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The new phenomenon of twinning plane superconductivity is reviewed. It has already been
observed in several metals. The superconductivity is localized near a twinning plane and it
appears at a temperature higher than the critical temperature of the superconducting transition of
a bulk metal. The phase diagram for the twinning-plane superconductivity, plotted using the
magnetic field and temperature as the coordinates, is very different for type I and type I
superconductors. A detailed analysis of the experimental data on the twinning-plane
superconductivity is accompanied by a theoretical description of the phenomenon. The presence
of a dense twinned structure may increase considerably the critical temperature: for example, in
the case of tin it has been possible to increase this temperature more than threefold. We shall
discuss also the data showing that the twinning-plane superconductivity can play an important
role in the recently discovered high-temperature superconductors.
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. INTRODUCTION

Superconductivity of a new object in the form of a twin-
ning plane in metal crystals was discovered recently and in-
vestigated.'""” This twinning-plane superconductivity
(TPS) has a number of unique properties which distinguish
this phenomenon from the conventional bulk superconduc-
tivity. In addition, the physics of twins is attracting increas-
ing interest (see, for example, Refs. 18-24).

By definition, twinning represents formation of two sin-
gle-crystal regions (twins) with the crystal structures which
are related by the point symmetry operation. The twinning
planeis the boundary between these twins and it is one of the
crystallographic planes.

We shall consider the simplest model example of a twin
in a two-dimensional crystal lattice with a rectangular unit
cell. Figure 1a shows a twin bicrystal and Fig. 1b illustrates,
for the sake of comparison, a general boundary between
grains. The twin boundary in Fig. 1a is a new mirror symme-
try plane, but in general twinning may be associated with the
appearance of a new C, symmetry axis and/or a new center
of inversion (absent in the original single crystal). Twinning
causes breakdown of the translational invariance at right-
angles to the twinning plane, but—as demonstrated in Fig.
la—the translational symmetry is retained in the direction
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of the twinning plane. Atoms located on this plane have spe-
cial positions compared with other atoms in a bicrystal and
in turn they form a crystal of dimensionality which is a unity
less than the original crystal. We can easily see that the
boundary atoms in Fig. 1b do not form any crystal.

In the case of atoms lying on a twinning plane all the
valence bonds are occupied, as in a single crystal, and in the
first approximation the interatomic distances are conserved
in all the coordination spheres. Moreover, all the atoms in
this plane are located on continuations of crystal planes.
Therefore, the distortions of the lattices of the two crystal-
lites or grains forming a twin should be minimal and they
should decrease rapidly away from the twinning plane. This
is a major difference between a twinning plane and an ordi-
nary plane boundary (Fig. 1b) where local stresses of the
order of the Young modulus are inevitable. These circum-
stances are responsible for the exceptionally low energy as-
sociated with a twinning plane.

Twinning frequently occurs in the course of plastic de-
formation and twins are also formed as a result of crystal
growth faults or because of annealing of cold-worked sam-
ples.?**” The conditions under which twinning occurs dur-
ing plastic deformation have been investigated in detail for
tin.?” A low excess energy of a twin boundary has the effect
that annealing at temperatures close to the melting point
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FIG. 1. a) Model of a twin in the simplest case of a two-dimensional
crystal lattice with a rectangular unit cell. b) General boundary for the
same crystal.

causes no changes in such a boundary, whereas the density of
dislocations may decrease considerably. It is known from
electron microscopic investigations that twinning may cre-
ate atomically smooth parts of a boundary extending over
distances of several microns.?'~?* The exceptionally low ex-
cess energy of a twinning plane is responsible also for the
existence of twin structures in small particles even when
these particles consist of just a few tens of atoms. Disloca-
tions which distort a crystal lattice over relatively large dis-
tances have not yet been detected in particles of this size.®

The presence of a twinning plane may give rise to a new
branch of two-dimensional phonons and a two-dimensional
group of electrons, which do not exist in a three-dimensional
single crystal. In this case the twinning plane represents in-
deed a crystal not only as a set of points distributed regularly
in space, but also as an actual physical two-dimensional ob-
Jject with its own atoms and quasiparticles. A study of the
properties of such twinning-plane crystals is undoubtedly of
interest, but it is a fairly difficult task. The main problem in
investigations of this kind is obviously the extremely small
number of atoms forming a twinning plane, compared with
the number of atoms in the whole sample.

The study of twinning planes requires the development
and use of special highly sensitive measurement methods
and also, with the aim of increasing the amplitude of the
recorded signals, of a technology of preparation of samples
with a controlled but large number of twins. On the other
hand, a twinning plane is a “perpetual” two-dimensional
crystal: the three-dimensional crystals surrounding a twin-
ning plane protect it from any damage or contamination.

At present the most promising approach is a study of
many of the cooperative effects due to a twinning plane
which have clear and strong manifestations, such as ferro-
magnetism or superconductivity. A ferromagnet has a large
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spontaneous magnetic moment, whereas the resistance of a
superconductor falls to zero and it exhibits a strong diamag-
netism because of the Meissner effect.

A twinning plane is particularly interesting from the
point of view of superconductivity, because the very special
conditions needed for the Cooper pairing are more likely to
be satisfied near a twinning plane than in the bulk. Conse-
quently, the critical temperature of the transition of a twin-
ning plane to the superconducting state may be higher than
the transition temperature of the crystallites surrounding
this plane. The following considerations suggest that this
may be true: 1) when the condition of existence of two-di-
mensional phonons is satisfied, their velocity is found to be
less than the velocity of bulk phonons; 2) the reticular den-
sity of atoms in the twinning plane in some of the crystal
structures is less than in the bulk. These two circumstances
indicate softening of the phonon spectrum in a twinning
plane and a consequent increase in the electron-phonon in-
teraction constant (see, for example, Refs. 29 and 30).

We cannot exclude the possibility of the appearance of
new excitations specific to a twinning plane. For example,
vibrations of atoms near a twinning plane should be strongly
anharmonic because of the characteristic features of the po-
tential relief. In this case the anomalously large amplitude of
the vibrations of atoms at the boundary between twins tends
to enhance the electron-phonon coupling.

We can identify immediately some specific difficulties
which are encountered in experimental studies of the TPS.
The first is the proximity effect,*"** because of which the
critical temperature 7T, of the superconductivity transition
of an isolated twinning plane should be slightly higher than
T.,, which is the critical temperature in the bulk (therefore,
in particular, the TPS is unlikely to occur in macroscopic
nonsuperconducting metal crystals). Secondly, at tempera-
tures below T, it is difficult to investigate the TPS because
of the screening by the superconducting bulk.

It is well known that the width of the transition to the
superconducting state is considerably greater for plastically
deformed samples than for single crystals of the same mate-
rial and that plastic deformation creates regions in a sample
with a higher transition temperature.” The width of the
transition in a perfect single crystal is less than 1 mK, where-
as in the case of deformed samples it may reach 1 K (Ref.
34). Usually the appearance of regions with a higher transi-
tion temperature in plastically deformed samples is ex-
plained by the fact that the transition temperature of the
majority of superconductors depends on the external pres-
sure. In fact, near defects in a crystal (such as dislocations)
there are stress fields which can be regarded as an excess
pressure. Numerical estimates of the pressure ensuring the
experimentally observed shift of the temperature of the tran-
sition to the superconducting state gives values of the order
of one-tenth of the Young modulus of a given material,
which in most cases is of the same order of magnitude as the
yield stress (see, for example, Ref. 35).

Creation of dislocations is not the only mechanism of
plastic deformation. In some cases, for example at low tem-
peratures and high deformation rates, plastic deformation
may be due to the formation of twins.”’ As pointed out al-
ready, the stresses near twins are low so that they are not
regarded as a possible cause of the broadening of the super-
conductor transition. Nevertheless, an investigation of the
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structure of the intermediate state carried out many years
ago™® indicated that a twinning plane may influence the su-
perconducting properties of samples.

The question arises what are the crystal defects which
can increase most effectively the transition temperature 7 .
We can attempt to answer this question by investigating the
superconducting properties of samples with low and con-
trolled concentrations of defects of a specific type. Clearly,
such investigations would be subject to very stringent re-
quirements in respect of the sensitivity of the measurement
methods.

The published investigations '~' mentioned below dem-
onstrate that twins have a considerable influence on the tem-
perature of the transition to the superconducting state. We
can expect this mechanism of increasein 7, to be very com-
mon and it is twins rather than dislocations that are largely
responsible for the observed broadening of the transition in
deformed samples, although investigations of the influence
of the internal pressure in a crystal on T, would also be of
major interest.

In the present review we shall consider all the experi-
mental data on the superconductivity of a twinning plane
and also provide a theoretical description of the localized
superconductivity applicable to this case. Our attention will
be concentrated on the characteristics of an isolated twin-
ning plane, the behavior of the TPS in a magnetic field, the
difference between the TPS of type I and II superconductors,
and observation of a topological phase transition.” We shall
discuss the problems of interaction of closely spaced twin-
ning planes and also the TPS of small particles, which sup-
presses the proximity effect and enhances considerably (in
the case of tin by a factor of 2-3)° the critical temperature.
Some of the topics not considered in the present review for
lack of space (for example the critical current of the TPS and
the behavior of the critical fields at low temperatures) are
discussed in Ref. 73.

2. PROPERTIES OF SAMPLES

The majority of the experimental investigations of the
TPS considered below were carried out using a magnetome-
tric method. A detailed description of a SQUID magnetome-
ter with a magnetic flux sensitivity of 10 ~° G-cm? can be
found in Refs. 37-39.

In magnetometric investigations of the superconductiv-
ity the results of measurements represent a two-dimensional
surface in the coordinate space (H, T, M) i.e., in the space of

TABLE I. Properties of investigated metals.

" -

a magnetic field, temperature, and magnetic moment of a
sample. The required surface can be constructed almost
completely by investigating its sections in a constant mag-
netic field or at a constant temperature.

The investigations of the TPS had been made on sam-
ples of seven metals. The main parameters, needed in the
subsequent discussion, are listed in Table I. This table gives
the crystal structures of metals and orientations of twinning
planes in them. The purity of the investigated metals, repre-
sented by the ratio psgox /P4.2x » is also included in Table I.
Samples were grown from low-melting-point metals by
methods which made it possible to obtain single crystals
characterized by pspox /p42x ~ 10° and by mean free paths of
electrons up to several millimeters.***!

Crystal defects formed as a result of plastic deformation
can be investigated using bicrystals. It is generally accepted
that low-angle grain boundaries consist of dislocations. Bi-
crystals with a large misorientation angle between the grains
(crystallites) make it possible to investigate more complex
structures which distinguish real samples from ideal single
crystals. Measurements of the misorientation angles
between the two components of a bicrystal and also of the
angles between the plane of the boundary and the crystallo-
graphic axes make it possible to estimate the density and
nature of dislocations forming the boundary and determine
whether this boundary is of a special type, particularly if it is
a twin boundary. In the experiments discussed below, inves-
tigations were made of bicrystals of metals, including twins,
formed as a result of growing a sample from two seeds orient-
ed with the aid of the Laue diffraction patterns to within 1-3°
[Sn, Nb (Refs. 42 and 43), and In] and also as a result of
annealing of a strongly cold-worked sample at temperatures
close to (up to ~0.1 K) to the melting point listed in Table I
(Al, Pb, In, Sn). A study was also made of mechanical twins
formed at liquid nitrogen temperature (Sn, In, Tl) and at
room temperature (Sn, Re). All the mechanical twins were
kept at 24 h at room temperature and a considerable propor-
tion of the mechanical twins of tin was also subjected to an-
nealing at temperatures close to the melting point.

The methods used in the preparation of the samples
could not guarantee the absence of defects in a twinning
plane. Moreover, an estimate of the precision of the orienta-
tion of the seeds indicated that the distances between grain-
boundary dislocations could be of the order of hundreds of
interatomic spacings. The same distance between grain-
boundary dislocations were obtained also for mechanical
twins using measurements of the dimensions of a twin wedge
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along and across the direction of a twinning plane (in the
case of the investigated samples the ratio of the dimensions
of the twinning wedge was ~ 10%). Samples of the required
dimensions and shape were cut from bicrystal blanks using
spark machining. The surface layer damaged in the process
of cutting was then etched away in a solution suitable for a
given metal.

It should be pointed out that in an investigation of the
influence of defects of the crystal lattice of materials on their
low-temperature properties carried out using bicrystals it is
necessary to ensure equality of the thermal expansion coeffi-
cients of the crystallites forming a twinning boundary. In the
case of anisotropic substances, which include tin, if the ther-
mal expansion coefficients are not matched, then cooling to
helium temperatures can create new uncontrolled defects.
By way of record, it should be mentioned that the thermal
expansion coefficients of tin differ approximately twofold
when measured along and across the fourfold symmetry
axis.

The next columns of Table I give the critical tempera-
tures T, of the transitions of metal single crystals to the
superconducting state, the critical magnetic fields H, at
T = 0,and theslopesofthedH, /dTcurvesat T = T,. Such
values can be used conveniently as the reference tempera-
tures and also in calibration of the magnetometer.

The last two columns of Table I give the values of the
parameters dH,, /dT|r_, &, and x of the investigated mate-
rials.

3. SUPERCONDUCTIVITY OF AN ISOLATED TWINNING
PLANE. EXPERIMENTS

3.1. Twinning-plane superconductivity of a type |
superconductor (tin)

The discovery of the TPS was the result of an experi-
mental investigation of diamagnetism of plastically de-
formed samples. Typical dependences of the magnetic mo-
ment of a deformed sample of tin (which is a type I
superconductor) are plotted in Fig. 2. The dependences ob-
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FIG. 2. Magnetic-field dependences of the magnetic moment of a sample
of tin at various temperatures.”” The two uppermost curves exhibit a fluc-
tuation diamagnetic moment, whereas the lowest three curves exhibit dia-
magnetism of a twinning plane (M, ). A discontinuity of the lowest curve
is due to the appearance of bulk superconductivity in the sample. The field
was varied from left to right.
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tained at temperatures in the range T — T, >0.07 K exhibit
clearly a fluctuation of a diamagnetic moment M,, investi-
gated in detail in, for example, Ref. 44. At temperatures
T — T,<0.05 K, in addition to the fluctuation diamagne-
tism, there should be also an additional diamagnetic mo-
ment M, which appears only in the case of a plastically de-
formed sample and the amplitude M, rises proportionally to
the degree of plastic deformation.?” A discontinuity of the
experimental dependencenear H =0at T — T, = — 0.001
K is due to the appearance of bulk superconductivity in a
sample.

When the absolute value of the magnetic field is increas-
ing, the dependence M, (H, T) can be described within ex-
perimental error by the following empirical relationship

M, (H, T)ocHexp(_Hio) exp (——+-)., (3.1)

To
where H,~0.8 Oe is the magnetic field corresponding to the
maximum value of M, and 7,~0.01 K is the characteristic
temperature scale.

Investigations*** of the fluctuation diamagnetism of
superconductors above the critical temperature have also
revealed exponential temperature dependences of the dia-
magnetic moment similar to that described by Eq. (3.1).
These dependences do not fit the concept of fluctuation dia-
magnetism, but the question of the origin of this effect has
not been discussed.***’ Consequently, the relationship
between the diamagnetic moment M, and the plastic defor-
mation of samples has for a long time been unexplained.

A reduction in the magnetic field H from a high value
( 2 10 Oe) results in discontinuities of the moment in the
dependences M, (H), but these are not observed when the
field is rising. Since changes in the magnetic moment of a
sample are extremely rapid, we can nevertheless measure
quite accurately the magnetic fields H,, (discontinuity
fields) for each of the observed abrupt changes in the mo-
ment. Cooling shifts the whole system of discontinuities to-
ward higher fields and the slope of the dependence H , (T) is
the same for all the discontinuities. The numerical value of
the slope is

dHp
a7

~ — 35 Oe/K.

Each discontinuity of the magnetic moment may be at-
tributed to the appearance of superconductivity (at a tem-
perature above T,,) in a small volume of a sample near a
certain group of crystal defects. The identity of the slopes
dH,, /dT for all the discontinuities of the magnetic moment
indicates that the increase in the critical temperature can
only be due to crystal structure defects of one type. Ampli-
tudes of the discontinuities of the magnetic moments and the
fields at which they are observed can, in principle, provide
information on the actual characteristics of defects of this
type.

Experiments carried out on bicrystals showed that an
increase in the critical transition temperature of tin to the
superconducting state deduced from the appearance of the
diamagnetic moment M, is observed only in the presence of
twins in a sample. Figure 3 shows schematically the arrange-
ment used and the results obtained in one of the experiments.
In these experiments a detection coil of short length (~1.5
mm) was used and it was found that the displacement of a
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FIG. 3. Schematic diagram of the experimental arrangement and the re-
sults obrained in a study of different sections of a sample of tin composed
of three crystallites (all dimensions are in millimeters). a) Schematic
diagram: 1) general boundary; 2) single-crystal region; 3) twinning
plane. b) Experimental dependences M, (H). ¢) Coordinate dependence
of the maximum value of the diamagnetic moment M

long sample relative to the coil made it possible (as demon-
strated on the left-hand side of the figure) to investigate var-
ious parts with the coordinate resolution of ~2 mm. A sam-
ple consisted of three crystallites formed as a result of
crystallization during annealing of a blank subjected to a
preliminary strong plastic deformation. One of the crystal-
lite boundaries (lower one in the figure) was a twinning
plane, and the other had a crystallographic orientation dif-
fering by ~ 15-20° from that of the twinning plane. The mid-
dle part of the figure shows examples of experimental depen-
dences of the magnetic moment of different parts of a sample
on the magnetic field. The dependences shown in Fig. 3b
were obtained for the single-crystal part of a sample and they
exhibited only the fluctuation diamagnetism. The part of the
sample containing the boundary other than the twinning
plane had a diamagnetic moment M, of amplitude compara-
ble with the fluctuation moment (curve 1). The third record
(3) representing the part of the sample with a twinning
plane indicated that the diamagnetic moment M, in fields
below 1 Oe exceeded almost 100-fold the fluctuation dia-
magnetism. Finally, the right-hand side of Fig. 3 shows the
dependence of the amplitude of the diamagnetic moment M,
on the coordinate along a sample. The results of this experi-
ment demonstrated clearly that the observed increase in the
critical superconducting temperature was due to a twinning
plane and not due to fields of internal crystal stresses
(known to be considerably higher near the upper boundary
in Fig. 3, which was not the twinning plane).

It is worth describing specially a control experiment in
which a sample was subjected to plastic deformation at an
elevated ( ~ 150 °C) temperature. This temperature was far
too low to cause recrystallization of tin and plastic deforma-
tion occurred entirely due to creation of dislocations.?” The
absence of a characteristic “crackling™ sound (tin cry) dur-
ing plastic deformation was evidence that twins did not

form. This sample did not exhibit the diamagnetic moment
M

o

The superconductivity associated with the twinning
plane was confirmed also in experiments in which measure-
ments were made of the impedance of an rf circuit containing

a crystal of tin." Figure 4 shows an example of the experi-
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FIG. 4. Dependence of the resistance of a sample of tin on the magnetic
field at different temperatures.” 7 — T, (K): 1) 0.02; 2) 0.01; 3) 0.005;
4) 0.001.

mentally recorded resistance (real part of the impedance) of
a sample of 10 X4 X4 mm dimensions as a function of the
applied magnetic field. A twinning plane was perpendicular
to the long axis of the sample and was located closer to one of
its edges. An rf-circuit coil was 2 mm long. The records
shown in Fig. 4a were obtained when the coil enclosed a part
of a sample with the twinning plane, whereas that in Fig. 4b
was recorded for a control single-crystal part of the same
sample. The presence of the twinning plane reduced consid-
erably the resistance in weak fields at temperatures 7> 7.

For some of the sample containing a twinning plane the
dependences of the magnetic moment on the magnetic field
were much simpler than those shown in Fig. 4. A distin-
guishing feature of such samples (which exhibited only one
discontinuity) was that the trace of a twinning plane emerg-
ing on the outer surface of a sample was absolutely straight.
This straightness of the trace of the twinning plane on the
surface of a bicrystal was checked with an optical micro-
scope with a resolution down to ~ 1 um. Samples with a
“bent” twinning plane always had dependences M, (H)
with a large number of jumps. Bending of the crystalline
boundary was known to correspond to different densities of
grain-boundary dislocations in different parts of the twin-
ning plane, but the quantitative relationship between the na-
ture and density of grain-boundary dislocations in a twin-
ning plane and the characteristics of the dependences
M, (H, T) have not yet been established, although it clearly
exists.

Using the value of the diamagnetic moment M, and
assuming that the magnetic susceptibility of a superconduct-
ing layer near a twinning plane is — 1/4, we can estimate
the effective volume of this layer. Later, using the fact that
the area of a twinning plane is known (from the dimensions
of the sample and that there is only one twinning plane) and
assuming that the superconducting layer is continuous, we
can find the “effective thickness™ w of the layer. The tem-
perature dependence of the magnetic moment M, means
that the thickness of the superconducting layer w increases
as a result of cooling. Typical values of the effective thick-
ness w in zero magnetic field, found by extrapolation of the
experimental dependences to T=7, and T= T, are re-
spectively ~10a (a is the interatomic distance) and ~&,
(the definition of 7. as the critical temperature of the TPS

5

will be given later).
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3.2. Phase diagram of the twinning-plane superconductivity
of tin

We shall now draw attention to the asymmetry of the
dependences M, (H) relative to the point H = 0 (Figs. 2 and
3). The experimental records obtained on reduction in the
absolute value of the magnetic field caused the diamagnetic
moment M, toappear abruptlyinafield H,,. Anincreasein
the magnetic field (in either direction from zero) failed to
reveal any singularities such as discontinuities or kinks in
the dependences M , (H). More detailed investigations indi-
cated that the appearance of a discontinuity of the moment
M, in a field H, requires the application of a magnetic field
exceeding a certaincritical value H ;. In the opposite case the
dependences M, (H) are identical for rising and falling
fields (they become reversible) and there are no singulari-
ties. The inset in Fig. 5 identifies by the arrow a the depen-
dence of the diamagnetic moment M ; in the case when the
initial magnetic field exceeds H ;, whereas the arrow 4 shows
the dependence in the opposite case. The value of the mo-
ment M, in a field H, in these samples was found to be
considerably lower than the magnetometer noise level. For
this reason the above method for the determination of 4,
used in Refs. 4 and 6, is the only one possible.

In magnetic fields between H, and H,,, a twinning plane
in tin can be in one of two different states characterized by
the presence or absence of the diamagnetic moment M.
This is clear evidence that the transition of the twinning
plane in tin to the superconducting state is a first-order phase
transition and is accompanied by a clear supercooling effect.
In this range of magnetic fields the long-lived metastable
state is that in which the twinning plane has no magnetic
moment and this state is attained on reduction of the field
from fairly high values, whereas the field H,, corresponds to
the absolute instability of the normal state of the twinning
plane. Most probably the field H, corresponds to a thermo-
dynamic equilibrium between the normal and superconduct-
ing states of the twinning plane. The absence of metastable
states on destruction of the TPS by a magnetic field is ex-

Lz
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FIG. 5. (H, T) phase diagram of the twinning-plane superconductivity of
tin.” The axes are normalized as described in text. The inset shows a part of
an experimental record of M, (H). Region [ in the phase diagram corre-
sponds to bulk superconductivity: I is the normal state; III and [V are the
regions where the twinning-plane superconductivity is observed. A meta-
stable normal state can exist in region IT1
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plained by the fact that far from a twinning plane there is
always metal in the normal state which acts as a nucleus of
the normal phase* in the TPS.

As in the case of the dependences H, (T), the slope of
the dependences H, (T) is the same for all the investigated
samples:dH, /dT= — 1250e/K. Thestraightlines H,, (T)
and H, (T) intersect the axis and one another at the same
point (within experimental error) and this is the point T,
corresponding to the critical temperature of the TPS. In the
direct vicinity of 7, the diamagnetic moment M, is very
small and the critical temperature 7, was obtained in Ref. 4
only by extrapolation of the dependences H,  (7T) and
H (T).

It therefore follows that it is possible to determine ex-
perimentally the following parameters of each sample: T, is
the critical temperature of the bulk superconductivity, H
(T) is the critical magnetic field of the bulk superconductiv-
ity, 7, is the critical temperature of the TPS, H,(T) is the
thermodynamic-equilibrium critical magnetic field of the
TPS, H,, (T) is the field of the absolute instability of the
normal state of a twinning plane, 7, is the characteristic
temperature for the dependence M, (T) [Egq. (3.1)],and H,,
is the characteristic magnetic field for the dependence M,
(H) [Eq. (3.1)].

In those cases when the dependences M, (H) exhibit
small jumps of the magnetic moment, each jump has its own
set of the above parameters.

The ranges of the magnetic fields and temperatures in
which these parameters were obtained for twins in tin are
fairly wide. For example, in the case of the parameter 7, we
found values ranging from ~0.023 to ~0.0006 K.

Nevertheless, all the twin bicrystals of tin (their total
number was of the order of 100) prepared by the methods
discussed in Sec. 2 satisfy the following relationships:

m

Toy=3.722 K (reference temperature),

d(g? 7y, = —165 Oe/K (reference slope),
To—Teo=4T,,

dHy

7~ —125 Oe/K, (3.2)
Um ~ —35 Oe/K,
To ~ 120 Oe/K,

o

wITco’ H=0 ~ 3500 :\.

Since the conditions of Eq. (3.2) are satisfied, we can
use the normalized coordinates and plot a universal (H, T)
phase diagram of the TPS of tin shown in Figs. 5 and 6 and
describing the behavior of all the samples in a magnetic field.

Figure 5 shows a part of the phase diagram of the TPS of
tin at temperatures exceeding T,. Temperature is measured
from the reference point which is the critical temperature of
the bulk superconductivity 7.,. Normalization of the axes
increases to T;, and H,, [see Eq. (3.1)].

The (H, T) phase diagram of Fig. 5 shows the results of
measurements of the dependences H,.(T), H,(T). and
H, (T). Thelines H.(T), H,(T),and H,, (T) split the (H,
T) phase plane into four regions. Region I [below the /_(T)
line] corresponds to the bulk superconductivity; region II
[above the H,(T) line] is the normal state; regions 1 and
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FIG. 6. Phase diagram throughout the investigated range of temperatures
obtained for the twinning-plane superconductivity of tin. The symbols are
the experimental values taken from Ref. 6 and the H;( T) curves are theo-
retical; here, h = H[(T, — T,,)(dH, /dT), , 1~ '

IV [between the H,(T) and H,(T) lines] are the regions of
existence of the TPS and in region III [above the line H
(T)] the twinning plane may be in a metastable normal
state.

The (H, T) phase diagram in Fig. 6 is plotted using the
following coordinates: (T — T.,)/(T. — T,,) along the
temperature axis and H[(dH./dT), (T, — T) 1~ "along
the magnetic field axis.

This phase diagram includes the line denoted by H_(T)
which intersects the temperature axis (in the selected co-
ordinates) at the point 0. The second line is H,(7T) which
intersects the temperature axisat 7.. Thecirclesin Fig. 6 are
the results of experimental measurements and the line is
theoretical (its calculation will be discussed in the next sec-
tion). It is worth noting the existence of a lower temperature
limit T, for the observation of the TPS. This is the tempera-
ture at which the H_(T) and H,(T) curves intersect. The
existence of the bulk superconductivity prevents the obser-
vation of the TPS in the case of the dependences of the mag-
netic moment of the samples on the magnetic field at a fixed
temperature. The value of T, for tin is

Tcz_Tco='_6-5(Tc_Tco)- (3.3)

The existence of the temperature T, is not self-evident;
in principle, the H,(T) curve could pass just above H, (T)
without intersecting the latter anywhere and this could be
true right down to zero temperature. The existenceof T, is a
consequence of the fact that tin is a type I superconductor
(for details see Sec. 4.2.3).

In the case of samples with an isolated twinning plane
the magnetic field was expelled from a relatively thin (with
an effective thickness w=3.5x10"° cm at T=T,,) layer
surrounding a twinning plane. The dimensions of the twin-
ning plane were ~1 mm. Had the superconducting layer
surrounding the twinning plane been continuous, such a re-
lationship between the geometric parameters of the layer
would have led (because of the change in the demagnetiza-
tion factor) to an anisotropy of the properties of the TPS
when the mutual orientation of the twinning plane and the
magnetic field were altered. These experimental investiga-
tions demonstrated that the behavior of the TPS of tin
throughout the investigated range of magnetic fields and
temperatures depended little on the orientation of the twin-
ning plane and the magnetic field so that the anisotropy of
the tield H,, did not exceed 30%. Detailed investigations of

m
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the anisotropy of the TPS had not yet been carried out.

One should also point out that, as demonstrated by the
magnetic measurements reported in Ref. 4, that the electri- /
cal resistance of an isolated twinning plane in tin was always
finite.

The absence of anisotropy and the finite electrical resis-
tance indicated that a single coherent superconducting state
did not appear near an isolated twinning plane and that the
magnetic field was expelled only from microscopic regions.

3.3. Twinning-plane superconductivity of a type Il
superconductor (niobium)

The examples of the dependences of the magnetic mo-
ment of niobium bicrystals on the magnetic field are plotted
in Fig. 7 for three temperatures close to T, of niobium. The
continuous curves are the results of measurements on a twin
and the dashed curves are the measurements on a control
single crystal. The relatively small diamagnetic moment, de-
pending nonlinearly on the magnetic field, of the control
sample was due to the usual three-dimensional fluctuations
of the superconductivity. Clearly, the sample containing a
twinning plane exhibited a much stronger (compared with
the control sample) diamagnetism which was similar to the
diamagnetism M of tin in respect of the magnetic-field and
temperature dependences. The general features of the depen-
dences of the magnetic moment M, on the magnetic field
applied to tin (Figs. 2 and 3) and niobium (upper curve in
Fig. 7) twins are clear and do not need detailed comments.
Therefore, we shall draw attention to the differences
between the dependences M, (H) observed for niobium and
tin twins.

The magnetic moment M ; of niobium varies always re-
versibly and smoothly with the magnetic field and there is no
overheating or supercooling (compare Fig. 7 with Figs. 2, 3,
and 5). This behavior of M, (H) suggests that the transition
to the TPS state in niobium is of the second order. The ab-
sence of jumps of the magnetic moment in the dependences

-M/3
T-T,,=0.04K
——————————— PRy t |
-m/3 Y,
. } Q003K
—dmm e L
E 25 50 ¥ 75 7 Oe
AL -1/
_.M
7

FIG. 7. Dependence of the diamagnetic moment (in relative units) of a
niobium twin on the magnetic field applied at various temperatures.” The
dashed curves are the results of measurements on control samples which
did not have a twinning plane.
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FIG. 8. Phase diagram of the twinning-plane superconductivity of nio-
bium in a tilted field.” Region I is the bulk superconductivity, II is the
normal state, I1T and IV represent the twinning-plane superconductivity.
Zero resistance is observed in region 1V. A part of the phase diagram
shown enlarged in the inset is identified by a dotted rectangle near the
abscissa.

M, (H) means that a different criterion of the magnetic field
H_, of the TPS has to be used. In Ref. 7 the field H, is
arbitrarily taken to be the field in which the diamagnetic
moment M, is 10 times higher than the magnetometer noise
level. This criterion of H,, gives only a lower limit of the
range of existence of the TPS in niobium. The dependence of
the magnetic moment of the magnetic field at temperatures
below T, is shown in the lower part of Fig. 7, which demon-
strates that there should be no difficulty in determining ex-
perimentally the upper critical field H_, of niobium.

Figure 8 shows the temperature dependences of the
critical magnetic field. This phase diagram includes lines in
the upper critical magnetic field of the bulk superconductivi-
ty H_, and thecritical field of the TPS H .. These lines divide
the (H, T) phase diagram into three regions: I [which is the
region lying below the H_, (T) line] representing the bulk
superconductivity; II [above the H, (T) line] which is the
region of the normal state, and III and IV taken together
[between the H,, (T) and H,, (T) lines] are the regions of
observation of the TPS of niobium.

The considerable differences between the behavior of
the magnetic-field dependences of the moment M, (H) of
niobium and the behavior of M, (H) in the case of tin is
demonstrated by the curve in the center of Fig. 7 correspond-
ing to the temperature 7 — 7., = 0.003 K. In weak magnet-
ic fields (this part of the curve is shown on a larger scale in
the inset on the right) there is a hysteresis which disappears
inafield H_,. Such a hysteresis loop is typical of the magnet-
ic-field dependences of the magnetic moment of a thin super-
conducting disk subjected to a magnetic field tilted relative
to its plane.*** The magnetic moment of the disk can corre-
spond to any point in the (M, H) plane inside the hysteresis
loop. This indeterminacy of the moment is governed by the
superconducting current flowing along the macroscopic cir-
cuit representing the periphery of the disk. The limit cycle of
the hysteresis loop corresponds to the excitation in this loop
of the maximum possible critical current I, corresponding
to a given external magnetic field A.

We checked that the current producing the magnetic-
moment hysteresis flowed along a twinning plane by mea-
suring the moment in the same sample for two orientations
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of this plane relative to the magnetic field. In the first case
the field was approximately perpendicular to the twinning
plane. This gave the experimental results shown in Fig. 7. In
the second case the magnetic field was again not parallel to
the twinning plane, but now the angle between this plane and
the field was ~ 10-15°. The magnetic moment of the current
flowing along the macroscopic loop was then five times less
and this agreed with the reduction in the coefficient of the
coupling between the loop or circuit formed by the periphery
of the twinning plane and the detection coil of a supercon-
ducting magnetic flux transducer. The hysteresis-free mo-
ment M, was practically unaffected and there was no change
in the critical magnetic fields H;, H,,,and H,.

The line H_, (T) is also plotted in the (H, T') phase dia-
gram of Fig. 8 and on a larger scale in the inset in this figure.
The H,, (T) line intersects the temperature axis at the point
T.; and divides the region of existence of the TPS of niobium
into two parts: 1II [region lying below the H ., (T) line]
which is characterized by the fact that there are no nonde-
caying currents flowing along macroscopic circuits (nonde-
caying currents flow only along microscopic singly connect-
ed regions) and there is no hystersis; IV [below the H,(T)
line] is the region where in addition to the diamagnetic mo-
ment M, there is a hysteresis, i.e., the magnetic flux may be
trapped because of the appearance of nondecaying currents
flowing along circuits of macroscopic dimensions. In other
words, the topology of the nondecaying currents changes on
the H_,; (T) line.

When the current excited in a macroscopic circuit is less
than the critical value (and the state of the superconducting
system is represented by a point inside the hysteresis loop),
small changes in the external magnetic field are screened
completely because of a change in the value of the circuit
current. Under these conditions the differential magnetic
susceptibility dM /dH (with the slope of the line A4 ' in the
inset in Fig. 7) can be used, for a known orientation of the
superconducting circuit relative to the magnetic field (for
example, the orientation may be mutually perpendicular),
to estimate the area of the loop or contour along which non-
decaying electric currents flow. In the experiments under
discussion this area is the same as the area of the twinning
plane. Therefore, knowing the area of the loop we can use the
magnetic moment to estimate quite readily the critical cur-
rent I..

The critical temperatures T, and T,; of the tnvestigated
niobium twins were determined by extrapolation of the ex-
perimental dependences A, (T) and H_,(T) to the point of
intersection with the temperature axis (by analogy with the
determination of T, of tin twins). Exactly as in the case of
tin, the magnetic moment M, was used to estimate the *‘ef-
fective” thickness w of the superconducting layer near a
twinning plane. An estimate of the critical current density j,
was obtained assuming that a tube of a nondecaying current
I. had a cross-sectional area ~ w”.

In the case of niobium the magnetic field H, corre-
sponding to the maximum magnetic moment M, did not
remain constant, but decreased on increase in temperature.
The value of H,, tended to zero at temperatures T approach-
ing T..

We shall now summarize the main characteristics of the
TPS in niobium deduced from the magnetic measurements:
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T.o= 9.4 K (reference temperature),

( dH > )
a7 T=T,,

To—Too=0.11 K & 4T,,
Toi— Too=0.016 K,
dH g,

= — 490 Oe/K (reference slope),

T — 360 Oe/K, (3.4)
AHer o
7 = — 270 Oe/K,

lL'|T=TCO, H=0 X 400 A =~ EO,
Jelr=1. =0 &= 107 A/cm?,

ot
a1,

27— — 130 Oe/K.

It follows from the magnetic measurements that in re-
gion IV (in the phase diagram of Fig. 8) we can expect a
macroscopic superconducting current, i.e., the resistance of
a twinning plane measured between two distant points be-
comes zero. This makes it possible to investigate the TPS
below T using the method of currents.

An attempt to carry out such investigations on niobium
twins was reported in Ref. 7. The magnetic-field depen-
dences of the critical superconducting current along a twin-
ning plane were determined at a constant temperature. The
apparatus used in this investigation made it possible to carry
out measurements at temperatures from ~2.5to ~8 K in
magnetic fields up to ~4 kOe. The upper critical magnetic
field H_, of niobium was deduced from the characteristic
steep fall of the critical current on increase in the magnetic
field. In the range H > H_, the investigated samples exhibit-
edasmall ( ~0.3 A) critical current of the surface supercon-
ductivity. In this case the external magnetic field was orient-
ed exactly parallel to the twinning plane and it was found
that above H_, the critical current observed for twinned
samples was considerably higher than the critical current for
the surface superconductivity and this was true right up to
the field # * > H.,. When the direction of the external field
was tilted away from the twinning plane by an angle of ~1°
the critical current in the fields H,, < H < H ¥ became equal
to the critical surface superconductivity current. Such an
increase in the critical carrent was not observed’ for control
samples in which the two component crystallites were not
separated by a twinning plane.

When the H * (T) line was plotted using the (H, T)
coordinates, its slope was found to be dH * /dT = — 550
Oe/K and at 4.2 K was approximately 300 Oe higher than
the H_, line.

Unfortunately, the relatively high conductivity of nio-
bium samples in the normal state and the low critical cur-
rents prevented measurements by the method of currents” at
temperatures exceeding ~ 8.5 K, i.e., in the region where the
magnetometric investigations were carried out. The absence
of data on the critical field H * (T) at temperatures in excess
of ~8.5 K did not allow us to determine sufficiently accu-
rately, on the basis of the measured currents, the critical
temperature of the TPS, but clearly this temperature should
be identical with 7.

We shall now consider in greater detail the main differ-
ences between the phase diagram of the TPS in niobium
(Fig. 8) and the phase diagram of the TPS in tin (Figs. 5 and
6). Firstly, the transition of niobium to the TPS is most
probably a second-order phase transition. Secondly, there is
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no lower temperature limit to the observation of the TPS.
Throughout the investigated range of temperatures, at least
from ~2.5to ~9.5K, the H,(T) and H¥ (T) lines do not
intersect the A, (T) line anywhere. In Sec. 4.2 these obser-
vations are attributed to the difference between the values of
s for tin and niobium. Thirdly, the phase diagram of Fig. 8
shows a line of a topological phase transition A (T). The
existence of phase transitions in two-dimensional systems in
which there is a change in the nature of the correlation func-
tions of the order parameter suggests a change in the topol-
ogy of nondecaying electric currents in a superconductor,
predicted in earlier theoretical treatments.’™*' Another
theoretical investigation is reported in Ref. 52 and it is based
on a model of a thin superconducting film in vacuum; an
attempt is made to construct the phase diagram of this sys-
tem. According to Ref. 52, the transition of a film to the
superconducting state is due to cooling in two stages at tem-
peratures denoted in Ref. 52 by T, and Ty. Initially, a
state with a strong diamagnetism appears at a temperature
identified as T ;.4 ; the resistance measured between two dis-
tant points on the film differs from zero. Further cooling
gives rise to a topological phase transition at the Kosterlitz-
Thouless temperature Ty and the resistance of the film
vanishes. The identical qualitative features of the behavior of
the dependences M(H, T) in niobium twins and of the re-
sults reported in Ref. 52 suggest that the line H,(T) and the
temperature 7 are, respectively, the line and the critical
temperature of the topological phase transition of the Bere-
zinskii-Kosterlitz-Thouless type. In the investigated part of
the (H, T) plane, located above the H_(T) line, there is no
topological phase transition in tin twins. Fourthly, an inves-
tigation of tin twins failed to reveal characteristics of the
samples dependent strongly on the mutual orientation of the
twinning plane and the magnetic field. In the case of niobium
when a magnetic field is tilted relative to the twinning plane
it is possible to observe zero electrical resistance of this plane
only in magnetic field exceeding ~7 Oe [region IV below
the H_. (T) line in Fig. 8]. In the case of a magnetic field
parallel to the twinning plane a region of zero resistance of
the twinning plane to the electric current becomes much
wider. This is clearly due to the fact that the components of
the magnetic field normal and tangential to the twinning
plane have different effects on the TPS. Only the normal
component of the field creates vortices in the superconduct-
ing layer and the resistance of the twinning plane becomes
different from zero in a magnetic field higher than H_,. How-
ever, in the case of parallel orientation of the twinning plane
and the magnetic field the vortices do not appear and the
H* (T) line is close, within the limits of the experimental
error, to the H, (T) line.

3.4. Other metals. Conclusions

In addition to the results of investigations of the TPS in
tin and niobium described in detail above, measurements
had been made on twins in indium, rhenium, thallium, alu-
minum, and lead. A diamagnetic moment M, was observed,
as in the case of tin and niobium, above the temperatures T
in the case of indium, rhenium, and thallium. However, in
the case of aluminum and lead only the diamagnetism due to
bulk fluctuations of the superconducting phase was ob-
served at temperatures above T,,,. By way of example, Fig. 9
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FIG. 9. Magnetic-field dependences of the diamagnetic moment of the
twinning-plane superconductivity of thallium recorded at different tem-
peratures.

shows the experimental dependences of the magnetic mo-
ment of a thallium twin on the magnetic field recorded at two
different temperatures. Clearly, these dependences are fully
analogous to the dependences M, (H) reported for tin twins
(Fig. 2).

The values of the parameters of the TPS may lie within a
fairly wide range, as demonstrated in the case of tin in Sec.
4.2; nevertheless, we can speak of certain average values
which are those most frequently encountered. In the case of
the investigated metals they are given in Table II. It should
be stressed that the data in this table were obtained for sam-
ples annealed at temperatures close to the melting point (see
Sec. 2). In studies of the samples deformed at helium tem-
peratures (see, for example, Refs. 8-10, 53 and 54) it was
reported that the critical temperatures of the transition to
the superconducting state increased considerably; it was
pointed out that annealing of the samples again reduced the
critical temperature. The authors of these papers attributed
the increase in the critical temperatures to twinning, but the
increase reported by them was mainly due to defects of a
twinning plane characterized by a large excess energy (this
was why they were annealed). This confirmed the idea put
forward in Sec. 3.2 that twinning plane defects can affect the
critical temperature of this plane considerably.

TABLE I1. Characteristics of
the twinning-plane supercon-
ductivity of metals.
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1.Sn |0.04 10.01 0.8
2.In |00 0,001 | 0.4
3.Nb j0.11 0.3 10

5.Re [0.006]0.0045{ 0.5
5.T1 [0.0033i0.0008| 0.1

6.A1 |0
8.Pb |0 — —
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It is clear from Table II that the TPS is a very common
phenomenon. At temperatures above the critical tempera-
ture of the bulk transition to the superconducting state T, it
has been possible to observe the TPS for five out of seven
investigated metals, since only two of them do not exhibit the
TPS. It is interesting to note that a common feature of the
metals exhibiting the TPS (which distinguishes them from
the metals that do not exhibit this phenomenon) is that twin-
ning occurs along crystallographic planes in which the re-
ticular density of atoms is less than the volume density. In
the case of aluminum and lead with the fcc lattice the twin-
ning process occurs along a close-packed plane. The lower
density of atoms in a twinning plane may tend to soften the
phonon spectrum of this plane, as pointed out in the Intro-
duction."

Itis clear from Table II that tin and niobium are charac-
terized by the largest difference 7. — T, which is approxi-
mately an order of magnitude higher than the value for the
other metals. The relatively wide range of temperatures of
observation of the TPS has been responsible for the fact that
the most detailed investigations had been carried out on tin
and niobium.

The presence of a twinning plane in samples of indium,
niobium, tin, rhenium, and thallium enhances the supercon-
ducting properties of these metals. The critical temperature
of the transition to the TPS state 7, is higher than the bulk
critical temperature 7T,.,. Moreover, the critical magnetic
field of the TPS (at least in a certain range of temperatures)
exceeds the critical magnetic field H,. (H_, for niobium).
The transition to the TPS state may be a first-order phase
transition (indium, tin, rhenium, thallium) or a second-or-
der transition (niobium).

It was reported recently that the presence of twinning
planes in organic superconductor 3-(ET).I, enhances its
superconducting properties””: when multiple twinning oc-
curs, the critical temperature rises from 8 to 9 K.

4. THEORETICAL DESCRIPTION OF THE TWINNING-PLANE
SUPERCONDUCTIVITY

4.1. Modified Ginzburg-Landau functional

Experimental investigations demonstrate that in the
temperature range 7, > T'> T,, the superconductivity ap-
pears only in a thin layer near a twinning plane. In this case
an important role is played by the proximity effect in a super-
conductor and a normal (at temperatures 7> T, ) metal.
Consequently, the critical temperature of the TPS is only
slightly higher than T, i.e., 7 = (T. — T )/ T, <1.

This makes it possible to describe the TPS near T, by
the Ginzburg-Landau functional (see, for example, Ref.
55), but this should allow for enhancement of the supercon-
ductivity near a twinning plane. The mechanism of this en-
hancement is not yet clear. We pointed out above that en-
hancement of the Cooper pairing near a twinning plane may
be due to the specific nature of this plane as a two-dimension-
al crystal: the plane has a new soft two-dimensional phonon
mode, the electron spectrum of the twinning plane has spe-
cial features, the Coulomb repulsion is weakened, and the
twinning plane may have defects. It isimportant to note that,
although because of the proximity effect the value of T is
only slightly higher than T, a change in the Cooper pairing
constant near a twinning plane compared with its bulk value
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is quite considerable. This is supported by a report” of a
strong (severalfold) increase in the critical temperature of
small tin particles containing a twinning plane because the
proximity effect in such particles is suppressed (see Sec. 5).

The problem of the mechanism of enhancement of the
Cooper pairing near a twinning plane is naturally very inter-
esting. However, the region where the Cooper pairing is en-
hanced extends from a twinning plane to distances not ex-
ceeding several (or several tens) of the interatomic spacings.
This is much less than the superconducting correlation
length &,and from the point of view of the Ginzburg-Landau
functional (which describes the behavior of the supercon-
ducting order parameter at distances greater than &) such a
distance is only &-like. Therefore, in describing the TPS we
should supplement the Ginzburg-Landau functional with
the &6-function term — ¥5(x)|¥(7)°, which allows for the
enhancement of the Cooper pairing near a twinning plane.
Here, the twinning plane corresponds to x = Qand ¥(r) isa
complex superconducting order parameter. It should be
stressed that the nature of the functional is very general and
it is not related to any specific mechanism of enhancement of
the superconductivity at a twinning plane, which determines
the actual value of the constant y.>’

It therefore follows that the modified Ginzburg-
Landau functional for the description of the TPS is

P [ | (YA

Falyl 45 = @ [y ]dr, (4D
where the following notation®* is used: a = 7/%, b = 1/N7,
7= (T—1T,)/T,,Histheexternal field, B = curl Aisthe
magnetic induction, N is the electron density, and
1 ="753)E;:/6(wT,, )" in the case of a pure superconduc-
tor and = 1.42/E. /v T, in the case of a dirty semicon-
ductor (/is the mean free path of electrons). All the coeffi-
cients in the above functional, with the exception of y,
represent the bulk superconductivity and are quite familiar.
The only unknown parameter needed in the description of
the TPS is the quantity y which is related directly to
7o=(T. — T.,)/T.,, ie., it is related to the critical tem-
perature of the TPS (see below). If we substitute the experi-
mental value of 7,,, we are dealing with the function (4.1) in
which all the coeflicients are known and which, in principle,
should provide a full description of the TPS near the tem-
perature T,.

A theory of the TPS based on the modified Ginzburg-
Landau functional is developed in Refs. 6, 11, 12, and 16 and
we we shall give a detailed account of this theory. We shall
begin by noting that in the case of a type I superconductor
(such as tin) this theory can account completely for the full
range of existence of the TPS (Refs. 6 and 16). In the case of
type Il semiconductors it is valid near the temperature T ,;
at low temperatures the critical field for the TPS is found by
solving a complete integral equation for ¥ (Refs. 14 and 16),
but the modified Ginzburg-Landau functional still provides
aqualitatively correct description of the TPS throughout the
full temperature range.

In the absence of a magnetic field the superconducting
order parameter V¥ depends only on the coordinate x, which
represents the distance from a twinning plane, and the equa-
tion for ¥(x) obtained from the functional of Eq. (4.1) is

419 Sov. Phys. Usp. 31 (5), May 1988

(1 Ik

sm  dx2

— ) e—bIvI =~ @) . (4.2)

We can find the temperature 7. of the appearance of the
localized superconductivity by restricting Eq. (4.2) to terms
linear in respect of ¢:

1 dx

4m  da2?

—%IP:—YG(-‘L') Y. 4.3)
The solution of Eq. (4.3) which increases in the limit
X— + oo 18

P (z) cexp(—qlzl)
where

q* = 4tm/.

The presence of the & function on the right-hand side of Eq.
(4.3) is equivalent to the following boundary conditions
which ¢ must satisfy at x = 0:

Y’ (0) = —2my¥(0),
which yields
q = 2my,

so that the critical temperature of the TPS is related to the
parameter y by the expression

(4.4)

Equation (4.2) for the determination of the localized
superconductivity temperature is an analog to the Schro-
dinger equation. Hence, it follows (see, for example, Ref.
56) that in the case of a filamentary region where the Cooper
pairing is enhanced the excess of the critical temperature of
the localized superconductivity above the value of T, is ex-
ponentially small. One can hardly hope for detection of the
localized superconductivity near a thin (of thickness less
than &,) line defect. In the case of a point defect the localized
superconductivity effect is altogether absent (this essential-
ly corresponds to the case when there is no bound state in a
shallow three-dimensional potential well**), but in this case
the localized superconductivity may appear at the few clus-
ters of point defects.””** It should be pointed out that the
localized superconductivity appears in a magnetic field also
at isolated point defects.™

The value of 7, is a characteristic temperature scale for
the description of the TPS. It follows from Eq. (4.2) that the
characteristic length scale is then

E(rg) = (‘4_:,1;0‘ )1/2 s

whereas the order parameter is

Yo = (;_2)1/2-

We shall find it convenient to introduce dimensionless
reduced variables: the temperature = (7. — T)/(T,
— T,,), the coordinate x” = x/&(7,) and the order param-
eter ¢ = /¢, Equation (4.2) then becomes

d*qp

— T T+ ¢ =20(z)¢. (4.5)
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In future we shall omit the prime on the dimensionless
coordinate x’'. Equation (4.5) admits a first integral and we
can readily obtain its exact solution:

(21)1/% 1

_ R I ot
¢@=FErarry 0 P

T—ar- (40

When temperature is lowered 1> ¢> 0 the amplitude of the
order parameter increases and the region around a twinning
plane where the superconductivity is localized becomes
wider. The temperature ¢ = O corresponding to the appear-
ance of bulk superconductivity is characterized by a change
in the law governing the fall in the localized superconductiv-
ity amplitude with distance from the twinning plane:at¢ = 0
the exponential law is replaced by the power law ¢ (x) ccx ™'
(which is a characteristic critical effect). Below the tem-
perature of the bulk transition to the superconducting state
T, the order parameter ¥(x) has its local maximum at a
twinning plane and the corresponding solution of Eq. (4.2)
is readily obtained in quadratures. A discontinuity of the
specific heat due to the appearance of the superconductivity
localized at a twinning plane amounts to AC = 2£(7,)/
76T, (per unit area).

The only unknown parameter of our theory 7, [or ¥; see
Eq. (4.4)] can be calculated in the TPS model which as-
sumes that the dimensionless Cooper pairing constant
A =A4y+ 64A(x) has a sharp maximum near a twinning
plane.

We shall not discuss the details of the calculation,
which is based on solution of the integral equation for the
superconducting order parameter,'"'? but give only an or-
der-of-magnitude estimate 7, = (7, — T,,,)/T,. This esti-
mate is readily obtained from the following considerations:
the localized superconductivity is a region near a twinning
plane and the size of this region is of the order of the super-
conductivity correlation length at 7= T, given by £(T.)
« &40 "%, where £, =0.18 vi/To [£7(7) =0.55 £5/7]
and if -the peak of A is concentrated in a region of width
d<£,<&(T, ) near atwinning plane, the effective increase in
A amounts to T, «w, exp( — 1/4). Since 84d /&(T. ), it
follows that

8T 8 )2 : d
Te) ’

Te OiTOOi(To-

so that finally, after allowance for the temperature depen-
dence of &, we obtain the following estimate
8h d \2
Tg (W §_o)

In the case of a dirty superconductor (/<&,) the reduction
in the correlation length increases the estimate 7, by a factor
(§o/DH> 1.

This model relates the TPS to the enhancement of the
Cooper pairing near a twinning plane and the superconduc-
tivity is then due to bulk electrons. As pointed out before, the
presence of a twinning plane should give rise also to localized
electron states near this plane and these should be similar to
the Tamm levels. Such surface electron superconductivity
has properties quite different from the bulk effect® and, in
particular, its critical temperature 7. can be higher. How-
ever, a twinning plane is located inside the bulk of a metal
and an important role is played by the interaction with three-
dimensional electrons, which spreads the superconductivity
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deeper into the metal. Such a model of the localized super-
conductivity was considered in Ref. 17 and in this case the
similarity of the critical temperatures 7, and 7', for the TPS
deduced on the basis of the above model can be explained
only by a very strong interaction between “two-dimension-
al” and “‘three-dimensional” electrons. In the vicinity of the
temperature 7, the description of the superconductivity due
to three-dimensional electrons is provided by a model’
which also reduces to the modified Ginzburg-Landau func-
tional of Eq. (4.1).

4.2. Phase diagram and magnetic properties of a twinning-
plane superconductor

It follows from the experimental results given in Sec. 3
that the behavior of the TPS in a magnetic field is very spe-
cial and the properties of the TPS differ in many respects
from those of the conventional bulk superconductivity. The
modified Ginzburg-Landau function of Eq. (4.1) provides,
in principle, a complete description of the superconductivity
localized near a plane (twinning plane in our case) in the
vicinity of the temperature 7.. This description is largely
universal and for a suitable selection of the dimensionless
variables it is independent of the only unknown theoretical
parameter which is the constant y (if necessary, we can as-
sume that this parameter is known from the experimental
results).

We shall now consider the case of a magnetic field par-
allel to a twinning plane such that the vector potential 4 can
beselected in the 4 = 4, (x) gauge. Adopting dimensionless
variables ¢ and x [see Eq. (4.5)] and also the vector poten-
tial A = A /A,, where 4, = (r,mc>/2ne®) "%, we shall write
down the equations for the order parameter and the field
distribution which follow from the functional of Eq. (4.1):

— ¢+ F A1+ ¢ =0, ¢ smro=—¢(0), (4.7)

Z":%:Z, Z(z» oo)=,;—z (4.8)
Here,x = A /& = (mc/e) (b /2m) " ?istheGinzburg-Landau
parameter, 4 is the external magnetic field / normalized to
H.(—1,) = 2ry/7)(w/b)"7, H.( — 71,) is the thermody-
namic critical field of the bulk superconductivity in the tem-
perature interval T, — (¢. — T,,), which determines the
scale of the field in the case of the TPS exhibited by a type 1
superconductor. If |x| — « the external field H is identical
with the magnetic induction B. Equations (4.7) and (4.8)
represent essentially the usual Ginzburg-Landau equa-
tions*® supplemented by the boundary condition which ap-
plies to ¢ at x = 0.

The nonlinear system of equations (4.7)-(4.8) gives, in

. principle, a complete description of the TPS in a parallel

field. The first integral of the system (4.7)-(4.8) can be
found easily (see, for example, Ref. 55) and in our case it can
be written in the form

—2(' )2+ (2t+ A2 @bt — (A2 2+ h2=0.  (4.9)

An analytic investigation of the problem of the critical
field of the TPS transition can be carried out only for type I1
superconductors or in the limiting case of type I supercon-
ductors characterized by x € 1. If % S 1, we have to solve the
complete system of equations (4.7)—(4.8) on a computer
(see Sec. 4.2.3).
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4.2.1. Screening of a weak parallel field

The TPS exists in the temperature range 7, <T < T,
right down to the lowest fields and in this case we can pose
the problem of the diamagnetic susceptibility of the TPS
[corresponding to the initial slope of the dependence M,
(H)].

Screening of a weak magnetic field B||z parallel to a
twinning plane is governed by Eq. (4.8), where instead of
¢(x) we must substitute the function describing the distri-
bution of the order parameter in the absence of the field [see
Eq. (4.6)]:

9 ~ 1172

~ 1 ’
A" P In gl (4.10)

1/2

Substituting a new variable u = coth(|x|¢ "'~ + p) and trans-
forming Eq. (4.10) for the vector potential to an equation
for the field B. we find that the distribution of the magnetic
induction is described by

(u*—1) 2 _:_27 B

du? %

(4.11)

subject to the boundary conditions B(u = 1) = H (because
far from a twinning plane the magnetic induction is equal to
the external field) and B’ (u = coth p) = 0 (because the dis-
tribution of the magnetic induction is symmetric relative to
the twinning plane and in the plane itself the value of B is
minimal).

In the case of superconductors which exhibit the ex-
treme type II behavior (2¢> 1) the screening of the field is
weak practically throughout the full temperature range
0 <t < l.ie. thelocalized superconductivity hardly changes
the field B(x) = H — b(x), where b(x) € H. In the first ap-
proximation with respect to a small parameter » - 241, Eq.
(4.11) can be written in the form

A5 2

du? 2 (u2--1)

(4.12)

which has an exact solution. Solving Eq. (4.12), we find that
the magnetic field on the twinning plane itself is'®

=12

By (1= m ) (4.13)
and it differs little from the external field H. Near the transi-
tion temperature 7, (1 — 1< 1) the field distribution is given
by

By H [’1 -

2u?

(20 L 1)9.\»1)(_23@)], (4.14)

Knowing the field distribution, we can now find the
total magnetic moment of the TPS per unit area:

B (x H 1—
My= \‘ (!f.-[ de= —H (4:[1'2) 81 for 1—1<1.
(4.15)
Cooling enhances the screening and in the limit 7— 7, the
magnetic moment'® becomes
, HE(ty) a
My — 25002 (4.16)

which shows that the diamagnetic susceptibility considered
in the limit 7--0 diverges as 1 ~'/~. In the case of type II
superconductors characterized by s> 1 the condition of va-
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lidity of Egs. (4.12)—(4.16) is t>exp( — %), i.e., these
equations are valid throughout the full temperature range
O<t<l.

This analysis applies also to type I superconductors
near the critical temperature 7T, in a temperature interval
1 — t <. The physical meaning of this last condition is sim-
ple: the dimensionless effective screening length Al
«@(0)/x e« (1 — )"/ should be greater than the super-
conducting correlation length (which for our choice of the
units of length is of the order of unity). The field then pene-
trates almost completely the whole superconducting region
and the TPS behaves in fact as a type II superconductor.

In the other limiting case of 1 — ¢>x” the TPS of a type
I superconductor can now screen the field quite strongly so
that it becomes practically zero in a layer of thickness |x|> 1
near a twinning plane. The effective screening thus occurs at
distances x> 1, i.e., in Eq. (4.11) we are interested in the
range ¥ — 1 € 1. Solving this equation in this range, we find'®
that the magnetic field at a twinning plane is exponentially
small and the magnetic moment per unit area is

2
My= —2 &1 (In 2) e,

It follows from the above expression that in a type I super-
conductor the magnetic field is expelled almost completely
from the localized superconductivity region near a twinning
plane, the size of which is ~&(7,)¢ ~'/%,i.e., it is of the order
of the superconducting correlation length.

In comparing the expressions obtained for the diamag-
netic susceptibility of the TPS with the experimental data for
tin and niobium (Sec. 3), we note that the latter are one or
one-and-a-half orders of magnitude lower than the theoreti-
cal estimate. Clearly, this circumstance is due to an inhomo-
geneity of a real twinning plane which consists of regular
parts of different dimensions separated by regions with dis-
locations. This is probably the reason also for the exponen-
tial nature of the temperature dependence of the magnetic
moment M, (T) (see Sec. 3.1).

In fact, the critical temperature of the appearance of the
localized superconductivity near a part of a twinning plane
(we are considering here a part of the plane where the Coo-
per pairing is enhanced) depends strongly on the size of such
aregion'”: 7(R) rapidly approaches zero for parts of a twin-
ning plane of R < £(7,) size. If the distribution of the sizes of
such parts of a twinning plane is characterized by an average
size smaller than £(7,), then the increase in the magnetic
moment as a result of cooling is mainly due to an increase in
the number of parts of the twinning plane that have become
superconducting. An analysis of one of the simplest models
of the distribution of superconducting parts of a twinning
plane in accordance with their size is given in Ref. 12 and it
indeed yields an exponential temperature dependence of the
magnetic moment. Although the inhomogeneous nature of
the twinning plane can explain qualitatively the steep fall of
the magnetic moment of the TPS on increase in temperature,
a quantitative comparison with the experimental results is
not yet possible because the size distribution of supercon-
ducting parts of a twinning plane is not yet known.

Although the inhomogeneity of a twinning plane has a
very strong influence on the dependence M (H, T), we can
nevertheless compare directly the experimentally deter-
mined (H, T) phase diagram with the theoretical predic-
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tions of the fields #, (T) and H_, (T) for the superconduc-
tivity extending over an infinite twinning plane. In fact, in
the case of a type Il superconductor the transition to the TPS
state is of the second kind and, as the magnetic field is re-
duced, large (characterized by the maximum value of T, )
parts of a twinning plane are the first to become supercon-
ducting and this is followed by smaller parts (with lower
values of T ). In the case of the large parts [the characteris-
tic size of which is large compared with £(7,) ] the critical
field is practically equal to the critical field for an infinite
plane.

In a type I superconductor (tin) the transition in the
presence of a field is of the first order in the experimentally
observable range of existence of the TPS. In this case a super-
conducting nucleus is activated by overcoming an energy
barrier and “supercooling” of the normal phase is observed.
This normal phase is retained in the applied field until super-
conducting nuclei become capable of growing, when the
field reaches the value H,, corresponding to a field for a
second-order transition. It should be pointed out that this
supercooling field 1s H,,, for an infinite twinning plane (cor-
responding to the maximum value of T ), which is the high-
est value of H,, achieved for large parts of a twinning plane.
The magnetic moment changes abruptly in the field H,, be-
cause many parts of the twinning plane go over abruptly to
the TPS state.

An increase of the external magnetic field from zero
causes a gradual suppression of the TPS beginning from
small parts of a twinning plane. These transitions are of the
first order until the field reaches the value H, (R). As point-
ed out in Sec. 3.2, overheating of the TPS is not observed
because of the presence of a passive metal in the normal state
near a twinning plane. The structure of the TPS in a field
(applied exactly parallel to the twinning plane) should re-
sult in an abrupt change of the magnetic moment, but be-
cause only a small part of the twinning plane goes over to the
normal state in this field, the resultant M, (H) curve should
be smooth. Such a smooth dependence M, (H) may appear
also because the field is inclined relative to a twinning plane
(intermediate state). Vanishing of the magnetic moment in-
dicates that the field has reached the value H, (R = =), i.e.,
that the conductivity is destroyed in all parts of the twinning
plane. The field H, (R = « ) defined in this way can be com-
pared with the theoretical value for an infinite twinning
plane.

An inhomogeneity of the twinning plane is also related
to the question of a transition of the Berezinskii-Kosterlitz-
Thouless type for the TPS, which arises in connection with
the experimental observations of macroscopic currents at a
certain Kosterlitz-Thouless temperature Txr (lying
between T, and T ); this is discussed in Sec. 2.3. Since the
TPS occurs in a region ~£&(7,) near a twinning plane, it
cannot be regarded as two-dimensional. The London pene-
tration depth A, near T. is described by the relationship 4 {
~A2(0)T./(T, — T), in the TPS case, whereas the corre-
lation length is described by £2«é?(ry) «&3T./
(T, — T,). Hence, we can readily see that the TPS is
quasitwo-dimensional at temperatures (T, —T)/T,
< [AL(0)/E]X(T. — T4) (Ref. 61) and an estimate of the
Kosterlitz-Thouless transition temperature T at which
the spontaneous creation of vortices takes place gives®
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(T, — Tx1)/T,x(T./Eg)*«€1. The transition tempera-
ture Ty is practically identical with the critical tempera-
ture of the TPS so that this transition can hardly be observed
experimentally.

An inhomogeneity of the twinning plane may give rise
to an alternative possibility of the Kosterlitz-Thouless tran-
sition, which occurs in a system of superconducting granules
on a two-dimensional twinning plane. In fact, a weak Jo-
sephson interaction of the individual superconducting re-
gions (for which the phase of the superconducting order pa-
rameter is constant) makes an inhomogeneous TPS similar
to the classical system of planar rotators for which in fact the
Kosterlitz-Thouless transition was predicted.*®*' The tem-
perature of this transition Ty is then of the order of the
energy of the Josephson interaction of neighboring super-
conducting regions. In this sense the properties of an inho-
mogeneous TPS may be similar to the properties of planar
Josephson structures.®?

4.2.2. Critical field for a second-order transition

The critical field H,, of the second-order transition to
the TPS state, i.e., the field of formation of a superconduct-
ing nucleus, is found to be close to T, and it is obtained by
solving the linearized Ginzburg-Landau equation corre-
sponding to the highest temperature:

; 2
b ()= (V=25 A) =@ pE. (417
Equation (4.17) differs from the standard equation®' only

by the presence of the § function, i.e., it differs in respect of
the boundary conditions x = 0 and, in order to stress this in

.our discussion, we shall not adopt dimensionless coordi-

nates.

In the case of a type 1I superconductor the solution of
Eq. (4.17) yields the true transition field, whereas for a type
I superconductor the transition to the TPS state is of the
second order only in the direct vicinity of the temperature
T.; elsewhere throughout the temperature range of existence
of the TPS the field H,, represents the field for supercooling
of the normal phase.

The H,, (T) curve lies somewhat above the dependence
H_, (T), representing the upper critical field of a bulk metal
givenby H,, = ®,/27£%(T) (Ref. 29), where @, = cfi/meis
a flux quantum and £*(T) = (9/4m)T,,/ (T, — T) de-
scribes the correlation length. The localized superconduc-
tivity in a field then exists in a type II superconductor at all
temperatures (for the experimental data on the TPS in nio-
bium see Sec. 3.3).

The situation is simplest in the case when the magnetic
field is directed at right-angles to a twinning plane. In this
case, selection of the vector potential gauge in the form
A = [HXr]/2 and separation of the variables in Eq. (4.17)
yields directly the solution in the form ¥(r) = @y(p)f(x),
where p is the coordinate in the (y, z) plane, @,(p) is the
standard®® solution of Eq. (4.17) in the absence of the §
function, and f(x) is the solution of Eq. (4.3) with the renor-
malized value of 7. Consequently, the temperature depen-
dence H: (T) = 0.29(d/E5)(T. — T)/T,, differs from
the usual dependence H_, (T) only by the fact that the field
H! vanishes at the point 7, and not at T,. Therefore, the
dependence H:, (7T) is a straight line passing through the
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FIG. 10. Calculated dependences of the critical magnetic fields of a sec-
ond-order phase transition in fields parallel and perpendicular to the twin-
ning plane.'"'* Here, h=H[(T. — T,,)(dH,/dH), , 1~ "and ¢
= (Tf Tc(')(Tx - Tm) .

point 7. and it is parallel to H_, (T) (Fig. 10).
The behavior of the TPS in a perpendicular field is such
that near 7. it resembles the behavior of a thin supercon-

ducting plate of a type 11 semiconductor, for which the effec-
tive London penetration depth is given by*'-*'

16me?

e | v @ dr,

hefe =
and the role of the plate thickness d is played by the quantity
d— [ @@ dr (=0« E(T0).

When this replacement is done in the case of the TPS, all the
results of Ref. 63 should apply, i.e., a vortex structure with
the size of vortices £(r,) appears along the perpendicular
field.

From the point of view of the fluctuation magnetism the
TPS is also analogous to a thin superconducting film of
thickness £( 7, ~&,/y 7, and its fluctuation moment in a per-
pendicular magnetic field is proportional to (7 — T.) ™'
(Ref. 64). Such a temperature dependence of the fluctu-
ations susceptibility typical of two-dimensional semicon-
ductors should appear in the temperature range (7 — 7.)/
T. = 7,. Experimental detection of the fluctuation diamag-
netism of the TPS is obviously difficult because of the mask-
ing effect of bulk fluctuations and it is possible only in the
case of samples with a high density of twinning planes.

The parallel field for a second-order transition to the
TPS state H!| can be found from the condition for the solu-
tion of the linearized equation of the order parameter (4.7),
where A is the vector potential of the external field and,
instead of the boundary condition for ¢, it is more conven-
ient to introduce the & potential into the equation:

— @) + i Pa2p(2) 4+ tg () — 26 (2) @ () = 0. (4.18)

Here, h' = H | /H (1= — 1) =h/\2x and dimension-
less coordinates are used.

The eigenfunctions ¢, (x) of this equation without the
& function (i.e., of the linear oscillator equation) subject to
the boundary conditions ¢ —0 at x - + o are well known™®
and they form a complete orthonormalized basis. We shall
expand Eq. (4.18) in terms of these eigenfunctions:

(P(I) :S CnPn (‘[) (419)

n

Substituting Eq. (4.19) into Eq. (4.18) and using the orth-
onormalization condition of ¢, (x), we find the coefficients
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of the expansion
Cp= 2(P (0) Pn (0) (t + En)_i’

where £, = 2h!(n + 1/2) is the eigenvalue of the energy
corresponding to the function ¢, (x). Using the “*self-consis-
tency” condition

¢ (0) = 2 CnQn (O)v

(4.20)

and the explicit form of the functions ¢, (x) (Ref. 56), we
obtain the solution of our problem in the form of a converg-
ing series:

2 (2k)!
Jr 2 kD22 [k 4+ a4k 4+ 1]

ISR

(g,un/::

Il

} Jhi
:2:/;53(1-4-(‘11 )’%)’

where B is the beta function. Numerical summation of Eq.
(4.21) gives the dependence A" (1) shown in Fig. 10.

In the limit 71— 1 the dependence 4 ! (1) is of the square-
root type ' (1) = [2(1 — 1)]""? and can easily be found if
we consider the magnetic field in Eq. (4.21) as a perturba-
tion.

In the limit |z | > 1 the critical field differs little from the
corresponding exchange value h,=H.,/H., (t= —1)

= — t:the sum of Eq. (4.21) may then be limited to just the
first term with k = 0, which is much larger than the other
terms. We consequently find that

(4.21)

h H = e = L,
{ 1

c2

hH—il() H!1_Hc2 2

(4.22)

e, A —h,=Q/\Nm)it]""

In considering the behavior of the TPS in the range
|t {> 1 in fields somewhat less than 4" (1) we can use the tra-
ditional method® employed earlier in studies of the mixed
state when fields are in the range (H., — H)/H_ <1 (sec
also Ref. 31). The mixed state is then characterized by a
parameter B, =@ /(¢ )". In our case a vortex lattice does
not appear and this parameter is even easier to find that in
the case of a conventional bulk superconductor: instead of ¢
we have to substitute the eigenfunction of a linear oscillator
[Eq. (4.18) without the & function] corresponding to the
lowest energy states. This gives

tly1/2 1
pa= (2 ) ~

£ (T)

so that the magnetic moment for the TPS has the following
value per unit area

M, — — H|i1 —H _ (Hlil _H)§(7¢,)
o 478, (2 — 1) 2027072 — 1)

(4.23)

Thisexpressionisvalidif 4 > H > H_, and it | > 1. Ananal-
ysis of the relevant equation shows that on approach of the
parallel field to H_. there is no modulation of the solution
along a twinning plane and this is true right upto H = H .

The critical field for a second-order transition in the
TPS case is characterized by a strong anisotropy (Fig. 10),
which is manifested particularly clearly near the transition
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temperature 7, : the perpendicular field depends linearly on
temperature, whereas the parallel field obeys the square-root
law. As pointed out before, the TPS near 7. behaves like a
superconducting film of thickness £ (7). Therefore, the an-
gular dependence of the field in the TPS case is identical with
the angular dependence for a thin superconducting film®
(see also Ref. 14):

' H, (0)sin 6 (4.24)

H;ILI _+(Hm(6)cose )2:17

iy

where @ is the angle between the twinning plane and the field
direction.

Far from the temperature 7. (|7 |> 1) the excess of the
TPS critical field above the value of 4, for the bulk decreases
quite rapidly from A4 to ~ Ah' when the fieldis tilted by an
angle @« & ~'/* from the parallel orientation.

Comparing the expressions for Ak and AA' for |t |> 1,
we find that the following ratio is obeyed

AHL? 4

AHlH, o

In the range of temperatures characterized by r~0 an
analysis of the TPS behavior in a field can be made only by
numerical solution of Egs. (4.7) and (4.8) for the order
parameter and for a magnetic field parallel to a twinning
plane.

Figure 11 illustrates the results of numerical calcula-
tions'® carried out for the case when x = i, which corre-
sponds to niobium, at a temperature t = — 0.5. Clearly, the
magnetic field penetrates into the TPS region, which is typi-
cal of type II superconductors. The field dependence of the
magnetic moment for » =1 (niobium) is in qualitative
agreement with the experimental results in Fig. 7 and it is
bell-shaped. The initial rise of the magnetization is due to an
increase in the magnetic field; then, in stronger fields the
superconductivity quenching effect begins and this is the
reason for the fall of the magnetic moment on approach to
the field H,,,.

On the whole, this theoretical description is in qualita-
tive agreement with the properties of the TPS of niobium
(see Sec. 3.3). However, it follows from the experimental
results that the value of dH |, /dT at T = T, exceeds dH .,/
dT by a factor of approximately 1.2, whereas the theoretical
value of the ratio (Fig. 10) is about 1.5. The discrepancy is
dueto thefact that in the case of a second-order phase transi-
tion it is very difficult to determine experimentally the mag-
netic moment for the TPS (which is complicated even

14 4
2 14
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FIG. 11. Spatial dependence of the order parameter ¢ and screening of a
magnetic field /4 parallel to a twinning plane of niobium (x =1) at a
temperature t = — 0.5 (Ref. 16). The continuous curve represents the

field h = & /22 = 4.2, the dashed curve represents 4 = 1.9, and the chain
curve represents # = 0.71. The coordinate x is measured in units of £ (7).
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further by the inhomogeneity of a twinning plane) and the
magnetic measurements essentially give only the lower limit
for the field #,,. An important factor is also the need to
ensure that the field is exactly parallel to a twinning plane.
This may be the reason why the experimental data do not
indicate any curvature of the dependence H ! (7). It should
be pointed out that the strong nonlinearity of H'!. (T) is ex-
pected in the limit 7T, i.e., where measurements of the
TPS magnetic moment are most difficult because of the van-
ishingly small value of this moment. Investigations of the
angular dependence in a field A, () of niobium have not
yet been carried out and the error of the experimental results
is too large to check whether the dependence in Eq. (4.22) is
obeyed.

In the case of tin (» = 0.13) the transition to the TPS
phase in a field is of the second order only in an extremely
narrow interval near T,. The reason for this change in the
nature of the transition can be understood on the basis of the
following considerations.

It is well known that the nature of the transition in con-
ventional superconductors subject to a magnetic field is gov-
erned by the Ginzburg-Landau parameter » =4, /& if
%> 1/y/2 the transition in a field is of the second order,
whereas for » < 1/y/2 itis of the first order (see, for example,
Ref. 55). As pointed out already in Sec. 4.2.1, in the case of
the localized superconductivity the effective depth of screen-
ing of a field parallel to a twinning plane obeys
A2 A3 (0)/7,(1 —t)— woin the limit 7— 1. On the other
hand, the superconducting correlation length for the local-
ized superconductivity £( 7. ) ~ £,/+/'7, hardly changes near
temperatures 7. (t—1). Consequently, the effective Ginz-
burg-Landau parameter for the localized superconductivity
depends strongly on temperature:

A
2 B U (1= ),

and diverges in the limit £ — 1. Near 7. the transition to the
TPS phase in a field should therefore always be of the second
order, irrespective of the nature of the superconductivity of
the matrix. On the other hand, as temperature is lowered in a
type I superconductor (x <1), the effective Ginzburg-Lan-
dau parameter approaches its value for a bulk metal when
1 — > and the transition should then be of the first order.
Consequently,atsometemperature? *,suchthat 1 — ¢ * o« x7,
there should be a change in the nature of the transition oc-
curring in a field parallel to a twinning plane. A rigorous
analysis'> shows that this change occurs at

t*=1—1.6x2 (4.25)
In the case of tin we have x = 0.13, so that the region where
the transition is of the second order is vanishingly small.

In a perpendicular magnetic field the behavior of the
TPS is, as pointed out already, analogous to the behavior of a
thin superconductor film of thickness d ~£(7,.). Near the
critical temperature 7. the superconductivity of a film sub-
jected to a perpendicular field always appears as a result of a
second-order phase transition.** It follows from Ref. 63 that
the tricritical point of the TPS of a type I superconductor
(< 1) obeys (1 — r) « x* and the region of a second-order
transition it is even smaller than in a field parallel to a twin-
ning plane.
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4.2.3. Critical field for a first-order transition

In a type I superconductor characterized by x> 1 the
transition to the TPS phase should be of the first order
throughout the temperature range of the existence of the
localized superconductivity, exactly as in the bulk of the
metal. If we now ignore the range of temperatures near the
tricritical point ¢ * and consider the case of a field parallel to a
twinning plane, we can ignore penetration of the field into
the superconducting region near a twinning plane, as indi-
cated by Egs. (4.7) and (4.8) in the limit x — 0, and assume
that the localized superconductivity exists in a layer of finite
thickness — L < x < L, where there is no field, but the size of
the localized superconductivity region still has to be deter-
mined. Essentially, we shall use Eq. (4.2) for ¢, but with
different boundary conditions: ¢( + L) = 0. Inside the su-
perconducting region the field and its vector potential van-
ish and the first integral of Eq. (4.9) allows us to write down
the expression for the free energy of Eq. (4.1) (per unit area
of the twinning plane) in the form

L/E(Te)

HE(—T1) Z(CP')zdx_.Z(pz (O)) . (4.26)

F=§ (v)) =g
-Lito

It follows from the first integral of Eq. (4.9) that

dg T L R
:r;—“(“f )

(4.27)
Allowing for the boundary condition which appliestog ona
twinning plane, we find from Eq. (4.27) that the relation-
ship between the field /4 and the amplitude of the order pa-
rameter at x = 0 is given by

R2 =2 (1 —1t) ¢2(0)— ¢* (0). (4.28)
Applying once again Eq. (4.27) and going over from inte-
gration with respect to x to that with respect to ¢ in Eq.
(4.26), we find from Eq. (4.27) that the free energy of the
localized superconductivity can be described by

F=¢2(0) H__..—g(;"')
¢ 1 3 1
x{{ U=t =)+ 5 =D O 2 dy— ).
0
(4.29)

The condition for a first-order transition F = 0 allows us to
find implicitly the value of ¢(0):

1
[[1=tt—p+ 3w —ne0] =1

0

(4.30)

so that using Eq. (4.28) we can now determine the field 4.
Equation (4.30) was solved numerically and the results are
presented in Fig. 12. An important feature of the results is
the intersection of the 4,(7T) and A_(T) curves, i.e., the lo-
calized superconductivity of a type I superconductor is lim-
ited to the range of temperatures near 7.

However, the error of these calculations is fairly large,
of the order of %'/?, as is true of the case of the energy of a
boundary between the superconducting and normal phases
in a field (see, for example, Ref. 55). This is the reason for
the discrepancy between the dependences k,(7T) deduced
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FIG. 12. Nature of the phase diagram of the twinning-plane superconduc-
tivity plotted for different values of x in a parallel magnetic field near the
temperature ¢ = O (Ref. 16). The dashed curves are second-order transi-
tions; the tricritical points corresponding to a change in the nature of the
transition are identified by asterisks.

from Eqs. (4.28) and (4.30), on the one hand, and the ex-
perimental results, on the other.

The size of the localized superconductivity region is of
the order of £(7,) and it can be readily found from Egq.
(4.27):

@)
2L S de

(4.31)

E(ty) [1e* + (¢/2)+ (*/2)] 1> °

Since the field is expelled completely from the localized su-
perconductivity region, its magnetic moment (per unit
area) is My, = — HL(H)/2w.

In comparing the theory with experimental results on
the TPS in tin, a numerical solution was obtained of Egs.
(4.7) and (4.8) and this was done by the method of finite
differences in the case when » = 0.13, which corresponds to
tin.'® We can see from Fig. 6 that a very good quantitative
agreement with the experimental results is then obtained.

We must stress once again that the phase diagram
shown in Fig. 6 was calculated without recourse to any fit-
ting parameters.

As pointed out already, the inhomogeneity of a twin-
ning plane does not interfere with the determination of the
first-order transition field H,, but the abrupt change of the
moment at H = H, is no longer observed. This jump in the
moment appears because of “supercooling” in a field of the
normal phase down to the field H = H,, (which is the abso-
lute instability field for the normal state and it corresponds
toa second-order transition, see Sec. 4.2.2) and this makes it
possible to determine the field H,, for tin (see Sec. 3.2). The
experimental dependence H_ (T) for tin shown in Fig. 5 has
the slope — 30 Oe/K, which is only slightly higher than the
slope dH.,/dT = — 30 Oe/K for the bulk material. The
theoretical dependence H,, (T) for the parallel field at
T =T, should then have the slope ~ — 45 Oe/K; it lies
above the experimental curve. This may be due to indeter-
minacy of the orientation of the field relative to a twinning
plane (so that the experimental dependence lies between
H': and H! ) as s true of niobium.

It follows from the theoretical and experimental inves-
tigations that the TPS of tin may be observed only in the
temperature range — (6 — 7) <t <1, i.e,, at temperatures
T, —025 K<«<T<T, +0.04 K. The lower limit to the
temperature range of the existence of the TPS is specific to
type I superconductors and is due to the fact that cooling in
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the TPS state results in a loss of the inhomogeneity energy
which exceeds the gain in the energy of the superconducting
condensation near a twinning plane.

The narrow temperature range of the existence of the
TPS in type I superconductors makes it possible to describe
fully this phenomenon using the Ginzburg-Landau ap-
proach. In type I superconductors the conditions of validity
of the Ginzburg-Landau theory are however quite stringent:
all the parameters of the system including the magnetic field
should vary slowly over distances of the order of &,. In our
case the depth of penetration of the field is (4 &) '/>and it is
greater than A, because ¢ (x) vanishes at the boundary with
a normal metal (a similar situation occurs in the case of the
N /S interface in a type I superconductor®®). Consequently,
the condition of validity of the Ginzburg-Landau theory
needed for a complete description of the localized supercon-
ductivity of a type 1 superconductor is 7, < x'’?, which is
satisfied for the TPS of tin.

The nature of the behavior of the order parameter and
of the screening of the field as a function of the coordinates in
tin is illustrated in Fig. 13. It is interesting to note that in the
range of negative values of 7, when in weaker fields we can
expect bulk superconductivity, on approach of the field to
h, = —tit is found that the dependence @ (x) exhibits a
plateau where the order parameter rcmains practically con-
stant and equal to its value for a bulk metal at a given tem-
perature. The inhomogeneity of areal twinning plane has the
effect that the experimental values of the magnetic moment
are approximately an order of magnitude less than the theo-
retical values and there is no abrupt change in the magnetic
moment in a field H = H,. A strong nonlinearity of the de-
pendence M, (H) is related to a reduction in the localized
superconductivity region on increase in the field.

The phase diagram of the TPS for superconductors of
extreme type I (c = 0) and for type Il superconductors is
relatively simple. However, if x is finite, then the (H, T)
phase diagram of the TPS can be found only by numerical
methods. The results of such numerical calculations are pre-
sented in Fig. 12.

We recall that in the case of type I superconductors the
appearance of the TPS in a field just below the temperature
T. always takes place by a second-order phase transition
(see Sec. 4.2.2). At the tricritical temperature T*
(T, -T*)/(T. —T,)=1t* see Eq. (4.25)] there is a
change in the nature of the transition from the second to the
first order. It is clear from Fig. 12 that as » increases, the
range of the second-order transition widens and the tem-

FIG. 13. Spatial dependence of the order parameter ¢ and screening of a
magnetic field 4 parallel to a twinning plane of tin at the temperature
t = — 1 (Ref. 16). The continuous curve corresponds to an external field
/i = 1.62, the dashed curve corresponds to /# = 1.05, and the chain curve
corresponds to /i = 1.011. The coordinate x is measured in units of S(7,).
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perature T* decreases. The dependence H,(T) then be-
comes steeper and the range of existence of the TPS widens
in the direction of lower temperatures.

In a perpendicular magnetic field one would expect an
intermediate state in a type I superconductor. The problem
of the structure of the intermediate state in the TPS case
when a field is perpendicular to the plane differs from its
usual formulation for a thin superconductor plate and it has
not yet been solved finally. The critical field for a first-order
transition perpendicular to a twinning plane is of the same
order of magnitude as the parallel field. However, it is clear-
ly slightly less than the parallel field, because the structure of

. the intermediate state which then appears should have a

nonzero demagnetization factor. This is the difference
between the TPS and the conventional case of a film of a type
I superconductor where the critical field is independent of
the relative orientation of the field and the film.

We shall conclude this section by noting that a twinning
plane affects also the surface superconductivity field H ;. If
this plane is parallel to the surface of a sample, the influence
of the surface on the critical temperature of the TPS may be
important at distances between the twinning plane and the
surface amounting to L « £(7,). In this case the proximity
effect is weakened to one side of the twinning plane and for
L<&(7,) the critical temperature obeys (7, — T, )/T,
—47,. In a parallel magnetic field a superconducting nu-
cleus appears always at the surface of a homogeneous super-
conductor.”' The TPS alters the situation: in weak fields the
nucleation of the superconductivity always occurs at a twin-
ning plane, but on increase in the field the nature of localiza-
tion of the superconductivity changes and the appearance of
the surface superconductivity is preferred (the relevant field
is governed by the distance between the twinning plane and
the surface). Consequently, a kink may appear in the tem-
perature dependence of the supercooling field (in the case of
a type I superconductor). In fact, the supercooling field near
T, is the field H,, whereas at lower temperatures it is H ;.
An increase in the field H ., should occur also in the case of a
perpendicular orientation of a twinning plane relative to the
surface of a sample. A more detailed discussion of this topic
can be found in Ref. 76.

Experiments have revealed that some metals are char-
acterized by surface superconductivity fields exceeding #

= 1.69H_, (Refs. 77 and 78). The role of twinning planes,
which appear readily near the surface during processing, has
been ignored. However, a twinning plane may appear at the
surface of niobium during its rolling and it is reported in Ref.
79 that the field H_, increases as a result of rolling of nio-
bium.

5. TWINNING-PLANE SUPERCONDUCTIVITY IN THE
“ABSENCE” OF THE PROXIMITY EFFECT

5.1. Experiments

We have pointed out already that the small difference
between the temperatures T, and T, is largely determined
by the proximity effect. Bearing in mind that the observed
effective thickness of the superconducting layer is of the or-
der of &, (which amounts to a few thousands of angstroms
for tin) and that the thickness of a layer near a twinning
plane where there is a change in the electron-phonon charac-
teristics does not exceed several interatomic spacings, we
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FIG. 14. Phase diagram of 1he iwinning-plane superconduclivity of 1in in
the case of closely spaced Iwinning planes® 1), 1) isolated 1winning

plane, shown for comparison; 2), 2') separalion belween 1winning planes

3% 107 cm; 3) 3') separation 3% 107" ¢m; 4), 4') separation 10 % cm.

can see that the recorded change in the critical transition
temperature, of the order of 0.04 K for tin, is in fact extreme-
ly large, i.e., the critical temperature which would have been
observed in the absence of the proximity effect exceeds con-
siderably the critical temperature of a single crystal of the
same metal. The influence of the proximity effect cannot be
excluded completely, but it can be largely weakened by plac-
ing several twinning planes relatively close to one another or
removing the normal metal surrounding a twinning plane.

Experiments on tin samples containing several twin-
ning planes demonstrated that the dependences M (T, H)
remain qualitatively the same. As in the case of an isolated
twinning plane, the transition to the TPS state in tin is of the
first order. The dependences M, (H) measured at fixed tem-
peratures can be used to find the critical magnetic fields H _,
H, and H,.

The results of measurements of the critical magnetic
fields of tin samples with several closely spaced twinning
planes are presented in the phase diagram in Fig. 14. This
(H, T) phase diagram is plotted using the following normal-
ized coordinates: (T — T.,)/T, along the temperature axis
and H /H along the magnetic field axis. This diagram shows
the H.(T) line as well as, for the sake of comparison, the
lines of the critical magnetic fields of an isolated twinning
plane H,(T) and H,, (T) taken from the phase diagram in
Fig. 5 and denoted here by 1 and 1'. The results represented
by the lines 2 and 2" and also by 3 and 3’ were obtained in an
investigation of samples with two twinning planes oriented
parallel to one another and separated by distances of
3% 107" and 3x 10 *cm, respectively. The presence of two
twinning planes was confirmed and the distance between
them was measured with the aid of an optical microscope
after the sample was etched, which revealed its crystal struc-
ture.

The diamagnetic moment M, determined in weak fields
(weaker than H ) at thereference temperature 7, for sam-
ples with two closely spaced twinning planes was twice as
large as the diamagnetic moment for samples with one twin-
ning plane. In weak fields the proportionality of M, to the
twinning plane area made it possible to estimate, at least in
the first approximation, the total area of a twinning plane
when the number and orientation of twinning planes in a
sample could not be determined by other methods. The need
for such an estimate arises, for example, in studies of samples
in which twinning planes distributed randomly throughout a
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sample are created as a result of strong plastic deformation.

Lines 4 and 4' represent the results obtained for a sam-
ple in which the density of twinning planes estimated from
the amplitude of the diamagnetic moment M, was of the
order of 10* cm?/cm”, which corresponded to an average
distance between twinning planes of the order of 10 *cm.
Such a density of twins was obtained as a result of homoge-
neous plastic deformation of a sample of tin when its linear
dimensions changed by 2-50%. Annealing of a deformed
sample had practically no effect on the recorded depen-
dences M (T, H).

A comparison of the phase diagram in Fig. 14 (lines ]
and 1’) with the phase diagram in Fig. 5 demonstrated that
the influence of the proximity effect in a sample with several
twinning planes was indeed weakened and the range in
which the TPS was observed became considerably wider. All
the relationships between the parameters characterizing the
TPS and described by Eq. (3.2) were still obeyed, with the
exception of the third one, which should include the depen-
dence on the distance between twinning planes. The problem
of the dependence of T, on the distance between twinning
planes will be discussed in the second part of the present
section, which provides a theoretical description of twinning
planes interacting with one another. To an order of magni-
tude, we can say that the approach of twinning planes to a
distance ~¢& doubles the temperature difference 7. — T,
compared with the corresponding difference for the isolated
twinning plane.

It is worth noting that the points of intersection of the
H , and H_, lines in the phase diagram of Fig. 14 are located
systematically above the temperature axis. According to the
theory put forward above (see Sec. 4.2.3) an increase in tem-
perature should change the order of the thermodynamic nor-
mal-TPS transition from the first to the second. The point of
intersection of the lines H, and H,, may be the theoretically
predicted tricritical point. Unfortunately, the sensitivity of
the magnetometer used in Ref. 4 was insufficient to investi-
gate the properties of the TPS in this very interesting region.

The presence of twin boundaries in a density of 10*cm*/
cm” in a sample affects its electrical resistance. A reduction
in the resistance of such samples under external conditions
corresponding to the observation of M was reported in Ref.
37.

The next stage in the attempt to increase the density of
twins in a sample can be made by concentrating on an in-
crease in the number of twin boundaries in just one part of a
single crystal. It is known that surface treatment of materials
(such as grinding) induces plastic deformation in a relative-
ly thin layer near the surface. A study of the properties of
twins formed in the surface layer of tin was reported in Ref.
5.

The samples used in this study” were formed in the
course of grinding of the surface of a single crystal of tin with
a corundum powder consisting of grains of 10 gm approxi-
mate size. Etching of these samples revealed that the surface
layer had a fine-grained structure. The thickness of this fine-
grained layer was approximately 50 gm, as found by electro-
chemical etching.

Figure 15 shows the magnetic-field dependences of the
magnetic moment determined at three different tempera-
tures for such samples. The curve at the top of the figure,
recorded at a temperature which was 0.044 K higher than
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FIG. 15. Magnetic-field dependences of the magnetic moment of samples
of tin with an average distance of the order of 10 * cm between twinning

planes.” The hysteresis manifested above is due to the appearance of non-
decaying currents flowing along a macroscopic circuit.

T,,, revealed clearly a diamagnetic moment M. The tem-
peratureof the appearance of M, determined in theseexperi-
ments was higher than in all the other experiments discussed
in the present paper. However, the error in the determina-
tion of the critical temperature of the TPS was fairly large.
This was due to the absence of clear overheating-supercool-
ing phenomena. Judging by the temperature of appearance
of the diamagnetic moment M, it was concluded that the
critical temperature 7, of the TPS was at least 0.1 K higher
than the critical temperature of the bulk superconductivity
Tc(l-

Layer-by-layer electrochemical etching revealed that
most ( ~90%) of the twins created by grinding were con-
centrated in a layer of thickness 5-6 ym and the average
distance between the twins deduced from the diamagnetic
moment M, was ~ 10 ° cm.

Cooling of such samples created favorable conditions
for the flow of a nondecaying electric current throughout the
layer enriched with twins. The appearance of a nondecaying
current flowing in a circuit of macroscopic dimensions was
manifested in magnetic measurements by hysteresis loops of
the dependences M (H). All the curves (the average ones are
shown in Fig. 15) were similar to the dependence M(H)
obtained for niobium at temperatures 7, < T < T, (Fig. 7).
It was interesting that the conditions favoring the appear-
ance of macroscopic nondecaying currents were obtained
when the “‘effective’ thickness w of the superconducting lay-
er near a twinning plane exceeded the average distance
between twin boundaries.

A further cooling right down to T, increased the criti-
cal current flowing through the superconducting layer and
the magnetic moment of this current exceeded considerably
the diamagnetic moment M,. The dependences M(H) as-
sumed the form shown in the lowest graph in Fig. 15. The
high values of the magnetic moment of the current circulat-
ing along a macroscopic circuit made it possible to check
that there was no decay of this current. It was found that the
magnetic moment (and, therefore, the current) remained
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constant for ~35 h and this was accurate to within ~19%).

The experiments involving layer-by-layer electro-
chemical etching made it possible to estimate the critical
current density for the layer rich in twins. It was found that
this critical density reached j~16° A/cm?at T= T, for
H=0.

In spite of the fact that changes in the nature of the
dependences M(H) in Fig. 15 were fully analogous to the
changes in the dependences in Fig. 7, there was a consider-
able difference between these two experiments. In the case of
niobium a sample contained only one twinning plane, but
nevertheless a nondecaying current could flow along this
plane. In the case of tin a macroscopic superconducting cur-
rent flowed only when a relatively thick ( > 1 um) layer with
a high density of twins was formed. An isolated twinning
plane in tin always had a finite resistance at temperatures
T>T,,. For this reason the appearance of currents in mac-
roscopic circuits could be regarded as a topological Bere-
zinskii-Kosterlitz-Thouless phase transition only in the case
of niobium. Macroscopic nondecaying currents flowing in a
three-dimensional network of twins in tin were most prob-
ably of different origin.

Experiments on samples containing several twinning
planes confirmed that the small difference between the criti-
cal temperatures of the TPS and of the bulk superconductivi-
ty was due to the proximity effect. It was possible to reduce
the influence of this effect by forming several twinning
planes quite close to one another. There is as yet no technolo-
gy which would make it possible to prepare samples in which
twinning planes would be separated by distances of the order
of tens of angstroms. For this reason it is not possible to
determine experimentally the “true” critical temperature of
the TPS unaffected by the proximity effect. All that we can
say is that the “‘true” critical temperature of the TPS is con-
siderably greater than T,.

Another important observation made in a sufficiently
dense three-dimensional system of twins was the flow of a
nondecaying electric current with a high density over mac-
roscopic distances. The experiments on nondecaying cur-
rents in macroscopic circuits confirmed that this effect
should indeed be regarded as the TPS.

As pointed out earlier, the proximity effect can be weak-
ened also in the case of a sample with a thin (of thickness less
than &,) bicrystal layer in which a twinning plane is parallel
to the surface of the layer. A method which could be used to
produce such samples is not yet known. However, a sample
in which a twinning plane is surrounded by a small amount
of a normal metal in a region with characteristic size less
than &, is feasible. The situation occurs if a sample is in the
form of a fine-grained powder with the required particle size.
Some of the powder particles are twins directly after prep-
aration; moreover, the concentration of bicrystal twin parti-
cles can be increased by subjecting the powder to plastic
deformation at low temperatures.

Samples consisting of fine particles of pure tin prepared
by two methods were used in Ref. 5. In the first case, an
aggregate of particles of size 1.0-10 um was formed on the
surface of a single crystal of tin as a result of spark machining
of this crystal. The thickness of the layer of particles was
then several tens of microns. In the second case, samples
were pellets compacted from a powder at liquid nitrogen
temperature until the density of a pellet reached 6 g/cm?,
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FIG. 16. Temperature dependences of the magnetic moment of tin micro-
particles at H = 0and of their diamagnetic susceptibility™: 1) control run
of a magnetometer in the absence of a sample; 2) microparticles on the
surface of a single crystal: 3) powder of microparticles before compacting;
4) after compacting.

typical dimensions of the particles were the same as before.
The volume of a pellet was about 1 mm".

Determination of the magnetic moment of one of the
microparticles of tin demonstrated™ 1) a hysteresis of the
dependence M (H), which could be described conveniently
by its amplitude M(0) in zero magnetic field; 2) a relatively
high diamagnetism of the samples.

The results of a determination of the magnetic moment
M (0) and of the magnetic susceptibility y, as a function of
temperature are presented in Fig. 16. The points represent-
ing the results of measurements of the magnetic susceptibil-
ity at temperatures 3.72 K are not included in Fig. 16: they
lie well below the edge of the figure. Therefore, the depen-
dence v, (T) obtained for the investigated samples has two
steps: one of them (the larger) is located at 3.72 K and the
other (the smaller) is broader and occupies the temperature
interval from 6 to 7 K. Assuming that the magnetic suscepti-
bility of the particlesin the superconducting stateis — 1/4,
we find that a comparison of the step heights on the depen-
dence v, (T) can be used to estimate the number of particles
in which twins would appear in the process of preparation of
the samples. According to these estimates the concentration
of particles with twins was ~ 10 *. Control measurements
of the dependences of the magnetic susceptibility of tin pow-
der before the compacting procedure demonstrated the pres-
enceof just one step at 7 = 3.72 K. This result indicated that
our material was chemically pure and that the concentration
of twinned particles in the original sample did not exceed
10 °. The fact that the superconductivity of particles with
twins occurred in a fairly wide range of temperatures ( ~ 1
K), could be attributed to the scatter of the dimensions of
the particle powder by more than one order of magnitude.
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At temperatures below 3.72 K the dependences M (H)
exhibited a hysteresis with an amplitude that decreased
strongly at temperatures 6-7 K but did not disappear com-
pletely, at least up to ~12 K. This observation should be
attributed to the presence of a small (in a concentration of
107°-107°) amount of multiply twinned particles. The
presence of nondecaying electric currents was particularly
strongly manifested in the experiments on layers of particles
on the surface of a single crystal. It should be pointed out
that in such a tiny amount of a material the superconductivi-
ty of a twinning plane could not be detected from changes in
the magnetic susceptibility.

Experiments on microparticles clearly demonstrated
that the critical temperature of the transition of a twinning
plane in tin to the superconducting state in the absence of the
proximity effect is very high, at least 12 K, which is over
three times the critical transition temperature for a single
crystal. It should be pointed out that similar experiments on
microparticles were reported earlier®” *” ; it was found that
the diamagnetic component of the susceptibility of the sam-
ples of tin was observed at temperatures ~ 5-6 K. The auth-
ors of these investigations attributed the increase in the criti-
cal temperature to the influence of the surface on the
superconducting properties of microparticles and they did
not consider twinning as a possible reason for the change in
the critical temperature.

5.2. Theory

Experiments confirmed directly weakening of the prox-
imity effect and an increase in the critical temperature 7, in
the presence of a number of closely spaced twinning planes.
We shall calculate 7, for a periodic sequence of twinning
planes (this case corresponds also to a layer of thickness
equal to the period of a sequence in the middle of which a
twinning plane is located) and two closely spaced twinning
planes. The critical temperature can be found if we obtain
the solution of the linearized equation (4.5).

We shall first consider a prriodic (with a period L)
sequence of twinning planes. In this case we have to the find
the periodic solution for ¢ (x) ard clearly at ¢ (x) we havea
minimum halfway between tue twinning planes, i.e.,
¢'lLn+(L/2)] =0, where n=0, + 1, +3,... (twin-
ning planes occur at the coordinates x, = n, ). It follows
from the formulation of the problem that we need to consid-
er only section — L /2 <x <L /2 with the following bound-
ary conditions for the function¢: ¢ '( + L /2) = 0. Itisquite
obvious that this situation is identical with that of finding 7',
in a layer of thickness L containing a twinning plane (the
boundary conditions ¢ ‘( 4+ L /2) = O are satisfied at the su-
perconductor-vacuum interface*').

The general solution of the linearized equation (4.5) is

@(r)=Aexp(—t/2|z|)4 Bexp(t'*|z]). (5.1)

The boundary conditions |¢ '(0)] =¢(0) and ¢'[L/
2&£(7y)] = 0 make it possible to find separately the ratio of
the coefficients 4 /B and then the compatibility condition
determines implicitly the critical temperature:

L1
E(r) — 02

/241

In w1

(5.2)

which shows that in the two limiting cases we have
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t=1+44exp (—€(LT7) for L>»E(x,),

2E (1) (5.3
t=—— for L<E(1,).

The condition of validity of our analysis is L> &, which
ensures that the Ginzburg-Landau equations are satisfied. If
L <¢,,, we have to carry out an analysis of the integral equa-
tion for the order parameter. In the first approximation, the
critical temperature is governed by the average value of the
Cooper pairing constant (Refs. 70 and 71) which in the case
of a twinning plane in tin should increase considerably the
value of T, compared with T,.

Unfortunately, as pointed out already, there is as yet no
technology for the fabrication of samples with a periodic
sequence of twinning planes and, from the point of view of a
comparison with the experimental results, it would be of
considerable interest to analyze the situation with two close-
ly spaced twinning planes. If twinning planes are located at
x = 4 L /2, wehavetosolve Eq. (4.5) subject to the bound-
ary conditions ¢( + ) =0 and ¢ '(0) = 0. The order pa-
rameter reaches its maximum halfway between the twinning
planes. The relationship between the critical temperature
and the separation between twinning planes is then given by
the relationship

L 1
E(rg) ~

1

In 92—

(5.4)

If L<&(7,), we find that -4, i.e., the difference T,
— T, fortwo closely spaced twinning planes increases by a
factor of 4. This result corresponds to the dependence (see
Sec. 4.2.2) for the microscopic model: we then have
SA —264.

In the case of small samples with dimensions less than
&, theinfluence of a twinning plane on the superconductivity
also increases: in this case the critical temperature is deter-
mined by the volume-averaged Cooper pairing constant.®
For example, in the case of spheres with a central twinning
plane and a radius R €&, the average value is

'y 3 A

y 7\,0 + - -
If we assume that (1 — 4,)/4,<1, we readily obtain the
dependence of the critical temperature of the spheres 7., on

their size:
Ter _ S0 [ Te—Te\1/2
In 7R —125 (T ). (5.5)

We can check this dependence by experiments on
spheres separated in accordance with their size. The rise of
T.x on reduction of the sphere radius is limited to the size
quantization effects.”” An estimate shows that in the case of
tin this corresponds to R < 100 A. However, for even larger
values R ~ 200-400 A the effective constant A becomes of the
order of unity (when the weak coupling approximation no
longer applies). Therefore, we can exclude the possibility
that in the case of small tin particles with the twinning plane
we can have a situation characterized by A ~ 1, which should
correspond to an increase in T, by almost an order of magni-

tude compared with T, .

6. TWINNING IN HIGH-TEMPERATURE SUPERCONDUCTORS

Until recently the highest superconducting transition
temperatures have been of the order of ~20 K and these
have been observed for compounds of the A-15 type. It is
interesting to note that all these compounds exhibiting su-
perconductivity are also characterized by a structural trans-
formation of the martensitic type.*” This transformation
creates a highly developed twinning structure giving rise to
polysynthetic twins.?® In the case of Nb,Sn a typical dis-
tance between twinning planes*'*? is 50-100 A. It would be
of interest to consider the influence of twinning planes on
superconducting properties of compounds of this type.

The martensitic transformation occurs also in high-
temperature (7, ~95 K) superconductors of the YBa,Cu,
0, _, type. Polysynthetic twins created by the martensitic
transformation form regular lattices with the twinning plane
(110) and with the distances between twinning planes rang-
ing**™*® from 200 A to 2000 A. A structural martensitic
transformation in high-temperature superconductors oc-
curs at approximately 700 °C and the lattice symmetry then
changes from tetragonal to orthorhombic.

It is reported in Ref. 87 that a square-root temperature
dependence, of the type described by Eq. (4.21) (see Fig.
10), of the critical field parallel to a twinning plane was ob-
served for oriented YBa,Cu, O, , crystallites. This was at-
tributed in Ref. 87 to the appearance of the TPS in YBa,Cu,

o < %o
a T
ig 70
o
30_20 FIG. 17. Temperature dependence of the specific heat near the
S superconducting transition in a YBa,Cu,0, , single crystal
'g plotted on the basis of Ref. 89 (symbols). The continuous curve
2 represents the results of a theoretical calculation™ of the tem-
5] 08 perature dependence of the specific heat C(T) of a system of
S parallel twinning planes separated by a distance L /&(7,) = 12;
3 here, AC = 1/7°bT, is an abrupt change in the specific heat due
4w to the bulk superconducting transition in the absence of a twin-
N ning plane.
~
&
— g0
Vi 7;_7&0
T.K
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O, _5. The distance between the twinning planes in the crys-
tals investigated in Ref. 87 was 1270-1400 A, which was
considerably greater than the superconducting correlation
length of high-temperature superconductors, so that the in-
teraction between twinning planes could be ignored. It fol-
lows from the data of Ref. 87 and from the dependence
(4.21) (when use is made of the results of measurements of
the bulk critical field parallel to the ¢ axis in YBa,Cu,0, 4
single crystals®®: dH_, /dT=1 T/K) that T, — T, =5 K
and T, ~87 K.

The presence of twinning planes in high-temperature
superconductors of the YBa,Cu; O, _ 4 type thus increases
the critical temperature by about 5%.

Precision measurements of the specific heat of
YBa,Cu,0,_; single crystals®® demonstrated two anoma-
lies: a weak one at 93 K and a much stronger one at 89 K. The
results of Ref. 89 were in agreement with the concept of the
TPS at T. =93 K and they indicated that the bulk supercon-
ducting transition occurred at 7., ~ 89 K.

Equation (4.2) for the superconductivity parameter
was solved in Ref. 90 for a periodic sequence of twinning
planes and the temperature dependence of the specific heat
was determined for such a system. The results of the calcula-
tions carried out for a sequence of twinning planes with a
period L /£(r,) = 12 (L~1200 A) are plotted in Fig. 17
alongside the experimental data of Ref. 89. The experimen-
tally observed small peak of the specific heat near the tem-
perature T, was clearly due to fluctuation effects.

In the case of closely spaced twinning planes separated
by L < £(7,) we could expect an increase in the critical tem-
perature because of weakening of the proximity effect (see
Sec. 5). The short superconducting coherence length of
high-temperature superconductors makes this mechanism
effective for distances between twinning planes less than 100
A. The superconductivity at temperatures above 100 K may
be due to the appearance of a small-scale twinning structure
in such samples.*”

We should also mention the possibility of an exotic
twinning-plane superconductivity®' in which the phase of
the superconductivity order parameter differs by 7 on each
side of a twinning plane.

7. CONCLUSIONS

The investigations reviewed above have revealed (and
provided some information on) the new phenomenon of
twinning-plane superconductivity. This superconductivity
is clearly one of the first manifestations of the special proper-
ties of electrons and phonons in systems of this kind revealed
by current investigations.

It must be stressed that in all the experiments described
above a direct study has been made not of the properties of
quasiparticles in a twinning plane but of changes in the su-
perconducting properties of a layer of an ordinary three-
dimensional metal adjoining a twinning boundary and af--
fected by it. The presence of a twinning boundary seems to
favor the superconductivity in the surrounding layer of a
normal metal.

The situation becomes more complex because in the in-
vestigated samples (Sec. 2) the average distances between
defects on a twinning plane are considerably less than the
distances typical of the superconductivity (see, for example,
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A, and &,). The experimental data available at present are
insufficient to distinguish the influence of a twinning plane
itself and of its defects on the conditions of appearance of the
TPS. Further investigations are needed before such a dis-
tinction can be made.

The indeterminacy of the region for the enhancement of
T, near a twinning plane does not prevent a theoretical anal-
ysis of the phase diagram of the TPS. The theoretical ap-
proach developed so far makes it possible to plot the (H, T)
phase diagram without any fitting parameters and such a
diagram is in good agreement with the experimental results.

The problems of the mechanism of the superconductivi-
ty of a twinning plane, the existence of two-dimensional
quasiparticles with twinning planes, and role of the defects
of twinning planes will have to be tackled in order to gain a
fuller understanding of the TPS. Unsolved problems make it
urgent to study twinning planes.

It would therefore be very interesting to investigate, by
a great variety of modern methods, the microscopic charac-
teristics of twinning planes (quasiparticle spectra and the
structure of twinning planes) and also to develop a micre-
scopic theory of the TPS including numerical calculations of
the electron and phonon characteristics of a twinning plane.
Moreover, it would be undoubtedly of interest to study the
properties of twins with high crystallographic indices of the
twinning plane.

Finally, the presence of twins (when the density of
twins is high or the particles are small) may increase consid-
erably the critical temperature of the superconducting tran-
sition. When the technological problem of creation of syn-
thetic structures based on twins is solved, new ways of
obtaining superconductivity with extremely high critical pa-
rameters may open up. There is no doubt that, in addition to
the TPS, it will be found that there are other phenomena
which appear due to the existence of twinning planes.

The authors are grateful to M. S. Khaikin for his help in
this review, for reading the first version of the manuscript,
and for numerous valuable comments. They are also grateful
to A. A. Abrikosov, L. N. Bulaevskii, and V. S. Edel’man for
discussing these problems and for valuable suggestions.

"It should be noted that we investigated only the twins with the minimum
possible energy of a twinning plane, but it would be of interest to study
also the twinning-plane superconductivity in the case of higher crystal-
lographic indices of the twinning planes.

S1n particular, the proposed functional should describe the localized su-
perconductivity which appears when a material with a higher critical
temperature is deposited on a superconductor. It should also be noted
that a similar functional has been used earlier to describe surface mag-
netic and structural transitions.”*”*
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