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The a-axis, temperature-dependent electrical resistivity of high-purity, stoichiometric
TiS2 is proportional to T from at least 10 to 400 K. This unique behavior is apparently
caused by electron-electron scattering.

In 1937 Baber' predicted that electron-electron
(or electron-hole) scattering could make a sub-
stantial contribution to the electrical resistivity
of certain metals. Subsequent attempts to identi-
fy such scattering unambiguously in nonmagnetic
materials have been moderately successful. Such
electron-electron scattering will probably not be
seen in the simple metals' but has been detected
in certain transition metals and in some semi-
metals. ' In some nearly magnetic metals para-
magnon scattering may dominate the electrical
resistivity to temperatures well above room tem-
perature. ' In all of these cases the characteris-
tic T' dependence of the resistivity predicted by
Baber is restricted to lower temperatures, usu-
ally below 20 K. The layered semimetallic com-
pound TiS, may offer the first case where elec-
tron-electron scattering causes the electrical re-
sistivity to be proportional to T' to temperatures
above 300 K.

Until recently, the semimetallic properties of
TiS, have been attributed to deviations from stoi-
chiometry in what would otherwise be a semicon-
ducting material. But in 1972 Thompson, Pish-
arody, and Koehler' noted that this is not an ad-
equate explanation since TiS, can be prepared as
a stoichiometric compound. These results have
been abundantly confirmed in studies of the tita-
nium-sulfur phase diagram, ' and the semimetal-
lic properties of TiS, have been confirmed in in-
dependent measurements. '0" But the origin of
these semimetallic properties has not been re-
veajed through band-structure calculations that
predict a 1-eV band gap in Ti82." The remain-
ing questions regarding the band structure and
the unusual transport properties of TiS, have
stimulated the author to re-analyze the transport
and magnetic measurements. I conclude from
the composition-dependent magnetic susceptibili-
ty and thermoelectric power that the Ti„S, non-
stoichiometric compounds display nearly ideal,
rigid, parabolic-band properties. At the same
time the scattering of current carriers is quite
unusual. The temperature-dependent resistivity,

p —p„ is proportional to T' from at least 10 to
400 K. Also, p —po is roughly proportional to
n "' where n is the carrier concentration. These
relationships suggest that the resistivity is dom-
inated by electron-electron scattering.

I will assume that the electrical resistivity can
be factored into a mass-dependent factor repre-
senting the rigid-band, temperature-independent
properties and a relaxation-time factor contain-
ing all of the temperature dependence. Thus

p(T) = [m*/ne'][1/v'(T)]+ p, .

The magnetic susceptibility and Seebeck coeffi-
cient will be used to show that m* is independent
of composition. These data were presented in
Ref. 8. Within a rigid-, parabolic-band model
the Seebeck coefficient for a metal is proportion-
al to" m*/n'", where m* is the effective mass
and n is the carrier concentration. Likewise,
the magnetic susceptibility of the conduction
electrons is proportional to" m*n'". Rather
than deal with X directly, I will follow Takeuchi
and KBtsuda" and study the changes in X that oc-
cur when the composition is changed. The incre-
mental susceptibility is defined as 4X =X&; s,
-X&;s,. A comparison of the experimental values
of 4X with the expected core diamagnetic contri-
butions from the supernumerary titanium atoms
shows that such core terms can be neglected so
that &X reflects only the change in X caused by
changes in the number of conduction electrons.
The 4X and S equations can now be solved simul-
taneously to yield

~S~ '"=A. +any

where A and B are functions of g, the spectro-
scopic splitting factor, and m*, the effective
mass. Thus, ~S ~

'" would be expected to be pro
portional to &X, provided that m* and g are con-
stant, i.e., provided that the rigid parabolic band
model works. Then ~S~

'" is plotted versus b.x
in Fig. 1 for the Ti„S, compounds. From the lin-
earity of this relation I conclude that m* and g
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FIG. 1. The inverse square root of the Seebeck co-
efficient versus the change in the susceptibility on
doping with titanium.

g4

10

are constant with m* = 1.5m, and g = 4.3. (Here
m* is the net density-of-states effective mass. )
The paramagnetic enhancement has been some-
what arbitrarily lumped into the value of g but
this would seem to be a reasonable parametriza-
tion. In other semimetals where the relevant di-
rect band gaps are comparable to the spin-orbit
splitting, very large values of g are obtained. "
Support for this parametrization follows from
the observation that m, =—2/g=m, for TiS„where
m, and m, are the spin and orbital effective
masses as defined by Cohen and Blount. " This
equivalence leads to Xp,nij 3xdjs~gggptjg for the
conduction electrons and hence a positive sus-
ceptibility as observed. Exchange-enhancement
domination of X would not seem to be consistent
with the linear correlation between iSi '" and
&X since such an enhancement would introduce a
substantial composition-dependent factor.

The 7 factor in Eq. (1) will be determined from
the dependence of p on temperature and composi-
tion. Benda' and Takeuchi and Katsuda" have
each reported that p-pofxT' in TiS, but in both
cases the proportionality is over a limited tem-
perature interval and, in the absence of corrob-
orating evidence, is inconclusive of new scatter-
ing mechanisms. But when TiS, crystals are
grown from high-purity elements by sulfur-va-
por transport, p —po~T' from 10 to 400 K. (The
highest temperature is presently limited by
chemical reaction with the contacts and the low-
est temperature by the large value of po. ) This'
result is shown in Fig. 2. There log(p -po) is
plotted versus log T. I find p(T) = 1.95&&10 ' 0
cm+ (2.0&& 10 ' 0 cm/K )T'. For this particular
sample p(300 K)/p0=10. This T2 behavior has

10
I I

I40 100
I

400

FIG. 2. A log-log plot of the g-axis electrical re-
sistivity versus temperature for TiS2. The solid line
has a slope of 2.

been observed in materials with resistance ra-
tios of 9.5 to 11 while in impure-nonstoichiomet-
ric samples with resistance ratios of 3 to 8, I
find that the T' behavior is restricted to a small-
er interval in T.

The value of the exponent on T is mildly sam-
ple dependent. For the sample shown in Fig. 2

the exponent is 2.00+ 0.04. In samples with re-
sistance ratios between 11 and 12, the exponent
appears to be slightly larger, reaching values as
large as 2.1. In these cases the determination of
the exponent is complicated by a subtle plateau
in the curve of p versus T' near 120 K. This
plateau occurs near the distortion temperature
predicted by Thompson" from systematics of
charge-density-wave distortion temperatures in
the layered diehalcogenides. The highest purity
TiS, would then seem to fit the same systematics
established for the metallic layered dichalcogen-
ides.

Recently Lawrence and Wilkins' have reported
a theoretical study of electron-electron scatter-
ing in the simple metals. They find for a para-
bolic band model that p«sn '"T'. We have test-
ed this equation in the Ti,+„S, compounds by plot-
ting p(399 K) versus n '" as in Fig. 3. The val-
ue of n is calculated by assuming that the inter-
stitial titanium atoms each donate four electrons
to the conduction band. As shown in Fig. 3, p(300
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FIG. 3. The electrical resistivity versus n '~. The
carrier concentration is calculated on the assumption
that each supernumerary titanium atom in Ti„S2 do-
nates four electrons to the conduction band.

K)o=n '". The coefficient of T2 for TiS2 can be
calculated from the slope of this line and is found
to be 2.0&& 10 ' 0 cm/K', in agreement with the
slope of the curve of p versus T'. The curvature
of the curve of p versus n ' is fairly insensitive
to the value of the exponent and depends on the
accuracy in the measurement of the carrier con-
centration from the Hall effect. From an analy-
sis of the experimental data I take -,

' & (y~ & 2.
In addition to the proportionalities of p to T'

and n '", the magnitude of p is also consistent
with electron-electron scattering. If there is a
high probability that a resistive, electron-elec-
tron scattering event will occur, then p ~m'n"'"
&&7' according to Ref. 2. For TiS„m'n ' ls
three to five orders of magnitude larger than in
classical metals and the Lawrence-Wilkins re-
sult predicts an electron-electron resistivity at
300 K of 1.5X10 ' 0 cm, within one order of
ma, gnitude of the measured value at room temper-
ature. This agreement is judged satisfactory.
The large value of m'n " for TiS, is equivalent
to there being a small Fermi energy or a low de-
generacy temperature. For TiS, the degeneracy
temperature is approximately 1500 K so that even
at 400 K finite-temperature corrections to the T'
dependence should be small. Electron-electron
scattering then predicts the magnitude of the re-
sistivity and its functional form over the mea, -
sured temperature range.

At the same time the phonon contribution to the
resistivity is suppressed by the small Fermi mo-
mentum. In a meta, l, conservation of energy and
momentum requires that k~ &2k~ (k D is the Debye
radius) or the Bloch equation" for the lattice re-

sistivity of normal processes will overestimate
the resistivity by a factor of (2k F/kz&)'. " The
summation over phonon wave vector for the Bloch
equation would include phonons of such large mo-
mentum that the scattered electron would not re-
main on the Fermi surface. In TiS» AD=5k'z and
a large correction would be expected. Suppres-
sion of the phonon resistivity favors the domina-
tion of the electron-electron scattering mecha-
nism.

An exact mechanism for the scattering in TiS,
and the extent to which this mechanism is unique
are not presently clear. One speculative pos-
sibility is that TiS2 with resistance ratios be-
tween 9 and 11 is a material with an incipient
charge-density wave (CDW)." Such CDW's have
been. observed jn other layered compounds
and, in particular, transitions have been seen in
TiSe, and TiTe, ." In addition, diffuse scattering
suggestive of the precursor to CDW's has been
seen in the electron diffraction from TiS,.'~
These results support the speculation that elec-
tron-electron scattering in TiS, may be enhanced
by fluctuations into the CDW state ("parapha-
sons").

I conclude that the combined transport and mag-
netic measurements yield substantial evidence
for electron-electron scattering in TiS from 10
to 400 K. I define a general electron-electron
scattering event to be one in which the Pauli prin-
ciple must be satisfied twice, once for each in-
teracting electron, so that p ~T'. The deter-
mination of the specific scattering mechanism
(intervalley electron-electron, electron-hole,
electron-paraphason-electron, etc.) awaits com-
parative calculations on the mechanisms and ex-
perimental determinations of the Fermi surface.
The resolution of the mechanism problem may
unambiguously answer questions surrounding
the origin of the semimetallic properties of TiS,
and may improve our understanding of transport
properties in the presence of charge-density
wave distor tions.

The author thanks J. R. Schrieffer and W. E.
Lawrence for many helpful suggestions.
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Resistivity measurerne'nts of frozen mixtures of Xe and Fe versus concentration and
temperature exhibit various conduction regions including a nonconducting-to-conducting
transition at 30 at.Vo Fe. Mossbauer-effect measurements reveal no changes in isomer
shift or hyperfine magnetic field with concentration above - 14 at. /o Fe. However, the
change in shape of the Mossbauer spectra suggests that a transition from a paramagnetic
relaxing phase to a magnetically ordered phase occurs- at - 30 at.~/& Fe.

Since Mott' proposed the occurrence of metal-
nonmetal transitions, a number of these transi-
tions have been investigated. ' Recently transi-
tions have been observed in frozen mixtures of
rare gases and metals. ' ' Sharp, discontinuous
transitions of resistivity as a function of concen-
tration have been reported for Ar-Na' and Ar-
Cu.4 Also a sharp transition was suggested by
the optical measurements on Xe-Hg. ' By con-
trast, Kr-Rb and Xe-Cs systems' did not show
sudden changes in their optical properties, while
resistivity measurements indicated gradual met-
al-nonmetal transitions.

We report a study of a system in which the
metallic constituent is a magnetic transition
metal. In this study we monitor the resistivity
and "Fe Mossbauer-effect parameters of Xe-Fe
as a function of iron concentration. A gradual
transition from a nonconducting to a conducting
phase was observed around 30 at.% Fe. Neither
the Mossbauer isomer shift nor the hyperfine

field of "Fe (H,.) showed an observable change
on passing through the transition.

Samples were prepared in a vacuum of better
than 10 ' Torr by allowing Fe vapor and Xe gas
to condense on the 7-K surface of either a sap-
phire or beryllium substrate. Iron was evapo-
rated from an alumina crucible held in a tanta-
lum heater that was temperature regulated to
better than +2'C. By weighing the crucible be-
fore and after an evaporation, and by using the
furnace efficiency (the ratio of Fe deposited on
the substrate to Fe evaporated), the amount of
Fe in the sample could be determined. The fur-
nace efficiency was determined in a separate ex-
periment by weighing the Fe deposited on a sub-
strate held at room temperature. It was assumed
that the sticking coefficient for Fe was the same
at 7 K as at 300 K. From the amount of Fe de-
posited and from the attenuation of the 14.4-keV
y ray of "Co, the amount of Xe deposited was
determined. The error in the amount of iron in
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