Temperature dependence of superconducting gap
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For a thin superconducting film, which is irradiated by a microwave-frequency
field, we have found the value of the energy gap as a function of the irradiation
intensity and its frequency within the entire temperature interval.

PACS numbers: 73.60.Ka, 74.30.Gn

Considerable attention has recently been devoted to theoretical and experimen-
tal investigation of superconductivity stimulation by an external, high-frequency
field.!”7 Satisfactory agreement between theory and experiment was achieved in
this investigation in the case of weak electromagnetic fields.® In the case of high-in-
tensity fields, however, there is no such agreement, since the available theoretical es-
timates,>> which are based on an approximate solution of the self-consistency equa-
tion for the gap in a weak field, lead to an unlimited growth of stimulation with in-
creasing pumping amplitude.® We show in this paper that the exact solution of the
self-consistency equation in the case of strong fields leads automatically to saturation
and subsequent suppression of stimulation by the strong field. We have solved the
self-consistency equation in the entire temperature range and for different pump fre-
quencies and intensities and have also analyzed the obtained results from the view-
point of feasible experiments.

As shown by Eliashberg,! the equation for nonequilibrium order parameter A
has the form
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and the nonequilibrium electron-excitation function n, must be determined from the
corresponding kinetic equation (see, for example, Refs. 1 and 3). We must bear in
mind that the self-consistency equation, written in the form (1), contains only the
kinetic effects in explicit form, which are attributable to the action of the external
field on the superconductor. In addition to this influence, the electromagnetic field
leads to a direct dynamic suppression of the gap by the time-averaged square of the
field; this can be described by an appropriate renormalization of the interaction con-
stant X. As shown in Ref. 8 in the case of variable rf fields (at w3 > YA, wy is the fre-
quency of the external field and v is the energy attenuation of the electron excita-
tions), the dynamic effect is completely analogous to gap suppression by a static
magnetic field. Because of this, an appropriate term must be added to the self-con-
sistency equation (1).
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It must be recognized, moreover, that at wo <<2A the total number of quasipar-
ticles cannot be conserved in a superconductor in a variable field. As shown by
Schmidt (see Ref. 5), such a “heating” effect is described by an additional term in
the self-consistency equation.® As a result, this equation can be written in the form

@p tanh[(£2 + A2) /2T] “D tanh(£/2 Ty ) ©p 24
.r : df —.f - —_— dé‘ _2‘[' —_— -
o (£24AD % o 3 A (2-A2)%
2
wa w a w
o T) - -_— 2 T = 0- 2
a7 (1) =011 v 12 fo(T) @)

Here Ty is the junction temperature in the absence of pumping and ngl)= N —ngo) is
the nonequilibrium correction to the excitation distribution function. The term
proportional to f (T) describes the dynamic suppression mentioned above. Using the
results of Ref. 9, we can show that f; (T) has the form

T A
f(T) =(—sinh'— +1)/200sh2__A. . 3)
1 A T 2T

The f,(T) function in the “heating” term in Eq. (2) can be approximated as £, (T)
~exp(-A(T), if the number of quasiparticles decreases sharply with decreasing tem-
perature.
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FIG. 1. The A(T) dependence found from the self-consistency equation (2) for v, = 0.01, w,
=0.5, and the dependence for different « values (the numbers are given on the curves). In the
region A < w, /2 the parameters for the curves are as follows: (a) «=10"%,(b) &= 107%, (0) o
=102, (d) «>1072. (All parameters are given in units of Ty,.) The curve for =0 was deter-
mined from the BCS theory.

455 JETP Lett, Vol. 33, No. 9, 5 May 1981 A. M. Gulyan and G. F. Zharkov

455



The expression for n(!) in high fields was found in Refs. 3 and 8 at T~ T. This
expression, which can be easily generalized to arbitrary temperatures, has the form

nlly) = - o5 eBY [ dxe=B% ¢ (x) +e~BV[f dxe=B%¢ (x) - [ dxeB%ep(x )5,
Y o [
C)]
4y Ery) A /
b(y) =~ o, E(y) = exp|— (y?+ DA
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y=(2-AD%/A, B=(2R)% B=yA%4aw?, a=(e/c)?42D,
D= UFZ/3.

[We further assume that the attenuation v is caused by electron-phonon processes
and use the approximation v =7v0(T/Ts0).>] Note that Egs. (1)-(4) are generally val-
id when the conditions

a<< A, o, >> vy, w << 1, B<<1 (5)

Tim pro
are satisfied.

We solved Egs. (2)-(4) numerically. The results in Figs. 1 and 2 show that at
low temperatures, when the number of quasiparticles is small, the superconductivity
is suppressed primarily by the dynamic steaming effect of the electromagnetic field;
in this case A decreases proportionally to the field amplitude. Nonlinear kinetic ef-
fects are important at higher temperatures; specifically, there is a stimulation of
superconductivity,® which increases initially with increasing pumping intensity and
then becomes saturated? . At large pump amplitudes the superconductivity is sup-
pressed at all temperatures (Fig. 1). Figure 2 shows the dependence of the maximum
stimulation temperature Ty y,x On the pump amplitude and frequency. It can be
seen that an increase of the frequency facilitates stimulation. The boundary between
the superconducting state and the normal state for the two pump frequencies wg
=0.5 and wp =0.1 is shown in Fig. 3 in terms of T versus «. Thus, our calculation

FIG. 2. The quantity #max = (Ts max - Ts0)/ Ts0, is plotted as a function of the pump intensity
for different values of w,/Tgo (the numbers are given on the curves); y, =0.01.
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FIG. 3. Boundary between S and VN states for w, =0.5 and w, =0.1.

scheme, unlike that of Ref. 2, gives at least a qualitatively correct picture at any field
intensities.

In the range of values 2A <w, the processes of direct production of quasipar-
ticles from the condensate by the electromagnetic field must be taken into account.
To do this, we must add a term in Eq. (2) in a linear field approximation,

w, . . de lelw, — & - AZ)]O(wo—e—_A)
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The order parameter can be drastically reduced in weak fields by taking into ac-
count the direct production, and at /v, > 0.1 the self-consistency equation has no
solutions for A <w,/2. The appearance of the lower branch of the A(T) solutions
(see Fig. 1), which may be associated with hysteresis effects (compare with Ref. 7),
is worth noting.

The results of our calculations show that the constraint imposed on the stimula-
tion effect follows directly from theory'™ and does not require the consideration of
Joule heating of the samples by a microwave field. It would be interesting to mea-
sure the gap in films in a high-frequency field (at wo ~ Tso) in the entire temperature
range.

We are grateful to G. M. Eliashberg and B. I. Ivlev for a discussion of the pro-
blems raised in this paper.

1)A similar comment was made in Ref. 10.
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