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A primary interest of condensed matter and ma-
terials physics is to understand the properties of 

natural and synthetic materials that are composed 
by a large collection of atoms. Because there are so 
many of them interacting with each other, the at-
oms’ charge, spin, an orbital degree of freedom can 
be tangled in ways to mask out the key ingredient 
governing their collective behavior. To unravel the 
nature of complex materials/systems, scientists apply 
selected external stimuli and use instruments with 
ultra-high sensitivity to search those responsible step 
by step. In this year's section on physics and materi-
als science, we introduce works explaining why the 
Stradivari violins created in the late 17th and early 
18th century are so famous, how resonant inelastic 
excitations can untangle complex phenomena, and 
what characteristics are important in making smart 
windows. Combining messages obtained from multi-
ple techniques available at NSRRC, scientists are able 
to clarify the roles of interfaces in various functional 
heterostructures. (by Der-Hsin Wei) 
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T he Stradivari violins, created by Anto-
nio Stradivari in the late 17th and early 

18th century, are considered to be one of 
best set of violins in the world. However, 
the origin behind the sound quality of the 
Stradivari violins has remained a mystery. 
This is all the more intriguing because vio-
lins made by the following generations of 
the Stradivari family as well as other mod-
ern violins have not been able to match 
the Stradivari violins, according to music 
connoisseurs. In a very interesting, recent 
study, scientists have uncovered several 
unique properties of the maple wood used 
to make the Stradivari violins.

Using nuclear magnetic resonance, X-ray dif-
fraction and differential scanning calorimetry, 
Hwan-Ching Tai (National Taiwan University) and his 
co-workers showed that the maple used by Stradi-
vari violins and cellos exhibit unique features which 
are not observed in tonewood used to make mod-
ern violins. The authors could also confirm that the 
Stradivari violins were treated with complex mineral 
preservatives which contained Al, Ca, Cu, Na, K and 
Zn. The authors used nuclear magnetic resonance 
and synchrotron X-ray diffraction to show that while 
one-third of the hemicellulose had decomposed 
after nearly 300 years, accompanied by signs of lignin 
oxidation, but no apparent changes in cellulose could 
be detected in the experiments (Figs. 1(a) and 1(b)). 
The relative cellulose crystallinity plotted against rel-
ative hemicellulose levels measured by nuclear mag-
netic resonance was distinct for the Stradivari violins 
and cellos compared to other modern violins (Fig. 
1(a)). However, the crystallite lengths and widths 
estimated from X-ray diffraction patterns were similar 
for all the types of violins and cellos investigated in 
the study (Fig. 1(b)). Further, only maples from the 
Stradivari violins exhibited unusual thermo-oxidation 
patterns, distinct from Stradivari cellos and natural 
modern maple wood (Fig. 1(c)). The authors could 
thus conclude that in their current state, the maple 
wood used for the Stradivari violins have very differ-
ent chemical composition and properties compared 
to Stradivari cellos as well as modern violins. This was 

Stradivari’s Secret
Scientists have succeeded to show that the maple wood used for making the famous Stradi-
vari violins exhibit unique chemical and physical properties, which are attributed to the com-
bined effects of aging, chemical treatments and vibrations.

attributed to the combined effects of aging, chemical 
treatments and vibrations.1 

The authors hope that their study will inspire further 
investigations on tonewood processing for improving 
instrument making techniques in the future. (Report-
ed by Ashish Chainani)

Fig. 1:  (a) Observed (crosses) and fitted (solid lines) neutron powder diffraction 
patterns taken at 80 K. (b) Schematic drawing of the proposed crystal-
line structure of the Rb–Co–Fe in the core and the K–Ni–Cr shell.  [Repro-
duced from Ref. 1]

Fig. 2:  Differential scanning calorimetry thermograms of 
Stradivari violin compared to Stradivari cello and mod-
ern maple, showing a distinct behavior of the Stradivari 
violins. [Reproduced from Ref. 1]

(a) (b)
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This report features the work of Hwan-Ching Tai and 
his co-workers published in PNAS 114, 27 (2017).

TLS 01C2  SWLS – X-ray Powder Diffraction
•  X-ray Diffraction
•  Materials Science

Reference 
1.  H.-C. Tai, G.-C. Li, S.-J. Huang, C.-R. Jhu, J.-H. Chung, 

B. Y. Wang, C.-S. Hsu, B. Brandmair, D.-T. Chung, H. 
M. Chen, and J. C. C. Chan, PNAS 114, 27 (2017).

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 Fe3O4 , (ii) the spin-state transition in LaCoO3 , and (iii) the 
quasi two-dimensional Nickelates La2-xSrxNiO4 (x = 0, 0.33, 0.45).

I 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.1 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 L3-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 (Fe3O4): Mag-
netite, or lodestone, is the first known magnet to 
mankind and was discussed in Greek and Chinese 
literature as early as the 4th to the 6th 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 Fe3O4 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 TV = 122 K. The crystal structure of magnetite 
consists of tetrahedral FeO4 and octahedral FeO6 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 (Td) coordinated with oxygen atoms ;  
the remaining two-thirds are termed B-sites with 
equal number of nominal Fe2+ and Fe3+ ions which are 
octahedrally (Oh) coordinated with oxygen atoms. An 
Fe2+– Fe3+ charge-ordering occurring on the B-sites 
was first suggested by Verwey as the driving force of 
this transition.2

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 
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temperature phase was not known. However, while it 
was known that the charge disproportionation in-
volves changes in the nominal Fe2+– Fe3+ states asso-
ciated with the B-sites, X-ray diffraction studies of the 
low-temperature phase of magnetite microcrystals re-
vealed that the t2g electrons of the B-sites are not fully 
localized but are distributed over linear three-Fe-site 
units termed trimerons.3 The trimerons are coupled to 
the Jahn-Teller distortion of B-site Fe2+O6 octahedra, 
as illustrated in Fig. 1, while the B-site Fe3+O6 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 TV, 
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 L3-edge was used to reveal 
the low-energy spin-orbital excitations of Fe2+ 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 TV 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 Fe2+ sites. Thus, 

Fig. 1:  Trimeron scenario and t2g energy-level splitting. Illustra-
tion of the orbital ordering of B-site Fe2+ in Fe3O4 and the 
corresponding t2g energy-level splitting for a Fe2+ ion in 
a negative Dt2g 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]

Fig. 2:  RIXS measurements of Fe3O4. (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 φ = 90° and the incident angle φ = 20°. Panels c and d show data measured at 80 
K, while panel e shows data measured at 550 K. [Reproduced from Ref. 4]

the magnetic polarons are the precursors leading to 
the monoclinic distortion seen below TV and solves 
a long-standing problem connecting its electronic 
structure with local crystal structure changes above 
the Verwey transition.4 

(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. 

(a)
(c) (d) (e)

(b)
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The transition metal perovskite oxide LaCoO3 is a 
prototypical example of a spin-state transition in 
solids, and is undisputedly identified as being in a LS 
state below 20 K.5 Its magnetic susceptibility χ(T) rises 
sharply with increasing temperature and exhibits a 
maximum around 100 K, before trailing off at high-
er temperatures. This temperature dependence of 
χ(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 χ(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:5 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 
LaCoO3 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.6 In addition, first-principles calculations 
have shown that the screening by eg electrons is 
more efficient than t2g electrons in transition metal 
oxides. This is mainly because eg electrons strongly 

hybridize with 2p states of nearest-neighbour oxy-
gens and exhibit a tendency towards delocalization, 
forming broad σ 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 LaCoO3 
(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 

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]

Fig. 4:  Temperature-dependent RIXS of LaCoO3. (a) RIXS spectra 
of single-crystal LaCoO3 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 Co3+ with 10Dq = 0.595 eV. The 
vertical dashed line gives a guide to the eye. (b) RIXS of 
polycrystalline EuCoO3, LaCo0.5Ni0.5O3, and Sr2CoO3Cl at 
20 K. By using π-polarized incident X-rays of energy set 
to L3-2.5 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]

(a)

(b)
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Fig. 5:  (a)–(c) Simulated RIXS of LaCoO3 at temperatures 60, 100, and 300 K by using 
the LS and HS reference spectra discussed in the text. (d) LS and HS populations 
obtained from simulations for various temperatures. Open squares and closed 
circles are deduced spin-state populations from RIXS data. The solid line plots 
the calculated HS population fHS with Ei = 13, 35.5, and 72.5 meV and νi = 3, 5, 
and 7. The dotted line is the LS population fLS = 1 – fHS. Inset: calculated energies 
of the 5T2g states about the LS-HS transition. Green circles indicate the average 
energies of Jeff = 1, 2, and 3 at 10Dq = 0.595 eV. (e) Comparison between mea-
sured χ(T) from SQUID and deduced χ(T) from RIXS data. (f) The energy shift 
ΔE between the measured and simulated energies of RIXS excitations from 
the ground state 1A1g to 1T1g without spin change as a function of temperature. 
[Reproduced from Ref. 7]

Fig. 6:  (a) Schematic showing the tetragonally elongated NiO6 octahedra present in La2−xSrxNiO4, and corresponding energy 
level diagram plotted in blue. The electrons, in black, occupy levels in a 3d8

 S = 1 configuration. (b) shows the known 
antiferromagnetic ordering of these spins. (c) La2NiO4 Ni L3-edge RIXS energy map collected at QII = (0.74π, 0). White 
bars correspond to calculated energies. (d) Ni L3 edge RIXS atomic multiplet calculation using parameters described in 
the text. [Reproduced from Ref. 10]

crossover in LaCoO3. Resonant 
Inelastic X-ray Scattering (RIXS) 
combined with charge-transfer 
multiplet calculations were used 
to reveal the renormalized crys-
tal-field excitations and the results 
provided a measure of spin-state 
populations (Fig. 5). The authors 
could thus establish a gradual 
spin-state crossover preceding 
a Mott-type insulator to metal 
transition. RIXS was thus shown to 
be very effective for fingerprinting 
the renomalized dd-transitions 
as well as the temperature-de-
pendent orbital selective spin-
charge excitations across the spin 
crossover and the metal insulator 
transition in LaCoO3.7

(iii) Spin S = 1 quasi two di-
mensional Nickelates exhibit 
dispersive magnetic excitations: 
In the past few years, while RIXS 
has emerged as an indispensable 
tool for probing spin, charge and 
orbital excitations in solids, most 
of these studies have focused on 
spin (or pseudospin) S = 1/2 based 
materials, such as cuprates or 
iridates. These materials represent 
a special case as only one Δms = 
1 spin transition is allowed on a 

(a)

(b)

(c)

(d)

(e)

(f)

(a) (c) (d)

(b)
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single atomic site (i.e., ms = −1/2 
→ ms = 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.

La2NiO4 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 3d8 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 Δms = 1 and 
2 spin flips, rather than collective 
excitations.8,9

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.10

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).

TLS 05A1 EPU – Soft X-ray Scattering
•  RIXS, XAS
•  Condensed Matter Physics, Ma-

terials Science
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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 L3-edge RIXS measurements 
of the 2D antiferromagnet La2-xSrx 

NiO4 (LSNO) and demonstrated 
that RIXS can measure collective 
magnetic excitations in S = 1 
transition metal oxides (Fig. 6(c)). 
Furthermore, ab-initio and atomic 
multiplet RIXS simulations were 
carried out to confirm the 3d8 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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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 La1-xSrxMnO3 
(LSMO) 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 (ABO3) has distinct 
surface electronic structures when its topmost layer 
is terminated differently (AO or BO2). 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/Alq3 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.1 Because 

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 Alq3 
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/Alq3 heterojunction 
with an emphasis on the possible roles played by the 
termination layer of LSMO electrode.2

LSMO is a half metal oxide that possesses nearly 
100% spin polarization. The LSMO layer used in the 
study was grown on SrTiO3 (001) (STO) single crys-
tal substrates. By varying STO terminations (TiO2-, 
SrO-, and mixed-terminations, respectively), the 
LSMO film with terminating layers of MnO2-, LSO-, 
and mixed-termination were fabricated (marked 
as MnO2-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/MnO2-ter, 
and is insensitivity to the subsequently introduced 
Alq3 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 t2g 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 

Fig. 1:  Schematic drawing of the termination dependence; FM)T1 

 and FM)T2, 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.
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spin-down bands in LSMO with LSO-ter. This finding 
implies that there should be termination dependence 
on magnetic coupling and spin filtering efficiency at 
LSMO/Alq3 junction, as illustrated in Fig. 1. 

The conclusions from the DFT calculations was con-
firmed by X-ray magnetic circular dichroism (XMCD) 
measurements. According to the Mn L-edge’s XMCD 
spectra taken from LSMO(mixed-ter)/Alq3, LSMO(Mn 
O2-ter)/Alq3, LSMO(LSO-ter)/Alq3 at 79 K, the LSMO 
with LSO-terminations gave the largest dichroic ratio 
and regardless of the termination layer, the adsorp-
tion of Alq3 causes only a slight change to the dichro-
ic ratio. This finding is in line with the magneto-op-
tical measurements and therefore indicates that the 
ferromagnetism at LSMO/Alq3 interface is primarily 
determined by LSMO itself (including the termination 
control). Finally, a combined XPS/UPS study found 
no clear evidence of charge transfer at interface, 
but does have an interfacial dipole of extent 0.5, 0.5 
and 0.7 eV at the mixed-ter/Alq3, MnO2-ter/Alq3 and 
LSO-ter/Alq3 interfaces with the positive pole toward 
the Alq3 molecules and the negative pole toward the 
LSMO film, as illustrated at Fig. 2.  

In summary, the electronic, chemical and magnetic 
properties of Alq3 deposited on three types of LSMO 

Fig. 2: Energy-level alignment diagram at mixed-ter/Alq3, MnO2-ter/Alq3, and LSO-ter/Alq3 interfaces. [Reproduced from Ref. 2]

A close view of the sample in the analysis 
chamber for XPS measurement.

terminated layers were investigated experimentally 
and theoretically. Given the finding that LSMO reacts 
weakly with Alq3, and the magnetic properties and 
half-metallicity of LSMO layer are termination depen-
dent, it should be possible to tune the energy barriers 
of each spin channel (spin filtering) with the termina-
tion layer of complex oxide electrode. (Reported by 
Der-Hsin Wei)

This report features the work of Yao-Jane Hsu and her 
collaborators published in J. Mater. Chem. C 5, 9128 
(2017).

TLS 09A2  U50 – Spectroscopy 
•  XPS, NEXAFS
•  Materials Science, Chemistry, Surface, Interface and 

Thin-film Chemistry, Condensed Matter Physics
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Fig. 2:  (a) In situ V L-edge XAS spectra recorded in real time with the V2O5 film exposed to H2/
N2 (1:9) gas. (b) Spectral deconvolution using four different 3d orbital symmetries. Three 
spectra taken at 10, 30, and 60 min after gasochromic reaction are presented, (c) dx2–y2/
dz2 ratios in spectra shown in (b). [Reproduced from Ref. 2]

Now You See It
Smart window that modulates the heat and/or light transmission can reduce the energy 
consumption of buildings. Monitoring their operation with operando X-ray spectroscopic 
measurements reveals how the electronic and atomic structures of a smart film evolve when 
turning the knob.

A room with a window letting in light but not heat 
takes less energy to cool down in summer, but 

the smart window allowing independent control 
over its heat/light transmission can save energy all 
year long. After more than a decade of efforts, the 
so-called smart windows are making its way to mar-
ket with its optical transmission adjusted simply by 
turning the knob or flicking a switch. The way a smart 
window works is to supply an external stimuli such 
as UV irradiation, temperature change, electric field, 
or gas exposure to modulate a glass’s optical char-
acteristics.1 Under a given stimulation, the glass that 
responses stronger is considered the better candidate 
for smart windows. However, while the practical ap-
plications of smart glass are marching forward, fun-
damental problems continue to confront scientists. 
For example, there is little knowledge regarding if 
and how the atomic/electronic structure of a “glass” 
would change during its 
coloration.

Conceptually, the light-mat-
ter interaction is where the 
optical property is rooted. 
It is therefore a good idea 
to monitor the evolution of 
electronic structure in real 
time so that any modifica-
tions introduced by a stimu-
lus can be easily identified. 
That is exactly what Chung-
Li Dong (Tamkang Univer-
sity) and his team did to 
investigate the gasochromic 
thin film of vanadium pent-
oxide (V2O5).2 Using a home-
made in-situ gas cell on at 
TLS 20A1, Dong’s team was 
able to set up a reaction 
environment (a mixture of 
H2 and N2 gases at 760 torr) 
in the ultra-high vacuum 
condition (in the order of 
10-10 torr). They acquired the V 
L-edge X-ray absorption spec-
tra from a sol–gel spin-coated 

Fig. 1:  Optical transmission of V2O5 film shows a significant 
modulation in the range of visible wavelengths 
(550–800 nm) when exposed to H2/N2 (10:90) gas at 
760 torr. Photographs shows colors of film in colored 
and bleached states. [Reproduced from Ref. 2]

(a) (b)

(c)
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vanadium oxide (V2O5) thin film placed inside the gas 
cell. V2O5 thin film has been used in electrochromic 
coloration, but little is known regarding if, and how, 
the atomic/electronic structures of a V2O5 thin film 
were modulated at the same time. 

Figure 2(a) illustrates the L-edge spectra taken from 
gasochromic V2O5 under color switching. Two more 
spectra recorded from VO2 and V2O5 crystals were 
added in to serve as references. A typical V L-edge 
spectrum has two broad peaks centered at about 
518 and 525 eV that feature the transitions from two 
spin-orbit split 2p states to 3d states. Considering 
the 2p orbital is localized on V, the L-edge intensity is 
directly proportional to the unoccupied d-character. 
As shown in Fig. 1(a), the main peak of the V L3-edge 
shifts to a lower energy as the reaction proceeds 
(marked by arrows). This is an indication of vanadium 
receiving charge upon hydrogen absorption.   

In addition to the change of absorption resonance 
energy, the profile of a XAS spectrum is informative 
too. As shown in Fig. 2(b), V L3 peak is decomposed 
into four components that each of them corresponds 
to a specific V 3d orbital symmetry (A: 3dxz & 3dyz, B: 
3dxy, C: 3dx2–y2 and D: 3dz2).  A fit of these spectra re-
corded at three coloration stages (10, 30 and 60 min) 
returns with the findings that the coloration leads to 
different intensity variation among the four sub-com-
ponents of L3-edge. In particular, with the increase 
of intensity at component A (more empty d states, 
weaker hybridization along z-axis) and decrease 
of intensity at component B (less empty d states, 
stronger hybridization at basal plane), it is apparent 

that coloration leads to a strengthened interaction 
between V atoms and basal oxygen. This finding is 
consistent with the intensity variation found between 
components C and D that count the electron density 
distributed along all three axes (x,y,z).  According to 
Fig. 2(c), the increase of intensity ratio between dx2-y2 
and dz2 is a consequence of the central V atom mov-
ing closer to the basal plane after the gasochromic 
coloration. 

In summary, Dong used operando XAS measure-
ments to reveal that, for a V2O5 film going through 
the gasochromic coloration process, there are not 
only changes on the charge state of vanadium, but 
also modification on the local atomic symmetry of 
V2O5. The injected hydrogen atoms cause a structural 
deformation from pyramid-like to octahedral-like 
symmetry. (Reported by Der-Hsin Wei)

This report features the work of Chung-Li Dong and 
his collaborators published in Phys. Chem. Chem. Phys. 
19, 14224 (2017).

TLS 20A1  BM – (H-SGM) XAS 
•  XANES, XFS, PSD, XPS, AES
•  Materials Science, Chemistry, Surface, Interface and 

Thin-film Chemistry, Condensed Matter Physics
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Novel Route to Effective Doping at Heterostructure 
Interfaces
Doping carriers across interfaces of thin film heterostructures is an extremely sensitive and 
important requirement for controlling their emergent properties. Atomically precise termi-
nation is now shown to be a novel route to effectively dope superconductor/ferromagnet 
(YBa2Cu3O7-x/La0.7Ca0.3MnO3) heterostructures.

H eterostructures hold tremendous potential for creating emergent properties not seen in single phase bulk 
materials. Since the discovery of a 2-D (2-dimensional) electron gas at the LaAlO3-SrTiO3 interface,1,2 there 

have been several important results revealing unexpected properties of interfaces: controlling a 2D electron gas 
with a ferroelectric,3 orbital reconstruction at superconductor-ferromagnet interfaces,4 etc.

In this article, we discuss the work carried out by Ying-Hao Chu (National Chiao Tung University) and his co-work-
ers,5 which reported on the successful development and observation of termination control for effectively dop-
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Fig. 1: Epitaxial design of heterointerfaces: schematic of the 
interfacial control of LCMO/YBCOd with different 
interfaces. (a) Shows the MnO2-terminated interface 
(La0.7Ca0.3O-MnO2-BaO-CuO2), for which the charges are 
very difficult to transfer because CuO chains are very far 
from the interface (indicated by a dashed line) while 
(b) shows the La0.7Ca0.3O-terminated (MnO2-La0.7Ca0.3O-
CuO2-BaO) interface which uses an SRO layer, and for 
which electrons can transfer easily from LCMO to YBCO 
due to the CuO chains at the interface (indicated by solid 
lines). [Reproduced from Ref. 5]

Fig. 2: (a) Transport properties of LCMO/YBCOd with different interfaces: YBCO thickness dependence of the superconducting transi-
tion temperature with either MnO2- or La0.7Ca0.3O-terminated interfaces. (b) Low-temperature magnetization as a function of 
the YBCO layer thickness for two different interfaces.  (c) The Mn valence state vs. the absorption edge energy of the MnO2-ter-
minated (black symbols) and La0.7Ca0.3O-terminated (red symbols) samples. La1-xCaxMnO3 (where x = 0, 0.3, 0.6, and 1) was used 
as the reference samples, combined with the Mn2O3 (Mn3+) and MnO2 (Mn4+) standard samples to determine the Mn valence 
state. (d) The Mn valence state as a function of YBCO thickness for the two different interfaces. [Reproduced from Ref. 5]

(a)

(a)

(c)

(b)

(b)

(d)
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ing a superconductor-ferromagnet heterostructure 
of YBa2Cu3O7-x/La0.7Ca0.3MnO3 (YBCO/LCMO). The 
authors achieved an atomically precise interface 
control of YBCO/LCMO heterostructures, that is, they 
succeeded to make heterostructures with a MnO2-ter-
minated (Fig. 1(a)) interface and a La0.7Ca0.3O-termi-
nated (Fig. 1(b)) interface. The MnO2-terminated het-
erostructure corresponds to the STO(SrTiO3)/LCMO10 
nm/YBCOd structure while the La0.7Ca0.3O-terminat-
ed one corresponds to the STO/SRO2.5u.c. (SrRuO3)/
LCMO10 nm/YBCOd structure. The authors first used 
high-angle annular dark-field scanning transmis-
sion electron microscopy to confirm the two distinct 
terminations and interfaces. The authors then fixed 
the LCMO layer thickness to 25 units cells (~10 nm) 
and varied the thickness d of the YBCO layer. From 
a systematic set of electrical resistivity and magneti-
zation measurements, they could establish that the 
MnO2-terminated samples showed a consistently 
higher superconducting transition temperature TC 
(Fig. 2(a)) and a larger magnetization (Fig. 2(b)). For 
the lowest thickness of d = 6 nm, an intriguing result 
was obtained: the La0.7Ca0.3O-terminated sample was 
insulating while the MnO2-terminated sample was 
superconducting with an onset TC ~40 K. 

Subsequently, synchrotron based X-ray absorption 
spectroscopy (XAS) and X-ray magnetic circular di-
chroism (XMCD) studies were carried out at NSRRC to 
understand the changes in the electronic structure. 
From a systematic study of the Mn K-edge and L-edge 
XAS, they could show that the Mn valence depends 
on the termination and changes systematically with 
the thickness d (Fig. 2(c)). In addition, the suppres-
sion of the magnetization in the La0.7Ca0.3O-terminat-
ed samples by magnetization and XMCD measure-
ments was consistently confirmed. Thus, the authors 
could show that the MnO2-terminated samples al-
ways showed (i) a larger magnetic moment of Mn, (ii) 
a lower valence state of Mn, and (iii) a higher super-
conducting TC compared to the La0.7Ca0.3O-terminated 
samples (Fig. 2(d)).

Since the results clearly indicated a relationship be-
tween larger FM fluctuations with stronger supercon-
ductivity, it could be concluded that the conventional 
scenario of ferromagnetism competing superconduc-
tivity does not hold for these heterostructures. And 
since it is known from earlier work that electronic 
charge gets transferred from Mn to Cu ions across 

the interface and induces a major reconstruction of 
the orbital occupation and orbital symmetry in the 
interfacial CuO2 layers,3 the authors have proposed 
that the differences in the interfacial structure (Fig. 1) 
of the MnO2-terminated and La0.7Ca0.3O-terminated 
interfaces leads to a difference in charge-transfer for 
the two cases. This is fully consistent with the low-
er Mn-valency of the MnO2-terminated interfaces 
and leads to their higher superconducting TC values. 
The results thus conclusively show that termination 
control is a useful degree of freedom to effectively 
manipulate the doping and physical properties of 
heterostructures. (Reported by Ashish Chainani)

This report features the work of Ying-Hao Chu and his 
co-workers published in App. Phys. Lett. 110, 032402 
(2017).

TLS 11A1 BM – (Dragon) MCD, XAS
TLS 20A1 BM – (H-SGM) XAS
•  MCD, XAS
•  Condensed Matter Physics, Materials Science
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Correlations and Dynamics of Spins in an XY-Like 
Spin-Glass (Ni0.4Mn0.6)TiO3 Single Crystal System
Elastic and inelastic neutron scattering studies of the spatial and temporal correlations of 
spins in the XY-like spin-glass state.

S pin-glass (SG) systems are examples of frustrated 
magnetism and have attracted much interest 

as they exhibit a wide range of interesting physical 
phenomena, such as history-dependence and diver-
gent nonlinear magnetic susceptibilities. Typically, 
the combination of competing exchange interactions 
and either site or bond disorder leads to an SG state. 
However, in some stoichiometric intermetallic com-
pounds, such as PrAu2Si2 and PrRuSi3

1,2, which exhibit 
neither static disorder nor a geometrically frustrated 
lattice, transition to the SG state has been observed. 
Inelastic neutron scattering (INS) studies have shown 
that the SG behavior in these systems arises from 
dynamic fluctuations of the crystal field levels. These 
fluctuations destabilize the induced magnetic mo-
ments and frustrate the development of long-range 
magnetic ordering. To date, neutron scattering has 
proven to be a powerful tool for elucidating the 
nature of static and dynamic magnetic correlations 
in the SG state. However, the different behaviors 
depending on whether one is dealing with the Ising-, 
XY- or Heisenberg-type of SG systems is still a subject 
of research.3,4 In the present work done by Way-
Faung Pong (Tamkang University) and his co-work-
ers,3 they focus on an XY-like SG system (Ni0.4Mn0.6)
TiO3 (NMTO) that exhibits memory and relaxation 
effects and has more recently been reported to exhib-
it linear magnetoelectric (ME) coupling.4,5

Figure 1(a) presents mesh scans of the single crys-
tal of NMTO at Ef = 5.5 meV around the (0, 0, 1.5) 
position at a temperature (T) of 1.5 K. The reciprocal 
lattice point (0, 0, 1.5) represents the first antiferro-
magnetic peak in the parent compound, NiTiO3. The 
T-dependence of this scattering in NMTO indicates 
that it is magnetic in origin similar to that observed in 
the neutron powder diffraction pattern. To eliminate 
contributions from nonmagnetic nuclear scattering 
and higher-order contaminations, data obtained at 
30 K (Fig. 1(b)) were subtracted from those obtained 
at 1.5 K (Fig. 1(a)). Figure 1(c) displays the pattern 
following subtraction. The anisotropy of the pat-
terns in the [0, 0, L] and [H, H, 1.5] directions is the 
signature of two spin-spin correlation lengths, ξ. To 
determine reliably spatial correlation, ξ value in both 
directions and their dependence on T ≈ TSG, ENS data 
were obtained systematically from 1.5 to 30 K.

Figure 2 displays the T-dependent ENS profiles for 
NMTO around the (0, 0, 1.5) reciprocal lattice point 
in (a) the inter-plane/layer ([0, 0, L]) direction and 
(b) the in-plane ([H, H, 1.5]) direction at several tem-
peratures around TSG, obtained at Ef  = 3.7 meV. The 
scattering pattern includes a central Bragg-like peak 
and background (BG). As the T increases from 1.5 K 
to above TSG, the intensity of central peak decreases, 
reaching close to zero at temperatures of above 12 

K. The observed patterns are well fitted 
by a Lorentzian function, which rep-
resents magnetic diffuse scattering 
from the sample with the addition of a 
constant BG term. Therefore, the total 
scattering function is:

  

where AL and KL represent the inte-
grated intensity and HWHM of the 
Lorentzian function, respectively. 
Figures 2(a) and 2(b) show fitting 
results using the above function. Dif-
ferent value of ξ (ξ ≈ KL

-1) was obtained 
in the two directions. At 1.5 K, in the 
inter-plane/layer direction, the ξ is ≈ 
(21 ± 1) Å, while in the in-plane di-

Fig. 1: Mesh scans around (0, 0, 1.5) reciprocal lattice point at (a) 1.5 K and (b) 30 
K at Ef = 5.5 meV. To remove nonmagnetic contributions, 30 K data were 
subtracted from 1.5 K data and results are shown in (c). [Reproduced from 
Ref. 3]

 I(Q)=BG+
AL KL

π [KL
2+ Q2 ] 

I(ω)=BG+ YG+
AL ΓL

π [ΓL
2+ (ћω)2 ] 
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Figs. 2(a) and 2(b) indicate the strong T-dependence 
of ξ and AL. Increasing the T reduces drastically both 
ξ and AL, which are close to zero at 20 K. The increase 
in AL below TSG suggests that the number of antifer-
romagnetically correlated clusters increases as the T 
decreases. Further, integrated intensity of the mag-
netic diffuse scattering is proportional to the square 
of local sublattice magnetization (order parameter). 
Near the SG transition it follows a power-law, I ∝ (TSG 
- T)2β where β is the critical exponent related to the 
order parameter. The integrated intensities along two 
directions in the T range from 1.5 to 12 K have been 
fitted with the power-law using β and TSG as fitting 
parameters. The continuous lines in the insets corre-
spond to the fitting with β ≈ (0.37 ± 0.02) and TSG ≈ 
(12.4 ± 0.1) K. The value of exponent, β is close to XY 
model and therefore confirms the XY-like nature of 
SG state of NMTO. The value obtained for TSG is higher 
than that obtained from the magnetization measure-
ment due to the non-zero integrated intensity even 
above 9.1 K and can be assigned to the slow dynam-
ics of SG systems. To establish the dynamics of the 
experimentally observed short-range spin-spin cor-
relations, INS data were collected slightly away from 
the (0, 0, 1.5) point to avoid the strong elastic scatter-
ing but sufficiently close to obtain a reasonable signal 
from the short-range spin-spin correlations. 

Figures 3(a) and 3(b) present the INS spectra as 
functions of energy transfer (E) for NMTO from 1.5 to 
50 K; two positions (a) (0, 0, 1.52) and (b) (0.01, 0.01, 
1.50) corresponding to transverse and longitudinal 
displacements from (0, 0, 1.50) reciprocal lattice point 
are measured. Owing to the very low intensity of qua-
si-elastic neutron scattering (QENS), the insets in Figs. 
3(a) and 3(b) display a magnified view of the tail 
region. QENS profiles are indicated by arrows and can 

Fig. 2: T-dependence of ENS spectra in (a) the inter-layer plane 
direction ([0, 0, L]) and (b) in-plane direction ([H, H, 1.5]) 
between 1.5 and 30 K. [Reproduced from Ref. 3]

Fig. 3: INS spectra as a function of energy transfer (E) for NMTO from 1.5 to 50 K in (a) (0, 0, 1.52) and (b) 
(0.01, 0.01, 1.50) positions. Insets in (a) and (b) show magnified view that show QENS at T from 1.5 
to 12 K, indicated by arrows. [Reproduced from Ref. 3]

rection it is ≈ (73 ± 2) Å. Figure 2(a) reveals that the 
inter-plane/layer ξ exceeds the distance between the 
neighboring Mn/Ni layers (c/3 = 4.7066 Å). Generally, 
a small ξ corresponds to the nanometer-scale spin 
clusters. These features further indicate that the mag-
netic spin-spin correlations are quasi 2D. The insets in 

(a)

(b)

(a) (b)
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be modeled using a Lorentzian func-
tion. The total scattering function is: 

where BG is the background, YG rep-
resents the resolution-limited elastic 
Gaussian component and AL & ΓL are 
the integrated intensity and HWHM of 
the Lorentzian function, respectively. 
INS data at 50 K are closely described 
using a single Gaussian function, but 
the tails that arise from QENS are well 
fitted using a single Lorentzian com-
ponent. Therefore, all INS data were 
analyzed using the aforementioned 
function. The HWHMs of the elastic 
Gaussian components (instrumental 
resolution) are (0.029 ± 0.007) and 
(0.030 ± 0.007) meV for (0, 0, 1.52) 
and (0.01, 0.01, 1.50) positions. These 
HWHMs are determined using vanadi-
um scans under similar conditions and 
held fixed during fitting. 

Figures 4(a) and 4(b) plot the varia-
tions of the obtained parameters AL 
and ΓL as a function of T for the two 
positions. Figures 4(c) and 4(d) show 
the elastic Gaussian contributions (AG 
and ΓG). The AG of the elastic Gaussian 
component remains nearly constant 
for T ≥ 20 K but starts to increase 
rapidly as the T falls below 12 K. These 
results indicate that for the two posi-
tions, the integrated intensity of the 
quasi-elastic Lorentzian component is 
zero for T ≥ 20 K, but that of the elastic 
Gaussian component is almost con-
stant for T ≥ 20K with a HWHM that 
is still comparable to the instrumental 
resolution. The T-dependence of the 
integrated intensity of the QENS (AL) 
profiles is similar to those observed for 
some other SG systems and attributed 
to the slow dynamics of the spin cor-
relations. However, the spin-relaxation 
rates (ΓL) decrease drastically as the T 
falls below TSG. The rapid decrease of 
the relaxation rate below TSG has been 
observed in many SG systems and 
saturates for T < 5 K to a value that 
is close to the resolution limit of the 
instrument. The spin-relaxation rates 
at 10 K for (0, 0, 1.52) and (0.01, 0.01, 
1.50) positions are ΓL ≈ (0.21 ± 0.01) 

and ≈ (0.16 ± 0.02) meV, respectively. The life-time of the dynamic 
correlations, τ ≈ ћ/ΓL, are approximately (16 ± 1) and (16 ± 2) ps at 10 
K for the two positions, which are comparable to those of typical SG 
systems. However, the abrupt increase in the intensity of the elastic 
Gaussian component as the T falls below 12 K reveals that there are 
two magnetic contributions in the NMTO: first, short-range spin cor-
relations give rise to QENS and can be described using a Lorentzian 
function and second, a slower component that appears static within 
our instrumental resolution can be described using the Gaussian 
function. 

In summary, a XY-like SG system, NMTO, with ME coupling was stud-
ied using various experimental techniques. Magnetization measure-
ments show that the SG state of NMTO is stable below TSG ≈ 9.1 K. 
Neutron powder diffraction experiments verify strong magnetic dif-
fuse scattering around the (0, 0, 1.5) reciprocal lattice point at 1.6 K 
which correlates with the AFM zone centre of the parent compound. 
ENS experiments on a single crystal of NMTO also reveal magnetic 
diffuse scattering around the (0, 0, 1.5) reciprocal lattice point for T ≤ 
12K. The small values of ξ provide the evidence that magnetic cor-
relations are quasi 2D. Moreover, critical exponent (β) obtained from 
the intensity of magnetic diffuse scattering lies close to the XY spin- 
glass system. INS results suggest that the dynamics of the spins start 
to freeze for the both positions below TSG, saturating at values that 
are close to the instrumental resolution. The life-time of the dynamic 
correlations, τ~ ћ/ΓL are approximately (16 ± 1) and (16 ± 2) ps at 10 
K for the (0, 0, 1.52) and (0.01, 0.01, 1.50) positions. Therefore, the 
detailed investigation of T-dependent magnetization, powder neu-
tron diffraction, ENS and INS data herein reveal that short-range-or-
dered antiferromagnetic clusters with slow spin dynamics are char-
acteristics of the SG state of NMTO. (Reported by Shang-Hsien Hsieh, 
Tamkang University)

Fig. 4: T-dependence of half width at half maximum (ΓL and ΓG) and integrated 
intensities of Lorentzian (QENS) and Gaussian (central elastic) components 
in (a) & (c) (0, 0, 1.52), and (b) & (d) (0.01, 0.01, 1.50) positions. [Reproduced 
from Ref. 3]
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This report features the work of Way-Faung Pong and his collaborators published in Phys. Rev. B 95, 024425 (2017).

ANSTO-CG4 SIKA – Cold Neutron Triple-axis Spectrometer
•  ENS, INS, QENS
•  Materials Science, Solid State Physics, XY-like Spin Glass
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Orbital Anisotropy Drives the Charge-Density 
Wave Transition in SrFeO3-δ
From a combination of experiments, it is shown that orbital anisotropy is the origin for the 
temperature dependent anisotropic electrical transport, magnetization, nearest neighbor 
Fe–O bond lengths and linear dichroism in a single crystal perovskite oxide SrFeO3-δ, across 
the charge density wave transition.

T ransition metal compounds (TMCs) form an ex-
tremely important class of compounds in the field 

of strongly correlated electron systems due to their 
wide range of tunable properties. Among TMCs, the 
large variety of fascinating properties exhibited by 
perovskite oxides, such as high-temperature super-
conductivity, spin- and charge-order, colossal/giant 
magnetoresistance (CMR/GMR), etc. makes it one of 
the most attractive family of compounds for materi-
als research. It is well-accepted that the tunability of 
their properties arise from the tunability of transition 
metal-ligand chemical bonding. However, it is chal-
lenging to experimentally probe the direct connec-
tion between the temperature dependent electronic 
structure changes across phase transitions with the 
transport, magnetic and crystal structure changes 
in such materials. In this article, we discuss a very 
important study on a classic perovskite oxide system 
SrFeO3-δ, which displays a rich phase diagram as a 
function of temperature and oxygen content.  

It is well-known that the structural, magnetic and 
transport properties of the perovskite SrFeO3-δ vary 
significantly with oxygen content and the valence 
state of Fe.1-4 The known phases of SrFeO3-δ include 
stoichiometric SrFeO3 (δ = 0), which has a cubic per-
ovskite structure with a valence state of Fe4+, the 
mixed valent oxygen-deficient phases with tetragonal 

(δ = 0.125) and orthorhombic (δ = 0.25) structures, 
and the purely Fe3+ brownmillerite (δ = 0.50) phase. 
In the oxygen-deficient SrFeO3-δ systems, giant 
negative magnetoresistance has been observed 
in the tetragonal phase, which coincides with a 
charge-density-wave (CDW) and magnetic ordering 

Fig. 1: Temperature-dependence of electrical resistivity of a 
single crystal of SrFeO2.81, measured in ab-plane and 
along c-axis. Right inset shows temperature-dependence 
of magnetic susceptibility (χ) measured along c-axis in 
ZFC and FC runs in a magnetic field of 1 Tesla, and left 
inset presents room-temperature x-ray diffraction profile 
showing (004) Bragg peak obtained in θ-scan. [Repro-
duced from Ref. 5]



Physics and M
aterials Science

A
CTIV

ITY
 REPO

RT  2017

025

transition. This transition exhibits a wide thermal hys-
teresis (~40 to ~75 K) in electrical resistivity and mag-
netization, suggestive of a first-order phase transition 
(Fig. 1). The thermal hysteresis around the transition 
temperature (close to the temperature for suscepti-
bility maximum, Tm ~75 K) has been attributed to the 
coexistence of antiferromagnetic and paramagnetic 
phases. 

In an extensive investigation of the electronic struc-
ture and crystal structure of tetragonal SrFeO2.81 by 
polarization dependent X-ray absorption near edge 
spectroscopy (XANES), valence-band photoemission 
spectroscopy (VB-PES) and extended X-ray absorption 
fine structure (EXAFS) carried out by Way-Faung Pong 
(Tamkang University) and his co-workers, the authors 
could establish the role of temperature dependent 
orbital occupancy of Fe 3d states and its relation with 
lattice distortion and thermal hysteresis in the elec-
trical and magnetic properties.5  The authors could 
also show the band gap opening as a function of 
temperature across the CDW transition accompany-
ing the electrical and magnetic transition. All experi-
ments were carried out during warming and cooling 
runs with normal incidence (E//ab-plane, θ = 0°) and 
at a glancing incidence angle (near E//c-axis, θ = 70°). 

Figure 2(a) and 2(b) shows the X-ray linear dichro-

ism (XLD) data measured at the Fe L-edge for Sr-
FeO2.81 in the warming and cooling cycles. The data 
show that SrFeO2.81 exhibits a clear hysteresis in the 
linear dichroism data as a function of temperature in 
the warming and cooling cycles. In particular, a sign 
change in the linear dichroism signal is seen in the 40 
K and 60 K spectra in the warming cycle compared 
to the cooling cycle. Figure 2(b) reveals that the sign 
of the XLD feature is negative during cooling down 
to 40 K, suggesting that Fe eg electrons preferentially 
occupy the out-of-plane 3d3z

2
-r

2 orbitals. In contrast, 
Fig. 2(a) shows that during the warming process, the 
signs of the XLD spectra are reversed, being positive 
at 40 and 60 K, suggesting that the Fe eg electrons 
preferentially occupied the in-plane 3dx

2
-y

2 orbitals. 
This confirms that the corresponding hysteresis in 
electrical transport and magnetism originates in the 
orbital occupancy of Fe 3d electrons.

In order to obtain detailed information about the 
temperature dependence of the local structure 
around the Fe atoms, Fig. 3 presents a magnified 
view of the main feature corresponding to the near-
est-neighbor (NN) Fe–O bond length observed in the 
Fourier-transformed (FT)-EXAFS data of SrFeO2.81. 
The intensity of the main FT feature is a minimum at 
300 K for both E//ab-plane and E//c-axis in both the 
warming and cooling processes. As the temperature 

Fig. 2: Temperature-dependence of normalized Fe L3,2-edge XANES spectra of single crystal of 
SrFeO2.81 at two angles of incidence, θ = 0° and 70°, during warming and cooling. Bottom 
panels show corresponding XLD spectra. [Reproduced from Ref. 5]

(a) (b)



Physics and M
aterials Science

A
CTIV

ITY
 REPO

RT  2017

026

increases from 40 K to 80 K, the intensity of the main FT feature increases, and then decreases as the tempera-
ture is increased further. The Debye-Waller (DW) factors σ2 and NN Fe-O bond lengths obtained from the data 
are plotted in Fig. 4 and exhibit anisotropic behavior in the ab-plane and along the c-axis. It was seen that the 
DW factors in the ab-plane abruptly increase when the temperature decreases below Tm. The sudden increase 
below the transition temperature (Fig. 4(a)) with thermal hysteresis indicates that the crystal structure of Sr-
FeO2.81 exhibits much greater static disorder below Tm than above Tm. This is due to the soft-phonon mode be-
havior which is related to a breaking of the crystal symmetry in the ab-plane of SrFeO2.81. The unusually high DW 
factors in the ab-plane and the thermal hysteresis suggest that the local structural ordering of SrFeO2.81 differs 
between the ab-plane and the c-axis in both warming and cooling processes. The authors speculate that this 
difference may be due to the difference between the occupancy of the out-of-plane and in-plane Fe 3d orbitals, 
as observed in the temperature-dependent XLD spectra in Fig. 2. 

Finally, the authors also carried out valence band photoemission spectroscopy with photon energy hυ = 58 eV 
and O K-edge XANES spectra of SrFeO2.81 during warming and cooling processes to check for the band gap 
opening. The results showed a clear band gap opening with hysteresis indicating a metal-insulator transition in 
SrFeO2.81, thus confirming the CDW nature of the SrFeO2.81 single crystal at low temperatures.5 It is interesting to 
note that similar behavior of the orbital anisotropy accompanies the orbital ordering and nematicity phenomena 
in the iron pnictide based superconductors.6,7 (Reported by Ashish Chainani)

 This report features the work of Way-Faung Pong and his co-workers published in Sci. Rep. 7, 161 (2017). 

TLS 01C2  SWLS – X-ray Powder Diffraction
TLS 11A  BM – (Dragon) MCD, XAS
TLS 17C EXAFS
TLS 21B1 U90 – Gas Phase

Fig. 3:  Temperature-dependence of the main Fourier Transform 
feature A (corresponding to the NN Fe-O bond distance) 
of Fe K-edge EXAFS for (a,b) E//ab-plane and (c,d) E//c-
axis in the warming and cooling process. [Reproduced 
from Ref. 5]

Fig. 4:  Variation of (a) DW factors σ2 and (b) NN Fe–O bond 
lengths with temperature, obtained by tting tempera-
ture-dependent Fe K-edge EXAFS for R from 1.15 to 1.96 
Å with angle of incidence θ = 0°, and R from 1.04 to 1.77 Å 
with angle of incidence θ = 70°. [Reproduced from Ref. 5]

(a)

(b)
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•  X-ray Diffraction, XANES, X-ray Linear Dichroism, K-edge EXAFS, Valence Band Photoemission Spectroscopy
•  Charge-density-wave Transition, Orbital Anisotropy
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