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Anisotropic crystal field, Mott gap, and interband excitations in TiOCl:
An electron energy-loss study
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We have studied the quasi-one-dimensional Mott insulator TiOCl using electron energy-loss spectroscopy in
transmission in a wide energy range. The measured loss function, Im(m), of TiOCI reveals local, Ti 3d
crystal field excitations, excitations across the Mott gap, and interband transitions, which all are significantly
anisotropic. Momentum dependent investigations demonstrate that the excitations above the Mott gap are
rather localized and they allow to identify the energetically highest, optically forbidden crystal field excitation.
Performing a Kramers-Kronig analysis of the measured loss function we have derived the real and imaginary

part of the dielectric function.
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I. INTRODUCTION

TiOCl as a quasi-one-dimensional Mott insulator with
strong electronic correlations and as a compound with anti-
ferromagnetic spin-1/2 Heisenberg chains has attracted a lot
of interest in the last years. The system is one of the few
inorganic spin-Peierls compounds' besides CuGeO; (Ref. 2)
and NaV,0s.> The nonmagnetic ground state is formed by
S=0 dimers in the chain, originated by a coupling with the
lattice. The phase transition in TiOCl is unconventional and
divided into two steps. Before the spin-Peierls state below 67
K is reached, first an incommensurate state below 91 K is
passed,* ¢ which is possibly caused by interchain coupling
and frustration.

TiOCl crystallizes in an orthorhombic layered structure
where buckled Ti-O bilayers are separated by Cl ions. The
interaction between the bilayers is of van der Waals type and
thus rather weak. Locally, the Ti ions are coordinated by four
O and two CI ions, which form a distorted octahedral-like
environment. Electronically, the system is characterized by
one 3d electron per titanium site, and the interaction between
adjacent Ti ions is substantially anisotropic giving rise to a
quasi-one-dimensional electronic behavior. As a conse-
quence, at room temperature TiOCI can be well described in
terms of a spin-1/2 Heisenberg chain along the crystal b axis.
The titanium states are well separated (by 2 eV) from the
ligand oxygen and chlorine states and the hybridization be-
tween them is small.” Moreover, the orbital degeneracy of
the 3d levels is completely lifted by the crystal field and the
single d electron of the titanium occupies the y*>—z> orbital®
(we denote the orbitals with x,y,z parallel to the crystal axes
a,b,c, respectively).

Thus, TiOCI can be regarded as an archetype Mott insu-
lator, which allows to study the electronic properties of such
systems with various techniques. For instance, recent mea-
surements using angular resolved photoemission spectros-
copy have confirmed the quasi-one-dimensional character of
the electronic bands® and investigations as a function of
charge carrier doping'®!! or upon the application of high
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pressure'>!? have been carried out in order to probe a poten-
tial metal-insulator transition. The electronic excitations have
been studied using optical techniques which have revealed
insight into the low-energy excitations below the fundamen-
tal Mott gap. In this contribution we present an investigation
of the electronic excitations of TiOCI using electron energy-
loss spectroscopy (EELS) in transmission. With this method
a broader energy range above the Mott gap is accessible and
also measurements with a finite momentum transfer away
from the optical limit are realizable. Our studies demonstrate
the strong anisotropy of the crystal field excitations as well
as of the transitions across the Mott gap and show that the
dispersion of these excitations is negligible, which demon-
strates their localized character. For the latter, this has to be
contrasted with the corresponding excitations across the
charge transfer gap in correlated cuprate based materials,'*!3
to reveal differences or similarities between charge transfer
and Mott insulators.

II. EXPERIMENTAL

Single crystals of TiOCI have been grown using chemical
vapor transport as described elsewhere.'® For our EELS stud-
ies, thin, single-crystalline films with a thickness of approxi-
mately 100 nm are necessary and have been prepared by
successive cleaving of a single crystal with adhesive tape.
Since the system is layered and the bilayers are only weakly
bounded by van der Waals forces perpendicular to the ¢ di-
rection, this procedure provides large enough, high quality
films for our studies. These 100 nm thin films were then
detached from the tape in acetone and mounted onto standard
transmission electron microscopy grids. The quality of the
films was checked in situ with electron diffraction, which
demonstrated the single-crystalline structure of the films with
the width of the Bragg peaks being limited by the instrumen-
tal resolution. Also no damage to the film was visible
through prolonged exposure by the electron beam.

We performed EELS in transmission with a dedicated
spectrometer which is described in more detail in Ref. 17.
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FIG. 1. (Color online) Loss function of TiOCI for a small mo-
mentum transfer of 0.1 A~! along the a and b crystal directions.

The primary beam energy was 172 keV, the energy and mo-
mentum resolution have been chosen to be 80 meV and
0.04 A~', respectively. Note that at such a high primary
beam energy only singlet excitations are possible,'” due to
negligible exchange interaction between electrons from the
beam and the sample. EELS directly determines the loss
function Im(ﬁ}w)) as a function of energy and momentum,
where &(q, ) denotes the complex dielectric function. Mo-
mentum dependent EELS studies provide access to, for in-
stance, optically forbidden excitations'*'® or the
dispersion'®?° of excitations. In addition, the spectrometer is
equipped with a flow-cryostat allowing for temperature-
dependent measurements with a minimum sample tempera-
ture of about 15 K. All measurements have been carried out
at room temperature and 15 K, and the results are virtually
identical. In the following, we therefore show the room tem-
perature data only. For the Kramers-Kronig analysis the mea-
sured loss function has been corrected for the contributions
from the elastic line."”

III. RESULTS AND DISCUSSION

Figure 1 shows the loss function of TiOCl for a small
momentum transfer, g, of 0.1 Al parallel to the a and b
crystal axes. At such a small absolute value of momentum
transfer, the data represent the optical limit and are thus
equivalent to those from optical techniques.'” The loss func-
tion is anisotropic throughout the energy range shown in Fig.
1 which is in correspondence to the anisotropic electronic
structure of TiOCI. Several spectral structures are visible
which are related to various interband excitations, the exci-
tation of the volume plasmon in TiOCl (around 22 eV), a
collective excitation of all valence electrons and also the
Ti M, ; excitation edge at energies higher than 35 eV. The
right panel of Fig. 1 focuses on the low-energy region and
reveals that also the excitations in which the Ti 3d levels are
involved are considerably anisotropic. At 0.6 eV for a mo-
mentum transfer parallel to the a axis and at 1.49 eV for ¢llb,
two features are observed which stem from (anisotropic)
crystal field excitations within the Ti 3d states. These have
also been observed using optical techniques,’>?' and their
character has been analyzed with cluster® or LDA+U
calculations.'® Accordingly, the feature at about 0.60 eV for
glla is ascribed to excitations from the 3d,2_ into 3d,, or-
bitals while the loss feature at about 1.49 eV (gllb) is due to
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3d,2_2— 3d,, excitations. At 15 K in the spin-Peierls phase
both crystal field excitations shift slightly to higher energy,
0.65 eV for glla and 1.53 eV for gllb.

Going to higher energies a relatively broad structure can
be observed around 3-4 eV, which has a spectral onset at
about 2 eV. At these energies, nonlocal excitations between
neighboring Ti sites are expected, which reflect the aniso-
tropic band structure as well as the local crystal field splitting
and electronic correlations. For energies of 2-3 eV, the spec-
tral weight in the loss function starts rather isotropic, but the
two curves significantly differ at higher energies, where for a
momentum transfer parallel b a clear maximum at about 3.7
eV is seen. In a multiorbital Hubbard model for a 3d' system
one can expect d-d intersite transitions at the energies U
—3Jy, U=Jy, and U+2Jy,%>?® with U as intraorbital Cou-
lomb interaction and Jy as onsite exchange coupling. For
titanium a value for U of 4.5 eV and Jy of 0.7 eV is
reasonable.?*? The final state for electrons in different orbit-
als is characterized in the triplet state by an energy of U
—3Jy and in the singlet state by U—-3Jy and U—Jy. Taking
into account the additional crystal field splitting, with values
of 0.6 and 1.5 eV (see section above) and 0.3 and 2.1 eV,
which are predicted by cluster calculations,® one obtains
transition energies in the range of 2.7 to 5.9 eV. These exci-
tations are in good agreement with the energy position of the
broad structure as seen for glla. The final state with both
electrons in the 3d,>_» orbital lies at U-Jy and U+2Jy,
which results in an energy value of 3.8 and 5.9 eV. These
excitations are strongly anisotropic due to the direct overlap
of the 3d,2_, orbitals along the crystallographic b direction
giving rise to the quasi-one-dimensional character of the
band structure. From investigations using angular resolved
photoemission spectroscopy (ARPES) (Ref. 9) and from
calculations’ it is known that the conduction band width
along the crystal b direction is about 0.5 eV and substantially
larger than in the other directions. Therefore, also the spec-
tral weight is expected to be much larger for a momentum
transfer parallel to b. Finally this results in additional spec-
tral weight for ¢llb giving rise to the pronounced maximum
at 3.7 eV. The second peak at approx. 6 eV can not been seen
clearly because it overlaps with charge transfer excitations.

Above 5 eV further sharp excitations can be observed in
Fig. 1. These arise from charge-transfer excitations from oc-
cupied oxygen or chlorine derived states into the titanium 3d
states. The energy, where the steep threshold appears in the
loss function, is in good agreement to the binding energy of
4.5 eV? of these states as seen by photoemission spectros-
copy or predicted by band structure calculations?® plus the
half charge gap of 1 eV. Also here, the anisotropic nature of
the TiOCl electronic properties is reflected.

Momentum dependent studies of the loss function as
shown in Fig. 2 complement our knowledge on the excita-
tions in TiOCI. The low energy, local crystal field excitations
(at 0.6 and 1.5 eV, respectively) decrease in intensity with
increasing momentum transfer, which is a direct conse-
quence of their dipole allowed character.'® Moreover, they do
not change in energy upon variation in momentum in corre-
spondence to their localized character. For a momentum
transfer parallel to a a further excitation feature appears at
about 2.1 eV at higher momentum transfers (see inset in the
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FIG. 2. (Color online) Momentum dependence of the loss func-
tion of TiOCl along the a and b crystal directions. No dispersion is
visible for the crystal field and Mott gap excitations. The higher
lying charge transfer excitations (E>5 eV) show a clear disper-
sion. The inset in the left panel for qlla shows the appearance of an
optically forbidden crystal field excitation at 2.1 eV.

left panel of Fig. 2). This is reminiscent of the behavior of
optically forbidden excitations,'*?” and we associate this 2.1
eV feature with crystal field excitations into the highest crys-
tal field level, which have not been experimentally identified
so far. Our assignment is in good agreement with previous
cluster calculations,® which predicted this excitation at this
energy with a polarization along the ¢ axis. Therefore, this
excitation is not accessible with optical spectroscopy meth-
ods because this polarization corresponds to the stacking di-
rection of the layered crystal structure with a limited thick-
ness in the single crystals of 0.1 mm. For the lowest optical
forbidden crystal field excitation expected at approximately
0.3 eV no predication is possible because of the intersection
with the elastic line.

For the nonlocal excitations between 2 and 5 eV, we also
observe no energy shift and a decreasing spectral weight
upon increasing momentum transfer, i.e., also these excita-
tions are rather localized and of predominant dipole allowed
character. In contrast, the charge transfer excitations at
higher energies clearly disperse. It is not surprising that the
nonlocal crystal field excitations do not show a dispersion
since the overlap of the associated orbitals is small. In case
of the excitation across the Mott gap as seen at 3.7 eV in the
right panel of Fig. 2, the localized character cannot be ex-
plained on the basis of a band-structure picture. There, these
excitations should have a bandwidth similar to the involved
single particle bands,!” which is about 0.5 eV.>?® On the
other hand, it is not clear at present to what extend the exci-
tation across the Mott gap is of excitonic nature which would
naturally also change its momentum behavior. For instance,
within an extended Hubbard model taking into account a
next-nearest Coulomb interaction V, the formation of exci-
tons and a change in dispersion could be rationalized.?*?8
Furthermore, these excitations might also couple to further
degrees of freedom, e.g., phonons, which would cause an
increase in the effective mass, i.e., a decrease in the associ-
ated dispersion. In earlier EELS studies of cuprate
systems,'>?® which are charge-transfer insulators, a sizable
dispersion of the excitations across the charge transfer gap
has been observed, which indeed scales with the charge car-
rier hopping parameters of the involved single particle bands,
as for instance given in a tight-binding description.?’
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FIG. 3. (Color online) &; and &, of TiOCI derived by a Kramers-
Kronig analysis of the loss functions. Additionally the optical con-
ductivity o and the reflectivity R is depicted.

For the charge transfer excitations above 5 eV a clear
positive dispersion and broadening is visible, indicating a
rather delocalized character. This is consistent with ARPES
measurements, where a clear dispersion was also seen for the
occupied oxygen and chlorine states.” The shape of the dis-
persion is roughly proportional to g'® for both polarization
directions.

Finally, we have performed a Kramers-Kronig analysis of
the measured loss function in order to calculate the real and
imaginary part of the complex dielectric function at a mo-
mentum transfer of 0.1 A~' (optical limit). The normaliza-
tion during this procedure has been achieved via a compari-
son with the available reflectivity data. With a value for the
static dielectric constant €(w=0) of 3.5 we obtain the best
agreement with experimental data from earlier reflectivity
measurements.’*3! In Fig. 3 we present the results of our
Kramers-Kronig analysis for the real part £, and the imagi-
nary part g, of the dielectric function and in addition the
optical conductivity o;=we, and the reflectivity R. These
data complement in a much larger energy window what is
known on the optical response of TiOCI so far. The excita-
tions discussed in the previous paragraphs can also be seen
in these response functions, respectively, and also the aniso-
tropy of the dielectric response of TiOCl is reflected in the
curves in Fig. 3.

IV. SUMMARY

In summary, we have studied the system TiOCl with
EELS in transmission. Our data show the strongly aniso-
tropic nature of the electronic excitations in this archetype
Mott insulator. We have observed crystal field excitations
within the Ti 3d orbitals and our data allow to determine the
energy of the highest lying crystal field excitation at 2.1 eV
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which was experimentally unidentified so far. Both the crys-
tal field excitation and the excitation across the Mott gap
show negligible dispersion, i.e., they are rather localized. A
Kramers-Kronig analysis of the measured loss functions pro-
vided the anisotropic dielectric function, from which other
optical functions can be calculated.
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