interaction.

In conclusion, the authors are deeply grateful to the VVR-M reactor crew, headed by
K. A. Konoplev and R. G. Pikulik, for all-out help in performing the experiment, to A. N.
Nazarenko, V. M. Sokolov, and A. M. Stonikov for collaborating in the construction of the
apparatus, to V. E. Koval'tsov and G, P, Popova for help in developing a number of technolo-
gical procedures, to L. N. Kondurova for a number of calculations, to N. A, Lozovoi, G. D.
Chuklin, V. B, Belyakov, and V. P, Lapin for taking part in preparing the appratus and in the
measurements, and to many others who supported and collaborated in the described experiments.
[1] . S. Danilov, Phys. Lett. 18, 40 (1965)
[2] V. M. Lobashov, Yad. Fiz. 2, 957 (1965) [Sov. J. Nuc. Phys. 2, 683 (1966)].

[3] v. M. Lobashov, N. A, Lozovoy, V. A. Nazarenko, L. M, Smotrizky, and G. I. Kharkevitsh,
Phys. Lett. 30B, 39 (1969).

ANOMALOUS QUANTUM OSCILLATIONS OF SURFACE IMPEDANCE

R. G. Mints

L. D. Landau Institute of Theoretical Physics, USSR Academy of Sciences
Submitted 30 October 1969; resubmitted 18 December 1969

ZhETF Pis. Red. 11, No. 2, 128 - 132 (20 January 1970)

It is known that the condition of thermodynamic stability of the homogeneously magnet-
ized state, (@H/&B)T > 0, is violated periodically (with periodicity in H), owing to the
de Haas ~ van Alphen effect, at sufficiently low temperatures (x27 < 10, where O = eB/me is
the cyclotron frequency) [1]. In analogy sith the vapor-llquid system, it can be shown that
there exist eritical points T 1) and H(i), at which (1) Héi)) =0, (T(l) ﬁéi)) = 0,

(1) (1) 0 © aB( °c

and B 3(T 0 ) > 0. Depending on the boundary conditions, there occurs at T < TO either

a stratification into phases (a domaln structure) with different values of the induction B1 and
2 (ir H is parallel to n, where n is the normal to the surface), or else a jumpwise change of
the induction from B, to B, (if T l';) [1]. Such a singularity should affect the propagation
in the metal of electromegnetic waves at a frequency w such that the system has time to
"adJjust itself" to the thermodynamics, i.e., under the condition wt << 1 (1 - free path time).
Let us assume, for simpliecity, that the dispersion is isotropie, and that the depth
of penetration 8, the free path time 1, and the external magnetic field are such that § > 2 >
(R is the radius of the electron orbit), and T > TO' In this case the connection between the
current and the electric field is local (3 = oﬁ), and all that is left to solve the problem of
the penetration of the electromagnetic wave in the metal is to specify the connection between
the alternating components of the magnetic field K and the magnetic induction g. In the linear
approximation (the estimate is presented below) this connection is given by h = ( )T (if
HJ|%) and h = (1 - bnM/B)b (if B | H). We see therefore that near the critical pOlnt we have
=b/h = (BH/aB) e gr h!lﬁ and u has no singularities if h l_H In the case considered
by us, that of the normal skin effect, the penetration depth is 6 = c(2mown)” /2, and if Kl!ﬁ,
then § NV73§75§7;'+ 0. Thus, at sufficiently low temperatures, anomalous quentum oscillations
occur in the surface impedance Z &~ ué ~ Yi; these oscillations are essentially anisotropic
with respect to the mutual orientation of the vectors b and T.

Deferring the detailed calculations to a separate communication, we shall point out now
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some of the most essential features of the anomalous gquantum oscillations of surface impedance.
We note first that the depth of penetration can never decrease below the radius R of the
conduction-electron orbit., Physically this is connected with the fact that the magnetic moment
is produced by the self-consistent induction field B at distances on the order of R. Thus,
the magnetic moment senses relatively small changes of the induction (b << B) at distances 4

2 R, and in the opposite case (d < R) the magnetic susceptibility decreases in a ratio (d/R)Q.
This leads to a depth of penetration § 2 R and to saturation of the surface impedance.

Let us estimabe now the amplitude Z _  and the width of the oscillation peaks (AH)res of
the surface impedance, and also the maximum value of the derivative of the surface impedance
with respect to the external magnetic field. In the region § > £ under consideration we have
7 = ZO(BHlaB)—l/Q. Near the critical point we have

ABY

e @)

o

RH) e AT

where a, B ~ 1, 6B ~ Boéﬁn/eo) is the period of the de Haas oscillations, AT = T - T, and

AB = B - B,. The magnetic-field and temperature regions in which (1) is valid are limited by
the condition that the induction fluctuations be small compared with the distance AB to the
critical point.

It is easy to show that VKEE'N T/(aH/GB)T, where ZEE.is the mean-square fluctuation of
the induction in the wvolume V. It is clear that the fluctuations in the volume V 2 R3 play an

¥

essential role.
Thus, the expression for the surface impedance in which formula (1) is substituted has

a definite (and not accidental) character in the region where

T/R-”(_";:-_i < (AB)? (2)

Substitution of the numerical values shows that for all ATO 2 10~h the relation

AT
T

(3

2
B%} $a (3)

is satisfied on the boundary of the region (2). Thus, the first term predominates in (SH/BB)T

near the"resonance," i.e., Z ox 1S determined by the proximity to the critical temperature.

It follows from (1) and (3) that
.Z.mmr ~]/‘/aATT >> 1

4

o o

and the oscillations are indeed anomalously large. Using (1), we can readily find that the

maximum value of the derivative of the surface impedance with respect to the magnetic field is
372

H dz H dz dH € alAT
( 7 dH) ='( 1/( ) ) ~ 2 ( ) >> 1.
max Z dB AB 7! max 0 To

This maximum is reached when (AB)m ~ AB/aAT/TO. Knowing the value of (AB)m, we can estimate
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the width of the "resonance" region (AH)res' Integrating (1), we get AH = aAT/TO)AB (with (3)
taken into account). Substituting here the value of (AB)m‘we get (AH)res " 6B(aAT/TO)3/2

An important role is usually played near phase transitions by nonlinear effects. An
estimate shows that if b > 6B¢EKT7E;, then the problem becomes nonlinear close enough to the
critical point (b > AB). If

aB/aAT/TO < b < 6B, (4)

then the connection between h and b takes the form h = (b3/6)(33H/SB3), but if b > 8B, then
it is necessary to use the exact H(B) relation. The inequality (L) for the magnetic field h
takes the form GB(uAT/T0)3/2 <h < 6B.l) When T < T,
fashion. It must be remembered, however, that a phase transition takes place at H = HO(T),

B, - 8B, to B, = By + AB, [1]. Near

1 0 1 2 0
the critical point, as is well known, we have 4B, = 4B, V-3aAT/TO [2]. As a result, when

the analysis is carried out in similar

and the value of the induction changes Jjumpwise from B

h > [H - Hy(D], (5)

the magnetic permeability u is determined in the linear approximation by the quantity (aH/aB);l
and depends only on the temperature. Thus, in that region of the magnetic field H where the
inequality (5) is satisfied, the surface impedance is independent of the magnetic field, and
consequently the derivative of the surface impedance experiences a jump on the boundary of
the region.
The author thanks M. Ya. Azbel' for a useful discussion.
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The negative results [1] of attempts to register solar neutrinos have made it necessary
to review more critically the theory of stellar structure and evolution. Several papers pub-
lished the last two years consider the causes of the disparity between theory and experiment.

At the 11th International Conference on Cosmic rays, we proposed [2] and analyzed
qualitatively a new possibility of decreasing the flux of high-energy solar neutrions. In this
paper we consider quantitative data for concrete models of the sun.

The analysis in [2] is based on the assumption that the sun contains a relatively large
amount of He3. The available experimental data not only do not exclude such a possibility,

3

but even point [3] to the presence of several per cent of He™ on the sun's surface. As to the

theory, it was shown by Thorne [4] that in certain anisotropic models of the universe there

l)It is known that nonlinear effects are usually significant under the condition that
h > 6B, but in this case the linear approximation remains the fundamental one [3].
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