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Abstract

The photoinduced resistive state in superconducting Sn films was measured by means
of conventional dc-method, and the effective quasiparticle lifetime was deduced from the
experimentally observed decay time of quasiparticles. Near transition temperature, 77,
the mean lifetime of phonon for creating quasiparticles, t,;, is dominant in quasiparticle
relaxation. It shows that ¢,, increases with the decreasing temperature. The current-
voltage characteristics are shown to be nonlinear under illumination. These are not
explained in terms of simple lattice heating or the modified heating theory and suggest
that a spatially inhomogeneous state would be established in the optically excited super-
conducting Sn films.

1. Introduction

Recent experimental™® and theoretical®” studies on the superconducting films
driven far from equilibrium state have brought about many interesting results. The
most interesting feature is a wider phase-transition from superconducting to normal
state®?. This effect would not be only due to a simple lattice heating, but to an
excess number of quasiparticles created by the external field. Various theoretical
suggestions for this phenomenon have been proposed. The quasiparticle distribution
affects the superconducting energy gap through an ambient temperature and the
chemical potential. Owen and Scalapino® have investigated a system in which the
quasiparticles attained thermal equilibrium with respect to the lattice, but were not
in chemical equilibrium with Cooper pairs (¢* model). They have shown that the
¥ model for a nonequilibrium superconductor led to a first-order phase transition to
the normal state at a certain excess quasiparticle density and exhibited an inhomo-
geneous state at low temperatures consisting of separate superconducting and normal
regions, or regions with different gaps. Parker® has treated the system in terms of
high energy phonons greater than twice the gap (T* model) and then the super-
conductor undergoes a second-order phase transition as the quasiparticle density in-
creases (These are shown in Fig. 1).

Some time ago, Rothwarf and Taylor® pointed out the importance of excess
phonons on the quasiparticle recombination lifetime in a nonequilibrium superconductor.
They derived an equation which represented the relation between the apparent qua-
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siparticle recombination time obtained ex-

1.0
perimentally and the intrinsic recombina- g
« . . = L at 0K
tion time. In order to determine the Z
intrinsic recombination time, some exper- -3 P madat ) T modet
iments»® have been carried out in a & |
oy . Wi !
nonequilibrium superconductor. g i
- [a] ]
In a region of low temperatures & | |
compared with 7, Levine and Hsieh, 3} i
. - Q 1
etc.#® showed that the recombination 2 :
. . . 0 \ | i ! . ! . :
time is roughly proportional to exp (4/ 0 1 3 5

2 3
. (N - N(T)) 4N(0) ALO)
kzT), where ky is Boltzmann constant, 4 )
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able for paring with a given quasiparticle (0)=3.29% 10 o,

is propotional to exp (—4/ksT). However,
upon approaching T, (4/kzT~2), the recombination time deviates from the above
dependence and a clear account for this phenomenon has not been given.

The purpose of the present work is to investigate a dc-resistive state in super-
conducting Sn films induced by CO, laser light and to measure the time dependence
of quasiparticles near T,. The principle of this experiment can be described as fol-
lows. Quasiparticles are produced by pair breaking with illumination of laser light.
After being excited, a quasiparticle may (1) emit phonons or (2) give to other qua-
siparticles its exciting energy and relax to an energy level near the Fermi surface.
Then it may recombine with another quasiparticle with emission of a phonon. While
the free energy in the superconductor is larger than or equal to that of normal con-
ductor temporally or spacially, this will give rise to a finite resistance. The measured
resistance and its decay time provide information of quasiparticle lifetimes and the
relaxation process.

2. Experimental Procedure

Films were obtained by evaporating of high purity Sn(99.999%) at the rate of
1~5 A/sec onto polished sapphire or cover glass substrates at room temperature.
Thicknesses of films were 400 to 2000 A. The electric resistivity at 300 K (~3 X
1073 ohm+cm) was close to the bulk value. Resistance ratios R (300 K)/R (4.2 K) were
6 to 8.

Sample shapes suitable for this method were obtained by scribing away thin
lines of Sn films on the substrate surface. Sample dimensions were usually 0.2 X
24 mm?.  Parts of electrodes contacted by indium solder were masked for laser light.
The reverse side of the substrate was attached to a copper block with Apiezon-N
grease. Sample and Ge-thermometer inserted into the copper block were set in a
vacuum can. The detail of arrangement is shown in Fig. 2.

A CO, laser used in this experiment was multimode at 10.6 gm, and 22 W in
maximum. The outputs were continuous wave with spot of 6 mm in diameter. Laser
light was chopped by a mirror rotating at 450 Hz. An optical loss of 257, for chop-
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resistance induced by the laser pulse was
determined from the difference between a
peak of the requnse pulse and the back- Fig. 2. Experimental arrangement.
ground. The 7, in zero light was deter-

mined from the temperature in which the electrical resistance of the film became a
half value of normal resistance.

3. Photo-induced Resistive State

The value of 7, in zero light was 3.87 K on the average with a variation of
less than 0.03 K from sample to sample. 7, had a tendency to decrease with in-
creasing current from 400 to 800 pA, but the magnitude of change in 7, was very
small, and remained constant within a few millidegrees. Although a width of the
superconducting transition in zero light is only a few tenmillidegrees, the photo-induced
resistive state shows very broad phase transition to normal state. This is shown in
Fig. 3. Here resistive ratio to normal state resistance, R/Rn, is shown as a function
of the initial temperature, where R is sum of the resistance in zero light and the
resistance induced by illumination.

Lattice heating by laser light causes a depression of 7,. In view of thermal
effect, nonuniformity of the light absorption over the film thickness will be small,
since the thermal diffusion time in Sn films (107%sec) is short compared with pulse
width (typically 5y sec). Therefore, the thermal effect will not have influence on the
configuration of S-N transition curve in zero light. We have estimated the effect
of lattice heating on 7, and in this experiment, the effect will be a few tenmillide-
grees.

One of the most interesting results shown in Fig. 3 is that R larger than Rn
is observed in the temperature range very near 7, The photoinduced resistance
is not observed in normal state so that the heating of lattice will not produce the
large resistance. This result suggests that the anomolous large resistance would be
mainly due to the effect of photoexcited quasiparticles.

The I—V characteristics of the resistive state as a function of reduced tempera-
ture, t="T/T,, is shown in Fig. 4. The [-—V characteristics show the linear relation
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tion temperature determined in zero light.

Fig. 3. R/Rn versus temperature. Transition
curve in zero light is shown by the dashed

line.

in the range of temperature above £==1.005, i. e., where Ohm’s law is satisfied. While
in the temperature range below t=1.00 the I—V characteristics show the nonlinear
relations, in which current increases rapidly with the increasing voltage. These cha-
racteristics can not be explained in terms of a thermal equilibrium or 7* model®.
Recently several workers™!? pointed out that spatially inhomogeneous state would be
established in externally excited superconducting films. For the initially induced in-
homogeneous state, it may be due to the nonuniform illumination, spatial variation
of fluctuations and/or phase slip occurs in flow of current’®®, These spatial inho-
mogeneity would result in local concentration of the excess quasiparticles and phonons
and these regions may be driven into normal state. For nonlinear I— V characteris-
tics, one possibility is that as the current increases injection of superelectrons through
the normal-superconducting interface increases because of the gradient of chemical
potential. Therefore it is likely that spatially inhomogeneous state and its instability

are dominant for the nonequilibrium state near 7..

4.1 Relaxation Time

Relaxation times of the resistance induced by laser illumination, trea.e as a func-
tion of 4dg/ksT are shown in Fig. 5, where 4g, is the superconducting energy gap
calculated from BCS formula in tin, and 7 is an initial temperature before laser light

illumination. In this temperature region, the relaxation time decreases rapidly with

the decreasing temperature.
In this experiment, an obtained relaxation time involves both an excited quasipar-

ticle relaxation time, 7 e1ax, in which the quasiparticle recombines with another quasi-
particle again and a thermal relaxation time, Tiyerma, in which the heated films relax
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toward its equilibrium temperature. There-
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consider two steps; First is a process 1n thickness 700 A.
which the excited quasiparticles thermalize
with respect to the lattice and then the relaxation process which produces Cooper
pairs due to a recombination. At low temperatures, where T« T, the recombination
process is explained by the bottle-neck model.?  The state density of quasiparticle
at the energy gap decreases with the increasing temperature and energy levels
which will be possible to recombine broaden compared with those at low tempera-
tures. Therefore, upon approaching the transition temperature the bottle-neck model
can not be applied for the relaxation process.

The rate equations of Rothwarf and Taylor® that describe the nonequilibrium
quasiparticle and phonon densities in a superconducting film are
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where N is the number density of quasiparticles, I, the volume rate of creation of
quasiparticles per second by an external mechanism, N, the number density of pho-
nons with energy greater than 24, 8 the transition probability for breaking of paris
by phonons, R a recombination coefficient, 7;* the net transition probability for loss
of phonons from an energy range greater than 24, and N, (7T the thermal equilibrium
number of phonons with energy >24. Excess quasiparticle number density, 4N, in
the steady state is

AN = N(T) ((1 +T€QF}‘ rg,ffm_l), (4)
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where

1 B,
“r = RN(T) T 2RN(T) * (5)

and N (T) is the thermal equilibrium number of quasiparticles.

We put cx=(RN(T))™' and 7,=(8/2)"' which are the intrinsic recombination
time and the mean lifetime of phonons for creating quasiparticles. Then the effective
quasiparticle lifetime is

Ty = Tr{l 47/t . (6)

Under the condition of 7,€7,, the phonons are almost in thermal equilibrium and
the effective guasiparticle lifetime is almost that of the intrinsic recombination time.
Within the limit of 7,2»7,, a recombination phonon is likely to be reabsorbed and
to create two quasiparticles rather than to escape from the superconductor. Then
the distribution of phonon is far from equilibrium and the quasiparticle lifetime strongly
depends on the number of high energy phonons.

4.2 Recombination Rate Near 7T,

Detailed calculations of the quasiparticle recombination rate due to phonon emis-
sion at low reduced temperature have been given by Rothwarf and Cohen!® on the
assumption of a spherical Fermi surface. In a process in which a created quasiparticle
(momentum and spin k1) combines with another quasiparticle (—k'|) to form a Cooper
pair with emission of a phonon, the phonon of momentum ¢g=k{—Kk'|+K. The
vector K is any reciprocal lattice vector and we assume that K=0 (normal process).
Then the recombination rate is

A &N\ Nk—K[J(E+E ~lis)|k—K1)
W= Sk>kt<1 > 1bexp (B Tk, T) @R, (7)

@ e

where
A =(hN/2Ms;) (4r Ze2fk2)?, E= (2452,

s; is the longitudinal sound velocity, k; the Fermi momentum, Z the number of
conduction electrons per ion, ¢ the energy measured relative to the Fermi energy,
and k, the inverse Fermi-Thomas screening length. E and E' are energes corre-
sponding to k and kK. Approximating |k—k'| by 2kysin(0/2) and integrating over
angles removes the delta function. As Ey>/iw,, we obtain

o BER (%[, 2D\, . o
Wy =g s | (g | EHE NE) fE) B (8)

4

where

1

=

N(E') = N(0) ~R(T)

5
JS(E') is a quasiparticle Fermi distribution function, g, the mass density, N(0) the
density of state at the Fermi energy in the normal state and w, the Debye fre-
quency of phonon.

At low temperatures, the energy range which the probability of the quasiparticle
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recombination is larger than that of relaxation xs
becomes narrow near the energy gap, because
of there being a large state density of quasi-
particle. While near 7T, the energy range
broadens and the thermalization time is longer
than the intrinsic recombination time. The
average energy of quasiparticles is determined
by the thermal energy rather than the energy
gap. This is shown in Fig. 6 and the average e
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Near T,, at these energy levels a

SMN(E’)][(E) dE' . ( 9) quasiparticle recombines with an-

4 other quasiparticle before attain-

. . . ing equilibrium.
Near 7T, a quasiparticle created at a level of high & ed

energy will recombine with another quasiparticle before attaining thermal equilibrium.
For Sn, taking that p,=7.31(g/cm?®, E,=4.4(eV), and s,=3.32Xx10°(cm/sec), as a
quasiparticle recombines at the energies, the energy gap and the average quasiparticle
energy respectively, a recombination coefficient R can be calculated from eq. (8) (This
is shown in Fig. 7.). For the energies, the intrinsic recombination time 7z is shown
in Fig. 8. For the energies, recombination probability decreases with the increasing
temperature. These rp are rather shorter than the experimental value shown in
Fig. 5. Therefore as discussed in Sec. 4.1, high energy phonons will strongly affect
the quasiparticle recombination process and
the system will be under the condition where
T, DTy Within this limit, from eq. (6), an
effective recombination time is given by 7,,=
TrT,/Tpe A graph of the relation between
7,/tp, and the normalized energy gap 4/kpT
is shown in Fig. 9, assuming that a quasi-
particle recombines at each energy, (a) 4 and
(b) E. As the ambient temperature decreases,
the rate of absorption of phonons by pairs
decreases and the probability of which the
phonon escapes from film increases. It has e
been estimated in superconducting films that

7,=4d/nc, under the condition where the i

&
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phonons scatter diffusely at the film surface o 2 'K’A(T)",‘ka, EEE I
and leave the film only at the interface bé- Fig. 7. Recombination coefficient Ry
tween the film and substrate. Where n 18 in normal process as a function of
the average phonon transmission probability 4/kpT. Quasiparticle recombines

at superconductor surface, ¢; the sound ve- with another quasiparticle at the
energies (Er); (a) the energy cor-

locity and d the film thlckn.ess. .Takmg that responding to 4 and (b) the aver-
7==0.08"" (from the acoustic mismatch the- age quasiparticle energy.
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rr which is calculated from eq. (8) same case in Fig. 7. 4(7T)is deter-
for the same case in Fig. 7. mined without illumination.

ory), we calculate that z, is of order of 107 sec and has a weak temperature depend-
ence. It is thus likely that z,, is dominant our experiment.

Comparing these relaxation times with the experimental value, we see that near
T, the interaction between quasiparticle and phonon plays an important role for the
establishment of equilibrium in this system. When the ambient temperature is low,
the increase of the pair-breaking time z,, arising from collisions between phonons
and pairs would occur by a decrease of the number density of phonons which are
effective for the pair breaking. Therefore, it is concluded that the condensation
energy of quasiparticle to form pairs becomes large with decreasing of temperature
in the photoinduced resistive state, while by the 7% model the condensation energy
1s almost constant over the above temperature range.
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