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Moving smectic phase and transverse mode locking in driven vortex matter
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Out-of-equilibrium systems exhibit various dynamic phases with different degrees of order. A moving smectic
phase with transverse periodicity is one of the ordered states, which is theoretically expected to be generic
to driven two-dimensional systems. However, a comprehensive dynamic phase diagram, including the moving
smectic phase, has not been obtained because of lack of suitable experimental methods. Here we study dynamic
phases of driven vortex matter in an amorphous Mo,Ge;_, film by using two-step measurements of transient
voltage in response to mutually perpendicular driving currents. We find dynamic orderings from the plastic flow
to the anisotropic smectic flow and from the anisotropic smectic flow to the isotropic moving Bragg glass as a
function of the current. Convincing evidence of the moving smectic phase is obtained from the first transverse
mode locking (ML) with signals larger than those of longitudinal ML, indicating the higher transverse order
than the longitudinal one. Transverse ML developed here is useful to detect the anisotropic periodicity in driven

media.
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I. INTRODUCTION

Condensed-matter systems often exhibit a variety of or-
dering phenomena away from equilibrium [1-3]. A general
question is how the disordered system recovers its order dy-
namically. Dynamical ordering of a vortex system interacting
with a random substrate [4-23] is a prominent example where
an applied current I (driving force) reduces the coupling
between vortices and random pinning centers, giving rise
to various dynamic phases with different degrees of order.
With an increase in I, an initial pinned system undergoes
a depinning transition at a depinning current Iy [3,24-29].
Just above Iy, the system is in a disordered plastic flow state
dominated by pinning. At sufficiently large I, the pinning
becomes ineffective and the disordered flow finally reorders
into an isotropic moving Bragg glass, where the vortices form
a sixfold structure. Between the plastic flow and the moving
Bragg glass state, a different type of ordered state called a
smectic flow has been proposed by several theoretical works
and simulations [7-12]. The smectic flow is characterized by
anisotropic structures with long-range order in the direction
transverse to the drive and is likely to be generic to driven
two-dimensional (2D) systems [3,7] such as Wigner crystals
[30], charge transport in metallic dots [31], skyrmions [32],
and emulsions [33]. Despite its ubiquitousness, clear evidence
of the moving smectic phase has not yet been obtained as a
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function of driving /. The smectic structure of vortex flow
was observed by a magnetic decoration experiment [34,35], in
which vortices were driven by a field gradient. The available
field B and average vortex velocity v were limited to below
several tens of millitesla and ~1 um/s (i.e., a slowly creeping
regime), respectively, and the driving force was not changed
systematically. Thus the dynamical ordering from the plastic
flow to smectic flow and that into the moving Bragg glass state
have not been revealed by any experiment.

In this work, we observe the successive dynamic orderings
through these distinct dynamic phases as a function of I and
provide clear evidence of the moving smectic phase in the
large velocity regime (=1 m/s). In order to construct the
dynamic phase diagram, we use a two-step protocol consisting
of mutually perpendicular drives [36]. This protocol is a mod-
ification of two-step measurements using successive parallel
drives [37,38], which allow us to detect the degree of order
of vortex configurations. Here in the first-step measurement,
we drive the vortices in one (y) direction for a long time and
freeze the vortex configuration in the steady state by shutting
off the current abruptly. In the second-step measurement, we
apply the driving force of the same magnitude in the (x)
direction perpendicular to the first drive and measure the time-
dependent voltage V (¢). We find that the vortices immediately
after applying the second drive move more easily for low
drives, less easily for intermediate drives, and almost equally
for sufficiently high drives. The results indicate the dynamic
ordering from the plastic flow to the anisotropic smectic flow
and that from the anisotropic smectic flow to the isotropic
moving Bragg glass induced by 1.

Also, we obtain more convincing evidence of the moving
smectic phase by means of mode-locking (ML) measurements
[39-58]. ML is a useful method to detect the periodicity in
driven media such as charge-density waves [39-42], Joseph-
son junction arrays [43,44], colloids on ordered substrates
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FIG. 1. (a) Schematics of the cross-shaped film of amorphous
Mo, Ge,_, on the Si substrate and the arrangement of electrodes. The
magnetic field B is applied perpendicular to the film surface. (b) Ex-
perimental setup for the first-step measurements and the second-step
measurements of parallel drive (Drive y). (c) Experimental setup for
the second-step measurements of perpendicular drive (Drive x). Blue
dots and arrows illustrate the vortex motion due to the Lorentz-like
force.

[45], and superconducting vortices [46-58]. In the conven-
tional ML experiments, an interference signal analogous to
Shapiro steps [59] is observed in dc I —V characteristics
by superimposing longitudinal rf currents. In this work, in
addition to the longitudinal ML, we conduct transverse ML
measurements, in which the rf current transverse to the dc
current / is superimposed and first observe transverse ML
signals [60]. The interference signals of transverse ML are
considerably larger than those of longitudinal ML, supporting
a picture of the moving smectic phase that the transverse order
is higher than the longitudinal order.

II. EXPERIMENTAL SETUP

The sample was a 280-nm-thick cross-shaped film of
amorphous Mo, Ge;_, (x & 0.78) with weak random pinning,
which was prepared by rf sputtering deposition onto a Si
substrate held at room temperature. A shape of the sam-
ple with an arrangement of current (£I, £I;) and voltage
(£V4, £V}) electrodes is schematically shown in Fig. 1(a),
where the size of the intersection is about 2 x 2 mm?. We
conducted four probe measurements in the x and y directions
using the (£I;, £V;) and (£, £V,) electrodes, respectively,
and obtained an identical critical temperature 7, = 6.2K in-
dependent of the directions, indicating the uniformity of the
film. The field B was applied perpendicular to the film surface.
All of the data were taken at 3.6 K and 1.0 T, corresponding
to the Bragg glass phase at equilibrium [29,61]. The size of
the vortex core and the range of repulsive vortex-vortex inter-
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FIG. 2. (a) I dependence of (V° — V>®)/V > extracted from V (¢)
in response to the perpendicular second drive (Drive x), where V°
and V*° are initial and steady-state voltages, respectively. A horizon-
tal dashed line represents the location of zero. The dynamic phase
diagram is shown above (a). (b) I —V characteristics (solid line)
and dV/dI (circles). Vertical dotted lines mark the location of Ig,
I, at which a sign reversal of (V? — V>)/V* occurs, and I, at which
dV/dI flattens out.

action characterized by the superconducting coherence length
and London penetration depth are estimated to be =1 x 10
and ~10? nm, respectively [62]. The sample was immersed
in liquid *He to reduce possible heating. The average veloc-
ity v of vortices was estimated from the voltage induced by
vortex motion, V = vBI, where /(= 1.95 mm) is the distance
between voltage contacts. In the two-step measurements, the
transient voltage V(f) in response to a square current with
a sharp rise time of 0.5 us was measured using an oscil-
loscope (Rohde and Schwarz RT02024) with resolution of
10 MHz [63,64] and the steady-state voltage was denoted as
V®[= V(t — 00)]. Figure 2(b) shows the I — V characteris-
tics, where the depinning current Iy = 4.7 mA 1is defined by
a 1078V criterion. Upward curvature just above I indicates
the plastic depinning. Compared with the conventional strip-
shaped film, some current may leak in wider central zone in
our cross-shaped film. This may lead to an overestimation of
the absolute value of 7 but does not influence the discussion
which follows.

III. RESULTS AND DISCUSSION

A. Two-step measurements

In the first-step measurements, as shown in Fig. 1(b),
we drive the vortices in the y direction by applying the
Lorentz-like driving force (current /) in the y direction (mi-
nus x direction), yielding V> = 0.01 mV, corresponding to
the plastic flow regime, and shut off the driving force (/) to
freeze the vortex configuration in the steady state. Then, in
the second-step measurements, we apply a driving force of the
same magnitude in the same direction as the first one (i.e., in
the y direction), which we call a parallel second drive, Drive
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FIG. 3. Directional fragility of the clogging. (a) Voltage re-
sponses V(¢) to the second drive parallel (black) and perpendicular
(red) to the first drive applied in the y direction. (b—d) Schematics
of vortex flow at the beginning of the parallel second drive (Drive
y) (b) and at the beginning (c) and at the end (d) of the perpen-
dicular second drive (Drive x). Open circles represent the pinned
vortices. Blue and red dots illustrate the flowing and trapped vortices,
respectively.

y. We also conduct the second-step measurements applying
a driving force rotated by 90° clockwise relative to the first
one as shown in Fig. 1(c), which we call a perpendicular
second drive, Drive x. In Fig. 3(a), voltage responses V (¢)
to Drives y and x are shown by black and red lines, respec-
tively. For Drive y, the voltage induced by vortex motion rises
steeply, reaching immediately a steady-state value V°° and no
relaxation is observed. In contrast, for Drive x, the voltage
exhibits a large initial rise exceeding V*° and a subsequent
decrease toward V*°. The results indicate that after applying
Drive x, the vortices are temporarily more mobile than in the
steady-state flow state of the first-step measurements, while
the application of Drive y does not change the flow state.

The observed anisotropic responses to the second drives
are explained in terms of directional fragility of the clogging
phenomena [36,65-68]. Let us consider the flow of particles
that is hindered or blocked in the presence of walls and con-
strictions. Such a flow is easily recovered by changing the
direction of the driving force. The two-step measurements
shown in Fig. 3(a) were performed in the low velocity regime
just above Iy, where the steady-state flow is the disordered
plastic flow, containing many pinned vortices. Since the pin-
ning centers in our film [28] are randomly distributed, the
pinned vortices are mostly isolated, while some can form
wall-like structures [65-68]. At the end of the first-step mea-
surement, some portion of flowing vortices is trapped by the
walls, as schematically illustrated by red dots in Fig. 3(b).
When we apply the parallel second drive (Drive y), these vor-
tices remain still trapped on the walls and no change in V (¢)
is expected. By contrast, when the perpendicular second drive
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FIG. 4. Directional robustness of the smectic flow. (a) Voltage
responses V(t)/V™ to the perpendicular second drive (Drive x)
yielding V> = 0.1, 0.4, and 0.7 mV from top to bottom. Solid and
dotted lines represent fits to the data (see text), and a horizontal
dashed line marks the steady-state value of unity. Inset: V(¢)/V*>
subjected to Drive x with V* = 10 mV. (b) The vortex configuration
at the end of the first drive in the smectic flow regime. Dotted lines
represent flow channels with periodicity in the x direction. (c) Vortex
flow just after applying Drive x to the frozen configuration in (b),
and (d) that subjected to long-time Drive x, forming smectic flow
with periodicity in the y direction.

(Drive x) is applied, some vortices trapped on the walls can
escape and take part in the flow, as schematically illustrated by
red arrows in Fig. 3(c), which gives rise to a large rise of V (¢)
att ~ 0. However, the flowing vortices are gradually captured
by other walls again, as schematically shown by red dots in
Fig. 3(d), and V (¢) decreases monotonically toward V°, as
seen by the red line in Fig. 3(a).

We also perform the same two-step measurements using
larger driving forces (V°°). Figure 4(a) shows the voltage
responses to the perpendicular second drives (Drive x), where
V(t) is normalized by the steady-state voltage of V* =
0.1,0.4, and 0.7 mV from top to bottom. For V> = 0.1 mV,
V (¢) still shows a monotonic decrease similar to that seen in
Fig. 3(a). For V> = 0.4 mV, however, a decreasing relaxation
is significantly suppressed, and for V°° = 0.7 mV, an initial
rise at t &~ 0 exceeding V*° is no longer visible and V (¢)
exhibits a monotonic increasing behavior.

The decreasing relaxation observed for V> = 0.1 mV in-
dicates that the plastic flow with clogging still survives. With
an increase in V°°, the number of pinned vortices that form
walls decreases and the clogging mechanism is suppressed,
and for V*° = 0.7 mV, the clogging mechanism is subject to
or replaced by an alternative mechanism. Since the increasing
relaxation in V (¢) appears only in the relatively high velocity
regime (I > 8.4 mA), we attribute it to the directional ro-
bustness of the smectic flow, as schematically illustrated in
Figs. 4(b)—4(d): At the end of the first-step measurements, the
vortices form straight 1D flow channels in the y direction, as
shown in Fig. 4(b). Due to the smectic nature, these channels
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have the transverse periodicity but the vortices in channels
possess no longitudinal order. When the perpendicular second
drive (Drive x) is applied, these vortices cannot immediately
form straight flow channels in the x direction; instead, they
form winding channels, as shown in Fig. 4(c), with lower mo-
bility. After undergoing rearrangements of the flow channels,
the flowing vortices finally reorganize into the 1D smectic
channels, as shown in Fig. 4(d), thus accounting for the
monotonic increase in V (¢) and relaxation toward V°°. The
monotonic relaxation curve for V*° = 0.1 mV, which is due to
the directional fragility of the clogging, and that for V= = 0.7
mYV, which is due to the directional robustness of the smectic
flow, are well fitted using a single exponential function, as
shown by black solid lines in Fig. 4(a). Meanwhile, V (¢) for
V* = 0.4 mV exhibits a nonmonotonic relaxation, which is
fitted to the sum of the two exponential terms, as shown with
a dotted line, indicative of the coexistence of the clogging and
smectic mechanisms. We also find that the relaxation of V (¢)
almost disappears at sufficiently high drive, V*° = 10 mV,
as shown in the inset to Fig. 4(a). This implies the reduced
anisotropy inherent to smectic flow and emergence of the
isotropic moving Bragg glass state.

In Fig. 2(a), we plot (V? — V>°)/V > extracted from V (¢)
in response to Drive x with various amplitudes against I,
where VO[= V (¢t = 2 us)] is the initial voltage at t = 2 us,
corresponding to the response time of the amplifier. A sign
reversal from positive to negative occurs at 8.4 mA(= [)),
indicating that the flow state crosses over from the plastic flow
with clogging to the smectic flow around ;. After showing a
minimum, (V° — V°°)/V > increases gradually and converges
to zero at sufficiently high 7 ~ 20 mA. This value is very close
to 20 mA(= 1) at which the differential resistance dV/dI in
Fig. 2(b) flattens out. I, is usually considered as an onset of the
moving Bragg glass state [4,10,15,22]. Thus we display the
dynamic phase diagram of vortices revealed from the two-step
measurements above Fig. 2(a), which shows that the vortex
flow state crosses over from the plastic flow to smectic flow
around /; and from the smectic flow to moving Bragg glass
around /.

B. Transverse and longitudinal ML

To demonstrate the smectic order of vortices in motion
more directly, we carried out the ML experiments [39-58].
ML is a dynamic interference between the internal frequency
fint of the periodic media driven over pinning potentials and
the external frequency f.x, of the rf drive superimposed on the
dc drive. When the two frequencies satisfy the relation p fi; =
qfext With integers (p, g), ML steps in the I — V curves or
peak structures of the differential conductance dI/dV appear
atVy,,q = (p/q) fexiaBl, where a is the period of vortex lattices
in the dc flow direction. Since the vortex lattice can orient
with its principal axis parallel and perpendicular to the flow
direction, two values of a are possible [47,55,56,69]: a = ag
and a = +/3ay for parallel and perpendicular orientations,
respectively, where ap = (2®y/~/3B)"/? is a lattice spacing
(=50 nm at 1.0 T).

Figure 5(a) displays dI/dV of conventional longitudinal
ML, where the 25-MHz rf current I+ in the x direction with
different amplitudes 9.18, 9.86, and 10.54 mA from bottom to
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FIG. 5. d1/dV versus V for longitudinal ML (a) and transverse
ML (b). The amplitudes Iy of superimposed 25-MHz rf current are
shown in each figure. Curves are vertically shifted for clarity. Vertical
solid and dashed lines indicate the calculated values of ML peaks for
the perpendicular and parallel orientations, respectively. The inset
illustrates schematics of vortex lattices moving with perpendicular
(a) and parallel (b) orientations. The flow directions by dc and ac
drives are shown by single and double arrows, respectively. ay is the
lattice spacing.

top is superimposed on the dc current / in the same x direction,
and hence both the dc and ac driving forces are exerted in
the y direction. In the present experiment, f.xx &~ 25 MHz is
the maximum frequency available for the ML measurement.
The ML peaks are observed at V ~ 2 mV, corresponding
to the smectic flow state. This value is close to Vi, with

a= \/gao, as marked by a vertical solid line, indicating the
perpendicular orientation, as schematically illustrated in the
inset. Figure 5(b) shows d1/dV of transverse ML, where the
25-MHz I+ with different amplitude 9.24, 9.90, and 10.56
mA from bottom to top is superimposed in the y direction
perpendicular to the dc current. To our knowledge, this is
the first experimental observation of transverse ML. Unlike
longitudinal ML, the fundamental ML peaks are observed at
V ~ 2.5 mV, which again corresponds to the smectic flow
state but is close to Vi, with a = ay, as marked by a ver-
tical dashed line. This indicates the parallel orientation, as
schematically shown in the inset.

In our previous work, we have found the velocity-induced
reorientation of a vortex lattice from a perpendicular to a
parallel orientation, which occurs when a characteristic time
t for the vortex to travel ay decreases down to 7y, ~ 10ns,
with an increase in the effective (total) velocity [56]. In this
work, the result on longitudinal ML certainly satisfies the
condition (& 25ns) > Ty, consistent with the observation of
the perpendicular orientation. For transverse ML where the
parallel orientation is observed, however, the net velocity in
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the dc flow direction does not exceed that for longitudinal ML,
because dc and ac components are orthogonal. Therefore the
lattice rotation from the perpendicular to parallel orientation
is not explained by the increased velocity. From the inset to
Figs. 5(a) and 5(b), we note that both lattices take a perpen-
dicular orientation with respect to the direction of the ac drive.
It has been predicted numerically that the vortex lattice tends
to order with its principal lattice vector aligned perpendicular
to the direction of oscillating motion [69], consistent with the
present results.

The most striking feature seen from Fig. 5 is that the peak
intensity of transverse ML is considerably higher than that of
longitudinal ML. This means that at ML, more vortices move
coherently by the transverse ac drive than the longitudinal one.
This result is well explained by the smectic flow picture. It has
been shown by several simulations [9,10,12] that the smectic
flow under the dc drive involves some aligned dislocations
with their Burgers vector in the direction of the driving force.
Once the dislocations glide, adjacent smectic flow channels
easily slip past each other. When the longitudinal ac drive is
superimposed, the phase of vortex motion between coupled
channels is locked. However, the occurrence of the phase slip
between the channels prevents the entire system from being
phase locked, which explains the relatively small peaks of
longitudinal ML. In contrast, when the transverse ac drive is
superimposed, all channels are forced to move transversely
in the same phase because of the presence of the transverse
periodicity in the smectic flow [7-12]. This gives rise to the
large peaks of transverse ML, as seen in Fig. 5(b). Similar
geometrical constraint effects are observed in other elastic
media such as charge-density wave systems, where inherent
longitudinal periodicity results in a sharp longitudinal ML

resonance [39-42]. We have shown in this work that both
the transverse and the longitudinal ML resonances are useful
to detect the anisotropic periodicity in driven media, in the
present case, the dynamically induced transverse periodicity
of smectic flow of fast driven vortices with v & 1 m/s, where
a visualization technique is not available.

IV. CONCLUSION

We studied the dynamic phases of driven vortices in re-
sponse to mutually perpendicular drives (/) and find the
dynamic orderings from the plastic flow to the anisotropic
smectic flow and from the anisotropic smectic flow to the
isotropic moving Bragg glass induced by I. The directional
fragility associated with clogging is observed in the plastic
flow. Convincing evidence of the moving smectic phase inter-
vening between the plastic flow and the moving Bragg glass
phase is obtained from the first transverse ML with resonance
signals larger than those of longitudinal ML, indicating the
higher transverse order than the longitudinal one. We show
that transverse ML developed here is a useful method to detect
the anisotropic periodicity in driven media.
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