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1. INTRODUCTION

Intercalation compounds of titanium dichalco-
genides are formed through the intercalation of differ-
ent objects into the interlayer space of the host lattice of
Ti

 

X

 

2

 

 compounds (

 

X

 

 = S, Se, Te). If this object is repre-
sented by a 3

 

d

 

 metal atom, it has spin-polarized valence
electrons [1]. Since the interaction of exciting radiation
with electrons depends on the orientation of the spin of
the valence shell, the spin subbands in the case of mag-
netic ordering can be experimentally determined from
the photoemission spectra. This can be achieved when
the circularly polarized radiation with the opposite
direction of polarization is used to excite photoemis-
sion. Apart from the spin polarization, there are other
factors responsible for the effect of the circular polar-
ization of the exciting radiation on the photoemission
spectra, for example, the partial loss of the elements of
space symmetry due to the influence of the surface and
the finite electron escape depth. This paper is devoted to
the study of the influence of this type of factors that are
not related to the magnetic and/or spin states of atoms.
For this purpose, we have studied the intercalation

compound Fe

 

1/4

 

TiTe

 

2

 

 in which iron atoms do not
undergo magnetic ordering (at least, down to a temper-
ature of 50 K [2]) or structural ordering that could lead
to a reconstruction of the Brillouin zone of the host lat-
tice of the TiTe

 

2

 

 chalcogenide. However, the iron atoms
reside in the spin-polarized states [1, 3]. Thus, this
material is convenient for use in the investigation of
possible factors that are responsible for the dichroism
but not related to the spin polarization of electrons.

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE

Single crystals of the Fe

 

x

 

TiTe

 

2

 

 compounds were
grown by the gas-transport reaction method with the
use of gaseous iodine I

 

2

 

 as a gas carrier. The growth
technique was similar to that used for growing 

 

M

 

x

 

TiSe

 

2

 

crystals in our earlier work [4]. The chemical composi-
tion of the crystals was determined using the electron
microprobe analysis with a JEOL-733 microscope and,
according to the lattice parameters [2], corresponded to
the formula Fe

 

1/4

 

TiTe

 

2

 

.
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Abstract

 

—This paper reports on the results of the experimental investigation into the angular dependence of
the photoemission of the valence band (the angle-resolved photoelectron spectrum) for the Fe

 

1/4

 

TiTe

 

2

 

 single
crystal upon excitation with circularly polarized radiation. The angle-resolved photoelectron spectrum is stud-
ied in the vicinity of the 

 

Γ

 

 point of the Brillouin zone in the two directions 

 

Γ

 

K

 

 and 

 

Γ

 

M

 

 with the highest sym-
metry. The measurements are performed in the noncoplanar geometry. The circular dichroism in the photoemis-
sion angular distribution is observed over the entire ranges of energies and angles. The magnitude of the dichro-
ism depends on the choice of the band, the binding energy, and the polar angle and varies from 0 at the 

 

Γ

 

 point
to 20%.
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The angular dependences of the photoemission (the
angle-resolved photoelectron spectra) for the Fe

 

1/4

 

TiTe

 

2

 

single crystal were experimentally investigated at the
ELETTRA synchrotron (Trieste, Italy). The spectra
were measured on a SCIENTA 50 angle-resolved spec-
trometer at a temperature of approximately 50 K. The
excitation energy was equal to 21.5 eV. The energy res-
olution was 30 meV, and the cross section of the beam
measured 5 

 

×

 

 20 

 

µ

 

m. The experiment was performed
upon excitation with circularly polarized radiation. The
samples were mechanically cleaved directly in the
working volume of the spectrometer (residual pressure,
10

 

–9

 

 Torr). The orientation of the samples was per-
formed in a preparation chamber with the use of low-
energy electron diffraction.

The main fragments of the crystal structure of the
Fe

 

1/4

 

TiTe

 

2

 

 compound and the Brillouin zone are pre-
sented in Fig. 1. The schematic diagram illustrating the
performance of the experiment is depicted in Fig. 2.
The mutual correspondence of the most symmetric
structural elements in the direct and reciprocal spaces is
shown in Fig. 1. The beam of circularly polarized pho-
tons lies in the 

 

XZ

 

 horizontal plane and is directed at a
constant angle of 45

 

°

 

 with respect to the single-crystal
surface, which coincides with the (001) crystallo-
graphic plane. During the detection of photoelectrons,
the polar angle 

 

ϑ

 

 changes in the 

 

YZ

 

 vertical plane per-
pendicular to the surface of the single crystal.

According to Neumann’s principle, the symmetry
elements of the dichroism as a physical property of a
crystal must include all the symmetry elements of the
point group of the crystal and the wave vector of the
valence electron. Therefore, the analysis of the behav-
ior of the dichroism in our scheme for performing the
experiment requires a detailed inclusion of the symme-
try elements of the crystal, among which the glide

planes play a particularly important role. In the struc-
ture of the Fe

 

1/4

 

TiTe

 

2

 

 chalcogenide (compound of the
CdI

 

2

 

 type), there exist an inversion center, two families
of glide planes {001} and {100}, and one family of
mirror-reflection planes {120}. These planes are per-
pendicular to the [110], [100], and [120] directions of
the crystal, respectively (Fig. 1). These symmetry ele-
ments of the host lattice 1

 

T

 

-TiTe

 

2

 

 are inherited by the
Fe

 

1/4

 

TiTe

 

2

 

 intercalation compound.

3. RESULTS AND DISCUSSION

The specific feature of the angle-resolved photo-
electron spectra of 2

 

H

 

 and 1

 

T 

 

polytypes of layered tran-
sition metal dichalcogenides, which was first noted by
Smith and Traum [5], lies in a drastic difference of the
intensity of electron escape in completely equivalent
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Fig. 1.

 

 (a) Fragment of the Fe

 

1/4

 

TiTe

 

2

 

 crystal. (b) Brillouin
zone of the 1

 

T

 

-TiTe

 

2

 

 compound. The 

 

Γ

 

A

 

 direction in the
Brillouin zone corresponds to the direction of the 

 

c

 

 axis per-
pendicular to the basal plane of the crystal in the direct
space (the [001] direction).
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Fig. 2.

 

 Schematic diagram illustrating the performance of
the experiment. Designations: 

 

p

 

 is the photon momentum,

 

k

 

e

 

 is the photoelectron momentum, and 

 

ϑ

 

 is the polar angle.
During the detection of photoelectrons, the polar angle
changes in the 

 

ZY

 

 plane perpendicular to the surface of the
single crystal. The 

 

Z

 

 coordinate axis coincides with the
direction of the [001] crystallographic axis and passes
through the titanium atom, the iron atom, and the center of
the polyhedron. (a) Base-shared TiTe

 

3

 

Fe pyramids and (b)
TiTe

 

3

 

 pyramids on the surface of the single-crystal sample
are shown (for more detail, see text).
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(from the chemical bonding standpoint) directions 

 

Γ

 

M

 

and 

 

Γ

 

M

 

' of the Brillouin zone for the 1

 

T

 

 structure as
compared to the 2

 

H

 

 structure. This effect was initially
explained by the lowering of the symmetry of rotation
around the 

 

c

 

 hexagonal axis to a threefold axis as com-
pared to a sixfold axis for the 2

 

H

 

 polytype and the
shadow effect [5]. However, Matsushita et al. [6] calcu-
lated the photoemission dichroism for the TaS

 

2

 

 com-
pound and emphasized that the inclusion of this effect
is insufficient for explaining the experimental results.
According to the approximate estimates made in [5],
the total escape depth is no more than 13 Å (at an exci-
tation energy of 10.2 eV). As follows from modern
data, these estimates do not correspond to reality. At an
excitation energy of 20 eV, the mean free path in a sim-
ilar host lattice containing transition elements does not
exceed 4 Å [7]. A similar situation is observed for the
1

 

T

 

-TiTe

 

2

 

 polytype and the Cr

 

1/3

 

TiTe

 

2

 

 intercalation com-
pound [8]. This viewpoint is confirmed by the results
obtained in [9, 10], according to which (angle-resolved
photoelectron spectroscopic data) the ordering of inter-
calant 3

 

d

 

 atoms in the bulk of the crystal does not result
in the corresponding reconstruction of the Brillouin
zone. When preparing samples for measurements, the
cleavage passes through the crystallographic plane con-
taining intercalated atoms. The surface prepared for
measurements involves half of these atoms distributed
in a statistically equivalent manner. In other words, the
cleavage of the crystal for the preparation of a fresh sur-
face leads to a disordered arrangement of intercalated
atoms on the surface. The next undisturbed layer
located at a depth of ~3.0–3.5 Å is not observed due to
the absorption of photoelectrons. Under these experi-
mental conditions, the escape of electron predomi-
nantly reflects the chemical bonding and symmetry of
half the Ti

 

X

 

2

 

 sandwich in the direction of the hexagonal
axis (perpendicular to the surface of the single crystal).
After the removal of the upper layer, the surface of the
sample contains structural fragments of two types.
Therefore, there occurs detection of the electrons emit-
ted from the crystal fragments represented by TiTe

 

3

 

pyramids and base-shared TiTe

 

3

 

Fe pyramids (Fig. 2).
Their quantitative ratio in the structure of the Fe1/4TiTe2
compound is equal to 1/8. In these polyhedra, the oper-
ations of inversion and reflection with respect to the
basal plane are absent (or suppressed). In this case, the
angular dependence of the photoemission from the Fe
3d states at a specified excitation energy is affected only
by the remaining elements of space symmetry.

The titanium and tellurium atoms have the identical
nearest neighbors in the second coordination sphere in
the layer. Unlike these atoms, the distance between the
nearest iron atoms is no less than three coordination
spheres in the layer. Therefore, according to the crystal
structure of the compound, the sixfold rotation axis is
the main symmetry element for the titanium and tellu-
rium atoms. For the iron atoms, the situation is qualita-
tive different. Since the chemical bonding between

intercalated iron atoms and the host lattice is weak, it is
reasonable to assume that each iron atom in the iron
sublattice has a rotation axis of the ∞ type with respect
to the c axis. According to our data, the binding energy
of the core levels of iron atoms remains unchanged as
compared to that in metallic iron. The binding energy of
the Ti 2p3/2 level for the compound under consideration
is equal to 455 eV. This energy is higher than the corre-
sponding energy in the metal by 1 eV and reflects the
predominance of the ionic component in the chemical
bonding of titanium in the 4+ oxidation state. Since the
intensity of emission from the lower part of the TiTe6
sandwich decreases sharply, the symmetry of rotation
in M (M ') effectively increases.

Over the entire range of polar angles, except for the
angle ϑ = 0, the normal z to the surface of the single
crystal, the wave vector p of the incident photon, and
the momentum ke of the detected electron are arranged
in a noncoplanar fashion. At ϑ = 0, the direction of
observation of photoelectrons coincides with the direc-
tion of the [001] crystallographic axis and the ΓA direc-
tion in the Brillouin zone (Fig. 2). As was repeatedly
shown [11, 12], the dichroism observed in the nonco-
planar geometry reflects the natural physical properties
of an object (inherent in it), namely, the symmetry oper-
ations. If the inversion or rotation in this case is absent,
the interaction of right- and left-hand polarized photons
with a material is noninvariant. At ϑ = 0, the geometry
of the experiment is coplanar and, at this point, the
matrix elements of the probability of transition of elec-
trons to a finite state of the continuum for two types of
the polarization are identical in magnitude [11]; i.e., the
dichroism is absent. A change in the sign of the angle ϑ
leads to a change in the sign of the dichroism, because
the “dichroism” is an odd function of the electron emis-
sion angle ϑ [11].

The results of the investigation of the FexTiTe2 com-
pound in the ΓK and ΓM directions of the Brillouin
zone upon excitation by photons with opposite circular
polarizations are presented in Figs. 3a and 3b. The
dependences of the dichroic effect on the binding
energy and the polar angle in the ΓK direction are plot-
ted at the right of the Fig. 3a. The band observed imme-
diately below the Fermi energy in both directions does
not exhibit a noticeable dispersion over the entire angu-
lar range. This can mean that the spectral maximum
that can be located above the Fermi energy in the unoc-
cupied part of the valence band does not participate in
the emission.

In both directions, the dichroism reaches a consider-
able value away from the Γ point (Figs. 3a, 3b). In the
ΓK direction, the inversion of the intensity at different
polarizations is clearly seen in the angular range in the
vicinity of ϑ = ±6° and the binding energy range from
0 to –1 eV. At the Γ point, the dichroism is character-
ized by a regular behavior in accordance with the
energy location of the bands (Fig. 4). The dichroism in
the vicinity of the Γ point (∆ϕ = 2°) is close to zero over



PHYSICS OF THE SOLID STATE      Vol. 50      No. 11      2008

SPATIAL DEPENDENCE OF THE DICHROISM 2193

–3 –2 –1 0
Binding energy, eV

–3 –2 –1 0

In
te

ns
ity

, a
rb

. u
ni

ts

I1 I2

6

4

2

0

–2

–4

–6

–8

–10

–12

(b)

–3 –2 –1 0

In
te

ns
ity

, a
rb

. u
ni

ts

I1

–3 –2 –1 0

I2

–3 –2 –1 0

ΓK

K

+6

Γ

–6

(I1–I2)/(I1 + I2)

ϑ, °

Binding energy, eV

(a)

ΓM(AL)

ϑ, °

Fig. 3. (a) Angular dependences of the photoemission spectra in the ΓK direction upon excitation with left-hand (I1) and right-hand
(I2) circularly polarized radiation on the binding energy. The angular distribution of the dichroism is shown at the right. At the Γ
point, the polar angle is ϑ = 0. (b) Angular dependences of the photoemission spectra in the ΓM (AL) direction. Dashed lines indicate
the band at a binding energy of 0.7 eV with a weakly pronounced dispersion.
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the entire range of energies (Fig. 3a). Away from the Γ
point toward both positive and negative angles, the
behavior of the circular dichroism in the photoemission
angular distribution (CDAD) changes (Fig. 5) and this
quantity can be as large as 5%. It should be noted that
the circular dichroism in the photoemission angular
distribution is identical in magnitude for all bands but
has different signs on both sides of the Γ point. By con-
trast, in the vicinity of the Γ point (in the ΓM direction),
the dichroism is an even function and reaches 15–20%
in the range below the Fermi energy. In the other energy
range, the circular dichroism in the photoemission
angular distribution almost does not differ in magnitude
from the aforementioned behavior for the ΓK direction.
It should be noted that the experimental scheme is cho-
sen so that the directions of the circularly polarized
radiation in the projections onto the X and Z axes are
opposite. This experimental feature can be used for
analyzing the orbital symmetry of the experimentally
determined bands and their comparison with the results
of theoretical calculations. The maximum value of
ACDAD in the ΓK direction is equal to 15%. The effects
associated with the energy resolution lead to a seeming
shift in the dichroism with respect to the location corre-
sponding to the maximum intensity of the bands
observed in the spectra.

The mechanism of manifestation of the circular
dichroism and its angular dependence in the photoe-
mission has been considered in a number of theoretical
works (see, for example, [11–13]). As follows from the
corresponding calculations, the circular dichroism in
the photoemission angular distribution reflects the
interaction of circularly polarized photons with the
total angular momentum of the excited atom and is
observed irrespective of the magnetic state of samples.

According to model calculations, one of the factors
responsible for the circular dichroism in the photoemis-
sion angular distribution is the interference of the cor-
responding final states with the projections of the angu-
lar momenta l + 1 and l – 1. This interpretation is in
agreement with the results obtained from the theoreti-
cal calculations of the angular dependence of the pho-
toemission in [6] for the TaS2 compound upon excita-
tion with the circularly polarized radiation. It should be
noted that, in the calculations performed in [6], the
model conditions for recording were far from real.

One more feature of the spectra of the FexTiTe2
compound is the appearance of an additional almost
dispersionless band with a binding energy of 0.78 eV in
the ΓM direction (Fig. 3b). According to the band cal-
culations [1], this band is associated with the Fe 3d–Ti
3d hybridization and is spin-polarized. In pure uninter-
calated compound, this band was not revealed [8].

The effect of the appearance and suppression of the
dichroism is especially pronounced upon change in the
angular range in the vicinity of the Γ point in the ΓK
direction (Figs. 3–5). At the Γ point, there are bands
with binding energies of 0.1, 0.7, 1.7, and 2.2 eV
(Fig. 3a). As was noted above, the upper band incom-
pletely manifests itself in the spectrum of occupied
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states and, hence, inadequately reflects the dichroic
effect. The positions of the other three bands are clearly
determined (Fig. 3a). The qualitative difference in the
behavior of the dichroism in the ΓK and ΓM directions
due to the difference in their symmetry in the Brillouin
zone is of special interest. In dichalcogenides, the inter-
calated atoms, for the most part, determine the physical
properties. In this respect, we are interested in the Fe 3d
states and their distribution in the k space.

The electronic structure was calculated in the frame-
work of the density functional theory with the use of the
full-potential augmented-plane-wave method imple-
mented in the WIEN2k code [14]. The titanium dichal-
cogenide doped with iron atoms (one atom per four for-
mula units) was simulated by a periodic supercell with
a hexagonal structure (space group P–3m1, no. 164)
with the experimentally determined lattice parameters
a = 2 × 3.8109 Å and c = 6.345 Å and the atomic coor-
dinates Fe(0, 0, 1/2), Ti(0, 0, 0), 3 × Ti(1/2, 0, 0), 6 ×
Te(1/6, 5/6, z), and 2 × Te(2/3, 1/3, z) with the inner
parameter z = 0.2652. The exchange–correlation poten-
tial was chosen within the local-spin density approxi-
mation. The periodicity of the used supercell formally
corresponds to the ferromagnetic ordering of magnetic
moments of iron atoms. However, owing to the large
distance between the iron atoms, their interaction is
very weak and localized states characteristic of mag-
netic impurities manifest themselves in the electronic
structure of iron atoms.

The dispersion curves E(k) for the Fe 3d states with
different orbital symmetries according to the model cal-
culations of the electronic structure for the Fe1/4TiTe2
compound are depicted in Fig. 6. It should be noted
that, as follows from the data obtained in our previous
work [15], in which the valence bands of FexTiTe2 sin-
gle crystals with different iron contents were investi-
gated by x-ray photoelectron spectroscopy, the Fe 3d

states are located in the energy range from –2.5 to 0 eV
below the Fermi level. Therefore, we restrict our analy-
sis of the spectra to this energy range. The calculated
electronic structure E(k), including the Fe 3d states, is
presented in Fig. 6. The theoretical and experimental
binding energies for the bands corresponding to differ-
ent orbital symmetries are listed in the table. The mir-
ror-reflection planes for these bands in the chosen coor-
dinate system (Fig. 2) are given in the lower row of the
table. The experimentally observed dependence of the
dichroism on the binding energy in the valence band is
plotted in Fig. 3. As was noted above, the inversion of
the dichroism sign away from the Γ point is associated
with the odd behavior of the dichroism.

The energy positions of the Fe 3d orbitals in the
vicinity of the Γ point are presented in the table. The
orbitals located in the upper part of the occupied band,
in order of increasing binding energy, are 3dxz + yz,

, and the lower orbital . It can be seen

from the table and the curves E(k) shown in Fig. 6 that
the orbitals  and 3dxz + yz with spin-up are

mixed at the Γ point. The spin-down orbital 

and the spin-up orbital , which according to the cal-
culations are not mixed with other Fe 3d orbitals at the
Γ point, are most close in energy to the experimentally
observed bands with the energies E = 0.73 and 2.25 eV
(Fig. 4), respectively. The dichroism signs for these
bands are opposite to each other. Although the spin-

down orbital  and the spin-up orbital 

have different spin polarizations, this in the given case
is not related to the behavior of the dichroism because
of the reasons discussed above. In our opinion, the dif-
ference in the dichroism of these bands is associated
with the difference in the space symmetry of the corre-
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Binding energies E (eV) of the Fe3d bands for the FeTi4Te8 compound according to the results of theoretical calculations in
the vicinity of the Γ point and the experimental data

No.

Fe3d ↑ Fe3d ↓ Experiment

dxz + yz dxz + yz

1 0–0.3 0–0.3

2 0.6 0.7–1.0

3 1.0 1.0–1.2 1.2 1.25

4 2.3 2.3

(YZ), (XY), (XZ) (XZ), (YZ), (XY) (XY)

Note: The symmetry planes for orbitals in the global coordinate system shown in Fig. 2 are given in the lower row. All symmetry planes
are glide planes, except for the YZ plane in the case where the [120] (ΓM) direction coincides with the Z axis. Arrows indicate spin-up
and spin-down directions. The symmetry of the experimentally observed bands in the spectra was identified taking into account their
energy position and power (filling) obtained in calculations, superposition of bands associated with the orbitals of different symme-
tries, and the behavior of the dichroism in the vicinity of the Γ point.
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sponding orbitals with respect to the coordinate system
related to the crystal (Fig. 2). In this coordinate system,
the principal rotation axes of the orbitals under consid-
eration are parallel to the Z axis. The projections of the
photon momentum onto the XY and YZ coordinate
planes have opposite signs; i.e., the circular polariza-
tions along the positive directions of the X and Z axes
are opposite to each other. Therefore, if the mutually
perpendicular planes XZ and XY for the spin-down

orbital  and the spin-up orbital  are the

reflection planes, the electrons of the corresponding
orbitals are excited by radiation with the opposite circu-
lar polarizations and the dichroism signs for them are
opposite to each other. The electron density cross sec-
tion parallel to the c axis for MexTiSe2 crystals (Me =
Cr, Co) was theoretically calculated in [1]. It follows
from this cross section that the 3d electrons of the Me
atoms are strongly polarized toward the Se atoms and
the chemical bonding between the intercalated and Se
atoms is provided through the hybridized

 orbitals. Since the Fe atoms under

the experimental measurement conditions are located at
the crystal surface, the branches of these orbitals are
asymmetric with respect to the XY plane. Therefore, the
ZY plane is the reflection plane for these atoms. The Fe

 orbital almost does not participate in the chem-
ical bonding, and its symmetry is similar to atomic. As
a consequence, the XY plane is the main reflection
plane.

The results of our investigations make it possible to
perform the corresponding analysis and to predict, to
some extent, the behavior of the intensity of the spin-
polarized bands of the FexTiTe2 crystal with the ordered
magnetic sublattice of iron in an external magnetic
field. In this case, too, there should arise a dichroism
caused by the chirality of the object and its magnitude
should depend on the direction of the magnetic induc-
tion vector in the sample. When ordering the magnetic
moments in the sublattice of intercalated atoms, there
can arise additional reflection planes. This will lead to
a change in the dichroism sign for the corresponding
subbands.

4. CONCLUSIONS

Thus, the dichroism of the emission of valence elec-
trons from the Fe1/4TiTe2 crystal was experimentally
measured upon excitation by circularly polarized syn-
chrotron radiation with an energy of 20.5 eV. This radi-
ation simulates a typical source of ultraviolet radiation
of He atoms. Upon excitation with the aforementioned
energy, the angular dependence of the spectra partially
loses information on the symmetry of the crystal,
including the orbitals of valence electrons. The reason
is that the mean free path of photoelectrons in the crys-
tal is relatively small and does not exceed the size of the

3d
x

2
y

2
xy+

3dz
2

Me3d
x

2
y

2
–( ) xy xz yz, , ,

Fe3dz
2

unit cell, which has all symmetry elements. This is
especially true for low-symmetry systems, such as
quasi-two-dimensional dichalcogenides. This seeming
incompleteness of the spectral data allows one to deter-
mine the orbital symmetry of some bands. We revealed
the angular dependence of the dichroism of individual
bands, which, according to the data obtained from the-
oretical calculations, are predominantly formed by the
Fe 3d states. It was established that the angular depen-
dence of these bands is determined by the space sym-
metry of the crystal and the molecular orbitals of the Fe
3d electrons.
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