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The magnetic field B, angular frequency 0), and temperature dependences of the complex vor-

tex dielectric constant ~„ofa thin-film superconductor are deduced from measurements of the

ac impedance. A temperature close to the predicted dislocation-mediated vortex-lattice melting

temperature is found which delineates low-temperature behavior, e„~B, from high-temperature

behavior, e„~B/eo, A simple two-dimensional Coulomb gas analog successfully explains the

fluid phase at high temperature.

The seminal ideas of the Kosterlitz-Thouless
theory' of phase transitions in two-dimensional sys-
tems characterized by a complex two-component or-
der parameter has been noted to be relevant to an
understanding of the properties of "dirty" thin-film
superconductors. In zero external magnetic field the
theory predicts that the motion of thermally excited
bound vortex pairs drives the fluctuations in the
phase of the order parameter. At the two-

dimensional transition temperature T„ less than the
mean-field temperature T,o, there is a discontinuous
drop in the superfluid pair density n„and the vortex
pairs of large separation unbind. The resulting dissi-

pative motion of free vortices is thought to be
responsible for the broad resistive transitions ob-
served, for example, in thin granular films. ' The ob-
served decrease in the superfluid pair density n, at
finite frequencies at T = T, has been previously re-
ported.

In the presence of an external magnetic field 8 ap-

plied perpendicular to the superconducting film, the
physics near T, is complicated by the coexistence of
externally applied and thermally excited free vortices.
Recent theoretical treatments predict a superfluid
phase diagram in which there is a melting curve
TM(B) which separates a high-temperature fluidlike

region with negligible positional correlations between
vortices from a low-temperature solidlike region with

significant positional correlations between vortices.
The detailed mechanism of melting is thought to be
the unbinding of dislocation pairs. 7

The discontinuity in the shear modulus predicted
for the vortex lattice at TM is analogous to the.

vortex-antivortex unbinding and associated discon-
tinuity in n, at T,. In this Communication we

present measurements of the complex vortex dielec-
tric constant e„which convincingly show that there is

a well-defined crossover temperature, presumably

T~, which is a function of 8 and angular frequency
co. This crossover occurs because there is pinning in

the film which becomes effective only when position-
al correlations at T & T~ are strong enough to ensure

that the pinning of just a few vortices will result in

the pinning of the entire vortex lattice. In contrast,
at T & TM the shear modulus for long-wavelength
distortions is close to zero and most vortices are free
to flow around any pinned vortices. As our experi-
mental technique does not excite transverse modes
in the vortex medium, coupling to the shear
modulus can be achieved only in the presence of pin-

ning, and we are therefore unable to ascertain the
precise mechanism of melting. However, simple
phenomenological modeling of e„ in the fluidlike,
T && TM, and solidlike, T ( T~, regimes show good
qualitative agreement of the melting-transition hy-

pothesis with the data.
In order to gain an intuitive understanding of vor-

tex dynamics in thin-film superconductors we invoke
an analogy with a two-dimensional (2D) gas of uni-
formly charged infinitely long parallel rods. ' The
logarithmic intearaction common to both systems,
but limited for the case of vortices to separations
greater than goL, the Ginzburg-Landau coherence
length, and less than A, the thin-film penetration
length, leads to a natural definition of vortex charge
q„=$0/2mA'~z. The quantum of flux is $0. In a pre-
vious treatment of thin-film superconductors it has
been shown that the electric field E due to a current
K„of these charges can be written in the form'

aK,E=Lg ' + z &&K„
Bt q„c

The first term, involving the product of the kinetic
inductance L» =2mA/c2 with the time derivative of
the sheet supercurrent density K„represents the
motion of the superfluid background. The second
term, where i is the normal unit vector, represents
the electric field produced by moving vortices. A na-

tural consequence of this treatment is that a vortex
current conservation equation, 7 ' K~+ dPv/rlr =0,
can be written in which both K„=K„+BP„/Btand
the total vortex charge density p„=p'„"' —'7 P„are
decomposed into free and bound contributions. The
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quantity P„ is a polarization vector associated with
vortex dipoles.

Continuing with the 2D Coulomb gas analog we
write ad hoc Gauss's law, O' E„=2mp„, and find
that q„E„, the vortex force field, and p„can be writ-

ten as

and

q„E„=—(P/c)z x K,

p = (e.cLx/40)( 7 x«, ),

(2)

(3)

It is immediately recognized from Eq. (3) that irrota-
tional supercurrents define the distribution of vortex
charge and from Eq. (2) that the vortex force field is
the well-known "Lorentz" force."Taking e'"' time
dependence throughout and with the two constitutive

«free
relations K„=o g„, where a „is the vortex conduc-
tivity, and P„=X„E„,where X„=(e„b—I)/2m is the
vortex susceptibility written in terms of the bound
part ~„b of the vortex dielectric constant, we derive
the complex impedance

Z =i tuLx(a„b+2ma„/i cu) '=i bbLx(e„—I a„) (4)

This result, which is identical to that derived by
Halperin and Nelson' using microscopic arguments,
conveniently expresses the complex impedance in
terms of the complex vortex dielectric constant
&„=e'„—i e„" equal to the sum of a contribution from
bound vortices e„b and from free vortices 2rro „/i cu

In the data reported here the quantity Z is directly
measured ' at temperatures assumed to be suffi-
ciently below T, so that the zero-field inductance is
not renormalized by thermally excited vortex pairs
and therefore is a direct measure of L~. The inferred
real e'„—1 and imaginary e'„' components are
displayed in Fig. 1 as a function of temperature at the

80

RN 43+1+ T 165K A

indicated frequencies for a 100-A-thick granular
aluminum film in a field B =12 G. Additional mea-
Sured film parameters are Rbt(4. 2 E) =43 0/a,
T, =1.894 K, and T,0=1.900 K. A noteworthy
feature of these data is the break in slope of e'„'(T)
near 1.7 K which is rather pronounced at low fre-
quencies and which broadens and moves out to
higher temperatures at higher frequencies. If we
use the Bardeen-Stephen theory for free vortices'
to calculate the dissipation at, say 1.6 K, we find a
value for e'„' approximtely 106 greater than observed.
For T ( 1.7 K we attribute this sharply reduced dissi-
pation to the thermally activated motion of the
pinned vortex lattice. The activation energy for
curves A through F of Fig. 1 is found to be 12 K in
this temperature region. At higher temperatures,
T ) 1,7 K, the activation energies increase with de-
creasing frequency. Based on theory of the dynamics
of 2D melting, ' we expect the relaxation of ther-
mally excited dislocation pairs to give a logarithmic
frequency dependence in the activati6n energy of e'„',

in qualitative agreement with the data. As the tem-
perature approaches T,o dissipation is dominated by
the motion of free-vortex charges whose mobility ap-
proaches that of the Bardeen-Stephen model.

In Fig. 2 we have selected the temperature
T =1.65 K, just below the break temperature of
1.7 K in Fig. 1, and plotted the components of ~„as
a function of 8 at the indicated frequencies. Both
components are only weakly dependent on frequency
and scale with E These observations are also true as
the temperature is decreased and ~'„' becomes pro-
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FIG. 1, Imaginary e," and real e'„parts of the vortex
dielectric constant vs temperature at six measurement fre-
quencies.

FIG. 2. Vortex dielectric constant vs external magnetic
field at four measurement frequencies. The temperature is
near the theoretical lattice melting point.
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gressively smaller than e'„—1. We also note that Fig.
2 shows the sudden increase in e'„', and to a lesser ex-
tent in e'„, for the 1-kHz data at 8 =20 G. At higher
frequencies this feature is broadened and moves out
to higher fields. This frequency dependence bears
striking similarity to that of Fig. 1 as well as that of
the zero-field dielectric constant near T,."

At temperatures T ) 1.7 K there is a marked
change in the behavior of e„(o),8, T) Mo. st dramatic
is the sudden increase in dissipation noted in the pre-
vious dicussion of Fig. 1. This manifests itself in the
sudden reversal of the inequality e'„' ( (s'„—1) ob-
served for T & 1.7 K. As the temperature is further
increased and free vortices dominate the response, ~'„'

continues to increase relative to e'„—1 and there is a
more gradual transition in the behavior of e„ from a
8 to a 8/o) dependence. This 8/o) dependence might
be expected on the basis of Eq. (4) where for free
vortices 0-„ is proportional to B.

The data, however, present an additional complica-
tion which is the approximate scaling of the nondissi-
pative component o'„—1 with 8/o). We iliustrate this
complex dielectric response of the vortex fluid with
the data shown in Fig. 3 taken on a film with R(((4.2
K) =4130 0/O. The temperature T =1.2 K was
chosen to be sufficiently above the calculated melting
temperature T~ = 0.25 K,"so that the response
would manifest a predominantly fluidlike state, and o„=1 +f (o)r)/(o)r (6)

yet sufficiently below T, =1.34 K, so that the con-
tribution of thermally excited free vortices could be
ignored. The data of Fig. 3 were taken at fixed fre-
quencies as a function of B and then plotted against
8/o) W.e note from Fig. 3 the excellent scaling of o'„'

with 8/o) for a factor of 103 range in frequency. The
scaling in e'„—1 is not as good, which we believe is
caused by a residual amount of pinning.

The vortex Coulomb gas analog can be used to
model the dielectric response in the fluid regime. We
begin with the assumption that E = —i o)A/c, where A
is the vector potential, which when combined with
Eq. (4) implies the local relation K, = —A/cLxe„.
This assumption of locality, together with the expres-
sions p„"'=p„and a„=p„"'p,q„, which relate the
vortex conductivity to the mobility p, , is used with
Eq. (3) to derive the following expression:

p(„"-=—q„ f (o)r)B
0

where f= , i o)r j(—1 4i/o)r—)' 2 —1] and

r = c Lx/pB(/)o. Accordingly, the free-vortex density
becomes real and equal to —q„B/(to when o)r » l.
The negative sign arises because of the diamagnetic
screening contribution to the vorticity in Eq. (3).
Evaluating the dielectric constant, given by
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FIG. 3, Vortex dielectric constant vs ratio of external
magnetic field to angular frequency. Theory curves are
vortex-fluid phase response.

as a function of 8/o), we find a rather acceptable fit
of the theory (dashed lines) to the data of Fig. 3.
The only adjustable parameter used for this fit is p. ,
which is 15% of the Bardeen-Stephen value. " The
model successfully predicts both the inequality
e„" & (o'„—1) and the negative curvature for the data
displayed in Fig. 3 and for other temperatures in the
range T~ & T & T,. A similar contribution to e'„has
been calculated by Halperin and Nelson for a thin-
film superconductor in zero field and at a tempera-
ture T & T, high enough so that thermally excited
free vortices dominate the response and by
Minnhagen, ' who used a diagrammatic analysis of
the charged Coulomb-gas analog.

The observed deviations in the data of Fig. 3 of
e'„—1 from the 8/o) dependence predicted by our
model are presumably due to a residual amount of
pinning. These deviations increase as the tempera-
ture is lowered and the range of positional correla-
tions increases and pinning becomes more effective.
The 8/o) dependence in both components of ~„ thus
gradually crosses over to a B dependence at T = T~.
Long-range positional correlations then become im-
portant and there is a sudden transition from high
dissipation, ~'„' & (o'„—1), to low dissipation,
o'„' ( (e'„—1). Further studies of the role of pinning
and film inhomogeneities are necessary in order to
ascertain whether this observed melting transition is
driven by the unbinding of dislocation pairs. ' '
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