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Davydov splitting of degenerate lattice modes in the layer compound GaS

Noritaka Kuroda and Yuichiro Nishina

The Research Institute Jor Iron, Steel, and Other Metals, Tohoku University, Sendai 980, Japan
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The frequency separation between the essentially degenerate in-plane TO mode and its Davydov conjugate
has been observed in the layer compound GaS in a measurement of the Raman and far-infrared spectra. The
relative magnitude of the frequencies of the two modes is contrary to what is expected from interlayer Van
der Waals forces. Wieting and Verble have observed a similar frequency reversal in the Davydov conjugates
in the spectra of MoS, and B-GaSe. They have argued that the long-range Coulomb interaction could be
responsible for this optical anomaly. Our calculation shows, however, that the effect of such interaction in
the deformation-dipole model approximation can not explain the anomaly.

The III-VI compounds, GaS, GaSe, and InSe,
form layer-type crystal structures in which a
layer consists of four sublayers of S(Se)-Ga(In)-
Ga(In)-S(Se). Many of the recent investigators
have been interested in the nature of the forces
which are responsible for the binding between
neighboring layers; such interlayer forces are
known to be approximately two orders of magni-
tude weaker than the intralayer covalent-bond
forces."? In particular, Wieting and Verble® have
examined the Davydov multiplicity of optical pho-
nons in 8-GaSe which has two layers in the prim-
itive unit cell. They have found that the relative
frequency magnitude of the Davydov doublet, the
E,(TO) and E;, modes, is contrary to what is ex-
pected on the basis of the Van det Waals inter-
layer interaction. Consequently they have pro-
posed that the frequency reversal is caused by the
presence of the long-range Coulomb interaction.

In the present paper we would like to comment
that a similar frequency reversal is observed in
B-GaS and that such an optical anomaly can not
be explained in terms of the long-range Coulomb
interaction in the deformation-dipole approxima-
tion.

It has been well established that GaS erystal-
lizes only in the g8 polytype which has the hexa-
gonal D}, space symmetry. The lattice has the
following 24 phonon normal modes®:

I'=2A,,+2A,,+ 2B+ 2B,,+ 2E ,
+2E,,+2E,,+2E,, .

Among these representations one A,, and one E,
are acoustic modes. The transverse-optic modes,
A,, and E,, are infrared active. The 4,,, E,,,
and E,, modes are all Raman active, whereas the
B,,, B,,, and E,, are optically inactive.
Raman-scattering spectra are obtained at 295 K
for Z(XY) Z+ Z(XX)Z and X(YZ)X configurations.
Here Z is taken along the ¢ axis. The overall

features of spectra for both configurations are
in good quantitative agreement with those obtained
by Irwin et al.’ ]

Far-infrared measurements are performed for
the light beam with electric field E polarized per-
pendicular to the ¢ axis at 295 K. Samples are
cleaved from the crystal ingot which is also used
in the Raman-scattering measurements. Figure
1 shows typical examples of transmission spectra.
The reststrahlen band due to the transverse E
mode and to the associated longitudinal one spreads
over the range from 290 to 350 em™, These trans-
mission spectra are compatible with the previous
ones measured by the present authors? and with
the reflection spectrum by Finkman and Rizzo.®
Other workers®” have also attempted to obtain
the far-infrared phonon spectrum of GaS. The
present data evidently have better experimental
accuracy than the previous ones for determining
the frequency of the E, (TO) mode.

The transmission spectrum depends on the di-
electric parameters and on the sample thickness,
so that the observed spectra are compared with
the calculated curves. Since GaS has no other in-
frared-active mode for E L& polarization, the sing-
le-oscillator model* is employed in calculating
the transmission spectrum. The best fit to the
spectrum of Fig. 1(a) is given by the following
parameter values: 7(T0)=296+1cm™, €,=10.6,
€,,=7.2, and 6=6 cm™, where ¥(TO) is the wave
number of the E, (TO) mode, €, and €, are the
static and optic dielectric constants, respectively,
forEL&. 6 is the damping constant. The choice
of these physical-parameter values gives a good fit
also to the experimental curve for another sample
with different thickness, as shown in Fig. 1(b).
Hence, withinthe experimental accuracy, the Lyd-
dane- Sachs-Teller relation gives the wave number
of the longitudinal mode associated with the trans-
verse E, (TO) mode: 7(LO)=359=2 cm™ |

The wave numbers of phonons obtained from the

1312 ©1979 The American Physical Society
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FIG. 1. Far-infrared transmisgsion spectra of GaS.
The sample thickness is 1.9 pm (@) or 7.3 um (). Bro-
ken lines are calculated spectra. The minimum marked
as C is attributed to the Ey,(LO) + E}, combination band
from both energy and symmetry considerations.

present measurement are liSted in Table I. Let
us pay our attention to the conjugate optical modes
E,(TO) and Ej,. According to our results, the
frequencies of these modes are 2961 cm™ and
295.0+0.2 cm™, respectively; E,,(TO) has a
higher frequency by ~1 cm™ than E,. These fre-
quency values are in reverse order with respect
to what is expected if the Van der Waals force
between S atoms is dominant among interlayer
forces between various pairs of gtoms. According
to Wieting and Verble®® the same kind of relation-
ship exists also in p-GaSe and MoS,. Although
Brebner et al.® have argued against the method
used by the former authors to identify the crystal
polytype, experimental results of Wieting and
Verble seem reasonable in the light of present
results.

Figure 2 suggests that little dipole moment is

induced in the rigid-layer mode Egg, which is con-
jugate with the acoustic E,, mode. Its frequency,
therefore, may be determined by the Van der
Waals force between S atoms. In E, (TO) and E},
modes, on the other hand, a finite dipole moment
is induced on a Ga-S bond due to its stretching
vibration. The dipoleswould couple with each other
to give rise to the Coulomb force. It follows from
Fig. 2 that the interlayer force between Ga and S
atoms should be larger than the total forces aris-
ing from the interlayer S-S and Ga-Ga pairs in
order for the resultant Coulomb coupling to cause
the frequency of the E, (TO) mode to be higher
than that of Ej,.

We have carried out the calculation of the force
constants to discuss the above possibility. Since
chalcogen atoms are known to have relatively
large electronic polarizabilities, we employ the
deformation-dipole model developed by Karo and
Hardy.©

S atoms form double hcp lattices with rela-
tive displacement of about ;& so that the S
sublattice may be regarded to be nearly iso-
tropic. Furthermore, the electronic polariza-
bility of Ga atoms should be considerably smaller
than that of S atoms since the valence electron is
concentrated near S atoms.!! It follows from these
facts that the Lorentz-Lorenz force may be as-
sumed to be isotropic in good approximation. For
the dielectric constant €,,=7.2 obtained above,
the Clausius-Mossotti (CM) relation gives a(Ga)

+a(S)=6.9x10"% esu in GaS, where a(Ga) and
a(S) are the electronic polarizabilities of Ga and
S atoms, respectively. Taking this estimate into
account, we calculate the dynamical matrix with
respect to the E modes at the T point as a function
of electronic polarizabilities and of deformation
dipoles. As for the deformation dipole, we take
only the covalent Ga-S bond into account. The
deformation dipole associated with the metallic
Ga-Ga bond is neglected since we are interested
in the in-plane transverse modes in which Ga
atoms within a unit layer vibrate in the same
phase. The dynamical matrix includes a term

(1 - aUHU)?, where 1 is the unit matrix, o the
polarizability matrix, U the charge matrix, and
H Kellermann’s Coulomb matrix.?> QOur numerical

TABLE 1. Frequencies of normal modes of lattice vibrations in GaS at 295 K. All the
frequencies except By, (TO) and Ey, (LO) are obtained from Raman-scattering measure-

ments.

Mode E}, E}

1 2
A, Eis

E}, E,(TO) E;, @0 A},

Frequency 22.0 74.8 187.9 291.2

fem™Y

295.0 2961 3592 360.2
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dination of atoms in GaS.
Open circles represent S
atoms and black ones Ga
atoms. The broken line
E§g Ey(TA)  indicates the interlayer
Van der Waals bond be-
tween S atoms. The arrow
indicates the displacement
vector associated with EZ,,
/'I ‘\ // Eiu(TA)’ Etu(TO)’ and E%g
:ﬁ modes.
E,u(TO) Eiq

calculation shows that several elements of this
inverse matrix diverge if o (Ga)+ a(S)=9x 10~
esu. The singularity corresponds to the instability
of some phonon modes such as EZ,, EZ,, and E},.
The above value of o (Ga)+ a(S), however, is con-
siderably larger than the semiempirical one in
Gas$ derived from the CM relationship as mentioned
above. The quantitative discrepancy in a(Ga)

+ a(S) implies that the frequencies of all phonon
modes are real in the GaS crystal, so that the ap-
plication of the deformation-dif)ole model may be
justified for the present analysis.

In addition to the Coulomb forces, appropriate
short-range forces due to the Van der Waals
coupling as well as to the Ga—S covalent bond are
taken into account in order that the total dynami-
cal matrix gives quantitative consistency with the
observed wave numbers of 22.0 and 296 cm™ for
EZ, and E, (TO) modes, respectively. The total
dynamical matrix thus obtained predicts the fre-
quencies of other modes. The result indicates
that, if we compare the effect of the Coulomb
forces with that of the short-range ones on the
frequency eigenvalues of lattice modes, the Coul-
omb forces tend to reduce the frequencies of both
E;, and E, (TO) modes, but do not cause the fre-
quency of the E, (TO) mode to be higher than that
of the E;, mode for the relevant value of a(Ga)
+a(S). The calculated value of the frequency sep-
aration A =7(E;,) - %(TO) is found to be in the range
from 0.1 to 8 em™, depending on the magnitude
of the deformation dipole. The presence of the
deformation dipole tends fo suppress the electronic

polarization of Ga and S atoms'® so that the value
of A decreases with the increase in magnitude of
the deformation dipole. The effective “deforma-
tion” charge y of (0.4 £0.1)e" on a S-atom gives
A~0.5 cm™, where y=dwm/dy and m is the dipole
moment associated with a Ga-S bond with length
7.

A similar calculation has been carried out for
B-GaSe. The result shows that the essential fea-
ture is not different from that of Gas.

Wieting and Verble® have interpreted their ex-
perimental result in f-GaSe in terms of Coulomb
forces. The present calculation, however, shows
that the Coulomb force can not explain the experi-
mental results in the nearest-neighbor approxima-
tion with respect to the deformation dipole.

In the preceding discussion, we implicitly as-
sume a perfect crystal. This assumption may
not be valid for our crystal. It is well known that
a layer-compound crystal contains a comparatively
large density of stacking faults.,’® The small value
of |A| observed in these three layer compounds
suggests that such a crystal imperfection affects
the close competition between different causes of
the interlayer force. In fact Raman measurements
by many workers show a scatter in frequencies
of the E, mode in GaS and of the compatible
E’ mode in GaSe. Their values are found to be
in the range from 294.5 to 296.0 cm™ 5714716
and from 211.0 to 214.5 em™ 351415 pegpectively,
at room temperature. The uncertainty in phonon
frequencies could partly be due to the stacking
faults and/or the crystal polytypism. We would
like to point out that a systematic investigation
is required with respect to the effect of the quality
of the crystal before we proceed to the theoretical
analysis involving higher-order corrections or
employing a different model.
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