
VOLUME 31,&LUMBER 4 PHYSICAL REVIEW LETTERS 23 JUL@ 1973

Impurity Effect on Flux-Flow Resistivity in Gapless Superconductors*

Chia-Ren Hu and Richard S. Thompson
Department of Physics, University of Southern Californis, Los Angeles, California 90007

{Received 11 June 1973)

The flux-flow resistivity p& has been calculated for gapless superconductors with arbi-
trary amounts of magnetic and nonmagnetic scattering. The most striking result occurs
in the limit of low concentrations of magnetic impurities, where the initial slope of p&
with respect to the applied magnetic field may range from zero to infinity depending on
the amount of nonmagnetic scattering.

Recently, we have calculated the flux-flow resistivity pf of dirty, gapless superconductors cont3in-
ing a high concentration of magnetic impurities, in both the high-' and low-field~' limits. The depen-
dence of pt on the average magnetic field (8), if measured in units of normal-state resistivity p„and
upper critical field II„, respectively, was found to have an initial slope 0.38 and a final slope 5.2,
with the whole curve falling somewhat below the simple relation pt/p„= (8)/H„envisioned by Kim
Bnd co-workers' for the low-temperature limit. Our low-field result was also obtained by Gor'kov
and Kopnins (except for their error of neglecting the losses directly due to the electric field). They
also applied their method to dirty gapless superconductors with a low concentration of magnetic im-
purities and found a very small initial slope for pt near (B)=0. This result prompted us to extend our
previous investigation to a complete dependence of pf in the gapless regime on the amounts of magnet-
ic and nonmagnetic scattering. Our result indicates that such an empirical relation as a universal de-
pendence of p&/p„on (8)/H, s and T/(transition temperature T,), independent of alloy composition as is
proposed in Ref. 5, does not apply to gapless superconductors. In fact, such a relation is found to be
violated to the maximum possible degree in the limit of low magnetic impurity concentrations where
the initial slope of pt is found to range from zero to infinity depending on the ratio w, /v„where w, and
v, are the spin-flip and total scattering lifetimes, respectively.

Throughout this paper we shall assume the gapless condition r,so «1 which is roughly T,(T, —T)
«(3.5v, ) 2= (T,o

—T,)'/12, where b, o(T) is the equilibrium value of the order parameter in the absence
of fields, and T,o is the transition temperature in the absence of magnetic impurities. A complete set
of time-dependent Ginzburg-Landau equations may then be derived along the line of Gor'kov and Eliash-
berg' and Eliashberg' to include arbitrary amounts of magnetic and nonmagnetic scattering:
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Here y
' is the diffusion constant, e is the electronic charge, fe"'" is the order parameter divided by

$ and A. are the temperature-dependent coherence length and penetration depth, respectively. o
= p„', and A~~ is the Thomas-Fermi screening length. The scalar and vector potentials y and A are
coupled to the charge and current densities p and j by the Maxwell equations. Four dimensionless con-
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stants appear in Eqs. (1)-(7), besides the Ginzburg-Landau parameter I; = A/]:

OO
-1

p,c,[y"'(-,' +p, )+ ,'p,—y"'(,' +—p,)] '

where

C, = 4C,( "(-,
' +P, )/[( "(-,

' +p, ) + P,g
' (—,

' +p, )],
and we have defined g, '=4~A.'v/C, y such that

c, =- g'/g, ' = p, q"'(-,'+ p, )c,.

(8)

(10)

(12)

In these expressions p, =1/(2m7;T) and p, = I/(4vv, T), and P~"' are the polygamma functions.
In Eq. (5) the individual energy component eP, of the electrochemical potential ey is seen to be gov-

erned by an energy-dependent screening length g, . The important energy range is ie!~T because of
the hyperbolic cosine factor in Eq. (5). In the limit when T,T «1, corresponding to high concentrations
of magnetic impurities, we have f, = f, (= f) and the set of equations reduces to that studied in Ref. 1.
If further r, «w, (the dirty limit), then g'= g'/12 as stated in Ref. 1, but in the opposite limit when T,
= v; we have f' = g'/4. 64, so that the screening length g defined in Refs. 1-4 does have a limited range
of variation.

To calculate pf in the low-field limit, we repeat the procedure developed in Ref. 2. An energy-bal-
ance relation is first derived using Eqs. (1)-(7):

(& /& t)E + '7 ~ j = —W, (13)

(14)

where the free energy density E and the energy current ] are the same as those defined in Ref. 2.
The average dissipation rate (W) is equal to the transport current l, times the average electric field
(8), so that as before ' we can use it to find the dependence of j, on the flux-flow velocity v, from
which we obtain the flux-flow resistivity p&= (8)/j, = v(B)/j, . After using Eqs. (1)-(7) to transform W
as in Ref. 2, we obtain

(15)

where we have assumed a»1. The constant C&=0.2791. Equation (3) may be solved to first order in
v

u, =C, j '(v ~ ~)v. 'f,"(f'-1)r'&',
which gives, after use is made of Eq. (39) of Ref. 3,

(mv') ' J(&f/&t)u, f(dV/I )=-,'C, .

(16)

The electric field at the origin of an isolated moving vortex h(0) may be obtained to first order in v
by solving Eq. (5) and then using 8 = WP+ (v V)A. We have done this only approximately by replacing
f2 by 2/(2+5(2) in Eq. (5). This approximation was used in Ref. 2 with 6=1 which gave rather good
results. Here, we take b= 2.83 to reproduce the exact result for the limit of high concentration of mag-
netic impurities calculated in Ref. 3. In the opposite limit, when 7;T, »1, f, «(, so that f may be
replaced by its behavior near the origin, ' f'/2. 9 ('4, our approximation is seen to be still very good.
The result is

(16)
H„dp, ,C (0 5562+C )+~@ "&0(xa(1+x ) )xocosh 'wp'xd
P. d(fl) &a)=0

' ' 25 o Z, (x,(1+x') '")(1+x')"'
where xo = 6C„and E„ is the modified Bessel function of order n. This dependence of the normalized
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initial slo e ofp p& on impurity concentrations is
shown in Fi . 1'g. , where we have chosen as inde-
pendent variables the ratio r / =2,/,s v~= I.i p, and

t —= exp[((r') —g(2 + p.)] ~ (19)

If o
C =1

one further assumes that p»1 f ll
, = 1 and the result is that found by Gor'kov and
apnin. s But if the ratio p, /p, is held constant

t eofm
as p, is reduced, as would be the case 'f l
ype of magnetic impurity and no other scattering

centers are present, then the normalized initial

In view of the gapless condition 7,60«1, one may
ignore the difference between T and T, in the de-
finition of' '

n o p, and identify t as the reduced transi-
tion temperature T,/T„.

At present, only the limit p, » p, seems to be
o servable in practice. Assuming this and also
p, «1, one finds that C2 dominates in Eq. (18)
so that

in q.
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p . . . and then diverge upward like

The flux-flow resistivity for field (8) near H

y e ca culated simply by applying the method
c2

of Caroli and Maki' or by solving Eqs. (1)-(7)
linea. rized with respect to f and v.' Th
lou

an v. The anoma-
ous contributions to the current h' hn s w ic were in-

the gapless condition ~,Ap «1, because the main

the field. h
~ ~

agne ic impurities notpair breaker is then the magn t'

of th
th . he result is a simple gene .l tra. iza ion
o at in Ref. 1 with & replaced by g, :

H„dp&
p„dQ) ~) „2(,' (2~' —2)1.16+1'

This result in the limit ~ »1 is plotted in Fig. 2
with respect to t for the same t fme se o values for
~, /~, as in Fig. 1. The two figures together give
an overall field dependence of fp& or various im-
purity concentrations.

We conclude by noting that the lowest possible
value for v;/r, is, in principle 't,, uni y, corre-
sponding to only spin-flip scatt b 'ering eing pres-
ent. To approach this limit, one must dope very
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FIG. 1. Thehe normalized initial slope of the flux-flow
res istivit with'

y p& wi respect to the average magnetic in-
duction J3 at B=0 plotted against the reduced transition
temperature t =T jr fure = ~/ « for various values of v /v the
ratio of s in-fli tp — ip o total scattering lifetime of the con-
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FIG. 2 Normalized final slope of p th p
& at & =&~2 plotted as in Fig. 1.
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pure samples with a controlled amount of magnet-
ic impurities of a type chemically very similar
to the host atoms, preferentially also giving res-
onant spin-flip scattering to the conduction elec-
trons. The condition ~ »1 assumed in this calcu-
lation is not a serious obstacle, because our pre-
vious work has indicated that the ~ dependence of

pf is weak both in the high-field tsee Eq. (20)J
and in the low-field' limits. Furthermore, by us-
ing very thin films, even type-I materials can ex-
hibit flux-flow behavior with an effective K»1.'
Because of the wide variation of pf predicted
here, experimental work under the gapless con-
ditions studied here is desirable.
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Two-photon photogeneration has been observed in amorphous selenium. The field de-
pendence of this uniform bulk photogeneration process saturates at low fields and fits a
Poole-Frenkel model down to 800 V/cm. The previously reported strong field dependence
of the generation efficiency at low fields for strongly absorbed light is attributed to sur-
face recombination.

Time-of-flight and charge-integration measure-
ments have been invaluable tools for studying in-
trinsic photogeneration and charge transport in
insulators. This is primarily because they en-
able one to determine the bulk current and ef-
fective transit time for either carrier (depending
on the polarity of the bias voltage). Knowledge of
both the current and the transit time then allows
the rate of supply of carriers to the bulk to be un-
ambiguously determined. For various experimen-
tal reasons these measurements have generally
been restricted to the use of strongly absorbed
light. Under these circumstances, however,
since all of the carriers are produced very near
the surface, surface recombination, trapping,
and exciton dissociation, as well as bulk recom-
bination in the generation region, can strongly
influence the results. This is particularly seri-
ous for those materials where the onset of strong
optical absorption occurs lower in energy than
the onset of efficient photogeneration of free
charge. In amorphous selenium, for example, it

has not been possible to separate unambiguously
the electric field dependence of intrinsic photo-
generation from surface recombination and trap-
ping effects' s (all of which affect the rate of car-
rier supply), since only very strongly absorbed
light generates carriers efficiently. Similar
problems occur in molecular materials ranging
from orthorhombic sulfur to anthracene.

We suggest that two-photon processes provide
a powerful tool for the study of intrinsic photo-
generation in these materials, since they allow
carrier pairs to be created in the bulk with ener-
gies equal to pairs created by very strongly ab-
sorbed light near the surface. We report here
the observation of two-photon absorption in amor-
phous selenium and the results of unambiguous
photogeneration efficiency measurements using
the two-photon process to generate bulk carri-
ers uniformly. The observed efficiency of this
bulk generation process is consistent with a
Poole-Frenkel mechanism from 3& 10' to 10' V/
cm. This indicates that the linear field depen-
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