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Raman-scattering experiments have been carried out on stage-2 silver-intercalated TiS, single crystals.
Below a transition temperature near 300 K, the intercalated silver atoms become ordered in a structure
that produces a V/3a X V/3a X 2¢ superlattice. Besides the Raman-allowed E, and A, modes of TiS,, we
have observed nine additional modes in the Raman spectra of the ordered phases of the intercalated
crystals. These modes are zone folded from the K and A points of the original Brillouin zone. Using the
frequency of these Raman modes and the available infrared and neutron-scattering data, the phonon-
dispersion curves and phonon frequency distribution of TiS, have been calculated within the approxima-

tion of a valence-force-field lattice-dynamics model.

I. INTRODUCTION

Titanium disulfide (TiS,) is an indirect-gap semicon-
ductor and a member of the family of layered transition-
metal dichalcogenides. Its structure consists of TiS, lay-
ers separated by a van der Waals—type interlayer gap.
One interesting characteristic of this semiconductor is its
peculiarity of presenting in-plane semimetallic properties
such as the temperature dependence of the electrical
resistivity, p=p,+aT?, where p varies approximately be-
tween 1.6 and 2.3 depending upon excess Ti content,! and
of the thermoelectric power a, which is proportional to
T. The semimetallic behavior of TiS, is due to the high
density of free carriers which, depending upon sample
stoichiometry, lies in the 10°°~10%' cm ™3 range.! In a re-
cent study, Molenda et al.? concluded that the high elec-
trical conductivity of TiS, is due to the contribution of
extrinsic carriers, provided by excess Ti ions which occu-
py sites within the interlayer gap,® and of thermally excit-
ed electrons independent of sample stoichiometry.?

Several experimental techniques have been employed
to study the lattice dynamics of TiS,. The infrared-active
E, mode has been reported by Vaterlaus and Levy* at
158 cm ™! and by Lucovsky et al.’ at 175 cm™~!. Raman
measurements® yielded the frequencies for the E, and
A, modes at 232 and 336 cm™ !, respectively. Schirli
and Lévy’ performed inelastic neutron-scattering experi-
ments to study the dispersion of acoustic phonons in the
I’ — A direction of the Brillouin zone. They’ did not find
any evidence of the zone-boundary phonon previously
predicted by Kaveh, Cherry, and Weger,® who proposed
an electron-phonon scattering mechanism via a second-
order coupling to an LA interlayer mode to explain the
nearly quadratic temperature dependence of the electrical
resistivity in TiS,. They estimated that the phonon in-
volved in this process should have an energy of about 2
meV at the zone boundary (0,0,7/c). More recently,
Negishi et al.’ studied the effect of intercalation on the
tunneling characteristics of TiS,. Their measurements al-
lowed them to estimate various phonon frequencies and
deduce a set of dispersion curves for vibrational energies
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less than 25 meV.

TiS, can be intercalated with various metals
create systems with a wide variety of physical properties.
The dynamics of the atoms between the host layers is one
of the most interesting features of these systems, and it
has been the subject of several investigations.!3~16.20.21
The intercalation of silver atoms between the TiS, layers
(Ag, TiS,) produces stage-1 and/or stage-2 intercalates'*
within specific ranges of temperature and silver concen-
tration.?’ In Ag,TiS, the silver atoms undergo an order-
disorder phase transition below room temperature that
has been studied experimentally by several techniques
such as electron® and x-ray diffraction?*?* and by Raman
spectroscopy.®!>1¢ In the ordered phase the intercalated
silver atoms occupy sites with octahedral symmetry?? lo-
cated midway between Ti atoms of the adjacent layers,
resulting in the formation of a V3@ XV3a X 2c¢ superlat-
tice.

In the present work a detailed Raman study has been
performed on stage-2 Ag,,;TiS, and Ag, ¢TiS, single
crystals. Additional Raman peaks associated with zone-
boundary phonons are observed in the spectra as a conse-
quence of the zone-folding mechanism that occurs when
the aV'3Xa V'3 X 2c superlattice is formed. By using the
available neutron-scatttering data,’ the frequency of the
infrared mode’® E, and the zone-folded Raman frequen-
cies measured in this work, the phonon dispersion curves
and density of states of TiS, have been calculated within
the approximation of a valence-force-field (VFF) lattice-
dynamics model.

10—19 to

II. EXPERIMENTAL DETAILS

The Raman-scattering experiments were carried out on
different samples that were prepared following the pro-
cedure described by Gerards et al.??> Briefly, appropriaté
proportions of TiS, and Ag powders were heated in eva-
cuated quartz ampoules at a temperature of 1000 K for
periods of three to four days. The crystals obtained were
powdered and reheated for three days at 1000 K and then
allowed to cool to room temperature.
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X-ray diffraction patterns of the samples were obtained
using a Phillips vertical circle diffractometer and showed
only (001) peaks, and in particular, the (003) line charac-
teristic of stage-2 Ag, TiS,.!* The ¢ spacing determined
from the x-ray measurements was 12.153+0.005 A for
samples with x =0.33 and 12.135%0.005 A for samples
with x =0.16. These values are consistent with those
determined by Scholz and Frindt'* in samples with simi-
lar silver concentrations.

The Raman spectra were obtained by exciting the sam-
ples with the 488.0- or 514.5-nm lines of an argon-ion
laser beam focused on the sample surface with the aid of
a cylindrical lens. The scattered light was then collected
in a near-backscattering configuration and concentrated
at the entrance slit of a computer-controlled triple spec-
trometer. The signals were analyzed with an ITT Mep-
sicron imaging detector, and the data were stored and
processed in an IBM PC microcomputer. The spectra
were obtained at various temperatures in the region from
15 to 296 K by mounting the samples on the cold finger
of a Displex refrigerator with the a-b planes of the sam-
ples parallel to the sampler holder surface. We have la-
beled the laboratory coordinate axes as Y and X indicat-
ing vertical and horizontal axes, respectively.

In this paper we report the presence of several features
in the low-temperature spectra that were not observed in
previous experiments.!>!® Two factors have led to the
observation of additional features in the spectra obtained
from the intercalated crystals at temperatures below 280
K. First, our present Raman system provides a sensitivi-
ty and signal-to-noise ratio that are significantly
enhanced with respect to those used in earlier experi-
ments.®!>16  Second, the single crystals used in the
present work have much higher-quality surfaces than
those of the electrochemically intercalated crystals uti-
lized in previous Raman studies.

III. RESULTS

A. Raman scattering of stage-2 silver-intercalated TiS,

Raman spectroscopy has been employed in the past to
study the lattice dynamics and the order-disorder phase
transition in silver-intercalated TiS,. Besides the E, and
A, Raman active zone-center modes predicted by group
theory for TiS,, four extra peaks were reported in the
previous Raman-scattering studies.*!>!® The additional
modes had frequencies of 128 (4,), 272 (4,), and 306
cm~! (A4;) in spectra obtained at 100 K (Ref. 15) and
also 207 cm ™! in experiments® carried out at 4.2 K. The
appearance of these peaks was explained in terms of a
reciprocal-space zone-folding mechanism'® that occurred
as a consequence of the ordering of the silver atoms in a
"aV3XaV'3X2c superlattice. Indeed, the original Bril-
louin zone and that of the aV'3XaV'3X2c superlattice
are related in such a way that the new zone center coin-
cides!® with the points K and 4 of the hexagonal Bril-
louin zone of the unintercalated crystal. Therefore,
zone-boundary phonons with wave vectors q=1(a*+b*)
(K point) and q=c* /2 (A4 point) of the original zone may
become observable through light-scattering experiments
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in the sense that wave-vector conservation requirements
are satisfied.

It has been observed experimentally that the inclusion
of atoms or molecules between the planes of layered com-
pounds does not significantly influence the vibrational
frequencies of the atoms within the host layers.®!%242
Moreover, in a previous study on molecular single layers
of MoS,,?¢ it was determined that the intralayer Raman
modes were, to a first approximation, unaffected by the
absence of the neighboring layers. This property of the
vibrational modes in the transition-metal dichalcogenides
can be explained by considering the differences between
the weak van der Waals—type interlayer binding energy
and the strong covalent-type intralayer bonds, which con-
stitute the relevant force for the vibrational properties of
the host. The effect of including foreign atoms within the
interlayer gap upon the strength of the intralayer bonds is
very small and, therefore, can be neglected to a good ap-
proximation. Moreover, it was also found?® that the fre-
quency of modes with certain symmetry did not vary
significantly when the Mo atoms change coordination
from trigonal prismatic to octahedral. In this case, the
effect of changing the crystal symmetry affects the selec-
tion rules and optical activity of the vibrations with al-
most no variation of their vibrational frequencies.

Figure 1 shows the Raman spectra of stage-2
Ag, 3;TiS, single crystals obtained at 296, 240, and 15 K.
An identical number of peaks were observed at the same
positions in the spectra of ordered samples with x =0.16.
The frequencies of the various lines are summarized in
Table I. As the temperature is lowered, all the peaks be-
come sharper and the broad feature appearing at ~205
cm ™! [Fig. 1(a)] is resolved into the D;-D, doublet in the
spectrum taken at 15 K [Fig. 1(c)]. It is interesting to
note that the superlattice related peaks are already ob-
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FIG. 1. Raman spectra of stage-2 Ag 3;TiS, obtained at (a)
296 K, (b) 240 K, and (c) 15 K.
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TABLE I. Frequencies (cm '), polarization, and assigned origin within the hexagonal TiS, Brillouin
zone of the Raman-active modes observed in the spectra shown in Fig. 1.

Peak Frequency (+1 cm™!) Polarization Origin
Temperature (K) Experiment Theory
296 240 15
D, 33 36 35 (YY)+(YX) (YY)+(YX) A
D, 74 75 76 (YY) (YY) A
A, 118 120 120 (YY) (YY) K
D, 191 (YY)+(YX) (YY)+(YX) A
D, 205 203 205 (YY)+(YX) (YY)+(YX) A
E, 232 234 243 (YY)+(YX) (YY)+(YX) r
A, 273 273 273 (YY) (YY)+(YX) K
A; 308 308 310 (YY) (YY) A
Ay, 343 345 347 (YY) (YY) r
G, 380 (YX) K
G, 415 (YY)+(YX) K

servable, although not well defined, in the spectrum ob-
tained at 296 K, which indicates that the onset of the
phase transition must be slightly above 296 K, in agree-
ment with the transition temperature previously reported
(T,=300 K)*? for x=0.33. The temperature depen-
dence of the peaks in the spectra from both Ag, ;;TiS,
and Ag, ,sTiS, was similar to that observed!*'® previous-
ly.

For comparison purposes, Raman spectra of uninter-
calated TiS, are shown in Fig. 2. At room temperature
the frequency of the E, and 4, modes are 234 and 335
cm ™!, respectively, and at 15 K these frequencies shift to
244 and 339 cm ™!, In the TiS, spectra a broad shoulder
appears on the high-energy side of the 4, peak, which is
also observable in the spectra of the intercalated samples
(Fig. 1). The temperature dependence of this broad
feature indicates that it originates from overtone and/or
summation processes. As the temperature of the inter-
calated sample is lowered below ~ 150 K, two peaks, G,
and G, in Fig. 1(c), rise above this second-order back-
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FIG. 2. Raman spectra of pure TiS, single crystals at room
temperature and 15 K.

ground. The intensities of G, and G, have a temperature
dependence  proportional to (n;+1), where
n; = [exp(fiw; /kT)—1]"! is the Bose- Emstem occupa-
tlon factor, whlch indicates that G, and G, are first-order
phonons and, therefore, are also the result of the zone-
folding mechanism.

B. Lattice-dynamics calculations

A valence-force-field (VFF) lattice-dynamics model has
been used to calculate the phonon-dispersion curves and
phonon frequency distribution of TiS,. In this material,
the Ti atoms are octahedrally coordinated to the S atoms
forming a structure whose symmetry is described by the
space group D3, with the lattice constants a =3.404 A
and ¢=5.690 A.2" For our calculations, we have as-
sumed an ideal geometry in which the c-axis component
of the intralayer S-S distance is the same as the a spacing.
The calculation has been performed by using a potential
energy of the form U =U,; + U,, where U, represents the
intralayer potential energy given in terms of the force
constants K, ,K,, ,KG,K¢,K,,, and K,‘i, by

U, =1[K,(Ar?+K,, (Ar,, ?+K o(roA)?
+K4(roAd)+K  (roAp)*+K 2. (ArAr')?*], (1)

where 7, is the equilibrium Ti—S bond length, r,, is the
Ti-Ti distance, and r,7’,60, ¢, are defined in a similar way
as in Ref. 28 and are illustrated in Fig. 3 for the case of
TiS,. U, accounts for the interlayer interaction® and is
given by

U2=%[KRl(AR1)2+KR2(AR2)2] , (2)

where R; and R, are the first and second nearest-
neighbor distances between S atoms on opposite sides of
the gap.

The calculation was performed by using the interatom-
ic potential energy U within the Born-von Karman ap-
proximation to calculate the eigenvectors.and eigenfre-
quencies of the dynamical matrix. Table II lists the force
constants obtained by fitting the calculated frequencies to
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FIG. 3. Schematic diagram of octahedrally coordinated TiS,.
The bond angles and bond lengths employed in the lattice-
dynamics calculation are indicated.

the available experimental data which include neutron
scattering,’” the room-temperature infrared® and Raman®
frequencies of pure TiS,, and the frequencies of the 296 K
modes A4,, A,, A;, D, D,, and D, along with those of
G,, G,, and D; measured at 15 K (Table I). It can be no-
ticed from Table I that, with the exception of the mode
E,, the frequencies of the observed Raman modes do not
change significantly with temperature in the range inves-
tigated.

Figure 4 shows the calculated phonon-dispersion
curves along the high-symmetry directions of the TiS,
hexagonal Brillouin zone. The experimental data are also
shown in Fig. 4 where the Raman frequencies have been
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TABLE II. Force constants used in the lattice-dynamics cal-
culation of TiS, in units of 10* dyn/cm.

Intralayer Interlayer
K, 5.7577 KR] 0.1412
K, 3.2545 KR2 0.1840
Ky 1.2886
K, 1.9741
Ky —1.5765
K2 —0.4935

Raman frequencies at I' was done by considering the
symmetry of the dynamical matrix eigenvectors, while
the assignment of the zone-folded modes to either the 4
or K points was done by considering the calculated fre-
quencies at these points and by comparing the polariza-
tion properties of each peak, i.e., Z(YY)Z or Z(YX)Z,
with the expected polarizations derived from the Raman
tensor polarization selection rules, which are determined
by the space-group symmetry and the symmetry of the
superstructure. Knowing!* the occupied sites of the
silver atoms above and below T, it can be found that the
ordering of these atoms in the stage-2 phase is equivalent
to a static distortion described by a totally symmetric
“frozen-in” phonon. In accordance with the periodicity
of the superlattice, this frozen-in phonon “propagates”
with wave vectors q,=c*/2 and q,=1(a*+b*) where
a*, b*, and c* refer to the unintercalated crystal. A
zone-folded Raman mode can be described by a second-

indicated by solid squares. The fitting of the infrared and  order process®**®! involving the frozen-in phonon
A r M K r
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FIG. 4. Calculated phonon-dispersion curves of TiS, along the high-symmetry directions of the hexagonal Brillouin zone. The ex-
perimental data employed to adjust the force constants in the VFF model are shown for comparison purposes. Solid squares, Raman
data; open squares, infrared E, mode; solid triangles, neutron-scattering data. T),T, and A,,A; label the irreducible representations
of phonons along the I'-K and I'- 4 directions, respectively.
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Qy(w=0, —qy), responsible for the static distortion, and
the dynamic phonon Q. (w,q,), where w is the Raman
frequency and qy,=q; or q,. As a two-phonon process,
the polarization selection rules can be worked out from
the direct product of the irreducible representations of
the two participating phonons,?

Lo, -a,XTa,q - 3)

The selection rules of all the zone-folded modes deter-
mined from (3) are given in the sixth column of Table I.
It should be noted that according to the above analysis,
the two modes at 211 cm ™! and 250 cm ™! at the K point
(Fig. 4) should not be Raman active, in agreement with
our observations. In fact, with the exception of the
A,,(A) mode (Fig. 4) we have observed all the Raman
modes at T', 4, and K that are predicted by our calcula-
tions. From Table I it is observed that there is also good
agreement between the predicted polarizations and the
experiment. The only disagreement between our observa-
tion and the predictions obtained from (3) concerns the
A, peak (Table I), which was not observed in the (YX)
polarization geometry. This, however, could be due to
small values of the corresponding Raman tensor ele-
ments, in which case the signal would be too weak to be
detected.

Figure 5 shows the phonon density of states of TiS, ob-
tained by counting the number of modes in a given fre-
quency interval (1 cm™!) of a fine grid formed by 228 900
points regularly distributed over 5 of the Brillouin zone.
This procedure yielded a reasonably accurate picture of
the phonon frequency distribution, and interpolation
methods>® were not applied.

Negishi et al.,’ using information gained from tunnel-
ing experiments, studied the phonon spectrum of TiS, for
phonon energies lower than ~200 cm ™~ !. The calculated
phonon frequency distribution (Fig. 5) shows four peaks
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FIG. 5. Calculated phonon density of states of TiS, accord-
ing to the VFF model.
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for the same energy range at frequencies that agree well
with the energy of the phonons at 8.2, 15.4, 24.4, and
24.7 meV reported by Negishi ez al. On the other hand,
the assignment of modes to the different Brillouin zone
points in Negishi’s paper differs from our results in that
only about half of their reported values can be well ac-
counted for at M and K in Fig. 4. This discrepancy is
particularly noticeable for the low-energy modes, while
the agreement with the higher-energy modes is more sa-
tisfactory. However, it is questionable whether or not
this comparison is meaningful since Negishi et al.’ as-
signed phonons to M, K, or 4 under the assumption that
the dispersion curves of TiS, were similar to those of
Pbl,, which is an ionic compound. In Pbl, dipolar in-
teractions play a major role in determining its vibrational
properties,> in contrast to TiS, where screening of long-
range Coulomb interactions by the free carriers must be
taken into consideration as is discussed in the next sec-
tion.

IV. DISCUSSION

We have employed a valence-force-field model to cal-
culate the phonon dispersion curves of TiS,. This model
is appropriate for modeling the lattice dynamics of crys-
tals in which the interatomic forces arise from contribu-
tions of a few near neighbors and where long-range
Coulomb-type interactions are not important. On the
other hand, from infrared spectroscopy studies*’ it has
been deduced that the effective charge e in TiS, is rather
large and equal to 6e (5.9¢ in Ref. 5). Similar values of
e have also been determined for other group-IV disul-
phides such as ZrS, and HfS, whose effective charges are
4.4e and 3.9e, respectively. A consequence of such a
large effective charge on the vibrational optical modes, in
which the metal and chalcogenide atoms oscillate out of
phase, is that they are no longer degenerate for longitudi-
nal and transverse long-wavelength vibrations. This LO-
TO splitting is manifested in the infrared spectra of ionic
compounds in the form of Reststrahlen bands,*® as ob-
served in the infrared reflectance of ZrS, and HfS,.3¢ In
accordance with the large ey deduced for TiS, a large
LO-TO splitting has been estimated for the E, mode.**
However, such a splitting has not been directly observed
in the case of TiS,. In this regard, there is experimental
evidence in materials such as SnTe’’ and some
transition-metal carbides*®> that a high density of free
carriers an screen out the long-range Coulomb interac-
tions that lead to the LO-TO splitting of the optic modes
at q=0. In these materials deviations from
stoichiometry produce a high density of free carriers
which, for instance, in SnTe is of the order of 5X10%
holes/cm®. In TiS, the density of free electrons is compa-
rable! and for typical stoichoimetries (Ti; (;S,) is of the
order of 5X10%° cm™3. This large density of free elec-
trons in TiS, effectively screens the long-range interaction
originating from the ionic part of the Ti—S bonds and
suppresses any LO-TO splitting for long-wavelength os-
cillations. Moreover, Cowley, Darby, and Pawley>’ used
both a shell model modified to include screening effects,
and a nonionic model to analyze their neutron-scattering
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data of SnTe. They found that both of these models pro-
vided a good fit to the experimental data, a result that
highlights the importance of screening in the lattice dy-
namics of compounds with carrier concentration similar
to that of TiS,. In the case of ZrS, and HfS, the densities
of free carriers are of the order of 10'® and < 10!/, respec-
tively,?” and screening effects are therefore not expected
to play a dominant role.

Moreover, the ionic-versus-covalent nature in layered
compounds has been analyzed by considering the rela-
tionship between structural parameters and ionic radii of
the metal (M) and chalcogen (X) atoms. As indicated by
Lucovsky et al.’” the M-X and X-X distances of the
group-IV dichalcogenides ZrS,, HfS,, and HfSe, are con-
sistent with an ionic description in the sense that those
distances are very close to the sum of the ionic radii
r(M*")+r(X?7) and 2r(X?7), respectively. However,
the same approach is not as satisfactory when its applied
to TiS, and group-VI covalent crystals MoS,, MoSe,,
WS, and WSe,.3® It has been pointed out*®*’ that the ra-
tio of the ionic radii r, /r_ of sixfold-coordinated 4B,
compound falls between the boundaries 0.67 and 0.33 and
that the above-mentioned MoS,-type compounds have an
r, /r_ ratio in the 0.38-0.30 range, while for the more
ionic, octahedrally coordinated compounds this ratio is
larger. For example, the group-1V dichalcogenides Z1S,
and HfS, have a r(M*")/r(X?7) ratio equal to 0.43 and
0.42, respectively, whereas for TiS, this ratio equals 0.37,
a value that lies within the range of the more covalent-
type compounds.

From the above-mentioned considerations, we have as-
sumed that screening of the ionic fraction of the Ti—S
bonds by the large free-carrier density of TiS, plays a ma-
jor role in the vibrational properties of this material and
that its lattice dynamics can be described satisfactorily by
a VFF model, which has been successfully used in the
past to calculate the phonon-dispersion curves of other
transition-metal dichalcogenides such as MoS,,2%?
TaSe,,*! NbSe,,*""*? and WS,.**

Finally, to the best of the authors’ knowledge, there is
no experimental report on the frequency of the infrared
active A4,, mode, in which the Ti and S atoms oscillate
along the direction perpendicular to the layer. It has not
been possible to measure this mode directly because the
crystals grown so far are not thick enough to enable reli-
able c-axis reflectivity measurements. For the purposes
of comparison, however, an estimate of this frequency
can be obtained from mass scaling the 4,, mode of 2H-
MoS,, since the period of oscillation of a vibration with
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certain symmetry does not vary significantly when the
coordination is changed from trigonal prismatic to octa-
hedral.?® By doing so, one obtains a frequency of 560
cm~! for the 4,, mode of TiS, which compares well
with 587 cm ™! obtained in our calculation, Fig. 4.

V. CONCLUSIONS

Raman-scattering experiments have been performed in
stage-2 Ag, 13 TiS, and Ag, ,¢TiS, crystals which undergo
an order-disorder phase transition that results in the for-
mation of a V'3a XV'3a X2c superlattice. Due to im-
proved experimental conditions and sample surface quali-
ty, five new Raman modes were observed in addition to
the E; and 4,, modes of pure TiS, and the 4,, 4,, 43,
and D, modes reported in previous experiments®!> 1 on
electrochemically silver-intercalated TiS, samples. The
additional features in the spectra can be explained in
terms of the zone-folding mechanism that occurs after
the superlattice is formed. According to the superperiod-
icity, the new Raman peaks correspond to phonons at the
K and A points of the TiS, Brillouin zone. The 11 ob-
served Raman frequencies, in addition to infrared® and
neutron-scattering data,’ were utilized to determine the
parameters of a valence-force-field lattice-dynamics mod-
el, which was used to calculate the phonon-dispersion
curves and phonon density of states of TiS,. The applica-
tion of this model has assumed that the ionic part of the
Ti—S bonds is effectively screened by the large density of
free carriers in TiS,. This assumption appears warranted
by the results obtained in other materials with compara-
ble free carrier density and bond ionicity, and by the
good agreement obtained between the model predictions
and the available experimental data in TiS,. It is believed
that the model developed in this work should also be use-
ful in describing the lattice dynamics of other octahedral-
ly coordinated layer structures with carrier concentra-
tions in excess of 10%° cm™3 such as HfT e,, ZrTe,,
NbTe,, and TaTe,.
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