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Abstract. The density—density correlation function has been calculated to study the bulk and
surface plasmons in a semi-infinite HgTe-CdTe superlattice. Several new surface plasmon
modes with a gap between bulk and surface branches for both intra- and inter-sub-band
excitations are found, which make the observation of surface plasmons in a superlattice
possible. The gap is explained as the additional surface Coulomb interaction at adjacent
interfaces in the quantum wells, due to the breaking of translational symmetry in the
superlattice direction.

The density—density correlation functions for the bulk, semi-infinite and finite type I and
type II superlattices have been calculated [1-3]. Bulk plasmons have been observed
experimentally [4-6] in light scattering experiments. Surface plasmons still await detec-
tion, because it is difficult to satisfy the condition that the wavevector g in an experiment
is greater than a critical wavevector g*. Moreover, because of the limited resolution
of the Raman spectrum, we have not so far detected the surface plasmon modes in
superlattice even in the case of a null critical wavevector [7].

The HgTe—CdTe superlattice is a kind of attractive material which consists of both
asemi-metal and a wide-gap semiconductor. The I'¢—I's energy bands in the HgTe layer
are reversed, as shown in figure 1 of the preceding paper, in contrast with those in CdTe
layer, to give a zero gap. The computations of the band structure of HgTe-CdTe
superlattice given by the PwM [8], the Lca0o method [9, 10] and the EFa {11, 12] show
that the electron-like, heavy-hole-like and light-hole-like states are confined very well
in the HgTe and CdTe layers [10, 13, 14]. The I'g energy bands in the HgTe and the
CdTe layers possess effective masses with opposite signs on each side of the interface,
respectively, which directly leads to the formation of a quasi-interface state with its
energy lying in the range 0 < E; < A, where A = V is the separation of I'; energy bands
in the HgTe and CdTe layers. Clearly, the electrons in the HgTe layers will be in the
quasi-interface states localised near the interface with energy E; < A. Moreover, light
holes in the CdTe layers will also form anomalous quasi-interface states localised near
the interface, owing to the negative effective mass of the light hole. All these results are
consequences of matching the bulk states belonging to the conduction band in HgTe
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with those belonging to the light-hole valence band in CdTe. This match is only favour-
able when the bulk states to be connected are made up of atomic orbitals of the same
symmetry type and the effective masses on the two sides of the interface have opposite
signs. As a collective excitation model, we can treat the interface states in HgTe and
CdTe layers as two different kinds of quasi-particle with effective masses m, and my,
separately, just as in the model given in [9, 11].

Itis proved that the thickness of the materials HgTe and CdTe will mainly determine
the widths of band gap and sub-bands, respectively. We assume that the layers of HgTe
and CdTe have the same thickness d/2 and that d is smaller than the critical thickness
d. = (2my,/m2A)*? so that the superlattice will behave like a semiconductor. It appears
that the interface states play a more important role in the HgTe-CdTe superlattice than
in type I and type II superlattices. Also, we consider the motion of quasi-particles in the
layers to be completely free. If 4 is not too small, we can neglect tunnelling effects
coming from the overlap of interface states localised at adjacent interfaces in the
quantum well. It should be noted that, when the planar wavevector k; is not very small,
the hybridisation between the interface states and the heavy-hole-like states will affect
the fundamental gap of the material, which contributes a great deal to the transport and
to optical absorption [11]. We have partly taken this effect into consideration by using
wavefunctions with a finite width of localisation at interfaces. If we confine the study of
collective excitation to the case in which the transitions of single particles, are limited to
the neighbourhood ofthe I' point of energy bandsin k-space, we canneglect hybridisation
in the band structure [11]. However, this hybridisation can be taken into account by
using a two band tight-binding model.

We shall now discuss the linear response of the HgTe—~CdTe superlattice to an
external potential in the absence of a magnetic field. In our approximation givenin § 1,
the single-particle wavefunction in this model superlattice can be written as

[k, n, j) = exp(ik - )&, (z — jd/2). ey

Here k is a two-dimensional wavevector describing the planar motion in the x—-y plane;
j and n are the layer index and the sub-band index, respectively. We shall restrict
ourselves to considering only interface states. The layers are labelled by an integer j;
even-numbered layers will be taken to be HgTe layers, in which electrons are confined,
while odd-numbered layers are CdTe layers, in which light holes are confined. The non-
interacting single-particle energy is given by

The system consists of a semi-infinite array of quantum wells, which are embedded in a
medium, occupying the half-space z > —d/4, with a frequency-dependent dielectric
function

£s(0) = ex(0? — 0})/(0? - 0}) )

where we have taken into account the electron—phonon coupling by replacing the
background dielectric constant &g with £g(w) in equation (3) [2}. w, and wy are the
longitudinal and transverse optical phonon frequencies. The other half-space is filled by
an insulator with a dielectric constant &;. In this work, we assume that only the lowest
sub-band is filled at T = 0, and the exchange-correlation potential V*¢ is taken to be
zero for convenience.
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If we follow [3] with the random-phase approximation (RPA), the commonly used
diagonal approximation [15] and the electric quantum limit, a lengthy manipulation will
lead to

Ha.0i2.2) = E T 0110, - 5 )0, - F) @

with

®,(z-jd/2) =¥,(j,/;2) + [¥,((+1,/;2) + W, (j - 1,]; 2)

+lpn(jvj+1;z)+lpn(j’j_1;z)]/2 (5)
W, (j,j's 2) = Eu(z = jd/2) Ex(z — j'd)2) (6)
X 1) = 00 DSy + 2 x5 DV, (L, m)y,(m, 1) (7)

where 0 =11, + IS, for n # 0 and x§ = I3, are the polarisabilities of the non-
interacting system and V, ,(/, m) is the Coulomb interaction, including the effect of
image charges and sub-band structure.

The Fourier tranform of equation (4) gives

Xn(k9 kl) = XOakk’ + Vq %; Xo fnn(k, k/l)/\/n(k”’ k’) (8)

where v, = 27e?/e5(w)q,

xn 0
XO:[O XS} )
ik, k') xi“‘(k,k’)]
k, k') =
X ) wawvxwwwv -

and f,,(k, k') is the Fourier transform of the Coulomb interaction V,,,(/,!'). Even and
odd j refer to electron-like and light-hole-like states, respectively. We write x,(k, k')
and f,,(k, k') in terms of the ‘bulk’ and ‘surface’ parts:

Xn(k,k’)_':/\/r]ts(k)akk’ +X§,(k,k') (11)
Fon(k, k') =3 (k)O 1 + £3,(k, k') (12)
where
X (k) =1 = %o f2 (k)] " xo (13)

f2 (k) = {r_.(@)[exp(—ikd) — exp(—qd)]

+ 1 (—@)[exp(ikd) — exp(—qd)[}/2P(q, k) + V _,(q) (14)
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with
o (q) = [th(q) exp(Fqd/2) G:n(q)} a1s)
exp(—qd/Z) G +n (Q) G:n(‘])
V_.(q) = {Vw(q) eXp(-qd/Z) G;n(q)} (16)
exp(—qd/2) G_,(q) V-.(q)
where the symbols G.,(g) and V_,(g) are given by
ol =4 dz| are,@eenl-gexz)] ()
-d/4 -d/4
Va@ =3 a4z are,@ec)ewl-gz-z] 03
—d/4 —d/4

and P(q, k) = cosh{gd) — cos(kd). Furthermore, we straightforwardly write down the
surface part of Coulomb interaction:

f.s(k, k') ={[1 - exp(—qdN)]/ANP(q, k)P(q, k')}
x {a — b, exp(ikd) — b, exp(—ik'd) + ¢ expl[i(k — k")d]} (19)
where
a=[r_,(q) +r_.(=9)] + ar.,(q) exp(2qd) (20)
b, =[r_.(q) exp(~qd) + r_,(—q) exp(qd)] + ar.,(q) exp(qd) ~ (21)
b, =[r_,(q) exp(gd) +r_,(=q) exp(—gd)] + ar.,(q) exp(qd)  (22)
c=[r_.(q) +r_, ()] +ar..(q) (23)
@ = [1 — exp(—qdN)] exp(—qd/2)[es(w) — &o)/[es(@) + &]. (24)
By using the ansatz for x5 (k, k') [3] in equations (8), (11) and (12), we obtain
Xk, k') = {[1 — exp(—qdN)]/4NP(q, k) P(g, k")}x 3} (k)
x {A — B, exp(ikd) — B, exp(—ik’d) + Cexp[i(k — k")d]}x B (k")

(25)
with the coefficients given by the following equations:
A a B b
el el e
B, b, C c
where
I-aG-bH. aH, —b,G
M = { 2 + = b, ] o
cH_ - b,G I—cG+bH_
vl — exp(-gdN)] 5 x7(K)
= 2
¢ W Pl 9
u. _ 2all = exp(=gaN)] 5 exp( ik} (4) 09)

4N « Pk’
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For a semi-infinite superlattice (N — ), bulk plasmons are given by the poles of the
bulk part (13), while surface plasmons are given by the poles of the surface part (25).
For intra-sub-band excitation, we have

D exp(fd/4)[exp(Bz) + exp(—fBd) exp(—fz)]
Eo(z) = { D exp(—fd/4)[exp(Bz) + exp(—pBz)]
D exp(Bd/4)[exp(—PBz) + exp(—fd) exp(B2)]
with the normalisation factor
D = exp(d/4)/[d + 2 sinh( Bd/2)/B]"> (1)
and the long-wavelength form of y§™ (¢, w) given by

-3d/4<sz<s-d/4
—dj4<z=<d/4 (30)
d/4<z=<3d/4

Xg(h)(q, Cl)) = ne(h)qz/me(h)wz- (32)

The ratio of the plasma frequencies for the electron and hole layers is ¥ = w,.(¢)*/
@,1(g)*. On the contrary, for inter-sub-band excitation, we have

Cexp(—pd/4){exp[—B(z + d/2)] — exp[B(z + d/2)]} —-3d/d<z<-d/4
§1(z) = { Cexp(—Bd/4)[exp(fBz) — exp(—pBz)] —dj4<z=<d/4
Cexp(—Bd/4){exp[—B(z — d/2)] —exp[B(z — d/2)]} d/d<:z< 3d/4(33)
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Figure 1, Two higher branches of the collective
intra-sub-band excitation spectrum for phonon—
plasmon modes in quasi-2D interfaces with the
parameters Bd = 0.7742, &,.=16.0, g, = 1.0,
y =15.0, (0 /Q)* = 0.5, (w/RQ,)* = 0.25 and
é=d/4.

0 2 )
qd
Figure 2. Two lower branches of the collective
intra-sub-band excitation spectrum for phonon-—
plasmon modes in quasi-2D interfaces. The par-
ameters are the same as in figure 1.
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with the normalisation factor

C = exp(fd/4)/[2 sinh(Bd/2)/B — d]'? (34)
and the long-wavelength form of x$" (g, w) to the order of g given by
1 (g, ©) = 2nqp Qi /A(w? — Q). (35)

The ratio of the a-parametersis y' = &,/a,,.

All the results are presented in figures 1-4 for both intra- and inter-sub-band exci-
tations.

From figures 1 and 2, we can see that there exist four bulk modes 19-1J [16], two of
which come from the splitting, owing to the electron—phonon coupling. The interaction
between optical phonons and bulk plasmons is responsible for the optical phonon bands
19 and IY. IY and 19 are optical and acoustical bulk plasmons, respectively. Moreover,
there are two optical phonon—surface plasmon modes S$ and SJ, one optical surface
plasmon mode SY and one acoustical surface plasmon mode S§. O} mode is a new optical
phonon-surface plasmon mode in the intra-sub-band excitations, which, to our knowl-
edge, has never been reported before. It should be noted that the existence of a gap
between SY and 1Y modes can be explained as due to the additional surface Coulomb
interaction between neighbouring interfaces.

From figures 3 and 4, we know that there are four bulk modes 1{-I} [17]. Of them,

3 1.1
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3
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7 3
1
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T4 i ——=
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Figure 3. Two higher branches of the collective Figure 4. Two lower branches of the collective
inter-sub-band excitation spectrum for phonon- inter-sub-band excitation spectrum for phonon-
plasmon modes in quasi-2D interfaces with the plasmon modes in quasi-2D interfaces. The par-
parameters 8d = 0.7742,¢. = 16.0, = 1.0,y = ameters are the same as in figure 3.

17.5, (01/Qy)* = 1.5, (w1/Q1)*=0.75, a,=
1.84and 6 = d/4.
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I} and I} are two optical phonon bands coming from the electron—phonon coupling.
Also, there are two optical phonon—surface plasmon modes S} and S} as well as the
other two surface modes S} and S} associated with inter-sub-band excitations. Note,
however, that there are two extramodes O } and O} with frequencies below w; associated
with the 0-1 inter-sub-band transition, in which the O} mode has been predicted in [2],
while the O} mode is new and has not been reported previously. The dramatic feature
is that a gap also exists between the S} and I} modes. The reason for the existence of
this gap is analogous to that in the intra-sub-band excitation. We can easily see that both
the I} and the I} modes are reversed in figures 3 and 4.
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