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Complex Resistivity Spectra and the Shear Modulus of the Vortex Solid
in Untwinned YBa2Cu3O7
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The complex resistivityr̂ of the vortex system in YBa2Cu3O7 has been measured from 0.2 t
20 MHz. The solid phase below the transition fieldHm is characterized by strong dispersion inr̂. At
the transition, an abrupt decrease of the reactance Imr̂ is observed. We show that this is caused b
a collapse of the shear modulusc66 at Hm. The experiment provides firm evidence for a first-ord
melting transition. [S0031-9007(96)02141-2]

PACS numbers: 74.60.Ge, 72.15.Gd, 74.72.Bk
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There is now significant evidence that the vort
system in twin-free crystals of the cuprate superconduc
YBa2Cu3O7 (YBCO) undergoes an abrupt change of sta
when a transition lineHm is crossed. The transition
has been investigated by torque magnetometry [1], fl
flow resistivity [2,3], and detection of the washboa
frequency [4]. Most investigators identify the transitio
as a first-order melting of the vortex solid. Howeve
there is lacking direct evidence for a collapse of t
shear rigidity, which is the key feature of a first-ord
solid-to-liquid transition. Competing scenarios unrelat
to melting, such as a dynamic depinning transition [
have also been proposed.

To probe the rigidity of the vortex solid, we hav
measured its linear response to a driving current ver
frequency. When the lattice is pinned at only asmall
number of sites, the velocity amplitude is determined
competition between the shear rigidity and the damp
force. At low frequencies, the former dominates, a
the response is weak and out of phase with the driv
force. At high frequencies, however, the opposite is tr
and the velocity is large and in phase. The crossover
the “shearing” frequency) occurs when the two forces
comparable. Thus, the spectrum of the velocity respo
allows the shear rigidity to be found. By measuring t
complex spectra at several field values, we have u
this method to determine how the shear modulus chan
acrossHm.

Crystals of optimally doped YBa2Cu3O7 with a critical
temperatureTc  93.5 K were detwinned by application
of uniaxial stress. Low-impedance contacts (100 mV)
were made with silver epoxy. The small impedan
of YBCO crystals (#10 mV) poses difficult problems
for high-frequency measurements. To measure the c
plex resistivityr̂  r1 1 jr2 to sufficient accuracy, we
have modified a scattering technique [6] to study lo
impedance samples for frequenciesvy2p up to 20 MHz
[7]. The sample impedance is determined by phase
0031-9007y97y78(2)y334(4)$10.00
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tection of the transmitted waves using a high-frequen
lock-in amplifier (Palo Alto Research Model 100) (detai
will be given in Wuet al. [7]). In all measurements, the
current amplitude is kept sufficiently low to stay withi
linear response, and the skin depth is larger than the c
tal thickness.

In agreement with earlier work [2–4], we observe a
abrupt increase in the dc resistivity in the vortex sta
when the transition fieldHm is exceeded [broken line in
Fig. 1(a)]. For fields less thanHm the dc resistivity is
below our resolution (#1 mV cm). However, in a high-
frequency current the dissipative partr1 becomes finite
even in weak fields (see trace at 0.2 MHz). At all field
below Hm, r1 displays a strong dependence on frequen
and H. By contrast, aboveHm, the v dependence is
much weaker: increasingv by two decades changesr1
by less than20%. The reactive componentr2 also shows
strong frequency dependence belowHm [Fig. 1(b)]. We
have plotted the effective inductanceL , defined asr2yv,
to display the dispersion more clearly. As a functio
of field, L initially increases rapidly with a slope tha
varies roughly logarithmically withv. At the transition,
L undergoes a sharp collapse (this remarkable jump
absent in thin-film samples [6,8,9]). Again, aboveHm,
both the frequency and field dependences are consider
weaker.

A complementary way to display the data is to plot th
frequency dependence ofr̂ with H fixed. In fields below
Hm, r1 increases monotonically withv [Fig. 2(a)]. With
increasing field (1.0 to 2.5 T), the negative curvature inr1
becomes more pronounced, especially at low frequenc
As the field approaches the melting field, the increa
in r1 becomes very rapid, rising to3 mV in less than
1 MHz (see curves at 4.0 and 4.1 T). This remarkab
increase inr1 with v, signalling rapid changes in the
lattice just belowHm, abruptly disappears aboveHm. In
the liquid phase, the frequency dependence ofr1 is much
weaker (the spectrum is approximately the sum of a la
© 1997 The American Physical Society
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FIG. 1. (a) The field dependence ofr1 ; Re r̂ in YBCO
at fixed v, with H k c (v increases from bottom curve to
top). The dc resistivity (dashed line) increases abruptly at
transition fieldHm. The dispersion is much stronger belowHm
compared with above. (b) Shows the corresponding beha
of the inductanceL ; Im Ùryv (v increases from top curve
to bottom). At the transition field,L undergoes an abrup
collapse as the vortex system enters the liquid state. Bro
lines (at 0.2 and 1.0 MHz) are the inductance calculated us
parameters derived from fits tor1 (curves at 0.2 MHz have
been reduced by 0.5).

constant term and a weakv-linear term). Similar changes
are observed in the inductance [Fig. 2(b)]. In the so
phaseL diverges strongly asv decreases (curves at
and 4 T). However, aboveHm, this divergence disappear
(curve at 4.2 T). As may be seen by comparison w
Fig. 1(b), the sudden disappearance corresponds to
abrupt collapse ofL at Hm.

The spectra in Figs. 1 and 2 uncover significa
changes that unfold at lower and lower frequency sca
as H approachesHm from below. AboveHm, however,
the spectra are relatively featureless. The abrupt cha
in the frequency response as the field crossesHm is spe-
cific to untwinned crystals. We note especially the ste
rise in r1 at low frequencies just belowHm [Fig. 2(a)],
and the collapse ofL at Hm [Fig. 1(b)]. These are not
observed in thin-film YBCO [6,8,9].

We will focus mainly on these large changes and arg
with the help of a simple model [10], that they resu
from the collapse of the shear modulus. We sketch
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FIG. 2. (a) The spectrum ofr1 measured in fixed field
sH k cd at 86 K. Field values associated with symbo
are given in (b). AsH ! Hm from below, the negative
curvature becomes increasingly pronounced (butr1 vanishes
at v  0). Above Hm, however, r1 is only weakly v
dependent, and attains a large finite value atv  0. Solid
lines are fits to the model. For the curve at 2.5 T, w
usedc66  280 Jym3, vpy2p  61.2 MHz, and h  1.13 3
1027 Nsym2. (b) Shows the spectra ofL . The low frequency
divergence abruptly disappears whenHm is exceeded (4.0 and
4.2 T). Solid line is calculated from parameters derived fro
fit to r1 at 2 T (anv-independent background is included).

main ideas. The applied supercurrentJejvt exerts a
Lorentz forceJ 3 B on a vortex (located, say, at sitel
of a hexagonal lattice). The displacement amplitudeul is
determined by competition between the viscous damp
force (proportional tov) and elastic forces generate
by the displacementum of its neighbors, as expresse
by the elastic force matrixDsl, md. In addition, nearby
pins may exert a restoring force. However, to accou
for the rapid changes in the spectra, we assume
the average separation of pinning centersR0 is much
larger than the vortex spacing. A relatively small numb
of vortices Npin (at pin sitesi) experience directly the
pinning force2kui (k is the Labusch parameter). Th
remaining vortices sense the pinning force via the elas
force matrix. The transmission of these forces may
characterized by anv-dependent rangeRG , which may be
derived by balancing the elastic force against the damp
force 2h Ùul (h is the drag viscosity). We find tha
335
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c66a2yhv, wherec66 is the shear modulus an
a2 is the area occupied by a flux quantumF0.

At low v, the rangeRG is extended (ifc66 is finite),
so that the average vortex is restrained by a large num
of pins. The vortex lattice responds to the driving for
as a strongly pinned solid with a velocity response tha
almost purely inductive. Asv increases, the reduction i
the range leads to an increase in the velocity amplit
and a rapid decrease in the inductance, consistent
the curves at 2 T in Fig. 2. At high frequency,RG

eventually becomes shorter thanR0, and a large fraction
of the vortices oscillate unhindered by the pins. T
dissipation r1 approaches the free-flow valueBF0yh

while the inductance decreases toLliq. If we raise the
field close toHm, softening of the shear modulus reduc
RG , so that the crossover inr1 occurs at lower frequencie
(compare the 2.5 and 4.0 T curves). Finally, in the liqu
phaseRG is of the ordera, and most of the vortices ar
decoupled from the pins.

The dependence ofRG on the ratioc66yv presents a
way to probe the rigidity of the lattice over successive
longer length scales by decreasingv. In the solid,
increasing the probing length (v ! 0) always leads to the
zero-dissipation state [see Fig. 2(a)]. However, as soo
Hm is exceeded, the state atv  0 has a finite dissipation
(curve at 4.2 T).

In a simple fluid, we expect the inductance to be vani
ingly small andr1 to be large but frequency independe
However, the observed behavior is rather different.
shown in Figs. 1 and 2, the inductanceLliq remains rela-
tively large, whiler1 retains a weakv-linear dependence
The data imply that correlation effects continue to pl
a role in the vortex liquid. Examination of the 15 MH
curve in Fig. 1(b) shows that, at high frequency, there
almost no distinction between the low-field and high-fie
response, aside from the slight anomaly atHm. This sug-
gests that, on short time scales, the velocity amplitud
similar in the two states. Equivalently, the environme
around each vortex at short distances is quite similar in
two phases. To distinguish the solid from the liquid it
necessary to go to low frequencies. Thus, in Fig. 2, b
r1 and L at the fields 4.0 and 4.2 T are closely simil
except below 2 MHz. These effects are reminiscent of
response observed in complex fluids. The comparison
be discussed elsewhere.

In our simplified model [10], we write the equation o
motion as

h Ùul 1
X
m

Dl,m ? um 1 k
X

i
uidl,i  J 3 F0 . (1)

In comparison with single-vortex models [11], Eq. (
includes explicitly the elastic force term. Moreover, t
sum overi is restricted toNpin pin sites, while the sum
over m extends to allN vortices. The propagation of th
restoring force to vortices at remote sites is described
the lattice Green’s function
336
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GsR, vd 
1
N

X
q

fŷ ? êT sqdg2ejq?R

fDT sqd 1 jvhg
, (2)

where only the transverse modes are retained for s
plicity. The Fourier transformDT sqd of the elastic ma-
trix is related [12,13] to the modulic66 and c44 by
DT sqd  fc66q2 1 c44q2

z ga2, whereqz  q ? ĉ andq 
jq 2 qzĉj. In terms ofG, we may write down a mean
field solution of Eq. (1) for the resistivity [10], viz.,

r̂svd 

√
BF0

h

! √
1 2

√
kNpin

jvhN

!
3

(
1 1

kNpin

jvhN
1 k

"
Gs0, vd

1

0X
i

GsRi, vd

#)21!
. (3)

As short-range correlation effects and longitudinal mod
have been neglected, the model cannot address the h
frequency background described above. Empirica
however, the background terms vary slowly with resp
to field and frequency, and are easily separated from
much larger changes associated with softening of
lattice. An adequate approximation to the background
obtained by adding a term̂rb  r

b
1 1 jr

b
2 to Eq. (3).

Both terms are found to be linear in bothv andH.
In fitting the model to experiment, we find that goo

fits may be obtained only by takingc44 ø c66. In this
two-dimensional limit, the curvature of the spectrum
r1 is most sensitive to the shearing frequencyv66 ;
s4pc66yhd sayR0d2 (we takek to be field independent)
Physically,v66 is the frequency at which the rangeRG of
GsR, vd matches the pin spacingR0, as discussed earlier
Rather close fits to the data may be achieved (solid li
in Fig. 2). We have used only ther1 data for the fits.
The viscosityh, which sets the overall scale ofr1, is
known independently from the high-frequency respon
(the free-flow limit). Unfortunately, a simple rescalin
of the frequency shows that̂r is only weakly dependen
on R0 (as logR0). As a result,c66 may be determined
from v66 only to within a constant that depends onR0.
[Nonetheless, we have checked that the fit values forv66
are quite reasonable. If we assume thatc66 at 1 T is given
[14] by F0Bys8pld2 , 420 Jym3 with the penetration
length [15] l , 2800 Å at 86 K, the value ofv66y2p

(340 MHz at 1 T) corresponds toR0 , 7a  3200 Å.]
The field dependence of the shear modulus normali

to its value at 1 T is displayed in Fig. 3. Initially,c66 rises
slowly between 1 and 2 T. Between 2.5 and 3.6 T,c66

remains relatively unchanged. However, further increa
in field produces a weak peak at 3.6 T, followed by
dramatic decrease by a factor of 400, as the system cro
the melting line. The collapse of the shear modu
is similar to that observed in crystalline solids an
polyball suspensions in electrolytes [16] at their melti
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FIG. 3. Field dependence of the shear modulusc66 (solid
symbols) determined by fitting model tor1 at 86 K (normalized
to its value 420 Jym3 at 1 T). The modulus remains at
plateau value between 2.4 and 3.5 T, then it develops a w
peak near 3.6 T before collapsing by a factor of 400 asHm is
exceeded. The viscosity (open symbols) displays a sharp
at Hm (k is independent ofH). The inset shows the field
dependence of the background termr

b
1 yv used in the fit.

transitions. We regard this collapse to be hard evide
for a first-order transition. The viscosity displays a sh
upward cusp. We do not understand the origin of t
cusp, but note that its effect on the high-frequency cu
(15 MHz) is quite apparent in Fig. 1(a). The inset sho
the field dependence of thev-linear background term
used in the fit tor1.

With the values ofv66, k andh obtained from fits to
r1 at each field, we may calculate the inductanceL as
a consistency check. The calculated curves at 0.2
1 MHz [broken lines in Fig. 1(b)] capture rather we
the observed behavior. The parameters have not b
adjusted to refine further the fit toL . However, we have
added to the calculated inductance a background t
identical to the featureless curve measured at 15 M
(lowest curve). Initially, L increases nearly linearl
with field with a frequency-dependent slope. In both
simulated and measured curves at 0.2 MHz,L displays
a sharp peak before falling rapidly to the valueLliq as
H exceedsHm (the peak is absent at higher frequencie
The simulation persuades us that the sharp decreas
the inductance is indeed directly related to the colla
in c66. The calculated inductance also describes
observed low-frequency behavior rather well if we inclu
a constant background [solid line in Fig. 2(b)].

In summary, we have shown that the spectra of
complex resistivity provide new information on the tran
ak

sp

ce
p
s
e
s

nd

en

rm
z

e

).
in

e
e

e

e
-

tion of the vortex system. We find a dramatic decrease
the characteristic frequency scale as the field approac
Hm. Simultaneously, the resistivity rises very steeply w
frequency. At Hm, the low-v inductance displays an
abrupt collapse. These features are consistent with a
lapse of the shear modulus at the transition. With a sim
model, we have obtained the field dependence ofc66 and
h by fitting to the spectra ofr1. We find thatc66 under-
goes a steep decrease of about 400 atHm. In the analysis,
we have neglected short-range correlation effects that
dominant in the liquid (as well as in the solid at high fr
quencies). These require a more sophisticated treatm
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