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The electrical conductivity tensor is calculated for an electron gas (plasma or semiconductor 
in the conduction band) situated in a magnetic field with a variable (harmonic) component par
allel to the constant component. If the electric field induced by the variable magnetic field is 
comparable to the characteristic "plasma field" (1), the analysis will be valid only under the 
condition pT ;::, 1 (p is the cyclic frequency of the variation of the variable component of the 
magnetic field, T is the effective mean time between electron collisions). It is shown that 
under these conditions the absorbing properties of the medium depend appreciably on the var
iable component of the magnetic field. Contrary to the opinion previously expressed[4•5J neg
ative absorption is impossible. 

RECENTLY discussions have taken place of the 
problem of the utilization of cyclotron resonance 
in semiconductors in order to obtain systems with 
negative absorption when the magnetic field has a 
variable component parallel to the constant com
ponent. It was supposed that negative absorption at 
the cyclotron resonance frequency we = eH/mc can 
occur as a result of a parametric variation of the 
magnetic field at a frequency p close to the fre
quency 2w0 /n ( n = 1, 2, ... ). 

In this paper we consider cyclotron (diamag
netic) resonance in a plasma or in a semiconductor 
in the case when the magnetic field H has a vari
able (harmonic) component parallel to the constant 
component. In this discussion we also take into 
account the electric field E1 induced by the vari
able magnetic field. If the field E1 is strong (cf., 
below), then the discussion is carried out subject 
to the condition (2) which is the condition under 
which separate maxima can be distinguished on 
the curve showing the absorption of energy in a 
weak external monochromatic field ( E 2 ). From 
subsequent discussion it follows that under these 
conditions the intensity of absorption (for E 2 ) de
pends in an essential manner on the properties of 
the variable magnetic field (dependence on the 
properties of the field E1 is not significant). In 
particular, at the cyclotron resonance frequency 
we this absorption can be reduced to zero. How
ever, negative absorption is impossible. 

We consider a certain volume of plasma or of 
a semiconductor situated in a homogeneous mag
netic field H directed along the z axis 
(Hz = H0 - H1 cos pt). Generally speaking, this 

volume will be simultaneously situated in a vari
able electric field E1 of frequency p. The plasma 
(or the semiconductor) under consideration situated 
in the field H (and also in the field E 1 induced by 
it) represents a certain medium. We shall be in
terested in the electrical conductivity of this me
dium, and in the absorption in this medium of en
ergy from a weak homogeneous electric field E 2 

= E 20 cos wt (external with respect to the medium 
under consideration, and having a general orienta
tion with respect to the field H). The small con
tribution to the electrical conductivity (absorption) 
due to the heavy particles (molecules, ions) will 
not be taken into account, so that the given medium, 
in effect, represents an electron gas in the mag
netic field H (and in the electric field E 1 ). 

The properties of this gas (in particular, the 
electrical conductivity and the absorptive power) 
depend on the fields H and E1. The field E1 must 
be regarded weak if its amplitude E10 satisfies 
the inequality 

E, 0 ~En = J!r3kTme 2 {)(p 2 -:---1/t~\t (1) 

where Ep is the characteristic "plasma field", 
e and m are the charge and the mass of the elec
tron, k is the Boltzmann constant, T is the abso-
lute temperature in the absence of E 1, o is the 
average relative fraction of the energy transferred 
in the collision of an electron with a heavy particle, 
and To is the effective time between collisions in 
the absence of E1. In this discussion the kinetic 
parameters of the electron gas under considera
tion (in particular T) do not differ from their 
values in the absence of E 1. However, if E10 ;::, Ep, 

1113 



1114 V. N. LUGOVOI 

then the field E 1 is strong, and this, in the general 
case, determines the dependence of T on E 1 (and 
consequently, on the time). However, if the fre
quency p satisfies the condition 

pr-;;:. I, (2) 

then the effective time between collisions T "does 
not have time" to follow the variations of E 1• In 
this case the quantity T is a function only of the 
amplitude E 10 [ T = T ( E 10 )] and is independent of 
the time.* 

In order to determine the properties of interest 
to us for the medium under consideration we shall 
assume that it is situated in a weak external mon
ochromatic field E 2 = E 20 cos wt (we note right 
away that, in general, these properties can depend 
on the initial phase cp 0 if the field E 2 is written in 
the form E 2 = E 20 cos ( wt + cp 0 ); however, in the 
present case this dependence is absent, as can be 
verified by a direct solution of the problem), and 
we shall utilize the equation for the average elec
tron velocity[i-a] 

m (dvjdt + vjr) = e (E + c-1 [vH]), (3)t 

where E = E 1 + E 2• In future we shall consider 
only those cases when the quantity T does not de
pend on the time. This is possible under the con
dition (2) if the field E 1 is strong, and for any ar
bitrary frequency p if the field E 1 is weak. 

Since Eq. (3) is linear the total current density 
J ( J = Nev, N is the electron density) is the sum 
J 1 + J 2 of the currents corresponding to E 1 and E 2 

[in both cases we have T = T ( E 10 )]. It can be 
easily seen that in the steady state the time aver
age of the energy of the total electric field E ab
sorbed per unit time per unit volume of the medium 
can be decomposed into components which deter
mine the absorption respectively for E1 and E 2. 

In particular, for E 2 this absorption is given by 
the expression 

T 

I"'= f (l~eO'.u (w) E;x o + Re O'yy (w) E~yo + ReO'zz (w)E~z 0). 

(5) 
Thus, the problem reduces to finding the peri

odic solution of the equation for J 2: 

(6) 

From this equation it follows immediately that in 
the coordinate system which we have selected 
<Tzx = <Txz = <Tzy = <Tyz = 0, and that the usual ex
pression holds for O'zz in the absence of a magne
tic field.[i,2J In order to determine the remaining 
components of the electrical conductivity tensor, 
we shall assume that the field E 2 is directed per
pendicular to the z axis. We obtain 

dJ?x J2x e Ne2 

-dt +- =- (Ho- Ht cos pt) J.u + -E2xo coswt, T ~ - m 

dJ?y J2y e Ne2 

-dt +- = -- (Ho- HI cos pt) l2x +- E2y 0coswt. T me m · 
(7) 

It can be easily shown that the fundamental sys
tem of solutions of (7) (for E 2XO = E zyo = 0) has 
the form 

(
sin (wet-~ sin pt) ) 

Yt = e-11' 
cos (wi- ~sin pt) ' 

(
-cos (wi-t\ sin pt)) 

y2 = e-1/T 
sin (wet-~ sin pl) · (8) 

Here w0 = eHo/mc, b. = eH1/pmc. On the basis of 
(8) we can easily find the desired solution of (7) in 
the presence of the field E 2• As a final result we 
obtain 

Ne2 ~ J2 (~) f 1/T 
ReO'xx(ro)= 2m n=..::oo n l (w+we-np)2+1/T2 

1/T l + (w -we+ np)2 +1)~~ J ' 
00 

Ne2""' 2 { w+we-np 
ImO'xx(ro) =2m n=~ ln(~) (w+we-np)2+1/T2 

w-we+ np } 
+ (w- we+ np)2 + 1jT2 ' 

fro= lim~~ J 2E2 dt. 
r_,.oo .) 

0 

Ne2 oo 2 { w- we+ np 
(4) ReO'yx (ro) = 2m n~-oo J n (~) (w- we+ np)2 + 1/T2 

The electrical conductivity tensor aik ( w) for 
the medium under consideration determines in the 
usual manner the relation between the components 
of the harmonic component J2w (of frequency w) 
of the current J 2 and the components of the field 
E 2• At the same time 

*Stricti~ speaking, the condition for T to be constant has 
the fonn[1 •2J p >> 8/T, where 8-the mean relative fraction of 
the energy lost by an electron in a collision with a heavy 
particle-is always much smaller than unity. 

t[vH],vxH. 

w+wc-np } 
- (w+wc-np)2 +1;T2 ' 

00 

I ( Ne2 "" 2 { 1/T 
m O'yx w) = 2m n~oo ln (~) (w +we- np)Z + lj"r2 

1/T l 

(9) 

Here Jn (b.) is a Bessel function of the n-th order .. 
From the equations obtained above it can be 

seen that the components of the electrical conduc
tivity tensor depend both on the variable magnetic 
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field (or ~ ), and also on the electric field E1• The 
dependence on E1 consists of the fact that the ef
fective time between collisions r is a function of 
the amplitude E10 • If the field E 1 is strong, then 
expressions (9) are valid under the condition (2) 
(in a weak field E1 they hold for any arbitrary 
value of p ). In this case the intensity of absorption 
Iw is determined by (5), from which it can be seen 
that only the absorption of energy of the component 
of the electric field E2 perpendicular to H depends 
on the variable magnetic field H1, and that this ab
sorption, in turn, is determined by the quantity 
Re axx( w ). 

Equation (2) for the applicability of expressions 
(9) in a strong field E1 means in the case of 
Re axx ( w) that this function has separate maxima 
in the neighborhood of the frequencies ± w0 ± kp 
( k = 0, 1, 2, ... ). 

The dependence of the absorption curve on E1 

is unimportant in the sense that it leads only to a 
change in the shape of these maxima, but does not 
qualitatively alter the absorption picture. However, 
the dependence of Re axx ( w) on the variable com
ponent of the magnetic field ( or on .D.) is essen
tial, and for all .D. the quantity Re axx ( w ) > 0. 

For Ht = 0 only J 0 ( 0) = 1 is different from 
zero, and this gives the well-known expression 

for cyclotron resonance.Ct-3] As H1 increases the 
number of noticeable maxima increases. More
over, from the properties of Bessel functions it 
follows that the height of each fixed maximum 
periodically falls to zero and increases again. In 
particular, the principal maximum (at the fre
quency we) disappears after the field H1 is in
troduced when .D. coincides with the first zero of 
Jo(.D.). • 

The author is deeply grateful to F. V. Bunkin 
for useful comments and discussion. 
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