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The first-order Raman spectra of the mixed-crystal layered compound Hf,Ti,_,Se, have been
studied over the whole range of concentrations 0 <x < 1. Both pure compounds, TiSe, and HfSe,,
have the CdI, structure and so have two Raman-active phonons of 4,, and E, symmetries. Both of
these phonons show a “two-mode” behavior in the mixed crystals. The 4, phonon is at about 205

cm™!

appears near 180 cm™!

in both pure compounds. As x is decreased from 1.0, a new Raman peak, of 4, symmetry,
. As x is decreased further, this peak shifts smoothly upwards in frequency,

until it finally merges (by x =0.05) with the pure TiSe, 4,, phonon. A modified random-element
isodisplacement model involving only short-range forces is developed to describe the observed con-
centration dependences of the frequencies of these phonons. The calculated concentration depen-
dences are in good quantitative agreement with the experimental results.

I. INTRODUCTION

The group-IVB and group-VB transition-metal dichal-
cogenides (sulfides, selenides, and tellurides) have the
chemical formula MX,, where M is a transition-metal
atom and X is a chalcogenide atom. The bonding be-
tween atoms within a layer is quite strong (mainly co-
valent), while the bonding between layers is mainly van
der Waals, and hence quite weak.!”® Because of this, the
compounds form in layered structures and are very aniso-
tropic, i.e., the physical properties parallel to the layers
are significantly different from those perpendicular to the
layers.

To date, most investigations of the layered compounds
have focussed on their electronic properties. Many of
these compounds undergo phase transitions to structural-
ly distorted states at low temperatures. In most cases,
these phase transitions are widely accepted to be due to
the formation of charge-density-wave states.* % Thus,
many of the studies have dealt with the phase transitions
and the mechanisms responsible for them.’”!” This pa-
per, however, is mainly concerned with the Ilattice-
dynamical properties of the layered compounds. In par-
ticular, the results of a Raman investigation of the
mixed-crystal system Hf, Ti;_,Se,, 0=x =1, are report-
ed.

The study of mixed-crystal lattice dynamics has a long
and varied history. Mixed crystals of the alkali halides,
the III-V compounds, the alkaline-earth oxides and
fluorides, and many others have been investigated by
means of Raman scattering and infrared measurements.
The literature on this subject has been extensively re-
viewed by Barker and Sievers.'® Similarly, many different
theoretical approaches, with widely different starting
points, have been employed to describe the vibrational
properties of mixed-crystal systems. They include such
approaches as simple virtual-crystal models, direct nu-
merical calculations for large numbers of atoms,
random-element isodisplacement models, and quite com-
plex Green’s-function based and coherent-potential-
approximation—based models. All of these approaches
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have had some success in explaining experimental results
for some mixed-crystal systems, but no one model has
been applied to a wide variety of systems. The simple
models, e.g., the virtual-crystal model, do not seem to be
widely applicable. The more complex models, e.g., the
coherent-potential-approximation approach, should be
universally applicable, but they are very difficult to apply
in practice. In this paper, we use a variation of the
random-element isodisplacement model, first discussed by
Chen et al.,'” Chang and Mitra,?® and Verleur and Bark-
er,?! to interpret our Raman measurements on the
Hf, Ti,_,Se, system. The random-element isodisplace-
ment model is relatively easy to adapt to a particular
crystal structure, but yet it is complex enough to accom-
modate a variety of different experimental results.
Jaswal?> has successfully developed a short-range
Born-von Karman force-constant model for the lattice
dynamics of TiSe,, and it can be applied to other pure
crystals which have the Cdl, structure. The simplicity of
Jaswal’s model makes it easy to adapt to the random-
element isodisplacement model to describe the lattice-
dynamical properties of cation-doped transition-metal di-
chalcogenides. This approach was used earlier to de-
scribe the lattice dynamics of mixed crystals of the form
Zr, Ti,_,Se, and TiSe,_,S,.>

The Sec. II of this paper the details of the mixed-
crystal growth and analysis are given, and the Raman-
scattering apparatus is described. In Sec. III the Raman
results on Hf, Ti, _,Se, are presented. In Sec. IV Jaswal’s
model for the lattice dynamics of the CdI,-structure lay-
ered compounds is modified in the random-element
isodisplacement approximation and applied to the Ra-
man results on Hf, Ti,_,Se,. Finally, the experimental
and theoretical results are summarized in Sec. V.

II. EXPERIMENT

A. Crystal growth and analysis

The single crystals used in this investigation were
grown at 600°C by the iodine-vapor phase-transport
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method.?* X-ray-fluorescence analysis was used to deter-
mine the elemental compositions and stoichiometries of
the crystals grown in this study. Pure elements (Hf, Ti,
and Se) and pure compounds (HfSe, and TiSe,) were used
as x-ray-fluorescence standards. The fluorescent intensi-
ties were then analyzed using the computer program
NRLXRF, obtained from COSMIC.? This program com-
bines both the fundamental parameters?® and the empiri-
cal coefficients methods.?’ "3 The results were typically
reproducible to +0.01 in x.

B. Raman measurements

The single-crystal samples were in the form of thin
platelets, with the ¢ axis along the thin direction. The
samples were mounted on a clean copper plate with Gen-
eral Electric 7031 varnish. The copper plate was at-
tached to the cryostat sample holder with Emerson and
Cummings EC-7 heat-sink compound. The samples were
cleaved with cellophane tape immediately prior to
mounting in an exchange-gas coupled liquid-nitrogen cry-
ostat. This technique resulted in shiny, mirrorlike sur-
faces very suitable for Raman measurements. The Ra-
man measurements were carried out using a Spex model
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FIG. 1. Raman spectrum of Hf, Ti,_,Se, at liquid-nitrogen
temperature for several values of x. The incident-laser wave
length was 514.5 nm. Note the two-mode behavior of the 4,

phonon near 200 cm ™!,
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1401 double monochromator and a Coherent Radiation
model CR-3 argon-ion laser. Typically, 100 mW of
514.5- or 488.0-nm laser light was line focused on the
sample. Photon-counting electronics were employed and
the resulting digital data were stored on floppy diskettes
using a Digital Equipment Corporation LSI-11 computer.

III. EXPERIMENTAL RESULTS

Figures 1 and 2 show the 90-K Raman spectra of
Hf Ti,_,Se, over the whole range of concentration
0<x<1. Figure 1 shows the behavior of the 4,, phonon
over this concentration range. The pure-crystal 4,, pho-
nons are at about 205 cm ! in both TiSe, and HfSe,, and
a peak is observed near this frequency for all concentra-
tions. This peak retains its A,-like character for all
values of x. As x is increased from zero, a second A4 ,-
symmetry peak appears on the low-frequency side of the
pure-TiSe, A4, phonon. It decreases in frequency with
increasing x, finally reaching 180 cm ™' at x=0.9. This
mode persists at least to x=0.99. Two-phonon Raman
peaks are also observed in pure HfSe, at 212 and 235
cm ™!, These peaks show a strong resonant enhancement,
which can be observed either by changing the incident-
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FIG. 2. Raman spectrum of Hf,Ti;_,Se, at liquid-nitrogen
temperature for several values of x. The E, phonon lies at 138
cm ™ !in pure TiSe, and at 153 cm ™! in pure HfSe,.



1154

laser-beam wavelength, or by changing the sample com-
position.

The E, phonon is observed at 138 cm ™ !in TiSe, and at
153 cm ™! in HfSe,. Its concentration dependence is not
very evident in Fig. 1, but it is shown more clearly in Fig.
2. As x is increased from zero, the E, mode shifts and
broadens. Two-mode behavior is apparently observed be-
tween x=0.6 and 0.9, but the Raman peaks are weak,
and the possibility that some of them are due to two-
phonon processes cannot be ruled out.

Pure TiSe, undergoes a phase transition at 200 K.
Below this temperature, a 2a X 2a X 2¢ superlattice exists,
and this results in additional Raman structure below
about 150 cm ™ !.3! The Raman intensities of these peaks
are small compared to the intensity of the 4, phonon,
and, furthermore, we do not observe the superlattice-
induced modes at all for x> 0.1 for sample temperatures
of 90 K or greater. Thus the modes arising as a result of
superlattice formation will not be discussed in this article.

Figure 3 shows the Raman spectra for compositions
close to pure HfSe, for excitation with 514.5-nm light.
Note that the two-phonon peaks at 235 and 420 cm ™! in
the pure compound weaken dramatically as the Ti con-
centration is increased to 6 at. %. This behavior of the
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FIG. 3. Raman spectrum of Hf, Ti,_,Se, at liquid-nitrogen
temperature for compositions near x=1. The incident-laser
wavelength was 514.5 nm. Note the marked intensity variations
of the peaks near 212, 230, and 420 cm .
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two-phonon peaks mimics the behavior observed as the
excitation wavelength is increased from 514.5 nm, sug-
gesting that a resonant enhancement of the intensities is
occurring. Notice that the A4,,-like impurity mode (180
cm ™) is quite intense, even for the smallest Ti concentra-
tions.

Figure 4 shows the laser-wavelength dependence of the
two-phonon peaks in pure HfSe,. As can be seen, the
two-phonon peak near 420 cm ™! is quite intense for laser
wavelengths greater than about 510 nm, but it is quite
weak for wavelengths less than 490 nm. The 212-cm ™!
peak (observed as a shoulder on the high-frequency side
of the 4,, peak) exhibits a similar behavior. The 230-
cm ™! two-phonon peak is most intense for a laser wave-
length of 514.5 nm, and weaker for both shorter and
longer wavelengths.

IV. THE RANDOM-ELEMENT
ISODISPLACEMENT MODEL

The results just presented show that the Hf Ti, _,Se,
mixed-crystal system clearly exhibits two-mode behavior.
A relatively simple lattice-dynamical model which can
produce such two-mode behavior is the random-element
isodisplacement model of Verleur and Barker,”! Chen
et al.,'” and Chang and Mitra.?® This model has been
used to describe the lattice dynamics of mixed crystals of
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FIG. 4. Raman spectrum of pure HfSe, at liquid-nitrogen
temperature for various incident-laser wavelengths. Note the
strong dependences of the intensities of the 240- and 420-cm !
peaks on the incident wavelength.
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the form A4B,_,C,, including the mixed alkali halides?
and the mixed III-V compounds.?! More recently, a
modified random-element isodisplacement (REI) model
was used to describe the lattice dynamics of Zr, Ti,_,Se,
and TiSe,_,Se,.”> The REI model is based on the high
degree of independence between the interactions of the
anions ( 4) with one type of cation (B) and that of the
anions ( 4) with another type of cation (C). This leads to
the assumption of isodisplacement, namely that each of
the atomic species forms a rigid sublattice which vibrates
as a unit. That is, all atoms in a unit vibrate with the
same phase and amplitude. Under this assumption, rela-
tive motion is possible only between atoms of different
species. This assumption is exactly true (at k=0) for a
completely ordered diatomic crystal, and it can be ex-
tended to disordered lattices by using weighted force con-
stants. In a mixed crystal of the form 4B, _,C,, the B
and C ions are assumed to be distributed randomly in
their corresponding sublattice. A corresponding unit cell
is then formed by A4 and B or C, where the actual B or C
ion is replaced by a weighted ‘“‘average ion” composed of
1—x of B and x of C ions. This means that the corre-
sponding masses and force constants associated with
these ions are also weighted by these factors.

Qualitatively, the REI model averages out the fluctua-
tions in the neighbors by taking into account the fraction
of cation sites occupied by B and by C. Therefore, each
A atom is regarded as being surrounded by exactly
n(1—x) ions of B and nx ions of C, where rn is the possi-
ble number of nearest-neighbor ions around an A-ion
site. In the REI approximation, vibrational modes in
which both the randomly distributed B and the randomly
distributed C ions move with respect to the ordered A4
ions in the lattice can occur. Thus, an extra degree of
freedom is introduced into the equations of motion, so
that two-mode behavior can arise in this model. Verleur
and Barker?! originally considered this model and then
proposed a generalization of the model with more degrees
of freedom. For GaAs,P,_,, they distinguish five
different isodisplacive Ga-ion sublattices depending on
whether a Ga ion is surrounded by four, three, two, one,
or zero As ions. This procedure leads to many more
coordinates, so that their model could account for the ob-
served fine structure in the reflectivity spectra of that
mixed-crystal system.

The pure transition-metal dichalcogenides have three
atoms per unit cell, with one-cation (M) and two-anion
(X and X') sublattices before doping. Jaswal??> has been
J
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FIG. 5. Nearest-neighbor force constants in TiSe,, after Ref.
22,

able to describe the lattice dynamics of 17-TiSe, in terms
of a short-range Born—-von Karman force-constant mod-
el. His results are in fairly good overall agreement with
the observed phonon dispersion curves of TiSe, reported
by Wakabayashi et +al.!” Similar force-constant models
are also expected to work well for many of the other 17-
structure layered compounds. Jaswal included four in-
tralayer force constants and one interlayer force constant
in his calculation, as indicated in Fig. 5; K., Ky
Kyx, Kyy (intralayer), and R,,. (interlayer). Using these
force constants, it is possible to adapt his model in the
random-element isodisplacement approximation. In the
REI approximation, the average cation (M ion) is as-
sumed to be composed of two particles, with the ap-
propriate concentration factors taken into account for
both the masses and the force constants. This introduces
an extra degree of freedom into the model, since both
types of cation sublattices can beat against the anion sub-
lattice. Letting subscripts T, H, and S represent Ti, Hf,
and Se, respectively, the dynamical matrix for the A-like
phonons in the REI approximation then becomes

MH (MHMT)I/Z (MHMS)I/2 (MHMS)I/Z
—x(1=x)Kgr  2Kgs+2xKyg —(1—x)K g —(1—x)K g
(MHMT)I/Z MT (MTMS)l/z (MTMS)I/Z
—xK s —(1—x)Kzs  xKgs+(1+x)Kps+K' _x (1)
(MyMg)'? (MpMg)'? Mg M
*‘)CKHS _(I_X)KTS —-K' xKHs+(1—x)KTs+K'
(MyMg)'7? (MpMg)'? M Mg
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Here, the force constant Ky is the force constant be-
tween Hf and Ti, and the force constant K’ is defined as a
linear combination of the interlayer and intralayer Se-Se
force constants for pure TiSe, and pure HfSe,, according
to

K'=(1 _x)[KSS'(Tl)+RSS'(Tl)]
+x [KSS'( Hf)+RSS’( Hf)] .

Notice that if x=0 the 3 X3 matrix in the lower right-
hand corner reduces to the dynamical matrix for pure
TiSe,. The four roots of Eq. (1) correspond to three opti-
cal modes and one acoustic mode of the mixed crystal.
In the limit of infinite dilution (as x —0 or x — 1), three
of the above solutions become one acoustic mode and two
optical modes of the host lattice, while the fourth solu-
tion becomes the impurity mode. At x=O0 and 1, the
zone-center frequencies of the pure compounds will give
all the unknown force constants as

K'(Ti)=1Mgwl(Ti)—Kr5(Ti) ,
MM

2 Ti
K (T =i 1)———MT+2MS )

K yr(Ti)= 1My 07 (Hf) — 2K 45 (Hf) |

where o, (Ti) and ©,(Ti) are the 4,,- and 4,,-phonon
frequencies in TiSe,, and w;(Hf) is the impurity-mode fre-
quency for Hf in TiSe,. These equations show only the
force constants for the A,,-symmetry modes at x=0.
Similar equations are obtained for x=1 and for the E, -
symmetry modes. Thus in this model, there are no ad-
justable parameters if the k=0 phonon frequencies and
the impurity-mode frequencies are known for the pure
compounds.

It is worth mentioning here the other important force
constant, namely K yr—the interaction between different
species of cations. Chen et al.'® adjusted this force con-
stant to give the best fit between theory and experiment.
In the calculation presented here, if this force constant is
set to zero, then two modes are predicted. One mode
varies continuously in frequency between that of TiSe,
and that of HfSe,, and the other mode (the impurity
mode) falls at a frequency lower than any experimental
frequency. However, instead of using the force constant
between the two cation sublattices as an adjustable pa-
rameter, we require this force constant to satisfy the
boundary conditions at x=0 and 1. The value of this

TABLE 1. Input parameters (in cm~!) for the modified REI-
model calculation on Hf, Ti,_, Se,.

k=0

phonon TiSe, HfSe,
Ay, 205.9 203.7
A,, 162.0 120.0
E, 137.5 152.9
E, 137.0 98.0
A, (imp) 198.0 178.2
E, (imp) 137.0 136.2

force constant can be derived from the impurity-mode
frequencies at low concentrations using Eqgs. (2) and its
x=1 counterpart. Further, our resistivity measurements
on Hf, Ti,_,Se, and those of Taguchi*? indicate that the
transformation from semimetal to semiconductor occurs
near x=0.3. This suggests that the force constants be-
tween cations should be different in the two concentra-
tion regions of this mixed-crystal system. For example,
one might assume that K is dependent on x as

KHT:KHT(Ti)’ x <0.3
KHTZKHT(Hf)’ X >03 .

However, a perhaps more realistic approach would be to
assume a linear variation of all force constants with con-
centration, with different slopes for x <0.3 and x>0.3.
Since the lattice contracts with increasing Ti concentra-
tion, the force constants might be expected to increase as
x decreases. In view of this, we assume all force con-
stants to be linear functions of concentration, as given
below:

KTS:(I——QIX)KTS(Ti) s
KHS:(1~Q1x)KHS(Hf) N

K'=(1—0Q,x)[(1—x)K'(Ti)+xK'(Hf)] ,
Kyr=(1—=03x)Ky(Ti) for x <0.3,

KHT=(1“Q4X)KHT(Hf) for x >0.3 .
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FIG. 6. Frequencies of the A4 ,-like (upper panel) and E,-like
(lower panel) modes in Hf, Ti;_,Se,. The points are the mea-
sured values and the lines are calculated from the random-
element isodisplacement model.
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The adjustable parameters Q; take into account possible
variations of the force constants with concentration. By
carrying out the matrix inversion for various values of
the Q’s, we found that @, could be set to zero without
affecting the quality of the fit. In order to get reasonable
agreement with experiment, we find that Q; has to be
larger than Q,. This is not likely to be due simply to a
loss of screening electrons at the semimetal-to-
semiconductor transformation, since excess electrons ap-
pear to be introduced by defects in the mixed crystals,
even for x >0.3,3273%

V. RESULTS AND DISCUSSION

Table I lists all the Raman and infrared phonon fre-
quencies of the two pure compounds and the low-
concentration impurity-mode frequencies used to deter-
mine the parameters necessary to perform these calcula-
tions. The eigenfrequencies are plotted in Fig. 6 for both
the A4- and E-like modes. The agreement between the ob-
served and calculated mode frequencies is reasonable.
Thus, it is seen that a fairly simple model can predict the
observed normal modes of a mixed-crystal system quite
well. The question remains as to what physical interpre-
tations of the model can be made. For example, to obtain
good agreement between the calculated and measured
mode frequencies, the Hf-Ti force constant had to be in-
cluded. This is a second-nearest-neighbor force constant,
and so it offers a clear indication that it will be necessary
to include long-range forces if one desires a good quanti-
tative agreement between the model and experiment.
Furthermore, the adjustable parameters Q; and Q, have
to be assumed to be different to obtain reasonable agree-
ment. (See Table II.) This may mean that the
semimetal-to-semiconductor transformation does mark-
edly affect the bonding.

Recently, Taguchi et a reported the results of
infrared-reflectivity measurements on Hf Ti;_,Se,.
Their results indicate that the transverse-optical-mode
frequencies in pure TiSe, and HfSe, are 143 and 108
cm !, respectively. These values are different from those
assumed in this investigation, which were reported by

l. 35

TABLE II. Values of adjustable parameters Q; for best fit to
the mixed-crystal phonon frequencies.

A-like E-like
Parameter mode mode
0, 0.68 0.65
Q, 0.00 0.00
Q; 1.38 1.20
Q. 0.41 0.15

Holy et al.’! and Lucovsky et al.*® (137 and 98 cm ™!, re-
spectively). Further, Taguchi et al. observed two-mode
behavior for the transverse-optical mode for 0.2 <x <0.5.
This observation cannot be explained by our calculation,
which can only lead to one mode in addition to the pure-
crystal modes. Furthermore, our model needs informa-
tion about the impurity modes at concentrations very
near the end points in order to determine the appropriate
force constants.

In summary, we observed two-mode behavior for the
A;, mode over the whole range of concentrations
0=x =1, and for the E, mode over a more limited range
of concentrations (0.5<x<0.96). By using a random-
element isodisplacement model, we were able to calculate
quite accurately the concentration dependences of the
Raman-active-mode frequencies using only three adjust-
able parameters (Q,, @3, and Q,). This suggests that the
REI mode may serve the function of providing a bridge
between the concepts and phenomena of isolated impuri-
ties and of fully disordered solids. The fact that our mod-
el calculations cannot explain the concentration depen-
dences of the infrared-active phonons suggests that we
need to take the long-range force constants into account.
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