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The lifetime of carriers in TiSe: is determined from the resistivity data by
using the theories of excitonic insulators. The comparison with infrared
measurements shows that the size of the discontinuity in the temperature-
gradient of the resistivity at T, is in accord with the theoretical prediction
for excitonic insulators. The estimated transition-temperature for a perfect
crystal of TiSe, nearly agrees with the onset of the strong short-range-order
effect which is observed in the resistivity well above T.. These results support
the excitonic-insulator mechanism for the phase transition in TiSes,.

1. INTRODUCTION A

There have been extensive studies of the anomalous properties of the layered
dichalcogenide TiSe,. It exhibits a metallic behavior,!? while diselenides of
other metals of the same group-IVB as Ti are semiconductors. Energy-band-
structure calculations? and photoemission studies® showed that TiSe, is a
semimetal with holes around the /' point in the Brillouin zone and electrons
near the L points. The existence of the resistivity anomaly near 165 K was first
reported by Benda.” Neutron diffraction? and electron diffraction®® studies
revealed that the anomaly is due to the formation of a commensurate super-
lattice (2a, X 220 X 2¢,) below about 200 K. The superlattice formation is
reminiscent of charge-density-wave (CDW) transitions in the group-VB
dichalcogenides.” However, an incommensurate phase is lacking in TiSe, in
contrast to the group-VB materials.

Several types of mechanisms have been proposed for the transition in TiSe,.
Di Salvo et al.l pointed out the possibility of Fermi-surface nesting and the
existence of CDWs. Wilson and Mahajan® suggested an excitonic-insulator
mechanism. Models based on an antiferroelectric phonon-driven instability and
on a band Jahn-Teller effect were presented by White and Lucovsky!® and
by Hughes.!V Liang et al.!® reported infrared data on TiSe, which favor the
phonon-driven instability. An investigation of transport properties of Ti, ,V,
Se,'® also supported the mechanism. By contrast, an increase in the transition
temperature of Ti, .Hf,Se, with increasing x was detected by the present
author,” which supports the excitonic-insulator mechanism. Further study of
the Hall effect in Ti,_,Hf,Se,’” emphasizes the role of holes in the phase
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transition in TiSe,. Recently, the lattice instability has been discussed from
the standpoint of the band Jahn-Teller mechanism by Yoshida and Motizuki.!®
They showed that the electron-phonon interaction must be taken into account
under the nested condition of Fermi surfaces in order to explain the observed
lattice distortion. It should be noted that their results would provide the
possibility that TiSe, is an excitonic insulator with strong coupling of electrons
and phonons. It is believed that in such a case the excitonic phase has a
CDW associated with lattice distortion rather than a spin-density wave.!”
More recently, we have found that the resistivity anomaly in TiSe, is substan-
tially suppressed at microwave frequencies if the crystal is of high quality.’®
This observation seems to demonstrate the CDW formation in TiSe,.
The purpose of the present article is to investigate the transport properties
of TiSe; from the viewpoint of the excitonic-insulator mechanism. An impor-
tant characteristic in the physical properties of TiSe, is the abrupt change of
the temperature gradient of the electrical resistivity near the transition temper-
ature, 7,.1'1® Figure 1 shows the temperature gradient of the resistivity
(parallel to the layers) of an iodine-free single crystal of TiSe,!® as a function
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Fig. 1. Temperature gradient of the electrical resistivity
of a TiSe, single crystal of high quality as a function
of temperature. The crystal is free from iodine because
it was grown by a selenium vapor transport method
(ref. 19).

of temperature. The temperature gradient clearly shows a break near 200 K.
Di Salvo et al.? found that the superlattice appears at a temperature which
corresponds to the break in the temperature gradient. This rapid change of the
resistivity is compared with theories of excitonic insulators.?0:2D

The electrical resistivity of excitonic insulators containing normal impurities
was calculated by Zittartz.?? The calculations were extended to the case of
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unequal masses of elctrons and holes, m,#m;, by Ebisawa and Fukuyama.?V
According to these authors, the theory of excitonic insulators is analogous to
that of superconductors containing magnetic impurities. In excitonic insulators,
normal impurities have pair-breaking effects: if the impurity potential is
repulsive for electrons (holes), it is attractive for holes (electrons). The
theories predict that the electrical conductivity 0/, decreases linearly when
temperature is lowered near T., and that its gradient with respect to temper-
ature is discontinuous at 7.,. We shall suggest that the curve in Fig. 1
reflects this discontinuous change. The lifetime of carriers is determined from
resistivity data by use of the theories. The result is compared with infrared
measurements.??2 The theories also allow us to estimate the transition
temperature for a prefect compound of TiSe, where carriers have the infinite-
lifetimes.

The present approach relies on the theories which assume a two-band
model and disregard coupling of the electron system to phonons. Of course,
the problem of the excitonic phase in TiSe, must be examined by a more
complete theory which takes account of the real band structure and the
electron-phonon coupling. The present analysis is, nevertheless, attempted in
order to obtain information on the possibility of the excitonic phase in TiSe,
because it is an exceptional compound concerning the superlattice development
among group-1V and-V dichalcogenides, and the origin of the phase transition
has been somewhat controversial.

2. ELECTRICAL RESISTIVITY NEAR THE TRANSITION TEMPERATURE

The proposed excitonic-insulator mechanism for the transition in TiSe, is
akin to the large scale electron-hole nesting present in Cr. In TiSe,, there
are one hole-pocket and three electron-pockets per zone, and the electron
pocket at L and the hole pocket at /' are near nesting.® The spanning vector
from /" to L could give the a,*/2 superlattice and ¢;*/2 repeat perpendicular
to the layers. Experimental results of neutron scattering?” suggest that the
transition involves three co-existing CDWs whose wave vectors link /7 to L.
Each wave vector of them is perpendicular to those of the other two CDWs.

In the following analysis, we assume that the amplitude of the three CDWs
are independent; this would be the case if the part of the Fermi surface
utilized by one CDW was not affected by the energy gaps of the other two
CDWs. Then the problem may be treated using the two-band model: only
one valence-band maximum and one conduction-band minimum are essential
to the formation of excitons. '

According to Zittartz,”® and to Ebisawa and Fukuyama,?” near 7, the
electrical conductivity o of the excitonic insulator in the semimetallic region
is expressed as

g/o.=1—A(T.) L, L

where 0, is the electrical conductivity in the normal state and A is the order
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parameter. The coefficient A(7,) is written as

_ B S 2 Box ratts “
5 dx sech o (2)

where 3.=1/KzT.. The coefficients » and s, and constant /' are defined by
the following equations: (setting i=1)

'=U"+1/2=1/t, 3)
r=M/u—2(M/2u—1)"", (4)
s=4u/M-+M/1—4, (5)

where /7, is the inverse lifetime of electrons and /7, is that of holes, and M
is the total mass and u the reduced mass:

M =my+my, g l=me my (6)

If we introduce the effective-mass ratio m* = m./m,, the mass ratio M/u
becomes

M/ = (m*+1)"/m*. (7

Then, we find that » and s are functions of m*. Near 7, the square of the
order parameter is proportional to 7.—7 ;%

where
g 217 (m*+1)
STO=g5
- 1 -2
1—(8"/27) 5, (nt- 5+ B.T7/27)
% n=0 ’ (9)

5 () (0t + BT/ 27
and ¢=T/T.. Combining egs. (1) and (8), we obtain

0/0a=1—A(T) S(Te) 1—1). (10)

The temperature gradient of the electrical resistivity o can, therefore, be
written as
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d /o \__ A(T)S(Te)
de (5:>— 1—-A(T)S(THA -]’ =1, 4

=—A(T)S(TY), t=1. (12)

Equations (2) and (9) can be calculated numerically if the values of m* and
B are fixed. Figure 2 represents the product of A(7.,) and S(7,) as a
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Fig. 2. Results of numerical calculations of A(7T)S(T.) as a
function of B./".

function of [5./7 for various values of m*.

The magnitude of the jump at 7, in the slope of the normalized resistivity
is analyzed. We examine the resistivity data on TiSe, single crystals by Di
Salvo et al.'® because infrared data?® are available on the crystals. The
crystals have 7, >~ 202 K and dp/d7T =—5.0X107° Qcm/K at 7,. The value
of 0, is chosen to be 6.6X10™* Qcm by extraporating the p vs 7T curve
linearly from high temperatures (7>450 K) to 202 K. (see Fig. 1 in ref. 2)
Using eq. (12) with these values, we find A(7.)S(7,)~15. The effective-mass
ratio m* in the plane of the layers was estimated to be 2.5 from the infrared
study of TiSe;.!” Heavy mass appears to be common to d-like electrons in
dichalcogenides of group-IVB transition metals.? Figure 2 shows that for
m*=2.5 this value of A(7.)S(T.) corresponds to the lifetime of carriers of
7= 3.2X107" sec at 200 K.

We compare the determined lifetime of carriers with infrared studies.
Wilson et al.?? obtained r>=2.78 X107** sec at 200 K by analyzing the infrared
spectra of the TiSe, single crystals on the basis of a dominant carrier model.
Liang et al.'? reported 7220.43X10°" sec at 214 K and 7.6X10-" sec at 189
K. The lifetime of carriers tends to increase at lower temperatures. The
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latter study also showed that the same scattering mechanism is operative at
d.c. and at optical frequencies over a wide range of temperature.’® Thus,
there seems to be reasonable agreement between the lifetimes derived from
the resistivity data and from the infrared data. Because of the crudeness of
the theoretical model, a final conclusion cannot be drawn at the present
stage, but it seems highly likely that the rapid change of the resistivity near
T. is caused by the onset of the excitonic phase. In addition, when we make
more detailed comparison on a sounder basis, the presence of extra carriers
must also be considered. These carriers result from structural defects®® and
suppress 1. by decreasing the number of holes. The appearance of the peak
in the resistivity near 165 K appears to be due to the increase in the mobility
of such extra carriers. It would be necessary to examine the contribution
of extra carriers in order to explain the dependence of the Hall effect in

TiSe, on temperature.'®

3. TRANSITION TEMPERATURE

In the excitonic insulator, normal impurities have pair-breaking effects as
in the case of magnetic impurities in superconductors.?’?® Near 7. the exci-
tonic insulator is in the gapless state because of the smallness of the order
parameter. The transition temperature of the excitonic insulator is determined
by the following equation : %

v+ ) -3).

where ¥(z) is the digamma function and T, is the transition temperature of
a pure material (i. e. /7=0). The results of numerical calculations of T/ T,

Teo/ Te

Bl

Fig. 3. Numerical solution for the transition temperature
of the excitonic insulator containing normal impurities as
a function of the inverse lifetime of carriers,
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are represented in Fig. 3 as a function of 5./7. From Fig. 3 we obtain Te=
410 K for the value of @./” determined in the preceding section.

Strong short-range-order effects have been observed in TiSe,. When tem-
perature decreases, the resistivity starts to rise at about 450 K,? which is
about 250 K higher than the onset temperature of the long-range-order
condensation. In electron diffraction patterns, the diffuse 2a, streaking is
observed well above 7,.7® A polaron model was proposed by Wilson,®
where the precursor effects were related to exciton self-trapping. By contrast,
the value of T, estimated above fairly agrees with the temperature, 7'=450
K, where the resistivity begins to increase over the linear extraporation from
higher temperatures. This result shows that the short-range-order effects
could be connected with fluctuations in the order parameter. Although the
transition temperature is suppressed by impurity scattering, it may be possible
that spontaneous creations and annihilations of electron-hole pairs are repeated

when T, <T<T..
4. CONCLUSIONS

The dependence of the electrical resistivity of TiSe, on temperature has
been analyzed from the viewpoint of the excitonic-insulator mechanism. On
the basis of the theories of excitonic insulators, the lifetime of carriers has
been derived from the magnitude of the rapid change in the temperature
gradient of the resistivity near 7,. The determined lifetime is consistent with
the infrared results. The transition temperature of a perfect compound of
TiSe, (i. e. with carriers having the infinite-lifetime) has been estimated to
be~410 K. This estimation suggests that the short-range-order effects observed
in TiSe, are correlated with fluctuations in the order parameter. These results
support the possibility of the excitonic-insulator mechanism for the origin of
the phase transition in TiSe;. In order to make further comparison between
theory and experiment, it is clearly necessary to establish a theoretical model
which is more realistic and includes the electron-phonon coupling.
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