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Evidence for the Kosterlitz-Thouless Transition in Thin Superconducting Aluminum Films

A. F. Hebard and A. T. Fiory
Bell Labovratories, Muvvay Hill, New Jevsey 07974
(Received 31 October 1979)

The complex impedance of an aluminum film with normal-state sheet resistance of
4130 ©/sq has been measured as a function of temperature and frequency. The experi-
ment provides convincing evidence that there is a vortex-antivortex dissociation transi-
tion of the type predicted by the theory of Kosterlitz and Thouless for topological long-

range order in two dimensions.

It has been recently suggested that the Koster-
litz-Thouless theory of topological long-range
order in two dimensions™? could offer an explana-
tion for broad transitions in the resistance of
films with high normal-state sheet resistances
(Rg,)-*"® Akey assumption of the theory is the
existence of thermally excited vortices which are
bound pairs of opposite circulation below the
phase transition temperature Ty and dissociated
above. The maximum separation of the bound
pairs is the correlation length

£,(T)=At o (T ) exp{[BT/Tyr - DI V2}, (1)

which diverges exponentially as Ty is approached
from above.>® Here ¢, is the Ginzburg-Landau
coherence length and A and B are constants of
order unity. The dynamical properties of the
transition, worked out by Ambegaokar and co-
workers,” ® explain the broadening of the super-
fluid transition in *He films observed by Bishop
and Reppy.® The predicted frequency-dependent
broadening should apply to thin-film supercon-

ductors as well.?"¢

We have studied several 100-A -thick aluminum
films, prepared by evaporating aluminum onto
glass substrates in an oxygen atmosphere. The
films were 3-mm scribed squares, with Rg,
ranging from 43 to 4130 Q/sq. Complex impe-
dances were measured at frequencies between
1 kHz and 100 MHz with the arrangement shown
in the inset of Fig. 1. The film lies in a plane
transverse to the axis of two displaced coaxial
coils so that the mutual-coupling signal between
the coils is perturbed by the induced sheet cur-
rents in the film. To increase sensitivity, we
modulate the film between its superconducting
and normal states with a current applied through
contacts at the corners of the film. The change
in the mutual-coupling signal gives the change in
film-sheet admittance, essentially the admittance
of the superconducting state for high-R o, films.

In Fig. 1 we show the real and imaginary parts
of the sheet admittance ¥ of a 4130-Q/sq film as
functions of temperature. For reference we also
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FIG. 1. Real and imaginary parts of the rf admittance
Y at 17.5 MHz and dc resistance of a 4130-9/sq film,
Inset; rf measurement configuration.

show the dc sheet resistance, measured at 1 nA
and 3 Hz excitation, using van der Pauw’s meth-
0d.'® The dc external magnetic field was less
than 1 mG and the rf magnetic field was about
0.2 mG at the center of the film. Results inde-
pendent of rf amplitude were obtained at this or-
der of magnitude of excitation. By taking the in-
verse of the complex admittance, we arrive at
the complex impedance, which we write as

Y '=R +iwL, (2)

where R is the sheet resistance and L the sheet
inductance. We plot the temperature dependence
of L™* and R in Figs. 2 and 3, respectively.

The resistance falls to zero at low temperature
where the film appears to be a superconductor
with purely inductive response. In this region L
equals the kinetic inductance Ly, given in terms
of the superelectron areal density », as

Ly=m,/n,e®=21A/c?, (3)

where A is the magnetic screening length in thin
films that scales with R, and follows the Ginz-
burg-Landau (T, - T) ' temperature dependence
outside the critical region.® Except for the 80-
MHz data, the linearly fitted temperature depen-
dence of L™! at low temperatures extrapolates to
zero reproducibly at an effective mean-field tem-
perature T,=1.85+0.02 K, an average of meas-
urements at ten frequencies. However, we find
that A(T) is 65% larger than the theoretical pre-
diction for high-resistivity materials,®"® taking
for Rg, the 4.2-K resistance.

Qualitatively, the data in Fig. 2 show that the
transition broadens with increasing frequency.

292

T T T T T
d
2000 a 80MHz |
P b 40 MHz
a ¢ 7 MHz
150} d 1MHz B
= e b5kHz
g
— 100~ _
o a
50 i
Tkt d X .Iic
el\\c
o 1 \‘ 1 ! +
12 14 18 18 20
T K

FIG. 2. Temperature dependence of the reciprocal
film inductance at the frequencies indicated. The
Kosterlitz-Thouless transition temperature Tyt and
mean-field temperature 7, have been marked.

There is a change in slope of L™ ! near 1.34 K,
which we will show can be identified with 7 .
Another break in slope occurs at a higher temper-
ature T, which increases with increasing fre-
quency. The dissipation, as measured by R in
Fig. 3, is markedly frequency and temperature
dependent at low temperatures.

These results can be understood in terms of
the motion of thermally excited vortices. The
dissipation associated with viscous motion of vor-
tices in superconductors has been treated by Bar-
deen and Stephen with the result that the vortex
diffusivity D is given by

D/kT=27T£GL202Ron/90025 4)

where ¢, is the flux quantum. We have measured
D at 1.21 K by applying an external magnetic
field. It is a complex quantity, because of pin-
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FIG. 3. Semilog plot of the temperature dependence
of the rf resistance at the frequencies indicated.
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ning forces, with magnitude weakly dependent on
frequency and within a factor of 2 of the Bardeen
and Stephen result. Previous studies'*”® have
shown that there are also nonviscous forces on
vortices, such as random pinning forces, which
give a contribution to L~'. In the present case
we expect that the forces of interaction between
members of bound vortex pairs must also be in-
cluded.

The contribution from the bound pairs has been
treated in the dynamical theory of Ambegaokar
and co-workers,”® who show that the response is
dominated by the reorientation (or polarization)
of vortices separated by a characteristic dis-
tance set by the frequency:

7= (14D/w)"2. (5)

For temperatures below T g the vortex-pair po-
larization picture is valid at all frequencies.
However, above Ty there is a crossover in be-
havior when

r,=£.(T,). (6)

Equation (6) implicitly defines a temperature T,
above which the bound-vortex picture breaks
down. For T > T, the dominant contribution is
from free vortices.

Although the behavior near T, has not been
treated accurately in the dynamical theory,”®
we adopt an ad hoc procedure for obtaining T, by
extrapolating to zero the steep portions of the
curves of L™ ' vs T. In Fig. 4 we have plotted the
quantity 7,"? against T, as a check of Eq. (1),
where

1, 72=1n"2(r,/E ) =In" 14D/ wE ¢ *)7]
=B(T,/Txr~1). (7)

We have taken A =1, for simplicity, since the fit
is insensitive to A. The fact that there is a good
fit confirms the exponential inverse square-root
divergence of £, (T) as T~ Ty and gives Ty
=1.34+0.01 K with B=0.24+ 0.02. Further in-
spection of the data in Fig. 4 shows that the dis-
sociation temperatures for frequencies below
300 kHz all lie near 1.42 K. Theoretically, the
divergence of £, (T) cuts off at a temperature
where £,(T)~w gy, =3 mm [or at £,(T)~A if A
<W gm) s Which corresponds to T'=1.37 K in the
present experiment. We therefore believe that
the broadening of the transition is caused by film
inhomogeneity, rather than by the finite size of
the film.°

The theory makes a fundamental prediction that
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FIG. 4. Dependence of I,”2, defined by Eq. (7), on
the dissociation temperatures 7,,, with frequency of
measurement increasing from left to right. The line
shows the fit according to Eq. (7).

AT y)Txr=ky @,/47)*=1.96 cm K is a constant
reflecting the universal jump in the superfluid
density at the Kosterlitz-Thouless transition.'®
We find that to within experimental error L="7.1
+ 0.5 nH is frequency independent at 7'y, so that
ATyr=1.5£0.1 cm K. Analysis of preliminary
data on other films gives values in this same
range. The theoretical value is consistent with
these results, since systematic errors in the de-
termination of the geometrical parameters of the
experiment could account for the difference.

The theory predicts that dc resistance is pro-
portional to the number of free vortices and is
given by R4.~ Rgn(¢gL/t,)?. The theory is there-
fore consistent with observation of negligible dc
resistance for temperatures below 1.7 K, where
we take values for Ty and B from the rf data.
The rf resistance data shown in Fig. 3 are also
in qualitative accord with the theoretical predic-
tion that R increases rapidly with frequency and
temperature near Ty7. In the temperature re-
gion satisfying »,<&,(T), rf resistance arises
solely from bound vortex pairs. We expect that

(Poz[ln(’i’m/g )+%]
R“e"p[‘ el I8 (1) ]

(8)

where the argument corresponds to the energy of
a vortex pair of separation »,.°"® This expres-
sion includes the dielectric constant, e(r,),
which describes screening of the vortex-pair in-
teractions. We find that the temperature depen-
dence predicted by Eq. (8) agrees with the data,
except at the lowest and highest frequencies
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where d InR/dT "' is diminished by about a factor
of 2. Deviations found at low frequencies are
probably caused by film inhomogeneity and those
at high frequency by pinning forces. The resis-
tance at Ty varies with frequency as w*, with
a ~0.9, and is smaller than the prediction of the
dynamical theory”: R =2n°wLgl, 2. This dis-
crepancy between the theory and experiment is
perhaps due to pinning effects, which were not
taken into account in the theory. Apart from the
deviations noted above, our results generally
confirm the fundamental physical ideas of Koster-
litz and Thouless.

The authors thank D. S. Fisher for stimulating
discussions, and R. P. Minnich and A. L. Bul-
lock for technical assistance.
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New High-Field Phase in the Spin-Peierls System, Tetrathiafulvalene-CuS,C4(CF;),
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New magnetization data on the spin-Peierls system tetrathiafulvalene-CuS,C,(CF3,
for 2 <155 kOe and T = 1.5 K provide evidence for a new phase above 4 ~115 kOe. Con-
siderable hysteresis in the field-induced transitions is observed for T <5.5 K. These
results are discussed in the light of current theoretical ideas.

We report the first observation of a new phase

in the spin-Peierls (SP) system tetrathiafulvalene-

bis-cis-(1,2-perfluoromethylethylene-1, 2-dithio-
lato)-copper [(TTF)-CuS,C,(CF,), or further ab-
breviated as TTF-BDT(Cu)] at high magnetic
fields and low temperatures. The SP transition
is a progressive spin-lattice dimerization in an
assembly of quasi one-dimensional (1D) Heisen-
berg antiferromagnetic (AFM) chains coupled to

' a 3D phonon field.! For the class of insulating

compounds (TTF)-MS,C,(CF,), [denoted as TTF-
BDT(M) the zero-field transition occurs at about
11.5-12 K for M=Cu and at 2.1 K for M =Au,
More recently SP behavior has been established
in (TTF)-CuSe,C,(CF,), [T,=6 K] (Ref. 2) and
methylethylmorpholinium-(tetracyanoquinodime-
thanide), [(MEM)(TCNQ),] [T,=18 K],® and per-
haps in the alkali TCNQ’s.* In the TTF-BDT(M)
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