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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-I superlattices (Chang and
Esaki 1980, Dingleet al 1980, Olegoet al 1982, Giuliani and Quinn 1984, Tselis and
Quinn 1984, Hawrylaket al 1985a, b, Jain and Allen 1985a, b, Sooryakumaret al 1985,
Das Sarma and Quinn 1986 and Pinczuket al 1986) or type-II superlattices (Hawrylaket
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 (Changet al 1985, Guldneret al 1985, Lin-Lin and Sham
1985, Berrioret al 1986, Faurie 1986, Jaroset 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 (Changet al 1985, Jaroset 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 (Berrioret al
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1986, Faurie 1986, Jaroset al 1987), respectively. Moreover, these methods show that the
interface states are localized near the interfaces (Changet al 1985, 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 (Berrioret al 19865, Faurie 1986, Jaroset 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 (Berrioret
al 1986, Faurie 1986, Jaroset 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 thicknessLE which is measured from the edge of the
HgTe layer (Huang and Zhou 1988, Huanget al 1989). Light-hole-like states in CdTe layers
are assumed to be confined in a quantum well of thicknessLL which 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 thicknessLH in the middle of the HgTe layer.

The motion of carriers in theX–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 thicknessLE in HgTe layers are located atz = ld + LE/2 and
z = (l + 1

2)d −LE/2 and those of the light-hole-like states confined in the quantum well of
thicknessLL in CdTe layers are located atz = (l + 1

2)d + LL/2 andz = (l + 1)d − LL/2,
where l goes from 0 toN − 1. The centres of the heavy-hole-like states confined in the
quantum well of thicknessLH in HgTe layers (Huanget al 1989) are located atz = (l+ 1

4)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 constantε where
z > −δ.

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 function ofω/ωE .
Section 5 concludes our work.

2. Density–density correlation function

The model system ofN unit cells, each of which contains two layers, HgTe and CdTe
layers, has 2N and N quantum wells for the electron-like and the heavy-hole-like states,
respectively, in the HgTe layers, and 2N quantum 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)

|qln〉 = exp(iq · r) ζln(z) (1)

where

ζln(z) = [ξE
n (z − ld) + ξE

n (z − (l + 1
2)d) + ξH

n (z − (l + 1
4)d) + ξL

n (z − (l + 1
2)d)

+ξL
n (z − (l + 1)d) + ξ I

c (z − (l + 1
2)d)] exp(ikzla) (2)

whereξE
n (z − ld) and ξE

n (z − (l + 1
2)d) are the electron-like wavefunctions at both edges

in the HgTe layer,ξH
n (z − (l + 1

4)d) is the heavy-hole-like wavefunction in the HgTe layer,
ξL
n (z − (l + 1

2)d) andξL
n (z − (l + 1)d) are the light-hole-like wavefunctions at both edges in

the CdTe layer,ξ I
c (z − (l + 1

2)d) is the interface state wavefunction,q is the momentum in
the layer perpendicular to thez axis, andn = 0, 1, . . . , m − 1 is the subband index. Here,
the subscriptc of the functionξ I

c 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 1974),5nmn′m′(l, l1, l
′, l′1)

satisfies the integral equations

5n,m,n′,m′(l, l′) =
∑
l1,l

′
1

5n,m,n′,m′(l, l1, l
′, l′1) (3)

and

5n,m,n′,m′(l, l′) = 50
nmδnn′δmm′δll′ +

∑
l′,r,s

50
nmVnm,rs(l, l

′′)5rs,n′m′(l′′, l′) (4)

where50
nm, the polarizability of the non-interacting system, which is due to the polarizability

between one zeroth subband which overlaps with thenth subband, and another zeroth
subband which overlaps with themth subband, is layer independent (Hawrylaket al 1986).
Vnm,rs(l, l

′) is the Coulomb interaction between the layers in the unit cells, including the
effect of image charges and subband structure (Grecu 1973, Hawrylaket al 1985a, b,
Eliassonet al 1987, Kim and Sohn 1994):

Vnm,n′m′(l, l′) =
∑
l1,l

′
1

Vq

∫ ∞

−δ

dz

∫ ∞

−δ

dz′ζ ∗
ln(z)ζl1m(z){exp(−q|z − z′|)

+α0 exp[−q(z + z′)]}ζl′n′(z′)ζ ∗
l′,m′(z

′) (5)

whereα0 = [(ε − ε0)/(ε + ε0)] exp(−2δq), ε = ε∞(ω2 − ω2
l + iγ0ω)/(ω2 − ω2

T + iγ0ω) and
Vq = 2πe2/εq. ωl andωT are the longitudinal- and transverse-optical-phonon frequencies,
respectively, andγ0 is the phenomenological broadening.

Equation (5) can be rewritten as

Vnm,nm(l, l′) =
∑
l1,l

′
1

∑
i,j,t,w

V ijtw
nm,nm(l, l1, l

′, l′1) (6)

where V
ijtw

nm,n′m′(l, l1, l
′, l′1) expressed by the density–density correlation function of the

particle states in units cells is given in appendix 2.
By defining a dielectric matrixε(l, l′; nm), and using self-consistent linear-density-

response theory, equation (4) can be transformed into

ε(l, l′; nm) = δnn′δmm′δll′ − 50
nmVnm,nm(l, l′) (7)
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and then the elements of the polarizability matrix are5nm = 50
nmε(l, l′; nm)−1. We

decomposeV
ijtw

nm,n′m′(kz, k
′
z) and 5

ijtw

nm,n′m′(kz, k
′
z) obtained by the Fourier transform of

Vnm,nm(l, l′) and 5
ijtw

nm,n′m′(l, l′) into the bulk part and the surface part (Hawrylaket al

1985a, b, 1986, Eliassonet al 1987) and rewrite5ijtw

nm,n′m′(kz, k
′
z) as a matrixΠ(kz, k

′
z).

Then the equation gives two coupled equations ofΠB (Kim and Sohn 1994) andΠS .
ΠS(kz, k

′
z) is finally expressed by

ΠS(kz, k
′
z) = [1 − exp(−qdN)]ΠB(kz)

4NP(kz)P (k′
z)

[R∗
kz,n

Rkz,m − (δi,Eδj,E + δi,Lδj,L + δi,H δj,H )

×(Rkz,nR
∗
kz,m

− 1)][R∗
k′
z,n

′Rk′
z,m

′ − (δt,Eδw,E + δt,Lδw,L + δt,H δw,H )

×(Rk′
z,n

′R∗
k′
z,m

′ − 1)]{A11 + A12 exp(−ik′
zd) + A21 exp(ikzd)

+A22 exp[i(kz − k′
z)d]}ΠB(k′

z) (8)

whereP(kz) = cosh(qd) − cos(kzd) and the renormalization coefficientRkz,n is given in
appendix 2. Combination of the equations forΠB andΠS results in a matrix equation for
M(q, ω) with coefficientsA11, A12, A21 and A22 (Grecu 1973, Hawrylaket al 1985a, b,
Eliassonet al 1987).

Figure 1. Dispersion relationω/ωE = ω/5ωL = ω/
√

3ωH = ω/
√

2ωI versusqd for the
intrasubband and intersubband plasmon modes contributed byEEEE, LLLL, HHHH and
IIII states using the symmetric and antisymmetric wavefunctions at the interface states. The
parameters are as follows;n = 12.8×1012 cm−2, d = 80 Å, LE = d/8, LL = d/8, LH = d/10,
2δ = d, mi = 0.7me, ε∞ = 16, ε0 = 1.0, k = 0.747/d (Eliassonet al 1987, Huang and Zhou
1988, Huanget al 1989, Kim and Sohn 1994) andγi/ωi = 0.2 with i = E, L, H andI .
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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 functionΠ(kz, k

′
z) 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

ξ i
n

(
z − ld − δi,Ed

2
(1 − θ) − δi,Ld

2
(1 + θ) − δi,H d

4

)
=

√
2

Li

sin

[(
n + 1

Li

π

)
×(z − ld) − δi,E

(
d

2
− Li

)
(1 − θ) − δi,L

(
d

2
(1 + θ) − Liθ

)
−δi,H

(
d

4
− Li

2

)]
, ld + δi,E

(
d

2
(1 − θ) − Li(1 − θ)

)
+δi,L

(
d

2
(1 + θ) − Liθ

)
+ δi,H

(
d

4
− Li

2

)
< z < ld

+δi,E

(
d

2
(1 − θ) + Liθ

)
+ δi,L

(
d

2
(1 + θ) − Li(θ − 1)

)
+ δi,H

(
d

4
+ Li

2

)
for n = 0, 1 andi = E, H or L (9)

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

ξ I
S (z − (l + 1

2)d)

=


RS{exp[k(z − ld)] + exp[−k(z − ld)]} ld < z < (1 + 1

4)d

RS(exp{−k[z − (1 + 1
2)d]} + exp{k[z − (l + 1

2)d]}) (l + 1
4)d < z < (l + 3

4)d

RS(exp{k[z − (l + 1)d]} + exp{−k[z − (l + 1)d]}) (l + 3
4)d < z < (l + 1)d

(10)

and

ξ I
A(z − (l + 1

2)d)

=


RA{exp[k(z − ld)] − exp[−k(z − ld)]} ld < z < (l + 1

4)d

RA(exp{−k[z − (l + 1
2)d]} − exp{k[z − (l + 1

2)d]}) (l + 1
4)d < z < (l + 3

4)d

RA(exp{k[z − (l + 1)d]} − exp{−k[z − (l + 1)d]}) (l + 3
4)d < z < (l + 1)d

(11)

where RS = {[4 sinh(kd/2)]/k + 2d}−1/2 and RA = {[4 sinh(kd/2)]/k − 2d}−1/2. Here
we setkHgT e = kCdT e = k in the calculation for simplicity. It is defined thatε(kz) =
Π0(kz)/ΠB(kz). The pole ofΠB(kz) which is the roots ofε(kz) = 0 leads to the dispersion
relation of the bulk plasmon. The background dielectric values (Hawrylaket al 1985a, b,
Huang and Zhou 1988) are given asε∞ = 16 andε0 = 1. The distance from the first layer
to the interface of the other half-space isδ = d/2. The polarizability in the long-wavelength
limit is given by (Kim and Sohn 1994)

50iiii
00 = niq

2

mi(ω2 + iγiω)
(i = E, L, H or I ) (12)
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50iiii
10 = 2niEi10

ω2 − E2
i10 + iγiω

(i = E, L or H) (13)

and50EEII
00 , 50LLII

00 , 50HHII
00 , 50EEEI

00 , 50LLLI
00 and50HHHI

00 are defined as the following:

50EEII
00 = (50EEEE

00 )1/2(50IIII
00 )1/2f (f = α01 andα02) (14)

50LLII
00 = (50LLLL

00 )1/2(50IIII
00 )1/2f (f = β01 andβ02) (15)

50HHII
00 = (50HHHH

00 )1/2(50IIII
00 )1/2γnc (16)

50EEEI
00 = (50EEEE

00 )3/4(50IIII
00 )1/4f (f = α01 andα02) (17)

50LLLI
00 = (50LLLL

00 )3/4(50IIII
00 )1/4f (f = β01 andβ02) (18)

and

50HHHI
00 = (50HHHH

00 )3/4(50IIII
00 )1/4γnc. (19)

Figure 2. Dispersion relationω/ωE = ω/5ωL = ω/
√

3ωH = ω/
√

2ωI versusqd for the
intrasubband bulk and surface plasmons modes contributed byEEII (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.

50IIEI
00 , 50IILI

00 and 50IIHI
00 can be expressed in similar forms. γi is the

phenomenological broadening of electron-like states, light-hole-like states, heavy-hole-like
states or interface states.γnc 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 areω2

E/ω2
L = 25, ω2

E/ω2
H = 3 andω2

E/ω2
I = 2, respectively, at

ωi = (2πnie
2/miεa)1/2. Here a single-particle energy separation is given byEi10/ωi = 2.5

for i = E, L or H . For convenience we shall denote the wavefunctions by superscripts as
ξE

0 (z− ld)ξE
0 (z− ld)ξE

0 (z′ − l′d)ξE
0 (z′ − l′d) = ξE

0 (z−(l+ 1
2)d)ξE

0 (z−(l+ 1
2)d)ξE

0 (z′ −(l′ +
1
2)d)ξE

0 (z′−(l′+ 1
2)d) = EEEE, ξE

0 (z−ld)ξE
0 (z−ld)ξE

0 (z′−l′d)ξ I
c (z′−(l′+ 1

2)d) = EEEI

andξE
0 (z−ld)ξE

0 (z−ld)ξ I
c (z′−(l′+ 1

2)d)ξ I
c (z′−(l′+ 1

2)a) = EEII , and so on. The relation
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Figure 3. Dispersion relationω/ωE = ω/5ωL = ω/
√

3ωH = ω/
√

2ωI versusqd for
intrasubband bulk and surface plasmons modes contributed byLLII (upper section) andEEEI

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

bmn
EEEE = cos(kza) due toEEEE can be calculated fromε(kz) = Π0(kz)/ΠB(kz). The

range−1 < bmn
EEEE < 1 defines the bulk plasmons band which occurs with a fixedq parallel

to the layers taking into accountkz. The dispersion of the surface plasmon is obtained from
the relationM(q, ω) = 0 which describes the pole of the surface part. The matrixM(q, ω)

is made up of the coefficientsA11, A12, A21 and A22. For the casesEEEE, LLLL

and HHHH and IIII 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
γ0/ωE = γE/ωE = γL/ωL = γH/ωH = γI /ωI = 0 are used. Figure 1 which shows
ω/ωE = ω/5ωL = ω/

√
3ωH = ω/

√
2ωI versusqd 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 ofEEEE states, one bulk mode and one surface mode for the case
of the HHHH state, one bulk mode and two surface modes for the case ofLLLL states,
and one bulk mode and one surface mode for the case ofIIII states calculated using the
symmetric and antisymmetric wavefunctions. The conditionsε(kz) = 0 andM(q, ω) = 0
for the bulk and surface modes are the same as found by others (Jain and Allen 1985a, b,
Tzoar and Zhong 1986).Sn

ijtw and bn
ij tw stand for the intrasubband and the intersubband

of surface modes and the intrasubband and the intersubband of bulk modes, respectively,
with the exceptions ofSA

IIII , bA
IIII , SS

IIII andbS
IIII , where the superscriptsA andS stand

for the symmetric and antisymmetric wavefunctions, respectively, of the interface states.
SA

IIII modes appear at a larger relative energy value thanSS
IIII does. bA

IIII modes appear
at larger relative energy thanbS

IIII modes do.SA
IIII modes begin to appear fromqd = 0.4

and have a larger relative energy value thanbA
IIII modes do.SS

IIII modes begin to appear
from qd = 2.0 and have a larger relative energy value thanbS

IIII modes do. The two



7626 S-W Kim and K-S Sohn

Figure 4. Dispersion relationω/ωE = ω/5ωL = ω/
√

3ωH = ω/
√

2ωI versusqd for
intrasubband bulk and surface plasmons modes contributed byIIHI (upper section) andHHHI

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

Figure 5. The ratio of energies of modes as a function of the number of unit cells for
intrasubband bulk plasmon modes contributed byEEEE states. The broken lines are the
band edges of the bulk modes. The parameters used are the same as in figure 1.

intrasubband surface modesS0
EEEE andS0

LLLL are for the electron-like states atz = ld or
z = l(d + 1

2) in HgTe layers and for the light-hole-like states atz = l(d + 1
2) or z = l(d +1)

in CdTe layers. These surface modes begin to appear fromqd = 0.23. Figure 1 also shows
that two intersubband surface modesS1

EEEE begin to appear fromqd = 0.25. The gap
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(b)

(a)

Figure 6. The ratio of energies of modes as a function of the number of unit cells for
intrasubband bulk plasmon modes byIIII 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.

betweenS1
EEEE andb1

EEEE modes increases as the value ofqd increases. Theb0
ij tw modes

except forb0
HHHH begin to appear fromqd = 0. Theb0

HHHH modes begin to appear from
qd = 0.7 andS0

HHHH modes from 0.5.
Figure 2 showsω/ωE = ω/5ωL = ω/

√
3ωH = ω/

√
2ωI 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 wavefunctions.bS

EEII modes are the overlapping modes
between the electron-like wavefunction and the symmetric interface wavefunction. The
bS

EEII modes exist over an energy region larger than that ofbA
EEII modes which are the

overlapping modes between the electron-like wavefunction and the antisymmetric interface
wavefunction. The intrasubband surface modesSS

EEII result from overlap between the
electron-like wavefunction and the symmetric interface wavefunction. TheSS

EEII modes
exist over wavevectors larger than the wavevectorq = 0.95/d and over an energy
region larger than that ofbS

EEII modes. The two intrasubband surface modesSA
EEII

result from overlap between the electron-like wavefunction and the antisymmetric interface
wavefunction. TheSA

EEII modes exist over wavevectors larger thanq = 0.75/d and over an
energy region larger than that ofbA

EEII modes. ThebA
HHII 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 those ofbS

HHII modes which result from
overlap between the heavy-hole-like state and the symmetric interface wavefunction. The
intrasubband surface modesSS

HHII exist over wavevectors larger thanq = 1.46/d, and
an energy region larger than that ofbS

HHII modes. The intrasubband surface modeSA
HHII
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(b)

(a)

Figure 7. The ratio of energies of modes as a function of the number of unit cells for
intrasubband bulk plasmon modes contributed byHHII 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 than 0.5/d, and an energy region larger than that ofbA
HHII

modes. These bulk modes begin to appear fromqd = 0.
Figure 3 showsω/ωE = ω/5ωL = ω/

√
3ωH = ω/

√
2ωI versusqd 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.bA

LLII 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
bS

LLII modes, the overlap modes between the electron-like state and the symmetric interface
wavefunction. The two intrasubband surface modesSA

LLII exist over wavevectors larger
than q = 0.18/d and over an energy region larger than that ofbA

LLII modes. TheSS
LLII

modes begin to appear fromqd = 0.7. ThebS
EEEI modes exist over an energy region larger

than that ofbA
EEEI modes. The intrasubband surface modesSS

EEEI andSA
EEEI exist over an

energy region larger than those ofbS
EEEI andbA

EEEI , respectively. These bulk and surface
modes begin to appear fromqd = 0.

Figure 4 showsω/ωE = ω/5ωL = ω/
√

3ωH = ω/
√

2ωI versusqd for the cases of
HHHI and IIHI states.SA

IIHI andSS
IIHI modes exist over the wavevectors larger than

q = 1.4/d and 2.5/d, respectively, andSA
IIHI and SS

IIHI over energy regions larger than
those ofbA

IIHI and bA
IIHI modes, respectively. TheSA

HHHI and SS
HHHI modes exist over

the wavevectors larger thanq = 1.5/d and q = 2.9/d, respectively. As the value ofqd

increases, the value ofω/ωE decreases forbA
HHHI andbA

IIHI modes.
Figures 5–7 show how the distribution ofω/ωE = ω/5ωL = ω/

√
3ωH = ω/

√
2ωI

changes with the numberN of unit cells. Figure 5 showsω/ωE versusN in the case of
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the EEEE state. The broken lines in figures 5–7 representb0
ij tw = ±1.0 at qd = 1.0 for a

semi-infinite system. As the numberN 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) showω/ωE versusN in the case ofIIII states calculated using the
symmetric and antisymmetric wavefunctions, respectively, at interface states. The number
of doubly degenerate bulk plasmon bands is Int[(N + 2)/6] + Int[(N − 2)/6] + 1(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 band isN/2 using the
antisymmetric wavefunction.

Figures 7(a) and 7(b) showω/ωE versusN for HHII states calculated using the
symmetric and antisymmetric wavefunctions, respectively, of interface states atqd = 1.0.
There are two groups ofN bulk plasmon bands calculated using the symmetric and
antisymmetric wavefunctions atqd = 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
momentumq is accessible, it is desirable to have a largeα0 in order to see the intrasubband
surface plasmon.

4. Raman intensities

The Raman intensity is proportional to the functionF(ω, 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(ωi, qi, k

i
z) and (ωS, qS, −kS

z ), respectively, atT = 0 and letω = ωi − ωS

and Q = (q, kz) = (qi − qS, k
i
z − kS

z ). Using the approximation (Kim and Sohn 1994)
ki
z = kS

z = kz + i/2λ, wherekz = (ωi/c) Re
√

ε, and 1/λ = (2ωi/c) Im
√

ε,

F(ω, Q) =
∑
n,m

∑
l,l′

∑
n′,m′

∑
ijpt

exp

(
− 2δ

λ

) ∫ ∞

−δ

∫ ∞

−δ

dz dz′ Im

{
− 50ijpt

nm εijpt
nm (l, l′; nm)−1

× exp[−2ikz(z − z′)] exp

(
− (z + z′)

λ

)
×[R∗

kz,n
Rkz,m − (δi,Eδj,E + δi,Lδj,L + δi,H δj,H )(Rkz,nR

∗
kz,m

− 1)]

×[R∗
k′
z,n

′Rk′
z,m

′ − (δt,Eδw,E + δt,Lδw,L + δt,H δw,H )(Rk′
z,n

′R∗
k′
z,m

′ − 1)]Vq

×
[
ξ i
n

(
z − ld − δi,H d

4
− (δi,L + δi,I )

d

2

)
×ξ j

m

(
z − l1d − δj,H d

4
− (δj,L + δj,I )

d

2

)
+ ξ i

n

(
z − ld − δi,Ed

2
− δi,Ld

)
×ξ j

m

(
z − l1d − δj,Ed

2
− δj,Ld

)][
ξ t
n

(
z − ld − δt,H d

4
− (δt,L + δt,I )

d

2

)
×ξw

m

(
z − l1d − δw,Hd

4
− (δw,L + δw,I )

d

2

)
+ ξ t

n

(
z − ld − δt,Ed

2
− δt,Ld

)
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×ξw
m

(
z − l1d − δw,Ed

2
− δw,Ld

)]}
=

∑
ijpt

∑
nm

Im

[
−

∑
l,l′

Aijpt
nm 50ijpt

nm εijpt
nm (l, l′; nm)−1 exp(−ikz(l − l′)a]

× exp

(−ikz(l + l′)a
λ

)]
(20)

with an amplitudeAijpt
nm . After some rearrangement, equation (20) is expressed by

F(ω, q, kz) =
∑
ijpt

∑
nm

Aijpt
nm Im[−50ijpt

nm εijpt
nm (ω, q, 2kz)

−1] (21)

where the effective inverse dielectric functionεijpt
nm (ω, q, 2kz)

−1 has 121 terms (Kim and
Sohn 1994) expressed byi, j , p and t 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 superlattice.nm = 0 whenn = m = 0 or nm = 1 whenn = 0 andm = 1 or
n = 1 andm = 0. (Details are given in appendix.) Here, 2kz is the momentum transfer to
the plasmon from a photon along the superlattice axis andλ is the photon decay length in
superlattice. In calculations forEEEE, LLLL, HHHH andIIII , the imaginary parts of
equation (21) become

50iiii
nn εiiii

nn (ω, q, kz)
−1 = 50iiii

nn

(
1

γ iiii
nn (1 − exp(−2δ/λ))

+50iiii
nn Vqg

nn
iiiiM sinh(qd) [Uiiii2

nn exp(2d/λ) − 1]

γ iiii2
nn

√
bnn2

iiii − 1(1 − exp(−2d/λ))Eiiii
nn

+ [1−exp(−qdN)]50iiii
nn Vq exp(2d/λ)[Uiiii2

nn A11+ (A12+ A21)U
iiii
nn + A22]

4γ iiii2
nn (bnn2

iiii − 1)Eiiii
nn

)
(22)

where

Eiiii
nm = 1 + Uiiii2

nm exp(2a/λ) − 2Uiiii
nm exp(a/λ) cos(2kza) (23)

Uiiii
nm = bnm

iiii −
√

bnm2
iiii − 1 (i = E, H, L andI ) (24)

bmn
ij tw = cosh(qd) − [gmn

ijtwMVq sinh(qd)]/γ ijtw
mn (25)

and

γ ijtw
mn = 1 − [gmn

ijtw0 − gmn
ijtwM ]Vq5

0ij tw
mn . (26)

When each ofi, j , t andw is E, L or H , mn of bmn
ij tw andγ

ijtw
mn is 1 or 0. When each

of i, j, t andw stands forI , mn of bmn
ujtw is A or S. The other terms can be expressed in a

similar manner.
The Raman intensityF(ω, q, 2kz) is calculated forN = 40 by equation (21) using

the following parameters:kz = 0.39 × 108 m−1, qd = 1.0, n = 1.28 × 1012 cm−2 and
γi/ωi = 0.2 with i = 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 versusω/ωe = ω/5ωL = ω/
√

3ωH = ω/
√

2ωI for the
intrasubband bulk and surface plasmons using the symmetric wavefunction at interface states at
qa = 1.0 andkz = 0.39×106 cm−1: (a) the Raman intensities due toEEEE, LLLL, HHHH

and IIII states; (b) the Raman intensities due toEEEE, LLLL andHHHH states; (c) the
total intensity. The parameters are the same as in figure 1. Additional parameters areλ = 6.0d

andγi/ωi = 0.2 with i = E, L, H andI .

Figure 9. Raman intensities versusω/ωE = ω/5ωL = ω/
√

3ωH = ω/
√

2ωI 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 and CCII states forN = 40 are illustrated.
Here, CCII states mean the sum of Raman intensities due toLLII and HHII states.
The peak atω/ωE = 0.105 is due to the bulk plasmons byCCII states. The peaks
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Figure 10. Raman intensities versusω/ωE = ω/5ωL = ω/
√

3ωH = ω/
√

2ωI for the
intersubband bulk and surface plasmons. The parameters are the same as in figures 8 and
9 except forEi10 = 2.5ωi (i = E, L, or H ), ωl = 1.8EE10 andωT = 1.7EE10.

at ω/ωE = 0.25 and 0.65 are due to the bulk plasmons contributed byLLLL states at
Re(b0

LLLL) = 1.0 and byHHHH states at Re(b0
HHHH ) = 1.0. The peaks due to the

EEII and IIII states appear atω/ωE = 0.51 and 0.315, respectively. The peaks at
ω/ωE = 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 contributed byHHHH states occurs at
ω/ωE = 0.67. The peak atω/ωE = 1.245 is due to the bulk plasmons contributed by
EEEE states at Re(b0

EEEE) = 1.0. The surface plasmon contributed byEEEE states
occurs atω/ωE = 1.535. The Raman intensities due toiiiI and iI iI (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 ofEEEE, LLLL, HHHH , IIII , EEII and CCII

states. Figure 8(a) represents the Raman intensities due to theEEEE, LLLL, HHHH

andIIII states and figure 8(b) represents the Raman intensities due to theEEEE, LLLL

andHHHH 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 , IIII andCCCI states using the same parameters as in figure 8
are shown. Here,CCCI states mean the sum of Raman intensities due to theLLII , EEEI ,
HHHI , andIIHI states. In figure 9, the peak atω/ωE = 0.105 is due to the bulk plasmons
contributed byCCCI states. The peak atω/ωE = 0.595 is due to the bulk plasmon con-
tributed byIIII states at Re(bC

IIII ) = 1.0. The peak atω/ωE = 0.615 is due to the surface
plasmon contributed byIIII 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 theb0

CCCI peak is smaller than theb0
CCII peak in figure 8. The peak due to theIIII state

in figure 9 appears at a larger value ofω/ωE than in figure 8. The Raman intensities due to
theHHII , EEII , LLLI andiI iI (i = E, L andH ) states are also very small because of
weak overlap. As a result, the addition of its intensities change little from the contributions
of the EEEE, LLLL, HHHH , IIII , LLII , EEEI , HHHI andIIHI 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 functions ofω/ωE .
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 toEEEE, LLLL and HHHH , respectively, appear in figure 10. The peak
at ω/ωE = 0.61 is due to the intersubband bulk plasmon and those at 0.59 and 0.63
are due to the intersubband surface plasmons contributed byLLLL states. The peak at
ω/ωE = 1.38 is due to the intersubband bulk plasmon and those at 1.335 and 1.425 are
due to the intersubband surface plasmons contributed byHHHH states. The peak at
ω/ωE = 3.225 is due to the intersubband bulk plasmon and those at 3.095 and 3.355 are
due to the intersubband surface plasmons contributed byEEEE states.

The magnitude of the peak due to theEEEE states is much larger than those due to
the LLLL andHHHH states. In figures 8–10, the important feature is the peaks due to
the intrasubband bulk plasmon and intersubband plasmon. The values ofω/ωE 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 shown atqd = 1.0 in figure 1. These locations of
the peaks can be made to shift a little by adjusting the value ofkz. The broadening of the
Raman intensity for bulk plasmons is due to photon decay while that for surface plasmons
is controlled byα0.

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 depending onkz. After calculation of the dispersion
overlap between the interface state and the other plasmon states, intrasubband surface
plasmon states show up at larger values ofω/ωe compared with the bulk plasmon states
in the case of the symmetric and antisymmetric wavefunctions of the interface states. The
intrasubband surface plasmonsSA

ijtw which result from overlap between the antisymmetric
interface wavefunction and the other plasmon states begin to appear at a smaller value
of qd compared withSS

ij tw which results from overlap between the symmetric interface
wavefunction and the other plasmons. TheEEEI state, however, is exceptional. In
the dispersion spectra of the intersubband bulk and surface plasmon modes forEEEE

states, the gap between the two intersubband surface modesS1
EEEE and the intersubband

bulk modesb1
EEEE increases as the value ofqd increases. Here a largeα0 is needed

in order to see the refined intrasubband surface plasmon. The dispersion relations of
collective modes contributed byEEEE, IIII , 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 system ofN unit cells, there
areN intrasubband bulk mode bands which satisfy the conditionbmn

ij tw = cos(kzd). For the
two cases ofEEEE and HHII 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 cases ofIIII

states for the symmetric and antisymmetric wavefunctions at interface states, the number
of doubly degenerate bulk plasmon bands, Int[(N + 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 ω/ωE = ω/5ωL = ω/

√
3ωH = ω/

√
2ωI for the symmetric and antisymmetric

wavefunctions at the interface states, the values ofω/ωE 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 shown atqd = 1.0 in figure 1. These locations of the peaks can be made
to shift a little by adjusting the value ofkz. For the case of the symmetric wavefunction
at interface states, the Raman intensities due toiiiI and iI iI states are so small because
of weak overlap that the addition of its intensities can make little difference to the sum of
intensities due to theEEEE, LLLL, HHHH , IIII , EEII andCCII states. For the case
of the antisymmetric wavefunction at interface states, the Raman intensities due toHHII ,
EEII , LLLI and iI iI states are so small because of weak overlap that the addition of its
intensities make little different to the sum of intensities due to theEEEE, LLLL, HHHH ,
IIII , 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 ofω/ωE , the magnitude of the Raman intensities due
to theEEEE 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 controlled byα0.
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Appendix 1

The bulk parts ofV ijtw
nm,nm(kz, k

′
z) are (Kim and Sohn 1994, Eliassonet al 1987)

V Bijtw
nm,nm(kz) =

(
sinh(qd)

P (kz)
− 1

)
gnm

ijtwM(q) + gnm
0ij tw(q) (A1.1)

where

gnm
ijtwM(q) =
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2
− δw,Ld
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dz dz′ (A1.2)
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gnm
0ij tw(q) =

∫ [
ξ i
n
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gnm
ijtwP (q) =
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TheE, L, H andI indicate electron-like state, light-hole-like state and heavy-hole-like
state and interface state, respectively. For instance, in the case ofI , the subscriptsnm of
functionsξ i

n, ξ
j
m, ξ t

n andξw
m representC. C is eitherA or S whereA andS correspond to

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

Appendix 2

V
ijtw

nm,n′m′(l, l1, l
′, l′1) in equation (6) is as follows:

V
ijtw
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Here Rkz,n = [1 + αn1 + αn2 + βn1 + βn2 + γnc]−1/2 is a 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:

αn1 =
∫

ξE
n (z − ld)ξ I

c (z − (l + 1
2)d) dz (A2.2)

αn2 =
∫

ξE
n (z − (l + 1

2)d)ξ I
c (z − (l + 1

2)d) dz (A2.3)

βn1 =
∫

ξL
n (z − (l + 1

2)d)ξ I
c (z − (l + 1

2)d) dz (A2.4)

βn2 =
∫

ξL
n (z − (l + 1

2)d)ξ I
c (z − (l + 1)d) dz (A2.5)

γnc =
∫

ξH
n (z − (l + 1

4)d)ξ I
c (z − (l + 1

2)d) dz. (A2.6)

The surface parts ofV ijtw
nm,nm(kz, k

′
z) are

V Sijtw
nmnm (kz, k

′
z) = 1 − exp(−qdN)

4NP(kz)P (k′
z)×[R∗

kz,n
Rkz,m−(δi,Eδj,E+ δi,Lδj,L+ δi,H δj,H )(Rkz,nR

∗
kz,m

−1)]

×[R∗
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z,n

′Rk′
z,m

′ − (δt,Eδw,E + δt,Lδw,L + δt,H δw,H )(Rk′
z,n

′R∗
k′
z,m

′ − 1)]

×{A11 + A12 exp(−ik′
zd) + A21 exp(ikzd) + A22 exp[i(kz − k′

z)d]}. (A2.7)
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