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We present measurements of a dynamically induced instability in the vortex state of an amorphous
multilayer and a single alloy layer of TayGe. The critical vortex velocity shows quantitative agreement
with the predictions of Larkin and Ovchinnikov calculated using parameters determined independently
from the normal state resistivity data. Both samples show a weak field dependence in the critical
velocity implying a velocity dependent pinning force in the vortex solid state and a broadening of the
transition resulting from the velocity distribution in the liquid state. [S0031-9007(97)03058-5]

PACS numbers: 74.80.Dm, 74.25.Fy, 74.60.Ge
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Since the discovery of the high-Tc cuprates much
attention has been devoted to the study of vortex moti
in layered type II superconductors [1]. In the limit of low
applied current, several phases have been proposed s
as the vortex glass [2–7] where the vortex solid is pinn
by static disorder into a state with zero linear resistivit
However in the equally interesting high current limit th
dynamics of the rapidly moving vortex system and i
interaction with both static and thermal disorder is le
well understood. This Letter demonstrates the existen
of a fundamental instability in the vortex system of
TayGe multilayer and a single layer alloy which cause
a sudden jump to the normal state as the driving curre
is increased beyond a critical valueJp. The instability
is in quantitative agreement with a prediction by Larki
and Ovchinnikov (LO) [8] of a current induced instability
previously seen in both low-Tc [9,10] and high-Tc [11,12]
materials. The analysis of this instability is extende
for the first time to distinguish between the regime o
collective vortex motion in the vortex solid and plasti
vortex motion in the vortex liquid. We also consider fo
the first time the effects of static disorder in the vorte
solid state and infer an interesting form for the pinnin
force as a function of vortex velocity near the instability

The amorphous film and multilayer of TayGe were pre-
pared by vapor deposition in a vacuum (base press
,1029 torr) using high purity sources [13]. The multi-
layer sample was 1250 Å thick with 25 layer pairs con
sisting of 25 Å of Ge and 25 Å of Ta and the single laye
alloy sample was 600 Å thick. Characterization of th
multilayer was by Rutherford backscattering, transmissi
electron microscopy, and x-ray diffraction [14,15]. Th
composition of the alloy sample was determined by x-ra
fluorescence and was chosen such that the highestTc

(2.7 K) was obtained. The multilayer had a lowerTc
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(1.7 K) determined by the coupling between the thi
superconducting layers and the existence of an alloy
region at the layer interface with a higherTc than the in-
dividual Ta layers [14].

dc electrical resistivity measurements were made using
four terminal method on paths of size approximately 5 m
by 1 mm scratched into the films. A temperature stabilit
of better than61 mK was achieved by immersing the
sample directly in liquid helium. The angle between th
sample and the magnetic field could be set to within 0.1±.

The upper critical field phase diagram [Fig. 1(c)] abov
1.3 K was determined by sweeping the temperature
fixed field and for the multilayer sample was extende
to 50 mK using a dilution refrigerator. The shape o
the upper critical field phase boundary agrees with th
predicted by Werthamer, Helfland, and Hohenberg [16
The slope of the perpendicular upper critical field atTc

along with the zero temperature normal state resistivi
r0 imply an in plane coherence lengthjabs0d of 96 Å and
penetration depthlabs0d of 7000 Å [17]. The parallel
critical field data for the multilayer showed a crossove
from 2D to 3D behavior as temperature was lowere
corresponding to the temperature dependent perpendicu
coherence lengthjcsT d becoming less than the film
thickness. From thisjcs0d was found to be 69 Å giving
an anisotropy parameter´ of 0.7, indicating fairly strongly
coupled layers.

Figure 1(a) shows a typical set of IV curves for the
multilayer sample at 1.456 K and various fields directe
perpendicular to the plane of the layers. Similar da
sets have been taken at a large range of fields a
temperatures. This sample is in the disordered lim
which means that the pinning and bending lengths f
the vortices are relatively short [1]. The layered natur
of the sample also favors tilt deformations of the vorte
© 1997 The American Physical Society
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FIG. 1. (a) IV curves for the multilayer sample at 1.456 K
and field (right to left) 40, 150, 250, 350, 550, 850, 1100, 140
1700, 2100, 2500, 3000, and 3500 G. (b) The same data sca
according to Eq. (3). Note the deviations from scaling behavi
of the lower curves at large currents, as discussed in the te
(c) The phase diagram for the multilayer sample nearTc. The
triangles denoteHc2 and the circlesHg. The solid line shows
the expected linear behavior ofHc2 close toTc.

lattice [1], so the sample is in the 3D limit where the
characteristic vortex bending lengthlc is shorter than the
sample thickness. The relevant model for the 3D vorte
solid in the presence of disorder is the vortex glas
Figure 1(b) shows the IV data scaled according to th
0,
led

or
xt.

x
s.
e

vortex glass scaling laws

E ­ sEyJd j1 2 sTyTgdjnsd222zd,

J ­ Jj1 2 sTyTgdjns12dd (1)

The multilayer data generally exhibit excellent scaling
with the scaling parametersz ­ 6.0 6 0.5 and n ­
1.2 6 0.1 being similar to the majority of previous results
for high-Tc systems [3]. Similar scaling has also been
observed in a highly disordered low-Tc a-Mo3Si film of
similar dimensions but with different scaling parameter
z ­ 3.0 6 0.3 and n ­ 0.67 6 0.05 [5]. It should be
noted that the derived parametersz and n in the TayGe
multilayer are the same for all temperatures and field
allowing us to use the rather unconventional method o
displaying the scaled data at constant temperature rath
than constant field. The vortex glass melting line is show
on the phase diagram in Fig. 1(c).

The scaling analysis clearly indicates that the vorte
glass model describes the low current data well. Howev
all of the curves taken below the vortex glass melting lin
show a deviation from vortex glass scaling behavior a
high current density followed by a sudden jump back to
the normal state at a sufficiently high current densityJp.
For the curves taken in the liquid state this jump back t
the normal state response is still observed, but it becom
less and less sharp as the field is increased further abo
the melting field. We have repeated the measurements
sweeping the currents downward and have observed t
same sharp changes in voltage with negligible hysteres
between the upward and downward sweeps despite t
fact that the input power levels on either side of the
transition differed by up to 5 orders of magnitude. This
rules out Joule heating effects as the source of the sudd
rise in the voltage atJp.

The depairing currents calculated using the expressio
found in Ref. [18] are in all cases too high to be respon
sible for the sudden voltage upturn. The Josephson b
havior [19] used to explain instabilities of some highly
anisotropic high-Tc superconductors is not appropriate
here as we have observed the voltage upturns in an u
layered alloy as well as a multilayered sample. Recent
depinning [20] and vortex lattice crystallization [21] have
also been used to explain jumps in the IV curves. How
ever our data show the transition well aboveTg in the liq-
uid state where depinning and crystallization effects ar
not relevant. Furthermore the transition is to the norma
state resistance rather than the smaller flux flow valu
Thus we conclude that the LO theory is the most promis
ing to pursue in analyzing the high current instability in
our samples.

In the LO theory the vortex velocity is determined
by a balance between the driving Lorentz force and th
vortex viscosity. Eventually as the velocity increases th
viscous force reaches a peak and then begins to decli
whereupon the vortex system becomes unstable drivin
3379



VOLUME 78, NUMBER 17 P H Y S I C A L R E V I E W L E T T E R S 28 APRIL 1997

r

-

i

e
a
n

r
it

n

n
in

n
he

,

e

y

e
is
h
y

.

in

x
a

t

the superconductor back into the normal state. The vo
velocity at which this instability occurs is given by

yp ­ hD1y2f14z s3dg1y4s1 2 td1y4jyfpting1y2, (2)

whereD ­ syfddy3 is the quasiparticle diffusion coeffi
cient with yf the Fermi velocitys2.34 3 106 ms21d and
d the electron mean free path (1.5 Å),tin is the inelastic-
scattering time of the quasiparticles,t ­ TyTc andz s3d is
the Riemannz function of 3. The critical velocityyp is
predicted to be field independent in the absence of pinn

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

V p ­ ypm0HL , (3)

where L is the length of the current path. The valu
of yp for the multilayer are plotted in Fig. 2 at sever
different temperatures. In the case of the broader tra
tion seen above the melting temperature (whereV p has
been defined as the start of the voltage upturn) the c
respondingyp is indeed field independent. Furthermo
the critical velocity is in remarkably close agreement w
predictions of Eq. (2), 65–75 mys, based on values ofD
andtin determined by the application of weak localizatio
theory to the normal state resistance [15].

Two of the features in the transition atJp not specifi-
cally predicted by the LO theory are a field dependen
in yp below Tg and a broadening of the transitio
at temperatures aboveTg. In order to understand this
deviation from LO behavior it is worth considering furthe
the vortex glass model at high currents.

The applied currents probe the vortex structure on
typical length scale of

l ­ skBTy´f0Jd1y2, (4)

where ´ is the anisotropy andf0 the flux quantum [1].

FIG. 2. Critical vortex velocitysypd at the LO instability.
The data are for 1.373 K (diamonds), 1.456 K (circles), a
1.520 K (triangles) with the corresponding vortex glass melt
fields sHgd shown by the arrows.yp is field independent only
aboveHg.
3380
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A deviation from vortex glass behavior is expected whe
the length probed by the current becomes less than t
Larkin-Ovchinnikov lengthslLOd which measures the size
of the short range order in the vortex lattice [6]. Thus
lLO can be found from the current density where the IV
curve deviates from a power law in Fig. 1(a). This yields
a value for lLO at Tg ­ 1.456 K and Hg ­ 300 G of
only 300 Å, less than the intervortex spacing of 3000 Å
implying strong disorder in the vortex solid. At higher
currents the relevant dissipation processes must involv
individual vortices.

Well below Tg the vortex solid has a well defined
shear modulus, the individual vortices move with the
same average velocity [22] and undergo the LO instabilit
simultaneously. In the melted liquid aboveTg the shear
modulus goes to zero and the individual vortices ar
able to move independently past one another. There
a distribution of velocities amongst the vortices and eac
freely moving vortex undergoes the instability separatel
upon reachingyp, leading to a broadened transition.

To help understand the field dependence ofyp, we
display in Fig. 3 the field dependence of the resistivity
sEyJd measured just below the sudden voltage upturn
The solid line shows the value of the resistivity predicted
for free flux flow srffd according to the Bardeen-Stephen
model [23]

rff ­ rnByHc2 , (5)

where rn is the normal state resistivity. The deviation
from free flux flow behavior at low fields can be attributed
to pinning, even at these high currents. We propose
this regime a general pinning force of the formFP ­
csBdfsyd wherecsBd is a function of the fieldB, andfsyd
is an increasingfunction of the vortex velocityy. The
instability occurs when the total force opposing the vorte
motion (viscosity plus pinning) reaches a maximum as

FIG. 3. Resistivity for the multilayer sample measured jus
below the sudden upturn atJp. Even at these high currents the
resistivity is given by the free flux flow value (solid line) only
well aboveHg demonstrating the importance of disorder.
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function of vortex velocity. With a pinning force which
increases with velocity the position of the maximum is
moved to a higher velocity than the value ofyp predicted
by LO. The size of the shift inyp is determined by
the factorcsBd, which is expected to go to zero in the
liquid state where pinning is averaged out by therma
disorder, and be a maximum at low fields where the
vortices can best accommodate themselves to the pinni
potential. Thus the field dependence of the instability i
intimately linked to the pinning forces on the vortices,
clearly explaining the observed increase inyp seen below
the melting transition in our TayGe samples and also the
very similar YBCO data of Xiao and Ziemann [12].

It is interesting to compare the multilayer results
with those for the sample with no layering. The alloy
sample is considerably thinner and contains no laye
to encourage tilt deformations so it is in the 2D limit
with lc larger than the sample thickness. Analysis o
the IV curves for this sample shows that the vortex
glass scaling breaks down at low currents due to plast
deformations, as expected in two dimensions [4,7,24
Instead, in the 2D case a Berezinski-Kosterlitz-Thoules
(BKT) melting transition is expected, driven by the
unbinding of thermally created dislocation-antidislocation
pairs [24]. Nevertheless, below the BKT transition the
high current behavior of the two dimensional sample
should be dominated by the elastic properties of the vorte
solid. We do indeed see the same instability in the vorte
solid atJp, with a broadening above the melting line and a
distinctive field dependence inyp below the melting line.
The similarity between the two samples with different
melting transitions clearly indicates that the features see
in the behavior of the instability atJp are related only to
the existence of a disordered vortex solid phase whic
undergoes a melting transition to a liquid. The exac
nature of the melting transition is not critical.

In conclusion we are able to understand the IV char
acteristics of both a layered and unlayered TayGe sample
across a wide range of applied currents. Both sample
show a current-driven instability in the vortex system a
a vortex velocity which is in excellent agreement with
the predictions of Larkin-Ovchinnikov. The velocity at
which the instability occurs shows a field dependence fo
both samples resulting from the velocity dependence o
the pinning force at high currents, illustrating a previously
unconsidered role of disorder on the driven vortex lattice
This field dependence disappears above the melting tra
sition of both samples where the transition broadens du
to the distribution of velocities in the melted liquid.

We thank Professor Wolfing Lang for useful discus-
sions. This research was supported by the New Zealan
Foundation for Research Science and Technology.
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