Enhancements of the superconducting transition temper ature
within the two-band model

A. Bussmann-Holder

The two-band model as introduced by Suhl,
Matthias and Walker [Suhl et al.: Physical Review
Letters 3, 551 (1959)] accounts for multiple en-
ergy bands in the vicinity of the Fermi energy
which could contribute to electron pairing in su-
perconducting systems. Their assumption that
pairing might occur in various energy bands
that are located in the vicinity of the Fermi
energy implied that interband interactions be-
tween those bands take place in order to as-
sure a homogeneous superconducting state. In-
terestingly, they observed that a two-order pa-
rameter scenario leads to an enhancement of the
superconducting transition temperature as com-
pared to asingle-band model. Here the effect of
the coexistence of a dynamic polaronic lattice
distortion with superconductivity on the super-
conducting transition temperature T is investi-
gated. In addition anisotropic pairing and the
mixing of d- and s-wave superconducting order
parameters is admitted. In all calculations it is
assumed that the pairing interactions within the
two bands considered are too weak to induce
superconductivity. Thusit is possible to inves-
tigate the effect of the interband interactions on
anisotropic superconductivity and also to show
in how much a polaronic distortion can influ-
ence superconductivity. The two band Hamil-
tonian considered here, in already condensed

form, reads:
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where Hg is the kinetic energy of the bands
1=1,2 with §, =¢+¢&,—l Here g denotes
the position of the c- and d-band with cre-
ation and annihilation operators ¢, c,d",d,
respectively, and p is the chemical poten-
tia.  The pairing potentials Vi(k,k) are

assumed to be represented in factorized
form like Vi(k,k)=Vigkpk, where o,k
are cubic harmonics for anisotropic pairing
which yields for dimension d=2 and on-site
pairing: ¢ =1, Yk =1, extended s-wave:
@k, =cos(kea) +cos(k/b) =y, and d-wave:
@k = cos(kxa) —cos(kyb) =ny,, where a,b are
the lattice constants along x and y directions;
throughout this paper a=b. By performing
a BCS meanfield analysis of Egs.(1) a self-
consistent set of coupled gap equations is ob-
tained which has to be solved simultaneously
to determine T, and the temperature depen-
dencies of the gaps. If the interactions V are
constants, the resulting gaps are momentum
independent. A more interesting case is ob-
tained by assuming the following general mo-
mentum dependence of the intraband interac-
tions: V, =gg) +g§')«{ky;<f +g§]')nknkf where the
first term yields onsite pairing, the second ex-
tended s-wave pairing and the last term d-wave
pairing. Here it is assumed that V; is propor-
tional to gy while V5 is either determined by gy
or by g,. In addition the two bands considered
are one-dimensional in the case of the c-bands
while the d-related band is two-dimensional
with the following dispersion:

ek, = —2t[cos(kea) + cos(kyb)].

Throughout the following the values for the in-
traband interactions are V; =V,=0.01, where
V1=V Ng, Vo=V, Ng. Within this scenario the
selfconsistent set of equations is solved numer-
icaly asfunction of V2 =Vi2v/NsNg where N,
Ng are the density of states of band 1, 2, respec-
tively. The results are shown in Fig. 1 where
both cases V, ~ gg and V> ~ g,, are considered.
In both cases small values of Vi, are sufficient
to induce superconductivity. With increasing
V1o dramatic enhancements of T are obtained
which easily exceed 100 K. Interestingly the d-
wave component in the two component systems
has an additional T¢-increasing factor which in-
creases with increasing interband coupling.
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Figure 1. The dependence of the superconducting
transition temperature on the interband couplingV 12
for the case of both, V1 and V>, ~ gq (circles) and the
case whereVy ~ do, V2 ~ 0y, (Squares).

This finding clearly shows that a mixed order
parameter symmetry favors superconductivity,
as opposed to two onsite pairing interactions.
In order to determine the possible coexistence
of dynamic polaronic lattice distortion with su-
perconductivity it is assumed that for temper-
atures T>> T, a strong coupling of the one-
dimensiona electronic band to phonons with
momentum ¢ dependent energy ho takes place.
This corresponds to modifying the first part of
Eq.(1) as.
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Here b*, b are phonon creation and annihila-
tion operators and g(q) is the electron-phonon
coupling. Following previous work the k; re-
lated electronic energies are renormalized by
the electron phonon coupling as.
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with A*=g(qo) 2 N (b ) 8q.q0, Where qp is the
wave vector which characterizes the width of
the polaron induced distortion. Including these
modifications of the one dimensional electronic
band in the calculation of T, and considering
again the above two cases the results shown in
Fig.2 are obtained. The polaronic band shift
A* first increases T, enormously but then de-
presses its value to zero with increasing band

shift A*. Since the magnitude of A* depends on
the electron-phonon coupling the results show
that small and intermediate coupling polaronic
distortions lead to a pronounced increase in
T¢ but reduce T. in the strong coupling limit.
Physically this situation corresponds to an in-
terplay between the interband coupling favor-
ing superconductivity and the lattice distortion
which causes localization. Again a strong en-
hancement of T; is observed for the case of two
different order parameters as compared to the
two s-wave order parameter case.
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Figure 2: The dependence of T. on the polaronic
shift A*. The squares refer to s-d coupled order
parameters, while the circles correspond to the s-s
coupled case.

In conclusion, new aspects of the two-band
model for superconductivity have been inves
tigated by considering the influence of differ-
ent order parameter symmetries on T; and by
studying the effect of a polaronic distortion on
it. Combining s- and d-wave order parame-
ters always enhances T, substantially as com-
pared to two isotropic order parameters since
here low energy scales appear from the d-wave
channel. The interband coupling also enhances
T substantially and even at moderate coupling
Te-values > 100K are obtained. A polaronic
distortion favors superconductivity as long as
the corresponding electron-phonon interaction
is not too large. For intermediate to large val-
ues of the coupling, superconductivity israpidly
depressed and even vanishes for too strong cou-
plings.





