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Observations are reported of an electron plasma resonance absorption line in a magnetic field in an
n-type crystal of InSb at 9000 and 24 000 Mc/sec and at 4° and 77°K. The magnitude of the plasma, fre-
quency and its dependence on rf frequency and on the orientation of the figure axis of the specimen relative
to the static magnetic field are in approximate agreement with the elementary theory of the plasma resonance
developed previously by the authors. The line shape is discussed for experiments carried out under conditions
of carrier modulation and magnetic field modulation. A theoretical discussion is given of the effects of
specimen shape and of the possibility of detection of minority carrier cyclotron resonance in the presence
of a majority carrier plasma. Eddy current effects are discussed, with reference to the possibility of the
detection of cyclotron resonance in metals and semimetals.

E have observed an electron plasma resonance

line in a magnetic field in an #z-type indium
antimonide crystal at microwave frequencies at 4°K
and 77°K. Plasma magnetic resonance effects as first
observed were discussed and reported briefly by the
present authors! in a paper on cyclotron resonance in
silicon and germanium. In the present paper, we extend
the theory in several directions and report the experi-
mental observations in detail. We employ a classical
drift-velocity treatment; the results can be extended
easily, if required, by using the Boltzmann equation.
We believe that the most serious shortcoming of the
present treatment is the absence of any treatment of
conditions near the surface of the specimen; our dis-
cussion is not expected to be valid when either the
smallest dimension of the specimen or the skin depth
is comparable with the carrier mean free path or the
radius of the motion.

I. THEORETICAL

We first review the general nature of a plasma reso-
nance in a magnetic field. This is a simple extension of
standard magneto-ionic theory. We consider a sphe-
roidal particle of a crystalline material of dielectric
constant e with V conduction electrons per unit volume,
the electrons having an isotropic effective mass »* and
an isotropic collision or relaxation frequency p (=771).
We treat in the present paper only an isotropic effective
mass; the electron mass in InSb is known to be iso-
tropic.? The particle is placed in a uniform external rf
electric field E perpendicular to the figure or z-axis of
the spheroid. The dimensions of the particle are assumed
to be small in comparison with the skin depth and the
wavelength of the radiation. A static magnetic field H
is applied parallel to the z-axis. The equation of motion
of the average or drift velocity of the conduction

* This work has been supported in part by the Office of Naval
Research and the U. S. Signal Corps.
1 Dresselhaus, Kip, and Kittel, Phys. Rev. 98, 368 (1955).
( zsl?si'esselhaus, Kip, Kittel, and Wagoner, Phys. Rev. 98, 556
1955).

electrons is given by
m*(dv/di+pv)=e(E—LP)+ (e/c)vXH, 1)

where L is the depolarization factor (analogous to the
demagnetization factor) normal to the figure axis of
the specimen, and P is the dielectric polarization. The
term — LP gives the depolarizing electric field associated
with the dielectric polarization of the system. We
neglect the questionable contribution of a Lorentz or
cavity contribution to the local field acting on a carrier;
we also neglect the effect of charges induced in the
cavity walls by the polarization of the specimen. If x is
the dielectric susceptibility per unit volume of the host
crystal, exclusive of carriers, we have for the effective
internal electric field acting on the carriers

Eeff= E—-LP= E—L(XEeff+N6f), (2)

where NV is the conduction electron concentration, and
r is the vector from the center of charge of the ionized
donor atoms in the crystal to the center of charge of
the conduction electrons. From Eq. (2), we have

Eete=(E—LNer)/ (1+Lx). 3)
Introducing the notation
E:=E/(1+Lx), 4
Li=L/(1+Lx), ©)
the effective internal electric field becomes
Eett=E;— L;Ner. ©6)

‘The equation of motion in the xy-plane (normal to
the figure axis) may be written

e dr
=eEi+— —XH. (7)

cdt

m*( —+p—+ T

d@r dr L;Ne
i)

m*

The depolarization effect is equivalent to a harmonic
restoring force, of force constant L;Ne?. If E,~eit, the
equation of motion becomes

(— ot wr+iwp)r= (¢/m*) E;4-ivrX o, (8)
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where w.=eH/m*c, or

(i’ +p)v=(¢/m*) E;+vX w., 9
where

wp=(L;Ne*/m*)}=[LNe*/m*(1+Lx) ]}  (10)

is the plasma frequency. We see that the influence of
the plasma depolarization may be taken into account
by substituting o’'=w—w 2w in place of w in the
integrated equations of motion.

A plot of w, as a function of the depolarization factor
L and of the axial ratio of a spheroid is given in Fig. 1,
taking for convenience x=1 which corresponds to
€¢=13.6, a value not unrepresentative of several classes
of semiconductors. The shape dependence of the plasma
frequency for this value of the dielectric susceptibility
is not very marked, except for quite flat geometries.

The rate of energy dissipation per unit volume is

given by
11)

(12)

®=3% Re[E- (dP*/dt)].
Now
P= erff—I-Nel‘,
or, using Eq. (3),
aP i 1
"X s

dt 14+Lx

Nev.
14-Lx

If a tensor conductivity component, o, is defined in
terms of the solution of Eq. (9) by

0zo=Nev,/EZ,
we have, for the applied electric field in the x-direction,
e

——m Re(zru)=7lEf]2 Re(cru).

(13)

The same expression is obtained on calculating @ as
1 Re(E;-3*), where j is the current density. We may
note that w,2= L;op, where p is the relaxation frequency.

The real part o of the conductivity ¢, is given by
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Fic. 1. Plasma frequency fp=w,/2x for m*=0.01m, x=1, and
fV = 102 carriers/cm3, calculated as a function of depolarization
actor L,.
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where
o= Netr/m*;

V=0T, Vp=wpT;

ve=w.r= (eH/m*c)r;
V= (w—wiw)r=p—p2r L

The variation of o g with the ratio of plasma frequency
to experimental frequency is plotted in Fig. 2 for
several values of the line sharpness parameter wr=y».
When w,=w the conductivity is a maximum and equal
to the value at zero frequency. In the absence of plasma
effects (w,=0) the rf conductivity is lower than the dc
conductivity, as is well known. When the plasma
frequency is much greater than the experimental fre-
quency (w,>w), the electron motion is stiffened by the
plasma effects, and the conductivity is reduced; to the
limit ¢ g=w?/ L. In this limit the resonance frequency
is independent of the effective mass and is w=2L;Nec/H.
The reduction in rf losses at high conductivities was
pointed out in connection with some earlier experi-
mental observations.?

We should note that plasma effects may be expected
to have an important influence on microwave conduc-
tivity measurements on semiconductors. In such experi-
ments the geometry is usually planned with the hope
that the wave guide or cavity walls will act effectively
to short-circuit the depolarization fields, so plasma
effects may be neglected (L=0). It has not been
demonstrated theoretically or experimentally to our
knowledge that the assumption L=0 is sufficiently valid
for all of the diverse experimental arrangements which
have been employed. We suggest it is possible that
plasma effects may be responsible in part for the
discrepant results reported by various observers for the
microwave conductivity of germanium.

The development of a magnetoplasma resonance
from a cyclotron resonance as the carrier concentration
(plasma frequency) is increased is illustrated in Fig. 3,
where the conductivity is plotted against the magnetic
field intensity, both in normalized units. The relaxation
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Fic. 2. Calculated variation of oz in zero magnetic field, as a
function of (vp?/»2) = (w,?/w?), for several values of y=cwr.

3 Portis, Kip, Kittel, and Brattain, Phys. Rev. 90, 988 (1953).
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F16. 3. Development of magnetoplasma resonance; theoretical
plot of effective conductivity or vs wc/w=w./v for =1 and
several values of »).

time is kept constant with y=1. At zero plasma fre-
quency we have the curve »’=y for which a cyclotron
resonance is just resolved For »,=» we have the trans-
ition curve »'=0 which is of the form of an ordinary
dc magnetoresistance effect. For »,=2» we have the
curve »'= —3p which exhibits a distinct magnetoplasma
resonance.

The striking consequences for the magnetoplasma
resonance of a decrease in the experimental frequency
are shown by Fig. 4. The two curves are drawn for a
constant relaxation time and constant plasma fre-
quency (v,=2), but for two experimental frequencies
v=1.0and »=0.5. It is seen that a reduction in frequency
by a factor of two almost doubles the actual value of
the magnetic field for which the maximum of the
magnetoplasma resonance occurs.

It is sometimes convenient to work with the compo-
nents of the conductivity tensor. We write

Jo=0sslat oy Ey;  jy=0ysEotoayyEy. (15)
For the problem considered above,
Ne? iw'+p
OC=0e=0yy= (——)——“—; (16)
m* / (i’ +p)2+w?
N 82) W an
Oay=—0ye=— }—.
’ ’ m* / (i’ +p)*+ws

The off-diagonal components satisfy the reciprocity

relation
”xy(H) =‘7ya:('"H)~

The tensor formulation is useful particularly in treat-
ments of the nonreciprocal circuit properties of semi-
conductor devices. It is possible, for example, to utilize
the cyclotron or magnetoplasma resonance effects in a
semiconductor gyrator.

Elliptical Cross Section

If the depolarization factors L2, LY in the xy plane—
the plane of the cyclotron motion—are not equal, we
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are to replace L; in Eq. (10) for the plasma frequency

by an appropriate function. We have
Eoi"= (E*— L*Nex)/ (14 L?x) ; 18)
Eoi¥=(Ev— L¥Ney)/ (14 Lvx).

The determinantal equation for free undamped oscil-
lations is

1(w—wpiw™) —w
- Co=0 (9)
W 1(w—wp ™)
so resonance occurs when
wi= (w0—wptw ™) (0—wp ™) =w,/w,, (20)

where wp2=LNe*/m*; wp?=LYNet/m*; L7=L*/
(14-L=x); Ly#=L¥/ (14 L¥x). When w,,?, w,,>>0?, we
have

@ (Wpatwpy/w) = (L#L )N e/ m*w, (21)

so when plasma effects are dominant the magnetic field
for magnetoplasma resonance is determined by the
square root of the product of the effective depolarization
factors L% LY.

If one depolarization factor, say L., is zero, the
apparent cyclotron frequency is given by w2=w?—wy,?.
This shows that when one of the plasma frequencies
(wpy) 1s small, a resonance may only be obtained when
the other (w,,) is also small, in order that «® may be
larger than w,s?.

Minority Carriers

We wish now to study the behavior of a low concen-
tration N, of minority carriers (which, for example,
may be injected optically) in the presence of a high
concentration N; (wp,>w) of majority carriers k. In
particular, we wish to determine the effect of the
majority carriers on the cyclotron resonance of the
minority carriers. In our work on cyclotron resonance
in indium antimonide we observed the cyclotron reso-
nance of a low concentration (possibly 10— 108 carriers/
cm®) of high-mobility electrons and holes produced by
optical excitation against the background of a relatively
high concentration (~4X10* per cm?®) of low-mobility
holes, presumably in an impurity band.* The present
calculation examines the possible interaction effects in
such a system.

The effective electric field is

Eess= (E—LNern)/ (14Lx), (22)

if we neglect the contribution of the minority carriers.
The equations of motion are

(iwtps)ve=(e/m*)E;+1 (mh*/ms*) (wpz/w) Vi
+ Vs X Oecs H (23)

(tw+pr) va= (e¢/mp*) Eit-i(w/w) Vit viX @cn, (24)

4H. J. Hrostowski (private communication); H. Fritzsche and
K. Lark-Horovitz (private communication). We are indebted to
all three workers for helpful communication of their unpublished
results.
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where w,?=L;Ne%/my*. We note that in our approxi-
mation the motion of the majority carriers is inde-
pendent of the motion of the minority carriers. Thus,
if E is in the x-direction,

(e/mi*) Es(iw'+pa)
Vpe= ; (25)
(te'+pn) e’
* Eiz c
Vpy= _—_(e/'m;. JE o . (26)
(’iw"|’Ph)2+wch2

In this degree of generality, the equations of motion
for the minority carriers are rather tedious and unre-
vealing., We examine first the equations in the approxi-
mation w<Kps, '; that is, magnetic effects on the
majority carriers are neglected. We have

2

1wy
(iw+Ps)7)sx'-wcsvs = (eEzI/ms*)[l_}'—-‘-“_‘]; (27)
! (1" +pr)w
(iw+ps)vsy+wcxvs.t=0; (28)
* (jw-o1) ir-p.)
Vsz e W1 Pr) IWTPs
() . . (29)
B \m*) [ (ot po)+we](ie/+p)
The total current density is
Je=N €052+ N pevns. (30)
If we set
. Nue®/mp*
orition=—""""y, (31)
i’ +pn
(N 5¢*/ms*) (iwt-ps) :
orsTi07s= (32)
(Gw+ps)*Fwes’
we have for the total conductivity o(= j,/E:®):
. . +pn
o=crntiornt (orstiors)- ) (33)
1o’ pn

so the power dissipation associated with the minority
carriers is determined by

ors(ww’+p12)+ors(0' —w)on

ReAc=Re(c—ogsn)= (34)
w”+pp?
If plasma effects are dominant
ReAo= —ags(w/wy)?. (35)

If the relaxation frequency of the majority carriers is
dominant,

Rer'= ORs- (36)

In intermediate situations the power dissipation by the
minority carriers may contain a mixture of absorptive
(ors) and dispersive (s7,) components. In the p-type
indium antimonide crystal produced by the Bell Tele-
phone Laboratories and used for our cyclotron reso-
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Fic. 4. Calculated effect of reducing experimental frequency
by a factor of two. Plot of conductivity s we/w=7v./v for »=1.0
and »=0.5, keeping »,=2.

nance work, we have approximately, at 4°K, N,=~4
X 10%/cm? and pj=~2X 10* sec! as calculated from the
conductivity o,=4X10"* (ohm-cm)~! and an effective
mass® of m; taking L;~1, we have w,,=~3X 10" sec™.
We see therefore that at the experimental frequency
@=1.5X10" the relaxation frequency may be dominant
in this specimen, and the energy absorption by minority
carriers probably is not affected by the presence of
the majority carriers.

Cyclotron and Plasma Resonance Under Eddy
Current Conditions

We calculate now the magnetic field dependence of
the rate of energy absorption 'in an infinite slab of
material thick in comparison with the rf skin depth.®
Our primary interest is in the shape of the absorption
line under eddy current conditions. We assume explicitly
that the carrier mean free path is small in comparison
with the skin depth. This assumption limits the region
of validity of the treatment to moderately low carrier
concentrations. Two geometries are of interest, one
with the static magnetic field parallel to the plane of
the slab and the second with the magnetic field normal
to the plane. We take the plane of the slab to be the
xy plane. The results suggest that under eddy current
conditions and the above assumptions it is not possible
to obtain a distinctive cyclotron resonance line. With
carriers produced by optical absorption it should be
possible to get around the difficulty for the perpendic-
ular geometry if the injected carriers can be localized
in the surface region of the specimen, as by recombi-
nation.

Parallel Geometry

The static magnetic field is in the y-direction. The
equations to be solved are the cyclotron equations (15)
through (17), and the wave equation in a conducting

8 The effective mass should be that of holes in the impurity
band; we have taken this as 7 in complete ignorance of what to
do. It may be that a much higher mass is applicable; in the limit
of high mass the majority carriers will have little effect on the
cyclotron resonance of the minority carriers.

6 See also B. Donovan and E. H. Sondheimer, Proc. Phys. Soc.
(London) A66, 849 (1953).
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F1e. 5. Calculated power absorption »s magnetic field intensity
under eddy current conditions with H parallel to the surface.

medium

(37

The right-hand side of this equation is zero for the z
component. We assume E, has a solution of the form
¢iwt—k2) . the wave equation gives us

drwe  ew?

k=—1

- - (38)
¢ ¢

With the appropriate restrictions this expression gives
the usual low frequency eddy current result.

The electromagnetic behavior of the material is
described conveniently by the intrinsic surface im-
pedance

E, iw E;
Z=—| =—— =— (39)
H,|.— ¢ 0E,/dz ck
The rate of energy loss per unit area is
S=(c/8m)|H,|* Re(2), (40)

from the Poynting vector. If we may neglect ew?/c? in
(38), as is often justified, we have that the shape of
the absorption line is determined by

R (Z) . (/ )1 [(UR2+012)%+0'[:|% (41)
e(Z)«=Re(ifo)i=| ——|,
L 2wt
where
oc=0ogp+ior. (42)

The unusual line shape is shown in Fig. 5 for a pure
cyclotron resonance, with no specific plasma effects—
that is, the ratio of the skin depth to the breadth of
the specimen is taken to be vanishingly small. There is
no recognizable cyclotron resonance line.

KIP, AND KITTEL

Perpendicular Geometry

The static magnetic field is in the z-direction. From
the electromagnetic wave equation

—RkE,=i(4rw/c®) (¢ Es+ 02y Ey) — (ew?/?) Ey;
—RkE,=i(4rw/c®) (cysEstoE,)— (ew?/c?)E,.

We obtain & from the following determinantal equation,
where p=4rw/c?:

(43)

2

€w
B+ipe—— 1P0 4y
r
=0, (44)
€w?
— 1oy B+ipe——
2
SO
k= (ew?/®) —ipotposy, (45)
and
E,=-+1E,. (46)

If we enforce the condition that the radiation field
at the surface shall be linearly polarized, the field
components are given by

Ea: = %EO (ewik.'_z_i_e—ik_z) ;
1E,=%Eo(et+2—gik-2),

Thus, H,= (ic/w)(0E./0y)= (¢/2w)E¢(ks+k_) at the
surface, and, neglecting ew?/c?,

(47)

iw \?
o)
(1430’ 7 —iwer) (140 T4iwer)
X(1+iw'7-—iwcf)%+ (140 74-iwer)t]

A plot of the power absorption as a function of the
magnetic field intensity is given in Fig. 6. There is no
recognizable cyclotron resonance line.

Re(Z) « Re[

(48)
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Fic. 6. Calculated power absorption »s magnetic field intensity
under eddy current conditions with H normal to the surface.
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Line Shape

It is often convenient in microwave resonance experi-
ments to present as the output signal the modulated
component of the rf power absorption in the specimen.
The modulation in our experiments may be produced
by modulating the carrier concentration,” which may
be accomplished conveniently by modulating a light
source which produces internal photoelectrons in the
specimen, or by modulating the magnetic field intensity,
a standard method in electron and nuclear spin reso-
nance experiments.

In carrier modulation, the signal S is proportional to
dor/dN, where o is given by Eq. (14) and N is the
carrier concentration. We find that

vy 0o
S Re[a—— —], (49)
v oy
or .
1440 w vd— (1+14v')?
S Re{ ! } (50)
A+ +v2  y[v24+ (1+3)2 P
If >

14p2— 2
S ‘
(14v"2—p2)244p"
+8y"2p 2

(14v2—"?)
| oo
[A+v2—p 2244y ]

and the phase of the signal changes when
(52)

A plot of calculated line shapes is given in Fig. 7, in
the approximation »>>v. The line shapes are quite
distinctive and are somewhat reminiscent of the shapes
of ordinary spin resonance absorption lines under eddy

v2=p"2—1.

{\u’uo
w
-
<
e .
» v'sy
w A
z & k
<o
w
[:4
)
-l
E= 4
z
4
o U
9 i 2 3
Vc/Ul

Fic. 7. Plot of theoretical line shape »s magnetic field when the
carrier concentration is modulated and the detected signal is the
modulated component of the power absorption. The plot is for
the limiting case »<vp, 50 ¥'=—»,%/».

7 A. F. Kip, Physica 20, 813 (1954).
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FiG. 8. Plot of theoretical line shape ss magnetic field when
the magnetic field is modulated and the detected signal is the
modulated component of the power absorption.

current conditions. We note that if plasma effects may
be neglected the signal is simply of the form of og, an
absorption shape. It should therefore be possible to
distinguish in most instances plasma resonances from
cyclotron resonances by the line shape.

With magnetic field modulation the signal .S is of the
form

S« dor/dH, (53)

or
(A4v2— 22 +402 (v 2—"?)

CA—y"2+vH)244y2]

Sy,

(54)

The calculated line shapes are plotted in Fig. 8; it is
seen that the lines tend to be more antisymmetric
about the resonance frequency than was true with
carrier modulation.

II. EXPERIMENTAL RESULTS

Although the plasma resonance absorption line is in
general relatively strong, it is not entirely a trivial
matter to arrange to observe the resonance experi-
mentally. It is not convenient to sweep in frequency
over a wide range, so we have preferred to use a mag-
netic field to sweep the plasma frequency through the
experimental frequency. It is desirable to use a crystal
in which the carrier concentration is independent of
temperature,® so the heating or ionization effects of the
microwave field will not change the carrier concentra-
tion. We were fortunate enough to obtain from the
Battelle Memorial Institute, through the kindness of
Dr. A. C. Beer, an #n-type indium antimonide crystal
which is very well suited to our purpose. The crystal is
described by Dr. Beer as having an average extrinsic
carrier density of 1.4X10" cm™3; we are inclined to
believe on the basis of our plasma measurements that
the fragment used in our work actually had a carrier
density of (0.520.2)X 10" cm™3. The electron density
at somewhat higher concentrations in #-InSb is known

8 There is some interest in experiments on materials in which
the carrier concentration can be varied by varying the tempera-
ture, and our original observation of a plasma resonance in
germanium was made in this way, but we have not used the
method in a systematic way.
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Fic. 9. Experimental plasma resonance absorption signals
obtained with carrier modulation in a thin disk of #-type InSb at
77°K, at 9000 Mc/sec and 24000 Mc/sec as indicated. The
static magnetic field is directed normal to or parallel to the plane
of the disk in separate runs. The broken lines connect the curves
below 9000 oersteds with single terminal points determined at
higher fields. The resonance condition is determined approxi-
mately by the crossover points.

to be independent of temperature® between the temper-
atures of liquid helium and liquid nitrogen. In our
sample the plasma frequency did not appear to shift
between these two temperatures, so we believe with
some confidence that the electron concentration is
indeed approximately constant. At high rf power levels
at X-band at 77°K it appeared to be possible to alter
the carrier concentration, however.

It is desired that the carrier concentration and
effective mass correspond approximately to a convenient
experimental frequency. As shown roughly in Fig. 1,
the properties of our specimen put the plasma fre-
quency close enough to the microwave range, so a
reasonable laboratory magnetic field acting on the light
effective mass of the carrier makes possible measure-
ments at both X-band and K-band. It is also necessary
that the relaxation time of the carriers be long enough
to permit the resonance to be resolved distinctly. The
mobility measured at Battelle at 80°K is reported to
be about 500000 cm?/volt-sec. Taking the effective
mass'® to be m*=0.013m, we have 7=pum*/e=24X 1012
sec. As at K-band we obtained plasma resonance at a
cyclotron angular frequency of about 410 radians/
sec, we should expect a resolution w.r of about 16, more
than adequate. The actual resolution was only about 2;
we believe that the actual resolution is probably limited
by unavoidable irregularities in the shape of the test
specimen. The fact that the resolution did not improve
on moving to X-band! supports our opinion.

9 H. J. Hrostowski (private communication).

10 See reference 2. We take advantage of this occasion to correct
an error in the reference cited : the electron spin resonance reported
for InSb is now believed to be associated instead with both
cavities used in the work. It has been necessary to silver-plate
the cavities to eliminate the spurious signal. The specimen
reported as n-type in the reference is p-type extrinsic at low

temperatures. . )
' We recall that decreasing w increases w., according to Eq. (14).
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It is required further that the thickness of the
specimen be less than the rf skin depth. Based on the
reported mobility u=5X105 cm?/volt-sec and carrier
concentration N=1.4X10" cm~3, we calculate that the
skin depth at K-band is about 0.1 mm. The value may
be raised to 0.2 mm if the correct V should be 0.5X 10"
cm™3. The skin depth is too small, taken in combination
with the poor mechanical properties of the material,
for us to fabricate easily a suitable well-formed sphe-
roidal test specimen. Through persistent efforts, Dr.
Lawrence Hadley was able to isolate an irregular disk
roughly 0.4 mm 0.4 mm 0.1 mm. This specimen was
good enough to enable us to confirm approximately the
principal predictions of the magnetoplasma theory, but
we can claim none of the high accuracy and reproduci-
bility often associated with other types of resonance
experiments. We also checked qualitatively the general
features of the results using a second specimen in the
form of a short thin needle, making runs at 77°K and
4°K, with no significant differences at the two temper-
atures.

The experimental absorption curves obtained with
the disk-like specimen are plotted in Fig. 9, for runs
taken at 77°K under carrier (light) modulation.’? The
observed curves show the general features of the calcu-
lated curves, Fig. 7, but seem to be smudged out as
might be expected if the depolarization factors vary
somewhat from point to point within the irregular
specimen. The resonance field at 24 000 Mc/sec for the
normal field orientation is apparently near 2500 oersteds,
as compared with 3500 oersteds in the parallel field
orientation.

We note that in our specimen the effect of the plasma
may be described as shifting the position of the cyclo-
tron resonance to higher magnetic fields; the shift is
by a factor of 20 or more at K-band and 200 or more
at X-band.

The ratio of 0.7 between the two orientations is in
approximate agreement with the ratio calculated using
Eq. (21) and the approximate axial dimensions a, b, ¢
of the specimen. We have (L,/47)=0.70; (Ly/4r)
= (L,/4n)=0.15; further, taking the value of the
dielectric constant®® of InSb as 14,

L#=0.87; L2=L;=0.64, (55)
so the calculated ratio of resonance fields is
H(L)/H(]|)=0.64/[(0.64)(0.87)]¢=0.86, (56)

with an appreciable range of error because of the
uncertain depolarization factors of the specimen. The
thickness actually varies between 0.07 and 0.12 mm;

12 The experimental methods employed were similar in general
to those described in reference 1; in the plasma work some
difficulty is caused by the high loss of the specimen.

13 Avery, Goodwin, Lawson, and Maoss, Proc. Phys. Soc.
(London) B67, 761 (1954). Dr. Beer has called our attention to
several unpublished results suggesting that the-dielectric constant
may be close to 17. If we use this value, Eq. (58) would give N
close to 0.5 10" cm™3, which might be increased to 0.6X 10 cm™2
by the consideration which follows Eq. (58).
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further, the injected carriers may not cover the specimen
uniformly. The observed resonance field ratio 0.7 is
somewhat low.

We shall now estimate the carrier concentration NV
from the K-band data in the normal field orientation.
The approximate resonance condition is, from Eq. (14),

— w2 2= L;Ne*/m*. 57

Here w=1.5X10" radians/sec; w,=eH/m*c==23X102
radians/sec for H=2500 oersteds and m*=0.013m;
and L;°=0.64 from Eq. (55). Thus

N=m*ow,/ Lie?=20.4X 104 cm™3, (58)

as compared with the electron concentration of 1.4 10"
cm~3 reported by Dr. Beer for a part of the crystal as
grown. We do not believe the discrepancy necessarily
is significant in view of the distribution in impurity
concentration known to occur in other semiconductor
crystals. The anisotropy discrepancy suggests that we
have overestimated ¢, and a correction for this would
make the observed N=20.5X10™ cm™3.

Experimental results are shown in Fig. 10 for a
second specimen which had a better geometry than
that used in Fig. 9; the improvement in resolution is
evident.

It is a remarkable feature of the plasma resonance
condition (57) that the resonance moves to higher
magnetic fields as the frequency is lowered. The fre-
quency ratio 9000 Mc/sec/24 000 Mc/sec is 1/2.7; the
corresponding resonance field ratio is expected to be 2.7.
The observed increase on going from K-band to X-band
is from 2500 oersteds to 6200 oersteds in the perpen-
dicular orientation, a factor of 2.5. In the parallel
orientation the results are less reliable because of
limitations on the available magnetic field, but the
corresponding factor appears to be about 2.9. The
effects of frequency are thus in general agreement with
expectation.

III. SUMMARY

We have given an elementary and simplified theory
of plasma resonance in a magnetic field in semiconductor
crystals for carriers having a single isotropic effective
mass. The dependence of the magnetic field at resonance
on microwave frequency, specimen shape and orienta-
tion, and carrier concentration has been confirmed
approximately by observations on conduction electrons
in indium antimonide. The plasma effect, apart from
any intrinsic interest, is important in the interpretation
of cyclotron resonance experiments at high carrier con-
centrations; that is, at concentrations over perhaps 10*
cm—3. It remains to be seen whether the depolarizing
electric fields which give rise to the plasma frequency
can be short-circuited by suitable contact between the
specimen and the walls of the resonant cavity. It may
not be possible to carry out cyclotron resonance experi-
ments at high carrier densities unless the plasma
frequency can be suppressed. In normal metals the
plasma frequency for L=4r is in the near ultraviolet
spectral region.
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Fic. 10. Experimental plasma resonance absorption signal
obtained with carrier modulation in a thin rectangular specimen
(¢=0.04 cm, 5=0.026 cm, and ¢=0.008 cm) of n-type InSb at
77°K and 24 000 mc. The magnetic field is along the ¢-axis. The
position of the resonance corresponds to an electron charge
concentration of ~0.8X10/cm3. The width indicates an apparent
relaxation time of about w.724. The improvement in resolution
with respect to the curves shown in Fig. 9 is attributed to the
smoother geometry of the present specimen.

It may be possible that the properties of the electron
plasma in indium antimonide may find application in
oscillators in the millimeter and submillimeter region.
It is relatively easy to obtain a pure plasma resonance
in this region, and the Q of the resonance may be of
the order of 50 to 100 at liquid nitrogen temperature.
The oscillator might be tuned by means of a magnetic
field.

Apart from the overriding importance of depolarizing
fields in metals, we note from the calculations presented
above that the specimen must, regardless of carrier
concentration, be thinner than a skin depth if the plot
of power absorption »s magnetic field is to exhibit a
resonance maximum. This point is not considered cor-
rectly in Dingle’s discussion! of diamagnetic resonance
in metals, and we have at present no reason to believe
that resonance absorption can occur under the condi-
tions envisaged in his paper. This remark also applies
to the reference by Dorfman!® to cyclotron resonance
in metals.
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