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ac Dynamics of a Pinned Flux-Line Lattice
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The surface impedance @H-NbSe in the mixed state was measured over the frequency range
10-3000 MHz in fields up to 2 T. A crossover between pinned and viscous flux-line dynamics is
observed at a pinning frequency,,. The measuredv, is compared to that predicted by a single-
particle “washboard potential” model of pinning. When the flux lattice is in an ordered statis, in
good agreement with the model. However, when it is in a metastable disorderedvstégenearly two
orders of magnitude larger than expected, indicating the appearance of internal degrees of freedom and
glassy dynamics. [S0031-9007(97)04967-3]

PACS numbers: 74.60.Ge, 74.60.Ec, 74.60.Jg

Pinning of the magnetic flux-line lattice (FLL) due to lattice spacing). For the FLL the washboard model gives
material disorder plays an important role in the transport;, = ’%ﬂ, Ky = Voks, and predicts a simple connection
properties of type-Il superconductors [1]. When pinningbetweeﬁwp andj,,
prevents the FLL from moving, dc transport is nondissipa- « L
tive and screening of electromagnetic fields is enhanced. w, = Zp _ KoPn o . (2)

In the moving state, pinning can cause tears in the elas- n He

tic structure of the FLL leading to plastic flow. The ef- In this Letter we report on the first measurements of the
fects of pinning have recently been the subject of intensginning frequency of the FLL in the lo#,. superconductor
study, resulting in observations of phenomena such as cu?#-NbSe. The experiments employed a novel broadband
rent induced annealing [2—4], flow along weakly pinnedtechnique (described below) for measuring the ac response
channels [4—6], and finite response times to large currerin the mixed state in the range 10—-3000 MHz. We find
pulses [4,7]. So far, most studies of pinning have focusethat w, exhibits a striking sensitivity to the state of the
on transport near the dc critical current densjtyat which ~ FLL: For the same field and temperature it can differ by
the FLL breaks loose from the pinning centers and startas much as two orders of magnitude, depending on the
moving. A complementary approach, which we presenextent of disorder in the FLL. This in turn depends on how
here, is to probe the local properties of the pinning potentiathe FLL is prepared: If the FLL is prepared by zero field
by measuring the frequency dependence of the response¢ooling to7T < T, and then applying a field, it enters
subcritical ac currents [8]. an ordered state f&f < T,,(H) and a disordered state for

Since a flux line is essentially massless [1], the equatiod > T,,(H) [4]. HereT,,(H) is atransition line marked by
of motion for small oscillations in the pinned state is [9] asuddenrise .. However, the disordered state is always

i+ o = Do) (1) obtained_ when the field i_s applied before cooling. Below

7 P 03 T,, the disordered state is metastable and can be annealed
wherej(t) = je '“!is the ac driving current density and into the ordered state with a large current. These two
u is the displacement from equilibrium. The restoring states of the FLL are possible candidates for the proposed
force constant, is given by the curvature of the pin- vortex glass [11] (disordered) and pinned lattice or Bragg
ning potential, and the viscosity is usually taken ag =  glass (ordered) [12]. Our present results show that, in the
®oH.2/pn (the Bardeen-Stephen value), with, the up-  ordered statew, is in good agreement with predictions
per critical field andby, = 2}’—6 the flux quantum. A charac- of the washboard model for the measurgdbut, in the
teristic pinning frequencyw, = «,/n, separates the low disordered statay, is much larger and the model breaks
frequency regime, where pinning dominates and the redown. This breakdown of the single-particle model signals
sponse is nondissipative, from a high frequency regime othe appearance of internal degrees of freedom and glassy
free flux motion with viscous response [9,10]. The pinningdynamics in the disordered FLL.
potential in periodic systems (such as charge density waves Measurements were carried out on two single-crystal
or a Wigner crystal) is usually described by the “wash-samples. For sample 12.5 X 2.5 X 0.1 mm) T, =
board” model in which the lattice is replaced by a particle7.2 K, AT. = 80 mK, H.,(3K) = 3.25 T, and the resid-
trapped in a periodic potentidl,(u) = Vo[1 — codkou)],  ual resistance ratio, RRR 23. This sample was grown
with ko = 27 /r, determined by a characteristic length by vapor transport from a high purity stoichiometric
scaler, of the pinning interaction (usually taken as the mixture of Nb and Se. Sample @ X 4 X 0.025 mm)
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was grown by the same method from a commercial NbSe Signal S——
powder containing 200 ppm of Fe impurities, resulting Generator H
in T, — 5.85 K, AT, — 80 mK, H.(3K) = 2.0 T, and 10MHz - 3GHz
RRR= 9. The Fe content accounts for the depressed J, Tranemisson Line
T. [13], but the narrow transition indicates good homo-

geneity. Both types of samples exhibit the phenomena
reported here. We focus on sample 2 which was measured
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sample, the directly accessible quantity characterizing the
response is the surface impedange,= R, — iX; [14].

For example, when an rf signal propagates along a trans-
mission line, the surface resistanke determines the dis-
sipation, and the surface reactari¢eintroduces a phase
shift. Z, is related to the resistivityy and the penetration
depthA, by Z, = (_iMOwP)l/z = —iuowA. Foranor- FIG. 1. Schemgtic view .of ‘spectrometer (upper panel) and
mal metal,A = 8,(1 + i)/2, with 8, = (2p,1/,uow)1/2 sample holder with transmission line (lower panel).

the normal state skin depth. In the mixed state, the pene-
tration depth is determined by the response of Cooper pair%
normal fluid, and flux lines [15]:
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r is determined mainly by attenuation and phase shifts in
12 the cables. The effect of the sample’s surface impedance
_ (X&) @ OnVie is isolated by modulating the sample temperature at
1 — 2,',\2/53f a low frequency~5-10 Hz) with a resistive heater. This

Here A is the London penetration dept,; is the normal creates a small ac componer:lt}g& at the mgdeIation fre-

fluid skin depth,8, = (2p,/uow)"? is the flux-line skin ~ dUeNcy proportional to ceg) 77 + sin(¢) 7, which is
depth, andp, is the flux-line resistivity [16]: 3§tecteg)¥vlth alock-in amplifier. By tuningto0or 7 /2,
©? — ivw, H <7 and 7 were measured independently. The data were
p

Pn - taken in the linear regime: the ac current in the sample was
~1mA(j ~ 1 A/enm? < j.)and the displacement of the
(4)  fluxlines (<0.1 A at 10 MHz) was negligible compared to
Our results will be expressed in terms of the reducedheir spacing. H was along the: axis, and the ac current
variables, r, = % = Im(%) and x, = 2H) _ was in thea-b plane.

X,(T:00 — . . . .
2A . S 12 We first present the results in the disordered state which
Re(3, ), which eliminate thes /" dependence, due to the is prepared by cooling from above. to 3 K in constant

skin effect [17]. Most of our results are in a rangefdf .
T, and w, where the response is dominated by the flu In Fig. 2 we show thel’ dependence of, and ;.

pv(w) = pvl(w) - lva(w) = wz + w[z) ch

. . dR,
lines. In this limit, A = &,(1 + i)/2 and dpe data were obtained by slowly ramplﬁ‘gas a7 or '
12 <7 Was measured. The raw data were integrated to give
ry = ixg = (Z2ipu/pa) . ®)  RrRu1) = 7 4RI 4T’, whereT, = 3 K was the lowest

In the free flux flow limit (0 > ®,), the response experimental temperature. To obtaip from R{, two

. . ... H . constants are needed: a scaling factor and an additive
reduces to that of a normal metal with resistivity 7 constant,r, = r,(3 K). For H = 0, ry is assumed to

r(T,H) = x,(T,H) = [H/H(T)]"/?, T <T.(H). be zero since we exped®, = 0 for T < T,, and the
(6) scaling factor is determined by requiringT,,0) = 1. At
finite H the scaling factor remains unchanged (because
Figure 1 shows the experimental setup [7]. The sampl¢éhe coupling between the sample and transmission line
is mounted on a sapphire plate, which is attached to a stains independent off) and ro(H) is set by using the fact
less steel holder inside a vacuum can. 58 () copla- that r,(T.,H) = 1 (becauseR; is independent of{ in
nar transmission line, consisting of three Cu strips (on¢he normal state). The same basic procedure was used
central conductor between two ground planes) on an alder the reactance data, but in this cage= x,(3 K,0) =
mina substrate, is placed close to the sample. The sampa(3 K, 0)/5,, is always finite andcy was determined by
R, (X,) introduces a slight change=10~%) in the mag- fitting the data to (3), as described below.
nitude (phase) of the signal propagating along the trans- The T dependence ofr; at 2.8 GHz is shown in
mission line,Vs. The mixer puts out a dc signdlg o« Fig. 2(a). AtH = 0, ry(T) exhibits a sharp transition
|Vi¢] cos¢, where ¢ is the phase difference between theand is flat belowr., consistent with our assumption that
signals at the rf and LO ports of the mixer. The value ofR,(T < T.,0) = 0. For H > 0, r, remains nonzero
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FIG. 2. The T dependence of the surface resistance andg v op*  T=3K
reactance at 2.8 GHz [(a) and (b)] and 1 MHz [(c) and (d)] % 0 olo
for zero field (OJ), 0.02 T(O), 0.1 T(@®), 0.25T(A), 05T 01 1 1o
(V), 1 T (¢), and 1.5 T(®8). The FLL was field cooled in  ° o 100 1000
all cases. The dotted lines were calculated using (6); the solid Frequency MHz

lines were calculated using (3). The double arrows show th

deviation from the free flux flow case. FiG. 3. The frequency dependence &f (a) and X, (b)

at 3K and 0.5 T in the disordered state. Upper inset (a):
temperature dependence of the pinning frequefi¢y and the
critical current(l) at 0.5 T. Lower insets [(@) and (b)]: the
collapse of the data for all fields. Symbols are the same as in
Fig. 2

below T.(H), indicating dissipation due to flux-line
motion. The increase in; with H reflects the increasing
flux-line density. The dotted lines, calculated in the free
flux flow limit from (6), have no adjustable parameters

since H(T) was obtained from dc measurements ofpehavior shows that the frequency dependence of the
T.(H). ForH = 0.1 T this expression gives good agree- response of the FLL is completely characterized by one
ment with the data, indicating that at 2.8 GHz pinningparametew? as expected from (1).
is negligible, i.e. that the pinning frequency for the We now turn to the response in the ordered state. In
disordered statew? < 2.8 GHz. At lower H, when this state, if the FLL is heated abow&,, it undergoes
8, becomes comparable t, the response is no longer an order-to-disorder transition that is irreversible in tem-
dominated by the FLL, and the full expression (3) must beperature [4]. Thus% and ‘Z’;s cannot be obtained over
used. Fitting the data withy as an adjustable parameter the entire temperature range and the additive constants
(solid lines), we obtainxy ~ 0.09 at 2.8 GHz. This needed to determine the absolute values,afndx, can-
value was used to process the reactance data shown it be calculated. But from the relative changks,(7T)
Fig. 2(b). Ther; and x; data for# < 0.1 T over the andAx,(T), which can be measured directly, we find that
entire temperature range could be fitted with this singleor frequencies in the GHz range the results are identi-
parameter, which indicates that (3) correctly describes theal to those obtained for the disordered FLL, whereas
interplay between the response of the flux lines and theéh the MHz range they differ significantly. In Fig. 4(a)
Cooper pairs. Sincg, = w and 8, depends only we plot Ar,(T) at 13 MHz in both states. The data in
on p,, which was measured, the value xf can be used the disordered state is essentially constari iconsistent
to determinex. From the data at several frequencies inwith the high value ofwf,. However, in the ordered state
the GHz range, we estimate~ 1200-1400 A in sample  the results are consistent with free flux flow [the slope in
2 and ~1000-1200 A in sample 1. Previous estimates Ar(T) is close to that at 2.8 GHz] indicating that?,
are scattered over the range 700—2500 A [18]. the pinning frequency of the ordered FLL, is in the MHz
In Figs. 2(c) and 2(d) we show the results at 13 MHz.range or lower. Below 1 MHz§, is much greater than
In this case, bothr; andx, drop well below the free flux the sample thickness, and therefqrg can be accessed
flow values (dotted lines), indicating thaxg > 13 MHz.  directly with a standard four-lead technique. The data
The frequency dependence of the response over the entifer p,; and p,, in both states are shown in Fig. 4(b).
range, Fig. 3, exhibits a crossover from pinned to viscoughey were taken on a sample which was from the same
behavior. Fitting the data to (5), with, given by (4), batch as sample 2 and had nearly identical parameters. A
giveSwﬁ = 125 MHzfor H = 0.5 TandT = 3 K. The background signal, due to pickup, was determined from
lower insets in Fig. 3 show that the data for Hllcollapse zero field measurements at< T. and subtracted from
when plotted as a function mf/wg(T,H). This universal the data. In the disordered state bgth, and p,, are
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(a) 008 (b) behavior was also observed in sample 1 (the discrepancy
0-210=13MHz  paGHz A 5 S fe Ameled vih e betweeryc and{u » was actually Iarg(_er in this sample), even
H=0.5T DATAS__/ 4 T |sakevm T though little evidence of metastability and plastic dynamics
Sample #2 < i could be detected in dc measurements. (Metastability was
= + Field Gooled also clearly seen in pulsed current measurements on this
= 0.00 sample.) This suggests that, although metastability effects
= 015l ronane | ATeeled with Currenig are not typically seen in dc transport, they may, in fact, be
. N = cm s . .
oo Pt S0l | wopectong g common in flux lattices.
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