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Shear fragmentation of unstable flux flow
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When free flux flow is pushed beyond its instability, the homogeneous flow becomes spatially distorted
leading to a new class of dynamic phases with steps in resistivity. At high-flux derBjtige® relatively
incompressible vortex matter fragments into domains of constant shear curvature, leading to a horizontal-
sawtooth-shaped current-voltage characteristic. MeasurementsBmGli; O, 5 films confirm this behavior
and are quantitatively consistent with the model, which has no adjustable parameters.
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In a type-Il superconductor, a magnetic fi¢ldabove the coefficients have the standard meaning and the coordinate
lower critical valueH.; introduces flux vortices containing system moves with the local vortex velocity of the domain.
an elementary quantum of fluk,=hc/2e. A transport cur-  In this work, pinning forced=, are negligible(because
rent densityj exerts a Lorentz driving forceé, =jX®,/con  >F,) and the steady-state motion reflects a balance between
the vortices and the motion is opposed by a viscous dra§q, F, , andF. (the net elastic forge j®y/c+F.= nv. At
Fq= nv, where is the coefficient of viscosity and is the  low dissipation levelsy~®,H.,/p,=const and~.=0, re-
vortex velocity. The system under study consists of a supersulting in free flux flow and an Ohmic response.

conducting film in a perpendicular applied flux densBy At high vortex velocities,s decreases leading to a nega-
alongz, with j and the electric fiel&=uvB/c alongy in the tive differential conductivity and unstable motion. Figure 1
plane of the film. The transverse componentEofs negli-  suggests a qualitative picture of how the drag force might

gible for this discussion ang is predominantly aloné. (Al vary with velocity. The initia! pqsitive S.IOpé‘A" )'at low
equations are expressed in the Gaussian-cgs system and gepresents free flux flow. With increasing velocity, the elec-

perimental quantities in practical units. Forces are definedfonic distribution function and/or electronic temperature be-

per unit length per vortex except where noted otherwise. MaSomMes altered, causingto diminish. The drag peaks at *B”

terial parameters refer to,Ba,Cu;0O;_ 5 and are taken from and beyond th'fsucn ) th_e slope IS ne_gatwéthe mechanism

standard referencés. for thg reduct|(_)n ofy with v is descrlb.ed. glsewhe"t)e The
Repulsive interactions between the vortices tend to aligirad rises again when reaches some limiting value such as

them into a uniform lattice and deviations from this lattice V=""¢/7a. Wheregfllll.S nm is the coherence length and

give rise to elastic forces. For our experimental geometry, théa=7/mA~1.8x10""" s is the order-parameter relaxation

elastic forces per area on a plane of vortices by its neighboM€- _ _ o

ing planes are completely specified by the compressional and The drag function of Fig. 1 representspamitive j(E)

shear stresses: curve, which the current d_ensity=cnv/CI>0 (for_Fe=O)
would follow for a hypothetical ensemble of uniformly ar-
au ranged vortices with no elastic forces. The actaacro-
Xyx=C1q &) scopic [(E) response will not follow this behavior: Upon
encountering a negative slope, the vortex matter will become
with
, Fa=vn(v)
___ B Fa---58
R TN @ . C
2m(kd+N\%k?) =j*Dy/c
Fas bz taaa>
Ju d2 R
Xy_CGG W v* Voo \'
with FIG. 1. Schematic diagram for the variation of the drag force
Fq=vn(v). The Lorentz driving forcd= =jd,/c equalsF4 for a
DB perfectly crystalline vortex distributioup to “B”). At “B” the
Co6= 55 (2) current density attains its peak valife=cFy,/®,. Beyond “B,”
64\ unstable dynamics destroy spatial uniformity and lead to a nonva-

h d the bulk d sh duli nishing net elastic forc&.=F4—F_. Now vortices in differing
WRETe Cq Egn Ces are ne Dulk and shear MOAUlll, ¢|agic environments travel at unequal velocities on either positive
respectlyel)?,' )\. is thg magnetic penetration depth in thie slope “A—B” or “D—E.” The upturn at “D” arises upon reaching
plane,d is the film thickness, and is a displacement from ¢4 limiting velocityv..<¢&/7, and “E” is reached when the

equilibrium in thex direction; the stress and elastic-tensor sample is driven normal.
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X (a) e tv, ® tv, TV of events is as follows: Referring to Fig. 1, as the electric
L_To sesss eeeeees, conen field across the system is increased from zero, the vortex
:::::: '::::: matter remains uniform up to point “B” and all vortices
a oiuu$5u coveel, eseeese move with the velocityy =cE/B. Whenv slightly exceeds
af SO00 e0000000, 00000 v*, a fluctuation will cause an entire plane of vortices to be

accelerated to a velocity,~v..,, where stability is regained
FIG. 2. (a) Vortex displacements of successive planes of vorti-upon encountering the positive slope at “D.” This faster
ces. A net elastic force results when there are unequal strains on tiieoving plane will drag with it a finite-sized domaifof
left and right sidegas showi, i.e., whend®u/ay?+0. (b) Vortex  width W) as shown in Fig. @), such that the relative shear
positions calculated from Eq5) (with 5=0.2) showing a shear djsplacements between adjacent planes satisfy(#q(The
domain in which a higher velocity,, and consequent lower drag strongcgg at low T and highB facilitates a wide shear do-
(Fa in Fig. 1), is balanced by the extra elastic ford@ square  main At higherT, cq; weakens and the steps peter out, as is
lattice is shown for easier visualization but the equations in the teXhorne out by the data belowThere is a disproportionately
reflect the parameters for a triangular lattice. large voltage dropv,=v..BWI/c across the shear domain,

. . . . educingE in the bulk of the sample: The velocity;, in the
unstable and spatially distorted, so that vortices will travel aa'{ﬁu”( therefore drops below* to the region below “B” in

d|ffer.ent ve_Iocmes across regions of the sample with uneque ig. 1. As the appliec is increased further, the vortex mat-
elastic environments. This leads to a new class of dynamlg

. : . er again reaches point “B” and a new shear domain is
Sgizt)a(svler;oggledsl)qigogrl]n% ;/ %giﬁi\ga;ﬁggezh&?g?:n%f %elblenucleated. The oscillatory excursions of the bulk vortex mat-

Ein Fig. 1 ter on the slope “A—B”(Fig. 1) lead to steps in thg(E).

. . . . Since B remains constant everywhere in this process, the
In earlier work we had explained descending-staircase yw P

j(E) patterns in terms of compressional domains of reduce&qaerOSCOp'CJ(E) curve will have a horizontal-sawtooth

! . . "
B. At low flux densities (-1 T) and intermediate tempera- Shape, with steps of widtiinoting that 1 km/s-v*<uv.,
. ~100 km/s)
tures (~T.J/2)—where such staircase patterns were most
prominent—the Lorentz driving forcd~ /area=j®,/ca N
—45000 dy/cri (with j~107 Alcm? and a= 2d,/,3B SE=(v,—v*)WB/Ic~v,WHlc, (4)
=49 nm for the vortex-lattice spacing stronger than the
scale of compressional stre¥g=22 000 dy/cm [from Eq.
(1), taking A(0)=140 nm, A(T)=\(0)(1-T/Ty) 2
duldx~1, k~2m/a, andd=90 nm)|, permitting compres-
sional modulations. The present work focuses on the Bigh-
low-T regime where conditions are unfavorable for compres
sional straingat 14 T, FLr%area: 167000 dy/crh is weaker
thanX,=636 000 dyn/cr). This leads to a completely dif- . >
ferent Xscenario fromyRef. ?5: Here the vortex matfer fra)éments u=—(£sin 1+ 1= = 1)I(\37B), (5)
into transverse domains of unequal velocity stabilized by dif-

; - o : here ¢=By and B=2#w(jPy/c—vn)/(aCe)
ferential shear, as shown in Fig. 2 This idea will now be" . . - 0 6
developed quantitatively. 9 ~27®oj*/(ca’cqg) (see Fig. L Figure 2b) shows the con-

Figure 2a) shows a closeup view of shear strains in syc-Seduent arrangement of vortices plotted according taHq.

P . . The continuous negative shear curvature defined by(8g.
cessivex-z planes of vortices. For small strains, the net stres$o,4s to a curved locus within|=|By|<1. Outside ¢
on the central plane from the vortices in the left and right:i1 Eq. (5) has no solution and the domain terminates

planes isXy ne=Cee(a1/3/2) (9°u/dy?); the factor of \3/2 Physically, as one moves away from the domain cefstee
accounts for a triangular latice. Note that the stress-strai&ig_ 2b)] the downward displacement of each subsequent
relationship of Eq.(2) is valid only for small strains ey plane gets larger and larger to provide a net down-
u<a. The actual stress reaches a maximum whem/4 414 force on the preceding vortex plane to balance the defi-
and vamshes atu=a/2 (_when vortices of the central j; betweerF, andF 4 [right-hand side of Eq3)]. However,
plane align between vortices of the left plan€or large  4nce the differential displacementu between neighboring
shear strains, Eq.(2) can be generalized 10X,  planes reaches a quarter of a lattice spacing, the force cannot
= (ces/ V3)sin(y3mau/ dy), which has the required peri- increase any further and slippage occurs—demarcating the
odicity in u. This gives the net force per unit lengfe  domain boundary. The lateral size of the shear domain is thus
= (a%ceg/2m) J[ sin(\3mauldy)]/dy, and from which the W=2|ymad=2/B:

force balance equation betwekn, F4, andF is:

2 al . au
(64\3773)\2)@ Sm( ﬁw@)

Any region of the system wheitey# F, will become elasti- and the horizontal width of th E) steps icombining Egs.
cally strained to make up the force difference. The sequence}) and(6)]

wherel is the length of the sample.

We now calculate the shape and size of the shear domain,
and hence théV that goes into the previous equations. A
straightforward integration of Eq3) gives the function for
the shear displacement versusy, the position along the
length of the sample:

- ca’c cd
i@, We 66 _ 0

v O T* Dy 32,37%*\2

(6)
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FIG. 3. Experimentalj(E) curves for two samples, showing FIG. 4. (a) Experimentalj(E) curves for sample D/L at the
horizontal-sawtooth-like shapes characteristic of shear fragmentaewestT values and highe®(=14 T), where shear fragmentation
tion, favored at high values &. The first peak arises from a vortex is most favorable, showing conspicuous sawtoothlike patterns. The
instability. Subsequent steps arise from the nucleation of shear d@ata also show clearly the sharp transition in behavior from a saw-
mains.(a) Sample X/L3 aB=11 T and variou§. With increasing  tooth to a descending-staircase pattern at aroBR®50 V/cm,

T, the vortex instability softens and the steps wash @tSample  where the elastic moduli collapse due to a rise in the electronic
D/L at T=6 K and variousB. With increasingB and thec,;/cgg temperatureT’. (b) Theoretically calculated (E) characteristic
ratio, the steps evolve from a complicated pattémixed-mode based on the shear-domain model presented in the text. The model
fragmentationto a more regular horizontal-sawtooth pattéshear  has no adjustable parameters. The vertical and horizontal sizes of
fragmentation At E=250 V/cm, there is a switch in behavior to a the steps are of comparable magnitudes to the experimental values.
descending-staircase shape, with all curves tending to converge t@he bold downward arrow indicates the calculatedvhere T’
gether(characteristic of compressional distortians reachesT,. Melting occurs at a value d& below this upper limit.

VDB EADB Figure 3 shows experimentglE) curves for two samples
%3253773|j*)\2~32;%772”*)\2' () showing horizontal-sawtooth-like shapes characteristic of

) ) shear fragmentation. The first peaks in the data curves corre-

We now turn to the experimental details and resultsspond to point “B” on the primitive curvéFig. 1) and arise

The samples arec-axis-oriented epitaxial films of from a vortex instability"® Subsequent steps arise from the
Y,Ba,Cu;0,_5 on (100 LaAlO; substrates withT.'s nucleation of shear domains. Figur@Bshows one sample
around 90 K and thicknesk~90 nm. Electron-beam lithog- (X/L3) at a fixedB(=11 T) and varioud. With increasing
raphy was used to pattern bridges of widtt=5 um and T, the vortex instability softens and the steps wash out. Fig-
lengthI~90 wm. Three samples were studied carefully inure 3b) shows another sampléD/L) at a fixed low T
the highB and lowT regime to confirm the ubiquitous ob- (=6 K) and variousB. With increasingB and theci;/ceg
servation of the sawtooth-shaped step structures i  ratio, the steps evolve from a complicated pattémixed-
curve in every case foB=10 T andT=<30 K. (Altogether ~mode fragmentationto a more regular horizontal-sawtooth
the instability and various types of step structures were studattern (shear fragmentation The data in Fig. @) were
ied in 10 samples, at 12 temperatures: 1.6, 2.2, 6, 7, 8, 1oneasured with newer, more advanced electronics and thus
20, 27, 35, 42, 50, and 80 K and at 13 flux densities: 0.1, 0.2extend to much higher electric fields. A~250 Vi/cm,
0.5, 1, 1.5, 2, 10, 11, 13, 13.5, 13.8, 14, and 15.8 T. Due tdhere is a new feature corresponding to a sharp switch in
lack of space a comprehensive presentation of the data syBehavior to a descending-staircase shape, with all curves
tematics, along with a discussion of the full complement ofconverging together (characteristic of compressional
effects occurring in high-velocity flux motion, will be de- distortions). This transition may signify a melting of the
ferred to a future review article.The electrical transport Vortex lattice and an abrupt drop @g.
measurements were made with a constant-voltage pulsed Figure 4a) shows a set of experimentg(E) curves that
source, preamplifier circuitry, and a digital storage oscillo-examines more closely the loW-high-B regime ruled by
scope. The pulse rise times are about 100 ns with a dutghear fragmentation. The data show conspicuous sawtooth
cycle of about 1 ppm. Eacf(E) curve typically consists of J(E) patterns followed by the abrupt transition &
1000 separate data points and each point is an average of250 V/cm. The slightly upward trend of the sawtooth por-
several hundred pulses, so that a single curve takes aboutian (exaggerated by the expandgdaxis) and extra fine
week to measure. The observed steps are perfectly reprodugiructure could be caused by speed-of-sound effécts,
ible and without hysteresis with respectjtE) being mea-  slight shift in the instability break point with increasirg**
sured in increasing or decreasiBgThis was checked exten- and higher-order elastic corrections.
sively and Fig. 8) shows the 27-K data as one such We now compare these observations with the model. In-
“double” trace. The effective thermal resistances are of theserting the typicalj* ~9x10° MA/cm?, ¢=1.5 nm, A
order of a few nK cr¥W. Note that thg values in the ex- =19 meV, B=140000 g, and\=140 nm into Eq.(7)
periment are an order-of-magnitude lower than the depairingives SE=15 V/cm. This is comparable to the experimen-
current density and the applied flux densities exceed thetally observed step width ofE~25 V/cm. From this calcu-
self-field of the current by at least two orders of magnitudelated SE=15 V/cm, one can construct the entiféE) be-
Further details about the experimental techniques are didtavior as shown in Fig. #). The symbols show the
cussed elsewherd primitive part (<j*, E<E*) of the 8-K, 14-T experimen-

oE
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tal data[from Fig. 4a@)]. The solid line is the theoretical ~1071° s (Ref. 4, gives the upper boun&~600 V/cm
curve generated by retracing the segment betgemdj*  [shown by the large arrow in Fig.(], which is consistent
with successive offsets @iE along theE axis. As explained \ith the observed value &~250 V/cm.

earlier, this portion of (E) is retraced each time a new shear | conclusion we have investigated a new regime of
domain is nucleated and the electric field in the _bulk Vortexstrongly driven flux flow at high-flux densities, where the
matter is reduced by the amousE. Note that the size of the  q,x seems to fragment into shear domains beyond the low-
steps along both axes is comparable to the experimentglynerature instability, causing sawtoothlike steps in the

steps. . ;
; - . j(E) curve. The experiment explores unprecedented values
Finally we address the precipitous dro observed . Lo
around )I/E~250 Viem foIFI)oweg by thgj(fv)vitch to a of power density £3x10° Wient) -a.nd .electrlc field
descending-staircase pattern: As the appled increased, (>400 Viem), where a second transition is observed, be-
the electronic temperatufE rises above the lattice phonon yond which the behavior switches to a descending-staircase
pattern. Our estimated spatial scale of the elastic domains

temperaturél,, which in turn rises above the bath tempera- d ) 1 . ith th
ture T, (a detailed discussion of these nonequilibrium shifts2nd consequent size of thee) steps are consistent with the

and the role of a nonthermal distribution function is given©PServations. We hope our study will encourage detailed the-
elsewherd:®t) When T’ rises to the vicinity ofT., the oretical work of thesg new dynam|c phases .that form in un-
vortex lattice melts and loses its shear moddiTe. obtain  Stable flux flow. Besides their fundamental interest, the an-
an order-of-magnitude estimate of tfisthe nonequilibrium  ticipation and full understanding of such regimes, where the
energy rise of the electronic system above the phonon tenf€sistivity rises catastrophically, is relevant to the thermal
perature can be approximated By~ jE ., wherer, is an  stability of practical conductors.
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