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Dynamic vortex ordering in thin a-Nb,Ge;q films
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We investigated ordering of the vortex lattice under the influence of a driving current in amorphous super-
conducting films of NkGe; with varying amounts of disorder. Using the nonlinear behavior of the voltage
versus current relations, i.e., the peak in the dynamical resistance, we map the occurrence of this dynamical
ordering(DO) in the (B,T) phase diagram. Using the collective pinning analysis, DO is shown to appear when
the size of the correlated regions drops below the ordet &&n times the vortex lattice distance. This means
that for weaker intrinsic disorder, DO moves closer to the melting line. The current at which DO occurs
diverges at the melting transition, in agreement with the notion that increasing velocities are needed to over-
come the effect of either temperature or softening of the shear modulus of the vortex lattice.
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[. INTRODUCTION curs for R./ap=<10 (with a, the intervortex distange For
weak disorder, this condition is only found very close to the
Vortices start to move if the Lorentz force exceeds themelting line, while increasing the disorder broadens the
pinning forceF ,. The way this exactly happens depends onrange substantially. Also, we find that the current needed to
the amount of disorder in the lattice. If the disorder is weak,induce DO strongly increases near the melting line, in good
a correlated volum&, can be defined in which all vortices agreement with the theoretical prediction by Koshelev and
are pinned collectively and start to move at one specific/inokur.
threshold value ofF,. The concept of collective pinning
(CP) was introduced by Larkin and Ovchinnikband ex- Il. DYNAMIC ORDERING
perimentally confirmed by experiments on_w_eaklya PINNING  That the number of dislocations in a disordered vortex
amorphous 4')Nb3Gf’ a-NbsSi, anda-MosSi films** and  |attice decreases suddenly at high currents was first found in
on 2H-NbSeg crystals. SinceV, in these cases can be large, 2p molecular dynamics studies af=0 by Shi and
all vortices have approximately the same velocity, which in-gerlinsky® More recently, Koshelev and VinoKuinvesti-
creases by increasing the driving force. This type of motioryated the behavior at finite temperatures, both analytically
can be called elastic flow. The amount of defects in the slidand on the basis of simulatioiisee also Ref.)7 For strong
ing solid is small. disorder, they found that at every temperature below the
With stronger disorder, different vortices feel different thermodynamic melting temperatufg, a driving force den-
pinning forces. In consequence, some vortices start to movsity F,, can be found at which disorderly moving vortices
around pinned regions and with increasing driving force,crystallize into a more or less perfect lattice. The temperature
more vortices take part in the motion. The moving structuredependence df 4, close toT,, is given by
is strongly defective and spatially inhomogeneous, and the
dissipation is high. However, if driving force and velocity 1 n,I 3
are increased over some threshold, the number of defects can Fd0_4\/ﬁ ke(T—T)dr? [N/m”],
decrease quite suddenly and a homogeneous moving lattice P
appears. As will be discussed below, one signature of suchwhereI’ is a measure for the disorder strength, is the
transition is a superlinedr(l) characteristic, equivalent to a vortex areal densityr, is the range of the elementary pin-
peak in the differential resistand®,. This healing or dy- ning interaction, and ,, is the 2D melting temperature. DO
namic ordering(DO) phenomenon is the subject of this pa- occurs if Fg, is larger than the pinning force densiy, .
per. Specifically, we want to investigate under which condi-Physically, Eq(1) can be understood through the concept of
tions the direct transition from a pinned lattice to a slidinga “shaking temperatureTg,, which should be viewed as
solid changes into a transition with an intermediate plastieenergy generated by the nonuniform motion of the vortices
flow state and DO. For this we used a series of thin-filmthrough the disorder potential, and is inversely proportional
samples of-Nb;oGey,. In principle, such amorphous mate- to the velocity. AtT=0 it follows that the effective tempera-
rials are weakly pinning, but the amount of disorder can bdure of the vortex system in motiofgg=T+ T¢g,=Tgp, SO
increased by choosing different deposition conditions. Thehat the ordering force is reached wheg, falls belowT,.
samples range in thickness from 35 to 300 nm and the vorteWith increasingT, it needs increasing velocities fdi. to
lattice is two-dimensional2D) down to the lowest studied drop belowT,,, which explains the divergence &, for
temperature, which means that the collective volwhels T—T,,.
cylindrical and equaIRﬁd, with R; the radius andl the film Also studied was the average vortex velodity against
thickness. The occurrence of channel-like flow as indicatediriving force F.,, which is equivalent to &(l) character-
by a peak iRy is mapped on theR, T) phase diagram. Very istic. The simulations showed a sharp increase ofor V)
generally, we find that the peak, and therefore the DO, ocaroundFg4, (or 1), which would translate in a peak in the
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cP strong pinning and on the strength of the vortex interactions, and is there-
, fore field and temperature dependent. Generally, the elastic
‘ d pinning lengthR./a, decreases above some field and the
J disorder increases. It becomes especially large close to the
sliding solid plastic melting line where the lattice is very soft. Therefore, close to
K fow the melting line, DO should always take place. But also at
, - i low fields the lattice is soft and the disorder can be large.
/) P Dynamic ordering, however, does not necessarily occur at
pinned low fields sinceF, is large here and the ordering forég,
L7 might be smaller thair, even for large intrinsic disordered
e samples.
On the experimental side, for thin films afMoGe, peaks
in Ry were reported by Hellerquisit al® and by Hellerqvist
and Kapitulnik!® and interpreted in terms of DO. They did
FIG. 1. Dynamic ordering forc& g, and pinning forceF, ver-  not attempt, however, to connect occurrence of DO and dis-
sus the disorder parametEras calculated in by Faleski al® order in a systematic way, which is the purpose of this paper.
For completeness, an earlier repbehowing peaks iRy for
differential resistanc®y . In similar 2D molecular dynamics thick a-MoGe films should also be mentioned. Another
studies aff=0 Faleskiet al® investigated more closely the much studied system is 2H-NbSevhere the vortex lattice
various types of flow for different amounts of disorder. Theis 3D. DO was found close to the melting line by transport
results can be discussed in terms of a force-disorder diagrameasurements, and in decoratiot? and
as shown in Fig. 1. It contains three regimes. For Iowhe  neutron-diffractioh* experiments. Due to the extreme weak-
transition from pinning to flux flow follows=,=I", which is  ness of the pinning also related phenomena occur, such as
the Larkin-Ovchinnikov CP regime. When CP breaks downmetastability and history dependerie®
(Rc~ayp), individual strong pinning leads t6 JT. The
transition is still elastic, sinc&,>F g, [with Fgy, given by
Eqg. (1) at T=0] so that defects are healed immediately.
However, sinceFy,<I", a third regime is possible where  Thin-film a-Nb, Ge;, samples of varying thickness on Si
depinning takes place without reordering of the lattice. The001) substrates with a 200-nm-thick artificial Si@p layer
flow is plastic, and DO takes placeRj§, (>Fp). The simu-  were prepared in two different sputtering systems. The first
lations give more insight in the motion in this regime.Af  system is an ultra high vacuuHV) system with a base
the velocity distribution is bimodal: a fractiam, of the vor-  pressure better than 18 mbar. Sputtering is multitarget dc
tices (the slow onegis not moving ¢s~0), while another magnetron sputtering with*610 3-mbar argon as sputtering
fraction n; (the fast onesis at a finite velocityv; (ng+ n; gas. During sputtering the samples are not cooled in this
=1). The average drift velocity can be estimated day = system. The other system is a Leybold Z400 sputtering sys-
=ngs+nss. In the plastic flow regime the amount of de- tem with a base pressure ef10°® mbar. Sputtering is rf
fects in the moving lattice is large, but decreases under indiode sputtering from a composite target with approximately
fluence of the driving forc&.,. If F,, is increased, firstthe 6x10 -mbar Ar as sputtering gas. During sputtering the
fraction n; of fast moving vortices increases rapidly. Then, substrate holder is water cooled.
when at high enouglir., the slow fractionng has almost The temperature at which sputtering takes place is very
reduced to zero, the velocity; starts to increase. Almost all important for the pinning properties of the samples. A small
vortices are moving now with the same velocity and lessncrease in deposition temperatufestimated at no more
defects can exist. This is dynamic ordering. The change frorthan 30 K causes a much broader distribution in pinning
a bimodal to single-mode velocity distribution gives rise to apotentials and therefore less collective pinning behavior. For
peak in the dynamical resistance: the samples from the UHV system, the disorder also in-
creases with film thickness, probably due to more heating in
(dvg/dFe)~dv¢/dFe,+(dns/dFe)(vi—vs). (2)  the longer sputtering period. High-resolution electron micro-
probe(HREM) analysis, however, shows that all samples are
Below the peak the slow vortices are essentially not movingamorphous and do not shaimicro)crystallites.
(vs~0) while the numbem; of fast vortices is increasing In the UHV system samples were prepared ranging in
rapidly, leading to a superlinear(l). Above the peak the thickness from 38 to 300 nm. Electron microprobe analysis
rate dn;/dFey at which the slow vortex fraction decreases (EPMA) on these samples shows a composition of 70% Nb
and the fast vortex fraction increases slows down considerand 30% Ge. The not-cooled samples from the UHV system
ably, while @s—vgs)~Fex. It is this slowing down of the will be indicated adJ followed by a number giving the film
ratedn; /dFg, with increasingF ., that is responsible for the thickness in nanometers. The cooled samples from the Z400
peak in the differential resistance. ranging in thicknesses between 34 and 190 nm will be indi-
So DO only takes place in a plastically moving lattice, for cated withZ and a number. These samples have a composi-
which a certain minimum amount of disorder is necessarytion of 67% Nb and 33% Ge. One sample was specially
The amount of disorder depends on the pinning mechanisnmarepared to make it weakly pinning by sputtering in short

IIl. EXPERIMENTAL

094511-2



DYNAMIC VORTEX ORDERING IN THIN a-Nb;Geq FILMS PHYSICAL REVIEW B 63 094511

TABLE |I. Sample parameters. For all sample$~20 mK. 1000 . . . {B ‘
c2
Series d Po Te S K £(0)
(hm)  (uem)  (K)  (T/K) (nm)
U 38 222 3.1 2.0 73 7.4 =
75 223 3.1 1.9 72 75 =% 500 |- B~
150 263 3.1 2.0 81 7.3 T i
225 247 3.1 2.15 81 7.1 1001
300 286 3.1 2.2 83 6.9 8|
z 34 247 20 21 81 74 g % NB,
67 252 2.9 2.0 79 75 0 " | ¥ 1 0 BM, 5
130 245 2.9 2.0 78 7.5 0 1 B, 2 3
B[T]
W 190 230 31 2.0 76 8.8

FIG. 2. Ac resistanc®,. versus field magnetic fielB measured
with J,.=3000 A/nt for U38 at temperatures 6f=1.7, 1.9, 2.1,
cycles(30-s sputtering, 2-min cool downlt will be called  2.3,2.5, 2.7, 2.9, and 3.0 Kight to left). The determination 0B,
W190. It was made from a different target and its composi-2nd B, is indicated. InsetR.(B) for W190 measured withJ,
tion was 70% Nb and 30% Ge. After sputtering, the samples 2500 A/nf at T=1.68 K.
were ion etched in 1Q9m-wide strips. The strips have a ) ) ) )
total length of 3 mm and a distance between the voltag®lace. In this section we will show how we derived,(T)
contacts of 1.5 mm. andB,(T) from our R,{ B) measurements. The good corre-

Ac-resistance measurements were performed as functiotPondence between the experimentally determined values
of temperature and magnetic fie[R,{(B,T)]. For these and the theoretical curves is an indication tBgp and B,
measurements a current densny‘nég 5000 A/rriZ (<JC) a.re det?rm|ne'd CorreCt|y and that mel“ng via Un.b|nd.|ng of
was used. VoltagéV) versus currentl) relations were mea- dislocation pairs still takes place. Later on, we will give an
sured by stepwise increasing the magnitude of the currentndication for the size of the correlated regions.

Current commutation and averaging was used to compensate The more strongly disordered samples of this work show
for thermal voltages. Occasionaly(l) was measured with- Pehavior as indicated in Fig. 2 f&f38 andW190. The mea-
out commutations, but no differences were observed. Als§urements have been performed with<5000 A/nf. In
hysteresis was never observed. The dynamical resisRgce the main figureR.(B) is plotted for U38 at temperatures
was calculated from the dc measurements using a standaf@nging fromT=1.7 Kt0T=3.0 K. In the inseR,(B) is
three-point differentiation algorithm. Since thgl) mea-  plotted for W190 at T=1.68 K. All curves show a linear
the samples were immersed directly in liquid helium. sharply to zero, but decreases much more slowly than for
weakly pinning samples. FON190 R,(B) shows a mini-
mum and maximum.

IV. SAMPLE CHARACTERISTICS We now argue that the measured curves can be inter-
preted as follows. The linear regionsiy(B) correspond to
more and more vortices depinning. The behavior in the
curved regions at high fields is dominated by fluctuations and
inhomogeneities. We have tried fluctuation analysis to deter-
mine B,,'® but this did not work well due to the large
amount of inhomogeneities. Values B, can be obtained
by extrapolating the data just above the kink, where all vor-
ntices are moving, linearly t&,,. This is justified on basis of
the work by Larkin and Ovchinnikov who described the full
flux flow resistanceR; close toB., as

All samples from theU series havel.=3.1 K and a
transition width in zero field of the order &T,~20 mK.
The resistivity atT=5 K is p,~230 u{lcm. TheZ series
have T.=2.9 K and AT.~20 mK. For these samples
pn(T=5 K)=250 Q) cm. W190 has T.=3.1 K and
pn(T=5 K)=230 w{) cm. The sample characteristics are
given in Table I.

For weakly collective pinning samples it has been show
how to determine the upper critical fiel., from R(B)
measurements. For this type of samples it has also been
demonstrated that 2D Kosterlitz-Thoule@D KT) melting
takes place before thermal depinning. The melting fgld Ri/Ry~1=a(T)(1~B/Bcy). )
can be determined both froR(B) and fromV(l) measure- o ) ) o
ments. For the more strongly disordered samples of this A Strong indication thaB; is determined correctly in this
work, R(B) andV(l) look differently. Therefore the way to Way follows from its temperature dependence, which is de-
determineB,, is not directly clear. Moreover, the occurrence Scribed in the implicit relatiol?
of 2D KT melting in these films is nai priori established. It
could be that the vortex lattice is too much disordered and
the correlated domains too small for KT melting to take

1 4£(0)*TcBea(T)

1
In(T/Tc)=\P(§)—‘I’<2 + . . 4
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For the more strongly disordered samples of this work, it
is nota priori clear if 2D KT melting takes place. A certain
minimum correlated region is needed that may not exist in
such disordered samples. It is also questionable if thermal
depinning will not take place before melting. If we consider
the R,{B) measurements as given in Fig. 2, we see Rjat
does not drop sharply to zero below a certain field, because
of a broad distribution in pinning potentials. Some vortices
depin very easily and the low ac current is already strong
enough to depin them. If 2D KT melting occui8,, has to
correspond with the field at which partial flux flow begins in
the R,{B) measurements. TherefoBg, is determined from
the measurements as indicated in Fig. 2 as the point where

FIG. 3. Reduced phase diagra®B,,(0) vs T/T,, indicating  the linear regions go over into regions with a much less steep
upper critical fieldB., (open symbolsand melting fieldB,, (solid descent towardR=0.
symbolg, for all U-series samples. The dashed line follows from A strong indication that the field we indicate Bs, actu-

Eq. (4). The solid lines are the melting lines for the different ally corresponds to the melting field comes from a compari-
samples according to 2D KT melting thediq. (8)]. son with theory. The melting curviEq. (8)] has no free-
fitting parameters, but is completely determined fy, S
with ¥ the digamma function. In this relatiof(0) follows |, “andd. In Fig. 3 the experimentally determined values for
from Bm(T)/B.,(0) are plotted for all samples from thé series
together with the calculated curves. Note that the experimen-
Bc2(0)=0.68T,=0.69, /[ 27£(0)], ©) tally determinedB,,, shift downward with decreasing just

: as the calculated curves do. The correspondence between
whereS= —dBCzldT|T=TC is the slope 0B.,(T) close toT, theory and experiment is quite good.

and the only free parameter. Figure 3 in combination with Figure 4a) gives a double logarithmic plot of(1) for
Table | shows that the experimentally determir@d(T)  y3g at T=1.44 K for a selected number of fields. In Fig.
values correspond very well to the theoretical relation for all4(b) the derived dynamic resistand®y(l) is plotted. At
samples ifSis takenS~2 T/K. This value fogSis the same  fie|ds belowB,,~1.8 T theV(l) curves do not bend down-
as values reported faa-NbsGe in literature’® which is an  ward as sharply as in weakly pinning samples. The critical
indication that our determination @&, is correct. Also the ¢yrrent determined with a voltage criteridp,y , is not well
values found fora correspond to values found earlier. defined and depends on the actual number used. At high
The 2D KT melting fieldB,, is the field above which the cyrrents thev(1) curves are linear with a constaRy; corre-
vortex lattice is in the liquid state and therefore unstable t%ponding to the flux flow velocitR; as calculated from the
the proliferation of dislocations. Belo®,, the vortex lattice expressionR; /R,=1.1B/B,.} This means all vortices are
is frozen. The 2D KT melting criterion is moving, but it takes large currents to achieve this. Only at a
velocity as high as ~15 m/s is full flux flow reached, com-
pared tov=0.2 m/s to set all vortices in motion for very
weakly pinning sample¥. Of special interest are the data for
B=1.3 T[see inset of Fig. @)]. A small peak can be seen
wherecgg is the shear modulus andlis a renormalization in Ry, which we ascribe to dynamic ordering, as will be
factor of the shear modulussg due to nonlinear lattice vi- discussed in Sec. V. At still higher currents an instantaneous
brations and vortex lattice defects as, e.g., bound edgeransition to the normal state sets in, which is caused by the

u3s

u7s

odhponm_

B/ B (0)

0.5 0.6 0.7 0.8 0.9 1.0
T/T,

Acggasd

KaT 4, (6)

dislocation pairsA=~0.64. The expression fargg is vortices reaching their critical velocifyThis transition is
characterized by a peak iRy with a maximum above the
B.(1)? 5 ) normal resistanc®,,, as seen in Fig. 4 for the curve Bt
Cee:4—Mb(1—0-533+0-293 )(1-b)%, (7) =22 T. AboveB,,, Ry=R,, as the curve aB=3.3 T
shows.
where B(t) =B(t)/k1y2 and k;=«(1.25-0.28), with The critical current . can be determined from the full flux

flow region of theV(l) curves by extrapolating this linear

part toV=0. In the inset of Fig. &) the determination of,

is indicated forB=0.7 T. The high velocities at which full

flux flow is reached lead to high values fiqr. Another way

) to determine the critical current is by using a voltage crite-

Ado(1.07)"d Bea(T) (1-0.58,,+0.2%2) rion (l.y). However, due to the curved nature of

327 uokgk? T(1.25-0.25)2 L V(l), ¢y is not well defined and is much smaller then
determined by linear extrapolation. The difference can be an

X (1—by)?=1. (8) order of magnitude. For very weakly pinning samples the

k=3.54x10*\/p,S. The distance between vortices &
=1.075/¢/B. Finally, d is the thickness of the film. The
melting curve is then given by
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FIG. 4. (a) Double logarithmic plot of characteristi¢(l) for BTl

U3BatT~1.44 K. The fields are in counterclqckwisz_e directiBn FIG. 5. (a) Critical current density,, versus magnetic fielB for
=0.7,13,1.7,19,2.2,and 3.3 T. Ins’e‘(_:l) qn linear-linear scgle U-series samples at 1.5 KI38 (squarel U75 (circles, U150 (up
for B=0.7, 1.3, and 1.7 T. The determination lgffor B=0.7is  yjangles, and U225 (down triangles Values ofJ, for U300 are
indicated.(b) Ry(l) for U38atT~1.44 K for the same fields as in larger than 4 107 A/m? at all fields and therefore not visiblé)
(& The normal resistancR;, and the flux flow resistancR atB  cyitical current densityd, versus magnetic field® for Z-series

=0.7 TandB=13 T are indica_ted. Ins?et: magnification Rf(1) samples at 1.5 KZ34 (squarey Z67 (circles, 2130 (up triangles,
atB=1.3 T. The peak is associated with DO. and W190 (down triangles

ratio betweerl; andl is only of the order of 2" Here, | wherer , is the range of the elementary pinning interactions,
will be determined by extrapolation. Defined in this way, Ces iS the shear modulus, antlandw are the sample thick-
is representative of the moving lattice and says somethingass and widthR. can be calculated by combining E@.0)
about the_ dynamic pinr_ling. Figure 5 shovx_/s the critical cUryith Eq. (9) and ljsing the experimentally determirfegl. In
rent densityd, for the different sample series. The order of ¢5¢e the size of the correlated domains is determined by plas-
magnitude is 10 A/m? for the Z series to 10 Aim® for the ;" yeformations, Eq(10) for R. is not valid anymore. This
U series. L . . . happens whenR;/a, drops below a certain criterion.
The question is valid whether its behavior can be deyyggenweber, Kes, and Tsé&Bhowed that this criterion is
scribed by CP. That would already imply that the high-g 5 15 when calculated from, v . ForR./a, calculated
velqcny motion is elastic, with few _defects. In CI.D thebttye from J. determined via linear extrapolation the criterion
vortices start to move & ,=JcxB in bundles with volume  ignt pe 4 different number. Further on we will see it is
VC_= Rcd. The pinning force density in case of 2D CP can beroughly R./ay<10. From Eqgs(10) and (9) follows that in
writien as case of 2D CPJ, at a certain field and temperature is pro-
_ 2 21/ portional to 14 for samples with the same pinning strength
Fp=[W/RLd]™, (9 W.

whereW is a parameter that describes the averaged pinnin From the experimentally c_ietermlnelg(B), values for
S ./ag(B) were calculated using Eq$9) and (10). For T
strength W depends on the nature of the pinning centers and_1 5 K thev are shown in Fia. 6. The numbers reach the
can differ between samples. Here we will not go into the y . 9. ©. .
L . order of 5-30, and are higher for tizeseries samples than
exact nature of the pinning centers, but simply deternfipe

experimentally. If the size of the correlated domains is de-f.Or the U-geneg samplegFig. 6). Also, for theZ-se.rles.a
. . . o linear relation is found betweeh, and 14, as shown in Fig.
termined by elastic deformationR,, is given by

7 for B=0.5 T, T=1.55 K. This indicates that pinning
strength and the pinning mechanisms are the same for the
(10) different thicknesses, and that the pinning is 2D CP. The

Rc:r Cee
P three thinnest samples from théseries also show a linear

8d 1/2
WIn(w/RC)} '
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U-series

Rya,

Z-series

30

Rya,

BIT]

FIG. 6. (a) Correlated collective pinning length over intervortex
distanceR./ay vs B, calculated aff=1.5 K, for U38 (squareyg
U75 (circles, U150 (up triangle$, U225 (down triangley and
U300 (diamond$. The arrows indicate at which field value DO
starts. (b) The same forZ34 (squarel Z67 (circles, Z130 (up

triangles, andW190 (down triangles

relation between](B=0.5 T, T=1.55 K) and 1d, al-
though with an offset at @i~ 0, quite similar to the behavior
found for films of Mo,gGe,;.** The thicker films from théJ
series have much higher values Qf. Whether the pinning

2x1 07 T T T
|

E
<
-
o 1x107F .
[
N2 ]
@B . °
:;0

0 1 1

0.00 0.01 0.02 0.03

1/d [nm™]

FIG. 7. Critical current density).(B=0.5 T, T=1.55 K)
versus inverse thicknessdlfor all samples. Open symbolg, se-

ries; filled symbolsU series.
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FIG. 8. Dynamic resistancBy versus current for U150 at T
=1.55 K. The fields ar®=1.0, 1.1, 1.2, 1.3, and 1.4 T.

in theseU-series samples is 2D CP cannot be determined
from this analysis sinc®/ and the pinning mechanisms most
likely vary.

Summarizing the sample characteristics, the samples pre-
sented in this work are more strongly disordered than the
very weakly pinning samples of previous studi&$’ The
larger disorder leads to channel-like, partial flux flow at the
onset of motion, aR(B) andV(l) measurements shoB..,
can be determined frolR(B) and has values comparable to
those of very weakly pinning samples. Dislocation-mediated
melting still appears to take placB;,(T) is in good corre-
spondence with the theoretical curve. THél) measure-
ments show that at high currents full flux flow occurs. From
these high-current data, the critical current for the moving
vortices has been determined. For thandW samples the
pinning is certainly 2D CP and the size of the correlated
domains is of the ordeR;/ay 10—30. For the U-series
samples, it appears that the pinning mechanisms are not the
same for different samples, but pinning might still be 2D CP
with correlated domains of the ord&./ay~5—12. DO
shows up in a number of tHey(1) curves as a peak, and this
will be discussed next.

V. RESULTS ON DYNAMIC ORDERING

Figure 8 shows peaks iRy4(1) at a number of fields for
U150 at T=1.55 K. At currents above the pedk;=R;.
We associate the peaks with DO of the vortices as described
in Sec. Il. For all samples thé3(T) phase diagram has been
scanned below the melting line down te-0.5 for occur-
rence of DO. In case of a peak Ry the current at which the
maximum occursl|,, has been determined.

Figure 9 shows the phase diagramsZ@4 and 267 and
of U150 and U225 (w=100 um). Indicated by solid
squares are the highest and lowest fields at which a DO peak
in Ry(l) was observed. The open squares indicate regions in
which no DO was found. As can be seen in Fig. 9 a mini-
mum fieldB, .., exist below which DO does not occur. Also
a maximum field appears to exists, above which no DO is
observed. This is due to the fact that the small DO peak is
masked by the onset of the much larger peak corresponding
to the normal-state transition.
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T/T,
= e
— .
@ = FIG. 11. Peak current over critical currdnt/| . versus tempera-
ture scaled on the melting temperatdr€r ,, for U150 (solid sym-
bolg at fields of B=1.0 T (squaregs 1.1 T (circles, 1.2 T (up

triangles, and 1.3 T(down triangleg and forU225 (open symbols
atB=0.4 T(squarey 0.5 T(circles, 0.6 T (up triangle$, and 0.7
T (down triangles The line is a fit to the relatiori,/lI;=a

FIG. 9. B,T) phase diagrams faZ34, Z67, U150, andu225 ~ +B/(1=T/Ty) with a=1.55 ando=0.1.

The dashed lines indicat®.,(T), the solid linesB,(T). The re- . . . . . ) .
gions between the solid squares indicate at which fields DO haStatic lattice, since vortices in both the static and dynamic

been observed. In the regions between open symbols, no DO h&date are subject to the same pinning centers. As can be seen
been observed. in Fig. 6, samples which are weakly enough disordered that

R./ay reaches maximum values of the order of 10 or more

The lowest field at which DO occurs shifts downward ONIY start to shpw D.O as soon &/ag Qrops below about
with increasing pinning. For the weaker pinning samples,lo at the hlgh—fleld side. For strongly disordered samples for
especially those of the series, DO only occurs very close to which R:/a, is of order 1(U225 and U300, DO already

the melting line. Above the melting line DO cannot occur °CCurs at low fields. o

and is never observed. Figure 10 shows the relation between 1€ currentd,, at which the maxima iRy(1) occur have
the field at which DO first occurs, scaled on the melting field,P€n determined for the sample$50andU225as function
Bp.jow/Brm(t=T/T,~0.5), and a typical value for the critical of temperature at a number of f|elldt5,,(T) increases for
current densityd.(b=B/B.,=0.3) taken as a measure for U150, but decreases fer_225 at all f|eld_s. However, if we
the intrinsic disorder. To relate DO to the disorder of theP!0t Ip/lc vs t=T/Ty, (Fig. 11, the ratio at low reduced
lattice in a different wayB,, 1o, is indicated in the graph of teMperatures is almost constahy/l.~2, while close tot
R./ao(B) (Fig. ©), giving the size of the 2D CP correlated — 1 &ll curves increase. Fay150the curves ofl ,/1(t) at
regions. AlthoughR. /a, has been calculated frody of the ~ different fields 8=1.0,1.1,1.2, and 1.3)Teoincide. ForT,

moving vortices, it is also a measure for the disorder of thdN€ value as calculated by the 2D KT melting theory has
been used. Similar almost universal behavior is found for

Io/1c vs b=B/By,, as shown in Fig. 12 for all samples tat

15 20 25 30 15 20 25 30
TIK] TIK]

1-0 T T T
B U-series T T T T T T T T
O Z-series H U38 o 234
10 ® Uu7s o 267 v
A U150 v W190
o v U225
S 05| . & U300
ot :“ AV
Y
5 -
B 08
I o .B.F 0]
00 . . . | 06 WIW WYV, nisiiin
0 1x10 2x10’ 0 A T T T TR
J, (b=03) [A/m? 0.0 0.2 0.4 0.6 0.8 1.0
B/B,
FIG. 10. Lowest field at which DO occuB, ., scaled on the
melting field B,(T) versus the critical curreni (b=0.3) atT FIG. 12. Peak current over critical curreh/I; versus field
=1.55 K. The solid line is meant to guide the eye. scaled on the melting field=B/B,, for all samples at~0.5.
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~0.5. Up tob~0.8 the value of ,/I.~2 is constant. Close Egs.(1) and(6), and the fact that ,~a,/2 close toT, we
to b=1 this value starts to increase. find

VI. DISCUSSION AND CONCLUSION Fao 1p \/; A Tn 11)
1, V216T,—-T°

The results are in good qualitative agreement with the p

. . . 8 . .
description of Falesket al,” discussed in Sec. Il. MOreover, The noint of interest is that the ratig/I . diverges according
using the fact that even for quite high disorder 2D collectivey, 5 universal constant contrary to the divergencel jof

pinning theory and the concept of dislocation-mediated melt hich contains the sample-dependent paramdteasdr , .

ing still can be used, the conditions for occurrence of DO Cakitting the data in Fig. 11 to the relation /1 =a+b/(1
be quantified. The experiments show that if the intrinsic dis-_ 1/t ) yieldsa=1.55 andb=0.1 Thelatterc value is to
m : 1

order of a sample is not too large, i.e., the correlated domainBe compared ta/7/2A/16~0.05, and the agreement is quite
reach at Iea_st a maximum v_alue Bf/a,= 10.’ DO occurs ood. This also shows that the full description for DO be-
when softening of the lattice increases the disorder. When avior involves a crossover from a low-temperatdield)

some fieldR./ay drops below 10, the disorder is large ; - - L
enough for DO to occur. The exact field at which this hap-reglme where the value of /I is determined by the pinning

d d the pinni d th : | arameters of the sample, to a high-temperattiedd) re-
pens depends on the pinning an € maximum vaiue dgime where this is not the case, with the crossover tempera-
R./ay. Therefore DO moves closer to the melting field for

weaker pinning, and can lie so close to the melting field forture (field) again determined by the pinning. Coming back

9 € " once more to the experiments of Hellerqwstal,®*° those
very weakly pinning samples that it is hardly observable ex P d

. ‘are clearly below the crossover: althouighdiverges,l /I
perimentally. The value dR./ay,~ 10 probably corresponds y W v ughdiverges,lp/l

h the t ition f lastically t lasticallv di is actually going down in their whole temperature regime
Wi € transition from an €lastically to a plastically diSOr- o4 the universal constant cannot be extracted from those
dered lattice. At low fields, wherR./a, is also small, DO

does not occur, since the DO forégy, is lower than the data.
pinning forceF, and the vortices order at the onset of mo-
tion. For samples with a large intrinsic disorder, iR./ag Vil. SUMMARY
of order 1 everywhere, DO already occurs at low fields, since \ve have investigated dynamic ordering effects in films
the pinning force is now high and the lattice is plastically yith varying amount of pinning and a two-dimensional vor-
deformed also at low fields. _ tex lattice. The nonlinear behavior of the voltage versus cur-
Considering the current values, at which DO takes yent relations, i.e., the peak in the dynamical resistance, in-
place, we find a uniform ratio of peak and critical current gicates that current-induced ordering takes place. This DO
I/l and similar behavior for all studied samples both aspnly occurs if the disorder is large enough and a plastic flow
function of reduced temperature and reduced field: over gegion exists. The disorder depends on the intrinsic disorder
relatively large temperature and field range the ratio is congf 5 sample, which is indicated kix(b=const) and on the
stant, while close to the melting temperature or field it startgig|d. A good measure for the disorder is the size of the
to increase. For the temperature dependence this is in qualiprrelated regions as determined using 2D collective pinning
tative agreement with the diyergence of the. driving forcetheory. DO appears if this size drops below the order of
needed for DO as expressed in Ef). For the field depen- R /3 ~10. Since the field at which this happens depends on
dence, the underlying reason will be the same: near meltinghg intrinsic disorder of a sample, DO moves closer to the
dislocations are more easily induced by the energy generatgfe|ting line for more weakly disordered samples. The cur-
through the motion, and it takes larger velocities to suppresgant at which DO occurs scaled on the critical current is
this effect. The comparison between experiment and theorygnstant up to high reduced fields and temperatures and di-
can even be made more quantitative by realizing that, in thgerges at the melting transition, in agreement with the notion
framework of 2DCP, Eq(1) can be written in terms of the that increasing velocities are needed to overcome the effect

ratio | /1, sinceFg, corresponds with, andI" with 1. of ejther temperature or softening of the shear modulus of
Specifically, we use the following relation between the dis-the vortex lattice.

order strengti” of Eq. (1) and the average pinning strength
W of Eq. (9): F=Wrgd. This follows from realizing thal is

a pinning energy squared times the arer% in which the
pinning force acts whil&V is the pinningforce squared per This work was supported by the Nederlandse Stichting
unit volumerf)d. Writing Eq. (9) asF,=WI(r,Ceed), using  voor Fundamenteel Onderzoek der Matéf©M).
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