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Dynamic vortex instabilities in TaÕGe-based multilayers and thin films
with various pinning strengths
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We report measurements of a dynamic instability in the moving vortex system of Ta/Ge-based thin films and
multilayers. The instability results from a nonequilibrium distribution of quasiparticles induced by motion of
the vortex cores, as described theoretically by Larkin and Ovchinnikov in the regime where there is no pinning.
For the Ta/Ge system, where the critical vortex velocity is relatively small, we observe the instability in cases
where either the viscosity or pinning dominate the vortex motion. We develop a simple model to describe the
effects of pinning on the flux motion near the instability, and show that it gives a good description of the
experimental data, especially in fields not too close to zero. The temperature dependence of the critical vortex
velocity extracted from the analysis indicates that electron-electron scattering provides the dominant contribu-
tion to the energy relaxation.
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I. INTRODUCTION

It is well known that an applied current can induce moti
of magnetic flux lines in type-II superconductors, leading
the appearance of a finite resistance. This phenomenon
been studied intensively in the low current limit where, in t
presence of pinning, the type of flux motion depends se
tively on whether the vortices are in a liquid or a glas
state.1 The corresponding high current limit is also of co
siderable interest, both from a theoretical and applied p
spective. In general it is expected that as the current is
creased the relevance of pinning decreases, and
resistance will tend towards a constant free flux flow lim
However, in this regime Larkin and Ovchinnikov~LO! have
predicted a fundamental instability in the freely moving vo
tex system, which results in a transition from the flux flo
state back into the normal state.2,3 This instability can occur
well before the depairing critical current is reached, and t
sets an upper limit on the current at which superconduc
order can be maintained.

LO instabilities have been observed in both high-Tc
~Refs. 4–11! and low-Tc ~Refs. 12–14! systems, including
Ta/Ge based multilayers and alloys.15 In this paper we ex-
tend our work on the Ta/Ge system to examine LO instab
ties in multilayers with varying degrees of anisotropy. Due
the different dimensionalities, the multilayers exhibit diffe
ent vortex phases in the current regime immediately be
the instability takes place, with a corresponding variation
the pinning strengths. We demonstrate that, although the
ning has a strong effect on the vortex dynamics, the insta
ity is still present and has the same fundamental nature,
it results from the existence of a maximum in the total
tarding force on the vortices as a function of vortex veloci
We propose a simple model to incorporate the effects
PRB 620163-1829/2000/62~18!/12468~9!/$15.00
as

i-

r-
n-
he
.

s
g

i-

re
n
n-
il-
e.,
-
.
f

pinning into the vortex dynamics close to the instability, a
show that it provides good agreement with the experime
data.

II. DYNAMIC VORTEX INSTABILITIES

A. Larkin-Ovchinnikov instabilities

Larkin and Ovchinnikov calculated the correction to t
distribution function caused by the electric field produc
when an applied current forces the vortices to move. Th
found that the electric field shifts the nonequilibrium dist
bution of quasiparticles in the vortex core to higher energ
causing some of the quasiparticles to diffuse into the s
rounding area. This in turn causes the vortex core to sh
according to the formula

j2~y!5
j2~0!

11~y/y* !2
, ~1!

wherey is the vortex velocity,j(0) is the Ginzburg-Landau
coherence length aty50, andy* is a characteristic critica
vortex velocity. The decrease ofj in the vicinity of the vor-
tices leads to a reduction in the viscous damping coeffic
h given byh(y)5h(0)/@11(y/y* )2#, and the viscous force
h(y)y has a maximum at the critical velocityy* . Any in-
crease in velocity pasty* causes a reduction in the dampin
force which further perpetuates the velocity increase, a
thus the vortex system becomes unstable. The critical ve
ity is determined by the formula

y* 25
D@14z~3!#1/2~12T/Tc!

1/2

pt in
, ~2!

where D5(y f l )/3 is the quasiparticle diffusion coefficien
with y f the Fermi velocity andl the electron mean free path
12 468 ©2000 The American Physical Society



n

re
in
O
ue
c

th

t

in
or
si
tri

th
if

a
n-
te

nd

e

e
t
m

,

s

re

m
a

y

as-
fec-

nite
that
eat

a-

le

-
ct
lts
ing
ar-
as

ar-
le.

re-

r-
lib-

es

in-
ex
ol-

d

ass
res-
d
ck-

ray

PRB 62 12 469DYNAMIC VORTEX INSTABILITIES IN Ta/Ge-BASED . . .
t in is the inelastic-scattering time of the quasiparticles, a
z(3)51.202 is the Riemannz function of 3. For longer val-
ues of t in , the nonequilibrium quasiparticles relax mo
slowly, resulting in a greater deviation from equilibrium
the distribution function. The nonlinear effects of the L
theory are thus most noticeable in materials with large val
of t in or small values ofD, both of which are characteristi
of amorphous Ta or TaxGe12x at low temperature.

The voltage at which the instability occurs is related to
critical vortex velocity by

V* 5m0y* HL, ~3!

whereL is the length between the voltage probes. Close
the instability the current-voltage (I -V) curve begins to show
the effects of the change in the viscosity. Samoilovet al.14

give the following form for theI -V characteristic:

I 5
V

Rn
F a

11~V/V* !2
11G , ~4!

in which Rn is the normal state resistance. The first term
the brackets represents the effects of the decrease in v
core radius, while the second term accounts for suppres
of superconductivity outside the vortex cores by the elec
field. For a.8 Eq. ~4! predicts a back-bendingI -V curve
which shows negative differential resistance beginning in
vicinity of V* . In the current biased mode the negative d
ferential resistance is manifested as a sharp jump in theI -V
curves to a resistance close to the limiting valueRn . The
backbending curve allows for the possibility that the critic
current I * where the transition occurs is lower on a dow
ward sweep than on an upward sweep, resulting in a hys
esis. Fora<8 the back-bending is no longer evident, a
instead a rapid but continuous rise in theI -V characteristic is
expected. Equation~4! has been used successfully to d
scribe theI -V characteristics of ana-Mo3Si thin film14 for a
range of field values.

In the LO theory the instability is predicted in the regim
of temperatures close toTc , where the conductivity is mos
sensitive to changes in the distribution function. The para
etera in Eq. ~4! is related to the flux flow conductivitys in
the limit of low vortex velocity. The result fors in the tem-
perature range nearTc , and in fields not too close toHc2,
leads to an expression fora given by

a5
m0Hc2~T!

B~12T/Tc!
1/2

f̃ ~B/m0Hc2!, ~5!

where the functionf̃ (B/m0Hc2) is equal to 4.04 at low fields
and decreases with field thereafter.3 At low fields a is large
and the nonlinear effects described by Eq.~4! are significant,
whereas at high fieldsa is small and the non-linear effect
are weak.

Equation~2! predicts thaty* decreases with temperatu
as (12T/Tc)

1/4, as observed in early experiments.12,13 More
recently Doettingeret al.4,7 and Xiaoet al.11 have measured
a critical vortex velocity which instead increases with te
perature. This was well described by including either
d
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exp@2D(T)/kBT# or an exp@4D(T)/kBT# form for the tempera-
ture dependence oft in @D(T) is the superconducting energ
gap#.

B. Modifications to the LO theory

The basic LO theory outlined above includes several
sumptions. Firstly, it is assumed that heat is removed ef
tively from the lattice which remains in thermal equilibrium
with the bath. Recently Bezuglyj and Shklovskij16 ~BS! have
extended the LO theory to the case where there is a fi
heat removal rate from the sample to the substrate, such
some heating of the sample is unavoidable. The linear h
balance equation

h~Tq2Tb!5IV/wL ~6!

is solved simultaneously with Eq.~4! to find the instability
point (I Tq

* ,VTq
* ) ~h is the total heat transfer coefficient from

the quasiparticles to the bath,Tq is the effective quasiparticle
temperature,Tb is the bath temperature, andw is the width of
the sample!. Two regimes of magnetic field are found, sep
rated by a characteristic fieldBT50.37et inh/kBsnd (sn is
the normal state conductivity, andd is the sample thickness!.
When B!BT heat is removed effectively from the samp
and v* is given by Eq.~2!. For B@BT sample heating is
important and the measured value ofv* decreases well be
low its value in low fields. In this case the heating effe
dominates the distribution function, and the instability resu
mainly from the decrease in conductivity caused by heat
rather than from the field induced nonequilibrium quasip
ticle distribution. Excellent agreement with this theory h
been found by Xiaoet al.9,11 in a range of high-Tc supercon-
ducting films.

Secondly, it is assumed that the non-equilibrium quasip
ticle distribution is homogeneous throughout the samp
This will be the case as long as the diffusion length (Dt in)

1/2

exceeds the intervortex spacinga0, allowing the quasiparti-
cles to diffuse fully into the superconductor before they
lax. A similar requirement has been shown5 to lead to an
increase in the measured value ofy* proportional toa0
51.07(F0 /B)1/2 at low fields (F052.07310215Tm2 is the
magnetic flux quantum!.

Finally, it is assumed that pinning plays no role in dete
mining theI -V characteristics. Some experiments are de
erately designed to be in this regime,6,7,9,11,14in which case
the LO theory, including the above modifications, describ
the data well. In other cases a lack of linearity in theI -V
characteristic below the instability point indicates that p
ning can be a significant factor in determining the vort
motion.8,15 We explore the consequences of this in the f
lowing sections.

III. EXPERIMENTAL METHOD

A selection of amorphous Ta/Ge an
TaxGe12x /Ge (x'0.3–0.4! multilayers and thin films were
grown by evaporative deposition of the Ta and Ge onto gl
substrates in an ultra high vacuum chamber with a base p
sure of less than 1029 torr. The multilayers thus produce
were characterized by x-ray fluorescence or Rutherford ba
scattering spectroscopy, multiple beam interferometry, x-
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TABLE I. Parameters defining the morphology and superconducting characteristics of each
samples. ds is the superconducting layer thickness,di is the insulating Ge layer thickness, %Ta gives t
percentage of Ta in the superconducting layers, andSi is equal to2m0dHc2 /dTuT5Tc

.

Sample Layers ds ~Å! di ~Å! %Ta Tc ~K! Si ~T/K! j i(0) ~Å! l i(0) ~Å! g

A 12 60610 17069 3863 2.28 2.260.1 8162 1100062000 `

B 12 60610 17069 3863 2.27 2.160.3 8366 1100062000 `

C 8 210640 180610 4563 2.66 1.860.1 8362 1100062000 `

D 13 40610 3065 2562 1.85 1.960.1 9663 1400062000 5.8
E 25 2562 2462 100 1.66 1.960.1 10263 1200062000 1.5
F 1 670670 0 2762 2.80 2.160.3 7565 1100062000
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diffraction ~XRD!, and transmission electron microscopy
determine the layer thicknesses and alloy la
composition.17,18 The films were confirmed amorphous b
the XRD measurements, and also by the absence of any
of a superconducting transition at 4.2 K, theTc of crystalline
Ta. The morphologies of the samples used in this invest
tion are summarized in Table I. Each of the samples w
patterned into a bridge of width approximately 1 mm a
length approximately 5 mm for four terminal resistance m
surements. The samples were placed directly in the liq
helium bath to minimize any heating effects. Almost all
the data presented below were taken at temperatures b
the lambda point~2.17 K! where the stability was better tha
61 mK. In all cases the field was oriented perpendicular
the plane of the layers.

The superconducting transition temperature and the up
critical fields of each sample were determined by fitting
the fluctuation conductivity above the transition.19,20 Perpen-
dicular field data allowed a determination of the in-pla
coherence lengthj i and the penetration depth for in-plan
currentsl i , while corresponding parallel field data yielde
the anisotropy of the samplesg5j i /j' (j' is the coherence
length perpendicular to the layers!.21 The results of this
analysis are presented in Table I, where it can be seen th
of the samples are strongly type II, withk
5l i(0)/1.63j i(0) varying between 70 and 90. For sampl
A, B, and C the parallel critical field showed a square ro
temperature dependence characteristic of two-dimensi
behavior, corresponding to fully decoupled layers. Due to
amorphous nature of the films the resistivity is very hig
being around 200mV cm. Values determined previously17,18

for the Fermi velocityy f'2.43106 m/s and the electron
mean free pathl'1.5 Å can be used to calculate the diffu
sion coefficient D5(y f l )/3'131024 m2/s. Alternatively,
the diffusion coefficient can be estimated21 from D
5(4kB /pe)(2dHc2 /dTuT5Tc

)21 yielding a similar value

D'531025 m2/s, which we use below.

IV. RESULTS AND ANALYSIS

In a previous study15 we reported observations of a cu
rent induced instability in theI -V characteristics of two of
the above samples~E and F!, which was manifested as
sharp jump in theI -V curves at low magnetic fields, crossin
over to a broader transition at high fields. The same insta
ity was observed on both downward and upward curr
sweeps, despite several orders of magnitude difference in
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input power at the transition in the two cases. Furthermor
quantitative agreement was found between the meas
critical vortex velocities and the LO prediction, where th
predicted value was calculated from Eq.~2! using parameters
determined independently from the normal state propert
This showed conclusively that the instability was of the L
type. We have since performed similar measurements on
rest of the samples described above, which we will now d
cuss in turn beginning with the samples which showed
least effects of vortex pinning, before moving to samples
which pinning effects are clearly important.

A. Low vortex pinning regime

Figure 1~a! shows a set ofI -V curves taken from sample
A at a temperature of 1.710 K, where each curve correspo
to a different magnetic field. Two qualitatively different fiel
regimes can be identified. At low fields the curves displa
nonlinear increase at low to intermediate current levels,
fore approaching linear behavior as high current levels
reached. For these curves the high current region is te
nated by a sudden jump to a resistance close to the no
state value, indicating an instability in the flowing vorte
system. At the four highest fields, on the other hand,
curves are linear at all but the highest currents, where a ra
but continuous rise toward the normal state resistance ta
place. A thermally activated resistivity, characteristic of vo
tex pinning, can be measured only at low fields and curre
indicating that pinning effects are negligible near the ins
bility.

Figure 1~b! shows a close up of a selection of the da
near to the instability, where the solid lines show fits usi
Eq. ~4!. Only the data indicated by solid symbols has be
used in the fitting. Figure 1~c! shows the fitted values ofa as
a function of field, where data from the similar sample
taken at 1.245 and 1.550 K are also included. At low fie
the data show aH21 field dependence, while at high fields
more rapid decrease ina is observed. This is in excellen
agreement with Eq.~5! which for low fields predictsa
}H21, followed by a stronger dependence at high fie
caused by the decrease inf̃ (B/m0Hc2). Less accurate fitting
was achieved for sample B at the lower temperatures bec
pinning dominated theI -V curves over a much larger rang
Neverthelessa clearly decreases with temperature, reflecti
the temperature dependence ofHc2 in Eq. ~5!.

Evidently the LO theory captures very well the behav
of the I -V curves for samples with thin, decoupled superco
ducting layers, at least at temperatures close toTc . This is
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expected because the low level of pinning makes it poss
to observe a rather large free flux flow regime. It is intere
ing to note, however, that no hysteresis is observed in
current sweeps in Fig. 1, but instead the upward and do
ward sweeps are identical. Furthermore, the fitted value
y* generally corresponds to a point slightly above the ins
bility, indicating the vortex system may become unstabl
little before the peak in the viscosity is reached. We w
return to the discussion ofy* for all of the samples below.

B. Effects of vortex pinning

The current density where dissipation can first be
served is typically much higher in the other samples than
for samples A and B, implying that pinning plays a mo
substantial role in the vortex dynamics. To demonstrate

FIG. 1. ~a! I -V curves from sample A measured at 1.71 K
fields ~from right to left! of 0.005, 0.01, 0.02, 0.05, 0.07, 0.1, 0.
0.3, 0.4, and 0.5 T.~b! Enlarged view of the 0.005, 0.02, 0.07, 0.
and 0.4 T curves. The solid lines are fits of Eq.~4! to the data,
where only the solid points have been used in the fitting.~c! Fitted
values ofa for sample A at 1.71 K (d) and B at 1.55 K (s) and
1.245 K (L). The solid lines show the field dependencea}H21.
le
t-
e

n-
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we show in Fig. 2~a! a set ofI -V curves taken from sample
C at various temperatures, in a fixed field of 0.7 T. Instab
ties very similar to those described above are observed
cluding development from sharp to broad transitions as
temperature is increased. The similarity between the insta
ity in this sample and in A and B implies that the underlyin
mechanism is the same in each case. However, in Fig.~a!
the degree of non-linearity is far greater than in Fig. 1.
fact, for the entire range of temperatures, there is no reg
of linear I -V behavior near the instability corresponding
free flux flow.

Although attempts have been made to fit the curves
Fig. 2~a! to Eq. ~4! in the same manner shown in Fig. 1, n
reasonable results could be obtained, implying that pinn
must be taken into account in order to describe these data
do this we follow the dynamic approach of Blatteret al.1 in
which the relative correctiondy/y to the vortex velocity
caused by pinning is calculated. In the dynamic appro
pinning can be considered as a friction term which, by sy
metry, must be directed opposite to the vortex motion. T
coefficient of pinning frictionhp can be expressed in term
of the usual vortex viscosity coefficienth through the cor-
rectiondy/y, leading to a pinning force

Fp5hpy5~hdy/y!y. ~7!

As the vortex velocity in the present samples can
proachy* even when pinning dominates, account must a
be taken of the decrease in the vortex core size describe
the LO theory@Eq. ~1!#. To do this we make the assumptio
that the pinning force varies linearly with the area of t

FIG. 2. ~a! I -V curves from sample C in a field of 0.7 T. From
right to left the curves correspond to temperatures of 1.21, 1.3, 1
1.4, 1.45, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, and 2.1 K.~b! Enlarged view of
the 1.21, 1.45, 1.6, 1.8 and 2.0 K curves. The solid lines are
using Eq.~8!.
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core.22 We therefore useh5h(0)/@11(v/v* )2# in Eq. ~7!,
which satisfies the requirement that the pinning should d
matically decrease above the instability, as the experime
data clearly show. The above arguments imply that the a
tion of pinning forces simply renormalizes the vortex visco
ity in the LO theory. Therefore, Eq.~4! should be modified
to

I 5
V

Rn
Fa~11dV/V!

11~V/V* !2
11G , ~8!

in which we have made the substitutiondy/y5dV/V. It thus
remains to determine the form ofdy/y, which will in general
depend on the field and temperature. Blatteret al. consider
pinning as a perturbation, and derive different results for
correction depending on whether the vortices are in a liq
or solid-glass state. Larkin and Ovchinnikov have also st
ied a similar problem for both weak and strong pinning.3

The combined results fordy/y indicate the existence o
several different vortex velocity regimes characterized
different forms for the pinning correction, making it hard
fit a single function to the experimentalI -V data. In all cases
however,dy/y is a decreasing function of the vortex velo
ity, typically going as some negative power ofy. To simplify
matters we choose a general power law formdV/V5bV2c,
with a velocity independent value for the exponentc which
can be extracted from the experimental data at low curre
Figure 2~b! shows a selection of the data from sample
close to the instability, where the solid lines are fits of E
~8! using a, b, and V* as fitting parameters. Clearly thi
equation provides an extremely good description of the d
except at very low dissipation levels where thermally ac
vated vortex motion dominates the resistivity and cause
linear region at low currents. Because the field is relativ
high the contribution to the conductivity from the visco
force is small, which leads to very low values fora. As
expecteda is a decreasing function of the temperature. Ho
ever at this field the uncertainty is too large to determ
accurately the form of its temperature dependence.

C. Intermediate vortex pinning regime

Figure 3~a! shows a set ofI -V curves taken from sampl
D at various temperatures in a fixed field of 0.3 T. The lo
temperature curves are highly nonlinear at low currents in
cating that pinning forces are once again dominating the v
tex motion. Unlike sample C, however, there is evidence o
crossover towards linear flux flow behavior at currents cl
to the instability. The solid lines are fits using Eq.~8! which
once again provides an excellent description of the data
cluding the evolution from sharp to broad transitions at
instability. The values ofa extracted from the fits show th
same field dependence as samples A and B, consistent
the LO theory. Figure 3~b! shows theI -V data on a linear
scale, where it can clearly be seen that the exact value o
resistance just above the transition depends on the field
is always slightly less than the normal state value. This tre
which is also observed in the other samples, cannot be s
factorily explained by any kind of heating effect; however,
can be modeled using Eqs.~4! and ~8!.
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Figure 4~a! shows a set ofI -V curves from sample E in
various fields at 1.373 K. Similar to sample D, theI -V char-
acteristics exhibit a transition from pinning dominated no
linear behavior towards linear flux flow resistivity as the i
stability is approached. However, the range of fields wh
the instability can be clearly observed is considerably be
the 0.3 T shown in Fig. 3. Our previous results on th
sample demonstrated that the low current data could be
described within the vortex glass model15 which also predicts
a power lawI -V characteristic,23 lending further support to
our choice fordV/V. Equation ~8! is again successful in
describing the data, although at the lowest fields it can
capture the abruptness of the change in the resistivity, c
ing the fitted curves to bend backwards at current lev
somewhat higher than the observed transition. Figure 4~b!
shows a plot of the fitted values ofa as a function of field for
three different temperatures, where the variation is alm
identical to the results for samples A and B for which
pinning term was considered. We note that the fitted val
of b are approximately constant as a function of field
temperature for each of the samples C, D, and E, being in
range 2.1–2.6, 0.7–2, and 0.8–1.4, respectively. The ex
nentc is similar for all samples, varying between 0.5 and 0
with the larger values corresponding to lower fields and te
peratures.

D. Critical vortex velocity

We now turn to a discussion of the values of the critic
vortex velocity extracted from the above analysis. Firstly,

FIG. 3. ~a! I -V curves from sample D in a field of 0.3 T. From
right to left the curves correspond to temperatures of 1.22, 1.35,
1.65, and 2.02 K. The solid lines are fits using Eq.~8!. ~b! The same
data on a linear scale. Just above the instability the resistanc
slightly less than the normal state value.
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note that the values ofV* obtained from the fitting are
slightly larger than the directly measured ones. This is
ready implicit in the original LOI -V equation in which the
backbending occurs just aboveV* , and is enhanced by ou
inclusion of a pinning term. Typically the difference is on
slight, except at low fields where the instability transition
unusually sharp causing the fitted curve to extend beyond
data. Despite the difference in overall magnitude, the fi
and temperature dependence are approximately the sam
both methods of determiningy* . Thus, the following con-
clusions are essentially independent of which method
choose to defineV* .

Figure 5 shows a plot of the fitted critical vortex veloci
as a function of reduced magnetic field (H/Hc2) for sample
A at 1.710 K, sample D at 1.220 K, and sample E at 1.373
Also shown is the critical velocity for sample D at 1.220
determined directly from the measured voltage at the in
bility point. Except at the lowest fields, the fitted and direc
measured values are in fairly close agreement, confirm
the above statements regarding the two methods of deter
ing y* . Figure 5 also shows thaty* decreases with increas
ing applied field, with the dependence generally stronges
low fields. As discussed in Sec. II B there are several p
sible explanations for this behavior. Although we have
ready ruled out simple Joule heating as a significant eff
heating of the quasiparticles as in the BS theory can giv
similar field dependence to that observed. The relevanc
the BS theory to our data can be estimated by calculating
crossover fieldBT above which quasiparticle heating effec

FIG. 4. ~a! I -V curves from sample E at 1.373 K. From right
left the curves correspond to fields of 0.003, 0.015, 0.025, 0.0
0.055, 0.085, 0.11, 0.14, 0.17, 0.21, 0.25, 0.3, 0.35, 0.4, and 0.4
~b! Fitted values ofa for sample E at 1.520 K (d), 1.456 K (s),
and 1.373 K (L). The field dependence is the same as for samp
A and B.
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become important. For the value of the heat transfer coe
cient we takeh5104 W/m2 K. This is a conservative esti
mate based on measured values from a wide range of sim
systems, and we note that for systems in contact with liq
helium below the superfluid transition the heat transfer co
ficient is typically higher than our estimate.24 An approxi-
mate value fort in may be determined from Eq.~2! using the
experimental values fory* . We choose typical values fory*
and T/Tc of 100 m/s and 0.9 respectively, leading tot in
'231029 s and thusBT'1.5 T. As this is considerably
larger than any of the fields for which the instability is o
served in this study, the BS mechanism is not expected to
relevant.

It must be remembered, however, that if quasiparti
heating plays a role then the measuredy* values will be
lower than the value in the absence of heating. Our estim
for BT would thus be too large. We have therefore attemp
an alternative analysis of our data in terms of the BS the
by comparing the experimental values ofP* 5I * V* with the
theoretically predicted dependence onB/BT . This does in-
deed result in fitted values ofBT somewhat lower than 1.5 T
but the agreement between experiment and theory was ra
poor, implying that quasiparticle heating is not the domina
cause of the field dependence ofy* . We note also that pin-
ning forces tended to cause this analysis to underestim
BT . Finally, the reversibility of the transition at the instab
ity point also provides strong evidence that we are in a fi
regime well belowBT . Overall, the role of quasiparticle
heating in determining the instability behavior appears to
small in our samples.

Spatial inhomogeneity of the quasiparticle distribution h
been shown to cause an increase iny* at low fields.5 Based
on the above parameters we obtain the diffusion length of
quasiparticles (Dt in)

1/25331027 m. Except very close to
Tc this is greater than the vortex core size, but it becom
less than the intervortex spacing for fields below about 0
T. Although the critical velocity typically shows a decrea
out to fields somewhat larger than 0.02 T, a small uncerta
in the diffusion length leads to a large uncertainty in t
expected crossover field. Therefore, a nonuniform quasi
ticle distribution may indeed be of importance at low field

We note also two other effects which may be significa
First, the vortices will tend to flow along regions with

5,
T.

s

FIG. 5. Field dependence of the fitted critical vortex velocity f
sample A at 1.710 K (m), sample D at 1.220 K (d), and sample E
at 1.373 K (l). Also shown isy* for sample D at 1.220 K (s)
determined directly from the measured instability point.
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higher than average concentration of defects, especiall
low fields where elastic interactions between the vortices
weak. The local inelastic scattering time may be less in th
regions,25 thus contributing to an increase iny* at low fields.
Secondly, if the vortex solid melts into a vortex liquid the
any spatial nonuniformity in the quasiparticle distributio
will be washed out by the random motion of the vortice
This is consistent with our previous findings15 of a correla-
tion between the melting transition in sample E and the d
appearance of a strong field dependence iny* . Melting of
the vortex lattice could also significantly alter any therm
nonuniformity, an effect which is not included in the B
theory.

The critical vortex velocity determined from fits to Eq.
is plotted as a function of reduced temperature (T/Tc) in Fig.
6 for sample C at 0.7 T, sample D at 0.3 T, and sample F
0.2 and 0.8 T. The values ofy* for sample D at 0.3 T
determined from theI -V plot are also shown, to demonstra
again the similarity between the fitted and directly measu
results.

For all of the samplesy* is an increasing function o
temperature, implying thatt in is the main contributor to the
temperature dependence in Eq.~2!. Electron-phonon scatter
ing is expected to lead to the formt in}T2n with n53, but
fits using this function lead to unphysical values for the e
ponent (n' 6–10!. We therefore provide fits based o
electron-electron scattering, in which the scattering r
scales with the density of quasiparticles. The dotted
dashed lines in Fig. 6 show fits of Eq.~2! to the data from
samples C and D, respectively, where we have usedt in
5A exp@mD(T)/kBT# and D(T)51.76kBTc(12T/Tc)

1/2. We
see excellent agreement with the data points using the
rametersA51.6310210 s andm51 for sample C, andA
51.4310211 s andm52 for sample D. A similar quality of
fit was found for the other multilayer samples using the sa
functional form fort in . The different values found form in
samples C and D could be interpreted as indicating scatte
mechanisms involving different numbers of electrons4,7

However it is difficult to say for certain that the differenc
are not simply due to uncertainties in they* , D or Tc values,
or to the different magnetic fields. Nevertheless, the pres
results confirm the recent findings in a similar low-Tc

FIG. 6. Temperature dependence of the fitted critical vortex
locity for sample C at 0.7 T (L), sample D at 0.3 T (s), and
sample F at 0.2 T (n) and 0.8 T (h). The directly determinedy*
values for sample D at 0.3 T (d) are also shown for comparison
The fitted curves are described in the text.
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system7 (a-Mo3Si thin films! that electron-electron scatte
ing dominates the energy relaxation at low temperatures
our case the dominance of electron-electron scattering o
electron-phonon scattering is not surprising considering
reduced dimensionality associated with the multilayer str
ture of the films.

We note from Figs. 5 and 6 that the magnitude ofy*
tends to increase as the superconducting layer thickness
creases, which is also consistent with increased elect
electron interactions in lower dimensions. The only exce
tion to this rule comes from sample F, which Fig. 6 sho
has a relatively temperature independenty* that could not
readily be fitted using the above expression fort in . The
single layer in this film is considerably thicker than the ind
vidual superconducting layers in the other samples, imply
that the dominant relaxation mechanism in sample F m
instead be electron-phonon scattering. However, if this is
case it is surprising that sample F exhibits the highest crit
vortex velocities of all the samples, indicating that it has t
largest scattering rate.

V. DISCUSSION

The form we have chosen to represent pinning leads
several qualitative changes in the predictedI -V characteris-
tics. For example, the measured instability currentI * be-
comes greater than in the absence of pinning, because h
currents are needed to force vortex motion at velocities n
y* . The field or temperature at which the backbending of
I -V curves is expected to give way to smooth transitions n
corresponds to a value ofa lower than 8. This crossover ca
be observed experimentally as long as the vortex motio
homogeneous throughout the sample. However, if the vo
solid melts into a vortex liquid, then just above the melti
field plastic motion of rather large correlated vortex regio
occurs.1 Different parts of the sample may then undergo t
LO instability at slightly different currents. This immediate
leads to a broadening of the transition into a more stepw
increase, irrespective of the value ofa. We see this behavio
in samples D and E~see Figs. 3 and 4! where there is a well
characterized melting of the vortex solid15 which coincides
with the change from sharp to stepwise transitions at
instability.

Our attempts at fitting the data have shown that neit
the original LOI -V equation@Eq. ~4!# nor the modified ver-
sion @Eq. ~8!# are able to fully capture the sharpness of t
instability in fields below about 0.1 T. This is clearly appa
ent in the low field data of Fig. 4, where, although the res
tance increases faster than linear nearI * , the I -V curves
actually become flatter on the log-log plot right up until th
sudden transition. There is very little extra increase in
resistivity associated with the onset of nonequilibrium
fects. Similar behavior was observed in all of the oth
samples at low fields. By contrast, at higher fields, ev
when the transition itself is discontinuous, there are cl
signs of an upturn in theI -V characteristics immediately pre
ceding the instability~e.g., Figs. 2 and 3!. To obtain reason-
able fits in the low field regime the fitted curves must
allowed to extend beyondI * before they start to bend back
wards. This causes a slight exaggeration in the field dep
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dence of the fittedy* values relative to the experimenta
transition points.

To explain the extreme sharpness of the transitions at
fields we note thatt in is dominated by electron-electron sca
tering, and thus depends on the density of normal electr
available to scatter from inside the vortex core. As soon
the vortex velocity approachesy* quasiparticles begin to es
cape from the vortex cores, thereby decreasing the numbe
electrons available to scatter from. The inelastic scatter
time thus becomes an increasing function of the vortex
locity, and the critical velocity itself begins to decrease. T
actual instability occurs slightly before the point predicted
the I -V equation assuming a constantt in , causing the ob-
served dramatic sharpening of the transition at low fields.
high fields the diffusion length of the quasiparticles becom
larger than the intervortex spacing, and the quasiparticle
tribution is uniform, so no significant changes int in would
be expected to occur. The high field data therefore match
theoreticalI -V curves very well.

The lack of hysteresis in any of the measuredI -V curves
is central to our conclusion that the instabilities are related
a nonequilibrium quasiparticle distribution rather than th
mal effects. However, both Eqs.~4! and~8! do in fact allow
for some hysteresis between upward and downward cur
sweeps~see Fig. 7!, as has been observed experimentally
one study.14

A possible explanation for the lack of hysteresis can
obtained if we assume that above the instability the inela
scattering time becomes less than below the instability. S
a decrease has been suggested by Samoilovet al.14 to ex-

FIG. 7. CalculatedI -V curves showing the difference betwee
upward and downward current sweeps. The two curves are iden
except for the value ofV* which is equal to 0.07 V on the left hand
curve and 0.12 V on the right hand curve, corresponding to a sl
decrease int in on the downward current sweep.
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plain a clockwisehysteresis inI -V data from ana-Mo3Si
film, where the change int in was attributed to increased
electron-electron scattering in the normal state aboveI * . Ac-
cording to Eqs.~2! and~3!, a lowert in implies a higher value
of V* . The I -V curves on upward and downward curren
sweeps would therefore be similar to the solid and dott
lines in Fig. 7, respectively. On an upward sweep the ins
bility occurs atI 1* , while on a downward sweep the trans
tion back into the superconducting state would occur atI 2*
due to the decrease int in . However, the downward transition
is prevented from occurring atI 2* because this would return
t in and V* to their low current values, and in this case th
sample cannot support the superconducting state at any
rent aboveI 1* . Thus the instability occurs at the same curre
on a downward or an upward current sweep, and the curv
reversible. The parameters used for the two curves in Fig
are a530, b50, andV* 50.07 or 0.12 V for the upward
and downward current sweeps respectively, demonstra
that only a relatively small change inV* is needed for a
significant movement of theI -V curve ~this corresponds to
only a factor of 3 change int in).

VI. CONCLUSIONS

We have observed LO type instabilities in Ta/Ge-bas
multilayers and thin films with a wide range of pinnin
strengths. The complexity in the vortex phase diagram as
ciated with the different regimes of pinning is reflected in th
behavior of the instability. The inclusion in theI -V equation
of a simple model of pinning forces has allowed us to ca
ture many of the features of the experimental data. The te
perature dependence of the critical vortex velocity extrac
from the analysis implies that electron-electron scatteri
dominates the energy relaxation in these samples, consis
with results on similar systems. We have explained the la
of hysteresis in theI -V curves in terms of a decrease in th
inelastic scattering time above the instability. A full theore
ical investigation would clearly be of interest, treating simu
taneously the dynamic pinning force and the non-equilibriu
quasiparticle distribution. Nevertheless, our model and e
perimental observations highlight many of the features wh
a complete theory must exhibit.
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