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This report features the work of Hwan-Ching Tai and
his co-workers published in PNAS 114, 27 (2017).
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The Chimei Museum, located in Tainan, Taiwan, has one of the
largest and finest collections of violins in the world. The pictures
of the Stradivari violin are provided by the courtesy of the Museum.

Resonant Inelastic Excitations Lead the Way

Resonant Inelastic X-ray Scattering (RIXS) is a very versatile probe for investigating emergent
phenomena which originate from spin-charge-lattice coupling in strongly correlated electron
systems. This article reports three classic RIXS studies on the electronic structure of: (i) the Ver-
wey transition material magnetite Fe;O,, (ii) the spin-state transition in LaCoOj;, and (iii) the
quasi two-dimensional Nickelates La,.Sr,NiO, (x =0, 0.33, 0.45).

n this article, we discuss three valuable recent re-

sults which demonstrate the unique capabilities of
Resonant Inelastic X-ray Scattering (RIXS) for reveal-
ing localized as well as dispersive spin-charge-orbital
excitations with elemental and ionic-configuration
specificity. TLS 05A1 was developed to carry out
momentum-resolved RIXS using the energy-compen-
sation principle of grating dispersion for the active
grating monochromator (AGM) and the active grat-
ing spectrometer (AGS). The design of the AGM-AGS
system greatly enhances the measurement efficiency
of inelastic soft X-ray scattering." After long and
sustained efforts, it is now possible to routinely carry
out RIXS measurements at a good energy resolution
and reasonable count rates. Temperature dependent
(20—550 K) momentum-resolved RIXS can be car-
ried out with an energy resolution of ~108 meV at
the Ni Ls-edge (~850 eV). Using these capabilities,
scientists have now succeeded to answer important
long-standing questions on the electronic structure of
strongly correlated transition metal oxides.

(i) Magnetic polarons in magnetite (Fe304): Mag-
netite, or lodestone, is the first known magnet to
mankind and was discussed in Greek and Chinese
literature as early as the 4" to the 6™ century BC. It

was used as a magnetic compass and the name ‘mag-
net’ most probably comes from Magnesia, an ancient
city in Greece where lodestones were found. The
properties of magnetite attract significant scientific
and technological interest even today, because of its
applications in ultrafast magnetic sensors, palaeo-
magnetism, nanomedicine, etc. Magnetite Fe;O, be-
comes ferrimagnetic below Tc = 850 K, followed by an
abrupt decrease in its electrical conductivity by two
orders of magnitude as the temperature is cooled
below Ty = 122 K. The crystal structure of magnetite
consists of tetrahedral FeO, and octahedral FeOg mo-
tifs. Within its unit cell, one-third of the total number
of Fe sites (the so-called A-sites) are nominal Fe3*ions
tetrahedrally (T4) coordinated with oxygen atoms;
the remaining two-thirds are termed B-sites with
equal number of nominal Fe?* and Fe3* ions which are
octahedrally (Oy,) coordinated with oxygen atoms. An
Fe?*— Fe** charge-ordering occurring on the B-sites
was first suggested by Verwey as the driving force of
this transition.?

Although numerous investigations have been carried
out to verify the charge localization on the B-sites

in the low temperature phase, the precursor to the
charge-ordering pattern of magnetite in the high



temperature phase was not known. However, while it
was known that the charge disproportionation in-
volves changes in the nominal Fe?— Fe** states asso-
ciated with the B-sites, X-ray diffraction studies of the
low-temperature phase of magnetite microcrystals re-
vealed that the t,4 electrons of the B-sites are not fully
localized but are distributed over linear three-Fe-site
units termed trimerons.® The trimerons are coupled to
the Jahn-Teller distortion of B-site Fe?*Os octahedra,
as illustrated in Fig. 1, while the B-site Fe**Os octahe-
dra are Jahn-Teller inactive, to a first approximation.
The Verwey transition is then essentially an ordering
of trimerons. However, an extremely important ques-
tion had remained unanswered: Do local distortions
persist in the cubic phase at temperatures above Ty,
and if so, what was its character?

In an international collaboration led by Di-Jing
Huang's team at NSRRC together with groups from
USA, Netherlands, South Korea, Germany and Taiwan,
temperature dependent Resonant Inelastic X-ray
Scattering (RIXS) at the Fe L;-edge was used to reveal
the low-energy spin-orbital excitations of Fe** and
Fe3*ions in both, the low temperature monoclinic
and high temperature cubic phases of magnetite
(Fig. 2). In combination with crystal-field multiplet
calculations, the authors succeeded to show that
local distortions in the form of magnetic polarons
exist in magnetite above Ty and give rise to a low-en-
ergy magnetic mode in RIXS (Fig. 3). The authors
could further show that the magnetic polarons orig-
inate in the Jahn-Teller distortion of Fe?* sites. Thus,
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Fig. 1: Trimeron scenario and t,g energy-level splitting. lllustra-
tion of the orbital ordering of B-site Fe?* in Fe;0, and the
corresponding t,, energy-level splitting for a Fe? ion in
a negative Dtyq crystal field. A trimeron is indicated with
a dashed oval. The elongation of the four Fe-O bonds in
the xy plane are indicated with arrows. [Reproduced from
Ref. 4]

the magnetic polarons are the precursors leading to
the monoclinic distortion seen below Ty, and solves
a long-standing problem connecting its electronic
structure with local crystal structure changes above
the Verwey transition.

(ii) The prototypical spin-state transition in LaCoO3:
Spin-state transitions or crossovers between low-
spin (LS) and high-spin (HS) states occur in diverse
systems including solids, liquids and biomaterials.
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RIXS measurements of Fe;O.. (a) Fe L-edge X-ray absorption spectrum (XAS) spectrum measured in the fluorescence yield

mode through the summation of all inelastic X-ray intensities taken at room temperature T = 300 K. The XAS is plotted with
correction for self-absorption. The incident X-ray energy resolution was 0.5 eV. (b) Color map of RIXS intensity after correction
for self-absorption in the plane of incident photon energy versus energy loss recorded at T = 80 K. (c)—(e) RIXS spectra plotted
in terms of energy loss with a vertical offset for clarity. They were recorded by using p-polarized incident X-rays under the
scattering geometry of the scattering angle ¢ = 90° and the incident angle ¢ = 20°. Panels c and d show data measured at 80
K, while panel e shows data measured at 550 K. [Reproduced from Ref. 4]
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Fig. 3: Comparison of measured (expt) and calculated (calc)
RIXS spectra. Open circles are measurements with inci-
dent X-rays of 707 eV at 80 K; the solid line presents the
calculated RIXS spectra at an incident X-ray energy 707.5
eV. The calculated results are consistent with experi-
ment only on inclusion of a polaronic distortion and an
exchange field, indicative of a magnetic polaron forma-
tion. [Reproduced from Ref. 4]

The transition metal perovskite oxide LaCoQs is a
prototypical example of a spin-state transition in
solids, and is undisputedly identified as being in a LS
state below 20 K.° Its magnetic susceptibility x(T) rises
sharply with increasing temperature and exhibits a
maximum around 100 K, before trailing off at high-
er temperatures. This temperature dependence of
x(T) was originally interpreted as implying a gradual
population increase of HS states with a fixed acti-
vation energy A,, an energy required to excite the
ground state to the first excited state. This scenario
however led to an over- estimated x(T) and motivated
an intermediate-spin (IS) description. Band-structure
calculations with Coulomb correlations included gave
a strong boost to the IS picture. In contrast, electron
spin resonance, inelastic neutron scattering, and
X-ray absorption spectroscopy (XAS) showed that the
lowest-energy excited state is a HS state which exhib-
its additional splitting due to spin-orbit interactions.
Furthermore, the XAS work explained the transition
using a temperature-dependent increase of A,, but
this leads to a puzzle:® for the LS ground state, an
increase in A, implies an increase in bare ionic crys-
tal-field splitting 10Dq, which is inconsistent with a
reduction of 10Dq expected from the experimentally
known expansion in Co—-O bond lengths. These issues
indicate that the origin of the spin-state transition of
LaCoOs; was not fully resolved.

Recent calculations using dynamical mean-field theo-
ry have implied the role of a temperature-dependent
Hund's exchange energy in driving the spin-state
transition.® In addition, first-principles calculations
have shown that the screening by e, electrons is
more efficient than t,4 electrons in transition metal
oxides. This is mainly because e, electrons strongly

hybridize with 2p states of nearest-neighbour oxy-
gens and exhibit a tendency towards delocalization,
forming broad o bands. This leads to a very important
question: Does the change in the 3d electronic states
across the transition modify the screening of the
Coulomb interaction, i.e. does it modify the effective
Coulomb energy between electrons.

In a collaboration between the NSSRC, Tohoku Uni-
versity and Utrecht University, scientists have exploit-
ed RIXS to study the spin-state and metal-insulator
transitions as a function of temperature in LaCoOs
(Fig. 4(a)). They could unequivocally characterize
electronic excitations derived from different spin
channels across the transitions by comparing with dif-
ferent reference samples (Fig. 4(b)). Further, the au-
thors could show that the screening of the Coulomb
interaction of 3d electrons is orbital selective, and it
is coupled to the thermal evolution of the spin-state
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Fig. 4: Temperature-dependent RIXS of LaCoO:s. (a) RIXS spectra
of single-crystal LaCoOs at various temperatures. The
spectra have been normalized to the incident photon
flux. The red curve (LS cal) shows the calculated RIXS
spectral weight of LS Co** with 10Dq = 0.595 eV. The
vertical dashed line gives a guide to the eye. (b) RIXS of
polycrystalline EuCoOs, LaCoosNiosOs, and Sr,CoOsCl at
20 K. By using mt-polarized incident X-rays of energy set
to Ls-2.5 eV, all RIXS spectra plotted in (a) and (b) were
recorded under the same conditions except for tempera-
ture. Spectra are plotted with a vertical offset for clarity.
[Reproduced from Ref. 7]
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the LS and HS reference spectra discussed in the text. (d) LS and HS populations In the past few years, while RIXS

obtained from simulations for various temperatures. Open squares and closed has emerged as an indispensable
circles are deduced spin-state populations from RIXS data. The solid line plots tool for probing spin, charge and
the calculated HS population fus with E;= 13, 35.5, and 72.5 meV and vi=3, 5, orbital excitations in solids, most
and 7. The dotted line is the LS population fis = 1 — fys. Inset: calculated energies of these studies have focused on

of the °T,q4 states about the LS-HS transition. Green circles indicate the average
energies of Jer =1, 2, and 3 at 10Dg = 0.595 eV. (e) Comparison between mea- materials, such as cuprates or
sured y(T) from SQUID and deduced y(T) from RIXS data. (f) The energy shift . ! -

AE between the measured and simulated energies of RIXS excitations from iridates. These materials represent
the ground state 'As4 to 'Tig without spin change as a function of temperature. a special case as only one Am;, =
[Reproduced from Ref. 7] 1 spin transition is allowed on a

spin (or pseudospin) S = 1/2 based
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Fig. 6: (a) Schematic showing the tetragonally elongated NiOs octahedra present in La,-«SrNiOs, and corresponding energy
level diagram plotted in blue. The electrons, in black, occupy levels in a 3d®S = 1 configuration. (b) shows the known
antiferromagnetic ordering of these spins. (c) La,NiO4 Ni Ls-edge RIXS energy map collected at Q, = (0.74, 0). White
bars correspond to calculated energies. (d) Ni Ls edge RIXS atomic multiplet calculation using parameters described in
the text. [Reproduced from Ref. 10]
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single atomic site (i.e., my=-1/2
- m, = 1/2), which directly match-
es the photon angular momen-
tum. However, to date, the ability
of RIXS to address the electronic
interactions in higher spin-state
compounds via measurements

of collective magnetic excitations
has not been established.

La;NiO,4 shares the same structur-
al motif as cuprates and iridates
consisting of a transition metal
ion surrounded by 6 oxygen
atoms forming an octahedron
(Figs. 6(a) and 6(b)). It is an an-
tiferromagnetic Mott insulator in
its ground state with a 3d® con-
figuration and S = 1 state. Thus,
it is important to know whether
RIXS can reveal the nature of this
state and how it evolves with
doping. Earlier studies on an S =
1 nickelate NiO had shown that
RIXS couples to local Am,= 1 and
2 spin flips, rather than collective
excitations.®?

In a recent study using RIXS car-
ried out jointly at the Taiwan Light
Source and the Swiss Light Source,
a team from Brookhaven National
Laboratory led by M. P. M. Dean
and his co-workers have present-
ed Ni L;-edge RIXS measurements
of the 2D antiferromagnet La,,Sry
NiO, (LSNO) and demonstrated
that RIXS can measure collective
magnetic excitationsin S =1
transition metal oxides (Fig. 6(c)).
Furthermore, ab-initio and atomic
multiplet RIXS simulations were
carried out to confirm the 3d® S =
1 character, and obtain a precise
description of its crystal field split-
ting (Fig. 6(d)). From momentum
resolved experiments (Fig. 7), the
authors also showed that hole
doping significantly reduces the
zone boundary magnon energy (=
50% at x = 0.45). Such a reduction
of magnon energy is in contrast
with results from hole doped cu-
prates, for which the zone bound-
ary magnetic energy scale is very
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Fig. 7: (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 exam-
ple at Q= (0.48m, 0.48m), black, green, and magenta lines account for elastic,
single magnon, and multimagnon excitations. (c) La;NiO4 magnon dispersion
(red squares) compared to inelastic neutron scattering results (black circles)
and spin wave theory fits (green line). The error bars shown in panels (a) and (c)
correspond to 95% confidence intervals obtained from the least square fitting

algorithm. [Reproduced from Ref. 10]

weakly dependent on doping. The
authors could show that the larg-
er Ni 3d character of the doped
holes in LSNO (when compared to
cuprates) leads to the reduction in
magnon energy."®

These studies indicate the power
of synchrotron-based momen-
tum-resolved RIXS in addressing
important questions in the physics
of transition metal compounds,
leading to new opportunities

in spin-charge-lattice coupling
derived emergent properties of
materials. (Reported by Ashish
Chainani)

This report features the work of :
(1) Di-Jing Huang and his co-work-
ers published in Nat. Commun. 8,
15929 (2017); (2) Di-Jing Huang
and his co-workers published

in Phys. Rev. Lett. 119, 196402
(2017); (3) M. P. M. Dean and his
co-workers published in Phys. Rev.
Lett. 118, 156402 (2017).
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It's All About the Ending

Energy level alignment at metal-organic interface is a key parameter controlling the elec-
tric transport property of heterostructures. When a half-metallic ferromagnet La,  Sr,MnQO;
(LSMOQ) is used for spin transport, the termination of oxide layer is another parameter in play.

S tacking multiple layers into a single structure is

a way to construct artificial materials with novel
properties. Similarly, a complex oxide material like
those in perovskite structure (ABOs) has distinct
surface electronic structures when its topmost layer
is terminated differently (AO or BO,). As the perfor-
mance of a device depends strongly on the energy
barrier at its heterojunction, the termination control
of a metal oxide electrode offers an alternative to ad-
just carrier injection barrier. Following the same idea,
Yao-Jane Hsu (NSRRC) and her collaborators worked
on a series of LSMO/AIlqs structures to demonstrate
that the control of termination layer can be of great
importance in spin transport too.

One recent advance in spintronics is the use of organ-
ic semiconductor (OSC) to mediate spins.! Because

l:|VI)T1 |:lVI)TZ
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Fig. 1: Schematic drawing of the termination dependence; FM)r
and FM)r,, at a half metal/organic hybrid interface. At
left panel, both spin channels have a same energy barrier,
whereas the energy barriers are different between the
two spin channels in right panel. The termination result-

ed energy shift at half-metal side is exaggerated in figure.

carbon-based materials like OSC are good at preserv-
ing spin coherence among carriers, the organic spin
valve (an OSC layer sandwiched by two ferromagnet-
ic electrodes) was thought capable of showing giant
magnetoresistance (GMR) comparable to its inor-
ganic counterparts. The problem is, despite using the
same ferromagnetic (FM) LSMO electrode and Algs
spacer, the experimental results reported by different
research groups differ considerably in the magnitude
and sign of MR. To clarify what might be responsible
to the conflicting results, Hsu and her team took a
close look at the same LSMO/Alqgs; heterojunction
with an emphasis on the possible roles played by the
termination layer of LSMO electrode.?

LSMO is a half metal oxide that possesses nearly
100% spin polarization. The LSMO layer used in the
study was grown on SrTiOs (001) (STO) single crys-
tal substrates. By varying STO terminations (TiO,-,
SrO-, and mixed-terminations, respectively), the
LSMO film with terminating layers of MnO,-, LSO-,
and mixed-termination were fabricated (marked

as MnO,-ter, LSO-ter, and Mixed-ter, respectively).
Magneto-optical measurements on these specimen
found out the magnetic hysteresis of pristine LSMO
depends strongly on its termination layer; largest/
smallest coercivity at LSMO with LSO-ter/MnQ,-ter,
and is insensitivity to the subsequently introduced
Algs film. In the meantime, density functional theory
(DFT) calculation revealed that, while Mn is responsi-
ble to LSMO's ferromagnetism, it is the Mn's t,4 states
that contribute to LSMO's half-metallicity. Further-
more, depending on the termination layer, there is

a significantly larger splitting between spin-up and
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