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The temperature dependence of the magnetic moment component perpendicular to the surface 
of a superconducting layer, M1, is investigated in tin films of (3 x 3) x 10- 6 and (5 x 5) x 10- 6 

em area and 10- 5-10- 6 em thickness. It is shown that the value of the moment M1 is deter
mined not only by the thickness of the film, but also by its area. Satisfactory agreement is 
found between the experimental results and the theoretical formula of Zharkov. [2] 

IN a work published previously, [1] the results 
were given of measurements of the magnetic mo
ment component, M1, perpendicular to the sur
face of the superconducting layer (the transverse 
component), in films in the form of circular discs 
of diameter from 0.6 to 0.06 em. Here, even in 
the thinnest of the films studied, the thickness of 
which was less than the penetration depth o (usu
ally taken to be of the order of 10-5 em for tin), 
the magnetic moment M1 in weak fields (H <Her> 
was shown to be the same as for thick layers, and 
not to depend on either the temperature or the film 
thickness. Only in two cases was it possible to ob
serve a temperature dependence of the initial slope 
of the curves M1 (H), viz., in a film of thickness 
2 x 10-6 em with dimensions 0.06 x 0.06 em and on 
granular films. 

This result, which was previously unexpected, 
can be understood in terms of the work of Zhar
kov. [2] It was shown by Zharkov that if the film 
is approximated by an oblate ellipsoid of revolu
tion, then its moment M 1 depends on a certain 
parameter 

X= ndD!l6o". (1) 

Here D is the diameter of the film disc; d is the 
thickness of the disc; o is the penetration depth of 
the magnetic field in the superconducting film, 
which, near the critical temperature of the super
conducting transition T cr• is expressed by the 
well-known formula (see, for example, [3]) 

o=~ooV'fcr/L'lT (2) 

(we take o0 to be equal to 8.5 x 10-6 cm;C1] ~T 
= Tcr- T ). At sufficiently small values of the 
parameter x, one should expect a dependence of 
M1 on the temperature and on the thickness of 
the film, while for large values of x there is no 
such dependence. 

We report here results of an investigation of 
the temperature dependence of the transverse 
component of the magnetic moment M1 of super
conducting films of different thicknesses. 

EXPERIMENTAL METHODS AND SPECIMENS 

For the determination of M 1 , we measured 
the torque K acting on a film placed at a small 
angle cp (lo-3-10-4 rad) to the magnetic field. 
The value of M 1 is determined by the formula* 

M1_ = K/H cos cp. (3) 

The measurements were carried out on the mag
netic torque balance described previously, with 
inductive electrodynamic self-balancingC4J and 
with a sensitivity of "' 10-5 dyne-em. 

In order that the films satisfy the condition 
x = 3 for ~T = T0r-T ~ 1°K, the value of the 
product Dd should be of the order of 10-9 em - 2• 

The thickness of the layer in these measurements 
could not be less than 1 x 10-6 em, since granular
ity may occur at lower thicknesses and distort the 
temperature dependence of the initial slope of the 
curves M1(H) (see, for example, Fig. 10 in [1J). 
Therefore, it was required that the linear dimen
sion of the film L be of the order of 10-3 em. 

Inasmuch· as the moment M 1 is proportional 
to D3, the value of M 1 falls off sharply with de
crease of the diameter of the film disc. In order 
to guarantee a value of the moment sufficient for 
the measurements, it was required to condense 
about 105 discs of diameter 10-3 em on a single 
substrate. It was not possible for us to obtain a 
film in the form of circles of this diameter, but 

*In [t] there is an error in the writing of this formula. How
ever, it does not affect the treatment of the results used in the 
research, since the quantity M.1 is expressed everywhere in 
relative units. 
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we were able to prepare squares with side L 
equal to 5 x 10-3 and 3 x 10-3 em.* In order to 
compare the results obtained on these films with 
the formula (4) of Zharkov, [2] a certain effective 
diameter was assigned to the film, Deff· Com
parison of the magnetic moments M1 of bulky 
superconducting layers in the form of squares 
with the M1 of circular layers has shown that 
Deff = 2 .J S/rr , where S is the area of the layer. 
Thus the effective diameters for film squares 
with sides 3 x 10- 3 em and 5 x 10- 3 are 3.4 x 10- 3 

and 5.6 x 10- 3 em, respectively. 
The films were obtained by condensation of 

tin vapor in a vacuum no worse than 2 x 10- 6 mm 
Hg on quartz plates of optical flatness, cooled by 
liquid nitrogen. The substrate was covered by a 
square grid of the given dimensions. A standard 
electrolytic screen used in electron microscopy 
for specimen preparation was used for this pur
pose. The linear dimension of the cells in these 
screens amounted to 5 x 10- 3 em. We succeeded 
in decreasing the dimension of the cell to 3 x 10- 3 

em by rolling the screen on special rollers which 
had optically smooth surfaces. Microphotographs 
of parts of the films studied are shown in Fig. 1. 

FIG. '1. Microphotographs of parts of the films investi
gated: a-film with side of the square L = 5 x 10"3; b-film 
with L = 3 x 10"3 em. 

twe shall call these "films of small dimension," keeping it 
in mind that the layers usuaily employed for measurements of 
the magnetic moment of a layer have a dimension on the order 
of a centimeter. 

It is seen in the figure that the scatter of the di
mensions of the cells in each such grid is small; 
therefore, we can assume that the magnetic prop
erties of the films are equivalent to the magnetic 
properties of the individual squares. 

The thickness of the layers was measured by 
a Linnik microinterferometer (MII-4). In the case 
of thin films (~ 10-6 em), when the error in the 
measurement of the thickness exceeds twenty per
cent, the thickness of the layer was determined 
from the weight of the vaporized tin and the geo
metric parameters of the evaporator. A correc
tion was used, obtained by measuring the thick
ness of a sufficiently thick film and comparing it 
with the computed quantity. 

Figure 2 is a photograph of the interference 
picture in one of the squares of film, 1.4 x 10-5 

em thick. By analysis of the interference bands 
one can determine not only the thickness of the 
film but also the profile of its cross section. As 
is seen from Fig. 2, the film, condensed through 
a grid of (3-5) x 10-3 em mesh, is a plane layer 
with sharply terminated edges. However, it 
should be noted that such a profile of the cross 
section of the film squares is obtained only in 
the case in which the substrate and the grid are 
annealed for 2-3 hours in vacuum at a tempera
ture of 300-350°C. If the annealing is not car
ried out, then, inasmuch as the grid does not ad
here closely to the surface of the substrate, the 
squares usually have diffuse contours and may 
even over lap one another. 

The position at which the film is parallel to the 
field was determined as previously [i] from the 
dependence of the torque on the angle. The meas
urement of this dependenc·e is carried out in the 
following manner: The film is set at some angle 
to the field and the field is turned off. Next, the 
field is applied and the value of the torque is re
corded. Then the field is turned off, the specimen 
is heated to T > Tcr and the superconducting state 

FIG. 2. Interference picture on the surface of the film. 
Thickness of the film d = 1.4 x 10"5 em, L = 5 x 10"3 em. 
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is restored in the absence of the field. After this, 
the procedure is repeated for another value of cp. 
The dependence of the torque on the angle thus 
obtained is represented in Fig. 3. The linear 
character of this dependence in the region of 
small angles makes it possible to obtain the 
angle cp = 0 with an accuracy of ~ 10-5 rad. 

When cp > cp * the plot is no longer linear and 
the values of K are not reproducible in repeated 
measurements (shaded part). From the curve 
shown in Fig. 3, it is possible to conclude that 
when cp < cp * there are no domains of normal 
phase in the film. When cp > cp * they do appear, 
so that the scatter in the torque values is quite 
natural. 

FIG. 3. Dependence of the torque K on the angle cp 
(d = 2.7 X w-· em·, L = 3 X 10-3 em, Tcr = 3.95°K, H = 167 Oe, 
T = 3.42°K). 

The angle in the measurements was always 
chosen much smaller than cp * and usually 
amounted to ~ 10-4 rad. The magnetic field of 
the earth was compensated with an accuracy to 
within ~ 0.01 Oe. The temperature was deter
mined by the helium vapor pressure. 

RESULTS OF MEASUREMENTS 

The magnetization curves M 1 (H) for tin films 
of 1.4 x 10-5 em thickness and 5 x 10-3 em dimen
sion, taken at different temperatures, are plotted 
in Fig. 4. As can be verified from this drawing, 
the dependence M 1 (H) differs from the analogous 
dependence for films with dimensions on the order 
of 0.1-1 em. [1] Departures from linearity are 
not observed up to fields close to the critical. 
Only in the neighborhood of Her are the curves 
rounded off, after which a sharp break appears 
(destruction curve). One then concludes that the 
domains of normal phase appear in films of small 
dimension for fields sufficiently close to the criti
cal, m.ore than for films of dimension on the order 
of 0.1-1 em. 

o J.li!"K 
o. J.liJ'K 
X J.JO"K 
o J,IB"K 

JO • 2.5" K -t--iA....--+--t---t 

FIG. 4. Magnetization curves of a tin film ( d = 1.4 X w-s 
em, L = 5 X w-• em, Tcr = 3.69° K, cp ""1 X w-• rad). Here 
and in Figs. 5, 6 the relat1ve value of Mj = M.1/D3 sin cp is 
given. 

The hysteresis phenomena in films of small di
mension are also different. Upon reduction of the 
field from H > Her• the curves M1 (H) for films 
with thickness up to 1 x 10-5 em do not change sign, 
but reproduce values close to the values of M 1 (H) 
in an increasing field (Fig. 5). The small differ
ence ordinarily observed in the value of M 1 is 
evidently explained by the fact that some squares 
of the film become doubly connected, so that M 1 
changes sign in them upon decrease in the field. 
If the thickness of the films is less than 10-5 em, 
then even at dimensions from 3 x 10-3 to 5 x 10-3 

em the hysteresis on them is the same as in the 
case of the layers of ~ 1 em, investigated ear
lier. [1] 

On the 3 x 10-3 em films it is possible to ob
serve a temperature dependence of the initial 
slope of the curves of M 1 (H) (Fig. 6). Here the 
hysteresis on the initial linear portion of these 
curves, which gives information on the double 
connectedne~s in the films, is not observed, so 

FIG. 5. Hysteresis on films of small size (d = 1.4 x 10-s 
em, L = 5 X w-• em, Tcr = 3.69°K, T = 3.0°K, cp"" 5 X w-· 
rad): •- field increasing, o- field decreasing. 
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FIG. 6. Initial parts of the magnetization curves of a tin 
film (d = 2.? X 10-6 em, L = 3 X w-• rad, Tcr = 3.95°K, 
Cfl = 6 X 10-4 rad) for different temperatures. 

that the change of M 1 with temperature in weak 
fields is not the consequence of the presence in 
the film of domains of normal phase. This de
pendence can be evidently explained by the effect 
of the penetration depth 6. 

The dependence of the value of M 1 /Mj_ (where 
Mj_ is the transverse component of the magnetic 
moment of the bulky superconducting layer) on 
the parameter x, determined from the tempera
ture variation of the initial slope of the curves 
M1(H), which ratio is obtained on 3 x 10-3 em 
tin films of thickness 2. 7 x 10-6 and 2.8 x 10-6 em, 
is given in Fig. 7. The continuous portion of the 
curves at the origin of the coordinates is a theo
retical curve constructed in correspondence with 
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FIG. 7. Dependence of M.1./M.1. on the parameter x = 

11dD/l682 ; o -points corresponding to the magnetization 
curve shown in Fig. 6; x- points corresponding to the 
magnetization curves of the film with d = 2.8 x 10-• em and 
L = 3 x 10-' em. The continuous part of the curve near the 
origin is constructed from Eq. ( 4) of Zharkov. (,2] The dashed 
curve is drawn through the experimental points. 

the formula (4) ·of the work of Zharkov. [2] The 
dashed curve is drawn through the experimental 
points. As is evident from Fig. 7, there is quali
tative agreement of the experimental and theoret
ical curves. With increasing parameter x, the 
transverse component of the magnetic moment 
M1 increases and for x ~ 30 reaches the value 
Mj_. If x > 30, then the moment M1 of the thin 
film is shown to be equal to the moment of the 
bulky layer of the same dimension. Here M 1 is 
likewise independent of the temperature and of the 
thickness of the layer, even if the latter is less 
than the penetration depth 6 determined from 
the critical fields for the film in a parallel field. 

This circumstance makes it possible to use 
as the moment of the bulky layer the moment of 
the same field at a sufficiently low temperature 
in the determination of the relative values of 
M1 /Mj_. 

We note that the penetration depth enters into 
the expression for the parameter x. We have de
termined 6 from the value of the critical fields 
of the same films according to the well-known 
formulas of the Ginzburg-Landau theory. [1] Here 
the value of 60 for tin films was found to be equal 
to (8.5 ± 0.5) x 10-6 em, as before. 

DISCUSSION OF THE RESULTS 

In the analysis of the results obtained, the 
question first arises as to whether one can com
pare the results of measurements on films with 
the theoretical formula obtained for a flat ellip
soid of revolution. In this connection we note that 
the form~la [6] ' 

(4) 

which determines the transverse component of the 
magnetic moment of the bulky superconducting 
layer, is also obtained under the assumption that 
a layer of finite extent can be approximated by a 
flat ellipsoid of revolution. The large number of 
measurements of the moment Mj_, carried out by 
us on bulky superconducting layers of different di
ameters, shows that the measured values of Mj_ 
coincide with the Mi determined by Eq. (4), with
in the limits of accuracy of the experiment. 

So far as the shape of the films is concerned, 
comparison of the magnetic moments of films 
having the shape of squares with the magnetic 
moments of circular films shows that the char
acter of the magnetization curves does not depend 
on the geometric shape of the film and is deter
mined only by the area of the latter. 
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Inasmuch as relative values M 1 /M1 are con
sidered in the present work, with M1 defined as 
the M 1 of the same film at the lowest tempera
ture, where the parameter x > 30, the deviation 
of the film shape from circular in the given case 
is inconsequential. Taking into account the argu
ments set forth, we have applied Eq. (4) of Zhar
kov [2] for treatment of the results obtained on 
thin plane layers of square shape. 

The dependence of M 1 /M1 on the parameter 
x, given in Fig. 7, is obtained for films of dimen
sion 3 x 10-3 em. The change of M1 with tem
perature for such films with thickness of the order 
of 2 x 10-6 em is observed in the temperature 
range ~T = Tcr- T ~ 1°K. For thicker films, M1 
increases so rapidly upon lowering of the temper
ature that all the change of M 1 takes place for a 
~T of the order of tenths of a degree, and the ob
servation of the temperature dependence of the 
initial slope of the curves of M 1 (H) becomes 
very difficult. 

It should be noted that the moment M 1 on 
5 x 10-3 em films increases sharply as the tem
perature decreases, so that even for a thickness 
of the film of 2 x 10-6 em it achieves a value of 
Mj_ at~ T = 0.1°K. Here, in view of the smallness 
of the measuring field, the error of the measure
ment amounted to 30 -40 percent. Therefore, al
though it was seen that M1 decreases for decrease 
in the parameter x, it was not possible to obtain 
reliable results on films of extent of 5 x 10-3 em. 

The results published earlier, [1] and also the 
results obtained in the present work, show that 
the magnetic properties of thin superconducting 
films placed at a small angle ( ~ 10-4 rad) to the 
field, are determined not only by the thickness of 
the layer, but also by its dimension. Here the mo
ment M 1 is equal to the moment of a bulky layer, 
M1, if x > 30, in spite of the fact that the thick
ness of the film can be less than the penetration 
depth o determined from the critical field. 

The data obtained by us, and also the calcula
tion carried out by Zharkov, [2] testify to the fact 
that the moment M 1 can exceed M11 by several 
orders of magnitude. Therefore, for measure
ments on thin films in an approximately parallel 
field, it is especially necessary to control the 
contribution made by the transverse component 
M 1 to the measured quantity. 

The temperature dependence of M 1 in weak 
fields for calibrated films with dimensions on the 
order of several centimeters can clearly be ex
plained by the fact that in this case the parameter 
must be referred, not to the whole film, but to 
each granule. Here, in view of the smallness of 
the dimensions of the granules, it can be shown 
that the condition x < 30 is satisfied, and the ini
tial slope of the magnetization curves M 1 (H) 
shows a temperature dependence. In this case, 
we note that the previously observed dependence 
of the initial slope of the curves M 1 (H) for a 
film of thickness 2 x 10-6 em and diameter 0.06 
em (see Fig. 7 in [1]) is much smoother than 
follows from Fig. 7. This is evidently the con
sequence of the fact that the whole film can be 
shown to be granular in spite of the measures 
taken. 

It should be noted that Eq. (4) of Zharkov [2] is 
obtained for the case of local interaction between 
the field and the superconducting flow. The suf
ficiently satisfactory agreement of the experi
mental and theoretical curves again demonstrates 
that tin is a superconductor of the London type 
near Tcr· 
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