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The structure of the intermediate state of the superconducting sphere was investigated by
means of very small, movable bismuth probes. The distribution of the superconducting and
normal regions of the sphere in the intermediate state is measured. The non-equilibrium character
of the distribution obtained in our experiments isestablished. The dependence of the distribution
of the regions upon the two examined types of the transition into the intermediate stateis estab-
lished and are found the peculiar features of the distribution for every type. It is proved that
the superconducting and normal regions in the sphere cut along the equatorial plane possessa
property tfo go out onto the equatorial planes at small separations between the hemispheres as

well as at the large ones.

As it was shown by one of us () earlier,
it was possible to observe in course of the tran-
sition of the tin sphere from the normal state
into the superconducting one a peculiar split-
ting of the superconducting body into normal
and superconducting regions when the inter-
mediate state appears. The presence of such
a splitting was predicted by Landau (*°)
and was proved by us by means of measuring
the induéfion in a narrow slit between two tin
nemispheres. This slit is perpendicular to
the direction of the external magnetic field.

A bismuth band, with a resistance depend-
ing non-linearly upon the magnetic field
strength, gvdgrplaced in such a slit. We have
succeeded to show that the magnetic field in
the slit is not homogeneous. This proves the
2xistence of the regions of normal and super-
conducting phases in the intermediate state,
as it was predicted by Landau’s theory (/. ¢.).
Increasing the separation between the tin he-
mispheres, . e. increasing the width of the
slit, we have shown that the field in the “wide’’
slit becomes homogeneous again.

* Presented to the Session of the Physical Mathe-
matical Department of the Academy of Sciences of
the USSR on October 21, 1946.
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The critical width of the slit (i. e. the width
for which the bismuth band, placed in the slit,
began to show the homogeneity of the field)
appears, according to our measurements, to
be about 50 p. Using this value we were able
to calculate, according to Landau’s theory,
the value of the surface tension between the
superconducting and the normal phases for
tin, and also the total thickness of the normal
and superconducting regions. For a sphere
28 mm in diameter this thickness was about
0.5 mm, ¢. e. about ten times larger than the
critical width of the slit. It seems that such
large dimensions of the regions and also the
width of the slit, which can be realized practi-
cally (50g), offer a possibility to perform direct
measurement of the topography of the field
in the slit. Just in this direction we concentrat-
ed our efforts.

Search for the method

Basing upon the dimensions of normal
and superconducting regions calculated accord-
ing to Landau’s theory from the observed
critical width of the slit, it would be na-
tural to continue the experiment by an attempt
of a direct measurement of the magnetic fields,
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which cross the slit between the tin hemisphe-
res, with the help of a movable bismuth probe.
While on the average the induction in the slit
is B=3H—2H_, (H is the external field, H,
is the critical field),the field strength in a given
point in the slit may be equal only to zero
or H,, depending upon whether this point is
crossed by superconducting or normal regions.
In Fig.1 a possible diagram of such an alter-
nation of the fields, for external fields equal
t0 0.75 H, and 0.9 H ;, is represented (magnified
about 40 times). From this diagram it is clear
that if a sufficiently small bismuth probe is
moved in the slit, then we may expect that it
will alternately get as a whole into the super-
conducting or normal regions and measure
respectively =0 or H=H,.
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However, before the exact measurement of
the field in the slit was undertaken by this
method, we have made at the beginning some
attempts to discover the presence of such a
structure of the field in the slit in a qualitative
way. All these experiments were not success-
ful; however, in our opinion it seems to be
necessary to mention them.

a) Method of magnetization
of a steel band

The simplest experiment is the recording
of the alternating fields, of which one is always
equal to zero and the other to H,, with the
help of a thin plate of a magnetic material
(possessing a large coercive force) placed in

the slit between the tin hemispheres. The
sphere is cooled below its critical temperature
and with the help of the external homogeneous
magnetic field is transferred into the interme-
diate state. Then the field is switched off.
The field distribution which existed at that
moment, when the inhomogeneous magnetic
field influenced the plate, must be “imprint-
ed’” on the magnetic plate which was placed
in the slit. Carrying out this experiment at
temperatures 2.5—3°K we could use the magne-
tizating field about 100—150 Qe. Using
then suspensions which are used in the magne-
tic defectoscopy, we could expect to develop
the magnetic image of layers imprinted on a
steel plate. The experiments carried out with
magnetic models, made of alternating layers
of copper and iron, gave hopeful results. How-
ever, all our attempts of observing by means
of this method the superconducting and normal
layers of the sphere in the intermediate state
were unsuccessful. This is quite amazing becau-
se the introduction of the material with w=£0
into the slit between the superconducting
hemispheres could not influence the character
of the phenomenon. It is possible that the un-
successful result of this experiment is due
to the fact that in spite of the band being in-
fluenced by a transversal magnetic field, its
magnetization proceeds in the direction of
easy magnetization which coincides for the
steel band with the direction of its rolling.
This is possible due to the fact that the magne-
tic field in the slit is not quite transversal
and has the shape of “a barrel”” in the places
of the maximum gradient (Fig. 1), i. e. has
a component in the plane of the steel band.
Certainly, to discover the desirable effect
it would be more convenient to make use of
a sheet of a magnetic material with the axis
of easy magnetization perpendicular to the
direction of the rolling. However, we have
not continued our work in this way.

b)Method of magnetic powder

Having failed in the experiments with the
steel band we proceeded to a simpler possibi-
lity, namely to the detection of the layers
with the help of the magnetic powder. The
experiment was carried out in the following
way.

Before the apparatus was mounted, a thin
layer of magnetic powder was put into the slit
between the hemispheres. We always used
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a thin cast-iron powder with an average
size of the particles of 10—15 w. In order to
get a homogeneous layer of the powder we
appled a sieve which we shook with the
help of a tuning fork. Different kinds of
iron powder, prepared by several methods,
appeared to be of little use, becauge of the co-
hesion of the particles and their poor mobility.
Further operations in our experiment did not
differ from those which we performed with
the steel band. Usually the temperature was
lowered down to 3°K, and then the field equal
to */.H, was switched on. The apparatus was
subjected to mechanical vibrations by means
of a slight knocking or with the help of a tuning
fork. Then the {ield was switched off and after
heating the apparatus it was dismantled. In
some cases the transition of the sphere into
the intermediate state was realized by means
of lowering the temperature in the constant
magnetic field.

Fig. 2

Nearly in all of these experiments (over
twenty in all), performed with different sphe-
res and at different slits, we have observed a
completely clear picture of the distribution
of the magnetic powder, as it can be seen from
Fig. 2. The obtained patterns always had a
sharply expressed radial character. Such a
distribution of the powder, in spite of its regu-
larity, however, did not probably correspond
to the actual distribution of the field. It
appeared to be only “the shadow’’ of the actual
distribution. For example, the possibility
is not excluded that the observed radial pictu-
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res are due to the axial-symmetric location
of the layers. In this case the powder parti-
cles, having been orientated in the direction
of the magnetic gradient, will in their turn
orientate each other in such a way as to be
directed to the centre of the sphere. Besides
the cast-iron powder we tried to perform this
experiment with a powder of a superconductor
(lead), however, without any essential results.

Method of a movable microprobe

After we had failed in the application of
these qualitative methods we decided to try
the quantitative method of a moving bismuth
probe which, although being more complica-
ted, had to lead us to more definite resulis.

Our problem was to make bismuth probe
of sufficiently small sizes (further on we call
them microprobes) and then to work out &
construction which should permit us to move
the microprobe in the slit not exceeding 50 u.
As in the beginning we had at our disposal
only a simple coil for obtaining a homogeneous
field, the problem of moving a microprobe
in a comparatively narrow Dewar vessel
appeared to be difficult enough.

Fig. 3

In its final solution the arrangement we
had used is shown in Fig. 3.

The microprobe was a thin bismuth strip
of 0.7 mm in length, 0.4 mm in width and 5 i
in thickness, soldered or welded to cop-
per bands, which were stuck with shellae
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1o a thin mica strip (15 p thick). The ends of
the mica strip were pressed between thin cop-
per plates. Each tin hemisphere was stuck
with wax to brass rings. The guides which
helped to realize the smooth turning of the
mica strips through 90° were made along the
diameter of the ring of the upper hemisphere.
‘The tension and- turning back of the strip
was realized with the help of a spring. A thin
rod fastened to the other end of the mica strip
was led outside the Dewar vessel through its
lid. This arrangement, even in its final ver-
sion, had many drawbacks. The essential draw-
back was that even at a completely free move-
ment of the strip of mica between the hemisphe-
res, one could never be sure that for the slit
of 40 w the resistance of the microprobe would
not change noticeably during its movement.
The cause of such a resistance change was not
the mechanical gearing, but the fact that the
#lastic tensions of the strip of mica influence
in some way the microprobe. However, with
this apparatus we have been able to make
a number of experiments which directly con-
firmed the inhomogeneity of the field in the
slit and gave us the first allusion to the struc-
Aure of the ‘“layers”. The encouraging results
allowed us to undertake further improvement
of the methods.

The greatest simplification of the experi-
ment should be attained if we placed the slit of
the sphere in a vertical position and directed
the magnetic field horizontally. We realized
this by using Helmholtz’s coils to produce
ihe horizontal field. The sections of the coils
are shown in Fig. 4. The examined sphere is

i
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Fig. 4

shiown.in the same scale in the centre of the
figure. We verified the homogeneity of the
‘field in such a system with the help of a bis-
muth probe having the shape of a small spi-
xal (1.5 mm in diameter and 3 mm in length).

The resistance of the spiral was calibrated by
means of the magnetic field at the temperature
of- 4.2°K . Thig spiral could be moved from the
centre of the system along all the three coor-
dinate axes. The measurements of the field
by such a method have shown that in the re-
gion, shaded in the figure, the deviation «of
the absolute value of the field does not excecd
0.5 per cent.

The planned experiments would be much
more simplified if there were the possibility
to observe the structure of the intermediate
state in a wider slit than that which was used
to obtain preliminary results mentioned above,
£, e. in a slit wider than 50 w. According to
Landau’s theory the critical width of the slit
is d,~L'* where L is the length of the force
line of the field piercing the specimen before
the intersection with the slit (*). We hoped,
therefore, to increase the critical width of the
slit by using a sphere of a diameter greater
than 28 mm, which was used in the prelimi-
nary experiments. Besides that, we wanted
to examine a single crystal sphere, rather than
a polycrystalline one. Basing on all these
considerations we undertook the preparation
of a great single-crystal tin sphere.

7
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Fig. 6

Fig. 5

For this purpose a cylindrical dismantable
form of steatite (the section of which is shown
in Fig. 5) was made. When the form was mount-
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ed a circular glass plate 0.7 mm thick was
put between two halves of it. Thus we have
obtained two separate hemispheres, which
were afterwards filled with molten tin. This
filling in as well as the further process of tin
crystallization was performed as follows. The
form being mounted and fastened with wire
rods was soldered into a glass cylinder shown
in Fig. 6. Bits of tin “Chempure’’, from which
the sphere had to be casted, were put into the
same cylinder. Then the glass cylinder with
the form was joined in horizontal position
to a diffusion pump. The tin and the form were
heated thoroughly at the temperature of 400°C
about two hours under the pumping out to
remove the occluded gases and moisture.
After that the apparatus was unsoldered from
the pump and was set into a vertical position.
The molten tin flowed through a funnel and
filled up the form. In such a state the appara-
tus was suspended to a watch mechanism and
was placed inside a cylindrical electric oven,
the temperature of which was kept at about
300° C. With the help of the watch mechanism
the apparatus was slowly put down (with the
velocity of 15 mm per hour) thus securing a
gradual crystallization of tin in the form, start-
ing from 1its lower appendix, when it reached
the region of sufficiently low temperature.
When the crystallization was finished, the
form was dismantled and the rest of the tin,
which remained from the lower appendix
of .the form and its upper part were sawn off
and etched with nitric acid. Thus there remain-
ed two single-crystal tin hemispheres which
were easily separated from the intermediate
olass, since the glass was previously covered
by a layer of soot.

Thus we have obtained a comparatively
large single-crystal sphere 39 mm in diameter,
consisting of two separate hemispheres. Washer
made of paper of needed thickness in the form of
two segments were stuck in by shellac between
two hemispheres in order to produce a slit
in the sphere. The two halves of the spheres
were also pasted together by condenser paper
to make them more solid.

The details of the fastening of the sphere
in the apparatus are shown in Fig. 7. The
sphere is pressed between two brass rings 7
with felt linings. Theslit in the sphere is plac-
ed in a vertical position, its width in the
direction of its diametrical plane is limited
by the stuck paper segments. A mica band
2 with a bismuth probe moves in the slit. The

band is stretched down by means of the load
3 placed in the limiting tube 4 which is fasten-
ed to the under ring. The band is stretched
up with the help of the wire § which passes
through the cover of a helium Dewar vessel.

‘The construction of the band and the micr -
probes placed upon it are shown in Fig. 8. Ths:

1 i

Fig. 8

band consists of two strips of mica 20 p thick
and 10 mm in width, pasted with shellac. The
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upper strip has two circular windows 1 mm in
diameter for mounting the probes. Current
and potential leads in the form of copper bands
obtained by pressing of 50 p wire were stuck
hetween the strips. In the necessary places the-
se bands were covered beforehand with tin,

in such a way as to fix the tinned places oppo-.

site to the windows of the upper strip. The
microprobes are soldered in the windows nor-
mally to the leading copper bands, as it is
shown in Fig. 8 separately. The maximum
thickness of the mounted band of mica
is 60 .

It is natural that we intended to prepare
a blsmuth probe as small as possible. A bismuth
wire obtained by the usual method (the bismuth
to bhe pressed out through an opening in the
steel matrix by means of a hydraulic press)
has a minimum diameter of 30 p. For the pur-
pose of this work it was necessary to have a
bismuth wire or a band of a considerably small-
er section. At the beginning Taylor’s method
was used for the preparation of such a wire.
A piece of bismuth was put into a glass tube
which was heated by means of a gas burner
in the place where bismuth was situated.
Then the molten tube was quickly stretched
in opposite directions. The molten bismuth
remained in the thin glass capillary formed
in this way. The glass was dissolved in hydro-
gen fluoride. However, by this method it
was possible to obtain bismuth wires not thin-
ner than 15 ¢. As the thickness of the upper
strip of mica (which preserves the bismuth
probe from graze against the plane of the he-
misphere ab the movement of the band) is
20 ., it is clear that such a wire appeared to
be tao thick. Besides it was desirable to get
a wire not of a round but of a square section
to facilitate the process of its soldering to the
cross leading bands.

Therefore, another method of preparation
of the mlcroprobe was tested. The initial ma-
terial was the bismuth wire, diameter of 30 ,
obtained by a usual method. This wire was
pressed by means of a hydraulic press between
two hardened steel optical mirrors. Bits
2—3 mm in length were cut off from the
bismuth band, obtained by the method mention-
2d above; the width of the band was 0.5 mm,
the thickness was 5 w. Strips of a possibly
small width were cut off from these bits by
means of a safety blade. Thus we succeeded
to cut off the strips of about 10 wu thick.
Since the leading copper bands were placed

on the strip of mica in such a way thai the
clearance between them in the place of the sol-
dering of the hismuth probes was 0.25~0.3 mm,
the final sizes of this bismuth probe were
5% 10 % 300 .

Experlments with the probes made by such
a method showed, however, their unfitness for
our aims. It became clear that the probes lose
practically their property to change the resi-
stance in the magnetic field (in weak fields).
It may be due to the splits which appear in
the bismuth strip in the process of its pressing
and cutting with the blade. To destroy the
splits and make the bismuth again sensitive
to the magnetic field we placed the cut bismuth
strips into an electrical oven, with the tempe-
rature about 300° C, 7. e. more ‘than the melting
temperature of bismuth. The bismuth strips
placed in such an oven were melted in it, pre-
serving, however, their shape owing to an
oxide layer which covered the melted bismuth.
After taking out of the oven, the strips became
again solid and thus restored their wholeness,
as seen from the experiment, becoming again
sensitive to the magnetic field.

The obtained bismuth probes were soldered
then to the leads on a strip of mica. Unfortu-
nately, the probe, having secured its wholeness
after the soldering, was often broken down at
the cooling of the apparatus and the successful
experiment appeared to be casual. Therefore,
in order to double the probability of an expe-
riment to be successful we have mounted
on the strip two probes at once. The resistance
of the probe at the hquld helium temperature
was usually 0.3—0.4 Q (about 10 times smaller
than at the room temperature).

The movement of the band in first experi-
ments was realized by hands by means of a
cremaliere placed over the Dewar vessel equip-
ped with a vernier for indicating the band
positions. In order to increase the speed of the
measurements the calibration of the bismuth
probe with respect to the magnetic field was
made without compensatlon by means of po-
tentiometer, . ¢. according to the direct deflec-
tion of the galvan ometer. The first experiments
with the movable probe just showed the sharp
inhomogeneity of the magnetic field in the
slit of the sphere which is in an intermediate
state. Therefore, it appeared that the method
of the movement of the probe by hands and the
visual reading of the galvanometer deflection
was too laborious to examine the field in the
slit in details. For example, a thorough exa-
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mination of the field over the whole diameter
of the sphere required a measurement of the
field in 650 points, which took about seven
hours of continuous experiment. To accelerate
the measurement process another method was,
therefore, adopted. In this method the light
beam reflected from a short period galvanome-
ter fell upon a photographic film fixed on a
revolving drum. A pulley, winding the wire,
which pulled the band of mica in the slit of
the sphere through the lid of the Dewar vessel,
was placed on the drum axis. Such a simultane-
ous replacement of the band and therotation of
the drum with the photographic film made
it possible to obtain the whole picture of the
field distribution in the sphere slit in five
minutes. This method permitted to obtain a
cgreat number of results with the same bismuth
probe with different external fields and diffe-

rent types of transitions into the intermediate
state.

Results

a)Determination of the criti-
cal width of the slit

As has been shown by Shalnikov (),
the magnetic field in the sphere slit
is inhomogeneous, if the separation between
the hemispheres is less than some ecritical
value (the critical width of the slit). If the
separation is larger than the critical one, the
magnetic field is homogeneous. This fact was
experimentally detected while measuring the
field by means of a large bismuth probe
{ macroprobe’’) and was explained as an effect
of the disappearance of the regions of the
superconducting and normal phases upon
the hemisphere planes, due to the branching
when the separation between the hemispheres
necomes larger than the critical one. In order
to choose a width of the slit that would give
the possibility to observe clearly the structure
~{ the intermediate state we had obviously
tn determine the critical width for the given
sphere. «

For this purpose we performed some expe-
ciments similar to those described in (Y).
At first, we took a slit 0.3 mm in width. We
iounted in the slit a field probe in the form
-1 an immovable bismuth band, situated upon
“he sphere diameter. Then the curve of magne-
1> induction vs. external field was measured.
The results show that the slit 0.3 mm in width
< larger than the critical one as the field in

such a slit appears to correspond exactly to
the average induction of the sphere in the
intermediate state B=3H —2H_, i. e. that
the superconducting and normal layers evi-
dently disappear at the surface of the slit.
Then we took a slit 0.15 mm in width. The
curve, obtained in the region of the interme-
diate state, manifests the inhomogeneity of
the field in the slit, ¢. e. the slit 0.15 mm in
width is less than the critical one.

Thus it is shown that for our sphere
0.15 mm<d, < 0.30 mm. Therefore, for the
first experiments with a movable probe we
took a slit of 0.12 mm in width.

byGeneral considerations

it is convenient torepresent the normal,the
superconducting, and the intermediate states
of the sphere in the form of a phase diagram
shown in Fig. 9. In this figure the values

H
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Fig. 9

of absolute temperature are taken as abscissae
and the values of magnetic field as ordinates.
The upper curve represents the critical field
as a function of the temperature H (T'), the
lower curve, *[,H ((T). Obviously, all the points
of the plane situated to the right of the curve
H(T) correspond to the normal phase of the
metal, all the points to the left of the curve
?[H(T) correspond to the superconducting
phase (in the case of the sphere). The region
between the two curves is the region of the
intermediate state of the sphere.

If a sphere in the intermediate state is split
along the equator by a diametrical plane then,
as it is known, the portion of the section occu-
pied by the normal phase is determined, accor-
ding to the theorem of the conservation of
the flow of the magnetic induction, by the
expression

xn:B/Hc
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with B =3H — 2H, (H — the external field).
It is easy to show that in the represented diag-
ram the part of the normal phase for the given
point B of the intermediate state is expressed
by means of the ratio BC/CD. Further, the
points of the intermediate state which corres-
pond to the given value of x, lic on the iso-
lines:

H=" 2 g (T).

In the diagram several such isolines are drawn.
For each of them the part of the area occupied
by the normal state increases by 209/,

One may obviously come to the given point
B of the intermediate state of the sphere in
different ways. For example, one can at first
lower the temperature down to T ,<T, and
then increase the externalfield up to 5>/ ,H,
(the way I in Fig.9). Vice versa, one can first
increase the field and then lower the tempera-
ture (the way 2). There may be also many
other ways (e. g. 3 and 4). A priori we have
no reasons to suppose to get in the point B
the identical configuration of the regions of
the normal and superconducting phases for
all the four ways given in the figure. Therefore,
the examination of the dependence of the re-
gions distribution in the given point B upon
the ways of the transition is an obvious expe-
rimental task for the investigation of the inter-
inediate state. Further, there are no reasons
to suppose that even at the same way of the
transition, for example, at the way I we have
to get the identical distribution of the regions
for all points of the intermediate state, which
are on the same curve, ¢. e. for all the points
with identical z,. As aresult of the above con-
siderations it is obvious that the problem of
observing the successive change of the confi-
guration and the increase of normal and super-
conducting phase regions with the variation
of the value of z, ranging from O to 1 may
become dependent upon the way along which
the variation runs. The field distribution in
the slit for a certain set of points, lying on the
CD segment (the way I), may appear to be
different than for the set of points lying on
the segment CE (the way 2) even in the case
when the points of both sets lie on the same
curve of equal values of z,.

All these considerations were taken as a base
for our first experiments upon the examina-
tion of the structure of the intermediate state
in the sphere.

c) Phenomena at 042 mm slit

The axis of abscissae of all the further cur-
ves represents the diameter of the sphere and
the ordinates are the galvanometer deflections.
The calibrating curve of the field probe, allow-
ing to determine the field values, was measured
before each experiment.

All the results were obtained by means of
the same bismuth probe, which moved along
the diameter of the sphere.
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Fig. 10. 8lit 0.12 mm, 7 = 3°K.
Field distribution at different external ficlds

In Fig. 10 a number of curves of the field
distribution in the slit (slit width 0.12 mm)
for the case of the transition of the type 1,
. e. beginning from the point F in Fig. 9
(superconducting phase) and ending in
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the point A/ (normal phase) are plotted. The
curves were measured at the temperature
3° K. The curve A corresponds to the supercon-
ducting sphere. The absence of noticeable
oscillations of the curve at the movement of
the probe inside the sphere, where H =0,
indicates the accuracy of the experiment. The
same is confirmed by the good coincidence
of the field value at the sphere edges, i. e.
on its equator, with the wvalue calculated
according to the formula Hoq="/,Hxt.

Curve B is measured in the point where the
part of the normal phase z,=0.07. We see
that in this case the sphere consists almost
only of the superconducting phase, in which
separate “islands’ of the normal phase are
included. One of these islands was met by a
probe moved along the sphere diameter and
1s represented, therefore, on the curve in the
form of a region with ==0. On the edges of
the sphere, as expected, the value of the field
equal to H, was measured. At the further
increase of x, (curves C, D, etc.) we see a gra-
dual growth and appearance of new regions
with /=0 and also the corresponding decrease
of the superconducting regions until the probe
stops “to resolve’” them at all (curve I).

Quite different pictures of the intermediate
state than shown in Fig. 10 we got in the case
of the transition of type 2, . e. along the curve
EC of Fig. 9. A set of curves for this transition
measured at the field 72 Oe is shown in Fig. 11.
Here we see that the curves have not such a
strange shape as for the transition of type I.
Numerous sharp peakshave almost disappear-
2d. The distribution of the regions for all the
curves reminds very much “the layers’ predict-
ed by the theory. In the first curves A and B
we see wide layers of normal phase, separated
by very narrow superconducting layers. In
the further curves the superconducting layers
increase both in number and size. The last
curve of this set corresponds to the point

{ in Fig. 9, i. e. to the superconducting
sphere. We see, however, that the movable
probe, in this case too, has met a region with
2 non-vanishing field (the peak to the left).
It corresponds to some residual magnetic mo-
ment of the sphere.

In the course of examination of all the given
curves of both sets there arises an impression
of an insufficient “resolving power’” of our
probe, in spite of its smallness. For example,
the gradual narrowing of the superconducting
layers, which is observed on the curves of the

N

2 Jourmnal of Physics, Vol. XI, No. 1

first set, reduces at last to the fact that on the
place of a superconducting layer there remains
on the curve only a narrow gulf of the field
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Fig. 11. Slit 0.12 mm, H = 72 Oe.

Field distribution in slit at different temperatures

which does not reach the abscissae axis. li
looks as if the layer became narrower than the
probe (i. e. narrower than 10 p),so the probe
now is not entirely in the region of zero field.
On the other hand, if we suppose that, besides
the layers, we have separate superconduct-
ing threads too, which pierce through the
sphere [accordmg to Landau ()], then
the phenomenon of the unresolution appears
to point out that such a thread became thinner
han the length of the probe (i. e. 0.3 mm).
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These conclusions, however, need an essen-
tial correction. There is no doubt that the
magnetic force lines in the normal regions
entering the space between the two hemisphe-
res do not remain normal to the diametrical
plane, but curve themselves, forming a “bar-
rel”. Thus the movable probe, measuring the
field, does not show the real width of the layers
(or the diameter of the threads) but some “ef-
fective’” width. In particular, it stops to resolve
the superconducting layer much earlier than
it narrows up to 10 . Probably the same
“barrel’’ effect explains why we have not
observed within the sphere (except the states
close to the normal phase—the beginning of
the second set) the fields equal to H, as
it has to be in the regions of the normal
phase. Instead of that the field less than
H, is almost always measured in the normal
regions, which corresponds to the decrease
of the field caused by the spreading of the force
lines that had gone out of the hemisphere plane.

As to the numerous peaks peculiar to the
curves of the first set, it is supposed that the
normal regions in transitions of type I are
pierced through by very thin superconducting
meclusions in the form of thin threads.

The ““barrel’ effect makes such superconduc-
ting threads or layers to be thinner for the field
probe and the resolving power of the probe
becomes insufficient. The probe, having got
into the region of such a structure, is not enti-
rely in the homogeneous field and, therefore,
ceases to measure the real field. The galvano-
meter deflections in this case do not corres-
pond to the calibration curve and we can
make only qualitative conclusions from this
picture.

It is clear that all the above assumptions
need a special examination to prove them.

The comparison of the two given sets of
the curves proves that the configuration of the
regions of the normal and superconducting
phases in the given point of the intermediate
state essentially depends on the method of
transition to this point. We many times rea-
lized in our experiments the transitions of
both types (I and 2) and each time got the
distribution of the regions, peculiar to the
transition of the given type.

It became clear, however, that the confi-
guration of the regions in the given point
of the intermediate state and for the given
method of transition is not repeated exactly
from one experiment to another, . e. it does

not depend only upon the method of the tran-
sition but upon other causes too. For example,
when the set of curves shown in Fig. 10 (the
transition of type 7) was measured, the magne-
tic field in the coil was changed by means of
a rheostat with a sliding contact connected
in the coil circuit. In another experiment for
the transition of the same type the resistance
of the rheostat (and, therefore, the magnetic
field) has not been changed gradually, but by
jumps which was performed with the aid of
a special switch. It appeared that the patterns
of the distribution of the field in the sphere,
having, however, the same character as the
patterns in Fig. 10, still differ very much
in details. In other words, it was shown that
the configuration of the regions does not depend
only on the type of the transition but on the
method (or time) of switching on of the magne-
tic field too. Without presenting the whole
set of the obtained curves, it is quite suffi-
cient to illustrate the mentloned above only
by one curve A shown in Fig. 12 which has
to be compared with the curve E Fig. 10
measured in the same point (T =3°K, H=
=176 Oe).

A
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Fig. 12. Slit 0.12 mm, 7 = 3°K, H=76 Oe.

Field distribution in slit measured in different experiments
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Finally, in order to get the more or less
same distribution, we made special experi-
ments in which we have intended to maintain,
at least in the first approximation, the iden-
tical conditions for the transition to this
point by measuring the curves in the same
points of the intermediate state. In all cases
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we have obtained different patterns, although
similar in character and peculiar to the tran-
sition of the definite type. This is seen from
Fig. 12 ,where are given three curves, measur-
ed under the same conditions, but on diffe-
rent days.

If the distribution of the regions in the sphere
is once established it remains quite stable,
provided that the field and temperature are
kept constant. In order to check this we some-
times measured the same distribution twice.
We always got curves which completely
coincided with each other. The smallest de-
tails of the curves, sometimes very strange,
as isseen from the given curves,werereproduc-
ed completely. This proved the stationarity
of the phenomenon within the time limit of
the experiment (in one of the experiments the
second curve was measured in an hour after
the first one) and at the same time it was a
good control for the whole experiment, as
it indicates its sufficient accuracy.

d) Phenomena in wide slits

After having obtained the results for a
slit 0.12 mm <{d, in width we undertook
a measurement of the field by means of
a movable microprobe in a slit, which was
wider than the critical one. From many expe-
riments with the macroprobes, situated in the
slit with the width d>d,, it followed that
the field in such a slit had to be homogeneous
and equal to the induction in the sphere being
in the intermediate state. Therefore, it may
be thought that the experiment with the
microprobe in such a slit would be neces-
sary only to control all the work and could
not offer any additional interest. The experi-
ment showed, however, that this was not the
case.

In the previous experiments with the magne-
tic powder we performed some measurements
with a polycrystalline sphere 28 mm in dia-
meter and the slit width 0.2 mm. It appeared,
in spite of our expectations, that the grains
of powder formed in this wide slit the same
radial picture as in the slit narrower than
the critical one. However, a control experiment
with the probe, situated along the sphere dia-
meter, showed the usual curve of the induction
in the intermediate state B=3H — 2H,.

To make the contradiction clear we have
mounted in the slit, except a long macro-
probe, two immovable little probes (1.5 mm in

WAl

length) situated close to the sphere edge and in
its centre. The curves B(H), measured by means
of the three probes and given in Fig. 13, still
more emphasize the contradiction of the re-
sults of the macro- and micromethods of the
field examination in a wide slit.

i
150 ——
T=3% /
120 \— x edge £
o center

W= o digmeter 4
& *?'

2 /1

0 0 60 & 1200e

ex?
Fig. 13

The cause of the contradiction did not beco-
me clearer when we made rough preliminary
examinations of the field in a wide slit by
means of a small movable probe (with a ver-
tical position of the slit). These experiments
showed the inhomogeneity of the field in
a wide slit (for brevity the obtained curves
are not reproduced here), while the large probe,
situated along the sphere diameter, showed
as before a homogeneous field.

The results of all these experiments with
the wide slits which were performed with two
spheres — a polycrystalline, 28 mm in diameter
(P 28) and a single-crystal one, 20 mm in dia-
meter (M 20) — are summarized in Table 1,
where the data concerning the homogeneity
of the field in a wide slit, obtained by diffe-
rent methods of the examination are given.
It follows unambiguously from this table
that the macromethod of the field examination
always showed the field homogeneity in a wide
slit, while all the micromethods (2, 3 and 4)
always showed the contrary.

In connection with these contradictory re-
sults it becomes clear why the thorough exa-
mination of the field in a wide slit of a single-
crystal sphere 39 mm in diameter offers a more
considerable interest than a simple control
experiment.
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Table 1
Method of the field examination
Date of :
Nos. experiment Sphere Macroprobe Magnetic powder inn;g?g;?;);: mnfcor\éi};g%e
1 10.111.45 P 28 —_ Inhomogenecus — —_
2 23.111.45 P 28 — » — —
3 30.111.45 P 28 —_ » _— —_
4 6.1V .45 P 28 — » —_ —
5 13.1V .45 P28 ¢ —_— » J— _—
6 24 .1V .45 P 28 Homogeneous » Inhomogeneous —_
7 27.1V .45 P 28 » — » —
8 29.1V .45 P 28 — —_ > —
9 11. V.45 M 20 Homogeneous —_ » —
10 28. V.45 M 20 — Inhomogeneous — —
14 8.VI1.45 M 20 — » — —
12 21.VI1.45 P 28 — — — Inhomogencous
13 23.VI.45 P 28 —_ _ —_ »
14 3.VIIL.L5 M 20 — —_ — »
15 6.VIIL.45 M 20 — — — »
16 13. VIIL.45 M 20 — — — »
17 20.VIIL.45 M 20 Homogeneous — — —

We have begun with a 0.3 mm slit in which,
as it was mentioned above, the homogeneity
of the field has already been detected by
means of the macroprobe, situated along the
sphere diameter. The movable probe was
the same as in the experiments with the slit
0.12 mm. With the help of this microprobe
we have obtained a set of curves for the tran-
sitions of types 7 and 2. The second of these
sets is plotted in Fig. 14.

‘f A T=316°K 5=57& ,

i Tl
U b 2B B=5 ,
F T=28% \ﬂ'ﬁ
o .

Fig. 14. Slit 0.3 mm, H = 71 Oe.

Field distribution in sl!it at different temperatures

We see that the movable microprobe really
does not detect the homogeneous field in the
slit, wider than the critical one. This proves
that the superconducting and normal regions
are not closed near the surface of the wide
slit as it was supposed earlier and proved expe-
rimentally by means of a macroprobe.

The set, represented in Fig. 14, is very much
alike, according to its character, to the simi-
lar set, measured at the slit 0.12 mm (Fig. 11).
The difference between the two sets is mostly
in the amplitude value which has become con-
siderably smaller in the curves of a wide slit.
Therefore, there appears an impression that
in the slit 0.3 mm we examine the same picture
as in the slit 0.12 mm, but with a probe of
a lower resolving power. It is particularly
clear from the curve near to the normal state,
shown in Fig. 15 (measured separately at an-

N

Fig. 15. Slit 0.3 mm, 7 = 3.05°K, H = 89 Oe,
B = 84 gauss.

Transition of type 2
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other field), on which the normal layers are
observed, but the superconducting ones are
not resolved or from the last curves Fig. 14,
where all the superconductmg layers are clearly
seen but the normal ones are not resolved.

The curves for the transition of type I at
the slit 0.3 mm also appeared to be very much
alike the similar curves for the slit 0.12 mm.
We shall not reproduce the whole set but only
one of the obtained curves shown in Fig. 16.
It is very much like the curve C Fig. 10,
differing from this one only by a smaller ampli—
tude.

M\/«,WW“\ : -1 . I‘A\\ i
— w )
Fig. 16. Slit 0.3 mm, 7' = 3°K, H =72 Oe.

Transition of type 1

It seems to us that the lowering of the “re-
solving power’’ of the probe may be explained
by the effect of “the barrel’’, mentioned above.
The bending of the force lines has obviously
to be increased with the increase of the sepa-
ration between the hemispheres, if the layers
come out to the surface. All the picture has
to be smeared and become less pronounced.
Just this is observed in the curves of Fig. 14.

At the further increase of the separation
between the hemispheres the increase of

the effect, . e. the decrease of the am-
plitude, may be expected. Actually, the
further experiments performed with the slit
1 mm confirmed this assumption. This
slit was made in such a way that the band
with the probe moved in it along the plane
of one of the hemispheres with a clearance
of 0.2 mm. In such way the field on the distance
< 0.1 mm from-the plane of the hemisphere
was measured. The obtained results are repro-
duced in Fig. 17. We see that even at the slit
1 mm the layers come out to the surface and
may be easily observed. The amplitude, as
was expected, decreased owing to a still larger
spreading of the force lines.

It seems tous that the effect of the “barrel”’
may explain the above mentioned contradiction
in the behaviour of the macro- and microprobes.
Along with the curves 4, B, C in Fig. 14
(slit 0.3 mm) the values of the induction are
plotted which have to be in the sphere accord-
ing to the formula B=3H — 2H, (and which
were observed in the experlments with the
macroprobes). We see that the plotted straight
lines coincide approximately with the middle
lines of the obtained curves. This coincidence
becomes much more striking for the curves,
relating to the 1 mm slit, as it is seen from
Fig. 17. It means that because of the spreading
of the force lines, running out of the body, the
microprobe also measures on the average the
homogeneous field B, but not the alternation
of the fields, equal "0 and H, respectively,
as it ought to be directly on the plane of the
hemisphere itself, and as it has been observed
sometimes in the slit 0.12 mm. Therefore, it
becomes obvious that some deviation from the

average, detected by the microprobe, are
unnoticeable for the large bismuth band,

E! g placed along the whole diameter of the
\\*, . ; pr_mfwf sphere and measuring, therefore, the
o A AP AT A A rowxssze  tield B=3H —2H,. These dev1at10ns
WWV:‘;Z\V MRSV [2s%5-w¢  influence the macroprobe only when
‘%&%mWMM ! ,{ 7?,‘;_';:2 the amplitude of the field curve beco-
A AMAALPSASAA AN FA A AMAPN A =2y s mes more considerable, 7. e. at a more
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Fig. 17. Slit 1 mm, H=88 Oe.

Fleld7distribution in slit close to the plane of the hemi-
sphere at different temperatures

narrow slit where the effect of “the
barrel’” is less. In this case the inhomo-
geneity of the field is already noted by
the macroprobe which, therefore, measu-
res some curve rather than the straight
line B=3H —2H,.

Toconfirm the above considerations we
have made an experiment with a 1 mm slit,
where the field was measured not close to the
plane of one of the hemispheres, but at an
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equal distance between two hemispheres,
. e. in the middle of the slit. The effect of
“the barrel’’, if it exists at all, has obviously
increased when going away from the planes,
¢. e. the layers distribution must in this case
become more smeared. As the curves reproduc-
ed in Fig. 18 show, this phenomenon really

A T B=mi /
e
! 8 T=23K B-556 )

v
f

£ Te283% 6236 //
/
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Fig. 18. Slit 1 mm, H = 87 Oe.

Field distribution in slit at equal distance from the
hemispheres at different temperatures

takes place. One cannot observe the layer at
all, but the coincidence of the average lines
of the curves with the value of the induction
is everywhere extremely good. If we take into
account that in all experiments with macropro-
bes they were mounted approximately in the
middle of the slit (owing to the insulating
lining and the leads) then it becomes obvious
why the homogeneous field was always obser-
ved in a wide slit when measuring by means
of the macroprobes.

It was pointed out in (*) that by means of a
macroprobe in some slits there was observed
a “transition’’ phenomenon. Namely the curve
B(H) was a curved line, peculiar for narrow
slits only for the first half of the interval of
the intermediate state, passing on in the second
half into a straight line, peculiar for a wide
slit. Owing to the considerations cencerning
the “barrel effect’’ such a transition phenome-
non is quite explicable. The inhomogeneity
of the field in the slit is always larger for the
section of the intermediate state, which is
near to the superconducting phase, than for
that section, which is near to the normal phase,
because of the larger width of the superconduct-
ing regions in the first interval. This is clear
from the character of the field distribution
in the slit discussed above. Therefore, the ef-
fect of “the barrel” in an insufficiently wide
slit does not change so much the real field
distribution at the beginning of the interme-
diate state as at its end, and the macroprobe,
detecting the field deviation from the homo-

geneous one, gives in the first section a curved
line, which becomes a straight one when the
accuracy of the measurements by means of
the macroprobe is insufficient to detect the
inhomogeneity of the field.

Besides the field examination in the sphere
at the slits 0.3 mm and 1 mm, we have still
performed experiments with the slit 2.3 mm.
The field in such a slit was measured at the
distance < 0.1 mm from the plane surface
of one of the hemispheres. The distributions
similar to the obtained ones for the slit 1 mm
(Fig. 17) were observed. In other words, in
this case one could also observe the regions
of superconducting and normal phases, which
go out on the surface. The further decrease
of the curve amplitude in comparison with
the slit 1 mm was not observed in this expe-
riment.

Thus it is established, that the supposition of
the disappearance of the superconducting and
normal phases on the planes of the hemispheres
at the separation between the hemispheres lar-
ger than some critical value is wrong. Once
formed regions come out into the planes of
the hemispheres in a rather marked way and
the problem of their observation may be solved
quite positively by a sufficiently accurate
experiment.

Coneclusions

1. The splitting of the sphere in the inter-
mediate state into superconducting and nor-
mal layers as predictedby L andau’s theo-
ry (**) and proved experimentally by Sh a 1-
nikov (}) has been confirmed by direct
measurements. It became clear that the regions
distribution in the given point of the interme-
diate state is not reproduced exactly from expe-
riment to experiment, as it depends even for
the same thermodynamic type of the transi-
tion into the intermediate state upon some
additional causes (upon the previous states,
upon the method and rate of the switching
on of the field, on the rate of the tempera-
ture variation, etc.). In other words, it became
clear that the observed splitting into layers
does not possess the properties of the equilib-
rium state required by Landau’s theory.There-
fore, the quantitative check of the theory
(for example, the calculation of the layer
width, the calculation of the surface tension
between the superconducting and normal
rhases, etc.), cannot be made so long as
a method will not be found to realize the
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equilibrium transition into the intermediate
state.

2. Tt is observed that there exists a pecu-
liar difference in the distributions of regions
for two examined cases of the transition into
the intermediate state. It became clear that
the regions distribution which more closely
corresponds to the “layers’” predicted by the
theory is obtained at the transition realized
by the lowering down of the temperature at
the constant external field. Much less regular
distribution patterns, accompanied by the
presence of a fine structure not resolved by the
vrobe, are obtained at the transition realized
by the increase of the external field at a con-
stant temperature. All patterns of the regions
distribution were examined at the movement
of the probe along the sphere diameter, . e.
in the one-dimensional case. Therefore, the
total conclusion concerning the distribution
of regions within the equatorial surface of the
sphere cannot be made until the two-dimensio-
nal distributions are obtained. We intend to
do it in {uture.

3. It is proved that the superconducting
and normal regions, arising into the sphere
-ut along the equator, come out into the plane
surfaces of the hemisphere even at a large
separation between the hemispheres, and not
anly at a separation smaller than the critical
one as it was assumed earlier. There are two

logical alternatives concerning this phenome-
non. At first, it may be a general case, i. e.
the coming out of the superconducting and
normal regions onto the surface without for-
mation of a macroscopically homogeneous
“mixed’’ state is a general property of supercon-
ductors of an arbitrary shape. If it is so, the
superconducting and normal regions may
be observed, for example, upon the sphere
surface by means of sufficiently small field mic-
roprobes. Secondly, it may be a phenomenon
due to the presence of a slit in the sphere,
i. e. because of some breaking of the sphere
integrity. In other words, it may appear that
the presence of a comparatively wide slit in
the sphere is just the cause of those fanciful
unequilibrinm  distributions that we have
observed. If the latter is true, then the assump-
tion concerning the critical width of the slit
(which seemed to be disproved by the above
mentioned experiments) can preserve its mean-
ing at such narrow slits that their dimensions
possibly cannot be realized by experiments.
We hope to perform experiments in order to
make a choice between these two logically pos-
sible alternatives.

In conclusion we express our deep gratitude
to Prof. P. Kapitza for his interest in this
work, to Prof. L. Landau for valuable discus-
sions and to J. Sharvin for a number of sugge-
stions and advice.
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