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Inverted optical phonons
in ion-covalent crystals

E A Vinogradov, B N Mavrin,
N N Novikova, V A Yakovlev

1. Introduction

In this report, we discuss additional optical phonons,
considered excess from the standpoint of selection rules,
discovered in the majority of crystals with ion-covalent
interatomic bonds, including their solid solutions. These
‘excess’ phonons are located inside the transverse—long-
itudinal splitting of the main phonons, where the real part
of the crystal permittivity is negative, and are split by the
crystal field into transverse optical (TO) and longitudinal
optical (LO) phonons, the frequencies of ‘excess’ LO
phonons turning out to be lower than those of ‘excess’ TO
phonons.

Solid solution systems like Zn;_,Cd,S, Zn;_,Cd,Se, and
ZnSe,S|_, hold much promise for practical applications, in
particular in optoelectronics, due to their unusual physical
properties. Structures with quantum wells [1] and quantum
dots [2] based on thin layers of these materials, which are
candidates for light sources in the blue spectral region, were
formed and investigated. Chromium-doped crystals of these
materials have proven to show promise for making
femtosecond lasers in the near-infrared (IR) region
(A =~2.5-3.5um)[3, 4].

The compositional disorder of a solid solution modifies
the structural, vibrational, and optical properties of polar
crystals. These changes give rise to special features in the
lattice dynamics of ternary solid solutions of the substitution
type (single-mode, two-mode, or intermediate behavior of the
transverse wto and longitudinal wy o vibration frequencies of
the system [5]) as well as to the emergence of new modes
(local, gap, or resonance (quasiresonance) excitations) and to
the defect-induced density of phonon states [6].

In the rigid-ion model [7], for a diatomic crystal of the ZnS
type, the phonon frequencies wto and wy o are given by [8]

4 ed(my + my)
2 2 B
—of —2F G ) 1
Wt = Wy 3 ommy (1
8n eZ(my +my)
wfo = of t5 BamT (2)
P my + my N /
__MmEm Nt 3
o=y (+ _) , ()

where m; and m, are the positive- and negative-ion masses,
1 is the cell number, o is the elementary cell volume, wy is the
frequency of triply degenerate atomic vibrations, neglecting
long-range Coulomb forces, ¢V are short-range force
constants, which are independent of the ion position relative
to the crystal surface, and e is the Born effective charge of an
ion. The long-range Coulomb ion field in single crystals partly
removes the triple degeneracy of a vibration with the
frequency wy, splitting it into a doubly degenerate vibration
(wto) and a nondegenerate one (wrp); the symmetry of
atomic vibrations remains unaltered in this case.
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As follows from formulas (1) and (2), the frequencies of
longitudinal optical phonons should always exceed the
transverse phonon frequencies:

4me? o +2

wfo - w%O = O',uB ) 3+ es (4)
where u is the reduced dipole mass, &y is the crystal
permittivity at frequencies much higher than the phonon
frequencies, and eg is the microscopic Szigeti charge [9] used
to describe the crystal lattice dynamics in the rigid-ion model
[7, 8].

This clear and coherent picture is disturbed by the
existence of special features in the IR reflection spectra of
crystals with ion and ion-covalent atomic bonds. Observed in
the majority of such crystals, especially in their ternary solid
solutions of the 4,_, B, C type where atoms A4 and B belong to
the same group of the periodic table, are excess (additional
with respect to the selection rules) optical phonons at the
center of the Brillouin zone with inverted frequencies of the

longitudinal w23 and transverse optical ¥ phonons:

0 < 34 In the solid solutions of the polar compounds
of the 4,_,B,C type, unlike in the extreme compounds 4AC
and BC, an elementary cell contains not only the base dipoles
A—C and B- C but also the 4— B dipole, which is an order of
magnitude weaker than the base ones [10—18]. Our report is
concerned with the investigation of these additional dipoles
and their related optical phonons, as well as with an attempt
to explain their nature by the example of the monocrystals of
Zn;_,Cd,S, Zn;_,Cd,Se, and ZnSe,S|_, solid solutions.

€ =

2. Experiment

The main parameters of the crystal lattice dynamics (the
frequencies wto and wy o of optical phonons at the center of
the Brillouin zone (k ~ 0), their lifetimes, oscillator
strengths, etc.) are derived from the measurements of IR
reflection spectra and Raman scattering (RS) spectra [19,
20]. The crystal permittivity, which is related to the majority
of the desired parameters, is recovered from the reflection
spectrum:

L dnpro 0k,
B(0) o+ (5)
=1 PTo,; — @ —I/t0,,; @
where wro, j, 41rpTo.j, and ypq ; are the frequency, the
oscillation strength, and the damping constant of the jth
transverse mode and &4, is the high-frequency permittivity
due to interband electron transitions. In the quasiharmonic
approximation, when yro ; < wro, ), it is possible to show
the validity of the formula [21]
n 41.[,0 w2
1 1 LO.j*™LO,
EOETNEDY (6)
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where wro, j, 4mp1o j» and 7 o ; are the frequencies, the
oscillation strengths, and the damping constants of the
longitudinal optical vibrations (phonons).

The spectral dependences of Imée(w) and Im(—¢~!(w))
with ¢(w) in the form of expressions (5) and (6) each have j
peaks at the respective frequencies wro,; and wro,;. The
width of each peak is equal to the corresponding damping
constant: ypqg ; Of 71q, ;- In this case, the oscillator strengths
of the transverse and longitudinal vibration modes, under
the condition that their damping is weak and yrg

x =0.02
----x=0.07

ZnS,Sey_,

Reflectivity, arb. units

100 200 300 400 500
Wavenumber, cm ™!

Figure 1. Reflection spectra of a family of ZnSe,S;_, crystals for a near-
normal incidence of radiation [17].

TL0,; < ®TO, j, are expressed by the formulas [20]

Y10, ]
dnpro, ;= wTd]- Im e(wro0, /) » (7)
J
YLO, j _
dnpro ;= oro j_ Irn(— € l(wLO, /)) . (8)
L

The crystal permittivity e(w) may be recovered from the
experimental reflection spectrum R(w) by means of the
integral Kramers—Kronig relations. The parameters &,
wro, j» 4Mp1o j» and yrg ; may be determined from the
measured reflection spectrum of a specimen by selecting
them in such a way as to minimize the misfit between the
calculated reflection spectrum and the measured one.

For example, Fig. 1 shows the reflection spectra of a
family of ZnSe,S|_ crystals. A feature in the form of a small
dip is observed in the high-frequency band of the residual rays
(in the ZnS-like modes). In the frequency range between the
frequencies wto and wro of the ZnS-like modes, two
additional modes were discovered, one of which
(~ 300 cm~1), well visible in the spectra of RS and enhanced
due to a Fermi resonance, is attributed to the second-order
line, and the other (near 325 cm™') is attributed to the
quasiresonance mode of the atomic Se impurity in ZnS for
small x [16, 17].

Figure 2 shows the optical phonon frequencies recovered
from IR reflection spectra [16, 17]. The dependence of the
ZnS- and ZnSe-like TO and LO modes on the composition of
solid solutions is unambiguously interpreted as the double-
mode behavior of optical phonons and is in good agreement
with the results of previous investigations of optical phonons
in ZnSe,S;_,. The additional mode at a frequency close to
325 cm~! has an inverted TO—LO doublet. To verify the
possibility that such an impurity vibrational mode exists, the
vibration frequencies of an atomic Se impurity in a ZnS
crystal were calculated based on the microscopic dynamic
theory of a crystal lattice with a low impurity density,
developed in [22].

3. Discussion

The vibration frequencies of impurity atoms (in the mass
defect approximation) are rather well described by Vinogra-



292

Conferences and symposia

Physics— Uspekhi 52 (3)

360

7ZnS 1 ,,\,Sex

340

320

300

280

Frequency, cm™!

260

240

220

200 | | | |

Figure 2. Density dependence of the optical phonon frequencies of ZnSe,S;_
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« single crystals derived from IR reflection and RS spectra [16, 17]: (a) main

ZnS- and ZnSe-like optical phonons, (b) additional optical phonons inside the LO —TO splitting of the main ZnS-like phonons; between them are two
branches of inverted phonons, which converge to the local vibration frequency of sulfur atoms in ZnSe.

dov’s theory [22] at densities x < 0.3 and 1 — x < 0.3 [9-13,
18] if the optical phonon density-of-state function and the
atomic vibration amplitudes of the impurity-free crystal are
known. As shown in Ref. [13], in the system of solid solution
Zn,_,Cd,S, calculations based on the theory in [22] with the
use of the phonon density-of-state function in ZnS from
Ref. [23] described the experimental data in Ref. [12]
unexpectedly well, without recourse to fitting parameters,
throughout the density range, including the frequencies of
additional (inverted) phonons. Additional phonons in
Zn;_,Cd,S were attributed to the quasilocal vibrations of
Cd atoms in ZnS. These quasilocal vibrations fall within the
quasigap in the optical phonon density of states of ZnS [23].
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Figure 3. Density of optical phonon states for a cubic ZnS monocrystal
[23]. The optical phonon frequencies are wro =276 cm~! and
wro =350 cm~!. The vibration frequencies of impurity atoms that
replace sulfur atoms, as well as the vibration frequencies of atomic sulfur
vacancies, which fall within the quasigap in the density of optical phonon
states, are indicated by arrows: solid arrows correspond to transverse
vibrations and dashed arrows correspond to the longitudinal vibrations of
impurity atoms with a density of 20%.

Figure 3 shows the results of a solution of Vinogradov’s
equation for impurity atoms of a mass m*, which replace
sulfur atoms in ZnS, with m* = 0 (a sulfur vacancy), m* = 16
(oxygen), m* = 79 (selenium), and m* = 127.6 (tellurium).

An analysis of the known data on the phonon dispersion
and phonon density-of-state function in ion-covalent crystals
showed that the optical phonon density of states has a dip at
frequencies between the LO and TO phonons at the center of
the Brillouin zone for virtually all crystals of 4! B” and 4>B°®
compounds, as well as for several 43B3 crystals. In ZnS, this
dip (quasigap), as it were, divides the density of optical
phonon states into two parts: transverse optical phonons
prevail in the low-frequency part and the longitudinal ones
prevail in the high-frequency part. As follows from
formula (4), the magnitude of the LO-TO splitting at the
center of the Brillouin zone is proportional to the square of
the ion charge. The higher the degree of ionicity of a
compound, the greater is this splitting. The results of
calculation of the optical phonon dispersion throughout the
Brillouin zone [23] suggest that the LO-TO splitting at the
center of the Brillouin zone may be comparable to (or even
exceed) the dispersion of optical phonons over the Brillouin
zone for many ionic and ion-covalent crystals, giving rise to a
quasigap in the density of optical phonon states.

As follows from formula (4), experimental data allow
determining the value of the effective microscopic ion charge
e, which was previously measured for 42B° compounds
with an uncertainty of +0.02¢ [24]: e(ZnS) =0.88¢;
ei(ZnSe) = 0.72¢; el (ZnTe)=0.65¢; ed(CdS) =0.87¢;
e$(CdSe) =0.83¢; ¢i(CdTe) =0.74e. For a ZnSe,Si_
alloy, in particular, the difference in the charges of sulfur
and selenium ions on substitution of selenium for sulfur
atoms is equal to 0.16 of the electron charge. This implies
that for a total electroneutrality of a cell of the solid solution
crystal, there must be an S—Se dipole with the oscillator
strength 10 times lower than for the Zn—S and Zn-Se
dipoles, because its charges amount to +0.08 ¢ rather than
to about +£0.8¢ as in the extreme compounds. Jahne [18]
hypothesized that in the solid solutions of A4;_B,C com-
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pounds, unlike in the binary extreme compounds AC and BC,
an A2B° dipole may be present in an elementary cell along
with the 4—C and B-C dipoles. As is clear from the
experimental values of the ion charges of 4— B compounds
outlined above, an S—Se dipole may exist in the solid solution
ZnSe,S;_..

In the system of Zn;_,Cd,Se solid solutions, additional
inverted phonons were also discovered in the frequency
range where the real part of the crystal permittivity is
negative: between the principal frequencies of TO and LO
phonons [14]. In Ref. [14], the normal vibrations of atoms
were also found theoretically in the framework of the
isodisplacement model [18, 25], which takes the interaction
of ZnSe- and CdSe-like vibrations into account. The main
assumption underlying this model is that the anions and
cations of the ZnSe (CdSe) groups oscillate in phase with the
same amplitude and that every ions experiences forces
statistically averaged over all its neighbors. Calculated for
Zn;_,Cd,Se were the density dependences of the optical
mode frequencies and oscillator strengths, which were seen
to agree with the experimental ones quite well. The ampli-
tudes of atomic displacements were also calculated. It was
shown that apart from vibrations related to the Zn—Se and
Cd—Se dipoles, there are vibrations under which Se atoms are
virtually immobile, while Zn and Cd atoms oscillate relative
to each other to make up a weak Zn—Cd dipole.

For x = 0, Zn and Se atoms in the principal mode vibrate
in antiphase, which is well known for the optical mode in the
ZnSe crystal. With increasing x, Cd atoms begin to partici-
pate in this vibration, to oscillate in phase with Zn atoms, and
their amplitude increases, while the amplitude of atomic Zn
vibrations decreases. In this case, the amplitude of atomic Se
vibrations depends on the solid solution composition only
slightly.

In the quasiresonance mode with inverted LO and TO
phonon frequencies, Cd and Zn atoms vibrate in antiphase,
while Se atoms are hardly involved in this mode [14]. With
increasing x, the amplitude of atomic Cd displacements
decreases, but the displacement amplitude of Zn atoms,
which vibrate in antiphase to Cd atoms, increases. The
dipole moment emerging in these vibrations is defined by
the difference between the atomic charges of Zn and Cd
ions. This difference is moderate, and the dipole moment of
the Zn—Cd vibrations is nearly 10 times smaller than the
dipole moment of the principal modes (Zn—Se or Cd— Se).
This implies the low oscillator strengths of the Zn—Cd
vibrations and the low magnitudes of the RS peaks and
the functions Ime(w) and Im(—e~'(w)) for the Zn—Cd
mode [14, 15].

4. Summary

Because of the different degrees of ionicity of binary solution
pairs (the difference in Szigeti charges), there emerge addi-
tional weak Zn—Cd dipoles related to relative ion vibrations
in the solid solutions Zn;_,Cd,S, Zn;_.Cd,Se, and
Zn;_,Cd,Te, and weak S—Se dipoles in ZnSe,S;_,. In the
binary solid solutions of 4,_,B,C compounds, unlike in the
extreme binary compounds AC and BC, an elementary cell
contains not only the base dipoles 4 — C and B— C but also the
A— B dipole, which is an order of magnitude weaker than the
base ones. This removes the contradiction related to the
initially apparent violation of selection rules.

Additional inverted phonons emerge due to the high
degree of ionicity of 42B® compounds, and the magnitude
of the transverse—longitudinal splitting of phonons at the
center of the Brillouin zone turns out to be sufficiently large in
comparison with the phonon dispersion over the entire
Brillouin zone. That is why a quasigap, within which the
vibrations of impurity atoms fall, emerges in the density of
optical phonon states. The vibrations of impurity atoms in the
quasigap should be considered quasilocal or quasiresonance,
depending on the parameters of the quasigap (its width and
depth). In the quasigap region, the real part of the crystal
permittivity is negative: the transverse—longitudinal splitting
of the quasilocal or quasigap vibrations of impurity atoms
turns out to be inverted, i.e., the longitudinal vibrations of
impurity atoms are lower in frequency than the transverse
ones.

We also note that IR reflection spectra are always
recorded from the crystal surface, and the surface layer
typically contains numerous stacking faults like vacancies,
changes in interatomic distances, and other defects arising
from contamination of the crystal surface by adsorbed atoms
and molecules. It can be seen from Fig. 3 that the vibration of
vacancies may fall within the quasigap in the density of
optical phonon states to produce the spectral reflectivity
feature under discussion.
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