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Vortex-slip transitions in superconducting a-NbGe mesoscopic channels
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Intriguing and novel physical aspects related to the vortex flow dynamics have been recently observed in
mesoscopic channel devices of a-NbGe with NbN channel edges. In this work we have systematically studied
the flow properties of vortices confined in such mesoscopic channels as a function of the magnetic field history,
using dc-transport and mode-locking (ML) measurements. As opposed to the field-down situation, in the
field-up case a kink anomaly in the dc /-V curves is detected. The mode-locking measurements reveal that this
anomaly is, in fact, a flow induced vortex slip transition: by increasing the external drive (either dc or ac) a

sudden change occurs from n to n+2 moving vortex rows in the channel. The observed features can be
explained in terms of an interplay between field focusing due to screening currents and a change in the

predominant pinning mechanism.
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I. INTRODUCTION

Vortex matter in type II superconductors is an ideal sys-
tem for studying the motion of periodic media in pinning
environments. In recent years, we concentrated our investi-
gations on the properties of confined vortex matter in weak
pinning mesoscopic channels, which were nanofabricated in
double layers of amorphous (a-)NbGe (weakly pinned) and
NbN (strongly pinned) thin films."> Other studies of vortex
flow through channels bounded by pinned vortices have been
performed in several experimental configurations, e.g., Jo-
sephson vortices at low-angle grain boundaries in high-7,
superconductors moving through pinned Abrikosov vor-
tices.>* Moreover, easy flow channels for Abrikosov vortices
were artificially fabricated by using antidot arrays>® or by
laser processing.” Our system offers the possibility to study
the flow properties systematically for both plastic and defec-
tive vortex configurations, while continuously tuning the vor-
tex lattice structure inside the channels by changing the ap-
plied magnetic field. Novel physical aspects related to the
commensurability have been recently observed in such chan-
nel devices.®? These include unusual oscillations of critical
current and flow resistance with magnetic field.”> The rela-
tionship between those oscillations and the commensurabil-
ity has been elucidated by mode-locking (ML) experi-
ments.>!%!! Furthermore, using the ML technique important
information about vortex flow has been obtained and it was
possible to detect the dynamic ordering/melting transition
predicted by Koshelev and Vinokur.'?

So far our studies were carried out in field-down (FD) or
field-cooled (FC) conditions. Under these conditions the
screening currents along the channel walls are weak and do
not play a significant role. However, in the field-up (FU) case
these screening currents cannot be ignored giving rise to in-
teresting magnetic field history effects. In this work we ex-
plore the consequences of such effects on the dynamics of
the confined vortices. It turns out that the screening currents
generate a particular vortex configuration and field distribu-
tion around the channel which can be characterized by field
focusing. This effect is especially strong at the lowest fields.
A consequence of this distinct configuration is an entirely
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different behavior of the flow dynamics compared to that in
the field-down case. Using dc-transport, mode-locking, and
flux flow resistivity measurements we performed a system-
atic study of the vortex dynamics for increasing fields. We
observe a change from weak intrinsic pinning to strong shear
interaction determining the pinning mechanism and the dy-
namic properties. We find compelling evidence for a flow
induced vortex slip transition between the vortex rows inside
the same channel and also a crossover from one dimensional
(1D) to two dimensional (2D) in the vortex flow behavior.
The 2D vortex flow is the Bardeen-Stephen type of flow, in
which the flux-flow resistance has a lineir dependence in H,
whereas the 1D is characterized by a VH dependence. This
issue is quite relevant in the view of recent works on con-
fined low dimensional flow, for instance, the depinning of a
classic quasi-one-dimensional Wigner crystal.'?

The paper is structured as follows. In Sec. II a few details
are given about the samples fabrication and geometry, as
well as the experimental techniques used. In Sec. III the re-
sults of the measurements are presented followed by an ex-
tensive discussion. The critical current data are used to pro-
pose a simple physical model based on the field focusing
effect. Then the model is substantiated by mode-locking and
flux flow resistivity experiments. Finally, in Sec. IV the con-
clusions are presented.

II. EXPERIMENTAL DETAILS

The samples used in this study consist of easy flow vortex
channels (see the inset of Fig. 1). They are fabricated using a
similar recipe to the one used in Ref. 1. First double layers
consisting of weak pinning (a-)Nb,_,Ge, film (thickness d
=550 nm and x=0.3) and strong pinning NbN film (d
=50 nm) are rf-sputtered successively without breaking the
vacuum. Then reactive ion etching, with proper masking,
was used to remove the top layer and to make deep trenches
down to the middle of the bottom layer.! As a result, the
(remaining) NbGe layer in the channels is d.,~300 nm
thick. Identical straight channels (300 in parallel), with
lengths of 300 wm, and at 10 um spacing were fabricated.
Applying magnetic field perpendicular to the films induces
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FIG. 1. Comparison between the critical current /. measured in
FU and FD at 1.9 K. Both data show commensurate-incom-
mensurate oscillations but below 0.5 T they behave differently. The
insets show schematic drawings of the channel sample: cross-
section perpendicular to channels and top-view indicating the vor-
tex structure in the channels and channel edges. The drawings are
not on scale. The arrows show the direction of the applied current.

vortices (see inset of Fig. 1). Outside the channels vortices
are strongly pinned by the NbN layer, whereas the ones situ-
ated inside the channel experience both the bulk (intrinsic)
pinning from NbGe and the shear interaction with the
strongly pinned edge vortices. When a transport current is
applied perpendicular to the channels it will drive the chan-
nel vortices along the channels while those from the banks
remain pinned creating easy flow vortex channels.

dc-transport and ML experiments were performed on
samples with different channel widths. We focus here on the
experimental results obtained in a device with w=230 nm
channel width. All measurements were done in a four-point
contact geometry with samples immersed in (superfluid) “He
in order to prevent heating. In the case of ML experiments
the rf-current leads were attached to the dc-current leads very
close to the sample and the results were obtained by measur-
ing the dc voltage. The current as well as the voltage pads
are made on top of the NbN layer (for more details see Refs.
1 and 2).

Before performing any measurement, we first cooled the
sample in zero field (ZFC) to 1.9 K (well below T, npce
~2.68 K or T, yny=11K). In the FU procedure the field
was increased at a very slow sweep rate (<1 mT/s) to the
target value. The results were compared to those obtained in
the FD procedure which was performed by first applying a
field higher than puyH.,=1.6 T of NbGe and then ramping it
down to the target value.

III. RESULTS AND DISCUSSIONS
A. Critical currents

A plot of the critical current (/) versus field (H) is given
in Fig. 1 for both the FU and FD procedures. /. is obtained
from the dc /-V measurements and is defined using a con-
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FIG. 2. dc I-V curves at T=1.9 K and uyH=0.08 T for FU and
FD cases. For the FU curve the two mobility regimes are charac-
terized by two different critical currents, /.; and /., defined from
the linear extrapolations (the dashed lines). The inset shows the
calculated differential resistance R;=dV/dI vs current for the FU
case.

stant 1 wV criterion. As observed in the figure, in both cases
the critical currents show an oscillatory behavior. The FD
data have been already explained in detail in a previous
paper? as a sequence of commensurate-incommensurate tran-
sitions. The pinning potential for vortices inside the channels
is dominated by the shear interaction with the strongly
pinned vortices in the channel edges. By varying the external
field H one can continuously tune the commensurability be-
tween the row spacing (b,) and the channel width and thus
change the defect structure and number of confined rows.
ML experiments have shown>!! that, contrary to the previous
interpretations, /. is maximized at mismatch while minima
appear at matching. Numerical simulations have demon-
strated jamming of driven vortices occurring at mismatch
and elucidated the important role of disorder arrangements of
the pinned vortices in the channel edges for the flow
dynamics.>”

In Fig. 1 one can see that, while above 0.6 T the FU and
FD data coincide, below 0.6 T they are clearly different. In
order to study in more detail this difference we first analyze
the I-V characteristics in both FU and FD cases. Typical
results for uoH<0.15T are shown in Fig. 2 (uoH
=0.08 T). While for currents above . rp, the FD curve ex-
hibits the expected linear behavior, the FU curve first shows
a linear region up to =1.3 mA and, then at a kink there is a
sudden change to another linear branch with higher slope.
The differential resistance (dV/dI vs I) plot shown in the
inset clearly demonstrates this anomaly: two plateaus of dif-
ferential resistance with a steplike increase at the “kink.”
These two mobility regions: low mobility (below the kink)
and high mobility (above the kink) can be characterized by
two different critical currents, /., and /., defined by extrapo-
lating the linear fits (dashed lines in Fig. 2) until they inter-
sect the x axis. Clearly 1.} </, rp<I.,.We mention here that
the measured /I-V curves are reversible with respect to the
sweep in current and that the value and the field dependence

224514-2



VORTEX-SLIP TRANSITIONS IN SUPERCONDUCTING...

1.4

AT l: T T T \. T T T
12 & ) (a) ]
: \ 4 : A/ 1
z 1.0 ] /A?“ J —e—1 FU
E o080 Mia 5 / —A—1,FU
— 1o WG —0—1 FD
0.6 =l ¢ 4
{\m }3 l( ]
41e , B2PL T 3eeguetee ]
0.2 " S, 3 4 Tog 4
] ' o -0
0.0 ] T | T T T T T T ]
S N wie (0) 1
R 5] A AA A AA Py
QR W * ]
>~ 3{ ecese @%e o ® .
2 gune® 1
14 3 ]
0 T 1‘: T T T T T T T
0 50 100 150 200 250

u, H (mT)

FIG. 3. (a) History dependent behavior of the critical current at
small fields H<H": I, is small and oscillates smoothly, whereas I,
shows similar commensurate oscillations as I, zp. (b) The number
of coherently moving rows is determined from ML experiments
over =200 channels for the FU case [they are also indicated on the
plots around the minima in (a) in order to compare to the FD case].

of ., are very similar to the critical current as defined by the
1 wV criterion.

Let us now focus our attention on the field dependence of
these critical currents. Figure 3(a) displays their small field
(<0.25 T) behavior. As discussed above, I, shows com-
mensurability oscillations. The number of coherently moving
rows, as determined from ML experiments,2 is indicated in
the figure at the minima (matching condition). In the FU case
1., and I, show different behaviors. Apart from a small peak
at =30 mT, /., decreases monotonously when increasing H,
and then stays nearly constant up to =120 mT where it in-
creases rapidly. This dependence is clearly different from the
oscillations observed in the FD case. Moreover, the magni-
tude of /., is very small. Expressed in terms of pinning force
density we obtain F,=~ 1 X 10° N/m? for u,H=~0.08 T. This
is significantly smaller than the shearing force density (typi-
cally 3—6 X 10° N/m?), but much closer to the bulk pinning
F, in the a-NbGe layer alone, for which we estimate a value
of =0.5X 103 N/m? at H=0.05H,, and T=0.7T..'* In con-
trast to /., 1., is considerably bigger and exhibits large os-
cillations, similar to the FD case but with maxima and
minima at different H values. Increasing the field above
0.12 T produces an increase in the nonlinearity of the I-V
curve around the kink which becomes gradually less well
defined. Above uyH =~0.15 T the kink in the I-V curves
disappears and, therefore, one can only speak about /.. Its
magnitude is now of the same order as /. pp, and, although
not in phase, it has a similar oscillatory behavior.

From the magnitude and the character of the oscillations
of the critical currents we conclude that, below H", 1. is
determined by the bulk pinning of the a-NbGe layer,
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FIG. 4. (a) Schematic illustration of the flux line configuration
around a channel in increasing and decreasing fields. The thick lines
(FU case) are bent down from the straight broken lines (FD case)
due to the field focusing effect of the screening currents along the
channel edges; (b) scanning electron microscopy (SEM) picture af-
ter magnetic decoration of a sample with w=1.5 um (at 0.05 T,
FU). The screening currents flowing in the NbN islands are also
indicated.

whereas /., is mainly due to the shear interaction with the
vortices in the channel edges (CE). On the other hand, above
H" the critical current is dominated by the shear interaction
with the static vortices in the CE, just as in the FD case. In
fact, the difference between the FU and the FD cases be-
comes smaller and smaller and at around 0.6 T it vanishes
completely (see Fig. 1). The reversible switch between the
FU and the FD branches, illustrated with double arrow at
MmoH=7T70-90 mT, will be discussed in the next section.

In order to explain the features observed for increasing
field we sketch in Fig. 4(a) a possible field profile around a
channel. Let us consider the situation when there are three
vortex rows confined in the channels. Since for these values
of thickness and fields the a-NbGe is described by the 2D
collective pinning theory'* (the longitudinal Larkin length
L.>d.;), one expects that everywhere in the sample the flux
lines will be straight (broken lines in the figure), if the effect
of the screening currents along the channel edges can be
ignored. This situation corresponds, in fact, to the FD case
where the screening currents are so small that they may be
neglected. However, the situation is different in the FU case,
where the flux first penetrates into the NbGe layer of the
channels and only at higher fields into the NbN layer and the
CE (H, nyn>H, NbGe» Where H, is the field of first flux
penetration’!?). Due to screening currents along the channel
walls and in the top layer, the outer two flux lines [thick lines
in Fig. 4(a)] are expelled from the NbN layer and bend away
from their original positions (broken lines), resulting in a
possible termination of those flux lines at the channel walls
and in a field focussing effect above the channel. The first
(strongly) pinned vortices in the NbN layer are located far
away from the channel walls. As a result, at least for small
fields, the shear potential induced on the outer two rows
inside the channel is large, while it is very small for the inner
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rows, since the shear potential decays exponentially towards
the middle of the channel.’

The field-focusing effect above the channels was directly
confirmed by decoration experiments.’ Figure 4(b) shows a
SEM image of a channel device with w=1.5 wm decorated
at upH=0.05 T, in FU. During decoration, Ni particles are
driven to the channels by field gradients induced by the
screening currents flowing along the CE and as a result a
strong concentration of them is seen in and around the chan-
nels. Note that the absence of Ni clusters in the NbN layer
results from the “capture” of the Ni particles by strong field
gradients and does not mean that in the inner NbN layer the
field is zero. The paths and directions of the screening cur-
rents running in CE are also drawn in the figure.

Based on this model about the field profile in the chan-
nels, we can now explain the dc I-V curves as follows. At
small currents (I,;<I<I,) only the three inner (weakly
pinned) rows are moving. When increasing the current above
the kink value (I>1,,) the outer two rows are depinned and
start moving as well. Consequently, we can state that the
kink represents a flow induced dynamic transition between n
and n+2 moving vortex rows. Moreover, the small value of
1.1, i.e., it is of the order of the intrinsic critical current of
a-NbGe, can be explained by assuming the presence of misfit
dislocations. These dislocations will have Burger vectors
parallel to the channels and lie between outer and inner
rows.” The nonmoving outer rows will screen the disorder
present in CE from the inner rows and, therefore, the inner
rows will only feel the intrinsic a-NbGe pinning.

B. Mode-locking experiments

In order to check the validity of this model and to further
elucidate the nature of the vortex slip transition we have
performed ML experiments on our samples. ML is a dynamic
resonance between an ac drive—superimposed on the dc
drive—and the dynamic lattice modes excited collectively
(by the dc drive) at the “washboard” (g=1) and higher (g
=2) frequencies f;,,=quv/a,'®"'% where v and a are the aver-
age velocity and the distance between the vortices in the
channel, and g an integer number. It has already been
proven®!%!! that ML is an excellent tool to explore the vor-
tex flow configuration in the channels. For pf=f;, interfer-
ence steps appear in the I-V curves at V,,=(p/q)f®n,
where @, is the flux quantum, n the number of moving vor-
tex rows per channel, and p and ¢ integers.

Figure 5 shows the dc I-V curves taken in the FU case
with and without a superimposed ac drive at f=30 MHz in
0.08 T (<uoH"). Clear ML steps appear at equidistant volt-
age levels (p/g=1/1, 2/1, and 3/1) corresponding to the fun-
damental and the two higher harmonics. For this value of the
frequency the steps occur in the high-mobility branch and
correspond to a coherent motion of n=5 rows. Upon reduc-
ing f, the voltage for each ML step decreases linearly down
to about 10 MHz. Below this frequency, the fundamental ML
step appears in the low-mobility branch and it persists down
to at least 1 MHz. Such a ML step, occurring in the low
mobility branch, can clearly be seen as a peak in a plot of the
differential conductance (dI/dV vs V) at 6 MHz in the inset
of Fig. 5.
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FIG. 5. dc I-V curves measured at 0.08 T in the FU case with
and without a superimposed 30 MHz ac current. ML interference
steps are observed for the fundamental voltage [(p/g=1/1) and
harmonics (2/1, 3/1)] in the high-mobility branch. The inset shows
dl/dV vs V in the low-mobility regime measured when a 6 MHz ac
current is superimposed. Subharmonic ML peaks at p/g=1/3, 1/2
as well as the fundamental peak (1/1) are observed.

To obtain further insight in this transition, we have per-
formed systematic measurements at different magnetic fields
varying both the frequency and the amplitude of the super-
imposed rf signal. We note that varying the rf-frequency f
corresponds to probing the coherently moving vortex lattice
at different dc velocities via the (fundamental) ML condition
f=v/a. In order to directly compare with the dc I-V curves
we plot, for uoH=0.08 T in Fig. 6(a), V,,, as a function of
the dc-drive I, instead of f. To illustrate the variation of the
number of coherently moving rows we further divide V|, by
f, @, and the number of active channels N=180.'° Two pla-
teaus of Vy,/®f appear at high and low dc drives, respec-
tively, in good agreement with the two resistive plateaus in
R, shown in the inset of Fig. 2. By taking into account that
V,,; is measured over =200(=N,,) parallel channels, it be-
comes clear that at low mobility three rows are coherently
moving in the channels while at the kink voltage a dynamic
change and a transition to five moving rows occur. Note that
compared to the dc /-V curves the value of the current cor-
responding to the kink is slightly lower, which is to be ex-
pected since the superimposed rf drive shifts downwards
both the kink as well as the depinning currents (see, for
instance, Fig. 5).

In Fig. 6(b) we display the change of the width of ML
current step. This is a very useful tool since it shows to what
extent the n vortex rows move coherently, i.e., it probes the
average coherent fraction per channel.!® Al . is defined as
the maximum width of the ML step with respect to the rf
amplitude, for fixed frequency and field. Upon approaching
the dynamic transition by increasing f and, therefore, prob-
ing higher dc-currents, Al,,, in the n=3 regime decreases
and seems to vanish around 0.7 mA, while Al for n=5
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FIG. 6. The dependence of (a) the fundamental ML voltage and
(b) the width of ML current step on the dc-drive at uoH=0.08 T in
the FU case.

appears around 1 mA and grows monotonously with the cur-
rent. This behavior implies that the dynamic change upon
increasing the dc drive consists of a continuous reduction of
the coherently moving fraction of three rows and a subse-
quent growth of the coherently moving fraction of five rows.
We, thus, conclude that the ML data confirm the dc /-V data
and the assumptions and the model discussed above.

In contrast to what is probed when f is varied, an increase
in the rf-amplitude (Z,;) probes the ac-induced vortex slip
transition. In Fig. 7 we plot the dependence of the normal-
ized Vy;; on I,;. At small rf amplitudes (7,;<1 mA) we have
a plateau which corresponds to n=3 rows moving coherently
in the channels. At large ac drive (1,,>2 mA) Vy, is con-
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FIG. 7. ac-driven vortex slip transition at uH=0.08 T and for
f=6 MHz. Increasing I,y a jump from n=3 to n=5 occurs. Just
above the transition V;;; shows an anomalous dependence on the rf
amplitude.
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stant as well, corresponding to n=5 moving rows, proving
that we deal here with an ac-induced transition from n to n
+2 rows. Between 1 and 2 mA we find that the differential
conductance peaks corresponding to the ML effect (ML
peaks) are very broad and quite difficult to assign to a precise
number of coherently moving rows in the channels. This
anomaly, which has been observed around the transition in
all our measurements, can be explained if we consider in
detail the mechanism related to the unpinning of the extra
two rows. Since the outer two rows feel the effect of the
shear interaction with the static vortices situated well inside
the NbN strip, when starting to move they will also experi-
ence a different (higher) friction force than the inner rows.
As a consequence, just after transition, their velocities will
be smaller than the velocities of the inner rows giving rise to
a (concave) velocity profile. This makes the ML peaks rather
broad and not very well defined. However, an increase in the
ac drive has the effect of healing the differences in friction
and, in a similar way as the dynamic friction is smaller than
the static friction in classical mechanics, the outer two rows
will experience less and less friction at higher rf amplitudes.
This effect will gradually suppress the differences in veloci-
ties and for I,,>1.5 mA the ML peaks become well defined
and their voltage values correspond to the expected value for
n+2=>5 rows.

Qualitatively the same features observed for three (five)
vortex rows are seen for uyH <50 mT where the transition
takes place from n=2 to n=4. Therefore, we summarize in
Fig. 3(b) the dependence of the (normalized) fundamental
ML voltage V,,;/N®yf on the magnetic field for H<H".
Let’s first focus on the low field behavior of the number of
rows. In the high mobility branch (triangles) the flow struc-
ture displays a four-row configuration for woH <50 mT,
while a five-row configuration emerges for uoH>30 mT.
Thus, multiple flow configurations of four and five rows oc-
cur around 50 mT, indicating a mismatch condition. This is
in fact in good agreement with the peak observed in /., in
Fig. 3(a) at =0.05 T. In the low mobility branch (circles) a
similar field evolution of flow configurations from two to
three rows is observed. However, the peak in /., appears at
=30 mT and is less pronounced. This is not very surprising
since in the low mobility regime the inner rows are screened
from the edge disorder and feel both the intrinsic potential
and the shear interactions which leads to a suppression of the
oscillatory behavior. Moreover, we briefly mention here that
the sharptransition plotted in Fig. 2 for u,H=0.08 T is not
typical. Depending on the matching conditions and, there-
fore, on the field, we find that the sharp change from a linear
low-mobility to a linear high-mobility branch is replaced by
either positive or negative curvatures of I-V curves around
the kink. This behavior is caused by the, above mentioned,
delicate interplay between the intrinsic pinning and the edge
disorder.” A more detailed study would be required to come
to a complete description.

At higher fields, close to H", both I..; and I, show a steep
increase related to the onset of the incommensurate peak.
However, as already mentioned in the previous section, we
detect in the I-V curves a gradual disappearance of the kink
and the appearance of a nonlinear behavior and, for H>H *
one can no longer define a second critical current or two
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distinct mobility regions. The effect is accompanied by a
gradual loss of coherency as detected in the ML experiments.
Increasing the field above 0.12 T leads to smaller and
smaller ML steps (AI<<1 uA) and eventually vanishing of
the ML effect for 0.15<uoH <0.2 T. The fact that /., has
now a value that is on the same order as /. p;, can be under-
stood by a reduction in the influence of screening currents
and straightening of the outer flux lines. Although the differ-
ence in FD and FU seems almost entirely suppressed, their
“out-of-phase” oscillations point towards a slightly increased
flux density in the channels in the FU case. That is confirmed
by ML measurements which detects at uoH=0.2 T a higher
number of rows, n=4, compared to n=3 detected in the FD
case.

1. Reversible transitions

Another interesting feature related to the field history ef-
fects is the behavior of the system when the direction of
varying the field is changed. We observe that when the field
is decreased anywhere in the FU branch (for H<H"), the
critical current /,; switches to the FD branch. See, for in-
stance, indicated with an arrow in Fig. 3(a), the transition
from 90 to 70 mT. For small sweep rates (dB/dt<1 mT/s),
as in the experiments presented here, the response is also
reversible upon a subsequent field increase: /.. p returns to
the FU branch. A similar switching behavior has been previ-
ously reported' and interpreted as switching between differ-
ent lattice orientations. We give here a different explanation
for this effect based on findings in detailed mode-locking
measurements performed at intermediate fields between 90
and 70 mT sweeping the field in both directions. What we
found is that indeed not only the critical current but also the
vortex configurations and the number of moving rows switch
reversibly. That can be explained by the change of the outer
vortex lines from a bent shape (FU case) to a straight line
(FD case) and back to the bent shape, which is possible for
small sweep rates.

2. Subharmonic steps

As is seen in the inset of Fig. 5 we detected subharmonic
peaks in the low mobility branch, i.e., in the regime in which
only the inner rows are mobile and in which the (de)pinning
is mainly determined by the intrinsic pinning of the NbGe.
This is quite remarkable because the previous attempts to
detect subharmonics in the FD and the FC case (for which
the pinning is dominated by the shear interaction with chan-
nel edges) have failed. It has been previously shown'# that
the pinning centers in our amorphous NbGe thin films are
density fluctuations with length scales of the order ¢
(=10 nm), distributed randomly. Since these scales are much
smaller than the average vortex spacing for the field of inter-
est (ap=50 nm), the intrinsic pinning can excite lattice
modes at harmonics of the washboard frequency gv/a, with
g=1.920 Therefore, the coupling between the external rf
drive and the dynamic lattice modes will result in subhar-
monics steps, as observed here. In fact our findings are in
good agreement with the old experiments of Fiory?® and the
recent results of Kokubo et al.?! in which subharmonics were
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FIG. 8. Field dependence of the flux-flow resistance (R) at
small fields H<<0.25 T, as determined from the dc I-V curves. The
experimental data (circles for low mobility, and squares for high
mobility) are shown together with their best fits of «yH for H
< H" and linear dependence H for H>H". Around 50 mT jumps in
Ry occur due to the change in the number of moving rows from 7 to
n+1.

found in weakly pinning films of Al, and single crystals of
NbSe,, respectively.

C. Flux-flow resistance

We finally turn to the relation between the flux-flow re-
sistance and the vortex flow configurations. The field depen-
dence of the flux flow resistance (Ry) is shown in Fig. 8 for
#oH <025 T. Ry is determined from the linear fit of the
I-V curves in both low-mobility and high-mobility regions.
For uyH <50 mT we see that in the low mobility regime
(two moving vortex rows; circles) as well as in the high

mobility branch (four rows; squares), R, increases as VH.
The small jumplike increase in both branches at about 50 mT
marks the increase from n to n+1 moving vortex rows. Up to
H" the data still follow a VH dependence. In fact, a double
logarithmic plot of the R/{H) data shows R,xH" behavior
with @=0.5£0.03 in all cases. Finally, at H=H" the VH be-
havior disappears and a R, H dependence is observed. This
linear dependence is the usual 2D flux flow behavior (see
below) whereas the VH behavior is expected for 1D flux
flow. Such 1D behavior has been observed in case of motion
of a single vortex chain along a low-angle grain boundary in
high-T,. superconductors.’

Numerical simulations for our channel system® have
shown that quasi-1D behavior occurs for weak disorder po-
tentials. In this case the mobility is governed by the glide of
edge dislocations along the channel or the nucleation of
stacking faults of interstitials and vacancies.” We think that
this weak disorder description is appropriate here for the low
field FU experiments, because the screening currents of the
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CE suppresses the effect of the strong positional disorder of
the vortices in the NbN layer. The transverse degrees of free-
dom for the displacements of the channel vortices is thereby
strongly suppressed, leading to a quasi-1D behavior sus-
tained by (misfit) dislocations with sideplanes oriented along
the channels.

We can quantitatively estimate the flux flow resistance if
we consider the general formula

denN ch
ld,,

where d,, is the thickness of the NbGe film in the channels,
Ny, is the total number of channels, and wy,, is the dynamic
width of the channel (measuring the drop of the voltage over
the channel) which depends on the number of moving rows.
py is the flux flow resistivity as computed by Larkin and
Ovchinnikov.?>?3

If we consider that the effective width of the channel
Way,=nb is field dependent (b is the spacing between the
rows moving in the channels) and substitute it in Eq. (1) we
obtain

Ry=py , (1)

Ry \VH. (2)

Using for the normal state resistance of the a-NbGe film
p,=22X107° Q1 m, we can estimate the magnitude of the
flux density B,/ uoH enhancement in the channels. Obvi-
ously B,/ uyH depends on the magnitude of the screening
currents and is expected to decrease with the increase of H.
For uyH <0.05 T we find values as high as B/ uoH = 6.5 and
3.7, for the high-mobility and low-mobility branches. Above
0.05 T, B,/ noH is smaller starting from 1.9 in the high-
mobility branch and 1.1 in the low-mobility branch implying
that the field focusing is weakened (as expected with increas-
ing the field).

Above ,uOH*, where the screening currents are small, the
transverse degrees of freedom in inner and outer rows be-
come equally important and all the vortices in the channel
become fully coupled. The strong disorder present (in the CE
which is not screened anymore) leads to plasticity inside the
channel and one, therefore, expects that the vortex flow re-
covers the (conventional) 2D nature observed in the FD case.
Indeed we see in Fig. 8 that Ry becomes linear in field

Ry H. 3)

Thus, we can state that H* is a cross-over field which marks
a change from a quasi-1D to a conventional 2D flux flow.
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Finally, we mention that careful analysis of the flux-flow
resistance data provides also interesting information about
the density of the vortex lattice inside the channels. If we
consider the ratio of flow resistances in the high-mobility
branch to that in the low-mobility branch r=R; /Ry, and we
follow its dependence on field we see that for woH
<0.05 T, r is nearly constant of =~2.5, while for larger fields
(0.05 T< uoH < uoH") r approaches a value of ~2. These
values are slightly larger than the ones we expect from the
ratio of moving rows, i.e., 4/2 and 5/3 assuming that the
vortex density is the same. The values can, therefore, be
explained if we assume that the vortex density in the outer
rows that participate at the motion in the high-mobility
branch is 20—25% higher than the vortex density of the inner
rows. This is a likely scenario because we expect that the
bending of the flux lines will produce changes in the lattice
constant along and perpendicular to the channel.

IV. CONCLUSIONS

In conclusion, we have investigated flow dynamics of vor-
tices driven through easy flow channels bounded by pinned
vortices. We have found that the vortex configurations and
their dynamics crucially depend on the field history. When
the field increases up to a crossover value H  (FU case)
unusual dynamic properties are observed, such as the pres-
ence of a kink in the /-V characteristics. Mode-locking ex-
periments convincingly show that the kink is caused by a
force induced vortex slip transition from n moving rows for
small driving force to n+2 rows for high driving force. The
effect is explained by the presence of strong screening cur-
rents in the channel edges which produce field focusing and
bending of the flux lines around the channels. While the
dynamics of the outer vortex rows is determined (via shear
interaction) by the pinning centers and the disordered vortex
arrangement in the NbN film, the inner rows are subject to a
different pinning landscape where the intrinsic pinning of the
NbGe is dominant. At higher magnetic fields, where the ef-
fect of the screening currents becomes less important, the 1D
nature of the vortex flow changes to a conventional 2D flow.
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