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Abstract: Surface phonon-polaritons in slabs of polar ternary mixed crystals are investigated with the modified

random-element-isodisplacement model and the Born-Huang approximation, based on Maxwell’s equations with

the usual boundary conditions. The numerical results of the surface phonon-polariton frequencies as functions of

the wave-vector and thickness for slabs of ternary mixed crystals Al,Ga;-,As,Zn,Cd,-,S,and Ga,In;- N are ob-

tained and discussed. It is shown that there are four branches of surface phonon-polaritons in slab systems. The

“two-mode” and “one-mode” behaviors of surface phonon-polaritons are also shown in their dispersion curves.
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1 Introduction

Artificial layered materials, such as slabs,
quantum wells,and superlattices have been attrac-
ting the attention of scientists with their develop-
ment and applications. The study of the properties
of surface phonon-polaritons associated with lat-
tice vibrations localized near the surface coupled
to electromagnetic waves is an interested topic ex-
perimentally and theoretically’ ~®'. This kind of
important excitations was first observed experi-
mentally by Raman scattering and attenuated to-
tal reflection (ATR) in some slab materials and
semi-infinite systems**/. Later, the surface pho-
non-polaritons in layered systems, such as bilayer
(8], and superlattices -~
were studied. Recently, the technique of scatter-
ing-type scanning near-field optical microscopy
(s-SNOM) has been used to study mid-infrared

surface phonon-polaritons propagation on bulk
[8]

systems™' , heterostructures

systems

Ternary mixed crystals (TMCs) have been
extensively studied due to their applications in
electronic and optoelectronic devices® ™. There
are two sets of longitudinal-transverse optical
(LO-TO) phonon modes instead of one set of
phonon modes in the binary crystals”'*'. On the
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basis of the characteristics of the modes, the lat-
tice vibrations of polar TMCs exhibit “one-mode”
and “two-mode” behaviors. Therefore, the pho-
non-polaritons localized near the surfaces of slabs
of TMCs,formed by a strong coupling of light and
surface optical phonons, will have different prop-
erties compared to the phonon-polaritons in bulk
TMCs systems and slabs of binary materials.

The surface phonon-polaritons were already
shown to have applications for some photonic de-
vices owing to the different material properties
they offer,such as high temperature stability and
anisotropic surface polariton properties-***!. The
slabs of TMCs in some modulated semiconductor
systems can cause new vibrational and optical
properties.as well as the polariton characteristics
in the systems and their applications may extend

to devicest 1%

. The surface phonon-polaritons in
slabs of polar binary materials are extensively in-
vestigated. However, to the best of our knowl-
edge, the theoretical and experimental studies of
the surface phonon-polaritons in slabs of polar
TMCs have rarely been reported yet.

In this paper we study surface phonon-polari-
tons in slabs of TMCs on the basis of the random-
element-isodisplacement ( REI ) model'* and
Born-Huang approximation"'” . The frequencies of

the surface phonon-polaritons are calculated nu-
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merically for several typical TMC slabs. The dis-
persion characteristics and their thickness depend-
ences are discussed in detail.

2 Surface phonon-polaritons in slabs
of TMCs

Consider a slab of polar TMC A, B, -, C occu-
pying the space of | z|<{d.A surface phonon-po-
lariton propagates along the surface of the slab
with the two-dimensional wave vector k. For
convenience,we choose the wave vector k| along
the x direction,i.e. k, = k| and k, = 0, without
loss of generality. In the present work, we focus
our attention on the surface polaritons of trans-
verse magnetic (TM) character. The electric field
E lies in the x-z plane and the magnetic field H is
along the y-axis. Mills and Maradudin have inves-
tigated the polaritons in films of binary crystal
materials and obtained surface modes of phonon-
polaritons'®' . Here we extend their theory to the
case of slabs of TMC systems. To describe the so-
lutions localized in the vicinity of the surface of
the material, the field E is chosen in the following
form:

E = E(z)exp(ik | x — iwt) (D
where
APVexp(—x1z)s z>d
E(z)=1B"explk,z) +B®exp(—x,2), —d<<z<ld
CPVexpliyz), z<—-d
(la)

which decays exponentially to zero as z— % o . In
Eq. (1a) «, and «, are respectively the decay con-
stants of the surface waves in the vacuum and the
slab of the TMC material. Both are real and posi-
tive to keep the waves decaying as they depart
from the surface. They are determined by
/cf = kz‘ —ei(waw/c?, i = 1,2 2
Using the continuity boundary condition,the rela-
tion between the dielectric functions of the media
“1” and “2” is obtained as
e () exp(— ko d) £ explud) /i, =
El[exp(—/czd)$6Xp(/czd):|//cl 3
Noting that the medium “1” is a vacuum and ¢, =
1,we finally have the following equation:
K2 [exp( —kd) F exp(lcg d)
exp(—w.d) £ explk,d)
where the upper one of the plus and minus signs in
Eq. (4) is subjected to the higher branch of fre-

} 4

e(w) =
K1

quencies in the slab and the down sign to the low-
er-frequency one. The corresponding dielectric
functions are respectively written as

s(a)) = (Kz/lﬂ)t&ﬂh(lCzd) (5)
for the high-frequency branch and
e(w) =— (e /i) coth(, d) (6)

for the low-frequency branch. It is evident from
Egs. (5) and (6) that the surface polariton waves
can exist only in the region where the dielectric
function of the slab of TMC is negative,i.e.e(w)
0.

The dielectric function e(w) in the TMC can
be obtained by using the modified random-ele-
ment-isodisplacement ( MREI ) model**’ and
Born-Huang-like equations''”’ describing the lat-
tice vibrations of the TMC systems.

The Born-Huang-like equation group for the
TMC can be written as

{fv, = buW, + bW, + bi,E 7
W, = by W, + by,W, + b, E (8)
P - bg]Wl + b.‘%ZWZ + bBSE (9>

In Eqs. (7) ~(9).W, = ;,* s, and W, = 1,°s, .
where s, = (up —uc) and s, = (up —uc) are respec-
tively the relative displacements of the A-C ion
and B-C ion pairs, and px; and g, are the corre-
sponding reduced masses. u,, up.and uc are re-
spectively the displacements of the ions A,B,and
C.E is the macroscopic electric field and P is the
polarization. The dynamical coefficient b; (i,j =
1,2.3) has been determined previously-**"1. Here
we do not show the details and, instead, use the
results directly.

b = 2 Mc + Myx i
TN
Mc + Mox
wTA |:CUTA/CAUA M.+ M. +
o MA(l —
wTB(lCAICBO‘AUB#B//UA)I'Z H]xa(x)
fe A
(10)
2 M (1 - X) /o
bre == wn Ty g )
s [wTBKBGB(#B//lA)I"Z M\ - x)
Mc + Ma
o Mc + M
wTA(ICAICBUAO‘B)l"' H}(l - x)a(x)
fe A
(1D
Mc + Mjx
b — |: ( )1;2 C A +
13 WTA \KAOA —Mc ¥ M,
MA(1 - x)

wrs (kBoB B /) v

1/2
Mc + M, }50 a(x) (12)
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: M, x /s elw) = 1+ y(w)/e 2D
b = — w AT Yz X 0
“ AN Mo+ M,y v pea where
n Mgx bosbiy — bis(by + o)
( Y B - |: 23 D12 13002 T w :|
WTA [wTA/CAUA ;lA/;lB Mc T MB X(w) {bsl (bn n wz)(bzz + wz) _ blZ b21 +
W Mce + Myg(1 — x) bisb,y — by (b + &™)
wrs (karpoaos) 't —< B ]xa(x) .9[ 13 D21 23 (01 + w }_}_ }
AT Mc + My Do o + @) (b + @) = brby ) 0
(13) 22
bu =~ @y Mc + M1 = x) | Equations (5) and (6) can be solved numeri-
N Mc + My cally and give the frequencies of the surface pho-
wTB [wTBKBGB Mc = Mp(1 ~ ) + non-polaritons as functions of the 2D wave vector
Mc + My k as well as the composition x by using the ex-
wra (kakpoaospa/ps)'’’ MM%]Q - xalx) pressions of Eqs. (21) and (22) for the dielectric
¢ ? function e(w) in the TMC.
a4
p + - . .
by = [wvl-B(KBUB)l'Z Mc + Mol ) 3 Numerical results and discuss
MC + MB
wra (kpoapn/ps) ' A%}ei”a(x) (15) The numerical calculations for the frequen-
b - ( )('1,,2 “cha(x) (16 cies of surface phonon-polaritons for several slabs
nTem KAG: ) =0 of TMCs of III-V, II-VI compound semiconduc-
bs, = wTB(KIBGB)l"sor (1-x)alx) an . s .. .
- tors with various composition x have been per-
B bss = elalx) - 3] (18_) formed. As examples,the calculated results for the
where a(x) =3/[1 = yaoax = yuos (1 = x0) Joo1 = slabs of the TMCs Al,Ga;-, As, Zn,Cd,-, S, and
- - + . R
vi/v.y, = &”‘71, o = Sl mo= e * 2 , Ga,In,- N are illustrated in Figs.1~3.In the cal-
€oc[+2 (€m1+2) €oc[+2 . .. . .
(1 = A.B) culations the composition x is chosen successively

In the above equations,e, and e..; are respec-
tively the static and optical dielectric constants of
the end-member materials (AC for [ = A and BC
for | =B). My, Mg,and M. are respectively the
masses of ions A,B,and C.

_ McM, McMsg

AT Me+ My Mc+ M,

wra and wrg are respectively the TO-phonon fre-

, and pp =

quencies of materials AC and BC.
Let us write the solution of Egs. (7) ~(9) in
the following form:

W,P,E oc explilk « r — ot) ] 19
where w and k are respectively the frequency and
wave-vector of the phonon-polaritons. Inserting
the solutions from Eq. (19) into Egs. (7) ~(9),
one can obtain the following relation between the
macroscopic electric field E and the polarization
P.

— bzsblz - bls(bzz + wz)
P a {bm[(bll +w2)<b22 +w2) - b12b2|:|+
b13 b21 - bzs(bn + w2)
b”[(b11 + ) (by + o) - b12b21]+ b”}E
20

The dielectric function of the TMC then can be
written as

as 0,0.35,1;0,0.5,1;and 0,0.69,1 for the three
systems. The parameters used are listed in Table
1.

The dispersion curves of the surface phonon-
polaritons in slabs of several TMC materials are
plotted in Fig. 1. The dispersion characteristic of
surface phonon-polaritons in TMC slabs is quite
different from that in bulk and semi-infinite ma-
terials and slabs of binary systems. As was expec-
ted, the dispersion curves degenerate respectively
to those of the corresponding binary systems
GaAs,CdS,and InN or AlAs,ZnS,and GaN when

Table 1
stants, effective masses of electrons, and the lattice

Optical phonon energies, dielectric con-

constants for binary materials Energy is measured in
meV,m in the electron rest mass,and the lattice con-

stants in nm.

Material hwrto hwio € €e m M /a.u. a
AlAs* 44.88 50.09 10.06 8.16 0.150 26.99 74.92 0.5660¢
GaAs* 33.29 36.25 13.18 10.89 0.067 69.72 74.92 0.56419¢
ZnS® 34.65 44.00 8.00 5.14 0.280 65.38 32.06 0.5410¢
CdS® 30.25 38.24 8.42 5.27 0.155 112.4 32.06 0.5825¢
GaN? 69.43 91.87 9.5 5.35 0.20 69.72 14.01 0.5185¢
InNd  59.27 86.05 9.3 7.72 0.11 114.8 14.01 0.5760°

a Reference [21] P Reference [22] ¢ Reference [23] ¢ Refer-

ence [11]
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Fig. 1 Energies of the surface phonon-polaritons

(solid) as functions of the wave-vector k| for slabs of
TMCs system for Al,Ga;-, As (a),Zn,Cd,-, S (b),
and Ga,In;-,N (¢)

k Il C/L()TGAAS .k Il C/wTCdS ,and k Il ¢/wrimn are used, where

The dimensionless wave-vectors

@TGans s@rcas » and wrin are the frequencies of TO pho-
nons for GaAs, CdS, and InN and c¢ the velocity of
light. Energies of the long-wavelength TO and LO
phonons (long-dashed) and the “photons” (dashed-
dotted) are also plotted for comparison.

x = 0 or 1,where there are only two branches of
surface phonon-polaritons, both of which are in
the forbidden band for the bulk phonon-polari-
tons between wro and wio of binary crystals. The
higher-frequency modes in two surface phonon-
polariton branches are antisymmetric, and we
called them the upper modes (UM). The symmet-
ric modes in the lower-frequency branch are
called the lower modes (LM).

When the composition x is neither 0 nor 1,
the dispersion curves display their TMC charac-
teristic. Different from the binary systems, there
are generally four branches of surface phonon-po-

lariton frequencies divided into two groups, being
situated respectively in two forbidden bands of
bulk phonon-polaritons between the LO and TO
frequencies subject respectively to the BC- and
AC-like LO-TO pairs in TMC A,B;-, C. Every
group in forbidden bands includes two branches of
surface phonon-polariton frequencies related to
the antisymmetric and symmetric modes, respec-
tively. However, the four polariton frequencies
may not all be observed easily because their for-
bidden bands have different widths so that the
“two-mode” and “one-mode” behaviors also ap-
pear in the dispersion curves of surface phonon-
polaritons in TMC slabs.

Two mode behavior of the surface phonon-
polaritons in the slab of TMC Alj 35 Gay e As is
clearly seen in Fig. 1(a). Two forbidden bands of
bulk phonon-polaritons in Alj 35 Ga, ¢ As are wider
so that four branches of surface phonon-polari-
tons in the bands can be considerably separated
from each other by frequencies. The upper pair of
( UM2-
LM2) lies in the upper forbidden band between
the AlAs-like LO and TO frequencies, and the
lower pair (UM1-LM1) in the GaAs-like forbid-
den band. Two pairs of curves first start respec-

surface phonon-polariton frequencies

tively from the frequencies of the higher and low-
er branches of TO phonons in the bulk TMC
A.B;_,C at the wave vectors k | ~wyr/c and wir/
c,and then each pair separates quickly into two
branches(UM and LM). Finally, they tend to two
SO-phonon frequencies, wys ( AlAs-like) and wis
(GaAs-like) ,as k| — < . The width of the forbid-
den band of the GaAs-like modes (the lower) is
only around 1meV, which is one third of that of
AlAs-like modes (about 3 meV) for Aly.s5s Gag gs-
As. Therefore one can infer that the upper pair
(UM2-LM2) of the surface phonon-polaritons for
the slab of Aly 3 Gag s As is casily observed, but
the lower is slightly difficult.

The “one-mode” behavior characteristic of
the surface phonon-polaritons is shown in Figs. 1
(b) and (¢) for the slabs of TMCs Zn, sCd, sS and
Gay ¢ Ing 5; N. Figures 1 (b) and (c¢) show that on-
ly one pair of surface phonon-polaritons (UMZ2-
LM2) is observable,which lies in the wider upper
forbidden bands between the ZnS-like and GaN-
like LO and TO frequencies with the widths
around 8 and 17meV, respectively. Therefore the
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lines) and symmetric (solid lines) surface phonon
modes as functions of the wave-vector for the slabs of
Alp.35 Gag.es As (a) s Zng.5CdosS (b),and Gag.ge Ing.s1 N
()

surface modes (UM2-LM2) in the upper band can
be considerably separated from each other by fre-
quencies and observed experimentally. In con-
trast,the curves of the lower pair of surface polar-
itons (UM1-LM1) are nearly two horizontal lines
close to each other, whose frequencies fall in the
lower bulk-polariton propagated bands, so that it
is difficult to observe them independently.

The “two-mode” and “one-mode” mode be-
haviors of surface modes in TMC slabs can also be
understood by calculating the SO phonon frequen-
cies as functions of the wave vector. Letting x, =
k; = k| in Eq. (4),we can obtain the following
equation satisfied by SO phonon modes in a TMC
slab:
exp(— k d) Fexplkd)
exp(— k d) £ explkd)

Solving numerically Eq. (22) with Eqgs. (20)
and (21), we have obtained the SO phonon fre-
quencies as functions of the dimensionless wave
vector k;d for the slabs of Al ,Ga,- As,
Zn,Cd,-,.S,and Ga,In;-,N and the results are il-
lustrated in Fig. 2.

For the slab of “two-mode” behavior TMC
Al,Ga,-,As in Fig.2(a),two pairs of observable
SO-phonon frequencies,w+; —w-; and w+s — w-2»
lie between the LO and TO modes respectively
subject to the GaAs-like (the lower) and AlAs-
like (the higher) LO—TO pairs. Two frequency

e(w) = [ } (22)

pairs start respectively from the frequencies of
long-wavelength LO-phonons (w, ) and TO-pho-
non (wyr) for the upper pair and w;. and w;r for
lower pair at k|, —0. As the wave-vector k| in-

Table 2 Calculated bulk and surface optical phonon

energies for several ternary mixed crystals Energy is
measured in meV.
Material hawis hawss hwir  hwit  hwsr hawzt
Alg.35Gag.es As  31.52 45.34 31.59 30.59 45.62 42.64
Zno.5Cdo.5S 20.37 40.19 20.39 20.18 41.38 33.36
Gag.eoIng. 51N 24.95 83.70 24.97 24.94 85.96 68.72

creases,the two frequencies of each pair converge
to a limit that is the same as in the semi-infinite
system (w;s for the GaAs-like or wys for another)at
kyd—>oo.

On the other hand,the “one-mode” behavior
is shown in the curves of SO-phonon frequencies
for Zn,Cd;-,S and Ga,In;_, N in Figs. 2(b) and
(c¢). The mode pair with the higher frequencies
w2, and w-_, is dominant in this kind of system.
Their dispersion curves are similar to that in the
Al,Ga,-, As system of Fig. 2 (a). However, the
other two branches with lower frequencies (w.; —
w-1 pair) degenerate into a horizontal line and are
difficult to observe because of the very weak os-
cillator strength.

The above-mentioned frequencies of TO and
LO phonons as well as SO phonons in semi-infi-
nite materials were calculated but we do not dis-
cuss them in detail here. Our calculated results for
the above-mentioned systems are listed in Table 2
for reference.

Equations (5) and (6) indicate that the fre-
quencies of the surface phonon-polaritons in a
TMC slab also depend, not only on the wave vec-
tor,but also on the slab width. To understand the
characteristic of the dependence of surface pho-
non-polariton modes on the slab widths, we plot
the dispersion curves of surface phonon-polaritons
for the slabs of TMC Al,Ga,-,As,Zn,Cd;_,S,and
Ga,In,-, N with different thicknesses in Fig. 3.
Two groups of surface polariton branches are
plotted for the two-mode behavior system (Fig. 3
(a)) ,but only one group of branches for the one-
mode behavior systems (Figs.3 (b),(c)).

The two branches of polariton frequencies in
a forbidden band for bulk polaritons separate con-
siderably at the long-wavelengths and move closer
as the wave-vector increases. On the other hand,
the interval between the higher and lower fre-
quency branches varies obviously with the thick-
ness of the slab. As the slab is thinner,the separa-
tion of the two frequency branches is visible, espe-
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Fig.3 Energies of the surface phonon-polaritons for
slab half-thicknesses of d = 10°nm (solid), 10°nm
(short dashed-dotted) and 10*nm (short-dashed) as
functions of the wave-vector k| in slabs of TMC sys-
tems of Alyss Gages As (a), Znys Cdys S (b), and
Gag.e0Ing. 51 N (¢) Energies of the long-wavelength
TO and LO phonons (long-dashed) and the “photons”
(dashed-dotted) are also plotted for comparison.

cially for the small wave-vectors, and the higher
one is near the edge of the bulk-polariton forbid-
den band,i. e. the LO frequency. The splitting of
the two branches of surface phonon-polariton
curves in a forbidden band for bulk polaritons de-
creases with increasing the thickness of the slab.
Figure 4 shows the splitting energies of the two
branches of surface phonon-polaritons as func-
tions of the half-thickness d in the slabs of TMCs
for the same systems. It is more clearly seen from
the figure that the splitting is reduced quickly as
the slab thickness increases,and falls to zero as d
— o, The two branches of slab surface phonon-
polariton modes degenerate to one branch corre-
sponding “semi-infinite” TMCs.

25 7 14
(@) (b) (c)
10
1.5}
> 8
[
£ 1.0 6
2
0.5 4
2
or 0
) )] A ——— I | S —— [y}
0 24 6810 024 6810 024 6 810

d/10°nm d/10°nm d/10°nm

Fig.4 Splitting energies of the surface phonon-polar-
itons as functions of the half-thickness d in the slabs
of TMCs for Aly.s5 Gag ¢s As (a),Zny.5CdysS (b),and
Gag.eo Ing.31 N (c) for k =2

measured in wrcaas/ € »wreas/ ¢ »and wrn / ¢ » respectively.

The wave-vector k| is

The special properties of column III-nitride
(III-N) compound semiconductors attract many
scientists due to their potential developmental
prospects. For example, III-N compound TMCs
get much stronger electron-phonon coupling and
more obvious nonlinearity than those in other II1-
V compounds and even II-VI compounds‘®’. As
expected,novel characteristics also appear for the
surface phonon-polaritons in III-N TMC slabs.
The III-N TMC Gag ¢ Ing s N expresses clearly
their “one-mode” behavior and has a wide inter-
val between the frequencies of two surface polari-
ton modes in a forbidden band for bulk-modes.
Figure 3 shows that the splitting of two frequency
curves of the main branches of surface polaritons
in Gaye Ings N slab is up to 14meV, which is
much larger than that in other III-V compound
systems (around Z2meV For Alj 35 Gag e As) and
even in a II-V compound Zn,; Cdys S system
(around 6meV). Therefore the surface phonon-
polaritons in ITI-N TMC slabs are easily observed
experimentally.

4 Conclusion

We have investigated theoretically the sur-
face phonon-polaritons of slabs of TMCs in the
MREI model and the Born-Huang approximation,
based on the Maxwell’s equations with the usual
boundary conditions. The frequencies of the sur-
face phonon-polaritons were calculated. The nu-
merical results for slabs of TMCs Al,Ga,-, As,
Zn,Cd,_,S,and Ga,In;_, N show that there are
four branches of surface phonon-polaritons in the
two forbidden bands of bulk phonon-polaritons.
The “two-mode” and “one-mode” behaviors of
TMCs are also shown in the dispersion curves of
surface phonon-polaritons.

We have also considered the I1I-N compound
Ga,In;- N slabs in NaCl structure to calculate its
dispersion curves of surface phonon-polaritons.
The results show that the surface phonon-polari-
tons are casily observed because of the wider for-
bidden band of bulk phonon-polaritons. It should
be pointed out that the III-N compounds are usu-
ally grown in a wurtzite structure, which is not of
a cubic lattice. More accurate calculations for III-
N TMC slabs should take the non-cubic lattice in-
to account and will be the subject of future inves-
tigations.
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