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Contactless methods are proposed for the detection of superconductivity in microregions of specimens
whose structure is simulated and interpreted by a special computer program.
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The theoretical advances of the last few years have
enabled us to map out different ways of approaching the
problem of high-temperature superconductivity.tl]

There is, however, a considerable gap between theory
and practice, which can be filled only by a "quasi-infi-
nite" experiment or by some new developments in the
theory. We shall describe contactless experimental
methods that can be used in searches for high-tempera-
ture superconductivity, in which a limited number of
measurements will yield substantial statistics on the
variation in parameter values and experimental condi-
tions, thus approaching the "quasi-infinite" experiment.

The principle of the method is to record superconduc-
tivity in microregions Vo of specimens of volume V~ 1
cm3. This enables us, with the aid of a computer, to
generate a special specimen structure in which the num-
ber of variations of local parameters is of the order of
2V« V/Vo. Theoretical predictions must then be taken
into account in the selection of structures. If microsu-
perconducting regions are found, we have to establish
the conditions under which they appear. However, it
will be shown later that this is relatively a simpler prob-
lem than the direct search for superconductivity in mi-
crospecimens.

Our numerical estimates of the possibilities of the
method were based on the assumption that high-tempera-
ture superconductivity might arise at least in microre-
gions with characteristic linear dimensions of up to 10'4

cm although this limit does not restrict the sensitivity of
the method.

1. METHODS

a) This group of methods is based on the principle of
contactless detection of microsuperconducting regions.
Let us suppose that these regions can be represented by
toruses or disks with nonsuperconducting regions at the
center. If the specimen is prepared in a uniform mag-
netic field H, then, when the field is reversed, the mag-
netic flux inside the superconductor will persist (the
case where this condition is not satisfied is considered
separately) and the specimen will experience a couple
given by
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where J is the current in the superconductor, r is a
characteristic linear dimension of the region, and dl is
an element of length. A specimen held on a sufficiently
thin suspension will therefore rotate under the action of
the couple

Μ = If'r\ (2)

Let us calculate the number of rotations of the speci-
men. The period of torsional oscillations is

where / is the moment of inertia of the specimen and k is
the elastic constant of the suspension. Since M = ka,
where a is the torsional angle, we have
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This formula can be used to determine the radius of a
superconducting region corresponding to a = 1 for given
values of k and H. The choice of Η should be dictated
by the condition for superconductivity, i. e., Η must be
less than the critical field Hc corresponding to a super-
conductor of linear dimensions r at a given temperature.
Moreover, the magnetic flux τιτ^Η must not be less than
Φο = iffic/e = 2.07χ 10'7 G · cm2 (the quantum of the mag-
netic flux). When this condition requires that H>HC

(this may occur for very small r), the choice of the
computer program for calculations on the specimen will
require the specification of values of r for which Η< Hc.
Such structures will be discussed below.

The minimum value of k corresponds to the minimum
weight of the specimen if we do not take into account the
limits set by fluctuations of suspension and medium
(gas) in the measuring device. However, if we reduce
the size of the specimen, this will automatically reduce
the statistics of the measurements because the value of
Ν will be reduced for given characteristic radius r. At
the same time, if the experiment shows that there are
superconducting regions with characteristic linear di-
mensions rmla<r, transition to specimens of small
weight will enable us to reduce the thickness of the sus-
pension without reducing N. On the contrary, this will
result in an increase in N. This follows from the fol-
lowing considerations. The maximum admissible weight
Ρ of the specimen is related to the cross-section area s 0

of the suspension thread by P/so= C, where C is a con-
stant for each material of the suspension thread and the
exponent n0 in the elastic constant k = kosl° of the suspen-
sion can be approximately set equal to 2. Hence, using
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(3) and assuming that the specimen of density ρ is spher-
ical in shape with radius ra, we have

• fc1/3 ~ p2' ;

We note that, as r decreased, the couple given by (l)
and (2) can be substantially decreased because of the de-
crease in the critical field Hc. The experiment must
then be performed for H<HC with H = H(r) in (3). The
limit of the sensitivity of the method will therefore also
depend on the critical field Hc = Hc(r). Naturally, any
search for superconductivity in regions with the mini-
mum size rm l n must be carried out in specially prepared
fine-structure specimens (see below).

In nonequilibrium processes, and in certain other
cases, the superconducting current may become attenu-
ated. The attenuation in the force couple M, if estab-
lished experimentally, may then serve as a good indica-
tor of the nature of the phenomenon.

We must mention two further points in connection with
the validity of (2) and (3). They are: 1) these formulas
were obtained on the assumption that the specimen was
prepared in a field Η which was then reversed without
changing its numerical value. Equations (2) and (3)
therefore include the square of the field. However, if
the specimen has already been prepared in a field Ho

and is then placed in a uniform field H' which is also re-
versed, the couple will be proportional to Rrff provided
neither field exceeds the critical field mentioned above.
2) Since a strong magnetic field H>HC will destroy su-
perconductivity, the reduction of Η below the critical
value in the superconducting ring should be accompanied
by the capture of magnetic flux Φ = sHc by the supercon-
ducting ring, where s is the area of the nonsupercon-
ducting region surrounded by the superconductor. Hence,
it follows that the "preparation" of the specimen can also
be performed in this way.

Finally, we note that the experimental method can be
used to carry out the measurements at any temperature.

b) The above method presupposes that the attenuation
of the currents in the microvolumes is sufficiently
small, so that there is enough time for the measure-
ments to be carried out. However, the measurement
period may turn out to be quite large, especially for thin
suspensions. We shall therefore consider a measure-
ment procedure which has lower inertia. Consider a
specimen in the form of a sphere, cube, or plate and
suppose that three or more piezoelectric transducers
are attached along the coordinate axes. The specimen
is placed in a uniform alternating magnetic field Η
= Ho sinOi. Depending on the direction of Ha relative to
the plane along which the piezoelectric probes are cut,
longitudinal or acoustic sound waves will be excited by
the force f=jJHdl on the microsuperconducting region
due to the magnetic field H. If the attenuation time of
the superconducting current is comparable with 2ιτ/Ω,
there will be a phase shift between Η and the acoustic
wave, which can be measured. This can be used to es-
tablish the coordinates of the superconducting region,
and the current attenuation time for this region. If, on

the other hand, the attenuation time is much greater than
2π/Ω, then, by preparing the specimen in a constant
magnetic field, as described in Sec. 1, it is possible to
carry out the same investigations as in the case of the
sensitive suspension but, in addition, the coordinates of
the superconducting region can be determined.

If it is desired to determine the coordinates with a
high degree of precison, it is essential to use high fre-
quencies Ω so that the wavelength of the acoustic oscilla-
tions is much smaller than the linear dimensions of the
specimen. Moreover, it is possible to use modulated
high-frequency fields with periods of the order of the
time taken by the acoustic waves to traverse the speci-
men. However, the precision of the localization cannot
exceed about a quarter of the wavelength of the acoustic
wave. Therefore, for example, when Ω/2ιτ=107 Hz, the
localization limit in nonmetallic specimens, with small
sound scattering by inhomogeneities, turns out to be
about 4x 10"3 cm. For well-conducting solid metallic
specimens, high frequencies cannot be employed because
of the small skin depth. In this case, the specimen may
be in the form of layers separated by dielectrics.

2. ROLE OF MAGNETIC FIELD AND SPECIMEN
HOMOGENEITY

The homogeneity of the magnetic field and its strength
determine the sensitivity limit of the method, i. e., the
minimum size of detectable superconducting region.
This is clear from (2) and from a consideration of the
forces acting on a specimen in a nonuniform magnetic
field. It is well known that the force acting on a body
with local susceptibility χ(χ, y,z) is given by

\ y.(x. y, z, dm.

where the integral is evaluated over the volume V of the
body. Hence, it is clear that the couple acting on the
body may be due to inhomogeneity in χ, to deviations of
the shape of the specimen from a body of revolution, or
a shift of the axis of revolution from the symmetry axis
of the body. Numerical estimates of these effects can
easily be carried out and checked experimentally. Com-
parison of the moment of the force F with the couple Μ
calculated from (2) can be used to determine the admis-
sible gradient of H. Estimates show that the necessary
homogeneity of the magnetic field can be achieved in
modern electromagnets.

3. ROLE OF FERROMAGNETIC CONTAMINATION

It is easily verified that even small ferromagnetic
contamination (the radius of the ferromagnetic speck can
be of the order of the radius of the superconducting re-
gion calculated above) will mask the true behavior of the
specimen. The impurity may appear as a result of ac-
cidental contamination or during the preparation of the
specimen from the required components.

Ferromagnets are usually characterized by high Curie
temperatures and by hysteresis, and this facilitates
their identification. However, in magnetic fields ex-
ceeding the coercive force # Μ , the behavior of the spec-
imen will be very different from the situation in which it
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contains a superconducting region. As soon as the ex-
ternal magnetic field exceeds Hco, the behavior of the
specimen will be typically that of a ferromagnet, i. e.,
a rapid reversal of Η will not be accompanied by the ap-
pearance of a couple since the ferromagnet will reverse
it magnetization before it succeeds in rotating. More-
over, there is a substantial change in the period of the
torsional oscillations of the specimen, due to the ap-
pearance of additional forces that orient the magnetic
moment of the ferromagnet in the external magnetic
field, especially in a strong magnetic field.

Finally, we note that the presence of ferromagnetic
contamination (with both small and large coercive force)
can be detected by observing the ferromagnetic reso-
nance in ready-made specimens. It is well known that
the position of the resonance lines is characteristic for
ferromagnets, and this can be used to judge the presence
of impurities quite reliably. The sensitivity of modern
radiospectrometers is sufficient for the detection of mi-
croferromagnetic contamination.

We note that the search for ferromagnetic resonance
can be carried out both with the suspension apparatus2'
and by observing the rotation of the specimen in ferro-
magnetic resonance.t21 It is readily verified that, if the
sensitivity of the suspension is sufficient for the detec-
tion of ferromagnetic impurities, then, for the given
level of the high-frequency signal, it will also be suffi-
cient for the detection of ferromagnetic resonance.
Thus, we have a simple radiospectroscopic method of
separating superconducting and ferromagnetic micro-
regions. However, this method is inconvenient for
specimens whose thickness is greater than the skin layer
depth. In such cases, we must proceed as described above.

4. OTHER SIDE EFFECTS

Closed electrical currents may appear in nonuniform '
specimens in which reactions due to chemical interac-
tions between the components may take place under cer-
tain conditions, the currents being due to gradients in
concentration, and so on. Such currents will interact
with the magnetic field and will give rise to the rotation
of the specimen when the magnetic field is reversed.
However, the current will, as a rule, vanish when the
temperature and time are reduced. Moreover, the angle
of rotation of the specimen will be proportional to Η and
not Hz (as for the super conducting region), there will be
no critical value Hc of the magnetic field, and so on.

Similarly, any change in the magnetic field in an in-
homogeneous specimen may result in polarization ef-
fects on the boundary between different phases, which is
equivalent to the appearance of electromotive forces,
and, therefore, currents. However, polarization cur-
rents should rapidly decay once the magnetic field is es-
tablished, especially if the specimen is a good conductor.

5. STRUCTURE ELEMENTS AND IDENTIFICATION
OF EXPERIMENTAL RESULTS

Ideally, the data fed into the computer for a set of ma-
terials of interest to us should lead to a model of the

structure of the specimen in which any change in the pa-
rameters leads to a completely defined combination of
materials in any cell of the specimen for the maximum
possible number of cells N= V/Vo, where the cell and
specimen volumes, Vo and V, are given arbitrarily.

Once this structure has been computed, the real spec-
imen is made and placed in the magnetic field. The final
preparation of the specimen should take place during the
variation of one (or several) parameters (for example,
temperature, pressure, solubility, freezing, and so on).
Let us take the temperature as an example. Suppose
that the specimen contains materials that can be melted
down. The temperature can, therefore, be raised above
the melting point of one or several of the components,
and maintained at this value. It can then be reduced be-
low the melting point, the specimen can be transferred
to the measuring system,3) and the temperature can be
varied again (for example, it can be reduced). While
this is going on, one can check whether the specimen
contains superconducting regions. This procedure
should be repeated several times and both the heating
and the time for which the specimen is held at the higher
temperature should be varied. If the presence of super-
conductivity is detected in the specimen in any of these
cases, the computer, as it follows all the experimental
parameters, should be able to specify the conditions
necessary for the appearance of superconductivity by re-
lating it to the formation of a new phase in the specimen.

This is the situation in the ideal case. In practice,
one cannot always specify precisely all the properties
of the initial materials, or provide an accurate calcula-
tion of the structure of the real specimen. Therefore,
both the calculation and experiment will produce regions
in which neither the composition nor the parameter val-
ues will be known, and this may require additional stud-
ies of the properties of the specimen components, or
precise localization of superconducting cells, as well as
direct investigation of their composition and structure
by other methods. Nevertheless, whatever the percent-
age of regions with uncertain composition, the problem
of finding the conditions for the formation of supercon-
ducting cells can be solved in the course of a relatively
small number of experiments. For example, the follow-
ing sequence of measurements can be performed for this
purpose: 1) by varying the main parameters, for ex-
ample, temperature, the maximum effect is produced;
2) the reproducibility of the results is verified; 3) one
or several of the materials making up the specimens are
excluded, so that the particular component producing
the superconductivity can be identified; 4) a computer is
used to guide toward experiments with increasing struc-
tural elements and, finally, a multistructure specimen
that can be investigated by ordinary methods is prepared.

The total cost of facilities and man-hours expended in
this kind of investigation is several times less than the
cost of a direct search for superconductivity in macro-
scopic specimens. Moreover, each individual experi-
ment carried out in the above way will provide a greater

2)The constant magnetic field must then be parallel to the sus-
pension thread.

3)The entire process of temperature variation can also be car-
ried out in the measurement apparatus.
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amount of statistical data even when it does not lead to a
positive result. It is, therefore, necessary to store in
the computer memory all the systematic experimental
procedures, so that a data base for this problem can be
established. This data base will eventually transform
the empirical character of the search into a systematic
procedure and will, therefore, lead to a generalization.

It is interesting to note that searches for superconduc-
tivity do not always require the identification of condi-
tions for the appearance of superconductivity. This is
so because experiment enables us to determine the main
parameters of the superconducting state, such as the
critical temperature, critical magnetic field, and, un-
der known conditions, the resistivity. Thus, for exam-
ple, if it turns out that the critical temperature is too
low, this case is of purely physical and not practical in-
terest, and need not be investigated in detail any further.

Let us now consider some of the structure elements.
Structure should be determined by the specific experi-
mental problem, the possibilities of the computer, and
the specimen fabrication technology. Only a few exam-
ples of simple structure elements are therefore given
below.

For many structures, it may turn out to be desirable
to introduce "voids" in the form of filaments (for exam-
ple, filaments of quartz, nonsuperconducting metals,
and so on), the radius of which will specify the minimum
linear dimensions r of the regions surrounded by the su-
perconductor. The introduction of nonsuperconducting
voids into microsuperconducting regions is a way of us-
ing a highly reliable contactless measurement method.

Consider this type of structure element in a search
for superconductivity in doped semiconductors and metal
alloys. Suppose that the initial semiconductor (metal) is
located between two parallel plates made of two materi-
als which dope the semiconductor as the temperature is
increased. Let us suppose further that a quartz fila-
ment passes from one of the plates into the other in the
direction of diffusion. It is clear that at each end of the
thread the concentration of one of the materials is high
and the concentration of the other is low. The absolute
value of the concentration depends on temperature and
time. Therefore, if superconductivity appears for a
particular degree of doping in the given segment of the
filament (for example, after cooling), the external mag-
netic field will be frozen into the cross section of this
segment of the suspension, and can be investigated by
one of the above methods. This simplified model of the
structure element can be considerably extended by the
simultaneous introduction of a large number of dopants,
but with the two-plate system replaced by three-dimen-
sional structures with a large number of nonsupercon-
ducting threads. However, in principle, such a struc-
ture may not contain the threads which must, therefore,
be looked upon simply as a way of simplifying the cal-
culations and the methods of practical preparation of
specimens, if we are not interested in studying the su-
perconductivity on the boundary between the thread and
the ambient medium. In the last case, the thread is the
active element and can be made by special technology
from selected materials. This type of thread (or thin

capillary) may contain materials which diffuse into the
ambient medium when heated, producing doped regions
or multicomponent alloys, and so on. The thread per-
forms here two functions, namely, it forms new com-
binations of materials and, secondly, it acts as a void
inside the superconductor.

We now consider another simplified problem, namely,
a sphere of radius R placed in a liquid in close proxim-
ity to η centers of materials, Alt Az, ... , An, which be-
gin to dissolve at time t = 0. This combination of a
sphere and η material, in which the parameters of both
the soluble media and of the medium of the sphere can
be varied, can be repeated many times throughout the
specimen when R is sufficiently small. Moreover, not
all η materials are necessarily different, and R may be
different for different spheres. It may even be equal to
zero.

Such structures can be used in the case of dissolution
and mutual diffusion of metals (at the appropriate tem-
peratures), doped semiconductors, studies of processes
occurring on the boundaries of different media, liquid
and frozen solutions, solvents, and so on.

6. CONCLUSIONS

Computer simulation of special structures in which
one or more parameters (for example, temperature,
solvent concentration, evaporation, pressure, sorption,
and so on, and also nonequilibrium states) are varied,
produces the successive development of local substruc-
tures with a quasi-infinite number of combinations of
compositions, contacts, concentrations, and so on, and
this can be used to organize a broad search for materi-
als with required properties. The first among them are
the high-temperature superconductors.

Complete identification of the conditions for the ap-
pearance of microregions with superconducting proper-
ties requires a relatively small number of experiments
and repeated computer simulations. The next step is to
prepare a specimen with specified properties but, at
this stage, with much larger dimensions, so that it can
be investigated by conventional methods.

Estimates show that, even in a single experiment,
such methods can be used to investigate 10e-109 combi-
nations of multicomponent compositions.

In some ways, the method resembles the "biological
experiment" in nature, but is substantially restricted
by the relative simplicity of the problem, small volume
of the media, the use of great computer power, and the
fact that it is guided by the modern theory of supercon-
ductivity.

The development of high-temperature superconductors
is one of the central problems in thermonuclear fusion.
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