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Theinclusion of asingular contribution to the spectral intensity of the anomalous correlation function is shown
to regain the sum rule and remove the unjustified forbidding of the S-symmetry order parameter in supercon-
ductors with strong correlations. For the order parameter of this symmetry, the solution to the self-consistency
equation is analyzed beyond the nearest-neighbor approximation. © 2003 MAIK “ Nauka/Interperiodica” .
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1. Among the models describing the main features
of a superconducting transition through the nonphonon
Cooper pairing mechanism in an electron system with
strong correlations, the Hubbard model and the t-J
model obtained on its basis are most frequently used. It
was the Hubbard model that was invoked in [1] to dis-
cover akinematic pairing mechanism for the formation
(at U — o0) of asuperconducting phase with the order
parameter A, independent of quasimomentum. How-
ever, more recently, the possibility of forming such a
state was questioned by some theorists, because the
solution to the self-consistent equation for the order
parameter A(k) = A, violates, in their opinion, the

requirement that the on-site anomalous mean [X°X°° 00
of the product of Hubbard operators must be zero.

In this communication, the above statement is ana-
lyzed using the spectral representations of the time-
dependent anomalous correlation functions. The new
point isthat the spectral intensity of the anomal ous cor-
relation function constructed from Hubbard operators
contains, apart from the usual regular part, an addi-
tional singular component. It is shown that, after the
inclusion of the singular component, the necessary
requirements for one-time on-site correlations are ful-
filled, on the one hand, and, on the other, neither the
equations of motion for the Green's functions nor the
self-consistent equation for the superconducting order
parameter are affected. The Stype superconducting
phase will be considered in the non-nearest-neighbor
approximation, and it will be shown that the supercon-
ducting order parameter (OP) with this symmetry may,
in principle, go to zero.

2. In the standard notation, the Hubbard Hamilto-
nian has the form [2]

H = Z(E_“)a}rcafo
fo (1)
+ fztfma;camc"' UZﬁfTﬁfu
m

The scattering amplitude in the strong-correlation
regimewas calculated for model (1) in[3]. It wasfound
that, in the Cooper scattering channel, this amplitude
has a singularity corresponding to the instability
against the superconducting transition (Zaitsev kine-
matic mechanism). A set of four equations for the nor-
mal and anomalous Green's functions describing the
superconducting state in model (1) with afinite U was
obtained and solved in [4]. In [4], the pairing was
caused not only by the electron motion in the lower
Hubbard band but also by the electron transitions from
the lower to the upper Hubbard subband and by the
charge-carrier motion in the upper subband.

At the same time, the superconducting phase with
strong correlations can be studied using the effective
Hamiltonian [5] constructed in the operator form of the
perturbation theory for asmall parameter |t;,[/U < 1. It

is known that the corresponding Hilbert space L for
Hg; does not contain binary states. As aresult, only the

anomalous means [X7° X2 Cappear in the theory of

superconducting state, and they must go to zero for the
coinciding site indices. The opinion that this phase
could not berealized rested on the difficulties caused by
the necessity of satisfying this requirement in a super-
conducting phase with the S-symmetry OP.
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Leaving aside the physical interpretation of the
“strangeness’ of the above-mentioned forbidding, we
rather analyze the mathematical aspect of the problem.
For this purpose, we consider the spectral representa-
tions of the temporal anomalous correlation functions
and their relation to the Fourier transform of the anom-
alous two-time Green’s function.

First of dl, there is a fundamental difference
between the anomalous Green'’s functions in the BCS
theory and in the theory of high-T, superconductivity
with the electronic pairing mechanism. The anomalous
Green's function of the standard Fermi second-quanti-
zation operators

Foo(ft; gt') = —i8(t—t") Qag(t), ags(t)} O
iszeroatt=t'+ & (0 — +0). Thisiscaused by thefact
that the creation operators anticommute at the coincid-
ing times. At the same time, the means (&, (t)ag, (t) O

and [ag, (t)at,(t) Dare nonzero in the superconducting
phase even for f = g:

[Aad=n0) X0 @&a,0=-n(0) X

A different situation occurs for the anomalous
Green's function with the Hubbard operators:

CIXS(t)| Xg (')

2
= —i(t—t') @ X7°(t), X (1) O @

Inthis case at t — t' + 0, the means [X{°Xg Oand

[Xg° X} Careidentical zerosfor the coinciding siteindi-
ces. Itisessential that thisis so not dueto the properties
of the physical system but due to the multiplication
algebra for Hubbard operators. The fact that Eq. (2) is
valid regardless of the particular physical system allows
it to be explicitly taken into account using the spectral
representation.

With this property in mind, the spectral intensity
Jaf () in the spectral representation
XG)XT 00 = [ exp{~ica(t )} I (@) (3)
can be written in the form
Jar (@) = Jgi" — 8(e)3 [ dlooy J57 (62) exp (i ,3),
o — +0,
providing a zero value for the right-hand side of Eq. (3)
at=t"+0(d — +0)if f=g. Thisisthe main distinc-
tion between the introduced spectral representation and

the representation used in the theory of two-time tem-
perature Green's functions [6].

The following fact is of fundamental importance.
Thesingular component of the spectral intensity cannot
be determined solely from the known Fourier transform

(4)
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of the analytic continuation of the anomalous Green’s
function in the upper complex half plane. Thisfact pro-
vides one more example of the known problem of
ambiguous reproduction of the spectral intensity of cor-
relation function from the spectral theorem. The discus-
sion of particular examplesof thiskindisgiven, e.g., by
Yu.G. Rudai in[7] and in original works([8, 9]. In prac-
tice, the inclusion of the singular component is neces-
sary for obtaining the correct limiting values for the
correlators.

To prove this statement, we use Eq. (3) to construct
the spectral representation for the anomalous correla-

tion function OX$°(t) X (t") O After the cyclic permu-

tation of operators under the trace sign, one obtains
from Eq. (3)

XX ()0 = [eto exp{—e(t -1} -
x{ 35 (w) exp(Be) —5(w)81ySigh |

where

Sy = [deordgr () exp(B o) exp (i),
B=1T, &— +0.
One can see that the right-hand side turns to zero at
t—t'+0andf=g, asit must, and X?°XJ°0= 0.

By using spectral representations (3) and (5), one
obtains the following expression for the average value
of the anticommutator appearing in the definition of the
anomalous Green'’s function:

O X50(t), X5o(t)}y O = [ exp{-ic(t-t)}
x { 357 () [ exp(Bw) + 1] =8 (w) 3,2}

where

(6)

o = Idlegfa(wl)[eXp(Bwl) + 1] exp(-w,0),
0 — +0.

From definition (2) and using Eg. (7), one gets for
the Fourier transform of the anomalous Green’s func-
tion:

(8)

50| \,0 dw,
DT, = (oo
x { J5f (o) exp((Bw) + 1) — 8( )1y Zc} -

Consequently, the spectral theorem [6] in our casetakes
the form of theintegral equation for Jgf(w) :

1IMOIX{ | XG5
. exp(Bw) +1

(9)

3(w)dq
exp(Bw) +1(10)
x fdle;’f’(wl)[exp(Bwl) + 1] exp(~iw,d).

= J5f (w) —
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One can readily verify that

(0 = R + 5B

(11)
with

s 1ImED(‘f’°|X°°EDM
RO) = e T

satisfies the integral equation for an arbitrary A% .
Here, it istaken into account that the equality

Idwexp(—i wd)Im [IX{°| X5, , ;5 = O,

(12)
being the particular case of amore genera relation
COXP(0) [ Xg (1), g
= J’dooexp(—iooé) X[ Xg M, s = 0, (13)
o — +0,
isvalid. The uncertainty in A%’ isimmaterial, because
the total spectral intensity 33? (w) is independent of

A% . Indeed, substituting solution (11) into definition
(4), one obtains

3ot () = R (w)
= 8( 69315 ooy Ry (601) €xp (i 0,3).

Thus, the analytically continued Fourier transform of
the anomalous Green's function determines only the

regular part Rgf’ (w) of the total spectral intensity

(14)

3;’? (). In turn, its singular component is uniquely

expressed through Rgfa (w), providing the correct val-
ues for the correlatorsin the limiting cases.

This analysis demonstrates that the above-men-
tioned forbidding of the superconducting phase with
the S-symmetry OP is caused by ignoring the singular
component of the correlation function, and not by any
physical principle. The inclusion of the singular part
removes this forbidenness without changing the form
of al eguations obtained in the theory of superconduct-
ing state in strongly correlated systems.

To confirm the statement about the invariability of
the self- consistent equations, we note that Eq. (3) leads
to the following expression for the one-time correla
tors:

D’((fmxgﬁﬂ = S?fc—%g;f“

Nzexp{lq(f—g)}zsﬁ ——Z

k

(15)

Dl_j‘h
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This meansthat, in the quasimomentum representation,

KeeXqod= Y exp{-iq(f -g} XX
(f-9)

A

It follows that the equation for the superconducting
order parameter in thet—J* model (three-center interac-
tions are taken into account) [10, 11]

_1<0 n
- Nz Sth + E(Jk+q + ‘]k—q)
! (16)

rDtt [F IO
+4g -5 e 200 KXol

does not change its form after the singular component
of spectral intensity is taken into account, because

Nzﬁm +1 (Jk+q+Jk 2 T4 - ”jtk
2
B —q_— [NZﬂD 0

Let us consider the solution to Eq. (16) for the
S-symmetry OP. Beyond the nearest-neighbor approxi-
mation (with the three nonzero hopping parameters),
one has

tc = 1Si(K) + 1:S,(k) + t3S5(k),
I = 41Si(K) + 1,5,(k) + J585(k),

J, = 2t%/u.

17

Here, S(k) are the square-lattice invariants:
Si(k) = (cosk,a+ cosk,a)/2,

S,(k) = cos(k,a)cos(k,a),
S;(k) = (cos2k,a+ coszk,a)/2.

Taking into account the relation

0840 DEqD
SEN

one finds that the quasimomentum dependence of the
OP in the S phase has the form

Oy = Do+ D;S(K) +A,5,(K) +A3S5(K).

[Xgo X gl =

(18)
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Fig. 1. Concentration dependence of the critical tempera-
ture for the superconducting transition to the S phase with
alowance for three hopping integrals.

The coefficients A (i =0, 1, 2, 3) are found from the
solution to the following set of four equati ons:

U
z G;Ti TJDA,

ij=1

i=1,2,3),

ZDZZG“ J+ JG|

J—l

(T, = —4t,,

3
O
Z[n mGm +(1=n/2)T, ZG“T/LEA,,
= D i=1
m=12,3,
where
Gi = Giw, Gij = Gijo

and

Gy = £ 3 S(S(@S(A)W,,
q

_ tanh(E,/2T) :
] B Sk =1
The results of the numerical analysis of the supercon-
ducting transition temperature as a function of electron
concentration is shown in Fig. 1 for various values of
the Coulomb repulsion parameter U. For finite U, the
superconducting state is formed through both the Zait-
sev kinematic [3, 1] and magnetic pairing mechanisms.
As U increases, the region of superconducting state
diminishes (the magnetic pairing mechanism is sup-
pressed). In the limit of large U, only the kinematic
mechanism is retained (thick curve). In the calcula-
tions, the following values of hopping integrals were
used: t,/|t;] = —0.35 and t;/|t; | = —0.05.

Fig. 2. Temperature dependence of the amplitudes4; (i =
1, 2, 3) of the S.symmetry order parameter A(k).

The temperature behavior of the parameters A, (i =
0, 1, 2, 3) isdemonstrated in Fig. 2 for the same values
of hopping integrals, U/|t;| = 5, and n, = 0.82. The cho-
sen electron concentration corresponded to the optimal
doping (T./|t;] = 0.64). One can see that the absolute
values of A, and A; are close and nearly compensate
each other (A, < 0). In such asituation, thethird termin
A, comes into play. Note also that, due to a complex
guasimomentum dependence of A, and the close values
of parameters A, (i =0, 1, 2, 3), A, turnsto zero at cer-
tain lines in the Brillouin zone. This fact is of interest
because it opens up the possibility to obtain the spec-
trum of elementary excitations in the superconducting
phase with the Stype symmetry of order parameter and
anarrow, or even zero, energy gap. Our preliminary cal-
culations corroborate this assumption; however,
because of limited space, the corresponding results will
be reported elsewhere.

We are grateful to Prof. V.A. Ignatchenko for helpful
discussion and remarks. This work was supported by
the Program “Quantum Macrophysics’ of the Presid-
ium of the Russian Academy of Sciences, by the Rus-
sian Foundation for Basic Research (project no. 03-02-
16124), by the RFBR+KKFN “Enisei” (grant no. 02-
02-97705), and by the Lavrent’ ev Competition of Youth
Projects of the Russian Academy of Sciences (Siberian
Division). D.M.D. was supported by the Foundation for
Assisting Native Science.

REFERENCES

1. R. O. Zaitsev and V. A. Ivanov, Pis ma Zh. Eksp. Teor.
Fiz. 46, 140 (1987) [JETP Lett. 46, S116 (1987)].

2. J. C. Hubbard, Proc. R. Soc. London, Ser. A 276, 238
(1963).

3. R. 0. Zaitsev, Zh. Eksp. Teor. Fiz. 70, 1100 (1976) [Sov.
Phys. JETP 43, 574 (1976)].

JETP LETTERS Vol. 77 No.9 2003



SPECTRAL REPRESENTATIONS AND DESCRIPTION 509

. R. O. Zaitsev, V. A. lvanov, and Yu. V. Mikhailova, Fiz. 9. P. E. Bloomfield and N. Nafari, Phys. Rev. A 5, 806
Met. Metalloved. 68, 1108 (1989). (1972).

- Yu. A. lzyumov, Usp. Fiz. Nauk 167, 465 (1997) [Phys. 10. V. Yu. Yushankhay, G. M. Vujicic, and R. B. Zakula,

Usp. 40, 445 (1997)].

. D. N. Zubarev, Nonequilibrium Statistical Thermody- Phys. Lett. A 151, 254 (1990).
namics (Nauka, Moscow, 1971; Consultants Bureau, 11. V.V.Va'kov, T. A. Va’kova, D, M. Dzebisashvili, and
New York, 1974). S. G. Ovchinnikov, Pis' ma zZh. Eksp. Teor. Fiz. 75, 450

. Satistical Physicsand the Quantum Theory of Field, Ed. (2002) [JETP Lett. 75, 378 (2002)].
by N. N. Bogolyubov (Nauka, Moscow, 1973).

. H. Callen, R. H. Swendsen, and R. Tahir-Kheli, Phys.

Lett. A 25, 505 (1967). Trandated by V. Sakun

JETP LETTERS Vol. 77 No.9 2003



