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In this paper, we study in detail the electron collective excitations of HgTe/CdTe superlattices
with a simple model superlattice, taking into account the overlap of wave functions at the interfaces
for interface states. The linear-response theory has been used with success to calculate the density
response of the superlattice to an external perturbation, including many-body effects and

electron-heavy-hole coupling in a reasonable way for intrasubband modes.

Some attractive

features are found compared with those in type-I and -II superlattices, such as localized modulated
three-dimensional optical and acoustical plasmons, and so on. Moreover, the coupling of interface
states with heavy-hole-like subbands is discussed. Also, a comparison of the collective excitation
spectra between the quasi-two-dimensional and purely two-dimensional charge interfaces, along
with a discussion on their relevance to experiment, is presented.

I. INTRODUCTION

Superlattices are a new kind of material generally made
of multiple alternating layers of two (or more) different
binary or pseudobinary compounds. There are two types
of superlattices (known as type-I and -II superlattices)
whose properties have been extensively studied in the last
few years.'”® The structures of the subbands and cyclo-
tron resonance have been investigated by both far-
infrared-absorption spectroscopy®™® and resonant-light-
scattering technique.” !' Theoretically, one aspect of the
physics of these kinds of superlattices that is of most
dramatic interest to us is the electron collective-
excitation spectrum of a periodic array of equally spaced
charge layers.

Recently, great attention has been paid to the type-III
superlattices typified by the HgTe/CdTe system,'?” !’
which consists of both a semimetal and semiconductor.
The computations of the band structure of HgTe/CdTe
superlattices given by PWM,'® linear combination of
atomic orbitals (LCAO0),'>!” and envelope-function-
approximation (EFA) (Refs. 14 and 19) methods agree
well and show that they can be either semiconducting or
zero-band-gap semiconductors. Moreover, the electron-
like, heavy-hole-like, and light-hole-like states are
confined very well in HgTe and CdTe layers'>!>!” and
the interface states are localized near the interfaces.!* !’
It is proved that the thickness of materials HgTe and
CdTe will decide the width of the band gap and sub-
bands, respectively. Although superlattice (SL) states in-
clude electronlike, light-hole-like, heavy-hole-like, and in-
terface states, in comparison with the situations in type-I
and -II superlattices, we still consider that the interface
states play the most important role in HgTe/CdTe super-
lattices. It is evident that the width of band gap strongly
depends on the hybridization of interface states with the
heavy-hole-like subbands'* and contributes a great deal to
the properties of HgTe/CdTe superlattices in optical ab-
sorption, transport, and collective excitation. Besides,
the zero-band-gap band structure and the quasi-interface
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states are consequences of matching up of bulk states be-
longing to the conduction band in HgTe and the light-
hole valence band in CdTe. This matching up is only
favorable when the bulk states to be connected are made
of atomic orbitals of the same symmetry type and the
effective masses on either side of the interface have the
opposite sign. To our knowledge no theoretical investiga-
tion of plasmons in HgTe/CdTe superlattice has yet been
reported.

In this paper we study the collective-excitation spec-
trum of such superlattices in the simple model, mainly
concentrating on the effects of interface states. We as-
sume the layers of HgTe and CdTe have the same thick-
ness d /2, and d is small enough so that superlattice will
behave exactly like a semiconductor and the self-
consistent-field (SCF) method*>?° will be applicable.
Furthermore, we consider the motion of electrons in the
X-Y plane to be completely free because the EFA method
well describes the band structure of HgTe/CdTe superlat-
tices,'® and that only interface states overlap between ad-
jacent layers. It is expected that the assumption of
infinitely thin layers and zero width of localization at in-
terfaces will be reasonably good for low electron densities
in HgTe/CdTe superlattices with not too small layer
thickness. The approximation of a perfect confinement in
the well is usually not very good for the energy levels, but
not so bad for the wave function.?! In view of the attrac-
tive characteristics in HgTe/CdTe superlattices, it is in-
teresting to calculate the collective-excitation spectrum
of it.

The paper is organized as follows. In Sec. II the SCF
treatment of collective excitation of a superlattice is de-
scribed. In Sec. III we consider the intrasubband modes
of interface states with zero width and finite width of lo-
calization, and the coupled intrasubband modes of inter-
face and heavy-hole-like states with infinitely thin layer
thickness and zero width of localization are studied. We
conclude in Sec. IV, presenting some possible future im-
provements of our theory and some attractive features
compared with those in type-I and -II superlattices.
Also, the difference between the perfect two-dimen-
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sional system and the real system is discussed in this sec-
tion.

II. SCF TREATMENT OF COLLECTIVE
EXCITATION IN HgTe/CdTe SUPERLATTICES

We now proceed to discuss the linear response of a su-
perlattice to an external potential for zero magnetic field.
In our approximation mentioned in Sec. I, the single-
particle wave function in this model of superlattice can be
written as

(s)
¢k n j(r z)

Here k is a two-dimensional wave vector describing the
planar motion in the X-Y plane and A is the two-
dimensional area of each layer (needed for normalization
of the plane wave), j and n are the layer index and the
subband index, respectively; the labels s =1,2, 3,4 refer to
the electronlike, heavy-hole-like, interface, and light-
hole-like states, respectively. We choose the SL states to
be strictly two dimensional with no overlap between adja-
cent layers with the exception of the interface states.
This approximation is made mainly for the sake of con-
venience, allowing us to do most of our calculation
analytically. We expect it to be reasonable for low elec-
tron densities in HgTe/CdTe superlattices with not too
small layer thickness. The noninteracting single-particle
energy is given by (with m;” as the mass for planar
motion)

EZ(k)=

=explik'r 1/1(’) (z—jd/2)/V A . (1)

ES) +#k*/2m . )

Here the single-particle wave function d)k,, j(1,2) will
take the explicit forms

(4

n; for j even

(1) — —
" ' o for j even
¢n.j(z—.]d/2)— 0 for _] odd , (4)

Yz —jd /2=y,

@ ] 0 for j even ©
l/l,,,j(z—]d/Z)— ¢lnhj for J odd ,

where the layers are labeled by an integer j; even-
numbered layers will be taken to be HgTe layers, while
odd-numbered layers are CdTe layers.

for j both even and odd , (5)

J

(n,s|¥,l0,s") = 211‘33
+ 2 ZX
i=1 m

+ z S XS VH (s s50,i)+SL Y,

i=3 m

"VE (s',s5i,i)+S_ v ,$;0,i)+S ¢
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An external perturbing potential of the form
Ve r,z,t)=V™(q,0,z )expli(wt —q-T)] (7)

will lead to an induced electron density, which in turn in-
duces perturbed Hartree and exchange-correlation poten-
tials. Thus

=yt pyHypXC (8)

is also of the form (7). We use the SCF scheme of Ehren-
reich and Cohen to calculate the induced electron density

dn(q,w,z)= 2 2 H‘,,S,,sl’J(q,w)
j’j
X{n,j,s|V(q,o)n’,j’,s")
XYMz —j'd /29Nz—jd /2)

9)

where the irreducible polarization under the random-
phase approximation (RPA) can be expressed as

(E(k+q))—fo(ES(K))
nSnS/)J(q’ )= zfo() ! ()0 ’
© E{)(k+q)—ES(k)—

, (10)

where f, is the Fermi distribution function. Although
the RPA is a high-density approximation, it has been
used with success in the problem of semiconductor super-
lattices. We let the exchange-correlation potential VX
be zero throughout this paper for convenience. By using
the ansatz due to the translational symmetry of the sys-
tem, that is,

explik,jd /2){n,s|V,|0,s")

for j even

explik,(j—1)d /2)n,s|V,|0,s")
for j odd ,

(n,5|V;(q,0)[0,s")=

(an

we write down straightforwardly a series of basic self-
consistent equations under the self-sustaining condition
V=0 and the electric quantum limit without repeating
the computation similar to Refs. 4 and 5,

(A+S_B+S,.C)(m,3|V,[03)+(S_B+S",.C){m,3|V,|0,3)

Vil i55,s)1m,i|Vl0,i )

Vol is',5)1m,i|V,]0,i)

+ z S X VE (s 550,00 +S_V (s, 537,00+ S, ViE(j,i5s',5)]{m,i|V,0,7)

Lj=1,2,3 m
+ ZX“” [S_ViH(s"s;3,4)+S",

ViH(3,4;5',5)]{m,4|V,]0,3)

(m<0)

(12)
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and
(n,s|V10,s)= (SO [(A4+S_B+S,C){m,3|V,[0,3)+(S_B+S',C){m,3|V,]0,3)]
+ 2 S XOVE (550,00 +S _ V(s 530, +S Vi HGLiss,s) ) m, i | V,10,6)
i=3 m
3 P
+ 3 XISV E s 50,0+ S Vil (i,i5s",5)]{m,i| V0,0 )
i=1 m
+ 2 S XISV (s's3,0)+S ViR Gizs',5)]{m,i|V,]0,))
Lj>1,2,3 m
zx‘“’ VH (s,5;3,4)+S_VH(s'5;3,4)+S, V. H(3,4;5",5){m,4|V,]0,3) | +(m0), (13)
with the symbols given by
VEE s, s:p",p)=(2me2/e,q) [ dz [dz’ e =92 1Yz )05 (2 W (2" Fd /2008(2")8(p'p,33) (14)
VH ) s's,p'p)= (ZWez/esq)fdzfdz’e_q”_z"z//(,,”(z)zlz“) Wz Fd /200 (2")8(p'p,33) , (15)
V,{{On(s's,p'p)=(27re2/esq)fdzfdz'e*q‘z—fhp‘;’(z)lpg"(z)wgp"(z')zp‘,g’(z') , (16)
ViR (s's,p'p)=(2me? /e,q) [ dz [dz’ e =9 Y20 (2 Wi (2 iRz (17)
[
and [z —jd /2)]*=8(z—jd /2) . (20)
=VH “)(s's,33)+ VEF(s'5,33), By using the well-known long wavelength form?** for the
B=VH (55 33)4 V' H (575, 33) | polarizability of a tvs::-dzlmenswnal electron gas (2D EG),
n'*q
C=V,H7)(33,s's)+ V,H(t)(33,s's) , M55 ¥(q,0)= 2 (21)
where X,,,=I1,,,+11,, and II,, is given in Eq. (10). Egs. (12) and (13) yield
“(m<«>0)” stands for all the terms in either Egs. (12) or 32, (32 5 R
(13) which are obtained under the interchange of the in-  [1—(n'"'¢*/m >'0®)(2me*/€,q)a(q,k,)]
dices m and O of the terms already presented. _ 2 2, (3),2 /. (3) 2252
Moreover, we have introduced in Egs. (12) and (13) the [(2me*/e,q)(n'"'q*/m > w*)b(q,k,)], (22)
symbols S, and S’; defined by with
6 o~ TH:? qy  a(@k)=S(a.k,)[1+cosh(gd /2)] —sinh(gd /2) ,  (23)
= o tlkd
1—e 9 b(q,k,)=S'(q,k,)[1+cosh(gd /2)] , (24)
—qd/2 +ik,d/2 (3) . . . .
S’ SRS — (19) Where n'”" denotes the two-dimensional density of inter-
1 — e —9dp Tk face states, and the structure factors S and S’ are defined

It may be proved that both Egs. (12) and (13) include the
contributions of type-I and -II superlattices, excitons in
periodic quantum wells, interface states, and the interac-
tions between interface states and the other SL states in
HgTe layers and CdTe layers. In fact, we can easily ob-
tain the collective-excitation spectra of type-I (s,s'=1)
and type-II (s,s’=1,4) superlattices*> or excitons in mul-
tiple quantum wells (s,s’=1,2) separately. Hence the re-
sults obtained here are quite general and attractive.

III. INTRASUBBAND MODES

To obtain the intrasubband modes, we set m =n =0 in
Eqgs. (12) and (13). We shall restrict our study to the case
of interface states (i.e., s=s'=3). For purely two-
dimensional charge interfaces, we choose

by
sinh(gd )
cosh(gd)—cos(k,d) ’
2 cos(k,d /2)sinh(qd /2)
cosh(gd)—cos(k,d)

(25)

S(q,k,)=

S'(q,k,)= (26)

For simplicity we have also defined the mass of inter-
face states m ®) by

1/mP=P/mP+(1—P)/m"™? Q7

without taking into account different masses of electrons
and light holes in computation. P is the integrated prob-
ability of finding electrons in the HgTe layer. Solving Eq.
(22), we obtain

o} =[0(q))[a(q,k,)Lb(q,k,)] , (28)
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where
[ (g)P=12me®n> /e,mP)q .

In the weak-coupling limit, gd >>1, Eq. (28) reduces to
0} =[w}(q)Pcos’(k,d /4) , (29)
o:=[w(q))sin’(k,d /4) . (30)

The spectrum is then severed in the region gd >>1 for
the reason of overlap of wave functions at the interfaces.
Each layer only partly supports its own 2D plasmon, and
the excitation in any layer will not remain localized at
that layer.

In the strong-coupling limit, gd <<1, we have three
cases to consider as a result of nonanalytic property of
the structure factors at the origin of the g-k, plane in
Egs. (25) and (26). First we consider k,=0. From Eq.
(28) we have

0, =0, (31)
o_=0, (32)
where

(02,3’)2=(81're2n‘3)/esm(3)d) .

The first mode clearly exhibits the characteristic of 3D
optical plasmon, in which the oscillating charge densities
are in phase from one supercell to the next, and are out of
phase within the supercell. In the second mode, the oscil-
lating charge densities are in phase within the supercell
and also between supercells, so that they entirely cancel
each other in the whole region for k, =0, due to the local-
ization of interface states at the same interfaces, and the
gap of the spectrum between the collective and single-
particle intrasubband excitation disappears.

Next, we consider the strong-coupling limit with
k,+0. Thus Eq. (28) leads to

4cos¥(k,d/4) 1

wf,Z[w;,”(q)]zqd 1—cos(k,d) 2

) (33)

(34)

4sin’(k,d/4) | l

2 1,03 o) 2 2
o= =l (¢))'gd 1—cos(k,d) 2

so that both branches are acoustical modes, with @ «gq.
The modes, corresponding to in-phase and out-of-phase
motion within the unit supercell, are softened. The band-
width has a maximum for small gd, owing to the strong
coupling.

Finally, we consider the strong-coupling limit with
k,d=(2n+1)m. In this case, Eq. (28) takes the form

;=0 =[w(q)]qd /2 ; (35)

the modes are degenerate 3D acoustical plasmons. Here
the spectrum in the region gd <<1 shows some analogy to
that derived by Tselis and Quinn,’ and the results above
are shown in Fig. 1. Here the single-particle continuum
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w/Qu; t

single—particle
reg/mn

l'

0 5.0

10.0 aqd

FIG. 1. Collective intrasubband excitation spectrum of inter-
face states with zero-width localization.

region is very close to =0 under the normalization,
which is shown in all the graphs of this paper.

If we further consider the effect given by different
masses and densities of electrons and light holes, the de-
generate modes, when k,d =, will be split analogous to
the phonon modes in a periodic 1D chain,?® and the
bandwidth is largely reduced (see Fig. 2).

We also present the graphs of w as a function of k,d
for different values of ¢d in Fig. 3. From it we can easily
see the existence of degenerate modes as k,d =, and the
bandwidth is broadened with fixed k, as gd increases.

In order to gain an insight into the collective-excitation
spectrum of the real system with finite width of localiza-

(1)
@ |
/Qp» - (1)

(s

2.0f

single—particle
region

fl 1 d
5.0 10.0°

FIG. 2. Collective intrasubband excitation spectrum of inter-
face states in perfect 2D interfaces with different masses and
densities of electrons and light holes.
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tion at interfaces, the symmetrical ground state can be
written as'4

De*?/4(eh e kg k) —3d /4<z<—d /4
Y3 (z)= {De kY ekt e k) —d/A<z<d/4  (36)
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kd /4
D= 2 .
[d +2sinh(kd /2)/k]'?

Here we set ky,r. =kcgre =k in the calculation for sim-
plicity. The substitution of Eq. (36) reduces Egs. (12) and
(13) to the form

(37)

D kd /4 —kz+ —kd kz’ d/4<z<3d 4,
et e e e, d/4zz=3d/ Wt =[0)(q)PI(S£S")B+(4—B)], (38)
with the normalization factor with
|
—kd/2 : o
_ 4(?+e ) . 22q . sinh(kd /2) + sinh(kd) , d +i[d+25inh(kd/2)/k]
[d +2sinh(kd /2)/k}? | g>—4k k 4k 4| ¢
e (2k+qd/a - (2k—qd/4 2 —9d/4
| 2k+q 2k —q g
x sinh(2k +q)d /4 sinh(2k—q)d/4+2sinh(qd/4) ’ 39)
2k +q 2k —q q
2
_ 4(2+e k472) sinh(2k +q)d /4 | sinh(2k —q)d /4 | 2sinh(gd /4) (40)
[d +2sinh(kd /2)/k }? 2k tq 2k —q q

In the weak-coupling limit, Eq. (38) reduces to
(2+4e —kd/Z)[Q;’fi)]Z

0l =0t = - 5
[1+2sinh(kd /2)/kd ]
4sinh(kd /2) | sinh(kd) | 3
X *d + 2kd + > J , (41)
W/ qd=20.0
@, e qd=5.5

3.0p

2.0
;\\ w+
~..
~.
\\ ’\
LA N
\ /7
Lo\ w- .
1.0 \ i
\ S
\ /
X
/' ~ W+
. ~
7 ® ==

—_——

kzd

FIG. 3. Collective intrasubband excitation spectra of inter-
face states in purely 2D interfaces as a function of k,d for

different values of gd.

[
so that they are localized bulklike optical plasmons in
which each layer supports a common modulated 3D
plasmon, and that is quite different from those in Egs.
(29) and (30) (see Fig. 4).

In the strong-coupling limit we have two cases to
study. When k, =0, from Eq. (38) we have

o’ =[0}(g)1[4a/qd +(B+ad /4+4y /d)q] , (42)

ot =[0)(q)(B+ad /4)q , (43)
with the parameters
a=2+e k2 (44)
w/ntp3)
x©d=7.742
2.0}
“'+(0)
<u+(‘”)
i
1.0 w_(m)
w_(0) single—particle
region
0 100 20.0

FIG. 4. Collective intrasubband excitation spectrum of inter-
face states with finite width of localization at interfaces.
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P —dad ©d=77 .42
[1+2sinh(kd /2)/kd g T s
s | Ly sinh(kd /2)  cosh(kd /2)—cosh(kd)/4
24 4kd 2k2d? ) o
N sinh(kd /2)—sinh(kd)/8 ’ (45)
k3d?3
_ ad?
Y= 1+ 2sinh(kd /2) /kd | d
« | L 4 sinh(kd/2) _ cosh(kd /2)
48 8kd k2d?
sinh(kd /2) single—particle
0 10.0 200 "

The first mode is of the property of 3D optical plasmon
and the restoring force is increased due to the out-of-
phase motion at the interfaces, while the second mode is
acoustical mode, in which the gap of the spectrum is still
retained.

Secondly, we study the case with k,50. Thus Eq. (38)
has the solutions

- 2ad cos’(k,d /4) )
or=lo IV = ey TR

2 1) 2ad sin*(k,d /4) 48)
o-=le P\ eay TR (

so that both branches are acoustical modes. Especially,
for k,d=(2n+1)w, we get the degenerate modes of
modulated 3D acoustical plasmons

i =0 =[0(q)(B+ad/2)q , 49)

and the oscillations of electrons and light holes with the
opposite phases and the same masses and densities within
the adjacent layers can not be distinguished. As it is seen
from Figs. 4 and 5 the optical modes will possess more
properties of bulklike plasmon in the whole region as kd
decreases.

The criterion for the transition behavior from 2D to
3D system can be clearly described as follows: the
screening length of Coulomb interaction should be much
smaller than the width of localization at the interfaces to
ensure the sufficient overlap of wave functions.

In fact, the solution (38) will exactly reduce to Eq. (28)
as the condition kd >>qd is satisfied well.

Moreover, if the effect of different masses and densities
of electrons and light holes is taken into account, the de-
generate modes for k,d =(2n +1)7 will be further split,
and the bandwidth becomes much smaller (see Fig. 6).

FIG. 5. Collective intrasubband excitation spectrum of inter-
face states with finite width of localization and different values
of kd.

The characteristic of bulk material possessed by optical
mode seems to be more clear with fixed value of kd.

On the other hand, we are even more interested in the
situation in which the interface states are strongly cou-
pled with the heavy-hole-like states with infinitely thin
charge layer thickness. In that case, we let s,s’=2,3 and
m=n=0 in Egs. (12) and (13), and easily get the solu-
tions of intrasubband modes. When k, =0, we have

(1)

(1)
Qe

w/ —
Qpe xd=7.742 <Q;:)>2=55
2.0
4 (0)

1.0r

single—particle
region

qd

FIG. 6. Collective intrasubband excitation spectrum of inter-
face states in quasi-2D interfaces with different masses and den-
sities of electrons and light holes.
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+(— {[0P(@)]S(q,k,)+2[0(q)Palq,k,)} —8[w)(g) [0} (q)F{alq, k,)S(q,k, ) —2[c(q,k,)]})! /2 /2,

with
c(q,k,)=S(q,k,)cosh(qgd /4) —sinh(qd /4)
and a(q,k,), S(q,k,) defined above.

For k,d =(2n + 1), Eqgs. (12) and (13) have the solutions

=[o,(g)Palq,k,) ,
3= 1{[0P(9)1’S(q,k,)+2[w}(q))a(q,k,)} /2

(51

([0 (q)’S(q,k,)+2[w, () alg, k) )2 —8[w, () [, () [alg, k,)S (g, k) —2[c(q, k, )2 /2. (54)

In the region gd >>1, the collective-excitation spectrum
of interface states is still sharply severed. The excitation
in the layer cannot be localized at that layer. However,
each HgTe layer can fully support its own 2D plasmon
for heavy-hole-like subbands (see Fig. 7).

In the strong-coupling limit we have one optical mode
(k,d =0) and two split acoustical modes (k,d =) for in-
terface states due to the interaction with heavy-hole-like
states. It is noted that the optical mode of heavy-hole-
like states completely vanishes in the region ¢gd << 1, and
the gap of the spectrum between the collective and
single-particle intrasubband excitation for interface
states, we think, will remain for the case with finite width
of localization. The features in strong-coupling region
are fascinating and are quite different from those in type-
I and -II superlattices,’ as sketched in Fig. 8.

—

w/Q‘p” <Q‘pz ')2:

(3)
Qn

single—particle

w1 (0) region
4 +
T < N
0 50 100 4

FIG. 7. Coupled collective intrasubband excitation spectra of
interface and heavy-hole-like states with infinitely thin layer
thickness and zero-width localization.

IV. CONCLUSIONS AND DISCUSSION

In this paper we have presented a survey of the elec-
tronic collective excitation in type-III superlattice includ-
ing the interaction between the interface states and
heavy-hole-like subbands. A rich spectrum of excitations
is found, such as, localized modulated 3D optical and
acoustical plasmons, etc.

We have shown that the intrasubband modes display
the evident crossover behavior from 2D to 3D in the
whole region as the width of localization increases.

In our work we have not considered the penetrating
effect between the adjacent quantum wells, the exchange-
correlation potential, and the overlap between the inter-
face states and the other SL states; in that case we should
use the Bloch sum of tight-binding functions instead of
the sum of plane waves. For systems in which the layers
are thin, such overlap is important. When the layer
thickness is large enough, on the other hand, HgTe/CdTe
superlattices will behave exactly like a semimetal, and the
SCF method used here cannot be applicable. In general,

w/Q
. [
#2 /2 @ Type— [ SL(d=a)
2.0 //¢ e yp a
ﬁType" ISL(d=2a)
QP

Type— B SL(d=2a)

single—particle
region

9.0 qd

FIG. 8 Collective intrasubband excitation spectra of type-I
and -II superlattices in purely 2D charge layers with same
masses and densities of electrons and holes.
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if we fully count in the contributions of all the SL states
in calculation, we will get six spectra for intrasubband ex-
citations, although some of them will be submerged, it is
possible to finish the calculations of the spectra by per-
forming a numerical analysis. It would be interesting and
important to include the effects of the surface plasmons
in a semi-infinite semiconductor superlattice on the linear
response of the system. Work in these respects is in pro-
gress.
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