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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.

[. INTRODUCTION pinning into the vortex dynamics close to the instability, and
show that it provides good agreement with the experimental
It is well known that an applied current can induce motiondata.

of magnetic flux lines in type-Il superconductors, leading to
the appearance of a finite resistance. This phenomenon has Il. DYNAMIC VORTEX INSTABILITIES
been studied intensively in the low current limit where, in the
presence of pinning, the type of flux motion depends sensi-
tively on whether the vortices are in a liquid or a glassy Larkin and Ovchinnikov calculated the correction to the
state’ The corresponding high current limit is also of con- distribution function caused by the electric field produced
siderable interest, both from a theoretical and applied petwhen an applied current forces the vortices to move. They
spective. In general it is expected that as the current is infound that the electric field shifts the nonequilibrium distri-
creased the relevance of pinning decreases, and tHation of quasiparticles in the vortex core to higher energies,
resistance will tend towards a constant free flux flow limit.causing some of the quasiparticles to diffuse into the sur-
However, in this regime Larkin and OvchinnikékO) have rounding area. This in turn causes the vortex core to shrink
predicted a fundamental instability in the freely moving vor-according to the formula
tex system, which results in a transition from the flux flow )
state back into the normal st&td This instability can occur ()= £(0) )
well before the depairing critical current is reached, and thus 1+(v/v*)2’

sets an upper limit on the current at which superconductin%\’herev is the vortex velocity£(0) is the Ginzburg-Landau

order can be maintained. N A
LO instabilites have been observed in both high- coherence length ai=0, andv* is a characteristic critical

(Refs. 4—11 and lowT, (Refs. 12—14% systems, including vortex velocity. The decrease éfin the vicinity of the vor-
. c . ;

Ta/Ge based multilayers and alla¥sin this paper we ex- tices leads to a reduction in the vziscous damping coefficient
tend our work on the Ta/Ge system to examine LO instabili-7 91Ven by 7(v) = 7(0)/[ 1+ (v/v*)"], and the viscous force
ties in multilayers with varying degrees of anisotropy. Due to”(¥)v has @ maximum at the critical velocity". Any in-
the different dimensionalities, the multilayers exhibit differ- Créase in velocity past* causes a reduction in the damping

ent vortex phases in the current regime immediately befor&2rc@ which further perpetuates the velocity increase, and

the instability takes place, with a corresponding variation inthuS the vortex system becomes unstable. The critical veloc-

the pinning strengths. We demonstrate that, although the pirly iS determined by the formula

ning has a strong effect on the vortex dynamics, the instabil- D[14£(3)]Y3(1—T/T)Y?

ity is still present and has the same fundamental nature, i.e., V2= . (2)

it results from the existence of a maximum in the total re- Tin

tarding force on the vortices as a function of vortex velocity.where D = (v41)/3 is the quasiparticle diffusion coefficient

We propose a simple model to incorporate the effects ofvith v; the Fermi velocity and the electron mean free path,

A. Larkin-Ovchinnikov instabilities
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Tin IS the inelastic-scattering time of the quasiparticles, an@®exg2A(T)/kgT] or an expdA(T)/kgT] form for the tempera-
£(3)=1.202 is the Riemandg function of 3. For longer val- ture dependence af, [A(T) is the superconducting energy
ues of 7y,, the nonequilibrium quasiparticles relax more gap|.

slowly, resulting in a greater deviation from equilibrium in

the distribution function. The nonlinear effects of the LO B. Modifications to the LO theory

theory are thus most noticeable in materials with large values

of 7iy or small values oD, both of which are characteristic sumptions. Firstly, it is assumed that heat is removed effec-
of amorphous Ta or T&e, , at low temperature. i Ipf .th | >t/t hich ins in th | ilibri
The voltage at which the instability occurs is related to the' vy TTom the 1atlice which remains in errggl_ equitiorium
critical vortex velocity by with the bath. Recently Bezuglyj and Shklovski{BS) _have_ _
extended the LO theory to the case where there is a finite
. . heat removal rate from the sample to the substrate, such that
V*=uov"HL, 3 some heating of the sample is unavoidable. The linear heat

. balance equation
wherelL is the length between the voltage probes. Close to d

The basic LO theory outlined above includes several as-

the instability the current-voltage{V) curve begins to show h(Tq—Ty) =1V/WL (6)
the effects of the change in the viscosity. Samoiémal** , , . . .
give the following form for thel -V characteristic: is solved simultaneously with E@4) to find the instability

point (I *q ,V#q) (h is the total heat transfer coefficient from

V o the quasiparticles to the baffy, is the effective quasiparticle
= R T ooz +1{, (4)  temperatureTy is the bath temperature, amds the width of
n| 1+ (VIVF) the sample Two regimes of magnetic field are found, sepa-

_ ) ) ) ] ~ rated by a characteristic fiel8;=0.3%er,h/kgo,d (o, IS

in which R, is the normal state resistance. The first term inthe normal state conductivity, antis the sample thickneks
the brackets represents the effects of the decrease in vortg¥nen B< B, heat is removed effectively from the sample
core radius, while the second term accounts for suppressiofhg ,* is given by Eq.(2). For B>B; sample heating is

of superconductivity outside the vortex cores by the electriqmportant and the measured valuewdf decreases well be-
field. For «>8 Eq. (4) predicts a back-bendingV curve oy its value in low fields. In this case the heating effect
which shows negative differential resistance beginning in thgjominates the distribution function, and the instability results
vicinity of V*. In the current biased mode the negative dif- majnly from the decrease in conductivity caused by heating
ferential resistance is manifested as a sharp jump il-¥e  yather than from the field induced nonequilibrium quasipar-
curves to a resistance close to the limiting vaRe. The  ticle distribution. Excellent agreement with this theory has
backbending curve allows for the possibility that the critical peen found by Xia@t al>*in a range of highF. supercon-
currentl* where the transition occurs is lower on a dOW”'ducting films.

ward sweep than on an upward sweep, resulting in a hyster- secondly, it is assumed that the non-equilibrium quasipar-
esis. Fora<8 the back-bending is no longer evident, andtjcle distribution is homogeneous throughout the sample.
instead a rapid but continuous rise in ¥ characteristic is  Thijs will be the case as long as the diffusion lendghr{,) /2
expected. Equatiort4) has been used successfully to de-exceeds the intervortex spaciag, allowing the quasiparti-
scribe thel -V characteristics of aa-MosSi thin film**for a  ¢les to diffuse fully into the superconductor before they re-
range of field values. lax. A similar requirement has been showwo lead to an

In the LO theory the instability is predicted in the regime jncrease in the measured value @f proportional to ag
of temperatures close ., where the conductivity is most — 1.07(@,/B)Y2 at low fields @,=2.07x 10" *Tm? is the

sensitive to changes in the distribution function. The parammagnetic flux quantuimn

etera in Eq. (4) is related to the flux flow conductivity in Finally, it is assumed that pinning plays no role in deter-
the limit of low vortex velocity. The result fos in the tem-  mining thel-V characteristics. Some experiments are delib-
perature range nedr., and in fields not too close thlc;,  erately designed to be in this regifié?****in which case

leads to an expression far given by the LO theory, including the above modifications, describes
the data well. In other cases a lack of linearity in th¥
Hoo(T) -~ characteristic below the instability point indicates that pin-
Mo . L . L
a=—————F(B/uoHc2), (5 ning can be a significant factor in determining the vortex
B(1-T/T,) motion®°> We explore the consequences of this in the fol-

o~ _ _ lowing sections.
where the functiorf (B/ uoH») is equal to 4.04 at low fields,

and decreases with field thereaftekt low fields « is large
and the nonlinear effects described by Et.are significant,
whereas at high fielda is small and the non-linear effects A selection of amorphous Ta/Ge and
are weak. Ta,Ge,_,/Ge (x~0.3-0.4 multilayers and thin films were
Equation(2) predicts thatv* decreases with temperature grown by evaporative deposition of the Ta and Ge onto glass
as (1-T/T.,)Y4 as observed in early experiments>More  substrates in an ultra high vacuum chamber with a base pres-
recently Doettingeet al*” and Xiaoet al!* have measured sure of less than 10 torr. The multilayers thus produced
a critical vortex velocity which instead increases with tem-were characterized by x-ray fluorescence or Rutherford back-
perature. This was well described by including either anscattering spectroscopy, multiple beam interferometry, x-ray

IIl. EXPERIMENTAL METHOD
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TABLE |. Parameters defining the morphology and superconducting characteristics of each of the
samples. d is the superconducting layer thickness,is the insulating Ge layer thickness, %Ta gives the
percentage of Ta in the superconducting layers, $ind equal to— ud chldT|T:Tc.

Sample Layers dg (A) dA)  %Ta T, (K) S (TK) £0)AR)  \(0) AR ¥

A 12 60+10 170+9 38+£3 228 2.2:0.1 812 1100G-2000
12 60+10 1709 38+3 227 2.1*03 83t 6 1100G-2000 <
8 21040 18010 453 2.66 1.8:0.1 83+2 11000-2000 <
13 4010 305 25%2 185 1.90.1 96+ 3 14000-2000 5.8
25 25:2 24+2 100 166 1.90.1 1023 1200G-2000 1.5
1 67070 0 2r2 280 2103 75-5 1100G=2000

mmOQO @

diffraction (XRD), and transmission electron microscopy to input power at the transition in the two cases. Furthermore, a
determine the layer thicknesses and alloy layerquantitative agreement was found between the measured
compositiont”*® The films were confirmed amorphous by critical vortex velocities and the LO prediction, where the
the XRD measurements, and also by the absence of any sigmedicted value was calculated from E&) using parameters

of a superconducting transition at 4.2 K, thgof crystalline  determined independently from the normal state properties.
Ta. The morphologies of the samples used in this investigathis showed conclusively that the instability was of the LO
tion are summarized in Table |. Each of the samples wagsype. We have since performed similar measurements on the
patterned into a bridge of width approximately 1 mm andrest of the samples described above, which we will now dis-
length approximately 5 mm for four terminal resistance mea<uss in turn beginning with the samples which showed the
surements. The samples were placed directly in the liquideast effects of vortex pinning, before moving to samples for
helium bath to minimize any heating effects. Almost all of which pinning effects are clearly important.

the data presented below were taken at temperatures below

the lambda poin€2.17 K) where the stability was better than A. Low vortex pinning regime

+1 mK. In all cases the field was oriented perpendicular to

theT[?]Iane of the ICiay(?[rs. t ition t i dth A at a temperature of 1.710 K, where each curve corresponds
_; ne superconducting transition temperature and the Uppg, 5 gitterent magnetic field. Two qualitatively different field

critical f|eld_s of each s_a_mple were determ_lryggoby fitting tOregimes can be identified. At low fields the curves display a

the fluctuation conductivity ahove the transitior. Perpen- nonlinear increase at low to intermediate current levels, be-

d|cr:JIar f'eldl datta aIIO\(/jvetﬁ a detetrnj[!nau(cj)n ?r': ;he_'n'ﬁ)lanefore approaching linear behavior as high current levels are
coherence lengtif; an € penetration depth for In-plan€ o 5ched. For these curves the high current region is termi-

curren_ts)\u, while corresponding paraIIeI_fieId data yielded nated by a sudden jump to a resistance close to the normal
the anisotropy of the samples=¢;/¢, (£, is the coherence  gia1e \aue, indicating an instability in the flowing vortex
length perpendicular to the laygrs The results of this o ciom At the four highest fields, on the other hand, the
analysis are presented in Table I, where it can be seen that aff,1es are linear at all but the highest currents, where a rapid
of the samples are strongly type I, withx b continuous rise toward the normal state resistance takes
=1(0)/1.6%;(0) varying between 70 and 90. For samples |6 A thermally activated resistivity, characteristic of vor-
A, B, and C the parallel critical field showed a square rootqy hinning, can be measured only at low fields and currents,
temperature dependence characteristic of tWo'd'mens'onﬂﬁdicating that pinning effects are negligible near the insta-
behavior, corresponding to fully decoupled layers. Due to th%ility.
am_orphous nature of the films the res?stivity is very gigh, Figure 1b) shows a close up of a selection of the data
being around 20@.0) cm. Values determined previously® 1050 the instability, where the solid lines show fits using
for the Fermi velocitys;~2.4x10° m/s and the electron  £q (4). Only the data indicated by solid symbols has been
mean free path~1.5 A can be usgg t02 calculate the diffu- ,seq in the fitting. Figure(t) shows the fitted values of as
sion coefficientD = (vfl)/3~1Xx10""m"/s. Alternatively, 5 fynction of field, where data from the similar sample B
the diffusion  coefficient can be estimatedfrom D taren at 1.245 and 1.550 K are also included. At low fields
= (4kg/me)(~dHc,/dT|7-7) " yielding a similar value e gata show &~ field dependence, while at high fields a
D~5x10"°m?%s, which we use below. more rapid decrease ia is observed. This is in excellent
agreement with Eq(5) which for low fields predictsa
«H™1, followed by a stronger dependence at high fields

caused by the decreasefitB/uoH.,). Less accurate fitting

In a previous study we reported observations of a cur- was achieved for sample B at the lower temperatures because
rent induced instability in thé-V characteristics of two of pinning dominated thé-V curves over a much larger range.
the above sampleéE and B, which was manifested as a Nevertheless clearly decreases with temperature, reflecting
sharp jump in the-V curves at low magnetic fields, crossing the temperature dependencetbf, in Eq. (5).
over to a broader transition at high fields. The same instabil- Evidently the LO theory captures very well the behavior
ity was observed on both downward and upward currendf thel-V curves for samples with thin, decoupled supercon-
sweeps, despite several orders of magnitude difference in ttaucting layers, at least at temperatures clos@& to This is

Figure Xa) shows a set of-V curves taken from sample

IV. RESULTS AND ANALYSIS
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10° FIG. 2. (a) |-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, 1.35,
1.4,1.45,15,1.6,1.7,1.8,1.9, 2.0, and 2.X.Enlarged view of
102 the 1.21, 1.45, 1.6, 1.8 and 2.0 K curves. The solid lines are fits
using Eq.(8).
3

we show in Fig. 2a) a set ofl-V curves taken from sample
C at various temperatures, in a fixed field of 0.7 T. Instabili-
ties very similar to those described above are observed, in-
100 L , cluding development from sharp to broad transitions as the
102 10 temperature is increased. The similarity between the instabil-
uoH (T) ity in this sample and in A and B implies that the underlying
mechanism is the same in each case. However, in Fa. 2
FIG. 1. (& I-V curves from sample A measured at 1.71 K in the degree of non-linearity is far greater than in Fig. 1. In
fields (from right to lefy of 0.005, 0.01, 0.02, 0.05, 0.07, 0.1, 0.2, fact, for the entire range of temperatures, there is no region
0.3, 0.4, and 0.5 Tib) Enlarged view of the 0.005, 0.02, 0.07, 0.2, of Jinear |-V behavior near the instability corresponding to
and 0.4 T curves. The solid lines are fits of Ed) to the data, free flux flow.
where only the solid points have been used in the fittiogFitted Although attempts have been made to fit the curves of
values ofa for sample A at 1.71 K@) and Bat 1.55 K ©) arl1d Fig. 2(a) to Eqg. (4) in the same manner shown in Fig. 1, no
1.245 K (©). The solid lines show the field dependeneeH . reasonable results could be obtained, implying that pinning
o ) _must be taken into account in order to describe these data. To
expected because the low level of pinning makes it possiblgg this we follow the dynamic approach of Blatetral® in
Fo observe a rather large free flux flow r_eg_ime. Itis inte_rest-WmCh the relative correctiorv/v to the vortex velocity
ing to note, hovyeve_r, that no hysteresis is observed in thgg sed by pinning is calculated. In the dynamic approach
current sweeps in Fig. 1, but instead the upward and downsinning can be considered as a friction term which, by sym-
ward sweeps are identical. Furthermore, the fitted value Olfnetry, must be directed opposite to the vortex motion. The
v* generally corresponds to a point slightly above the instagefficient of pinning frictionz, can be expressed in terms

bility, indicating the vortex system may become unstable &y the ysual vortex viscosity coefficient through the cor-
little before the peak in the viscosity is reached. We Will \action su/v leading to a pinning force

return to the discussion af* for all of the samples below.

10

Fp=npv=(ndviv)v. (7)

B. Effects of vortex pinning As the vortex velocity in the present samples can ap-

The current density where dissipation can first be obproachv* even when pinning dominates, account must also
served is typically much higher in the other samples than it i9e taken of the decrease in the vortex core size described in
for samples A and B, implying that pinning plays a morethe LO theory{Eq. (1)]. To do this we make the assumption
substantial role in the vortex dynamics. To demonstrate thighat the pinning force varies linearly with the area of the
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core?? We therefore usey= 7(0)/[1+ (v/v*)?] in Eq. (7), '

which satisfies the requirement that the pinning should dra- 10°
matically decrease above the instability, as the experimental
data clearly show. The above arguments imply that the addi- 102
tion of pinning forces simply renormalizes the vortex viscos- =
ity in the LO theory. Therefore, Ed4) should be modified > 10*
to
10®
_ X a(1+8VIV) il ® 10¢
Rn| 1+ (VIV*)? 10+ 103 10?2
I(A)
in which we have made the substitutioa/v= 6V/V. It thus 1.5
remains to determine the form éb/v, which will in general
depend on the field and temperature. Blagearl. consider
pinning as a perturbation, and derive different results for the 1.0
correction depending on whether the vortices are in a liquid .
or solid-glass state. Larkin and Ovchinnikov have also stud- <
ied a similar problem for both weak and strong pinning. > 0.5
The combined results fofu/v indicate the existence of )

several different vortex velocity regimes characterized by
different forms for the pinning correction, making it hard to

fit a single function to the experimentalV data. In all cases,
however,sv/v is a decreasing function of the vortex veloc-
ity, typically going as some negative powerwfTo simplify
matters we choose a general power law faf/V=8V~¢, FIG. 3. (a) I-V curves from sample D in a field of 0.3 T. From
with a velocity independent value for the exponenwhich right to left the curves correspond to temperatures of 1.22, 1.35, 1.5,
can be extracted from the experimental data at low currents--65, and 2.02 K. The solid lines are fits using E). (b) The same
Figure 2b) shows a selection of the data from sample Cdgta on a linear scale. Just above the instability the resistance is
close to the instability, where the solid lines are fits of Eq.Slightly less than the normal state value.
(8) using @, B, andV* as fitting parameters. Clearly this
equation provides an extremely good description of the data, Figure 4a) shows a set of-V curves from sample E in
except at very low dissipation levels where thermally acti-various fields at 1.373 K. Similar to sample D, th& char-
vated vortex motion dominates the resistivity and causes acteristics exhibit a transition from pinning dominated non-
linear region at low currents. Because the field is relativelylinear behavior towards linear flux flow resistivity as the in-
high the contribution to the conductivity from the viscous stability is approached. However, the range of fields where
force is small, which leads to very low values far As the instability can be clearly observed is considerably below
expectedy is a decreasing function of the temperature. How-the 0.3 T shown in Fig. 3. Our previous results on this
ever at this field the uncertainty is too large to determinesample demonstrated that the low current data could be well
accurately the form of its temperature dependence. described within the vortex glass motfaihich also predicts
a power lawl-V characteristié? lending further support to
our choice forsV/V. Equation(8) is again successful in
describing the data, although at the lowest fields it cannot
Figure 3a) shows a set of-V curves taken from sample capture the abruptness of the change in the resistivity, caus-
D at various temperatures in a fixed field of 0.3 T. The lowing the fitted curves to bend backwards at current levels
temperature curves are highly nonlinear at low currents indisomewhat higher than the observed transition. Figul® 4
cating that pinning forces are once again dominating the vorshows a plot of the fitted values afas a function of field for
tex motion. Unlike sample C, however, there is evidence of dhree different temperatures, where the variation is almost
crossover towards linear flux flow behavior at currents closédentical to the results for samples A and B for which no
to the instability. The solid lines are fits using £8) which  pinning term was considered. We note that the fitted values
once again provides an excellent description of the data, inef 8 are approximately constant as a function of field or
cluding the evolution from sharp to broad transitions at thetemperature for each of the samples C, D, and E, being in the
instability. The values ofr extracted from the fits show the range 2.1-2.6, 0.7-2, and 0.8—1.4, respectively. The expo-
same field dependence as samples A and B, consistent wittentc is similar for all samples, varying between 0.5 and 0.9,
the LO theory. Figure ®) shows thel-V data on a linear with the larger values corresponding to lower fields and tem-
scale, where it can clearly be seen that the exact value of thgeratures.
resistance just above the transition depends on the field, but
is always slightly less than the normal state value. This trend,
which is also observed in the other samples, cannot be satis-
factorily explained by any kind of heating effect; however, it We now turn to a discussion of the values of the critical
can be modeled using Eqggl) and(8). vortex velocity extracted from the above analysis. Firstly, we

0
0 0.002 0.004 0.006 0.008
1 (A)

C. Intermediate vortex pinning regime

D. Critical vortex velocity
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| (A) H/H,
108 FIG. 5. Field dependence of the fitted critical vortex velocity for
sample A at 1.710 K4&), sample D at 1.220 K@), and sample E
at 1.373 K (#). Also shown isv* for sample D at 1.220 K@)
102 determined directly from the measured instability point.
=3 . .
become important. For the value of the heat transfer coeffi-
10' cient we takeh=10"W/m? K. This is a conservative esti-
mate based on measured values from a wide range of similar
systems, and we note that for systems in contact with liquid
100 helium below the superfluid transition the heat transfer coef-
103 102 10 100 ficient is typically higher than our estimat®An approxi-

HoH (T) mate value forr,, may be determined from E) using the
. N .
FIG. 4. (8 1-V curves from sample E at 1.373 K. From right to e);[c)je_ltllmren;iil 1V§(I)U(:‘ns/;a;n' d%%ﬂgg;gggg? \I/:;L(j:i?r?gf@f;
left the curves correspond to fields of 0.003, 0.015, 0.025, 0.035, c : L .
P ~2x10 % s and thusBr~1.5 T. As this is considerably

0.055, 0.085, 0.11, 0.14, 0.17, 0.21, 0.25, 0.3, 0.35, 0.4, and 0.45 '|' . ; - e
(b) Fitted values ofx for sample E at 1.520 K@), 1.456 K (O), 'arger than any of the fields for which the instability is ob-

and 1.373 K (0 ). The field dependence is the same as for sampleS€rved in this study, the BS mechanism is not expected to be
A and B. relevant.

It must be remembered, however, that if quasiparticle
note that the values of¥/* obtained from the fitting are heating plays a role then the measungd values will be
slightly larger than the directly measured ones. This is aldlower than the value in the absence of heating. Our estimate
ready implicit in the original LOI-V equation in which the for Bt would thus be too large. We have therefore attempted
backbending occurs just abow, and is enhanced by our an alternative analysis of our data in terms of the BS theory
inclusion of a pinning term. Typically the difference is only by comparing the experimental valuesRif=1*V* with the
slight, except at low fields where the instability transition is theoretically predicted dependence BfBt. This does in-
unusually sharp causing the fitted curve to extend beyond théeed result in fitted values & somewhat lower than 1.5 T,
data. Despite the difference in overall magnitude, the fieldbut the agreement between experiment and theory was rather
and temperature dependence are approximately the same favor, implying that quasiparticle heating is not the dominant
both methods of determining*. Thus, the following con- cause of the field dependencef. We note also that pin-
clusions are essentially independent of which method weaing forces tended to cause this analysis to underestimate
choose to defin&*. B;. Finally, the reversibility of the transition at the instabil-

Figure 5 shows a plot of the fitted critical vortex velocity ity point also provides strong evidence that we are in a field
as a function of reduced magnetic field/H.,) for sample regime well belowB;. Overall, the role of quasiparticle
Aat 1.710 K, sample D at 1.220 K, and sample E at 1.373 Kheating in determining the instability behavior appears to be
Also shown is the critical velocity for sample D at 1.220 K small in our samples.
determined directly from the measured voltage at the insta- Spatial inhomogeneity of the quasiparticle distribution has
bility point. Except at the lowest fields, the fitted and directly been shown to cause an increase/inat low fields® Based
measured values are in fairly close agreement, confirmingn the above parameters we obtain the diffusion length of the
the above statements regarding the two methods of determiuasiparticles D 7,,)¥?>=3x 10" m. Except very close to
ing v*. Figure 5 also shows that* decreases with increas- T, this is greater than the vortex core size, but it becomes
ing applied field, with the dependence generally strongest dess than the intervortex spacing for fields below about 0.02
low fields. As discussed in Sec. Il B there are several posT. Although the critical velocity typically shows a decrease
sible explanations for this behavior. Although we have al-out to fields somewhat larger than 0.02 T, a small uncertainty
ready ruled out simple Joule heating as a significant effecin the diffusion length leads to a large uncertainty in the
heating of the quasiparticles as in the BS theory can give axpected crossover field. Therefore, a nonuniform quasipar-
similar field dependence to that observed. The relevance dicle distribution may indeed be of importance at low fields.
the BS theory to our data can be estimated by calculating the We note also two other effects which may be significant.
crossover fieldBt above which quasiparticle heating effects First, the vortices will tend to flow along regions with a
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300 ] system (a-Mo,Si thin films) that electron-electron scatter-
250 L | ing dominates the energy relaxation at low temperatures. In
our case the dominance of electron-electron scattering over
- 200 - . electron-phonon scattering is not surprising considering the
€ 150 L T reduced dimensionality associated with the multilayer struc-
= | ture of the films.
100 - 9 We note from Figs. 5 and 6 that the magnitude v&f
50 | i tends to increase as the superconducting layer thickness de-
creases, which is also consistent with increased electron-
0 L—=i L L L L electron interactions in lower dimensions. The only excep-
04 05 06 07 08 09 10 tion to this rule comes from sample F, which Fig. 6 shows

T/, has a relatively temperature independehtthat could not

FIG. 6. Temperature dependence of the fitted critical vortex ve_rgadlly be f'_tted_ us_lng_the at_)ove expression qy. Th_e .
locity for sample C at 0.7 T ¢), sample D at 0.3 T®), and single layer in this film is considerably thicker than the indi-
sample F at 0.2 T4) and 0.8 T (1). The directly determined* vidual superconducting layers in the other samples, implying

values for sample D at 0.3 T&) are also shown for comparison. that the dominant relaxation mechanism in sample F may
The fitted curves are described in the text. instead be electron-phonon scattering. However, if this is the

case it is surprising that sample F exhibits the highest critical

. . . vortex velocities of all the samples, indicating that it has the
higher than average concentration of defects, especially fl‘érgest scattering rate.

low fields where elastic interactions between the vortices are
weak. The local inelastic scattering time may be less in these
regions?° thus contributing to an increasefi at low fields.
Secondly, if the vortex solid melts into a vortex liquid then
any spatial nonuniformity in the quasiparticle distribution The form we have chosen to represent pinning leads to
will be washed out by the random motion of the vortices.several qualitative changes in the predicted characteris-
This is consistent with our previous findingof a correla-  tics. For example, the measured instability curréhtbe-
tion between the melting transition in sample E and the discomes greater than in the absence of pinning, because higher
appearance of a strong field dependence’in Melting of  currents are needed to force vortex motion at velocities near
the vortex lattice could also significantly alter any thermaly* . The field or temperature at which the backbending of the
nonuniformity, an effect which is not included in the BS |-V curves is expected to give way to smooth transitions now
theory. corresponds to a value af lower than 8. This crossover can
The critical vortex velocity determined from fits to Eq. 8 be observed experimentally as long as the vortex motion is
is plotted as a function of reduced temperatur£I) in Fig.  homogeneous throughout the sample. However, if the vortex
6 for sample C at 0.7 T, sample D at 0.3 T, and sample F agolid melts into a vortex liquid, then just above the melting
0.2 and 0.8 T. The values af* for sample D at 0.3 T field plastic motion of rather large correlated vortex regions
determined from thé-V plot are also shown, to demonstrate occurs® Different parts of the sample may then undergo the
again the similarity between the fitted and directly measured.O instability at slightly different currents. This immediately
results. leads to a broadening of the transition into a more stepwise
For all of the samples* is an increasing function of increase, irrespective of the value ®f We see this behavior
temperature, implying that;, is the main contributor to the in samples D and Esee Figs. 3 and)4vhere there is a well
temperature dependence in EB). Electron-phonon scatter- characterized melting of the vortex sdfidvhich coincides
ing is expected to lead to the form,«T " with n=3, but  with the change from sharp to stepwise transitions at the
fits using this function lead to unphysical values for the ex-instability.
ponent o~ 6-10. We therefore provide fits based on  Our attempts at fitting the data have shown that neither
electron-electron scattering, in which the scattering ratehe original LOI-V equation[Eq. (4)] nor the modified ver-
scales with the density of quasiparticles. The dotted andion[Eq. (8)] are able to fully capture the sharpness of the
dashed lines in Fig. 6 show fits of E(R) to the data from instability in fields below about 0.1 T. This is clearly appar-
samples C and D, respectively, where we have usgd entin the low field data of Fig. 4, where, although the resis-
=AexgdmA(T)/ksT] and A(T)=1.7&T(1-T/T,)Y2 We  tance increases faster than linear n&y the I-V curves
see excellent agreement with the data points using the pactually become flatter on the log-log plot right up until the
rametersA=1.6x10 ° s andm=1 for sample C, andA  sudden transition. There is very little extra increase in the
=1.4x10 s andm=2 for sample D. A similar quality of resistivity associated with the onset of nonequilibrium ef-
fit was found for the other multilayer samples using the samdects. Similar behavior was observed in all of the other
functional form for7,. The different values found fan in samples at low fields. By contrast, at higher fields, even
samples C and D could be interpreted as indicating scatteringhen the transition itself is discontinuous, there are clear
mechanisms involving different numbers of electrfis. signs of an upturn in the'V characteristics immediately pre-
However it is difficult to say for certain that the differences ceding the instabilitye.g., Figs. 2 and)3 To obtain reason-
are not simply due to uncertainties in th€, D or T values, able fits in the low field regime the fitted curves must be
or to the different magnetic fields. Nevertheless, the preserdllowed to extend beyonkt before they start to bend back-
results confirm the recent findings in a similar I@y- wards. This causes a slight exaggeration in the field depen-

V. DISCUSSION
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2.0 7 plain a clockwisehysteresis inl-V data from ana-Mo3Si
’ film, where the change im,, was attributed to increased
15 L i electron-electron scattering in the normal state abdvec-
cording to Eqgs(2) and(3), a lower;, implies a higher value
B gk : of V*. The |-V curves on upward and downward current
= sweeps would therefore be similar to the solid and dotted
lines in Fig. 7, respectively. On an upward sweep the insta-
05 | . bility occurs atl} , while on a downward sweep the transi-
tion back into the superconducting state would occur3at
0 due to the decrease ir},. However, the downward transition
0 0.025 is prevented from occurring &§ because this would return

Ti» and V* to their low current values, and in this case the

FIG. 7. Calculated-V curves showing the difference between sample carlnot support.the sgperconductlng state at any cur-
upward and downward current sweeps. The two curves are identicé?nt above; . Thus the instability occurs at the same current.
except for the value of* which is equal to 0.07 V on the left hand ©ON @ downward or an upward current sweep, and the curve is
curve and 0.12 V on the right hand curve, corresponding to a slighfeversible. The parameters used for the two curves in Fig. 7
decrease irry, on the downward current sweep. are «=30, =0, andV* =0.07 or 0.12 V for the upward
and downward current sweeps respectively, demonstrating
that only a relatively small change M* is needed for a
significant movement of thé-V curve (this corresponds to
vgnly a factor of 3 change im;,).

dence of the fittedv* values relative to the experimental
transition points.

To explain the extreme sharpness of the transitions at lo
fields we note that;, is dominated by electron-electron scat-
tering, and thus depends on the density of normal electrons VI. CONCLUSIONS

available to scatter from inside the vortex core. As soon as \ye have observed LO type instabilities in Ta/Ge-based
the vortex velocity approacheg quasiparticlgs begin to es- multilayers and thin films with a wide range of pinning
cape from the vortex cores, thereby decreasing the number gfrengths. The complexity in the vortex phase diagram asso-
electrons available to scatter from. The inelastic scatteringjated with the different regimes of pinning is reflected in the
time thus becomes an increasing function of the vortex vepehavior of the instability. The inclusion in theV equation
locity, and the critical velocity itself begins to decrease. Thegs 5 simple model of pinning forces has allowed us to cap-
actual instability occurs slightly before the point predicted byyre many of the features of the experimental data. The tem-
the I-V equation assuming a constany, causing the ob-  herature dependence of the critical vortex velocity extracted
served dramatic sharpening of the transition at low fields. Atom the analysis implies that electron-electron scattering
high fields the diffusion length of the quasiparticles becomegjgminates the energy relaxation in these samples, consistent
larger than the intervortex spacing, and the quasiparticle disjith results on similar systems. We have explained the lack
tribution is uniform, so no significant changes 4 would ~ of hysteresis in the-V curves in terms of a decrease in the
be expected to occur. The high field data therefore match thejastic scattering time above the instability. A full theoret-
theoreticall -V curves very well. ical investigation would clearly be of interest, treating simul-
The lack of hysteresis in any of the measuted curves  taneously the dynamic pinning force and the non-equilibrium
is central to our conclusion that the instabilities are related t(huasiparticle distribution. Neverthe'essy our model and ex-

a nonequilibrium quasiparticle distribution rather than ther-perimental observations highlight many of the features which
mal effects. However, both Eqét) and(8) do in fact allow 3 complete theory must exhibit.

for some hysteresis between upward and downward current
sweepgsee Fig. 7, as has been observed experimentally in
one study**

A possible explanation for the lack of hysteresis can be This work was supported by the New Zealand Public
obtained if we assume that above the instability the inelasti€ood Science Fund and Marsden Fund, the Research Corpo-
scattering time becomes less than below the instability. Suctation Cottrell College Science Awar(CC4444, and the
a decrease has been suggested by Sameil@i!* to ex- New Zealand/USA Cooperative Science Program.
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