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RAMAN SCATTERING FROM MIXED-CRYSTAL LAYERED COMPOUNDS 

George A. Freund, J r . ,  Ph.D.

University o f Nebraska, 1979 

Advisor: Roger D. Kirby

Reported here are results o f Raman scattering experiments 

on mixed crystals related to the trans ition  metal dichalcogenide 

TiSe2: TiSe2. xSx , TiSe2_xTex, and V J i^ S e . , .  Pure

TiSe2 is  of in te rest because i t  undergoes a displacive structural 

phase trans ition  to a superlattice. The mechanism fo r th is  phase 

trans ition  is a matter o f some debate. There are two main aspects 

of the results reported here: 1) the mixed crystal la tt ic e  dynam­

ics , and 2 ) the mechanism fo r the superlattice formation in TiSe2 , 

including the e ffec t of doping upon the trans ition .

Two Raman-active phonons, one Â  and one doubly degenerate 

Eg, are predicted by group theory fo r the undistorted TiSe2 struc­

ture. The frequencies o f these phonons were measured in the above

four mixed-crystal systems. In TiSe? Te , these phonons follow—X x
a one-mode behavior and th is  is modelled in a v irtu a l-c rys ta l 

approximation. The agreement between the observed and calculated 

frequencies is excellent. '

On the other hand, in TlSe2-xSx and Zrx ^ l - x Se2’ t ''iere 1S 

a two-mode behavior; that is ,  an additional mode of Â  symmetry 

appears in the 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 th is  behavior. The agreement between the observed and calcu 

lated frequencies is better fo r the A, modes than fo r the E„
i g g

modes in TiSe9 S but fo r Zr T i, vSe9 the model fa ils  to predict
£ * X  X  X  I " X  fa

a two-mode behavior although i t  does correctly predict the A-| 

and Eg mode frequencies. In TiSe2_xSx at x = 0.80, there is an 

abrupt d iscontinu ity in the frequency o f the higher frequency Â  

mode as a function of x, a fte r which the two-mode behavior d is­

appears. This is  interpreted to be a result o f the transformation 

from semimetal to semiconductor, which must occur in th is  system.

Data on the V Ti, Se9 mixed crystals were obtained only at
X  I "* X  L

re la tive ly  low concentrations, so there is in su ffic ie n t evidence 

to determine whether the phonons in th is system follow a one-mode 

or a two-mode behavior.

Several mechanisms have been proposed as the cause of the 

superlattice formation in TiSe^, including electron-hole interac­

tions and the softening o f a zone-boundary phonon. Evidence fo r 

the formation o f a superlattice below the trans ition  temperature 

consists o f additional peaks in the Raman spectra o f the mixed 

crysta ls, s im ila r to those observed in pure TiSe2 below 202 K. In 

the mixed crystals the frequencies of the superlattice peaks were 

measured as a function of x. In TiSe2_xTex and V^Ti^_xSe2 the 

phase-transition temperature decreases rapidly fo r x £ 0 . 10, while 

in TiSe?_ S and Zr T i, Se9 the superlattice persists to higher
£  X  X X  I "  X  Cm

doping levels. The combination of the data presented here, with 

the results of band structure calculations and other experimental
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data on these and related systems, support the view that the super­

la tt ic e  formation is the result o f an electronic in s ta b ility  which 

depends c r i t ic a l ly  on the balance of the concentration o f 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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1

CHAPTER 1 

INTRODUCTION

The trans ition  metals and trans ition  metal compounds

exh ib it a wide variety o f physical properties ranging from
1 2  3 - 4superconductivity , ferromagnetism and anti ferromagnetism , to

a variety of structural and electronic in s ta b ilit ie s  such as,
4 5 - 6metal-to-non-metal transitions , and charge- and spin- density

waves. This range of properties is largely a consequence o f s lig h t

differences in the d-band electronic structure o f these com- 
7- 9pounds. The transition-metal dichalcogenides (MXg* M = tra n s i­

tion metals o f groups IVb, Vb, and VIb; X = S, Se, or Te) and 

th e ir  mixed crystals (or so lid  solutions) are the subject o f par­

t ic u la r  in terest in th is  d issertation. These compounds grow in 

quasi-two-dimensional layered structures, with strong covalent or 

m eta llic  bonds within the layers and much weaker van der Waals
O

bonds between the la ye rs '. As a consequence of the bonding, these 

crystals have a highly anisotropic character, th e ir  properties 

para lle l to the layers being s ig n ifica n tly  d iffe ren t from those 

perpendicular to the layers. In the la s t ten to fifte e n  years the 

transition-m etal dichalcogenides have come under increasing 

scrutiny: f i r s t ,  fo r th e ir  anomalous optical and electronic
g

properties , then, as possible systems in which to observe 

"excitonic superconductivity11̂0 , and most recently because they
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2

exh ib it phase transitions to s truc tu ra lly  distorted states at low 
5

temperatures . The investigation o f such phase transitions is of 

major concern in th is dissertation.

The phase transitions in the transition-metal dichalcogenides 

are displacive, structural d istortions which cause additional optic 

phonons to appear at long wavelengths. Since Raman scattering is a 

sensitive probe fo r studying long wavelength phonons in solids, i t  

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 pa rticu la rly  f ru it fu l fo r Raman scattering 

investigations fo r several reasons:

1) They are very anisotropic and so o ffe r the opportunity

to study the la tt ic e  dynamics of nearly two-dimensional crystals.

While several simple theoretical models have been proposed to
11-15describe the la tt ic e  dynamics of a few of these materials , 

experimental data are needed to determine the usefulness and 

v a lid ity  o f these models and point out modifications that need 

to be made to them.

2) The la tt ic e  dynamics of mixed crystals is  a topic of 

current experimental and theoretical in te rest. In some cases, 

the q = 0 phonons o f these mixed crystals are observed to vary 

monotonically in frequency between the frequencies of the two

pure compounds as the concentration o f impurities is increased.
16This is  commonly referred to as "one mode" behavior . 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 v ic in ity  of

the pure-crystal optic-phonon frequencies. These modes usually

vary in frequency as the concentration o f impurities is changed
1 fiThis e ffec t is commonly referred to as "two-mode" behavior .

A number of approaches to understanding th is  problem have been 

trie d  with lim ited success, but no comprehensive theory yet 

exists1̂ " ^ .  In many cases, mixed crystals o f the layered 

transition-metal dichalcogenides can be grown over a wide 

range of compositions. The Raman spectra of mixed crystal 

layered compounds are fa ir ly  easy to investigate and a number 

of interesting features, including one-mode and two-mode behav­

io rs , are reported in th is dissertation.

3) While the la tt ic e  dynamics of the pure and doped layered 

compounds is of considerable in te rest, the most in trigu ing  

characteristic of these compounds is that some of them undergo 

structural phase transitions related to the formation o f charge 

density waves. A charge-density wave is a s ta tic  spatial 

variation in the conduction electron density, with a wavelength 

typ ica lly  of a few la tt ic e  constants. A variety of experiments 

have verified  the existence of charge-density wave formation in

the Vb dichalcogenides, VSe219,20, NbSe25,21"24, TaS25 ’ 25 and
5 23 24 26 29TaSe2 * * 5 5 . This phenomenon has been reported only in

quasi-one-dimensional and quasi-two-dimensional compounds; i t  

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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4
wave state in such lim ited dimensionality materials is a con­

sequence o f th e ir re la tive ly  simple Fermi surface geometries.
30Furthermore, Chan and Heine have shown that a transition  to 

a charge-density wave state is  necessarily accompanied by a 

structura l d is to rtion  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 th e ir large Raman in tens ities  and strong tempera­

ture dependence near the transition  temperature.

Most o f the research presented here deals with TiSeg, a IVb 

dichalcogenide which has many physical properties sim ilar to those 

of the Vb layered compounds described above, including a phase 

transition  to a distorted state at 202 K. There are, however,

some subtle differences between the behavior o f TiSe2 and that of 

the Vb compounds. While i t  seems lik e ly  that th is  d is to rtion  is 

due to a trans ition  to a charge-density-wave state, th is  has not 

been proved conclusively. Judging from the models proposed there 

is some question whether the d is to rtion  in TiSe2 is the resu lt o f 

an electronic in s ta b ility  or a phonon in s ta b ility .

Raman scattering measurements were made on the pure compounds 

Ti$2 , TiSeg, and TiTe2 and on the mixed crystal systems TiSe2_xSx , 

Ti$e2- xTex » ^r x"*'1* l-x Se2 5 anc* V ^ ' l - x ^  in orc*er t0  obtain informa­

tion which can lead to better understanding of th is  202 K phase 

trans ition  as well as of the mixed-crystal la tt ic e  dynamics. In
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5
particu la r, dependence o f the phase trans ition  on impurity concen­

tra tio n , x, and on ca rrie r concentration was investigated.

Single crystals o f these layered dichalcogenides can be 

grown easily by vapor phase transport methods. The details o f the 

crystal growth and characterization o f the samples used in th is  

study are described in Chapter 2.

The Raman data are presented in Chapter 3 fo r both pure and 

mixed crystal systems. TiSe« Te mixed crystals are found to
u a  A

follow a one-mode behavior. TiSe2_xSx and ZrxTl’ -]_xSe2 mixed crys­

ta ls are found to follow  a two-mode behavior. Below the trans ition  

temperature, the zone-center phonons of the distorted state are 

studied as functions of x in several of the mixed crystal fam ilies, 

but most extensively in the TiSe5 S system.
u " X  X

A discussion o f the Raman data as they relate to the mixed- 

crystal la tt ic e  dynamics is contained in Chapter 4. Several 

approximations through which la tt ic e  dynamical models can be modi­

fied to describe mixed crystal behavior, including the v irtua l
16crystal approximation and the random element isodisplacement 

16approximation , are discussed. The predictions of models adapted 

in these approximations are compared with the experimental resu lts. 

Chapter 5 considers in some detail the proposed mechanisms

for the structural phase trans ition  in TiSeg. These include a
37band pseudo-Jahn-Teller e ffec t , a structural d is to rtion  caused
38by a so ft zone-boundary phonon , specific features o f the band

39 40structure enhancing charge-density-wave formation 5 , and
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charge-density-wave formation as the crystal transforms to an
34 41 42excitomc insulator ’ 5 .

Chapter 6 summarizes the results o f th is  investigation and 

proposes experiments which are of fu rther in te rest. 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, MX£> 

(M = trans ition  metal, X = S, Se, or Te) form in layers which are 

typ ica lly  separated by a gap whose thickness is nearly equal to
O

the layer thickness . (See Figure 2 -la .) The structure o f each 

layer consists o f a hexagonal net o f metal atoms sandwiched between 

hexagonal nets of chalcogenide atoms. The coordination of the 

chalcogenides around the metal atoms may be e ither trigonal p r is ­

matic or octahedral. (See Figure 2 -lb .) The layer compounds may 

form with a variety of stacking orders along the crystal c-axis. 

They are labelled IT -, 2H-, 3R-, 4Ha-, 4Hb-, e tc ., polytypes 

where the numbers s ign ify  the number o f layers per unit ce ll and 

the le tte rs  T, H, and R id e n tify  the symmetry as trigona l, hexag­

onal, or rhombohedral. The lower case le tte rs  a and b denote 

further differences within a larger polytype group. A concise 

discussion o f the structure o f these polytypes can be found in the
O

review a rtic le  of Wilson and Yoffe .

The IT-polytype is the simplest polytype in that there is 

only one layer per unit c e ll.  Figure 2-lb schematically shows the 

octahedral coordination that is appropriate fo r 1T-TiSe2* Crystal- 

lographers re fer to the structure of the IT-polytype as the Cd^
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a)

b)

*
VAN DER WAALS GAP 

 +

OCTAHEDRAL COORDINATION

P

O  CHALCOGEN

X

M

X

-  X 

• M

-  X

6  METAL
©  CHALCOGEN ABOVE PLANE 

O  CHALCOGEN BELOW PLANE 

$  METAL IN PLANE

-SI.0-6 VIEW

TOP VIEW

Figure 2-1 The IT-Polytype Layered Compound

a) Schematic of a layered compound
b) Octahedral coordination within the layer
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9
structure. I t  is related to the more three-dimensional NiAs struc-

O
ture adopted by many trans ition  metal monochalcogenides . For 

comparison, both structures are shown in Figure 2-2. Omitting 

alternate hexagonal nets o f metal atoms o f the NiAs structure 

results in the Cdl2 structure. The NiAs structure thus has four 

atoms per un it c e ll,  whereas the Cdl2 structure has only three 

atoms per un it c e ll.  Figure 2-2 illu s tra te s  in a simple way how 

the gap between layers arises and makes especially clear the reason 

fo r the anisotropy and two-dimensional character o f the IT-dichal- 

cogenides. The bonding between chalcogenides across the gap in 

the layer structures is  a ttributed to van der Waals interactions.

Such interactions involve the attraction o f one dipole to another
3

induced by the f i r s t  . I t  is  a weak bond and accounts fo r the easy

cleavage of the layer compounds perpendicular to the crystal c-

axis. The bonding w ith in the layers, however, is strongly m etallic

or covalent. These in tra layer bonds usually involve hybrid orb ita l
2

configurations, intermediate between sp , typical o f graphite, and
3 2 8sp d , the usual configuration fo r octahedral coordination .

B. Stoichiometry

The materials studied here are mixed crystals derived from 

the IT-polytype o f TiSe2. They include TiSe2_xSx> TiSe2_xTex , 

^r x ^ l - x Se2 anc* Vx^1 -x^e2’ Since the transition  metal ions may

exist in several oxidation states, trans ition  metal compounds are
44quite prone to variations in stoichiometry . In fa c t, fo r many 

of the layer compounds, by slowly f i l l in g  in the van der Waals gap,
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