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A generic Hamiltonian, which incorporates the effect of the orbital contraction on the hopping
amplitude between nearest sites, is studied both analytically at the weak coupling limit

and numerically at the intermediate and strong coupling regimes for a finite atomic cluster. The
effect of the orbital contraction due to hole localization at atomic sites is specified with

two coupling parameterg andW (multiplicative and additive contraction terin§ he singularity

of the vertex part of the two-particle Green’s function determines the critical tempefature

and the relaxation ratE(T) of the order parameter at temperature abdye Unlike the case in
conventional BCS superconductofshas a non-zero imaginary part which may influence

the fluctuation conductivity of the superconductor ab@ye We compute the ground state energy
as a function of the particle number and magnetic flux through the cluster, and show the
existence of the parity gafy appearing at the range of system parameters consistent with the
appearance of the Cooper instability. Numeric calculation of the Hubbard okl

U>0) at arbitrary occupation does not show any sign of superconductivity in a small cluster.
© 1999 American Institute of Physid$s1063-777X99)00708-2

1. FORMULATION OF THE MODEL electron to the atom induces a substantial change in the Cou-
High temperature superconductivity in lanthanbim, lomb field near the remaining ion and therefore results in a

yttrium? and related copper-oxide compounds remains th&hange of the effective radius of atomic orbitals near the ion.

subject of intensive investigation and controversy. It was' S Will strongly influence the hopping amplitude between

suggested that the electron-phonon interaction mechanisri{!iS atom and the atoms in its neighborhood. Such an “or-
which is very successful in understanding conventionaP!t@l contraction” effect represents a source of strong inter-
(“low temperature”) superconductors within the Bardeen— action which does not simply reduce to the Couloiob
Cooper—Schrieffer schemienay not be adequate for high- phonon repulsion(or attrf";lctlor) between the charge carriers.
T, cuprates, and even the conventional Fermi liquid modelt Was suggested by Hirsch and cc_)auth%ﬂé’, and by the

of the metallic state may require reconsideration. This openBrésent authots™**that the occupation dependent hopping
an area for investigation of mechanisms of electron-electrof@n have relevance to the appearance of superconductivity in
interaction which can be relevant in understanding the pectigh-temperature oxide compounds. In the present paper, we
liarities of superconducting, as well as normal state, properinvestigate the generic occupation-dependent hopping
ties of cuprates. Specific to all of them is the existence ofiamiltonians with respect to peculiarities of the normal
oxide orbitals. Band calculatioh® suggest that hopping be- state, and to the range of existence of the superconducting
tween the oxygerp,, p, orbitals and between the copper state. Theoretical investigation of the Cooper instability is
dy2_,2 orbitals may be of comparable magnitude. On thesupplemented by numeric study of pairing and diamagnetic
experimental side, spectroscopic stuflfeslearly show that ~currents in finite atomic clusters. We study the effect of Coo-
the oxygen band appears in the same region of oxygen cofer pairing between the carriers and show that at certain
centration in which superconductivity in cuprates is thevalues and magnitudes of the appropriate coupling param-
strongest. Therefore there exists the possibility that specifieters, the system is actually superconducting. The properties
features of oxide compounds may be related to oxygenef such superconducting state are in fact only slightly differ-
oxygen hopping, or to the interaction between the copper andnt from the properties of conventiondgbw-T,) supercon-

the rotationalp,—p,, collective modes. If the oxygen hop- ductors. Among those we so far can only mention the change
ping is significant, then it immediately follows that the in- in the fluctuation conductivity above or near the critical tem-
trinsic oxygen carriergp,,p, oxygen holesshould be dif-  peratureT.. Relaxation of the pairing parameter to equilib-
ferent from the more familiar generis-orbital derived rium acquires a small real part due to the asymmetry of
itinerant carriers. The difference is related to low atomiccontraction-derived interaction between the quasi-particles
number of oxygen such that removing or adding of oneabove and below the Fermi energy.

1063-777X/99/25(8—9)/10/$15.00 625 © 1999 American Institute of Physics
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FIG. 1. Site configuration in the Cy@®lane of cuprates. Dotted line repre-

sents the effect of orbital contraction/expansion due to the localization/
delocalization of an extra hole at a specific site. The enlarged orbital attains

the larger value of the hopping amplitude to the nearest sites.
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O corresponds to the neutral oxygen ion whereast®the
single charged and“ to the double charged negative ions.
Since oxygen atom hassi2p*2s? configuration in its
ground state, filling of they shell to the full occupied con-
figuration 20° is the most favorable. Amplitude¢ and W
relate to the parametey, 71, 7, according to

V= To— W= T1— (5)

Assumingt,=t,=t and replacinga; ,b; with a; with the
pseudo-spin indices=|,T we write the Hamiltonian Eqg.
(1) in the form

271+T2, Tp.

Oxygen atoms in the copper-oxygen layers of the

cuprateqFig. 1) have a simple quadratic lattice. We assume

thatp, orbitals of oxygenzis the direction perpendicular to

the cuprate planeare bound to the near cuprate layers
whereas carriers at thg, p, orbitals may hop between the

oxygen ions in the plane.

Let t; be the hopping amplitude gf.(p,) andt, the
hopping amplitude ofp,(p,) oxygen orbitals between the
nearest lattice sites in thgy) direction in a square lattice
with a lattice parametea. Then the non-interacting Hamil-
tonian is

——t12 afaj—t, > a'a

(ii)x (ij)y

—t, 2, b tzEb b;

{ny {iDx

D

wherea;" (a;) is the creation(annihilation operator forp,
and correspondinglp;” (b;) for py orbitals. The interaction
Hamiltonian includes the terms

Hi=2 aa[Vmm+W(m+m)]
(i)
+2 brbj[Vninj+W(ni+nj)] (2)
(i)

wheren,=a"a;; m;=

b;"b; . This corresponds to the depen-

H=—t> ata,+Hy+Hy+Hy (6)
(ij)o
where
HU=UZ i 7
Hy=V X alaj,nizn; o ®
ijyo
Hw=W2, a’a,(n+n;3) 9)

(ij)o

where we also included the in-site Coulomb interaction
between the dissimilar orbitals at the same sitean also be
considered as a real spin projection of electrons at the site. In
that case, the pairing will originate between the spin-up and
spin-down orbitals, rather than betwepg and p,, orbitals.
More complex mixed spin- and orbital-pairing configurations
can also be possible within the same idea of orbital contrac-
tion (or expansiopat hole localization but are not considered
in this paper. The following discussion does not distinguish
between the real spin and the pseudo-spin pairing. The
Hamiltonian, Eq.(6), is a model one which cannot refer to
the reliable values of the parameters appropriate to the oxide
materials. The purpose of our study is rather to investigate
the properties of superconducting transition specific to the
model chosen and to find the range of eV, W values
which may correspond to superconductivity. This will be
done along the lines of the standard BCS mbtel the
weak coupling limit,U, V, W—0, and by an exact diagonal-
ization of the Hamiltonian for a finite atomic cluster at large
and intermediate coupling.

In the momentum representation, the Hamiltonian be-

dence of the hopping amplitude on the occupation numbersomesH =H,+H,+H, with

n;, m; of the form

(tlj)aﬂa To(1—m;)(1— mj)+Tl[(1 m)mJ

+mi(1_mj)]+ szimj

)

and correspondinglyf(j)bﬁbj of the same form withm;
replaced withn;. The amplitudesry, 7, 7> correspond to

the transitions between the ionic configurations of oxygen:

70:0 +O7 " =07 +0;

7:0,+0f " —0Of " +0y, (4)

Ho=2) £5,ap, (10
1
Hi=— > a’ .a
14 P1P2P3P4 . aByS P1a=P2P
XT04,5(P1.P2,P3.Pa)ap, 3p, (11)
where
ép=—top,—u, op=2(cosp,a+cosp,a), (12

and u is the chemical potenual“ows is the zero order ver-
tex part, defined as
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1
U+(W+ —VV)(O'p1+ Op,

Fgﬁyﬁ(plrp21p3!p4): >

Top,t o'p4) 7);,87);6( SuyOps

_50155B7)5p1+p2~p3+p4 (13)

where ) ; is the Pauli matrix

0 1

1 0/
For reasons which will be clear later, we separdtgdand
put some part of it into thél; term, while the remaining part
is included in theH, term, thus giving

Ha=V X ala(abas—vi2)(azaz—vi2) (14
(ij)o

with v=(n;) being the average occupation of the site.

2. THE COOPER INSTABILITY IN THE
OCCUPATION-DEPENDENT HOPPING HAMILTONIANS

H. Boyaci and I. O. Kulik 627

FIG. 2. Feynmann diagrams for 4-vertex interactiddsand W.

corresponding to summation of the Feynmann graphs shown
in Fig. 2. In the above formulasy=(2n+1)7T and Q)
=2m7mT (n, minteger$ are the discrete odd and even fre-
quencies of the thermodynamic perturbation th&dry
G(k,w) is a one-particle Green'’s function in the Fourier rep-
resentation

1
&—io’
Diagrams of Fig. 2 are singular since equal momenta of two
parallel running lines bring together singularities of both
Green’s functionss(k,w) and G(—K,w).

The 6-vertex interaction, E@8), is not generally consid-

ered in the theories of strongly-correlated fermionic systems.
Such interaction also results in singular diagrams ges

—p scattering shown in Fig. 3. Since a closed loop in this
figure does not carry any momentum to the vertex, it reduces

G(k,w)= (17)

The Cooper instability is realized at certain temperatureto the average value @& which in turn is the average of the
T=T, as a singularity in a two-particle scattering amplitudenumber operato,a®a). Taking such diagrams into consid-

at zero total momentum. We introduce a function

L(py.Pa. =7 ) =(T a1 (1)a_p (A, (7 )ap, (7))
(15

where ap,(7)=expHna,, exp(~H7), ay,=expHn)ay,
X exp(—H7) are the imaginary timér) creation and annihi-
lation operators. Atp;=—p,, pPs=—pP4, the kernel of

eration is equivalent to replacing one of thés in Eq. (8) to
its thermodynamical average=(a;" a;,). Then theV term
can be added to the renormalized valuemf

1
W—W+ EVV'

We shall check to what extent such an approximation may be

[ .pys 1S proportional toGy; G, (G is the one-electron jysiified by numeric analysis in Sec. 3.

Green's function We keep the notatioh'(p,p’) for such a
reduced Green’s function specifying only momempta p;
=—p, andp’ =pz=—p,. By assuming temporarily/=0,

this Hamiltonian results in an equation for the Fourier trans-

form I'(p,p’,Q)
L(p.p' . 0)=T%p,p")-T

x% ; TO(p,k)G,(K)G s a(—k)

Solution of Eq.(16) can be obtained by putting
L(p,p",Q)=A(Q)+B1(Q)op+By(Q) oy

+C(Q) ooy (18
Substituting this expression into E@.6) and introducing the
quantities

Snm):T; ; ThG,(K)G_ 1 a(—k) (19

xT'(k,p",Q) (16)  we obtain a system of coupled equations A91B;, B,, C
|

1+USy+WS, US;+WS, 0 0 A U
WS, 1+W, 0 0 B, v 0

0 0 1+USy+ WS, US,+Ws, || B2 | W

~ - C
0 0 WS, 1+Ws; 0
|
whereW=W-+ (1/2vV, which are solved to give W(1+WS;) W2s,

Bi=B,=— 5., C=——5 (21

~U-W?s,
-—

whereD is a determinant
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To receive a real-time relaxation frequency, Eg5)
needs to be analytically continued to a real frequency domain

from the discrete imaginary frequencies
iw,=(2n+1)miT.%® Using the identity
1
T - - .
; (0+i&)(w+i&).. (0+i&)
FIG. 3. Feynmann diagram for 6-vertex interactidh, n (&)
. n i
=-"Y Il z—% (26)
i=11i#]j §| EJ
1+USy+Ws, Us,+Ws, wheren(¢) is a Fermi functiom(&)=[exp(39+1] * gives
~lws, 1+WS, (22 T iQ [E tank&2T)
INn—=— f — (27
Te 2 J-g &26+1Q)

The determinant becomes zero at some temperature
which means an instability in the two-particle scattering am-where
plitude (I'—«). This temperature is the superconducting

transition temperaturjEC. At T, Eq.(16) i; singular, Which_ . Tczﬁ ELE, exp( 3 1 ) Iny=C=0577,
means that two-particle scattering amplitude becomes infi- ™ N(eg)|U|
nite. BelowT,, the finite value of is established by includ- (28)

ing+ tﬁe non-zero thermal averagése order parametelis  C s the Euler constant. Analytic continuation is now simple:
(apa’y), (apa_p). We first analyze the case of non- we changeq, to i(w—iéd), 6=+0, to receive a function
retarded, non-contraction interactidy and after that will  \ynich will be analytic in the upper half plane of complex

consider the effect of the occupation-dependent hoppingm ,>0. The order parameter relaxation equation becomes
terms,V andW.

| T o sz tanh &/2T) el A—0 29
T2 ), W wizris) 9|40 @
2.1. Direct non-retarded interaction At w<T; and T—T.<T,, the real and imaginary parts of

Neglecting contraction parametevs W, the solution of ~ EQ- (29) are easily evaluated to give

Eqg. (16) reduces to T E,—E,
1 1 (T—Tc—8—_|_c+a) 4E1E2)A=0. (30)
5T 2 2z (23 _ .
o k &to Thus, the order parameter relaxation equatiol afT. be-
which, after the summation over the discrete frequencies(,:Omes
reduces to the conventional BCS equatiah negativel) IA
(1+iN)—+TA=0 (3
1 o 1-2n, ot Jt
Ul < 25 4 where
with n,=[exp(B&)+1]"%. At finite frequencyQ, Eq. (23 8 _2(E;—-Ep)
reduces to [=—(T-To), A= TEE T.. (32)
| T 3 Ez q —-iQ 5 In comparison to the BCS theory in whigh =E,= wp (wp
nT—C—T il §(§2+w2)(§+iw+iﬂ) (25) is the Debye frequengyand thereforex =0, we obtain a

relaxation which has a non-zero “inductive” component,
where, for simplicity, we replaced an integration over the—j)\T. Typically, E;~E,~¢&r and thereforg\| is a small
Brillouin zone [d°k by the integration over the energy as- quantity. It increases however near the low<(1) or near
suming that the density of states near the Fermi engrégg/  the maximal ¢=2) occupation wher&E; or E, become
flat. —E; andE; are the lower and upper limits of integra- small. Such mode of relaxation is specific to a non-retarded
tion equal to—4t—u and 4— u, respectively. Such an ap- (non-phonoh interaction which is not symmetric neat-
proximation is not very bad since most singular contributionsand spans over the large volume of thepace rather than is

to integral comes from the poirf,=0 where the integrand restricted to a narrow energy,<cr near the Fermi energy.
is the largest.

AboveT., Eg. (25 determines the frequency of the or-
der parameter relaxatidfi-*® There is a small change in this
frequency compared to the BCS model in which limits of the
integration (—E;,E,) are symmetric with respect to the
Fermi energy, and small in comparisondp; therefore we Neglecting direct interaction, we pld=0 in Eq. (22)
shall briefly discuss it now. and obtain

2.2. Occupation-dependent hopping instability and
relaxation
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1 z z
_v—vzsl(w)i VS(@)Sy(w) (33 ! ® ® y
where at finite frequency : (L
Y
E + t 12T ,
S(@)=N(zp) TS fﬁ; (g_ - 22”_”5 )df (34) :

Puttingw =0 we obtain a transition temperaturg from Eq. X

(33). The equation has a solution W<0, u<0, or atW g5 4 Sample configuration. The fluk through the cube is produced by
>0, u>0 (we assume that>0). The plus or minus sign is  a solenoid.

chosen to obtain the maximal value Bf (the second solu-

tion corresponding to smallér, then, has to be disregarded

since the order parameter will be finite B& T, and there- )

fore Egs.(20)—(22) do not apply. This gives us an expres- Ap=Cy[expli 6/2) VS,(0)

sion for T, +exp(—i6/2)\Sy(0) Jexpi ¢) (41)

2y Ei—E> EZ-E} where
Tc:? ElEZeXF{ 2|t (t=|uh+ 82
cosf=—S;(0)/Sp(0)S,(0) (42
_ t (35) and ¢ is an overall phase which is irrelevant for a single
2|\7V|N(s,:) superconductor but is important for calculating currents in

multiple or weakly coupled superconductors. Therefore, the
where <0, W<0 (second exponent is dominating the first system undergoes a pairing transition at a temperature found
one in the weak coupling limi¥V— 0). Real and imaginary from Eqg.(35). Since the pairs are charged, the state béllgw

parts ofS,(w) are calculated ab<<T, cannot be non-superconducting.
N We have not calculated the Meissner response but in the
IS, (@)= — ﬂ( _ ﬁ) N(ep). (3¢)  following section we present a numerical calculation of flux
8Tc| quantization which supports the above statement.

ReS, ()= —N( )( “)
e w)=— ep)|l —+
4 t 3. EXACT DIAGONALIZATION OF THE OCCUPATION-

( E,—E, DEPENDENT HOPPING HAMILTONIANS IN A
n=0, FINITE CLUSTER
EiEp
E.—E. 2 yﬁ We calculate the ground state energy of a cubic system
X EE Ly Z 172 n=1, (37) as shown in Fig. 4. A magnetic flusb is produced by a
A solenoid passing through the cube. The corners of the cube
E,—E, E;—E, 2 «vyVE{E, _o are the lattice sites that can be occupied by electrons. With
| EiE, + 12 + ;'” T. n=e. the inclusion of the magnetic flux, model Hamiltonian, Eq. 6,
becomes
Equation for\ is received with a value larger than the pre-
vious one[Eq. (32)] =—t> aja,expia;)+h. c+UZ N n;
(. 2nEE 2u(E-E) EE e
A=—13In + .
p mTe EiE, 2u + 2 aia, Vngn s+ Winiz+nj5)]
(38) (i
The eigenvalue equation gives thedependence of the two X expiajj)+h.c. (43
H Ny — + 4+
particle correlatol”(p,p )—(ama,pla,p/lap,T) nearT, Where
[(p,p")=C[S,—S(0p+ 0p) +Sgo,0 1. (39 f
) . . . aIIZ(ZW/(I)O)f A-dl (44)
SinceC diverges afl ., this determines that the order param- I

eter becomes macroscopicTat T, . Then, the pair creation
operator,a;afp, will almost be a number, i.e., we may
decompose Eq39) into a product

and®,=hc/e is the magnetic flux quantum. Throughout the
calculations we také=1.
We start with constructing the model Hamiltonian. In the

AyA,=(aya’, M a_p ap ) (40)  Hilbert space of one electron

and, to be consistent with thg p’ dependences, by putting _ 01 v 0 0
i a= , = ) (45)

&= &y We obtain 0 0 1 0
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with a basis specified ag,=(0,1) for the ground staten( 0
=0) andy,=(1,0) for the excited staten&1). In case oN
states, the operator of annihilatiar takes the form i
a,=v" l@aguN" (46) z -20 &
whereu is the unit matrix ands is unitary matrix § -
4]
1 0 1 0 4 -40
““lo 1) VTlo -1 @ "
and ® stands for the Kronecker matrix multiplication. Ex- -80 |
plicitly, we have
a;=aueuau...®u i
_80 } | | - 1 H 1
a,=vRaruau...ou
80
ay=veVveV...evea 60 |
Thus, for example, for two states - B
c’ —
01 00 0 010 § 40
0000 000 - w i
a=19 0 0 1| ® |00 0 0o | ¥ 201
0 00O 0 00O . i
These matrices, which are annihilation operators, and the
corresponding Hermitian conjugate matrices, which are the
creation operators, satisfy the Fermi anti-commutation rela- -20 0 ' ‘i ' é : 1'2 :
tion. These operators are sparse matrices with bid/non- n

zero elements, which are equal tol. Next we solve the
Schr"cdinger equatiom¢: Ew_ We implemented a novel al- FIG. 5. Dependence of the ground state energy upon the number of particles
with U#0 andV=W=0. Energy, as well ab, is in units oft. (a) For U

orithm for solving such sparse systems, which will be de- .l . . o
9 . 9 P y <0, the pairing effect is clearly seeth) For U>0, there is no pairing.
scribed elsewhere.

The cubic cluster within the Hubbard Hamiltonian and
no external flux a%plied to the system was studied previously .o~ calculation is consistent with an exact solution avail-
by Callawayet al.™ Quantum Monte Carlo methods appli- gpje for a non-interacting system ofelectrons.
cable to large systems within the Hubbard mo@w®ith at- We then test our program for the case of negative-
tractive and repulsive but not the occupation-dependent fypphard Hamiltoniar(U<0, V=0, W=0) which is known
hopping Hamiltonians, are reviewed in a paper of Dagétto. {5 pe superconductinge.g., Refs. 22 and 23 Positivel
Hubbard model does not show any sign of superconductivity,
o ) ) ) in disagreement with some statements in the literatti@ur
Superconductivity reveals itself in thg lowering of the ,iculations cannot disprove thépossiblé non-pairing
ground state energy as electrons get paired. Therefore thga hanisms of superconductivity but these seem to be un-
energy needs to be minimal for an even number of electrongy oy models for the problem of superconductivity in oxides
nand will attain a larger value whemis odd. We consider a ,ich clearly shows pairing of electronéole in the
g 1 l
gap” parametef Josephson effect and in the Abrikosov vortices. The relation
2eV=tiw is justified in the first cagé and flux quantum of

3.1. The number parity effect

1
A|:Ez|+1—§(|52|+|52|+2) (49

as a possible “signature” of superconductivitwhere E,
corresponds to the ground state energyrfoiermions. For
all interaction parameters set to zerd £V=W=0), no

a vortex ishc/2e in the second® both with the value of the
charge equal to twice the electronic charge,

Figure 5 shows the dependence of the ground state en-
ergy upon the number of particles in case of negativend
positiveU Hubbard models assuming=0 andW=0. Such

sign of pairing is observed. To check our analytic results ofdependences are typical for any valugf There clearly is

Sec. 2.2 and the argument following E§4), we calculated

the pairing effect wheltd <0 and there is no sign of pairing

A above and below the half-fillingh=8 in the case of cubic atU>0.

cluste). Below the half-filling chemical potential is negative

(x<0) and above the half-filling it is positiveu(>0). We
first checked that thew—0*, W—0~ and V—0*, V

Tests for pairing in the contractiovi, W-models(V+0,
U=W=0 andW#0, U'=V=0, respectivelyare shown in
Figs. 6 and 7. The results are in agreement with our pertur-
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0 0
a
- U=W=0 L
—5- V=4 _20_
5 | 5 |
@ @
@ —qof S —a40}
-15¢ - 60
-20 1 1 1 1 1 L 1 - 80
0 0
b
~10f 20}
5 | S .
@ 2
g -20+ o -40 |
-30+ U=W=0 -60 I
L V=-4 -
- 40 1 i 1 1 N | | - 80 1 1 | i 1 1 |
0 4 8 12
0 4 n8 12 n

~ FIG. 7. Dependence of the ground state energy upon the number of particles
FIG. 6. Dependence of the ground state energy upon the number of particlggith w0 andU =V =0. Energy, as well ag/, is in units oft. (a), (b) Both
with V#0 andU=W=0. Energy, as \_Ngll ay, is in units oft. (a),_ (_b) Both for W>0 andW<0, there is a more pronounced pairing effect below the
for V>0 andV<0, around the half-filling, there is a small pairing effect. paffilling.

bative calculation of Sec. 2 and with its extension for the

intermediate and strong coupling limit/|=t, |W|=t.  dependence with the perioll;=hc/2e as compared to the
Since the chemical potential is negative below the half-filingPeriod®,=hc/e in the non-interacting systef*® Unfortu-
and positive above the half-filling, there is no pairing in thenately, the even harmonics &-periodic dependence of the

former case {V—0*) and there is a sign of pairing in the ground state energfand related to it, the harmonics of the
= , . . persistent current= — JE/ 9®2"?8 may simulate the pairing
latter case \V>0), in accord with the value of the effective :

in a non-superconductive system. A small-simesoscopic

coupling consta_m_W:WJr (_1/2)\’\_/' Slmllqr!y, for WHCY system can mask the superconducting beh&JiBtux quan-
below the half-filling there is a sign of pairing\0) while 7 ~ii0n in Hubbard Hamiltonians was studied formerly in
above the half-filling there is no pairing. These results Arafs. 29-31
summarized in Table I. ' '
For larger values of the interaction parameters, the per-
turbative results do not remain applicable anymore. FigureTABLEI bairing effect for arbitrai [ values of andW o
. . Pairing eriect ror arpitrarily small values an , compute
8b shoyvs the (_jependence. of the_ p_anty gaxpn the strength by exact diagonalization of the Hamiltonian. The results presented here are
of the interaction. From Fig. 8, it is understood that tNe iy complete agreement with the perturbative calculations.

interaction introduces a “signature” of pairing in a similar

way as the negative interaction does. The possibility of U=w=0 u=v=0
“contraction” pairing has been investigated previously in Vot V0~ W_0" W—0"
the papers®®?
below A=0 A#0 A=0 A#0
half-filling = . o .
3.2. Flux quantization (1<0) (no pairing (pairing (no pairing (pairing)
Flux quantization is another signature of superconductivﬁgﬁfﬁnng A#0 A=0 A#0 A=0
ity which is a consequence of the Meissner effect. We,~q) (pairing  (no pairing  (pairing  (no pairing

also tested for the periodicity of the energy versus flux
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FIG. 9. Dependence of the ground state enéngynits oft) upon magnetic
flux. All three interaction parameters are zero, il W=V=0.

FIG. 8. Dependence of the parameteuponU for various values ofV and
V below the half-filling.(A, U, V andW is in units oft).

We first demonstrate the behavior of the ground staten=8, no such behavior is seen. As mentioned above, how-
energy with respect to flux, Fig. 9. A characteristic feature ofever, the®,-periodic component of th&(®) dependence
a mesoscopic system suggests that addition of one extra pdregins to appear at the higher valuenofFig. 99. For both
ticle to the system changes the sign of the derivative of theontraction parameters equal to zero, W= V=0, we ob-
ground state energy with respect to magnetic flubat0.  serve the appearance of the/2e-periodic component for
That is, depending on the parity of the number of particlessome values olJ (Fig. 10. Even for positive(repulsive
and on the number of sites, system can change from paraalues ofU, it is possible to see a local minimum appearing
magnetic to diamagnetic state or vice versa. But this behawat ® =hc/2e (Fig. 10b. This is in agreement with the au-
ior is not always observed for the cubic geometry studiedthors’ previous work$>?° But this minimum, which does
Except the sign change from=2 ton=3 and fromn=7 to  not lead to an exact periodicity of the ground state energy



Low Temp. Phys. 25 (8-9), August—September 1999 H. Boyaci and I. O. Kulik 633

-5
> &
o -
: 3
O Lol
1 1
b
-6.25
>
S
[0}
> 5
9 ——t
QO
5 ,
L ~7.25
0 02 04 06 08 1.0 80T 02 04 06 08 10
/D, /D

FIG. 10. Dependence of the ground state energy upon magnetic flux. Cork|G. 11. Dependence of the ground state energy upon magnetic flux. Com-

traction parameters are both zero, W= V=0, only the on-site interaction  paring(a) with Figure 9b clearly shows that the change in the parity of the

parameteit) is nonzero. Energy, as well &5 is in units oft. number of particles for the case of negatidevalues introduces a sign
change in the slope @&(®) at®=0. Energy, as well ab, is in units oft.

with a period®,/2, should not be attributed to superconduc-
tivity, this is rather a characteristic behavior in mesoscopic

systems. ) .
For U<0 (while W=V=0), the expected mesoscopic shells with a small number of electronsld) in an atom.
puch materials may include oxygehd=8) in the oxides,

behavior, that is, the change of the sign of the slope o _ _ X
ground state energy dt=0, starts to reveal itselfFig. 11.  ¢&rbon N.=6) in borocarbidege.g., LUN}B,C), hydrogen

But this happens at sufficiently large absolute values ofNe=1) in some metalge.g., Pd—H. Some materials of this
(negative U. For other values ofJ, however, there is no Kind are superconductors. It was argued that the Coulomb

such change. effects within the atoms strongly influence the inter-atom
More pronouncechc/2e-periodic components are ob- Wave function overlap between the atomic sites and therefore
served with the introduction of non-zero interaction param-the electron hopping amplitude between the sites. The phe-
eters. The role ofV in the ground state energy, when bath nomenology of such conduction mechanism results in a
andV are zero, is shown in Fig. 12. Meanwhile setting bothnovel addition, to the conventional solid state theory, i.e.,
U andW to zero and observing the effect of the non-zgro Hamiltonians called the occupation-dependent-hopping
shows thatV does not play a role as significant as the othercontraction Hamiltonians, specified with the two coupling
two interaction parameters do. There is not much differenc@arameters/, W. We then attempted a study of supercon-
in the behavior of the ground state energy upon magnetiguctivity in such systems within the BCS-type approach as-

flux between the zero and non-ze&vo(for exampleV=—1) suming Cooper pairing of electrons. The weak-coupling limit
cases. allows the determination of the range of paramet¢rsv

values and also of the in-site Coulomb interactldrvalue
CONCLUSIONS which show the Cooper mstapmty. The s_trong—cqu_plmg limit
was addressed by a numeric calculation on finite clusters
We studied the peculiarity of electron conduction in sys-using a novel algorithnfof non-Lanczos typefor eigenval-
tems in which conduction band is derived from the atomicues of large sparse matrices. One of the results of this



634 Low Temp. Phys. 25 (8-9), August—September 1999
-7
a
i n=2

& l

153
S W=-1

-9

>

o

v

@

<

w

>

o

e

[

c

w

N N B B W S B

25 04 06

D/ D

0 0.2

H. Boyaci and I. O. Kulik

Technical Research Council of Turkéi]UBlTAK) through
the BDP program.

*E-mail: kulik@fen.bilkent.edu.tr

1J. G. Bednorz and K. A. Muller, Z. Phys. &, 189(1986.

2M. K. Wu, J. R. Ashburn, C. J. Torng, P. H. Hor, R. L. Meng, L. Cao,
Z. L. Huang, Y. Q. Wang, and C. W. Chu, Phys. Rev. Lé&8, 908
(1987.

3J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. R&@ 1175
(1957.

4M. S. Hybertsen, E. B. Stechel, M. Sctdn, and D. R. Jennison, Phys.
Rev. B41, 11068(1990.

SA. K. Mahan, J. A. Annett, and R. M. Martin, Phys. Rel08 1175
(1957.

5N. Nucker, J. Fink, J. C. Fugle, P. J. Durham, and W. M. Temmerman,
Phys. Rev. B37, 5158(1998.

"P. Kuiper, G. Kruizinaga, J. Ghijsen, M. Grioni, P. J. W. Weijs, F. M.
de Groot, and G. A. Sawatsky, Phys. Rev3& 6483(1988.

8J. E. Hirsch, Phys. Lett. A34, 451(1989.

9J. E. Hirsch and F. Marsiglio, Phys. Rev.3, 11515(1989.

103, E. Hirsch, Phys. Rev. B8, 3327(1993; ibid. 48, 9815(1993.

11|, 0. Kulik, Sov. Superconductivity: Phys. Chem. Te€h201 (1989.

12|, 0. Kulik, Contraction Mechanism for Pairing Interaction in Oxides
and Hydrides in Progress in High Temperature Physic¥ol. 25,

R. Nicholsky,(Ed.), World Scientific, Singaporél990.

13H. Boyaci and I. O. Kulik, Fiz. Nizk. Temp24, 316 (1998 [Low Temp.
Phys.24, 239 (1998)].

1. 0. Kulik, Tr. J. Phys.20, 627 (1996.

A, A. Abrikosov, L. P. Gorkov, and I. E. Dzyaloshinskiethods of
Quantum Field Theory in Statistical Physid@over Publications, New
York (1975.

18E, Abrahams and T. Tsuneto, Phys. R&82, 416 (1966.

L. P. Gorkov and G. M. Eliashberg, ZkBp. Teor. Fiz.54, 612 (1968
[Sov. Phys. JETR7, 328(1968)].

8], 0. Kulik, O. Entia-Wohlman, and R. Orbach, J. Low Temp. PHg;.
591 (1981).

193, Callaway, D. P. Chen, and Y. Zang, Phys. Raf.2084(1987).

20E. Dagotto, Rev. Mod. Phy$6, 763 (1994.

21K, A. Matveev and A. I. Larkin, Phys. Rev. Leff8, 3749(1997.

22|, 0. Kulik, Physica B126, 280 (1984; Int. J. Mod. Phys. B1, 851
(1988.

ZR. Micnas, J. Ranninger, and S. Robaszklewicz, Rev. Mod. F#y4.13
(1990.

24C. H. Pao and N. E. Bickers, Phys. Rev. L&t 1870(1994; D. J.
Scalapino, Phys. Re250, 329(1995.

25T, J. Witt, Phys. Rev. Lett61, 1423(1988; D. Esteve, J. M. Martinis,
C. Urbina, M. H. Devoret, G. Collin, P. Monod, R. Ribault, and
A. Percolevski, Europhys. Letg, 1237(1987.

26p_L. Gammel, D. J. Bishop, G. J. Dolan, J. R. Kwo, C. A. Murray, L. F.
Schneener, and J. V. Waszczak, Phys. Rev. b&t2592(198%; L. Ya.
Vinnikov, L. A. Gurevich, G. A. Yemelchenko, and Yu. A. Ossipyan,
Solid State Commurs7, 253 (1988.

FIG. 12. Dependence of the ground state energy upon the magnetic flur7| o, Kulik, Pisma zh. Esp. Teor. Fizl1, 407(1970 [JETP Lett.11, 275

On-site interaction parametér and one of the contraction parametevs.
are zero. All plots correspond to the non-zero interaction paranveter
—1. Energy, as well asV, is in units oft.

numeric calculation was that the positideHubbard model,
sometimes believed to be a candidate for highsupercon-
ductivity, does not comply with the goal.

(1970].

28\, Buttiker, Y. Imry, and R. Landauer, Phys. Lett. 96, 365 (1983.

A, Ferretti, 1. O. Kulik, and A. Larni, Phys. Rev. B7, 12235(1993.

%0R. M. Fye, M. J. Martins, and D. J. Scalapino, Phys. Rew43 6909
(1991).

31A. Sudbo, C. M. Varma, T. Giamarchi, E. B. Stechel, and R. T. Scalettar,
Phys. Rev. Lett70, 978(1993.

This article was published in English in the original Russian journal. It was

This work was partially supported by the Scientific andedited by R. T. Beyer.



