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We report the first empirical demonstration that resonant inelastic x-ray scattering (RIXS) is sensitive to
collective magnetic excitations in § = 1 systems by probing the Ni L; edge of La, ,Sr,NiO, (x = 0, 0.33,
0.45). The magnetic excitation peak is asymmetric, indicating the presence of single and multi-spin-flip

excitations. As the hole doping level is increased, the zone boundary magnon energy is suppressed at a
much larger rate than that in hole doped cuprates. Based on the analysis of the orbital and charge excitations
observed by RIXS, we argue that this difference is related to the orbital character of the doped holes in these
two families. This work establishes RIXS as a probe of fundamental magnetic interactions in nickelates
opening the way towards studies of heterostructures and ultrafast pump-probe experiments.
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Spin and orbital degrees of freedom in transition metal
oxides lie at the heart of their fascinating properties,
motivating decades of effort to characterize their behavior
[1]. In the past few years, resonant inelastic x-ray
scattering (RIXS) has emerged as an important tool for
probing these spin and orbital states, complementary to
inelastic neutron scattering (INS), photoemission, and
x-ray absorption [2—14]. L-edge RIXS can even measure
spin interactions in heterostructures [7,15,16] and ultrafast
laser-induced transient states [14]. The vast majority of
these successes have, however, focused on spin (or
pseudospin) S = 1/2 materials, such as cuprates [5—11]
or iridates [12—-14], and how their electronic interactions
evolve with doping. These, however, represent a special
case as only one Amg = 1 spin transition is allowed on a
single atomic site (i.e., my; = —1/2 — m; = 1/2), which
directly matches the photon angular momentum. The
ability of RIXS to address the electronic interactions in
higher spin state compounds via measuring their collec-
tive magnetic excitations is unproven, as, contrary to INS,
RIXS processes in § > 1/2 systems can include other
transitions such as Am,; = 2 [3]. La,NiO, shares the same
structural motifs as cuprates and iridates and also forms an
antiferromagnetic Mott insulator in its ground state;
however, its 3d® configuration stabilizes an S = 1 state
[17]. Whether RIXS can offer additional insights into
exact nature of this state and how it evolves with doping
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remains largely unexplored. Indeed, the only available
experimental work on S # 1/2 transition metal oxides
focuses on S =1 nickelate NiO and asserts that RIXS
couples to local Amg; =1 and 2 spin flips, rather than
collective excitations [18,19], in line with influential early
theoretical work that motivated the use of RIXS to access
magnetic properties [20].

In this Letter we present Ni L3-edge RIXS measurements
of the 2D antiferromagnet La,_, Sr,NiO, (LSNO). Our
central result is a direct demonstration that RIXS can access
collective magnetic excitations in § = 1 transition metal
oxides, which is consistent with INS [50], and which we
exploit to examine the electronic evolution of the nickelates
with doping. Furthermore, ab initio and atomic multiplet
RIXS simulations closely reproduce the orbital excitations
observed in the parent compound, confirming its localized
3d® S = 1 character, and providing a precise description of
its crystal fields. Hole doping significantly reduces the zone
boundary magnon energy (Z50% at x = 0.45), consistent
with INS work [21-26,50]. Such reduction however is at
odds with results from hole doped cuprates, for which the
zone boundary magnetic energy scale is very weakly
doping dependent [9,27-31]. We make use of RIXS
sensitivity to orbital and charge excitations to infer that
a larger 3d character of the doped holes in LSNO (when
compared to cuprates) drives the magnetic energy scale
reduction.
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Single crystals of La,_,Sr, NiO,4 (x = 0, 0.33, 0.45) were
grown by the floating zone method [32] and cleaved in
vacuum immediately before measurements. Ni Lj;-edge
RIXS experiments were performed at low temperatures
(~20 K) using the AGS-AGM [33] and SAXES [34,35]
spectrometers [36]. Tetragonal notation with a =b =
3.85 A is used to describe in-plane wave vectors o
[56]. The combined energy resolution for the x = 0 data
is ~150 meV full width half maximum, while ~100 meV
was achieved for x = 0.33 and 0.45 [57]. The zero energy
loss position was calibrated for every spectrum by meas-
uring a carbon tape.

We first address the orbital configuration of LSNO
parent compound. La,NiO, is isostructural to the high-
T. superconductor La,CuQ,, with tetragonally distorted
NiOg octahedra as shown in Fig. 1(a) [56]. A RIXS map
plotting the incident energy dependence of the orbital
excitations of La,NiO, is displayed in Fig. 1(c). The
presence of well-defined constant energy loss dd excita-
tions is strong evidence for the localized character of the Ni
3d states. To analyze these results, we first computed the
orbital excitation energies from first principles using multi-
reference configuration interaction calculations [51]. The
energies [white bars in Fig. 1(c)] match the experimental
values within the expected accuracy of ~10%-15% [58]
and justified modeling the data based on a high-spin S =1
3d® ground state, similar to previous analysis of x-ray
absorption spectroscopy [17,59]. We then performed semi-
phenomenological atomic calculations to extract crystal
field values based on maximizing the agreement between
the calculations and the data [3,36,52,60-62]. The final
result, plotted in Fig. 1(d), captures the observed peak
intensity and resonant behavior. The extracted crystal field
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splittings, as defined in Fig. 1(a), are 10D,=1.6+0.1¢€V,
Ae, =0.75+0.05 eV, and Az, =0.1 £0.05eV [63].
The rather large Ae, is overcome by electron-electron
interaction driving the S =1 state [64]. Disagreement
between experimental and calculated spectra primarily
occurs at higher energy loss, which is likely a consequence
of an intensity renormalization due to charge transfer
excitations that is not included in the present model
[65], but that occurs at &7.5 eV energy loss [36].

Figure 2 examines the momentum dependence of the
low-energy excitations in La,NiO, showing a peak that,
based on its energy scale and dispersion, is assigned to a
spin wave or magnon excitation. As shown in Fig. 2(b), and
discussed in detail later, the spectral line shape is most
naturally fit by a three component model with the width of
each peak set to the energy resolution. The dispersion of the
strongest peak is in excellent agreement with INS con-
firming its assignment as a magnon [Fig. 2(c)] [50]. This is
the first RIXS measurement of dispersive magnetic exci-
tations in a S # 1/2 transition metal oxide and is very
significant as it enables the use of RIXS to investigate
magnetic interactions in systems for which INS experi-
ments remain challenging. Such a result seems very natural
in view of the extensive observations of magnons in S =
1/2 local moment materials such as cuprates and iridates
[4-14]. Tt does, however, contradict the existing experi-
mental literature regarding how RIXS couples to magnetic
excitations in S = 1 materials [18]. In a localized Ni 348
S =1 triplet [Fig. 1(a)], Am, = 1, 2 transitions can, in
principle, be obtained in a local perspective [20], breaking
the one-to-one correspondence between the allowed on
site spin transitions and magnons, and complicating the
issue of whether RIXS accesses collective excitations.
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(a) Depicts the tetragonally elongated NiOg octahedra present in La,_,Sr,NiO,, which implies the energy level diagram

plotted in blue. The electrons, in black, are found to populate these levels in a 3d® § = 1 configuration. (b) shows the known
antiferromagnetic ordering of these spins [66,67]. (c) La,NiO, Ni L;-edge RIXS energy map collected at Q| = (0.74x,0). White bars
correspond to relative energies as computed by multireference configuration interaction [36]. (d) Ni L3 edge RIXS atomic multiplet

calculation using parameters described in the text.
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FIG. 2. (a) La,NiO4 low energy excitations Q| dependence
map collected at E; = 853.2 eV. White circles correspond
to the fitted magnon energies. (b) Fitting example at Q) =
(0.487,0.487), black, green, and magneta lines account for
elastic, single magnon, and multimagnon excitations similar to
previous RIXS analysis [11]. (c) La,NiO4 magnon dispersion
(red squares) compared to inelastic neutron scattering results
(black circles) and spin wave theory fits (green line) [50,68]. The
error bars shown in panels (a) and (c) correspond to 95% con-
fidence intervals obtained from the least square fitting algorithm.

Indeed, previous studies of NiO have asserted that Ni L,
RIXS is sensitive to local spin flips, rather than collective
magnons [18].

Given that single magnon excitations are present, one
would expect multimagnon excitations also to occur, with
higher energy scales and much weaker Q dependence [53].
A combination of three pseudo-Voigt energy resolution
functions, corresponding to elastic, magnon, and multi-
magnon peaks, provided the simplest means to adequately
fit the data, particularly in view of similar approaches
applied to the cuprates [5—7,9]. The energy resolution of the
present data is insufficient to extract the multimagnon
spectral line shape precisely; thus, the spin process cannot
be unambiguously determined since both Am, = 0 and > 2
are possible. Nevertheless, the data are best fit by fixing the
energy of the multimagnon peak to twice the zone
boundary magnon energy (252 meV), as theoretically
suggested [53], indicating that it corresponds to Am, =
2 magnons. The results are shown in Fig. 2(c). We found
that the zone boundary magnetic excitations energies at
(7,0) and (7/2,7/2) were, within error, consistent with
one another, indicating a small next-nearest-neighbor
magnetic exchange (<10 meV) or <8% of the overall
energy scale. Such exchange is substantially smaller than in
cuprates (20%) [7,69] and iridates (60%) [12], but larger

than observed in cobaltates (0.6%) [70], suggesting a
reduced influence of long range magnetic coupling in
lighter transition metal oxides. Therefore, following
Nakajima et al. [50], we used a magnetic Hamiltonian
containing first neighbor exchange, J; and c-axis
anisotropy fixed at J. = 0.52 meV

=01 88,47, (8)% (1)
W i

Fitting of J; within spin wave theory yields 27 + 1 meV,
similar to the previous value of 28.7 0.7 meV [50].
The close agreement observed between RIXS, INS, and
linear spin wave modeling is further proof of the ability of
RIXS to probe collective magnon excitations in systems
with localized 3d states, as predicted based on effective-
operator theory calculations for a similar S = 1 d® model
[53]. As a further check, we computed the strength of the
exchange interaction coupling neighboring Ni 3d orbitals
via the in-plane O 2p orbitals using difference-dedicated
configuration interaction (DDCI) calculations [54] (see
Supplemental Material [36]). We find J; = 22.3 meV,
17% lower than experiment. Higher values are expected
by additionally including the apical O 2p orbitals in the
DDCI treatment.

We now examine the doping dependence of magnetic
excitations. Figure 3(a) plots the data for x = 0.33. Despite
the significant bandwidth reduction, a dispersing feature is
observed, consistent with a magnon excitation. Using the
same approach as for x = 0, a maximum magnon energy
of 80 & 10 meV is retrieved, consistent with INS [23,71].
We further plot the doping dependence of the peak at
Q) = (0.47,0.47) in Fig. 3(b) showing a substantial soft-
ening with doping. No clear magnetic excitation was
observed in the x = 0.45 sample, indicating that any signal
lies below ~55 meV. Figure 3(c) plots the energy scale
of the magnetic peak as a function of doping showing
a softening of =50% at x = 0.45. This softening is
substantially larger than that in doped cuprates, in which
the magnetic bandwidth decreases very slowly with
hole doping [5,6,9-11,28,31,72,74-76]. Furthermore, this
points a nontrivial evolution of the nickelate electronic
structure beyond that of the single band nearest neighbor
Hubbard model, as within this model, cuprates and nickel-
ates would be expected to be rather similar.

Further insight into the electronic state of La,_,Sr,NiO,
can be obtained by examining its charge and orbital
excitations, as plotted in Fig. 4(a). A dramatic suppression
of localized dd excitations is seen with respect to Fig. 1(c).
Only a single Raman peak is observed at ~1 eV together
with a broad diagonal feature coming from x-ray fluores-
cence, indicating that Sr substitution significantly modifies
the Ni 3d orbitals. The ground state of LSNO x = 0.33 can
be conceptualized as the mixture «|3d’) + f|3d%) +
y|3d8L), with the later being a Ni 3d—O 2p ligand hole.
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FIG. 3. Doping dependence of the magnetic excitations.
(a) Even though the magnon bandwidth is significantly smaller
at x = 0.33, a distinct dispersion is observed. (b) Doping
dependence of the low energy excitations at Q) = (0.397,

0.397). No clear magnetic excitation is observed for x = 0.45.
(c) Doping dependence of magnon bandwidth compared to
results from INS [21-26,50].

We performed multiplet RIXS calculations for an appro-
priate mixture of Ni d’ and 4®, which we find do not
reproduce the measured spectra [36]. Instead, the strong
presence of fluorescence closely resembles the signal
observed in NdNiO;, which is also incompatible with
single site atomic multiplet calculations, but consistent
with [3d8L) states stabilized by the negative charge transfer
energy [55]. The similar phenomenology here implies that
|3d8L) is also the dominant state in LSNO x = 0.33.
Finally, we further studied the temperature dependence
of the excitations, finding that a similar spectra persist
despite the charge and spin stripe phase transitions at 240 K
and 190 K, respectively [77], and a large change in optical
conductivity [78]. This is in contrast to earlier reports using
Ni K-edge RIXS [79] and shows that the high temperature
phase of LSNO retains a very similar local orbital con-
figuration likely due to persistent short-range dynamic
stripe correlations [80-82].

It is notable that cuprates, which also have a negative
charge transfer energy, show a far smaller doping depend-
ence of dd excitations than that seen here in LSNO [9,36,83].
This can be rationalized by noting that the ligand hole wave
function corresponds to a mixture of the 3d and 2p orbitals.
In both nickelates and cuprates, this mixture is believed to be
dominated by the 2p character [84-86]. However, hole

Energy loss (eV)

FIG. 4. Ni L3 edge RIXS map for La, ,Sr.NiO, x =1/3
at Q) = (0.74z,0). The localized dd excitations observed for
the x = 0 parent compound [Fig. 1(c)] are strongly suppressed
with doping alongside x-ray fluorescence appearing as a broad
diagonal line of intensity. (b) and (c) RIXS spectra at 853.5 eV
incident x-ray energy and 15° incident angle. In this geometry
[36], 7 and o polarization primarily places the x-ray electric field
along ¢ and a, respectively.

doping LSNO largely disrupts the 3d atomic multiplet
structure, which suggest that its ligand hole state has a larger
3d character than in cuprates. In fact, the large linear dicroism
on the orbital excitations of La,NiO, is dramatically sup-
pressed at x =0.33 [See Figs. 4(b) and 4(c) and
Supplemental Material [36]], suggesting that the |3d®L)
state has substantial contributions of both 3z°—2 and x>—y?
orbitals, a scenario that is further corroborated by ARPES
results in highly doped samples [87]. We therefore propose
that the stronger magnon softening in nickelates, compared
to cuprates, relates to larger Ni 3d character of the doped
holes, with a possible further role for polaron formation in
attenuating the strength of magnetic exchange.

In conclusion, we show that Ni L-edge RIXS is sensitive
to collective magnetic excitations. This is a key observation
since it places RIXS in a prime position in the study of
magnetic exchange interactions in systems and/or exper-
imental setups that are incompatible with inelastic neutron
scattering, such as thin film heterostructures and at ultrafast
time scales. Furthermore, we observe a significant sup-
pression of the magnetic energy scale upon hole doping, an
intriguing behavior since the magnon energy is weakly
doping dependent in cuprates [5,6,9,11,28,31,72,75,76].
Analysis of RIXS orbital and charge excitations indicate
that this behavior derives from a larger degree of 3d

156402-4



PRL 118, 156402 (2017)

PHYSICAL REVIEW LETTERS

week ending
14 APRIL 2017

character in the doped holes wave functions of nickelates.
RIXS has experienced a fast paced advance on experi-
mental energy resolution and instrumentation over the last
decade [4,33,34,88] and the demonstration of ultrafast
RIXS [14]. Together with advances in theoretical modeling,
such capabilities will likely establish RIXS as a prime tool
for condensed matter research.
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