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Infrared-reflectivity spectra have been obtained for a large number of group-1V (Ti, Zr,
Hf) and group-VI (Mo, W) transition-metal dichalcogenides. Three distinct types of spectra
have been identified: In ZrS,, HfS,, and HfSe,;, very strong reststrahlen with effective charges
¢f~4e; in MoS,, MoSe,, WS,, and WSe,, weaker reststrahlen with e}~ 0.5¢; and in TiS,,
ZrTe,;, and HfTe,, plasmon-type reflection bands corresponding to free-carrier densities in
excess of 102/cm3. These observations, coupled with considerations of ion size, have led
to a new description of the chemical bonding in these layered materials that is not consistent

with a simple rigid-band scheme.

I. INTRODUCTION

Recently, there has been an upsurge of interest
in layered crystals, particularly the transition-
metal dichalcogenides where intercalation of alkali-
metal atoms or organic molecules can lead to in-
creases in the critical temperature for supercon-
ductivity. "2 To date there have been a limited num-
ber of studies of the long-wavelength infrared- and
Raman-active optic vibrational modes.%=" The em-
phasis in these studies has been on the differences
in the intralayer and interlayer forces. Zallen,
Slade, and Ward® studied the layered crystals As,S,
and As,Se; and demonstrated by means of a combi-
nation of Raman and infrared results that the di-
periodic symmetry of the individual layers was

" dominant, and that weaker interlayer interactions
were observable as small splittings between Raman-
infrared Davydov doublets. The characteristic
splittings were of the order of 2%, so that the in-
terlayer forces were approximately 100 times
smaller than the intralayer forces. Wieting and
Verble? studied the infrared- and Raman-active
modes of hexagonal (2H) MoS,, and from the near
degeneracy of the E;, and Eég modes they concluded
a very weak interlayer interaction with respect to
shear. The same authors also studied p-GaSe °
and concluded that there was electrostatic as well
as Van der Waals coupling between the layers.
Smith and co-workers %7 studied the Raman spec-
tra of the disulfides and diselenides of Zr, Hf, and
Ti and found that the Raman frequencies were rela-
tively insensitive to the identity of the metal ion.
They also studied the infrared reflectance of HfS,
and noted that the LO-TO splitting in that crystal
was substantially larger than in MoS,, indicating
a greater degree of ionicity in the hafnium com-
pound. :
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In this paper the emphasis is on the strength of
the infrared-active modes, which, when related to
an effective charge parameter, gives information
about the intralayer bonding forces. Our study was
made on single crystals of TiS,, HfS,, HfSSe, and
HiTe, and on pressed crystalline powders of ZrTe,,
HfS,;, MoS,, MoSe,, and WSe, Section II contains
a discussion of the sample preparation and char-
acterization. Section III deals with crystal struc-
ture and group theory. Section IV contains the in-
frared spectra and the dispersion analysis. Sec-
tion V contains a discussion of the infrared re-
sults and a discussion of bonding in the transition-
metal dichalcogenides as well as other AB,-type
crystals.

II. MATERIAL PREPARATION AND CHARACTERIZATION

Single crystals of most of the group-IV B chal-
cogenides were prepared by the chemical vapor-
transport method of Schaefer.® The elements
(metal purity, 99.95%; chalcogen purity, 99.999%)
were accurately weighed in the correct stoichio-
metric ratios (~0.01% weighing accuracy) and
sealed along with iodine in evacuated quartz am-
poules. These samples were heated uniformly to
~900 °C for several days followed by transporting
for two weeks in temperature gradients of ~100 °C.
No excess metal or chalcogen was observed and
10-50% of the reactants usually transported.
Single crystals of all the group-IV chalcogenides
except ZrTe, could be obtained in this fashion.

The crystals were flat hexagonal platelets ranging
in thickness from 0.1 to 2 mm and in surface area
from 4 mm? to 1 cm® Chemical analysis was car-
ried out on TiS, and HfS, and the stoichiometry
was confirmed to within 0.8%. Crystalline pow-
ders of WS,;, MoS,, and MoSe, were prepared in a
similar manner.
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Pellets pressed from reacted powders of HfS,,
ZrTe,, WS, MoS, and MoSe, showed a preferred
packing arrangement, Electron-microscope photo-
graphs of 2H TaS, showed that approximately 90%
of the crystallites had their ¢ axes aligned within
10 ° of the pellet axis (at least at the surface of the
pellet). Additional pellets of WS,, WSe,, SnS,,
CdBr,, Cdl, and Pbl, were pressed from commer-
cially obtained materials; purity was typically 99. 9%.

X-ray-diffraction analysis was carried out using
a Picher diffractometer and scintillation counter
(CuKq radiation). Extremely sharp lines were
obtained for the group-IV B chalcogenides which
were found to correspond to the hexagonal 17 or
CdI, structure (space group P3m). The group-VIB
chalcogenides gave very broad reflections indicat-
ing a high degree of stacking disorder and were
found to be in the hexagonal 2H(b) configuration
(space group P6;/mmc). Table I lists the observed
lattice parameters.

Both the transported crystals and the remaining
untransported crystalline powders of the Ti and Hf
(including the mixed-anion sample HfS; ,Se; o) com-
pounds showed single phases. This fact together
with the chemical analysis indicates that these
compounds form very close to the ideal stoichiom-
etry, MX,. X rays of the Zr compounds, on the
other hand, usually showed several phases to be
present. ZrS, was found to be accompanied by
small amounts (=5%) of Zr,S; and ZrS;. The
transported crystals of the Zr-Se sample were
almost entirely in the layered hexagonal (C6) phase;
the untransported powder, however, showed 5-10%
of the monoclinic phase ZrSe;. In the Zr-Te sam-
ple, the transported crystals were predominantly
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ZrTeg while the untransported powder was observed
to be hexagonal. Gleizes and Jeannin® have studied
the systems Zr-Se and Zr-Te extensively and re-
port that the hexagonal Cdl, phase range does not
extend to the limit ZrX, in either of these systems.
By comparing our lattice parameters with those
reported by Gleizes and Jeannin, we find that our
samples were actually of the form ZrSey,gg,9,04.
Vacancies at the chalcogen sites are apparently
responsible for the deviation from the stoichiom-
etry ZrX,. ,

It should be noted that in preparing the group-
IV Bchalcogenides samples, a fine white film was
usually observed coating the inside surface of the
quartz vessel at the reaction (hot) end of the tube.
This material, although not present in the x-ray
patterns, is undoubtedly the reaction product of the
group-IV metal with the silica tube which has been
reported by other authors. %0

II. CRYSTAL STRUCTURE AND GROUP THEORY

The materials we are concerned with here are
layered crystals which can occur in a variety of
stacking arrangements. !* Qur studies are restricted
to two structural polytypes, the 17 and 2H crystals.
Figure 1 is a schematic representation of the two
crystal structures. If we denote the materials
as MX, (M=metal atom, X=chalcogenide atom),
then the general structure of the materials is shown
in Fig. 1(a). Sandwiched layers of the form XMX
are separated by a “Van der Waals”-type gap be-
tween the X layers of adjacent sheets. In the
layers the coordination of the metal ions is either
octahedral as indicated in Fig. 1(b) or that of a
body-centered-trigonal prism as shown in Fig.

TABLE I. Lattice parameters for layered transition-metal dichalcogenides.

Lattice parameters

Material Coordination &)

MX, (at metal atom) a c ¢/a ratio
Group IV
TiS, octahedral 3.404 5.699 1.674
TiSe, octahedral 3.542 6.015 1.698
TiTeq,17 octahedral 3.768 6.500 1.725
ZrS, octahedral 3.661 5.829 1,592
ZrSey,98 octahedral 3.773 6.133 1.625
ZrTeq,16 octahedral 3.951 6.627 1.677
HIS, octahedral 3.630 5.854 1.612
HES; ¢Sey, o octahedral 3.694 6.061 1.641
HfSe, octahedral 3.747 6.158 1.643
HiTe, octahedral 3.951 6.659 1.685
Group VI
MoS, trigonal prism 3.162 12,29 2x1.943
MoSe, trigonal prism 3.288 12,93 2x1,965
WS, trigonal prism 3.162 12.37 2x1,.956

trigonal prism 3.286 12.99 2x1,977

WSe,
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FIG. 1. Schematic representation of the structure of
the transition-metal dichalcogenides: (a) the general
form of the MX, layer structure; (b) octahedral coordina-
tion; (c) trigonal-prism coordination; (d) 17 and 2H poly-
type structures.

1(c). In the trigonal-prism configuration the intra-
layer structure is of the form ABA, whereas in the
octahedral configuration it is ABC. Figure 1(d)
indicates the stacking polytypes of interest in this
study. The group-IV (Ti, Zr, Hf) dichalcogenides
occur in the 17 stacking polytype in which the met-
al-ion configuration is octahedral. The group-VI
(Mo, W, ) dichalcogenides occur in the 2H stacking
polytype in which the metal-ion coordination con-
figuration is a trigonal prism. MoS,, MoSe; and
WS, also occur in another structural polytype, 3R,

In addition to the values of the lattice parameters
¢ and g, Table I also contains the c/q ratio for the
materials under consideration. The ¢/a ratio is
ideally equal to 1.633 for the 17T octahedral packing
and equal to 2x 1,813 for the 2H trigonal-prism
packing. The ideal 17 structure can also be viewed
as a defect NiAs structure in which every other
plane of Ni atoms has been removed.

A group-theoretical analysis of the I'-point lattice
modes for the 2H MoS, structure has been given by
Verble and Wieting. 2 There are six atoms per
unit cell; this gives rise to 18 vibrational modes.
These decompose into irreducible representations
at the Brillouin-zone center as follows:

T'=2A,,+ B}, + Bf, + By, + Ay, +2Ey, + E},

+E3g+Ey+Ey, . (1)

The mode motions for the infrared- and Raman-
active optic vibrations are shown in Fig. 2(a).

For the 1T TiS, structure, there are three atoms
per unit cell and the decomposition into irreducible
representations!® at the T point is given by

I'=Ay,+ E, +2A,,+2E, . 2)

The optic-mode motions are shown in Fig. 2(b).
Table II contains the activities of the optic modes
for the 2H MoS, and 17T TiS, structures. In this
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FIG. 2. Displacement vectors for the infrared- and
Raman-active modes in the 2H and 17 polytypes.

work our emphasis will be on the infrared-active
modes in which the polarization is in the plane of
the layer, i.e., the E,, optic mode for the 2H
structure and the E, optic mode for the 17T struc-
ture,

IV. INFRARED SPECTRA AND OSCILLATOR ANALYSIS

All of the measurements reported in this paper
were made on a Perkin-Elmer model No. 180
spectrophotometer. The instrument was operated
in a double-beam mode in which the reference was

TABLE II. Symmetries and selection rules for the
long-wavelength acoustic and optic phonons in the 17 and
2H polytype geometries.

Irreducible Modes at ¢=0
representations Acoustic Optic  Selection rules
1T polytypes Ayg 0 1 Raman
Dy
E, 0 1 Raman
Ay, 1 1 ir @), EIE
A 1 1 ir (v,y), E18
2H polytypes
Dy, Agy 1 0 inactive
B}, 0 1 inactive
Ag 0 1 ir @), EIE
Bé, 0 1 inactive
Agg 0 1 Raman
By, 0 1 inactive
Ey, 1 0 inactive
E}, 0 1 Raman
By, 0 1 ir (r,), E18
E}, 0 1 Raman
Eyy 0 1 Raman
E,, 0 1 inactive
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a front-surface Al mirror. Measurements at fre-
quencies greater than 500 cm-! were made using

a thermopile detector, and measurements in the
spectral range 30-500 cm™! were made using a
pyroelectric detector. The reflectance was mea-
sured at near-normal incidence, ~15°, and at room
temperature.

Figures 3-5 contain the reflectance spectra for
the single crystals of the group-IV dichalcogenides.
Since the crystals were typically thin platelets,
spectra could only be obtained for a geometry in
which the propagation direction was along the ¢
axis, i.e., we could only study the E, mode for
which the polarization was perpendicular to the
¢ axis. Figure 3 displays the spectra for ZrS,,
HiS,, and HfSe, and Fig. 4 displays the spectrum
for HiSSe. Figure 5 displays the spectra for TiS,
and HfTe,. Also included in Fig. 5 is the reflec-
tance for a pressed pellet of ZrTe,. In each case
the solid curve is a synthetic reflectivity spectrum
obtained from an oscillator model; the dashed lines
represent the experimental data.

An analytical description of the reflectance spec-
trum was obtained by fitting the data to a reflec-
tance that was constructed or synthesized from a
superposition of damped Lorentzian oscillators in
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FIG. 3. Room-temperature reflectance spectra for
ZrS,, HfS,, and HfSe, for E1¢ axis. The dashed curves
are the experimental data, the solid lines are the disper-
sion analysis.

LUCOVSKY, WHITE, BENDA, AND REVELLI

(BN

1.0
HfSSe

E.Lc axis
o8 / OSCILLATOR FIT

~---EXPERIMENT

8

2 06

5

& oal-

e

u

4

o
n
T

1 1 | | 1 1 | L
150 200 250 300 350 400 450 500 550
FREQUENCY (cm™)

I
50 100

FIG. 4. Room-temperature reflectance spectrum for
HfSSe for E L¢ axis. The dashed curve is the experi-
mental data, the solid line is the dispersion analysis.

which the oscillator frequencies, strengths, and
damping were taken as the adjustable parameters.
This was done by writing the complex dielectric
constant €= ¢ + i€, as
SV

eW)=e,+2 , (3)

; ViV i=ivyp

where ¢, is the high-frequency dielectric constant,
v; is the oscillator frequency (in cm™?), §; is the
oscillator strength (and is equal to the contribution
of the jth oscillator to the static dielectric constant
€p), and v; is the damping constant. The synthe-
sized reflectivity is then given by

|(e2/2-1)/(eM2+1)] . @)
The oscillator parameters were obtained by
"L HfTe,
— A
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FIG. 5. Room-temperature reflectance spectra for
TiS,, ZrTe,, and HfTe, for 1T axis. The dash curves
are the experimental data, the solid lines are the disper-
sion analysis. The arrows indicate the frequencies of
the additional peaks in €, as determined from the Kramers—
Kronig analysis.
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means of a computer program® ®® which performs
an iterative search in parameter space. The opti-
mization criterion is the minimization of the rms
deviation of the synthesized reflectance from the
experimental reflectance. The oscillator-fit
parameters for ZrS,, HfS,, HfSe,, and HfSSe are
given in Table III. Also included in Table III are
the rms deviations for each of the fits,

The experimental data in Fig. 5 are not repre-
sentative of lattice modes, but rather are charac-
teristic of plasmon modes. For the TiS, and ZrTe,
the fitting procedure was done with a single mode
for which the dielectric constant is of the form

2

wp
" wlari/n ®)
where «} is the unscreened plasmon frequency, ?
=4mne?/m*, n is the electron density, m* is the
effective mass, and 7 is the scattering time of the
free carriers. For HfTe, there are additional
structures which show up as a “hole” in the reflec-
tance spectrum near 800 cm™! and as an additional

-1, An attempt was made to

€= €

maximum near 3500 cm™.
fit the reflectance spectrum of HfTe, with a dielec-
tric constant of the form

2
€=€w+2 5 3,
i=1 ViV —Y Y

S;vi B wh
wlw+i/1) ° 6)
The best fit that could be obtained using damped
Lorentzian oscillators to describe the additional
spectral features at ~800 and ~ 3500 cm™! was
substantially poorer than the fits obtained for the
other materials; the rms deviation for the HfTe,
fit was 9x 10~ as compared to 1x10°2 for TiS,.
The HfTe, spectrum was subsequently analyzed
using a Kramers-Kronig (KK) dispersion analysis;
this procedure indicated the non-Lorentzian char-
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acter of the “oscillators” which give rise to the ad-
ditional spectral features. In Fig. 5, we have in-
cluded a single-plasmon-mode fit to the HfTe, re-
flectance; for the synthesized spectrum the fit was
made to the leading edge of the reflectance spec-
trum. The arrows indicate the frequencies of the
additional peaks in €, as determined from the KK
analysis. Our analysis suggests that these spectral
features are not vibrational in origin, but rather
are associated with electronic transitions. The
plasmon-mode fitting parameters for TiS,, ZrTe,,
and HfTe, are also included in Table III,

Figure 6 contains a comparison of the reflectance
spectra for a single crystal of HfS, and for a
pressed pellet of the same material. Except for
the magnitude of the reflectance, the important
features of the two curves are the same. In partic-
ular, the positions of the leading and trailing edges
of the reststrahlen band, which are related, re-
spectively, to the oscillator frequency and the
oscillator strength, are essentially coincident.
Recall that for the single crystal the spectrum is
for the E L ¢ polarization; x-ray measurements in-
dicate a similar alignment of the layered crystal-
lites in the pressed pellets. We can therefore as-
sert that measurements onpressed pellets of these
layered crystals will yield spectra from which the
oscillator frequencies and strength of the E 1 ¢
modes can be estimated. Further, if the oscilla-
tor strength of the E L ¢ mode is sufficiently weak
so that the E I ¢ reststrahlen band lies outside of
the E L € reststrahlen, then it is possible to obtain
additional information about the E il ¢ axis modes
from measurements on pressed pellets. This is
evidently not the case for HfS, but is the case for
the group-VI materials as described below.

Figure 7 contains reflectance spectra for a

TABLE III. Dispersion-analysis parameters for the single-crystal dichalcogenides: ZrS,, HfS,, HfSe,, HfSSe, TiS,,
ZrTe,, and HfTe,.

Reststrahlen bands

High-frequency Oscillator Damping
dielectric constant Phonon frequency strength constant rms
Material € o (em™) S v dev.
ZrS, 9.23 181 25.3 0.09 0.036
HIS, 6.20 166 16.9 0.17 0.028
HfSe, 8.05 98 30.2 0.27 0.032
HfSSe 9.80 122 22.5 0.12 0.025
219 4.7 0.22
Plasmon modes
High-frequency
dielectric constant Plasma frequency Relaxation time rms
Material €0 wp (cm) 7 (sec) dev.
TiS, 14.34 6.90 x10° 2.6x 1074 0.011
ZrTe, 9.78 6.37 x 10° 2.1x 10 0.013
HfTe, 20.31 10.34x10° 5.0x 1014 0.040
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FIG. 6. Comparison of the room-~temperature reflec-
tance spectra of a single crystal of HfS, (EL¢ axis) and
a pressed pellet.

pressed pellet of MoS, and synthesized reflectance
spectra for single-crystal MoS,. The single-crys-
tal spectra were synthesized from the oscillator
parameters given in Ref. 4. As can be seen, the
reflectance spectrum of the pressed pellet has two
features; the stronger one is coincident with the
ELT reststrahlen band of the single crystal and the
weaker one is coincident with the EII¢ reststrahlen
band. Figure 8 gives the reflectance spectra ob-
tained from pressed pellets of MoS,, MoSe,, WS,,
and WSe,. In each case two features are evident,
the stronger one is assigned to the Eie mode, the
weaker one to the EII€ mode. This assignment
can be substantiated by using a reduced-frequency
scale,

Keyes!® has demonstrated the usefulness of re-
duced or dimensionless frequencies and elastic
constants in comparisons of the lattice-dynamical
properties of the zinc-blende semiconductors.

A characteristic optic-mode frequency QS is de-
fined by

Q5=é/mny ()

JN— L——ﬁ ———WSe,

g i
g ﬁL—\/kMoSez
2 i
o x5 *\/”__,____—--~_J/\——ws2
w

1 | 1
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FIG. 7. Comparison of the room~-temperature reflec-
tance spectra of a pressed pellet of MoS, with the reflec-
tance spectra synthesized from the oscillator-fit param-
eters of Ref. 4.
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FIG. 8. Room-temperature reflectance spectra for
pressed pellets of MoS,, MoSe,, WS,, and WSe,. The ar-
rows indicate the approximate frequencies of the infrared-
active optic modes.

where 7, is the interatomic distance and m is the
reduced mass. The reduced frequency of the jth
mode, w;, is then defined by

wi=wl/9% . (8)

In Table IV we give the reduced frequencies for the
infrared-active optic modes of MoS,, MoSe,, WS,,
and WSe,. For purposes of comparison they are
all normalized to the E,, (E12) frequency of MoS,.
The near equality of the normalized reduced fre-
quencies for the EL¢ modes indicates that the ef-
fective force constants in all four materials are
very nearly equal. A similar conclusion holds for
the EI¢ modes. The larger values for the EI¢
modes are a result of the unit-cell geometry, i.e.,
the E il ¢ mode has a greater degree of bond-stretch-
ing character than the E L€ mode.

Of primary interest in this paper are the mode
strengths or effective-charge parameters of the
group-IV semiconducting dichalcogenides ZrS,,
HfS,, and HfSe,. Figures 9-11 contain plots of ¢,
and of the energy-loss function — Im(1/¢€) for ZrS,,
HfS,, and HfSe,. The positions of the peaks in ¢,
locate the frequencies of the TO phonons and the
peaks in —Im(1/¢) locate the frequencies of the
LO phonons. These are contained in Table V.

The effective-charge parameter we use in this
paper is the macroscopic (or Born) effective charge

TABLE IV. Phonon frequencies and normalized re-
duced phonon frequencies for MoS,;, MoSe;, WS,, and
WSez.

Phonon frequencies Reducednormalized
(cm™) phonon frequencies
Material v(Ey,) v(Ay) ®(Ey,) @(A,,)
MoS, 384 470 1.00 1.22
MoSe, 288 350 1.03 1.26
w8, 356 435 0.99 1.21
WSe, 245 305 1.01 1.26




part of the dielectric constant, and —Im(1/¢), the energy-
loss function as synthesized from the oscillator-fit param-
eters of Table III for ZrS,. The arrows indicate the TO-
and LO-phonon frequencies.

e%; it is defined by

o= <—g—"]§—>z«: ’ ©)

where 3 is the first-order moment induced by the
relative (or optical) displacements of the atoms 7.
E is the macroscopic electric field, which is
identically equal to zero for the TO phonon. e%
can be calculated from the strength of the mode S;,
as determined from the oscillator fit, by the rela-
tion
et _m/icm}/? s}y (10)
e N2, s

where e is the electronic charge, ¢ is the velocity
of light, N is the number of oscillators per unit
volume, v, is the TO-phonon frequency (in cm'l),
and ; is the mode mass. For the 17T structure

my is obtained from the mode vectors and is given
by m,, my/(my +2my), where m,, is the mass of

the metal atom and my is the mass of the chalcogen-
ide atom. Table V contains the effective-charge
parameters ZrS,, HfS,, and HfSe,.

V. DISCUSSION OF INFRARED RESULTS

There are several points that we shall make in
this section. The first concerns the very large

TO- and LO-phonon frequencies.
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TABLE V. TO-and LO-phonon frequencies and macro-
scopic infrared effective charges ef/e for ZrS,, HfS,,
HfSe,, and HfSSe.

Phonon frequencies
{em™)

Effective charge
Material TO LO eh/e
ZrS, 181 350 4.4
HIS, 166 318 3.9
HiSe, 98 215 4.3

differences in the reststrahlen bands of the group-
IV and -VI semiconducting dichalcogenides. To
reemphasize this feature of the data, we have
plotted in Fig. 12 the reflectance spectra of MoS,
and ZrS,; the large differences in the two spectra
are self-evident. The TO-phonon frequency, which
occurs at the low-frequency side of the band, is at
384 cm™ in MoS, and at 181 cm™! in ZrS,. Since
the atomic masses of Zr (91.22) and Mo (95.94)
are almost equal, the large differences in vpo im-
ply very large differences in the effective forces
constants; i.e., if 2, is the force constant, then

w’?‘ozketf/;l ’ (11)

where m is the reduced mass. The difference in
TO-phonon frequencies implies that the force con-
stants differ by almost a factor of 5. The second
point concerns the large differences in the rest-
strahlen bandwidths, here defined by v; o =vr1o.
For MoS,, the bandwidth is approximately 2-3
cm!, whereas in ZrS, it is equal to ~ 170 cmt,
The reststrahlen bandwidth is related to the oscil-
lator strength of the mode S; which in turn is pro-
portional to the square of the effective charge e}.
On the basis of this comparison the effective charge
e} is approximately seven times larger in ZrS,
than in MoS,. The large differences in v, are
consistent with this difference in effective charges
if we note that!" 18

who=wi-f(e}) , (12)

where g is a frequency that is characteristic of

the effective “spring-constant” force constants of the
medium and f(ef) is a reduction in frequency that

is related to the interactions between dipole oscil-
lators that reside on the lattice sites. In a point-
ion model in which all of the electronic excitations
are localized on the lattice sites, !’

fler) =4m (Net?/m) [3/(€x+2)] ,

whereas in a medium for which the electronic ex-
citations are completely delocalized,

fle)=%1(Nex?/m) .

If we denote the factor (e, +2) as an effective-
field-enhancement factor and further assume that
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the values of w2 are essentially the same in both
MoS, and ZrS,, then the differences in w2, are
simply attributable to the larger value of e% for
ZrS,. In this case, as expected, '® the effective-
field-enhancement factor is of order unity for both
materials.

In the work of Wilson and Yoffe, !* an attempt
was made to account for the optical and electronic
properties of a large number of dichalcogenides in
terms of a rigid-band model. The model is effec-
tive in accounting for many of the features of these
compounds; however, it cannot explain why, for
example, TiS, ZrTe, and HfTe, in group IV are
metallic rather than semiconducting like HfS, and
ZrS,. Within the context of the model, the differ-
ence between ZrS, and MoS, is the occupancy of a
lone-pair metal d,z; band in the latter material,

As we have already shown, the infrared effective
charges in ZrS, and MoS, differ by a significant
factor, e¥=4.4 for ZrS, and 0. 6e for MoS,. It is
difficult to account for these large differences in
e¥% in terms of the rigid-band model. A consistent
interpretation of the model would give very nearly
equal effective charges for the group-IV and group-
VI dichalcogenides. The differences we have em-
phasized in ZrS, and MoS, extend to all of the
group-IV and group-VI semiconducting dichalcogen-
ides; i.e., e%~4e for the group-IV materials and
e%~0.b5e for the group-VI materials.

There are two mechanisms that can give rise to
an infrared effective charge.®»% One involves
static charge, the other dynamic charge. Recall
that the effective charge is defined in terms of the
derivative of the dipole moment with respect to
the phonon-displacement coordinate. In a rigid-
ion model in which the ions are approximated by
point charges at the lattice sites, the effective
charge is static and is simply related to the formal
valence state. For example, if we consider NaCl,
and represent it by charges of + 1e and - le, re-
spectively, on the Na and Cl sites, then e} =1.0¢;

10!
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FIG. 12, Comparison of the room-temperature re-

flectance spectra of a pressed pellet of MoS, and a single
crystal of ZrS, (E L€ axis).
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for CaF,, in a similar way, e%=2.0e. One also
observes large effective charges in homopolar ma-
terials, for example, in trigonal Te, e%~2.0e¢ for
the dominant infrared-active modes.® For this
material the effective charge is dynamic, i.e., it
results from charge redistribution which occurs
during the execution of a lattice mode. The mag-
nitude of the effective charge is therefore not suf-
ficient for distinguishing the effective-charge
mechanism. However, the occurrence of large
differences in e} for chemically similar materials,
MoS; and ZrS,, is suggestive of significant differ-
ences in the chemical bonding.

We note first that the local order in the group-IV
and group-VI crystals is different, i.e., in MoS,
the metal ion is in the body-centered position of a
trigonal prism; in ZrS, the metal ion is in an
octahedral site. This means, in effect, that the

effective charge is “structure dependent.” In this
context it is important to note that the small values

of ef in MoS,-type crystals are not due to a can-
cellation of terms between the two layers of the
unit cell; specifically, whether e} is static or
dynamic in origin the contributions from two layers
always add. If we carry the structural argument
further and examine the intralayer metal-dichal-
cogenide (M-X) and chalcogenide second-neighbor
(X-X) distances, then the origin of the large dif-
ferences in e% is readily apparent. These crystal
distances are given in Table VI along with the sum
of ionic radii of the metal and chalcogenide atoms
(M* + x?%), and twice the ionic radius of the chal-
cogenide atom 2X%, For ZrS,, HS, and HiSe,,
these interatomic distances (X-M and X-X) are
consistent with an ionic description as are the ef-
fective charges of order 4e. For the group-IV ma-
terials that we have identified as metallic, TiS,,
ZrTe,; and HiTe, the interatomic distances are
not well described by combinations of ionic radii.
For MoS,, MoSe,;, WS,, and WSe;, the ionic descrip-
tion is also inadequate. We concluded above that
the bonding in the group-VI semiconducting dichal-
cogenides was ionic; here we propose that the
bonding in the group-VI materials is primarily
covalent., The argument for covalency in the group
group-VI materials is supported by the fact that the
electron configurations about the W (54* 6s2) and
Mo (4d°5s) atoms are ideally suited to covalent
bonding in a trigonal-prism geometry.* In the
molecular-orbital picture the bonding configuration
in an undistorted trigonal-prism geometry is d%sp
at the metal site and p at the chalcogenide site.
These bonding orbitals account for 12 of the 18
electrons. Of the remaining six electrons, four
are committed to lone-pair orbitals, one at each
S atom in the MoS, unit cell. If the last two elec-
trons are put into the d,, orbitals of the metal atom
in the spirit of a rigid-band scheme, this would

TABLE VI. Comparison of the intralayer anion-anion
(X-X) and anion-cation (M-X) distances with ionic radii
in several transition-metal dichalcogenides. Also in-
cluded is the cation-anion radius ratio »*/#". The values
in parentheses were obtained from an analysis of the in-
tensities of the diffraction lines (see Table II, Ref. 11),
while the others were calculated from a parameter as-
suming an ideal structure.

Intralayer Intralayer
Material X-X 2x% X-M X+ M* */r
Mx, A& A &) A (/%)
TiS, 3.40(3.62) 3.68 2.56(2.32) 2.52 0.37
TiSe, 3.54 3.96 2.50 2.66 0.34
TiTe, 3.77 4.42 2.67 2.89 0.31
ZxS, 3.66 3.68 2.59 2.63 0.43
ZrSey, g 3.77 3.96 2.67 2.77 0.40
ZrTey 14 3.95 4.42 2.80 3.00 0.36
HES, 3.63 3.68 2.57 2.62 0.42
HfSe, 3.75 3.96 2.65 2.76 0.39
HfTe, 3.95 4.42 2.80 2.99 0.35
Mos, 3.16(3.16)  3.68 2.23(2.41) 2.44 0.33
MoSe, 3.29(3.29)  3.96 2.33(2.51) 2.58 0.38
WS, 3.16 3.68 2.41 2.58 0.30
WSe, 3.29 3.96 2.51 2.68 0.35

lead to a large effective charge, ~2e¢. We take
the small effective charge of the group-VI dichal-
cogenides to be at variance with such a rigid-band
model and to be indicative of covalent bonding be-
tween neutral atoms. If one uses the six metal
electrons to form covalent bonds, then we suggest
that the last two electrons participate in bonding
between the S atoms; the small intralayer (X-X)
distance in the group-VI materials suggests that
there may well be both intralayer and interlayer
chalcogenide-chalcogenide atom bonding.

An alternative way of achieving neutral-atom
bonding is to compromise on a pure-bonding
scheme and fill only four of the six d*sp metal or-
bitals with four of the six metal valence electrons
and place the other two electrons in the metal non-
bonding d,, orbitals. This would mean that in each
“bond” only % of the charge density would be as-
sociated with the metal while 2 would reside on the
chalcogenide. Only a self-consistent band-struc-
ture calculation can resolve the relative importance
of this scheme and the one described in the para-
graph above,

The argument we have just given can be rein-
forced by comparing the e¥ values in MoS, and 8-
GaSe. B-GaSe is also a layered compound with a
structure similar to MoS,. For the purposes of our
discussion here, the difference in the two materials
is in the replacement of the Mo atom by fwo Ga
atoms. Wieting and Verble® found an effective
charge (e¥) of ~2.0¢ for -GaSe. Should this be
taken to imply that 8-GaSe is ionic? The answer
is no. The Ga-Ga and Ga-Se interatomic distances
in B-GaSe are completely in accord with a covalent
model. However, to achieve covalent bonding in
B-GaSe, it is necessary to transfer charge from
the Se atoms to the Ga atoms; specifically each Ga
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atom makes four bonds but has only three electrons.
Therefore there are at least two components
to eX in B-GaSe; a large static component of order
2¢ associated with the formal charge transfer or
“ionicity” necessary to achieve a covalent bond and
a smaller dynamic component associated with
charge redistribution. For MoS,, the smaller
value of e} is taken to imply that there is no formal
charge transfer to the lone-pair d orbitals of the
Mo atom; thus there is only a small dynamic com-
ponent in e¥. These arguments are supported by
electronegativity differences. The small differ-
ence between the electronegativities of Ga and Se
does not exclude charge transfer to the Ga atoms
from the chalcogenide atoms, whereas the larger
difference between the electronegativities of the
Mo and S atoms does not favor transfer from the
S to the Mo atom. In the same way, charge trans-
fer to S or Se atoms from Hf and Zr is favored
and is consistent with the ionic bonding we propose.

In B-GaSe, after the bonding and chalcogenide
lone-pair orbitals are filled, there are no addition-
al electrons available for other types of interlayer
bonding. The arguments we have presented can be
further reinforced by comparing the melting points
of As,Se; (360 °C) and p-GaSe (960 °C) with the
“decomposition” temperature of MoS, (1185 °C).
In As,S;, all of the available valence electrons go
into either As-S bonds or into As or S lone-pair
orbitals; further, there is no need to invoke a
formal charge transfer to account for the electron
configuration as indicated above. The relatively
low melting point of As,S3 is in complete accord
with pure van der Waals-type interlayer bonding.
The higher melting point of 38-GaSe is here attrib-
uted to an additional interlayer force of electro-
static origin that is associated with the formal
charge transfer that is necessary to satisfy the
covalent bonding orbitals. Explicitly the addition-
al interlayer force is a “second”-neighbor-type
force between negatively charged metal atoms in
one layer and positively charged chalcogenide
atoms in the adjacent layers. Finally, the rela-
tively high decomposition temperature of MoS, is
consistent with the type of interlayer chalcogenide-
atom bonding we have suggested above.

One must now account for the occurrence of me-
tallic behavior in TiS,, ZrTe, and HfTe,. Here
it is convenient to invoke some arguments that are
used by physical chemists in describing structure
in ionic materials. These arguments have been
discussed in detail in another paper.? Here we
note that in ionic materials, the packing configura-
tion at the cation is a strong function of the radius
ratio »*/»-, where 7* is the metal ionic radius and
7~ the nonmetal ionic radius. If we consider ma-
terials of the form AB, which are ionic, where A
is the metal, then according to arguments based on
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the competition between the attraction of unlike ions
and the repulsion of like ions, sixfold coordination
should prevail at the cation in AB, structures for
radius ratios between 0. 65 and 0. 33.%%% For ra-
dius ratios greater than 0. 65 the coordination
should be eightfold, whereas for ratios less than

0. 33, fourfold coordination is expected. Figure 1
of Ref. 23 shows that this is indeed the trend

among the AB, crystals. It is interesting to note
that the metallic AB, crystals TiS,, HfTe,, and
ZrTe, and the covalent AB, crystals, i.e., MoS,,
MoSe,, WS,, and WSe,, all possess radii ratios
that are very close to 0. 33; specifically, they lie
between 0. 38 and 0.33. For TiS,, ZrTe,, HiTe,,
etc., we have concluded that metallic behavior is
associated with the overlap of the X% p states with
the metal s and d states, whereas for the group-
VI dichalcogenides, the trigonal prismatic cova-
lent-bonding configuration is a natural consequence
of the electron configuration of the metal, 2

Another point we wish'to make concerns the oc-
currence of two reststrahlen bands in the mixed
crystal HfSSe. Here it should be pointed out that
in every mixed S-Se material that has been studied
to date, two-mode behavior, of the type we report
here, has occurred.? The systems include crys-
talline Cd(S, Se) and Zn(S, Se), and amorphous As,
(S, Se);. The origin of the two-mode behavior is
in the relative masses of the S and Se atoms; they
are sufficiently different so that in mixed crystals
two types of optic modes occur, one in which the S
atomvibrates against the metal atom and one in which
the Se atom is essentially at rest, and a second
mode in which the roles of S and Se are re-
versed, 2%

A final point concerns the analysis of the plas-
mon-reflectivity modes in TiS,, ZrTe,, and HfTe,.
If one assumes an effective mass of unity, then
the free-carrier densities in these materials are
all in excess of 102/cm®. The only substantial dif-
ference in the three materials is evident in HfTe,,
where the 7 constant is larger and where there are
additional absorption bands. We attribute these
and additional bands to electronic transitions as-
sociated with the d states of the metal atom.

V1. SUMMARY

We have studied the infrared reflectivity of a
large number of the group-IV (Ti, Zr, Hf) and
group-VI (Mo, W) dichalcogenides and have ob-
served three distinct types of behavior. ZrS,,
HiS,, and HfSe, all display very strong reststrahlen
with effective charges of the order of 4e¢; TiS,,
ZrTe, and HfTe, display a plasmon-reflectivity
mode corresponding to carrier densities greater
than 102/cm® and finally, MoS,, MoSe,, WS,,
and WSe, display weak reststrahlen with effective
charges of order 0. 5e.
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By complementing these infrared results with
arguments based on ionic radii and interatomic
crystalline distances we have concluded the fol-
lowing.

(i) ZrS,, HfS,, and HfSe, are ionic crystals; we
also anticipate ionic bonding in ZrSe,. [Prelimi-
nary measurements of the infrared spectrum of a
single crystal of ZrSe, indicate a reststrahlen band
in the same spectral region (120-230 cm') and of
approximately the same strength as that of HfSe,. |

(ii) The bonding in MoS,, MoSe,, WS,, and WSe,
is predominantly covalent.

(iii) TiS,, ZrTe,, and HfTe, are metals due to
an overlap of the chalcogenide s and p states with
the d states of the metal atoms; we anticipate a
similar metallic band scheme in TiSe, and TiTe,.
(Initial measurements on single crystals of TiSe,
and TiTe, indicate that damped-plasmon modes,
with plasma frequencies similar to those of TiS,,
dominate the infrared reflectance. )

(iv) The separation of AB,-type layered crystals
into ionic and metallic and covalent crystals is a
sensitive function of the radius ratio »*/»"; those
crystals for which »*/7" is greater than ~0. 38
tend to be ionic, whereas those crystals for which
~0.38>7*/7">0. 30 are either metallic or covalent.
This last point is substantiated by preliminary
measurements we have made on other materials
which have layered crystal structure similar or
identical to 17 TiS, (this structure is more com-
monly denoted as the CdI, structure).

Table VII contains a summary of these results;
included in the table are the approximate TO- and
LO-phonon frequencies, a reduced ratio of these
frequencies, (v;/v1o)2~1, which is a measure of
the strength of the reststrahlen band, and the radius
ratio »*/»-. The reduced frequency ratios are of
the same order as those for ZrS, (2.9), HfS, (3.7),
and HfSe, (3. 1) and substantially larger than the re-
duced ratio for covalent AB, crystals; for MoS,,
e.g., this ratio is ~0.02. Furthermore, the radius
ratios are all in excess of 0. 38, and the interatom-
ic crystalline distances are well described by
combinations of ionic radii. We therefore conclude
that these materials, as well as the group-IV semi-
conducting dichalcogenides, are ionic in nature.
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TABLE VII. Approximate LO- and TO-phonon fre-
quencies for CdBr,, Cdl,, Pbl,, and SnS,. Also included
is a reduced ratio of the squares of the phonon frequencies
and the cation-anion radius ratio »*/#".

Phonon frequencies (em™)

Material LO TO  Wro/veo)t=1  #¥r
CdBr, 170 95 2.2 0.50
cdl, 135 60 4.1 0.45
Pbl, 110 40 6.6 0.56
Sns, 320 200 16 0.39

The large differences in the chemical bonding in
the transition-metal dichalcogenides preclude the
use of a rigid-band description for this entire class
of materials. The ionic-bonding picture we pro-
pose for the semiconducting group-IV dichalcogen-
ides is completely in accord with a tight-binding
calculation of Murray, Bromley, and Yoffe.?® In
their calculation the valence-band states at I" are
associated with the p states of the chalcogenide
atom and the conduction-band states with s and d
states of the metal atoms. Our proposal of neutral
atom covalent bonding in the group-VI semiconduct-
ing dichalcogenides is also in agreement with a
tight-bonding calculation of Bromley, Murray, and
Yoffe.?® In their calculation for the group-VI di-
chalcogenides, the highest-valence-band state at
I is indeed a d,» state which is associated with
the chalcogenide rather than the metal atoms. As
one moves away from I' this identification becomes
more difficult. The assignment of d,, symmetry
character to the top of the valence band is also
confirmed by the electron-paramagnetic-resonance
measurements of Title and Shafer.3® Such studies,
however, cannot discriminate between d,2' orbitals
that are located on the metal or chalcogenide atoms.

ACKNOWLEDGMENTS

The authors wish to acknowledge Dr. T. Geballe
and Dr. A. Phillips of Stanford University for stim-
ulating the undertaking of the measurements de-
scribed in this paper. They also wish to acknowl-
edge the technical assistance of H. Six of Xerox
Corporation and M, McClure of Stanford University.

*Research at Stanford was supported in part by the
Air Force Office of Scientific Research under Grant No.
AFOSR 68-1510C.

lw. P. Omloo and F. Jellinek, J. Less—Common Metals
20, 121 (1970).

’F. R. Gamble, F. J. DiSalvo, R. A. Klemm, and T.
H. Geballe, Science 168, 568 (1970).

R. zallen, M. L. Slade, and A. T. Ward, Phys. Rev.
B 3, 4257 (1971).

T, J. Wieting and J. L. Verble, Phys. Rev. B 3, 4292
(1971).

5T. J. Wieting and J. L. Verble, Phys. Rev. B 5, 1473
(1972).

M. 1. Nathan, M. W. Shafer, and J. E. Smith, Jr.,
Bull. Am. Phys. Soc. 17, 336 (1972).

'J. E. Smith, Jr., M. I. Nathan, M. W. Shafer, and
Jd. B, Torrance, The Eleventh International Conference
on the Physics of Semiconductors, Warsaw, 1972 (unpub-
lished).

8. Schaefer, Chemical Transport Reactions (Aca~
demic, New York, 1964).,

’A. Gleizes and Y. Jeannin, J. Solid State Chem. 9,



3870

42 (1972); 1, 180 (1970).

10p, K. McTaggart and A. D. Wadsley, Aust. J.
Chem. 11, 445 (1958).

5, A. Wilson and A. D. Yoffe, Advan. Phys. 18, 193
(1969).

125, L. Verble and T. J. Wieting, Phys. Rev. Letters
25, 362 (J970).

13p, J. Lockwood, in Light Scattering in Solids, edited
by G. B. Wright (Springer, New York, 1969), p. 75.

My, W. Verleur, J. Opt. Soc. Am. 58, 1356 (1968).

5%, Zallen, G. Lucovsky, W. Taylor, A. Pinczuk, and
E. Burstein, Phys. Rev. B 1, 4058 (1970).

18R. W. Keyes, J. Appl. Phys. 33, 3371 (1962).

i1g, Burstein, A. Pinczuk, and R. F. Wallis, in Pro-
ceedings of the Confevence of the Physics of Semimetals
and Navvow Gap Semiconductors, edited by D. L. Carter
and R. T. Bate (Pergamon, New York, 1971), p. 251.

18g, Lucovsky, R. M. Martin, and E. Burstein, Phys.
Rev. B 4, 1367 (1971).

13, Burstein, M. H. Brodsky, and G. Lucovsky, Int.
J. Quantum Chem. 18, 759 (1967).

LUCOVSKY, WHITE, BENDA, AND REVELLI 7

%G, Lucovsky, Phys. Rev. B 6, 1480 (1972).

%G, Lucovsky, Phys. Status Solidi 49, 633 (1972),

221, Pauling, The Natuve of the Chemical Bond, 3rd
ed. (Cornell University, Ithaca, N. Y., 1960).

2R, M. White and G. Lucovsky, Solid State Commun.
11, 1369 (1972).

%M. Born and K. Huang, Dynamical Theory of Crystal
Lattices, (Oxford U.P., London, 1968), pp. 154 ff,

%I, F. Chang and S. S. Mitra, Advan. Phys. 20, 359
(1971).

g, Hass, H. B. Rosenstock, and R. E. McGill,
Solid State Commun. 7, 1 (1966).

%'H, Matsuda and T. Miyata, Rept. No. RIFP-79, Re-
search Institute for Fundamental Physics, Kyoto Uni-
versity, 1968 (unpublished).

%R. B. Murray, R. A. Bromley, and A. D. Yoffe, J.
Phys. C 5, 746 (1972).

R. A. Bromley, R. B. Murray, and A. D. Yoffe, J.
Phys. C 5, 759 (1972).

%R, S. Title and M. W. Shafer, Phys. Rev. Letters
28, 808 (1972).

PHYSICAL REVIEW B

VOLUME 7,

NUMBER 8 15 APRIL 1973

Dynamic Effective Charge of a Finite Linear Chain
Stephen L., Cunningham and A. A, Maradudin

= Department of Physics, University of California, Irvine, California 92664
(Received 30 March 1972)

A formalism for calculating the dynamic effective charge induced on the atoms of a homo-
polar crystal by the presence of a surface is presented in the framework of the tight-binding

approximation.

the purposes of illustration and identification of the critical model parameters.

The method is applied to a one-dimensional chain of two-electron atoms for

The wave

function of the chain is constructed from a linear combination of s-like and p~like atomic or-

bitals.

In the infinite chain, symmetry requires the dynamic effective charge of each atom to

vanish. The presence of the free ends in the finite chain, however, induces dynamic effective
charges on the atoms which decay in magnitude with increasing distance from the ends. It is
found that the important model parameters are the energy band gap and the hopping integral

between s and p states centered on adjacent sites.

charge on these two parameters is presented.

I. INTRODUCTION

The total dipole moment Mof a crystal in zero
macroscopic electric field can be formally ex-
panded to first order in the displacements of the
atoms from their equilibrium positions as!

My =23 Myg(lk)us(k) . (1)
14.7:]

In this expression, u,(lk) is the a Cartesian com-
ponent of the displacement from equilibrium of the
kth atom in the Ith primitive unit cell. The coef-
ficient M, 4(lk) is an element of the effective charge
tensor, and is defined as

aM
—
Buglh) |0,8 0 ° @

where the derivative is evaluated for zero displace-

Mun(lk) =

The dependence of the dynamic effective

ments and zero macroscopic electric field.

In infinite crystals having the diamond structure,
the coefficients M,4(/%) vanish identically due to
the following three symmetry conditions: (i) The
periodicity of the lattice requires that the coeffi-
cients M,4(lk) be independent of the cell index I.
(ii) The existence of a center of inversion midway
between the two basis atoms in every unit cell re-
quires that M,4(lk) be the same for the atoms of
type k=1 and type £=2. (iii) The condition that the
total dipole moment be invariant against a rigid-
body translation gives the sum condition

EMag(lk)=0 . (3)
I3
These three conditions can only be satisfied if all

of the coefficients M, (%) vanish.
In finite crystals, however, conditions (i) and



