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i THEORY OF SURFACE POLARI'TONS IN n-InSb IN THE PRISENCE

O A DC CURRENT AND AN EXTERNAL DC MAGNETIC FIPLD*
B. G. Martin, A, A. Maradudin and R. T, Wallis

Department of Physics, University of California
Irvine, California 92717, USA

Abstract: The dispersion relation for p-polarized surface polari-
tons has been obtained for n-InSb when a dc electric current is

flowing parallel to the surface.

An external, dc magnetic field,

parallel to the surface, and perpendicular to the direction of
propagation of the surface polariton, is assumed to be present. The
solutions of the dispersion relation show that the presence of the
magnetic field shifts the surface polariton dispersion curve with

respect to the no-field curve.

The inclusion of damping leads to

backbending of the dispersion curves across the light line. Ampli-
fication of the surface polariton can occur for drift velocities
greater than a certain critical value.

INTRODUCTION

We have theoretically investigated sur-
face polaritons in n~type InSb in the

presence of drifting current carriers /1/.

Several theoretical investigations /1-5/
have been made of the possibility of ob-
serving instabilities, e.g. amplifying
surface waves (not specifically surface
polaritons), in a semiconductor due to
drifting current carriers. The effect of
an electric current on surface waves has
also been observed experimentally /6,7/.
In contrast to these investigations,
where both electron and hole carriers
were taken into account, our investiga-
tion is concerned only with drifting
electrons. Although the. surface polari-
ton dispersion relations given here form-
ally include a dc magnetic field, the
calculations presented neglect its effect.

We consider a semiconductor which is in-
finite in the x- and y- directions and
semi-infinite in the z-direction. It is
assumed that the motion of an average
carrier in the semiconductor is governed
by the transport equation /8 /,

(V+ (@ .NV] = m;+—[£+% VxB]-wW,
(1)

where v and v are the velocity and car-
gier cgllision frequency, respectively;
E and B are the total electric and mag-
netic fields, respectively; and m and N
are the mass and particle density, re-

spectively; finally, VP is the electron
thermal pressure gradient.
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In what follows, we first consider the
case in which the pressure gradient VP =290
and then considér the case that VP # 0.
In the first case, retardation is taken
into account, while in the second case it
is neglected (i.e. we assume the electro-
static limit).

SURFACE POLARITOJ DISPERSION RELATION
(PRESSURE GRADIENT VP = Q)

We linearize _Eq. (1) taking VP = 0, by
writing V = V° + v B e By, + b and

E = Eo + e, where Vo, Bo, and Eo are uni-
form agﬂ time-independent quantities,
while v, b, and e are position and time-
dependent deviations from these uniform
and static quantities. The linearized
expressions are substituted into Eq. (1)
and terms of like-order on both sides
are equated, with only zero- and first-
order terms being considered. In addi-
tion, an exponent1a1 variation

- exp [1(k- T - wt) ] is assumed for all

first-order quantities. From the expres-
sion for the current density which is ob-
tained in this way the non-local conduc-
tivity tensor ogg is obtained in a

straightforward manner, and consequently
we obtain the non-local dielectric tensor

°as(z."") (@ + i‘ﬂ o (i,w).

We next apply the so-called dielectric ’
approximation / 9/ to ¢ (k w). Specific
ally, we must cvaluate %ge partially
transformed diclectric tensor which is
defined as / 9/
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where k2 = k2 + k2 (we will take ky =0

X
in the calculations).

To obtain the surface polariton disper-
sion relation for the geometry being con-
sidered here, taking retardation into
account, we first obtain expressions for
" the fields Ey(z) and E,(z) in the crystal
(z >0) from the following coupled
integro-differential equations.

2 .
-3 Shheat in
; 3 Ex(z) + 1kx 3 Ez(z)
. az z
3 2 °
= 2E{dz exx(kxwlzz')Ex(z') +

(¢]

N
0O % 8

+!:‘:-§ dz'exz(kxm|zz')l':‘.z(z') (3)

d 2
ikx dz Ex(z) + kx Ez(z) =

N

0% 8
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2
c
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dz szx(kxw!zz )Ex(z ) +
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ks

% dz'ezz(kxm|zz')Ez(z') | %)

We next obtain the field component D,(z),
and apply the boundary conditions of con-
tinuity of E4(z) and D,(z) at z = 0, the
crystal-vacuum interface. The resultant
surface polariton dispersion relation for
a carrier drift velocity Vg, in the x-
direction is

1 ikx(aa + iaas) + a(ea - a6)
o =0,
% 2 m2
2 kx 7 —E (E“ i u6)
c .
(5)
where
2
2 2 W
% kx ey

T
¢ .k wlzz') = f =2 ¢ (k,w)e Z ,
aB > 2 Tob (2)
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and where we have introduced the plasma
frequency w,, the cyclotron frequency wg,
and €o is tge background dielectric
constant. ;

Figures 1 and 2 show results for two
values of the drift velocity Vgx, where
the collision frequency v and the static
magnetic field By, were taken to be zero.

SURFACE POLARITON DISPERSION RELATION
(PRESSURE GRADIENT VP # 0)

The procedure here parallels that used
for the case where VP = 0 except that, in
the electrostatic limit, the coupled
integro-differential equations (3) and
(4) are placed by a singlec equation for
the scalar potential Q(kxmlz), namely,

:lkx'{-ikx{ dz'cxx(kxw|zz')¢(kxm|z') -
-{dz'cxz(kxmlzz') -d%T ¢(kxw|z')} +
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(6)

From the solution of this equation the

surface polariton dispersion relation for
zero magnetic field is found to be

' € 2; o f; 3w w'-kxvox
eﬂ"al"‘kx‘"_f- ZB—TNZVZ- B+u1
w F 3
€ mz € w2 w-k V
PRNon e e T S
€22 " % T2 T2 T Ak B,
o F
w=-kV
3 X 0
B & 2 B-a
VF 1
& 3 u)“kxvox B o
B+ =
vi, =8y
where
2 2 3 2
B" =k -—E(w-kxvox) >0
v
F
ui = %’(a + Jaz - 4b )

az-%(a-/az-l;b) .

In these expressions, we have that

‘ 2 3V§x 6onx
a-kx(Z---—-—-z )+kx( B )-

Ve Ve
2
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v 2
F .

f; 3V: 3Vo w 2
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is the Fermi energy.

2
F

o

where Vp is the fermi velocity and €p

Figures 3 and 4 show the dispersion
curves for the case where 9P # 0; for
several values of drift velocity Vy4.

DISCUSSION

Fig. 1 shows the surface polariton dis-
persion curve for Vg = 7.29 x 108 am/sec.
For ky, > 0 (k, = klx-kikzx) there is a
single branch, which increases with fre-
quency. This branch is essentially
mirrored for the case where kjy < 0 ex-
cept that this branch exhibits back bend-
ing. For kjx < 0, however, there are two
additional branches which move from large
negative kj-values toward the value

kijx = 0 as the frequency is increased.

At some point to the left of the w/wp
axis, the two branches meet, and continue
coincidentally, until they terminate at
kjx v 0. In this region of coincidence,
the wave vectors are complex conjugate;
thus, for one sign of the imaginary part
of ky, there appears to be amplification
of surface polaritons, while for the
other sign there is damping.

In Fig. 2, the surface polariton disper-
sion curves are shown for a drift velo-
city three orders of magnitude smaller
than the ‘one that has just been con-
sidered. The behavior is similar to that
shown in Fig. 1.

Fig. 3 shows the dispersion curves for
Vox = 0, and Vox / VF = 0.008 (Vg~ 108
cm7sec), but where the thermal pressure
gradient is taken into account (see Eq.
7 ). There are branches fcr both

t Vp kjx/wp, which increase rapidly with
increasing frequency.

Fig. 4 shows results for Vo, /V, = 0.8.

- There are, for this situation, only

values of +Vpk; /w, that satisfy the dis-
persion relation. Enitially, for increas-
ing frequency, VFklx/“p increases; then
it bends back towards the frequency axis.
Subsequently, for increasing w/wp, the
wave vector again increases. At the be-
ginning of this increase, the wave vector
values satisfying the dispersion relation
are complex conjugate. ‘Again we have an
instability which is indicative of sur-
face polariton amplification. The com=-
plex conjugate roots occur for values of
Vox/VF R 0.5.
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Fig. 1. Dispersion curves for surface
polaritons with retardation and
with carrier drift velocity Vgox =
7.29 x 108 cm/sec.
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. Fig. 2. Dispersion curves for surface

polaritons with retardation and
with carrier drift velocity Vo =
7.29 x 103 cm/sec.
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Fig. 3. Dispersion curves for sur=-
face polaritons without retarda-
tion but with the pressurc grad-

ient

included.
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Fig. 4. Dispersion curves for sur-

face polaritons without retarda-~
tion but with the pressure grad-
ient included.
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