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A theory of surface magnetoplasmons in semiconductors is developed with the inclu-
sion of retardation for the geometry in which the magnetic field is parallel to the surface
and the direction of propagation is perpendicular to the magnetic field. If the background
dielectric constant & lies in a suitable range for a given value of the magnetic field,
gaps appear in the dispersion relation for the surface magnetoplasmons, The possible
experimental observation of these gaps is discussed.

The dispersion curve for surface polaritons as-
sociated with surface plasmons in n-type InSb has
recently been observed by Marschall, Fischer,
and Quiesser' using the anomalies introduced into
the infrared ref lectivity by a grating ruled on the
surface. At large wave vectors (k»to~/c) the dis-
persion curve approaches the asymptotic value
td, t, -=cot,(1+1/e ) "', where u~ is the bulk plasma
frequency defined by (47tne'/m*e „)"', n is the
free-carrier concentration, m* is the effective
mass, and & is the high-f requency-background
dielectric constant. At small wave vectors (h

&to~/c) the dispersion curve lies just to the right
of the light line co=kc and joins the light line at
(d =0.

It is of interest to consider the effects which
may arise when an external magnetic field is ap-
plied. Chiu and Quinn' have investigated this
problem for a metal taking & =1, a case which
does not reveal the interesting effects reported in
the present paper. We have developed the theory
of surface magnetoplasmons including retardation
for the case of semiconductors such as n-type
InSb, where the energy band is to a good approxi-
mation simple and spherical, and &„»&. The
analysis becomes particularly simple in the ge-
ometry where the external magnetic field is par-
allel to the surface and the direction of propaga-
tion is perpendicular to the magnetic field, so we
restrict ourselves to this case. The material is
assumed to be semi-infinite and to fill the half-

space specified by x - 0. The external magnetic
field @, is taken in the y direction and the wave
vector in the z direction. The dielectric tensor
has the form

0 ~, 0

n' = h' —(to'/c') e v,
2 = h2 —K2/C2

(3a)

(»)

where e, = e „[1+ co~'/(&o, ' —io') ], e, = e „to, td '/
to(td —to, ), e, =& (1 —tot, /io ), and &, =ea /m*c.
The present case involving a gyrodielectric ten-
sor is formally similar to the case of a magnetic
medium with a gyropermeability tensor. ' Both
cases exhibit nonreciprocal effects —a lack of
equivalence of positive and negative wave vectors.

Our starting point is Maxwell's equations. Af-
ter we eliminate the magnetic field from the curl
equations, we obtain

curl curlE + (1/c') &'D/Bt' = 0,
where E is the electric field and D is the dis-
placement. We seek solutions of the form

(@ p E )e-ttxei(ttz-tdt) &~ p

E =(E,„, OE„) "eo" 'e" " x&0 (2b)

Equations (2) form a nontrivial solution to Etl. (1)
only if
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FIG. 1. Dispersion curves for surface polaritons associated with surface magnetoplasmons in n-type InSb.
Dashed lines labeled & =0, bulk-polariton dispersion. curves. &» is the zero-field unretarded surface-plasmon
frequency defined by tu&(1+1/e ) ~ ~. t'z is defined in the text.

ev ——6„„+E„ /6„„ (3c)

(3d)

One can evaluate the amplitude ratios E;„/E;, and

E,„/E„using Eqs. (l) and (3); a simpler result
can be obtained, however, if one uses the equa-
tion V' D=0. Then one finds

—QE„,+2k'„„
06'„„+2k E'„

E„/E,„=—fk/n, .

(4a)

(4b)

The boundary conditions regarding the continui-
ty of the normal component of D and the tangen-
tial components of E at the surface x = 0 can be
written as

jV . jV (5b)

or

~„„(E,„/Z, ,) + ~„,=E,„/Z (6)

Substitution of Eqs. (4) into Eq. (6) yields the dis-
persion relation

Q + QOEv+Zk(fzz/Ezz) = 0.

where ev is the Voigt dielectric constant, given by %e have carried out detailed calculations of the
surface-magnetoplasmon dispersion curves for
v-type InSb for which E =15.68.' %e assume that
the conduction band is spherical and parabolic.
One feature, which is immediately obvious from
Eq. (7), is that the dispersion curves are differ-
ent for wave vectors of the same magnitude but
opposite signs. Considering first the case k & 0,
and working with the reduced variables $ = tu/uI~,

f = Iklc/v~, and ri = &u, /~~, we plot in Fig. l the
surface-polariton dispersion curve for the case
@=0.5. A striking effect, not found in the zero-
magnetic-field case, is immediately apparent:
The dispersion curve consists of two parts with
a gap between them. The lower portion starts
from the origin and rises just to the right of the
light line co =Ac, bends over, and terminates
when the curve intersects the dispersion curve
for bulk magnetoplasmons (bulk polaritons) de-
fined by n—:k' —&e'&v/c' =0. The upper branch
starts on the line defined by &„„=0, rises, and
then approaches the asymptotic frequency for un-
retarded surface magnetoplasmons found by Pak-
homov and Stepanov' and defined by the equation
1+&„„—i&„,= 0. In the large-wave-vector, unre-
tarded limit, the electric vector for the upper
branch executes a retrograde circular motion in
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FIG. 2. Dielectric constant ev plotted as a function of frequency.

the sagittal plane. At the small-wave-vector ex-
tremity of this branch, the electric vector is
plane polarized perpendicular to the surface.
Note that this branch stops before it reaches the
light line ~ =kc.

The reduced wave vector at which the upper
branch starts is specified by the equation

If f,' is to be finite and positive, then e „must
satisfy the inequality

& (I +~2)1/2/~ (~ 2 ~ 2)l/2/ (9)

Recently, Chiu and Quinn' studied the surface
magnetoplasmon problem with retardation, but
did not find a gap in the dispersion curve. The
reason is that they did not use a suitable value
of &„.

That a gap can exist in the dispersion curve is
evident from a consideration of Fig. 2, where ev
is plotted against (. There is a region below the
line &„„=0 where &v is large and positive, so that
a' is negative for finite wave vectors and no sur-
face wave exists. If the unretarded surface mag-
netoplasmon frequency lies above the line &„„=0,
as it does for InSb with g = 0.5, then a surface
wave exists both above and well below this line,
and a gap must exist just below this line. To
have a surface-wave branch above the line &„„=0,

the ratio &u, /&e~ must exceed a critical value spec-
ified by Eg. (9). For InSb, this critical value is
0.064.

For a value of & just below the right-hand side
of Eq. (9), the upper branch lies below the line
&„„=0and to the right of the lower bulk disper-
sion curve. As & decreases, the gap rapidly
closes, and only a single branch remains.

Considering now the case of k &0, we plot also
in Fig. 1 the surface-polariton dispersion curves
for n-type InSb with @=0.5 and k&0. It is clear
that the situation is qualitatively different from
that where k &0. We now have a complete lower
branch running from the origin out to the asymp-
totic value specified by the equation 1+&„„+i&„,
= 0 which was derived by Pakhomov and Stepanov. '
In addition, however, we have an upper branch
which starts at the light line where &„„=1,rises
to the right of the light line, and ends when it
meets the upper bulk-polariton dispersion curve,
a =0. The upper branch for k &0 exists when

&1 and p&0. It may be remarked that, for
both k & 0 and k & 0, there are frequencies at
which both a bulk wave and a surface wave can
propagate, a situation which does not exist for
zero magnetic field.

The gap in the dispersion curve for k &0 and
the multiple branches for k &0 should be observ-
able experimentally using the techniques of Mar-
schall, Fischer, and Quiesser. ' It is necessary
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to use polarized light with the electric vector per-
pendicular to the grooves of the grating ruled on
the surface. The external magnetic field can then
be oriented parallel to the grooves. An alterna-
tive and probably more satisfactory procedure is
to use the attenuated total reflection technique re-
cently exploited by Marschall and Fischer' in
their observation of surface optical phonons in
Gap.
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The linewidth of spontaneous spin-flip Raman scattering in InSb has been measured as
a fUnction of Inagnetic field and scattering geometry. A phenoxnenological theory that in-
cludes both spin and orbital relaxation gives results in qualitative agreement with experi-
ment.

There has recently been a resurgence of in-
terest in the detailed properties of spin-flip light
scat:tering in semiconductors due to the develop-
ment of the spin-flip Raman laser. ' 4 In particu-
lar, the spontaneous spin-flip linewidth is an im-
portant parameter which affects the gain, thresh-
old power, and fine-tuning characteristics' of
the spin-flip laser. We report the first detailed
experimental and theoretical study of the line-
width of spontaneous spin-flip light scattering in
indium antimonide. A simple spin-relaxation
theory of the linewidth is found to be inconsistent
with the experimental data. We have formulated
a phenomenological relaxation-time theory, in-
cluding orbital collisions, which yields motional
narrowing of the inhomogeneously broadened
spin-flip line, and which gives results in qualita-
tive agreement with experiment.

The experimental arrangement was similar to
that previously described. " A Co laser was
used to pump spin-flip scattering in n-type InSb
crystals (2&&2&& 6 mm') with an electron density
of 1 && 10"cm ' immersed in superfluid helium
(T-2 K) in the bore of a superconducting magnet.
The incident photon energy was 233.5 meV (5.30
pm). In all experiments the incident laser light
propagated perpendicular to the magnetic fie1d

H and was polarized parallel to it. As shown in
Fig. 1, the scattered light was collected either
along H (q H 10 geometry) or in the forward di-
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FIG. 1. Line shape of spin-flip Raman scattering
(n=l &10 cm, H=24 kG, and T=2 K). Spectra are
shown for the two geometries q H&0 (top) and q H=0
(bottom) .
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