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RAMAN SCATTERING FROM MIXED-CRYSTAL LAYERED COMPOUNDS
George A. Freund, Jr., Ph.D.
University of Nebraska, 1979

Advisor: Roger D. Kirby

Reported here are results of Raman scattering experiments
on mixed crystals related to the transition metal dichalcogenide
TiSe,: TiSez_XSx, TiSe,_,Te ., Ir Ti;_, Se,, and VT, ,Se,. Pure
TiSe2 is of interest because it undergoes a displacive structural
phase transition to a superlattice. The mechanism for this phase
transition is a matter of some debate. There are two main aspects
of the results reported nere: 1) the mixed crystal lattice dynam-
ics, and 2) the mechanism for the superlattice formation in TiSe,,
including the effect of doping upon the transition.

Two Raman-active phonons, one A]g and one doubly degenerate
Eg, are predicted by group theory for the undistorted TiSe2 Struc-
ture. The frequencies of these phonons were measured in the above
four mixed-crystal systems. In TiSez_XTeX, these phonons follow
a one-mode behavior and this is modelled in a virtual-crystal
approximation. The agreement between the observed and calculated
frequencies is excellent. -

On the other hand, in TiSe,_,S, and Zr Ti,  Se,, tiere is

1-X
a two-mode behavior; that is, an additional mode of A]g symmetry
appears in tne Raman spectrum. A lattice-dynamical model in-

volving short-range forces has been reformulated in the
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random-element isodisplacement approximation in an attempt to

model this behavior. The agreement between the observed and calcu-

g

modes in TiSe, .S but for Zr Ti,  Se, the model fails to predict

a two-mode behavior although it does correctly predict the A]g

lated frequencies is better for the A]g modes than for the E

and Eg mode frequencies. In TiSez_xSx at x = 0.80, there is an
abrupt discontinuitylin the frequency of the higher frequency A]g
mode as a function of x, after which the two-mode behavior dis-
apﬁears. This is interpreted to be a result of the transformation
from semimetal to semiconductor, which must occur in this system.

Data on the VXTi.i_xSe2 mixed crystals were obtained only at
relatively Tow concentrations, so there is insufficient evidence
to determine whether the phonons in this system follow a one-mode
or a two-mode behavior.

Several mechanisms have been proposed as the cause of the
superlattice formation in TiSez, including electron-hole interac-
tions and the softening of a zone-boundary phonon. Evidence for
the formation of a superlattice below the transition temperature
consists of additional peaks in the Raman spectra of the mixed
crystals, similar to those observed in pure TiSe2 below 202 K. In
the mixed crystals the frequencies of the superiattice peaks were
measured as a function of x. In TiSe, .Te and V,Ti,_,Se, the
phase-transition temperature decreases rapidly for x < 0.10, while
in TiSe, .S, and Zr Ti,  Se, the superlattice persists to higher
doping levels. The combination of the data presented here, with

the results of band structure calculations and other experimental

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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data on these and related systems, support the view that the super-
lattice formation is the result of an electronic instability which
depends critically on the balance of the concentration of elec-
trons in the conduction band and holes in the valence band. How-

ever, the soft-phonon mechanism cannot be completely ruled out.
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CHAPTER 1

INTRODUCTION

The transition metals and transition metal compounds
exhibit a wide variety of physical properties ranging from

1,2 3

superconductivity *%, ferromagnetism™ and antiferromagnetism4, to

a variety of structural and electronic instabilities such as,

6 density

metal-to-non-metal transitions4, and charge-5 and spin-
waves. This range of properties is largely a consequence of slight
differences in the d-band electronic structure of these com-

pounds.7'9

The transition-metal dichalcogenides (MXZ’ M = transi-
tion metals of groups IVb, Vb, and VIb; X = S, Se, or Te) and
their mixed crystals (or solid solutions) are the subject of par-
ticular interest in this dissertation. These compounds grow in
quasi-two-dimensional layered structures, with strong covalent or
metallic bonds within the layers and much weaker van der Waals
bonds between the 1ayer58. As a consequence of the bonding, these
crystals have a highly anisotropic character, their properties
parallel to the layers being significantly different from those
perpendicular to the layers. In the last ten to fifteen years the
transition-metal dichalcogenides have come under increasing
scrutiny: first, for their anomalous optical and electronic

8

properties~, then, as possible systems in which to observe

"excitonic superconductivity"]o, and most recently because they
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exhibit phase transitions to structurally distorted states at low
temperaturess. The investigation of such phase transitions is of
major concern in this dissertation.

The phase transitions in the transition-metal dichalcogenides
are displacive, structural distortions which cause additional optic
phonons to appear at long wavelengths. Since Raman scattering is a
sensitive probe for studying Tong wavelength phonons in solids, it
is an ideal technique through which to study the distorted state
and its onset. This dissertation reports the Raman scattering
measurements on a number of pure and doped layered dichalcogenides.
These compounds are particularly fruitful for Raman scattering
investigations for several reasons:

1) They are very anisotropic and so offer the opportunity

to study the lattice dynamics of nearly two-dimensional crystals.

Wwhile several simple theoretical models have been proposed to

describe the lattice dynamics of a few of these materia1s]]"15,
experimental data are needed to determine the usefulness and
validity of these models and point out modifications that need
to be made to them.

2) The lattice dynamics of mixed crystals is a topic of
current experimental and theoretical interest. In some cases,
the g = 0 phonons of these mixed crystals are observed to vary
monatonically in frequency between the frequencies of the two
pure compounds as the concentration of impurities is increased.
Tnis is commonly referred to as "one mode" behavior16. In

other cases, an additional long-wavelength mode may appear so
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that two modes in the defect system appear in the vicinity of
the pure-crystal optic-phonon frequencies. These modes usually
vary in frequency as the concentration of impurities is changed.
This effect is commonly referred to as "two-mode" behaviorls.

A number of approaches to understanding this problem have been
tried with Timited success, but no comprehensive theory yet

exists]6'18.

In many cases, mixed crystals of the 1ayered
transition-metal dichalcogenides can be grown over a wide

range of compositions. The Raman spectra of mixed crystal
layered compounds are fairly easy to investigate and a number
of interesting features, including one-mode and two-mode behav-
iors, are reported in this dissertation.

3) Uhile the lattice dynamics of the pure and doped layered
compounds is of considerable interest, the mest intriguing
characteristic of these compounds is that some of them undergo
structural phase transitions related to the formation of charge-
density waves. A charge-density wave is a static spatial
variation in the conduction electron density, with a wavelength
typically of a few lattice constants. A variety of experiments
have verified the existence of charge-density wave formation in

19,20 5,21-24 5,25 an

the Vb dichalcogenides, VSe2 d

5,23,24,26,29

. NbSe2 , 1as

2
TaSe2 This phenomenon has been reported only in
quasi-one-dimensional and quasi-two-dimensional compounds; it
has not yet been observed in materials with a strongly three
dimensional character. The presently available experimental

evidence indicates that the transition to the charge-density
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wave state in such limited dimensionality materials is a con-
sequence of their relatively simpTe Fermi surface geometries.
Furthermore, Chan and Heine30 have shown that a transition to
a charge-density wave state is necessarily accompanied by a
structural distortion of the same wavelength as the charge
density wave. Extremely complex Raman spectra are observed in
the distorted state. In general, several of these new q = 0
phonons are strongly coupled to the charge-density wave, as is
indicated by their large Raman intensities and strong tempera-
ture dependence near the transition temperature.
Most of the research presented here deals with TiSez, a IVvb
dichalcogenide which has many physical properties similar to those
of the Vb layered compounds described above, including a phase

transition to a distorted state at 202 k. 31-36

There are, however,
some subtle differences between the behavior of TiSe2 and that of
the Vb compounds. While it seems likely that this distortion is
due to a transition to a charge-density-wave state, this has not
been proved conclusively. Judging from the models proposed there
is some question whether the distortion in TiSe2 is the result of
an electronic instability or a phonon instability.

Raman scattering measurements were made on the pure compounds
Tisz, TiSeZ, and TiTe2 and on the mixed crystal systems TiSez_xSx,

TiSe,__Te_, erTi

2.y 1€y Se,, and V,Ti,_ Se, in order to obtain informa-

T=-x
tion which can lead to better understanding of this 202 K phase

transition as well as of the mixed-crystal lattice dynamics. In
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particular, dependence of the phase transition on impurity concen-
tration, x, and on carrier concentration was investigated.

Single crystals of these 1ayered dichalcogenides can be
grown easily by vapor phase transport methods. The details of the
crystal growth and characterization of the samples used in this
study are described in Chapter 2.

The Raman data are presented in Chapter 3 for both pure and
mixed crystal systems. TiSez_xTeX mixed crystals are found to

follow a one-mode behavior. TiSez_XSx and Zr Ti,_ Se, mixed crys-

1-x
tals are found to follow a two-mode behavior. Below the transition
temperature, the zone-center phonons of the distorted state are
studied as functions of x in several of the mixed crystal families,
but most extensively in the TiSe, S, system.

A discussion of the Raman data as they relate to the mixed-
crystal lattice dynamics is contained in Chapter 4. Several
approximations through which lattice dynamical models can be modi-
fied to describe mixed crystal behavior, including the virtual
crystal appr*oximation]6 and the random element isodisplacement
approximation]s, are discussed. The predictions of models adapted
in these approximations are compared with the experimental results.

Chapter 5 considers in some detail the proposed mechanisms
for the structural phase transition in TiSeZ. These include a
band pseudo-Jahn-Teller effect37, a structural distortion caused

38, specific features of the band

39,40

by a soft zone-boundary phonon

structure enhancing charge-density-wave formation , and
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charge-density-wave formation as the crystal transforms to an
excitonic insulator34’41’42.

Chapter 6 summarizes the resu]ts of this investigation and
proposes experiments which are of further interest. The appendices

describe supplementary and related topics.
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CHAPTER 2

TITANIUM DICHALCOGENIDE SAMPLES

A. Crystallography

The IVb, Vb, and VIb transition metal dichalcogenides, MX2,
(M = transition metal, X = S, Se, or Te) form in layers which are
typically separated by a gap whose thickness is nearly equal to
the layer thicknesss. (See Figure 2-la.) The structure of each
layer consists of a hexagonal net of metal atoms sandwiched between
hexagonal nets of chalcogenide atoms. The coordination of the
chalcogenides around the metal atoms may be either trigonal pris-
matic or octahedral. (See Figure 2-1b.) The layer compounds may
form with a variety of stacking orders along the crystal c-axis.
They are labelled 1T-, 2H-, 3R-, 4Ha-, 4Hb-, etc., poTytypes43
where the numbers signify the number of layers per unit cell and
the letters T, H, and R identify the symmetry as trigonal, hexag-
onal, or rhombohedral. The lower case letters a and b denote
further differences within a larger polytype group. A concise
discussion of the structure of these polytypes can be found in the
review article of Wilson and Yoffe8.

The 1T-polytype is the simplest polytype in that there is
only one layer per unit cell. Figure 2-1b schematically shows the

octahedral coordination that is appropriate for 1T-TiSe2. Crystal-

lographers refer to the structure of the 1T-polytype as the CdI2
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O CHALCOGEN
® CHALCOGEN ABOVE PLANE

® METAL
QO CHALCOGEN BELOW PLANE
© METAL IN PLANE

SIDE VIEW

TOP VIEW

Figure 2-1  The 1T-Polytype Layered Compound

a) Schematic of a layered compound
b) Octahedral coordination within the layer
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structure. It is re]ated to the more three-dimensional NiAs struc-
ture adopted by many transition metal monocha]cogenides8. For
comparison, both structures are snown in Figure 2-2. Omitting
alternate hexagonal nets of metal atoms of the NiAs structure
results in the CdI2 structure. The NiAs structure thus has four
atoms per unit cell, whereas the CdI2 structure has only three
atoms per unit cell. Figure 2-2 i]]ustrates in a simple way how
the gap between layers arises and makes especially clear the reason
for the anisotropy and two-dimensional character of the 1T-dichal-
cogenides. The bonding between chalcogenides across the gap in

the layer structures is attributed to van der Waals interactions.
Such interactions involve the attraction of one dipole to another
induced by the first3. It is a weak bond and accounts for the easy
cleavage of the layer compounds perpendicular to the crystal c-
axis. The bonding within the layers, however, is strongly metallic
or covalent. These intralayer bonds usually involve hybrid orbital

2

configurations, intermediate between sp~, typical of graphite, and

sp3d2, the usual configuration for octahedral coordinationg.

B. Stoichiometry

The materials studied here are mixed crystals derived from
the 1T-polytype of TiSe,. They include TiSez_xSx, TiSez_xTex,
erTi

Se2 and VxTi Sez. Since the transition metal ions may

1-x 1-x

exist in several oxidation states, transition metal compounds are
quite prone to variations in stoichiometry44. In fact, for many

of the layer compounds, by slowly filling in the van der Waals gap,
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