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It was pointed out for the first time in [1]

that the surface impedance Z of a metal can
exhibit a complicated nommonctonic variation with the megnetic field H in the region of weak
magnetic fields at helium temperatures, Khaikin's experiments were carried out at a frequency
f ~ 1010 cps. It was established somewhat later (2] that nonmonotonic variation, albeit of
simpler form, is observed alsoc at lower frequéncies (f ~ 10% cps). The behavior of Z(H) near
H= 0 was investigated also in [3’4]. It was indicated in [+] that the function Z(H) changes
with varying amplitude of the low-frequency field on the surface of the metal. Tnasmuch as
there is still no convincing explanation of such strong nommonotonie variations near H = 0, it

[1-4]

is in essence unclear whether the results of are different manifestations of the same

physical mechanism or not. It is therefore highly desirable to accumulate additional experi-
mental facts.

We have carried out experiments on the behavior of bismuth single crystals in weak fields.
Bismuth discs 18 mm in diameter containing ~10~* - 10~5% impurities were grown in dismountable
quartz molds. The samples were placed in the coil of a radio-frequency tank circuit and were
cooled together with the coil to helium temperatures. The experiments consisted of recording
Bf/aH as a function of H with an autometic two-coordinate plotter in the magnetic-field range
from O toc 5 Oe. The measuring apparatus is deseribed in [5]. The earth's field was compen-
sated for accurate to 1%.

The electron mean free path in the metal was such that the radio~frequency size ef-
fect (5] could be observed without difficulty on the extremal sections of the electronic
"ellipsoids" of samples 1 and 1.2 mm thick. The obtained numerical values of the "ellipsoids"
in the Cg and Cy directions agree very well with the values obtained by other methods. We

were unable to measure the major semiaxis because the line began to diffuse and was eventually
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We see from the accompanying figure that the
shape of the 3f/JH (H) curve depends on the ampli-
tude of the high-frequency field Hw = H

wO
The curves obtained can

sinwt on
the surface of the metal.
be regarded as consisting of two parts: part 4,
which depends on H

w0
When H& ~ 1 Oe an additional minimum is observed
on the curves near H = 0.

, and part B, which does not.
0

In view of the depend-
ence on H&O
high~-frequency field amplitude over the entire sur-
The length of the coil was made

equal to 30 mm; in addition, the sample was placed

, we had to ensure uniformity of the
face of the sample.

in a copper mounting to reduce the distortion of the
field by the sample itself. The quantity usually
measured was Of/dH ~ -3X/3H, where X = Im Z. The
validity of this relation is not obvious, in view of
the condition H < K , and the concomitant . presence
of the nonlinear effect. The obtained curves must
apparently be considered only from the qualitative
point of view, as evidence of some nonlinear pro-
cesses which occur in the metal. All the experi-
mental facts presented below are qualitative in just
this sense.
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Dependence of the oscillation frequency
on the constant magnetic field at dif-
ferent amplitudes of the hf field. The
curves are displaced relative to one an-
other along the abscissa axis. The ar-
rows denote the amplitudes Hyp; for the
first curve Hyy = 0.06 Oe, and for the
others it is larger by 2, 3, 4, 6, 15,
and 30 times, respectively. The normal
to the sample is n || C3, H ” Hywo || Cos
sample thickness d = 1.2 mm, £ = k.1 Me
T = 1.57° {except for the two marked
curves). S and 2S are the lines of the
single and double size effects.

2

indicated in the figure were calculated from the formula

By (0e) = V2 x 0.kxIn = /2 x 0.4xwCUn

where n is the number of turns per cm, C the tank-circuit capacitance, and T and U the hf cur-

rent and voltage in the tank circuit.

voltmeter connected to the circuit.

The latter was measured directly with a vacuum-tube

To clarify the nature of this phenomenon, we performed several experiments aimed at es-

tablishing the roles of different factors.

No appreciable influence of frequency on the shape of the curves was observed.

The experiments were made in the 1 - 10 Mc range.

The occurrence

of the maximum A and its position are apparently determined only by the amplitude of the high-

frequency field, and not by its frequency.

The width of the maximum A, the value of H . at

wo

which the maximum appears, and the ratio of the maxima A and B depend strongly on the evenness

of the sample surface (for a fixed amplitude of the size effect).
etching the sample, first lightly and then deeply, so as to reduce the thickness by 10%.
working the sample eliminates completely the field dependence of Jf/ oH.

This was established by
Cold
The influence of the

surface quality is at any rate stronger than the influence of the crystallographic orienta-

tions (we investigated only four samples with normal n “ Ca, one with n ” Co, and one with 'S
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lying in the (Cs,Cz) plane and meking an angle 24° with Cgz).

If the constant magnetic field remains in the plane of the sample, then a picture similar
to that shown in the figure is obtained also for a different polarization, when H1 ﬁ;o, al-
though the peak A shifts somewhat towards larger fields. On samples with normal n “ Cs the
influence of the polarization is best investigated by rotating the constant field by 60°; such
a rotation from H I ﬁ;o to (ﬁAﬁ;o) = 60° does not shift the maximum A. If the constant field
H is perpendicular to the surface of the sample, then the nonlinear effect disappears. The
temperature dependence of the value of the maximum A is approximately the same as that of the
amplitude of the size effect (see the figure). The possible occurrence of nonlinearities as
a result of some size effect was eliminated by using a wedge-shaped sample in which the thick-
ness varied along the disc from 1 to 0.1 mm. The behavior of this sample did not differ from
that of the others.

The results of these experiments give grounds for assuming that the observed dependence
on the amplitude of the hf field is connected with the quasistatic distribution of the mag-
netic field inside the skin layer. In the theory of 6] where account is taken of the effect
produced on the impedance Z by the bending of the trajectories in a constant magnetic field,
but H is neglected in comparison with H, it is shown that [az/z| ~ (H/Hy)2, where Hy is de-
termined by the condition {2 = rd (I = electron mean free path, r = radius of the electron
trajectories in the magnetic field, and ® = thickness of the skin layer). Since in our con-

ditions £ is of the order of 1 mm and ® ~ 10”3 cm, we have for bismuth Hy ~ 1072 - 10~1 Oe

P4

(for good metals Hy is larger by one order of magnitude). It is clear therefore that H@ can~
not be neglected in any case. The inhomogeneity of the magnetic field in the skin layer
greatly complicates the integral relation between the current and the electric field in the
skin layer. Application of a small constant field shifts the picture of the instantaneous
field distribution in the skin layer, and this naturally should lead to a decrease in the
impedance.

The only experimental fact which fits poorly in the proposed scheme is the weak depen-
dence of the effect on the angle between H and ELO' It must be borne in mind, however, that
in an anisotropic crystal the plane of polarization of ﬁ@ can generally speaking rotate.

We must note one more circumstance. In the first approximation we probably can assume
that the relation 3f/3H ~ -JX/3H is valid and that when H >> H

aQ
dent of Hﬁo' Then an analysis of the experimental data shows readily that when H = O an in~-

the impedance Z is indepen-

crease in Hﬁﬂ leads to an increase in X, whereas an increase in H with Hwo constant causes a

decrease in X. (The theory of 6] predicts an opposite sign for the variation of X with the
field H. Thus, the very theory from which the estimate for Hﬁo is taken turns out to be in-
applicable even in the case of small %u)') ,
If the proposed explanation of the observed nonlinearity is correct in principle, then
the development of similar investigations can yield information on the structure of the field
in the skin layer,
The author is grateful to Academician P. L. Kapitza for affording the opportunity to

work at the Institute of Physics Problems of the USSR Academy of Sciences and to Yu. V. Shar-
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vin for a discussion of the results.
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