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An interface between a semiconductor and a highly conducting metallic screen supports polaritons that
propagate at a right angle to a static magnetic field lying in the plane of the interface (Voigt geometry). In
case of negligible plasmon-phonon interaction, there is a propagation window below the cyclotron frequency
and another one above the hybrid cyclotron-plasma frequency. For a given orientation of the magnetic field,
these modes propagate in opposite directions. In case of a polar semiconductor, there are three propagation
windows whose limiting frequencies depend on the cyclotron, plasma, transverse-phonon, and longitudinal-
phonon frequencies. These modes also exhibit nonreciprocality with respect to their direction of propagation.
EfFects of damping and of the finite conductivity of the metallic screen, and the possibility of experimental
detection of the predicted modes are discussed.

I. INTRODUCTION

Surface polaritons in semiconductors have been
extensively studied in the course of the past de-
.cade. In particular, the effect of a static magnetic
field was investigated in detail, and the reader is
referred to review articles' ' on the subject. The
magnetic field is usually taken to be either per-
pendicular or parallel to the surface. In the latter
case the most frequently studied configurations
are propagation along the magnetic field (Faraday
geometry) and at a right angle to the field (Voigt
geometry). A detailed study of the three geome-
tries was made by Wallis et a/. ' In some publica-
tions'' ' it was assumed that the effect of pho-
nons is unimportant; this is justified provided
that the plasma and cyclotron frequencies of the
charge carriers and the frequency of the wave
are much higher than the longitudinal-phonon fre-
quency. Other works''' allow for the interaction
between plasmons and phonons, resulting in an
increased number of polariton modes.

Whether the effect of the phonons is included or
.not included in the description of the polar semi-
conductor, the presence of an applied magnetic
field causes various qualitative changes. (i) The
modes that exist in the absence of a magnetic
field are shifted in frequency, the shift being of
the order of the cyclotron frequency. (ii) An ori-
ginally isotropic semiconductor becomes highly
anisotropic, i.e., the properties of the modes and
their very existence depend on the relative direc-
tions of the magnetic field, the direction of propa-
gation, and the surface normal. (iii) The polariton
modes depend not only on the direction of the mag-
netic field, but also on its sense. In other words,
upon reversing the field the original modes disap-
pear and the new ones appear. This behavior is
often referred to as "nonreciprocal. " (iv) In the

Voigt geometry certain modes stop at a finite
value of the wave vector. Therefore they are not
true excitations of the plasma at the crystalline
surface. They are called "virtual excitations" or
"photon-driven" surface plasmons. (v) If the mag-
netic field is perpendicular to the surface and also
in the Faraday geometry the surface mode is com-
posed of a linear combination of two inhomoge-
neous waves which, in general, have different
decay constants. This feature gives rise to a
variety of unusual surface modes ("generalized, ""'
"leaky, "' ' and "degenerate""' "), in addition to
the standard ones. (vi) With the exception of the
Voigt geometry, the plane of polarization of the
electric field does not coincide with the sagittal
plane. As a consequence, a combination of s- and
p-polarized light is necessary in order to excite
the surface-polariton modes by optical techniques.

Such a technique-attenuated total reflection (ATR)
was employed by Palik et al.' "in order to excite
surface polaritons in e-type InSb in the Faraday
geometry. Experiments were also performed in
the much simpler case of the Voigt geometry by
Hartstein et al." " These authors confirmed the
existence of nonreciprocal behavior and virtual
excitations for InSb with a high concentration of
electrons (negligible interaction with phonons)"
and with a low concentration of electrons (plasmon-
phonon interaction). "

The effect of an electron-density profile at the
semiconducting surface was investigated by Wallis
et al." In the presence of such a profile nonlocal
effects" play an important role. This is because
standing waves of small wavelength may be excited
in the "step" of the density profile.

The problem of polariton modes propagating at
the interface between two magnetoplasmas does
not lend itself to an easy solution. The case of the
Voigt geometry was recently studied in detail by
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Uberoi and Rao."'" They derivedageneral, how-
ever, implicit dispersion relation [see Eq. (1) of
Ref. 19], which was subsequently applied to the
special cases that both media are (a) plasmas"
(with the effect of ions included); (b) semiconduc-
tors" (neglecting the effect of phonons); and (c)
polar semiconductors. " The authors analyzed
the problem in terms of a set of parameters rele-
vant to the interface. Unfortunately the analysis
is quite complicated; for instance, in the case of
an interface between two plasmas the roots of the
dispersion relation are discussed in terms of a
diagram divided into no less than 25 regions. "
For an interface between two semiconductors
there are —depending on the orientation of the
magnetic field —one or two authentic surface
modes. " In addition to these there may appear in
the spectrum gaps associated with virtual excita-
tions. An interface between two polar semicon-
ductors may support as many as seven modes. "
II. POLARITONS AT THE INTERFACE BETWEEN A POLAR

SEMICONDUCTOR AND A METALLIC SCREEN IN THE

VOIGT GEOMETRY

In this paper we discuss a particularly simple
case of an interface between two conductors,
whose mathematical analysis and physical inter-
pretation are straightforward and transparent.
One conductor is a polar semiconductor and the
other is a highly conducting metallic screen. The
wave fields cannot penetrate into the latter me-
dium; in particular, the tangential component of
the electric field and the normal component of the

magnetic field vanish. Then, as a result of the

continuity of these components across the bounda-

ry, the electric field Kin the semiconducting me-
dium must be perpendicular to the interface and

the magnetic field 8 must be parallel to the inter-
face. Subject to these boundary conditions we
solve MaxweQ's equations for the polar semicon-
ductor in the presence of a static magnetic field

18BVx E= =--cat'

VxB=——(e E).e &t— (2)

Here ~ is the magnetoplasma tensor of the medium.
Eliminating Bwe easily arrive at the following
wave equation"

q'E - q (q E) - q', e ~ E = 0

where q, = &u/c is the vacuum wave vector. This
equation is valid for an arbitrary direction of the
static magnetic field 8,. If we choose the s axis
along B, the dielectric tensor is given by"
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Here ~~ and ~~ are the transverse- and longitudi-
nal-phonon frequencies, respectively, e~ =
(4vne'/m*e„)'/' is the plasma frequency of the
charge carriers, &o, =eB,/Mc is the cyclotron
frequency, and e„ is the high-frequency dielectric
constant. We have neglected the damping frequen-
cies of both lattice vibrations and plasma waves.

We shall now limit the static magnetic field to
a direction parallel to the interface. If we choose
the y axis normal to the interface then our bound-
ary conditions imply that the only nonzero com-
ponent of the electric field is E„ i.e. , E„=E.=o.
All the nonvanishing terms in Eq. (4) are propor-
tional to E„, which may be cancelled out. Then
the x, y, and z components of Eq. (4) reduce to
the following equations:

2
Cg Qy= Qo&y~ ~

2 2= 2L+&a=&o+xx ~ (10)

Oping
=0 ~

&x = &o&~xx ~
(12)

By Eq. (9) q„+0 and therefore by Eq. (11), q, =0.
This means that there is no wave propagation along
the magnetic field. In other words, the Faraday
configuration does not support a single-plane-
wave solution. Equations (9) and (10) become"

V'E —V(V ~ E) —— e E=0.
C2 ~t2

qy =q06y /le (13)

For E ~exp [i (q. r —~t )] the last equation becomes
The conditions for propagation of an interface po-
lariton are that q„ is real (positive or negative)
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FIG. 1. Voigt geometry:- the interface wave
propagates in the direction Re q, at a right angle to the
static magnetic field Bp,.both vectors are parallel to
the interface. The wave is linearly polarized, with its
electric field K perpendicular to„the interface and its
magnetic field 8 parallel to the static field Bp. The de-
cay into the semiconductor is given by Imq, while the
decay into the metallic screen is negligible. Note that
the electric field acting on an electron causes a drift
velicity vz in the —y direction. Then there is an addi-
tional force, —ev& && Bp, in the +x directi. on. This pre-
ferential direction is responsible for the nonreciprocal
nature of propagation.

and that i q„ is real and negative. The latter con-
dition ensures that the wave decays exponentially
away from the interface in the semiconductor
(y&0). By Eq. (6) e„„ is real: therefore, by Eq.
(12), q, is real whenever e,„&0. The wave may
propagate in the positive or negative direction of
the x axis (q, & 0 or q, & 0) depending on the sign of
the square root in Eq. (12). If q„&0 then, by Eq.
(9), i q„ is real and negative for cu«u, . On the
other hand, if q„&0, then i q, is real and negative
for co& ~, . We may then conclude that the inter-
face supports polaritons whenever e,„&0. They
propagate in the positive (negative) x directions for

&u «u, (&o & &o,). This behavior corresponds to the
nonreciprocal nature of interface polaritons in the
presence of a static magnetic field.

A very simple physical picture of the wave emer-
ges (see Fig. 1). It propagates at right angles to
the applied magnetic field (Voigt geometry) with a
phase velocity ~/q, =c/A„, [see Eq. (12)].'4 It
decays exponentially into the semiconducting
medium with a decay constant given by ~ q, ~ [ see
Eq. (13)]." The wave is linearly polarized with
its electric field perpendicular to the interface.
It follows from Eq. (1) that the magnetic field of
the wave is parallel to B,. Using Eqs. (1) and (12)
we get B, =l~„„E„.

e„„[see Eq. (6)] has two poles, at &ur and at
It also has two zeros, ~, and v„which are

the solutions of the equation

&' —(~t, + (u~+ (oc)(u'+ (&or (u~+ (gz +') = 0 .

(14)

Now ~~& ~~, and we may choose e, & ~,. Taking
in account that e, „(0) and e„„(~)are positive quan-
tities it is a simple matter to establish that

min(&ar, &v,, )&e,&max(er, tu, )«u,

holds for an arbitrary set of characteristic fre-
quencies &ar, &u~, &u~, and &o, . Here min(&ar, ~, )
is the smaller one among the frequencies ~~ and
&o, and max(&ur, &u, ) is the greater one among
these frequencies. In Fig. 2(a) we present a sche-
matic plot of the function e„„(&u). It is positive in
the regions indicated by heavy lines on the fre-
quency axis. Thus there are three "propagation
windows" for interface polaritons, defined as fol-
lows:

I (u& min(~r, (o, );

II ar, «a&max(&ur, &u, );

III e&e, .

(16)

(18)

In these regions the dispersion relation of the
modes is given by Eq. (12) and is schematically
drawn in Fig. 2(b). It is remarkable that this
general behavior is valid for an arbitrary amount
of doping and arbitrary 8,.

Now in region I ~ is always smaller than v, .
Therefore, the low-frequency mode in Fig. 2(b)
may propagate only in the positive x direction
(q, & 0). On the other hand, in region III &o is al-
ways greater than ~, . Thus the high-frequency
mode in Fig. 2(b) may propagate only in the nega- .

tive x direction (q, &0). In region II v«u, when
~ ~&+, , and vice versa. This means that mode
II propagates in the positive (negative) x direction
when wr«o, (ter& &o, ). This nonreciprocal be-
havior is a characteristic feature of magneto-
plasma surface and interface polaritons. It has
been both predicted'" and observed"' "for semi-
conducting surfaces in the Voigt geometry. It has
been also predicted for interfaces between two
semiconductors in the same geometry. "'" The
effect may be observed experimentally by revers-
ing the direction of the applied magnetic field,
thereupon observing polaritons which were for-.
merly absent.

The modes of Fig. 2(b) should be readily ob-
servable by attenuated total reflection (ATR) tech-
niques. We stress that in the present case there
should be no "air gap": a semiconducting film
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of optimum thickness should be "sandwiched" be-
tween a metallic screen and a high-index prism. "
Otherwise polariton modes at the free semicon-
ducting surface mould be excited in addition to the
modes at the semiconductor-screen interface.
These modes mould be coupled and mould lie to
the right of the vacuum light line, unlike the po-
lariton modes in Fig. 2(b). Such coupled modes
in the absence of an applied field were predicted"
and observed by Lopez-Rfos et al."

Recently, Halevi and Hernandez-Cocoletziso
calculated the ref lectivity spectrum of a prism-
metal-metal configuration. Well-defined minima,
which derive from the excitation of plasmons at
the bimetallic interface, were found. These inter-
face plasmon-polariton modes were predicted"
and recently reviewed" by the first author. We
expect that the strong excitation will persist in
the presence of an applied magnetic field mhich,
of course, must be perpendicular to the sagittal
plane.

HI. DAMPING EFFECTS

In Sec. II me neglected the effects of damping.
If we allow for finite, phenomenological damping

frequencies for the phonon and plasmon terms in
Eqs. (6)-(8) then, in particular, e„„becomes
complex. Assuming that its imaginary part E„"„
is much smaller than its real part e„', Eq. (6)
becomes

=-q,v'. „'„+ q, ,"„/2v' „'„. (19)

For spatial damping ~ is real and q„=—q„'+i q„" is
a complex quantity. The dispersion relation, e vs
q„', miQ suffer certain changes. The most impor-
tant is that the propagation window I [ Eq. (16)j
mill not extend to the very-lom-frequency region
as in Fig. 2. In fact, propagation will be limited
to frequencies co& v, where v is the plasmon
damping frequency (it is typically much larger
than the phonon damping frequency). We also ex-
pect strong damping effects in the vicinity of the
frequencies ~„co» ~» and co, . As a result, the
propagation windows II and III will not be sharply
delineated any more. ~e wave vector q', will
not go to zero close to +, and ~,. Neither mill it
become infinite as ~ ~~ and e-~, . As usual
mith the case of spatial damping, the dispersion
relation should bend back as these frequencies
are approached.

The second term in Eq. (19) describes the attenu-
ation of the wave along its direction of propagation.
The propagation distance is given by

L=1/2q„" =4 c„'„/q,~,', . (20)

for tee ~~

min (uI,Qc) ~l g„&0

ta)

FIG. 2. (a) Element e „„ofthe dielectric tensor vs v,
for- a polar semiconductor, Eq. (6). This schematic re-
presentation is valid for an arbitrary configuration of the
characteristic frequencies vz, vl. , co„and e&. When-
ever e„„&0a propagation window for interface polari-
tons exists, as marked by heavy lines along the fre--
quency axis. (b) The polariton modes of an interface
composed of a polar semiconductor and a metallic
screen, corresponding to the propagation windows of (a).
Mode I propagates in the +x direction, mode III pro-
pagates in the -x direction, and mode 0 propagates in
the+x (-x) direction for co~ &(o2 ((o~ &o)g ). The rea-
son for this nonreciprocal behavior is explained in the
legend in Fig. 1. The dashed lines indicate that our
model breaks down at very low frequencies (+- v) and
at very high frequencies (co - e&). Mode III actually
terminates at the re'sonant frequency given by Eq. (22).

IV. CASE OF NEGLIGIBLE PLASMON-PHONON'

INTERACTION

It is interesting to see what happens in a case of
experimental interest, namely, that
&u~ «min(~„&u~). Then the interaction between
plasmons and phonons may be neglected, and me
may take e~= ~~ = 0 in the frequency region
&u» &u~. The solutions of Eq. (14) are ~, = 0 snd
&o, = ((u~+ &u,')' '. Then the propagation windows I
and II collapse into a single windom, mith no stop-
band between min(&or, ~, ) and &o,. The schematic
dispersion relation is dramn in Fig. 3. In this
case the lower- (higher-) frequency mode always
propagates in the positive (negative) direction of
the x axis.

In the absence of a static magnetic~ field e, = 0,
and the lower-frequency mode in Fig. 3 disappears.
The higher-frequency mode now starts at ~~. This
is the polariton mode at the interface between tmo
conductors, predicted by the first author. " Hom-
ever this model has a limiting frequency, given
by



5252 P. HALEVI AND C. GUERRA-VELA

gM,'+ ul'

FIG. 3. Polariton modes of an interface composed of
a semiconductor and a metallic screen in, the case of
negligible plasmon-phonon interaction. Ic» is given by
Eq. (6) with ~&=el = 0.] The meaning of the dashed
lines is explained in the legend to Fig. 2(b).

&e plasma frequency ~~~ of a "highly conducting
metallic screen" is much larger than e~ of the
semiconductor, and e' =1. Then Eq. (21) may be
approximated by

4)~ = (dp /(e~ + 1) (22

Now our model implicitly assumes that +& -~
Therefore it is not surprising that ~-~ as q„-
for the high-frequency modes in Figs. 2(b) and 3.
It becomes clear that this behavior is a manifesta-
tion of the limitations of our model. For a metal-
lic medium with aconite plasma frequency e~, the
high-frequency modes in Figs. 2(b) and 3 should
terminate at some cutoff frequency. This fre-
quency depends, in principle, on the parameters
which characterize the two conductors in contact;
however, it is approximately given by Eq (22).
provided that ~~/ is much larger than
max(&u~, &o~, &u, ).33

Another effect of a finite ~~~ is that the polariton

Up to this point the applied magnetic field
was constrained to lie in the plane of the inter-
face. Now we discuss the case that it isgerpen-
dicular to the interface. Therefore B, (( E ()f,
where z is a unit vector normal to the interface.
Equation (4) must be solved subject to the boundary
conditions E„=E„=0. It is straightforward to
show that

q=q, l~„., q, =0. (23)

Thus the wave propagates in an arbitrary direction
in the plane of the interface and does not decay at
a)l into the semiconducting medium. This is sim-
ply a bulk polariton, with phonon-plasmon inter-
action. There are two propagation windows: one
between v' and co~, and the other above ~",
where a&' and v" are the zeros of ~„(ao).

The properties of the wave are independent of
the magnetic field. .This is explained by the fact
that the charge carriers are accelerated in the
direction of B, (because E ~) B,) and, therefore,
experience no Lorentz force.
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falls off exponentially into the metallic screen. Its
decay distance is of the order of c/~~, rather than
zero.

Vfe note that the modes discussed in this work
are of the standard interface polariton type. Thus
we find no virtual (photon-driven) modes. This
may be readily understood from a simple criteri-
on for the existence of these modes, given by
Uberoi and Rao." The criterion is that the in-
equalities ~~ & ~~ and ~„&e„' must be simulta-
neously satisfied. In the present case, however,
the second inequality does not hold (e„&1 and
e„'=1).
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