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The shape of th¥/-l characteristics leading to a peak in the differential resistagealV/dl in the vicinity
of the order-disorder transition in Nbsis investigated 4 is large when measured by dc current. However, for
a smalll,. on a dc biasyy decreasegapidly with frequency, even at a few hertz, and displays a large
out-of-phase signal. In contrast, the ac respansesaseswith frequency in the absence of dc bias. These
surprisingly opposite phenomena and the peakgyimare shown to result from a dynamic coexistence of two
vortex matter phases rather than from the commonly assumed plastic depinning.
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Measurement o¥/-lI characteristics or of the differential that the peak ilV/d| decreases with frequency and displays
resistance y=dV/dl in superconductors is a very common a unique out-of-phase signal due to the slow transformation
method to investigate vortex dynamics and to identify vari-process. In contrast, for an ac current with no dc bias, only
ous possible pinned and moving phases of the vortex matteihe edges of the sample are contaminated by the DP, result-
In particular, the specific shape f| that leads to a peak in ing in the opposite behavior, i.e., the voltage response grows
dV/d| has attracted much attentibf'* In numerical simu-  With the ac frequency. _
lations this peak irr4 is usually ascribed to plastic vortex ~ 17ansport measurements were carried out on several Fe-
depinning followed by dynamic ordering of the lattf@d? ~ doped(200 ppm NbSe crystals in striplike four-probe con-

However, magnetic decorations and small-angle neutroff9uration in applied fielcH parallel to the c axis. The data
scattering studies, which have observed the plastic deformé’—resentecj here are for a.4x0.04 mn¥ crystal with T

. : - =5.6 K, Hx(4.2 K)=1 T, and the PE fieldH (4.2 K)
tion of the lattice near the depinning followed by the dy- c2 . P
namic ordering? % did not find the predicted peak in =0.53 T. Very low contact resistance of10 m) was

1213 L q achieved with large current contacts of Au evaporated onto a
dV/dI.' In ?dd'“O”' n cleap _systems S.UCh as Np freshly cleaved surface. By immersing the crystals in liquid
peak indV/dl is present surprisingly only in the lower part

! He, currents up to 100 mA could be applied with negligible
of the peak effectPB), whereas in the rest of thé-T phase  poating. Square wave or sinusoidal was used and the

diagram thev-l curves are concave upward with no peak i”corresponding/ac was measured by a lock-in amplifier.
dVv/d1.2***Moreover, in the same region where the peak in  Figure 1 showd/,,. vs| . andV. vs| 4 in the vicinity of

rq is observed, a number of anomalous vortex matter propthe order-disorder transition in the lower part of the PE at
erties were recently found, including the striking observationq=0.44 T. The dc curvésolid circles starts to increase in
that for an ac current the apparent vortex mobilitgreases  a concaveform above 18 mA and then rapidly turesnvex
rapidly with frequency®~?° Several ideas and models have At higher currents linear flux-flow behavior is obtained. Al-
been proposed in which the ac agitation facilitates the plastiehough the form of the d¥/-I curve may seem rather con-

vortex depinning. Yet another important paradox has reventional, we find that in NbSethe convex shape is present
ceived little attention: when the ac current is superposed on a

dc bias the opposite behavior is observed, i.e., the apparent 80
vortex mobility decreaseswith frequency, even at frequen- r—e—dc
cies as low as several heftAlone of the models that de- | - 1Hz
scribe the peak imry or the mobility enhancement with 60 - :z:i 7
frequency 11'®have resolved this apparent paradox. ol come

In this paper we demonstrate that the shape of\tHe Z | —32H
curves, the peak inl\V/dl, and the opposite frequency de- Hl% AF 6k ]
pendencies stem, instead, from a dynamic coexistence of two > | :;Z; Eﬁ
vortex matter phases. A highly pinned metastable disordered 20k ]
phase(DP), generated at the sample edges, anneals into a i de 42K
weakly pinned equilibrium ordered pha&eP) in the bulk of [ A 044T 7
the samplé’?*??The specific shape of the d¢-1 curves 0 AR e 30 20
results from the fact that most of the sample is in the meta- I [MA]
stable DP at low currents, but in the OP at high currents. This &
dynamic transformation results in a peakdi/dl. If mea- FIG. 1. V.-l characteristics at various frequencies and

sured by a small ac current superposed on a dc bias, we find,.-14. (®). The voltage response increases with ac frequency.
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=2 mA, 195=18 mA, r;=2 mQ, W=400 um, and L,(V)
=Lo(Vo/V)"with =2, L;=200 um, andV,=30 wV. The fre-
qguency dependence of the differential resistance at the operating
point (@) is shown in Fig. 4b). Inset: Schematic sample geometry
andJ(x) across the sample width.(x) decreases with increasing
current.

lgc [MA]

FIG. 2. In-phase and out-of-phase differential resistapaa dc
(®) and various ac frequenciéleft axis), and dcV-I characteristic
(right axig. In-phaser 4 decreases with frequency, while the out-of-
phaser 4 is maximal at intermediate frequencies.

sample and the dissipation level depend on the excitation

only in the lower part of the PE, while in the rest of the phasefrequency. In transport measurements, in contrast, the ampli-
diagram the curves are always concave upward, consistefiide of the current is fixed by the external circuitry and
with previous reportd>*° V,; vs |, measured at various therefore the voltage response, as a rule, is frequency inde-
frequenCieS in Flg 1 are remarkably different from the deendent and does not show any Out_of-phase Signa| at low
V-I. Even at a frequency as low as 1 Hz the appalgn$  frequencies. To the best of our knowledge this is the first
much lower and the voltage response below 20 mA isyublished report of an imaginamy,, which further empha-
strongly enhanced. Furthermore, the apparent vortex mobikjzes the anomalous vortex dynamics in the lower part of the
ity increases rapidly with frequency, as noted previot&ly’  pEg. Note that the out-of-phasg is nonmonotonic with fre-

Figure 2 shows the differential resistancemeasured by  quency: it vanishes in the limit of high and lofvand is
superimposing a small,, (0.1 to 1 MA on l4, Ty  largest for the 22-Hz data.
=Vac/lac, along withrg=dV/dl obtained by numerical dif- We now discuss the results in view of the recent under-
ferentiation of the dcv-I at H=0.31 T. At this slightly  standing that the PE reflects a disorder-driven first-order
lower field within the PE the d&/-I characteristic(solid  phase transition from a weakly pinned (Btagg glasswith
curve is more gradual and turns convex abov@0 mA.At 3 |ow critical current density™ into a strongly pinned DP
the inflection point,dV/dI displays a large peak reaching with a high Jdis 23-25 | ocal measurements have demon-
three times the flux flow ;. The remarkable result here is grated that below the transition, in the lower part of the PE,
that the aa 4 is significantly different from the dc val@nd i the presence of transport current a supercooled metastable
it decreases rapidly with frequency. Note that the peak in agp s formed at the sample edge because of nonuniform
rq is suppressed to about half of the dc value alreadyaat  yortex penetration through the surface barriérd:??As the
low as 3 Hz, indicating the existence of very long characteryortex lattice moves across the sample, the metastable DP
istic time scales that are even longer than the vortex transikith a high concentration of dislocations gradually anneals
time across the sample, as described below. None of the Minto the dislocation-free OP. We describe the annealing stage

croscopic bulk mechanisms, such as plastic depinning or dysf the DP by its local critical current density(x), which
namic ordering, can account for such long time scales. Morer-1as a nonequilibrium excess vailigx) = Jo(x) — 3°' rela-
C C

over, due to _the high sens_mwty of the IOCk".n technique, thetive to the fully annealed OP. Since in low-temperature su-
acry vs ly. is commonly integrated to derive the foll-1

characteristic&® The important conclusion from Fig. 2 is percpnductors th.ermal activation is negligible,.the sole an-
that the integral of the ac, is not equalto the dcv-I. nealing mechamsm of the metastable DP is through a
Figures 1 and 2 display a striking qualitative differenCe:c_urrent-drlven d|splacemen_t that a_llows rearrangement and
for a purel . the measured/,. increaseswith frequency, disentanglement of the. \{ort|ces during thg motion. \(Ve~there-
whereas for a small,, superposed on a large, the resuilt- fore assume, for simplicity, that_ the_ relative annealingl of
ing V. decreasesvith f. The lower panel of Fig. 2 shows UPOn displacement by a smali is given byAx/L,, where
another puzzling aspect of the data, which is a large out-oftr 1S @ characteristic relaxation length over which the DP
phase component that appears only in the nonlinear part @nneals into the OP. Since the lattice flows with velooity
theV-I and is absent in the flux-flow region. An out-of-phaseJc at x+Ax and at timet+At=t+Ax/v is thus described
signal is a common feature in ac susceptibility measureby J.(x+Ax,t+Ax/v)=J(x,t)(1—AX/L,), which leads to
ments, where the amplitude of the current induced in thehe partial differential equation of the annealing process
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1.5 T T 0.2

8J(X, ) ax+ (L) ado(x,t)/at= =T (x,1)/L,(v), (1)

with a boundary condition at=0, where vortices penetrate
into the sample, 08,(0,t) =J%"5—J°7 . A key aspect of the
annealing process is that the relaxation lenigthcrucially
depends on the displacement velocity Fast transient
measurement$ show that at low velocitied, is large,
whereas for a potential landscape that is strongly tilted by a
large driving force the disentanglement is very rapid, so that
empirically L,=Lg(vo/v)7=Lo(Vo/V)". Here 5 is typi-
cally in the range of 1-3,, vo, andV, are scaling param-
eters,V=vBlI is the measured voltage droB,is the mag-
netic field, and is the distance between the voltage contacts.
We now demonstrate that these simple assumptions describe
all the essential experimental observations.

We first analyze the time-independent behavior. The dc
solution of Eq.(1) is J9%(x) = (3¢'S— 3% exp(—x/L,) +329,

In-phase ry [mQ]
[e5w] Ps eseyd-jo-1no

Y /Ps eseyd-jo-ino

In-phase ry/r;

0.01 0.1 1

as shown schematically in the inset of Fig. 3. By integrating i
over the widthW we obtain the total critical current of the t
samplel .= d[§39%(x)dx: FIG. 4. (a) Frequency dependence of the in-pha®d @nd out-

) of-phase Q) rq atly3.=22 mA near the peak afy in Fig. 2. (b)
lo(L)= (39— 30" [1—e WML (V)d+12"?, (2)  Calculatedr4/r; vs f/f, at the operating point in Fig. 3.

wherel 2= J2"%Wd andd is the sample thickness. Note that  In order to understand the frequency dependence of the
|, depends ot , which in turn depends on voltagé This  differential resistance shown in Fig. 2 and in more detail in
property is central to the described phenomena: Coexistenddg. 4(a), we solve Eq(1) for a small periodic velocity per-
of the DP and OP results in an inhomogeneous sample anthrbation v=v4.+v,e'“ caused by applied current
moreover, the degree of the inhomogenelty(x), changes | .+1,.'“. In this casel,(v)=Lgc+ (dL,/dv)v et
with vortex velocity. As a result, the totd) of the sample is  Following a simple calculation and keeping only the linear
not fixed, but rather changes with voltage. terms in v,,, we obtain Jg(x,t)=J9(x)+J2(x)e' ",
The_ch-I chara_ct_eristics can be derived as following. where ’ J@C(X):(ngs_‘]grd)(d |_r/dv)(vdcvac/Lgc)e—fodc
We_ write for simplicity the V-I of the OP asV=r¢(l  (1-—ei*Xvdc)/jw. Note thatd2(x) is negative because of a
—Ic "), wherery is the flux-flow resistance. Similarly, when negativedL, /dv, reflecting the fact that the system becomes
the entire sample is in the DR/=r¢(I—1") with 1T®  more ordered with increasing. In the limit of low fre-
=J9"*Wd. These two asymptoti¢-I solutions are shown by guency,J.(x,t) slowly varies between two extreme dc solu-
the dashed lines in Fig. 3. Here we have assumed for sintions determined by 4.* (dL,/dv)v .., as shown in the in-
plicity that the flux-flow resistance; is the same for any of set of Fig. 3. At the minimum value of the currenrt,
the phases. As a result, when the two phases coeXist, —1,., the vortex velocity is lowest,, is largest, and hence
=r¢(I—1), wherel is given by Eq.(2) and is voltage de- J(x) is highest. At the maximum of the curreft,.+ | .,
pendent through_, (V). Hence an analytical(V) relation L, is smallest and the sample is “cleanest,” resulting in a
can be written directly as=V/r¢+1.(L,(V)), and the result- large enhancement in the vortex velocity. Hence the lagge
ing nonlinearV-l characteristic is shown by the solid curve at lowf arises from the varying contamination of the sample,
in Fig. 3. At very low voltaged , is larger than the sample which significantly amplifies the voltage response. However,
width, namely, the entire sample is contaminated by the DRnodification of the sample contamination is a slow process
and hence thé/-1 initially follows the asymptotic dashed because the only mechanism of enhancement of the local
line of the DP Withlczlg's. At high vortex velocitiesL, disorder in the bulk is by transporting a more disordered
becomes very short, most of the sample is in the OP, and tHattice from the edge of the sample. This results in character-
V-l approaches the asymptotic line of the OP w'@mgfd, istic time scales comparable with the vortex transit time
In the crossover region a specific shape of the curve with aacross the sample=W/v (or even longer, see below
inflection point is obtained alike the experimental el To obtain the full frequency dependencergfwe calcu-
curves in Figs. 1 and 2. This shape is the result of a continulate 12°=d[§'J2°(x)dx, and by noting thatVae=r(l 4
ous decrease of the toth} of the sample froml ;=195 to  —12%), we findry=V,c/l 5c= (1Ir;+12%V,) ~ L. This result
|C:|grd with increasing current. The exact curvature in theshows that the enhancementrgfresults from the fact that
crossover region depends on the parameigrg,, andV, 12¢ is negative, and depending on thg(v) parameterst 4
(see Fig. 3 captionand may be either gradual or very steep,can become infinite and even negative for the case of
and may even obtain a negative slope resulting in arS-shaped/-I curves. The full analytical expression foy is
S-shaped characteristic as found recently in the lower part dbo extensive to be presented here. Figutb) 4herefore
the PE?’ shows the calculated real and imaginary parts ofr; vs
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frequency at the operating point in Fig. 3. At low frequen-J.(x,t) changes significantly during the ac cycle and is dif-
cies, the in-phasey is large and it decreases towards ferent for the entering and exiting edges, resulting in highly
when f approaches the transit frequenty=1/r,. We can nonlinear behavior that cannot be treated analytically. Quali-
understand this behavior as follows. As indicated by the artatively, however, the maximum depth to which the DP pen-
rows in Fig. 3, at low frequenciesy is given bydV/dl,  etrates the sample from each edge during the corresponding
which can be very large depending on the specific shape faif period of the ac cycle ig3°=v/2f, wherev is the av-

the dcV-I curve. However, the surprising result here is thaterage vortex velocity during the half cycle, while the central
at higher frequencies, in contrast to the common belief, the,t of the sample remains ordered. Therefore the fraction of

experimental 4=V, /1 ;. does not measure the trdd//dl. the sample occupied by the DP decreases Wids x25/W
Athighf the local degree of disorddg(x,t) cannot adjust to o« 1/f. Ccf)nsequenﬁly ch volume of the OP incre::ses with

; . o fi dc

thedgi‘g'd varlgltlfcns apc:]tr;\erefoﬂe(ﬁit) ;Shflxﬁ ? atde (X)’th frequency, the integrateld decreases, and,; increases. At

andJe () andic-vanish. As a resuft, at high trequency the sufficiently highf, practically the entire sample becomes or-

ac signal, instead of following the dc curve, follows a trajec-dered 50 that the experimentj I, in Fig. 1 follows the
L2 Lo clac .

tory shown by the dotted line in Fig. 3. This line is tiel asymptotic dashed OP curve in Fig. 3. Thus a high-frequency

ot ; o —1de v/
cha;rcacterlstlg of_a sample W.Ith a fixad=1c", v rf.(l measurement oY1 ,. is a useful method to reduce edge
—1¢"), resulting inry=r¢, as indeed observed experimen- - )

"o contamination and to approximate the t\id of the OP.
tally in Figs. 2 and 4a).

. In summary, the process of edge contamination by the
The rearrangement of the bulk disorder always lags th?netastable disordered phase in the vicinity of the order-

external ac d_rlve, giving rise to a prqnounced_|mag|nae[y disorder transition is shown to explain the convex shape of
componenfFig. 4(b)] that has a maximum at intermediate

frequencies. The qualitative agreement between the results
our simplified calculations in Fig.(®) and the experimental
data in Fig. 4a) is remarkable, including the frequency scale:
The experimental transit frequenty=V,4./BWI, marked by
the arrow in Fig. 4a), was obtained by a direct measurement
of Vg4¢, and the maximum of the out-of-phasg occurs at
about 0.1,, in excellent agreement with the calculated This work was supported by the Israel Science Founda-
behavior?® tion - Center of Excellence Program and by the Minerva

Finally, we comment briefly on the response to a ldrge  Foundation, Germany. E.Z. acknowledges support by the
with no I 4. as shown in Fig. 1. In contrast to the previous Fundacion Antorchas - WIS Collaboration Program, and
situation, here all the metastable DP exits and reenters tHe.E.F. acknowledges support by RFBR Grant No. 00-02-
sample during every ac cycle, as shown previolisifhe 17763 and by the U.S. DOE, Office of Science, Contract No.
detailed analysis of this case is much more complicated sincé/31-109-ENG-38.

tt}e V-l characteristics in the lower part of the PE, the large
difference betweeV -l oo and V-l 5 curves that grows
with frequency, the peak in the differential resistance and its
rapid suppression with frequency, the out-of-phase signal in
ac transport measurements, and the opposite frequency de-
pendence in the different cases of ac drive.
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