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Complex Resistivity Spectra and the Shear Modulus of the Vortex Solid
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The complex resistivityp of the vortex system in YB£u0O; has been measured from 0.2 to
20 MHz. The solid phase below the transition fiélg is characterized by strong dispersiongn At
the transition, an abrupt decrease of the reactancg isiobserved. We show that this is caused by
a collapse of the shear modulug at H,. The experiment provides firm evidence for a first-order
melting transition. [S0031-9007(96)02141-2]

PACS numbers: 74.60.Ge, 72.15.Gd, 74.72.Bk

There is now significant evidence that the vortextection of the transmitted waves using a high-frequency
system in twin-free crystals of the cuprate superconductdiock-in amplifier (Palo Alto Research Model 100) (details
YBa,Cu;0; (YBCO) undergoes an abrupt change of statewill be given in Wuet al. [7]). In all measurements, the
when a transition lineH,, is crossed. The transition current amplitude is kept sufficiently low to stay within
has been investigated by torque magnetometry [1], fluxlinear response, and the skin depth is larger than the crys-
flow resistivity [2,3], and detection of the washboardtal thickness.
frequency [4]. Most investigators identify the transition In agreement with earlier work [2—4], we observe an
as a first-order melting of the vortex solid. However, abrupt increase in the dc resistivity in the vortex state
there is lacking direct evidence for a collapse of thewhen the transition field?,, is exceeded [broken line in
shear rigidity, which is the key feature of a first-order Fig. 1(a)]. For fields less tha#,, the dc resistivity is
solid-to-liquid transition. Competing scenarios unrelatedbelow our resolution£1 w{) cm). However, in a high-
to melting, such as a dynamic depinning transition [5],frequency current the dissipative part becomes finite
have also been proposed. even in weak fields (see trace at 0.2 MHz). At all fields

To probe the rigidity of the vortex solid, we have belowH,,, p; displays a strong dependence on frequency
measured its linear response to a driving current versuand H. By contrast, aboveHd,,, the  dependence is
frequency. When the lattice is pinned at onlysmall ~much weaker: increasing by two decades changes
number of sites, the velocity amplitude is determined byby less thar20%. The reactive componempt also shows
competition between the shear rigidity and the dampingtrong frequency dependence belély, [Fig. 1(b)]. We
force. At low frequencies, the former dominates, andhave plotted the effective inductande, defined ap,/w,
the response is weak and out of phase with the drivingo display the dispersion more clearly. As a function
force. At high frequencies, however, the opposite is trueof field, £ initially increases rapidly with a slope that
and the velocity is large and in phase. The crossover (ataries roughly logarithmically withw. At the transition,
the “shearing” frequency) occurs when the two forces areL undergoes a sharp collapse (this remarkable jump is
comparable. Thus, the spectrum of the velocity responsabsent in thin-flm samples [6,8,9]). Again, abokg,,
allows the shear rigidity to be found. By measuring theboth the frequency and field dependences are considerably
complex spectra at several field values, we have usedeaker.
this method to determine how the shear modulus changes A complementary way to display the data is to plot the
acrossH,,. frequency dependence pfwith H fixed. In fields below

Crystals of optimally doped YB&w;0; with a critical — H,,, p; increases monotonically with [Fig. 2(a)]. With
temperaturel. = 93.5 K were detwinned by application increasing field (1.0 to 2.5 T), the negative curvaturgin
of uniaxial stress. Low-impedance contact®(Q m(}l) becomes more pronounced, especially at low frequencies.
were made with silver epoxy. The small impedanceAs the field approaches the melting field, the increase
of YBCO crystals £10 m{)) poses difficult problems in p; becomes very rapid, rising t&8 mQ) in less than
for high-frequency measurements. To measure the coni- MHz (see curves at 4.0 and 4.1 T). This remarkable
plex resistivityp = p; + jp, to sufficient accuracy, we increase inp; with o, signalling rapid changes in the
have modified a scattering technique [6] to study low-lattice just belowH,,, abruptly disappears abové,. In
impedance samples for frequencieg27 up to 20 MHz  the liquid phase, the frequency dependencg 0fs much
[7]. The sample impedance is determined by phase deweaker (the spectrum is approximately the sum of a large
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< — - FIG. 2. (a) The spectrum ofp; measured in fixed field
FIG. 1. (a) The field dependence @f = Re p in YBCO . ; .
at fixed w, with H || ¢ (w increases from bottom curve to (H |l c) at 86 K. Field values associated with symbols

top). The dc resistivity (dashed line) increases abruptly at th&€ given in (b). AsH — H, from below, the negative
transition fieldH,,. The dispersion is much stronger beldyy, ~ curvature becomes increasingly pronounced (butvanishes

compared with above. (b) Shows the corresponding behavigit @ = 0). Above H,, however, p, is only weakly
of the inductancel = Im /o (w increases from top curve dependent, and attains a large finite valuewat= 0. Solid

P ; lines are fits to the model. For the curve at 25T, we
to bottom). At the transition field,L undergoes an abrupt - 3 . i '
collapse as the vortex system enters the liquid state. BrokeHS’?éjC66 _2280 Im’, w,/2m = 61.2 MHz, andy = 1.13 X
lines (at 0.2 and 1.0 MHz) are the inductance calculated usin%0 Ns/m?. (b) Shows the spectra of . The low frequency

parameters derived from fits tp, (curves at 0.2 MHz have divergence abruptly disappears whip is exceeded (4.0 and
been reduced by 0.5). 4.2 T). Solid line is calculated from parameters derived from

fitto p; at 2 T (anw-independent background is included).

constant term and a weak-linear term). Similar changes
are observed in the inductance [Fig. 2(b)]. In the solidmain ideas. The applied supercurref¢/@t exerts a
phase L diverges strongly as decreases (curves at 2 Lorentz forceJ X B on a vortex (located, say, at site
and 4 T). However, abovH,,, this divergence disappears of a hexagonal lattice). The displacement amplitugés
(curve at 4.2 T). As may be seen by comparison withdetermined by competition between the viscous damping
Fig. 1(b), the sudden disappearance corresponds to tlierce (proportional tow) and elastic forces generated
abrupt collapse of. atH,,. by the displacementy,, of its neighbors, as expressed
The spectra in Figs. 1 and 2 uncover significantby the elastic force matriD(1, m). In addition, nearby
changes that unfold at lower and lower frequency scalepins may exert a restoring force. However, to account
as H approachegi,, from below. AboveH,,, however, for the rapid changes in the spectra, we assume that
the spectra are relatively featureless. The abrupt chandgbe average separation of pinning cent&g is much
in the frequency response as the field croddgsis spe- larger than the vortex spacing. A relatively small number
cific to untwinned crystals. We note especially the steef vortices N,,;, (at pin sitesi) experience directly the
rise in p; at low frequencies just below,, [Fig. 2(a)], pinning force —ku; (x is the Labusch parameter). The
and the collapse of at H,, [Fig. 1(b)]. These are not remaining vortices sense the pinning force via the elastic
observed in thin-film YBCO [6,8,9]. force matrix. The transmission of these forces may be
We will focus mainly on these large changes and arguesharacterized by am-dependent rangRg;, which may be
with the help of a simple model [10], that they result derived by balancing the elastic force against the damping
from the collapse of the shear modulus. We sketch théorce —nu; (n is the drag viscosity). We find that
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Rg = \/cesa?/mw, wherecgg is the shear modulus and
a® is the area occupied by a flux quantupg.
At low w, the rangeR; is extended (ifcgs is finite),

so that the average vortex is restrained by a large numbgyhere only the transverse modes are retained for sim-
of pins. The vortex lattice responds to the driving forceplicity. The Fourier transfornD;(q) of the elastic ma-

as a strongly pinned_ solid Wit.h a velocity response tha_lt irix is related [12,13] to the moduligs and css by
almost purely inductive. As increases, the reduction in p,(q) = [ceeq? + caaq>la®, whereq, = q - € andg =

the range leads to an increase in the velocity amplitudgg — 4.¢|. In terms of G, we may write down a mean-
and a rapid decrease in_ the inductance, consistent witfield solution of Eq. (1) for the resistivity [10], viz.,

the curves at 2 T in Fig. 2. At high frequencRg

eventually becomes shorter th&, and a large fraction (o) = <BCI>0) (1 ~ ( K Npin )

()

of the vortices oscillate unhindered by the pins. The jonN

dissipation p; approaches the free-flow valuBd,/n K Npin

while the inductance decreases fg,. If we raise the X1+ conN + k| G(0, )
field close toH,,, softening of the shear modulus reduces , Jen 1

Rg, so that the crossover py occurs at lower frequencies + Y GR: 3
(compare the 2.5 and 4.0 T curves). Finally, in the liquid 2 (R, @) ' 3)

phaseR; is of the ordera, and most of the vortices are
decoupled from the pins. As short-range correlation effects and longitudinal modes
The dependence at; on the ratiocss/w presents a have been neglected, the model cannot address the high-
way to probe the rigidity of the lattice over successivelyfrequency background described above. Empirically,
longer length scales by decreasing. In the solid, however, the background terms vary slowly with respect
increasing the probing lengtlo(— 0) always leads to the to field and frequency, and are easily separated from the
zero-dissipation state [see Fig. 2(a)]. However, as soon aauch larger changes associated with softening of the
H,, is exceeded, the stateat= 0 has a finite dissipation lattice. An adequate approximation to the background is
(curve at 4.2 T). obtained by adding a term? = p? + jp} to Eq. (3).
In a simple fluid, we expect the inductance to be vanishBoth terms are found to be linear in bathandH.
ingly small andp, to be large but frequency independent. In fitting the model to experiment, we find that good
However, the observed behavior is rather different. Adits may be obtained only by takingy < cgs. In this
shown in Figs. 1 and 2, the inductanég, remains rela- two-dimensional limit, the curvature of the spectrum of
tively large, whilep, retains a weakw-linear dependence. p; is most sensitive to the shearing frequensys =
The data imply that correlation effects continue to play(4m7ces/n) (a/Ro)* (we takex to be field independent).
a role in the vortex liquid. Examination of the 15 MHz Physically,wes is the frequency at which the randgg; of
curve in Fig. 1(b) shows that, at high frequency, there isG(R, @) matches the pin spacimgy, as discussed earlier.
almost no distinction between the low-field and high-fieldRather close fits to the data may be achieved (solid lines
response, aside from the slight anomalydat This sug- in Fig. 2). We have used only the, data for the fits.
gests that, on short time scales, the velocity amplitude i§he viscosityn, which sets the overall scale ¢fj, is
similar in the two states. Equivalently, the environmentknown independently from the high-frequency response
around each vortex at short distances is quite similar in th&he free-flow limit). Unfortunately, a simple rescaling
two phases. To distinguish the solid from the liquid it is of the frequency shows thdt is only weakly dependent
necessary to go to low frequencies. Thus, in Fig. 2, botlon Ry (as logRy). As a result,ces may be determined
p1 and L at the fields 4.0 and 4.2 T are closely similar from wgs only to within a constant that depends &g.
except below 2 MHz. These effects are reminiscent of th¢Nonetheless, we have checked that the fit valuesJgr
response observed in complex fluids. The comparison wilhre quite reasonable. If we assume thgtat 1 T is given

be discussed elsewhere. [14] by ®¢B/(87A)> ~ 420 J/m?3 with the penetration
In our simplified model [10], we write the equation of length [15] A ~ 2800 A at 86 K, the value ofwgs/27
motion as (340 MHz at 1 T) corresponds ®, ~ 7a = 3200 A]

. The field dependence of the shear modulus normalized
N+ D Dy - Uy + k> S = I X ®y. (1) toitsvalueatl T is displayed in Fig. 3. Initiallye rises
m i slowly between 1 and 2 T. Between 2.5 and 3.6,
In comparison with single-vortex models [11], Eqg. (1) remains relatively unchanged. However, further increase
includes explicitly the elastic force term. Moreover, thein field produces a weak peak at 3.6 T, followed by a
sum overi is restricted toNV,i, pin sites, while the sum dramatic decrease by a factor of 400, as the system crosses
overm extends to allV vortices. The propagation of the the melting line. The collapse of the shear modulus
restoring force to vortices at remote sites is described bis similar to that observed in crystalline solids and
the lattice Green’s function polyball suspensions in electrolytes [16] at their melting
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5 tion of the vortex system. We find a dramatic decrease of
the characteristic frequency scale as the field approaches
H,,. Simultaneously, the resistivity rises very steeply with
i 44 frequency. AtH,, the loww inductance displays an
abrupt collapse. These features are consistent with a col-
B %°° ] lapse of the shear modulus at the transition. With a simple
[ model, we have obtained the field dependenceggfand
7 by fitting to the spectra op,. We find thatces under-
goes a steep decrease of about 408,at In the analysis,
we have neglected short-range correlation effects that are
102 L 7, ] dominant in the liquid (as well as in the solid at high fre-
; N quencies). These require a more sophisticated treatment.
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FIG. 3. Field dependence of the shear modulys (solid

symbols) determined by fitting model 19 at 86 K (normalized

to its value 420 J/m? at 1 T). The modulus remains at a

plateau value between 2.4 and 3.5 T, then it develops a weak

peak near 3.6 T before collapsing by a factor of 40(Hgsis

exceeded. The viscosity (open symbols) displays a sharp cusp *Present address: Lucent Technologies 1C-119, Bell

at H, (« is independent off). The inset shows the field Innovation Labs., Murray Hill, NJ 07974.
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