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Flux-Lattice Melting in Amorphous Composite In/InO, Two-Dimensional Superconductors
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We report the phase diagram for magnetic fluxoids in two-dimensional In/InOy superconducting films.
The films are sputtered directly onto high-Q silicon oscillators. The melting of the vortex lattice is sig-
naled by a peak in the attenuation and a shift of the resonant frequency of the oscillator, caused by the
rapid change in mobility of the vortex array. The zero-field limit of the melting temperature can be
fitted by the Kosterlitz-Thouless model. However, the magnetic field dependences disagree with the

current theoretical picture.

PACS numbers: 74.60. Ge, 74.75.+t

With the applied field between H.; and H,, a type-II
superconductor is permeated by an array of flux lines,
each carrying one quantum of flux. Abrikosov' was the
first to predict that these would form into a triangular
lattice. Such lattices have been imaged with high-
resolution Bitter-pattern techniques? and neutron scat-
tering.> This lattice behaves as a solid with a well-
defined shear modulus* at low temperatures and fields.
In superconducting films in which the vortices are
effectively two dimensional this solid undergoes a melt-
ing transition below the resistive transition temperature,
T.. It has been predicted>® that this melting should be a
Kosterlitz-Thouless (KT) type melting, mediated by the
unbinding of dislocation pairs. Measurements on granu-
lar aluminum films have shown a vortex mobility transi-
tion consistent with such behavior.’

In this Letter we report mechanical measurements of
flux-lattice melting and present the phase diagram as a
function of temperature and magnetic field for the flux
lattice in amorphous composite In/InO, films. The ob-
served phase diagram is qualitatively similar to the theo-
retical form, but has important quantitative differences.
While the previously published theory® predicts no
field dependence to the melting temperature in the
intermediate-field regime, we see a linear dependence.
Inclusion of H/H,, correction would improve the quali-
tative agreement in the shape of the phase diagram.®
The theory also predicts that the melting line should ap-
proach H,; at low temperatures, while the measured line
remains substantially below this value. The theory has
one parameter, 4;, which may be used to fit the zero-
field limit of the melting temperature, Ty. While A,
can in principle be calculated, at present it has only been
estimated. Our fitted value lies well within the estimate
for a KT-type melting.

The experimental setup used in these experiments is
shown schematically in the inset of Fig. 1. The basis of
the experiment is a high-Q silicon oscillator.’® By mea-
surement of the resonant frequency and dissipation of
the oscillator, the bulk modulus and dissipation in the
vortex array can be determined. The oscillator was
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driven self-resonantly with use of a phase-locked loop.°
The oscillators had a Q of 2x10° at 4.2 K, a frequency
of 3 kHz, and a fractional frequency stability of 10 ~8.
The simplest beam-bending mode of the oscillator was
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FIG. 1. Bottom: Temperature dependence at fixed magnet-
ic field, or density of vortices. The vortex lattice melts at Tp.
Inset: A schematic view of the experiment. Top: At fixed
temperature, the vortex lines form a solid at low density and
melt as the density is increased. The dissipation and frequency
shift scale as H? both below and above melting. The melting
point is identified as the peak in attenuation.
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used. The direction of the motion was parallel to the ap-
plied field. To avoid nonlinear effects, a typical ampli-
tude of motion used was 10 nm.

The In/InO, films were deposited directly onto the os-
cillator by reactive ion-beam sputter deposition in a low-
pressure oxygen environment. The films produced by
this technique have been shown to be reproducible and
homogeneous.'® For these experiments, films which were
smooth with a predominantly amorphous microstructure
were used. Films were also deposited onto a piece of sil-
icon from the same wafer for transport measurements.
The resistive transition in zero field was quite sharp, 0.1
K, indicating uniform films. The mean-field transition
temperature 7. was estimated from a 40% criterion,
rather than a detailed fit to the Aslamazov-Larkin
theory.!! The magnetoresistance of the films was used to
determine the upper critical field H,, and the zero-field,
vortex-antivortex KT transition temperature, 7. 12 For
the values of Ro where melting was observed, Txt was
within 0.2 K of 7,. The film parameters for the samples
studied in these experiments are shown in Table I.

The basic result of the oscillator experiment is shown
in Fig. 1. With a uniform magnetic field applied perpen-
dicular to the sample, an array of quantized vortex lines
is present. For typical fields, 10 kG, the average spacing
is 70 nm. Because the two-dimensional penetration
depth, A(T)=A1%(T)/d where A is the bulk penetration
depth and d is the thickness of the film, is several millim-
eters, the vortices are strongly overlapping magnetically.
However, since the average intervortex spacing (H/
@) /2> £ the vortex cores are still well separated. @ is
the superconducting flux quantum and & is the coherence
length.

When the vortex lattice is in the low-temperature solid
phase, a simple physical picture for the oscillator re-
sponse is possible. The vortex lattice will be collectively
pinned, so that the vortices move with the film. In the
bending-beam mode, the average vortex spacing, ag, will
oscillate as Aao/agx A8x e'®* where A is the amplitude of
oscillation, &§ is the thickness of the oscillator, and x is
the distance from the suspension point. This density
modulation gives a coupling to longitudinal sound in the
vortex array at the measurement frequency w. In two
dimensions, the elastic modulus for longitudinal sound is
B+ where B~ H'? is the bulk modulus and u ~ H is the
shear modulus. As a result of the long-range interaction

TABLE I. Parameters for all the films studied.

d(R) Ra(Q) T.o@K) Txr(K) Tu (K) Ay
400 313 3.23 3.04 2.24 0.546
500 367 3.00 2.79 2.00 0.483
300 572 2.84 2.58 1.85 0.516
200 904 3.08 2.80
100 1728 3.22 2.85

between vortices B> u, and the shear contribution of the
vortex array can be neglected.

This coupling to longitudinal sound in the vortex array
will depend on the relaxation rate of the flux lattice.
Since the Hall angle is known to be small,'? the response
of the vortices is purely dissipative. For T <K Ty there
will be a well-formed flux lattice which will remain col-
lectively pinned even in the presence of weak disorder.
This will make the relaxation rate for compression of the
flux lattice, 7, very long, so that in this regime wz>1
and the vortices will move with the underlying film.
Thus an elastic modulus appropriate to longitudinal
sound in the vortex lattice will be contributed to the elas-
tic response of the oscillator. For 7> Ty, thermal fluc-
tuations will dominate the motion of the vortices. In this
limit, the vortex fluid will relax rapidly (w7 < 1) and the
vortices will not contribute to the elastic response of the
film. Near T, the compressional relaxation rate will be
strongly temperature dependent and a crossover between
the two regimes will occur. The peak in attenuation will
occur for wr~1, which is the experimentally defined
melting temperature.

In the top half of Fig. 1, the dynamic response of the
vortex array is examined at fixed temperature by sweep-
ing of magnetic field, or vortex density. At low density,
the vortices form a solid. In the solid phase, there is an
additional stiffness and dissipation. Both these effects
are proportional to H2 As the solid melts with increas-
ing density, the frequency shift and dissipation decrease.
The shaded region in Fig. 1 represents the additional fre-
quency shift due to the flux lattice. The maximum dissi-
pation is identified as the density at which melting
occurs. The melting may also be explored at fixed densi-
ty as a function of temperature, as shown in the lower
section of Fig. 1. The excess dissipation which is seen
well below the transition temperature has also been ob-
served in helium films,'* and is associated with internal
friction in the vortex solid. The melting temperature is
again identified as the maximum in dissipation. The re-
sulting phase diagram is consistent with that given by
the field sweeps. In fact, if the curves in the top half of
Fig. 1 are divided by the density dependence, H?, the re-
sulting picture is similar to that seen at fixed density.

If the sample is aligned parallel to the field so that no
vortex lattice is present, there are no sharp features in
the oscillator response such as those associated with
melting. A small frequency shift and dissipation, both
proportional to H?2, are still seen. These effects were also
seen in an oscillator which had no superconducting film,
and are associated with eddy currents in the gold film.
This term is identified as the background in Fig. 1.

These data may be combined with the transport data
to generate a phase diagram as shown in Fig. 2 for the
313-Q/0sample. The results for other samples are qual-
itatively similar, but the melting line is shifted to lower
temperatures as the normal-state sheet resistance is in-
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FIG. 2. H.; is obtained from magnetoresistance. Together
with the melting data from the oscillator, this is used to gen-
erate a phase diagram. Nonlinear /-V curves were used to
determine the location of the peak in the volume pinning force.

creased, although its slope remains nearly unchanged.
The parameters for the three samples in which melting
was observed are included in Table I. For normal-state
sheet resistances in excess of 900 /0, there was no evi-
dence of solidification, down to 0.3 K, a factor of 4 below
the expected melting temperature.

In order to understand the role of pinning in this ex-
periment, I-V curves were measured on the transport
samples. In a 400x100-um? sample, the current re-
quired to induce 1 4V was defined as the critical current,
I.. The volume pinning force F, = HI. showed a peak at
low fields. The location of this peak is also sketched in
Fig. 2. The data were obtained on a sample of higher
Rg, so that a larger region below T, could be explored
with our magnet. The data were found to obey the rela-
tion Hgr=0.31H.;. The zero-field intercept was Txr.
The dashed line in Fig. 2 is given by this parametriza-
tion. Such peaks have been associated with collective
pinning phenomena in the vortex array, for samples
which showed a peak at high fields.'> The melting phe-
nomena which we are investigating is clearly distinct
from collective pinning. In fact, the 1.3-kQ/0sample on
which the flux-flow data were taken showed no melting
transition.

The effect of increasing the amplitude of motion of the
oscillator is shown in Fig. 3, where the frequency shift on
melting is shown as a function of oscillation amplitude.
For calibration, at an amplitude of 0.1 um, about 10 ~!6
W is dissipated into the 1-cm? sample. The critical am-
plitude increases somewhat as the temperature is re-
duced. We believe that this is evidence for motionally
induced melting of the vortex lattice. A shift in the den-
sity at which melting occurs was not observed with in-
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FIG. 3. As the oscillation amplitude is increased, the fre-
quency shift on melting is reduced. The critical velocity in-
creases as the temperature is lowered.

creasing amplitude.

The phase diagram has been investigated theoretical-
ly> for Ty < T.. In the intermediate-field regime AZ
> H/®y> £? relevant to these experiments, the calculat-
ed Ty is independent of magnetic field, in contrast to
our results. The next-order correction, H/H,,, will sup-
press melting at high fields in better qualitative agree-
ment with the expe:riment.8 At T =0, the calculated
melting line approaches H.; as (H —H,,)? in the limit
of no disorder. We find no departure from the linear
slope of the melting line down to 50 mK, our lowest tem-
perature where H.»=300 kG and melting occurs at 80
kG. In the presence of disorder, a perfect lattice is no
longer expected. As a result of even small amounts of
pinning, the quasi long-range order of the flux lattice is
destroyed, and there is no sharp melting transition.
However, for weak disorder, there will still be solid order
out to long distances and pinning will not be too sig-
nificant. As H approaches H., pinning becomes more
important.5 The transition width, which is found to be
proportional to field, is further evidence for the increas-
ing importance of disorder in high fields. The high-field
phase at low temperatures has been conjectured to be an
amorphous solid rather than a liquid.® The amorphous
solid phase may also be responsible for the transition
widths. In fact, for samples with normal-state sheet
resistances greater than 900 Q/0, the disorder is suf-
ficiently great to inhibit the growth of a crystalline solid
for all temperatures and densities.

In the limit of low normal-state sheet resistance,
Ro/R. <1, the calculated melting temperature with
standard dirty-limit expressions is 7./Ty =(1+3.8Rd/
AR.). R.=4.12 kQ/0 is a characteristic resistance
near which superconductivity vanishes. This result can
be compared to the zero-field extrapolation of the mea-
sured melting line to give the values of A4, in Table I.
For a KT-type transition, it is estimated® that 0.4
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< A4, <0.75. The measured value 4;==0.5 falls within
this range. Because this experiment does not probe the
shear modulus, the validity of the KT universal jump cri-
terion u (T )ad/ksTy =4r, where aq is the lattice con-
stant, cannot be determined.

The remarkable stiffness of the vortex solid is demon-
strated by this experiment. Using the ratio of film thick-
ness to that of the oscillator, 10 ~4, we may estimate the
magnitude of the elastic modulus of the vortex solid. At
low temperatures, in an 80-kG applied field, the frequen-
cy shift on melting is of order 5%10 ™4 This implies
that the elastic modulus of the vortex lattice is nearly 10
times that of silicon at the lowest temperatures. The
bulk modulus may be obtained from the total interaction
energy of the vortex array,

[CD(%/Sn'ZA(T)]fn InG—rIn(r')d*rd*r'.

The integral is cut off either by the finite system size or
by A(T). Either length scale is approximately 1 cm.
Since the density is given by n =H/®y, this gives the ob-
served H? dependence. The estimated modulus is 100
kbar for a lattice constant of 50 nm (H =20 kG) which
is similar to bulk silicon and in rough agreement with ex-
periment.

In conclusion, we have used a novel high-Q mechan-
ical-oscillator technique to study flux-lattice melting in
amorphous In/InO, thin-film superconductors. The
phase diagram has been explored for a variety of
normal-state resistances. A theory based on KT melting
can qualitatively describe the data, but differs in its
quantitative features. The theory contains one parame-
ter which may be used to fit the zero-field extrapolation
of the melting temperature for the different normal-state
sheet resistances. However, the theory predicts a melt-
ing temperature independent of magnetic field. Our re-
sult, the melting temperature being reduced linearly with
field, may be due to either the required H/H,., correc-
tions® to the theory or the increasing role of pinning at

high fields. The observed bulk modulus of the vortex
solid exceeds that of bulk silicon below 0.1 K in 80 kG
fields, which can be understood in terms of the long-
range interactions between vortices.
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FIG. 1. Bottom: Temperature dependence at fixed magnet-
ic field, or density of vortices. The vortex lattice melts at Ta.
Inset: A schematic view of the experiment. Top: At fixed
temperature, the vortex lines form a solid at low density and
melt as the density is increased. The dissipation and frequency
shift scale as H? both below and above melting. The melting
point is identified as the peak in attenuation.



