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d-d excitations and charge ordering in Las;3Sr,3NiO4

L. Simonelli,"* S. Huotari,' M. Filippi,> N. L. Saini,’ and G. Monaco'
lEuropean Synchrotron Radiation Facility, BP220, F-38043 Grenoble Cedex, France
2Department of Physics and Astronomy, Vrije Universiteit, De Boelelaan 1081, 1081 HV Amsterdam, The Netherlands
3Dipartimento di Fisica, Universitd di Roma La Sapienza, P. le Aldo Moro 2, 00185 Roma, Italy
(Received 16 March 2010; published 25 May 2010)

We report the temperature dependence of the crystal-field-excitation spectrum in Las;3Sr;3NiO4 by resonant
inelastic x-ray scattering at the Ni K edge. Two distinct excitations are observed in the 1-3 eV energy range,
in agreement with optical conductivity studies. The temperature dependence of the low-energy spectral weight
is found to be closely related to the appearance and suppression of charge ordering. The relation between these
crystal-field excitations and the stripe ordering is discussed.
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I. INTRODUCTION

Strongly correlated transition-metal oxides (TMO) dis-
play a wide array of fundamentally and technologically im-
portant properties ranging from colossal magnetoresistance
to high-temperature superconductivity. The orbital degrees of
freedom play a key role to describe physical properties of
these systems. In fact the correlated nature of the 3d orbitals
seems to be responsible for many of the fascinating proper-
ties observed in the 3d TMO. In particular, the 214-type
nickelates and cuprates (M,AO,, A=Cu,Ni and M=La/Sr)
contain Ni or Cu atoms with a formal 2+ oxidation state and
the electrons around the Fermi level are mainly contributed
by Ni or Cu3d orbitals. In the doped 214-systems, the
transition-metal oxidation state and the crystal structure are
partially changed, thus modifying the electronic structure of
the 3d orbitals. These systems exhibit charge-stripe order
appearing in the MO plane, in which the doped holes segre-
gate to form hole-rich domain walls separated by antiferro-
magnetically ordered spins. It has been demonstrated that the
ordering has electronic or magnetic origins.! In order to shed
light on the complex interplay between the spin-charge-
lattice degrees of freedom, it is thus important to investigate
the energetics of the 3d levels and their correlation with the
stripes formation.

The resonant inelastic x-ray scattering (RIXS) technique
is one of the most powerful probes to measure the charge and
spin correlation function multiplied by a resonant enhance-
ment factor.>? RIXS in the hard and soft x-ray regimes is
rapidly developing at third generation synchrotron radiation
sources and is currently utilized to study various types of
excitations in strongly correlated electron systems.*~'* In
particular, in the case of 214-type nickelates, the study of d-d
excitations using RIXS in the soft x-ray range is difficult due
to the superposition of the Ni L edge with the La M edge.
Hard x-ray RIXS can instead be used to access these excita-
tions and to follow their temperature dependence, permitting
to explore their relation with the stripe-ordering phenom-
enon.

Among the 214-nickelates, a substantial amount of work
has been dedicated to Las,;;Sr;3NiO,4 due to the fact that the
charge ordering at this doping level is stable, nearly com-
mensurate, and visible to most of the experimental probes,
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making it a model system to address charge ordering and
stripe correlations in TMO perovskites.'>"'? In this system
the ordering process occurs in a very large temperature range
(100-240 K) and it can be described as a continuous two-
dimensional (2D) transition.? Exploiting the specific advan-
tages of RIXS, Wakimoto et al.'* have recently investigated
the wave number (q) dependence of the low-energy-
excitation spectra of Las;3Sr;3NiO,. In this paper, we present
studies on the temperature dependence of the d-d electronic
excitations in Las;3Sr;,3NiO,4. In order to investigate the role
of the energetics of the 3d orbitals in the stripe phenomenon,
we compare the RIXS results with the temperature depen-
dence of the superstructure peak, measured by x-ray diffrac-
tion on the same sample.”® We find a clear change in the
RIXS spectra across the charge ordering temperature, point-
ing toward a correlation between the low-energy crystal-field
excitations and the charge ordering phenomenon.

II. EXPERIMENTAL DETAILS

The single-crystal sample of Las;;Sr;3NiO4 was grown at
Bell Laboratories using the floating-zone method.!” The
RIXS experiments were performed at the Ni K edge using
the ID16 beamline of the ESRF.?! The incident x-rays were
monochromatized using a Si(111) premonochromator and a
Si(444) channel-cut crystal to a bandwidth of 80 meV at 8.3
keV. The scattering plane was horizontal and parallel to the
linear polarization vector. The focused beam spot size on the
sample was about 50X 130(VX H) um?. The spectrometer
was based on a Si(551) analyzer crystal (bending radius R
=1 m) and a pixelated position-sensitive Medipix2
detector.?>>3 We carried out measurements with two different
setups. First, a low-resolution overall measurement of the 2D
RIXS plane was performed with a bent analyzer crystal re-
sulting in a total energy resolution of 880 meV full width at
half maximum (FWHM). For more detailed measurement of
the d-d excitations, we carried out high-resolution measure-
ments with a diced analyzer crystal yielding a total energy
resolution of 130 meV FWHM.?!-??

The spectra shown here were carried out fixing the mo-
mentum transfer to ¢,=(27/3,27/3,27n), where n was
chosen so that the scattering angle 26~90° in order to mini-
mize the nonresonant quasielastic scattering. The sketch of
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FIG. 1. (Color online) (a) X-ray absorption spectrum measured using total fluorescence yield, where the insert shows a sketch of the
sample orientation as seen from above (left) and from the incoming beam perspective (right). The green vertical lines represent the incident
photon energies chosen for the energy map (b), where a low-resolution (AE=880 meV) contour plot of the logarithm RIXS intensity is
reported. We focused our attention on the temperature dependence of the d-d excitations at the main Ni K edge (black dashed rectangle). (c)
High-resolution (AE=130 meV) energy maps of the logarithm RIXS intensity, after the subtraction of the quasielastic contribution, col-

lected around the main Ni K edge at different temperatures.

the sample orientation is shown in the inset of Fig. 1, upper
left panel.

III. RESULTS AND DISCUSSIONS

First of all, we characterized the different electronic exci-
tations accessible in the energy range around the Ni K edge
using the low-resolution setup. To begin with, Fig. 1(a)
shows the absorption spectrum of Las;Sr;3NiO, measured
using total fluorescence yield. The vertical green lines indi-
cate the chosen incident-photon energies £, for the measure-
ments of a 2D RIXS map [Fig. 1(b)], showing the logarithm
of the measured scattering intensity as a function of E; and
energy transfer. A number of different electronic excitations
resonate at different values of E,. Tuned to the prepeak
present in the absorption edge at 8331 eV a distinct reso-
nance of an inelastic feature around 7 eV is found. At higher
E, values, fluorescence starts to dominate the spectra for
energy transfers higher than 10 eV. Two evident inelastic
peaks resonate at the main edge (8346 eV), with energy-
transfer values of 5.5 and 9.5 eV. These features are known
to be the charge excitations across the charge-transfer (CT)
gap.’ Finally, a weak inelastic feature around 2 eV resonates
mainly at the main edge. It has been assigned to crystal-field
(d-d) excitations.”!*

We focus our attention to the low-energy excitations, in
the typical energy range of d-d excitations (1-5 eV), indi-

cated by a rectangle in Fig. 1(b). Unlike in a previous
report,'* we didn’t find dependence on q in the low-energy
range of the spectra collected with q parallel to the ¢ axis
(lattice parameter orthogonal to the Ni-O planes) and perpen-
dicular to the stripes direction in the Ni-O plane [g,
=(2m/3,2m/3,27n] at three different temperatures (10, 100,
and 300 K). We have collected high-resolution RIXS maps at
different temperatures [Fig. 1(c)] in the d-d excitation range.
The remaining quasielastic-peak tail has been subtracted
from all spectra, fitting it with a Pearson VII curve from 0.05
to 0.25 eV, which takes explicitly into account all possible
thermal broadening effects of the quasielastic line. Looking
at the RIXS maps it is possible to identify a gradual transfer
of spectral weight toward lower energy on increasing the
temperature. Integrating over E; we obtain RIXS spectra in
the traditional presentation, i.e., intensity versus energy
transfer. In Fig. 2(a) we report such spectra for 135, 180, and
300 K. A clear temperature effect is seen. On decreasing the
temperature, a part of the low-energy spectral weight is sup-
pressed and transferred to higher energies, consistently with
optical conductivity studies.?*? It results in a systematic en-
ergy shift of the feature around 1.6 eV as a function of the
temperature.

In order to quantify this temperature effect, we have at-
tempted to fit the spectra with two Gaussians, one represent-
ing the CT and one corresponding to the 1-2 eV feature. The
temperature dependence at the CT excitation was found to be
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FIG. 2. (Color online) (a) RIXS spectra collected at three rep-
resentative temperatures, 135 180, and 300 K, analyzed in terms of
the model sketched at the bottom of the figure. A clear temperature
effect is visible. The three bars on the top of the low energy peaks
(=1.6 eV) underline the evident energy shift. [(b)-(d)] Fits (yellow
thick line) to the RIXS spectra collected at 135, 180, and 300 K.
These fits correspond to a three Gaussian model: a fixed CT contri-
bution (green dash dotted line), a first temperature-independent
low-energy contribution (I+III) (red dashed line) and a second
temperature-dependent component (IT) (blue line).

small compared to the strong temperature-induced variations
in the 1-2 eV feature.

Assuming a temperature-independent CT excitation, the
data are described by a fixed high-energy (=4.5 eV) Gauss-
ian and a variable low-energy (=1.6 eV) component. Be-
cause of the apparent asymmetry of the lower energy part of
the spectra, the fits with two symmetric line shapes are not
able to reproduce the data perfectly. Reasonable fits can be
obtained using a fixed CT component and two low-energy
excitations, one being temperature independent and the other
one strongly temperature dependent. However, the results do
not depend on the fitting procedure. In particular, the tem-
perature dependence of the fit results with one or two low-
energy components was found to be the same except for a
rigid shift in the absolute values. Figs. 2(b)-2(d) show the
fits to the spectra collected at three representative tempera-
tures (135, 180, and 300 K).

In order to understand the nature of these two excitations,
we have to consider the electronic configurations of the Ni**
and Ni** ions as proposed to interpret the optical conductiv-
ity spectra of Las,»Sr;,»,NiO, and shown in the inset in Fig.
2(a).? The Jahn-Teller distortion in the system causes the e,
orbitals to split by A. On the Ni** sites the e, orbital split-
ting, A’, can be slightly larger.”® The difference between A
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FIG. 3. (Color online) Comparison between the evolution of the
integrated intensity of the charge order superlattice peak (open
circles) obtained by x-ray diffraction (Ref. 20) and the behavior of
(a) the energy and (b) the spectral weight (filled dots) of the
temperature-dependent RIXS component (II) as a function of tem-
perature. The green rhombi represent the evolution of the renormal-
ized integrated intensity between 0 and 2.8 eV. The red dashed lines
are guides for the eye.

and A’ might be too small to be detected here.?’” We have
considered the three electronic transitions displayed in the
insert of Fig. 2(a). Transitions I, II, and III require an energy
of about (A+A’")/2, J+(A’=A)/2, and J—(A+A’)/2 respec-
tively, where J represents the exchange energy. Within this
simplified model J contains all the complex magnetic contri-
butions present in this highly correlated system, including
contributions of superexchange and hybridization. The
strengths of the transitions I and III are expected to be
smaller than that of transition II. In fact, while the transitions
I and III occur between different types of orbitals, in the
transition II the electron in the filled d,>_,2 level in the Ni**
site moves to the unfilled d,2_2 level in the Ni** site.

The excitations I and III are indistinguishable in the
present study due to the very small energy difference since
the value of J turns out to be ~2A. Following the optical
conductivity study,” we can assign the first lower energy
excitation around 0.85 eV to the transitions I and III and the
second one to the transition II. From these assignments, we
can extract the value of A=0.85 eV in Las;3Sr;3NiO,. The
temperature independence of the feature at ~0.85 eV that
seems to emerge from the fit within the experimental accu-
racy, is consistent with the temperature evolution of the crys-
tal structure.?® In fact, the variations in the Jahn-Teller dis-
tortion effect as a function of temperature are too small to be
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detected in this work. Moreover, the energy of the excitation
IT corresponds approximately to J. In principle, this energy
value is close to 10Dg for this system.”’ However, its ob-
served strong temperature dependence [Fig. 3(a)] contrasts
with the expected weak temperature dependence of 10Dg
derived from the lattice contraction.?® This excludes the pos-
sibility of the feature II being due to an excitation from ,, to
e, orbitals and supports its assignment to J.

Let us now compare the results obtained by RIXS with
the ones obtained by x-ray diffraction (XRD) on the same
crystal.? In fact by XRD it is possible to monitor the occur-
rence of the charge ordering following the increase in the
integrated intensity of the superlattice peak on decreasing the
temperature. In Figs. 3(a) and 3(b) we compare the behavior
of the energy J and of the spectral weight of the temperature-
dependent RIXS feature II (filled dots) with the behavior of
the superlattice peak intensity (open circles). Charge order-
ing starts at 240 K. As temperature decreases the diffraction
peak intensity continues to grow down to 100 K where satu-
ration is observed. With decreasing temperature and an in-
creasing charge ordering the energy J increases with a simi-
lar behavior to the XRD data. At the same time, the hopping
between neighboring Ni sites with different oxidation states
is suppressed with an increasing charge ordering. In Fig. 3(b)
we report additionally the integrated intensity of the spectra
between 0 and 2.8 eV. The rough estimate of the spectral
weight evolution is in good agreement with the one obtained
by our RIXS results. Our data reveal the clear correlation
between the temperature dependence of the RIXS spectra
and the stripe formation.

Finally we can relate our results to the ones obtained by
studying the temperature dependence of the electrical resis-
tivity p on the same system.'3* The sudden increase ob-
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served in p below the charge ordering transition is associated
to the charge ordering. The behavior of J as a function of
temperature is very similar to that of p. The suppression of
the hopping between neighboring Ni sites can therefore be an
ingredient of the detected resistivity increase on increasing
the charge ordering.'3

IV. SUMMARY AND CONCLUSIONS

In conclusion, we have investigated the temperature de-
pendence of the d-d excitations in Las;;Sr|,3NiO4 by RIXS in
the hard x-ray regime. We detected two low-energy excita-
tions, and obtained approximate values for the e, splitting
(A=0.85 eV) and the exchange energy J (=1.5-1.7 eV).
We have followed the temperature dependence of the RIXS
spectra and compared it with x-ray scattering results.”’ We
find a clear correlation between the temperature dependence
of the exchange energy J and the occurrence of charge or-
dering, suggesting that the hopping between neighboring Ni
sites leads to stripe formation and to the related resistivity
increase. Such detailed information on the correlation be-
tween d-d excitations and stripe ordering obtainable via this
experiment may shed a new light on the magnetic and elec-
tronic properties of highly correlated systems, such as, for
example, cuprates, where the discussed relation between
high T. superconductivity and stripe ordering requires the
understanding of the charge stripes formation studied here.
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