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Nonequilibrium dynamics of quasiparticles in superconductors

S. Sridhar' and J. E. Mercereau
Low Temperature Physics 63-37, California Institute of Technology, Pasadena, California 9112S

(Received 24 January 1986)

Small changes M, in the 10-GHz surface resistance 8, of thin superconducting films of Sn and

In, caused by an induced static current Jo have been measured. M, was quadratic in Jo and both
increases (5R, «0) and decreases (M, ~0) of absorption were observed. The increase is associated
mainly with thermodynamic depression of the gap parameter due to the static current. On the other
hand, the decrease of absorption, which implies an enhancement of superconductivity, is incompati-
ble with thermodynamic analysis. A nonequilibrium analysis is presented, according to which the
combined static and high-frequency currents cause a nonthermal, tine-dependent oscillation of the
quasiparticle distribution, and which is out of phase with the driving high-frequency field. The
counter oscillation leads to an enhancement of high-frequency supercurrent and decrease of dissipa-
tive normal current, and hence results in a decrease of absorption. The analysis describes the experi-
mental results for very thin films of Sn both qualitatively and quantitatively, and with no adjustable
parameters. These results lead to the conclusion that at high frequencies, the superconductor
responds to time-dependent perturbations in an inherently nonadiabatic, nonequilibrium manner
even for vanishingly small high-frequency fields. The implications for several unexplained experi-
ments on the magnetic field dependence of R, are discussed.

INTRODUCTION

Unexplained effects in the dynamic high-frequency
response of superconductors in the presence of static per-
turbations such as magnetic fields or applied currents
have been observed since the first experiments of Pip-
pard. ' A complete understanding of such phenomena has
remained elusive, despite a variety of experiments carried
out over a wide range of frequency and materials parame-
ters. In this paper, we report on recent measurements '

and analyses of the microwave response of thin supercon-
ducting films in the presence of an induced static current.
Our proposed interpretation of these novel results, which
is successful both qualitatively and quantitatively, leads to
the important conclusion that nonequilibrium effects play
a vital role in the description of dynamical effects in su-
perconductors at high frequencies.

The measurements are of changes 5R, of the mi-
crowave (10 GHz) surface resistance R, of thin supercon-
ducting films of Sn and In, caused by a static super-
current of density Jo induced in the films by a magnetic
field Bo applied on one side of the film. We have ob-
served both increases (5R, & 0) occurring at high tempera-
tures near the transition temperature T, and, more
surprisingly, decreases (5R, & 0) at low temperatures. 5R,
was observed to be quadratic in Jo (or Bo) over the entire
temperature range studied (0.3 & T/T, &0.98) except in
the narrow range of temperature where 6R, changed sign.
We describe the results in terms of a reduced temperature
t and thickness d dependent parameter k(t, d) and max-
imum surface field Bo..

5R, (Bo) Rs(Bo)—R, (0)

R, (0) R,(0}

For very thin films, the parameter k(t, d) was positive
(5R, & 0} near T, and negative (5R, &0) at low tempera-
tures.

The observed increase of R, can be understood within a
thermodynamic framework: the static current increases
the free energy of the film, "pushing" it toward the nor-
mal state, and hence decreases the gap parameter resulting
in increased absorption. Near T„where the increased ab-
sorption is observed, the measurements agree quantitative-
ly with a Ginzburg-Landau description of the order-
parameter reduction.

On the other hand, the observed decrease of R„which
implies an enhancement of superconductivity, cannot be
understood in terms of such a macroscopic thermodynam-
ic description. Instead, we find that a more complete
description in the context of recent theories of nonequili-
brium superconductivity is required. We have employed
the formalism5 6 of a microscopic theory of the dynamic
nonequilibrium quasiparticle response in the presence of a
static current, which is applicable in the local electro-
dynamic limit and at high frequencies coo;„»1,where r;„
is the inelastic quasiparticle scattering time. Numerical
calculations agree quantitatively with the experimental re-
sults for very thin films with no adjustable parameters.
This is the first time that the nonequilibrium quasiparticle
response has been analyzed and applied to this type of
problem, and also that agreement between theory and ex-
periment has been found for this class of experiments.

In the framework of the analysis, the superposed static
and high-frequency currents lead to dynamic pair-
breaking effects, due to which the density of quasiparticle
states oscillates in phase with the high-frequency field. If
the driving frequency is smaller than the quasiparticle in-
elastic relaxation rate (to & 1/r;„),then the total quasipar-
ticle number adiabatically follows the instantaneous driv-
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ing field and oscillates with it. This mechanism leads to
an increase of R, in the low-frequency regime and is in
addition to the increase caused by the depression of the

gap parameter. In this adiabatic regime, the thermal
equilibrium Fermi distribution function applies for the
quasiparticles, while the instantaneous quasiparticle ourn-
ber is determined by the instantaneous density of states.

On the other hand, in the high-frequency limit
(co & 1/~;„),the quasiparticle number cannot adiabatically
follow the field. Instead, the distribution function
develops a high-frequency component out of phase with
the density of states (and hence with the driving field) in
order to maintain an unchanging total quasiparticle num-
ber. This out-of phase, nonthermal oscillation of the distri
bution function leads to an enhancement of the high
frequency supercurrent and a decrease of dissipatiue nor-
mal current resulting in a decrease of R,. This effect
dominates at low temperatures over the increase of R, due
to gap parameter reduction. Numerical calculations are in
quantitative agreement with experimental results for very
thin films of Sn over the entire temperature range studied.

For thick Sn films with d&800 A, 5R, was again
quadratic in 80 (or Jo) but was positive [k (t,d) &0] at all

temperatures. %e attribute this to nonlocal electrodynam-
ic effects which are not included in the present theory.

In the context of nonequilibrium superconductivity, '
microwaves play a unique role as both a perturbation and
probe of the nonequilibrium superconducting state. The
microwave-induced distribution function discussed in this
work corresponds to the 1. (longitudinal) mode of Schmid
and Schon, whereas thermoelectric and branch imbalance
phenomena correspond to the T (transverse) mode. The
present experiments are related to the gap enhancement
and order-parameter rclaxatlon experiments. A Qmqgc
aspect of the present results is the nonequilibrium
response of the superconductor even for a vanishingly
small microwave field, so long as the microwave frequen-
cy ai&1/~;„. This is due to the presence of the static
current. In contrast, for the cases of gap enhancement
and nonlinear impedance, the nonequilibrium state is
determined by the strength of the microwave magnetic
field.

This paper is organized as follows: Section I discusses
the experimental procedure and Sec. II the experimental
results. Section III presents a summary of the nonequili-
brium "dirty"-limit theory and discusses the relevant
physical processes. Section IV is a comparison of experi-
ment and theory and also discusses the relationship to ear-
lier bulk experiments. This is followed {Sec.V) by a com-
parison of the present results and conclusions with previ-
ous work. Finally, in the Appendix, detailed expressions
for the theory of Sec. III are provided.

I. EXPERIMENTAL CONFIGURATION
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nator surface was Pb plated on oxygen-fr+ high-
conductivity (OFHC) Cu. The resonator Q was dominat-
ed by the film absorption since the Pb surface, having a
higher transition temperature T„contributed only 1% to
the total absorption. (For further details see Ref. 4.)

Measurement of the resonator Q yielded the absolute
value of the surface resistance: 8, =I'/Q. The value of
I =2970 0/sq was determined by the mode geometry
(TEoii) and the inhomogeneous resonator surface, i.e., the
greater contribution of the thin film relative to the negli-
gible contribution of the Pb surface. Depending on tem-
perature, the resonator Q varied from 10~ to 10. The
coupling system was specifically designed to weakly or
critically couple over this entire range of Q's.

Static current ( Jo) was induced in the film by applying
a static magnetic field Bo, produced by a coil, to one side
of the film {Fig. 1). The superconducting film shields out
the magnetic field on the resonator side, due to which
currents ( Jo) are induced in the film. These currents have
the same cylindrical symmetry and approximate radial
spatial configuration as the microwave currents (J ).
The distribution of Jo and J„through the film depends
on its thickness. For films with thickness d & A, (the actu-
al or mean-free-path-corrected penetration depth), both
currents are nearly uniform and overlap completely
through the film. When d & A, , the currents decay into the
film. In the present experiment, where the Bo and 8
fields are apphed on opposite sides of the film, the gra-
dient of the currents into the films is opposite for the two
fields, and the overlap is reduced for thick films. If the
film response were purely local, this reduced overlap
would lead only to a reduced magnitude of 5R, as the
thickness was increased. However, as we discuss later, the

The experiment was designed to measure both the abso-
lute surface resistance R, and changes 5R, of R, . This
was accomplished by utilizing a thin-film test sample
(evaporated on a sapphire disc) as one wall of a fully su-
perconducting microwave cavity (Fig. 1), resonant at
10.12 6Hz in the TEoii mode. The remainder of the reso-

FIG. 1. Experimental configuration and profile of applied
fields used to measure k(t, d). (a) Microwave resonator with
film and coil which produces magnetic field. (b) Coil and its im-

age and resultant magnetic field lines. (c) Radial profile of stat-
ic 8O and high-frequency 8 fields. Dashed line is a sketch of
field profile in the presence of the superconducting guard ring.
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thicker films have a nonlocal response, leading to qualita-
tive differences between thin and thick films.

The induced static current changes the surface resis-
tance and hence the resonator Q. These changes were
measured using the circuit of Fig. 2. The electronics con-
sisted of two basic part — -a microwave and a data-
acquisition subsystem. The former was used to run the
resonator in a self-excited phase-locked loop in order to
compensate for random drifts in source frequency. The
cavity output was heterodyned to an i.f. of 60 MHz and
detected with a square-law detector. Thus a steady volt-

age Va was obtained proportional to the resonator Q,
since the coupling ports are weakly coupled.

The static current was induced in the form of a triangu-
lar wave at 40 Hz. The resulting changes 5V (due to
changes 5Q and thus of 5R, } were detected using the
data-acquisition subsystem. The latter, which was fully
computerized, carried out an analog-to-digital conversion
of 400 points for every 40-Hz period. The results were
averaged many times in order to increase the signal-to-
noise ratio. By this procedure the normalized changes
5R, /R, = —5Q/Q= ——,'5V/Va could be measured to
better than 10 . Since R, can be as small as 10 0/sq,
we haue been able to measure changes 5R, & 10 ' 0/sq.

Typical results are displayed in Fig. 3 for the changes

[—5V~5R„Figs. 3(a) and 3(b)] in detector voltage at
two representative temperatures (a) t =0.92, (b) t =0.70.
The plots are of the voltage changes 5V in response to the
instantaneous field (also shown as a triangular waveform).
In Fig. 3(a},5R, increases with Ba, while in Fig. 3(b), 5R,
decreases with Ba.

The resulting digitized data were analyzed on a VAX
11/45 using a polynomial-fitting program. The polyno-

mial dependence of 5R, /R, on the static applied field Ba
was determined and found to be quadratic (except in nar-
row regions of temperature). The coefficient of the quad-
ratic was calculated from the relation

k(t)=2. 1
2 dBa~ Va

where the prefactor 2.1 enters because of the different ra-
dial configurations of the static field (Bc) and the high-
frcquency field B„.The above equation represents the re-
sult if a uniform field Ba equal to the maximum of the ra-
dial distribution were apphed to the film.

We now discuss samples and their characterization. All
samples studied were films of thickness between 200 and
2000 A of Sn or In, fiash evaporated onto a 2.25-in. -diam

)&0.125-in.-thick sapphire disc. The substrate was cooled
to 77 K and the evaporation carried out at a pressure of
5)&10 Torr. High-quality mirrorlike films were ob-
tained which were free of pinholes. Examination with
a scanning electron microscope (SEM) revealed that the
grain size was less than 500 A.

Measurements of the resonator Q (in the absence of
static current) yielded absolute values for the normal state
(R„)and the superconducting (R, ) surface resistance us-

ing the relation R = I /Q. R„yielded the electronic mean
free path (MFP 1}for the films, via the free-electron rela-
tion, "p„1=0.061 (pQcm)lsm, and the thin-film result,
p„=R„/d.These values are listed in Table I. As the
thickness decreased the MFP 1 is observed to be limited
by boundary scattering.

From the measured MFP 1, the corrected penetration
depth and the coherence lengths in the dirty limit are
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FIG. 2. Microwave and data acquisition systems used to measure —5V ~ M, .
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FIG. 3. Typical raw data for —5V~ 5R, for film d =500 A displaying the quadratic behavior on applied static field, whose tri-
angular waveform is displayed on top of each figure. (a) t =0.92, typical of data for t & 0.88. Note that M, & 0. (1) t =0.70, typical
of data for t g0.88. Note that 5R, g0.

evaluated using the expressions'i A, =A~(0)(1+1.33(oj
I)'~ and (=0.85(got)' . The values A~(0)=501 A and

go ——2300 A were used for the pure-limit London penetra-
tion depth and coherence length, respectively, for Sn. The
resultant values for g and k are listed in Table I.

The measured values of R, (t,d) were found to agree ex-
cellently with the BCS theory corrected for thin-film elec-
trodynamics„using only the measured parameters listed in
Table I. The experimental data are plotted as functions of
reduced temperature in Fig. 4. The solid lines represent
numerical calculations based on the detailed BCS theory;
the agreement is clearly excellent. Comparison with
simpler expressions applicable to the case of local electro-
dynamics revealed that for d ~ 800 A the electrodynamics
was local, consistent with shorter mean free paths, while
for greater thickness a nonlocal description was necessary.

The above results are important towards the characteri-
zation of the films, since they clearly demonstrate that the
BCS mechanism is the dominant cause of the microwave

response in these films. Consequently, changes in R, due
to static current can be expected to be understood on the
basis of extensions of the BCS theory to include nonlinear
effects.

IO

g lO

TABLE I. Material characteristics of Sn films studied.

d (A) 1 (A)' A, (A)"

240
300
450
510
680

1460
1326
1122
1069
960

640
714
875
931

1069

5
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l

I.O

'From the normal-state resistivity p„: l(A)=610/p„, p„in
pQ cm.
'X=X,(O) (1+g,z) 331)'",X,(O)=.5)O ~, g, =23OO A.
cg O 85(gy)l/2

FIG. 4. Experimental results for the surface resistance 8, (at
zero-induced static current) for the films studied in this work.
The solid lines represent calculations based on the BCS theory
(Ref. 4) using the parameters of Table I.



Srl FjlMs
aoog ( i, o)

i()()()A {& ~)
pppOA~& '

g4

II. P.XPERIMENTAI- RpsULTS

d)

~lb

st&died~tgrc r~gtemPc
d ncc ()f Rg on

lnost
its f()I tile dcp

~ co)lid
[(Q.35—

~

for the sn an
98)T ) the res(1

l f lms examIstic field ~0
r

+lP

Re)o)ive

Absolgt8

d'/
t

/ t

gl]
/h/ I

/0~ t

cpr~cntu as {sccFW
+0.05] d) l+k(~~R, (~, d)=Z, (Q &

as inaq (".ply change '" ~f
tion

was ns~
0 to two ca

mccft~+
ln k(r, d)

to random '
.

the ahso-
relative ~o .

a systematic ~ . f the spatialltlte val"
f h apphed» '

3Q%, ls tcmpc
flbtlt10

r estimate .
Cff

phasizcd t
d olely dUc to $

b l tc vainc 0

hat this erro ~

come«c 'ture ind p
casnrcments

rattlrc t ~
~dent an

I thea
a fnnction 0

f;lms with t
k(r, d) ™a

F, 5 for two S" '
s~th d)SQQA,

layed '" ' ' F' 6«rsn ' ' ~ observe

—26Qand5 '
fl with d=~ ln 1lnand in FIS

{)9+ to
thc foiiowinlt'

between app
Sg )Q, l.c

.
) At tcmperatnr

k (] d) )Q. Thtl»
reascs.

T (and d;;) At tempera"
3~T ), k(&,d) &lowcs t t~p I'""'

0
0

I
0 0

oI0
ol

h
h0 h P /

h h
h 0 0 Q0 0 lo o ~o~o /r /

l

O.apg
eroture t = T e

+tp

s ofd} for thicker filmsits for k" "'.",
d on

Fxperimen
ts ( gjculRtipn

FIG
~ 11ne repr&enSn. The d~

{13}.Gin2'. burg- ~Z andan t11eo y +

+I0

lri Film

a =5oo&

I

sr) Films+lo

Op qUAS TICI.Pg IN .UM Dgw&MICSNomQUl~~

I

+IO

0
d -p6OA

h d=5OOA

/

[k() d) 5 0)

r

+io

)

~+~o'-
a

[k(&, d) Z
A

/

+ h

hh

C4

C3—+IO

o o o o

0

(t, d)~({
-lo

l

O.6
t = T/'Tc

l

O.8-io

t = T~Tc

l

O.8

uced teng j ersus redt 1 results for
h 1 garithm&c ~

FIG. 5. Exp'" . fh sofSn. N"
1 18tl~b ed

„ezra thin i . re~nts ca cu ~
prature t

e Thesohdhne ~
h d h~hne

«b. »S h "I'. a. {»)~" 'gnd t .
1 begum theo+the nonoqn

~ {)3).gburg ~u thug

filmExpe™
h logarithm ~ pn the

gaga
tipns asrepresents ~

d sh(d line
The sohd»e

)2) and them]ibrlnm 1 ~
13)

noneq
t] eory pg {burg-Landau



S. SRIDHAR AND J. E. MERCEREAU

the absorption decreases, and we get a novel enhancement
of superconductivity.

(iii) The results for the In film are qualitatively similar
except that the change in sign from k p 0 to k &0 occurs
at a lower temperature between 0.58 T, and 0.65 T, .

Further relevant comments are the following.
(i) The measured changes 5R, in R, were independent

of the microwave field strength 8 at the film surface
and hence were also independent of the absorbed mi-
crowave power T. his experimental result, in addition to
demonstrating that an analysis based on Eq. (5) is applic-
able, also rules out thermal heating (i.e., a real increase in
temperature due to absorption) as a factor in these experi-
ments.

(ii) In the narrow regions of temperature (t=0.88—0.90
for Sn and 0.58~ t ~0.65 for In), where the quadratic
coefficient k =0, the dependence of 5R, on 80 was ob-
served to be nonmonotonic. For In at r =0.60, clear os-
cillations were observed with a period of =0.30 G. While
the origin of these effects is not exactly known, we expect
that it might be due to motion of trapped fiux.

(iii) When the static field level was increased above a
critical value, flux was driven irreversibly into the film at
a field value such that the induced current density was
J,=2)&106 A/cm2. While this value is smaller than the
thermodynamic critical current, it is in agreement with
experimental values for wide, fiat samples. '

(iv) From a wide variety of experiments, we have shown
that the results of the quadratic field dependence dis-
cussed in this paper are reproducible from film to film
and are not affected by thermal cycling. The quadratic
dependence was further shown to be not due to spurious
effects such as leakage through the film. In addition, ex-
periments with the films in a fiux-induced state gave qual-
itatively different results and were not responsible for the
results discussed in this paper.

The important aspect of these results, viz. , the quadra-
tic changes, both incre'ises and decreases, of R, are next
examined in terms of microscopic theories. In particular,
the task of a successful theory is a quantitative explana-
tion of the experimental parameter k(t, d) displayed in
Figs. 5—7.

III. THEORY OF STATIC CURRENT EFFECTS
ON SURFACE IMPEDANCE

A. General relations

The response of a superconductor to high-frequency
fields is governed by the fun~mental constitutive rela-
tion" between current J and vector potential A. The re-
lationship is local (wave vector q~O) when the electronic
mean free path 1(go (the bulk coherence length). In
terms of the Mattis-Bardeen' complex conductivity
c7, (co, T)=cr, +io2, the J-A relation can be written

J„=(i cu/c)c7, (co, T)A„.
The real part of Eq. (3) represents the supercurrent
response and the imaginary part the normal or Quasi-
particle response.

In this paper, complex parameters are represented with

a tilde, i.e., o. All time dependences are taken to be e
The complex surface impedance of very thin films can be
written

where qi, qi are complex. It is assumed for generality
that A0 and A„canhave arbitrary orientation in a two-
dimensional plane.

Equation (5) describes the change in the high-frequency
supercurrent and normal current due to the presence of a
static current. The modifications are quadratic in the
static current (since Jo~ Ao) and are determined also by
the relative orientation of static and high-frequency
currents. Equation (5) may be interpreted as follows: the
properties of the superconductor are modified by the pres-
ence of Ao and A„due to a static perturbation ( cc Ao)
and a dynamic perturbation ( ~ A0 A }. The first term
represents a probe of the effects of the static perturbation
by the high-frequency fields. The second term represents
a mixing of the effects of the dynamic perturbation with
the static current, which appears also at the driving fre-
quency. The dynamic perturbation is absent if Ao and
A„areperpendicular to each other.

The conductivity represented by Eq. (5} is tensorial.
However, we are only interested in the diagonal elements,
the changes of which are

2e DAO
5o, =5o )+iSoi——.——(q)+qq cosiy),

EN

where y is the vector angle between Ao and A . From
Eq. (4), the normalized changes in impedance are

5R, So i Seri SXg

R, o~ cr2
'

X,
Sop

CT2

where we have assumed cr~ &&cr2, which applies to the
present experiment. Equations (6) and (7) lead to

SR, 2e DAO

R [P&(co,t)+Pi(co, t) cos y], (8)

where P~ and I'2 are real quantities related to q) and q2.
The above discussion is quite general, the only assump-

tions being that of local electrodynamics To lowest . or-
der, the effe:t of Jo is to change the impedance such that
5R„SX,~ Jo, independent of J„.It is the task of a mi-
croscopic theory to yield the coefficients q, and qi (and,
hence, Pi and Pi), based upon a detailed examination of
the processes involved. This is discussed next.

where R„(d)=1/a„dis the normal state surface resis-
tance and cr„is the normal-state conductivity.

Adding a static current Jo shifts the total vector poten-
tial to A= Ao+ A„.Expanding and retaining the first
nonlinear term which is cubic in the total J-A relations,
Eq. (3) is modified by an additional term which can be
written

5J„= 2e —D[qi(ei, t)(AO Ao}A +qi(co, t)(AO A„)Ao],
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S. Microscopic theory

A complete description of a superconductor requires at
least two components: the gap parameter and the quasi-
particles, which are in general strongly intercoupled.
These components are modified by perturbations such as
external currents. In this work we have employed a mi-
crosco ic formulation derived by Ovchinnikov and
Schon ' who describe such effects, and use the theory to
calculate 5R, /R, . In this section, a brief description of
the physical processes is given, while a detailed discussion
of the calculations is deferred to the Appendix.

The theory is applicable in the dirty limit r,~T, &&1,
where r,~

—I/up —is the elastic scattering time. This should
be valid for all the thin films described here. In the dirty
limit, the effects of the superposed static and high-
frequency currents are determined by a static pair-
breaking parameter I'0——2e DAO and a dynamic pair-
breaking parameter 1„=2eDAO A . Note that I is
absent if Ao and A„areorthogonal. The magnitude of
the pair-breaking effects is determined by I 0/h(T) and
I „/b(T), where b, ( T) is the gap parameter. (We use units
k =R= l. )

Static pair-breaking effects due to a static current are
well known 3'6 the gap parameter 5 is decreased and the
density of states is modified with introduction of states of
minimum energy less than the zero current gap. This is
shown in Fig. 8(a), where the dashed line is the zero-
current BCS density of states and the solid line is the
pair-breaking density of states N(10,E). As a conse-
quence, the total number Nq~ of quasiparticles is in-
creased, determined by

x„=J' n (ro, E)f h(E)dE,

where fth(E) is the equilibrium distribution function.
Both these effects, viz. , decreased 5 and increased Nqz,
lead to decreased high-frequency supercurrent (502&0)
and increased normal current (5cr»0). As a conse-
quence, 5R, &0 and 5X, & 0. The actual magnitude of
these effects, which are represented by qi in Eq. (3) and
P& in Eq. (8), requires numerical evaluation and is
described in the Appendix.

The effect of the dynamic pair-breaking parameter I'
is to cause oscillations of the gap parameter and of the
density of states at the driving frequency co. These com-
ponents respond so long as co & 6, the gap frequency. In-
stantaneous "snapshots" of the oscillating density of
states are shown in Fig. 8(b). The response of the quasi-
particles on the other hand, is determined by an additional
time scale—the inelastic quasiparticle scattering time r;„.
As discussed later in this section, v;„canbe quite long,
and generally for T & T„1/r;„&5, the gap frequency.

At lo~ frequencies, co ~ 1 jv;.» the quasiparticle system
responds adiabatically to the density-of-states oscillation.
That is, the total quasiparticle number oscillates with the
density of states, being determined instantaneously by the

(c)

FIG. 8. Pair-breaking effects due to static and high-
frequency currents in a dirty superconductor. (a) Density of
states due to static pair-breaking parameter I 0 (solid line). The
unperturbed BCS density of states (dashed line) is also shown.
(b) and (c) Oscillating density of states (solid lines) and corre-
sponding distribution functions (dashed-dotted lines) due to
dynamic pairbreaking I„.At love frequencies cow;„g1 (b), the
distribution function is unchanged from the thermal value,
while at high frequency uv;„gp1 (c), a counteroscillating com-
ponent develops. The labels 1 and 2 refer to different instants
during the microwave oscillation.

latter. In this adiabatic limit, the effect of I is similar to
I'p. The high-frequency supercurrent ~ I' A 0 decreases
and the normal current decreases. Thus, 5R„5X,& 0.

In the high-frequency (r0~;„&&1)case, the density of
states and order parameter still oscillate since their
characteristic time scale is determined by b, ' ( &co ').
However, the total quasiparticle number cannot follow the
field and remains constant. Instead the distribution func-
tion, f(E) develops a nonthermal high-frequency oscillat-
ing component f„(E)whose equation of motion is given
by the Boltzmann equation

N (E )f (E)=—— t nh —taiih
2

'
2T 2T [hi(a))Rg(E, a))—4De Ao A~2(E, co)Ri(E,co)],
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where Ni, N2, Ri,R2 are generalized densities of states"
(see Appendix). It can be shown that the total quasiparti-
cle number N~ = If(E)Ni(E)dE does not respond, i.e.,
dN~ ldt =D, the total quasiparticle number does not adia-
batically follow or "oscillate" with the field, though now
the distribution function does, according to Eq. (9). This
is shown pictorially in Fig. 8(c).

From Eq. (9) it will be seen that f„oscillates out of
phase with A . This counter oscillation leads to an
enhancement of the high-frequency supercurrent. This
becomes apparent by noting that the supercurrent
J, ~ [1—2f (h)]A so that

—[f ~p]~+f(Ap A )Ap].

That is, if f decreases at the gap edge J, increases. This
supercurrent enhancement is equivalent to a decrease of
the penetration depth —however, it must be emphasized
that the observed decrease is really a dynamic oscillation
of the penetration depth "sensed" by the static current.
Finally, this is also equivalent to Sa2&0 and hence
5R„5X,& 0. In addition, the "dissipative" normal
current, driven by the electric field E„,is decreased. This
again is equivalent to 5o i «0 and again leads to 5R, & 0.

At any temperature, both the processes described above,
viz. , those due to I'p which increase R, and those due to
I'~ which decrease R, are operative. Numerical calcula-
tions are required to determine their magnitudes, and the
details are described in the Appendix. The calculations
show that near T„when 5 & T, the static pair-breaking
effects dominate, leading to 5R, & 0. At low temperatures
when 5 & T, the dynamic effects dominate, leading to an
apparent enhan&xanent of superconductivity {5R,& 0).
Comparison of theory to experiment is presented in the
next section.

It is important to note the features of the present theory
which depart significantly from earlier ideas. The static
pair-breaking effcets are derivable within a thermodynam-
ic framework, according to which the gap parameter' '
and quasiparticle number are determined by the free ener-

gy associated with the current. Thermodynamics predicts
only increases since the superconductor is "pushed" to-
ward the normal state by the current. Indeed, as dis-
cussed later, the present calculations for qi do reduce to
the Ginzburg-Landau" results near T, . Regarding the
dynamic pair-breaking effects, the adiabatic low-fre-
quency effects should be similar, being determined by the
instantaneous value of the total current.

Since the original arguments of Ginzburg, it has gen-
erally been believed that at high frequencies the dynamic
effects should vanish when cp~;„&1, since the quasiparti-
cle system ctuinot foHow the field. This is usually
represented as q2(co)a:1/(1+icos;„) and hence P2(cp, t)
~0 as co~;„&&1.Thus, for all to~;„,5R, /R, & 0 according
to previous arguments.

However, as discussed in this paper, an additional de-
gree of freedom, viz. , the quasiparticle distribution func-
tions develops, in order to maintain a constant Nq&. This
new distribution is of course nonthermal, and w~hen in-
cluded, yields a decrease of absorption. To reiterate,
whereas a thermodynamic analysis yields only increases, a
nonadiabatic or noncquilibrium analysis is required to

describe the decrease of R, or apparent enhancement of
superconductivity.

The present form of the nonequilibriuin theory is valid
when ~v;„~~1.The inelastic scattering rate that enters is
the sum of rates of all relevant inelastic scattering pro-
cesses. For the present situation, the dominant contribu-
tions arise from the inelastic quasiparticle phonon scatter-
ing rate ~,(E) and the recombination rate hatt(E). Thus,
1/v;„=1/v,+1/va. For quasiparticles near the gap edge
E=6,, and at low temperatures (lL »kT), ~, and rtt can
be written

r, (i)„T)=~p
1

I'( —', )g( —,
'

)

' 7/2
2th, (0) Tc

kT T (10)

1 kT,
~tt(E, T)=~p ~ exp(h(0)/kT) .

At(&)=kp(t)(gp/1 33I)~.
=Aq(0){fp/1. 331)' (1—t")

where A&{0) is the London penetration depth. Using also
the result that when up

——u, (0) the critical velocity at
T=0 K, PFu, (0)=b(D)=e/mcA&(0)B, p, where B,p is
the bulk critical field at T =0 K, Eq. (8) can be written

a 1
[Pi(ra, t)+Pp(tp, t)]Bp2Id' (1—t')'

= k (ci),t,d)Bp, (12)

where a= —,'( Ag~' p/B, p)b, ( 0)is a quantity characteristic of
the pure bulk material. In the present experiment, the an-
gle y=0.

Thus, the theory, which yields the quadratic depen-
dence for 5R, lR, on the current-inducing field, predicts a
universal material-independent behavior

[Pi(pi, t)+P2(pi, t)]/(1 —t )

I and g are the gamma and zeta functions, respectively,
aild Tp is a time characteristic of the material. For Sn,
rp ——2.3&(10 sec and for In, wp

——7.8X10 ' sec. In the
temperature range t &0.4, r, & ~& and hence recombina-
tion is the dominant relaxing channel. At 10 GHz,
cov;„-50for Sn and hence the theory described above
which is valid for tpr;„»1 should be applicable.

It is necessary to recast Eq. (8) in a form that allows
comparison with the results of the present experiment. In
this experiment (see Fig. 1), the static current is induced
by applying a parallel magnetic field Bp on only one side
of the sample, with zero field on the other side, and is
given by Jp —(c/4tt)Bpl—d. The pair-breaking parameter
I"p—2De Ap ——',—(p~ vp) I—luF where pF and uF are the
Fermi momentum and velocity, respectively, and

vp Jpln,——e =(4ne/mc )A.t(t)Jp

is the induced velocity where At(t) is t, he MFP corrected
penetration depth. In the dirty limit,
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for the quadratic coefficient k as a function of co and t,
with a scale factor a/ld determined by material parame-
ters.

IV. DISCUSSION

The theory described in the last section, whose central
feature is a nonthermal response of the quasiparticles,
yields [Eq. (12}] the quadratic dependence on current-
inducing field, observed in the experiments. In this sec-
tion, we compare the calculated coefficient k(ro, t,d) with
the experimental coefficient k (t,d) measured at 10 GHz.

The theory is strictly valid where local electrodynamics
is applicable, and where the inelastic scattering rate is
slow so that car;„»I at the measuring frequency. These
criteria should be met (as discussed previously) in very
thin Sn films at 10 GHz.

In Fig. 5, the calculated quadratic coefficients k (co, t,d}
in Eq. (12) for two films of Sn with d =260 and 500 A
are displayed as solid lines, along with experimental data.
The method of calculating the functions Pi and P2 is dis-
cussed in the Appendix. For Sn, the values Az

——510 A,
go ——2300 A, and 8,0

——330 G reported in the literature
were used. Note that co=2m X 1.012X 10 /sec, and I and
d were measured as discussed in Sec. I. There are thus no
adjustable parameters in the comparison

From Fig. 5, it will be seen that theory and experiment
agree extremely well, in regard to both temperature and
thickness dependence, within the experimental accuracy
for these very thin Sn films. The theory yields the experi-
mentally observed high-temperature increase and low-
temperature decrease of R„bothqualitatively and quanti-
tatively. The excellent agreement leads to the conclusion
that the physical processes discussed in Sec. III, viz. , the
order parameter depression at high temperature leading to
58, &0 and the low-temperature enhancement of super-
current and decrease of normal current due to a non-
thermal distribution function, were operant in these films.

We have also corn ared the experimental results with
the Ginzburg-Landau (GL) thermodynamic theory. The
latter yields

koL(t, d) = A,I(0)
d

(13)

with koi. &0 for all t. Very near T„Eq.(13) does agree
with the experimental results and with Eq. (12). However,
it is apparent that as T is lowered, the quasiparticle ef-
fects become increasingly important. Even in the tem-
perature region 0.9 & t &0.95, where k (t,d) & 0, the non-
equilibriuin theory Eq. (12) gives better agreement than
Eq. (13). For t &0.88, k(t, d) &0 and Eq. (13) disagrees
even qualitatively regarding the sign. Thus, the nonequili-
brium theory provides an excellent description of the re-
sults over a wide temperature range, while the equilibrium
GL theory is valid only near T,.

%e have also done experiments in a regime where local
electrodynamics becomes invalid. From those experi-

ments, we can determine the importance of the assump-
tion of locality which is built into our theory. These ex-
periments have been done by measuriyg k (t,d} for thicker
Sn films (d =800, 1000, and 2000 A). For these films,
the high-temperature (0.9& T &0.98) results were found
to be in reasonable agreement with the GL results Eq.
(13). Thus, at these high temperatures, the depression of
the order parameter was being observed. However, it was
found that 5R, &0 at lower temperature also, in contrast
to the thick-film results where 5R, &0 for t &0 88. Even
in these thicker films, the dirty-limit theory should apply
since r,ih «1. Furthermore, cur;„»1also and the quasi-
particles should be out of equilibrium. However, an im-
portant assumption —that the static and high-frequency
currents are spatially uniform (allowing the wave-vector
q-+0 limit) —is no longer valid. For the thicker films,
the currents are not uniform. Also, the local limit
wherein the current and vector potential are related [Eqs.
(3) and (5)] at a point is also invalid. Independent evi-
dence for this assertion comes from examining the surface
resistance R,(0} in the absence of static current. In par-
ticular, the thickness dependence of R,(0) is not simply
that predicted by Eq. (4). Rather, a nonlocal generaliza-
tion of the hnear Eq. (3) has to be used. This means that
the local (q~O) relation Eq. (5) does not apply but that
spatial averages have to be included. Such spatial aver-
ages could introduce current contributions in addition to
the purely local effects discussed in this paper. In other
words, the present analysis, which is purely local and tem-
poral, seems in need of generalization to include space and
time effects, in order to correctly describe the results for
thicker films.

We have also measured k(t, d) for In films with
d =500 and 1000 A. The results for d =500 A are
displayed in Fig. 7 (the d =1000-A results are similar).
The results are qualitatively similar to those for the
thinner Sn films, viz. , a high-temperature increase ( k & 0)
and a low-temperature decrease ( k & 0). However, an im-
portant difference is the temperature (between 0.58 and
0.65) at which k changes sign, compared to =0.88 for the
thin Sn films. The nonequilibrium theory yields a univer-
sal curve for the r dependence, independent of material,
and is shown also as the solid line. Comparison with Eq.
(13) (the dashed line) indicates, that for the In films,
quasiparticle effects are more important in In at tempera-
tures lower than three for Sn. This may arise from the
shorter (by 5) inelastic scattering rate in In. The present
nonequilibrium theory is valid when ~v;.„&~1,a limit that
should be more valid in Sn. Since v;.„getslarger with de-
creasing temperature, the present theory may be expected
to show better agronnent at lower temperatures, and Fig.
5 does indeed suggest this. Thus, we believe that inclusion
of finite co~;, would explain the detailed temperature
dependence for In.

To summarize this discussion, ihe present nonequilibri-
um theory describes very well the novel results for very
thin Sn films, where the approximations for local electro-
dynamics and large inelastic scattering rate are valid.
Further extensions to nonlocal electrodynamics and finite
inelastic scattering rate are required to explain the results
for the thicker Sn films and the In films.



S. SRIDHAR AND J. E. MERCEREAU 34

V. COMMENTS

In this section, the significance of the present results in
relation to earlier similar experiments and to current ideas
of nonequilibrium superconductivity is examined.

A. Barber experiments on R, (80)

The experiment described here falls in the same class as
similar experiments' ' carried out in the last 25 years
to examine the static magnetic field dependence of the mi-
crowave impedance of bulk superconductors. While de-
creases in R, (BO) were observed in the bulk experiments,
they were comphcated functions of temperature, frequen-
cy, orientation, etc., and a satisfactory solution was never
follild.

The present experiment has two significant and advan-
tageous features in relation to the early bulk experiments,
which greatly facihtate analysis. One is the enormous im-
provement in sensitivity which allows the study of effects
due to small static current. The other is the ability to
vary film thickness, which allows the considerable manip-
ulation of material parameters.

The use of a fully superconducting cavity in which the
film dominates the absorption enables us to achieve sensi-
tivity orders of magnitude better than achieved before.
We are able to measure 5R, /R, —10 (at low tempera
ture, 5R, -10 9 0/sq). The sensitivity of the bulk exper-
iments was 5R, /R„—10 ". Since R, /R„—10 at low
temperature, we see that the lower limit on the sensitivity
is 10 better in the present than in the previous experi-
ments. The advantage of this increased sensitivity is that
it allows the study of very small perturbations
(Bo/B,0-10 —10 '). At these low perturbations,

pF vo «r0, T,b—an important limit for the relevant
theories. In the bulk experiments, to date, the fields are
comparable to the critical field so that typically

pz vo»cu, T, which greatly complicates the analysis. In
particular, it is not clear if quadratic behavior was always
observed. In any case, the quadratic coefficient was never
explicitly evaluated. We believe that the understanding of
similar experiments performed to date has been hampered
by the high fields that were used. Indeed, there is experi-
mental and theoretical evidence (see Appendix) that sup-
ports this assertion.

The second aspect concerns the ability to vary film
thickness, which allows us to explore the wave-vector
dependence of the superconductor-electromagnetic in-
teraction and the effects of scattering. The bulk experi-
ments did not have this flexibility since they were mostly
confined to the case of large q (pure type-I superconduc-
tors). This„together with the spatial inhomogeneity of the
fields, would lead to complications in the analysis for
those experiments.

Keeping the above cautionary statements in mind, it is
necessary to remark on one significant aspect of the
present thin-film data in relation to earlier experiments on
bulk. In the bulk experiments, it has been generally found
that

5R, &0, t &0.9 ( &0.7 in some cases),

5R, & 0 at lower temperature .

Thus, the bulk results and the present thin-film results ap-
pear orthogonal as far as the T dependence of the sign of
5R, is concerned. However, Richards found that in
bulk Sn doped with In, 5R, &0 for 0.3 & (& 0.98, similar
to our data on thicker films. Thus, there seems to be a
continuous transition from dirty thin films to clean bulk,
with the present thicker films and Sn doped with In,
representing intermediate situations.

Boundaries and impurities strongly affect the elastic
scattering MFP and hence tend to make the electro-
dynamics more local. Furthermore, in the bulk the
current distributions are spatially inhomogeneous and
nonlocal effects are more important. In the light of the
above discussion, the present analysis indicates that spa-
tial nonlocal effects would play an increasingly important
role. Furthermore, since cow;„»1 in bulk also, it seems
necessary to carry out a noncquilibrium calculation in-
cluding nonlocal effects in order to explain the bulk re-
sults. To date, no such analysis has been carried out,
while all other analyses have failed to explain the results,
particularly in the parallel-field case, where, as we have
discussed in Sec. III, nonequilibrium effects are particu-
larly important.

B. Nonequilibrium superconductivity

Recently there has been intense interest in nonequili-
brium situations in superconductors induced by external
perturbations. The essential description of such phenome-
na involves' a nonthermal quasiparticle distribution func-
tion f (ei, ) that is different from the equilibrium or
thermal Fermi distribution, f,h(si, ), and is determined by
the strength and nature of the driving perturbation. ei, is
the energy of a quasiparticle of momentum k. It is possi-
ble to classify nonequilibrium phenomena into two broad
categories determined by f'(sq). Situations where f '(eq)
is odd in si, are referred to as the odd or transverse T
mode. Branch imbalance and thermoelectric phenomena
fall under this class.

Microwave radiation produces an f'(si, ) which is even
in si„and this mode is referred to as the even or longitudi-
nal L mode. Microwave enhancement of the gap and crit-
ical current are examples of L-mode situations. However,
in those experiments, the distribution and its consequences
are determined by the strength of the driving microwave
field B, i.e., f'(si, ) —f(si, ) ~B„,and the enhancement
effects are also ccB„.In this case, f' is a steady-state
quantity and is time independent.

The noncquilibrium f„discussed in this work can be
associated with the L mode. However, a fundamental
difference with other enhancement experiments is that
f„acBOB„and is time dependent. The enhancement ob-
served in this work is the enhancement of high-frequency
supercurrent due to the presence of static current. The
high-frequency normal current is also reduced. The
high-frequency response is still linear and the measured
quantities, e.g., 5R, are independent of B„.

The only other experiment that is similar to the present
work is that of Peters and Meissner, which was carried
out at lower frequencies (up to 1 GHz) and near T, .
Those authors were able to explain most of their results by
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a simple relaxational extension of the Ginzburg-Landau
theory, viz. , 5cr(oi) =(5nz)Gi 1/1+ioir;„,where (5crz)G„is
obtained from the GL theory. However, at high frequen-
cies and as temperature was lowered, they observed an ex-
cess conductivity above that iven by the above expres-
sion. This excess conductivity has never been explained.
However, the present analysis gives a qualitative explana-
tion. When co~;„~1,the counteroscillating f„gives an
enhanced supercurrent and hence 5crz is increased. Quan-
titative comparison requires extension of the present
theory for corm- l.

CONCLUSIONS

The unusual results of the present experiments and the
analysis of the quasiparticle response clearly demonstrate
that superconductors are driven out of equilibrium in the
presence of high-frequency radiation. In particular, these
results demonstrate that nonequilibrium effects in super-
conductors can everi be induced by vanishingly small mi-
crowave radiation if in the presence of a static current.
The dynamic quasiparticle response, which we have
described in terms of a time-dependent distribution func-
tion, manifests itself as an apparent enhancement of su-
perconductivity. The analysis presented here quantitative-
ly describes the experimental results that were observed in
very thin Sn films, where the assumptions of the theory
are vahd. The experiments on the thickness dependence
indicate that nonlocal effects will be important in bulk su-

per conductors.
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APPENDIX

Eq. (5) retains only effects linear in I o, which is the limit
relevant to the present work. Comparing

Qi ro —Qi 0
2e Dql ——I o I o

L

2e aq& ——rog&(~, ro ——0) .

Io——0

In general, we are interested in the components of J„
along A . Dropping vector notation„

Qi(co, ro, T)+ cos ygi(co, ro, T) A„, (A2)

(A3)

where

= ——Imgi(oi, T, I o)
N

~o 2Img2(co, T, I o) cos y

+
O'

n

5cr i2
cos f,

1=—Reg, (co, T, I ) + Ip 2Regs(oi, T, ro) cos y

0'ii 5CT2z
+ cos f . (A5)

where y is the angle between Ao and A„.
This expression may be written in the Mattis-Bardeen'7

form, J„=o,E„=imago,A„(the convention is that oscil-
lating quantities are ~e '"'). Then

I

Io
Qi+ ( cos y)gi

1. Calculation of high-frequency response of thin
"dirty" films in the presence of a static current

In this appendix we summarize the relations used to
calculate the changes in the surface impedance of a thin
"dirty" film caused due to a static current flowing in the
film.

Associated with the static Jo and high-frequency J„
(«Jo) are vector potentials Ao and A («Ao). The
high-frequency part of the current-vector potential rela-
tion can be written '

(Ao A„)= —Q, (~,ro r}A„—2e'D gz(~, ro r}Ao

(A 1)

where c7„ ls the normal-State conductivity and
I o——2e DAo is the pair-breaking parameter. Equation
(Al) includes effects to all order in I'o ( & b, ). In contrast,

&o 1= ——ImQi(a), T, I o
——0),

6)

o2o ]=—Regi(co, T, I o——0) .
CO

The relative changes in the conductivity can be written

5o 1 ~ri ~lo [0 li(ro) olo]+5o12cos )

O10

50')
& +5' )2 cos p

o lo

It should be noted that the Mattis-Bardeen results
(called trio, ohio) are a special case of equations (A4} and
(A5) (with I"o——0)
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50'2 0'2 —0'20

02O &20

[o2i(I 0) —02o]+5022 cos'y

020

5o2l +5022 cos y
2

We define normalized quantities:

E=E/5( T, I o), I'0 ——I o/b ( T, I 0) .

(Ag) Combining Eq. (A10) and (Al 1) and substituting g =Lh,

502L 502l
for y =n/2, .

0 10 020 &20
(A9)

5o„~ 5o„+5L2 502~~

010 &10 ~20

(5021+5o22 }
for y=O.

020

(A10)

Finally we restate the equations that lead to the changes
in the surface resistance in the local thin-film limit:

020

For the special cases of parallel and perpendicular
fields, the relative changes in conductivity can be written

I y' —2E I y'+[E'+(r,'—ll]h' —2E I y +E'=0.
(A14)

There exists a minimum excitation energy value Qo (the
new gap}: Qo ——(1—I"0 )

~ . Of the four roots of Eq.
(A14), the following were chosen in accordance with the
requirement that as I 0~0, the generalized densities of
states should reduce to their BCS form.

(1) E &Qo. Complex roots with Im(h)= —Re(g) &0.
(2) E&Qo. Real root with (a) Reh &0 or (b) Reh~O

as E—+0.
Expressions for the conductivitles oil aild 0'2l are

5R,
R,

5o l 5cr2 5X,—2
01 02 Xg

(A 1 1)

E N1 E N1 E+G +8 E R2 E+c3
Q7 li G

2. Calculation of QL and Q2 and a L/o„, o2/cr„

The evaluation of detailed expressions for the kernels

Ql and Q2, using thermal Green's-function techniques,
has been carried out in Refs. 5 and 6. The theory applies
to uniform currents (in static and high-frequency, wave-
vector limit q —+0) and where 1/~;„~0o, so that level
broadening due to the electron-phonon interaction may be
neglected. Here we present the relations which lead to nu-
merical calculations for the effects of a static current on
the impedance.

In the presence of a pair-breaking perturbation, general-
ized densities of states, Nl, R L,N2, R2 may be introduced
which are expressible in terms of retarded Green's func-
tions g(E) and F(E):

Nl(E)=Reg, Rl(E)=Im(g), R2(E)=Re(F),

X2(E)=—ImF,

where g and F satisfy

X[f(E f(E+co—)],

where

f(E)= exp —+1
T

j ao

J dE tanh + tanh
E+N

2B

X [E2(E)R2(E+L0)—El(E+G)R l(E)]

(A15)

(A16)

g2 P2 l

b g (E+i D)F =i I g F—,
(A12a}

(A12b)

E—N
X E tan + tanh

G

where b, (T, I'o) is the new order parameter in the presence
of pair-breaking. The dependence of b,(T,I 0) was ap-
proximated by the form

F

6(T,I 0)=1- Io
(A13a)

(A13b)

1

0 [(2n + 1) + (b /m T) ]'~

Equations (A12) and (A13) are well known in the theory
of pair-breaking effects. '

X [N2(E)R2(E aT) Xl (E co)R—l (E—)] . —

To summarize the procedure: A given value of
I'0/b, (T,O) (typically &0.3) was input to the numerical
program. 5(T,I 0} was calculated using Eq. (A13) and
also the normalized quantities I 0, QG, and B. The gen-
eralized densities of states were computed using the pro-
cedure outlined and Eqs. (A13) and (A14) used to calcu-
late the I 0-dependent conductjvjtjes.

numerical eyaluatjon of g 1 3nd g 2 jn the ljmjt
I o——0 (i.e., the Mattis-Bardeen conductivities o lo and o2o)
using Eqs. (A15) and (A16) is almost impossible due to
the appearance of singularities in generalized densities of
states. Instead we used the well-known forms'
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00

Oio= E — E+N ReI& ~+b

(E +d +coE)
(E2 g2)1/2[(E + )2 g2]1/2 '

g —— E

(A17) 1

I [1—(y —b)'](y' —1) I
'/'

(A18) ImI) =2 J' az tanh y —tanh (y+b)
For small I p«b(T), numerical calculations show that
the changes in conductivity 5aii and 5cr2i, calculated
from Eq. (AIO) using Eqs. (A15)—(A18), are linear in I p
(and hence quadratic in Bp).

3. Calculation of 5cr~q and Soqq to order I
When the static and high-frequency currents are not

perpendicular, additional contributions enter due to the
Q2 kernel, which are essentially nonequilibrium contribu-
tions. We restrict these considerations to the limit of ef-
fects bnear in I'p (i.e., /Ip). Then it is sufficient to calcu-
late Q (&co, T, I p

——0), as is evident from Eqs. (A4) and
(A5):

ImQz(pi, T, I p ——0)
N N

(A19)

022 I oo„b=+ ReQi(rp, T, I p
——0)

N N
(A20)

5o )2 lp

RcI ) Imr i

r,=o

(A21)

5022

'2 '2

10——0

(A22)

The integrals Ii and I2 are expressible as follows in the
limit I p

——0 [b =co/b(T), y =E/&(T)]:

[f(&) f(&+pi)]-
(2b +b2)1/2

Rer2 =—tanh
pi b 2T

From Ref. 6, Q2 I2+I 2/pi—I—i, where Ii, I2, and Ii are
integrals. For pi & 2b„Ii —2 exac——tly. Hence,

1

t [(y +b)2 1 ](y2 1 ) J
l/2

It is useful to state the low-temperature limit ( T «b, ) of
the above expressions:

&io 0'2o—y e j

&io v 2 bi/~ [ln(4T/p)) —y]

2o

1

~2 bi/2
—

2

It is interesting that 5crii{22)/0]gyp) oc(A/co) . This is
only true so long as cov;„»1. Thus, this dynamical
theory does not reduce smoothly to the quasistatic or adi-
abatic limit.

At high fields, where I"p & co (b, & I p), the calculations
show that 5R, can decrease due to an interesting effect. i

In the absence of a static current, R, cr pi ln(8b, /co)e
at low temperature. The ln term arises' due to the BCS
singularity in the density of states. In the presence of a
pair-breaking perturbation this singularity is smoothed
out. ' ' As a consequence, the ln term is modified and,
more important1y, reduced in magnitude; depending on
the temperature and the value of I, this decrease can
counteract the increase due to the depression of the gap,
resulting in a decreased adsorption. Interestingly the
present results for the case of perpendicular fields are
similar to those calculated by Garfunkel in the "clean"
bulk case with the additional assumption (by Garfunkel)
of diffuse reflection for electrons at the surface.

In the model of Garfunkel, 5R, &0 for @~up&co and
5R, &0 for pinup &co, where pF is the Fermi momentum
and up the velocity due to the supercurrent. The decrease
at large velocities is essentially due to a modification of
the density of states. Raynes has found agreement with
his experimental results on clean bulk Al, for the case of
perpendicular fields. It is important to emphasize that
the above is a high-field effect, unlike the decrease ob-
served in the present experiment at very low currents
where pFUo
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