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We report measurements of Hall effect, transverse magnetoresistance, and specific heat on high-quality TiSi2

~C54 phase! single crystals at low temperatures. We used crystals with low residual resistivity~typically
r4.2 K50.15 mV cm! and magnetic fields (B) up to 20 T. These facts allowed us to study the electronic
properties from the low~vct!1! to the high field regime~vct.1, vc5eB/m* being the cyclotron frequency
andt the electron relaxation time! as a function of magnetic-field strength and temperature. The low field Hall
coefficientRH is negative, almost constantRH52~0.560.1!310210 m3/C between 100 and 300 K and it
changes sign at;30 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 PdSi2 and NbSi2, and this suggests only a weak anisotropy of the TiSi2

Fermi surface. The galvanomagnetic properties behave consistently with band-structure calculations of Mat-
theiss and Hensel@Phys. Rev. B39, 7754 ~1989!# who found that TiSi2 is 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 densityne5nh5~0.45–0.52!31022 cm23 assuming equal concentration of electrons
and holes. Low temperatures~1.6,T,22 K! specific-heat (Cp) measurements fit a linearCp/T5g1bT2

dependence, withg53.3560.05 mJ/K2 mol andb50.020160.0005 mJ/K4 mol. From these parameters we
estimated the Debye temperatureQD566264 K and the renormalized electronic density of states at the Fermi
surfaceN(«F)~11l!52.85 states/eV cell.@S0163-1829~96!02735-X#

INTRODUCTION

TiSi2 is a material largely used for interconnects in silicon
integrated circuit technology due to its low resistivity and its
stability to heat treatments.1 Studies on the formation of
TiSi2 thin films2 have shown that there are two metallic
orthorhombic phases: the base-centered C49 and the face-
centered C54 phase. The latter is the most metallic and it can
also be obtained as bulk single crystal. In the past few years,
fundamental studies have been carried out on this material in
order to better understand and to define the ultimate limits of
its intrinsic properties. From an experimental point of view,
however, most of the investigations have been performed on
thin films.2–4 These generally are polycrystalline and there-
fore information on the anisotropy of the physical properties
have been often neglected. Hall effect studies on TiSi2 thin
films have shown that RH reverses sign at low
temperatures.3,4 These studies were performed on films with
a high residual resistivity and it was not unambiguously
clarified whether the sign reversal was an intrinsic property
of a compensated metal or it was simply due to the presence
of the substrate. Furthermore, thin films are not suitable for
the study of bulk properties such as specific heat.

Mattheiss and Hensel5 have recently performed electronic
band-structure calculations. They found out that the C49 and
C54 phase are compensated metals with both holelike and
electronlike surfaces at the Fermi level. These authors have
also found that the Fermi velocity can be rather anisotropic
in the C54 phase. This may lead to some anisotropy of the
electronic transport properties, a fact that is certainly impor-
tant for several applications. Resistivity6 and preliminary op-
tical investigations7 ~no measurements were performed with
the electrical field along the crystallographicc axis! showed
only a rather weak anisotropy and much experimental effort
is needed to clarify this aspect.

In this work we report measurements of the electronic
properties performed on high quality TiSi2 ~C54 phase!
single crystals~in the following we just name it ‘‘TiSi2’’
without specifying that we deal with the C54 phase!. The
aim of this work is to gain more insight into the topology of
the Fermi surface and to measure fundamental quantities
such as the carrier density, the density of electronic states at
the Fermi level, and the Debye temperature of this material.
It is the first time, to our knowledge, that such a wide inves-
tigation has been performed on the electronic properties of
this material.
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EXPERIMENTAL TECHNIQUES AND DEFINITIONS

Electronic transport properties were measured by the
4-probe ac bridge method. Al wires, with diameter525 mm,
were soldered on samples by means of ultrasounds. Contacts
are disposed in a linear array on bar shaped crystals used for
magnetoresistance measurements. The Van der Pauw wire
configuration was used for the 23130.25 mm3 crystals on
which both Hall effect and magnetoresistance measurements
were performed. The angular dependence of magnetoresis-
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 voltageVH is defined as the odd transversal
voltage, i.e.,VH5(V12V2)/2 beingV1 andV2 the trans-
verse voltage measured with the magnetic field (B) oriented
in opposite directions. We then get the Hall resistivity
rH5VHt/I , where t is the sample thickness,I the current,
and also the odd transverse resistanceRTO5VH/I . Using the
sameV1 andV2 values we obtain the even transverse resis-
tanceRTE5(V11V2)/2I .

Specific-heat measurements were taken in a continuously
operating pumped He-4 cryostat with sample in;1026 torr
vacuum. Heat capacity was measured by the quasiadiabatic
method with typical temperature pulseDT;1% of the bath
temperature.8

SAMPLE PREPARATION AND CHARACTERIZATION

The details of sample preparation and their characteriza-
tion are reported in Ref. 6. Briefly, TiSi2 single crystals were
grown by a modified Czochralski technique from a levitated
melt in a cold crucible, followed by an annealing at 900 °C
in Ar atmosphere for 48 h. The orthorhombic crystalline
structure~C54, space groupFddd! was checked by x-ray
powder diffraction using CrKa1 radiation with silicon as
internal calibration standard. The measured lattice param-
eters werea58.269 Å,b54.798 Å, andc58.552 Å. In this
work we present data obtained on samples used in our pre-
vious work6 ~named ‘‘old’’! and also on samples recently
grown ~‘‘new’’ !. For magnetoresistance measurements we
used ‘‘old’’ crystals having typical dimensions 13135 mm3.
The longest dimension was taken parallel to one of the main
crystallographic directions, the@100#, @010#, and the@001#
axes. Subsequently we cut two 0.25-mm-thick and 231-mm-
wide samples from single crystal of the new batch and we
used them for both Hall effect and magnetoresistance mea-
surements. In this case, magnetic field was applied along the
@100# and @010# crystallographic direction of the first and
second crystal, respectively. Samples used in specific-heat
measurements were also cut from new crystal and they are
two 5-mm-thick cylinders with a total mass of 1.9879 g.

Resistivity

The detailed study of the temperature dependence of re-
sistance measured in three bar shaped crystals was reported
in our previous work.6 Here we briefly summarize the main
results. Room-temperature resistivity was typically;10
mV cm and the residual resistivity ratior~293 K!/r~4.2 K!
was between 50 and 80. The anisotropy of resistivity for

different crystallographic orientations was found smaller
than 20%.6 Resistivity measurements on samples cut from
the ‘‘new’’ crystals shows a resistivity ratio somewhat higher
than the ‘‘old’’ crystals indicating an improvement of the
crystal purity. Fitting the resistivity temperature dependence
between 2 and 300 K with a conventional Bloch-Gru¨neisen
curve we found a characteristic Debye temperature of 530
K.6 These values are in good agreement with transport prop-
erties measured in other single crystals by Hiranoet al.9 and
an almost identical value ofQD was also estimated by Sylla
et al.10 by specific-heat measurements in the temperature
range 100–500 K.

RESULTS

We have measured Hall effect and magnetoresistance be-
tween 4.2 K and room temperature as a function of magnetic
field. We first report the magnetic-field dependence of these
galvanomagnetic properties in order to distinguish different
regimes of electron motion. According to the classification
reported by Hurd,11 the low field regime, in which electron
orbits are not completed, is characterized by the condition
vct!1 while the high field regime is achieved whenvct.1,
vc5eB/m* being the cyclotron frequency andt the electron
relaxation rate. Subsequently we shall study the angular de-
pendence of magnetoresistance in the high field limit, after
which we shall report results obtained in the low field re-
gime. Finally, low temperature specific-heat measurements
will be reported.

Magnetic-field dependence of Hall effect and magnetoresistance

In Fig. 1 we show the magnetic-field dependence~up to
7.8 T! of the Hall resistivityrH measured at different tem-
peratures. At high temperature~264 K! rH has a linear field
dependence and it is entirely negative. As the temperature
decreases,rH is no more a linear function of magnetic field
and, below;30 K, rH is positive at low magnetic field (B),
then it turns towards negative values asB increases. This
nonlinear dependence ofrH on the magnetic field indicates
that different regimes of the electron transport are crossed as
the temperature is decreased. In order to better distinguish
the different electron regimes, the samerH data are replotted
in Fig. 2 as a Kohler diagram. Namely, in Fig. 2 the Hall

FIG. 1. Magnetic-field dependence of the Hall resistivity
rH5(VH/I )t, whereVH is the odd transversal voltage,I the cur-
rent, andt the crystal thickness, measured at different temperatures
on TiSi2 single crystal.
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resistivity divided by the magnetic-field strengthrH/B is re-
ported as a function of the reduced fieldB/r0, r0 being the
resistivity value measured at zero field. Also reported in this
figure are data collected at 4.2 K and in magnetic field up to
20 T. We note that at high temperatures, as well as at suffi-
ciently small magnetic field~B/r0,109 T V21 m21!, rH/B is
essentially field independent. In this case a Hall constant can
be defined by therH/B ratio. Above the valueB/r0;109

T V21 m21 the quantityrH/B is no more field independent
and becomes more and more negative as the magnetic field
increases. In the next graph, Fig. 3, we compare the

magnetic-field dependence of the odd transverse resistance
RTO with that of the even transverse componentRTE . 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 factor;10 from 0 to 20 T and it saturates to a
finite value at zero field whileRTE 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-
not be ascribed to the probe alignment, rather it seems to be
an intrinsic property. We also note thatRTE goes as the
squared magnetic field~represented by the unbroken line in
Fig. 3! at the highest field.

Next we measured the magnetic-field dependence of the
transverse magnetoresistanceDr/r with the magnetic field
oriented along the main crystallographic directions and per-
pendicular to the current. For these measurements we used
both ‘‘new’’ and ‘‘old’’ crystals and a wide set of results
obtained at 4.2 K and in magnetic fields up to 7.8 T was
reported in Ref. 12. We found that the magnetoresistance
keeps increasing in the whole range of magnetic-field
strength for all the current and field orientations we have
studied: no clear indication of saturation is observed. In Fig.
4 we report the transverse magnetoresistanceDr/r as a func-
tion of the reduced fieldB/r0. In this plot we report the
magnetoresistance measured at different temperatures on one
of the ‘‘new’’ samples used also for Hall measurements. At
T54.2 K, measurements were performed in magnetic field
up to 20 T. We observe that data obtained at different tem-
peratures lie on the same curve indicating that the magne-
toresistance is a function of the reduced parameterB/r0 only,
consistently with Kohler’s law. The straight line reported in
Fig. 4 represents theB2 behavior. We may notice that only at
very low field ~B/r0,109 T V21 m21! the experimental data
follow a B2 behavior, while at higher field the magnetoresis-
tance follows a power law weaker thanB2. This behavior
was also found for the other orientations of the magnetic
field that we have studied. The absolute value of the magne-
toresistance equals one atB/r0;2.63109 T V21 m21. Simi-
lar value was found for the transverse magnetoresistance
measured with other magnetic field and current directions. In
particular, the magnetoresistance is;1 for magnetic field
ranging from 4 to 7 T at 4.2 Kdepending on field orienta-
tion.

In order to recognize different electron transport regimes,
we compare the magnetic-field dependence of the Hall effect
and magnetoresistance to the semiclassical theory of electron
transport.11,13 In the simple case of a metal with two spheri-
cal surfaces of electrons and holes, one may find the simple
relation Dr/r;~vct!2.13 Here we assume that this relation
holds also in our case and we use the magnetoresistance
value to estimatevct. We found thatDr/r equals one when
the reduced field is;2.63109 T V21 m21 ~see Fig. 4!. At
4.2 K and 20 T,Dr/r is typically equal to 10. We note that in
metallic silicides with higher resistivity ratio,14,15 we mea-

FIG. 2. Kohler diagram of the Hall resistivityrH divided by the
magnetic fieldB as a function of the reduced parameterB/r0 ~r0 is
the resistivity measured at zero field!. rH was measured at 14 dif-
ferent temperatures between 4.2 and 264 K. Data collected at 4.2 K
were measured in magnetic field up to 20 T.

FIG. 3. Comparison between the odd transverse resistance
RTO5(V12V2)/2I and the even transverse one
RTE5(V11V2)/2I plotted as a function of magnetic field. We also
report the longitudinal resistance measured on the same sample by
aligning the voltage probes with the current ones. Note that in the
case of the longitudinal resistance we plotted two curves~triangles
up and down! obtained with magnetic field oriented in opposite
directions: the two curves overlap each other as expected for a
genuine magnetoresistance signal.
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sured magnetoresistance values of the order of 102 at 7 T and
4.2 K. It is generally accepted that these magnetoresistance
values guarantee that the high field regime is achieved in
simple metals. In the case of TiSi2 we may say that atT54.2
K andB57 T the high field regime is almost, but probably
not completely, achieved. Consistently with this picture, we
note thatrH/B is field independent forB/r0,109 T V21 m21

~Fig. 2! andDr/r goes asB2 as it is expected in the low field
regime. We can also recognize that forB/r0.109 T V21 m21

the observed behavior of the galvanomagnetic properties is
quite close to what is expected for a compensated metal with
no open orbits in the high field regime. According to the
model developed by Fawcett for a compensated metal,13 one
expects the appearance of even transverse resistance going as
B2. This was actually observed in our experiments~see Fig.
3!. The odd transverse component is expected to depend lin-
early onB, i.e., rH/B should saturate. However, as Fawcett
pointed out, one cannot exclude that terms of higher order in
B may dominate the conductivity tensor and determine the
odd transverse resistance of a compensated metal. This
seems to be the case of TiSi2. Finally, in the high field re-
gime the magnetoresistance is expected to increase asB2 for
a compensated metal.13 We have found thatDr/r has a
magnetic-field dependence weaker thanB2 for B/r0.33109

T V21 m21. This may be due to the fact that the high field
regime is almost, but not completely, achieved. However,
several experimental artefacts are also known to mask a
genuineB2 dependence of magnetoresistance. Among these,
crystal defects may add a linear term to the magnetic-field
dependence of the magnetoresistance and probes not per-
fectly aligned may also alter the field dependence ofDr/r.13

Angular dependence of magnetoresistance

We have studied the angular dependence of magnetoresis-
tance at different magnetic-field strengths and in several

crystals. A detailed study was reported in Ref. 12. We col-
lected quite reproducible structures in all the samples we
studied: Minima and maxima obtained for different
magnetic-field strengths coincide in angle and they get more
pronounced as the magnetic field increases, moreover
samples with the same current and field orientations exhibit
minima and maxima ofDr/r at the same orientations.12 In
Fig. 5 we report the angular dependence of the transverse
magnetoresistance measured in three TiSi2 single crystals at
4.2 K in a magnetic field of 7 T, for which the high field
regime is almost achieved, according to what we discussed
before. The current (I ) flows along the longest crystal direc-
tion that is specified for each crystal. The magnetic field (B)
is always perpendicular to the current direction. The abscissa
of this plot corresponds to the angle made by the magnetic
field with the crystallographic axis specified for each curve.
Minima and maxima are symmetric if we rotate the sample
in opposite directions, i.e., curves obtained in the range
290°–0° are symmetric to those obtained between 0° and
90°. Another feature of the curves reported in Fig. 5 is the
fact that, when the magnetic field lies along the main crys-
tallographic directions, we have either minima or maxima.
This fact reflects the crystal symmetry. All these observa-
tions show that the curves reported in Fig. 5 reflect genuine
features of the topology of the Fermi surface of this material.

Hall effect

Here we concentrate on the low field regime and we de-
fine the low field Hall coefficientRH by taking the initial
slope of therH vs B curves, i.e.,]rH/]B at B50, at any
temperature. In Fig. 6 we plot the temperature dependence of
the so definedRH measured on two crystals. The Hall coef-
ficient is almost temperature independent between 100 and
300 K, and is negative and its value is
RH52~0.560.1!310210 m3/C in both the crystals we mea-
sured. Below;80 K theRH absolute value decreases,RH
changes sign at;30 K and becomes positive. Similar behav-

FIG. 4. Kohler diagram of the magnetoresistanceDr/r as a
function of the reduced parameterB/r0. 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 as
predicted by the Kohler’s law.

FIG. 5. Angular dependence of magnetoresistance measured on
three oriented TiSi2 single crystals at 4.2 K andB57 T. The current
(I ) and magnetic field (B) directions with respect to crystallo-
graphic axis [l m n] are specified for each curve. The orientation
reported on the abscissa is the angle between the magnetic fieldB
and the crystallographic axis at 0° in the plane perpendicular to the
current direction.
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ior was also reported by Navaet al.,4 who measured the Hall
coefficient of polycrystalline TiSi2 thin films in magnetic
fields up to 0.9 T. It is worth noting that the sameRH value
was found on two differently oriented single crystals and in
polycrystalline films above;100 K. AsRH is a function of
thesi j coefficients of the conductivity tensor,

11 the observed
insensibility ofRH to the magnetic-field orientation suggests
that the Fermi surface of this material should be quite isotro-
pic.

Specific heat

The heat capacity of two TiSi2 cylinders cut from a single
crystal rod was measured between 1.6 and 25 K. The specific
heat of TiSi2 was obtained by subtracting the heat capacity of
addenda. This represents;25% of the total heat capacity
~TiSi2 sample1addenda! at 10 K and it was previously de-
termined with a precision of 5%. In Fig. 7 we plot the ratio
of specific heat (Cp) over temperatureCp/T as a function of
the squared temperatureT2. Data lie in good approximation
on a straight line. Using a conventional model, we can fit
data with the curve

CP /T5g1bT2,

whereg is the Sommerfeld electronic term andb represents
the lattice contribution to specific heat. From data fitting we
obtain

g53.3560.05 mJ/K2 mol,

b50.020160.0005 mJ/K4 mol.

Taking experimental data up to 22 K, theg andb values
do not depend on the temperature range used for fitting, at
least within the specified accuracy. Note, however, that data
precision gets lower below 4 K and the error on the determi-
nation of theg and b values consequently increases. The
lattice contribution was evaluated by subtracting the linear
termgT to the total TiSi2 specific-heat data. In Fig. 8 we plot
(Cp2gT)/T3 as a function of temperature, in order to see to
what extentb is temperature independent. (Cp2gT)/T3

does not depend on temperature, within our experimental
precision, and no bumps are evident in the temperature range
5–22 K. At the highest temperature, i.e., close to 25 K, there
is a small (Cp2gT)/T3 increase indicating a departure from
the simpleT3 law. Using the standard formula

b5 12
5 rR

p4

QD
3

~with R the gas constant andr the number of ions per mol-
ecule! we can determine a mean Debye temperature. Taking
r53, we findQD566264 K. In this case we assumed that
the Debye model takes into account the 3rN phonon modes
~acoustic1optical!. However, another possibility is to take
r51 for the definition of the Debye temperatureQD

ac. In this
case, the Debye model takes into account only the acoustic
modes. Withr51 we haveQD

ac545963 K. Obviously, the
two assumptions give the samebT3 contribution to specific
heat at low temperature but they differ for the Dulong and
Petit saturation value that in one case~QD5662 K! is 3rR
while for QD

ac5459 K is 3R. This is illustrated in Fig. 9,
where the Debye curves withQD5662 K andQD

ac5459 K
are plotted up to saturation. It should also be pointed out that
the simpleT3 lattice contribution is expected for temperature
much smaller thanQD . In our case theT

3 law is observed up
to 22 K, which corresponds to;QD

ac/20 and this makes the
evaluation ofQD

ac self-consistent.

FIG. 6. Temperature dependence of the low field Hall coeffi-
cient, defined asRH5]rH/]B at B50 measured on two TiSi2
single crystals having the magnetic field oriented along the@100#
axis ~circles! and @010# axis ~squares!, respectively. A change of
sign is observed at;30 K.

FIG. 7. Low-temperature specific heatCp measured on TiSi2
single crystal. Data are plotted asCp/T vs T2 to show that the
Cp5gT1bT3 dependence is observed up to 22 K.

FIG. 8. Temperature dependence of the specific-heat lattice con-
tribution (Cp2gT) divided byT3 measured on TiSi2 single crystal.
No deviation from the DebyeT3 law is observed between 5 and 22
K.
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The linear term of specific heat can be interpreted by us-
ing the conventional Sommerfeld theory of a free-electron
gas:

g5
p2kB

2NA

3n
N~«F!~11l!,

whereg is in eV/K2 mol, n is the number of molecules per
unit cell ~n52 in the case of TiSi2!, N(«F) is the density of
electronic states expressed in states/eV cell,NA and kB the
Avogadro number and the Boltzmann constant, respectively,
~11l! is the renormalization factor that takes into account
the electron phonon coupling. We foundN(«F)~11l!52.85
states/eV cell.

DISCUSSION

Electronic band-structure calculations for TiSi2 have been
recently reported by Mattheiss and Hensel.5 Band structure
are characterized by low-lying Si 3s-3p bands and partially
filled Ti 3d bands. The calculated C54 Fermi surface con-
sists of several closed sheets including a single electron
pocket atG as well as three nested hole surfaces. It turns out
from these calculations that TiSi2 is a compensated metal
having an equal number of electrons and holes. In the first
part of this work we have shown that the behavior of TiSi2 is
consistent with that of a compensated metal with only closed
orbit. Based on these experimental results and on band-
structure calculations we use a simple two-band model to
determine the main physical quantities. In the low field re-
gime, the expression of magnetoresistance and Hall effect for
a compensated metal are16

RH5
~se

2RHe1sh
2RHh!

s2 ,

Dr

r
5aSBr D 2 with a5

~seme
21shmh

2!

s3 ,

where sx are the conductivities,mx the mobilities, and
RHx51/qnx ~q56e is the charge andnx the carrier density!
are the Hall coefficient contributions of electrons (e) and
holes (h). In the formula reported above, we consider only
the linear field dependence ofrH 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
me/mh between the hole and electron mobilities, while thea
coefficient of magnetoresistance is affected very little by
small changes ofme/mh . Resistivity of TiSi2 follows a
Bloch-Grüneisen temperature dependence6 and this indicates
that carriers are scattered by phonons at high temperature
and defects at low temperature. Thus it is likely that electron
and holes are scattered in a different manner as the tempera-
ture is lowered. As a consequence, theme/mh ratio is ex-
pected to be temperature dependent. That is the origin of the
change of theRH sign. On the other hand, we may simply
assume thatne5nh andme5mh for magnetoresistance as the
latter is not sensitive to small variations ofme/mh ratio. From
the measured value ofa5~35–50!310220 m6/C2 we
can estimate the density of charge carriers
ne5nh5~0.45–0.52!31022 cm23. This can be compared
with the value ~0.62!31022 cm23 estimated by band-
structure calculations.5 The agreement is quite good.

According to Kohler’s rule one may expect to find that
Dr/r andrH/B data obtained at different temperatures over-
lap when plotted as a function of the reduced fieldB/r0 mak-
ing continuous lines. This rule, however, is obeyed under the
condition that a temperature change alters all the relaxation
times t(k) by the same factor.13 As we noted above, in the
case of TiSi2 the me/mh ratio significantly changes at low
temperature, thus it is not surprising to observe that therH/B
data do not overlap in Fig. 2. Magnetoresistance is less sen-
sitive to me/mh variations, according to what we discussed
before, thus the fact thatDr/r data form more or less a con-
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-
cipal crystallographic directions, has never shown indica-
tions for magnetoresistance saturation. The latter is generally
considered as an indication for the presence of open orbits.
Although we cannot rule out the possibility to have open
orbits in particular crystallographic directions, these features
of magnetoresistance are consistent with band-structure cal-
culations that show only closed Fermi surfaces.

The angular dependence of magnetoresistance shows the
presence of maxima or minima along the principal crystallo-
graphic directions. Although the magnetoresistance is not
simply related to the topology of the Fermi surface, we can
certainly say that curves of Fig. 5 reflect the anisotropy of
the electronic bands. We can observe, however, that the rela-
tive difference between minima and maxima ofDr/r shown
in Fig. 5 is relatively weak if we compare them with what we

FIG. 9. Comparison between low-temperature~circles! and
high-temperature~squares, data from Ref. 10! specific heat of
TiSi2. Continuous lines were calculated by using the specific-heat
expression of the Debye model with three different Debye tempera-
turesQD5662, 510, and 459 K, respectively. Note that the curves
with QD5662 K andQD

ac5459 K, calculated taking the number of
ions r53 and 1, respectively, correspond to the same low-
temperaturebT3 term. Note also that the curves withQD5662 K
and 510 K saturate at the same Dulong and Petit value 3rR574.8
J K21 mol21.
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obtained in other silicides, such as Pd2Si ~Ref. 14! and
NbSi2.

15 In other words, the angular dependence of magne-
toresistance is rather smooth for TiSi2. This suggests that the
Fermi surface of this material is quite isotropic. This is con-
sistent with the weak anisotropy that we found in the TiSi2
resistivity tensor.6 Furthermore, we found almost identical
Hall behavior in two single crystals differently oriented and
in polycrystalline films indicating once more weak aniso-
tropy. Band-structure calculations,5 on the other hand, gave
quite different values of the Fermi velocity along different
crystallographic directions. This would imply a quite aniso-
tropic resistivity tensor in disagreement with the experimen-
tal results reported in this work. New band-structure
calculations17 give a more isotropic Fermi velocity, a picture
that is more consistent with our experimental results.

From specific-heat measurements we determine the De-
bye temperatureQD566264 K taking r53 andQD

ac5459
63 K with r51. Fitting the temperature dependence of re-
sistivity with Bloch-Grüneisen curve we have estimated that
QD5535610 K in a previous work.6 Recent specific-heat
measurements in the temperature range 100–500 K gave an
estimation ofQD5510 K.10 In Fig. 9 we compare the low-
temperature lattice contribution to specific heat (Cp2gT)
with data obtained by Sylla and co-workers10 at high tem-
perature. In this plot we also report three Debye curves
which have characteristicQD equal to 510, 662, and 459 K,
respectively. As previously discussed, both curves with
QD5662 and 459 K fit well the lattice contribution at low
temperature. Yet, the curve withQD

ac5459 K does not take
into account all the phonon modes~we tookr51! and there-
fore it does not give the right value of the specific heat at
high temperature. The Debye curve withQD5662 K takes
into account 3rN phonon modes and gives the right Dulong
and Petit value 3rR of the high-temperature specific heat.
Due to the oversimplified approximation, however, the De-
bye model is only a very rough approximation of the actual
phonon spectrum and the curve withQD5662 K does not fit
well, although it is close to the high-temperature specific-
heat data. On the other hand, if we use high-temperature data
to determineQD , we obtain a mean value~510 K! that av-
erages the effects of the phonon modes active at high tem-
perature. Thus, it is not surprising that the corresponding
Debye curve does not fit our data at low temperature where
only the acoustic branches are active.

With our measurement ofb we can estimate the mean
Debye sound velocity of this material. Using the relation

Cp

T3
5
2p2

5

kB
4

\3

1

rvD
3

and taking the densityr54.08 g cm23, we estimate
vD55370 ms21.

From the linearg term of the specific heat we calculated
the renormalized electronic density of states at the Fermi
surfaceN(«F)~11l!52.85 states/eV cell. This can be com-
pared with that reported by Mattheiss and Hensel,5 that is,
N(«F)52.42 states/eV cell. The density of electronic states
measured by low-temperature specific heat is somewhat
higher than that obtained by band-structure calculations. The
difference may be due to the renormalization term, i.e., the
electron-phonon coupling factor~11l!. If we directly com-
pare the two results it turns out thatl should be equal to
0.18. This value is somewhat smaller than what we found in
TaSi2 ~Ref. 18! and NbSi2,

19 which are superconducting at
low temperature.

In conclusion, we have measured different electronic
properties of TiSi2 single crystals at low temperatures. The
low field Hall effect exhibits a change of sign at;30 K, and
we showed that this can be considered a typical behavior of
a compensated metal. The angular dependence of transverse
magnetoresistance shows only a weak anisotropy and the
Dr/r magnetic-field dependence is consistent with a model
of compensated metal with only closed electron and hole
orbits. From low field magnetoresistance data we have esti-
mated the carrier densityne5nh5(0.45–0.52)31022 cm23

using a simple two-band model and assuming equal number
and mobility for electrons and holes. The specific heat of
TiSi2 single crystals follows a simpleCp5gT1bT3 tem-
perature dependence withg53.3560.05 mJ/K2 mol and
b50.020160.0005 mJ/K4 mol between 1.6 and 22 K. From
these values we estimate the mean Debye temperature
QD566264 K and the renormalized electronic density of
states at the Fermi surfaceN(«F)~11l!52.85 states/eV.
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