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Intrasubband and intersubband plasmons in a semi-infinite Fibonacci HgTe/CdTe superlattice
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An equivalent—transfer-matrix theory is proposed by introducing the formal structure factors to
study the intrasubband and intersubband plasmons in a semi-infinite Fibonacci HgTe/CdTe super-
lattice. Taking into account the hybridization between the interface states and the heavy-hole-like
states, we find several new surface-plasmon branches. In such a system, the bulk- and the surface-
plasmon spectra will exhibit many different features when the surface layer of the superlattice is
selected at different positions. It may provide us with useful information about the selection of the
surface-plasmon branch that we need for surface-wave device application.

I. INTRODUCTION

There has been a great deal of recent theoretical in-
terest in the properties of layered electron gas! (LEG) and
one-dimensional>® (1D) quasiperiodic systems. These
systems show critical states in a way similar to electrons.
Critical states exist precisely at the mobility edge. A
more significant development for Fibonacci systems is the
recent fabrication* by Merlin et al. of semiconductor Fi-
bonacci superlattices. On the other hand, Huang and
Zhou™® have proposed the theory of collective excitations
in HgTe/CdTe superlattices.

A HgTe/CdTe superlattice is an attractive material to
work with, consisting of both a semimetal and a wide-
band-gap semiconductor. The I'¢-I'y energy bands in
HgTe layers are inverted relative to those in CdTe layers
to give the zero band gap. The computations of the band
structure of the HgTe/CdTe superlattice given by plane-
wave method (PWM),” linear combination of atomic or-
bitals (LCAO),*° and envelope-function approxima-
tion'®!! (EFA) methods agree well and show that the
electronlike, heavy-hole-like, and light-hole-like states
are, as expected, confined very well in HgTe and CdTe
layers.>'>1> On the other hand, I'y energy bands in both
HgTe and CdTe layers possess the effective masses with
opposite signs on each side of the interface, respectively,
which directly leads to the formation of a quasi-interface
state with its energy lying in the range 0 < E; <A, where
A=V, is the separation of I'g energy bands in both HgTe
and CdTe layers. Clearly, the electrons in HgTe layers
will be in the quasi-interface states localized near the in-
terface with the energy E; < A. Moreover, light holes in
CdTe layers will also be in the anomalous quasi-interface
states localized near the interface, owing to the negative
effective mass of the light hole. All of these results are as
a consequence of matching the bulk states belonging to
the conduction band in HgTe with those belonging to the
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light-hole valence band in CdTe. This match 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 oppo-
site signs. As a collective excitation model, we can treat
the interface states in HgTe and CdTe layers separately,
as two different kinds of quasiparticles with the effective
masses M; and My, just as the model given by Lin-Liu
and Sham.®1°

It is proved that the thickness of materials HgTe and
CdTe will mainly determine the width of the band gap
and subbands, respectively. We assume that the layers of
HgTe and CdTe have the same thickness d /2 and that d
is smaller than the critical thickness so that the superlat-
tice will behave like a semiconductor. Besides, we con-
sider the motion of quasiparticles in the layers to be com-
pletely free. If d is not too small, we can neglect the tun-
neling effects coming from the overlap of interface states
localized at adjacent interfacts in the quantum well.
Indeed, when the magnitude of the planar wave vector k|
is not very small, the hybridization between the interface
states and the heavy-hole-like states will affect the funda-
mental gap of the material, which contributes a great deal
to the transport and the optical absorption.!>!3 The
band nonparabolicity shows a small effect on the lower
subband excitations within a quantum well.'* We have
partly taken this effect into consideration by using wave
functions with a finite width of localization at interfaces,
and including the coupling between the interface states
and heavy-hole-like states. If we confine the study of col-
lective excitation to the case in which the transitions of
single particle are limited to the neighborhood of the I'
point of energy bands in the k space, we can neglect the
hybridization in the band structure.>® However, this hy-
bridization can be taken into account by using a two-
band tight-binding model.

‘Conspicuous by its absence in the literature, however,
is a calculation of the intrasubband and intersubband
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plasmons associated with the interface states in Fibonacci
HgTe/CdTe superlattice and intersubband plasmons in
general type-1 and type-II Fibonacci superlattices. The
goal of this paper is to give the calculation of plasmon ex-
citations in the semi-infinite Fibonacci HgTe/CdTe su-
perlattice, where a rich spectrum is expected. The paper
is organized as follows. In Sec. II, the equivalent—
transfer-matrix theory is presented, which can also be
used to study the intersubband plasmons in general type-1
and type-II Fibonacci superlattices. In Sec. III, the nu-
merical calculations of bulk and surface intrasubband
plasmons, as two examples for comparison, have been
given in the periodic and quasiperiodic HgTe/CdTe su-
perlattices, respectively. Concluding remarks and a dis-
cussion are contained in Sec. IV.

II. THE EQUIVALENT-TRANSFER-MATRIX
THEORY

Let us consider F,, minicells, shown in Fig. 1(a), where
F,, is a Fibonacci number, i.e., F,, satisfies the recursion
relation F,, , =F, +F, _,, for m 21, with Fy=1, and
F,=1. The widths of minicell 4 and minicell B are
chosen as d ; and dp, respectively. In the mth generation
there are F,, elements of the quasi-one-dimensional
“string”.! This includes F,, _, minicells 4 and F,, _,
minicells B, e.g., the second generation corresponds to

|
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the string AB, and the third generation corresponds to
the string ABA. The ratio of the number of minicells 4
to the number of minicells B approaches the golden mean
7=(1+V'5)/2. The unit cell of the superlattice is then
composed of F,, elements of the string. In contrast with
the general Fibonacci model' in which the bulk-plasmon
spectrum remains unchanged, although the surface-
plasmon spectrum may exhibit many different features,
the minicell introduced here will produce three different
features of the bulk-plasmon spectra.

Considering the existence of the distribution of wave.
functions associated with interface states and bound
heavy-hole-like states within a quantum well, we general-
ize the simpler transfer matrix given by Hawrylak et al.!
referred to the ideal charged layer by introducing the for-
mal structure factors Sg, Sy, and Syy for electronlike,
light-hole-like, and heavy-hole-like states, respectively.
Thus the charged interface and slab within the quantum
well can be equivalently regarded as an “ideal” charged
layer again. Without repeating a lengthy derivation simi-
lar to that of Ref. 1, we directly write down the
equivalent transfer matrices for minicell 4 and minicell
B, respectively:

T =T yldy/4)T yuld, /)T g(d, /2), (1)
IB=ILH(dB/4)IHH(db/4)IE(dB/2) , (2)

with T , T 1y, and T gy, in turn, given by

[1+Szd)]exp(—qd 72) Sz '(d)explqd /2)

T = N

Le@d/2= | g drexp(—gd/2)  [1—S5(d)]explgd /2) | ° )
[1+S5(d)lexp(—gd /4)  Sok(d)explgd /4)

Lonld/D= 1 _got(drexp(—qd /4)  [1—S5h(d)Jexplgd /4) | ° @
[1+Suh(d)]lexp(—qd /4)  Sgh(d)exp(qd /4) :

Lunld/O= 1 _got (dexp(—qd /4)  [1—Sik(d)]explgd /4) | * ®

where the formal structure factors Sg, S}y, and Syy are
the relevant variables. The matrices T 5, Ty, T yn»
T ,, and T p are 2X2 matrices with unit determinant.
Note that the string of matrices {T , (T )} is a Fi-
bonacci sequence of matrices of T , and T
{+ T 4LpT 4T pT 4T 4T ,T 4}. Equations (1) and
(2) are conveniently studied by the rational approxima-
tion method. A rational approximation m to a Fibonacci
sequence consists of a periodic sequence of unitcells con-
taining F,, matrices T, and Tjp corresponding to the
different minicells 4 and B in the mth generation of the
Fibonacci sequence. The bands consist of those values of
the formal structure factors Sy, Syy, and Syy for which
the trace of the equivalent transfer matrix across the unit
cell is between —2 and +2. For the sake of comparison
with the results given by the self-consistent-field (SCF)

theory,”% we let m =1, corresponding to the periodic
HgTe/CdTe superlattice, and neglect the contribution of
the heavy-hole-like states for the time being, then we get

T ;=T yld/2)T g(d/2). (6)
The rational approximation will give

1—(Sg ' +S)S+S5 1S{a[s?—(s")?]=0, M
where S and S’ are the screening functions given by
S =sinh(qd)/[cosh(qd )—cos(q,d)] , (8)
S’'=2sinh(qd /2)cos(q,d /2)/[cosh(qd )—cos(q,d)] .

9

On the other hand, the SCF theory>® gives
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I&

+xeXLulS*—(S'V1B*— (A4 —B)[(Xg +XLu) —XeXiul 4 —B)]=0, (10)

where Y and Yy stand for the susceptibilities of electron and light hole, respectively, and the symbols 4,B are defined
as the screened Coulomb interaction,>® which will be explicitly written out below. Comparing Eq. (7) with Eq. (10), we
can easily get

Sg '=xgB/[1—xg(4—B)], . (11

St =XiuB/[1—Xin(4—B)] . (12)
From Egs. (11) and (12) we easily know that

San =XunG /[1—xun(V—G)1, (13)

where the symbols ¥ and G are similar to 4 and B, and will be also explicitly written out below. It is really a quite in-
tuitive result, i.e., if we replace Syy in Eq. (13) by Sin Eq. (8), then we can obtain the collective excitation spectrum in
a general type-I superlattice.

For the intrasubband mode, we have>®

Xe(g,0)=ngq?/mgw*(2me?/e,q) , (14a)
Xiu(g,0)=n;gq?/myo*(2mre?/e,q) , (14b)
Yun(q,0)=nygq?/myyo®2me’/e,q) , (14c)

and
A ={4[2+exp(—pd /2)]/[d +2sinh(Bd /2)/BT*}
X (2q /(g*—4pB%)[sinh(Bd /2)/B+sinh(Bd)/4B+d /4]+[d +2sinh(Bd /2)/B]/q
—{exp[ —(2B+q)d /4]/(2B+q)—exp[(2B—q)d /4]1/(2B—q)
+2exp(—qd /4)/q}{sinh[(2B+q)d /4]/(2B+¢q)+sinh[(2B—q)d /4]/(2B—q)

+2sinh(qd /4)/q}) , (15a)

B={4[2+exp(—pd /2)]/[d +2sinh(Bd /2)/B}*}
X {sinh[(2B+q)d /4]/(2B+q)+sinh[(28—q)d /4]/(2B—q)+2sinh(gd /4)/q}* , (15b)
V=G=1. (15¢)

Here we have introduced the 8-function approximation® in Eq. (15c).
For the intersubband mode, on the other hand, we have>®

Xe(Q0)=2n;Q,/#e?*— Q%) (27et/e,q) , (16a)
Yiu(@o)=[2n 5 Q0 /A ?—Q3)1(27e? /e,q) , . (16b)
Yun(@ @)= {2n gy Q% /Al 0® — (Q1)? ]} (2me?/e,q) (16c¢)

and

A ={8/[4sinh®(Bd /2)/B*—d?]}(q[sinh(Bd ) —Bd ]/[2B(q*—4B*)]
+ {exp[ —(2B+q)d /4)/(2B+q)+exp[(2B—q)d /4]1/(2B—q)}

X {sinh[(2B8+¢q)d /4]/(2B+q)—sinh[(2B—q)d /4]1/(2B—q)}) , (17a)

B={—8/[4sinh*(Bd /2)/B*—d?*]} {sinh[(2B—q)d /4]/(2B—q)—sinh[(2B+q)d /4]1/(2B+¢)}?, (17b)
V=(qd /2){1/[(qd /2)*+7*]+1/[(qd /2)*+97*]}

—(gd )*cosh(qd /4)exp(—qd /4){1/[(qd /2)*+7*]—1/[(qd /2)*+97°]}?, (17¢)

G = —(qd )*cosh®(qd /4){1/[(qd /2)*+m*]—1/[(qd /2)*+97?]}?, (17d)
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where we have assumed Ly =d /2 in Eq. (17d) for con-
venience.

Following Ref. 1, we define the 2X2 matrix M,, as
M, =Hfi"_-ll’,-, where T ; is a matrix T 4, or T p in the
Fibonacci sequence, and X, =Tr(M , )/2; then the
bulk-plasmon mode in the Fibonacci HgTe/CdTe super-
lattice can be written as'

X,=Tr(M ,)/2=cos(q,D,,) , (18)

where D,, is the length of the unit cell composed of F,,
elements of the string. Furthermore, if we use the bound-
ary condition for the electric potential at the surface lay-
er, then the surface plasmon mode is given by

(e, +€o—2€,8, ") /(e,—€y+2€,8 ")

+[(M,,) 1 exp(—kD,,)1/(M,,);,=0, (19)

where
kD,,=mI[|X,,|+(|X, |?—1)1/?], (20)

and S, ! stands for the formal structure factor referred to
the different states in the surface layer, i.e., Sy !, S, or
S -

III. NUMERICAL RESULTS

We now turn to the plasmon spectrum obtained using
Egs. (18) and (19). For the sake of convenience, we only
give, as an example, the intrasubband plasmon mode in
both the periodic superlattice and the Fibonacci superlat-
tice for comparison. It is evident that the intersubband
plasmon mode can be given in a similar way, and it will
provide no fundamental difficulty to calculate its spec-
trum. Moreover, we let m =3 here for simplifying the
calculation. The unit cell composed of three elements of
the string is shown in Fig. 1(b). Figure 2 presents the in-
trasubband plasmon spectrum in -the periodic
HgTe/CdTe superlattice. From it we find that the
optical-plasmon mode associated with the heavy-hole-like
state is suppressed, due to the Coulomb interaction be-
tween the interface states and the bound heavy-hole-like
states within the same quantum well. Besides, we also
find several attractive surface-plasmon branches which
degenerate with two different bulk-plasmon bands in the
weak-screening and strong-screening regions, respective-
ly, in comparison with those in type-I and type-II super-
lattices. In Fig. 3, the intrasubband plasmon spectrum in
the Fibonacci HgTe/CdTe superlattice is shown, in
which the golden-mean ratio d,/dpz=(V5+1)/2=
1.618 is chosen. From it we find that each bulk-plasmon
branch is split into three (F;=3) branches in comparison
with those in Fig. 2. Here we do not show the surface-
plasmon branches, since some of them are too close to
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FIG. 1. (a) The minicell of the HgTe/CdTe superlattice. The
symbols E, LH, and HH stand for the electron, light-hole, and
heavy-hole layers, respectively. (b) The unit cell of the Fibonac-
ci HgTe/CdTe superlattice, in which the Fibonacci number F,,
is chosen as F3=3. d 4 and dj are the widths of the minicell 4
and minicell B, respectively.

2.0

0.0

FIG. 2. The plasmon spectrum of the periodic HgTe/CdTe
superlattice. The parameters are chosen as (Qpn/Qpe )2=%,
(Qpy /R =%, and Bd=7.742. The symbols Qe, Qp, and
Qyy, are three-dimensional plasma frequencies of the electron,
light hole, and heavy hole, respectively. 87! is the localization

length of the interface state.
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FIG. 3. The plasmon spectrum of the Fibonacci HgTe/CdTe
superlattice. The parameters are chosen as (04,/Q,)*=1,
(Q,, /2, )=k, d/dp=1.618, and Bd;=0.7742. The sym-
bols ., Q,;, Oy, and B! have the same meaning as in Fig. 2.

the bulk-plasmon bands to be clearly shown. We should
emphasize! that as m — o we will see an infinite number
of very narrow bands which have a typical self-similar
Cantor-set structure. From the theoretical analysis, we
easily know that there are three different kinds of mini-
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cells, corresponding to whether the first charged layer in
Fig. 1(a) is selected as an electron, light-hole, or heavy-
hole layer, respectively. It leads to the three different
features of the bulk-plasmon spectra. On the other hand,
there are F,, different kinds of unit cells composed of F,,
elements of the string for a given minicell, corresponding
to whether the first layer is selected at
S1,82,83,84,. . .,5,,, respectively. This leads to the
different features of the surface-plasmon spectra, while
the bulk-plasmon spectrum remains the same.

IV. DISCUSSION

From the studies above, we know that, in general,
there will be three different features of the bulk-plasmon
spectra, and for each given bulk-plasmon spectrum, there
still exist F,, different features of the surface-plasmon
spectra; thus we will in total get 3F,, different features of
the surface-plasmon spectra in such a Fibonacci system.

The electron-phonon coupling can be easily taken into
account® by replacing the dielectric constant €, with a
frequency-dependent one €,(w),

€, —€,(0)=€ [(0®—0io) /(0*—wko)] - (21)

In conclusion, an equivalent—transfer-matrix theory
has taken into account the distribution of wave functions
within the quantum well, and can also be used to calcu-
late the intersubband plasmon modes in general Fibonac-
ci type-I and type-II superlattices. We expect that this
will provide us with useful information about the selec-
tion of the surface-plasmon branch in which we are in-
terested for surface-wave device application.
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