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Vortex Dynamics in Two-Dimensional Amorphous Mo;7/Ge;s Films

M. C. Hellergvist, D. Ephron, W. R. White,* M. R. Beasley, and A. Kapitulnik

Department of Applied Physics, Stanford University, Stanford, California 94305
(Received 29 August 1995

We have investigated the effects of an applied current on the vortex dynamics in thin films of
amorphous superconducting M&e,s. At high currents, we see evidence of an ordering of the moving
vortices in the flux flow regime. At lower currents and at very low temperatures, we see evidence of
plastic and filamentary flow. We compare our data to recent theories of ordering and phase transitions
in the moving vortex lattice. [S0031-9007(96)00252-9]

PACS numbers: 74.25.Dw, 74.60.Ge, 74.60.Jg, 74.76.—w

Much attention has focused lately on the issue of currenture line characterizing the ordering in our data agrees in
induced ordering of vortices in superconductors. Recenfiorm with that predicted in Ref. [8].
experimental [1-7], theoretical [8,9], and computer simu- The experiments were performed on thin films grown by
lation [8,10,11] work has put forth a scenario in which amultitarget sputtering as described elsewhere [12]. Amor-
pinned vortex configuration responds to an applied curphous Mg,Ge,; is a strongly type Il superconductor,
rent by flowing plastically at first, and then becoming morewith bulk penetration depth(0) = 7700 A and Ginzburg-
ordered, possibly forming a lattice, at higher applied curLandau coherence length(0) = 55 A (k =~ 140). The
rents. On the experimental side, recent work on 2H-NbSefilms are well within the two-dimensional regime (60 A
[1,2,4-7] indicates that, in a given range of temperaturehick), and haverl.’s of approximately 5.5 K. The pin-
and field, increasing the applied current causes the systening in these films is moderate; the measured critical cur-
to undergo a crossover from a state dominated by plastient densities aré. ~ 10* A/cnm?, which is less than 1%
deformations to a state dominated by elastic deformationsf the depairing critical current for this material. The films
of the vortex lattice. The possibility of a current inducedwere wet etched into four-point electrical measurement
increase in the spatial order of the vortex state has also be@atterns (sample area being measured is 0.5 mm wide,
invoked to explain experimental results in superconduct2.8 mm long), and standard low-frequency lock-in tech-
ing/insulating multilayers of Mg,Ge,;/Ge [3]. The na- niques were used to measure the differential resistance
ture of this current induced ordering and its dependence oaV /dl as a function of an applied current in a perpen-
dimensionality are, however, still in question. In a recentdicular magnetic field. The magnetic fields were all well
theoretical work [8], Koshelev and Vinokur proposed thatbelow H., [H»(0) ~ 11 T].
a true phase transition from a plastically flowing state to a Figure 1 shows a set afV/dl vs I curves and the
moving defect-free crystal occurs at high currents in two-correspondingV vs I curves for an applied field of
dimensional systems. A recent analysis of driven charg8.5 kOe. ThedV/al vs I curves were measured with
density waves finds that, in that system, a moving solidhe sample immersed in liquid helium to minimize heating
phase is stable in three dimensions but not in two [9]. Ineffects, which are absent. ThevsI curves were obtained
general, simulations show that the defect density in théy integration of thedV/al vs I curves (and confirmed
plastically flowing vortex configuration drops sharply as
the ordering occurs [8,10,11].

In this paper, we present an investigation of the vor- = 7 35
tex dynamics in two-dimensional thin films of amorphous S 6 30
Mo,/Ge,;. We have observed strong evidence of an in- Y

: - . - . 5 25
crease in the lattice correlations of the moving vortices at 8 s
high currents. At very low temperatures, we find that the é 4 205
onset of vortex motion occurs very abruptly as the cur- Ko 15“:_3\
rent is increased, and that the initial motion exhibits char- & B8
acteristics of plastic flow. While this type of dynamics § 2 103
has been seen in the three-dimensional 2H-Nlsystem & 1 5
[1,2,4-7], we note that our MgGe,; samples are consid- A N/ 0
erably more disordered than 2H-NbSand that our work 0 1 2 3 4 5 6 7

is the first to present results in a strictly two-dimensional Current (mA)

system. Moreover, we are able to mak(_a direct compare i 1. pifferential resistance and voltage vs current at 1.52,
sons between our data and the predictions of Koshelev.g2, 2.29, 2.63, and 2.95 K in an 0.5 kOe perpendicular ap-
and Vinokur [8], and we find that the current vs tempera-plied field.
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by occasional direct measurementofvs I). For each AN AL EERLI A
isotherm shown in Fig. 1, the curve measured after an
initial field cooling of the sample is identical to the Al )
curves measured after a cycling of the current. Two ; peakin 3V /31
interesting features of these data that we will discuss in [
detail below are the pronounced peak in tHé/dl vs I

I(mA)
I“(.)J

curves that arises at low temperatures and the rather sharp 2r ra
crossing points in both theV /oI vsI andV vsI sets of [ V=1mV ]
curves. o oo, ]
First let us consider the peak in the differential resis- 0, hddae ] X NI
tance. As seen in Fig. 1, there is no peak in the high 0 1 2 3 4 5

temperature curves. The highest temperatiWg dl vs T®)
I curve shown rises monotonically with increasih@nd  FIG. 2. Diagram showing the temperature dependences of the
asymptotically approaches the flux flow value. (The valuesurrents associated with the onset of flux motion (lower curve,
of the zero temperature flux flow resistance calculated frongPen dots are data taken in the dilution refrigerator) and with
the Bardeen—Stephen theory WiFh known material parametthg Sggzrrlr:j%tgtprg%Tscigr;efri]ttséQE?f pzezocier)/.(TEuleTc)(.)nnectmg
ters is5.5 1.) The correspondind vs I curve also ex-
hibits a smooth monotonic rise and asymptotic approach to
its linear flux flow behavior. Curves measured at highera moving solid proposed by Koshelev and Vinokur for
temperatures (not shown) are qualitatively similar. All ofa two-dimensional system [8]. According to Koshelev
this corresponds to the classical flux flow picture. and Vinokur, the current needed to cause the ordering is

The behavior of the low temperature curves is differentof the form Ie,x = Iy + ¢//(T* — T), diverging at the
In the lowest temperature curves shown, we see that @ean system’s melting temperature. Fitting @i« vs
kink in the Vv vs I curve signifies a range of current T data by this equation generates the solid line connecting
over which the differential resistance exceeds the flux flovthese data points in Fig. 2. This fit by, diverges at
value, as shown by the peak in tlad /ol vs I curves. T* = 3.3 K, which is marked by the vertical line in Fig. 2.
These features arise below a field-dependent temperatufdie temperature at which our system should undergo a
and become more pronounced in curves measured at lowsislocation mediated melting transition can be calculated
temperatures. from known materials parameters and the equaligrn=

The idea that an applied current can cause vortices tad3d /25673 A2, whered is the film thickness and is a
order in the presence of pinning is a simple expressioonstant of order 1 which accounts for the renormalization
of the fact that an applied current tilts the disorder potenof the shear modulus due to thermal fluctuations [13,14].
tial, thereby reducing the effective pinning strength. MuchUsing this equation, we find that the temperature at which
work to date [1-3,6,8,10,11] suggests that a peak in the difeur I,..x diverges, 3.3 K, corresponds to a valueTof
ferential resistance indicates such an ordering of the vormalculated using a value of = 0.97, which is a very
tices. The peak arises siné& /dI at first increases as a reasonable value.
current is applied and the vortices depin and flow defec- To further characterize this ordering, we reexamine the
tively, and then drops as the vortices order and the dynami¥ vs I curves shown in Fig. 1. At higher currents, the
friction they experience decreases. The ordering can bE vs I curves all exhibit a well-defined linear region of
seen explicitly in the computer simulations [8,10,11] influx flow. If we extrapolate this linedr (/) = (I — I.)Rg
which a peak inaV/alI is associated with a drop in the back to the current axis, as illustrated in the inset of
defect density of the moving vortex configuration. Al- Fig. 3, the current axis intercept gives us the dynamical
though some simulations indicate that the defect densitgritical current/.(T), which is illustrated in Fig. 3. This
drops sharply to a vanishingly small value, it seems plauextrapolated critical current is proportional to the average
sible that for moderate to strong pinning not all defects dispinning force that the vortices feel in the flux flow regime.
appear. The peak then indicates some increase in the ordEnerefore, the fact that (7)) decreases as the temperature
of the system of vortices, but not necessarily a crossovetrops belowr'™ (indicated in Fig. 3 as in Fig. 2) suggests
to a fully ordered state. The fact thav’/dl levels off that the rigidity of the moving system of vortices increases
at high currents does suggest that the defect density is ras the temperature is lowered beld®. The pinning
longer changing in that high current regime. in these films at low temperatures has previously been

If we characterize the occurrence of ordering, for eacrshown to be collective [15], so the theory of Larkin and
temperature, by the current corresponding to the peak in th@vchinnikov [16] can give us a qualitative idea of the
differential resistance, then we can plotign vsT curve  origin of this increase in the rigidity of the moving vortex
that defines a rough boundary between the more and lesenfiguration. In this theory, the transverse correlation
ordered regimes. Thi§..x VST curve, shown as the upper length is given byr, « +/1/1.. Hence, the drop it (T)
curve in Fig. 2, qualitatively resembles the phase boundargt low temperatures implies an increase in the correlation
curve separating a plastically flowing vortex system fromarea in the flux flow regime.
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Il to a temperature of 100 mK. Because of the difficulty of
30 ] heating the sample abo¥g, all of the curves taken in the
0.8 220 y refrigerator were measured after an initial cycling of the
F S0y /152K 1 current. We note that the highpeak indV /oI which we
? 0.6 o e 7 associate with the ordering persists to the lowest tempera-
g 1 I(mA) ] ture measured. However, we cannot say anything quan-
=041 7] titative about this feature as measured in the refrigerator
I T ] since, at such low temperatures, the large currents involved
02 # ] produce observable heating in the sample. Nonetheless, a
i . . J ‘ ] peak is observed, and the fact that/ 91 drops on the high
T T S S current side of the peak dsand thus sample heating are
T(K) increasing indicates that the feature is present and real.

FIG. 3. Critical current vs temperature in an 0.5 kOe applied _Flgure 4 ShOV.VS severdlV /9l vs I curves measured
field. T* indicated as in Fig. 2. Line connecting the dots is aWith 7 decreasing at temperatures between 600 and
guide to the eye. Inset: Integrated 1.52/Kvs I curve and the 100 mK. These data are well below the current region as-
extrapolation from the flux flow regime to obtain the critical sociated with the peak iaV /o1 discussed above. We see
current. that the initial rise ofdV /91 becomes more abrupt, even-
tually evolving into a second smaller peak which exhibits
The drop inI.(T) and the peaks in theV/aI vs I  a reproducible jagged internal structure. These curves
curves are both observed at temperatures bdléwand also exhibit hysteresis at the lowest temperatures (below
both pieces of evidence point to an ordering of the syster300 mK in 0.5 kOe), as shown in the insets of Fig. 4.
at high currents in this temperature range. The peak in the The abruptness of the initial rise 6% /I with increas-
differential resistance characterizes the current at which theg I suggests that the vortex configuration is tenuously
ordering occurs for a given temperature. The decreasinginned immediately before this initial rise. We investigate
I.(T) indicates an increasing order in the moving vortexthis by varying the rate at which is swept as hysteresis
configuration (in the high current limit beyond the peak)loops are measured. In doing these measuremeigs|-
as the temperature is lowered bel@W. However, we ways stepped by.16 wA, and the step rate is varied. The
have no direct evidence indicating that the resulting morénsets to Fig. 4 each show ten hysteresis loops, measured
ordered state is the crystalline solid state proposed in theith the mixing chamber at 150 mK. THestep interval is
simulations of Refs. [8,10]. 1.5 sin the upper inset and 27.3 s in the lower inset. With
As noted above, the second striking feature of the datthe slower sweep rate (lower inset), we see that the ini-
is the crossing points in both thig/ /oI vsI andV vsI  tial rise inaV /I occurs at different values for different
curves shown in Fig. 1. We have investigated fields fromcurves and thadV /dI exhibits intermediate steps. Fur-
0.2 to 2 T and find that, up to a well-defined temperaturgher increasing thé step interval results in initial jumps
which decreases as the field is increased, the isothernis 9V /9l occurring at even lower values of With the
exhibit similar crossings in each field. These crossings
are quite sharp; the spread of th€/dl, V, andl values
about the crossing points is less than 3% of their respective 3.5
values at the crossing. While such crossing behavior often
indicates phase transitions, determining the nature of the
crossings in our data will require further investigation. We
can, however, draw some simple conclusions. In each field
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investigated, the crossing of thig/ /9l isotherms occurs % 2 5 56 94 4
before the peak at a value oV /dI proportional to the - P
applied field and close to the flux flow resistance. The % 15 gj /{W
V vs I isotherms also cross at a value W0fproportional & ol ||
to the applied field and corresponding to a resistance = £3
within a factor of 2 of the flux flow resistance. The Bos 32
field dependences and resistances of these crossing points a1 ] [
suggest that the entire vortex system is in motion at the 0 0.9 0'9; 1
crossing points. For both théV /ol vs I and V vs Current (mA)

I curves, thel values at which the isotherms cross in
various applied fields follow ah « 1/In(H) dependence. FIG. 4. Differential resistance vs current at 100, 200, 300,

Such a weak field dependence of the crossing force i§50, 400, and 600 mK in an 0.5 kOe applied field. Insets: Each

h teristic of two-di - | collecti ffect Shows 10 hysteresis loops measured with the mixing chamber at
Characteristic of two-aimensional collective eflects. 150 mK in an 0.5 kOe applied field. Arrows indicate increasing
To further investigate the behavior at loly we mea-  or decreasing current/ is swept at a rate 00.773 wA/s for

suredaV /al vs I curves in a dilution refrigerator down the upper inset an.0425 wA/s for the lower inset.
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faster/ sweep rate (upper inset) no intermediate steps aremoother data, we use a voltage criterion. Integrating the
observed, and the initial jump i@V /oI generally occurs differential resistance curves to obtain thevs I curves,
at higher values of. These data suggest that the widthswe choose a criterion df = 0.1 mV to characterize the
of the observed hysteresis loops are limited by noise inset of vortex motion at each temperature. The. vs
the system. In fact, we found that deliberately introducingl’ curves, obtained in the dilution refrigerator and in the
noise into the system could caus® /41 to jump between cryostat, are shown as the lower curves in Fig. 2. We
intermediate steps or all the way to its value on fthde-  note that choosing a different voltage criterion does not
creasing part of the loop. The intermediate steps suggestgnificantly affect the shape of thg,. vs T curves, and
defective flow in which some vortices are moving and oth-that, in the temperature range in which we have data from
ers remain pinned. both of our experimental setups, the curves overlap. We
We now focus on the distinctive jagged structure seemote again that the phase diagram in Fig. 2, characterizing
in the lower temperature curves in Fig. 4. This feature ighe onset of plastic flow and the ordering at high currents,
reproducible, even iff andT are varied and then returned is qualitatively similar to that proposed by Koshelev and
to the values of the measurement. This type of fingerprinVinokur for a two-dimensional system [8].
feature has been observed in 2H-Nb%e® the field and In conclusion, we have investigated the effects of a
temperature range of plastic, filamentary vortex motion incurrent on the vortex dynamics in two-dimensional 60 A
that material, and has been interpreted as evidence of sufims of Mo,;Ge,;. At sufficiently low temperatures, we
defective flow [6]. see evidence that the vortex motion is plastic at low
At the lowest temperatures (as in the insets of Fig. 4currents. At higher currents, we find evidence that the
the fingerprint is observed only in tHedecreasing portion vortices undergo an ordering which results in a more rigid
of the hysteresis loop. However, at higher temperaturesnoving vortex configuration.
the I increasing and decreasing portions of the hysteresis We thank V. Vinokur, A. Koshelev, and S. Bhat-
loops merge earlier and the fingerprint is observed witltacharya for useful discussions. This work was supported
I both increasing and decreasing. The fingerprint in thdy the U.S. Air Force Office of Scientific Research, the
I decreasing portion of the loop is not affected by the Center for Materials Research at Stanford University, and
sweep rate, which suggests that all of our sweep rates athe Office of Naval Research.
slow enough to allow the vortices to relax to an equilibrium
configuration a9 is reduced.
Thesc_e low temperaturg datg strongly S.uggest a tenu- *Presently at Bell Labs, Lucent Technologies, 600 Moun-
ously pinned vortex conﬂguraﬂon, defprmlng pIasUcaII_y tain Ave., Murray Hill, NJ 07974
as some vortices begin to flow while others remain [1] 5 Bhattacharya and M.J. Higgins, Phys. Rev. L&8,
pinned. The power levels are such that, when we measure * 2617 (1993).
at the lowest temperatures, the sample is almost certainly2] S. Bhattacharya and M.J. Higgins, Phys. Rev.4B,
at a slightly higher temperature than the mixing cham- 10005 (1994).
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that the system which we are studying, in which vorticed10] A.-C. Shi and A.J. Berlinsky, Phys. Rev. Le@7, 1926
are mobile in some portions of the sample while pinned in ~ (1991).
others, will unavoidably generate some thermal gradientEl1] S- Ryu (private communication).
in the sample as the mobile vortices induce some locdft2] S. Yoshizumi, W.L. Carter, and T.H. Geballe, J. Non-
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