
PHYSICAI. REVIEW 8 VOI.UME 29, NUMBER 6

Plasmon and interband transitions in Ti, „Hf„se2 systems
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ThermoreAectance measurements in the infrared were performed to study plasmon and low-

energy intexband transitions both below and above T, in Ti~ „Hf„Se2 crystals. We found that the
main effect of the introduction of Hf into TiSe2 is to broaden the plasmon structure. Furthermore,
through a detailed analysis of a low-energy interband transition, eve 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-TaSe2, 2H-NbSe2,
1T-TaS2 1T-VSe2 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
TiSe2 which is a semimetal due to a partial overlapping
(=0.2 eV) between p valence band at I" and d conduction
band at I. in the Brillouin zone (BZ). TiSez undergoes a
structural phase transition around 200 K, with the appear-
ance of a 2g 2&(2 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 T1) ~Ta~ Sc29 T1) g Nt)Q SQ» T1~ z Vx Sc2»

Tii „Hf,Se2. 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 HfSez
is a semiconductor with an indirect band gap of 1.13 eV.
In other words, if one starts from TiSe2 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&2&2 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
plasm on and low-energy interband transitions of
Tii „Hf„Sei crystals with several values of x. The tech-
nique used is therinoreflectance (TR), which has proved to
bc vcI'y powcI'ful in detecting pccullRritics 1n 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.

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. Thc lncldcnt beam was ncaIly normal to thc sam-
ple surface. We used samples =3 mmX3 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.S 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
bR) 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 hR jR.

A semimetallic band structure with a band overlap of
=0.2 eV has been reported by Zunger and Freeman in the
case of TiSe2, while HfSez is known to be a semiconduct-
or with an indirect gap of 1.13 eV.' I.ow-energy struc-
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tures corresponding to interband transitions have been ob-
served by several people ' 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,
bR/8 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. ]

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 b,R/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 0&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 1)&1&1 struc-
ture may become direct in the 2/2&&2 superstructure.
This would be the case, for instance, of L t+ -I s or
I 3 -M

~ transitions, which would add to other direct tran-
sitions such as I 3 -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-
TaSez) 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 L ~
-I 3 is indirect in the 1X1)&1phase and

direct in the 2)& 2& 2 phase. AEO is the gap opened by the phase
transition.



the plasmon and the rich phonon structure
very hard to extract 11

a
ac

'
tion from reflectivi-ac a para el informati

If we attribute the =0.2-CV ener
structure position t th~

pt p o which opens with th
ion» Rs explained ln Fl

C

lo ln lg. 2» wc gct 8 valu
lc was considered ln R

UC

able upper limit f thor c gap.
As for the speclflc assignment of

weakening of the dip favorse ip avors transitions such as (a) L+-I
8 ovc RIld dlIcct bclo%'

rincip e also (c) I -I + ' '
. e3 3 P

should not particularl k
ever, is predicted at hi hig er energy and

'
u ar y weaken or tend to disappear when

dent way above T
e ,. recursor effeccts, wllicli ai'e evi-

Inay actuall c
, m several hasphase transitions in TMD "

ua y cause transitions (a) or 'b' t meua c a or ' ' to sta t to become
a ove the transition ternemperature. Since

ture starts to b
e experimental ob Uc-o"servatlon the str

ing also into acco t
c cIDpcI'atUrcs. ThUs» tak-

ccount angle-resolvedcco t ed photoemission data
e. , we assign the st

b d o I.'-r-3 ~

The curves of Figs. 1(a) and 1(b allow uThe curv
'

. an allow us (i) to make a
In gnIDCIlt p iCaturC 1nvestl-m gnment o the s ectral

ferent techniques in the energy ran 6 0.2—. ' o
vc ln pI'cvlous wolks

p o x=0.1 t ere is no appreciable distor-
ape and then of the r

ty of states); (iii) t 1 'f ' -so c arl y that linc-sh
'g er values of' x, whil

completely smear d fe out ror x=0.3 w
, w i e the structure is

4

c bands has cert lain y taken place (iv
w ei'e iiiiciossing of

lmentally the overl
iv) to measure exper-

EEo = 10kT, .
r applng of the p-d bands; (v) to evaluate

rv. pLA.SMON

Ti 82

T=87 K

l

0.4
1

0,8

FIG. 3. Plasmonasmon TR structure for T'8r a 1 2 crystal.

it „Hf„Se2
= &GOK

(see Fig. 4) and only the high-ener loe ig -energy lobe can be picked u
curve, at 8 vRrlanCC

ls entllely vlslblc
a us. Siiice tlie geiiei'al behavior of

is su stantially conserved at 1

x=0.1, by measuring th f 11

leaSt Up to

peak one can estlm t th
e u width half maximum of the

when x is incre d f
a e at the lasIn

ase rom 0.01 to 0.1. A
in p es place at higher Hf concen-lnc s Rpc takes

Since the plasmon frequencyy N& ls given by

Phase tran sitions ln layered Inetallic ane a ic and semimetalhc

times dramatic ways, w ich are
ec p asmons in vario

ways, w ich are generally located in the
as een shown that theas a e production of a

anoIDaloUs Icductio
C2 causes a blue shift and an

c ion in width of the la
e neg lglble in 2H-NbSCe b

' - e2 where the CD&
completely different behavior

i e appearance of the 2&2&2 super-

Tl
TR was used too analyze plasrnons in T'

1j ~N3~ S2 systcIns wh
in 1) ~VxSC2 and

1 g oichiometry, lineere, at a given sto
18 y c Rractcrlzcd b thc m

he broadening param t I . ine
in Fig. 3 (Ref. 20) for

arameter I . Such a line

very well the typical
or TiS2 as a referencee and reproduces

a y Cardona.
'

a curves reported b
e . ig. is amenable toc . , thc CUlvc ln Fl . 3 ls
cIc d

' '
predominant ovcIIno ulatlon ls

curves where paramet
s an is remarkabl dif»y i ierent from TR
arne ers, such as e, m o.g., ~& or e„, play a
erminlng the line sha

uc Ulc ls located RrouIld 0.05 cV Rt 100 K

20-

D

10- I

I

0.01
0.05

....... 0 'l 0
O. 20

0.05 O.&5 O. 20
photon energy (eg)

FIG. 4. Plasmon TR l' a eF . apc at 100 K foI Tl Hf1Qc sha c
1 1 crcIlt stolchlomctrIcs.

11—x x SC2



3170 A. BORGHESI et al. 29
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one should also take into account changes of e„and
X/m' where X is the free-carrier concentration, m* is the
effective mass, and e 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 e„must
decrease when x increases from 0 to 0.3. ' ' A partial
compensation between their variations Inight actually ex-

plain the absence of any substantial shift of co~ as a func-
tion of stoichiometry up to x=0.1. However, since no mi-
croscopic theory is available to study the modification of
e„ induced by the introduction of Hf atoms into the TiSez
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 co& vs x. Under the as-
sumption of a linear variation of the p-d gap Es with
stoichiornetry

Eg ———0.2+ 1.33x
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(Ez expressed in eV), we may write for the free-carrier
concentration

E ~Eg ~ (x —xo), x (xo3/2 3/2

X=O, x )xo,
where xo stands for the stoichiometry index corresponding
to the uncrossing of the bands. The —,

'
exponent is due to

the proportionality between Eg and EF as long as there is
a band overlap. From Eq. (1), neglecting variations of e„
and m* with x, one obtains

~ ~X'i'~(x —xo)'i4
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FIG. 5. Plasmon Tr line shape at different temperatures and

x =0.01.

0.2

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-

which, in the rough approximation used, confirms the ex-

pectation that co& 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.

Ti) „Hf„Se2 110 K

150 K

~ .-".- 180 K

21O K

V. CONCLUSIONS

TR measurements in the infrared are useful in order to
obtain a more complete and detailed picture both of the
pure TiSe2 crystals and the mixed Tii Hf Sez 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 b,ED, 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. 6. Plasmon TR line shape at different temperatures and
x=0.1.
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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

concomitant decrease of e„which may drive, for instance,
an antiferroelectric-type mechanism.
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