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Dynamic ordering and frustration of confined vortex rows studied by mode-locking experiments
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The flow properties of confined vortex matter driven through disordered mesoscopic channels are investi-
gated by mode lockingVIL ) experiments. The observed ML effects allow us to trace the evolution of both the
structure and the number of confined rows and their match to the channel width as function of magnetic field.
From a detailed analysis of the ML behavior for the case of three rows we dbtétie pinning frequency,,

(i) the onset frequency,. for ML (« ordering velocity, and (iii) the fractionLy, /L of coherently moving
three-row regions in the channel. The field dependence of these quantities shows that, at matchingywhere
is maximum, the pinning strength is small and the ordering velocity is low, while at mismatch, Wwhetis

small, both the pinning force and the ordering velocity are enhanced. Further, we fin‘qotrﬁét consistent

with the dynamic ordering theory of Koshelev and Vinokur. The microscopic nature of the flow and the
ordering phenomena will also be discussed.
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. INTRODUCTION =(p/q)fa,”®?similar to ML steps in sliding charge den-
sity waves(CDW's) (Refs. 22,23 and giant Shapiro steps in
Vortex arrayg(VA's) in type-Il superconductors are exem- Josephson junction arrafsHowever, on decreasing the ve-
plary systems to study nonequilibrium states of driven peridocity vy or increasing the temperature, incoherent fluctua-
odic media in various pinning environments. A particularly tions and plastic “events” due to quenched and thermal dis-
interesting phenomenon in this context is that of a dynami®@rder reduce the width of the ML steps compared to that of
transition from an elastic, coherent flow state at large velocian elastically moving system. Approaching the regime of
ties to a plastic, incoherent flow state at small velocities. Thdully plastic or liquid flow, the ML amplitude eventually
first theoretical description of this issue was provided byvanishe§'® and the ML frequencyf at which this occurs
Koshelev and VinokufKV) (Ref. 1) and refined in subse- provides adirect measure of the ordering velocity.=f.a.
quent studies™® which predicted various novel flow states, The particular system of our studies consists of mesos-
including a moving glass characterized by elastically couplegopic flow channels in a disordered, strong pinning
chains oriented along the flow direction and a moving transenvironmen£!?>The geometry of the samples is sketched in
verse smectic with decoupled flow chains. Such structurekigs. 1a), 1(b). Vortices inside the channels are confined by
and the dynamic transitions between them have been extestrongly pinned vortices in the channel ed¢ég’s). When a
sively studied in a number of numerical simulaticns. force is applied along the channel, the shear interaction with
Experimentally, a diversity of flow states has been re-these CE vortices provides the dominant pinning mechanism
ported in direct imaging experiments on NbSeystals®~1°  impeding the channel flow. Further, since the natural lattice
However, quantitatively the effect of pinning strength and/or(row) spacing isag=1.075/®,/B (bg= J3ay/2), on vary-
temperature on the ordering velocity has been studied onling the magnetic field one can go through a series of struc-
through dc transport experimertts®based on the assump- tural transitions fronm to n=1 vortex rows in the channel
tion that an inflection point in dc current-voltage/) curve  (typically n=<10). In addition to its relevance for the study
(i.e., a peak in differential resistancenarks the dynamic of (dynamig structural transitions of vortex matter in
transition. Recently, different explanations have been givemuenched disorder, the physics of this system is also closely
as the reason for such inflection point, like macroscopic corelated to layering transitions in confined fluids, flow of col-
existence of two phasksand a change in the self-organized, loids in mesopores and mesoscopic friction.
large scale morphology of vortex rivet3Thus, a more di- In Ref. 21 we have given a short account of the interesting
rect, microscopic probe is required to study systematicallphenomena which this system displays. First, due to the
the velocity, magnetic field, and temperature dependence aitructural transitions, the dc-critical current for channel flow
dynamic ordering. (yield strength oscillates with field as shown in Fig(&). At
Recently, we reported on the use of mode-lockiMl)  a given field, the ddV (force-velocity curve with superim-
experiments as a direct probe of orderifigilhe ML phe-  posed rf current exhibits the ML effect, as shown in Fig.
nomenon occurs due to coupling between, on the one hand(c). The ML condition in this case attains a form which is
collective lattice modes of frequendy,,=quy./a, withgan  particularly useful to study the structural transitions. The
integer andh the lattice periodicity, which occur when a VA voltageV, ; at which the fundamentalp=gq=1) ML step
moves coherently with velocityyy. through a pinning occurs is given b
potential’®'’and, on the other hand, a superimposed rf-drive
of frequencyf at an integer fraction p/of f;,;. This coupling
produces steps in the dc-transp@lV) curves whenu g Vi1= f®onNep (1.9
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FIG. 1. (a) The channel devicéside view consisting of strong

pinning NbN (dark) and weak pinning amorphous NbGe. The cur-

rent and field directions are indicateth) Sketch of the vortex
structure around a chann@bp view). The effective channel width
w is also indicated(c) Typical ML step in a ddV curve at 70 mT
and a superimposed rf current of 3 MH#) Normalized ML volt-
ageVy,/(fd,) versus magnetic fielde) Critical currentl ., deter-
mined from a 1uV criterion, versus field.
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flow velocity, both in our system and vortex lattices in gen-
eral, forms an important difference with CDW’s. Particularly,
for CDW's the “displacement{phasg field is a scalakp(x)

and the velocity«d.¢(x) represents longitudinal motion
only. Our system, when compared to regular vortex lattices,
has the unique property that the transverse response can be
tuned.

In this paper we study in detail the ML step width as a
function of the rf amplitude and frequency in detail. The
experiments provide important information on the dynamic
coherence of the arrays and how this coherency varies with
mismatch and flow velocity. We focus on ML in the regime
wheren=2—-3—4, but our findings are representative for
other transitions with limitech=10. The paper is organized
as follows. In Sec. Il we first review previous theoretical
results on ML at high frequency and then present simulation
results of a one-dimensionélD) vortex chain to show the
full frequency dependence of ML in a system with only elas-
tic deformations. In Sec. Il we describe the details of our
sample and the experimental procedure. The experimental
results are presented in Sec. IV. We find clear evidence for an
ordering frequencyf. below which no ML occurs. Further-
more, from the ML data we extract the pinning frequegy
and the total length.,, of coherently moving three row
regions. These quantities systematically change with mag-
netic field: at matching, wherky, is large,f, and f. are
both small, while at mismatch whetg,_is small, bothf,
and f, are enhanced. We find thagocff), independent of
magnetic field. In Sec. V we compare these results with the
ordering theory of Koshelev and Vinokur, and discuss the
implications for the microscopic nature of the flow and the
ordering phenomena.

II. THEORETICAL CONSIDERATIONS

The velocity (or frequency dependence of the ML step
width is particularly useful as a direct probe of dynamic or-
dering. At present, the ML step width has been studied theo-
retically only in the high frequency limit, where perturbation

with @, the flux quantumN, the number of channels mea- theory allows us to obtain an analytical descriptforn°
sured simultaneously, amdthe number of coherently moving

chainsin each channel.

As observed in Fig. (tl), on changing fieldy, ; increases
as a staircase, directly reflecting the evolutiomafith field.
A comparison with Fig. (e) shows that at mismatch fields, tice driven through a pinning environment by combined rf
i.e., where a transition—nz= 1 occurs antch andn=1 steps
may coexist, the yield strengthal . is maximum, whereas
around the center of th¥, ; plateau, where an row con-

figuration matches the channel width, it is minimum. As

A. Equation of motion

The 2D displacement field(r,t) of an elastic vortex lat-

and dc external forces i@t T=0)

>

au

shown in Ref. 21, this phenomenon is caused by positional
disorder(roughnessof the vortex configuration in the CE’s:
first of all, on moving away from the matching field this

disorder enhances transverse fluctuations of vortex chains |
the array, impeding the flow. Secondly, close to mismatch

part of the (moving n-chain regions within each channel
may switch ton=1. In between then and n+1 regions €
guasistatic fault zones with misaligned dislocations developt CesV2U] with ¢;; and cgg the compression and shear
where the vortex trajectories are jammed. We note that thenoduli, respectively:® In absence of the pinning fordes,
presence of degrees of freedom transverse to the averatjee lattice is undistorted and flows uniformlydu/dt

with y=® B/ p; the friction coefficient withp; the flux flow

rﬁsistivity. Fp is a driving force per unit length consisting of
dc and rf terms]Fp|=j 3P0+ j 1P ocos(2rft) with jy. and
j the dc and rf current densities, respectivefy is the
elastic restoring force given by, /B)[(C11— Cee) V(V - U)
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=Fp/y=vgctvacos(2rft) with an ac velocity v,. Ji(2) is maximum, the characteristic maximum value of the
=jy®o/y, i.e., proportional to the rf drive. fundamental ML width at high frequency is

Ajmax,P::I--lac: (2.5

_ A'_[ high veI(_)cmes where the friction term do_mmates the Ajmaxr=0.67 o(K) (2.6)
pinning term in Eq.(2.1), one can treat the pinning as a
perturbation with respect to the undisturbed rf-dc velocityfor periodic and random pinning, respectively.
|Fp|/y. We distinguish two cases, namely, a periodic pinning These perturbational results are only applicable for fre-
potential and a random pinning potential. In case of a periguenciesimuch above the so-called pinning frequenty.
odic potential with periodicities equal to that of the lattice, For a sinusoidal pinning potentiaf,, is analogous to the
elastic deformations are absef& 0) and the whole lattice  characteristic frequency of an overdamped Josephson junc-
behaves as a single particle with overdamped dynamics in #ion and it is given by
sinusoidal potential. At large drive this case is described
analogous to a voltage biased, resistively shunted Josephson fo=jcPo/va. (2.7
junction?! substitutingu=uvt in Eq. (2.1) and assumingp o ,
= usin(ku) with u the maximum slope of the potential and For random pinning, the fundamental ML step involves only

k=2/a, one can show that as first order correction a stegh€® K=2m/a Fourier component of the pinning force

anomaly appears in the dc velocity-force characteristics &t p(K) =To(K) g since it is responsible for the dynamic lat-
the ML conditionv 4= paf. The current density width of the tice mode excited at the washboard frequench, (

B. Amplitude of the ML-interference step

pth step oscillates with the rf drive according to =vq4c/a). In this case one can define the pinning frequency
f, (Ref. 32 such that the strength of the friction terpaf in
Ajp1=2jc|Ip(vac/fa)l (22 Eq.(2.1) equalsF(k):
with j.= u/®, the critical current density and, the Bessel prTc(k)q)o/)’a- 2.9

function of the first kind of ordep. Note that no subhar-

monic ML (q=2) occurs in this model. Below f, no analytical result fol ], is available, not

Turning to a VL in a purely random potential, the first g/on for sinusoidal pinning In this regime numerical simu-

order perturbation correction has zero mean. The second Ofions are a useful tool to obtain the theoretical value of the
der correction is the lowest order of perturbation that Pro<,ndamental ML widtF435To obtainAj,., vsf for the case
- max

vides the ML step. Ta}km'g into account the I'attl_ce' dIStor“Q”SOf completely elastic motion in our channel system, we have
due to the random pinning within the elastic limit, Schmidt

erformed molecular dynamics simulations of an rf-dc
and Haugéef showed that the ML step can appear at bothp . y I muat

h : h . N ¢ driven 1D elasticvortex chain both in a channel with peri-
armonic and wa armonic MLcond|t|oa§C—(p/q)a gnd odically configured static vortices in the CE’s and in chan-
that the associated width of the current density step is

nels with strongly disordered CE vortex arrangemgsese
~ the inset of Fig. &) and Refs. 36,37 for more detdilsSThe
Ajpa=2](ak)I2(quac/ fa), (2.3 channel width isv=b, i.e., the(average spacing between
the first pinned rows is I2,. Vortex interactions were mod-
) ~ elled by the London potential with/ag=1 (\ is the pen-
Je= % jc(qk), (24 etration depthand the average vortex spaciagn the chan-
nel was chosen equal to that in the CHss a,.

where] (k) is the component of the critical current density ~ FOr the periodic case, the CE potential is sinusoidal and
related to the Fourier transform of the random potential corfne critical current density. is given by its maximum slope
relator at wave vectogk Thus, for random pinning the ML 1c=#/®o. Simulating a chain of limited length was suffi-
step width exhibits a squared Bessel-function oscillation witr€ient since all vortices behave as a single particle. Figure 2
the rf drive. The same conclusion was obtained in a perturShows an example of the ML step for superimposed rf drive
bation theory of CDW's in presence of rf and dc drifén ~ Of amplitudev,c/(fa)=2 and frequencyf=3f,. In Fig.

the following we omit the subscripgsandq in the ML step ~ 2(C), we summarize the numerical results ®fmayp versus
width since we will discuss only the fundamental ML phe- frequency, represented by the solid squares. HeJgyp is
nomenon forp=q=1 (whereq=1 will be justified in Sec. normalized byj. and the frequency is normalized Iy de-

IV). We note here that in our caaean be a frustrated lattice fined by Eq.(2.7). At high frequencyf>f,, Ajyap satu-

spacing different from the natural one in Ref. 26. rates at a frequency independent valig p/j.=1.13 very
close to the theoretical prediction E®.5) for periodic pin-

ning. For smalleff, Aj..p Starts to decrease aroufigland

then vanishes linearly witf. The whole frequency depen-
It is clear in Eqs.(2.2) and(2.3) that the dependence on dence ofAj ,axp is Well approximated by an empirical func-

frequency and rf drive only appear in the argumenmt tion

=v4c/fa of the Bessel functions, irrespective of the type of

pinning. Choosingz by varying the rf amplitude such that Ajmax=Ajstani(/0.7f ), (2.9

C. Frequency dependence
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i Further, we note that both in the periodic and the disordered
] channel simulations ML can be observed dowrf +60. We
believe this is a direct consequence of the fact that vortices in

<
1t o the chain remain elastically connected, because other simu-
0.9 ] lations in which also transverse degrees of freedom and plas-
© 0.y ticity are allowed, do not show this featute.
i/,
' ' ll. EXPERIMENT
] The device consists of a strong pinning layer of polycrys-
4 talline NbN film on top of a weak pinning amorphousa-|
------------ H----- Nb; _,Ge, film (x=~0.3). The thickness of the NbN and
il T a-NbGe films are 50 and 550 nm, respectively. Using reac-
JeRsleivials ™ 1 tive ion etching with proper maskirfj narrow straight chan-
| O OO O o nels were etched from the t@plbN) layer leaving a 300 nm
— :(,',,',_'j“”bﬂ (=dg) thick (a-NbGe bottom layer, see Fig. (a). The
. e eew e e ] width and length of each channel are 230 nm and 260
08005 10 15 20 25 (=L), respectively. The spacing between adjacent channels
f/1 is 10 um. Magnetic field was applied perpendicular to the

films, inducing a vortex array as schematically shown in Fig.

FIG. 2. (a) Normalized force-velocity curves for simulations of 1(0). The transport current was applied perpendicularly to
a vortex chain with an rf drive of frequendy=3f, and amplitude ~ the channel, providing a driving force parallel to the channel.
vac/(fa)=2 in a periodic 1D channelb) same aga) in a disor- For the ML measurement, we recorded dc voltage by
dered 1D channel(c) Maximum ML current density step width sweeping the dc current with superimposed rf current. The
from simulations with rf drive of various frequencies and ampli- transmission lines for the rf current were terminated by
tudes: @) results for a channel with periodic CE vortice§lY ~ matching circuits very close to the sample. To avoid heating,
results for disordered 1D channels. The curves show the empiricddoth the sample and the circuits were immersed in superfluid
relation Eq.(2.9) with C=1.16 (drawn ling andC=0.69 (dashed  “He. For consistency, all the data presented in this paper
line). The inset shows the simulation geometry for a periodic CEwere taken after field cooling in which the magnetic field
configuration (O) and for a disordered CE configuratio®{. was applied abov&.’s of a-NbGe(2.68 K) and NbN(11 K)

and the sample subsequently cooledlte 1.9 K, which is

in which we have omitted the subscript referring to the peri-much lower than the vortex lattice melting temperature
odic pinning potential. Equatio(2.9) is represented by the ~2.5 K for the fields we studied. The ML stepsli¥ curves
solid line in Fig. Zc). are always rounded as in Fig(cL For definition of the cur-

For thedisordered1D channel, the CE vortices are as- rent step widthAl, we took the derivative of thé/ curve
signed relatively large random shifts over distaniswith  and integrated over the ML peak in the differential

W(V-d)%=0.12 with respect to the regular lattice conductance-voltage curve with respect to the flux-flow base
configuratior?’*® We used a chain of 2000 vortices for line 2

which the results have become length independent. Due to
the disorder, both the numerically obtained threshold force
ocj? and the step width\ j,,cg are strongly reducefby a
factor ~5 (Ref. 37] with respect to the ordered case. An  Our measurements were carried out in the magnetic field
example of the simulated ML step is shown in Figb2 regime where three-chain structures exist in the channels,
There are two distinct differences with the periodic caseranging from 45 to 110 mT, see Fig(d). We thus focus on
displayed in Fig. £a): (i) the sharp corners disappear diigl  the fundamental ML step characterized Wy ;/(®ofN¢p)
both below and above the ML condition the curve(l is =3 originating fromcoherently moving # 3 regions. At the
essentially linear with the same slope, with a shift at the MLborders of our field range coexistence witi 2 orn=4 ML
condition, very similar to the experimental result in Figc)l ~ steps may occur.
After normalizationAjmaXR/j§ and f/f,= yaf/(chCDO), we In Fig. 3 we show an example of how the fundamental
plot the simulation results collected for various frequenciedML width Al depends on the rf drives for wogH=80 mT
in Fig. 2(c) as the open squares. The saturation valuend f=12 MHz. Al(l;) shows oscillatory behavior with a
AjmaxR(f>fp)zAst:0,7j§, very close to the result in the maximum valueAl .4 in the first lobe, as indicated in the
random pinning limit in Eq(2.6). The whole frequency de- figure. A qualitative comparison of the data with the theoret-
pendence is then again well approximated by Eg9)  ical predictions Eq(2.3) (solid line) and Eq.(2.2) (dotted
[dashed line in Fig. @)] in which we have now implicitly  line) shows that the data follows more closelydathan a
assumed the subscrifR referring to the quantities in the |J;| dependence. AtAl,.. it is found that |=(1.9
random case. +0.3)l4 over a broad frequency range betwefghand 40

It is worth mentioning that the results for the disorderedMHz (above this frequency the experimental erroi inbe-
channel were insensitive to small changes in the rata,. comes larger This value is in good agreement with £g.3)

IV. RESULTS
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FIG. 3. Current widthAl of the fundamental ML step vs rf ( )
currentl s taken at 12 MHz and 80 mT. The maximzum vallilnay FIG. 4. The maximum current widthl,., as a function of
is indicated. Solid and dotted curves display=Ji(z) and Al frequencyf at 50 mT. The solid curve shows the fit according to the
*|J1(2)], with z=<1 ¢, respectively. empirical function Eq(2.9). The dotted line shows the linear ex-

] ) trapolation toAl ,,,,=0 for definition of the dynamic ordering fre-
which has a maximum &=uv ,¢/fa=vac/vge=I /4= 1.8. quencyf.. The inset shows the onset behaviorAdf,,,, and order-
It is important to note that while the values of the rf currenting frequencyf, for a field of 110 mT. The solid curve shows a fit
might appear rather large, the actual vortex displacementss the high frequency data to E(2.9).

due to the rf drive at or below the first maximum J&(z),
are less than 1.8/(2) =0.3 of the lattice spacing.

Thle(z) behavior shows that the pinning potential dueAImaX at finite frequencyf, is even more clearly visible in

to the vortices in the CE acts as a random poteri&.*! the data taken at 110 mT shown i_n th_e in_set_to Fig. 4. Below
The origin of the RP is the strong positional disorder of thefc no ML step appears ainy rf drive |nd|§at|ng the com-
vortex lattice in the NbN edge material. This disorder hagP!€t€ absence of coherent three-row motion.

recently been observed in scanning tunnelling microscopy 1ne above fitting analysis was performedmh.(f) data
experiments on NbN film& We further note that we did not taken at various fields in the=3 field regime and we ex-
observe subharmonic ML steps, i.e., there were no ML stepactedf,, Al and the dynamic ordering frequenty. We

at Vyy =3f®yN.,/q with g=2. In the context of our RP first discuss the results df, and Al as a function of mag-
this seems in contradiction to the results of otH&r&ut  netic field, shown in Fig. ). As observedf, has a mini-
those experiments have been carried out at relatively loumum at 70 mT, somewhat below the middle of the plateau in
fields where the RP has short range correlations on a scalg, ; in Fig. 5a), and it increases on approaching either end
&é<a. Fourier componentgk with q=2 are needed to de- of the plateau. Hence, the associated pinning current density

scribe such short range fluctuations and therefore subhajy the coherent three-chain regiopgk) is small at 70 mT
monic ML steps are seen. In our case, the RP is due to the

CE vortices which have average spaciag=a. Conse- and increases away from 70 mT. In fact, the valu¢.0k) as

quently the most important Fourier component describingdeterm'ned f_rom‘p.usmg Eq.(2.8) agrees W!th'n 30% with
this RP is theg=1 mode, which explains why we do not see Jc 2 determined directly from d/ curves, Fig. Le). Mean-
subharmonic ML steps. while, Al4 exhibits a f|eld.dependence which differs consid-
Next we turn to the frequency dependence\df, .. Fig- erably from that off,: it has a broad peak around
ure 4 shows| ,,,(f) at 50 mT obtained from measurements =50 mT and then decreases with increasing field. Clearly,
similar to those in Fig. 3 at various frequencies. As in thethis behavior cannot be explained by simply assuming
numerical results in Fig. (), Al .y Saturates at a value Alg(B)xjc(B)efy(B).
Al¢=78 uA at high frequencies, while at low frequencies it At this point we note that theory assumes all vortices in
decreases monotonically with A large part of the data is the channel are moving coherently. However, in our experi-
well approximated by the empirical function discussed in thement only a fraction of the vortices move coherently. Spe-
previous sectionAl ., =Aldanh(f/0.7f,), and we can ex- cifically, an n-row region may locally break up due to the
tract the pinning frequench,="7.8 MHz as the remaining fit strong edge disorder or it may coexist with 1-row regions
parameter. However, at low frequentiye., small dc veloc-  (with different ML voltage$ due to mismatcR* We define
ity) the data lie significantly below the empirical curve. This the total length of mode-locked regions with three coherently
implies that the vortex motion becomes less coherent due tmoving rows aslLy,_ and the mode-locked fraction as
the disordered CE’s. On reducifgAl . vanishes almost Ly, /L. Since only the coheremtrow regions contribute to
linearly at afinite frequencyf, determined by the intersec- Alg, we can link the value oAl to that of Ajg by using
tion between the dotted line and tidd ,,,,=0 axis. In this Alg=Ly, dAjs. In this expressiomjg can be obtained
regime, the rf current for whickAl exhibits its maximum from the measured pinning frequency via E42.8) and
value, starts to saturate at a valud.*® The collapse of (2.6). Using y=®,B/p; the result forL, is given by
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g u-E D\D 0 10.04 —~ FIG. 6. Dynamic ordering frequency, versus pinning fre-
g f \. ™~ ?, quencyf,. Dotted Iine:fc=7-f§ with 7=1x10"8 s.
TP N Joo2 — . . _
f u e achieved when the row spacifgwould not change with
ol oeC g . ’/f ooo mismatch, i.e., b(B)=by,.*’ This would imply a
0.4l ' T =(By/B)ay, . Inserting this relation foa in Eq. (4.1), the
(c) 4 result forLy, , shown by the open circles, is slightly modi-
03l 74 fied but shows essentially the same behavior as our first
- analysis: upon increasing the frustration, which we define as
_Ii' 0.2t I3/ |1—(B/By)|, the spatial extent of regions with three coher-
u"/o ently moving rows shrinks progressively. An additional
01r o analysis of then=2 ML steps which occur at lower fields
‘ . . . (B=50 mT, where the transitom=3—2 takes placg
0'040 60 80 100 120 shows consistently that the spatial extent of the 2 row ML
”oH (mT) regions increases upon further decreasing field.

Finally we discuss the behavior of the ordering frequency
f.. As shown in Fig. &), f;(B), denoted by @), exhibits
FIG. 5. (a) V41,1 /f®q versus field(b) The pinning frequency,  a minimum at the matching field and systematically in-
(W), the dynamic ordering frequendy, (@), and the saturation  creases with mismatch. Similarly to the decaylgf, with
value of the maximum current widthls (1) for n=3 as a func-  jncreasing frustration, this shows that a larger mismatch pro-
tion of field. The data are obtained from fits to the measuredyeggjyely induces more disorder. We also find that, when the
Almaf). () The coherently moving fractiofy, /L of n=3 re- g4 is reduced belov8=50 mT, where a two-row configu-
gions vs field, wherd_y, is determined from Eq(4.1), with a ration first appears, the orde}ing frequentglzz for the
=ay(B) (O) anda=ayBy /B (O), where the subscrig¥l refers -
to the matching field, see text. All lines are guides to the eye. emerge,”c‘? of tha=2 ML (_affect dgcrgases.
Qualitatively, the behavior of ;. is similar to that of the
Al o pinning frequencyf, (or I;). Both are important quantities
ML:_S _ (4.1 characterizing the random pinning of a system and are not
fpa 0.6 dcn independent, as follows from a double logarithmic plof of

The diff t field d dencies i df tioned @S @ function off,, shown in Fig. 6. The data are well
e disrent Ield uependencies @lls and lp MENoNes o scribed by the relatiof}:rf‘z) with 7=1x10"8 s, repre-

322!2 22_0:!(? thus be attributed to an additional field deloensented by the dashed line. A more detailed fit of the data
We now evaluatel, using p; for amorphous NbGe using a power law relatiorf = fg yields an exponent
films*~46 and first assume an equilibrium lattice spacang —2-1*0.1.
=ay(=1.075/®,/B) with B= ugoH. Figure c) showsL
normalized by the channel length vs field (square sym-
bols). As observed, the coherently moving fraction is maxi- V. ANALYSIS AND DISCUSSION OF DYNAMIC
mum atB=70 mT. This provides a clear definition of the ORDERING AND DEPINNING THRESHOLD BEHAVIOR
matching fieldBy, for n=3. At By, , the longitudinal spacing
a in the channel should obeg=a,,=a, and the row spac-
ing by=®,/Byay is commensurate with the effective  For a proper discussion of the above results, we first
channel width, i.e., By=w. However, away from the shortly describe the phenomenological ordering theory of
matching field the array will be frustratéetretched or com- Koshelev and VinokufKV).! In their study of a 2D vortex
pressefdue to the confinement. In particular, B By, the  system with strong random bulk pinning, they found that the
lattice spacinga>a,, while for B>B,,, a<ay. The maxi- shaking action due to motion through the pinning potential
mum possible difference betweea and a, would be can be represented by a “shaking temperatufg; which

A. Comparison with the KV theory
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decreases with velocity abgec1/v. The dynamic ordering '
transition occurs when the effective temperatiire T, is
reduced below the equilibrium melting temperatiirg, i.e.,
when the velocity exceeds.» 1/(T,,— T). In later work*8it 0.8
was shown that the shaking temperature refergbmnd
fluctuations transverse to the velocity and that the associate 0.6}
ordering atv. corresponds to so called transverse freezing,™ |
where interchain excursioripermeation modesre strongly 04
suppressed. Within the KV theory we can express the order:

0.06

0.04

ing frequencyf.=v./a as oal. 0.02
0.0 L . L . L . L 0.00
f.=\32m — YuPf ’ (5.1) a0 60 80 100
q)Oa dcth(Tm_T) uo H (mT)

with v, the mean squared 2D pinning energy multiplied by _FIG- 7. (@) The parameted, as determined froni.. in Fig,
the area of a pinp; the flux flow resistivity,a the latiice > ﬁ”d Eq(5.3 “S'”gﬁ°§_0'02.5' g:g The; pfarametez desdcr':'
spacing andi,, the film thickness. ing the pinning strength determined directly from E8.4) and the

In our channel system the ordering can also be describgljeasured critical current densii] Adet?gmined from Eq5.5
as transverse freezing. We observed this in simulatiercs using the field dependence 4f, and r=10""s.
for w/by=3) as a suppression of the interchain excursions in_ P .
parts of the channel at sufficient velocifHowever, differ-  #'p* KaTp=ApCec80dcn/ (277), whereA, is assumed to be 1
ent from the 2D system considered by KV, these interchairfft Matching. Taking into account these changes, (Bd)
excursions and the associated shaking temperature now ari@8comes
from the random interaction with the disordered vortices in Jre?
the CE’s and a modification of E¢5.1) is required. Think- ¢ o VTccCeet 5.3
ing in terms of bond fluctuations or a Lindemann criterion, as ¢ 2A,®0B '
in Ref. 4, it is clear. that it is the short wavelengtha, Using the experimental parameters  with Cgg
disorder component in the potential due to quenched vortex B/(16muo\?) and A (1.9 K)=1.1 um, we obtain the
displacementsd in the CE which is relevant for the “shaking 0 7o ' = T

s . value of e, from the value off; at matching:e..=0.025,
temperature.” This component acts only in a rangeg/2 . \/WZ_/ —0.13. This is i bl i
from the first pinned row? therefore shaking of the outer .e., V(|d[")/ao=0.13. This is in very reasonable agreemen

rows should govern the transverse freezing. A rough estimat\gith our (_estimate ((|d[*)/a;=0.10) near the melti_ng tgm—
within London theory yields an r.m.s. amplitude of the ran-Perature in Ref. 16. From E¢5.3 and thef. data in Fig.
dom stress near the edges ..Ces With Ceg the shear modulus  2(P) We can also extract the field dependencépicharac-
and &.c=(\([d] >/a0)/(7_r\/§) representing the random terlz!ng the re(_:iuct_lon of the Qefect creation energy. The re-
strain1®3° Taking the longitudinal range of a pin also to be sult is plotted in Fig. 7, showing that close to misma#kh

: has decreased by an order of magnitude.
ay/2, we replace the parametey, in Eq. (5.1) by y¢e, re- )
sulting in Next, we turn to the relation betweeiy and f,. The

dc-critical current density can be described phenomenologi-
cally by?®

ag\? .
Vcez(gcecﬁﬁaobodch)z( ?0) . (5.2 jc=2Acgs/ (Bw), (5.4

where in our casé\ varies fromA=0.015 at matching to
o _ _ A=0.04-0.05 at mismatch, see the open squares in Fig. 7.
Further itis important to realize the following: the energy Further, when we combine Eqé.3), (5.4 with Eq. (2.8)
scalekgTr, in Eq. (5.1) should be regarded as the energy forand usey=®,B/p;, we obtain the quadratic relatiofy
creation of the dislocation pairs that are required for plastic—;, j5— ng observed experimentally in Fig. 6 with the time
motion, i.e.,KgT—KgTp=Cesaiden/ (277), With Ceg evalu-  gealer given by
ated at the field and temperature of the measurefigfar
our temperature and fields, this enekgyl , is two orders of 5
magnitude larger than the thermal enekgyr which we can 7=0.5ece/A)
therefore neglect in Eq5.1). Hence, the random shaking
(<1/v) in our case essentially represents “cold working” of We note that the relatiomcocff) is in fact a general result
the moving structure. We also anticipate that the enkgdy,  from the KV theory in the strong pinning limit. Considering
should depend on the matching condition since a reductiofq. (5.5), sincep;,Cgs>B and experimentally we found that
of this energy eventually drives the transitionrte=2 or n 7=10"%s, independent of field, this implies thaA
=4 rows. Therefore we add a mismatch dependent factor \1/(7A;). Using this relation with the field dependent

(wB)?
ApCeeps

(5.5
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value of A,, we obtainA as shown by the open circles in dc-driven statf.éeven for only 3.0 channels at large dc dpive
Fig. 7. The minima in both data are slightly shifted and de-At the same timeV; ,>cn remains constant fdr— 0, from
viations are seen foB>B,,, but given the approximations which we conclude that the dc state still exhibits local re-
made, the overall agreement is still reasonable. An importarions organized in three moving chains. Thus, at sufficient
physical implication of the relatiomo\L/(A,) is that the ~Velocity the dc state would correspond to temporally inco-
increase in pinning strength away from matching is directlynerent, confined smectic regionaf finite (mismatch depen-
related to the reduction of the defect creation energy. In othefl€n? length, with liquidiike intrachain order and residual
words, the rise irA reflects an effectiveofteningof the array ~ INterchain excursions.

in the channel upon increasing mismatch. Through this soft- " Presence of rf current the fluctuations are strongly re-
ening it is able to better adjust to the random CE pinningdUced: as also observed in experiments on COW&

potential, very much analogous to the mechanism resporsimulations we observed that the suppression of the inter-
sible for the peak effect in ordinary superconducf@im our ~ chain excursions plays an important role in this process,
case a more detailed picture of the softening mechanism fgausingiransversely frozeregions in the channel. However,

possible. We already mentioned that ®rB,,, the chains the rf-dc 1V curves always show incomplete ML with the
are longitudinally compressedi€a,). This will facilitate ~ S@Me broadeningV, , as discussed above. This broadening

deviations in the transverse direction and reduce the enerd§ {00 large to be explained by the elastic theory in Ref. 26.
to (dynamically create interstitials between rows. Far |herefore, it is either caused by residual slip in theow
<By,, the chains are stretched, i.a>a,. In this case the regions or by remaining plastic regions with interconnecting

energy for a chain to accept vortices from a neighboring©Ws: but further experimental and numerical work is re-

chain is lowered. This in turn facilitates a configurationalduired to decide on this issue.

change in which the array can better adopt to the CE poten- " inally, we shortly return to the frequency dependence of
tial. An additional mechanism for the rise Afor B<B,, is the ML current WidthA gy in Fig. 4.'Extend|ng the reIgnon
that, due to the mismatch, the outer chains will be pushed ! ma{f)*Aimadf)LuL(f) to frequencies below, and taking
towards the CE, leading to an enhanced influence of the CE'€ ideal tant) behavior Eq.(2.9) for Ajpay, we find that
potential. the ordering frequency. would mark the velocity where

To conclude this section, we shortly discuss the possiblé-mL— 0. Such interpretation implies that the dynamic order-
influence of “extrinsic” defects in our samples which may be ing in our disordered system is a smooth, second order dy-
a source of incoherency and limfit. Such “extrinsic” de- ~ Namic phase transition.
fects could consist of a NbN bridge over the channel or a
physical edge roughness on a scale,. First, when such VI. SUMMARY
defects are important to the behavior, this would rapidly de- . . . . .
stroy the critical current oscillations of the channels, the am- Using mode-locklng experlment§, we hﬁve investigated
plitude of which quantitatively agreed with that of samplesthe d_ynam|cs of vortex arrays confined in d|sorder§d meso-
with channels of different width. Secondly, extrinsic defectsSCOPIC channels. The ML effect allows us to trace in detail

cannot explain the variation df, with magnetic field nor its structural transitions fro.m—'1—>n—>n+ 1 confined moving
quadratic dependence dg (o j ). The quantitative agree- vortex chains on changing field. A study of the amplitude and

ment of our data with the modified KV theory decisively fr_equer!cy dependen(_:e of_the MI.‘ steps and comparison to
[S|mulat|ons of arelasticchain provide a complete character-

Ization of the pinning strength, dynamic ordering velocity
and coherency of the arrays. We find that the spatial extent
Ly of coherently movingn row regions is large at a match-
ing field and shrinks with increasing mismatch. At the same
So far we have tacitly assumed that the flow behaviotime both the pinning frequendy,=j. and the ordering fre-
obtained from our rf-dc measurements simply reflects that o§uency f. (proportional to the ordering velocityincrease
the dc-driven structure. We now discuss to what extent thvith mismatch. We show thgtcocfg_ Together with our pre-
additional rf current itself influences the behavior. Recentious observation of a divergence 6f near the melting
measurements of the rf impedariéewhich is a sensitive temperature in Ref. 16, these results provide detailed experi-
probe of ML at small rf currents, have shown that on ap-mental evidence for the phenomenological ordering theory of
proaching the dc-driven state, i.e., whiep—0, the voltage Koshelev and Vinokut.
broadening 6V, ; of the fundamental ML step diverges.

rays forms the dominariintrinsic) disorder in our system.

B. dc versus dekrf driven state

Since 6V, 1% 6fyy, this broadeni_ng reflects qu_ctuat_ions in ACKNOWLEDGMENTS
the washboard frequency and, ¥ig&v/a, fluctuations in the
velocity and in the longitudinal lattice spacire®® Corre- We would like to thank A. Koshelev for stimulating dis-

spondingly, the divergence oV, implies that the dc- cussion. This work was supported by the *Stiching voor
driven state lacks temporal coherence. We also did not obFundamenteel Onderzoek der Mater{@OM) and the ESF-
serve any narrow band noise in the voltage spectrum of th&ortex program.
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