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We report measurements of the dectrical resistivity, Hall coefficient, magnetoresistance,
thermoelectric power, infrared reflectivity, and c-axis lattice parameter of single crystals of
titanium disulfide Ti&+„S& with varying degrees of nonstoichiometry. The strong correla-
tions we find between different measurements made on the same sample allow us to con-
clude that titanium disulfide is a semiconductor rather than a semimetal. Even though this
fact is established, our most stoichiometric samples continue to exhibit metallic behavior,
and the source of these conduction electrons is unknown. In addition, none of the scatter-
ing mechanisms examined here is capable of explaining the unusual temperature depen-
dence of the electrical resistivity which varies as T' at low T and as T~ above 100 K where

y ranges from 1.85 for the least stoichiometric samples to 2.2 for the most stoichiometric.

I. INTRODUCTION

We report the results of extensive measurements
of the physical properties of single crystals of titani-

um disulfide Tii+„S2 with varying degrees of non-

stoichiometry. The quantities investigated are the
electrical resistivity, Hall coefficient, magnetoresis-

tance, thermoelectric power, infrared reflectivity,
and c-axis lattice parameter. Each of these measure-
ments was made on the same single crystal (or on
crystals from the same batch). With this procedure,
it is possible to establish strong correlations among
the results for samples with different non-

stoichiometry. These correlations are consistent
with the extrinsic semiconductor model of TiS2 but
are inconsistent with a semimetal.

Takeuchi and Katsuta' were the first to propose
that TiS2 was a semimetal with the charge carriers
(electrons and holes) arising from the intrinsic over-

lap of the sulfur 3p valence band with the titanium

3d conduction band. This view was endorsed by
Thompson et al. who found that highly
stoichiometric Tit+ S2 (x ( 0.001) continued to ex-

hibit metallic conductivity. Thompson et al. also

claimed that the magnetic transport and optical
properties consistently suggested that TiSz was a
semimetal rather than an extrinsic semiconductor.
The semimetallic model, however, was vigorously

challenged by Wilson, ' who argued that the data
of Thompson et al. could be accommodated within

the original view that TiSz was a dirty extrinsic sem-

iconductor.
This semimetal-versus-semiconductor controversy

was one of the major issues that stimulated the
present lengthy investigation. In addition to our
own work, which shows that TiS2 is a semiconduc-

tor, two other groups have independently reached
the same conclusion. Friend et al. measured the
pressure dependence of the Hall coefficient and
Chen et al. used angular-resolved photoemission.
Taken together, all these results provide overwhelm-

ing evidence that TiS2 is indeed a semiconductor.
Even though the semiconducting nature of TiSz is

established, many mysteries remain. Our most
stoichiometric samples continue to exhibit metallic
behavior with an electron concentration of
2.2 )& 10 /cm . The source of these (extrinsic) car-
riers is unknown. The temperature dependence of
the electrical resistivity, p, is also anomalous.
Although previous data reported that the resistivity

of TiS2 varied with temperature as T from 10 to
400 K due to electron-electron scattering, our
results show that below about 40 K p varies as T
regardless of sample stoichiometry; the temperature
dependence at high temperatures depends on
stoichiometry and has the approximate from p ~ T~
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from about 100 to 700 K, where y ranges from 1.85
for the least stoichiometric sample to 2.2 for the
most stoichiometric. This temperature dependence
and the electron-density dependence of the resistivity

we observe are not consistent with simple electron-
electron scattering. However, none of the scattering
mechanisms examined here is capable of explaining
the data.

The magnetoresistance of Ti&+ S2 is also unusual.
Its magnitude and sign appear to depend on subtle
differences between samples which do not affect oth-
er physical properties. %e also find that the lattice
parameter of our most-stoichiometric single crystals
is larger'than that reported for stoichiometric TiS2
powder, and the thermoelectric power for the same
crystal is smaller than that for the powder.

This paper describes the material preparation and
characterization procedures (Sec. II), the physical
measurements (Sec. III), and the data analysis and
conclusions (Sec. IV). A brief summary of our
results was presented previously in a Letter and at
the International Conference on Layered Com-
pounds and Intercalates In this publication, our
measurements, results, and analysis are presented in
sufficient detail to provide the reader with convinc-
ing evidence for the validity of the semiconducting
model for TiS2. This amount of detail is also neces-
sary because our results differ significantly with
some previous work and because we wish to demon-
strate clearly that none of the conventional scatter-
ing mechanisms is capable of explaining our resis-
tivity data.

II. MATERIAL PREPARATION AND
CHARACTERIZATION

Single crystals of titanium disulfide were grown
by the vapor-transport technique with sulfur or
iodine as the transport agent. The starting TiS2
powders were either commercially obtained (99.5%
pure from Cerac/Pure, Inc. with the following ma-

jor metallic impurities in ppm by weight: 0.03 Si,
0.1 Fe, and 0.1 Cu) or prepared in-house by reac-
tion of 99.9999% pure sulfur with 99.97% pure ti-
tanium wire. In a typical crystal-growth run, a
charge of TiS2 powder (-5 g) was placed at one
end of an evacuated quartz tube (-10 in. long, 1 in

diameter) together with iodine or sulfur (a few
mg/cm ). The transport was achieved by establish-
ing a 75 —100'C temperature gradient along the
tube with the powder at the hot end and growth oc-
curring at the cool end. Highly stoichiometric crys-
tals were obtained when the growth temperature
was near 650'C. Lower temperatures tended to

produce unwanted whiskers of TiS3. Higher tem-
perature resulted in increasingly nonstoichiometric

Ti&+ S2. Growth times varied from a few days to a
month. Table I shows the growth conditions, the
c-axis lattice parameter, and the carrier concentra-
tion (determined from the Hall coeflicient assuming
a single carrier with effective mass equal to the
free-electron mass) for a number of titanium disul-
fide single crystals. The single-crystal batch
numbers correspond to those given in Refs. 8 and 9.
The crystals designated as Exxon were provided by
A. H. Thompson of Exxon Research and Engineer-
ing Company as an example of their highly
stoichiometric material. Because of an insufficient
quantity of single crystals, no attempt was made to
determine directly the stoichiometry of our materi-
als by such means as chemical analysis. However,
as discussed in later sections, certain inferences con-
cerning stoichiometry can be made from measure-
ments of the thermoelectric power, carrier concen-
tration, and lattice constant. A mass spectrographic
analysis of a crystal grown from the commercial
powder with iodine as the transport agent identified
the following major impurities (in ppm) by weight:
Cl (500), Cu (100), Si (50), Sn (50), Fe (30), Mn
(20), and I (100). The chlorine contamination
presumably originates from commercial powder but
this low level could not significantly affect our fol-
lowing conclusions. Note the low level of iodine in-
corporation.

The c-axis lattice parameter d of the single crys-
tals shown in Table I was determined by x-ray dif-
fraction using the Bond method. ' In this method,
one measures Bragg reAections with 8 close to 90'
on both sides of the incident beam. The advantages
of this method are the high accuracy in measuring
the lattice spacing and the fact that knowledge of
the zero in the scale on which I9 is measured is not
required. All measurements were made on crystals
with mosaic spread not exceeding 10—12 minutes
of arc. All determinations were based on the 008
reflection using the CuEP radiation. A fine slit
was placed between the crystal and the x-ray source,
whereas the. counter aperture was left wide open.
The c-axis lattice parameters of several different
crystals from the same batch were measured and
the variations within the batch did not exceed the
error bars associated with one single measurement.
The uncertainty reported in Table I is a conservative
estimate and represents Ad/d of about 10

The lattice parameter of the highly stoichiometric
Exxon crystal was found to be 5.6978 + 0.0006.
This value is considerably higher than the reported
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TABLE I. Growth conditions c-axis lattice parameter, and carrier concentration of Ti&+„S2 single crystals having vary-

ing degrees of nonstoichiometry.

Single-crystal
batch no. Growth conditions

c-axis
lattice parameter

Electron
concentration (10 cm )

164 Powder from elements sulfur transport
growth temp. = 650'C

5.6982 + 6
5.6993 + 13'

2.2

Powder from elements sulfur transport
growth temp. = 600'C

5.6984 + 6 2.2

Powder from elements sulfur transport
growth temp. = 700'C

5.6986 + 8 3.0

Commerical powder iodine transfer
growth temp. = 700'C

5.7001 + 9 7.5

Powder from elements iodine transfer
growth temp. = 700'C

5.6991 + 7 7.5

Commerical powder iodine transfer
growth temp. = 800'C

5.7008 + 6 1.3

Commerical powder iodine transport
growth temp. = 900'C

5.7043 + 8 3.4

Exxon 5.6978+ 6 2.4

'Measured on powder from crushed single crystal.
Calculated from the room-temperature Hall coefficient.

value of 5.6953 + 0.0002 for stoichiometric TiS2.
However, the latter was measured on powders rath-
er than single crystals. This apparent inconsistency
led us to check the accuracy of the single-crystal
measurement by deliberately crushing one crystal
from batch no. 164 to a very fine powder and
measuring its lattice parameter using a powder dif-

fractometer. In this measurement, the inherent ac-
curacy was of the order of Ad/d 2 &( 10 . As
shown in Table I, the single-crystal and powder
results are in agreement within the experimental er-
rors. The reason for the discrepancy between our
measured value of the lattice constant of the Exxon
crystal and that reported for stoichiom. etric powders
is not clear. Assuming that there is no error in

measurement, the discrepancy could be explained if
the stoichiornetry of the final crystal is lower than
that of the starting powder. (Such an interpretation
is consistent with our thermopower measurements
which will be discussed below. ) Thompson et al.
have reported the c-axis lattice parameter as a func-
tion of stoichiometry (x in Ti&+„S2) for powder

samples. Using this data, our c-axis lattice parame-
ter for the Exxon sample would correspond to the
composition Ti& oo5S2. Another possible explanation
is that defects which inAuence the lattice spacing'
are introduced in the single-crystal growth. Because
of these uncertainties, we do not believe that it is

justified to assign quantitatively a value of non-
stoichiometry to our single crystals based on our
measured lattice constants and the published data.
Instead we will consider the lattice constant as an
indicator of the relative nonstoichiometry of the
various single crystals. We expect the non-
stoichiometry to increase with increasing growth
temperature. The resulting excess titanium atoms
are expected to be electronic donors, which would
increase the carrier concentration.

As shown in Table I, these trends were observed.
The smallest lattice parameters and the lowest car-
rier concentrations were found in crystals grown at
the lowest temperatures and with sulfur as the trans-
port agent (batch nos. 164 and 9). The electronic
properties (to be discussed in Sec. III) and lattice
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parameters of these crystals were virtually identical
to those measured in the Exxon highly stoichio-
metric crystals. The carrier concentration and the
c-axis lattice parameter increased when iodine trans-

port was used (compare batches 6 and 3). Howev-

er, iodine doping does not appear to be the source
of carriers, since the latter are present in concentra-
tions much larger than the iodine concentration
detected in the crystals (about 100 ppm).

III. MEASUREMENTS
A. Electrical properties

The a-axis electrical resistivity p and the Hall
coeAicient R~ of the Ti~+„S2 single crystals were
measured with the van der Pauw method. All the

samples were thin plates cleaved from as-grown

crystals with the c axis perpendicular to the plate
faces. The thickness measured optically ranged
between 40 and 150 pm. Low-resistance contacts to
the crystals were made with gold paste (Englehard
No. A1644). These contacts were found to be
stable at temperatures as high as 700 K. Repeated
temperature cycling between 77 and 700 K and
measurement of p and R~ at and below 300 K
showed that the properties of the crystals remained

unchanged when these gold contacts were em-

ployed. In contrast, indium contacts were found to
be unstable even at room temperature: After a few

hours, a portion of the samples adjacent to the con-
tacts changed color and developed a large number
of microcracks, apparently as the result of intercala-
tion by In. Generally, the contacts were made to
the plate faces, but experiments where the contacts

were made to the sides indicated negligible differ-

ences in properties except in the case of the magne-
toresistance. The measured resistivity values and
Hall coefficient at high and low temperature of
crystals from the same batch, but having different
thicknesses agreed to within the uncertainty of the
thickness measurement. This result indicates that
surface-conductivity effects are not important in our
resistivity or Hall-coefHcient measurements.

Most of the measurements were made in the
range 77 —700 K using a low-frequency ( —100 Hz)
ac current and a dc magnetic field (1—4 ko).
Below room temperature, the measurements were
carried out in a liquid-nitrogen cryostat; the tem-
perature was measured with a coppper Constantan
thermocouple. Data at 4.2 and 77 K were obtained

by immersing the samples into the liquid-helium or
liquid-nitrogen reservoir. For the measurements
above room temperature, the samples were mounted
in a quartz cell that was placed in a furnace. The
temperature was determined with a platinum resis-
tor and with a type-K thermocouple. Oxidation of
the crystals was avoided by continuously flowing
helium gas through the quartz cell. The helium gas
was first passed through copper mesh at 500'C in
order to remove any oxygen impurities.

Table II shows the d-axis resistivity and the Hall
coefficient at 300 and 77 K and the 4.2-K resistivity
of crystals with different stoichiometries. The car-
rier concentration calculated from R& on the basis
of a single-carrier model is also shown in Table II.
The repeatability in the values of p and R~ mea-
sured from different samples of the same batch was

TABLE II. Experimental results of resistivity, Hall coefficient and thermoelectric power of Til+„S2 single crystals hav-

ing varying degrees of nonstoichiornetry.

Single-crystal
batch number

Resistivity (pQ cm)
4.2 K 77 K 300 K

Hall coefficient
(10 crn /C)

and
carrier concentration

(10 cm )

(in parentheses)
77 K 300 K

Thermoelectric
power (pV/K)

300 K

164
9
6
7
3
8
1

Exxon

165
102
99
88
93
99
133
166

250
190
170
131
135
134
156
270

2110
1950
1500
805
790
560
377
1990

2.5 (2.5)
2.5 (2.5)
1.9 (3.3)
0.71 (8.8)
0.75 (8.3)
0.46 (14.0)
0.17 {37.0)
2.4 (2.6)

2.9 {2.2)
2.8 (2.2)
2.1 (3.0)
0.84 (7.4)
0.83 (7.5)
0.49 (13.0)
0.19 (34.0)
2.6 (2.4)

203

131
101
56

245
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good (about 10—15 %). Most of the discrepancies
were due to uncertainties in the sample thickness.

The Hall coefficient was found to be indepen'dent

of the magnetic field in the range of 0—4 kG and
negative (electronlike) for all samples. In addition,

RH was essentially independent of temperature
between 77 and 30'0 K, the ratio RH 3QQ/RH 77

changing only slightly from about 1.2 for the most
stoichiometric crystals to about 1.0 for the least
stoichiometric ones. As Table II shows, the values

of the resistivity and the Hall coefficient of the high-

ly stoichiometric Exxon crystal are virtually identi-

cal to those of our most stoichiometric samples.
For a limited number of samples the measure-

ments were extended to temperatures below 77 K
using a He cryostat. In these measurements a
given TiSz sample, mounted on a sapphire support,
was thermally anchored to a "one-degree" pot. The
pot was isolated from the He bath by a stainless-

steel pumping line. Temperatures below 4.2 K
were attained by pumping on the liquid-helium-

filled pot; temperatures above 4.2 K were esta-
blished by heating the evacuated pot. The sample
temperatures were determined using a germanium
resistor which was calibrated from 1.5 to 100 K.
The measurements were carried out using a 200-Hz
ac current of —1.5 mA. The magnetic field was es-

tablished using a superconducting solenoid. Up to
its maximum field (50 kG), the magnet had a linear-

ity of 1%. Owing to the uncertainties in sample
thickness, the uncertainty in the absolute values of
the resistivity in these measurements is also
10—15%, however, the error in the relative values
of the resistivity is much less (-0.1%).

Figure 1 shows results of the temperature depen-

dence of the a-axis resistivity for crystals with vary-

ing degrees of stoichiometry. These results were ob-

tained on two sets of crystals; each set consisted of
four single crystals taken from batches 1, 3, 6, and

164. One set was used for the measurements in the

He cryostat and the other for the measurements in

the liquid-Nz cryostat and the furnace. In Fig. 1 we

have plotted the logarithm of the resistivity at tem-

perature T, p{T), minus that at T —0, p(0), as a

function of the logarithm of the temperature. For
p(0), we used the resistivity values at 2 K for the

samples measured in the He cryostat, and the

values at 4.2 K (obtained by immersion in liquid

He) for the pther samples. In the overlapping tem-

perature region, 77—100 K, only minor discrepan-

cies were found between the absolute values of the

resistivities of the two sets of crystals, most likely

arising from uncertainties in the thickness of the

samples. For the plots of Fig. 1, the data from the
He cryostat were shifted to coincide with the other

data in the overlapping range 77—100 K. The nor-
malization factors for these fits were 0.85, 1.03,
0.78, and 0.88 for samples 164, 6, 3, and 1, respec-
tively. Note that p(T) —p(0) equals p{0) near 100
K. Below 15 K, p(T) —p(0) is less than 1% of
p(0) and very sensitive to its precise value. For this

reason we have omitted the very-low-temperature
data from Fig. 1. It is presented in a different form
in Figs. 2(a) and 2(b). It is apparent that the data in

Fig. 1 cannot be fitted by a straight line over the en-

tire temperature range from 10 to 700 K. If we re-

strict, however, this power-law fit to temperatures
higher than 70—80 K, we obtain the solid lines of
Fig. 1, i.e., the resistivity follows the approximate
relationship p(T) —p(0) = aT . As shown in Fig.
1, the value of the exponent m increases with in-

creasing stoichiometry from a value of about. 1.85
for the least stoichiometric crystals to about 2.2 for
the most stoichiometric. Above about 40 K, the ab-

solute values and the temperature dependence of
our most stoichiometric crystals are in good agree-
ment with previously published data of Thompson.

Below about 40 K, the data can again be
represented by straight lines with slopes near 3 indi-

cating a T temperature dependence. Figures 2(a)
and 2(b) show some of the raw resistivity data from
the He cryostat (including that below 15 K) plotted
as a function of T . The temperature range of val-

idity of this T power law appears to be somewhat

larger for the more stoichiometric samples (nos. 164
and 6)."

Hall-effect studies in the He cryostat showed

that RH continued to decrease slightly with tem-

perature down to 4 K. Figure 3 shows the carrier
concentration n calculated from RH for samples
164, 6, and 1 in the range 4—100 K. It appears
that n. decreases roughly linearly with T with a
maximum temperature coefficient for sample no. 6
of 0.12%/K. These results are generally in agree-
ment with those obtained at higher temperatures
(see, for example, Table II; small differences in the
absolute values of R~ between the two sets of data
can be rationalized in terms of uncertainties in sam-

ple thickness),
The magnetoresistance was also measured as a

function of magnetic field between 0 and 50 kG for
a series of different temperatures. The data at 5 K
for samples 1, 6, and 164 are shown in solid lines in

Figure 4. The contacts for all samples except 164b
were on the edges of the crystal. For 164b they
were on the top surface. Measurements as high as
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FIG. 1. Log-log plot of the temperature-dependent electrical resistivity of four samples of titanium disulfide Ti~+„S2
with varying degrees of nonstoichiometry. Below about 40 K the resistivity of all samples varies approximately as T .
Above 100 K, the resistivity varies as T» where y = 2.21 for the most stoichiometric sample (no. 164) and y = 1.85 for
the least stoichiometric (no. 1). Note that this temperature dependence continues well above the Debye temperature of
235 K. The corresponding carrier concentrations are given in Tab1e II.

80 K gave similar results, that is, to a first approxi-
mation the magnetoresistance effects are indepen-
dent of temperature. The comparatively large mag-
netoresistance in sample no. 6 does not seem to

correlate with other properties of this crystal. The
difference behveen the graphs for 164 and 164b sug-

gests that the nature of the contacts might be in-

volved. We therefore present the results at this stage
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FIG. 2. Low-temperature resistivity of four samples of titantium disulfide with varying degrees of nonstoichiometry
plotted against T . Below about 40 K, the data can be fitted with straight lines indicating a p(T) = p(0) + cT relation-

ship in this temperature range.

for completeness and caution against drawing any
strong conclusions from these preliminary data.

For the measurement of the thermoelectric
power, the two ends of a crystal were pressed
against two copper blocks and a series of tempera-
ture differences AT were established between the
blocks by means of heaters. Constantan wires were

attached to the copper blocks to form thermocou-
ples for the measurement of the temperatures, Plots
of the measured thermovoltage of the samples
versus AT gave straight lines passing through the
origin. The thermoelectric power S was determined
from the slope of such a line after correcting for the
thermoelectric power of copper, S!Cu) = 1.7 1uV/K.
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FIG. 3. Temperature dependence of the carrier con-
centration n calculated from the Hall coefficient RH in

the range 0—80 K for some titanium disulfide samples
with varying degrees of nonstoichiometry. n decreases
approximately linearly with increasing T (n no —cT).

The values of S at 300 K for various crystals are
shown in Table II. The sign of S was found to be
negative for all crystals, indicating that the majority
carriers are electrons. Again, our most
stoichiometric crystals (sample no. 164) and the
Exxon materials have almost identical values of
thermoelectric power.

B. Reflectivity

The room-temperature reflectivity of several

Tii+„S2 single crystals was measured with a

I ~

~ 0.6—
I-
le~~0.4—
La)
K

~ ~

0
II

fXI

C——

I

4

Perkin-Elmer infrared spectrometer (IR 521). The
absolute value of the reflectivity was determined by
using a germanium crystal and an aluminum mirror
as references.

Figure 5 shows the 300-K reflectivity spectra of
freshly cleaved Ti&+„S2 crystals. The shapes of the
spectra strongly suggest free-carrier absorption:
Each spectrum shows a well-defined plasma edge

I I t

Sample 4
0 I

8
+
a
~ I64

FIG. 4. Magnetic field dependence of the magne-
toresistance of some titanium disulfide samples with vary-

ing degrees of nonstoichiometry. The solid lines and data
points represent data obtained at 5 K. The dotted lines
represent data obtained at 80 K.

I I I i I I I l I I I l

500 IOOO 1500 2000 2500 5000 5500
FREQUENCY (cm )

FIG. 5. Infrared reflectivity at room temperature of freshly cleaved single crystals of titanium disulfide with various
degrees of nonstoichiometry. The plasma edge shifts to higher energy as the crystals become more nonstoichiometric. The
curves are free-carrier Drude fits to the data, for samples 1 and 8 both three- and two-parameter fits are shown. The oth-
er curves are all three-parameter fits. The resulting plasma frequency may be obtained from Table III. Data are shown
for samples 1 (Q), 8 (6), 3 (+ ), 6 (0), and 164 (g).
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that shifts to higher frequencies with increasing de-

gree of nonstoichiometry. We find that we can fit
the data for all samples with a single-carrier Drude
formula for reflectivity,

where

1
1 2 1

[(~2 + ~2)1/2 + ]1/2

and

)(e& ~2)1/2 e ]1/21
1 2 1

and where

with

2 2
COp V opt

OQ 2 2
1 + co 7opt

2 2
Cup &opt

co(1 —co r,p, )

4me n

m opt

In these expressions, n is the carrier concentra-

tion, co& the plasma frequency, r,pt the optical relax-
ation time, m,„, the optical mass, e the high-

frequency dielectric constant, and ei the real part
and e2 the imaginary part of the dielectric constant.

The three-parameter (e, co&, and r,z, ) nonlinear
least-squares fits to the experimental data for the
various samples are shown by the curves in Fig. 5.
The values of the Drude parameters are given in
Table III. The uncertainty in the derived values of
the Drude parameters was determined by examining
the sensitivity of these parameters to the extreme of
possible experimental error (+5%). First the exper-
imental data was multiplied by 0.95 and 1.0S, and
Drude fits were performed on these modified data.
A similar analysis was performed on the data modi-
fied by the addition or subtraction of a constant
value corresponding to 5% of the average reflectivi-
ty. The maximum uncertainty in n and 1/~, pt

ranges between 3%%uo and 14%%uo for n and 11% and

20% for 1/s pt and are shown in Figs. 7 and 10.
The Drude fits to the data are adequate, but. the

calculated values of e for the two least
stoichiometric samples (nos. 8 and 1) appear to be
too large. To check the sensitivity of our fit to the
value of e, we have constrained e to be 18 and

fitted the data by varying only co& and ~,pt. These
two-parameter fits are also shown in Fig. 5 and the
resulting Drude parameters are given in parentheses
in Table III. The apparent carrier concentration,
n„= m, co&/4me, is defined using the free-electron

mass and differs from the actual carrier concentra-
tion by the ratio m opt/mp. The values of n deter-

mined by the two-parameter fit is within 10% of the
value from the three-parameter fit and 1/7 pt is
within 15%. This difference will not affect our
overall conclusions. Lucovsky et al. ' ' also had
difficulty in fitting the reflectivity of a highly non-
stoichiometric sample to a single-carrier Drude for-
mula. This difficulty may arise because the plasma
edge in the nonstoichiometric samples is approach-
ing an interband transition (direct gap' 0.8 eV).

The sample measured by Benda' at 4.2 K has a
plasma frequency close to that of sample no. 3, but
he found the optical scattering rate 1/~, pt to be
3 —4 times smaller. This difference could be due to
the lower temperature of his measurement.

In addition to freshly cleaved crystals, the reflec-
tivity spectra from as-grown surfaces were also in-

vestigated. Figure 6 compares the spectra from as-

grown and freshly cleaved surfaces for the most
stoichiometric (sample no. 164) and the least
stoichiometric (sample no. 1) crystals. We find that
for the least stoichiometric crystals, the plasma edge
of the freshly cleaved surface is substantially shifted
to higher frequencies relative to the plasma edge of
the as-grown surface. However, for the most .

stoichiometric crystals we find that the shift is con-
siderably smaller and in the opposite direction. In
fact, we find that the plasma frequency of an as-

grown surface is nearly the same for all crystals.
-The optical scattering rates for the as-grown sur-

faces of the nonstoichiometric samples are 2 —3
times smaller than the rates of freshly cleaved sur-

faces. Both the plasma frequency and the scattering
rate of the as-grown surfaces of nonstoichiometric
samples are similar to those measured for the fresh-

ly cleaved surfaces of more nearly stoichiometric
samples (e.g., no. 6). This indicates that the surface
layer may be more stoichiometric than the bulk in

these samples. The size of this surface layer has not
been investigated directly, but bulk spectra are ob-
tained by removing approximately 5 —10 pm from
the surface of our as-grown samples which are typi-
cally 40 to 100 pm thick. Lucovsky' has observed
similar differences between as-grown and freshly
cleaved'surfaces, and he suggested that the surface
layer may be grown during the cooling from the
growth temperature to ambient. Nonstoichiometric
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TABLE III. Drude parameters derived from room-temperature reflectivity data of Ti&+ S&

single crystals having varying degrees of nonstoichiometry. n is defined using the bare elec-
JP

tron mass. Therefore it differs from the actual electron concentration by the ratio m pt/m, .
The values in parentheses for crystals nos. 8 and 1 were obtained with a two-parameter fit as-
suming e„= 18.

Single-crystal
batch number

Cleaved crystal surface

nH@i (1o' cm ') n„, (10 cm ) I/~, , (10' s ')

164
9
6
3
7
8

2.2
2.2
3.0
7.5
7.4

13.0

1.9

2.8
5.1

11.0
(11.0)

2.4

2.0
2.9

3.9
(3.4)

16.1

18.3
16.2

22
(18)

34.0 30.0
(27.0)

4.3
(5.0)

31
(18)

Exxon 2.4 2.9 16.4

Single-crystal
batch number

As-grown crystal surface

n (10 cm )
P

(1014s
—1)

164
3
1

2.6
3.0
3.4

2.6
1.4
1.8

15.9
18.1
14.6

crystals are grown at higher temperatures (and
resulting sulfur pressures) than the stoichiometric
samples. During cooling the temperature passes
through the growth temperature for stoichiometric
TiS2 (625'C). If the last few layers were transport-
ed at this temperature, the surface layer would be
highly stoichiometric and one would expect to find
similar surface layers for all nonstoichiometric sam-
ples.

IV. DISCUSSION
A. The semiconducting nature of TiS2

In this section we consider the basic question of
whether titanium disulfide is a semimetal or a sem-
iconductor and analyze our optical and electrical
transport data to determine what evidence they pro-
vide in support of one or the other model. Because

all these different measurements were carried out on
each crystal (or crystals from the same batch) we
have been able to establish strong correlations
between various properties that provide convincing
evidence that TiS2 is. a semiconductor.

Our analysis is based on the following expressions
for the conductivity 0; Hall coeAicient RH, and
thermoelectric power S of a two-carrier system':

o = e(n ip, i + n~p)

2 2—1 nl~lgi+ &2~2@2

(n 1PI + n 2P2)

yak 2T n, eipi/Ep, + n~e~2/Ep,

38 Pl)P) + n~2
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FIG. 6. Infrared reflectivity of freshly cleaved and as-grown surfaces of titanium disulfide. For the most
stoichiometric sample {no. 164), there is little difference between the as-grown surface and the freshly cleaved bulk sur-
face. For the least stoichiometric sample (no. 1), the plasma edge of the freshly cleaved surface is substantially shifted to
higher frequencies relative to the plasma edge of the as-grown surface. The plasma frequency of an as-grown surface is

nearly the same for all crystals measured.

EF, n;, p; are the Fermi energy, concentration, and

mobility of the ith carrier, respectively. The mobili-

ty is given by

equi

PI' =
'Vl)

(4)

where m; is the effective mass and ~; is the relaxa-
tion time. For a semimetal e i ———e2 ——1 and for a
system with two different types of electrons (e.g. , an
s-d metal) ei ——e2 ——1. The factor 3 in Eq. (3)
depends on the scattering mechanism; for a free-
electron gas, 3 = 1 for impurity scattering and
2 = 3 for phonon scattering at high temperatures.
We note that Eqs. (1)—(3) reduce to single-carrier
expressions by letting n 2 go to zero.

The expressions above are valid only when the in-

teractions between the two types of carriers are
negligible. The case of interacting carriers has been
discussed by Kukkonen and Maldague, ' ' who
have derived expressions for o. and RH for a
number of systems. For an interacting electron-hole
system (semimetal) they find the following results
that are relevant to the present analysis: (1) The
Hall coefficient of an uncompensated semimetal

(n +p) is temperature dependent and (2) the Hall

coefficient of an uncompensated semimetal is larger
than that of a compensated semimetal (n = p) at
room temperature. These theoretical predictions are
not observed in our experiments; we find that E.H is
nearly independent of temperature in the range
4—300 K for all samples and that RH decreases as
the nonstoichiometry of the samples increases.
These experimental results therefore show that
electron-hole interactions are not dominant in TiS2
and provide justification for considering only nonin-
teracting carriers in the semimetallic model. The
theory predicts that strong interactions will not have
such a dramatic effect in a semiconductor and the
experimental results do not rule out strong
electron-electron interactions in this case. We will
continue with the analysis based on noninteracting
electrons and abandon it only if faced with a con-
tradiction.

In Sec. III, we found that the reflectivity data for
all crystals can be fitted adequately with a single-
carrier Drude expression (the carrier concentrations
obtained from this analysis are shown in Table III).
This result, however, does not eliminate a two-
carrier system, because a two-carrier Drude expres-
sion is equivalent to that of a single carrier if the
two carriers have the same optical scattering time
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The plasma frequency, in this case, is given by

co~ = 477e
2 — 2

m opt, i

nl 02+
m opt, 2

Let us next consider the Hall-effect data. The ex-

perimental result that RH is essentially independent
of temperature for all samples is consistent with a
single-carrier system with carrier concentrations in-

dependent of temperature, i.e., without carrier
freeze-out. The carrier concentrations calculated
from Rz on the basis of a single-carrier model are

given in Table II. The lack of temperature depen-

dence of RH, however, is also consistent with a
two-carrier system. For example, Eq. (2) predicts a
temperature-independent R& when n I, n2, and the
ratio p&/p2 are temperature independent, or when

n ~2 /( n )p) and n I is irldependerlt of tempera-
ture. Therefore consideration of the Hall data alone
or the optical data alone cannot distinguish between
one- and two-carrier systems. The conclusion is

quite different when we combine the Hall effect and

the optical data together.
For a single-carrier system, the carrier concentra-

tions deduced from the plasma frequency and from
the Hall coefficient are related by n H, ~I

= (m, p,/m, )n„. Figure 7 shows a plot of n H, ll

against n . The data fall on a straight line with a
P

slope of 1.3. These results are thus consistent with

'E

0
0 I

n~ (10 crn )

a single-carrier model with a constant optical mass
(i.e., independent of band filling) equal to 1.3m, .

For a two-carrier model, the ratio of n H,~~/n is
is given by

FIG. 7. Carrier concentration deduced from the Hall
coefficient plotted against that deduced from the plasma
frequency. This is equivalent to plotting the experimen-

tally observed inverse Hall coefficient against the square
of the plasma frequency, The straight-line behavior is

consistent with a single-carrier model and inconsistent
with a semimetal. The slope yields the optical mass

m, ~,/m, = 1.3. Two additional data points not men-

tioned elsewhere are included in the figure.

n 4m.e m opt, I t. 1 + (n 2/n 1)(1M2/1M1)]

~Home e [I + (n2/n 1)(1M2/1Ml)]t. l + (n2/ 1)(mopt, l/mop12)]

where the plus sign is for a semiconductor and the
minus for a semimetal. Experimentally this ratio is
1.3, independent of the value of ~z or R&. If we
continue to assume that the differences among our
samples are due to differences in nonstoichiometry
and carrier concentration, the experimental results
of Fig. 7 require that n H, t~/n remain constant as

P
n i and n2 vary. For the purpose of determining the
implications of this constraint, we make the assump-
tion that m ppt I and m ppt 2 are independent of n i

and n2. The mobilities, however, are likely to
- depend on carrier concentrations The scattering
rate may be written as I/r ~ (M )p(EF ), where

p(EF) is the density of states at the Fermi level and
(M ) is an average of the square of the scattering
matrix element. If (M ) is a constant, I/r will be
proportional to p(EF ) which varies as n '~ in the
simplest approximation. In simple theoretical
models 1/~ is proportional to some power of the

carrier concentration; therefore the mobility ratio

pz/p& would be proportional to some power of
n2/n &. Under these conditions, n H,~~/n depends

P

only on the ratio n2/n &
and would remain constant

as n
&

and n2 vary only if their variation were such
as to keep the ratio n 2/n I constant. This, however,
cannot occur in the case of a semimetal because an
increase in the electron concentration in the conduc-
tion band must be accompanied by a decrease in the
hole concentration in the valence band. Because the
ratio n H,I~/n = 1.3 remains constant as n H, ~~ and
n „each vary by more than a factor of 15, we con-
clude that titanium disulfide is not a semimetal but
a semiconductor.

Although we have ruled out the possibility that
TiS2 is a semimetal, we must still consider whether
we are dealing with one or two kinds of electrons,
i.e., whether the electrons reside in one or more
(nonequivalent) conduction bands (e.g. , band
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FIG. 8. Thermoelectric power at 300 K plotted
against the carrier concentration deduced from the Hall
coefficient. The solid line is the prediction of the single-
carrier free-electron model described in the text.

minimum at the L and M points of the Brillouin
zone as suggested by band-structure calculations).
If we consider again the ratio n 2/n &, we find that
for a two-conduction-band system this ratio does not
remain constant as the total electron concentration
increases except in the special case where the bot-
toms of the two types of nonequivalent bands coin-
cide. In this case, n z/n ~

——(m 2/m, ) . Similarly,

Eq. (3) shows that the experimentally observed
S ~ n ~ dependence cannot be valid unless

EF ——EI;, i.e., when again the bottoms of the two
1 2

types of band coincide. Let us examine this case a
little further. If m 2 gg m &, the Hall coefficient
would correspond to the light carriers and would

give a carrier concentration appreciably smaller than
the total carrier concentration. This, however, does
not appear valid because the analysis in Sec. IV B
will show that the carrier concentrations determined
from RH can be accounted for by the amount of
nonstoichiometry x (except for x & O.OOS).

Our data are consistent with a simple single-
carrier model and we see no evidence for two in-

equivalent types of electrons. Further support for
this conclusion is provided by an analysis of ther-
moelectric power data. Figure 8 shows a plot of the
measured thermoelectric power S as a function of
n H, l~ for our single crystals. The solid line is a plot
of S calculated from Eq. (3) assuming n2 ——0,
A = 3, and m

~
——I,. The Fermi energy was cal-

culated from kF = 3' n H,a/3 under the assumption
that the electrons reside in three equivalent spheres

centered on the faces of the hexagonal Brillouin
zone of TiSz. The comparison in Fig. 8 suggests
that the experimental data can be described approxi-
mately by a single-carrier free-electron model withI&/I, of the order of unity. This result agrees
with our previous determination that
pl pt/m, = 1 .3. Note that the agreement between
experiment and simple theory is best for the least
stoichiometric crystals. The discussion of the tem-

perature data is continued below.

B. The source of the carriers

In Sec. IV A, we showed that our measurements
establish that titanium disulfide is not a semimetal
but a degenerate semiconductor. In this case, it is
of considerable interest to determine the origin of
these extrinsic electrons, especially in view of the
fact that we, as others in past studies, were not able
to obtain materials with n & 2 g 10 cm .

The high purity of initial materials and the results
of impurity analysis of grown crystals show that im-
purities are not the source of the carriers in our
samples, even in those with the lowest carrier con-
centrations. The next possibility to consider is non-
stoichiometry. The results of a number of previous
studies' ' suggest that the excess Ti atoms in

Ti~+„S2 reside in the interlayer van der Waals sites
and act as donors. The number of electrons contri-
buted by each donor to the conduction band is ex-
pected to be four, although a larger number has
been suggested by Wilson. A direct determination
of x by chemical methods, although highly desir-
able, was not attempted in our studies, because of
the unavailability of a sufficient quantity of single-
crystal materials. An indirect method for determin-
ing the values of x in our crystals would be to use
our measured c-axis lattice parameters in conjunc-
tion with the published data on the relationship
between x and the lattice constant of powder sam-
ples of Ti&+„S2, This approach was discounted,
however, because of the uncertainties in the mea-
sured and published values of the lattice constant as
discussed in Sec. II. Another indirect method is
based on thermoelectric power data. Thompson
et al. have measured the dependence of the room-
temperature thermoelectric power of pressed
powders of Ti&+„S2 on the value of x. These results
are reproduced in Fig. 9 and can be used to infer
the value of x in our crystals from the measured
value of the thermoelectric power. To check the
validity of this method and the overall consistency
of our electrical and optical data, we also proceeded
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FIG. 9. Thermoelectric power at 300 K plotted
against the nonstoichiometry x of Ti&+„S2 crystals. The
values of x were calculated from the carrier concentration
n H@] assuming that the carriers arise from excess titanium
and each titanium atom contributes four electrons. The
solid line reproduces the data of Thompson et al. (Ref.
2) who measured S and x of Ti&+„S2 powders. The dot-
ted line represents the S ~ n or x ' predictions of
a single-carrier free-electron model.

to calculate x from the measured values of n H, ]&.

For the purpose of making a comparison, we as-
sume that all the electrons arise from excess titani-
um and that each Ti atom contributes four electrons
to the conduction band. We can then calculate x
using the expression x = n H,~i/[4(1.75 X 10 )]
where 1.75 && 10 is the number of Ti atoms in

TiS2 per cm . The values of x calculated in this
manner were then used in Fig. 9 to plot our ther-
moelectric power data against x. The agreement
between our data and those of Thompson et al. is
excellent for large x (x & 0.01). In addition, as
shown in Fig. 9, these data at large x follow an
S ~ x relationship, in agreement with the
single-carrier free-electron model. These results
strongly suggest that, for x ) 0.01, the source of the
carriers are excess Ti atoms, each contributing four
electrons to the conduction band. The agreement
between the two sets of data becomes less satisfacto-
ry for low x. For example, on the basis of the data
of Thompson et al. , our most stoichiometric crys-
tals (sample no. 164) with S = —240 pV/K should
have x = 0.001; according to our analysis based on
n H@~, however, x should be 0.003. (We note that
for the Exxon highly stoichiometric crystals we ob-
tained S = —245 pV/K and n H@~ ——2.3 & 10
cm, values that are virtually identical to those ob-

tained with our best crystals. As with the lattice
constants, we again obtain evidence that the non-
stoichiometry of the Exxon crystals is larger than
that of the starting powder. ) The reason for the
discrepancy between the two calculated values of x
for our most stoichiometric cyrstals is not clear.
One possibility is that the carriers still arise from
some small residual nonstoichiometry and some
small error has been made in the determination of S
or x (especially when x is less than 0.005). Another
possibility is that for low x each excess Ti contri-
butes more than four electrons; as mentioned previ-
ously, this has been suggested by Wilson, but is not
supported by any other evidence. A third possibili-
ty is that our samples contain about 1.5 &( 10 elec-
trons per cm which do not arise from excess titani-
um, so that the total carrier concentration is given

by n = 1.5 X 10 + [4(1.75 X 10 )]x. These resi-
dual carriers dominate at low x but make a negligi-
ble contribution to the total carrier concentration at
x g 0.01. A possible source of these residual elec-
trons, if they indeed exist, is the so-called "displace-
ment defects. " On the basis of x-ray diffraction
line-intensity analysis, Takeuchi and Katsuta have
suggested that, at low x, some of the Ti atoms move
into van der Waals gap sites leaving behind Ti va-
cancies. Further support for the existence of these
defects is provided by the anomalies of the lattice
constant of Ti&+„S2 at low x.' The concentration
of the displacement defects increases with increasing
temperature and can be substantial. For example,
Takeuchi and Katsuta' estimate that in their crystals
grown at about 1000'C, as x tends to zero, between
2.5% and 3%%uo of the Ti ions are displaced in the
van der Waals gap sites. In spite of the presence of
the displacement defects, simple semiconductor phy-
sics arguments would still suggest that stoichio-
metric TiS2 is not an extrinsic semiconductor but a
compensated one, since Ti interstitials and Ti vacan-
cies would be expected to behave as donors and ac-
ceptors. These simple arguments, however, are not
necessarily valid because vacancies and interstitials,
unlike substitutional ions, constitute major lattice
perturbations. Wilson has suggested that, in this
case, a number of sulfur p-band states (correspond-
ing to the "excess" sulfur created by the displace-
ment defects) are shifted to energies higher than the
Fermi level thus eliminating the otherwise acceptor
states. These ideas are similar to those developed in
detail by Parada and Pratt ' in their theoretical dis-
cussion of cation and anion vacancies and intersti-
tials in PbTe and other IV-VI compounds. (Their
theory also provides an interesting explanation for
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the absence of freeze-out of extrinsic carriers in

these materials. ) Because of the basic questions in-

volved in the discussion of the source of the carriers
in stoichiometric TiS2, it appears very desirable to
determine x directly on single crystals where the
carrier concentration is also obtained from Hall-
effect measurements.

C. Scattering mechanism in Ti~+„S2

Acoustic-phonon scattering is the source of the
temperature dependence of the resistivity in ordi-
nary metals. Simple acoustic-phonon scattering
yields a T resistivity at low T and a linear tempera-
ture dependence above about OD/3, where 0~ is the
Debye temperature (235 K for TiS2). In contrast,
the resistivity of TiS2 (Figs. 1 and 2) varies as T at
low T and as T~ at high T where y varies between
1.85 and 2.2 depending on stoichiometry. (The
resistivity of sample no. 164 varies more slowly at
temperatures above 500 K. This may be because of
its low Fermi temperature TF ——760 K. For sam-
ple no. 1, with TF ——4480 K, the power law contin-
ues up to the highest temperature. )

Our reflectivity measurements are consistent. with

our transport data in that the optical scattering rate

1/T pt obtained from the reflectivity correlates well
with the scattering rate 1/zd, deduced using the .

room-temperature resistivity and Hall coefficient.
This correlation is exhibited in Fig. 10 where 1'/v.,pt
is plotted against 1/vd, . The data are consistent
with the linear relationship

I/r, ~, = I/rd, + 1.2 X 10' sec

Note that 1/7 pt is greater than 1/~d, . This relation
is consistent with the increased phase space for opti-
cal transitions.

To try to identify the scattering mechanisms we
examine the electron mobility at a given tempera-
ture as a function of the carrier concentration. The
total mobility p is related to conductivity by

ne v = nep

We consider the mobility rather than the conductivi-

ty or resistivity because it is more reliable when

comparing measurements made on different sam-

ples. In the Van der Pauw technique, the calculated
absolute values of both the resistivity and the Hall
coefficient are linearly proportional to the thickness
of the planar sample. The mobility, however, is

given by the ratio of R& to p and is independent of
the sample thickness:

P

Just as the resistivity is given by the sum of a
temperature-dependent and a temperature-
independent term, it is convenient to define the cor-
responding partial mobilities

p(4.2 K) = RH/p(4. 2 K)
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FIG. 10. Optical scattering rate plotted versus the dc
scattering rate obtained from the electrical resistivity.
The close correlation indicates the consistency of the
data. The larger optical scattering rate is consistent with
the. increased phase space for optical transitions.
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FIG. 11. Carrier concentration dependence of the mo-
bility at 4.2 K and the partial mobility p'(T)
= &H/[p( T) —p(4 2 K)] «300 K.
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p'( T) = RH/[p( T) —p(4.2 K)]

p(4.2 K) and p'(300 K) are plotted against the car-
rier concentration n in Figure 11.

First consider p, (4.2 K) which arises from
temperature-independent "impurity" scattering
mechanisms. At carrier concentrations above
2 X 10 /cm p(0) varies as n ~ . At lower con-
centrations there is more scatter in the data, but it
appears that p(4.2 K) varies more slowly with densi-
ty. The n dependence may be understood by
the simple argument

I/r; = N; p(M )p( EI).
where X; „ is the density of impurities, M is the
matrix element, and p(E~) is the density of final

states. The experimentally observed relationship

p, = er/m ~ n ~ is obtained if M is independent
of n, if p(E~) is given by the free-electron relation

p(EI ) ~ n '~, and if the scattering impurities are
also the source of the electrons, n ~ X p.

This last condition is also consistent with our ear-

1ier conclusion as to the source of the conduction
electrons (except for —1.5 X 10 /cm residual

electrons).
Figure 11 shows that the room-temperature par-

tial mobility, p (300 K), arising from the

temperature-dependent scattering mechanisms,
varies as n ' over the entire density range.
Equivalently p(300 K) —p(4.2 K) varies as n (see

also Ref. 22). Thompson previously reported that

p(300 K) —p(4.2 K) in Tii+„S2 varied as n

(This corresponds to an n ~ dependence of the mo-

bility. ) This n ~ dependence together with the

pure T temperature dependence from 10 to 450 K
reported by Thompson 1ed him to conclude that the
scattering mechanism was electron-electron scatter-

ing (or electron-hole scattering since Thompson also

concluded that TiS2 was a semimetal). Our data
conAict with Thompson's. For our most
stoichiometric samples p varies as T at low T and
as T at high T, and w'e find p(300 K) —p(4.2 K)
varies as n, not as n . Possible reasons for
these discrepancies are discussed below.

Although Thompson only published a pure T
resistivity, he did observe that the exponent was

mildly sample dependent, reaching 2. 1 for samples
with the highest resistivity ratios p(300 K)/p (4.2
K) = 12. Our sample no. 164 has a resistance ratio
of 12.8, and the high-temperature resistivity varies as
T '. Our less stoichiometric sample no. 3, p(300
K)/p(4. 2 K) = 8.6, showed a T resistivity at high

T (see Fig. 1). Therefore our high-temperature data
are roughly consistent with Thompson's observa-
tions. Our measurements differ more from
Thompson's at low T. He reported that the T
term continued at least down to 10 K, while all our
samples show an approximate T behavior at low T.
Since p( T) —p(0) is less than 10% of p(0) below
40 K, p( T) must be measured with relative precision
of better than 0.5% to be able to establish the
power law with confidence. Our relative precision
in p was about 0.1%.

To derive the n dependence of the resistivity,

Thompson made a series of assumptions to deduce
the carrier concentration. Since he did not measure
the Hall coeAicient of his samples, he assumed that
the stoichiometry of his single crystals was the same
as that for the powders the crystals were grown
from and that each excess titanium atom donated
four electrons to the conduction band. Our thermo-
power results agree with the last assumption (at
least for x y 0.01), but the first assumption is

suspect. We find no a priori reason to believe that
the stoichiometry of the final crystal will be the
same as the starting powder. Our lattice-constant
measurements (see Sec. II) show that the c-axis lat-
tice parameter of the most stoichiometric single
crystals (including the Exxon sample) is consider-
ably larger than Thompson et al. report for their
stoichiometric powders. Furthermore, the magni-
tude of the measured thermopower on the best sam-

ples is 10% below that for the stoichiometric
powders.

These observations may mean that the
stoichiometry of the crystals is different from the
powders or that other sources of charge carriers
(e.g. , displacement defects) are introduced during
single-crystal growth. In any case, the measurement
of the Hall coefficient should provide a much more
accurate value of the carrier concentration.

Our experimental results, therefore, contradict
most of the previously quoted evidence for electron-
electron scattering in TiS2. The main attraction for
electron-electron scattering was that it yielded a T
term in the electrical resistivity. However, our data
show that T is only approximately true only at
high temperatures. Do our results rule out
electron-electron scattering or could it still be the
dominant mechanism and could the deviations from
T result from deviations from Matthiessen's rule or
some other exotic eA'ect?

Maldague and Kukkonen have investigated the
theory of electron-electron scattering in various
types of systems. They found that in most cases the
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T term in the electrical resistivity appears only at
low temperatures and disappears before it ever be-

comes the dominant temperature dependence. They
found that only two mechanisms continue to yield a
T term in the resistivity at high T where the T
term is dominant. These are electron-electron um-

klapp scattering and electron-hole scattering in a
compensated semimetal where the number of elec-
trons equals the number of holes.

Using the semimetallic model of TiS2 proposed

by Thompson, Kukkonen and Maldague' suggest-

ed that electron-hole scattering was a possible ex-

planation of the T resistivity. Since the present
work shows that TiS2 is not a semimetal, this ex-

planation does not apply. Kukkonen and Mal-
dague' also considered electron-electron umklapp
scattering in TiS2 and concluded that because the
electron pockets (assumed to be on the facets of the

hexagonal Brillouin zone) are so small and well

separated, electron-electron umklapp scattering does
not occur in TiS2. This conclusion holds whether
TiS2 is a semiconductor or semimetal. Therefore
the two specific carrier-carrier scattering mechan-
isms that could yield a T resistivity at high T do
not occur in TiS2.

What scattering mechanism could produce a T
low-temperature resistivity and a roughly T high-T
resistivity with an n density dependence? Un-
fortunately we do not know. An n dependence
of the resistivity can be obtained if the scattering
matrix element is independent of n and the density
of states is given by the free-electron relation

p(EF) &x n'/ . A constant matrix element occurs
for electron-phonon scattering in nondegenerate
semiconductors. In this case the deformation poten-
tial which enters the matrix element is independent
of the number of electrons in the conduction band.
On the other hand, for a free-electron metal the de-
formation potential is proportional to E+ ~ n

and this leads to an n density dependence at high
T. Although TiS2 is a degenerate system, the densi-

ty of electrons is only 1% that of typical metals.
Therefore it is reasonable to expect that the defor-
mation potential is the same as for a nondegenerate
semiconductor. This would provide an explanation
of the observed density dependence, but simple pho-
non scattering predicts the wrong temperature
dependences.

Wilson ' has suggested that the resistivity .is due
to Fivaz-mode homopolar optic-phonon scattering.
Fivaz and Fivaz and Mooser considered optical-
phonon scattering in layered nondegenerate sem-
iconductors such as MoS2. For homopolar modes

they found that the dominant temperature depen-
dence of the mobility was due to the number of
thermally excited phonons,

p, ~ exp(8O/T) —1 (7)

where eo is the temperature corresponding to the
optical-phonon frequency. Fivaz and Mooser ap-
proximated Eq. (7) by a power law near ."oom tem-
perature To ——300 K,

The exponent is the slope at To in a plot of lnp vs
lnT:

80/T, exp(8O/To)

exp(8O/T, ) —1
(9)

p cx [T sinh (8o/2T)] (10)

This result is easily derived from the variational ex-
pression for the resistivity and is independent of the
exact nature. of the electron-phonon coupling.
Therefore it applies to both polar and nonpolar
modes. It also applies to three-, two-, or one-
dimensional systems. Like the result of Fivaz and
Mooser, Eq. (10) is exponentially small below 100
K and cannot fit the TiS2 data. Fitting a power law
to Eq. (10), one finds an exponent of 1.4 near 300
K. These optical-phonon scattering formulas can-
not fit the observed resistivity of TiS2.

It is clear that none of the electron scattering
mechanisms discussed above can explain the tem-
perature dependence of the resistivity over the entire
temperature range measured. Thus far, we concen-
trated on mell-known scattering mechanisms and
hoped to isolate one that could explain all the data.
However, it is entirely possible that several mechan-
isms are acting together or that TiS& itself is suffi-

ciently "strange" that phonon or electron-electron
scattering produce diA'erent results in TiS2 than they

Wilson noted that the homopolar optical mode in
TiS2 has Oo ——480 K. Taking To ——300 K, Eq. (9)
yields n = 2.0 and therefore T resistivity. It is
easily seen, however, that a T law is a rather poor
approximation to Eq. (7). The fit is only between
200 and 480 K. Below 100 K, the predicted resis-
tivity equation (7) is exponentially small and cannot
fit the low-temperature data. The theory of Fivaz
and Mooser applies to nondegenerate semiconduc-
tors.

The temperature dependence of the resistivity due
to optical-phonon scattering in a degenerate system
is given by
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do in simple metals. We do not consider the possi-
bility of multiple mechanisms here, but we do brief-

ly discuss the "strange" aspects of TiSz.
In our discussion of scattering mechanisms, we

have assumed that TiSq can be treated as a nearly
ideal metal but, in fact, it is more nearly a dirty
semiconductor. In the least stoichiometric samples,
the density of carriers is approximately 4 times the
number of excess titanium atoms. Even in our best
samples, the residual resistivity remains very high.
The electronic mean free path (1 = UFr) in sample
no. 164 is 240 A at 4.2 K, 12 A at 300 K, and less
than 2 A at 700 K. For comparison, the mean free

path in copper is more than 1000 times longer at
4.2 K and more than 300 times longer at 300 K.
Furthermore, the scattering rate in TiS2 is not small

compared with the Fermi energy (EF ——0.06 eV in

sample no. 164); the ratio fi/(rEF ) is about 0.1 at
4.2 K and greater than unity at 300 K.

Experimentally, TiS2 appears to have some prop-
erties that are similar to those found in a highly

doped semiconductor such as silicon or germanium

doped with phosphorus, arsenic, or antimony.
These systems exhibit metal-insulator transitions. In
the highly metallic region n g 10'8—10' /cm,
these systems exhibit resistivities that vary as T~

where y is 2 for germanium doped with arsenic or
silicon doped with phosphorus, y is —, for germani-

um doped with antimony, These highly doped
semiconductors also exhibit an anomaly in the mag-

netoresistance similar to that we find in TiS2.
The effect of electron-electron scattering on the

resistivity of a disordered system has not been com-

pletely established. For weak disorder it is expected
that Fermi-liquid theory will not change qualitative-

ly and electron-electron scattering will continue to
contribute a T term. (In a highly disordered sys-

tem, other temperature dependences are obtained. )

We argued that electron-electron scattering does not
contribute to the resistivity of TiS2 because the nor-

mal scattering processes conserve wave vectors and

umklapp scattering does not occur. In a disordered

system wave vector is not defined, much less con-
served. If wave-vector conservation could be aban-

doned, then normal electron-electron scattering
would contribute a T term to the resistivity at all

temperatures, and normal electron-phonon scatter-

ing would contribute a T term at low T instead of
T . We emphasize the speculative nature of this

idea and note again that there is no theory of this ef-

fect.
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