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Abstract
We study the critical behavior associatedwith transient dynamics of vortices near the depinning
transition by an ac drive. From Iac,e–Vac,e curves at different frequencies f, where Iac,e andVac,e are the
effective current and voltage of sinusoidal waveform, respectively, we clearly identify the characteristic
voltage separating linear and nonlinear regimes, fromwhichwe can estimate themean diameter of the
pinning potential.We alsomeasure the time evolution of the voltageVac(t) for a disordered initial
vortex configuration in response to the ac drive Iac(t) of square waveform, andfind a gradual increase
in the amplitude ∣ ( )∣V tac towards the steady-state voltage, indicative of dynamic ordering. The
relaxation time t ( )f against ∣ ( )∣I fac shows a power-law divergence at the f-dependent depinning
threshold ( )I fac,d .When plotted against -∣ ( )∣ ( )I f I fac ac,d , all t ( )f ʼs collapse on a single linewith a
critical exponent of 1.4, which almost coincides with the value for the dc depinning transition. These
results indicate that the critical behavior of the depinning transition is observed not only for the dc
drive but also for the ac drive, further demonstrating the universality of the nonequilibriumdepinning
transition.

1. Introduction

Dynamic properties of driven elastic objects interactingwith a randompinning substrate are determined by the
competition between disorder of the substrate and the elasticity of the lattice [1–27]. As the pinning strength
exceeds the elasticity, the lattice is deformed plastically.When a dc driving force F is applied abruptly, some
particles constituting the latticesmove in the formoffluctuating channels while others remain pinned [1, 2]. The
transient dynamics is largely dependent on the initial configuration of the particles. For an ordered initial
configurationwhere a small number of particles are pinned by randompinning centers or, equivalently, an
ordered lattice involving a small number of dislocations (topological defects), the driven particles are gradually
pinned to randompinning sites until the final steady (  ¥t ) state is reached. This process is called a dynamic
disordering or dynamic pinning.When the applied dc force F is below a critical depinning force Fc, all the
particles are pinned in the final steady state, while for >F Fc, a nonzero number of particles remainmoving in
thefinal state. Although the transient behavior associatedwith the dynamic disorderingwas observed in earlier
experiments on the vortex dynamics of single crystal NbSe2 [6], the existence of the nonequilibriumdepinning
transitionwas predicted inmore recent numerical simulations. According to [2], it could be detected from the
transient vortex dynamics associatedwith the dynamic disordering near Fc.

Recently, we have provided evidence of the nonequilibriumdepinning transition [2] in a vortex systemwith
aCorbino disk geometry for an amorphous (a-)MoxGe1−x filmwithweak randompinning [18]. In the
experiment, we first prepared an ordered initial vortex configurationwith a small number of pinned vortices.
Then, a dc current Iwith a sharp rise was applied to it at t=0 and a time(t)-evolution of the voltageV(t)
generated by vortexmotionwasmeasured, where I andV correspond to the dc driving force F and themean
vortex velocity v, respectively.We observed a decay ofV(t) towards afinal steady-state voltage

 ¥ º ¥( )( )V t V , indicative of the dynamic disordering (pinning). The relaxation time τ for the system to
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settle into the steady state is dependent on I and exhibits a power-law divergence t µ - n-( )I Id
dc at around the

depinning current Id determined from the I–V characteristics [18]. The value of the critical exponent ndc is
around 1.3–1.4, which is nearly equal to the value n = –1.3 1.4dc predicted theoretically [2]. Soon after, the
similar diverging behavior of τhas been reported on both sides of the threshold current in the single crystal of
NbS2 [28], where the transition is caused by ‘jamming’ of vortices at high driving currents. The reported values
of t ~ 103 s are significantly (by five orders ofmagnitude) larger than t ~ -10 2 s in our a-MoxGe1−xfilms,
while the reported n » 1.6dc in theNbS2 crystal is only slightly larger than n = –1.3 1.4dc in the a-MoxGe1−x

films.
We have extended our experiment to include a disordered initial vortex configuration, and found thatV(t) in

response to the dc drive I shows a gradual increase and relaxation towards ¥V , indicative of the dynamic ordering
(depinning) [29]. Nevertheless, the relaxation time exhibits a power-law divergence at the same current Id and
with the same exponent as those found for the ordered initial configuration. These results indicate that, while the
transient behavior is largely dependent on the initial vortex configuration, the critical behaviors as well as the
finalmean velocity of vortices [25] are nearly identical to each other.

Previous experimental and numerical studies on the nonequilibriumdepinning transition have focused only
on the response to the dc drive, while it is well known for the vortex system that the ac external forces, namely,
the ac current Iac and the acmagnetic field, are readily used to depin and order the vortex lattice [9, 13, 24, 25,
30–33]. For the ac current–voltage (∣ ∣–∣ ∣I Vac ac ) characteristics, an increase in the frequency f aswell as the
amplitude ∣ ∣Iac of the ac drive Iac causes an enhancement of the amplitude ∣ ∣Vac of the ac voltage. Figure 1 of [24]
shows the results of the numerical simulation, where the amplitude of the ac velocity is plotted against the
amplitude of the ac driving force at different frequenciesω, including the dc case (w = 0). It is clearly seen that
with an increase inω, the velocity shows an increase. This is qualitatively explained in terms of reduced-pinning
or reduced-dislocation effects by shaking the vortices at higher frequencies. Apart from the frequency-
dependent effects, the determination of the depinning threshold for the ac driven vortices ismore difficult than
for the dc driven ones. This is because, evenwhen themean displacement of the vortexmotion becomes smaller
than the diameter of the pinning-potential well by decreasing the amplitude of the ac drive, and the vortices are
‘trapped’ in the potential well, the detectable voltageVac is generated due to the small harmonic oscillations
persisting inside the pinning-potential well. The simulation of [24] reasonably predicted that themean
displacement of the lattice, rather than themean velocity, is a relevant quantity in identifying depinning and
dynamical ac regimes. To the best of our knowledge, however, this prediction has not been explicitly verified by
experiment. Furthermore, if the depinning threshold is determined for the ac driven vortices, then it is of great
interest to investigate whether the critical behavior of the nonequilibriumdepinning transition is also observed
for the ac drive. Again, this question has not yet been answered theoretically or experimentally.

In this work, we start withmeasurements of ∣ ∣–∣ ∣I Vac ac characteristics, wherewe use Iac of sinusoidal waves
with various frequencies f. All the data that we present in this paper were taken at 4.1 K in 2.0 T, corresponding to
the ordered orweakly disordered vortex-lattice phase at equilibrium [37], where the pinning strength is
moderate.We know fromour previous work on the dc depinning transition [34] that the critical dynamics
associatedwith dynamic disordering near the depinning transition is commonly observed in different vortex
phases except in the disordered phase just prior to the liquid phase. In this work, by plotting the –I Vac,e ac,e

relation, where Iac,e andVac,e denote the effective current and voltage, respectively, we clearly identify the f-
dependent effective current Iac,es and voltageVac,es separating the linear response regime ( <V Vac,e ac,es)where
the vortices oscillate inside the pinning-potential well from the nonlinear regime ( >V Vac,e ac,es)where the
vortices are depinned (escape) from the pinning potential. From the characteristic values of ( )V fac,es , themean
diameter of the pinning potential is estimated. Next, to examine the critical behavior of the ac depinning
transition associatedwith dynamic ordering, we perform transientmeasurements ofVac(t) for the disordered
initial vortex configuration in response to Iac(t) of square waveform. ∣ ( )∣V tac shows a gradual increase and
relaxation towards the steady-state value  ¥ º ¥∣ ( )∣( )V t Vac , reflecting the dynamic ordering. The relaxation
time τ for the system to reach the steady state increases with a decrease in ∣ ∣Iac , and exhibits a power-law
divergence at around the f-dependent depinning threshold Iac,d, similarly towhat has been observed in the dc
drive [18, 29, 34]. All the data of τ at different f plotted against -∣ ∣I Iac ac,d fall onto nearly a single line, which
gives a well-defined critical exponent n = 1.4 close to n = –1.3 1.4dc for the dc drive.

2. Experiment

A strip-shapedfilm of a-MoxGe1−xwith a thickness of 0.35 μmwas prepared by rf sputtering on a silicon
substratemounted on awater cooled rotating copper stage [18, 34–37]. Themean-field transition temperature
defined by a 95%criterion of the normal-state resistivity and zero-resistivity temperature are 6.85 and 6.71 K,
respectively. The dc linear resistivity, and dc and ac current–voltage characteristics weremeasured using a
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standard four-terminalmethod. In the ac current–voltagemeasurements we applied ac currents of either
sinusoidal or square waveform to the vortex system, and voltages induced by the vortexmotionweremeasured
using a lock-in amplifier or an ac digital voltmeter, respectively, after amplifiedwith preamplifiers.We also
measured the time evolution of voltageVac(t) just after the ac current Iac of squarewaveformwas applied, whose
amplitudewas adjusted to yield an ac voltage with desired amplitude ¥V in the steady state.Vac(t) enhanced
with a preamplifierwas taken and analyzed using a fast-Fourier transform spectrum analyzer with time-
resolutions that enable us tomeasureVac(t) at f up to about 10 kHz [18, 35–38]. Thefilmwas directly immersed
into the liquid 4He and themagnetic fieldwas applied perpendicular to the plane of the film.

3. Results and discussion

3.1. Ac current–voltage characteristics and estimation of the diameter of the pinning potential
Figure 1(a) showsVac,e versus Iac,e of sinusoidal wavewith f=80 kHz (purple circles) and dc I–V characteristics
(black circles) plotted on a log–log scale. The data points of dcV(I) show a smooth downward curve, as typically
observed in the vortex solid state. The dc depinning current Id is determined to be about 0.24 mA,which
corresponds to the threshold current at which the vortexmotion ceases. The –I Vac,e ac,e curve at 80 kHz is located
above the dc I−V curve, reflecting the reduced pinning effect themoving vortices feel [24, 31]. The overall shape
of the –I Vac,e ac,e curve is similar to that of the dc I–V curve, however, a peculiar linear regime exists below a
characteristic current =I 0.16 mAac,es and voltage m=V 3.9 Vac,es . Such a change in curvature is not observed
for the dc I–V characteristics.

The inset offigure 1(a) schematically illustrates the pinning-potential well and oscillation of a vortex for
threeVac,e regimes: > =V V V V,ac,e ac,es ac,e ac,es, and <V Vac,e ac,es from top to bottom. In the regime of

<I Iac,e ac,es ( <V Vac,e ac,es), the vortices are trapped in the pinning-potential well, where themean displacement
of the vortex oscillation around the initial position is smaller than the diameter dp of the pinning potential,
leading to a linear –I Vac,e ac,e response. As ( )I Vac,e ac,e exceeds the characteristic value ( )I Vac,es ac,es , the vortices are
depinned from the pinning potential, where themean displacement of the vortex oscillation is larger than dp.
This leads to a nonlinear Iac,e–Vac,e response, similarly to the dc I–V case. Since the amplitude of the ac velocity
vac is given by = ∣ ∣v V Blac ac , where l is the distance between the voltage contact, themean diameter of the
pinning potential is estimated to be p x» + » + =d V Blf2 2 10 18 28 nmp ac,es , where x »(2 18 nm) is the
size of the vortex core estimated from the upper criticalfield.

Infigure 1(b), all the –I Vac,e ac,e curves taken at f ranging from2 to 250 kHz are shown. The f-dependent
characteristic current Iac,es and voltageVac,es separating the linear and nonlinear regimes are observed for all f in
the range = –f 2 250 kHz.Note that features of the –I Vac,e ac,e characteristics for different f, namely, the
crossover from the linear relation at low Iac,e to the nonlinear one at high Iac,e, as well as the upward shift of the

Figure 1. (a) –I Vac,e ac,e characteristics (purple circles) for a sinusoidal current with f=80 kHz and dc I–V characteristics (black
circles). A straight dotted line represents a linear relation and other lines are guide for the eye. Inset: schematic diagramof the pinning-
potential well and a vortex oscillating around the center of thewell. (b) –I Vac,e ac,e characteristics taken at various f listed in thefigure.
The lines are a guide for the eye.

3

New J. Phys. 19 (2017) 093001 YKawamura et al



( )V Iac,e ac,e curves by increasing f, are qualitatively the same aswhat have been predicted numerically infigure 1(b)
of [24]. In our data, with an increase in f V, ac,es increases significantly from around 0.27 to m13 V, while Iac,c

stays in a limited range 0.12–0.18 mA.
Shown infigure 2with solid and open circles are fdependences ofVac,es obtained from the data infigure 1(b)

and dp calculated using the above-mentioned equation, respectively. All the data points ofVac,es fall onto nearly a
single straight line expressed as = ´ -V f 5 10ac,ec

11 (VHz−1), which leads to a f-independent value of dp. This
fact strongly supports the validity of the picturementioned above, and also implies that themeasurements of

–I Vac,e ac,e curves for a limited number of f are sufficient to evaluate the average value of dp. From the slope of the
straight line, we immediately obtain = d 28 2p nm,which is comparable to the size of the vortex core
(»18 nm). This is consistent with the intuitive belief based on the structural studies of amorphous films and
other indirect experimental evidence that the amorphous films contain point-like pinning centers [39–41].
However, we cannot state definitely whether the exact shape of the pinning centers is point-like or columnar-
like, and towhat extent they are uniform. Judging from theweak pinning strength in our a-MoxGe1−x films, the
columnar defects, such as created by heavy ions irradiation in oxide superconductors, aremost likely absent. The
well-determined value of =d 28 nmp in our experiment suggests that the distribution of the pinning-potential
wellsmay be fairly uniform. If ourfilms contained a substantial number of pinning centers with dp larger than
28 nm, the separation between the linear and nonlinear regimes in the –I Vac,e ac,e characteristics would bemore
ambiguous.

3.2. Transient dynamics associatedwith dynamic ordering
Now,we focus on the transient behavior of vortices associatedwith dynamic ordering near the ac depinning
threshold ( )I fac,d at a given frequency f. Hereafter, the applied ac current Iac(t) is of square waveform, similarly
to that used in previous work on the reversible to irreversible flow transition [18, 36, 38, 42]. First, we estimate
the depinning current ( )I fac,d in the steady state from the ∣ ∣–∣ ∣I Vac ac characteristics, where ∣ ∣Iac and ∣ ∣Vac represent
the amplitude of the applied ac current and that of the induced voltage, respectively. ( )I fac,d is defined as a
current ∣ ∣Iac at which ∣ ∣Vac in the nonlinear regime, namely, the amplitude of the velocity of vortices that are
oscillating around the pinning centers inmean distances larger than the pinning diameter dp is smoothly
extrapolated to zerowith a decrease in ∣ ∣Iac . Specifically, wefit the data in the nonlinear regime near the
depinning threshold to an empirical formula µ - b∣ ∣ (∣ ∣ )V I Iac ac ac,d with b > 1. Infigure 3(a), we plot ∣ ∣Vac

against ∣ ∣Iac at various f ranging from0.06 to 250 kHzwith colored symbols and, for comparison, dc I–V
characteristics with black circles. The bestfit for the ac and dc data are achieved using b = 2.2 0.2 and
2.4±0.2, respectively. The results of the fit for selected f including dc ( f = 0) are shownwith full lines in
figure 3(a), and those for the ac data at = –f 0.06 9.5 kHz and dc data are indicatedwith red and black lines in
3(b), respectively. For dc data, Iac,d is replaced by the depinning current Id determined from the dc I–V
characteristics. It is found thatwhen ∣ ( )∣V fac is plotted against ∣ ( )∣I fac − ( )I fac,d on a log–log scale, as shown in
figure 3(b), all the data points in the frequency range = –f 0.06 9.5 kHz fall onto nearly a single line expressed as

b= - +∣ ∣ (∣ ∣ )V I I blog logac ac ac,d , whereβ and b are constants independent of f. In the inset offigure 3(a), the
depinning current Iac,d thus obtained is plotted against ∣ ( )∣f I f. ac,d shows a trend to decrease with increasing f,
which reflects the reduced pinning effect at higher f.

Figure 2. Vac,es (solid circles) and dp (open circles) plotted against f. A full line represents the result of the linear fit and a horizontal
dotted line is a guide for the eye. Inset: schematic diagramof the pinning-potential well with a diameter of dp.
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Next, we present the data of the time-dependent voltageVac(t) generated in response to the ac current Iac(t)
of square waveform. In this transientmeasurement, themaximum frequency f of Iac was limited to 10 kHz due to
the time resolution of our fast-Fourier transform spectrum analyzer.We know fromour earlier work that for the
ac driven vortices, the dynamic ordering process for a disordered initial vortex configuration ismore easily
detected than the dynamic disordering process for an ordered initial configuration [18, 36, 38]. Therefore, in this
workwe study the transientmotion of vortices associatedwith dynamic ordering using the following
experimental procedure: first, the vortex system is driven by a dc current I that generates m=V 10 V, which
gives rise to a disordered plastic-flow state in the steady state. Then, its configuration is frozen by abruptly
switching off the current I. Thus prepared vortex lattices are highly disordered, containing a large number of
dislocations, and strongly pinned by randompinning centers [36, 42]. Subsequently, Iac(t) is applied at t=0 and
Vac(t) ismeasured until the final steady state is reached. Since the voltage is proportional to themean velocity of
vortices, a transientmotion of vortices can be detected bymeasuringVac(t).We repeat thismeasurement of
Vac(t) by changing the amplitude of Iac(t)with small current steps. Note that we are not able to examine the
transient behavior of the ac depinning transition in the pinned phase ( <∣ ∣I Iac ac,d), where =¥V 0.

Infigures 4(a)–(c), we show the selected data ofVac(t) generated by 2 kHz Iac(t)with amplitudes of 0.32, 0.37,
and 0.66 mA,which yield =¥V 40, 90, and m600 V, respectively. The location of ¥V is indicated by
horizontal dashed lines. Regardless of the value of ¥V , the amplitude of the voltage at = = º∣ ( )∣( )t V t V0, 0ac 0 ,
is smaller than ¥V and ∣ ( )∣V tac shows a gradual increase to a saturation value of ¥V . This behavior is explained
as follows: the initial vortex configuration is highly disordered deformed lattices, wheremany vortices are
strongly pinned by randompinning centers.When the ac drive ∣ ∣Iac larger than Iac,d is applied, some vortices
escape from the pinning potential and take part in the flow states, which in turn facilitates further depinning.
Therefore, themean velocity of vortices, ∣ ( )∣V tac , increases until the final steady state is reached. For larger ¥V ,
the transient behavior of ∣ ( )∣V tac is less pronounced. This is because for the larger ac driving force ∣ ∣Iac giving rise
to larger ¥V , both the depinning and dynamic ordering (or healing) processes are promoted, resulting in faster
relaxation.

3.3. Critical behavior near the ac depinning transition
To explore the critical behavior of the depinning transition by the ac drive, we extract the characteristic time τ for
the system to reach the steady state byfitting the amplitude of the ac voltage ∣ ( )∣V tac to the theoretical relaxation
function [2, 43],

t= - - - a¥ ¥∣ ( )∣ ( ) ( ) ( )V t V V V t texp . 1ac
0

Here, wefix the value ofα to be zero, because theoreticallyα is relevant only very close to the transition
(t  ¥), while in our experiment t t is relatively small [18]. The results of thefit are shownwith dotted lines
infigures 4(a)–(c). The values of τ obtained from the fit are shown in themain panel offigure 5(a), where τʼs at
=f 2 kHz (yellow circles) and at other frequencies in the range = –f 0.06 7 kHz are plotted as a function of ∣ ∣Iac .

The divergence of τ is clearly visible at the f-dependent characteristic current, which is nearly equal to the
depinning current Iac,d obtained above from the steady-state ∣ ∣–∣ ∣I Vac ac measurements (see the inset of

Figure 3. (a) ∣ ∣Vac versus ∣ ∣Iac for squarewave at various f listed in thefigure. Black circles represent the dc I−V characteristics. Full lines
indicate the results of thefit. Inset: f dependence of Iac,d. (b) ∣ ∣Vac plotted against ∣ ∣Iac − Iac,d on a log–log scale. Red and black lines
represent the results of the fit of the ac data at = –f 0.06 9.5 kHz and dc data, respectively.
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figure 3(a)). This result strongly suggests that the nonequilibriumdepinning transition occurs not only for the dc
drive but also for the ac drive, and that Iac,d obtained from ∣ ∣–∣ ∣I Vac ac characteristics indeed corresponds to the ac
depinning transition. Large errors of τ are present for smaller τ in the large ∣ ∣Iac region, which aremore
remarkable at lower f. This is becausewith a decrease in f, the pulsewidth ofVac(t) increases asµ f1 , andwhen
thewidth approaches t ~ 1ms, it becomes difficult to precisely determine τ inms from thefit using equation
(1). Interestingly, when the same data of τ as shown in themain panel offigure 5(a) are plotted against

Figure 4. Selected data ofVac(t) generated by 2 kHz Iac(t)with amplitudes of (a) 0.32, (b) 0.37, and (c) 0.66 mAyielding =¥V 40, 90,
and m600 V, respectively. Dotted lines are results of thefit and horizontal dashed lines indicate the location of ¥V .

Figure 5. (a) τ plotted against ∣ ∣Iac for selected frequencies f, which are listed in thefigure. The dotted lines are the results of the power-
lawfit. Inset: τ versus -∣ ∣I Iac ac,d, where the symbols correspond to those in themain panel. A dotted line represents the result of the
power-law fit. (b) τ versus -∣ ∣I Iac ac,d (colored symbols) on a log–log scale. The gray circles represent the data at 9.5 kHz and other
symbols correspond to those in (a). τʼs obtained from the dc data are also shownwith open black circles. Ac and dc data aremeasured
from the disordered and ordered initial configurations, respectively. The dotted straight lines indicate the results of the power-law fit,
both ofwhich give the same exponent of 1.4.
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-∣ ∣I Iac ac,d, all the data collapse on a single curve, as shown in the inset offigure 5(a). Here, the dotted lines
represent thefits of the data to a power-law function t µ - n-(∣ ∣ )I Iac ac,d with n = 1.4 0.1.

Infigure 5(b), all the data shown in the inset offigure 5(a), including the data at 9.5 kHz (gray circles), are
plotted on a log–log scale, where the colored symbols correspond to those in the inset offigure 5(a). A dotted
(upper) straight line represents the result of the power-lawfit, and the slope gives n = 1.4 0.1. For
comparison, the result of the dc depinning transition, τ versus -I Id, is also shownwith black open circles,
wherewe prepared an ordered initial vortex configuration and a transient behavior associatedwith dynamic
disorderingwasmeasured. The reasonwhywe used the ordered initial configuration for the dc depinning
experiment is that it ismore difficult to obtain accurate values of τ in the dynamic ordering process. This is in
contrast to the case of the ac depinning experiment, where the transient behavior associatedwith the dynamic
ordering is clearly observed. The difference in the initial vortex configurationmay account for the difference
between the fitted lines of τ for the ac and dc depinning experiments. If we could conduct a dc depinning
experiment that exhibits dynamic ordering using a highly disordered initial vortex configuration, or an ac
depinning experiment that exhibits dynamic disordering using a highly ordered initial vortex configuration, the
merging of the ac and dc datamight be expected infigure 5(b). The argument here also implies that the values of
the relaxation time τ at a given driving force should depend on the initial conditions, although theymay be of the
same order ofmagnitude.

In our independent study using the vortex systemof a-MoxGe1−x films, it has become clear that the dynamic
ordering (or randomorganization) by the ac drive, whichwas detected from theVac(t) data, such as shown in
figures 4(a)–(c), is responsible for the reversible–irreversible transition [18, 36, 38, 42]. Note, however, that the
experimental parameter driving the reversible–irreversible transition is a frequency f, that is, a displacement
amplitude of vortices per cycle at a fixedmean velocity [18, 36, 38, 42], whereas the parameter driving the ac
depinning transition is the amplitude of the ac driving force or, equivalently, themean velocity in the steady
state. Furthermore, the critical points of the two transitions are different: for the reversible–irreversible
transition, the critical point of the transition corresponds to the (non-fluctuating)moving statewhere the
vortices oscillate with a relatively small amplitude butmuch larger than dp and, hence, º ¥∣ ∣( )V Vac is nonzero in
the steady state [18, 36, 38, 42]. In contrast, the critical point of the ac depinning transition corresponds to the
quiescent state in the limit  + ∣ (∣ ∣ )∣V I I 0 0ac ac ac,d , where all vortexmotion ceases. It is also noted that for the
study of the reversible–irreversible transition the relaxation time τ is expressed as a number of cycles instead of
time in seconds. Thus, itmay be interesting to express τ for the ac depinning transition as a number of cycles,
whichmay lead to amore profound view on the dynamic ordering by ac drive, associatedwith the reversible–
irreversible transition and depinning transition.We leave this issue for future work, and herewe simply show in
figure 5(b) that τʼs (in seconds) associatedwith the ac and dc depinning transitions are of the same order.

An important finding in this work is that, while the threshold Iac,d of the ac depinning transition is
dependent on f, the critical behavior of τ near the transition is independent of f, which is characterized by the
critical exponent n = 1.4 0.1and this value is identical to the one (n = 1.4 0.1dc ) for the dc depinning
transition [18, 29]. Note that n = 1.4 is also close to the exponent (n = 1.3) for the reversible–irreversible flow
transition found in the two-dimensional vortex system [18, 38, 42], whichwas originally found in colloidal
suspensions for three-dimensions (n = 1.1) [43–45], and close to n = 1.2 for the absorbing state transition
[46, 47] reported in the liquid-crystal system [48, 49]. The results obtained in this work demonstrate that the
nonequilibriumdepinning transition occurs not only for the dc drive but also for the ac drive, which can further
support the theoretical prediction that the plastic depinning transitionmay fall into the same universality class as
the reversible–irreversible transition and the absorbing state transition [2].

4. Conclusions

We study the general phenomenon of plastic depinning, focusing onwhether the critical behavior of vortex
dynamics near the dc depinning transition, which has been found experimentally [18, 29] aswell as numerically
[2], is also observed for the ac drive. For the study of the ac depinning transition, however, the influence of the
nonzero diameter >( )d 0p of the pinning-potential wellmust be taken into account. From the Iac,e–Vac,e

characteristics for different f, whereVac,e and Iac,e are the effective voltage and current of sinusoidal waveform,
respectively, we clearly identify the f-dependent characteristic current Iac,es and voltageVac,es separating the
linear response regime ( <V Vac,e ac,es)where vortices oscillate inside the pinning-potential well from the
nonlinear regime ( >V Vac,e ac,es)where depinning from the pinning potential occurs. These features are
qualitatively the same as those reported numerically [24]. Based on the –V fac,es relation obtained here, themean
diameter dp is estimated to be about 28 nm,which is nearly independent of f.We propose that themethod
presented here is a very convenient way for estimating dp, which is important for the practical applications of
superconductivity.
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Wealsomeasure the transientVac(t) for the disordered initial vortex configuration in response to the ac drive
Iac(t) of squarewaveform. ∣ ( )∣V tac exhibits a gradual increase towards the steady-state voltage, indicative of
dynamic ordering. The relaxation time τ to reach the steady state increases with a decrease in ∣ ∣Iac , and shows a
power-law divergence at the f-dependent threshold, which is equal to the depinning current ( )I fac,d determined
from the ∣ ∣Iac –∣ ∣Vac characteristics in the nonlinear regime.When τ is plotted against -∣ ( )∣ ( )I f I fac ac,d , all the
data at different f fall onto nearly a single line expressed as t µ - n-(∣ ∣ )I Iac ac,d with a critical exponent n = 1.4,
which almost coincides with the value for the dc depinning transition [18, 29]. These results indicate that the
critical behavior of the depinning transition is observed not only for the dc-driven vortex systembut also for the
ac-driven one, further demonstrating the universality of the nonequilibriumdepinning transition.
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