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Plasmon and interband transitions in Ti, _, Hf, Se, systems
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Thermoreflectance measurements in the infrared were performed to study plasmon and low-
energy interband transitions both below and above T, in Ti;_,Hf,Se, crystals. We found that the
main effect of the introduction of Hf into TiSe; is to broaden the plasmon structure. Furthermore,
through a detailed analysis of a low-energy interband transition, we followed the progressive un-
crossing of the bands and estimated the value of the gap opened by the phase transition.

I. INTRODUCTION

In the last years a large number of papers has been pub-
lished on the structural, electrical, and optical properties
of layered group-V and group-IV transition-metal dichal-
cogenides! (TMD’s). In particular, group-V TMD’s are
metals and some of them (such as 2H-TaSe,, 2H-NbSe,,
1T-TaS, 1T-VSe, etc.) exhibit phase transitions which are
characterized by charge-density waves (CDW’s) induced
by electronic instabilities. On the other hand, group-IV
TMD’s are generally semiconductors with the exception of
TiSe, which is a semimetal due to a partial overlapping
(=0.2 eV) between p valence band at I" and d conduction
band at L in the Brillouin zone? (BZ). TiSe, undergoes a
structural phase transition around 200 K, with the appear-
ance of a 2 X2 X2 superlattice and a peak in the resistivity
versus temperature curve.’ As it will be stressed later,
several possible mechanisms have been proposed for such
a transition (excitonic insulator, electron-hole coupling by
electron-phonon interaction, phonon-driven antiferroelec-
tric transition, Jahn-Teller—type mechanism), and the
point is still debated in view of a definite assessment.

A recent trend in the field consists in adding known
amounts of chemically defined impurities to these
crystals. The impurities are usually transition-metal
atoms, leading to the formation of mixed systems such
as Ti;_,Ta,Se,, Ti;_,Nb,S,, Ti;_,V,Se;, and
Ti,_,Hf,Se,. Of these systems, the first three are influ-
enced by disorder and Anderson localization of free car-
riers rather than by the increased number of free elec-
trons.* The last one is particularly interesting since HfSe,
is a semiconductor with an indirect band gap of 1.13 eV.}
In other words, if one starts from TiSe, and increases x,
one reaches the uncrossing of the conduction and valence
bands for a given intermediate stoichiometry. In princi-
ple, this fact may be competitive with others (such as, for
instance, disorder) in destroying the low-temperature
phase coupled to the 2 X2 X2 superlattice. According to a
recent work by Taguchi,® this takes place near x~0.3,
where the uncrossing of the bands has taken place, as elec-
trical data suggest.

We concentrate our attention on the behavior of
plasmon and low-energy interband transitions of
Ti;_,Hf,Se, crystals with several values of x. The tech-
nique used is thermoreflectance (TR), which has proved to
be very powerful in detecting peculiarities’ in the tempera-
ture dependence of phase transitions. While electrical
properties have been studied in some detail by Taguchi,®
optical properties are the object of this work.

II. EXPERIMENTAL APPARATUS

The experimental apparatus is briefly described here.
In order to minimize spurious effects due to blackbody
emission, the samples were mounted before the monochro-
mator. The incident beam was nearly normal to the sam-
ple surface. We used samples ~3 mm X3 mm wide and
with different thicknesses, cleaved from crystals grown by
iodine vapor transport with excess Se. Attention was de-
voted to use good and fresh surfaces by cleaving the sam-
ples shortly before the beginning of the measurements.

A Leiss double monochromator and a Golay detector
were used. The temperature of the sample was indirectly
modulated by means of a heater, which was a Ge crystal
of suitable resistivity, fastened to the cold finger of a
Cryotip refrigerator from Air Products and Chemicals,
Inc. The sample was pressed on the Ge heater by two
springs. The temperature modulation, obtained by apply-
ing current pulses at 1.5 Hz to the heater, was 1 K in all
of the reported measurements.

The ac output of the detector was synchronously detect-
ed by the lock in, whose output voltage (proportional to
AR) was integrated. The ratio between this signal and the
one  obtained by chopping the beam reflected from the
sample (proportional to R) yields the ratio AR /R.

III. INTERBAND TRANSITIONS

A semimetallic band structure with a band overlap of
~0.2 eV has been reported by Zunger and Freeman in the
case of TiSe,,? while HfSe, is known to be a semiconduct-
or with an indirect gap of 1.13 eV.> Low-energy struc-
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tures corresponding to interband transitions have been ob-
served by several people®~!2 and higher-energy transitions,
up to ~4 eV, have been studied in a previous TR work.!!
In this section we examine the lowest-energy structure
due to interband transitions, which has been observed to
be particularly prominent at low temperature in absorp-
tion calculated from reflectivity,® transmission,” and TR
in the energy range 0.2—0.5 eV.!! It is worth noting that
TR gives experimental evidence which allows one to study
features and details on a finer scale with respect to other
techniques. In particular, shifts versus x at a given tem-
perature and presence of the structure also above the tran-
sition temperature T, can be extracted from our data.
Figures 1(a) and 1(b) show in that energy range and for
a given stoichiometry the existence of a negative dip, lo-
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FIG. 1. Low-energy interband TR spectra at (a) 100 K and
(b) 200 K. Note that (see Ref. 6) T, becomes progressively lower
than 200 K when x increases. In all of the curves here reported,
AR /R is taken as positive if the reflection coefficient increases
with increasing temperature. [In (b) the curves are magnified by
a factor of 2 in the ordinate scale.]
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cated at energies which are ~0.2 eV lower at 200 K with
respect to 100 K. Negative dips in TR are indicative of
peaks in reflectivity characterized by negligible temper-
ature-shift coefficients and predominant broadening ef-
fects caused by temperature increases. Such TR dips may
become largely asymmetric if the spectral feature of re-
flectivity, which broadens with temperature, differs from
a peak. Several optical transitions in TMD have evi-
denced such a behavior.!'>!* Figure 1(a) shows that the
dip, centered at 0.4 eV at 100 K for the smallest Hf con-
centration, shifts toward the lower energies with increas-
ing x, the amount of the shift being 0.1 eV up to x=0.1
and 0.2 eV with x=0.3, where significant line-shape
changes, however, start to take place.

The values of AR /R for the dip at 200 K are 4 to 6
times smaller than at 100 K. Besides, no appreciable shift
of the structure at 200 K as a function of x was observed
in the stoichiometry range O<x <0.1, whereas the TR
curve undergoes substantial changes above these values.
Smearing of the density of states around the Fermi level
may be the cause of the absence of relatively large shifts at
the higher temperatures [Fig. 1(b)], as long as the density-
of-states profile is not affected by stoichiometry (x <0.1).
As for the attribution of the structure, several transitions
may take place in the energy range <0.5 eV (see Fig. 2
and Refs. 2 and 9), particularly below T, when the super-
lattice formation causes a reduction of the size of the BZ
and consequent folding back of the bands.

Owing to this, indirect transitions in the 1XX1X1 struc-
ture may become direct in the 2X2X2 superstructure.
This would be the case, for instance, of Li-I'y or
I';-M7 transitions, which would add to other direct tran-
sitions such as T'; -I';". In principle, the formation of the
superlattice causes two effects on the energy levels: map-
ping of the bands in the smaller BZ and formation of the
gaps around the Fermi level. While in other cases (2H-
TaSe,) a direct determination of such gaps has been at-
tempted by optical methods,'*~! the energy position of
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FIG. 2. Band scheme near the Fermi level below and above
T,. The transition L1 -T'; is indirect in the 1X1X 1 phase and
direct in the 2 X2 X2 phase. AE, is the gap opened by the phase
transition.
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the plasmon and the rich phonon structures have made it
very hard to extract a parallel information from reflectivi-
ty or TR data in TiSe,.

If we attribute the ~0.2-eV energy difference of the
structure position to the gap AE, which opens with the
phase transition, as explained in Fig. 2, we get a value
near 10kT,, which was considered in Ref. 9 as a reason-
able upper limit for the gap.

As for the specific assignment of the structure, the
weakening of the dip favors transitions such as (a) L{ -T';
or (b) I's-M{, which are indirect above and direct below
T,, although in principle also (c) I’y -T'{ is possible. The
last one, however, is predicted at higher energy’ and
should not particularly weaken or tend to disappear when
warming up above T,. Precursor effects, which are evi-
dent way above T, in several phase transitions in TMD,!”
may actually cause transitions (a) or (b) to start to become
direct 20—30 K above the transition temperature. Since
this is in line with the experimental observation the struc-
ture starts to be visible at those temperatures. Thus, tak-
ing also into account angle-resolved photoemission data
reported in Ref. 18, we assign the structure to an inter-
band transition L -T'5.

The curves of Figs. 1(a) and 1(b) allow us (i) to make a
more definite assignment of the spectral feature investi-
gated and observed in previous works by means of dif-
ferent techniques in the energy range 0.2—0.5 €V; (ii) to
establish that up to x=0.1 there is no appreciable distor-
tion of the line shape (and then of the profile of the densi-
ty of states); (iii) to clarify that line-shape modifications
are relevant at higher values of x, while the structure is
completely smeared out for x=0.3, where uncrossing of
the bands has certainly taken place;® (iv) to measure exper-
imentally the overlapping of the p-d bands; (v) to evaluate
AE,~10kT,.

IV. PLASMON

Phase transitions in layered metallic and semimetallic
compounds may affect plasmons in various and some-
times dramatic ways, which are generally located in the
infrared. It has been shown that the production of a
CDW gap in 2H-TaSe, causes a blue shift and an
anomalous reduction in width of the plasmon.!® This ef-
fect appears to be negligible in 2H-NbSe, where the CDW
gap is much smaller.”” A completely different behavior
has been observed in 17-TiSe,, where a large red shift
takes place with the appearance of the 2X2X2 super-
structure.8—1°

TR was used to analyze plasmons in Ti;_,V,Se, and
Ti; _,Nb, S, systems, where, at a given stoichiometry, line
shapes were essentially characterized by the modulation of
the broadening parameter I". Such a line shape is reported
in Fig. 3 (Ref. 20) for TiS, as a reference and reproduces
very well the typical curves reported by Cardona.?!

As shown in Ref. 20, the curve in Fig. 3 is amenable to
physical cases where I' modulation is predominant over
other mechanisms and is remarkably different from TR
curves where parameters, such as e.g., w, or €., play a
major role in determining the line shape. As for TiSe,,
the plasmon structure is located around 0.05 eV at 100 K
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FIG. 3. Plasmon TR structure for a TiS, crystal.

(see Fig. 4) and only the high-energy lobe can be picked up
completely in the low-temperature curve, at a variance
with respect to TiS,, where the plasmon is entirely visible
with our TR apparatus.??> Since the general behavior of
the line shape is substantially conserved at least up to
x=0.1, by measuring the full width half maximum of the
peak one can estimate that the plasmon broadens ~300%
when x is increased from 0.01 to 0.1. A remarkable modi-
fication of the line shape takes place at higher Hf concen-
trations.
Since the plasmon frequency w, is given by

3oL Ti,_fox Se,
T=100K
» —_— 0.01
= 20 ——— 0.05
>
S
:'_é‘
o
[0
= 10
<
0
-10f
1 1 |
0.05 0.1 0.15 0.20

photon energy (eV)

FIG. 4. Plasmon TR line shape at 100 K for Ti;_,Hf,Se,
crystals with different stoichiometries.
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one should also take into account changes of €, and
N /m™ where N is the free-carrier concentration, m* is the
effective mass, and €, is the high-frequency dielectric
constant. While eventual variations of m* can hardly be
evaluated in our case, it is clear that both N and €_, must
decrease when x increases from 0 to 0.3.>!%2* A partial
compensation between their variations might actually ex-
plain the absence of any substantial shift of w, as a func-
tion of stoichiometry up to x=0.1. However, since no mi-
croscopic theory is available to study the modification of
€., induced by the introduction of Hf atoms into the TiSe,
lattice, we will not discuss this point any further. As for
the variation of the free-carrier concentration, Hall data
from Taguchi’s work® are available.

We confine our attention to a specific argument con-
cerning theoretical estimates of w, vs x. Under the as-
sumption of a linear variation of the p-d gap E, with
stoichiometry

E,=—0.2+1.33x )

(Eg expressed in eV), we may write for the free-carrier
concentration

N« E}?a(x —x)"%, x <xg 3)
N‘—‘O, X >Xp

where x stands for the stoichiometry index corresponding
to the uncrossing of the bands. The + exponent is due to
the proportionality between E, and Ep as long as there is
a band overlap. From Eq. (1), neglecting variations of €.,

and m* with x, one obtains
a)poch/zoc(x —x0)3/4 4)

which, in the rough approximation used, confirms the ex-
pectation that @, has no drastic dependence on x for the
lower Hf concentrations. Figures 5 and 6 show the modi-
fication of the plasmon line shape with temperature for
two different stoichiometries: The overall line shape is
essentially conserved when warming up above T, except
for a relevant broadening and smoothing of the curve.

V. CONCLUSIONS

TR measurements in the infrared are useful in order to
obtain a more complete and detailed picture both of the
pure TiSe, crystals and the mixed Ti,_,Hf,Se, systems.
The main points where new information is obtained are
the following: (a) evolution of the plasmon and a low-
energy interband transition with the uncrossing of the p
and d bands, an estimate of the rate of uncrossing with x
and magnitude of the overlap; (b) determination of the
magnitude of the gap AE,, which is a topic often dis-
cussed in the literature, an upper limit of such a gap being
predicted to be 10kT,;° (c) assignment of a structure due
to interband transitions, which are indirect way above T,
and become smoothly (due to precursor effects) (Ref. 17)
direct with the progressive onset of the 2X2X2 super-
structure; (d) evidence of a perturbation on the density-
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FIG. 5. Plasmon Tr line shape at different temperatures and
x=0.01.

of-states profile in the valence and conduction bands
around the Fermi level, which starts to be appreciable in
the TR curves for x >0.1 [see Fig. 1(a)]; (e) pronounced
broadening of the plasmon induced by the introduction of

Hf atoms. .
As for the mechanism responsible for the phase transi-
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FIG. 6. Plasmon TR line shape at different temperatures and
x=0.1.



tion, electrical® and angle-resolved photoemission data!®
have been interpreted as supporting the excitonic insulator
mechanism.?* Our data do not contradict this interpreta-
tion, although it must be stressed that the other mecha-
nisms mentioned in the Introduction cannot be ruled out:
As a matter of fact the progressive uncrossing of the
bands, which is confirmed in this work, induces not only a
decrease of electron and hole concentrations, but also a
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concomitant decrease of €, which may drive, for instance,
an antiferroelectric-type mechanism.?
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