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Transport properties anti the phase transition in Tii „M„Sez (M = Ta or V)
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The transport properties of semimetallic TiSe2.are reexamined, and the limits of a two-band model are

, discussed-. %'e conclude that the density of electrons and holes is 5 X 10' /cm to 10 X 10 /cm', in agreement

with recent photoemission data. The second-order phase transition at 202 K in TiSe2 is suppressed by cation-
substitution with Ta or V. . In both cases, about 7% substitution completely eliminates the transition.

However, while Ta appears to donate carriers in the rigid-band sense, V has a magnetic moment which is
concentration and temperature dependent. Furthermore, at low V concentrations the-resistivity diverges at
low temperatures, in contrast to the metallic behavior of the Ta-doped samples. The data suggest that the

cation djsorder is the major cause of suppression of the transition. Since the-disorder is not directly related

to the carrier-density, we are unable to draw conclusions from these data concerning a possible electron-hole

coupling mechanism 'to drive the transition.

It is now mell established that R low-tempera-
ture, second-order phase transition occuxs in the
semimetal TiSe» belch which the hexagonal u and

c axes. are doubled. :- '- IQ the most sto1ch1ometr1C
matex'ials this transition occurs close to 200.K.

. Several mechanisms:of transformation have been
proposed, '=5 but the:-data are not sufficient to
uniquely identify which is operative. It is known

that the transition--temperature 1'0 is suppx'essed by
cation Rnd anion substitution' 4 and nonstoichio-
metry, ' but a systematic study of.the effects of
cation substitution is lacking. Here we wish to
present some Qew data and to further discuss
transport measurements in TiSe,.

In this paper we first consider the question of
cRX'1'1ex' den81tle8 Rnd mobllltl68 1Q Tl862» Then
we present resistivity Rnd magnetic susceptibility
data fox' Ti, „M„S6,', where M=TR or V. The
properties of these catjon-substituted alloys change
rapidLy with increasn1g @.. At small @, V appears
to fol m R locRl momeQt~ wh116 TR does not, The
onset temperature to the superlattice state is.re-
duce'd with increasing x, at least partly due to the
cRt1GQ d18ox'dex', BecaU86 of the effects .Gf disorders
these new data are still unable to unambiguously
identify the mechRnism of sup6rlRttlce fox'DlRt1GQ

The samples were prepared from 99999%9pu.re
Se and 99.99% pure Ti (the dopants V and Ta were
99.9% pure). Powder samples were first prepared
by reaction at 600'C in a small excess of Se (1 mg
excess pe1 cm of reaction, volume 1Q R 86Rled ~

evacuated quartz tube). These powder samples
wex'6 homogenized ln two 8Ubseguent 8tep8, ERch
step consisted of grinding the reacted powder, ,

pressing it into a pellet at 40000 psi, and reheating
it to 600'C. Single crystals were grown by iodine
vapor tx'ansport from these powders, again in ex-
cess Se of 1 mg/cm', to a growth temperature of
590 C. %6 previously established-that the most

stoichlometrto Tisea (Ref. 1) and VSe2 (Ref, 6) are
obtained at the lowest gx owth temperatux es, 590 'C

being the lowest consistent with reasonable growth
I'Rte 8,

I. TiSe2.

- In R px'evious paper, ' we presented resistivity
and. Hall coefficient (ft„) data from which we esti-
mated. a carriex' concentration by. assuming a cax',-,

rier mobility of 15 cm'/Vsse ai 200 K. This pro-
cedure gave s, =&„=10"/cm'. A better estimate
can be obtained. in the following way. The product
of conductivity and Hall coefficient in a simple
two-band model (which we assume applies here—
discussion of this point comes later) is given by'

where. p, I, and p, are hole and electx'on mobj, lit'ies-, :

x'espectlvely, . Since by definltlon pI, . and p~' Rle:po-
sitive, the quantity in large parentheses is lezs
than or- equal to one. When B~,is positive, we ob-
tain then R Losve/ 5ossnd Gn p z

~~ eoR~= p. '. Similar:--

ly when A„ is negative, Eq. (1) can be reca'St in a
similar form to give a lower bound on p, ~

~
cagls~.

U'81ng these boUQds, +ppe& ~&~&~~ on th6 nuglb6r of
carriers can be obtained from

o =IeIn+p+.

Hex'6 ++ will be Rn Uppex' limit GI1 the den81ty Gf

holes (electrons) when R„ is positive (negative).
Next we pl686nt transport dRtR on oux' -pu168t TlSe~-
(iodine transported) and calculate n* vs tempera-
ture.

The electrical resistivity (current parallel to the
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FIQ. 1. Electrical resistivity and the Hall coefficient
with the current parallel to the layers for a TiSe2 single
crystal.
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FIG. 2. Lower limit of carrier mobility ~aIts~ and the
upper limit of carrier density n* are shown versus tem-
perature.
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layers) and Hall coefficient (current parallel and
magnetic field perpendicular to the layers) for
TiSe, are shown in Fig. 1. By carefully measuring
sample dimensions and using thin voltage contacts
on a number of samples, we have determined
p(295 K) =0.95&&10 ' 0 cm +5 /o. This value is lower
than our original estimate of =1.15&&10 ' 0 cm.
Above 450 K the resistivity increases linearly with
temperature up to 700 K, and dp/dT =5.6 X 10 '
Acm/K. This increase is small when the logarith-
mic derivative is compared to metals, even other
layered compounds. For example, at 450 K d(lnp)/
dT =6.0&10 K ' for TiSe2, but is 1.5&10 ' K '
for 2H-TaSe, and 2.4&10 ' K ' for Cu.

Figure 2 shows
~ coR„I, converted to practical

units for mobility, and n* from Eq. (3). We' ex-
pect »* to be much larger than the actual density
when pP (i.e., Rs) goes through zero. When the
temperature is well above &„we expect the actual
density of carriers to be constant or perhaps to in-
crease somewhat with increasing temperature due
to thermal excitation of extra carriers. Thus the
lowest value of »* obtained above T, '=200 K is the
most realistic upper bound on», or»„. From Fig.
2 the value obtained at the highest temperature of
measurement is n* =2.8 &&102o/cm'.

The data at 4.2 K yield n* =0.56&&10"/cm' and
p,*=390 cm'/Vsec. From these data, and those
above 1'0, we can estimate the fraction of carriers
lost due to the transition at 200 K as

I.n*(380 K) —"*(4.2 K)j/In*(380 K)] =0.8.
These data show that substantial portions of the
Fermi surface are lost due to gap formation in the
superlattice state and are consistent with recent
Se'~ NMR measurements, ' changes in the free-car-
rier plasma frequency, ' and the low-temperature
electronic specific heat. '

What are the limits of this analysis~ The first
has to do with the TiSe, itself. We know that io-
dine, used in the crystal growth, is incorporated
at about 0.3 at. %,' or about 0.4&&10ao iodine atoms/
cm'. If compensating Ti vacancies axe not induced,
each iodine is expected to donate one electron to
the bands, increasing n, and decreasing»&. We
estimate that n, —n„/n, & 0.1 from this donation. It
is also possible that defects, similar to those pro-
posed to exist jn TiS2, ' could change the ratio of
electrons and holes. However, at present we have
no way of measuring the density of these defects.
(We return to this difficulty in Sec. III.)

A second problem with this analysis is the use
of a simple two-band model. In particular, Kukko-
nen" has pointed out that electron-hole scattering
will contribute to degrading the current and thus
reduce the mobility for conductivity, but such scat-
tering will not effect the Hall mobility. If electron-
hole scattering dominates other relaxation pro-
cesses, Eqs. (1) and (3) will unde~estimate n+. At
present we are unable to accurately ascertain this
effect, but n, =n„= (5-10)&&10"/cm' is possible.

If the carrier concentrations are this high, the
occupied portion of the conduction band may be
visible in photoemission data. The valence band
x-ray photoelectron spectra of TiSe2 obtained with
a Hewlett Packard 5950A Spectrometer using Al
Kn radiation are shown in Fig. 3. The leading edge
of the P bands usually decreases smoothly in group-
IV& layered semiconductors such as ZrS, (dashed
portion of the curve). The 'extra lump near E =0
is most likely due to the conduction electrons in the
d band. We estimate the occupied conduction band
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FIG. 3. X-ray photoelectron spectra (XPS) of TiSe2
showing the upper edge of the Se valence band. The
Fermi. level is taken as the zero of binding energy. The
dashed lines show an approximate deconvolution of the
emission from the p valence band and the partially oc-
cupied d conduction band.

width as =0.25 eV by the difference between the
dashed curve and the data. This number has large
uncertainty because the resolution of this apparatus
is on the order of 0.5 eV. The large width of the
d band emission is most likely due to the resolu-
tion and is sensitive to the shape assumed for the
P band edge. Recent angle-resolved uv photoemis-
sion measurements with higher energy resolution
yield a better value, i.e., EJ' =0.1 eV." By com-
parison to band-structure calculations for 1T-Ta82,'
or TiS2,"we estimate from the above band width
that +, -5-10&&102O/cm'. These values of &, and
F~~' are an order of magnitude higher than our ori-
ginal estimate. '

II. Ti& N Se2(N= Taor V)

Previous studies showed that the transition tem-
.perature of TiSe, is suppressed by cation substitu-
tion with Ta. '4 However, these crystals were
grown above 600'C, where nonstoichiometry is
known to result. ' The resistivity of Ti, „Ta„Se,
crystals (parallel to the layers) grown at 590 'C is
shown in Fig. 4. With increasing &, both the tran-
sition temperature and the magnitude of the resis-
tive anomaly are reduced, so that at x =0.07 the
transition is not visible in the resistivity. The
transition temperature, determined from the re-
sistivity slope as described previously, ' decreases
initially at dT /& =18+8 K/at. Vo. Magnetic sus-
ceptibility measurements show these compounds
to be weakly diamagnetic or paramagnetic. No
local moments are observed in these measure-
ments, beyond that due to a small amount of Fe
impurity (50-80 ppm). This implies that the re-
maining d electron of the Ta4 is delocalized into
the Ti d band, increasing &, and decreasing +„(in

lO4
0 100 200 300

FIG. 4. Electrical resistivity of Ti&„„Tape2 single
crystals with the current parallel to the layers shows
the rapid suppression of the phase transition with in-
creasing x. The arrows mark the transition tempera-
ture.

the rigid-band approximation).
Similar resistivity measurements of Ti, „V„Se,

single crystals (parallel to the layers) show quite
different results, as shown in Fig. 5. At low con-
centrations of V, the resistivity increases rapidly
at low temperatures; the largest increase occurs
near x =0.01. The low-temperature resistivity
near & =0.01 is very sensitive to small changes in
concentration. Several samples from the same
growth batch, having the same V concentration to
within measurement error (x20%), show the same
resistivity above 200 K. However, the resistivity
can differ by a factor of 2 by 77 K and at 4.2 K can
be larger than that shown in Fig. 5 by several or-
ders of magnitude. The measurements suggest
that &, is reduced in these samples at nearly the
same rate as for Ta, since the transition is no
longer apparent when the V concentration is greater
than 0.075.

Magnetic susceptibility measurements (Fig. 8)
by the Faraday method on powder samples show
that the V atoms have a magnetic moment. How-
ever, the moment per vanadium atom decreases
with increasing concentration and the effective mo-
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lack of a local moment on Ta in TiSe, is consistent
with this picture, since 1&=TRSe, has metallic con-
ductivity and the average metal-metal distance is
3.48 A. IQ Rn attempt to resolve the question of
where the V resides we tried to obtain the V ESR
Spectra, but no signal was observed. between 6 K
and 300 K in powders or single crystals.

The resistivity dlvelges ln Ti~ «V~Se2 when &

& 0.03 as the temperature is reduced. Note that
when 0.03«&O.OV, the resistivity increases at
low temperatures, but remains finite as T -0.
Two mechanisms fox' this behavior suggest them-
selves: Anderson localization" and spin disorder
scattering. "'" There are several examples of the
former in layered compounds. "'". Figure 7 shows
the resistivity of a nominal Ti, »Vp ogSep crystal
below 70 K down to 1,05 K. This crystal shows a
much larger increase in resistivity at low tem-
peratures than the one shown in Fig. 5. Also in

Fig. 7 is shown the field dependence of the resis-
tivity with the magnetic field Pm"al/el to the cur-
rent at 4.-2 and 1.05 K. The large negative mag-
netox'e818tRQce suggests thRt the lncx'eRslng x'esls-
tivity is in part connected with the existence of a
magnetic moment on the V atoms.

We return now to the phase transition itself Rnd

its behavior versus substitution. In general we ex-

pect that the transition temperature couM be
changed either by changing the carrier concentra-
tion or as a result of cation disorder. " In R pre-
viou8 papery we suggested thRt the transition ln

Ti, +„Se, was suppressed by the excess carriers
produced from the excess (x) Ti atoms. From re-
sistivity data we estimated that 'E, is reduced to
zero at x=0.035+0.005. In the case of excess Ti
the initial rate of suppression of &, is dg/&Iexcess
=35~5 K/at. %.

If the suppression of the transition temperature
were due to an increase in electron concentration
(and a decrease in hole concentration) by electron
donation from the excess Ti, we shouM be able to
calculate the rate of suppression for Ta and V
doping due to a similar electron donation to the
bands. However, we need to know the valence of
the excess Ti (how many electrons donated per Ti).
We attempted to observe a difference in chemical
shift between the excess Ti and host Ti in Ti, .08Se2

by x-ray photoelectron spectroscopy. The nar-
rowest Ti core levels are the 2P levels and the re-
sults are shown in Fig. 8 in comparison to TiSe,.
Also shown is the first P-level center position in.

Ti metal and in Ti02, The chemical shift for Tl
in TiSe2 is only 1.56 eV in comparison to 4.9 eV,

for the more ionic Ti in Tio, . A second Ti site
is not observed in Fig. 8 for Ti, .«Se„rather, the
width of the peaks increases by =20% over Tise,
or Ti metal. It is difficult to assess the meaning
of these data, but to first order it appears that all
the Ti are equivalent.

Assuming then that the excess Ti are tetravalent,
we would expect Ta to suppress To at '=9 + i K/at. %,
if this suppression &vere due to changes in the ear
vier density alone. For bath the Ta and V substi-
tuted samples we find dT„/dxI„b, is about twice this
value (18 +3 K/at. Vo). It is somewhat surprising
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FIG. 7. Electrical resistivity and magnetoresistance
of a nominal Tio &@70 0&Se2 single crystal from 1.05 to
70 K.

I I I I I I I I I I I I I I

465 46O 455 450
BINDING ENERGY (eV)

Fro. 8. XrS spectra of the Ti 2p levels in Tige)
(solid line) and Ti& 088e2 (dots). The arrows indicate the
center position of the 2p3&2 peak in Ti metal, TiSe2, and

Ti02.
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that Ta and V suppxess the transition at the same
x'ate, since the 4 electron may be localized on the
V Rt low concentrations, but not on the Ta. Fur-
ther Since the transition involves the freezing ln
of R particular phonon, ' one might expect the dis-
ruptive effect of V and Ta to be dissimilar because
the forxner has R mass close to that of Ti while
the latter has a much larger mass. Because we
are not able to determine the relative importance
of changing the electron and hole concentrations
and of dlsol del ln suppl"esslng th6 transltlon~ lt
is difficult to use these data to help determine the
mechanism of transformation.

III. DISCUSSION

%6 x'6tUIQ Rgaln to the pl'opel ties Gf Undoped~

stoichiometric TiSe2. One concern in understand-
ing the physical properties of TiSe2 is the possible
presence of crystalline defects, which may pro-
duce carriers. These might be, for example, Ti
vacancies in the TiSe~ layer with an equal number
of Ti atoxns in the Van der %Rale gap. These de-
fects Rle Gbsel ved ln TlS2 when px'epR1"ed Rt high
temperatux"es. " %'hile we cannot directly measure
the concentration of such defects, the present data
suggest that the concentration of these Rnd other
defects must be low. Both Fige. I and 4 of Ref. 1,
show that the resistivity is rather severely changed
from that of the "best" TiSe2 even at very small
levels of doping or nonstoichiometry. For exam-
ple, the peak in the resistivity of Tio.99sTao, omS6,
has dropped by more than. R factor of 4 from that
of TiSe, relative to the "background" extrapolated
from high temperature. Such large changes with

small doping concentrations seem unlikely if a
large amount of disorder by "self-doping" is al-

. ready present. For this reason. it is believed that
the dRtR showQ ln Flg. I are close to~ ox' x'epl 6-
sentative of, "intrinsic, high purity, defect-free
TiSe,."

It is tempting to associate the increase of the re-
sistivity over the linear extrapolation from above
450 K with pretransition fluctuation effects. ' This
effect must then extend to twice the transition tem-
perature, or in absolute terms at least for 200 K
above ToI It is clear that the resistivity itself does
not divex'ge at &o; rather, the resistivity peaks ap-
proximately ~5 K below ~o. AS, in many magnetic
transitions" or charge-density-wave {CDW) transi-
tions in 2H group-V& dichalcogenides, " the transi-
tion in. TiSe at 1' js accompanied by a negative
peak in &p/d&. At present it is difficult to say if
these effects, especially well above To are asso-
ciated wjth dynamic fluctuations o'r if they are due

to impurity induced statj. c distox'tions. '7 Either
case may be consistent with the "streaking" around
the 2ao SuPerlattice Points observed in electron

diffraction even at room temperature. '" '
Finally, we consider the mechanism of the tx'an-

sition. A number of models have been proposed,
These include an electron-hole coupling from I' to
L by either the electron-phonon interactjon"' or
by an excitonic Coulomb coupling, ~ Also suggested
is a band Jahn-Teller effectso and a. dixect phono
instability that wouM occur in the &b@e+&8 of car-
riers. "" The last model has also been combined
with the flr8't by suggesting that the transition tem-
perature is enhanced by the presence of carriers. '
7t is clear from, the electrical resistivity, mag-
netic susceptlblllty~ 86 NMR~ Rnd optical x'6-

flectivity' that the number of carriers is reduced
by a factor of 3-10 when well below To. Also the
size of the specific heat anomaly at the 200-K
transition is consistent with the transition. being
dl"lveD by the cRx'x'1618. Howevel, the x'ounded

shape of the specific-heat anomaly and critical
scattering observed in elastic neutron scattering
and x-ray measurements suggest a short correla-
tion length for fluctuations of 15-20 A.~2 Such a
Short correlation length implies that the phonon

entropy cannot be neglected in determining the
transition temperature or the nature of the fluc-
tuations. A model similar to that deveJ. oped by
MCMillan for 2H-TaSe, where the coxrelation
length js only 4 A,"presumably will apply to TiSe,.
In TiSe2 this length is about four times longer than
in 2H-TRSe„and the temperature exponent of the
ox'del parameter 1D Ti86& 18 clo86 to the mean field
value of 0.5.' Consequently, we expect that the
phonons are less important in TiSe,. Although all
the ava. ilaMe data. Suggest to us that the driving
force for the transition axises from the presence,
of the carriers, we cannot disprove other proposed
models.

A reexamination of the transport data, the pos-
sible inadequacy of a simple two-band model in

interpxeting the data, and recent photoemission
measurements lead us to expect carx"ier densities
in TiSe, of (5 to 10)&1020/cm' when the tempera, -
ture is above the second-order transition at 'Eo

= 200 K. Both cation and anion substitution, as
well as nonstoichiometry, suppress the transition.
However, this suppression appears to be mostly
dUe to the dj.soldex' cx'6Rted by such chRnges. VR-

nadium atoxns, when substituted in TiSe„have a
magnetic moment Rnd cRUse R lRx'ge increase ln

the low-temperature x'eslstlvlty, This behRvlor ls
in marked contrast to that of Ta substitution,
where no moments are seen and simple metallic
conduction occurs. However, we have been unable
to unambiguously determine the driving force of
the transition from these data, since the cation
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disorder appears to dominate the suppression of
the transition.
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