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Momentum Dependence of Orbital Excitations in Mott-Insulating Titanates
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High-resolution resonant inelastic x-ray scattering has been used to determine the momentum
dependence of orbital excitations in Mott-insulating LaTiO; and YTiO; over a wide range of the
Brillouin zone. The data are compared to calculations in the framework of lattice-driven and
superexchange-driven orbital ordering models. A superexchange model in which the experimentally
observed modes are attributed to two-orbiton excitations yields the best description of the data.
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Valence electrons in transition metal oxides exhibit a
large variety of ordering phenomena that are associated
with unusual macroscopic properties [1]. In order to elu-
cidate the origin of these properties, experimental research
beginning in the 1950’s has systematically investigated the
relationship between the occupation of d orbitals on metal
ions and the magnetic ordering pattern. The leading para-
digm for the interpretation of these data is the
“Goodenough-Kanamori” framework, which is based on
the assumptions that the orbital occupation is determined
by electron-lattice interactions alone, and that the relative
orientation of orbitals on neighboring sites controls the
exchange interactions between magnetic ions [1]. While
experiments on most transition metal oxides are in accor-
dance with this paradigm, it has been called into question
by recent data on the Mott insulators LaTiO; and YTiO;
with the seemingly simple electron configuration 3d'. Not
only does the spin dynamics of these compounds appear to
defy a quantitative description in terms of the standard
lattice-driven orbital ordering scenario [2,3], thermody-
namic data [4] on LaTiO; have even been interpreted as
evidence of a novel spin-orbital liquid state [5] that is
qualitatively incompatible with this scheme. An alternative
approach that emphasizes the many-body superexchange
coupling between spin and orbital degrees of freedom
while treating the local electron-lattice interaction as a
perturbation, can explain some of these experimental find-
ings [5,6]. Other experiments, however, have been inter-
preted in terms of the rigid orbital ordering pattern
predicted by the Goodenough-Kanamori framework [7-
13]. Further experimental work is therefore required in
order to discriminate between the competing theoretical
scenarios and to develop a comprehensive understanding
of the electronic structure of these prototypical orbitally
degenerate Mott insulators.

0031-9007/09/103(10)/107205(4)

107205-1

PACS numbers: 75.30.Et, 71.70.Ch, 75.50.Dd, 78.70.Ck

Momentum-resolved spectroscopies, which associate
specific energy scales directly with the chemical bonding
pattern, are among the most powerful experimental probes
of transition metal oxides. In particular, the momentum ¢
dependence of low-energy (~10 meV) spin excitations
determined by neutron spectroscopy [2,3] and high-energy
(~1 eV) charge excitations determined by electron [14],
photoemission [15], and x-ray [16] spectroscopies has
yielded deep insights into the electronic structure of Mott
insulators. Recently, orbital excitations with intermediate
energies (~250 meV) have been detected by Raman [17]
and infrared [18] spectroscopies in Mott-insulating tita-
nates, but these methods are limited to ¢ = 0. Because of
the much larger photon wave vectors involved in the scat-
tering process, resonant inelastic x-ray scattering (RIXS)
can in principle serve as a probe of the momentum depen-
dence of the orbital excitations [19-21]. This is particularly
informative for the titanates, because of sharply divergent
predictions by the two theoretical scenarios. Whereas or-
bital excitations in the lattice-driven theory are weakly
dispersive because their energies are dominated by the
local Jahn-Teller coupling [9-11], the superexchange
model predicts collective modes with a substantial disper-
sion [6]. Instrumental constraints have, however, thus far
precluded RIXS experiments on orbital excitations with
q # 0.

We have overcome these limitations at the newly devel-
oped ADRESS beam line at the Swiss Light Source [22,23]
and report RIXS data with photon energies near the Ti L, 5
absorption edge of LaTiO5; and YTiOj; over a large fraction
of the Brillouin zone. The experiments were performed on
high-quality YTiOz and LaTiOj; single crystals (grown as
described in Ref. [7]) with magnetic transition tempera-
tures T =27 K and Ty = 146 K, respectively. The
YTiO; (LaTiOs) crystal was untwinned (partly twinned
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in the ab plane of the orthorhombic space group Pbnm).
Since the orthorhombic distortion is small, we use the
pseudocubic notation, i.e., a’ = a/\/i, b = b/\/i, and
¢’ = ¢/2. The crystals were cut and polished with surface
normals along the [110] and [100] directions, respectively,
for LaTiO; and YTiO;. This allowed investigations of
orbital excitations with momenta along these two direc-
tions in the Brillouin zone. The RIXS data were taken at
the ADRESS beam line, where an energy resolution of
55 £ 2 meV was obtained using a combination of focusing
elements and high-precision optical gratings [22,23].
X-ray absorption spectra taken to select the energy for
the RIXS experiment were identical to those presented in
Ref. [20]. To study the momentum dependence of the
orbital excitations, the incident photon energy was adjusted
to either 452.0 or 454.6 eV at the Ti L3 edge (corresponding
to excitations from the 2ps/, core level into the 3d 1,, and
e, levels, respectively), and the scattering angle 26 was
changed in a range between 50° and 130°. Data were taken
at7 = 13 K (i.e., in the magnetically ordered states) and at
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FIG. 1 (color online). RIXS spectra of (a) LaTiO; and
(b) YTiO; at room temperature and at 7 = 13 K. The spectra
were taken at an incident energy E; = 452.0 eV (i.e., at the 1,,
level of the L5 excitation of the Ti ions) in horizontal polariza-
tion of the incident light at a scattering angle 26 = 90°. The
lines are the results of fits to the Voigt line shape. (c),
(d) Evolution of the RIXS spectra as a function of 26. Note
that the excitation momentum ¢ = 2k;sinf, where k; is the
incident photon wave vector. The data along [100] ([110]) thus
span a range of 11.5 to 25% (8.5 to 17.5%) of the diameter of the
Brillouin zone. The weak features in the spectra arise from
statistical fluctuations of the count rate, which were smoothed
out by the detector readout algorithm.

room temperature. The incident x-ray beam was polarized
either horizontally or vertically (parallel or perpendicular
to the scattering plane, respectively). While excitations of
comparable intensity were detected in both polarization
geometries, elastic scattering arising from static disorder,
surface effects, and partly from thermal diffuse scattering
is strongly enhanced for vertical polarization. The elastic
peak in vertical polarization was therefore used for cali-
brations of the photon energy (performed periodically
between inelastic scans) and a determination of the energy
resolution. The spectra shown below were taken in hori-
zontal polarization. They are sums of partial spectra, each
accumulated for 10 min for a total of 4 h.

Figure 1 shows the 7,, excitation spectra (incident pho-
ton energy 452.0 eV) of LaTiO; and YTiO; at room
temperature and at 7 = 13 K in horizontal polarization
with 26 = 90° [(panels (a),(b)]. In this scattering geometry
the diffuse elastic peak is strongly suppressed, and the
signal is dominated by inelastic scattering. All inelastic
peaks appear on the energy-loss side, as expected because
the excitation energy of ~250 meV greatly exceeds kpT.
The peaks disappear when the energy of the incident beam
is tuned away from the resonance condition, demonstrating
that they arise from excitations of the 3d electrons of the Ti
ions. The inelastic peaks sharpen with decreasing tempera-
ture, and their intensities increase. The same effect has also
been observed by Raman light scattering [17]. Interest-
ingly, the “elastic” peaks at 7 = 13 K are not centered at
zero energy, but at 40 (16) meV for LaTiO3 (YTiO3). The
shift closely corresponds to the energy range of (anti-)
ferromagnetic magnons previously detected by neutron
scattering [2,3]. At room temperature, where both com-
pounds are paramagnetic, the peak centers shift to 22
(0) meV, supporting an interpretation in terms of magnons.
With further improvement of the energy resolution, RIXS
may thus become widely applicable as a probe of disper-
sive magnon excitations.

The momentum dependence of the RIXS spectra at 7 =
13 K is shown in Figs. 1(c) and 1(d). Kinematic and
instrumental constraints restrict the ¢ range to 18.2%
(25.8%) of the Brillouin zone for YTiO; along [100]
(LaTiO5 along [110]). Note that the Brillouin zone bound-
ary is at 50%. In a first step of a quantitative analysis, the
data were fitted to Voigt profiles, which correspond to a
convolution of a Lorentzian with the Gaussian spectrome-
ter resolution [lines in Figs. 1(a) and 1(b)]. The resulting
peak positions and amplitudes of both 7,, and e, excita-
tions are plotted in Fig. 2, along with previously reported
[17] data for ¢ = 0. Only a small variation of the peak
positions is observed in the g range covered by our experi-
ment [Fig. 2(a)]. This behavior (which is very similar in
both compounds) is incompatible with the strongly disper-
sive single-orbiton excitations predicted by the super-
exchange model. Our calculations below demonstrate,
however, that the RIXS intensity of two-orbiton excitations
can exceed that of single-orbiton modes. The intensity
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FIG. 2 (color online). Momentum (g) dependence of (a) the
energy and (b) the amplitude of the RIXS signal of LaTiO; and
YTiO; at T = 13 K. ¢ is given as a fraction of the size of the
Brillouin zone (BZ) along the high-symmetry directions quoted
in the text. Note that the BZ boundary is at 50%. The ¢ = 0 data
obtained from Raman light scattering [17] are also shown in (a).
The lines are guides to the eye.

maximum of the two-orbiton continuum is determined by a
convolution of two single-orbiton states with momenta
adding to ¢, and its dispersion is expected to average out.

In order to obtain a quantitative description of the con-
tribution of one- and two-orbiton excitations, we now
consider the scattering processes in detail. We first focus
on a superexchange model for YTiO; (Ref. [6]), and then
compare the results to those of a lattice-driven scenario. In
RIXS, a 2p electron of the Ti ion is lifted to the 3d level,
modifying the electronic environment. In particular, the
core-hole potential effectively reduces the Coulomb repul-
sion U by the amount U,., and therefore modulates the
superexchange interaction Jgg = 4¢>/U. This exchange-
bond-modulation mechanism was successfully used to ex-
plain the observation [24] of two-magnon scattering by
RIXS [25-27]. In the titanates, modification of Jgg causes
either one or two orbital flips on neighboring Ti sites.
Along the lines of Ref. [21], the following effective scat-
tering operator can be derived:

operators A" and AEVZL s were taken from Ref. [6] and
contain the density and pseudospin one-half orbital opera-
tors whose explicit form depends on the spatial direction
v =a, b, ¢ of the exchange bonds. The first term J,
represents single-site processes, whereas the second term
acts on two sites. In terms of orbitons, the latter term only
creates two orbitons, while the former can create both one
and two orbitons. The single-orbiton contribution scales
with the orbital order parameter which is strongly reduced
[6] due to the orbital frustration inherent in the super-
exchange model. Therefore, the two-orbiton response
dominates the scattering intensity. Moreover, for the
[100] direction the J;-scattering channel is forbidden for
symmetry reasons, because the number of yz orbitals is
conserved on each [100] plane independently.

The results computed for the bond-modulation RIXS
process are shown in Fig. 3(a). The scattering intensity
was calculated using the orbital dispersion relation from
Ref. [6], with the orbital exchange strength r|Jqg =
75 meV (close to the value of 60 meV estimated in
Ref. [6]). In order to facilitate comparison with the experi-
mental data, we introduce an orbital damping y = 30 meV
due to orbiton-orbiton (superexchange model) or orbital-
phonon interactions (Jahn-Teller model). The spectra are
further convoluted with the resolution function of the
spectrometer. The line shapes of the calculated and mea-
sured RIXS spectra agree very well.

Figure 3(a) shows that the bond-modulation mechanism
alone fails to describe the evolution of the absolute inten-
sity of the RIXS signal with increasing ¢g. However, there is
another coupling mechanism that also creates orbital ex-
citations. Namely, if the potential of the core-hole is not of
A, symmetry, it locally shakes up the occupied orbitals,
which can leave the Ti ions behind in an orbitally excited
state. The corresponding scattering operator can be written
in a general form as Oq = ¥.0,e"Ri, Because of the
octahedral symmetry of the TiOg¢ unit, the local scattering
operator Oi can be decomposed into components (f&j))i
transforming according to the rows « of the irreducible
representations j of the octahedral group:
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FIG. 3 (color online). Comparison of
the model calculations with the experi-
mental RIXS data of YTiOj; for different
scattering vectors g along the [100] di-
rection: (a) superexchange bond modu-
lation, (b) local shakeup of collective
orbital excitations, and (c) local crystal-
1 field excitation model.
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The operators (f g)) ; induce an orbital transition of certain
symmetry, the polarization factors P;, depend on the
experimental geometry. The factors M; depend on the
multiplet structure of the intermediate states and can be
obtained from cluster calculations. We take only up to
quadrupole components of (f ff))i into account (the higher
multipoles contribute much less), and assume that all M;
are equal. The spectra of the operators (f y))q are calculated
within the superexchange model. Figure 3(b) compares the
result of the calculations with the experimental data. Here
the energy scale r;Jgg was adjusted to 80 meV. Both the
lineshape and the scattering intensity of the observed in-
elastic peak are reproduced for all scattering vectors. The
only noticeable difference is the weak shoulder that ap-
pears in the calculations at about 120 meV. This arises from
single-orbiton excitations, which in this case are not for-
bidden for the [100] direction.

In addition to the orbital superexchange model, we
calculated the RIXS intensity in the opposite scenario of
strong orbital-lattice coupling. The orbital excitations are
now local crystal-field transitions activated by the shakeup
mechanism. We use the orbital ordering pattern and
crystal-field splittings (200 and 330 meV) of Ref. [11] to
obtain the spectra shown in Fig. 3(c). (Closely similar
values were also obtained by other calculations [8,18].)
The crystal-field transitions are localized and do not show
any dispersion, but due to the ¢ dependence of the tran-
sition matrix element, the intensity ratio of the peaks can
vary. With increasing ¢, a shift of the overall spectral
weight to higher energies is thus seen, as in the experimen-
tal data. However, the calculated spectrum is comprised of
two well-separated peaks and is hence in poor agreement
with the RIXS data, which show a single broad feature. An
ad hoc reduction of the level splitting away from the
predicted values [8,11,18] could improve the agreement
of the line shape, but this does not affect the ¢ dependence
of the intensity, which exhibits a trend opposite to what is
observed.

In conclusion, we have determined the momentum de-
pendence of the RIXS spectra of LaTiO; and YTiO; and
compared the results to quantitative predictions of the
superexchange and crystal-field models. We found that
the former model yields better agreement with the experi-
mental data on YTiOj5. On a qualitative level, we note that
the g-dependent intensities of the orbiton excitations of
YTiO; and LaTiO5 [Fig. 2(b)] exhibit trends opposite to
those of the corresponding spin excitations [2,3], as ex-
pected in superexchange models. Mixing of spin and orbi-
tal correlations by the superexchange interaction also
accounts naturally for the strong temperature dependence
of the RIXS intensity, which is difficult to explain in terms
of localized crystal-field excitations. An open problem is
the spectral weight of single-orbiton excitations, which is
predicted to be larger than experimentally observed. A
possible explanation is that we have assumed the spins to
be fully saturated, while in YTiO; the ordered moment is

lower than 1y even at zero temperature, presumably as a
consequence of joint spin-orbital fluctuations. Such fluctu-
ations are also expected to reduce the orbital order parame-
ter, to which the single-orbiton weight is proportional.
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