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A Kosterlitz-Thouless solid-liquid transition was observed by the superconducting-transformer
method in a system of two-dimensional vortices. Dragging of the magnetic structure in granulat-
ed Al films separated by a dielectric carbon layer was investigated. The modification of the
solutions of the diffusion equations for the vortex motion by allowance for pinning are considered.
The phase transition, meaning the melting of the vortex lattice, was detected by the change of the
transformer response when the temperature was raised. The vortex-lattice melting temperatures
were measured in superconducting films of various thicknesses. The experimental relations reveal
the predicted singularities associated with the action of the pinning centers. The feasibility of
studying the details of the melting process by the indicated method is demonstrated.

To explain and predict the behavior of mixed-state su-
perconductors in a number of cases it is important that the
model (of the vortex liquid or the vortex crystal) conform to
the real situation in the sample. This pertains, e.g., to prob-
lems connected with the nonlinearity of the current-voltage
characteristics (IVC), with the peak effect near the upper
critical field H_,, and with fluctuations of the conductivity
near the critical temperature 7. At the same time, the ob-
vious or easily calculated changes that occur in supercon-
ductor characteristics, most frequently in the IVC, when a
vortex crystal liquefies are experimentaly so small’ that they
cannot reliably attest to such a transition. Methods of direct-
ly observing the magnetic structure? do not permit, by virtue
of procedural features, to determine exactly the experimen-
tal conditions,” namely the temperature and the magnetic
field, and furthermore yield information only on the station-
ary state of the magnetic structure and can only approxi-
mately describe it in the course of motion, in the resistive
region.

Melting of vortex lattices (gradual vanishing of long-
range order in them) can be caused either by temperature
fluctuations’ or by ““disordering” of the lattices by pinning
centers.®> The two processes, which are probably additive,
break up the lattice into blocks, and in the limit of the vortex
liquid the block dimensions becomes of the order of the lat-
tice parameter.

In thin superconducting mixed-state films there can be
no long-range order in the traditional coordinate representa-
tion, since this order is destroyed at finite temperatures by
the long-wave phonons. At the same time, depending on the
response of the system to weak external action, one can
speak of the existence of a topological long-wave order that
is preserved under continuous and mutually unique map-
pings of the system. At low temperatures the vortex lattice
should preserve an elastic response to an external action also
in two dimensional systems. With rising temperature, owing
to the formation of free dislocation in the system, its re-
sponse to an external perturbation becomes viscous and lig-
uid-like.* No such phase transitions were previously ob-

1270 Sov. Phys. JETP 61 (6), June 1985

0038-5646/85/061270-06$04.00

served in a system of superconducting vortices.” The
two-dimensionality criterion for a vortex crystal with an or-
der of the Kosterlitz-Thouless type is connected with the
possibility of neglecting the fluxural elastic moduli C,,. This
is possible either in the case of thin films of thickness d <A,
(magnetic-field penetration depth), or in cases of C,, very
large compared with the thermal perturbation. The latter
can apparently be realized in superconductors with the
limiting values of the parameter x, at which the sign of the
vortex interaction is reversed.’

Superconducting films separated by a dielectric layer
thin enough to permit magnetic coupling between the vortex
sublattices in the films (Giaever transformer) can be used as
the instrument for observing the melting of the lattices in
these films.

We report here an experimental investigation of the
characteristics of a Giaever transformer in the lattice-melt-
ing regime and an observation of a topological phase transi-
tion in a two-dimensional system of superconducting vorti-
ces. The first part contains a basic analysis of the
transformer operation in the lattice-melting regime and with
the changes produced in the lattices when account is taken of
the uniformly distributed pinning centers. The experimental
procedure is described in the second part. The third part
contains the measured IVC of the transformer and a com-
parison with the model. During the present stage of the
work, a film with sufficiently high pinning force was used.
Pinning inhomogeneities of the films should have lowered
the phase-transition temperature, and this facilitated the ex-
perimental observation of this phenomenon.

1. CONDITIONS FOR VORTEX DRAG IN A GIAEVER
TRANSORMER

The very possibility of a considerable drag of vortices in
a superconducting transformer is due to the existence of
their ordered arrangement and to the presence of interaction
between them. In a model in which the vortices are isolated
and constitute a vortex liquid without short-range order, it is
found that the potential relief produced by the vortices in the
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primary film is substantially smaller (by one or two orders)
than the size of the thermal fluctuations.® Simple estimates
show that the Brownian behavior of the vortices suppresses
the drag in this case. If the vortices are bound, the potential
relief becomes proportional to their number and can sub-
stantially exceed the thermal fluctuations. Vortex drag can
occur also in films in which the pinning force is weaker than
the magnetic interaction between the films. Otherwise, when
the magnetic structure is moved over the primary film by the
transport current, it cannot cause motion of the vortices in
the secondary force. The vortex mutual drag force is con-
nected with the film thickness d, with the insulator-layer
thickness, and with the distance between them. The maxi-
mum value of this force (per vortex), in the approximation
where the potential relief is sinusoidal, is given by®

fozf3q)od1dz/32ns}\«z,‘; ( 1)

here @, is the flux quantum and 4, is the London magnetic-
field penetration depth. The coefficient £ is connected only
with the insulator thickness and with the distance between
the vortices. Motion of the vortices in the secondary film is
hindered by the pinning forces f, and by the viscous forces
Jr- When velocities are reached such that fo<S, + /7, relative
slippage of the lattices beings, and a square-root singularity
should be observed on the IVC of the transformer.!° When
the vortex lattices melt as a result of a weakening of the drag,
the transformer IVC are qualitatively changed. Compared
with the voltage V', on the primary film, the voltage ¥, on the
secondary decreases and the square-root singularity of the
IVC vanishes.

The authors of Ref. 8 calculated the characteristics of
the superconducting transformer in the case of lattice melt-
ing, without allowance for the pinning forces. The calcula-
tions were based on a solution of the diffusion equations for
the vortices in the potential relief produced by the moving
vortex system in the primary film. The diffusion coefficient
D was assumed equal to T /7, where 7 is the vortex viscosity
in the film

N~ O H.,(T)d/pac*; 2)

wherep,, is the resistivity of the film in the normal state and ¢
is the speed of light. Solution of the diffusion equation for the
vortex distribution function in the primary and secondary
films jointly with the electrodynamics equations of the mag-
netic structure leads to an expression that relates the voltage
V, in the primary film (the only film that carries the trans-
port current / causing the dynamic state of the entire trans-
former) and the voltage ¥, in the secondary film

1 LOJT {1_I_:m A._,_c'r]Vi}' (3)
T A TL*H*O,

here L is the linear dimension of the transformer.

Equation (3) is valid for temperatures T’ T,,, where
Ty, is the solid-liquid phase-transition temperature and is
given by’

Ty=0,24/64Y30°A, (T), 4)

if the magnetic field satisfies the condition
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EH(T)>H/O>A,(T).

Here £ (T') is the coherence length and 4 =0.4 to 0.75 is a
combination of the lattice elastic moduli.
The maximum value of the secondary voltage is reached

4(D02 a2
vi=(Gr)
! n}»J_T

this leads to

at
LH"T

Nec®,"

; (5)

1 0,
Vamas =25 T (6)

In this case the magnetic field must satisfy the very lax con-
dition
QAL /4nT>1.

It can be seen that this analysis does not take into ac-
count the vortex pinning that is always present, to a greater
or lesser degree, in real samples. As indicated in Ref. 1,
allowance for the pinning forces shifts the melting tempera-
ture by an amount 7, so that

AT/T y~b*/a. (7

Here b is the distance between the uniformly distributed
weak pinning centers and g, is the vortex-lattice parameter.

By virtue of the linear relation, implied in the model of
Ref. 8, between the voltage V, the transport current /, and
the vortex velocity v, introduction of extraneous pinning
forces into the solution of the diffusion differential equation
will not change the foregoing analysis of the transformer
operation, and the final result (3) will retain the same form.
The statement, however, that the diffusion coefficient is
equalto 7" /7 is no longer valid, since the motion of the secon-
dary lattice is hindered by the viscous forces on top of the
pinning forces. We can introduce a certain effective viscosity

Ner . =NF1o/Vs, v,=V,c/LH, (8)

that takes into account the delay of the vortex motion by the
pinning. Equation (3) is then transformed in first-order ap-
proximation, without allowance for the change in the term
under the logarithm sign, as follows:

Vap=V.—foLH/cn. 9)

Here ¥, is the same as in Eq. (3).

It can be seen from (9) that in the linear IVC model the
specific allowance for the pinning forces should alter not
only the temperature and field dependences of the trans-
former IVC, but the IVC themselves. Specifically, immedi-
ately after the secondary lattice is set a difference f, LH /c7
should set in between ¥V, and V,, and should manifest itself
on the transformer IVC plotted in the real experimental
scale as a difference between the critical cutoff currents in
the primary and secondary lattices. One more manifest fea-
ture of allowance for pinning is a nonmonotonic depen-
dence, which follows from expressions (6) and (9), of the
maximum secondary voltage on the magnetic field.
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2. SAMPLES AND MEASUREMENT PROCEDURE

The measured transformers were granulated Al films of
uniform thickness, sputtered on quartz substrates at room
temperature. The sputtering was from a tungsten-wire elec-
trode, at a rate 10 A/s and at an oxygen pressure 1.5 . 107>
Torr in the chamber. The distance from the sample to the
evaporator was 10 cm. A general view of the transformer is
shown in Fig. 1. The superconducting films were 0.1 cm
wide. Each film had two pairs of contacts—potential and
current. The distance between the potential contacts was 5
mm. After sputtering the first Al film the samples were kept
for about 20 min at atmospheric pressure, after which an
insulating carbon layer 100 A thick was sputtered on them in
a vacuum 1076 Torr. The sputtered carbon came from two
contacting small-area graphite electrodes located 4 cm from
the substrate. The time to sputter the insulating film was 15
s. The second Al film was deposited on top of the insulating
film. The resistance of the insulating film in the sandwich
produced in this manner exceeded 10° Q2. The contacts were
attached using conducting glue and secured to the substrate
with epoxy adhesive. The directions of the external magnetic
field H, of the transport current I in the primary field, of the
electric field E in the secondary film, of the force f; exerted
by the transport current on the vortices in the primary film,
and of the motion v of the vortices are all shown in Fig. 1.

We measured the IVC (the dependences of the voltages
on the primary and secondary films on the transport current
in the primary film) while varying the temperature and the
external magnetic field. The measurements were performed
in a cryostat with “He vapor pumped off. The temperature of
the liquid near the sample was measured with a semiconduc-
tor thermometer vapor-pressure-calibrated with a compres-
sion mercury manometer. The critical temperature T, of the
films was determined by a resistive method with 50 z A flow-
ing through the film. T, was taken to be the temperature at
which a voltage 107 V set in (start of the resistive transi-
tion). A typical resistive curve is shown in Fig. 2. The resis-
tivity of the Al films was approximately 5 - 107 Q - cm, and
the variation from sample to sample was within several doz-
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FIG. 1. General view of the employed superconducting transformers (the
cross-section view shows the directions of the principal vectors). 1—Sub-
strate, 2—secondary film, 3—insulator layer, 4—primary film.
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FIG. 2. Typical plot of resistive transition of a granulated film. The tem-
peratures T, of the topological phase transition are shown in the same
scale for films 300, 500, and 1000 A thick.

en percent. We shall present data for three transformers with
superconducting electrodes 300, 500, and 1000 A thick, cho-
sen to have approximately equal pinning. The results for oth-
er transformers are approximately the same and support the
tendency described below.

3. IVC OF TRANSFORMERS. TWO-DIMENSIONAL PHASE
TRANSITION IN A SYSTEM OF SUPERCONDUCTING
VORTICES

Figure 3 shows the IVC of a superconducting trans-
former. The curves are numbered in order of rising experi-
mental temperature. These curves were plotted for all trans-
formers in various magnetic fields and were the primary
experimental data. The external magnetic field and the tem-
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FIG. 3. IVC of transformer with superconducting electrodes 500 A thick.
The inset shows the lower curves in enlarged scale: 1—primary IVC; 2—
reconstructed secondary IVC of an ideal transformer; 3—7 = 1.252 K,
4—1.2536K, 5—1.2552 K, 6—1.2568 K, 7—1.2584 K, 8—1.260 K, 9—
1.2616 K, 10—1.2632 K, 11—1.2648 K, 12—1.2664 K, 13—1.2680 K,
14—1.270K, 15—1.271 K.
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perature range corresponding to the IVC of Fig. 3 were pur-
posefully chosen to make the variation of the primary IVC
(curve 1) small enough to make them indistinguishable in the
experimental scale employed. The appreciable change of the
secondary IVC, i.e., the response of the transformer to the
motion of the primary lattice, is clearly seen at the same
time. The experiment demonstrates thus that the secondary
IVC of a superconducting transformer is much more sensi-
tive to the temperature changes of the film’s superconduct-
ing properties than other characteristics, such as the critical
current or the shape of the usual IVC.

At low temperatures (curve 3 of Fig. 3) the measured
IVC are close to those of an ideal transformer.® On the pre-
dominant part of its height the secondary IVC duplicates the
primary, but no square-root singularity is observed (cf. the
reconstructed IVC of an ideal transformer—curve 2). The
square-root singularity becomes successively smoother with
rising temperature. At the highest temperatures (inset of Fig.
3) the IVC undergoes some qualitative changes. Even at the
very lowest measured voltages the IVC’s of the primary and
secondary films have no common sections. A seeming differ-
ence between the critical points is observed and increases
with decreasing temperature. Figure 4 shows the field de-
pendence of the transformer IVC. It can be seen that the
maximum secondary voltage has a nonmonotonic depen-
dence on the magnetic field. Figures 3 and 4 show the experi-
mental data for a transformer with superconducting elec-
trodes 500 A thick. The behavior of transformers with 300-,
500-, and 1000-A superconducting electrodes is approxi-
mately the same. The drag effect proper decreased rapidly
with decreasing film thickness, and at 300 A it exceeded by
merely an order of the resolving power (10~7) of the em-
ployed measuring system. The vortex-lattice melting tem-
perature was determined from the instant of complete de-
tachment of the secondary IVC of the transformer from that
of the primary (curve 12 of Fig. 3). For comparison with the
scale of the superconducting transition, the melting points of
films of different thickness are shown in Fig. 2 together with
the resistivity curve. It can be seen that T,,/T, decreases
with decreasing thickness of the superconducting electrodes
of the transformer. Figure 5 shows the temperature depen-
dence of the maximum secondary voltage V,,. At tempera-
tures lower than T, the plot vs. (1 — T /T, )?is nearly linear.
At T>T,, this functional relation no longer holds.

70—

?

If it is assumed that the smoothing of the square-root
singularity on the IVC is evidence of relative slippage of the
corresponding parts of the vortex lattices in the primary and
secondary films, an enhancement of this process at higher
temperatures attests to a decrease of the correlation dimen-
sion in the vortex structure. According to the premises de-
veloped in Ref. 4 concerning the topological long-range or-
der, a phase transition of the solid-liquid type is determined
primarily by the change of the system response to a small
perturbation.

This response is elastic in the solid phase and viscous in
the liquid. Vortex dragging allows us to apply this test to the
investigated system of superconducting vortices. If the IVC
of the primary and secondary films coincide, this means that
despite the presence of viscous forces and pinning forces, the
vortex-lattice velocity in the secondary film can follow that
in the primary. As the vortex velocity increases (as V, in-
creases), the secondary IVC is separated from that of the
primary (square-root singularity smoothing region). This
means in fact that the elastic limit in the system has been
exceeded and plastic flow sets in. With rising temperatures,
as seen from Fig. 3, this detachment takes place at ever de-
creasing voltages V. Since a decrease of the critical value of
V, corresponds to a decrease of the critical velocity of the
synchronous vortex motion in the films, and hence to a de-
crease in the limiting viscous force, one can speak of a de-
crease of the elastic limit of the investigated system as the
temperature is raised. According to the definition above, this
is in fact the temperature of the topological phase transition.
With further rise of temperature the system behaves essen-
tially in viscous manner even after the smallest perturbations
(lowest velocities of the primary lattice). In the language of
geometry this process corresponds to a lowering of the corre-
lation size to a,.

All the foregoing pertains only to the ascending
branches of the IVC. On the descending sections the magnet-
ic coupling force becomes smaller than the sum of the vis-
cous and pinning forces, and our testing action simply does
not reach entirely the vortex system in the secondary film.

Expression (4) allows us to calculate T, and compare
the experimental results with the theory, assuming that

7\J.(TM) =}v02(§o/2d) 1133l(1—_TM/T0) . (10)

Here / is the mean free path. Substituting in (4) the material

FIG. 4. Field dependence of the secondary IVC of a
transformer with superconducting electrodes 500
A thick; a) T'=1.26 K-—critical region; b)
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T=1268 K—melting region of Ilattice
H = (4 + n)-0.238 Oe, where n is the number of
\ the curve.
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FIG. 5. Temperature dependence of maximum secondary voltage of
transformer with superconducting-electrodes thickness 500 A. Inset—
start of curve in stretched scale. The abscissa scales correspond to the
functional dependences on (1 — T'/T,)? for the vortex-crystal regime and
on(l—T/T,)"* . T for the vortex liquid.
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constants A, = 5.15 - 10 %cm (Ref. 11), £, = 1.6 - 10~ *cm,
p,l=04.10""Q.cm(Ref.9),p, =5-107°Q . cm, and
A = 0.4 we obtain the values of T'9, listed in Table I together
with the experimental values of 7, and T),,, the difference
AT between the calculated and experimental 7., and the
value of AT /T, for the investigated granulated Al films
with different thicknesses d. We do not know unfortunately
of any detailed calculations of the T, shift due to the pres-
ence of the pinning force. This quantity can be estimated
from (7). The values of g, for the magnetic fields used in the
experiment amount to several microns. At the same time, the
granule size in the films withp, = 5107°Q - cm is approxi-
mately 100 A according to the data of Ref. 9. Comparison of
these dimensions with the melting-temperature shift
AT /TS, shows that it is probably not the granule walls but
some other large inhomogeneities which are the main pin-
ning centers and influence the lowering of T,,. Assuming
that these are inhomogeneities connected with the composi-
tion and sizes of the granules, the increase of AT /T $, with
decreasing film thickness becomes understandable. When
the inhomogeneous films are sputtered, they simply become
more isotropic with increasing thickness.

As already indicated, the presence of vortex pinning
leads to certain qualitative changes of the transformer IVC.
These peculiarities are clearly manifest on the experimental
IVC. The inset of Fig. 3 shows clearly that at 7> T, the
secondary IVC lag the primary ones. This does not mean,

however, that it is possible to separate the critical currents of
the primary and secondary films of a system of magnetically
coupled films. The reasoning that led to Egs. (3) and (9) per-
tained to the dynamic state of the films and is valid only for
the range of stable motion of the vortices. Under static con-
ditions, however, the critical current of a superconducting
transformer is, of course, perfectly single-valued. The decel-
erating action of the pinning centers is probably also the
cause of the experimentally observed nonmonotonic depen-
dences of the maximum secondary voltage on the strength of
a weak magnetic field (Fig. 4). It can be seen from Figs. 4a
and 4b that this peculiarity is a feature not only of a melted
lattice (T = T,, in Fig. 4b), but also of the critical region
prior to melting (7" < T, in Fig. 4b). The investigated phase
transition can also be revealed by the temperature depen-
dence of the maximum secondary voltage V,,. At T < T,,
this dependence is close to linear (Fig. 5) when plotted
against (1 — 7 /T,)?, in full agreement with the temperature
dependence (1) of the maximum coupling force between the
vortex lattices in a superconducting transformer. At T> T,
the ¥, (T') dependence changes (inset of Fig. 5), and does not
remain linear in terms of the coordinates (1 — T /T.)"/°T°3,
as called for by the functional dependences of (5) and (6) on
the temperature with account taken of (10).

The main temperature-induced changes of ¥, occur in
the region close to critical, while at higher temperatures the
V1 (T') dependence becomes weaker (inset of Fig. 5), in agree-
ment with the conclusions of Ref. 8. It is precisely in this
region that the number N of vortices in the blocks changes,
since the diffusion coefficient in the vortex system varies as
TN /7. From the V,,(T') dependence in this region one can
assess the value of N and the N (T") dependence; all that is
necessary is to normalize the diffusion coefficient to the ex-
perimental data in the limit as N — 1. We have neglected
here the temperature dependences of the term in (9) connect-
ed with the pinning. As can be seen from Fig. 3, in some
cases, and particularly in ours, this can be done because of
the small variation of /, and 7 in the considered temperature
interval. On the presented experimental dependence (Fig. 5),
the first point (corresponding to the highest temperature)
differs with respect to V,, from the second by a factor of 3,
and from the third by an order of magnitude and dV,,/
OT |r— 1,,5Va /3T |1y 1, =0 (the derivatives are consid-
ered at the extreme points of the curve of the inset in Fig. 5).
Therefore, assuming (5) and (6) to be valid at T~ T, we can
assume with good accuracy (at least for all points starting
with the second) that the presented V,, (T ) dependence coin-
cides with the function N (T"). If this dependence (inset of Fig.
5) is replotted in a log-log scale, it is found that a very good
agreement with the experimental data is given by the func-
tional relation N« (1 — T /T,)*T. The experimental V,,(T)

TABLEL
d T¢ K Ty, K Ty K AT, K aT/1Y,
experiment theory
1000 A 1,405 1,333 1,394 0,061 4,4-10~2
500 A 1,43 1,268 1,408 0,140 99-10-2
300 A 1,592 1,283 1,550 0,267 17-10—2
1274 Sov. Phys. JETP 61 (6), June 1985 S. . Moskvin 1274



dependence normalized to the total number of vortices in the
sample at T = T,, can be used to determine the number of
vortices in the block and the variation of this number with
temperature.?

The number N of vortices in a block can be estimated
also from the delay ¥V of the secondary voltage [Eq. (9)]. At
the point corresponding to the “critical current” of the sec-
ondary film we have AV = f, LH /c7N. For the temperature
corresponding to curve 15 of Fig. 3 we have then N~ 100.
Thus, the Giaever-transformer method has made it possible
not only to observe the phase transition in a system of two-
dimensional vortices, but can also provide information on
specific details of this process.

The author thanks N. Ya. Fogel’ and L. I. Glazman for
helpful discussions.

YThe method does not make it possible to come close enough to the critical
point H_, or T, especially in the case of thin films, where considerable
overheating of the sample and an appreciable change in the induction of
the magnetic field above it can occur when the ferromagnetic particles
are pulverized.

ISingularities of the impedances of thin films were observed in Refs. 5 and
6 at T> T, . The authors emphasize there the difficulty of analyzing the
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experimental situation and draw no decisive conclusion concerning the
melting of the lattice.

3If the films of the transformer are not identical, the lattice melting can
take place initially in only one of them. The theory of Ref. 8 gives in this
case the stronger dependence ¥, (T)x(1—T/T,P[1+T/T.17},
which is comparable with the experimental data as T— T.. A strong
argument against this explanation of the ¥,,,(T") dependence is the fact
that shift predicted by the theory of Ref. 8 for the position of this maxi-
mum on the secondary IVC is not observed.
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