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Metastable Filamentary Vortex Flow in Thin Film Superconductors
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We present simulations of vortex dynamics in amorphous two-dimensional thin film superconductors,
using a new exact method to evaluate long-range interactions between vortices. We find that the onset
of dissipation for increasing current is dominated by filamentary channels of flow which are stable in a
finite range of bias current. This results in novel steps in the differential resistance, which are strongly
history dependent. Our results are in good agreement with recent experiments on amorph@ieMo
superconducting thin films. [S0031-9007(96)00030-0]

PACS numbers: 74.60.Ge, 05.40.+j, 74.76.—w

The issues of depinning and nonlinear transport in ghous thin films, however, show a strong history depen-
driven disordered medium are of great interest in a largelence of the threshold force and abrupt rises of the voltage
variety of systems [1]. The competition between interac{11]. In this Letter we provide realistic MD simulations
tion forces and randomness under an external driving forcef amorphous thin films that reproduce this novel dynami-
leads to multiple dynamical regimes. In particular, the dy-cal regime. Some of our results are also relevant to the
namics of vortices in disordered type-Il superconductorexperiment in Ref. [5].
driven by an external current has attracted much attention The MD simulations of [6,7,9] are in 2D systems with
lately. Experiments oni2-NbSe, [2] obtained a nonequi- short-rangevortex-vortex interactions. A short-range 2D
librium phase diagram of the dynamical regimes in thepotential corresponds to the interactions of 3D vortices
current-voltage I¥) characteristics. Structural evidence considered as rigid rods, where the interaction range is
of these regimes was found in neutron scattering measurgiven by the magnetic penetration depth This is correct
ments [3]. Three distinct regimes as a function of increasfor thick films where the sample thickness ds>> A
ing current were observed: (i) no motion, pinned vorticespbut much smaller than the Larkin-Ovchinikov correlation
(ii) disordered, plastic motion; and (iii) coherently mov- length [8]. However, in 2D thin films wheré <« A (like
ing vortex lattice. However, recent experiments [4] onthe ones of [4]) the vortex-vortex interactions are truly
amorphous Meg;Ge,; thin films found a novel dynami- long range[12]. Here, we consider the normalized vortex-
cal regime at very low temperatures: the onset of voltvortex interaction energy [12],
age shows abrupt steps in the differential resistance and a
st%ong history deppendre)nce. Furthermore, experiments [5] Uno(rig) = Holrij) = Nolryj). @)
on YBaCu;O;_; just below the melting transition tem- whereHy, and N, are the Struve and Neumann functions,

perature revealed a regime between (i) and (ii) with “stepstespectively, and-; = |r; — r;| is the normalized two-
in the IV curve. dimensional distance between illeandjth vortices. Dis-

It is now well established that the onset of vortex mo-tance is normalized to the effective 2D penetration depth,
tion takes place through “channels” of plastic vortex flow. A = 2A%/d, and energy t&, = ®5/2uoA, with the flux
Following early work by Brandt [6], Jensest al. [7] per- ~ quantum®, = //2e. The vortices also interact with im-
formed molecular dynamics (MD) simulations of vortices purities (pinning centers). The normalized pinning poten-
in two dimensions (2D). They found that for all but very tial between a vortex and a pinning center is assumed to be
weak pinning, the vortex lattice is plastically deformed and7], Uv,(r) = —Ape~ /4" wherea, is the normalized
the onset of vortex motion takes place through channeldnteraction range of the impurity, andl, is the pinning
This result goes beyond the applicability of the collectivestrength. The normalized equation of motion for ttte
pinning theory forlV characteristics [8]. Further numeri- vortex is taken as
cal studies of plastic flow and the onset of vortex motion dr

. 1

were carried on by several authors [9]. In all the MD 7 ZViva(rij) - Zviva(rik)
simulations [7,9], the onset of plastic vortex flow occurs J# k
at a single threshold force (critical current), above which

. . . . +F + ﬂi(l‘), (2)
the voltage increases continuously and nonlinearly. This .
type of behavior was observed in the experiments ldn 2 where V; = (s, aiy,)- Time is normalized tor =
NbSe, [2,3]. Fisher [1] has proposed that the depinningA%»/Ey, where the friction parameter is = ®yBd/py,
transition should follow a power lawW ~ (I — I.)¢, are- the magnetic field perpendicular to the systemBis
sult recently seen in a gauge glass model simulation [10pnd the flux flow resistivity isp; = Bp,/H.,. The
The experimental results of Hellerqvist al. [4] in amor-  normalized force on the vortices arises from the applied
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current density, F = J X 2®¢dA/Ey, withz || B. We in thin films elasticity is nonlocal at all length scales
assume] || %, and thus,F || . The voltage response Furthermore, the vortex lattice is incompressible since
(vortex speed) from théth vortex is thenV; = dy;/dt Ci11(k — 0) = co. In thin films A is of the order of the
(normalized torr/i/Te). Thermal noise is modeled as a sample size £ =~ L/2 in [4]), so for most of the de-
Langevin white noiseg(¢), with (n;(r)) = 0 and(n;(¢;) -  formationsAk > 1. This givesCe¢s/C11 = (kao)*/167;
1;(t2)) = 4%5ij5(;1 — 1), and temperaturel’. The since typicallykap < 1, we haveCg < Cyp.  In con-
summations ovej andk represent the vortex-vortex and trast to short-range interactions, this provides for rela-
vortex-impurity interactions, respectively. A new methodtively easy channeling as the interaction favors an overall
to simulate a system with periodic boundary conditionsuniform density while being largely unaffected by de-
and long-range interactions is used. The interaction bgformations such as filamentary flow. The situation of
tween a vortex and all the periodic images of another vorCes/C11 = (kap)* < 1 can also take place in 3D super-
tex is evaluated with an exact fast converging sum [13]. conductors close to the melting transition, as in the experi-
To connect our simulations to the experiments of [4]ments of Ref. [5]. This is because close to meltiogs
we adopt parameter values appropiate for their sampl largely reduced from it§ = 0 value, and the effective
of amorphous Me;Ge,s. The length scales ard =~  A(T) is large. In this 3D case there are also vortex line
198 wm, the mean intervortex distanag = (®,/B)"/2 = fluctuations along thé direction.
1.03 X 1073A, and the pinning range is taken as the We now discuss our simulation results. The upper inset
coherence lengthy, = ¢ = 2.8 X 1073A. This places of Fig. 1 shows sevedV curves obtained for different

us in the regimenr, < ap < A. The temperaturg = initial conditions but the same distribution of pinning sites.
150 mK in the experiments givekT /E, =~ 257 X 107°,  The voltaggV) is the normalized voltage per vortex. The
and from the flux flow resistancB, we estimater ~ lower inset of Fig. 1 shows the voltage noise strength,

4.8 X 10™* s. From the value of the critical current den- 8V = \/{V?) — (V)>. The noise relative to the voltage
sity, we can estimate the pinning strengh from collectiveclearly decreases as the voltage approaches free flux flow.
pinning theory [8]A, = 5 X 10~2y/n,/n,, wheren, = For small forces there is a pinned vortex state. This
1/a§ andn, are the densities of vortices and pinning cen-is a fixed point of the dynamics of Eq. (2) with(r) =
ters, respectively. (Even though collective pinning theoryr, corresponding ta),, U{r{} = 0; 9, U{r{} = F, with
is not fully valid here, we expect that still gives the correctU = 3;; Uy, (rij) + > Uy, (rix). Because of the many
order of magnitude.) There is only one free parameter leftmetastable minima of this strongly disordered system,
n,. Since the material is amorphous, > n, seems rea- there are many possible pinned states. By increaging
sonable. We take,/n, = 5 and we simulate a system the basin of attraction of the less stable fixed points (pinned
of sizeL? = 0.01 X 0.01 [14], giving N, = 100 vortices  states) shrinks until they become unstable, sequentially.
andN, = 500 pinning centers. The positions of the pin- When the last pinned state becomes unstable the vortices
ning centers are distributed randomly. Because of the exnove. This argument leads to a unique, well defined
tremely smalla,, a very small time step of the numerical threshold force [1]. However, it is possible to have, for
integrator was chosenjr = 2.5 X 10”3, Each simula- the sameF, a coexistence of fixed points (pinned states)
tion was started with a different random initial configura-and attractors corresponding to moving vortices. In this
tion of the vortex positions. Such a configuration quickly
relaxes to a random state resembling a state obtained by de-
creasing the current from the flux-flow regime. For each
value of F (stepped in unit increments), a transient time
of At, = 625 X 107° was allowed before data were ob- 8ol
tained over the next time &r,, = Ar,. We show results [
here for the deterministicT{ = 0) cases only. (Finitd i
will be discussed elsewhere.) 60[
The depinning process is characterized by a competi-
tion between the pinning forces and the vortex lattice elas-
tic properties [8]. For 3D vortex interaction potentials,
the shear modulus is given I, = Bdo/167 A2, and
the compression modulus &1 (k) = B%/uo(1 + A%k?),
with £k the wave vector of the elastic deformation [8].
For systems with short-range interactidns < 1 and so
there is local elasticity sinc€; is dispersionless. This — b L L
gives Ces/C11 = (ao/A)?*/16ar. In most of the simula- 17s 200 °E 250 B

i = < -
tions [6,7,9]4 = ay, S0 Ces = C11. For 2D long-range FIG. 1. SimulatedlV (force-velocity) characteristics for in-

vortex potentials [Eq. (1)], the shear modulus is the Samet:reasing bias current. The insets show the Mdlicurves (up-

Cesd = BDo/8m oA, but the compression modulus is per) and the corresponding noise (lower). The labels A, B, C,
now Cid = 2B?/uok(1 + Ak) [15]. This implies that D indicate dynamics shown in detail in Fig. 2.
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case there is no well defined threshold force andlthe corresponds to @ne-dimensionapath, i.e., the flow is
curve should be history dependent and hysteretic. Figure flamentary. Strikingly, the only effect of increasigis
indeed shows multiple routes for the onset of voltagefo increase the speed of the vortices inside the channel,
depending on the initial vortex configuration. For eachwhile the structure of the channel and pinned vortices
route, there is an abrupt jump to a state with a linearemains stablén a wide region ofF’, resulting in a linear
voltage-current dependence with a small slope. At highevoltage. Thls filamentary flow state is an attractor where
currents there are further jumps to other linear voltage, (¢) = I‘, for the vorticesi, that remain pinned, and
regimes. Different routes give a different set of jumps andr;, (1) = R(z + ¢;,) for the vortices.. in the channel. The
linear voltage regimes. This behavior closely resemblegttractor is periodicR(t + T) = R(z). After a periodT
the experiments on amorphous MGe,; (see Fig. 4 in all the vortices slip into the positions that were previously
Ref. [4]). occupied by their nearest neighbors. The period and
Figure 2 shows details of the spatiotemporal vortexthe time delay between the moving vortices are given
dynamics for the selected points (A—D) labeled on Fig. 1Py the incompressible nature of the vortex system as
Figure 2(a) shows the distribution of vortex velocities7 = (ti.+1 — ti.) = ao/v Withv = (V;). ThlS g|ves high
(relative to the free flow velocity = F, in normalized frequency spectral peaks at multiples®f = <V ) [16].
units). In this case we observe 11 vortices moving aReplacing this state in (2), we obtaln a linear voltdge=
(Vi) = 04F. The left inset shows the traces-§ of  (N,./N,)v = (Ny./Ny)[F — N 2. {0y, U)], with Ny,
all the vortices throughout the simulation timéz{,)  the number of vortices in the channel. When increasing
along with a snapshot of position®)( The right inset F, at a given moment the channel becomes unstable and
shows the spectral power of the total normalized voltageéhe system switches to a different attractor characterized
V(t). We see that there is a single flow channel, whichby a new spatiotemporal channel structure, which is again

0  2x10% 4x1087
w

0 2x10® 4x108]
@

20

; 20
H © - (D) ]
0 . 1 . 1 . 1 . { N 0 1

0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 0.6 08 1.0
(Vi)/F (Vi)/F

FIG. 2. Details of the dynamical states labeled in Fig. 1. Density of the normalized speed is shown. Insets show (left) the flow
traces (- -) and a snapshow] of the vortices, and (right) the spectral density of the voltage responses.
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stable in a range of’. This results in sudden jumps in chaotic plastic flow state when decreasing the current. Pre-
the IV curve between different linear regimes. We noteliminary simulations withT = 150 mK show that the
that a jump does not necessarily mean that a new channgystem indeed stays longer in the plastic flow state, but
is opened up over an already existing channel structurestill switches to a filamentary flow state at much lower
since in general the jumps correspond to switches betwedt3]. Note also that we have the free parameatgin our
different patterns of channel flow. If one assumes that in anodel. Simulations with values af, /n, in the range 1—
large sample there argy, widely separated channels, each 10 show that filamentary flow occurs over larger current
step in the differential resistance is then given#ty/dI =  ranges for smallen,, /n,,.
neh(Nye/Ny)Ry = nen(ao/Ly)Ry. This givesng, = 180 In conclusion, we have simulated vortex dynamics in a
for the lowest steps in [4], with a typical distance betwee2D system treating long-range interaction forces exactly.
channels of=80ay. More complicated dynamics can also Our simulations compare well with recent experiments on
occur. For example, we observe filamentary flow whereamorphous Meg,Ge,; thin films [4]. We reproduce the
a channel branches into two filaments at a given poinhistory dependent structure of sudden jumps and steps
and rejoins at a second point [13]. Also multiple channelin 4V /dl observed close to the threshold. These are
attractors show more complex dynamics. In Fig. 2(b)consequences of the very small shear modulys <
we show a double channel dynamical state. One of th€;, the nonlocal elasticity, and the numerous metastable
channels has 11 vortices witli;) = 0.5F, while the other, pinned states of this disordered system.
with 9 vortices, flows a{V;) = 0.8F. The spectral density =~ We acknowledge valuable discussions with A. Kapitul-
response suggests quasiperiodic dynamics: since the twik and L. N. Bulaevskii. This work was performed under
channels are almost uncoupled, each of them has periodibe auspices of the U.S. Department of Energy.
behavior independently [their frequencies are shown in
Fig. 2(b)], and then their dynamics is a superposition of
two incommensurate periodic responses. A case where
two channels interact is shown in Fig. 2(c). Here, a [1] See, for example, D.S. Fisher, Nonlinearity in Con-
local gear wheel effect synchronizes the flow in the two ~ densed Matteredited by A.R. Bishopet al. (Springer-
channels. The average velocify;) =~ 0.75F is the same Verlag, New York, 1987).
for all vortices since there is an equal number of them in [2] gélih?ltg?;?gﬁygngey' é 'i'(')gg(')'gs(lzgf i%"'l\/'f:éy
th'e channels. T_he synchronization re_sults in peI"IOdIC flow et al., Phys. Rev. Lett74, 3029 (1995): S. Bhattacharya
with subharmonics due to the alternating motion in the two I

. . and M. J. Higgins, Phys. Rev. B2, 64 (1995).
channels. Regardless of t_he complgxﬂy of the fllamentary[3] U. Yaron et al., Nature (LondonB76, 743 (1995).
flow, the common feature is that a given channel structure(4] m. c. Hellerquistet al. (to be published).

is stable in a wide region df, giving linear voltages. We  [5] G. D’ Annaet al., Phys. Rev. Lett75, 3521 (1995).

have also seen this dynamics for larger samples L = [6] E.H. Brandt, Phys. Rev. Letg0, 1599 (1983).
(0.015)2,(0.02)* [13]. [7] H.J. Jenseret al., Phys. Rev. Lett60, 1676 (1988); H.J.
Figure 2(d) shows the flow pattermbovethe region Jenseret al., Phys. Rev. B38, 9235 (1988); H.J. Jensen

of filamentary flow. We find a broad distribution of the etal.,J. Low Temp. Phys74, 293 (1989).

vortex velocities, indicating a stick-slip type of plastic [8] A.l. Larkin and Yu.N. Ovchinnikov, J. Low Temp. Phys.
motion. This is confirmed by the flow pattern which has 34, 409 (1979). )

regions with small but finite activity, and regions with [9] A-C. Shi and A.J. Berlinsky, Phys. Rev. Le@7, 1926

L . . (1991); O. Pla and F. Noriipid. 67, 919 (1991); A.E.
large activity [note that these active regions resemble the Koshelev, Physica (AmsterdampsC, 371 (1992); A. E.

well defined_ channels Showr! in Figs. 2_(a)_2_(c)]' A ine” Koshelev and V.M. Vinokur, Phys. Rev. Leff3, 3580
vortex in this type of flow will show stick-slip behavior, (1994).
i.e._, inte_rmittently participating. in efficient channels Or [10] D. Dominguez, Phys. Rev. Let72, 3096 (1994); D. Do-
being pinned at off-channel sites. The spectral density = minguez, N. Grgnbech-Jensen, and A.R. Bishop (to be
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the attractor is chaotic. Finally, at even higher currents al[11] Somel reproducible structure at the onset of flow was first
the vortices flow freely in an ordered lattice state [9]. seen in [2]. However, it consists of jagged peaks in the

The results shown in this Letter are for increasing differential resistance instead of the plateaus seen in [4].
F only, where the experiment showed stepsdivi/dI [1:23] JD' Pg?rl, ’.Al‘lpg" Phgllg.hL?S,les %964)'
at the onset of dissipation. When decreasingn the LL3] Details will be published elsewhere. . .

: ) . . n{14] For A > L, studied in this Letter, we are mainly sampling
simulations from a moving state, we find that the syste S :

: . . . - the logarithmic part of the potential (1).

stays longer in the stick-slip plastic flow state [Fig. 2(d)] [15]

- . This can be calculated from Eqg. (50) in A.L. Fetter and
but eventually switches down to a single channel at low ~ p ¢ Hohenberg, Phys. Ret59, 330 (1967).

F [e.g., Fig. 2(a)]. The experiments, however, showed n@16] The period here is very different from the low frequency,
sign of steps indV /dI for decreasing currents. A pos- size dependent, transit timg¢ = L, /v, which is sensitive
sible reason is that thermal fluctuations may stabilize the  to boundary conditions [5].
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