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Titanium ditelluride: Band structure, photoemission, and electrical and magnetic properties
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We present a study of angle-resolved photoemission of the layered compound TiTe2. The results

are compared to augmented-plane-wave band-structure calculations which predict TiTe2 to be a
semimetal with an overlap of valence and conduction bands of 0.6 eV. Reasonable agreement with

the calculations is found except for an almost dispersionless band found just below the Fermi level

which is not present in the theory. This band is argued to result from either a narrow impurity band

or localization of electrons due to the formation of polarons. From an analysis of resistivity, ther-

moelectric power, and Hall effect, we deduced the carrier concentrations and mobilities for Til Ol Te2.
The large value of the Pauli susceptibility indicates large exchange enhancement. At 150 K, a phase
transition was detected in magnetic susceptibility measurements. The corresponding lattice distor-
tion could not be observed directly.

I. INTRODUCTION

TiTe2 belongs to the class of transition-metal dichal-
cogenides with a layered structure. Because of their
pseudo-two-dimensional nature, the physics and chemistry
of these materials are of interest. For instance, many of
them show phase transitions to a modulated crystal struc-
ture, often referred to as a charge-density wave. ' At the
transition the electron structure also changes, having a re-
percussion on the physical properties.

The layered compounds TiS2 and TiSe2 have been espe-
cially widely studied. Stoichiometric TiS2 without atomic
disorder is believed to be a semiconductor with an indirect

gap of a few tenths of an electron volt. However, all in-

vestigated TiS2 materials with approximately the right
stoichiometry are metallic, which, according to Wilson, is
due to electrons in an impurity band. 2 Angle-resolved ul-

traviolet photoelectron spectroscopy (ARUPS) indi-

cates occupation of states at the Fermi level mainly at the

M (L) point in k space, where a gap with the sulfur
bands is seen.

TiSeq is a semimetal displaying a periodic lattice distor-
tion below 200 K. ARUPS (Refs. 3 and 7—9) indicates a
small band overlap. Below the transition temperature the
Ti d emission sharpens at the M (L) point, indicating the
enhancement of the density of states just below E~. ' '"
The difference in nature of the valence and conduction
bands in TiS2 and TiSe2 is confirmed by pressure-
dependent Hall measurements' ' and also by self-
consistent band-structure calculations. '

A.s is expected, TiTeq is a semimetal with a still larger
band overlap than TiSe2. After a short discussion of the
crystal structure (Sec. III) we present an electronic band-

structure calculation for this material (Sec. IV). In Sec. V
our ARUPS measurements are compared with the calcu-
lated band structure, and then (Sec. VI) our magnetic and
transport measurements are discussed.

One of the most interesting aspects of this work is that,
with ARUPS, a state is found just below the Fermi level
in which different wave vectors are involved. We suggest
that localization of electrons by (vibronic or electronic)
polarization of the environment is responsible for this.

II. EXPERIMENTAL

TiTe2 powder was obtained by heating nearly
stoichiometric amounts of the elements (with a slight ex-
cess of Te) at 750'C. Single crystals were prepared from
this powder by iodine-vapor transport (800~700'C).
Chemical analysis showed the presence of 1 at. % excess
Ti. The crystals are hexagonal platelets with a metallic
luster and characteristic dimensions of 5 X 5 &&0. 1 mm .

For the ARUPS measurements the crystal was glued on
to a sample holder with silver-bearing resin. In order to
obtain a fresh surface, the crystal was stripped in the
preparation chamber attached to the spectrometer at a
pressure below 10 Pa. Immediately thereafter, the sam-
ple was transferred into the ultrahigh-vacuum main
chamber (base pressure better than 10 s Pa). The spec-
trometer used is a Vacuum Generators model no.
ADES400. The polar angle of incidence of the light a
and the polar angle of emission of the electrons 0 can be
selected, as is shown schematically in Fig. 1. The azimuth

y can also be varied. The spread in the detected emission
angle is estimated to be +2'. Unpolarized light is ob-
tained from a helium-gas —discharge lamp, supplying
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FIG. 1. Experimental geometry for angle-resolved photo-
emission. The crystal surface coincides with the x-y plane. In
the x-y plane the light has an angle of incidence o. and the elec-
trons are detected at the emission angle 8. By varying p the
emission plane can be selected.

light of 21.2 (Hei) and of 40.8 CV (He u). Polarized light
at energies between 40 and 70 eV was obtained from the
Daresbury Laboratory synchrotron (Daresbury, United
Kingdom) using a grazing-incidence monochromator.
The analyzer was used with a constant pass energy, which
was set mostly at 5 eV for light with 1m=21.2 CV, and at
20 eV for flu above 40 CV. The energy resolution is
2 —2.5% of the pass energy.

The x-ray photoelectron spectrum of Fig. 4 of a po-
lycrystalline sample which was scraped in the preparation
chamber attached to the spectrometer, was taken with an
AEI ES200 spectrometer. In this way both a carbon- and
oxygen-free sample was obtained. Our spectrum is in
reasonable agreement with that published by Arnaud, ' al-

though the latter is broadened to higher binding energy, a
characteristic probably due to contamination with oxygen.

The magnetic susceptibility of nonoriented crystals was
measured with the Faraday method at H =8.76 kOe.
The Hall effect of a TiTCI crystal plate was measured
with a double-ac technique, and the in-plane resistivity of
the same crystal was measured with the four-contact
method. The thermoelectric power of a polycrystalline
sample was measured with respect to gold contacts.

III. CRYSTAL STRUCTURE

Like many of the early transition-metal dichal-
cogenides, TiTe2 adopts the 1T-CdI2 structure, which has
a hexagonal close packing of anions with the metal atoms
in octahedral holes. The space group for this structure is
P3m 1 (Did ). In Fig. 2 we show a projection of the struc-
ture on the xy plane and a (110) section, by which their
structures are easily represented, as these sections contain
all atoms. We also show the reciprocal lattice and the
Brillouin zone for this structure. Each metal atom is sur-
rounded by a trigonally distorted octahedron of anions;
the trigonal distortion depends on the z parameter of the
structure [Fig. 2(b)].

{d) „kz

~~~~L:.
+~~~K kPa~ Pp &~~

FIG. 2. (a) Pro)ection of the CdI2 structure on the x-g plane.
Small solid circles represent cations in the plane, large open cir-
cles are anions under the plane, and large solid circles are anions
above the plane. Some directions of high symmetry are indicat-
ed. (b) (110) section of the Cdll structure. (c) Reciprocal lattice
of the CdI2 structure in the k„-k~ plane. The Brillouin zone is
shown in the repeated-zone representation. (d) Brillouin zone of
thc CdI2 structure. Onc of thc 12 irreducible wcdgcs is shown
by heavy solid lines. Although the surfaces of the shaded and
unshaded wedges are equivalent by symmetry, their interiors are
not.

The lattice parameters are a =3.777 A, e =6.498 A,
and z =0.2628, resulting in strongly trigonally stretched
TiTe6 octahedron (top angle=86'). The crystal axes we
found are in close agrtx:ment with these data. X-ray and
electron diffraction (Rijksuniversitair Centrum Antwer-
pen, Antwerp, Belgium) revealed no lattice distortion be-
tween 300 and 100 K, indicating that the distortions
suggested by anomalies in the magnetic and transport data
(Sec. VI) are small or local in character.

The six M points in the Brillouin zone cannot be dis-
tinguished, but there are two different I M directions
which wc will dcslgllatc I M RIld I M . Thcsc RI'c dcflncd
Rs follows: IIl goillg floI11 a Illc'tal RtoI11 111 thc IM dlrcc-
tion the first-neighbor ligand lies under the I M line,
whereas in the I"M direction the first-neighbor hgand lies
above the I M' linc. To distinguish the two directions in
the ARUPS measurements we performed Laue x-ray
backreflection.

IV. BAND-STRUCTURE CALCULATION GF TiTC2

Early band-structure calculations of TITS were per-
formed by Murray' using a semiempirica1 I.CAO
method, and by Bullett' with an ab initio LCAO method.
In the first calculation several crude approximations were
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made, whereas Bullett used a limited basis set and did
not take into account Te 51 levels. A more serious
shortcoming of these calculations is that they do not use
the correct z parameter of the Te atoms [see Fig. 2(b)],
yielding an incorrect trigonal distortion of the octahedra
of Te atoms surrounding Ti. The position of the
Ti 3d, —derived band is especially sensitive for the trigo-

nal distortion. Furthermore in none of these works is cal-
culated the position of the Fermi level.

In this section we present augmented-plane-wave
(APW) calculations of TiTe2 by Myron. ' The method
used is described elsewhere. ' ' The muffin-tin radii for
both Ti and Te were 1.086 A. The crystal potential was
calculated from the atomic configurations Ti 3d 4s' and
Te 5s 5p". Relativistic effects such as spin-orbit coupling
were not taken into account. The local approximation for
exchange (Xa) was used.

The energies were first calculated in a limited number
of points in reciprocal-lattice space for the values 0.7 and
1.0 of the exchange parameter a. Some of the calculated
values are presented in Table I. The calculations were
compared with thc measured photoelectron spectra. Al-
though the energies for both values of a agree reasonably
well with experiment, the agreement for +=1.0 is some-
what better. First, the width of the occupied part of the
Te5p —derived bands determined by x-ray photoelectron
spectroscopy (XPS) is about 5.5 eV, whereas the calculat-
ed values of the width of the occupied part of the bands
are 5.9 and about 6.3 eV for a=1.0 and 0.7, respectively.
In ARUPS we could unambiguously identify the
Tt 3d —denved band (M i+,L i+ ) gust below Ep and a
Te5p —and Ti3d —derived band (Mz+, I.2+) at a dis-
tance of 2.0 eV. The distances calculated with a =0.7 and
1.0 arc 1.7 and 2.0 cV, rcspcctlvcly. Finally, thc posltlon

TABLE I. Widths of the Te5s —and Te5p —,Se4s —and
Se4p —,and S 3s —and S 3p —derived bands, s-p gap, and gap
between chalcogen p- and metal d-derived bands (denoted by an
asterisk superscript) in titanium dichalcogenides. All values are
in eV. The values for TiSez and TiSz were tabulated by Zunger
(Ref. 22).

Width of s band
Width of p band
~-p gap
p-d gaps: I I

I.L, *
I~*

Edge of p band

'Reference 14(b).
Reference 14(a).

T1Te2
a=1.0

2.45
6.26
4.00
0.11
1.96
1.12

—0.33
—0.63
I3

T1Te2
a=0.7

2.72
6.80
3.40
0.00
1.61
0.75

—0.91
—1.22

I2

TiSe2'

2.00
5.70
6.92
0.32
2.04
1.32
0.12

—0.20
I3

Tis2'

1.94
5.49
6.76
0.84
2.51
1.63
0.29
0.23
I2

of the Te 5s band is predicted a little more accurately with
a=1.0. Therefore it was decided to calculate the full
band structure with o,'= 1.0.

Thc cncrgy bands along high-symmetry directions arc
shown in Fig. 3. The density of states derived from the
band structure depicted in Fig. 3 is shown in Fig. 4. The
Fermi level is 8.4 eV above the muffin-tin zero of energy.
The Te 5p —derived bands extend from 5.85 eV below E~
up to 0.41 eV above Ez. The Ti 3d —derived bands begin
at 0.22 eV below EF in a I. l+ state. Here, qualitatively
the same features are found as in previous calculations for
transition-metal dichalogenides with the same structure.
The calculations by Zunger and Freeman' ' give the best

0.9

0.7
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2 Li,

1

2" 3 ~2
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K H L H L
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FIG. 3. Electronic band structure of TiTe2 calculated along lines of high symmetry with the APW method (a=1). At the right the
binding energy with respect to E~ is given. The other energies are with respect to the muffin-tin zero.



6800 D. K. G. de BOER et al. 29

10 binding e nergy (eV)

100

lX

CIP

fg

4J

0-0.5 0.0
energy ( Ry)

0.5 EF =0.618 Ry 1.0

FIG. 4. Electronic density of states for TiTe2 calculated from the band structure of Fig. 3. The valence-band spectrum measured
with XPS is shown as a dashed line.

agreement with experiment. In Table I we included values
from their calculations for TiSe2 and TiS2 ~ As expected,
the chalcogen p-derived band becomes broader and the
gaps become smaller (or the overlap larger) in the series
TiSz, TiSe2, and TiTe2. No analysis of the nature of the
wave functions of TiTer was carried out. When needed,
we will use the wave functions calculated for the com-
pound CrSe2, ' which has the same crystal structure as
TiTeq as well as a similar band structure.

Next we discuss the splitting of Ti 3d —derived bands
at F. From crystal-field theory one expects the metal d
levels to split in an octahedral surrounding of anions into
t2~ and eg levels. Indeed, in compounds with the 1 T-CdI2
structure with perfectly octahedral coordination, the d, -

derived level (I &+) coincides with one of the I'3+ doublets.
In TiTez, as in VSe2, ' the metal atom resides in a
strongly trigonally elongated octahedron, causing the I &+

state to split off. However, tzs-derived I'3+ states turn out
to be antibonding, an effect for which nearest-neighbor in-
teractions alone cannot account.

In Fig. 5 the Fermi surface of TiTe2 calculated from
the band structure of Fig. 3 in planes of high symmetry is

shown. There are four bands which intersect the Fermi
level. The four surfaces are numbered in Fig. 5 in the or-
der in which the corresponding bands occur near point I
There is an electron surface round point L (sheet 9), a
small hole surface around point I (sheet 6), and two near-
ly cylindrical hole surfaces along line I'A (sheets 7 and 8).
Note that around point M the surface is also holelike.
The volume enclosed by the surface yields the number of
charge carriers available for conduction. Through in-
tegration we found that there are 9&&10 holes in sheet
6, 1.33 )& 10 holes in sheet 7, and 3.76 & 10 holes in
sheet 8, adding up to 0.052 holes per unit cell. Thus,
sheet 9, which is difficult to integrate, must contain 0.052
electrons. For u =0.7 the band overlap is about twice that
for a=1.0. We estimate that for a=0.7 the number of
charge carriers is a few tenths per Ti atom.

V. ANGLE-RESOLVED PHOTOEMISSION OF TiTe2

Figures 6—8 display some of the photoelectron spectra
which we measured in the I M and I E directions with
Her and He II radiation. For all of these spectra the angle
of incidence of the light is 45'. For other angles of in-
cidence the same peaks are seen, but the intensities are dif-
ferent. Furthermore, in the I M and I M' directions (see
Fig. 2), the same peak positions are obtained, although the
intensities can differ. In Fig. 9 we show spectra taken at
normal emission with synchrotron radiation of different
photon energies and polarization directions.

A. Determination of the band structure

FICx. 5. Fermi surface of TiTe2 calculated from the band
structure of Fig. 3 along planes of high symmetry.

To obtain information on the band structure from the
angle-resolved photoemission spectra we follow the work
of Mahan and Hughes. If the direction of the outcom-
ing electron makes the angle 0 with the normal on the
surface of the solid, the component of its wave vector
parallel to the surface is

[(2m lh )(fun 4 Eb)1' sin8—, —
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where duo is the photon energy, 4 is the work function,
and Es is the ionization potential with respect to the Fer-
mi level (E~), often referred to as the binding energy.
This k~~ is equal to the initial parallel wave vector in the
repeated-zone scheme. To obtain the perpendicular com-
ponent ki we have to know the dispersion for the final
state inside the solid. Approximating this by a free-
electron band, we find for the length of the final wave
vector inside the solid,

k=[(2m/k )(fico+ 8' Eb)]I—~2,

6 0
binding energy (eVj

FIG. 6. HeI photoelectron spectra of TiTe2 in the I MA
plane (left) Rnd the I KA plane (right) for various emission an-

gles 8, saith angles of incidence a=45'. Note that for the spec-
tra at the right the background is higher.

rN'
30

fN
30'

rx
- 30'

FIG. 7. HeI photoelectron spectra of TiTe2 in the I MA and
the I M'2 plane for 8=+30 and a=45. Note that 8= —30'
for y= I M corresponds to emission in the I"M' direction.

where 8' is the position of the bottom of the band (with
respect to E~), called the inner potential. We will approx-
imate 8' by the energy of the muffin-tin zero of the
band-structure calculation: W =8.4 CV. The perpendicu-
lar component of the wave vector (in the repeated-zone
scheme) is now found to be

ki ——(k —
k~~

)I~2 .

However, k„ is not completely conserved, since during the
transport to the surface the photoelectron can suffer
several losses. This results in a loss of information on the
perpendicular wave vector as well as a broadening of the
photoemission peak. If ki is completely undetermined,
one simply measures the one-dimensional density of states

along ki at a given k~~ (indirect-transition model).
In Figs. 10—12 we show the IDeasured peak positions

(dots) with their widths (bars) versus k~~. The calculated
bands are also shown for k in the I MK (solid curves) and
AI.H planes (dashed curves). We will compare the experi-
mental "two-dirDensional" band structure with the
theoretical baIlds 1I1 both plRllcs, bccallsc ki ls 110't kilowI1
accurately and also bccausc wc have to avcI'Rgc in soIDc
way over ki. In addition to the He D data of Figs. 8 and
11, wc also measured soIDc spectra Rt higher polar angles.
If these data are folded back into the first Brillouin zone,
they are the same as the data obtained directly in the first
BrllloUin zone. In Fig. 13 wc plot thc peak positions mea-
sured along a circle in the (two-dimensional) Brillouin
zone, obtained by varying tp at a fixed 8 (equal to 30').
These are compared with the theoretical band structure
along KM (Hl. ) because these points are approximately
the same as those on the circle—within the experimental
angular resolution. In Fig. 14 the peak positions ax'e plot-
ted versus ki along high-symmetry directions, along with
the theoretical bands.

Now we will examine the experimental band structure
in some detail. At k~~ =0, a peak in the Hei spectrum is
seen at 4.3 CV, which extends between the bonding
Te 5p,—derived bands I'I+ and A I+. Such a broad peak is
expected if the mean free path A, is somewhat larger than
the lattice constant c. Its position is in good agxeement
with theory for the calculated ki (Fig. 14). At a higher
polar angle the effective mean free path, which is about
A, cose, is smaller, and we can expect to measure the one-
dlmcnsional dcIlslty of states (BElBk~) . As sccil ill Fig.
3 the density of states is large at the bottom of the band
along 1 A, in agreement with the measured peak positions
for k I!=2IM [Fig. 10(a)]. For %+=45 CV, a weak, broad
peak is seen for which ki is not: conserved. The differ-
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FIG. 10. Band structure E(k~~) measured for TiTei w'iTe with HeI
radiation and a= . ea—45' P k positions (dots} and widths at hal
hei ht (bars) are plotted as a function of parallel wave vector in
the repeated-zone scheme. Bars davit ou

e1g t ars a

shoulders. Furthermore, the theoretical bands from Fig. 3 are
shown for k =0 (solid curves) and kq ——m jc (dashed curves). (a)
Band structure along II (Al. ) (b) Band .structure along I KM
( AHI. ).

4FIG. 9. Photoelectron spectra of TiTe2 exc1ted w1th synchro-
tron rad1at1on of var1ous energies andnd a's at 8=0'.

Ti3d —derived band. Thus, at least in the region in
reciprocal-lattice space with the largest density o Ti 3

'
le.electrons, theory and experiment are compatib e.

(&) C(A) N(L)

B. Intensities for photoemission from TiTe2

In Fig. 15 we show the measured intensities as a unc-
tion of angle of incidence u for He I radiation. As a mea-
sure for the intensities we took the peak height norma-

d h t f the peak at 2eV. Wemust remark that t e
intensities are difficult to determine exact y, as ey a
easily changed by contaminations of the sample. More-
over, some pea s ovek erlap and thus at most, ",ome trends
can be seen in the intensity pattern.

Theoretical intensities were obtained by a method
analogous to that used by Shevchik. The initial state is
coQsldcrc to c a'd d to be a I.CAO, whereas for the final state an
APW is taken. We assume that at the given kinetic ener-

transitions within the muffin-tin sphere around each atom
alc coBsl cr . c'd rcd. %C assume that the matrix element or

Dl. Theseh t. t on is equal to that for the free atom. ese
d b Gold-matrix elements can be calculated, as indicate y o

QP

JD 2
La3

0
(b) ( (A)

r il

K(H) N(L)

k()(A ")

PIG. 11. Same as Fig. 10 for the measurements with HeIr ra-
diation.
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FIG. 14. Theoretical and experimental band structure (calcu-
lated with a free-electron dispersion for the final state) as a
function of perpendicular wave vector k&. Data for different
directions and photon energies are assembled.

FIG. 12. Band structure E(k~~) for TiTe2 measured with syn-

chrotron radiation with Ace=65 eV (a=45'}. Peak positions are
indicated by dots and the width at half height is indicated by
bars. The theoretical bands (Fig. 3) are shown for k~ ——0 (solid
curves) and k~ ——m/c (dashed curves).

berg, who calculated the necessary radial matrix ele-
ments and phase shifts for 21 elements. Those for Ti and
Te were not calculated, and we use those for Ni and Sb in-
stead. The required emission angle in the crystal of
Hf

——arcsin(kit/k). For unpolarized light the intensities
are averaged over all values of the polarization vector.
We only considered emission from k points of high sym-
metry. For the initial-state coefficients we used those cal-
culated for CrSe2 (see Sec. IV).

The band at 2 eV contains both Te p and Ti d, but no

p, and d, . We calculated that the intensity of this peak

(a) 02-

v) 0
CU

3~4
3

1—=1 —
1,
—

(b) 0
5 0

I

3eV
4

0'
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'O '—'
1 0~4~0»~4 0 4

45' R

——4~ «40

t l 11

0' 45' G
M'{L') K{H) K{H) M {L)

(c)2- @=I M' S= 30'

/
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3 --30- 04—40—
1 1 1I
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~33~3
3 ~3:0 1 ——4 4 4

48 -14~." 0" 0

0' 45' G

I

(d) 0 +=I K 8= 30'

0 30 azimuth 60

2 0

2-- 2———2

30 4~~384

-45'
angle

=2
q~a

2

&p' )=o-=I
0' 45'

of incidence a

FIG. 13. Peak positions measured with Her radiation at
a=45' for 8=30' as a function of azimuth y. The correspond-
ing k

t~
values lie on a circle in the Brillouin zone (see inset). The

band structure calculated along XM (solid lines) and HL
(dashed lines) is shown for comparison.

FIG. 15. Measured intensities (normalized at peak 2) versus
angle of incidence a for He I radiation. The peaks are numbered
as shown.
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is nearly independent of a, and thus it is reasonable to
normalize the intensities of all other peaks to this peak. If
our assignment is correct, the peaks at 1 and 4.5 eV at
normal emission are mainly p, . They are expected to
grow with a, which is indeed seen.

Next, we consider emission for k~~=krM (which we
take as the x axis). The peak at 2 eV, to which we nor-
malized the other peaks, is mainly Te p„. The peak at 1

eV, remaining constant with varying a, can also be as-

signed as Tep„—derived, in agreement with its assign-
ment as a Li state. The peak at 2.7 eV (peak 3) is
stronger for positive than for negative a, in qualitative
agreement with the intensity calculated for the mainly
Tep, —derived L~+ state at 2.7 eV. The peak at about 5
eV is weak, as calculated for the Tep„—derived states
M) and Mp .

For the peak just below E~, good agreement between
theory and experiment is not obtained. According to the
band-structure calculation, we expect emission just below
EF from electrons in the L,+ state which is a mixture of
Te p„Ti d i, and Ti d . The intensities calculated for
positive and negative a are different, but the experimental
pattern was not reproduced.

A complication in the calculations of the intensity is
that at the boundary of the Brillouin zone we have to
take, for the final state, a symmetrized combination of
APW's with different 6's instead of a single APW. This
implies that in the I M and I M' directions the same com-
bination of APW's has to be taken, and thus the intensi-
ties have to be the same. We note that this fact seems not
to have been realized by Shevchik and Liebowitz, as they
used a single APW for all wave vectors.

Experimentally, different intensities are observed for
the I'M and I M' directions. As a function of azimuth p,
the intensities show a threefold symmetry, even at the bor-
der of the Brillouin zone [Fig. 16(c)]. We now discuss the
mechanism which may be responsible for the different in-
tensities of the Peak just below Ez for k~~=krM and

krl . In real space, a photoelectron originating from a Ti
atom in the uppermost sandwich, emitted in the I'M'
direction, encounters an anion, whereas in the 1 M direc-
tion it does not. It is possible that because of a sort of
"shadowing effect, " which for these low-energy elec-
trons is better described as photoelectron diffraction, the
photoelectron in the I'M' direction does not come out of
the solid. For Heo radiation no difference is seen be-
tween I M and I M' (Fig. 8). A smaller difference is ex-
pected because the diffraction is less now that the electron
is emitted under-a smaller angle.

In the 1"Xdirection the peaks at 2 and 5 eV both grow
with a. This can be explained if they originate from p,
orbitals. Indeed, the peak at 2 eV is mainly Te p„
whereas one of the H3 states has some Te p, mixed in.

According to Goldberg's tables, at higher photon en-
ergies emission from anion p bands decreases with respect
to the metal d emission. This is indeed seen for the peak
at 4 eV when going from Her to He D radiation. Howev-
er, at higher photon energies this trend reverses (Fig. 9),
perhaps because at higher energies more final states are
attainable. It is also possible that better results are ob-
tained if the proper matrix elements for Ti and Te (in-

stead of Ni and Sb) are used.
The peak at 2 eV has a large amount of Ti d mixed in

and is seen in all spectra, as expected. From Fig. 9
(fico=6S eV) we see that the Tep, —derived peak at 4 eV
decreases strongly with decreasing u at normal emission.
The peak just below EF decreases only slightly. With de-
creasing a, and at fico =21.2 eV (Fig. 1S), the intensity of
this peak even increases. This indicates that, in this state,
d & (or p, ) as well as p„ is mixed in.
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FIG. 16. Intensity versus k~~ for the peak just below E~
(a=45 ): (a) along I M (AL), (b) along I K (AH), and (c) along
a circle in the Brillouin zone (at 8=30', see inset of Fig. 11}.

C. The localized state just below E~

In Fig. 16 we plot the intensity of the peak near the
Fermi level as a function of k~~. This peak is seen at all

emission angles, but its intensity is the largest for k
values where a band is seen in the theoretical band struc-
ture. We see that in TiTe2, the peak is intense for
k~~=0. 2 A ', probably because of overlap with the
Te Sp —derived bands which intersect Ez at that value of
k (cf. Figs. 10 and 11). An appreciable intensity is also
seen at I .

A narrow emission peak near EF is observed in nearly
all layered compounds: TaSq and TaSe2, VSe2, and

TiSe2. Scharli et al. also observed a peak in TiSi near
the Fermi level with k values over the entire Brillouin
zone. The intensity of this peak increased in going from
excitation with HeI to Heal radiation, indicating a strong
Ti 3d character. The intensity increases with increasing
vanadium content in Ti& „V„S2crystals. As each V atom
provides an extra electron, this is also consistent with an
assignment to emission from Ti 3d states. Scharli et al.
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ascribed the peak near EF to a localized impurity band
just below EF arising either from Ti excess and/or V im-
purities. They also determined the intensity of the peak
near Ez as a function of polar angle. Near point M or L
an enhancement of the relative intensity by a factor of
4—5 with respect to normal emission was found. The au-
thors ascribed this to a superposition of emission of elec-
trons from a dispersionless impurity band and electrons
from the conduction band near point L.

It is possible that the narrow peak near EF in TiTe2 is
also due to emission from a narrow impurity band, due, in
turn, to excess Ti atoms. However, we want to point out
an alternative explanation for the observed narrow peak
near Ez. It is possible that there exists an interaction, for
instance, an electron-phonon interaction or electronic po-
larization, which mixes the one-particle states. From Fig.
3 we see that the conduction-band states near L (M) and
I (A) are fairly close in energy, whereas E (H) has a
much higher energy. Therefore we expect a strong mixing
of L (M) with I (A), but not with K (H) states. This is
in agreement with the region in k space where strong
emission is observed. Te Sp states near I (A) may also
contribute.

If states with different k values are mixed, it is possible
to obtain a localized (quasi)particle in real space. The
states which are mixed have a spread hk, and the electron
can be localized in a region in direct space with a dimen-
sion of the order (b,k) '. An appropriate name for such
a dressed electron, which has a certain spread in both
direct and reciprocal-lattice space, may be "blur. " If po-
larization of the environment is responsible for the mixing
of states, the quasiparticle is a (electronic or vibronic) po-
laron. Of course, the corresponding polaron band has the
full crystal symmetry, and the wave vector k of the pola-
ron is a good quantum number. However, if an electron is
photoemitted from a state of the polaron band, the polari-
zation cloud which remains behind can have an arbitrary
k. It is interesting that, in principle, with ARUPS one
can measure the internal k distribution of the particle.
Neglecting matrix-element effects, the Fourier transform
of the spatial distribution of the more or less localized
quasiparticle is obtained directly with ARUPS.

We have no additional information on the nature of the
interactions which produce the localization of Ti 3d elec-
trons in TiTe2. However, we remark that the dispersion-
less narrow d band is observed in several highly polariz-
able layered compounds with d electrons. The very large
temperature-independent paramagnetic susceptibility ob-
served in some of these compounds (TiTe2, VSe2, and
CrSe2) indicates that the d electrons are itinerant but not
far from forming localized magnetic moments. It is un-
likely that in compounds with a high concentration of d
electrons (VSez, TaS2, TaSe2, and CrSe2) the localization
of so many electrons could be produced by a relatively
small number of impurity atoms.

80

20 l

100
I

150
T(K)

I

200
I

250 300

FIG. 17. Magnetic susceptibility of TiTe2 (nonoriented) crys-
tals vs temperature; H =8.76 kOe.
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ples of TiTe2. In Figs. 18 and 19 we show the in-plane

resistivity p and Hall coefficient R~ (with H~ ~c axis) of a
single-crystal platelet of TiTe2. We remark that at
T &125 K, R~ is positive and u is negative, indicating
that TiTe2 is a semimetal with overlapping valence and
conduction bands.

For an analysis of the transport properties we first esti-
mate the concentrations of electrons in the conduction
band (n) and holes in the valence band (p). According to
the band-structure calculations in stoichiometric TiTez,
no =p0=0.052 per unit cell, or no ——po ——6.5)& 10 cm
In our considerations we will not take into account that
the holes are distributed over three different valence
bands. Therefore the properties of the holes (mobility,
etc.) to be obtained below refer to average values.

The crystals we studied contained an excess of approxi-
mately 1 at. % Ti. The excess Ti atoms occupy interstitial
sites in the van der Waals gap, and each Ti atom is ex-
pected to donate four electrons to the conduction band.
Therefore, in our crystals, carrier concentrations are

p =0.052 and n =0.092 per unit cell, or p =6.5&(10
cm and n =11.5&(10 cm

UI. MA(GNETIC SUSCEPTIBILITY AND ELECTRICAL
TRANSPORT MEASUREMENTS
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In Figs. 17 and 20 we show the magnetic susceptibility
7 and the thermoelectric power u of polycrystalline sam-

FIG. 18. In-plane resistivity of TiTe2 crystal plate vs tem-
perature.
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FIG. 19. Hall effect of TiTe2 crystal plate vs temperature,

We analyze the Hall and resistivity data at 300 K with
a 81Hlple two-caIT1er model~ with

PIG. 20. Thermoelectric power of TiTe2 powder vs tempera-
ture.

where IM„and pz are the mobilities of electrons and holes,
respectively.

From the values of n and p and the measured Hall
coefficient, it is possible to calculate the ratio of electron
and hole mobilities: we obtain, at 300 K, pz/p, „=1.52.
Combining this result with the values of p, we find, for
the mobilities at 300 K, the values pz ——43 cm /V sec and
p, =28 cm /Vsec.

From this analysis we find that the Hall effect consists
of contributions of electrons and holes which nearly com-
pensate for each other. Therefore the Hall effect will be
sensitive to small variations of the carrier concentrations
(due to a change of stoichiometry) or the mobility ratio
(due to a change of temperature). The Hall effect, and
also the thermoelectric power, show a very pronounced
temperature dependence; the thermoelectric power
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changes sign at 125 K. These changes are due to changes
of charge carrier concentrations (and mobilities), and are
related to the phase transition at 150 K. This phase tran-
sition is probably due to the same type of interactions
which produce static charge-density waves in compounds
such as TiSc2. '

In a recent paper, Koike et al. ' also reported transport
measurements of TiTe2. These authors found a Hall ef-
fect with about the same magnitude, sign, and tempera-
ture dependence as obtained from our samples. Koike's
samples are probably closer to stoichiometry due to the
lower teIDperature at which the crystals were grown. The
better stoichiometry of Koike's samples corresponds to
the observed lower residual resistivity at 5 K due to im-
purity scattering.

Koike et al." observed a logarithmic temperature
dependence of the resistivity between 0.5 and 5 K. From
magnetoresistance measuI'ements it was concluded that
the logarithmic temperature dependence of p is not due to
a Kondo effect, but to a two-dimensional (2D) Anderson
localization. In order to be able to interpret the data the
authors suggested two types of charge carriers in TiTez,
i.e., 30 hole pockets at point I, and 20 electrons along
LM lines, in good agreement with our results. The 20
electrons would then undeI'go the Anderson localization at
low temperature.

The thermoelectric power of metals can be written as

rr k T BlnA BlnSEX=- +
3e BE BE E=F.

where A is the mean free path of the electrons, S is the
area of the Fermi surface, and E is the electron energy.
FOI' spherical cncI'gy baIlds, clcctroIls glvc a Ilcgat1vc, and
holes a positive contribution to a. However, the ther-
moelectric power of a metal with a complicated Fermi
surface such as that of TiTez (see Fig. 5) is difficult to in-

terpret quantitatively. One expects positive contributions
for the hole surfaces (sheets 6, 7, and 8) for which the area
S of the Fermi surface decreases with increasing energy
E. Generally, one expects a negative contribution to u
from electrons in the conduction band, because for these
electrons, S increases with E. However, the electron Fer-
mi surface (sheet 9 in Fig. 5) has a complicated shape and
also has holelike parts for which dS/dE ~0. Electrons in
these parts of the conduction band will give a positive
contribution to a. This is probably the Ieason that a is
positive in our crystals, although n ~p.

Finally, we discuss the magnetic susceptibility. If we
correct the observed X with a diamagnetic contribution of
—145 )& 10 cm /mol, we obtain a value of
X~=+183)&10 cm /mol, which we attribute to the
Pauli paramagnetic susceptibility of the charge carriers.
The value of Xz is much larger than the bare value of
—,
' p~N(Ep) =27&(10 cm /mol, calculated from the

density of states N(Ez) =1.26 states/eV unit cell obtained
form the band-structure calculation (taking into account a
small increase of Ez in Ti& 0&Te2 due to the extra electrons
from 1 at. % excess Ti). We attribute the increased sus-

ceptibility to the exchange enhancement y, so that the
Pauli paramagnetic susceptibility is given by

X~ = , y—p&N(Ez) with y==2 2 1

1 E—„N(Ep)

From the observed value of X~ and the calculated value of
N(EF) we obtain a value y=7, which corresponds to an
exchange energy E„=0.7 CV. We note that a large ex-
change enhancement is also necessary to explain the ob-
served susceptibilities of VSez and CrSe2. An appreciable
exchange enhancement is indeed expected for transition-
metal 3d electrons.

The magnetic susceptibility shows an abrupt change
and a hysteresis at 150 K. Similar effects were observed
at 150 K in the specific heat. These effects are due to a
first-order phase transition in TiTez, which is probably of
the charge-density-wave type. The lattice distortion cor-
responding to this phase transition must be small, as no
change in crystal structure or lattice parameters could be
detected at 150 K.

%'e have seen that it is possible to extract interesting in-
formation on the band structure of the semimetallic com-
pound TiTe2 from angular-resolved photoelectron spectra.
The measurements are in good agreement with a band
structure calculated using the APW method. Attention
was also given to the intensities in the photoemission
spectra. Although these are difficult to treat both experi-
mentally and theoretically, the assignment of peaks can be
facilitated if the intensities are also considered.

An analysis showed the transport properties can be ex-

plained quite well with a simple two-carrier model. The
charge carrier concentrations for TiTC2 weIe deduced
from band-structure calculations and from the Ti excess
of 1 at. % found by chemical analysis. Neither of these
data are expected to be very precise, and therefore the
values of n, p, p„, and pz are not expected to be very ac-
curate Ho.wever, the analysis shows that the transport
data are consistent with the band-structure calculations.

A remarkable phenomenon in the angular-resolved
spectra of TiTe2 (and similar compounds) is the oc-
currence of states, just below the Fermi level, which can-
not be characterized by a single wave vector. These states
are like a "blur" with a certain spread in direct and in
reiprocal-lattice space. This localization could be due to
the presence of impurities in the crystal. Another possi-
bility is a lowering in energy of a localized electron, due to
polarization of the environment, analogous to broken-
orbital —symmetry calculations for molecular systems.
The original band states will be mixed to form a wave
packet for the localized electron. The energy of the local-
ized particle can be expressed in terms of the energies of
these states, obtained from the band structure, and in
terms of the polarizability of the environment, In this
way, a decomposition is obtained of the localized state in

different k states which corresponds to the measured
photoemission distribution.

Thc d1spcI's1oIllcss band near E~ was obscrvcd 1n photo-
emission, which is a surface-sensitive technique, and it is
possible that the observed localization only occurs for Ti
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3d electrons at the surface. However, for a surface state
we expect appreciable changes with photon energy or a
contaminated surface, which we did not observe.

Our conclusion is that the observation of the disper-
sionless electron band just below E~, the strong exchange
enhancement of the magnetic susceptibility, and the low-
temperature resistivity data (Anderson localization)
strongly indicate an anomalous and (nearly) localized
behavior of the conduction electrons in TiTe2.

Finally, we suggest a relation between the proposed
model of an (electronic) polaron in TiTe2 and the charge-
density-wave instabilities of layer compounds as in
TiSe2. The large intensity of the "blur"' at points I and
I. suggests that these states are in some way coupled.
Such a coupling is known to cause the instability in TiSez.
The nature of the coupling is not known, but both
electron-phonon and excitonic interactions must be in-
volved. In TiTe2, the partial localization of a conduc-
tion electron in an electronic polaron will induce shifts of
the Ti atoms leading to a composite electronic-vibronic

polaron ("blur" ). Such a structure is similar locally to the
distortions observed in TiSez below the phase transition.
Above the phase transition such distortions will still be
present but they will be dynamic in nature ("blur" ), so
that no long-range order exists. In TiTe2, the phase tran-
sition at 150 K could correspond to an ordering of the
"blurs, " although this was not detectable using x-ray dif-
fraction.
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