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Current-induced ordering of vortices in two-dimensional amorphous Mg;Ge,; films
as a function of film thickness and magnetic field

M. C. Hellerqgvist and A. Kapitulnik
Department of Applied Physics, Stanford University, Stanford, California 94305
(Received 2 April 1997; revised manuscript received 5 June )1997

We present experimental evidence that high currents induce an ordering of the moving vortex configuration
in thin films of amorphous MgGe,;. This ordering is observed for a wide range of film thicknesses and
applied magnetic fields. Our experimental results are in qualitative agreement with recently published theories
and simulations of dynamic ordering of vortic€S0163-182@7)05234-X]

The issue of current-induced phase transformations andiifferential resistancejV/Jl, as a function of in a perpen-
in particular, spatial ordering of vortices has recently re-dicular magnetic fieldV vs | curves were obtained by inte-
ceived much attention. Experimental? theoretical, and grating thesV/dl vs| curves, and a few vs| curves were
simulations investigatiort~” have shown convincingly that measured directly to verify that the integration is valid. The
high currents can induce an increase in order of the movinghagnetic fields were all well below ., [Hc(0)~11 T].
vortex configuration in the flux flow regime. All data were taken with the samples immersed directly in
Previously, we demonstrated this kind of current-inducediquid helium to eliminate heating effects.
ordering in an applied field of 0.5 kG in 2D, 60 A films of  Figure 1 shows a set @/l vs J isotherms measured on
amorphous Me,Ge,; with moderate pinning and’.’'s of  the 120 A film in an applied field of 0.5 kG, and the corre-
~5.5 K2 Our data showed that, at sufficiently low tempera-Spond'”gV vs J isotherms. Such data sets measured on any

tures, as the current is slowly increased the vortices begin tgf e samples in any of the fields mentioned are qualita-

move in a highly defective manner. Then at higher currentstvely similar to this, and we here describe the common fea-

in the flux flow regime, the order of the moving vortex sys- f%;e:tgf/g?uiaﬁ as\/e/tsl. ?rt\:tlih f:é;e\r/]vtgl’l taigsggegg?:uﬂtleedvel
tem abruptly increases. The conclusions drawn from our dat 9

were consistent with those drawn from simulations of such %ardeen-Stephen flux flow value, which is XY for the
dynamic ordering in 2D systen}§111314.1617 ample and field shown in Fig. 1. For each sample and field,

) . 4 . __the higher temperaturéVv/Jl vs J isotherms rise monotoni-
In this paper we investigate the current-induced orderin

. . AP A i Q:ally to the flux flow value asl increases. This behavior,
of vortices as a function of magnetic field in a 60 A film, and g, initeq by the highest temperature isotherm shown in Fig.

as a function of film thickness for a fixed magnetic field. j s consistent with the expected flux flow picture. However,
Varying these parameters is essentially equivalent to changse|ow a certain temperature, which is field and film thickness
ing the relative strengths of the intervortex interactions anq:]ependent’ theV/al vs J isotherms exhibit a peak before
the disorder potential. Our main result is that we see eviteyeling off at the flux flow value. This peak corresponds to
dence of current-induced orderings in all of the fields andyp, inflection point in theV vs J curve and is more pro-
samples studied. For a given sample and field, we can extraghynced at lower temperatures. Although the data look quali-
from the data a line in thé-T plane characterizing the or- tatively similar for all of the samples and fields we studied,
dering. Comparing the form of this line to that predicted bythe gv/g1 vs J andV vs J curves, and all of their features,
the theoretical treatment of Koshelev and Vinoktwe find  shift to lower current densities with increasing field or film
good agreement in films of high disorder at low magnetic

fields, and we find that the agreement breaks down at higher 30
magnetic fields and in less disordered films. 3t

All of our experiments were performed on thin films of 25t 125
amorphous Mg,Ge,;, grown by multitarget sputtering as de-
scribed elsewher¥. This material is strongly type II, with a 2t 120 <
bulk penetration depti(0)=7700 A and Ginzburg-Landau % 1158
coherence lengt(0)=55 A (k~140. We studied films of I 15¢ =
thicknesses 60, 120, and 300 A willy's of 5.5, 6.1, and 6.6 ->c 1t 110~
K, respectively. All of these films are strictly 2D with respect ]
to vortex motion. The pinning in all of these films is moder- 05¢F d=120A15
ate; the measured critical current densities, using a voltage ) 2 . . H=05kG]
criterion areJ.~10* A/cm?, which is less than 1% of the 0 4 s 12 16 20 24
depairing critical current for this material. The films were ] (10* A/cm?)

wet etched into four-point contact patterfsmample area be-
ing measured is 0.5 mm wide, 2.8 mm Igngnd standard FIG. 1. 9V/dl andV vsJ at 1.48, 2.00, 2.41, 2.70, 3.12 K in a
low-frequency lock-in techniques were used to measure th&20 A film in 0.5 kG.
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FIG. 2. JpeakVs T for the 60, 120, and 300 A films in 0.5 kG. FIG. 3. J, vs T for the 60, 120, and 300 A films in 0.5 kG.

thickness. The intriguing crossings in both the/dl vs J  T* values of 3.1, 3.4, and 3.9, for the 60, 120, and 300 A
andV vs J isotherms are present for all of the samples andilms, respectively.
fields studied; we will discuss these crossings later. We can compare our experimentdi values to the theo-
Peaks ingV/dl curves such as we observe suggest arfetical values for the melting temperature. Using known ma-
ordering of the vortices in the flux flow regime. The basicterials parameters, we calculate the temperatures at which
idea of such a dynamic ordering is that, in a disordered 2Dour three films would, in the absence of disorder and not
film at low temperatures and zero applied current, the ranconsidering any effects due to current, undergo a
dom pinning potential prevents the intervortex interactiongdislocation  mediated melting using the formula
from ordering the vortices into a lattice. A current tilts the T,,=ACgs(Tr, H)da0/47rkb, wherecgg(T,H) is the form of
pinning potential, thereby reducing the pinning effechvenessBrandt19 d is the film thickness, and is a constant of order
At sufficiently high currents, the pinning effectiveness will one which accounts for the renormalization of the shear
be sufficiently reduced that the effect of the intervortex in-modulus due to thermal fluctuatiof%?* For the purpose of
teractions will bring about an increase in order in the movingthe calculation, we také =1, which is the value found in
vortex system. measurements of melting in thicker films of amorphous
Simulations of 2D systems have characterized the order iiVlo,;Ge,;. %% For the 60, 120, and 300 A films, the calculated
a vortex configuration as a function of curréfit!13141617 T yalyes are 3.3, 4.8, and 6.0 K, and the fitfédvalues are
These simulations generally find that as the current is firs8.1, 3.4, and 3.9 K, respectively. Thus, while we see in Fig.
applied, dV/dl increases as vortices become depinned an@ that all of these fits to the form of the Koshelev-Vinokur
begin to move plastically. At higher currents, a dynamic or-equation work reasonably well, féx= 1, the agreement be-
dering of the moving vortices occurs, characterized by aween theT,, andT* values becomes less reasonable as the
sharp drop in the defect density in the moving lattice and byfilm thickness is increased. We point out that the
an inflection point in the simulated vs | curve which cor-  Koshelev-Vinokut! treatment is for the strong pinning limit,
responds to a peak in the simulat@d/Jl vs|1 curve. and, as we will show below, the disorder in our samples
The simulations all produce results which are qualita-decreases with increasing film thickness. We also point out
tively similar to our experimental results. While some simu-that theT* values determined by our fits are quite sensitive
lations find that the current-induced ordering results in a perto the highest temperature ordering current we measured,
fect vortex lattice:®* others find that some disorder persists especially in the thicker samples in which the increase of the
in the high current limit!®1"We see no experimental evi- ordering current with temperature is most abrupt.
dence that the ordering is complete; the fact that we see To further characterize the dynamic ordering, we return to
dV/dl drop abruptly and then level off suggests that what-theV vsJ curves in Fig. 1. At high currents, these curves are
ever ordering does occur takes place over a limited currerlinear as expected in the flux flow regime. Extrapolating this
range. linear flux flow V(I)=(1—1.)R¢; back to the current axis
Taking the current at the peak of each low temperaturgjives us the dynamical critical curreht(T), which is pro-
dV/dl vs J isotherm to characterize the dynamic ordering atportional to the dynamic friction that the pinning sites exert
that temperature, we can drawdg.,Vvs T curve character- on the moving vortices in the flux flow regime. Figure 3
izing the dynamic ordering in each sample for a fixed field.shows the extrapolated critical current density vs temperature
Figure 2 shows sucli e, vs T curves for the 60, 120, and curves for the 60, 120, and 300 A films in 0.5 kG. For each
300 A films in 0.5 kG These curves are all qualitatively sample J.(T) attains a maximum value near the temperature
similar to theJ vs T line found in the work of Koshelev and T* determined for that sample in this field, and drops as the
Vinokur to separate the region of plastically flowing vorticestemperature is lowered beloW* . This suggests that, as the
from the region of a moving crystal. Koshelev and Vinokur temperature is lowered beloW*, the dynamic friction that
find that thisJ vs T curve should be of the form the pinning sites exert on the moving vortices drops sharply.
Joc1/(T* —T), whereT* is the clean system’s melting tem- This interpretation is consistent with the moving vortices un-
perature. The solid lines in Fig. 2 are fits to this formula,dergoing an ordering at that temperature in the flux flow
where we have useb* as a fitting parameter. These fits give regime.
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FIG. 5. J. vs T for the 60 A film in 0.5, 1, 2, 5, and 10 kG.
FIG. 4. JyeqVvs T for the 60 Afilmin 0.5, 1, 2, 5, and 10 kG.

Since the pinning in these films at low temperatures hayVe also note again that the fits are very sensitive to the
previously been shown to be collectittthe theory of Lar- highest temperature ordering currents we measure, especially
kin and Ovchinniko? allows us to estimate roughly the ex- in the higher fields in which thé,e,vs T curves rise much
tent of the ordering. Using the expression for the transversgore abruptly with temperature.
correlation lengthR, \/TJC, we can roughly estimate that Figure 5 shows thd, vs T curves for the 60 A film in
the drops inJ(T) imply increases in the transverse correla-these fields. Again, for each field,(T) attains a maximum
tion lengths by factors of 1.6, 1.8, and 12 in the 60, 120, andralue near that field'S™* and drops as the temperature is
300 A films, respectively, between each sampl'sand 1.5  lowered belowT*. Again using the Larkin-Ovchinnikov ex-

K. pression to estimate roughly the degree of ordering, we find
The JpeacVvs T curves and vs T curves both suggest an that the drops inJ¢(T) imply increases in the transverse
ordering in the flux flow regime. While th&,.,vs T curves  correlation lengths by factors of 1.6, 1.5, 1.6, 1.5, and 1.33 in
indicate the current at which the dynamic ordering occurs fofields of 0.5, 1, 2, 5, and 10 kG, respectively, as the tempera-

a given temperature, the dropsJg(T) indicate that as the ture is lowered from each field’s* to 1.5 K.

temperature is lowered beloW*, there is an increase in TheJ. vs T andJ,e,Vvs T curves both suggest a dynamic
order in the moving vortex system in the high current limit ordering in the flux flow regime for the 60 A film in each of
beyond the current of the differential resistance peak. Wehese fields. We note that, for this 60 A film and a given
note that thel,,vs T andJ. vs T curves are consistent with temperature, the higher the field, the lower th€T). This

the picture of a dynamic ordering occurring when an appliedndicates, as we would expect, that the lattice is stiffer at
current reduces the pinning effectiveness so that the intervohigher fields. In our picture of ordering, we expect a stiffer
tex interactions are able to bring about the ordering. Fofattice to require a lower current to reduce the pinning effec-
these three samples in 0.5 kG and at any temperature, thizeness sufficiently to allow the intervortex interactions to
thicker the film, the lowed (T). This indicates that pinning order the moving vortices, and oig.,vs T curves do move
effectiveness decreases as film thickness increases. Thete-lower current densities at higher fields.

fore, a lower current density should be required to bring Finally, we turn to the crossing points, evident in both the
about the dynamic ordering in the thicker films, and &y~ dV/dl vs J andV vs J isotherms of Fig. 1. We find similar
vs T curves do, in fact, shift to lower current densities for crossing points in all samples and fields studied. The cross-
thicker films. ings are always quite sharp; the spreadddfsl, V andJ

Now we turn to a study of dynamic ordering as a functionvalues about the crossings is always less than 3% of their
of magnetic field in the 60 A film. Figure 4 shows thg..c  respective values at the crossing. Looking at the 60 A film in
vs T curves characterizing the dynamic ordering for this filmvarious fields, we find that the crossings of both dvédl vs
in fields of 0.5, 1, 2, 5, and 10 kG. Again, the solid curvesJ and theV vs J isotherms occur at values which can be fit
are fits to the formJoc 1/(T* —T) predicted by Koshelev and with a J<1/H* form, with @ a very small number. The de-
Vinokur to describe the phase boundary separating regionsominator can also be fit with a Idj form. In all samples
of defective and nondefective vortex motion. For appliedand fields studied, the crossings of #é/Jl vs J isotherms
fields of 0.5, 1, 2, 5, and 10 kg, ti&" values obtained from occur at a value 0fV/4l close to the flux flow value.
the fits to thed o vs T curves are 3.1, 3.1, 3.2, 3.5, and 3.5  While the exact nature of these crossing points is not un-
K, and calculated , values are 3.3, 3.3, 3.2, 3.0, and 2.6 K, derstood, numerical simulations using parameters appropri-
respectively. We see from the figure that the fits to theate to our 60 A film in 0.5 kG generat®//Jl vs| isotherms
Koshelev-Vinokur form work reasonably well, however, for which strikingly resemble our experimental data and exhibit
A=1, the agreement between the experimefftalvalues a similar crossing point In the simulations, this crossing
and the calculated,, values deteriorates at higher fiefifs. occurs at a current value at which the hexatic order param-
We again point out that the Koshelev-Vinokur treatméis  eter of the vortex system is at a minimum, and at which the
for the strong pinning limit, and that the effect of disorder fraction of pinned vortices begins to decrease markedly.
relative to intervortex interactions is greater in lower fields. In conclusion, we have found evidence that a dynamic
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ordering of the vortices in the flux flow regime occurs in our applied field reduces the current density required to bring
60 A film in fields from 0.5 to 10 kG, and in films of thick- about the dynamic ordering.

nesses 60, 120, and 300 A in an applied field of 0.5 kG. Our _ ) _

data are consistent with the picture, put forth in experiments This work was supported by the National Science Foun-
and simulations, that the ordering occurs when the Currerﬂaﬂon, the U.S. Air Force Office of Scientific Research, and
suppresses the pinning potential sufficiently to allow inter-the Center for Materials Research at Stanford University. We
vortex interactions to dominate the disorder potential. Stiff-thank S. Ryu, V. M. Vinokur, D. Ephron, and P. Le Doussal

ening the lattice by increasing either the film thickness or thdor useful discussions.
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