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tain

[e, + eo —2v(q )X(q, cu) ] [e, + 2v(q) X(q, cu) + (e '+~' —coshqa) (sinhqa ) ']

—[e, —so+ 2u(q)X(q, co)] [e,—2v(q)X(q, cu) —(e ' ~' —coshqa ) (sinhqa ) '] = 0, (4)

where u(q) =27re /q, and X(q, cu) is the density response
function of a two-dimensional electron gas. ' In (4), q has
the same meaning as before, whereas o. is a complex quanti-
ty whose real part is positive and represents the inverse
penetration depth of the surface mode. More precisely, we
have assumed that if E„ is the electric field at the nth elec-
tronic layer of the array, the following relation holds:
E„=exp( —2na)E„ i. The value of a to be used in (4) is
determined by the requirement that the bulk-mode condi-
tion be satisfied for the same values of cu and q. This leads
to the following relationship:

(e)2 (h)2
1 rCUp + Q)p

arccosh cosh2qa —,qa sinh2qa
2a std

(p) (g) ' 2
OJp OJ p

st
(qa )'(1 —cosh2qa ) . (5)

A direct inspection of Eq. (5) makes it apparent that o. is
real everywhere in the plane ~,q except inside the bulk
plasmon bands where it is purely imaginary and coincides
with k, and in the gap region between these two bands
where it acquires an imaginary part equal to 7r/2a Finally. ,
the dispersion relation for the surface plasmons can be ob-
tained with use of (5) in (4).

We have carried out an extensive numerical analysis of
the dispersion relation (4) for the longitudinal surface
plasmons in a type-II superlattice, for both the cases of a
rigid and a polarizable dielectric background. This has been
done introducing a plasmon-optical-phonon coupling
through the use of a frequency-dependent dielectric con-
stant e, (cu). While a more complete discussion will be de-
ferred to a forthcoming publication, ' we report here the
main results and conclusions of our study with particular
emphasis on the case of a rigid dielectric background.

Type-II superlattices admit, in general, two branches of
surface plasmons whose features and location in the cv, q
plane crucially depend upon the values of the dielectric con-
stants e, and Ep, and the parameter au~. Similarly to the cor-
responding case in type-I superlattices, surface plasmons can
exist above or below the upper and lower edges of the
bulk-plasmon bands (BPB's). The similarity also extends to
the absence of intrinsic Landau damping which is a peculiar
feature of the surface modes of all types of semiconducting
superlattices. This remarkable property, which is due to the
quantization of the motion along the z direction, makes the
surface modes of these systems long-lived excitations.

A novel feature of the present case is the existence of a
surface-plasmon branch lying within the gap between the
two BPB's. It turns out that a branch of acoustic surface
plasmons always exists between the two band edges

I

This behavior is illustrated in the inset of Fig. 1. This
acoustic surface mode never merges into the bulk-plasmon
continuum.

The location of the second surface-plasmon branch in the
co, q plane strongly depends upon the value of the ratio
es ——e,/eo, and the situation must be analyzed case by case.
We first notice that this branch, which directly corresponds
to the one appearing in type-I superlattices, can only exist
either above the upper edge of the upper BPB continuum or
under the lower edge of the lower one. In both cases o. is
purely real. Furthermore, except for extremely limiting sit-
uations, these modes never exist for small values of qa. At
some finite value of q they intersect the BPB continuum.
The critical wave vector q where this occurs also corre-
sponds to the value of o. going to zero as the surface mode
turns into a bulk mode. q is readily evaluated from the
mode condition, Eq. (4), and is found to be

1

(ER + 1)(6R+(uR)q'= ln
(~s —I) (~s ~R)

Notice that q' is infinite for e~ between 1 and ~~. This im-
plies that for these values of e~ only the acoustic branch is
present.

For e~ ) au~, as illustrated in Fig. 1, the second surface-
plasmon branch lies above the BPB continuum and merges
into it from above at the value of q' as given by Eq. (7).
Making use of Eq. (5) it is possible to calculate for each
branch the wave-vector-dependent inverse penetration
depth. For the case corresponding to the parameters used
in Fig. 1, this quantity is shown in Fig. 2. Finally, for
e~ & 1, the second branch lies below the BPB continuum,

2.0

co + (q, m/2a) = cu p' ' " (qa tanhqa /e, ) 'i

for all values of q. In fact, for small values of qa in this re-
gion, Eq. (4) can be solved analytically, leading to the fol-
lowing acoustic plasmon dispersion relation:

0.0 2.0 4.0

FIG. 2. Inverse penetration depth 2aa vs q for the two surface-
plasmon branches of Fig. 1.~sr (q) = [2/e, (I+co~) I

' ~p qa + O(q a ) (6)



6146 GUOYI QIN, GABRIELE F. GIULIANI, AND J. J. QUINN

and merges into it from below at a value of q' again given
by Eq. (7).

It is interesting to notice that for large values of qa the
frequency of one of the surface-plasmon branches coincides
with that of the two-dimensional plasmon of the first layer
which is in this case given by 2' cup' qa/(e, + Eo). '

In systems in which the dielectric background is polariz-
able, as is the case in polar semiconductors, it is necessary
to allow for a frequency-dependent e, . A suitable form is
provided by

e, (~) = &(~)(~ —~L) (~ —~T)

where e(~) is the high-frequency dielectric constant, and
coL and coT are the longitudinal and the transverse-optical-
phonon frequencies, respectively. In this case the spectrum
of the longitudinal excitations consists of four branches of
coupled surface plasmon-optic-phonon modes. This cou-
pling causes the bulk longitudinal phonon frequency to split
into two separated phonon bands. If cuL is substantially
larger than both cup and cop the lower two branches corre-(e) (h)

spond to the surface plasmon, whereas the higher-frequency
ones are essentially phononlike. A detailed discussion of

this problem will be reported in a forthcoming paper.
In conclusion, we have shown that the longitudinal spec-

trum of type-II semiconducting superlattices is characterized
by an acoustic branch of surface plasmons. These modes
could be observed by means of the familiar methods of the
attenuated total reflection, resonant Raman and Brillouin
scattering, or electron energy loss. It is important to em-
phasize here that, unlike the case of type-I superlattices, it
is not necessary to achieve in the experiment a relatively
large in-plane wave-vector transfer as these surface modes
are well defined as q goes to zero.

As mentioned above these peculiar acoustic surface
plasmons are long lived because they do not suffer Landau
damping. This property, together with the fact that their
group velocity can be adjusted by sample preparation, makes
these modes potentially useful for surface wave devices.
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