical diagonalizations. To ren-

correlation functions, their vertex contributions, and spin-der the computation feasible, we have exploited all symme-

spin correlation functions for different electron dopings. Secdry operations of the space group of the square Ia"&ipkus

tion IV contains a summary and a brief discussion. time reversal and total spin projection. For each number of
holesN (corresponding to electron doping=1—N/16), we
have calculated the correlation functions for two values of
tag (1 and 2 and three values dil (0, 4, and 10, keeping

The effective model we consider was derived from thetaa=tgg=1 andt’=0.45.

three-band model for the cuprates,, [Eq. (A1)],28 through In each case we have first verified which are the optimum

the following steps”~2! (i) change the basis of thepg O  boundary condition§OBC) for the set of parameters chosen.

orbitals to Wannier functiong; , ; centered at each Cu site We define the OBC as the boundary conditi¢BE) leading

i (the former has?*—y? symmetry, such as the relevant Cu to the minimum ground-state energy. The different BC con-

3d orbital d;), (ii) solveH, neglecting intersite terms in this sidered are as follows: periodic in both directiofBC),

basis,(iii ) map the states of lowest energy for each effectiveantiperiodic in both directionéABC), or mixed(MBC). For

sitei with 0, 1, and 2 holes, into the corresponding states othe noninteracting systenty(=0), it is known that the use of

the Hubbard model, an@v) calculate the intersite terms in twisted boundary conditions allows one to represent all wave

this restricted basis, including other states perturbatively. Th&ectors even if one is working with a finite system. Minimiz-

resulting one-band Hamiltonian that describes the motion ofng with respect to the boundary conditions leads then to the

holesin electron-doped systems has the form best possible representation of the filled Fermi sea in the
thermodynamic limit and usually to a nondegenerate closed-
shell configuration for the ground state. In one dimension, it

Il. THE EFFECTIVE MODEL

H= UE_ njn; —t’ 2 CiTng’a-_ E (CiT;CjEJr H.c) has been verified that the choice of OBC leads to a smoother
' (ij")e (i) e variation of several quantities as the size of the system is
X{taa(1—ni,)(1—n;,) +tggni,Nj, increased, alternating PBC and ABEIn our system, OBC
ensure closed-shell configurations for the noninteracting sys-
Ftag[Nig(1—nj,) +nj(1—ni,) 1}, (1) tem (U=0) in most of the fillings under consideration, with

B B ] the only exception of the case witi=14. In a previous
where ij) ((ij’)) denotes nearest-neighb@mext-nearest- \york 33’jt was verified that the occupation ik space is
neighboy positions of the lattice. Here the vacuum state cor-mijgly modified as the interactiob is switched on and that
responds to the &"° configuration of Cu and @ configura-  OBC lead to a nondegenerate closed-shell ground state with
tion of each O atom. The statd, |0) represents the ground total spinS=0. Thus, we assume that these OBC most reli-
state ofHgp, within site i with one hole and has the form aply represent the physical behavior of the system in the
(Adl,+Ba],)|0). Similarly ¢, |0) represents the ground thermodynamic limit and use them in the rest of the compu-
state with two holes at effective sitewhich has the form of tations.

a Zhang-Rice singlet, [A(ef d —of.dl)+Bdf.d, To save memory, the operators that entered the different
+C01iT¢OliT¢]|0>- calculations were symmetrized with respect to the point-

The Hamiltonian is the same as that used before by us fogroup operations. This is a technical trick that does not affect
hole doping?®?’ However, in the representation used herethe results.

¢! creates holeéinstead of electronso thatt,, andtgg are The pairing correlation functions are defined as
interchanged and’ is positive (a change of sign of all
nearest-neighbor hopping does not affect the physics in a P (i)=(AT(1)A,(0)), 2

bipartite latticg. The hopping parametdrg is expected to

be larger than t,+ tsg)/2.1%2° This is clearly the case for Where for on-sites pairing Al(i)=cfcl , while A(i)
small Cu-O hopping,q.2° As in previous studies we take =2 f,(8)(c], 5 ¢l —cl.5cl)/V8, with f.(8)=1 for
taa=tgg=1 as the unit of energy and choose somewhat exextendeds pairing and f4(8)=1 [f4(6)=—1] when §
aggerated values dfyg in order to enhance the supercon- = *(1,0) [6==(0,1)] for d,2_,2 pairing. We normalize
ducting signals. We also retain the valife=0.45 (Refs. 14 AL(i) in such a way thatAL(i)|O)|2=1, to facilitate com-
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FIG. 1. Pairing correlation function® ,(r) (top) and vertex o’ B mmm e, A
contributionsP(r) (bottom) as functions of distance faN=14 = ootk \\ . -
and different parameterfleft: tag=1, U=0, right: t,g=2, U a Ammmmmmmmme
=4). Triangles, circles, and squares correspond to onsgitx- t =2 U=0
tendeds andd,z_,2 symmetry, respectively. AB™ -
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parison among the different pairing correlation functions. We AT -
also compute the so-called vertex contribution to the pairing T L \.
correlation functions? denoted a®,(i). Inorder todo this, | " ad
the quantity (cicg)(cl.c,)—(cic,){clcy)) is subtracted, 001 . .

T 1.5 2.0 25 3.0

for every term in Eq(2) of the form(c{cﬂc,,cg. The im-
portance of the vertex contributions resides in that for a BCS

ground stateﬁa(i) is positive and proportional to the square
of the order parameter. Then, one can expect that they rep-
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FIG. 3. P,(r) for N=12 and different parameters =1, U
:4, tAB:2' UZO)

resent a more sensitive measure of superconductivity, and
that part of the finite-size effects is canceled in the substrac-
tion. For MBC there are two nonequivalent lattice vectors at
some distances and the reported pairing correlation functions
are averages over all lattice vectors with the same modulus.
Following our previous experienéé,we will assume that
superconducting correlations in tlaechannel are present in

the model wherboth quantitiesP, andP,, are enhanced at
large distances relative to the noninteracting case.

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

S(0)=2 (S'Sfexilia- (Ri-R)DIL, 3)
with L=16, and it indicates when one can expect a compe-
tition of superconductivity with antiferromagnetism.

In Fig. 1 we show the result of the differe®,(r) and

P,(r) as functions of the distancefor N=14 (doping X
=0.125) in the noninteracting case and faqg=2, U=4.
The latter is the most significant set of valuestgf and U
for which some increase in one of the pairing correlation
functions relative to the noninteracting casgg=1, U
=0) is observed. Thid,(r) corresponds tal,2_2-wave
symmetry andP4(r) increases particularly at the largest dis-
tances within the cluster. The OBC correspond to MBC for

FIG. 2. Spin-structure factor as a function of wave vector for Y<4 and PBC forU=10. For the noninteracting case,

N=14 and different values df,g andU.

P,(r) should be zero in the thermodynamic limit, or for
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0.00 - .
dy2_,2-wave superconductivity. The latter possibility was
found in previous studies of hole-doped systems, such as
those indicating a resonance-valence-bond wave function in

-0.01 — : ~ the ground stateas well as in our previous analytical treat-

1.5 2.0 2.5 3.0

ment of the present model including antiferromagnetic spin
fluctuations’® In any case, our results suggest that the ex-
pected symmetry of the superconducting order parameter is
x2—y? for low electron doping.

ForN=12, the OBC are MBC for all parameters studied.
finite size if the ground state is given by one Slater determiin the noninteracting case the ground state is nondegenerate
nant. The latter is the case for all other dopings studied hergyq then alﬁa(r)zo. In Fig. 3 we show thé_>a(r) for two
However, forN=14, the ground state is degenerate. As agets of parameters where signals of superconductivity are
consequence, for general valuestgf andU, P,(r) should  obtained[similar conclusions can be reached comparing the
be compared with the result fdng=1, U=0 to extract P _(r) with the noninteracting caseFor the Hubbard model
conclusions regarding superconductivity. This comparisonncluding next-nearest-neighbor hopping with=4 or U
shows also a significant increase fy(r) for tag=2, at a =10 (not shown, weakd,._,2-wave correlations seem to
moderate valudJ=4. Fort,g=2 andU=0, there is an persist at large distances. The effect of increasjpgseems

increase ofP,«(r) and Eos(r) with respect to the noninter- to reduce this pairing, although it persists fgg=2 andU
acting case(not shown. For N=14 and other parameters =10. However, the small value d¥4(r) at large distances
different from the above mentioned but within the region wecompared with its oscillations and the fact that ko 14 or
have explored, there are no signals of superconductivity. for small hole doping®?” tag helps rather than inhibits

In Fig. 2 we shows(q) for N=14 and different values of dy2_y2-wave superconductivity, suggest that these results
tag andU. In all cases, there is a rather sharp peak at wavénight be the consequence of finite-size effects. As before,
vector (mr, ). For U<4, this peak increases slightly when s-wave superconductivitfof the on-site typgexists only for
tag is changed from 1 to 2. From the results in a finite sys-very smallU.
tem, we do not know if this peak evolves intosafunction For N=10, the OBC are PBC for all parameters. The
with increasing system size, indicating an antiferromagnetid®,(r) for dy2_2-wave and extendeds symmetry (not
normal ground state, or into a broad peak indicating shortshown have a marked zigzag structufaith maxima atr
range antiferromagnetic correlations but allowing for =2 andr=22) that seems to affect the vertex contribu-

FIG. 4. P,(r) for N=10, tag=2 and three values dfl. The
meaning of the different symbols is the same as in Fig. 1.
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0.012 — - - doped Hubbard model with correlated hopping, derived be-
0.010 _L\\\\ 1 fo_re as an effective modgl for the cuprates. In comparison
' T A with the case of hole dopirff,the analysis of the numerical
0.008 | AN _ results is more difficult due to the fact that the superconduct-
= ‘L\\ ing signals are smaller. In fact as explained in Sec. Il, the
Ea 0.008 1 =0 \‘\\‘ j vertex contributions ,(r) are expected to be proportional to
= 0004k i the square of the superconducting order parameter, and the
N e experimental fact thaf, is smaller in electron-doped cu-
0.00z | . T prates, seems to be reflected in the calculations. Some ex-
0 ooo= ........ . - — perimental stl_Jd|es are alsp affectgd by this ’Pac_t.

’ e From previous calculations using a generalized Hartree-
-0.002 b— s s Fock BCS decoupling, we expected to obtaiwave super-
0.012 — - - conductivity in the modef® Instead, clearly, for small doping
o010l ---a--- on-site s | the d,2_2-wave symmetry is pre_fgrred for realistit. This

suggests that at least near half filling, a Hartree-Fock decou-
= oo008| =4 | - o---- extended s || pling of the on-site Coulomb repulsidd is inadequate for
E:\ 0005 h —=—d wave ] ![arge U. A more realistic analy_tic descriptiqn might be_ ok_)-
& ained _ |g1 the. nearly antlferr(_)magnenc Fermi-liquid
oo00al . A ] scenarid®® On-site superconductivity takes place for very
T Tl small values ofU, and only for doping«=0.37 signals of
0002f -7 . TTTTeeal N s-wave superconductivity are obtained for moderate values
o r of U.
O'OOOF I S i As expected, the model is able to provide a nonconven-
-0.002 L— , . tional pairing mechanism od-wave symmetry, without ex-
15 2.0 25 3.0 plicit attractive terms in the Hamiltonian. However, for the
r parameters more realistic for the cuprates, it seems that only
_ d,2_,2-wave pairing correlations show a significant enhance-
FIG. 6. P,(r) for N=8, tag=2 and two values ob. ment with respect to the noninteracting case.
tionsP,(r) for largeU. In any caseP4(r) is always smaller
than in the noninteracting case. Concerning ﬁg(r), as ACKNOWLEDGMENTS
shown in Fig. 4, one sees an increasePyy(r) for tag=2 L.A acknowledges support from CONICET. A.A.A. was

and U=0, as for the dopings previously considered, andpartially supported by CONICET. This work was sponsored
some signals of extendeslsuperconductivity, which might by PICT 03-06343 from ANPCyT and PIP 4952/96 of
be due to finite-size effects, related with the above-CONICET.
mentioned zigzag structure. Nevertheless, there is an in-
crease inPes(Z\/i) in comparison with the noninteracting
case. APPENDIX GENERALIZED T-J MODEL

The spin-structure factor has evolved with doping. As FOR ELECTRON-DOPED CUPRATES

shown in Fig. 5S(q) is flatter and the main peak atr(m) Here we describe the derivation of an effective Hamil-
is displaced to incommensurate positignear @, m/2)] for  (gnian for electron-doped cuprates in which the states with
smalltag. This is somewnhat similar to the shifts calculated yyq holes at any site are integrated out of the relevant Hilbert

in the hole-doped case.However, for the same abolute gpace. The starting point is the three-band Hubbard nfddel;
value of the doping, the shifts are more pronounced in the

hole-doped case.
For N=8, the OBC are ABC. The magnitude &%,(r) Hap=Ho+Hq+H,,

and Ea(r) is reduced as compared with previous cases.

However, theP (r) are flatter and the results seem to be less

affected by finite-size effects. For example, in the noninter-

acting case aIPa(r)<_1O*3 forr=2. Then, we b_elieve th_at H0=ed2 Ni,+ ep_E Nj,+ Udz niTni1+UpZ njyn;,
our results are reliable. In agreement with previous ‘7 17 : !
expectation$® the vertex corrections shown in Fig. 6 suggest U

swave superconductivity with both on-site and extended +U g > nm”w&;*% > NioNjsyors (A1)
components fot,g=2 andU=4. idoa’ jyoa’

IV. SUMMARY AND DISCUSSION

U_smg exact _d_lagonallzatl(_)n of a><4_4 clu_ster, we have letpdz (piT+b‘g—di0'+ H.c), H2:_tpp2 pj++ija_
studied the pairing correlation functions in the electron- i60 iy
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Hered! creates a hole in thed2_,2 orbital of Cu at sitd.
Similarly p]-T(, creates a hole in theporbital of O aligned
along its two nearest-neighbor Cu atofnsually called .,
orbital), at sitej. The operatom;,= di*gdil, and if the sub-
script isj, i+ 68, or j+ y then njgzp;rgpjg, etc. The four O
atoms nearest neighbors to Cu sit® sitej) are denoted as
i+ (j+7y).

In the case in whiclJ4>t,4 and also the charge-transfer
energy differenced = e,— es>1,4, one can start from the
(degenerateground state oH, and eliminateH; through a
canonical transformatiof?. We must warn, however, that
>1,4 Is not well satisfied in electron-doped systethand in
this case one expects that Ef)) is a more realistic effective
Hamiltonian. CalculatinggS(Ho+H;)e S=H’ and choos-
ing Sin such a way thaH’ does not contain terms linear in
H,, the resulting transformed Hamiltonian becomes

H’ 4N—t‘2’d S a2 2 1
T TNETU e el a5, )"

1 1
2 —— —— . .
+% 2tpd(A A+ Upd NiNi 125
t2,
— 2 dlas,dig (A2)

Here, N is the number of unit cells. The first and second
terms are ftrivial. The third term is an effective nearest-
neighbor Cu-Cu repulsion driven by the original Cu-O repul-

PHYSICAL REVIEW B 64 214518

2
toptpalpd

————— |42, nin
A%(A+Uy) > NiNios

16

eSH,e S=

Upd

- m 2 NiNj4 25N+ 25

i6L 6"

;
+2 > df s di N2
6.0 o

+

Upd t
2_A+—Upd) > nidi+25/0di+26o}

i6L6 o

2
tpptpd

_2—2 2; di1.+25adi0'+§ diT+2y0'di0')'

(Ad)

One of the most relevant terms here is the second one. Itis a
three-body attraction that favors to add the doped electrons
in next-nearest-neighbor sites. This term is responsible for
the attraction found in Ref. 16 using perturbation theory on
states withN — 2 static holes. However, to reach safe conclu-
sions regarding superconductivity, the dynamics of the holes
and realistic dopings have to be considered. The last term is
a positive next-nearest-neighbor hopptrig

Adding the usual superexchange term, the effective
Hamiltonian is

J 1
Heff:H/""eSHZeiS"_E% (3'3+25— Z)' (A5)

where§ is the spin operator at Cu siteand up to ordetgd

sion and the last term is the nearest-neighbor Cu-Cu hopand linear order irt,,

ping, usual in the-J model.

To transformH,, one can use the result of the canonical

transformation orp;,,. After a simple algebra one obtains

i : tpd
e%p e Sz—Ei (1-n)—"—d;,, (A3
A+Upd2i n;

_ 43 [i( L Ay Aty )
(A+Upd)2 Ud A+Upd A+2Upd

| 1+4t

4A+3Upgt Uy,
PP(A+Upg)(2A+Upg+Upp)

t
+8 PP ] A6
(2A+U gt Upp) (A+2U,) (AG)

A numerical investigation of this model in a>x44 cluster

where the sum runs over the two nearest-neighbor Cu atomsggests that the three-body attraction in ) does not

to O sitej. Using Eq.(A3), the transformation oH, takes
the form

lead to increased pairing correlation functions of either
dy2_y2 symmetry. In fact, it favors phase separatin.
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