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Vortex Dynamics in Two-Dimensional Amorphous Mo77Ge23 Films
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We have investigated the effects of an applied current on the vortex dynamics in thin film
amorphous superconducting Mo77Ge23. At high currents, we see evidence of an ordering of the movi
vortices in the flux flow regime. At lower currents and at very low temperatures, we see eviden
plastic and filamentary flow. We compare our data to recent theories of ordering and phase tran
in the moving vortex lattice. [S0031-9007(96)00252-9]

PACS numbers: 74.25.Dw, 74.60.Ge, 74.60.Jg, 74.76.–w
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Much attention has focused lately on the issue of cur
induced ordering of vortices in superconductors. Rec
experimental [1–7], theoretical [8,9], and computer sim
lation [8,10,11] work has put forth a scenario in which
pinned vortex configuration responds to an applied c
rent by flowing plastically at first, and then becoming mo
ordered, possibly forming a lattice, at higher applied c
rents. On the experimental side, recent work on 2H-Nb2

[1,2,4–7] indicates that, in a given range of temperat
and field, increasing the applied current causes the sy
to undergo a crossover from a state dominated by pla
deformations to a state dominated by elastic deformat
of the vortex lattice. The possibility of a current induc
increase in the spatial order of the vortex state has also
invoked to explain experimental results in supercondu
ing/insulating multilayers of Mo79Ge21yGe [3]. The na-
ture of this current induced ordering and its dependenc
dimensionality are, however, still in question. In a rec
theoretical work [8], Koshelev and Vinokur proposed th
a true phase transition from a plastically flowing state t
moving defect-free crystal occurs at high currents in tw
dimensional systems. A recent analysis of driven cha
density waves finds that, in that system, a moving s
phase is stable in three dimensions but not in two [9].
general, simulations show that the defect density in
plastically flowing vortex configuration drops sharply
the ordering occurs [8,10,11].

In this paper, we present an investigation of the v
tex dynamics in two-dimensional thin films of amorpho
Mo77Ge23. We have observed strong evidence of an
crease in the lattice correlations of the moving vortices
high currents. At very low temperatures, we find that
onset of vortex motion occurs very abruptly as the c
rent is increased, and that the initial motion exhibits ch
acteristics of plastic flow. While this type of dynami
has been seen in the three-dimensional 2H-NbSe2 system
[1,2,4–7], we note that our Mo77Ge23 samples are consid
erably more disordered than 2H-NbSe2, and that our work
is the first to present results in a strictly two-dimensio
system. Moreover, we are able to make direct comp
sons between our data and the predictions of Kosh
and Vinokur [8], and we find that the current vs tempe
0031-9007y96y76(21)y4022(4)$10.00
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ture line characterizing the ordering in our data agree
form with that predicted in Ref. [8].

The experiments were performed on thin films grown
multitarget sputtering as described elsewhere [12]. Am
phous Mo77Ge23 is a strongly type II superconducto
with bulk penetration depthls0d ­ 7700 Å and Ginzburg-
Landau coherence lengthjs0d ­ 55 Å sk ø 140d. The
films are well within the two-dimensional regime (60
thick), and haveTc ’s of approximately 5.5 K. The pin
ning in these films is moderate; the measured critical c
rent densities areJc , 104 Aycm2, which is less than 1%
of the depairing critical current for this material. The film
were wet etched into four-point electrical measurem
patterns (sample area being measured is 0.5 mm w
2.8 mm long), and standard low-frequency lock-in te
niques were used to measure the differential resista
≠Vy≠I as a function of an applied current in a perpe
dicular magnetic field. The magnetic fields were all w
belowHc2 fHc2s0d , 11 Tg.

Figure 1 shows a set of≠Vy≠I vs I curves and the
correspondingV vs I curves for an applied field o
0.5 kOe. The≠Vy≠I vs I curves were measured wit
the sample immersed in liquid helium to minimize heat
effects, which are absent. TheV vsI curves were obtaine
by integration of the≠Vy≠I vs I curves (and confirmed

FIG. 1. Differential resistance and voltage vs current at 1
1.92, 2.29, 2.63, and 2.95 K in an 0.5 kOe perpendicular
plied field.
© 1996 The American Physical Society
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by occasional direct measurement ofV vs I). For each
isotherm shown in Fig. 1, the curve measured after
initial field cooling of the sample is identical to th
curves measured after a cycling of the current. T
interesting features of these data that we will discuss
detail below are the pronounced peak in the≠Vy≠I vs I
curves that arises at low temperatures and the rather s
crossing points in both the≠Vy≠I vs I andV vs I sets of
curves.

First let us consider the peak in the differential res
tance. As seen in Fig. 1, there is no peak in the h
temperature curves. The highest temperature≠Vy≠I vs
I curve shown rises monotonically with increasingI and
asymptotically approaches the flux flow value. (The va
of the zero temperature flux flow resistance calculated fr
the Bardeen-Stephen theory with known material para
ters is5.5 V.) The correspondingV vs I curve also ex-
hibits a smooth monotonic rise and asymptotic approac
its linear flux flow behavior. Curves measured at high
temperatures (not shown) are qualitatively similar. All
this corresponds to the classical flux flow picture.

The behavior of the low temperature curves is differe
In the lowest temperature curves shown, we see th
kink in the V vs I curve signifies a range of curren
over which the differential resistance exceeds the flux fl
value, as shown by the peak in the≠Vy≠I vs I curves.
These features arise below a field-dependent tempera
and become more pronounced in curves measured at lo
temperatures.

The idea that an applied current can cause vortice
order in the presence of pinning is a simple express
of the fact that an applied current tilts the disorder pot
tial, thereby reducing the effective pinning strength. Mu
work to date [1–3,6,8,10,11] suggests that a peak in the
ferential resistance indicates such an ordering of the v
tices. The peak arises since≠Vy≠I at first increases as
current is applied and the vortices depin and flow def
tively, and then drops as the vortices order and the dyna
friction they experience decreases. The ordering can
seen explicitly in the computer simulations [8,10,11]
which a peak in≠Vy≠I is associated with a drop in th
defect density of the moving vortex configuration. A
though some simulations indicate that the defect den
drops sharply to a vanishingly small value, it seems pl
sible that for moderate to strong pinning not all defects d
appear. The peak then indicates some increase in the o
of the system of vortices, but not necessarily a crosso
to a fully ordered state. The fact that≠Vy≠I levels off
at high currents does suggest that the defect density i
longer changing in that high current regime.

If we characterize the occurrence of ordering, for ea
temperature, by the current corresponding to the peak in
differential resistance, then we can plot anIpeak vsT curve
that defines a rough boundary between the more and
ordered regimes. ThisIpeak vsT curve, shown as the uppe
curve in Fig. 2, qualitatively resembles the phase bound
curve separating a plastically flowing vortex system fro
n
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FIG. 2. Diagram showing the temperature dependences of
currents associated with the onset of flux motion (lower cur
open dots are data taken in the dilution refrigerator) and w
the ordering at high currents (upper curve). Line connect
the upper data points is a fit toIpeak ­ I0 1 c0ysTp 2 T d.

a moving solid proposed by Koshelev and Vinokur f
a two-dimensional system [8]. According to Koshele
and Vinokur, the current needed to cause the orderin
of the form Ipeak ­ I0 1 c0ysT p 2 Td, diverging at the
clean system’s melting temperature. Fitting ourIpeak vs
T data by this equation generates the solid line connec
these data points in Fig. 2. This fit byIpeak diverges at
T p ­ 3.3 K, which is marked by the vertical line in Fig. 2
The temperature at which our system should underg
dislocation mediated melting transition can be calcula
from known materials parameters and the equationTm ­
AF

2
0dy256p3l2, whered is the film thickness andA is a

constant of order 1 which accounts for the renormalizat
of the shear modulus due to thermal fluctuations [13,1
Using this equation, we find that the temperature at wh
our Ipeak diverges, 3.3 K, corresponds to a value ofTm

calculated using a value ofA ­ 0.97, which is a very
reasonable value.

To further characterize this ordering, we reexamine
V vs I curves shown in Fig. 1. At higher currents, th
V vs I curves all exhibit a well-defined linear region o
flux flow. If we extrapolate this linearV sId ­ sI 2 IcdRff

back to the current axis, as illustrated in the inset
Fig. 3, the current axis intercept gives us the dynami
critical currentIcsTd, which is illustrated in Fig. 3. This
extrapolated critical current is proportional to the avera
pinning force that the vortices feel in the flux flow regim
Therefore, the fact thatIcsT d decreases as the temperatu
drops belowTp (indicated in Fig. 3 as in Fig. 2) sugges
that the rigidity of the moving system of vortices increas
as the temperature is lowered belowTp. The pinning
in these films at low temperatures has previously be
shown to be collective [15], so the theory of Larkin an
Ovchinnikov [16] can give us a qualitative idea of th
origin of this increase in the rigidity of the moving vorte
configuration. In this theory, the transverse correlati
length is given byRc ~

p
1yIc. Hence, the drop inIcsT d

at low temperatures implies an increase in the correlat
area in the flux flow regime.
4023
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FIG. 3. Critical current vs temperature in an 0.5 kOe appl
field. T p indicated as in Fig. 2. Line connecting the dots is
guide to the eye. Inset: Integrated 1.52 KV vs I curve and the
extrapolation from the flux flow regime to obtain the critic
current.

The drop in IcsTd and the peaks in the≠Vy≠I vs I
curves are both observed at temperatures belowTp, and
both pieces of evidence point to an ordering of the sys
at high currents in this temperature range. The peak in
differential resistance characterizes the current at which
ordering occurs for a given temperature. The decrea
IcsT d indicates an increasing order in the moving vort
configuration (in the high current limit beyond the pea
as the temperature is lowered belowTp. However, we
have no direct evidence indicating that the resulting m
ordered state is the crystalline solid state proposed in
simulations of Refs. [8,10].

As noted above, the second striking feature of the d
is the crossing points in both the≠Vy≠I vs I andV vs I
curves shown in Fig. 1. We have investigated fields fr
0.2 to 2 T and find that, up to a well-defined temperat
which decreases as the field is increased, the isothe
exhibit similar crossings in each field. These crossin
are quite sharp; the spread of the≠Vy≠I, V , andI values
about the crossing points is less than 3% of their respec
values at the crossing. While such crossing behavior o
indicates phase transitions, determining the nature of
crossings in our data will require further investigation. W
can, however, draw some simple conclusions. In each fi
investigated, the crossing of the≠Vy≠I isotherms occurs
before the peak at a value of≠Vy≠I proportional to the
applied field and close to the flux flow resistance. T
V vs I isotherms also cross at a value ofV proportional
to the applied field and corresponding to a resista
within a factor of 2 of the flux flow resistance. Th
field dependences and resistances of these crossing p
suggest that the entire vortex system is in motion at
crossing points. For both the≠Vy≠I vs I and V vs
I curves, theI values at which the isotherms cross
various applied fields follow anI ~ 1y lnsHd dependence
Such a weak field dependence of the crossing force
characteristic of two-dimensional collective effects.

To further investigate the behavior at lowI , we mea-
sured≠Vy≠I vs I curves in a dilution refrigerator down
4024
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to a temperature of 100 mK. Because of the difficulty
heating the sample aboveTc, all of the curves taken in the
refrigerator were measured after an initial cycling of th
current. We note that the highI peak in≠Vy≠I which we
associate with the ordering persists to the lowest tempe
ture measured. However, we cannot say anything qu
titative about this feature as measured in the refrigera
since, at such low temperatures, the large currents invol
produce observable heating in the sample. Nonetheles
peak is observed, and the fact that≠Vy≠I drops on the high
current side of the peak asI and thus sample heating ar
increasing indicates that the feature is present and rea

Figure 4 shows several≠Vy≠I vs I curves measured
with I decreasing at temperatures between 600 a
100 mK. These data are well below the current region
sociated with the peak in≠Vy≠I discussed above. We se
that the initial rise of≠Vy≠I becomes more abrupt, even
tually evolving into a second smaller peak which exhib
a reproducible jagged internal structure. These cur
also exhibit hysteresis at the lowest temperatures (be
300 mK in 0.5 kOe), as shown in the insets of Fig. 4.

The abruptness of the initial rise of≠Vy≠I with increas-
ing I suggests that the vortex configuration is tenuou
pinned immediately before this initial rise. We investiga
this by varying the rate at whichI is swept as hysteresis
loops are measured. In doing these measurements,I is al-
ways stepped by1.16 mA, and the step rate is varied. Th
insets to Fig. 4 each show ten hysteresis loops, measu
with the mixing chamber at 150 mK. TheI step interval is
1.5 s in the upper inset and 27.3 s in the lower inset. W
the slower sweep rate (lower inset), we see that the
tial rise in≠Vy≠I occurs at differentI values for different
curves and that≠Vy≠I exhibits intermediate steps. Fur
ther increasing theI step interval results in initial jumps
in ≠Vy≠I occurring at even lower values ofI. With the

FIG. 4. Differential resistance vs current at 100, 200, 30
350, 400, and 600 mK in an 0.5 kOe applied field. Insets: Ea
shows 10 hysteresis loops measured with the mixing chambe
150 mK in an 0.5 kOe applied field. Arrows indicate increasin
or decreasing current.I is swept at a rate of0.773 mAys for
the upper inset and0.0425 mAys for the lower inset.
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fasterI sweep rate (upper inset) no intermediate steps
observed, and the initial jump in≠Vy≠I generally occurs
at higher values ofI. These data suggest that the widt
of the observed hysteresis loops are limited by noise
the system. In fact, we found that deliberately introduci
noise into the system could cause≠Vy≠I to jump between
intermediate steps or all the way to its value on theI de-
creasing part of the loop. The intermediate steps sug
defective flow in which some vortices are moving and o
ers remain pinned.

We now focus on the distinctive jagged structure se
in the lower temperature curves in Fig. 4. This feature
reproducible, even ifH andT are varied and then returne
to the values of the measurement. This type of fingerp
feature has been observed in 2H-NbSe2 in the field and
temperature range of plastic, filamentary vortex motion
that material, and has been interpreted as evidence of
defective flow [6].

At the lowest temperatures (as in the insets of Fig.
the fingerprint is observed only in theI decreasing portion
of the hysteresis loop. However, at higher temperatu
the I increasing and decreasing portions of the hystere
loops merge earlier and the fingerprint is observed w
I both increasing and decreasing. The fingerprint in
I decreasing portion of the loop is not affected by theI
sweep rate, which suggests that all of our sweep rates
slow enough to allow the vortices to relax to an equilibriu
configuration asI is reduced.

These low temperature data strongly suggest a te
ously pinned vortex configuration, deforming plastica
as some vortices begin to flow while others rema
pinned. The power levels are such that, when we meas
at the lowest temperatures, the sample is almost certa
at a slightly higher temperature than the mixing cha
ber of the dilution refrigerator. However, we do not b
lieve that heating is causing the two interesting features
our data: the intermediate steps in the≠Vy≠I vs I curves
and the fingerprint. While heating could cause hystere
we would expect heating to lead to runaway increases
≠Vy≠I (up to at least the flux flow value) asI is increased
(and vortices begin to move and heat, thereby depinn
more vortices), not the intermediate steps which we
serve. Also, the jagged structure of the fingerprint is n
likely due to heating, and we have noted that the fing
print is independent of the current sweep rate. We n
that the system which we are studying, in which vortic
are mobile in some portions of the sample while pinned
others, will unavoidably generate some thermal gradie
in the sample as the mobile vortices induce some lo
heating. Since these two features of the data so stron
suggest plastic flow, we have included these data with
caveat about heating effects. We again point out that
higher temperature data taken in the cryostatsT . 1.5 Kd
are not affected by self-heating.

To characterize the abrupt onset of plastic flow and
the same time connect the data to the higher tempera
re
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smoother data, we use a voltage criterion. Integrating
differential resistance curves to obtain theV vs I curves,
we choose a criterion ofV ­ 0.1 mV to characterize the
onset of vortex motion at each temperature. TheIonset vs
T curves, obtained in the dilution refrigerator and in th
cryostat, are shown as the lower curves in Fig. 2. W
note that choosing a different voltage criterion does n
significantly affect the shape of theIonset vs T curves, and
that, in the temperature range in which we have data fr
both of our experimental setups, the curves overlap.
note again that the phase diagram in Fig. 2, characteriz
the onset of plastic flow and the ordering at high curren
is qualitatively similar to that proposed by Koshelev an
Vinokur for a two-dimensional system [8].

In conclusion, we have investigated the effects of
current on the vortex dynamics in two-dimensional 60
films of Mo77Ge23. At sufficiently low temperatures, we
see evidence that the vortex motion is plastic at lo
currents. At higher currents, we find evidence that t
vortices undergo an ordering which results in a more rig
moving vortex configuration.
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