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We give here a theory of cyclotron resonance in metals for an arbitrary electron scattering law at the
surface. We show that the cyclotron resonance depends in an essential way on this law. In the limiting
case of non-specular scattering (condition (3.38)) the results are the same as those of Azbel’ and
Kaner. In the limiting case of almost specular scattering of the electrons by the surface (condition
(3.10)) a situation arises the possibility of which was discussed in a paper by Chambers. We show that
when the electrons are specularly reflected from the metal surface the surface impedance decreases
steeply due to the large contribution to the conductivity from the surface electrons. The dependence
of the surface impedance on the parameters is then exactly the same as in the case, considered
earlier by us, of a cylinder without a magnetic field with a radius equal to the Larmor radius.

1. INTRODUCTION

IN the present paper we develop a theory of cyclotron
resonance in metals, taking into account the scattering
of the electrons by the surface. The original theory of
cyclotron resonance' was developed assuming the
scattering of the conduction electrons from the metal
surface to be a diffuse one. Up to the present the opin-
ion that the character of the electron scattering by the
surface had little effect on various transport phenomena
was widely held. Roughly speaking, such a conclusion
is based on the theory of the anomalous skin-effect by
Reuter and Sondheimer'®! in which it is shown that in
the case of the strongly anomalous skin-effect the sur-
face impedance in the limiting cases of specular and
diffuse reflections differs only by a factor 8/9.

The static skin-effect discovered recently by
Azbel’®! | various surface effects in a strong magnetic
field"®! and also size effects (see, e.g.,"®') have shown
that there exists a large class of phenomena which de-
pend in an essential manner on the nature of the elec-
tron reflection from the surface. On the other hand, for
the strongly anomalous skin-effect, when the main con-
tribution to the conductivity comes from electrons which
skip along in the skin layer along the surface of the
metal we must assume the reflection to be close to
specular.'™ The existence of magnetic surface levels
discovered by Khaikin'®' (see also'®’) is strong evidence
for the specular reflection of the electrons from the
surface.

We note now that the theoretically predicted
form'"'%!) of the cyclotron resonance line is not con-
firmed experimentally (see, e.g., the work by Khalkin'**’
and other authors). Moreover, the oscillations of the
surface impedance connected with cyclotron resonance
are usually a small fraction of the average values of
the impedance. Chambers'®’ tried to remove these
contradictions by taking the so-called non-resonance
electrons more rigorously into account. The form of
the cyclotron resonance line calculated by Chambers
under the assumption that the non-resonance electrons
give a significantly larger contribution to the conductiv-

ity than the resonance electrons turned out to be in good
agreement with experiment. However, the problem of
the origin of such a large contribution from the non-
resonance electrons which Chambers connected with the
insufficiently large magnitude of 7 (2: the cyclotron
frequency, 7: the relaxation time) remained obscure up
to the present moment. In this connection it is neces-
sary to study the influence of the surface of the sample
on the cyclotron resonance in metals in much more de-
tail than was done in Kaner’s paper.''*’

We shall show here that the surface impedance of a
metal in the region of cyclotron resonance depends
strongly on the way the electrons are scattered from
the surface. It turns out that when the scattering of the
electrons from the surface is nearly specular the con-
tribution to the conductivity from electrons which ‘‘jump
along”’ the surface inside the skin-layer increases
strongly. In the case of a weak magnetic field the pres-
ence of such electrons leads to the appearance of mag-
netic surface levels and in the case of cyclotron reson-
ance to a strong increase of the non-resonance part of
the conductivity. The large contribution to the conduc-
tivity from the non-resonance electrons arises thus not
only owing to the insufficient magnitude of @7 but also
from the fact that the reflection of the electrons from
the surface is nearly specular.

A peculiar situation arises if the reflection of the
electrons from the surface is specular. In that case
even for an electron mean free path which is large (com-
pared to the Larmor radius) their scattering takes place
inside the metal (by impurities, phonons, and so on) and
not at the surface. This leads to an appreciable increase
of the metal conductivity. The dependence of the surface
impedance on the parameters is in that case exactly the
same as for a thin cylindrical conductor whose surface
radius of curvature is equal to the Larmor radius, with-
out a magnetic field."*!

As the main aim of the present paper is the study of
the influence of the metal surface on the cyclotron
resonance, the problem of the exact form of the Fermi
surface is inessential. To simplify the calculations we
restrict ourselves to the case of a quadratic dispersion
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law for the electrons in the metal. We write the colli-
sion integral in the kinetic equation in the relaxation-
time approximation.

2. DERIVATION OF THE INTEGRAL EQUATION FOR
THE FIELD IN THE METAL

We assume that a non-magnetic metal occupying the
half-space z > 0 is in a uniform constant magnetic field
H which is parallel to the y-axis, and in a high-fre-
quency field, the electric field vector E of which is
parallel to the z = 0 plane. The original set of equations
consists of the wave equation

B (g) =25 (2.1)

Zju(s) w=z3.3,

in which we neglect the dlsplacement current compared
to the conduction current and the kinetic equation for
the conduction electrons, linearized in the field E:

O O o

S+ Qo —=e—E. (2.2)
og-

(lw+'r“)f1+vz 7

el

is the equilibrium electron Fermi distribution function,
f, the correction to the equilibrium distribution function
which is linear in E, Q = eH/mc the electron cyclotron
frequency, w the frequency of the external field,

€ = mv®/2 the electron energy, u the chemical potential,
T the temperature, m the electron effective mass, ¢ the
azimuthal angle which is defined when we introduce a
spherical polar system of coordinates in velocity space:

Here

vy=1vcos0; v,= vsinBcosy;
—n/2< o< 3xn/2.
We solve the kinetic equation (2.2) by the character-
istics method. We write the solution of the characteris-
tics equations,

vx = vsin 0 sin @,
o<<o<

dp/Q=dz/v,

z ==z + rgsin @.

in the form
2.3)

Equation (2.3) reflects the fact that when there is a
magnetic field present the projections of the electron
orbits onto the xz-plane are circles with radius

ry = v/§ sin 6. The integration constant z, is the dis-
tance of the center of the circle to the metal surface
(see Fig. 1). Using the characteristics (2.3) we easily
obtain the general solution of the kinetic equation:

(0. 2)= 0% [ 4z >+———S V(@B (et rusing) 5 ag' |,
(2.4)
where, in agreement with (2.3), zo = 2 — rg sin ¢ and

B= (1 4+ ioT) / Qv. (2.5)

To find the arbitrary function A(z,) it is necessary
to use the boundary conditions that are connected with
the nature of the electron motion in the metal. The
boundary condition must be given on some line F(z, ¢)
= 0 which intersects with all characteristics. When
there is no constant magnetic field we can use the sur-
face of the metal z = 0 as such a line as in that case the
electrons moving along straight lines sooner or later
hit the surface. One sees easily that when a magnetic
field is present giving the boundary condition on the

z

Ty

g Fi

FI1G. 1 FIG. 2

FIG. 1. Projection of an orbit of an electron which does not hit the
metal surface onto the xz-plane (zo > rH).

FIG. 2. Projection of an orbit of an electron which hits the metal
surface onto the xz-plane (| zo | < rH).

surface z = 0 determines the function A(z.) only in the
region

20 << TH, (2.6)
since only electrons satisfying Eq. (2.6) hit the surface.
Such electrons leave the surface at an angle

@o = —aresin (20 /rg),

2.7)
and arrive at the surface at an angle 7 — @, (see Fig. 2).
We use for them Reuter and Sondheimer’s boundary
condition: ‘%’

hi(z=0,9 = q0) = pfi(z = 0,9 =1 — @), (2.8)
in which the scattering of the electrons by the surface
is characterized by a single parameter p, the specular-
ity coefficient. In actual cases the coefficient p depends
on the glancing angle ¢ of the electrons. If we assume
that this dependence is of the form pf(¢), where £(¥)

— 1 when ¢ < P*, the boundary condition (2.8) will hold
with a constant parameter p if * > (6/1'1.1)1/2 (6 is the
penetration depth of the field into the metal). Determin-
ing the function A(zo) from the condition (2.8) we find
for the distribution function f, in the region (2.6) the
following expression:
-
h ——gie*‘“’[i - pe—zmﬂ’”}-‘{ Sdcp + pe—zwz—wg dy’ } (2.9)

Xebv(¢")Elz — ru(sin ¢ — sin¢’)],
In the region

Z9 < ra.

Zog >y

(2.10)

the boundary condition (2.8) is inapplicable since in that
case the electrons do not travel up to the metal surface
and rotate along circles exactly as in an unbounded
sample. The distribution function of such electrons
does not differ at all from the electron distribution
function in an infinite space. Determining the function
A(zo) in the region (2.10) from the condition that f; must
be periodic with period 27 in ¢, we find

Pion
p— 1]t § ebw—ov(¢)Elz — ra(sinp— sin¢)1de’,

L4

_°¢ 0fo ¢ n
h=g7

29> rg. (2.11)
Equations (2.9) and (2.11) solve the problem of finding
the electron distribution function in a semi-bounded
metal sample when there is a magnetic field present and
for an arbitrary specularity coefficient p. At Zo =Ty
the distribution function has a discontinuity."

D1t is necessary to bear the discontinuity of the distribution func-
tion in mind when solving the kinetic equation using Fourier trans-
forms.
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Using the distribution functions (2.9) and (2.11) we
can evaluate the current density in the metal:

7 iz
S v2dv S sin 0 9 S vu(§) f1(z,9)dp, pn=u2,y,z.

0 —n/2 (2.12)
When evaluating the current density we must bear in
mind that electrons moving with speeds v > v, (the
limiting velocity

2em

ju(z)=—

vo=Qz /[ sin 6(1 + sin ) (2.13)

is determined from the condition z, = ry) collide with
the surface while electrons moving with velocities v < v,
do not hit the surface. Therefore, when integrating over
the velocity from zero to vo we must substitute into
(2.12) the distribution function (2.11) while when inte-
grating from v, to infinity, the distribution function

(2.9). The complete expression for the current density
in the metal has thus the form?®

3n/2 vy Pem

ju(z) = — Zetm Ssmede S e N’nu((p)dq){[e?ﬂﬁ — 1] S‘ dv S do’
Qha —a/2 0 [
-y
+ deu — pe-2Bar-ao]- 1[ Sd‘P + pe-2Baz—on Sd‘F ]
Vo Po

X €89ny (¢') Ev[z — re(sing — sin q;’)]v‘ao—, (2.14)

where n, = v /v

We ogtam the equation for the field in the metal by
substituting Eq. (2.14) for the current density into the
wave equation (2.1). When changing to Fourier compon-
ents it is convenient to continue the function E(z) to the
region z < 0 in an even manner: E(—z) = E(z). When
calculating the Fourier components of the current den-
sity

Tu(k)=2 §ju(z) coskzdz
0

it is convenient to interchange the order of integration
over z and v. As a result we find

Tu(k)= S B (k, k) Ev(K') I, (2.15)
where

Euw(k)y=2 SEu(Z) coskzdz
0

is the Fourier component of the field in the metal while
vk, k')—the conductivity kernel—can be written in
the form of two terms

Euv(k, k') = ouv (k)8 (k — k') + Luw (K, k). (2.16)
In the first term in (2.16)
n
2e2m3 dfo .
Guv(k)=—mnﬂ—_—1—)lso v’*—ag—dv§J sin9do- (2.17)

3n/2 o42n

x Se*"“’nu(tr)dcp S €P%ny (¢') cos [kry (sinp — sin ¢) ] dgp’
—n/2 )
is the conductivity tensor of an infinite sample. The
second term

3m/2 z*
4e?m?
——ﬂ;:a S v ._f_de sin  dg S eBon, (¢) de Scoskz dz-
o

—n/2

Cuv(kv k’) =

2)Summation over the index v which can take on the values x, y,
and z is implied if it is repeated twice.
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- fes — 11 daf 11— persor-e [ § R S a' |}

X €fny (¢") cos {k'[z — rg(sin @ — sin ¢’)]} (2.18)

is that the non-difference part of the conductivity ker-
nel, i.e., the part which is not a function of the differ-
ence k — k' and which arises when we take into account
the reflection of the electrons from the metal surface.
The boundary coordinate

z* =ry(1 4+ sin @) (2.19)
is determined from the condition z, = rgj. Putting

4710 4mm

e (k) =

GuV(k)y qu(k, k)=

tuv(k, K7,

we get the following integral equation for the Fourier
component of the field in the metal

[K28uv + Hwve (K) 18V (k) + S()uv(k K)&v(k')dk’ = — 2E,’ (4 0).
(2.20)
Changing in Eq. (2.18) from an integration over the
coordinate z to an integration over the angle of emer-
gence @o (z = rg(sin ¢ — sin @o); see (2.7) and (2.3)) we
can write Eq. (2.18) after some simple transformations
in the form

n 2
9
v _..af" dv S sin6 do Schﬂ( —cp)nu(vp)dw‘
—n/2

n/2
g’ — §

—a/2

_ 8e’m? S-o

(b B = =~
0

® 2
X S c0s @o dgo { S e—B(/2—9")

-2 Do

1+ pe—28(@'—9q
1— pe—2ﬁ(ﬂﬁZWu)

ch B(n/2 4+ ¢')
sh Br

dg' }
X 1y (@) cos[kry (sin @ — sin o) ] cos [k'rx (sin ¢’ — sin go) 1.
(2.21)
If the reflection of the electrons from the surface is
diffuse (p = 0) the non-difference part of the conductiv-

ity kernel reduces to the same expression as the one in
the paper by Azbel’ and Kaner (Eq. (5.10) inf"?).

3. SURFACE IMPEDANCE FOR CYCLOTRON RESON-
ANCE CONDITIONS

Equation (2.20) enables us in principle to evaluate the
surface impedance of a metal for arbitrary ratios of the
Larmor radius, the electron mean free path, and the
skin-layer depth. However, when studying cyclotron
resonance it is sufficient to have the asymptotic expres-
sions for Jif’uy(k) and Q y(k, k) in the range of the
strongly anomalous skm—effect when the thickness of
the skin-layer is much smaller than the electron Larmor
radius. The main role is then in Eq. (2.20) played by
large k ~ 6! and the expansion of its coefficients can
be made in terms of the parameter

(3.1)

Condition (3.1) enables us to use the steepest descent
method for the evaluation of the integrals. The saddle
points are determined from the condition cos ¢ = cos @o
= cos ¢’ = 0 while v, = 0. Hence, the main contribution
to the conductivity in the case of a strongly anomalous
skin- effect is made by electrons which move in the
skin-layer parallel to the surface. The z-component of
the current density is then small and we may assume
that the vector E lies in the xy-plane. In what follows
the indices v, u take on the values x and y.

From all the conduction electrons only those whose

er > 1.
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FIG. 3. Trajectory of a resonance electron which does not hit the
surface.

FIG. 4. Trajectory of a resonance electron which hits the surface
(po—> —7/2).

3
~ ST g FIG. 5. Trajectory of a non-
Y bz resonance electron which “jumps
along” in the skin-layer (po —>
/2).
Zyt

trajectories are shown in Figs. 3, 4, and 5 are thus im-
portant. Electrons moving along circles, shown in Figs.
3 and 4 are resonance electrons which give a contribu-
tion to the cyclotron resonance. However, electrons
moving along ‘‘jumping’’ orbits in the skin-layer (Fig. 5)
are of a non-resonance nature and give no contribution
to the cyclotron resonance.

We note that if the electrons are reflected specularly
from the surface (p = 1) in the integrand in Eq. (2.21)
for the non-difference part of the conductivity kernel the
additional singularity in the saddle-point ¢, = /2 is im-
portant. Physically this singularity is connected with the
fact that for specular reflection of the electrons from
the surface of the metal the conductivity increases
steeply just when we take into account the electrons
which ‘“skip along’’ in the skin-layer along the surface.
Such electrons leave the surface just at angles ¢, which
are close to 7/2 (see Fig. 5).* As in the cyclotron reg-
ion |B| ~ 1, the exponent in the denominator of (2.21)
can close to the singularity be expanded in a power
series.

1 — pe2b2—9) — 4 — p 4 2pB(n /2 —

In the integral over ¢, a small nelghborhood of the
point 7/2 of the order of (8/rg)*”? is important.
Therefore, if the scattering of the electrons which ‘‘skip
along’’ in the surface layer by the surface dominates
over the scattering inside the metal the following in-
equality will hold:

1—p>|Bl(8/ 1) (3.2)
If, however, the electrons which ‘‘skip’’ along the sur-

31In weak magnetic fields the presence of such electrons leads to
the existence of quantal oscillations of the surface impedance which
are connected with magnetic surface levels.[®] In the cyclotron reso-
nance region (£2 ~ w) quantum transitions between surface levels are
semi-classical in nature. This makes it possible to study cyclotron reso-
nance using the classical kinetic equation for the conduction electrons.
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face in the skin-layer are mainly scattered inside the
metal the inequality with the opposite inequality sign
holds. In the present section we restrict ourselves to
case (3.2)." The opposite limiting case will be con-
sidered in section 4.

The asymptotic expression for .%”# y(k) in the region
(3.1) can most simply be obtained by first evaluating the
integrals over ¢ and ¢’ in (2.17) by the saddle point
method. The remaining integrals over v and 6 can as
follows be expressed in terms of the thermodynamic

potential,
Qe)= —Tln{l + exp ( "‘; B)}
Writing®
huﬁwLmﬁmmw=£gmmL (3.3)
L]
= [20em|Q(0) | / )%, 3-4)

We get the followmg expression for Jl’rw(k in the re-
gion (3.1):
.%’W(Jc)—-

6,w cth fa. (3.5)

The evaluation of the asymptotic expression for

4 V(k k') is somewhat complicated. It is convenient to
proceed as follows. First of all we integrate the integ-
ral over ¢o by parts. Inthe region (3.2) we can then
consider all exponentials to be slowly varying (com-
pared to the cosines) functions. We then use the method
of steepest descent to calculate the integrals over ¢
and (p'. Finally, the integrals over v and 6 are again
evaluated using Eq. (3.3). Noting that in the region (3.1)

sin 27';1 (k - kl)
k—F
we can write Eq. (2.20) in the regions (3.1), (3.2) in the
form

~ nd(k—Fk),

3 ng/¢ B .
2 £)+2 )| A —— g =1,
@ o/e@+ 20 o (4t warer) s
where
a=——2" PO I e o A € e O € p+Ar—3pd)
1—2’ T 42 1—p 1—pa2
g b (=p)(1+2)
T 8a 1—pA2 ’
e k _ 1—pr2 _ k& (ka) [
A T e

Hartman and Luttinger““ gave a solution of an equation

such as (3.6) and they found for the surface impedance
the following expression

32 Y3 neiB o 1 a . nZy . nzy P
A exp{— g Yo Fen B (1= 51y (1~ pa.
3.7

Z=

Here p, = cos 7z; and p; = cos 7z, (0 < Re z; < 1,
i =1, 2) are the roots of the quadratic equation

“We shall showin the following that if the electrons are scattered
specularly by the surface, the part of the surface impedance which
oscillates (when cyclotron resonance is taken into account) is appreci-
ably less than its average value. From the point of view of cyclotron
resonance (3.2) gives thus the most important region.

$YWhen the conduction electron gas is degenerate,
kr = ko = (e2m?vo2w [ c2h3)",

(3.4)

Vo is the Fermi velocity.
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surface. The oscillating dependence of the surface im-
pedance on the magnetic field which is connected with
the cyclotron resonance occurs only in the second term
in (3.11) which is a small fraction (of the order of

(1 = p)*”) of the first term.

In experiments one usually measures not the surface
impedance itself but its derivative with respect to the
magnetic field. For the sake of a convenient comparison
with experimental data we evaluate the derivative of the
surface impedance with respect to the magnetic field in
the vicinity of cyclotron resonance.

Differentiating (3.1) and writing

p?— p(1 - 27B + 7°A) — 27B = 0. We have thus obtained
the complete expression for the surface impedance in
the regions (3.1), (3.2). However, for practical purposes
the general expression (3.7) is inconvenient to use be-
cause of its complexity. In the following we shall con-
sider in detail some special cases.

The Azbel’-Kaner Case

We assume that the reflection of the electrons from
the metal surface is sufficiently diffuse so that
(3.8)

1
t=p>50 Yo =1(0 —nQ),

Condition (3.8) means that all electrons which hit the
surface and form open orbits (not lying, in general, in
the skin-layer) are primarily scattered by the surface

where n is the number of the resonance, we get

az, 4n'l n's(wT)hs s 5
—_—= —————(1—p)exp —i(—-l——-arct n) 1 7n2) =%,
e (1—p) { g T arctey }( + ¥:2)

and not inside the metal. The region (3.8) comprises an dQ V3

appreciable band of variation in p as the existence of
cyclotron resonance requires that the inequality Q7 > 1
is satisfied.

We shall find an expression for the surface imped-
ance in a small neighborhood near the cyclotron reson-
ance. As at resonance w =nf,n=1, 2, ... we have
near the n-th resonance A = 1— 6n, where

©w—nQ
while the most important 6, are those such that 6]

~ 1/Q7 < 1. In the region |6, < 1 — p the general
expression (3.7) for the surface impedance can be writ-
ten in the form

1
6n=2ﬂ<E+L

7 = __Sgem/s o

V3 ckr

(3.9)

8.

In the immediate vicinity of a resonance the surface
impedance of a metal is thus independent of the specu-
larity coefficient p, when (3.8) is satisfied, and has the
same form as in the paper by Azbel’ and Kaner'! in the
case of a diffuse surface.

The Chambers Case

Let now the reflection of the electrons from the sur-
face be so close to being specular that the inequality

Bl (8/m)h<<1—p<t/QOw. (3.10)

is satisfied. In that case the electrons which ‘‘skip

along’’ in the skin-layer (Fig. 5) are mainly scattered

by the surface while the resonance electrons (Figs. 3, 4)

are scattered inside the metal. Under those conditions

the main contribution to the conductivity is made by the

non-resonance electrons which ‘‘skip-along’’ in the skin-

layer. On the other hand, the resonance electrons make

a substantially smaller contribution. The oscillations

of the surface impedance which are connected with the

cyclotron resonance are thus only a small fraction of

the average value. Expanding the general expression

(3.7) for the surface impedance in terms of the small

parameter 1 — p we find the first two terms:

g = ZPBmeT Ry (4 —2n((4 — pyeth paly. (3.11)
c?ky

The first term in (3.11) is independent of the magnetic

field but depends significantly on the specularity of the

(3.12)
In Fig. 6 we give the graph of the resonance factor in
(3.12). This form of line shape has been observed ex-
perimentally in copper.'”!

We shall here not discuss in detail the line shape of
the cyclotron resonance as it depends not only on the
quality of the surface but also on the electronic proper-
ties of the metal considered (in particular, on the elec-
tron dispersion law, the electron-phonon interaction,
and so on). We note merely that in the region (3.10) a
situation arises the possibility of which was discussed
by Chambers.!*!

Cyclotron resonance depends thus significantly on
the properties of the metal surface. In the limiting case
(3.8) the situation occurs which is described in the
paper by Azbel’ and Kaner!"! while the region (3.10)
corresponds to Chambers’ paper.'”

We can now note that in actual cases the Chambers
case may occur because if the surface of the sample is
pretty nearly a plane (the magnitude of the roughness
d < AoV(rg/0), where A, is the electron wavelength),
the reflection of the electrons will be nearly specular.
If, however, one tries artificially to increase the diffu-

ak
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FIG. 6. Real (a) and imaginary (b) parts of the derivative of the sur-
face impedance with respect to §2 in the vicinity of cyclotron resonance
in the Chambers case.
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sivity of the surface the magnitude of the roughness
becomes comparable to the skin-layer thickness. This
has as a consequence that the resonance electrons will
be strongly scattered in the skin-layer by surface in-
homogeneities and cyclotron resonance will not be ob-
served. For the realization of the Azbel’-Kaner case
two inequalities, 6 >> d > AoV(rg/0), must thus be
satisfied simultaneously.

4. SPECULAR REFLECTION FROM THE SURFACE

We now evaluate the surface impedance of a metal
in the case when the surface is so close to being specu-
lar that even the electrons which ‘‘skip-along’’ in the
skin-layer are scattered inside the metal notwithstand-
ing their frequent collisions with the surface. In that
case

1—p<|Bl(d/ru)™ (4.1)

From the point of view of cyclotron resonance this
situation differs little from the Chambers case. As far
as the average value of the surface impedance and its
magnetic field dependence are concerned, there is an
essential difference from (3.11). Apart from a constant
factor we can find these quantities without in fact solv-
ing the integral equation.

The presence of a singularity at the saddle point ¢,
= /2 in the integrand of (2.21) when p = 1 means that the
main contribution to the conductivity when (4.1) is satis-
fied comes from the electrons which ‘‘skip along’’ in
the skin-layer. The main contribution to the integrals
over ¢ and ¢’ in (2.21) then comes from only a small
neighborhood of the point 7/2 of order (6/ rH)l/z. Ex-
panding the integrand of (2.21) in that neighborhood we
get for the non-difference part of the conductivity kernel
in the region (4.1) the following expression:

7 23/2 82m3 ’ 7, f
Cuv(fe, &) = —WFM(k/k )Guvgo ’“——o‘d”v (4.2)
where e
Fu()= § Ysin0m2(v/2)d0 § at \ an | de cos(2— £2)cosle (2 — )]
° oo (4.3)

is a function of x. Assuming that the electron gas in the
metal is degenerate we get from (4.2)

2k e2mug:

Cuv (K, k’)=75quh—3Fu(k/k')~ (4.4)
Equation (2.20) takes in the region (4.1) the form
2'h k¢
! ’ = — 4 0
() + i k%]/ - S & o (K )Py (k/K )dk = —2E, (+ ()4 5
Putting further
©:28 (ot 26 ke 1/ vo
k= K, =" ab“=—‘ —_
kat,  gu(E) 2B, (40) 'l i 7 VQ , (4.6)

we can reduce Eq. (4.5) to a dimensionless equation:

22u(8) + § gu(E)Fu(E/E)dE = 1.

0

(4.7)

In the region (4.1) we get for the surface impedance
the following expression:
4nio  Eu(0)  dio
(4.8)

where A# fgu(g)dg is a constant of order unity
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which is determined by solving Eq. (4.7). We can also
write Eq. (4.8) in the form

z— co:lst Toz) (00:0)< _]___&;F_)} ox p{ (-—-—arctg(%)}

4.9
Here w, is the electron plasma frequency, r, = vo/Q( )
c the velocity of light.

The steep increase in the metal conductivity in the
region (4.1) when the electrons which ¢‘skip along’’ in
the skin layer are taken into account leads thus to a
steep decrease in the surface impedance. The same
situation then arises as in the case of a thin cylindrical
conductor with a specular surface without a magnetic
field.'™®’ We obtain in those two cases expressions for
the surface impedance which differ by a constant factor.
The role of the cylinder radius is played by the Larmor
radius in the case of a plane sample in a magnetic field.

The surface impedance of a metal with a specular
surface decreases monotonically with the magnetic field
proportional to H™'®. An experimental verification of
this dependence would be of great interest for charac-
terizing the conditions of electron reflection.

In conclusion I express my deep gratitude to P. L.
Kapitza and L. P. Pitaevskil for their constant attention
and interest in this paper. Ithank I. M. Lifshitz, M. Ya.
Azbel’, M. S. Khaikin, I. Ya. Krasnopolin, and S. M.
Cheremisin for useful discussions.

TM. Ya. Azbel’ and E. A. Kaner, Zh. Eksp. Teor.
Fiz. 32, 896 (1957) [Sov. Phys.-JETP 5, 730 (1957)].

2G. E. H. Reuter and E. H. Sondheimer, Proc. Roy.
Soc. A195, 336 (1948).

®M. Ya. Azbel’, Zh. Eksp. Teor. Fiz. 44, 983 (1963)
[Sov. Phys.-JETP 17, 667 (1963)].

*M. Ya. Azbel’ and S. Ya. Rakhmanov, ZhETF DPis.
Red. 9, 252 (1969) [JETP Lett. 9, 147 (1969)].

®S. Ya. Rakhmanov, Thesis, Moscow State University,
1969.

®E. A. Kaner and V. F. Gantmakher, Usp. Fiz. Nauk
94, 193 (1968) [Sov. Phys.- Uspekhi 11, 81 (1968)].

"B. E. Meierovich, Zh. Eksp. Teor. Fiz. 56, 1006
(1969) [Sov. Phys.-JETP 29, 542 (1969)].

®M. S. Khaikin, Usp. Fiz. Nauk 96, 409 (1968) [Sov.
Phys.- Uspekhi 11, 785 (1969)].

°R. E. Prange and T.-W. Nee, Phys. Rev. 168, 779
(1968).

M. Ya. Azbel’ and E. A. Kaner, Zh. Eksp. Teor.
Fiz. 39, 80 (1960) [Sov. Phys.-JETP 12, 58 (1961)].

'M. Ya. Azbel’ and I. M. Lifshitz, Progr. Low Temp.
Phys. 3, 288 (1961).

M. S. Khaikin, Zh. Eksp. Teor. Fiz. 42, 27 (1962)
[Sov. Phys.-JETP 15, 18 (1962)].

“R. G. Chambers, Proc. Phys. Soc. 86, 305 (1965).

“E. A. Kaner, Zh. Eksp. Teor. Fiz. 33, 1472 (1957)
[Sov. Phys. -JETP 6, 1135 (1958)].

5 B. E. Meierovich, Zh. Eksp. Teor. Fiz. 57, 1445
(1969) [Sov. Phys.-JETP 30, 782 (1970)].

L. E. Hartman and J. M. Luttinger, Phys. Rev. 151,
430 (1966).

"P. Goy and G. Weisbuch, Phys. Kondens. Materie 9,
200 (1969).

Translated by D. ter Haar
39



