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The dependence of the depth of penetration o of the magnetic field in a superconductor on the 
field was measured in 10 samples placed in the coil of the resonant circuit of an oscillator 
operating at 2 Me/ sec. The change in frequency accompanying the application of the field 
was measured accurate to 0.005 cps, corresponding to a change in o of about 10-9 em. 

THE depth of penetration of a magnetic field in 
an isotropic superconductor is defined as the ratio 
of the magnetic flux in a surface layer of the super­
conductor to the value of the magnetic field on this 
surface, i.e., 

00 

6 = ~ H (z)dz/H (0) 
0 

(it is assumed that the permeability Jl = 1 ). This 
quantity can be considered independent of the mag­
netic field only in first approximation, at small values 
of H/H0 , when tlie equations of superconductor 
electrodynamics are assumed linear. In general, 
we can put 

since o is obviously an even function of H. 
The question of the magnitude and the character 

of the nonlinear effects in real superconductors 
has not yet been sufficiently clarified both in its 
experimental and theoretical aspects. At temper­
atures sufficiently close to T 0 , the phenomenolog­
ical theory of Ginzburg and Landau1 leads to the 
relation 

a_ x (x + 2 VZ) X= Y2l~eff I Hc62(0). (2) 
- 8(x+V2)2 ' 

. Using the method indicated in reference 1, ex­
pressions can also be derived for the succeeding 
expansion coefficients in (1). The exact expres­
sion for f3 is quite cumbersome. Approximately, 
when K « 1, 

~ = 4.7. 10-2 x2 (I - 5.1x + 7x 2 ) and ~~a. (3) 

Gor'kov2 has shown, starting with the modern 
microscopic theory of superconductivity, 3•4, that 
eeff in (2) should be taken equal to twice the elec­
tron charge, and the validity of relations (2) and 

(3) should be restricted both by the condition ( T 0 

- T)/Tc « 1 and by the condition o » ~ 0 , where 
~ 0 is the nonlocality parameter. 3 For tin this con­
dition corresponds approximately to Tc - T < 0.1° 
(see reference 5). 

There exists apparently no theoretical analysis 
of the nonlinear effects in the region where the 
local relations of the Ginzburg and Landau theory 
are not applicable. 

The first attempts at an experimental investi­
gation of the dependences for tin and mercury 
were made quite long ago, simultaneously with the 
first measurements of o in weak fields. For mer­
cury, Laurman and Shoenberg6 found the changes 
in o to be beyond the limits of the sensitivity of 
their method, corresponding to a < 0.05. 

The function o (H) for tin was investigated7•8 

by low-frequency ( v = 4 cps) modulation of the 
sample temperature. It was noted that poly­
crystalline mechanically worked and annealed 
samples exhibit strong and complicated depend­
ences of o on the applied field. In single-crystal 
tin samples8 the increments of o were several 
times smaller, and the o (H) plot became approx­
imately parabolic. Still the value a = 0.06 for 
2.4° :s T :s 3.67°, determined from these experi­
ments, exceeded appreciably the theoretical value 
a = 0.025, obtained by substituting in (2) the ex-
pression 

6 (0) = 2.5 .J o-6 (I - T I Tc)-'1' em, (4) 

which is valid near T0 .s,s-to 
To ascertain the reasons for this discrepancy, 

we have decided to carry on further investigations 
on a large number of samples, using a more ac­
curate and more sensitive radio-frequency pro­
cedure for the measurements. 
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Pippard9•11 has demonstrated that the use of 
high frequencies for the investigation of the depth 
of penetration has considerable methodological 
advantages over low-frequency statistical meas­
urement methods. In this case the errors due to 
the presence of an included normal phase in the 
sample are considerably reduced (if the depth of 
penetration of the field in the normal phase is less 
than the dimensions of these inclusions). The 
sensitivity of the apparatus to changes in the depth 
of penetration can also be appreciably increased 
by raising the frequency of the measuring field, 
since the reactive component X of the surface 
impedance of the sample is connected with the 
depth of penetration, at not too high frequencies, 
by the formula 

(5) 

and increases consequently as the frequency. The 
closer the temperature of the sample is to T 0 , the 
more stringent is the limitation that should be im­
posed on the frequency in order to satisfy the 
equality (5). 

Theoretical estimates for the frequency interval 
in which relation (5) can be used for the determin­
ation of the statistical value of o have been made 
by Abrikosov, Gor'kov, and Khalatnikov. 12 How­
ever, our own choice of the operating frequency is 
based only on the experimental data, which call 
for more stringent limitations. 

From this point of view, the 9400 Mcs/sec fre­
quency used by Pippard13 in the investigation of the 
dependence of the impedance of tin on the field is 
too high. In this case the linear dependence of X 
on o is noticeably violated even at temperatures 
above 3°K.11 When Tc - T = 0.1°, the difference 
between the static value6 of q ( 0 ) and the value 
ow ( 0) as given by formula (5) amounts to approx­
imately 40% of o ( 0 ). A reliable determination of 
the static value of a near T c is impossible in this 
case. 

In Pippard's measurements9 at 1200 Me/ sec 
with no constant field, a value of approximately 
10% was obtained for [o (O)- ow(O)]/o (0) at T 0 

- T = 0.1°. A still lower frequency should make. 
the difference o ( 0 ) - ow ( 0) increase even more 
rapidly, since it follows from general considera­
tions that at low frequencies w we have o - ow 
,..., w2 (see reference 14). 

We note that an analogous frequency dependence, 
proportional to w2 was actually found by Sturge15 

for the active component of the surface impedance 
of tin at frequencies from 103 to 102 Me/sec. 

In the development of the measurement proce­
dure, we decided on a frequency near 2 Me/ sec, 

which is certainly sufficiently low in the investi­
gated temperature region, where Tc - T > 0.01°. 
On the other hand, it was possible to attain at this 
frequency an accuracy and sensitivity which were 
fully adequate for our purposes. 

THE METHOD 

Construction of the instrument. The heart of 
the measuring apparatus were two identical oscil­
lator circuits using 06-P2B low-power pentodes 
placed in a Dewar vessel with liquid helium (the 
parts kept at low temperature are separated in 
Fig. 1 by a dashed line). The two oscillators to­
gether dissipated in the helium approximately 
0.05 w. The investigated sample, in the form of a 
cylinder with pointed ends (diameter 8-9 mm, 

FIG. 1. Diagram of the measuring and 
standard oscillators. 

length of cylindrical part 40 mm, overall length 
60 mm ), was placed in the coil (approximately 
20 mm long) of the tank circuit of one of the os­
cillators (Fig. 2). The coil was placed in the 
homogeneous magnetic field of solenoid A (Fig. 3). 
The earth's field was compensated for during the 
experiment with an accuracy of ,..., 0.01 oe. The 
change in the surface impedance of the sample due 
to the application of the external magnetic field 
changed the frequency f1 of the first oscillator. 
The second oscillator served as a frequency stand­
ard. Both oscillators were connected to a common 
power pack through dependable decoupling filters. 
In these Hartley oscillators the B voltage was ap­
plied to the screen grids of the pentodes, and the 
signal was picked off the plates, to reduce the 
coupling between the output and the tank circuits. 
Small resistances ( R in Fig. 1) were inserted in 
the cathode circuits to reduce the frequency shift 
due to variation of the filament current. The sec­
ond oscillator and the tube of the first oscillator 
were shielded against external magnetic fields by 
lead superconducting shields. The frequency fo 
of the second generator could be varied over a 
small range during the time of the experiment by 
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FIG. 2. Section through the measuring 
oscillator. 1- sample in ampule, 2- quartz 
form of the tank circuit, 3- coil winding-
100 turns of copper wire (0.15 mm dia.), 
4- mica capacitors of the tank circuit, 
5- copper vacuum-tight screen with lapped 
seal, 6- foamed styrol heat insulation be­
tween the tube and the sample, 7 -lead 
shield, 8- tube for vacuum and wire leads. 

means of a lead plunger traveling in the coil of its 
own tank circuit. 

The signals from both oscillators were fed to a 
mixer M (Fig. 3), which separated the difference 
frequency f1 - f0• The value of the difference fre­
quency was set equal to approximately 100 cps. 
The value of f1 - f0 was adjusted and roughly meas­
ured by means of an ICh-6 frequency meter feed­
ing an EPP-09 automatic recorder, and by means 
of an oscillograph with a sweep signal from a 
ZG-12 audio oscillator. For exact measurement 
of the frequency, the sinusoidal signal was con­
verted in the shaping network S into a sequence of 
pulses, the interval between which was increased 
by a factor k1 in a PS-64 scaler (in most exper­
iments, k1 = 64 ). The interval between pulses 
was measured with a chronograph comprising a 
crystal oscillator G, an electronic switch SW 
which passed a signal of frequency cp = 105 cps 
from the crystal oscillator in the interval between 
two pulses, and PS-10000 counters, which counted 

oscillograph 

the number of cycles in the interval between the 
pulses. The measurements were made with the 
magnetic field of solenoid A alternately switched 
on and off several times (usually 16 times); the 
number of cycles counted with the field off, N1, 

was summed by one PS-10000 counter, while the 
number of cycles with the field on, N2, was 
counted by the second counter. Relay Rel was 
used to actuate the devices and to apply the mag­
netic field, and the number of switchings k2 was 
set by means of a supplementary PS-64 scaler. 

Calibration of the instrument. The frequency 
shift ~f1 due to application of the magnetic field 
could be determined from the relation ~f1 
= k1k2 cp ( N1 - N2 )/N1N2• The accuracy of the meas­
urement of ~f1 was determined by the stability of 
the oscillators and by the duration of the measure­
ments, and amounted to approximately 0.005 cps. 
To calibrate the instrument, the frequency f1 was 
determined for lead samples of different radii r. 
The same measurements were repeated with alum­
inum samples in normal state, and the results 
were in agreement. These data were used to cal­
culate, accurate to 4 or 5%, the value of dr/df1 as 
a function of the radius of the sample. For the 
investigated tin samples, dr / df1 = ( 3 - 4) 
x lo-7 em/cps. Thus, depth-of-penetration changes 
on the order of lo-s em could be detected. 

Control experiments. The influence of the field 
on the oscillation frequency in the absence of a 
sample were checked between individual measure­
ments. To reduce this influence, we had to make 
the tank-circuit coil of specially prepared copper 
wire, the surface of which was free of iron. All 
the joints in and near the tank circuit were made 
with a solder which was not superconducting in the 
operating frequency range ( 60% Bi, 40% Cd ). With 
these precautions, the absolute frequency shift due 
to application of a field ranging from 0 to 100 oe 
could not exceed 0.02-0.03 cps. This effect could 
appreciably reduce the measurement accuracy 
only at temperatures below 3° K. It can be assumed 
that the frequency shift was due essentially to 
mechanical displacement of the parts of the instru-

FIG. 3. Block diagram of the measuring apparatus. 
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ment due to switching on the magnetic field, since 
the magnitude of the observed displacement was 
not consistently reproducible. 

Data reduction. In determining o (H) from our 
data it is necessary to take it into account that if 
o depends on the magnetic field Eq. (5) is not ap­
plicable directly, for it is necessary then to allow 
for the periodic variation of o induced by the 
measuring field. Assuming the oscillation fre­
quency to be sufficiently low, we can write down, 
accurate to the fifth power of the field, the instan­
taneous value of the magnetic flux through the sur­
face layer of the sample per unit length of its cir­
cumference as 

lD = Hb (0) (1 + aH2 I H~ + ~H4 1 H~). (6) 

where H is the sum of the constant and measuring 
fields, i.e., H = H0 + Hi sin wt. Substituting this 
expression in (6), we should single out the terms 
that oscillate at a frequency w and depend on H0, 

for only these terms can change the oscillation 
frequency. In most of our experiments, H0 II Hi. 
Then, putting H0 /He = h and Hi /He = hi, we ob­
tain 

<D"' = b (0) [(3a + 1: ~hi) h2 + 5~h4] H1 sin wt. (7) 

The measuring field Hi was measured in sep­
arate experiments under different conditions, and 
was set at 0.1-0.2 oe during the measurements. 
The quantity 15f3hU2 amounted to a fraction of 
one percent of the total coefficient of h2, and could 
therefore be neglected. The effective increase in 
o, determined experimentally as b.effO = (dr/dfd 
x b.fi, was expressed thus in terms of 01. and {3 as 

~errb = b (0) (3ah2 + 5~h4). 
The value of 01. could therefore be determined 
from the initial slope of the b.eff vs. h2 curve. 
o ( 0) was calculated here from (4). 

(8) 

Samples. The characteristics of the investi­
gated samples are listed in the table. At the pre­
liminary stage of the investigation we used samples 
grown in glass ampules, which were removed from 
the samples prior to the investigation. One such 
sample. is numbered 1 in the table. The remaining 
samples were placed in the coil in quartz ampules, 
the internal surface of which was coated with a 
thin layer of lampblack to provent the tin from 
sticking during casting. The ampules removed 
from the samples were placed in the coil during 
the control experiments. The crystal orientation 
of the samples was determined from the etch fig­
ures. Samples 3 and 4 consisted of several crys­
tals, turned 1-2° relative to each other. These 

Sample'lp (4.2'K) ~~tlpu-,.j cp ••.1 w ***' ___ . 10s 1 es, [ 
number p (W'CJ 10-• % deg deg 

1 I 4 8 65 30 
2 i 1 1 90 0 
3 

I 
1 1 40 30 

4 1 1 75 0 

*Impurity content estimated accord­
ing to reference 16. 

**<p- angle between the axis of the 
sample and the [001] axis. 
***t/1- angle between the projection 

of the sample axis on the (00 1) plane 
and the [100] axis. 

crystals apparently came from a single seeding 
under conditions where the tin was considerably 
supercooled. 

RESULTS 

The general form of the function b.fi (H) is 
shown for one of these samples in Fig. 4. The 
curve was obtained with the ICh-6 frequency meter 
and an automatic recorder. The instant when 
superconductivity is destroyed is noted from the 
sharp kink on the curve. Superconductivity was 
sometimes destroyed at fields somewhat higher 
than H0 , and consequently the values of the critical 
field were determined by observation of the re­
verse transition from the intermediate to the 
s uperconducting state. 

iJf, cps 
I 

:t 
J~ 
2 

0'-1----------

5 10 15 20 25 JO J5 
H,oe 

FIG. 4 

Figure 5 shows the results of the measurements 
of b.effo for sample 3, made with the aid of a 
chronograph. The dependence of b.effO on h was 
close to parabolic, although noticeable deviations 
from a parabola were observed at large values of 
H, particularly at low temperatures. The initial 
slopes of the curves were determined by using 
two points carefully measured at small values of 
h2• The dispersion in repeated measurements 
usually did not exceed 2 or 3%. The values of 
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FIG. 5. The function 
~eff8(h2) for sample 3. o) 
Tc-T = 0.059°K. X) Tc-T 
= 0.107"K, .6) Tc-T 
= 0.773°K. 

0.05 \ • 

0.04 ~-

0.03 '-·+-~ 
0.02 

0.01 ,, --------

0 X~ 

0.1 o.z 0.3 0.4 0,5 0,5 0.7 0.8 
Tc-T, •K 

FIG. 6. The function a(T). +) sample 1; .6) sample 2; 
x) sample 3; o) sample 4; e) sample 4 after removal of the 
ampule. 

a ( T ), calculated for all samples listed in the 
table, are shown in Fig. 6. Measurements on sam­
ple 1 led to values of a which increased rapidly 
as T -- T c· Further experiments showed, how­
ever, that this temperature variation of a was 
due to secondary causes. Although the tin surface 
was carefully protected against scratches, the 
sample might have been slightly bent during the 
installation and cooling. Samples 2- 4, protected 
by ampules against possible damage, yielded con­
siderably smaller, nearly equal values of a, which 
tended to a finite limit as T-- Tc. After the am­
pule was taken off sample 4, the values of a for 
this sample increased sharply and the a ( T) curve 
assumed the same form as for sample 1. It must 
be noted that the anomalous behavior of the de­
formed specimens was not due to the incomplete­
ness of the Meissner effect, for the results with 
all specimens were practically independent of the 
magnitude and direction of the field in which the 
specimen was cooled. 

At this stage of the investigation, we undertook 

to study the crystalline anisotropy of o ( H). It 
would have been necessary in this case to change 
over to flat samples, so that the field and current 
would have the same direction relative to the crys­
tal axis. over the entire surface of the sample. In 
our case the current in the sample was made to 
flow in circles, and we dealt always only with 
suitably averaged values 6.eff0· We therefore did 
not introduce in the foregoing formulas the com­
plicating modifications necessary to allow for the 
anisotropy. The fact that samples 2 - 4, with dif­
ferent crystal orientations, yielded values of a 
that were close to each other justifies this data 
reduction method. 

We attempted also to investigate the variation 
of o (H) in a transverse field. In this case the 
constant and alternating fields were perpendicular 
to each other on the main part of the sample sur­
face, so that the numerical coefficients in front of 
a and f3 in (8) are changed. In the case of homo­
geneous crossed fields these coefficients would be 
unity. In our case it is necessary to allow for the 
fact that the constant field is different at different 
sections of the sample surface. Considering the 
sample to be a long cylinder and averaging over 
its perimeter, we obtain for the transverse field 

(9) 

where h1 is the ratio of the external field to the value 
of the field at which superconductivity begins to 
disappear. 

The conditions for measuring a were much 
more favorable for our samples in a transverse 
field than in a longitudinal field. From (8) and 
(9) it follows that the effect quadratic in h should 
be six times smaller for an isotropic sample in 
a transverse field than in a longitudinal one. In 
addition, the ends of the sample make a larger 
contribution to 6.effO in a transverse field than in 
a longitudinal field, while the surface finish of the 
samples is undoubtedly poorer near the ends than 
on the cylindrical part. 

The 6.eff ( h21) curves obtained with sample 3 
disclose noticeable deviations from linearity at 
small values, h}_ < 0.2, and the slope of the ourve 
increases with increasing field. These deviations 
were apparently due to loss of superconductivity 
of some parts of the sample su·rface near the ends. 
With increasing temperature, the deviations be­
come less noticeable, so that a limiting value a 1 
= 2 x 10-2 could be estimated for T -- T c· The 
maximum difference between the values of a1, 
measured at different directions of the transverse 
field in the horizontal plane, was 10 to 15% (the 
dependence of a1 on the angle was sinusoidal, as 
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expected in a cylindrical sample, independently of 
the character of the true anisotropy a). 

It can be concluded from all these experiments 
that the average value of a for tin lies between 
1.4 x 10-2 and 2 x 10-2 at temperatures close to 
Tc. 

Our data give for temperatures close to T c 
estimated values {3 = 1 x 10-3 to 2 x 10-3, which, 
however, must be considered only as upper limits, 
since the values of D.effO used for this calculation 
were those for large values of the external field, 
when loss of superconductivity on the damaged 
portions of the sample surface was possible. 

DISCUSSION OF RESULTS 

The experimental values of a obtained for 
T- Tc were somewhat lower than the values cal­
culated by the Ginzburg and Landau ( GL) theory 
from data on the depth of penetration. According 
to (2) and (4), a= 2.5 x 10-2, whereas the experi­
mental values are a = ( 1.4 to 2) x 10-2, and the 
lower limit is the more reliable one, for defects 
in the samples cause, as has been shows, an in­
crease in the experimental values of a. 

The theoretical value of {3, calculated from (3) 
and (4), is 4.5 x 10-4, and agrees in order of mag­
nitude with the given experimental estimates. 

It is interesting to note, that if o ( 0 ) is calcu­
lated from our values of b.effO and the formulas 
of the GL theory, the resultant value is only 10 or 
15% lower than that usually assumed. A similar 
result can be obtained by calculating o ( 0) with the 
formulas of the GL theory using data on surface 
tension at the boundary between the superconduct­
ing and normal phases. 17•18 From this point of 
view, the discrepancies which arise in the present 
paper and in references 17 and 18 are of the same 
sign and magnitude. 

In any case, the discrepancies obtained are not 
very large, particularly considering the inaccuracy 
due to neglecting the anisotropy of the effect. On 
the whole, our results for temperatures close to 
T c should be viewed as confirming the GL theory 
for tin when Tc- T is on the order of 0.1-0.01°. 

The results obtained should also be compared 
with the data on the dependence of the impedance 
of tin on the field, as obtained by Pippard13 at 
9400 Me/sec and by Spiewak19 atlOOO Me/sec. 
From theoretical considerations12 one could as­
sume that all three investigations should yield like 
results at temperatures not too close to T c• since 
the temperature used by Pippard is already quite 
low compared with the width D.0 of the energy gap 
for superconducting tin (tiw/ D.0 = 7 x 10-2 ). In 

fact, however, the relationships obtained from the 
data of these investigations differ so much in 
character, that a quantitative comparison becomes 
impossible. According to Pippard, the curve 
a ( T) has a minimum at 3° K, where a practically 
vanishes (dotted curve in Fig. 6 ). On going to 
frequencies one order of magnitude lower, Spivak 
observed even sharper anomalies. Thus, for ex­
ample, at temperatures higher than 2.5° the varia­
tion of the reactance with the field was non-mono­
tonic in character, and the sign of the coefficient 
of h2 in the expansion in terms of the field was 
reversed, corresponding to a decrease in the 
depth of penetration after application of the field. 
A comparison of Pippard's and Spiewak's data with 
respect to the value of a is possible only at temper­
atures lower than 2.4° K, where the values ob­
tained by Spiewak are approximately twice those ob­
tained by Pippard (according to Pippard, a ranges 
from 0.8 x 10-2 to 0.5 x 10-2 as the temperature is 
increased from 1.5 to 2.4° K ). Our own measure­
ments did not extend to this temperature region. 
An extrapolation of our data, which depend little 
on the temperature, leads to values of a some 
two or three times greater than those obtained by 
Spiewak. 

These discrepancies show that a further inves­
tigation of the dependence of the surface impedance 
of superconductors on the field at relatively low 
frequencies, on the order of 106 -109 cps, is of 
undoubted interest. The results of measurements 
of the reactive component of the impedance at fre­
quencies on the order of 106 cps can apparently be 
considered here as characterizing the static prop­
erties of superconductors. 

We express our sincere gratitude to Academi­
cian P. L. Kapitza and to A. K. Shal'nikov for in­
terest in the work and for discussion of the results. 
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