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Experimental results are presented on the interesting 2a, by 2¢, superlattice which forms in Ti, , ,Se, at low
temperature. A second-order phase transition has been found at T, = 150°K in crystals grown by iodine
vapor transport at ~ 800°C. This transition has been studied by electron and x-ray diffraction, magnetic
susceptibility, resistivity, and infrared reflectivity. It appears to be a normal to lock-in transition with
instability and strong diffuse scattering above T.. It is suggested that the instability is Fermi-surface driven
and that strong electron scattering occurs involving a zone-boundary phonon. A far-infrared lattice mode is
observed which breaks up into several additional modes below the phase transition.

1. INTRODUCTION

The diverse physical properties of the transi-
tion-metal dichalcogenides are discussed in the
widely cited review by Wilson and Joffe.! These
highly anisotropic layer materials possess a wide
range of electrical and optical properties including
semiconducting, metallic, and superconducting be-
havior. The effect of intercalation on the super-
conducting transition temperature was studied for
a number of years. More recently the discovery
of charge-density waves in the group-Vb com-
pounds has motivated intensive investigations.? In
this paper we report on superlattice formation in
TiSe,, a group-IVd dichalcogenide. Because
charge-density waves are closely associated with
the topology of the Fermi surface a knowledge of
the electronic properties and band structure is
crucial.

The group-IVb compounds TiS, and TiSe, exhibit
metallic or semimetallic conductivity, unlike the
corresponding zirconium and hafnium compounds
which are semiconductors. This is at variance
with published band-structure results® which indi-
cate a 1 or 2-V gap between filled valence bands
and empty d-like conduction bands. For example,*
the maximum of the valence band in HfS, occurs at
the center of the Brillouin zone and the minimum
of the conduction band on the zone boundary at
either M or L. Although the energy bands of TiS,
are not quite two dimensional, a two-dimensional
diagram is probably adequate to illustrate these
general features. The solid curves in Fig. 1(a)
are drawn after Myron and Freeman’s® calculation
and they indicate an indirect gap between I'; and
M;.

Departure from stoichiometry is a problem in
TiS, and TiSe, and could account for the excess
conductivity, the extra titanium entering between
layers where it can conceivably donate electrons
to the d-like conduction bands.5 On the other hand,
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Thompson et al.® have given convincing evidence
that stoichiometric TiS, can be prepared and that
the material is still highly conducting both at room
and at low temperature. Apparently p-d band over-
lap occurs creating holes at I'" and electrons at M
in the Brillouin zone, therefore TiS, is a semi-
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FIG. 1. (a) Energy-band structure for TiS, calculated
by Myron and Freeman (Ref. 3). The dashed conduction
band has been lowered so as to provide band overlap in
line with recent experimental evidence. The horizontal
dashed lines are Fermi levels for stoichiometric and for
excess titanium crystals. (b) The smooth curve shows
the sulfur Lj;; absorption spectrum of Sonntag and Brown
(Ref. 7) superimposed on the density-of-states histogram
for TiS, (Ref. 3).
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metal. This is still consistent with soft-x-ray
absorption measurements on TiS,.” For example,
Fig. 1(b) shows the observed sulfur L;;; absorp-
tion curve superimposed upon the density -of -
states histogram calculated by Myron and Free-
man.? Notice that the two peaks (corresponding
to f,, and e, molecular orbitals) are more widely
spaced than theory and may overlap the valence
band.®

Band overlap in TiSe, is even more likely than
in TiS, because of less electronegativity difference
of cation and anion. In fact, Bachrach etal.® have
recently used the technique of angle -resolved
photoemission to study the occupied density of
state in nonstoichiometric TiSe,. Their results
show a band structure rather like that discussed
above for TiS, but modified so that the conduction
and valence bands overlap in k space. Conduction
bands (two dimensional) shifted so as to allow for
this overlap are shown by dashed lines in Fig. 1(a).
In the slightly nonstoichiometric crystals studied
by Bachrach etal. [(2-4)% excess titanium] no
holes were detected at I';, and it was found that
the Fermi level lay just above I'; as indicated by
the upper horizontal dashed line in Fig. 1(a). In
the present paper we report on a variety of ex-
periments on similar crystals. These experiments
include electron and x-ray diffraction, magnetic
susceptibility, resistivity, and infrared reflectiv-
ity.

The growth and characterization of crystals,
particularly as to stoichiometry, are crucial in
these investigations. Clearly the close proximity
and small overlap of d conduction bands and p-like
bonding orbitals is very sensitive to composition,
e.g., to the parameter x in the formula Ti , ,Se,.
At the same time, it is quite difficult to determine
x with the required accuracy. We have tried both
electron microprobe and chemical (gravimetric)
analysis. The exact composition of crystals grown
by vapor transport depends upon growth tempera-
ture as well as other variables. In fact there may
even be some small variation in composition for
crystals from a given batch, grown in the same
sealed tube. Most materials reported on to date
are the result of growth in the range 800-900 °C
where the yield is high and thin crystals of large
area are relatively easily obtained. All of the
crystals reported on here are of this type.

Several groups have reported a low-temperature
transformation or distortion in TiSe,. For ex-
ample, Thompson'® lists a transformation tem-
perature T,~200°K but does not discuss the nature
of the transition. Wilson!! has commented on the
2 a, superlattice which forms in TiSe, below T,
and he has pointed out that the mechanism may be
fundamentally different than charge-density waves

in the group-Vb compounds. He speculates that
coupled electrons and holes drive an instability

in which a zone-boundary phonon takes part. An
exciting possibility is that the so-called excitonic
state'? of matter may be involved. In Sec. II we
show the results of electron and x-ray diffraction
studies of the normal to lock-in transition which
occurs at about 150 °K in the nonstoichiometric
crystals investigated. Other measurements in-
cluding infrared reflectivity are reported in Secs.
II-IV and, by way of conclusion, some models are
presented which help to explain the various results.

II. DIFFRACTION STUDIES OF THE SUPERLATTICE

The crystals of Ti,, ,Se,, as well as mixed
TiSe,._, S, samples, were grown by iodine vapor
transport in sealed quartz tubes according to the
method of Schafer.’®* Carefully weighed amounts
of titanium wire, sulfur, and selenium, of 99.999%
purity were used as starting materials. Analysis
by mass spectrometer indicated very small con-
centrations of Fe and other impurities (<10ppm)
and an iodine content in the final crystals < 500
ppm. Most of the Ti,, Se, samples were grown
between 750 and 800 °C in tubes containing a slight
excess of Se. The resulting crystals were excess
in titanium but gravimetric analysis for both Ti
and Se indicated that x was not greater than 0.02
in the formula Ti,,, Se,. Crystals were also grown
in the temperature range 500—600 °C. Although
such crystals are more stoichiometric they were
not used in the present investigations.

Figure 2(a) shows a room-temperature trans-
mission electron diffraction pattern for a thin
cleaved crystal of Ti,,, Se, containing a small ex-
cess (x~0.02) of titanium. The pattern was taken
on a JEOL 200-keV electron microscope. A hexa-
gonal spot pattern characteristic of the Cdl, layer
structure (space group DJ,) is seen. In addition
one notices a marked streaking and broad diffrac-
tion intensity halfway between the principal spots.
This is seen in all Ti,,, Se, crystals over a wide
range of Ti excess as well as in TiSe,_, S, crystals
with nominal sulfur content as high as 75%. Ap-
parently it is due to local fluctuations into the 2a,
superlattice. Fluctuations of this type may be en-
hanced by defects such as the excess titanium.

Figure 2(b) shows an electron diffraction pattern
for the sample of Fig. 2(a) but cooled on a liquid-
nitrogen stage to about 120°K. This is well below
the transition temperature T,~150°K. Additional
sharp spots of the 2q, superlattice are seen. No-
tice that they occur midway (3a}) between the nor-
mal hexagonal -reciprocal -lattice spots. Tilt ex-
periments as well as x-ray diffraction studies
indicate that the new low-temperature superlattice
is actually of 2a, by 2¢, periodicity. This is in
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FIG. 2. (a) Electron diffraction pattern for a crystal of
Tij+ySe; (x~0.02) at room temperature. In addition to
the normal hexagonal diffraction pattern diffuse streak-
ing appears especially near the midpoints of the lines
joining two spots. (b) A pattern for the same crystal at
120 °K which is below the lock-in transition. Note the
sharp zaf spots.

contrast tothe ABC type stacking of the charge-
density waves in 17-TaS, which achieves low elec-
trostatic interaction between planes.? The pat-
terns shown in Fig. 2 are characteristic of a ma-
jority of the crystals investigated. One sample
was found, however, in which a slightly shortened
4 a, pattern was observed at low temperature in
addition to the (2a,, 2¢,) superlattice.

X-ray diffraction studies were also carried out
on these Ti,,, Se, crystals. The results with cop-
per Ko radiation corroborate the electron diffrac-
tion evidence. The experimental arrangement in-
cluded a LiF crystal monochromator in order to
provide a collimated highly monochromatic beam
of characteristic radiation. This beam was then
incident on the TiSe, crystal mounted in a cryostat
on an accurate diffractometer. Photon counting
was employed. The intensity of Bragg scattering
from the (2 a,, 2¢,) superlattice is shown as a func-
tion of temperature from 80 to 170 °K in the top of
Fig. 3. Notice that a transition sets in at T,
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FIG. 3. Scattered x-ray intensity for the %a(’," spots as
a function of temperature (upper). Differential resistivity
and magnetic susceptibility vs temperature for Ti; +,Se,
(lower).

=150+ 5 °K below which the intensity increases
approximately as 1-(T/T,)?. There is no abrupt
discontinuity near T, and the transition appears
to be second order. This is as expected from a
Landau theory of charge-density waves™ for a
normal to lock-in phase transition. The analog of
the diffuse scattering in the electron diffraction
pattern is seen here as a nonzero (2a,, 2¢,) inten-
sity above background at the higher temperatures.
Even at room temperature the (2a,, 2¢,) intensity
is well above background.

We were able to measure the exact position of
the superlattice below T, and found that it was
exactly commensurate within experimental error
(2%). The position of the superlattice spots did
not change with temperature.

III. RESISTIVITY AND MAGNETIC SUSCEPTIBILITY

Electrical resistivity measurements were also
made on our crystals as a function of temperature
both by a dc and an alternating -temperature tech-
nique. The shape and approximate magnitude of
the results agree with those reported by Benda.'®
For example, the resistivity decreased with de-
creasing temperature but showed a noticeable
plateau around 150 °K. This is probably due to
formation of a gap over part of the Fermi surface
or to phonon scattering. The phase transition is most
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readily seen by the alternating temperature tech-
nique as shown in Fig. 3 where we plot differential
resistivity dp/dT vs T. The resistivity was of the
order of magnitude 10”2 Q cm at room temperature.
Recent Hall measurements of similar Ti,,,Se,
crystals at 300 °K show a negative Hall effect and
a mobility u~7 cm?/V sec.'® In a simple one
carrier model these figures correspond to a
carrier density N=(1/p)/pne~9x%10%®° cm™ or

0.06 electrons per molecule. This is reasonable
but a little low for x=0.02 since the excess titan-
ium is known to enter between layers and thought
to donate four electrons per atom. The discrep-
ancy may be due to overlapping bands and the fill-
ing of hole states as indicated in Fig. 1.

The phase transition can also be studied by ob-
serving the magnetic susceptibility y as a function
of T. This was done by the Faraday technique us-
ing a Cahn microbalance and a superconducting
solenoid capable of producing fields up to 60 kG.
Sample temperature was carefully stabilized to
+1° using a control system and helium gas as a
heat exchange fluid. About 100 mg of layer crystal
were suspended in a basket oriented so that the
magnetic field was perpendicular to the basal
plane. Several runs were made on different crys-
tals and typical results are shown in the lower part
of Fig. 3. Because the susceptibility y is very
small and sample orientation critical, the abso-
lute values of x are uncertain. On the other hand,
relative values are good to a few percent and the
phase transition can be clearly seen. Different
samples showed slightly different transition tem-
peratures but the nonstoichiometric crystals re-
ported on here had T, in the range 145-160 °K.

It is possible to obtain useful information from
the change in susceptibility Ay just below T,. This
is done by assuming that below T, a certain frac-
tion f of the electrons close to the Fermi surface
become ineffective in Pauli spin paramagnetism
due to the formation of an energy gap associated
with the 2 a, lattice distortion. The total suscep-
tibility can be written as the sum of an orbital or
diamagnetic part plus the Pauli electron contribu-
tion as follows:

X=Xorb+[uzﬂs(EF)/V][l’f(l“Tz/Ti)]’ (1)

where pujp is the Bohr magneton, S(E ) the density
of states at the Fermi level, and V is the volume
of the crystal. With reference to the sloping back-
ground shown by a dotted line in Fig. 3, the change
in spin susceptibility (assumed isotropic) due to
formation of a charge-density wave is

Ax = —(pgm/mii?c,) f(1-T?/T?). (2)

Here c, is the hexagonal axis lattice parameter,
and we have substituted for the two-dimensional

density of states S= Am/n%?, where A is the area
of the crystal and the other quantities have their
usual meaning. We now differentiate Eq. (2) with
respect to temperature and compare with the ob-
served data at T=T,. The result is that fm/m,
=0.19+0.05, where m, is the free-electron mass.
Thus if the electron effective mass is close to 1.0
(reasonable in comparison with band theory), a
gap may form over as much as 20% of the Fermi
surface!

The almost linear dependence of x above T, is
difficult to understand. It does not appear to be
an instrumental difficulty, although these are very
small susceptibilities. The diamagnetic contribu-
tion to the first term in Eq. (1) depends upon the
mean-square radial distribution of charge about
the nuclei, and this should be only weakly temper-
ature dependent. It is conceivable that this back-
ground is due to the fluctuations above T, observed
in the electron and x-ray diffraction. Notice that
there is also a perceptable slope to this background
in the x-ray scattering intensity of Fig. 3. It
marks an instability or tendency toward super-
lattice formation as T, is approached. The group-
Vb charge-density wave compounds studied so far
are rather different in this regard. Further stud-
ies are underway, especially an investigation of
the anisotropy of the overall susceptibility. See
Note added in proof.

IV. INFRARED REFLECTIVITY

In an attempt to learn more about the carrier
density and Fermi surface of TiSe, we undertook
the measurement of reflectivity as a function of
temperature in the infrared from 100 to 4000 cm™.
The instruments used were a Beckman IR-11 and
an IR-9 fitted with a beam concentrator-reflection
attachment using nonspherical optics as described
by Brandt.!” Low-temperature measurements
were made using a helium cryostat fitted with CsI
and with polyethylene windows. Samples, including
an aluminum reference mirror, could be rotated
into the beam for near normal incidence reflection
measurements without altering the path through
the windows. Care was taken to avoid negative
light effects when the sample was at low tempera-
ture. Freshly cleaved surfaces were prepared
just before measurement or k :fore establishing
a vacuum. Wavelength resolution was of the order
of 2 cm™ and the uncertainty in reflectivity +0.02.

Figure 4 shows the reflectivity of a Ti,,, Se, (x
~0.02) crystal at room temperature and at 80 °K.
The room-temperature curve agrees well with
Lucovsky et al.*® who have investigated similar
crystals of TiSe,, TiS,, and the 17 tantalum com-
pounds at room temperature. Notice that a heavily
damped plasma reflectivity edge and minimum oc-
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FIG. 4. Reflectivity of Ti;+,Se, in the far infrared at
room temperature and at 80 °K (dashed curve). Also
shown is the observed reflectivity for a mixed crystal
TiSe;,;Sy, 9 at room temperature. The inset shows the
two-dimensional Brillouin zone for 1T-TiSe, with occu-
pied electron cylinders at M. Scattering wave vectors

kq and k, are shown.
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curs around 1000 cm™. In addition a feature ap-
pears in the room-temperature curve at 140 cm™!
which is probably due to phonons.

The dashed curve in Fig. 4 shows the observed
reflectivity of the Ti,,, Se, crystal cooled to about
80 °K. It can be seen that the 144 cm™ feature has
broken up into three or four bands. Maxima in
reflectivity now appear at 140, 153, 175, and 199
cm™', Apparently there are additional infrared
active modes in the smaller Brillouin zone asso-
ciated with the superlattice. These matters will
be discussed in a later publication.

When the Ti,,,Se, crystal was slowly cooled to-
ward liquid nitrogen the reflectivity around 900
cm™! decreased noticeably. Two effects appeared
the first being a more or less continuous change
in the Drude edge which tracked the decreasing
resistivity to liquid-helium temperature. The
second component was of a different nature and
accounted for most of the drop in reflectivity cen-
tered upon 800 cm™ in Fig. 4. This part of the
change began to set in abruptly upon cooling
through the phase transition. Usually a conduc-
tivity or loss peak can be associated with a re-
flectivity change of this sort. Barker,! for ex-
ample, has shown how an absorption peak appears
in 2H -TaSe, upon cooling through the charge den-
sity wave transition. In the case of TiSe, a com-
plete separation of components and Kramers -
Kronig analysis has not yet been done. The loss
peak, however, occurs in the vicinity of 800 cm™
or 0.1 eV. We suggest that this feature in the in-
frared reflectivity is due to a gap (~7kT,) opening
up over part of the Fermi surface when the tem-
perature falls below T,.

Figure 4 also shows the Drude edge for a mixed
crystal TiSe, ,S,., containing as much as 45% sul -
fur. This system was investigated in order to see
the effect on the charge density waves and fluctu-
ations. Notice that the plasmon edge has shifted
very little suggesting carrier densities comparable
to the pure selenides. It was found that the 2q,
superlattice transition was suppressed in the 45%
sulfur crystal. The superlattice was found in di-
lute Se -S crystals but could not be observed above
120 °K when the sulfur concentration was 12% or
more. Interestingly enough the diffuse streaking
or 2a, fluctuations of Fig. 1(a) were observed in
mixed crystals containing as much as 75% sulfur.

V. CONCLUSIONS AND POSSIBLE MECHANISMS

We have thus made a variety of measurements
on the interesting (2 a,, 2¢,) superlattice which
forms in slightly nonstoichiometric crystals of
TiSe, at low temperature. Information on the
temperature dependence of the order parameter
was obtained from x-ray scattering. A second-
order phase transition is found around 7T,=150 °K
in the crystals studied. Both magnetic susceptibil -
ity and infrared reflectivity indicate that an energy
gap begins to form at T, over an appreciable part
of the Fermi surface. Additional information is
obtained from the far-infrared reflectivity data.
For example, the 140-cm™! lattice phonon feature!®
observed at room temperature breaks up into sev-
eral bands upon cooling below T.. These are con-
sistent with the formation of a reduced Brillouin
zone and a larger number of atoms per unit cell.
Finally, fluctuations with strong diffuse scattering
occurs above T, and is readily observable to at
least room temperature.

The transition temperature T, does appear to
vary somewhat from crystal to crystal probably
due to slight differences in stoichiometry x. In
fact, the transition can be suppressed by a large
excess of titanium or by a high concentration of
sulfur in the mixed crystals. On the other hand,
the superlattice when it occurs appears to have an
exactly (2a,, 2¢,) periodicity. The electronic prop-
erties, stoichiometry, etc., are important in con-
nection with the transition strongly indicating that
these are Fermi surface driven instabilities.

There are at least two possible models to explain
these dominant and interesting features of Ti,,, Se,.
The first model (i) involves the scattering of elec-
trons from occupied states on the surface of one
cylinder to unoccupied on another cylinder at M
or L. The other model (ii) involves coupling be-
tween electrons at M (or L) and holes at I, as
suggested by Wilson.!® These two possibilities
are shown schematically in the inset of Fig. 4
(where we have omitted the third dimension of the
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Brillouin zone including the points at L). Suppose
that the instability is due to strong intervalley (in-
tercylinder) scattering as shown by &, in the upper
part of the inset. Notice that it is possible to con-
nect occupied states at the surface of one cylinder
with unoccupied states at another surface by a
wave vector 2, which is in a principal direction
and equal to a zone-boundary phonon wave vector.
The cylinder cross sections sketched in Fig. 4 al-
low substantial “nesting” but other shapes are

possible. If electron-phonon coupling is sufficient-

ly strong, this could lead to soft-mode behavior and
the 2 a, superlattice.

The acoustic -phonon spectrum of TiSe, has been
recently measured by inelastic neutron scatter-
ing®°; however the data do not extend to the zone
boundary in the I' to M or T" to L directions.
Clearly further neutron scattering work is called
for, especially on the zone-boundary and optical
modes.

In the more nearly stoichiometric crystals a
hole surface will exist at the center of the zone
I'. Then it may be that electrons at M (or L) and
holes at I" are coupled as indicated by the wave

vector k, in Fig. 4. Here the exact dependence of
the phase transition (its occurrence and 7,) upon
stoichiometry would be a deciding factor. It should
be remarked that one would expect the charge-
density wave to be commensurate with the lattice
in both cases for reasons very much like those
put forth by Herring in the case of the interaction
between spin-density waves and the lattice.?

Note added in proof. The above analysis is only
a first approximation. In recent work [J. Gaby
et al. (to be published)] we find both the orbital
and spin susceptibility anisotropic but the spin
part to a lesser degree. An anisotropic spin sus-
ceptibility can probably be understood in terms
of spin-orbit interaction.
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FIG. 2. (a) Electron diffraction pattern for a crystal of
Tij+xSey (x~0,02) at room temperature. In addition to
the normal hexagonal diffraction pattern diffuse streak-
ing appears especially near the midpoints of the lines
joining two spots. (b) A pattern for the same erystal at
120 °K which is below the lock-in transition. Note the
sharp 3al spots.



