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A general expression has been derived for the effective potential of the Coulomb
interaction between electrons in the superconducting channel, with allowance for
the dielectric correlations in the weak-interaction limit. The conditions under
which an s + id-type superconductivity can occur have been determined. A new
state, which competes with the R ¥B phase in the strong-interaction limit, is
discussed.

Experimental data showing that there are strong magnetic correlations in high-7,
superconductors and a greatly weakened isotope effect have stimulated theoretical
study of superconducting pairing in models with a Coulomb interaction between elec-
trons.! The possibility of a d-type superconductivity has been demonstrated in the
strong-interaction limit>* and in the weak initial (seed) interaction limit.*® A strong-
interaction model also incorporates s-type superconducting correlations.? The struc-
ture of the ground state of the superconducting phase in the strong-interaction model
is now a subject of lively discussion.®’” The determination of this structure requires the
study of the interface of electron—electron and electron-hole correlations.>® In the
present letter we solve the problem in the weak-interaction limit and we show that
allowance for the complex structure of the dielectric correlations in the weak-interac-
tion limit gives rise to superconducting s pairing due to the initial (seed) repulsion.

1. Let us consider a model with congruent regions of the Fermi surface and a
screened Couloumb interaction between electrons. The Hamiltonian of the model is
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where a and 3 are the spin indices, 4, j, /, m = 1,2 are the congruent regions of the
Fermi surface, and €, (k) = + €(k); here u is the parameter of the incongruence
due, for example, to doping or anisotropy. In the case of a square Fermi surface, which
is widely discussed in the study of high-T, superconductivity, the congruent regions of
the Fermi surface 1 and 2 are separated by one-half the reciprocal lattice vector Q:
€,(k) = ,(k + Q), € (k) =¢,( — k), and belong to one zone. In general, indices 1
and 2 may refer to different zones with different symmetries of the wave functions.

The interaction g,=g,,,, in (1) (these are umklapp processes in a single-band
model) confuses the Cooper channel with the zero-sound channel, in which the loga-
rithmic singularity stems from the “nesting.” However, because of integration over the
angles, there is an effective decoupling of the “parquet” and the ground-state structure
qualitatively corresponds to the results of a mean-field approximation.*

Let us consider the dielectric correlations by means of a canonical transformation
which eliminates the singularity in the zero-sound channel (a = ua, + va,). We as-
sume that the chemical potential  in the reconstructed phase is situated under the
dielectric gap, and that there exist charge carriers (holes) at 7= 0. For the supercon-
ducting order parameter, A~ (aa) we find the following equation:
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where o(k) =V (u — E(K))? + [A(K) 2, E(k) =V (k) + [S(k) [, and £ (k) is the
dielectric order parameter. In general = (k) c/(\)ntains singlet (2) and triplet (£ )
real (%) and imaginary (2,) components:® 3 =2y +iZ; + o(Z% + i2). The ef-
fective interaction V(kk') is given by

V(k, k') = To@*u'? +v?0*?) + o T, (0*u'? +u?v" *2) + 2( T, + 0 I uvu'v'*,
(3)
u',v' =u(k), uk); T;= Tk K, k+K),

where T'; (k,k',g) are the complete vertices (at zero frequency) (Fig. 1) which corre-
spond to the bare charges 80=gii,81 = 81221» 82 = &1122> and §, = g5y, in (1). The
vertices I';, T',, and T, in the zero-sound channel have a pole at the point where the
long-range dielectric order is established (7 = T, ) and a maximum near the tempera-
ture T, which characterizes the formation of the short-range dielectric order. In the
last case relation (3) can be used to describe the electron—electron interaction if the
correlation length of the superconducting order parameter &, is shorter than the size
of the short-range order regions. In deriving (3) we assumed that T<T,, T%, and u
and v in (3) are the canonical transformation coeflicients

A
u?, | = l(1 J?E(E)—), uv=l 2(k)

—_ 4
2 E(k) 2 E(k)
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FIG. 1.

The factor o in (3) assumes the value of — 1 for the triplet dielectric order parameter
and 1 for the singlet order parameter. The sign of the effective interaction in (3) is
determined by the spin and phase structure of the dielectric order parameter and by
the ratio of the amplitudes of the various Coulomb scattering processes.

2. As an example, let us consider a single-band model with planar regions of the
Fermi surface. The results for a two-band model will be considered in a separate paper.
In the simple case of a single-center Hubbard interaction all the bare charges in (1)
are g, =g, = g, = &, = U. In the random-phase approximation for the vertices we
have

To=V +V*, T=V +Vj Ty=V+ VQ, y =Vt VY, (5)
where
_ U U?
V@)= e, V@ — XD
1-U’x*(q) 1-Ux(9)

V(@) =Viktk), Vp=Viktk +Q),

here y(q) is the zero-sound loop. We obtain from(3) and (5) the expression for the
effective interaction

V=V"('utv*)+oV; (u v+ ) + Vu'u + ov' ) + aVQ(u v +ov'*u).  (6)

Physical ordering is characterized by the structure of the dielectric order param-
eter. It is important below that the current states: the orbital antiferromagnetism [the
singlet imaginary order parameter = = i3, (k)] and the state with the spin current
[the triplet imaginary parameter 3 = ioZ} (k) ], should be described by d-type param-
eters (see e.g., Ref. 10): 3, 3} = 3, (k) = £, (cos k, — cos k). For a single-compo-
nent dielectric order parameter Eq. (2) with potential (6) has a d-type superconduct-
ing solution: Ad (k) = — Ad (k + @), which was considered in the case of a
spin-density wave (2 = oZ% = const) in Refs. 5 and 6. Against the background of a
charge-density wave (CDW: 2 = 2, = const) or the spin-current state (2 = ig3})
the  superconducting order  parameter  satisfies even the  relation
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A(e(k)) = — A( — e(k)), and the effective attraction potential

2 2

Vzu
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vanishes in the half-occupation limit (¢ = X). If, on the other hand, a spin-density
wave (or a charge-density wave) and a spin-current (or orbital antiferromagnetism)
coexist in the dielectric phase (which generally requires going beyond the scope of a
single-center model'®), then we encounter a s + id-type superconducting parameter

K(k) =& (k) + A (k), Ak +Q) = A¥(K), (8)

where we have in the case of the coexistence of a spin-density wave and a spin-current
state

A (k) = (1 - 2u* (K)sin® B(K))A 4(K) +u? (K)sin 26(K)4, ,
(9)
A (k) =2 (K)sin 20(k) A 4 (k) + (1 = 2u* (K)cos? H(K))A,,

here 2 (k) = |2(k)[e®, and A, (k) is a solution of Eq. (2) with the potential
v

sow~V "V (10)
The parameter A, =xfdk/Qu)*(V ™ +V*+ V5 +VI)AK)IZFE,(K)/
@o (k') tanh(w(k')/2T) =const, (2, <Z%).

For a physical interpretation of the mechanism which is responsible for the super-
conductivity, it is important that a d-type solution with an effective potential

V To= D=V +V*'-V, -V,

= 11
T>T), o Vo (11)
exist even above the temperature at which the dielectric order appears when the order
parameter is £ = 0. In terms of the initial (seed) operators, it is an antisymmetric
solution A, = — A, = A, [A; ~{a;a;), A, = A,B(9)]. The attraction in (11), as
in (6), involves an exchange of electron-hole (exciton) excitations, which are respon-
sible for the establishment of the dielectric order'! (spin fluctuations at U> 0; Refs. 5,
6, and 11). It can be shown that the dielectric order parameter increases upon the
appearance of a superconducting condensate (J=% /dA?|, _, >0). There is therefore
no reason to interpret the Coulomb superconductivity in terms of “spin bags” or some
other “bags,”® whose description is based on the dependence of £ on doping. A
change in the symmetry of the wave functions as a result of transition to an insulating
state, which is described by the coherence factors, manifests itself in that a spin-density
wave is conducive to d-pairing (an antisymmetric solution), while a charge-density
wave suppresses it'? [cf. Egs. (7) and (10)].

3. In the lattice-site representation the orbital antiferromagnetism state is charac-
terized by a nonzero “flux” @, which builds up as it traces out a path along the closed
circuit of the square which contains four nearest lattice sites. In the limit of strong
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repulsion by a center, at precisely one-half the occupation, we have an SU(2) equiv-
alence of s + id superconducting solution and the phase with a flux ¢ = 7 (Ref. 13).
In the weak-interaction limit in the absence of SU(2) invariance we show that an
§ + id structure of a superconducting condensate (8) is conserved if the current com-
ponent of the dielectric order is taken into account. This conclusion is valid, however,
even in the strong-interaction limit, since it can be presented in the symmetric confir-
mation form. Regardless of the model used, the free-energy functional has an invariant

8F ~ (A A% - AXA)Z? - Z*%)

which gives the required structure of the solution.

As follows from the results obtained above, the most favorable conditions for the
formation of the s + id phase occur when the spin-density wave and the spin-current
state coexist (U>0). In the lattice-site representation the spin-current state is de-
scribed by an alternating triplet, imaginary hop component {c.fc;),~x7

=ily]( — )= — y;°. In the strong-interaction model'* a natural generaliza-
tion of the spin-current state is the parameter
xi = Ixlexp[i(- 1)*(=1x *vo] (12)

where @ = 1,...,n is the color index. In the limit #— o, the spectrum and the energy of
the state with the current with color index (12) and the phase with a flux [and other
phases which differ from (12) by their multiplicity] are in agreement. In contrast with
the phase with a flux,” state (12) is invariant under the time reversal. In the strong-
interaction models state (12) has not, to the best of our knowledge, been considered
previously, and its study is clearly of interest. '
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