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Abstract. A finite HgTe/CdTe superlattice with different dielectric media on either side of the
surfaces is investigated by taking into account the wavefunction overlap between the interface
states and plasmons. The unit cell of the finite HgTe/CdTe superlattice consists of two electron-
like states and a heavy-hole-like state in HgTe and two light-hole-like states in CdTe. Using
the random-phase approximation added with some assumptions, we have studied the density—
density correlation function by considering the interface state with the wavefunctions overlapping
with the electron-like states, the light-hole-like states and the heavy-hole-like states. We have
calculated the collective excitation spectra of the intrasubband and the intersubband for both the
bulk plasmons and the surface plasmons as a function of the number of unit cells. The Raman
intensities due to bulk and surface plasmons are expressed by the relative value of the mode
energy of the plasmons.

1. Introduction

In recent years there has been increasing interest in the investigation of artificial low-
dimensional semiconductor structures. The quantum confinement of electrons and holes
in these structures strongly modifies the electronic properties (Esaki and Tsu 1970), which
play an important role in the performance of optoelectronic devices. Most of the theoretical
and experimental studies have been performed on either type-l superlattices (Chang and
Esaki 1980, Dingleet al 1980, Olegoet al 1982, Giuliani and Quinn 1984, Tselis and
Quinn 1984, Hawrylalet al 1985a, b, Jain and Allen 1985a, b, Sooryakuratal 1985,

Das Sarma and Quinn 1986 and Pincailal 1986) or type-Il superlattices (Hawrylak

al 1986, Tzoar and Zhang 1986). The structures of the subbands have been studied by
the far-infrared absorption spectroscopy and the resonant-light-scattering technique. From a
theoretical viewpoint, the important things required to understand the superlattice, which is
an ideal structure for studying electrical and optical properties, are the elementary excitations
of these systems (Grecu 1973, Fetter 1974). Recently, much attention has been given to the
HgTe/CdTe system superlattice (Chagigal 1985, Guldnert al 1985, Lin-Lin and Sham

1985, Berrioret al 1986, Faurie 1986, Jarct al 1987, Huang and Zhou 1988, Huang

et al 1989) which consists of a semimetal and semiconductor. The band structures of a
HgTe/CdTe superlattice calculated by the plane-wave method (Mukherji and Nag 1957), the
linear-combination-of-atomic-orbitals method (Chaataal 1985, Jaro®t al 1987), and the
envelope-function-approximation methods show that they can be either semiconducting or
zero-band-gap semiconductors and that the electron-like and heavy-hole-like states in HgTe
layers, and the light-hole-like states in CdTe layers, are very well confined (Betrilr
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1986, Faurie 1986, Jaras al 1987), respectively. Moreover, these methods show that the
interface states are localized near the interfaces (Cagalgl 985, Lin-Lin and Sham 1985).

The fact that the width of the band gap strongly depends on the hybridization of interface
states with the heavy-hole-like subbands implies that the interface states are important in
studying the properties of the HgTe/CdTe superlattice such as optical absorption, transport
and collective excitation (Berriogt al 19865, Faurie 1986, Jarat al 1987). The optical
properties for the carriers in the HgTe/CdTe superlattice are modelled on the experimental
and theoretical results of charge densities of carriers in the HgTe and CdTe cells (Berrior

al 1986, Faurie 1986, Jarat al 1987).

In this paper the collective-excitation spectra of plasmons for surface bulk states are
investigated as a function of the number of unit cells in a simplified HgTe/CdTe superlattice
model. The main emphasis is on the effects of overlap between interface states and other
plasmons and the Raman intensity versus the relative value of energy states such as electron-
like states, light-hole-like states and heavy-hole-like state. It is assumed that HgTe and CdTe
layers in a unit cell have the same thickness. Electron-like states in HgTe layers are assumed
to be confined in a quantum well of thicknesg which is measured from the edge of the
HgTe layer (Huang and Zhou 1988, Huaetgal 1989). Light-hole-like states in CdTe layers
are assumed to be confined in a quantum well of thickdgsg/hich is measured from the
edge of the CdTe layer, and it is assumed that heavy-hole-like states in HgTe layers are
confined in a quantum well of thickneds,; in the middle of the HgTe layer.

The motion of carriers in th&X—Y plane is assumed to be completely free and the
tunnelling of carriers between adjacent interface states is neglected. We also assume that
only the first and second subbands of plasmon states in both the HgTe layer and the
CdTe layer are occupied in equilibrium. The centres of the electron-like states confined
in the quantum well of thicknesg&g in HgTe layers are located at= Id + Lg/2 and
z=U+ %)d — Lg/2 and those of the light-hole-like states confined in the quantum well of
thicknessL; in CdTe layers are located at= (I + %)d +Lp/2andz =({+1)d—L./2,
where! goes from O toN — 1. The centres of the heavy-hole-like states confined in the
qguantum well of thicknesg y; in HgTe layers (Huangt al 1989) are located at= (l+;11)d.

The electron-like states, the light-hole-like states and the heavy-hole-like states are confined
in a semi-infinite array of quantum wells embedded in a space of dielectric constéyare
z > —4.

In section 2, the density—density correlation function is derived under the random-phase
approximation for semi-infinite space (Kim and Sohn 1994) described above. Calculations
are carried out analytically as far as possible. We here include the intersubband scattering
of incoming light with the electron-light state and the heavy-hole-like states in HgTe layers
and the light-hole-like state in CdTe layers. In section 3, dispersion spectra (Kim and Sohn
1994) of the surface and bulk plasmon for infinite layers are calculated. Dispersion spectra
of the bulk plasmons are also calculated as a function of the number of unit cells for various
carriers. In section 4, the Raman intensity is calculated analytically in terms of the density—
density correlation function, and these Raman spectra are analysed as a funeianzof
Section 5 concludes our work.

2. Density—density correlation function
The model system ofV unit cells, each of which contains two layers, HgTe and CdTe

layers, has & and N quantum wells for the electron-like and the heavy-hole-like states,
respectively, in the HgTe layers, and/ Zjuantum wells for the light-hole-like states in the
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CdTe layers. The particle states in the unit cell are assumed to be of the form (Kim and
Sohn 1994)

lgln) = expliq - 1) &1 (2) ()
where
@) =[EF @ —1d)+EF @ — U+ Dd) +E @ — I+ D) +EF @ — (L + 3)d)

+&-(z — (L + Dd) + &Lz — (4 + Dd)] explik.la) @)

whereéE(z — Id) and&F(z — (I + %)d) are the electron-like wavefunctions at both edges
in the HgTe layergf (z — (1 + zll)d) is the heavy-hole-like wavefunction in the HgTe layer,
EL(z— U+ %)d) andél(z — (1 +1)d) are the light-hole-like wavefunctions at both edges in
the CdTe layerg/(z — (I + %)d) is the interface state wavefunctiop,is the momentum in
the layer perpendicular to theaxis, andn = 0,1, ...,m — 1 is the subband index. Here,
the subscript of the functiong/ can be selected to be either A or S. A and S represent
the antisymmetric wavefunction and the symmetric wavefunction, respectively, at interface
states. These wavefunctions are considered to be real.

In the random-phase approximation (Grecu 1973, Fetter 190),. (I, I1,1',17)
satisfies the integral equations

nmn (l l) - Znn m,n’, (l,lla l/,l;/L) (3)
A
and
Hn m,n’ ,m’ (l l ) - 1—[0 nn’amm’all’ + Z H nm,rs (l, l”) Hrs,n/m’ (l”’ l/) (4)
U'rs
whereIl? , the polarizability of the non-interacting system, which is due to the polarizability

between one zeroth subband which overlaps with ritte subband, and another zeroth
subband which overlaps with theth subband, is layer independent (Hawryktial 1986).
Vum.rs(1, 1) is the Coulomb interaction between the layers in the unit cells, including the
effect of image charges and subband structure (Grecu 1973, Haweylak 1985a, b,
Eliassonet al 1987, Kim and Sohn 1994):

Vi 1) = 3V, / & / (20 X0l — <)

L.l
+aoexpl—q(z + 2V (2N, (2) (5)

whereag = [(g — £0) /(¢ + £0)] €XP(—284), £ = &0 (w? — w, +iyow)/ (w? —a)T + iyow) and
V, = 2ne?/eq. o andwy are the longitudinal- and transverse-optical-phonon frequencies,
respectively, andgy is the phenomenological broadening.

Equation (5) can be rewritten as

Vi (L U) =" Y Ve (1,0, 1, 1) (6)

Il i rw

where V7™

e (11,1, 17) expressed by the density—density correlation function of the
particle states in units cells is given in appendix 2.
By defining a dielectric matrix(l,’; nm), and using self-consistent linear-density-

response theory, equation (4) can be transformed into

E(l» l/; nm) = 5nn’8mm’811’ - H Vnm nm (l l ) (7)

nm
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and then the elements of the polarizability matrix dig, = Hgms(l,l/;nm)‘l. We
decomposeV,," (k.. k,) and IT'" (k. k) obtained by the Fourier transform of
Vomam A, 1) and H;’;;’f;,m,(l,l/) into the bulk part and the surface part (Hawrylak al
1985a, b, 1986, Eliassoet al 1987) and rewriterlifﬁ”n,m,(kz,kg) as a matrixIL(k., k).
Then the equation gives two coupled equationdlgf (Kim and Sohn 1994) andils.
IIs(k,, k}) is finally expressed by
[1 — exp(—gd N)]IIg(k.)
4N P (k;)P(k.)
X (R n R — DR o R — (81, 68w, + 81,1.8w,L + 81, 18w, 1)
X (Rigw Ry, e — DI{A11 + Ar2€Xp(—ikld) + Az1 explik.d)

+Azexplitk; — k)d]} Tz (k) (8)

Ig(k,, k) = (R o Ri.m — i ESjE +8i1.8j1 + i mdjm)

where P (k;) = coshgd) — cogk.d) and the renormalization coefficiel , is given in
appendix 2. Combination of the equations 1@ andIIg results in a matrix equation for

M (g, w) with coefficientsA1;, A1z, A1 and Ay, (Grecu 1973, Hawrylalet al 1985a, b,
Eliassonet al 1987).
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Figure 1. Dispersion relatiorw/wz = w/50; = w/v/3wy = w/~/2w; versusqd for the
intrasubband and intersubband plasmon modes contributelAWE, LLLL, HHHH and

1111 states using the symmetric and antisymmetric wavefunctions at the interface states. The
parameters are as follows;= 12.8x 102 cr2, d = 80A, Ly = d/8,L; = d/8, Ly = d/10,

25 =d, m; = 0.7Tm,, e0o = 16,50 = 1.0, k = 0.747/d (Eliassonet al 1987, Huang and Zhou
1988, Huanget al 1989, Kim and Sohn 1994) angl/w; = 0.2 withi = E, L, H and 1.
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3. Bulk plasmons

We consider the dispersion spectra of the collective modes in a few cases. Poles of
the density—density correlation functidd (., k]) define the collective excitations of the
superlattice (Grecu 1973, Fetter 1974). For a finite number of layers a full solution must
be used. The bulk plasmons are given by the poles of the bulk part while the surface
plasmons are given by the poles of the surface part. During the calculation, it is assumed
that the electron-like function and the heavy-hole-like function in the HgTe layer and the
light-hole-like wavefunction in the CdTe layer (Huang and Zhou 1988) are

; 51' Ed (S,‘ Ld 5,’ Hd 2 . n—+ 1
i _ _ s 1_ _ s 1 _ s —
& <z ld 5 ( 0) > a+9) 2 ) L sm[( L n)

x(z —1d) — 8i,E<Z - Li>(1 —-0)— 3[,1,(621(1 +0) — Li9>

d L d
—5i,H<4 - 2)},ld +5,-,E(2(1— 0) — Li(1—9))

d d L
+8i,L §(1+9)—Ll9 +8i,H Z—f <Z<ld

2
+&E<da—ﬂ>+Lﬂ)+&L<da+ﬂ)—Lm9—1Q-%&H(d+l”>
T\ 2 A\ 2 \4 0 2
forn=0,1andi = E,H or L 9)

whered is the step function. The symmetric and antisymmetric wavefunctions at interface
state are chosen as the following:

£z — (L + Da)

Rs{explk(z — Id)] + exp[—k(z — ld)]} ld <z <@Q+hd
= { Rs(exp{—k[z — (1 + 2)d]} + expik[z — ( + 2)d]}) (+hHd<z<U+3d
Rs(explk[z — (I + Dd]} + exp{—k[z — (I + D)d]}) (+3d<z<(+Dd
(10)
and
E0z =+ Pd)
Ru{explk(z — Id)] — exp[—k(z — Id)]} ld <z <(+hd

= { Ra(exp{—k[z — (I + 3)d]} — explk[z — ( + 3)d]}) (+hHd<z<U+dd
Ra(explklz — (I + 1)d]} — exp{—k[z — (I + Dd]}) (+ %)d <z<({+Dd
(11)
where Ry = {[4sinh(kd/2)]/k + 2d})~Y/? and R4, = {[4sinhkd/2)]/k — 2d}~Y?. Here
we setky,r. = kcare = k in the calculation for simplicity. It is defined that(k,) =
I1°(k.) /T1% (k,). The pole offI? (k.) which is the roots of(k,) = O leads to the dispersion
relation of the bulk plasmon. The background dielectric values (Hawrgtad 1985a, b,
Huang and Zhou 1988) are given &as = 16 andeg = 1. The distance from the first layer
to the interface of the other half-spaceis=- d/2. The polarizability in the long-wavelength
limit is given by (Kim and Sohn 1994)
Oiiii __ niqz

=  =FE,L,Horl 12
0o m;(a)z + ly,w) L ) ( )
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2n;Ei10
w? — E%y+iyio

OEEII OLLII OHHII OEEEI OLLLI OHHHI i g
andITg; ®'", Mg~ Mg “', Mg ="', g~ =" and Iy are defined as the following:

i = (i=E,LorH) (13)

HggE” — (HggEEE)l/Z(HS{)I”)l/Zf (f = gy andaoz) (14)
M5HT = (QEHEE)Y2(rgh! 1y 2 ¢ (f = Bo1 and Bop) (15)
1—[8ng1 — (HggHHH)1/2(1_[8{)[”)1/2%16 (16)
HggEEI — (HggEEE)3/4(H8{)111)l/4f (f = g1 anddoz) (17)
moeH" = (Mg “ ¥4 gy ' HY4 (f = Bor and foy) (18)
and
HggIHHI — (HggHHH)SM(Hg(I)I”)1/4)/”(-. (19)
10

Figure 2. Dispersion relationw/wr = w/50; = o/+/3wy = w/v/20; versusqd for the
intrasubband bulk and surface plasmons modes contributeBl Bkl (upper section) and (b)
HHII (lower section) states using the symmetric and antisymmetric wavefunctions at the
interface states. The parameters used are the same as in figure 1.

noArEr 3t and TIQA! can be expressed in similar forms. y; is the
phenomenological broadening of electron-like states, light-hole-like states, heavy-hole-like
states or interface stateg,. is the coefficient of the overlap between the heavy-hole-like
states and interface states. The plasma frequency ratios of the electron-like states to the light-
hole-like states, the electron-like states to the heavy-hole-like states, and the electron-like
states to the interface state asé/w? = 25, w%/w? = 3 andw?/w? = 2, respectively, at
w; = (2mn;e?/m;ea)'/?. Here a single-particle energy separation is giverEby/w; = 2.5
fori = E, L or H. For convenience we shall denote the wavefunctions by superscripts as
EE (@ —1d)EE (2 — 1L (2 —1dEE (' —1'd) = EE (2 — I+ DDEE 2 — I+ HdEE @ — (' +
D (' —(U'+3)d) = EEEE, §§ (z—1d)§§ (z—1d)ég ('~ d)§! (' —('+3)d) = EEEI
andef (z—1d)eE (z—1d)E! (z'— (' +3)d)E! (z'—('+3)a) = EEI1, and so on. The relation
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10

Figure 3. Dispersion relationw/wr = w/50; = /3oy = w/~2w; versusqd for
intrasubband bulk and surface plasmons modes contributéd By (upper section) an& EE 1

(lower section) states using the symmetric and antisymmetric wavefunctions at the interface
states. The parameters used are the same as in figure 1.

b e = cogk.a) due to EEEE can be calculated frore(k;) = II%k.)/T1%(k.). The
range—1 < b7 < 1 defines the bulk plasmons band which occurs with a fixpdrallel

to the layers taking into accoukt. The dispersion of the surface plasmon is obtained from
the relationM (¢, w) = 0 which describes the pole of the surface part. The matt(y, )

is made up of the coefficientd 1, A, A and Ay,. For the case£EEE, LLLL

and HHHH and I111 using symmetric and antisymmetric interface wavefunctions, the
dispersion relations of the intrasubband surface and bulk plasmons are plotted in figure 1.
In calculations of the dispersion relations for the various plasmons, conditions such as
Yo/wg = Ye/wg = yL/owr = yuy/og = y;/o; = 0 are used. Figure 1 which shows
w/wg = /50, = w/ 3oy = w/v/20w; versusqgd for a semi-infinite system illustrates the
regions for each mode such as one bulk mode and two surface intrasubband and intersubband
modes for the case adf EEE states, one bulk mode and one surface mode for the case
of the HH H H state, one bulk mode and two surface modes for the cagsd &fL. states,

and one bulk mode and one surface mode for the cadd bf states calculated using the
symmetric and antisymmetric wavefunctions. The conditiefis) = 0 andM (g, w) = 0

for the bulk and surface modes are the same as found by others (Jain and Allen 1985a, b,
Tzoar and Zhong 1986)S;;,, andb;;,,, stand for the intrasubband and the intersubband
of surface modes and the intrasubband and the intersubband of bulk modes, respectively,
with the exceptions of4,,,, b%,,,, S3,,, andb;,,,, where the superscripts and S stand

for the symmetric and antisymmetric wavefunctions, respectively, of the interface states.
S#,, modes appear at a larger relative energy value gy} does. b7,,, modes appear

at larger relative energy thasg,,, modes do.S;;,, modes begin to appear froqi = 0.4

and have a larger relative energy value tie, modes do.S;,,, modes begin to appear
from gd = 2.0 and have a larger relative energy value titdp,, modes do. The two
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Figure 4. Dispersion relationo/wr = w/50; = /3oy = w/~/2w; versusqd for
intrasubband bulk and surface plasmons modes contributéd By (upper section) anél H H I

(lower section) states using the symmetric and antisymmetric wavefunctions at the interface
states. The parameters used are the same as in figure 1.
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Figure 5. The ratio of energies of modes as a function of the number of unit cells for
intrasubband bulk plasmon modes contributed b EE states. The broken lines are the
band edges of the bulk modes. The parameters used are the same as in figure 1.

intrasubband surface modé$ .., andS?,,, are for the electron-like states at=Id or
z =1(d+3) in HgTe layers and for the light-hole-like statescat I(d +3) orz = I(d +1)
in CdTe layers. These surface modes begin to appeardebe 0.23. Figure 1 also shows
that two intersubband surface modé%EEE begin to appear frongd = 0.25. The gap
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Figure 6. The ratio of energies of modes as a function of the number of unit cells for
intrasubband bulk plasmon modes by/ I states using the symmetric (upper section (a)) and

the antisymmetric (lower section (b)) wavefunctions of the interface states in the upper and
lower boxes. The broken lines are the band edges of the bulk modes. The parameters used are
the same as in figure 1.

betweenS; .. andb} ., modes increases as the valuegafincreases. Thb?jtw modes
except forb?,,,,,; begin to appear frompd = 0. Theb?,,,,;,, modes begin to appear from
gd = 0.7 andS?, ,,;,; modes from 0.5.

Figure 2 showsw/wy = w/50; = w/v/3wy = w//2w; versusqd for the cases
of EEII and HHII states for a semi-infinite system (Tzoar and Zhang 1986). The
shaded regions surrounded by the broken lines are intrasubband modes obtained by the
symmetric interface wavefunction. The other regions of the solid lines are intrasubband
modes obtained by antisymmetric wavefunctioh$,,;, modes are the overlapping modes
between the electron-like wavefunction and the symmetric interface wavefunction. The
b%..;; modes exist over an energy region larger than thakdgf,, modes which are the
overlapping modes between the electron-like wavefunction and the antisymmetric interface
wavefunction. The intrasubband surface modgs,, result from overlap between the
electron-like wavefunction and the symmetric interface wavefunction. Sthe, modes
exist over wavevectors larger than the wavevegjor= 0.95/d and over an energy
region larger than that ob3,,, modes. The two intrasubband surface modés,,
result from overlap between the electron-like wavefunction and the antisymmetric interface
wavefunction. Thes3,,;, modes exist over wavevectors larger thga: 0.75/d and over an
energy region larger than that bf ., modes. The ,,,, modes which are the overlapping
modes between the heavy-hole-like states in the HgTe layer and the antisymmetric interface
wavefunction exist over energy regions larger than thoge,of,, modes which result from
overlap between the heavy-hole-like state and the symmetric interface wavefunction. The
intrasubband surface modses, ,;,, exist over wavevectors larger than= 1.46/d, and
an energy region larger than that & ,,,, modes. The intrasubband surface mdtg, ,,
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Figure 7. The ratio of energies of modes as a function of the number of unit cells for
intrasubband bulk plasmon modes contributed #y/ /1 states using the symmetric (upper
section (a)) and the antisymmetric (lower section (b)) wavefunctions of the interface states in
the upper and lower boxes. The broken lines are the band edges of the bulk modes. The
parameters used are the same as in figure 1.

exists over a wavevector larger thaibQ/, and an energy region larger than thatxgf, ,,
modes. These bulk modes begin to appear fraim= 0.

Figure 3 showsv/wr = w/50; = w//3wy = w/~/2w; versusgd for the cases of the
LLII andEEEI states (Kim and Sohn 1994). The shaded regions surrounded by the solid
lines are the intrasubband modes obtained by the symmetric interface wavefunction. The
other regions of the broken lines are the intrasubband modes obtained by the antisymmetric
wavefunctions.b, ;, modes which are the overlap modes between the electron-like state
and the antisymmetric interface wavefunction exist over an energy region larger than that of
b3, ;; modes, the overlap modes between the electron-like state and the symmetric interface
wavefunction. The two intrasubband surface modgs,, exist over wavevectors larger
thang = 0.18/d and over an energy region larger than thatb¢f,, modes. TheSs,,,
modes begin to appear frogal = 0.7. Theb;. ., modes exist over an energy region larger
than that ofp4 .., modes. The intrasubband surface mo8igs,, and Sz, ., exist over an
energy region larger than those iof . ., andb4 .., respectively. These bulk and surface
modes begin to appear frogi = 0.

Figure 4 showsv/wr = w/50; = w/v/3wy = w//2w; versusqd for the cases of
HHHI andI1H]I states.S},,, andS;,,, modes exist over the wavevectors larger than
g = 1.4/d and 25/d, respectively, and,,, and S;,,, over energy regions larger than
those ofb4,,,, andb?,,,, modes, respectively. Th&%,,, and S5, ,, modes exist over
the wavevectors larger than= 1.5/d andg¢ = 2.9/d, respectively. As the value afd
increases, the value af/w; decreases fobs,,,,,, andb?,,,, modes.

Figures 5-7 show how the distribution ef/w; = w/50; = w/v3wy = w/v2w;
changes with the numbey¥ of unit cells. Figure 5 shows/wg versusN in the case of
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the EEEE state. The broken lines in figures 5-7 repres!é’p};) =310 atqd =1.0for a
semi-infinite system. As the numbaf of the unit cells increases, the number of the bulk
plasmon bands increase and the discrete bulk plasmon band is replaced by the continuous
bulk plasmon band gradually.

Figures 6(a) and 6(b) showy/wg versush in the case of /1 states calculated using the
symmetric and antisymmetric wavefunctions, respectively, at interface states. The number
of doubly degenerate bulk plasmon bands is(Wth- 2)/6] + Int[(N — 2)/6] + L(N =
2,4,6,...,14) in using the symmetric wavefunction. Here Int] means the integer part
of real number. The number of doubly degenerate bulk plasmon banj2susing the
antisymmetric wavefunction.

Figures 7(a) and 7(b) show/wr versusN for HHII states calculated using the
symmetric and antisymmetric wavefunctions, respectively, of interface states-atl.0.

There are two groups ofN bulk plasmon bands calculated using the symmetric and
antisymmetric wavefunctions atd = 1.0. In figures 6 and 7, the values of the energy
modes using the antisymmetric wavefunction are larger than those of modes using the
symmetric wavefunction. As the number of unit cells increases, the number of bulk plasmon
bands increases and the discrete bulk plasmon band is gradually replaced by the continuous
bulk plasmon band as in figure 5. In light scattering, since only a very small exchange of
momenturry is accessible, it is desirable to have a lasgén order to see the intrasubband
surface plasmon.

4. Raman intensities

The Raman intensity is proportional to the functidgfiw, Q) in equation (20). This
function contains the imaginary part of the density—density correlation function (Grecu
1973, Fetter 1974). We assume that the incoming light will interact with the carriers of
one layer in unit cell. Let the incoming light and the scattered light have frequencies and
wavectors(w;, ¢;, k!) and (ws, gs, —k?), respectively, atf’ = 0 and leto = o; — ws

and Q = (q.k;) = (¢; — qs. k' — kf). Using the approximation (Kim and Sohn 1994)

ki = kS =k, +1i/2x, wherek, = (w;/c) Re/e, and Y1 = (2w;/c) Im /e,

F(w, Q) = ZZ Z Zexp( — 2;) /:0 /:O dz dz'Im { — %P Pt (1 1'; pm) ™t

wm LU nm' ijpt
(z + z/)>
A
X[RE. o Ri.om — Bi 8.k +8i.0.8),L + 8 n8j 1) (R n RE_,, — D]
X[R/f;.n'Rk;,m’ — (818w, E + 61, L0w L + (St,H(Sw,H)(Rk;,n’R/z’m/ -1V,
X |:§yl, (Z —ld — Si'Zd — i+ 5[,1)2)

) 8; pd d , Sigd
X%‘,{I(Z—lld— j’Z —((Sj,L+8j,1)2)+$rll<Z—ld— ’; —Si’Ld>

. $; gd S yd d
Xf,{,(z—lld— 1,25 - j,Ld)][Ef,<Z—ld— t’j — (8 +5r,1)2)

811),Hd
4

x exp[—2ik,(z — z)] exp( -

xs;,f<z —ld — 5

d , 8.xd
_(5w$L+8w,1)§ +&\z—1d— —8i.1d
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S £d
x;f(z—zld— éE —aw,Ld)“

=> > Im[ — > AT P (1, 1 nm) T expl—ik, (I — 1')a]

ijpt nm Lr
—ik, I+
A
with an amplitudeAf{}ﬁt. After some rearrangement, equation (20) is expressed by
F(o,q.k) =y AP Im[-00" sl (o, g, 2k:) ] (21)
ijpt nm

where the effective inverse dielectric functieff?’ (w, q,2k;)"* has 121 terms (Kim and
Sohn 1994) expressed by j, p andr with each designating one state of the electron-
like states, the light-hole-like states, the heavy-hole-like state and interface states in the
HgTe/CdTe superlatticenm = 0 whenn = m = 0 ornm = 1 whenn = 0 andm = 1 or

n =1 andm = 0. (Details are given in appendix.) Herg,2s the momentum transfer to

the plasmon from a photon along the superlattice axisiaiglthe photon decay length in
superlattice. In calculations fdiEEE, LLLL, HHHH andII111, the imaginary parts of
equation (21) become

1
i (1 — exp(—28/1))
ndiity, gnn. sinhgd) [Ui2 exp2d /3) — 1]

nn

Vil [b? — 1(1 — exp(—2d /2)) Eji

n [1—exp(—qd N)TIV, exp(2d /M)[UL2 A1+ (A12+ A UL + Azz])

Oiiii ,iiii -1 Oiiii
MO gl (o, g, k) =n,m<

n nn

ARy~ DE
(22)
where
El = 1 4 Uiz exp2a/A) — 2U1 exp(a/A) cos2k.a) (23)
Uit — prm b2 1 (i=E,H,Landl) (24)
by, = costigd) — [/, Vo SiINNgd)] /v, 11" (25)
and
Vo = L= [gliro = &ium] Vg TTos™. (26)

When each of, j, 7 andw is E, L or H, mn of b%7, andy,;," is 1 or 0. When each
of i, j,+ andw stands forl, mn of b} is A or S. The other terms can be expressed in a
similar manner.

The Raman intensity¥ (w, ¢, 2k;) is calculated forN = 40 by equation (21) using
the following parametersk, = 0.39 x 1® m™1, ¢gd = 1.0, n = 1.28 x 10?2 cm~2 and
y;/w; = 0.2 withi = E, L, H andI. The calculated spectra are shown in figures 8, 9 and
10. The Raman intensities of bulk and surface states are drawn on two different scales as
shown in figures 8, 9 and 10.

Figure 8 shows the Raman intensities of intrasubband bulk and surface for plasmons

with the symmetric wavefunction at the interface states. In this figure, the various peaks of
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Figure 8. Raman intensities versus/w. = w/50; = w/~3wyg = w/v/2w; for the
intrasubband bulk and surface plasmons using the symmetric wavefunction at interface states at
ga = 1.0 andk, = 0.39x 10° cm~1: (a) the Raman intensities due REEE, LLLL, HHHH

and 111 states; (b) the Raman intensities dueB& EE, LLLL and HH HH states; (c) the

total intensity. The parameters are the same as in figure 1. Additional parameters-&6d
andy;/w; =02 withi = E, L, H and[.
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Figure 9. Raman intensities versus/wr = w/50; = w/v3wy = w/~2w; for the
intrasubband bulk and surface plasmons using the antisymmetric wavefunction at the interface
states: (a), (b) and (c) have the same meaning as in figure 8. The parameters are the same as
in figure 8.

the EEEE, LLLL, HHHH, IIII, EEII andCCII states forN = 40 are illustrated.
Here, CCI1I states mean the sum of Raman intensities dugé kid/ and HH I states.
The peak atw/wr = 0.105 is due to the bulk plasmons lyCI1I states. The peaks
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Figure 10. Raman intensities versus/or = w/50; = w/~3wyg = w/v/2w; for the
intersubband bulk and surface plasmons. The parameters are the same as in figures 8 and
9 except forE;10 = 2.5w; (i = E, L, or H), w; = 1.8Eg10 andwr = 1.7Eg10.

at w/wg = 0.25 and 0.65 are due to the bulk plasmons contributed.by.L states at
Re(»?,,,;) = 1.0 and by HHHH states at R@% ;) = 10. The peaks due to the
EEII and I111] states appear ab/wg = 0.51 and 0.315, respectively. The peaks at
w/wg = 0.325 and 0.39 are due to the surface plasmon for two different light hole-like
states in the CdTe layers. The surface plasmon contributeff B\HH H states occurs at
w/wg = 0.67. The peak atv/wg = 1.245 is due to the bulk plasmons contributed by
EEEE states at R&%,,) = 1.0. The surface plasmon contributed BYEEE states
occurs atw/wg = 1.535. The Raman intensities due ta/ andilil (i = E,L and

H) states are so small because of weak overlap that the additions of its intensities cause
little change to the contributions A EEE, LLLL, HHHH, 1111, EEII andCCII
states. Figure 8(a) represents the Raman intensities due WAME, LLLL, HHHH

and /11 states and figure 8(b) represents the Raman intensities due BFR&, LLLL

and H H H H states; figure 8(c) shows the total intensity.

Figure 9 shows the Raman intensities of intrasubband bulk and surface for plasmons
with the antisymmetric wavefunction at the interface states. The various peaks due to the
EEEE,LLLL,HHHH, II1] andCCCI states using the same parameters as in figure 8
are shown. Here{ CC[ states mean the sum of Raman intensities due ta&.Ihel, EEE],
HHHI,andII HI states. Infigure 9, the peak@atwr = 0.105 is due to the bulk plasmons
contributed byCCC1 states. The peak ai/wg = 0.595 is due to the bulk plasmon con-
tributed byZ111 states at R@¢,,,) = 1.0. The peak ai/wz = 0.615 is due to the surface
plasmon contributed byl 11 states. The locations of the other peaks using the antisymmet-
ric wavefunction of the interface states are the same as those in figure 8 and the magnitude
of theb2., peak is smaller than the ., peak in figure 8. The peak due to the/ ] state
in figure 9 appears at a larger valuewfwg than in figure 8. The Raman intensities due to
the HHII, EEII, LLLI andilil (i = E, L and H) states are also very small because of
weak overlap. As a result, the addition of its intensities change little from the contributions
ofthe EEEE, LLLL, HHHH, 1111, LLII, EEEI, HHHI andIIH]I states.
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Figure 10 shows the Raman intensities of the intersubband bulk and surface for the
electron-like states, light-hole-like states and heavy-hole-like states as functiarygwef
In figure 10, the various peaks for the intersubband bulk and surface plasmons due to
EEEE, LLLL and HHHH are illustrated. The two surface and one bulk intersubband
states due totEEEE, LLLL and HH HH, respectively, appear in figure 10. The peak
at w/wg = 0.61 is due to the intersubband bulk plasmon and those at 0.59 and 0.63
are due to the intersubband surface plasmons contributet/byl. states. The peak at
w/wr = 1.38 is due to the intersubband bulk plasmon and those at 1.335 and 1.425 are
due to the intersubband surface plasmons contributedilByH H states. The peak at
w/wgp = 3.225 is due to the intersubband bulk plasmon and those at 3.095 and 3.355 are
due to the intersubband surface plasmons contributefl BY E states.

The magnitude of the peak due to theF E E states is much larger than those due to
the LLLL and HH HH states. In figures 8-10, the important feature is the peaks due to
the intrasubband bulk plasmon and intersubband plasmon. The valuesvef at peaks
for the various bulk and surface plasmons in figures 8-10 correspond to those of modes for
the various bulk and surface plasmons showgat= 1.0 in figure 1. These locations of
the peaks can be made to shift a little by adjusting the value.ofThe broadening of the
Raman intensity for bulk plasmons is due to photon decay while that for surface plasmons
is controlled byuo.

5. Conclusion

The dispersion relations of collective modes for the electron-like-states, the light-hole-like-
states and the heavy-hole-like states in the HgTe/CdTe superlattice have been calculated
using the symmetric and antisymmetric wavefunctions at interface states. The calculations
have been made under the assumption that only the lowest subband and first excited state
are occupied and that interface states between the HgTe and CdTe layers have a symmetric
or antisymmetric wavefunction in unit cells. The interface states are located between
the HgTe and CdTe layers. The main concern was the overlap between wavefunctions
of plasmons and the interface state. Expressions for the interaction potentials and the
polarizability matrix of 121 carrier types in unit cells were obtained. The expressions are
divided into the bulk and surface parts dependingcanAfter calculation of the dispersion
overlap between the interface state and the other plasmon states, intrasubband surface
plasmon states show up at larger valuesogfo, compared with the bulk plasmon states

in the case of the symmetric and antisymmetric wavefunctions of the interface states. The
intrasubband surface plasmosi$,, which result from overlap between the antisymmetric
interface wavefunction and the other plasmon states begin to appear at a smaller value
of gd compared witth},w which results from overlap between the symmetric interface
wavefunction and the other plasmons. TH& EI state, however, is exceptional. In

the dispersion spectra of the intersubband bulk and surface plasmon mode& fOF

states, the gap between the two intersubband surface ntjdes. and the intersubband

bulk modesh} . increases as the value gfl increases. Here a large is needed

in order to see the refined intrasubband surface plasmon. The dispersion relations of
collective modes contributed b EEE, 1111, and HHII states for the symmetric and

the antisymmetric wavefunctions at interface states were obtained for intrasubband bulk
plasmons as a function of the number of unit cells. For a systemv ainit cells, there

are N intrasubband bulk mode bands which satisfy the cond#ityf) = cosk.d). For the

two cases offEEEE and HH I states, the number of the bulk plasmon bands increases
as the number of unit cell increases. As the number of unit cells increases, the discrete
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bulk plasmon bands become a continuous bulk plasmon band. For the two cdddd of
states for the symmetric and antisymmetric wavefunctions at interface states, the number
of doubly degenerate bulk plasmon bands, (INtf- 2) /6] + Int[(N — 2)/6] + 1 andN /2,

bands were calculated for each wavefunction. In the calculation of Raman intensities as a
function of w/wr = w/5w; = w/v/3wy = w/v/2w, for the symmetric and antisymmetric
wavefunctions at the interface states, the values @§; at peaks for the various bulk and
surface plasmons in figures 8-10 correspond to those of modes for the various bulk and
surface plasmons showng@t = 1.0 in figure 1. These locations of the peaks can be made
to shift a little by adjusting the value df,. For the case of the symmetric wavefunction

at interface states, the Raman intensities dugitb andilil states are so small because

of weak overlap that the addition of its intensities can make little difference to the sum of
intensities due toth€ EEE, LLLL, HHHH,II1I, EEII andCC]I] states. For the case

of the antisymmetric wavefunction at interface states, the Raman intensities @uH id,

EEII, LLLI andilil states are so small because of weak overlap that the addition of its
intensities make little different to the sum of intensities due toE#F FE, LLLL, HHHH,
II1I,LLII, EEEI, HHHI andIIHI states. As a result, the contribution to the Raman
intensity by the symmetric wavefunction of the interface states is much stronger than the
contribution of the antisymmetric wavefunction. In the calculation of Raman intensities
of the intersubband bulk and surface for the electron-like states, light-hole-like states and
heavy-hole-like states as a function ®fwg, the magnitude of the Raman intensities due

to the EEEE states is the largest of all. The broadening of the Raman intensity for bulk
plasmons is due to photon decay while that for surface plasmons is controllegl by
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Appendix 1

The bulk parts ofV,i{}{fﬁm (k,, k) are (Kim and Sohn 1994, Eliassenal 1987)

/
Z

ijtw Slnh(qd) nm nm
Vﬁn,jrtzm(kz) = (P(kz) - >gijer(‘1) + &oijew (@) (Al1.1)
where
nm i 8i,Hd d P 8Hd d
8ijrwm (@) = / |:§n (Z— ld— 4 i+ 55,1)2)5,{[ <Z —Iid — j4 - +5j,1)2>
. 8i gd . 8; gd
+£ (Z —1d — 25 - 5,,Ld>§,,f1 <z —hd — f; - ,,Ld)}

5t,Hd

mal s d
x expl-q(z — )] [Sn (z —1ld — — (6L + 8;,1)2>

Ow.Hd

4

w d t St.Ed
X%’m Z— lld - - (6“},L + 8111,1)5 + Sn - ld — 2 - 8t,Ld

Sw d ’
x&2 (z —hd — éE - 5,0,Ld)] dz dz (A1.2)
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. ,. 8 nd dy,; 8 nd d
86y (@) = [ |5z —ld === =G+ 805 )5z —lh— == = G+ 805

‘ 8; pd 4 8 pd
+.§,;(z—1d— 2E —5i,Ld)§,g1<z—zld— ,.5 - j,Ldﬂ

8. md

d
x exXp(—qlz — z/l)[%',’l <Z —ld — — (&0 + 8;,1)2>

Sw.ud

xsrﬁ(z —lid — >

d Sr.ed
- ((Sw,L + Sw,l)z) + S,tl (Z - ld — tE — 8[,Ld)

xEY (z —Ihd — 8w‘2Ed — SW,Ldﬂ dz dz’ (A1.3)

. S, pd d . S pd d
g?,-’?wpw):/[é,;(z—ld— ’2’ —(ai,L+8,-,,)2)s,:1(z—zld— "j —(aj,L+a,-,,>2>

A 8 pd , 8 rd
+g,;<z—1d— g —5,-,Ld)s,«;<z—lld— f; - ,,Ldﬂ

S nd d
x expl-q(z + Z/)] I:g,; (Z —ld — I’Z — (&2 + 51,1)2>
8w nd d 8 rd
X :1} (Z - lld - 4H - (8w,L + 8w,1)2) + é:,tl <Z —1d — tqu — 8,«’Ld)
Sw Ed
xEW (z —hd — 2E - SU,,,Ld)} dz dz’. (A1.9)

The E, L, H and! indicate electron-like state, light-hole-like state and heavy-hole-like
state and interface state, respectively. For instance, in the cakettod subscriptsim of
functionsg!, &, & and&” represenC. C is eitherA or S where A and S correspond to

n’

the antisymmetric wavefunction and the symmetric wavefunction, respectively, at interface
states.

Appendix 2

V,fiffz/m'(lv I1,0',1;) in equation (6) is as follows:

Voot (LI, 1 1) = (R Riow — 81,6816 + 8.08).L + 81185, 1) (Ria Ry, — D]
X[R w Rim' — (8120w, + 818w, + 8110w, 1) (R w Ry — D]V

0 0 ) 51, d d
X / dz/ dz |:~’§,l, <Z —1d — % (i, +5i,1))
—s = 4 2

. S yd d . 8 pd
x,{,(z—lld— j’: —(8j,1‘+8j,1)2>+%_,11<2—ld— 2E —8[,Ld>

2

74 (Z —hd — - j,Ld)]{QXD(—LHZ —7') + aaexpl—q(z + )1}

, 8 nd a\_, 8 1d d
X é‘n z—ld— 4 _(81,L+81,1)§ Em Z_lld_ 4 _(Sw,L"'aw,l)E

8 d 8“) d
+s,i(z—ld— L —at,Ld)s;:(z—zld— E —aw,Ld>]. (A2.1)

2 2
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Here Re., = [1 + atu1 + u2 + Bur + Buz + vacl /2 is @ renormalization coefficient (Kim
and Sohn 1994), which includes the overlap of wavefunctions of the electron-like states,
heavy-hole-like states and light-hole-like states with the interface states:

an= [ G- 108!~ 0+ hard: (A2.2)
an= [ 650G =+ el - 0+ hayd: (A2.3)
Bu1 = [ £z — (U +3d)E (2 — (1 + Pd) dz (A2.4)
pro= [ Ehc - 0+ Holc - 0+ Dare: (A2.5)
Vne = f £z — (U + DdE (2 — (U + 3)d) dz. (A2.6)
The surface parts o, (k.. k) are
Vi ke k) = m

X[Ry.  Ri.om— (81, £8j £+ 8i,1.8, .+ 8i, 1 8j 1) (Ri n Ry, — D]
X[Ry, R — (81,805 + 81,.0w.1 + 8118w, 1) (Riw Ry, — D]
x{A11 + Ar2eXp—ik.d) + A expiik.d) + Apexplitk, — kDd]).  (A2.7)
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