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Spectroscopy of Stripe Order in L a; §Sr;,NiO4 Using Resonant Soft X-Ray Diffraction
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Strong resonant enhancements of the charge-order and spin-order superstructure-diffraction intensities
in La; gSry,NiO, are observed when x-ray energies in the vicinity of the Ni L,; absorption edges are
used. The pronounced photon-energy and polarization dependences of these diffraction intensities allow
for a critical determination of the local symmetry of the ordered spin and charge carriers. We found that
not only the antiferromagnetic order but also the charge-order superstructure resides within the NiO,
layers; the holes are mainly located on in-plane oxygens surrounding a Ni?>* site with the spins coupled
antiparallel in close analogy to Zhang-Rice singlets in the cuprates.
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Doped charge carriers in strongly correlated oxides are
often found to induce ordered periodic arrangements at low
temperatures. The first system where such a phenomenon
was observed by scattering techniques is hole-doped
La,NiO,: Electron and neutron diffraction experiments
found in La,_,Sr,NiO,4, s stripelike superstructures [1—
3], which were interpreted in terms of charge ordering.
The hole-rich stripes form antiphase domain walls for the
antiferromagnetic order on the Ni>* sites, and the spacing
between them was determined to be inversely proportional
to the hole concentration n;, = x + 2. Similar claims
have been made for the isostructural high-7', superconduc-
tors La,_ ,Sr,CuQ, [4], although recently competing mod-
els have been proposed [5,6].

Understanding the physics behind the formation of the
superstructures in La,_,Srg,NiQy is still a difficult issue
[7]1, which is mainly because the electronic structure re-
lated to these stripe phases is not known. The standard
neutron and x-ray scattering techniques used so far are not
directly sensitive to charge: they pick up mainly the lattice
modulations that are induced by doping. It is therefore not
clear whether one should really model the stripe phases as
an ordering of Ni’>* and Ni** ions. Spectroscopic tech-
niques, for instance, have revealed that doping introduces
substantial amounts of holes in the oxygen band [8,9],
thereby raising the question whether a description in terms
of oxygen hole ordering would be more appropriate. To
make things more confusing, there is not even an agree-
ment to what extent and with which symmetry the oxygen
holes are bound to the Ni [9-11].

In this Letter we present results from a new type of
spectroscopic technique, namely, resonant diffraction us-
ing soft x rays. Here the diffraction involves virtual elec-
tronic excitations into unoccupied intermediate states [12],
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which lead to a characteristic modulation of the scattering
cross section with photon energy. In particular, excitations
in the vicinity of the transition metal L, 3 (2p — 3d) and
rare-earth M, 5 (3d — 4f) absorption edges are known to
be very sensitive to details of the electronic state of the ions
[13—15]. Resonant diffraction is, in fact, a combination of
spectroscopy and structure determination, and is therefore
the most suitable and natural technique to study the elec-
tronic structure of superstructures in transition metal and
rare-earth systems [16—23].

We carried out resonant diffraction experiments on
La, gSrg,NiO, at the Ni L, 5 threshold for both the spin-
order and charge-order superstructures. We observed pro-
nounced photon-energy and polarization dependences of
these diffraction intensities, which allow us to critically
determine the local symmetry of the ordered spin and
charge carriers. Using a quantitative microscopic theoreti-
cal model, we find that the holes are mainly located on the
in-plane oxygens surrounding a Ni>* site with the spins
coupled antiparallel, in close analogy to Zhang-Rice sin-
glets in the cuprates [24,25].

A single crystal of La;gSrg,NiO, was grown by a
traveling solvent method and characterized by neutron
diffraction at the Orphée reactor, diffractometer 3T.1. In
the following we use the orthorhombic notation with b =
a = 5.38 Aand ¢ = 12.55 A. The diffraction features with
the smallest momentum transfer are the charge-order peak
at (2¢, 0, 1) and the spin-order peak at (1 — ¢, 0, 0). For the
doping level of our sample, € is 0.278, and both peaks can
be reached at the Ni L, ; and La M, 5 resonances.

The soft x-ray scattering experiments were performed at
the BESSY beam lines U49/2-PGM1 and UE52-SGM1,
using the two-circle UHV diffractometer designed at the
Freie Universitdt Berlin [26] in horizontal scattering ge-
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ometry. The incoming light was linearly polarized either
parallel to the scattering plane (7 polarization) or perpen-
dicular (o polarization). A silicon-diode photon detector
without polarization analysis was used with the angular
acceptance set to 1° in the scattering plane and 5° perpen-
dicular to it. The sample was cut and polished with a (101)
surface orientation and mounted with the [100] and [001]
directions in the diffraction plane. At 1010 eV photon
energy the (002) structure Bragg peak could be reached
and was used together with the superstructure peaks to
orient the sample. Reference soft-x-ray absorption mea-
surements on La, gSry,NiO, and LaTiO; have been per-
formed at the Dragon beam line of the NSRRC in Taiwan.

The insets in Fig. 1 show scans through both super-
structure peaks along the [100] (H) and [001] (L) direc-
tions, taken with 7r-polarized light and the photon energy
tuned into the maximum of the Ni L5 resonance. From the
peak widths we determine the correlation length in the ab
plane for charge order to about 200 A and for spin order to
about 300 A. The order along the c¢ direction is less
developed with correlation lengths of 50 A (40 A) for
spin (charge) order.

Figures 1(a) and 1(b) depict the photon-energy depen-
dence of the superstructure intensities across the La M, s
and Ni L,; edges for two different light polarizations
plotted on the same vertical scale [27]. For both super-
structure peaks the intensity shows a resonant enhance-

T T T T T T T
:-': ‘ L La]igSrovalO4
e o 3
_J,'\ AN a) (1-£,0,0)
0.68 072 -03 0.0 0.3 spin order
lu. lu.
H(rlu) L(rlu) XI.SJKLZ
= I\ A
Iy N n
2 N o
5= Y MY
£ 052 056 08 12 -
= H(rlu) L(rlu) charge order
2oL S
=
Q
=
0
820 830 840 850 860 870 880
Photon energy (eV)
FIG. 1. Intensities of the (a) (1 — ¢ 0,0) spin-order and

(b) (2€, 0, 1) charge-order superstructure peaks as a function of
photon energy at 60 K for sr-polarized (solid line) and
o-polarized (dashed line) light. The insets show scans through
the respective superstructure peaks on a linear scale recorded
with sr-polarized light along the [100] (H) and [001] (L)
directions; (c) x-ray absorption signal.

ment mainly for photon energies about 851.6 eV, i.e., in the
vicinity of the Ni L; white line. This is in striking contrast
to the shape of the x-ray-absorption spectroscopy (XAS)
data shown in Fig. 1(c), which are dominated by the La M
resonance at 833 eV and M, resonance at 849.2 eV. The
gain in contrast for the Ni signal in the diffraction experi-
ment comes from its sensitivity to only the ordered part of
the system. The strong enhancement at the Ni resonance
for both superstructure signals hence shows directly that
not only the antiferromagnetic order but also the charge-
order superstructure originates mainly from the NiO,
layers. Both resonances show a dramatic polarization de-
pendence. For the spin-order peak, the signal for o polar-
ization is only about 10% of that for 7 polarization; for the
charge-order peak, the maxima at the L3 and L, resonance
when observed with o-polarized light are shifted by about
1 eV towards higher photon energies as compared to the
data taken with 7r-polarized light.

On a closer look, both superstructure peaks show a
resonant enhancement at the La M, 5 resonances as well.
This is, however, a weak effect considering the relative
intensities of the Ni and La resonances in the XAS signal.
The fact that there is any enhancement of the charge- and
spin-order signal at the La resonance indicates a coupling
between Ni and La sites, which could be caused by the
different bond lengths or by weak hybridization. A possible
strong static dopant order in the La/Sr subsystem can be
ruled out, since the superstructure peaks decrease above
65 K at both the Ni and the La resonances, while the shape
of the resonances does not change in the temperature range
between 35 and 120 K.

The contrast mechanism responsible for the spin-order
peak is the different scattering cross section for different
relative orientations of the electron spins and the polariza-
tion directions of the incoming and outgoing photons.
From the weakness of the signal observed with
o-polarized light, which means that the electric-field vec-
tor of the incoming photons is parallel to the stripes, one
can conclude that the Ni spins are essentially (but not
perfectly) collinear with the stripes. The contrast for the
direct observation of charge order arises from the different
energy dependence of the (2p — 3d) excitation process for
Ni ions with and without the extra holes introduced by
doping. The strong resonance found here demonstrates the
extreme sensitivity of resonant soft-x-ray diffraction.

While some information can be obtained from a quali-
tative analysis, e.g., from a comparison of the La and the Ni
resonance, the full power of soft x-ray resonant diffraction
evolves from a combination with a quantitative micro-
scopic theory. The theory we present here is an extension
of that by Castleton and Altarelli [16]; while they used an
ionic model, we apply the more realistic configuration-
interaction cluster model, which is widely accepted for
the analysis of high-energy spectra from transition metal
compounds [15]. This model properly treats the essential
coupling between metal ions and the oxygen ligands,
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which is the physical reason for, e.g., a Zhang-Rice-like
[24,25] scenario.

The scattering intensity /() as a function of the incom-
ing photon energy w can be described as

1) = |Serk@ - F@o|’

where g denotes the scattering vector, R, is the position of
the nth Ni ion site, € (¢') is the incoming (outgoing) photon
polarization vector, and the 3 X 3 tensor F,(w) describes
the polarization-dependent scattering amplitude at the site
n. Stripes with a periodic order Ni**, Ni?*, Ni?*, Ni**,
NiZ2* Ni2*, Ni2* are assumed in the model, with the Ni3*
stripes serving as antiphase domain walls for the antiferro-
magnetic order of the Ni** spins, which are canted by
about 10° in the a-b plane with respect to the stripes.
Such an arrangement produces spin- and charge-order
diffraction peaks with € = 2/7 = 0.286, which is close
to the experimental value.

We consider for each Ni** (Ni**) ion site a NiO}°~
(NiOg*) cluster with the D, symmetry, where the ten Ni
3d states and the nearest-neighbor oxygen 2p states are
taken into account. The resonant scattering is treated as a
second-order optical process, in which a Ni ion with a
configuration 2p®3d" is excited to the intermediate state
with 2p>3d"*! by the 2p — 3d electric dipole transition:

1

Fo (@) = KXn|P
@) = KnlP e T 7

'Pln),  (2)

where k denotes the wave number of the incoming photon,
E, and |n) are the ground state eigenvalue and eigenfunc-
tion, H,, and I',,, are the Hamiltonian and lifetime width of
the intermediate state, and P = —e) ;r; is the electric
dipole operator. Coulomb and exchange interactions be-
tween 3d electrons, 3d spin-orbit interaction, and hybrid-
ization between the Ni 3d and the oxygen 2p orbitals are
taken into account in the calculation of E, and |n).
Coulomb and exchange interactions between 3d electron
and 2p core hole and 2 p spin-orbit interaction are included
in H,. A small molecular field H,,, = 0.02 eV is applied
for the Ni?" sites to induce spin moments. The values for
the model parameters are the standard ones often used for
nickel-oxide materials [15,29], except that here the in-
plane hybridization strength (pdo); is set at a value of
—1.88 eV, which is higher than the out-of-plane (pdo), of
—1.12 eV, to account for the much shorter in-plane Ni-O
bond length. I';; = 0.15 eV (0.2 eV) at the L3 (L,) edge
and a Gaussian broadening with a width of 0.2 eV
(HWHM) are applied; the latter is close to the nominal
beam line resolution of 0.15 eV.

With this single set of parameters, we are able to explain
the shape of the spectra including the relative intensities of
the different diffraction signals (Fig. 2). The model also
reproduces the experimental Ni contribution to the x-ray
absorption spectrum [Fig. 2(e)], which was determined by
subtracting out the La contribution obtained from LaTiOs;.

The agreement for the spin- and charge-order spectra is
satisfactory. The energy positions of the peaks, shoulders,
and valleys are in most cases well reproduced, including
the 1 eV energy shift between the 7 and o polarization for
the charge-order L3 resonance. There are deviations, e.g.,
at the L, resonance for the spin order (77) and charge order
(o), and we speculate that perhaps the influence of the La
ions needs also to be included in a more extensive model.

The analysis provides a detailed understanding of the
ground state in the charge-ordered phase: At the Ni’* sites,
where the effective charge-transfer energy A, = A,, —
U, is negative, the doped holes reside mainly in the oxy-
gen ligand molecular orbital with x> — y> symmetry. The
3d electron count at the Ni®™ sites is as high as 7.9, which
is surprisingly not much smaller than the 8.2 for the Ni*>*.
The spins of the holes on the ligand and 3d orbitals couple
antiferromagnetically and form an § = 1/2 state [9,30] in
which the Ni ion with 15,7, configuration is dressed with a

hole in the (x> — y?) 1 ligand orbital. This state is analo-
gous to the Zhang-Rice singlet state in a cuprate supercon-
ductor [24,25]. This assignment is strongly supported by
the observation that between the two polarizations there is
a strong shift of about 1 eV in the peak maxima in each of
the L, and L; edges of the (2¢ 0, 1) spectrum, which
indicates a large energy splitting of the unoccupied x> —
y? and 3z — 72 levels. Since only the polarization vector of
mr-polarized light has a finite projection on the ¢ axis, the
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FIG. 2. Comparison between measured data (symbols) and the
results of the cluster simulation. The simulated diffraction spec-
tra have been scaled by one common factor to match the
experiment. The La M, peaks at 849.2 eV, marked by arrows,
are not included in the Ni L, ; simulation.
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FIG. 3. Sensitivity of the simulated spectra to the model as
seen at the L; resonance of the (2¢, 0, 1) charge-order peak: the
oxygen holes are (a) confined in-plane and antiferromagnetically
coupled to the Ni, (b) not confined in-plane [(pdo), =
(pdo), = —1.88 eV], (c) ferromagnetically coupled to the Ni
(Ugq = 2 eV). The circles are the experimental data.

transition probability of the 2p-core electron to the low-
lying 372 — r? orbital, having lobes along the ¢ axis, is
much higher with 77 than with o polarization, for which the
excitation into the x> — y? orbital dominates. With such a
large level splitting, the doped holes can be considered to
be well confined in-plane and the system possesses strong
two-dimensionality-like cuprates.

In order to illustrate the reliability of our analysis we
present in Fig. 3 also a scenario in which the oxygen hole is
not confined in-plane [Fig. 3(b)] or is ferromagnetically
coupled to the Ni [Fig. 3(c)]. One can clearly see signifi-
cant deviations from the experimental data (Fig. 3, circles)
and the antiferromagnetic or in-plane scenario. If the oxy-
gen hole is not confined in-plane, the 1 eV energy shift in
the polarization dependence is missing and the line shape
of the 7r signal is too broad; if the oxygen hole is ferro-
magnetically coupled, there is by far too much intensity on
the high-energy side of the peaks.

To conclude, we have observed well developed super-
structures in La; gSry,NiO, using resonant soft x-ray dif-
fraction. The intensities of the spin-order and charge-order
diffraction peaks show strong enhancements when x-ray
energies are tuned to the vicinity of the Ni L, ; absorption
edges. These observations show directly that not only the
antiferromagnetic but also the charge order resides within
the NiO, layers. The photon-energy and polarization de-
pendence of the charge and spin-order diffraction intensity
across the Ni L, ; edges can be reproduced by a quantita-
tive microscopic model calculation assuming stripes of
Ni%*- and Ni**-like ions, in which the Ni**-like objects
are formed of a Ni>* ion accompanied by a hole, which is
essentially located at the surrounding in-plane oxygen ions
in analogy to a Zhang-Rice singlet in cuprate systems.
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