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Flux flow instability in type Il superconducting strips:
Spatially uniform versus nonuniform transition
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We discuss two possible mechanisms of the flux flow instability (FFI) in type Il superconducting strips.
While the nature of nonequilibrium effects leading to this instability is widely accepted (Joule heating and finite
relaxation time of the superconducting order parameter) still there is a question how FFI develops in space.
According to one scenario instability occurs simultaneously in the whole sample and superconductor jumps to
the normal or resistive state with no change in the structure of moving vortex array. Another scenario predicts
appearance of the vortex rivers at the instability point and jump of the superconductor to the normal or the
resistive state but with strongly modified structure of the moving vorticies.
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The vortex motion in current-carrying superconductor
results in nonequilibrium distribution of electrons over the
energy f(e) and due to sensitivity of superconducting
order parameter A =|A|exp (i¢) to the shape and value of
f (¢) it affects vortex motion itself. One source of disequi-
librium originates from the Joule heating when moving
vorticies create electric field E (voltage V), related with
time-dependent phase of the superconducting order para-
meter ¢ ~V and the superconductor is heated up. Second,
less obvious source of disequilibrium, comes from the time-
dependent magnitude of the order parameter | A | around the
moving vortex. First it was noticed by Larkin and Ovchin-
nikov (LO) [1] who showed that it also may affect f (&)
and viscosity of the vortex motion decreases with increas-
ing of its velocity which also leads to instability of flux flow.

Both mechanisms of disequilibrium lead to nonlinear
current-voltage (I-V) characteristics of superconducting strip
and existence of quench or instability current I at which
the superconductor jumps to the normal or more resistive
state in the current driven regime. Such a behavior was ob-
served in many experiments and it was interpreted as an ef-
fect of Joule heating [2-4], time variation of A [2,5-9] or
both of them [10].

Note, that in the majority of the theoretical papers the
spatially averaged Joule heating [2—4,10] and electron cool-
ing due to | A| was assumed [1]. For example, Larkin and
Ovchinnikov considered the moving periodical vortex lat-
tice in Wigner—Zeits approximation which implies exis-
tence of the circular vortex cell instead of triangular one
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and which cannot take into account effects, connected with
spatial transformation of the moving single vortex [11,12]
and corresponding change of vortex lattice (see Fig. 1(a)).

First theoretical attempt to study spatial transformations
in the moving vortex array was made in Ref. 12. Using
numerical modeling and generalized time-dependent Ginz-
burg-Landau (TDGL) equation [13] it was demonstrated that
with increasing the current and, hence, velocity of the vor-
tices the vortex lattice exhibits the set of consequent trans-
formations which are ended up by appearance of the quasi-
phase slip lines or vortex rivers (see Fig. 1(b)) and jump in
the voltage. The found effect originates from finite relax-
ation time of | A| when behind the moving vortex there is
a wake with partially suppressed superconductivity [11] and
it favors motion of other vortices along this wake. Qualita-
tively similar result was later found using ordinary TDGL
equation [14] and generalized TDGL in nanostructured [15]
and plain [16] bridges.

We have to note that generalized TDGL equation is
valid only when time change of |A| is much larger than
inelastic electron-phonon scattering time ¢, because only
at this condition one can neglect the term with time de-
rivative of /ot in the kinetic equation (so-called local equi-
librium approximation [13]). The ordinary TDGL equation
is valid for still slower time variation of | A | when one may
neglect change in f (g) due to finite | A|. Recently, very si-
milar vortex array transformation was found using TDGL
equation coupled with heat conductance equation [17].
That model could be used for studying relatively fast
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Fig. 1. Sketch of current-voltage characteristics and vortex
distributions at different voltages in two scenarios. (a) Spatially
uniform transition is connected with shrinking of vortex core
without change of vortex lattice — LO scenario [1]. (b) Transi-
tion is connected with change of vortex lattice and appearance of
vortex rivers [12,14-16]. The stair-like structure is expected in
voltage driven regime in this case.

processes (faster than t¢,) but with an assumption about
fast thermalization in the electron system (limit of short
inelastic electron-electron scattering time tee < 1¢p). Due
to qualitative similarity of the results found in Refs. 12,
14-17 one may conclude that to have spatially nonuniform
FFI one only needs finite relaxation time of | A|. This time
could be rather different in different theoretical models,
and it brings quantitative difference to the results (shape of
I-V curves, dependence of instability current/voltage on tem-
perature, tep etc.).

Current-induced vortex lattice transformation was observ-
ed in different superconducting materials. In patterned Al
strip it was seen with help of “frozen” vortices [18]. Direct
visualization of the vortex rivers was done in [16] using
nano-SQUID magnetometry and Pb bridge. The justifica-
tion could be also found from Ref. 19 where stair-like
current-voltage characteristics were experimentally observed
in the voltage driven regime and each stair could be asso-
ciated with an appearance of the vortex river which than is
expanded to the normal domain. The vortex rivers were also
observed (at zero magnetic field) in BSSCO whiskers [20],
where one cannot expect uniform current distribution across
the whisker and therefore steps on |-V characteristics
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cannot be interpreted simply as traces of phase slip lines as
in Ref. 21. The reorientation of the moving vortex lattice
was observed in MoGe film [22] which also says in favor
of spatially nonuniform FFI.

From another side LO model (with or without modi-
fications made by Bezuglyj and Shklovskij [10]) was con-
firmed in many experiments and sometimes even 1-V curves
were satisfactorily fitted by theoretical expressions (see,
for example, Refs. 2, 7). The most close to the model of
LO is the model considered in Ref. 17 which predicts
spatially nonuniform FFI. In both models the relatively fast
(on time scale < t¢p) Variations of f(g) and [A| are taken
into account. The main differences between these models
are i) in the assumption that te < 1¢y and ii) considera-
tion of the Joule heating in Ref. 17. Calculated I-V curves,
their evolution with increase of H and dependences Iq(H)
and V, (H) from Ref. 17 qualitatively resembles many ex-
perimental results on FFI. Therefore it would be interesting
to see if spatially nonuniform FFI exists in superconduc-
tors those 1-V curves are well described by LO model. For
this purpose one can use STM to see possible changes in
the moving vortex lattice at currents close but below lq- As
it was discussed in Ref. 17 the tip of STM measures time
averaged density of states (N (g)) and far from the edge of
the superconductor (N (g)) weakly depends on coordinate
due to absence of strongly correlated vortex motion, while
near the edge vortices enter and move along the same paths
(nucleus of vortex rivers), which leads to strong coordi-
nate-dependent (N (g)).

Another way to check it is to use both current and volt-
age driven regimes. In the voltage driven regime in case of
spatially nonunifrom FFI the steps, resembling phase slip
steps, should appear on I-V curve above the instability volt-
age (see Fig. 1(b)). Each of these steps corresponds to ap-
pearance of one vortex river or quasi-phase slip line. In case
of spatially uniform FFI the steps should be absent and the
branch with negative differential resistance should exist on
I-Vcurve atV >V, as it predicts LO model (see Fig. 1(a)).

It is important to note that not only finite relaxation
time of |A| but also pinning of the vortices may lead to
spatially nonuniform FFI. Indeed, when vortex pins are
distributed nonuniformly across the superconductor there
is finite probability for existence of “channels” with weak
pins (having small pinning strength) across whole width of
the strip. In this case vortices will have larger velocity along
these “channels” and instability first starts there, leading to
spatially nonuniform FFI [23-25] (similar effect is expect-
ed in case of periodic pinning array [26]). Therefore for the
experiment with STM or in voltage driven regime it is better
to use low pinning superconductors where LO-like beha-
vior was demonstrated (for example, MoGe or NbGe [2,7]).

This work was supported by the Russian Academy of
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HecTabinbHICTb pyxy BUXOPIB B CMY>XKax
HagnposigHuka Il pogy: NpocTopoBO O4HOPIgHWI
Ta HEOOHOPIAHUIW Nepexoan

[.1HO. Bogonasos

OOroBOPIOIOThCS JIBa MOXKJIMBUX MEXaHI3MH HECTaOUIBHOCTI
pyxy BuxopiB (FFI) B cmyxkax nagmposimauka II pomy. Xoua
MIpUpOJIa HEPIBHOBAXKHHUX €(EKTIB, IO MPU3BOAATH JI0 HECTAOLIb-
HOCTI, IIMPOKO BifoMa (IPKOYNiB HArpiB i KiHLEBHI Yac penak-
canii mapamerpa HOPSAKY HAAIPOBIJHMKA), IPOTE 3aTHIIAECTHCS
nutanss, sk FFI po3BuBaeTscs B 00’ eMi 3paska. 3TiIHO 3 OJHUM
CIeHapieM, HeCTaOIIbHICTh BUHUKAE OJHOYACHO y BCHOMY 3pasKy
1 HAIIPOBIZIHMK NEPEXOUTh B HOPMAIBHUI a00 PE3UCTHBHUMN CTaH
0e3 3MiHHU CTPYKTYpH PyXOMOTO BUXPOBOTO MacuBy. [HIImi crie-
Hapii nmependavae MosBy BUXPOBUX PIYOK B TOULI HecTabilIbHO-
CTi Ta IepexiJl B HopMalnbHUK ab0 Pe3NCTUBHUH CTaH HAANPOBIN-
HHMKa 31 CTaHy 3 CHJILHO 3MiHEHOIO CTPYKTYPOIO BUXPOBOT I'PATKH.

KirouoBi croBa: HecTaOLNBHICTH MOTOKY, JOKOYNIB Harpi, dac
penakcauii mapamerpa mopsKy.

HecTtabnnbHOCTb OABMXXEHUSI BUXPEW B NMOJIOCKaX
cBepxnpoBogHuka Il poga: npocTpaHCTBEHHO
OAHOPOAOHbLIN U HEOAHOPOAHbLIN Nepexoabl

[.10. Bogonasos

OO6cyxnaroTcs IBa BO3MOXHBIX MEXaHM3Ma HeCTaOMJIBHOCTH
nerkenns suxpeit (flux flow instability (FFI)) B momockax cBepx-
nposozHuka |l poma. Xotst npuposa HepaBHOBECHBIX 3()(EKTOB,
MIPUBOSIINX K HECTAOWILHOCTH, IIMPOKO M3BECTHA (JUKOYIIEB Ha-
TpEB U KOHEYHOE BpPeMs pelaKcalliH MapameTpa MopsaKa CBepX-
NIPOBOIHUKA), TEM He MeHee ocTaercs Bompoc, kak FFI pasBuBaercs
B o0beme oOpasua. CorjlacHO OJJHOMY CLIEHapHIO, HeCTaOMIIBHOCTD
BO3HHKAaeT OJHOBPEMEHHO BO BCEM 00pa3le M CBEpXIPOBOJHUK
MEePEXOAUT B HOPMAJIbHOE MM PE3UCTUBHOE COCTOSIHUE Oe3 H3-
MEHEHHUS CTPYKTYPHI ABMXKYIIEToCs BUXPEBOToO MaccuBa. [lpyroi
CIleHapuil TpeACKa3bIBacT MOSBICHHE BUXPEBBIX PEK B TOUYKE
HECTaOMJIBHOCTH U IIEpeXoJ]] B HOPMAIBHOE WM PE3UCTHBHOE
COCTOSIHHE CBEPXNPOBOAHUKA U3 COCTOSHHS C CHIIBHO M3MEHEH-
HOM CTPYKTYpOH BUXPEBOHU PEILCTKH.

KiroueBble citoBa: HECTaOMIBHOCTH IIOTOKa, KOYJIEB HArpes,
BpEMs peilaKCalluu mapamMeTpa rnopsjaka.
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