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Electronic properties of TiSi, single crystals at low temperatures
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We report measurements of Hall effect, transverse magnetoresistance, and specific heat on high-gyality TiSi
(C54 phasg single crystals at low temperatures. We used crystals with low residual residtiytically
pao k=0.15 uQ) cm) and magnetic fieldsR) up to 20 T. These facts allowed us to study the electronic
properties from the loww.7<1) to the high field regiméw,7>1, w.=eB/m* being the cyclotron frequency
and 7 the electron relaxation times a function of magnetic-field strength and temperature. The low field Hall
coefficient Ry is negative, almost constafy=—(0.5+0.1)x10"1° m%C between 100 and 300 K and it
changes sign at30 K. The angular dependence of magnetoresistance shows either minima or maxima when
the magnetic field is parallel to the principal crystallographic axes. These structures are, however, less pro-
nounced than in other silicides, such as Ba@®id NbSj, and this suggests only a weak anisotropy of theTiSi
Fermi surface. The galvanomagnetic properties behave consistently with band-structure calculations of Mat-
theiss and HensdPhys. Rev. B39, 7754 (1989] who found that TiSiis a compensated metal with only
closed orbits for the Fermi electrons. Using a simple two-band model we estimated, from the low field
magnetoresistance, carrier density= n,=(0.45-0.52X 10?2 cm~2 assuming equal concentration of electrons
and holes. Low temperaturgs.6<T<22 K) specific-heat ;) measurements fit a lined®,/T=y+ BT?
dependence, withy=3.35+0.05 mJ/K mol and 8=0.0201+0.0005 mJ/K mol. From these parameters we
estimated the Debye temperat®dg=662+4 K and the renormalized electronic density of states at the Fermi
surfaceN(eg)(1+\)=2.85 states/eV cel[S0163-182006)02735-X

INTRODUCTION Mattheiss and Hensehave recently performed electronic
band-structure calculations. They found out that the C49 and
TiSi, is a material largely used for interconnects in siliconC54 phase are compensated metals with both holelike and
integrated circuit technology due to its low resistivity and its electronlike surfaces at the Fermi level. These authors have
stability to heat treatmentsStudies on the formation of also found that the Fermi velocity can be rather anisotropic
TiSi, thin films?> have shown that there are two metallic in the C54 phase. This may lead to some anisotropy of the
orthorhombic phases: the base-centered C49 and the facelectronic transport properties, a fact that is certainly impor-
centered C54 phase. The latter is the most metallic and it catant for several applications. ResistiVignd preliminary op-
also be obtained as bulk single crystal. In the past few yearsical investigation§ (no measurements were performed with
fundamental studies have been carried out on this material ithe electrical field along the crystallograpli@axis) showed
order to better understand and to define the ultimate limits obnly a rather weak anisotropy and much experimental effort
its intrinsic properties. From an experimental point of view, is needed to clarify this aspect.
however, most of the investigations have been performed on In this work we report measurements of the electronic
thin films2~* These generally are polycrystalline and there-properties performed on high quality TiS{C54 phasg
fore information on the anisotropy of the physical propertiessingle crystals(in the following we just name it “TiSj"
have been often neglected. Hall effect studies on,mi8n  without specifying that we deal with the C54 phas€he
films have shown thatR, reverses sign at low aim of this work is to gain more insight into the topology of
temperatured? These studies were performed on films with the Fermi surface and to measure fundamental quantities
a high residual resistivity and it was not unambiguouslysuch as the carrier density, the density of electronic states at
clarified whether the sign reversal was an intrinsic propertythe Fermi level, and the Debye temperature of this material.
of a compensated metal or it was simply due to the presendgis the first time, to our knowledge, that such a wide inves-
of the substrate. Furthermore, thin films are not suitable fotigation has been performed on the electronic properties of
the study of bulk properties such as specific heat. this material.
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EXPERIMENTAL TECHNIQUES AND DEFINITIONS PR P : : :

Electronic transport properties were measured by the é ; ]
4-probe ac bridge method. Al wires, with diamet@5 um, ?’o O feeeiiizases ]
were soldered on samples by means of ultrasounds. Contacts - i 88088000009, 269K
are disposed in a linear array on bar shaped crystals used for & SE RORCONGCITEr g
magnetoresistance measurements. The Van der Pauw wire 2 oty o 75K
configuration was used for thexax0.25 mn? crystals on 2 10l R
which both Hall effect and magnetoresistance measurements Ei L °°,° ]
were performed. The angular dependence of magnetoresis- E’ st . | | 42K IZOK ]

tance was measured by using a cryogenic rotating sample-
holder moved by an external computer controlled motor. For

temperatures higher than liquid He, we used a capacitor ther-
mometer for temperature stabilization.

The Hall voltageV,, is defined as the odd transversal
voltage, i.e.V=(V"—V7)/2 beingV" andV~ the trans-
verse voltage measured with the magnetic fiddl ¢riented
in opposite directions. We then get the Hall resistivity

py=Vyt/l, wheret is the sample thickness, the current, gifferent crystallographic orientations was found smaller
and also the odd transverse resistaRgg=V/1. Using the  than 2006 Resistivity measurements on samples cut from
sameV and\i values we obtain the even transverse resisihe “new” crystals shows a resistivity ratio somewhat higher
tanceRye=(V" +V)/2I. _ _ than the “old” crystals indicating an improvement of the
Specific-heat measurements were taken in a continuouslyystal purity. Fitting the resistivity temperature dependence
operating pumped He-4 cryostat with sample~iti0 G_torr between 2 and 300 K with a conventional Bloch-@eisen
vacuum. Heat capacity was measured by the quasiadiabatigrve we found a characteristic Debye temperature of 530
method with typical temperature puleT~1% of the bath K 6 These values are in good agreement with transport prop-

0 2 4 6 8 10
magnetic field (Tesla)

FIG. 1. Magnetic-field dependence of the Hall resistivity
pu=(Vy/t, whereVy is the odd transversal voltagke,the cur-
rent, andt the crystal thickness, measured at different temperatures
on TiSk, single crystal.

temperaturé. erties measured in other single crystals by Hirabal® and
an almost identical value @, was also estimated by Sylla
SAMPLE PREPARATION AND CHARACTERIZATION et alll by specific-heat measurements in the temperature

. . ] _ range 100-500 K.
The details of sample preparation and their characteriza-

tion are reported in Ref. 6. Briefly, Tigsingle crystals were
grown by a modified Czochralski technique from a levitated
melt in a cold crucible, followed by an annealing at 900 °C  We have measured Hall effect and magnetoresistance be-
in Ar atmosphere for 48 h. The orthorhombic crystallinetween 4.2 K and room temperature as a function of magnetic
structure(C54, space groufrddd) was checked by x-ray field. We first report the magnetic-field dependence of these
powder diffraction using CK«, radiation with silicon as galvanomagnetic properties in order to distinguish different
internal calibration standard. The measured lattice paramegimes of electron motion. According to the classification
eters werea=8.269 A,b=4.798 A, andc=8.552 A. In this  reported by Hurd! the low field regime, in which electron
work we present data obtained on samples used in our preybits are not completed, is characterized by the condition
vious work (named “old”) and also on samples recently w;r<1 while the high field regime is achieved whegr>1,
grown (“new” ). For magnetoresistance measurements wey.=eB/m* being the cyclotron frequency andhe electron
used “old” crystals having typical dimensions<iLx5 mn?.  relaxation rate. Subsequently we shall study the angular de-
The longest dimension was taken parallel to one of the maipendence of magnetoresistance in the high field limit, after
crystallographic directions, thgl00], [010], and the[001]  which we shall report results obtained in the low field re-
axes. Subsequently we cut two 0.25-mm-thick andZmm-  gime. Finally, low temperature specific-heat measurements
wide samples from single crystal of the new batch and wewill be reported.

used them for both Hall effect and magnetoresistance mea-

surements. In this case, magnfatlc _f'EId_WaS app“eq along ﬂﬁagnetic-field dependence of Hall effect and magnetoresistance
[100] and [010] crystallographic direction of the first and . o

second crystal, respectively. Samples used in specific-heat In Fig. 1 we show the magnetic-field dependeiigp to
measurements were also cut from new crystal and they aré8 T) of the Hall resistivityp; measured at different tem-

two 5-mm-thick cylinders with a total mass of 1.9879 g.  Peratures. At high temperatu(64 K) p, has a linear field
dependence and it is entirely negative. As the temperature

decreasesy,, is no more a linear function of magnetic field
and, below~30 K, py is positive at low magnetic fieldR),

The detailed study of the temperature dependence of réhen it turns towards negative values Bsincreases. This
sistance measured in three bar shaped crystals was reportednlinear dependence of, on the magnetic field indicates
in our previous work. Here we briefly summarize the main that different regimes of the electron transport are crossed as
results. Room-temperature resistivity was typicalyl0 the temperature is decreased. In order to better distinguish
1 cm and the residual resistivity ratj@293 K)/p(4.2 K)  the different electron regimes, the sappedata are replotted
was between 50 and 80. The anisotropy of resistivity forin Fig. 2 as a Kohler diagram. Namely, in Fig. 2 the Hall

RESULTS

Resistivity
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1 e magnetic-field dependence of the odd transverse resistance
I ] Rt with that of the even transverse compon&it. We
found that the even component is not negligible as compared
with the odd one. Usually the former can be ascribed to the
fact that the voltage probes are not perfectly aligned. In fur-
ther experiment the voltage probes were aligned with those
used for the current, in order to measure the magnetic-field
] dependence of genuine longitudinal voltage. Results are also
. reported in Fig. 3. We may notice that the behavior of the
] even transverse resistance is quite different as compared with
that of the longitudinal component. Namely, the latter
changes by a factor10 from 0 to 20 T and it saturates to a
finite value at zero field whillR;z changes at least by a
factor 50 from 0 to 20 T and it vanishes at zero field. We
conclude that the even transverse field that we measured can-
I not be ascribed to the probe alignment, rather it seems to be
) S TV P ST R an intrinsic property. We also note th&;z goes as the
squared magnetic fielttepresented by the unbroken line in
Fig. 3 at the highest field.
B/p, ( 108 Tesla Q-'m-!) Next we measured the magnetic-field dependence of the
transverse magnetoresistantp/p with the magnetic field
FIG. 2. Kohler diagram of the Hall resistivify, divided by the ~ oriented along the main crystallographic directions and per-
magnetic fieldB as a function of the reduced parameldp, (pois  Pendicular to the current. For these measurements we used
the resistivity measured at zero fiplghy, was measured at 14 dif- both “new” and “old” crystals and a wide set of results
ferent temperatures between 4.2 and 264 K. Data collected at 4.2 gbtained at 4.2 K and in magnetic fields up to 7.8 T was
were measured in magnetic field up to 20 T. reported in Ref. 12. We found that the magnetoresistance
keeps increasing in the whole range of magnetic-field
resistivity divided by the magnetic-field strengih/B is re- ~ Strength for all the current and field orientations we have
ported as a function of the reduced fiddp,, p, being the  Studied: no clear indication of saturation is observed. In Fig.
resistivity value measured at zero field. Also reported in this* We report the transverse magnetoresistaxap as a func-
figure are data collected at 4.2 K and in magnetic field up tdion of the reduced field/p,. In this plot we report the
20 T. We note that at h|gh temperaturesy as well as at SufﬁmagnetoreSIStance measured at different tempel’atures on one
ciently small magnetic fieldB/p,<10° TQ *m™?), p/Bis  Of the “new” samples used also for Hall measurements. At
essentially field independent. In this case a Hall constant cah=4-2 K, measurements were performed in magnetic field
be defined by thep,/B ratio. Above the valueB/p,~10°  UP to 20 T. We observe that data obtained at different tem-
T QO 'm™* the quantityp,,/B is no more field independent Peratures lie on the same curve indicating that the magne-
and becomes more and more negative as the magnetic fiel@resistance is a function of the reduced pararriggg only,

increases' In the next graph, F|g 3’ we Compare th@onsistently W|th KOhleI”S |a.W. The Straight "ne reported in
Fig. 4 represents the? behavior. We may notice that only at

very low field (B/py<10° T Q "t m™?) the experimental data

2t

py/B (10710 m3C)
i

T
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100 e follow a B? behavior, while at higher field the magnetoresis-
o / tance follows a power law weaker th&f. This behavior
longitudinal . . .
~ ., was also found for the other orientations of the magnetic
g 10g 3 field that we have studied. The absolute value of the magne-
3 f . ] toresistance equals one Bipy,~2.6x10° T Q"1 m™L. Simi-
§ vansverse & & wansverse 1 lar value was found for the transverse magnetoresistance
g 1t odd ¥ even 3 measured with other magnetic field and current directions. In
particular, the magnetoresistance~d for magnetic field
r ' ‘ ranging from 46 7 T at 4.2 Kdepending on field orienta-
o 1 10 100 tion.

In order to recognize different electron transport regimes,
we compare the magnetic-field dependence of the Hall effect

FIG. 3. Comparison between the odd transverse resistanc@nd magnleltéjresistance to the semiclassical t_heory of elec_tron
Rro=(V* —V7)/2l and the even transverse  one transport:13In the simple case of a metal Wlth.'[WO sphgrl—
Rre=(V*+V~)/2l plotted as a function of magnetic field. We also €@l Surfaces of eIecztrlcs)nS and holes, one may find the simple
report the longitudinal resistance measured on the same sample F§lation Ap/p~(w.7)".”> Here we assume that this relation
aligning the voltage probes with the current ones. Note that in thd10lds also in our case and we use the magnetoresistance
case of the longitudinal resistance we plotted two cuftgangles  Vvalue to estimaten,7. We found thatAp/p equals one when
up and dowh obtained with magnetic field oriented in opposite the reduced field is-2.6x10° TQ *m™* (see Fig. 4 At
directions: the two curves overlap each other as expected for 4.2 K and 20 TAp/p is typically equal to 10. We note that in
genuine magnetoresistance signal. metallic silicides with higher resistivity ratitf;'> we mea-

magnetic field (Tesla)
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FIG. 5. Angular dependence of magnetoresistance measured on
three oriented TiSisingle crystals at 4.2 K anB=7 T. The current
(1) and magnetic field B) directions with respect to crystallo-
graphic axis [ m n] are specified for each curve. The orientation
reported on the abscissa is the angle between the magneti®Bfield
and the crystallographic axis at 0° in the plane perpendicular to the
current direction.

103
0.01 0.1 1 10 100 1000

B/p, (108 Tesla Q'm")

FIG. 4. Kohler diagram of the magnetoresistankg/p as a
function of the reduced parametBfp,. Here, measurements were
taken at 11 different temperatures between 4.2 and 221 K. Note that . .
data collected at different temperatures lie on the same curve ddysStals. A detailed study was reported in Ref. 12. We col-
predicted by the Kohler's law. lected quite reproducible structures in all the samples we

studied: Minima and maxima obtained for different
sured magnetoresistance values of the order 88 T and  magnetic-field strengths coincide in angle and they get more
4.2 K. It is generally accepted that these magnetoresistanggonounced as the magnetic field increases, moreover
values guarantee that the high field regime is achieved idgmples with the same current and field orientations exhibit
simple metals. In the case of TiSve may say that a&f=4.2  inima and maxima of\p/p at the same orientatiortd.In
K'andB=7 T the high field regime is almost, but probably g 5 \ve report the angular dependence of the transverse

not completely, achieved. Consistently with this Qiftu[el’ Wemagnetoresistance measured in three TéBigle crystals at
note thaip,,/B is field independent foB/po<10° T Q' m 4.2 K in a magnetic field of 7 T, for which the high field

. 2 . . . .
(Fig. 2 andAplp goes aB3” as it s expected in the low field egime is almost achieved, according to what we discussed
regime. We can also recognize that Bip,>10° T Q1 m

: . . before. The currentl} flows along the longest crystal direc-
the observed behavior of the galvanomagnetic properties ison that is specified for each crystal. The magnetic fi@) (

quite close to what is expected for a compensated metal witly 5\yays perpendicular to the current direction. The abscissa

no open orbits in the high field regime. ACCOFd:}Ig 10 the ot this plot corresponds to the angle made by the magnetic
model developed by Fawcett for a compensated me@e  fig|q with the crystallographic axis specified for each curve.

expects the appearance of even transverse resistance going\&fima and maxima are symmetric if we rotate the sample
B®. This was actually observed in our experimefstse Fig. i, gnnosite directions, i.e., curves obtained in the range
3). The odd' transverse component is expected to depend lin-ggo_ge gre symmetric to those obtained between 0° and
early onB, i.e., py/B should saturate. However, as Fawcettgge another feature of the curves reported in Fig. 5 is the
pointed out, one cannot exclude that terms of higher order iyt that, when the magnetic field lies along the main crys-
B may dominate the conductivity tensor and determine theyiographic directions, we have either minima or maxima.
odd transverse resistance of a compensated metal. Thig s tact reflects the crystal symmetry. All these observa-
seems to be the case of TiSFinally, in the high field re- 4,5 show that the curves reported in Fig. 5 reflect genuine

gime the magnetoresistance is expected to increaBé B8 foa1res of the topology of the Fermi surface of this material.
a compensated metdl.We have found that\p/p has a

magnetic-field dependence weaker tt&fnfor B/p,>3x10°
TQ tm™ This may be due to the fact that the high field Hall effect

regime is almost, but not completely, achieved. However, Here we concentrate on the low field regime and we de-
several experimental artefacts are also known to mask fine thelow field Hall coefficientRy, by taking the initial
genuineB? dependence of magnetoresistance. Among theseyope of thepy, vs B curves, i.e..dpy/dB at B=0, at any
crystal defects may add a linear term to the magnetic-fieldemperature. In Fig. 6 we plot the temperature dependence of
dependence of the magnetoresistance and probes not pee so defined?,; measured on two crystals. The Hall coef-
fectly aligned may also alter the field dependencésaf.'®  ficient is almost temperature independent between 100 and
300 K, and is negative and its value is
Ry=—(0.5+0.1)x10 1° m%C in both the crystals we mea-
We have studied the angular dependence of magnetoresisdred. Below~80 K the Ry absolute value decreasds,,
tance at different magnetic-field strengths and in severathanges sign at30 K and becomes positive. Similar behav-

Angular dependence of magnetoresistance
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FIG. 8. Temperature dependence of the specific-heat lattice con-

tribution (C,— yT) divided by T3 measured on TiSisingle crystal.

No deviation from the Deby@&? law is observed between 5 and 22

FIG. 6. Temperature dependence of the low field Hall coeffi-
cient, defined aRy=dpy/dB at B=0 measured on two Tigi
single crystals having the magnetic field oriented along[&@€)
axis (circles and [010] axis (squarey respectively. A change of

sign is observed at+30 K. . .
wherey is the Sommerfeld electronic term agdrepresents

. 4 the lattice contribution to specific heat. From data fitting we
ior was also reported by Naw al.,” who measured the Hall

o X o . " obtain
coefficient of polycrystalline TiSithin films in magnetic
fields up to 0.9 T. It is worth noting that the saRg value y=3.35+0.05 mJ/K¥ mol,
was found on two differently oriented single crystals and in
polycrystalline films above-100 K. AsRy, is a function of 3=0.0201-0.0005 mJ/¥ mol.

the oy; coefficients of the conductivity tensbtthe observed ) )
insensibility of Ry, to the magnetic-field orientation suggests ~ Taking experimental data up to 22 K, theand g values

that the Fermi surface of this material should be quite isotrodo not depend on the temperature range used for fitting, at
pic. least within the specified accuracy. Note, however, that data

precision gets lower below 4 K and the error on the determi-
nation of they and B8 values consequently increases. The
Specific heat lattice contribution was evaluated by subtracting the linear

The heat capacity of two TiStylinders cut from a single €rm7T to tge total TiSj specific-heat data. In Fig. 8 we plot
crystal rod was measured between 1.6 and 25 K. The specifi€p~ ¥T)/T" as a function of temperature, in order to see to
heat of TiSj was obtained by subtracting the heat capacity ofVhat extents is temperature independentC(—yT)/T

addenda. This represents25% of the total heat capacity d0€S not depend on temperature, within our experimental
(TiSi, sampleraddendpat 10 K and it was previously de- Precision, and no bumps are evident in the temperature range

termined with a precision of 5%. In Fig. 7 we plot the ratio 9—22 K. At the highegt_temperat.ure_, i.e., close to 25 K, there
of specific heatC,) over temperatur€,/T as a function of 'S @ small Cg‘ yT)/T" increase indicating a departure from
the squared temperatuf@. Data lie in good approximation the simpleT* law. Using the standard formula

on a straight line. Using a conventional model, we can fit a
data with the curve —12.Rn ___
B=%FTR =3
CH

CplT=y+BT2 (with R the gas constant andthe number of ions per mol-

ecule we can determine a mean Debye temperature. Taking
r=3, we find ®;=662+4 K. In this case we assumed that
MRANREAR R R R RaREE R eas s ey the Debye model takes into account theN3phonon modes
(acoustic-optica). However, another possibility is to take
r=1 for the definition of the Debye temperatu&g°. In this
case, the Debye model takes into account only the acoustic
modes. Withr =1 we have® =459+ 3 K. Obviously, the
two assumptions give the san® " contribution to specific
heat at low temperature but they differ for the Dulong and
Petit saturation value that in one ca$®,=662 K) is 3rR
Y T T I PP IV T while for ®3=459 K is 3R. This is illustrated in Fig. 9,
0 200 400 600 where the Debye curves witB, =662 K and® =459 K
T2 (K2) are plotted up to saturation. It should also be pointed out that
the simpleT? lattice contribution is expected for temperature
FIG. 7. Low-temperature specific he@, measured on Tigi much smallgr tha®y, . In our case thd” law is PbserVed up
single crystal. Data are plotted &,/T vs T2 to show that the t0 22 K, which corresponds te-®3720 and this makes the
C,= T+ BT? dependence is observed up to 22 K. evaluation of® & self-consistent.
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_ (0%Rue+ 0Ryn)

3 H 0_2 '

100 — Sylla et al.\
0, = 662K

| A B\2 Toplt apud)
o p ( ) with a=( ette T Thith

Op = 510K O = 459K P P :

where o, are the conductivitiesu, the mobilities, and
Ry=1/gn, (g= = e is the charge and, the carrier density

are the Hall coefficient contributions of electrons) (and
holes (). In the formula reported above, we consider only
the linear field dependence of, and the quadratic depen-

] dence of magnetoresistance and we neglected contributions
- of higher order in magnetic field. We note that the expression
] of the Hall coefficient is extremely sensitive to the ratio

C,(J K-! mol!)

- " R no uy, between the hole and electron mobilities, while the
1 10 100 1000 coefficient of magnetoresistance is affected very little by
small changes ofu./u,. Resistivity of TiSp follows a
Bloch-Grineisen temperature dependéhagd this indicates

FIG. 9. Comparison between low-temperatui@rcles and that carriers are scattered by phonor_ls. at_ high temperature
high-temperature(squares, data from Ref. L®pecific heat of and defects at low temperature. Thus it is likely that electron
TiSi,. Continuous lines were calculated by using the specific-heaNd holes are scattered in a different manner as the tempera-

expression of the Debye model with three different Debye temperalUre is lowered. As a consequence, g uy, ratio is ex-

tures®, =662, 510, and 459 K, respectively. Note that the curvesPected to be temperature dependent. That is the origin of the

with ©5,=662 K and®2°=459 K, calculated taking the number of change of theR,; sign. On the other hand, we may simply

ions r=3 and 1, respectively, correspond to the same low-assume that,=n, andu.= u for magnetoresistance as the

temperature8T? term. Note also that the curves wih, =662 K latter is not sensitive to small variations @§/ u, ratio. From

and 510 K saturate at the same Dulong and Petit vahliR=¥4.8 the measured value ofe=(35-50x10 2° m®C? we

JK tmol™, can estimate the density of charge -carriers

Ne=n,=(0.45-0.52x10?> cm 3. This can be compared

The linear term of specific heat can be interpreted by uswith the value (0.62%x10?> cm 3 estimated by band-

ing the conventional Sommerfeld theory of a free-electrorstructure calculationdThe agreement is quite good.

Temperature (K)

gas: According to Kohler’s rule one may expect to find that
Aplp andpy,/B data obtained at different temperatures over-
wzkéNA lap when plotted as a function of the reduced filg, mak-
v="3, N(ep(l+0), ing continuous lines. This rule, however, is obeyed under the

condition that a temperature change alters all the relaxation

wherey is in eV/KZ mol, n is the number of molecules per times (k) by the same factdf® As we noted above, in the
unit cell (n=2 in the case of Ti$), N(e) is the density of case of TiSj the ug/uy ratio significantly changes at low
electronic states expressed in states/eV ¢¢ll,andkg the  temperature, thus it is not surprising to observe thapthle
Avogadro number and the Boltzmann constant, respectivelyjata do not overlap in Fig. 2. Magnetoresistance is less sen-
(1+X\) is the renormalization factor that takes into accountsitive to u./uy, variations, according to what we discussed
the electron phonon coupling. We fouht{eg)(1+1\)=2.85  before, thus the fact thatp/p data form more or less a con-
states/eV cell. tinuous line in Fig. 4 does not imply that Kohler's conditions
are respected.

The study of the magnetic-field dependence of magne-
toresistance, with current and magnetic field along the prin-

Electronic band-structure calculations for Ti8ave been cipal crystallographic directions, has never shown indica-
recently reported by Mattheiss and Heris&and structure tions for magnetoresistance saturation. The latter is generally
are characterized by low-lying Sis33p bands and partially considered as an indication for the presence of open orbits.
filled Ti 3d bands. The calculated C54 Fermi surface con-Although we cannot rule out the possibility to have open
sists of several closed sheets including a single electronrbits in particular crystallographic directions, these features
pocket atl” as well as three nested hole surfaces. It turns oudf magnetoresistance are consistent with band-structure cal-
from these calculations that TiSis a compensated metal culations that show only closed Fermi surfaces.
having an equal number of electrons and holes. In the first The angular dependence of magnetoresistance shows the
part of this work we have shown that the behavior of TiSi  presence of maxima or minima along the principal crystallo-
consistent with that of a compensated metal with only close@raphic directions. Although the magnetoresistance is not
orbit. Based on these experimental results and on bandgimply related to the topology of the Fermi surface, we can
structure calculations we use a simple two-band model teertainly say that curves of Fig. 5 reflect the anisotropy of
determine the main physical quantities. In the low field re-the electronic bands. We can observe, however, that the rela-
gime, the expression of magnetoresistance and Hall effect fdive difference between minima and maximalgi/p shown
a compensated metal at® in Fig. 5 is relatively weak if we compare them with what we

DISCUSSION
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obtained in other silicides, such as,Bd (Ref. 149 and
NbSi,.1° In other words, the angular dependence of magne-
toresistance is rather smooth for TiSThis suggests that the
Fermi surface of this material is quite isotropic. This is con-
sistent with the weak anisotropy that we found in the JiSi and taking the densityp=4.08 gcm®, we estimate
resistivity tensof. Furthermore, we found almost identical vp=5370 ms™.
Hall behavior in two single crystals differently oriented and  From the lineary term of the specific heat we calculated
in polycrystalline films indicating once more weak aniso-the renormalized electronic density of states at the Fermi
tropy. Band-structure calculatioRgn the other hand, gave surfaceN(eg)(1+\)=2.85 states/eV cell. This can be com-
quite different values of the Fermi velocity along different pared with that reported by Mattheiss and Herisitlat is,
crystallographic directions. This would imply a quite aniso-N(eg)=2.42 states/eV cell. The density of electronic states
tropic resistivity tensor in disagreement with the experimenmeasured by low-temperature specific heat is somewhat
tal results reported in this work. New band-structurehigher than that obtained by band-structure calculations. The
calculationsg’ give a more isotropic Fermi velocity, a picture difference may be due to the renormalization term, i.e., the
that is more consistent with our experimental results. electron-phonon coupling fact@t+\). If we directly com-
From specific-heat measurements we determine the Déare the two results it turns out thatshould be equal to
bye temperatur®,=662+4 K taking r=3 and®&=459  0.18. This value is some.vvlgat smaller than what we found in
+3 K with r=1. Fitting the temperature dependence of re-1aSk (Ref. 18 and NbSj,™ which are superconducting at
sistivity with Bloch-Grineisen curve we have estimated that!/OW temperature. _ _
©,=535+10 K in a previous work. Recent specific-heat In conclusion, we have measured different electronic
measurements in the temperature range 100-500 K gave &operties of TiSj single crystals at low temperatures. The
estimation 0f®,=510 K1 In Fig. 9 we compare the low- low field Hall effect exhibits a change of sign &80 K, and
temperature lattice contribution to specific he@, ¢ yT) W€ showed that this can be considered a typical behavior of
with data obtained by Sylla and co-work¥tst high tem- @ compensated metal. The angular dependence of transverse
perature. In this plot we also report three Debye curvedhagnetoresistance shows only a weak anisotropy and the
which have characteristi®,, equal to 510, 662, and 459 K, Ap/p magnetic-field dependence is consistent with a model
respectively. As previously discussed, both curves witPf compensated metal with only closed electron and hole
©,=662 and 459 K fit well the lattice contribution at low ©rbits. From low field magnetoresistance data we ha\ig esti-
temperature. Yet, the curve with%=459 K does not take Mated the carrier density,=n,=(0.45-0.52K 10°% cm
into account all the phonon modése tookr =1) and there-  USiNg @ simple two-band model and assuming equal number
fore it does not give the right value of the specific heat a@nd mobility for electrons and holes. The specific heat of

high temperature. The Debye curve with,=662 K takes 1ol Single crystals follows a simpl€,=yT+BT° tem-
into account 8N phonon modes and gives the right Dulong Perature Eependence KW'th:3-35i0-05 mJ/K mol and
and Petit value B8R of the high-temperature specific heat, #~0-0201-0.0005 mJ/K mol between 1.6 and 22 K. From

Due to the oversimplified approximation, however, the De-IN€sé values we estimate the mean Debye temperature
=662+4 K and the renormalized electronic density of

bye model is only a very rough approximation of the actual®o )
phonon spectrum and the curve with, =662 K does not fit states at the Fermi surfadeg) (1+\)=2.85 states/eV.
well, although it is close to the high-temperature specific-
heat data. On the other hand, if we use high-temperature data
to determine®p, we obtain a mean valug10 K) that av-
erages the effects of the phonon modes active at high tem- We thank Dr. A. Rouault and Dr. Yang Hongshun for
perature. Thus, it is not surprising that the correspondingheir help on sample preparation and specific-heat measure-
Debye curve does not fit our data at low temperature wherenents, respectively. This work was financially supported by
only the acoustic branches are active. the European Community in the framework of the

With our measurement o8 we can estimate the mean program Human Capital and Mobility, Contract No.
Debye sound velocity of this material. Using the relation ERBCHRXTCT930318.
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