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A crucial topic of materials physics is to find novel 
materials for the application of future electronic 

devices. Emergent quantum phenomena in con-
densed matter systems have attracted intense world-
wide research interest over the past decade. Among 
these novel phases, such as topological insulators, 
two-dimensional (2D) materials and complex oxides, 
which host exotic surface electronic structure, are 
promising materials for the next-generation of elec-
tronics. In this year’s section on physics and materials 
science, we demonstrate the potential of electronic 
devices fabricated with transition metal dichalco-
genide (TMD) layered materials. With spatial- and 
momentum-resolved photoemission spectroscopy 
techniques, a longtime puzzle of metal-like surface 
on TMD layered materials was solved. Also, a non-vol-
atile pn diode fabricated with an atomically thin 
monolayer TMD has been realized, paving the way to 
extend Moore’s law. These findings provide a new in-
sight for controlling the conduction type and doping 
level, for 2D devices development and ultrathin flex-
ible transparent electronics. Further examples given 
in this section include spectroscopic investigations on 
complex oxides to predict the possible magnetic state 
on an edge-shared tetrahedral spin-cluster chain and 
to clarify the origin of metal-insulator transition on 
titanium oxides. (by Cheng-Maw Cheng)
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W e dream of electronic devices 
that consume less power, con-

vey information with higher speed, 
or even are elastic for flexible and 
wearable electronics. Two-dimension-
al (2D) materials may realize this for 
us. These materials are layered, with 
intra-layer covalent bonds to form the 
layer structure and then stacking with 
van der Waals (vdW) force to form the 
bulk materials. Because of the vdW 
nature, these materials can be thinned 
down to one layer and exist in the 2D 
form. 2D materials have been found 
to have a variety of electronic struc-
tures from insulator, semiconductor, 
semimetal to metal, superconductor, 
or even topological insulator. All these 
abundant electronic structures ensure 
a wide variety of interesting function-
alities while forming heterostructures. 
Among these 2D materials, the semi-
conducting layered transition metal 
dichalcogenides (TMD) have especially 
attracts attentions in recent years, 
because they can easily overcome the 
scaling limit of current complementary 
metal-oxide semiconductor technol-
ogy, or achieving atomically thin op-
toelectronics. However, there are still 
some obstacles that need to be solved, 
and the most urgent grand challenge 
is the realization of monolayer TMD 
pn homojunction, which is the funda-
mental building block of every modern 
electronic device. 

In this regard, Chung-Lin Wu (Nation-
al Cheng Kung University), Chia-Hao 
Chen (NSRRC) and their collaborators 
proposed to utilize a multiferroic (MFE) 
substrate to control the electronic 
structure of the TMD overlayer.1 The 

Fig. 1:  Schematic band diagram of a WSe2 pn homojunction derived from a ferro-
electric-pattern-assisted BFO layer. Both polarization states (Pdown and Pup) 
on a ferroelectric BFO layer can directly affect the carrier type of monolayer 
TMD with either p-type or n-type semiconducting behavior [Reproduced 
from Ref. 1]

Beyond Moore’s Law: A Non-Volatile Atomic Thin 
pn Diode
Moore’s Law recognizes that the integrated circuits (IC) industry will double the capacity of 
an IC every 18 months to two years. Following this trend, the IC industry will hit the physical 
limit soon. Semiconducting, two-dimensional materials are promising solutions to this barrier. 
A non-volatile pn diode, based on an atomically thin monolayer of WSe2 has been realized, 
paving the way to extend Moore’s law. 

MFE materials possess a controllable spontaneous electrical polariza-
tion that can be tuned with an external stimulus, and as a substrate, 
support the TMD to achieve a pn homojunction. The accumulation or 
depletion of an inevitably charged mobile carrier occurs in the TMD 
to screen the polarization field of the MFE substrate. 

In this featured article, Wu, Chen and their collaborators utilized a 
BiFeO3 (BFO) as the MFE substrate, by turning the polarization field, 
they successfully demonstrated the respective WSe2 electron-filling 
(n-type) and electron-emptying (p-type) regions configured and 
modified with the ferroic domains of the BFO substrate, and thus de-
fine a monolayer WSe2 pn homojunction, as the schematic drawing 
showed in Fig. 1.

How do they know it is a pn homojunction? Wu and Chen employed 
the scanning photoelectron spectromicroscopy (SPEM) located at 
TLS 09A1 to verify it. The WSe2 flakes were normally only tens of μm2 
in size and 0.7 nm thick and without a microscope; it is impossible to 
study them. Combining the surface sensitive nature of synchrotron 
radiation based photoelectron spectroscopy and microscope capabil-
ity, SPEM is an ideal tool to study such system. 
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As showed in Fig. 2(a), a direct visualization of triangular WSe2 flake was achieved by imaging the W signal. 
The energy shift (ΔECL) of Se 3d and W 4f signal in Fig. 2(a) can directly be interpreted as the Fermi level shift 
between the Pup and Pdown regions. The energy positions of Bi 4f emitted from the substrate were constant (Fig. 
2(b)) further support this assertion. The Fermi level shift at Pup and Pdown areas are summarized as the band dia-
gram showed in Fig. 2(c). This is clearly a semiconductor band alignment of a pn diode.

In summary, Wu and Chen used a multiferroic material to support WSe2 and constructed a monolayer diode. 
They used SPEM to confirm the formation of a pn homojunction. This simple approach showed a non-volatilely 
rectification behavior without assistance of gate biasing. This diode shows strong current-rectifying behavior in 
the electrical transport properties, which confirms the results revealed in the homojunction band structure. This 
work provides a non-volatile control of TMD doping and a promising way to produce a pn homojunction as a 
future building block of 2D device applications. (Reported by Chung-Lin Wu, National Cheng Kung University)

This report features the work of Chung-Lin Wu, Chia-Hao Chen and their collaborators published in in Nature Com-
mun. 9, 3143 (2018).

Fig. 2:  SPEM images and μ-PES measurements on the WSe2 pn homojunction. Se 3d, W 4f, and Bi 4f core-level photoelectron spectra 
measured with SPEM in Pup and Pdown regions of a WSe2/BFO homojunction. (a) Core-level spectra of Se 3d and W 4f recorded 
from a Pdown (blue) and a Pup (orange) region. SPEM images of W 4f taken in 34.6 eV and 35.4 eV, which correspond to a Pdown 
and a Pup region, respectively. (b) Core-level spectra of Bi 4f emitted from the BFO substrate. (c) The band structure deduced 
from a reveals the pn junction for WSe2 in Pdown and Pup regions near 300 K. [Reproduced from Ref. 1]
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Toward Next-Generation Electronic Devices
An atypically large electron concentration makes difficult the fabrication of transistors with 
transition-metal dichalcogenide layer materials. Clarifying the puzzle with angle-resolved 
photoemission spectra can enable to achieve quasi-intrinsic electronic devices with these 
two-dimensional materials.

U nlike graphene that is a gapless semiconductor, 
two-dimensional (2D) nanostructures based 

on transition-metal dichalcogenide (TMD) layer 
materials, such as MoS2, WS2 and ReS2, exhibit semi-
conducting characteristics, and have thus attracted 
considerable attention. The discovery of an electronic 
structure transition from an indirect to a direct band 
gap in MoS2 monolayers has opened a new direction 
for photonic and optoelectronic applications involv-
ing TMD layer materials. In particular, these quasi-2D 
semiconductors are ideal systems to integrate with 
graphene for the development of next-generation, ul-
trathin, flexible, transparent light-emitting, light-har-
vesting and light-detecting devices. A remarkably 
large on/off ratio up to 108–109 was also realized in 
2D MoS2 field-effect transistors (FET). 

With increasing research concentrating on varied 
applications of TMD nanomaterials, understanding 
the surface effect on electronic transport properties is 
crucial because of a large ratio of surface to volume. 
The 2D electron concentration (n2D) in monolayer and 
multilayer MoS2 FET can readily attain 2 × 1013–1 × 
1015 cm-2 under a gate voltage. The large on/off ratio 
and saturation current of 2D MoS2 FET operated in 
the depletion mode partially benefit from the large 
electron concentration, but the residual concentra-
tion at zero gate voltage of MoS2 monolayers at 5.6 × 
1012 cm-2 is much larger than that (approximately 1.6 
× 1010 cm-2) of their bulk counterparts. The atypically 
large electron concentration in the unintentionally 
doped layer semiconductor increases the difficulty of 
fabricating intrinsic and p-type MoS2 nanostructures. 
To explore the origin of heavy n-doping is critical 
for the practical control of the conducting type and 
carrier concentration of MoS2 2D structures. Especially 

van der Waals crystals such as MoS2 without dangling 
bonds are expected to have an inert surface and de-
creased surface states.

Ruei-San Chen (National Taiwan University of Science 
and Technology), Ya-Ping Chiu (National Taiwan Uni-
versity), Cheng-Maw Cheng (NSRRC) and their teams 
investigated the origin of heavy n-doping on the 
surface of MoS2.1 In the result of the transport mea-
surement, the surface electron concentration of MoS2 
is nearly four orders of magnitude greater than that 
of its inner bulk. A substantial thickness-dependent 
electronic transport in MoS2 nanoflakes beyond that 
of the quantum confinement scale was observed. This 
result reveals that the presence of a surface electron 
accumulation (SEA) exists in this layer material. The 
exposure of the sulfide surface to air might result in 
two major effects, namely, the escape of sulfur atoms 
and the adsorption of foreign molecules. 

To clarify the origin of the donor-like surface states 
in MoS2, the surface of MoS2 cleaved in situ was also 
measured under two conditions with angle-resolved 
photoemission spectra (ARPES). The authors inves-
tigated the electronic structure of MoS2 nanoflakes 
in various environments using ARPES at TLS 21B1. 
The pronounced n-doping characteristic was not 
observed in the freshly cleaved surface of MoS2. The 
ARPES measurement (Fig. 1) indicates that the freshly 
cleaved MoS2 surface exhibits a nearly intrinsic state 
without SEA, but the valence-band maximum (VBM) 
shifted gradually to greater binding energy, and a 
mid-gap state appeared between the VBM and the 
Fermi level for a MoS2 surface protractedly exposed 
to ultrahigh vacuum (UHV); this result provides di-
rect evidence that the SEA formed gradually in the 

TLS 09A1  U50 – SPEM 
•  SPEM
•  Materials Science, Semiconductor Physics, Condensed-matter Physics

Reference 
1. J.-W. Chen, S.-T. Lo, S.-C. Ho, S.-S. Wong, T.-H.-Y. Vu, X.-Q. Zhang, Y.-D. Liu, Y.-Y. Chiou, Y.-X. Chen, J.-C. Yang, Y.-C. 

Chen, Y.-H. Chu, Y.-H. Lee, C.-J. Chung, T.-M. Chen, C.-H. Chen, C.-L. Wu, Nature Commun. 9, 3143 (2018).
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MoS2 surface near 300 K and even at 85 K. Because 
the freshly cleaved MoS2 surface was maintained in 
an UHV environment, they deduced that SEA might 
originate from the natural desulfurization on the 
MoS2 surface. 

Scanning tunneling microscope/spectra (STM/STS) 
were used to confirm the assumption of desulfuriza-
tion as the major reason of the SEA. The STS results 
observed also that a mid-gap state existed in an area 
with a point defect in the fresh MoS2 surface. The 
ARPES and STS results indicated that sulfur vacancies 
due to the escape of sulfur atoms from the MoS2 
surface were likely the most prominent type of sur-
face defect resulting in the SEA phenomenon. This 
understanding enables us to achieve quasi-intrinsic 

MoS2 devices with surface protection. The FET using 
quasi-fresh MoS2 nanoflakes exhibited much greater 
mobility and a smaller concentration of electrons 
than those with a pristine surface. To date, few and 
limited material systems such as InAs, InN, CdO and 
In2O3 have been found to possess this SEA character-
istic. The authors proposed the first study to demon-
strate the presence of the SEA characteristic in TMD 
and layer material systems.

In summary, Chen and his co-workers demonstrated 
that 2D electronic transport was induced with SEA 
in MoS2 nanoflakes and in the bulk. The electron 
concentration on the surface is nearly four orders of 
magnitude greater than that in the inner bulk. Nota-
bly, the metal-like surface is preventable; the intrinsic 

Fig. 1:  Aging effect at low temperature and annealing effect of surfaces freshly cleaved in situ of a MoS2 single crystal. Valence-band 
measurements of E versus kll for (a) a surface cleaved in situ at 85 K, (b) the same surface at 85 K after 11 h, and (c) the surface 
cleaved in situ annealed at 110 °C for 20 min of a MoS2 crystal recorded at 85 K with photon energy 42 eV. (d)–(e) Normal 
emission spectra at the Г point with varied binding-energy scales for the surface cleaved in situ at 85 K, the same surface at 85 
K after 11 h, and the surface cleaved in situ and annealed at 110 °C for 20 min. [Reproduced from Ref. 1]



Physics and M
aterials Science

A
CTIV

ITY
 REPO

RT  2018

013

Fig. 1:  Experimental Ti 2p core level photoemission spectra of 
Ti2O3 taken at 300 K with hν = 1486.6 eV (black line, XPS), 
hν = 5931 eV (red circle, HAXPES ESRF), and hν ≃ 6500 
eV (dark-green triangle symbol, HAXPES SPring-8), and 
experimental Ti 2p core-level photoemission spectra of 
YTiO3 taken at 300 K (navy circle) and of LaTiO3 taken at 
200 K (green line) with hν ≃ 6500 eV (HAXPES SPring-8). 
Also shown are the theoretical configuration-interaction 
calculations using the TiO6 (blue line) and the Ti2O9 (red 
line) clusters. [Reproduced from Ref. 3]

T he temperature dependent metal-insulator tran-
sition (MIT) remains one of the most fascinating 

topics in materials science and condensed-matter 
physics. While the competition between Coulomb 
correlations and the energy bandwidth are the main 
source of localization and delocalization, it is often 
difficult to quantify and pinpoint their role in a MIT. 
The Mott-Hubbard transition is exemplified by V2O3 
(V3+ ions ≡ d2 electron system), which exhibits a 
temperature dependent first order MIT coupled to a 
structural distortion, and results in a low temperature 
antiferromagnetic insulator phase. In contrast, Ti2O3, 
(Ti3+ ions ≡ d1 electron system), which crystallizes in 
the same structure as V2O3, exhibits a gradual MIT as 
a function of temperature without an accompanying 
structural or magnetic transition.1,2 Since titanium lies 
just next to vanadium in the periodic table, the physi-
cal properties of Ti2O3 has attracted significant atten-
tion since its discovery nearly 50 years ago. However, 
its electronic structure changes across the MIT had 
remained an enigmatic unsolved problem. 

In a multinational collaboration spanning Europe 
and Asia, researchers have now succeeded to clarify 
and quantify the role of Coulomb correlations vis-à-
vis changes in structural distortion without a crystal 
symmetry change in Ti2O3. Early work emphasized the 
role of the so-called Ti-Ti c-axis dimer in Ti2O3.3 How-
ever, band structure calculations without explicitly 
including on-site Coulomb correlations failed to pro-

The Enigmatic Metal-Insulator Transition in  
Titanium Sesquioxide Ti2O3
The temperature dependent metal-insulator transition in titanium sesquioxide Ti2O3 has re-
mained an unsolved problem for more than 60 years. Scientists have now succeeded to show 
that Ti2O3 exhibits strong correlation effects coupled with an increase in the structural distor-
tion that drives the metal-insulator transition.

duce an insulating ground state for Ti2O3. In a careful 
study, L. Hao Tjeng (Max Planck Institute for Chemical 
Physics of Solids) and his co-workers have now re-
vealed the direct role of strong Coulomb correlations 

surface can be readily obtained on creating a fresh 
surface. The origin of the SEA is attributed to the 
formation of sulfur vacancies in the surface of MoS2 
due to a slow desulfurization. This finding provides 
a new insight into the fundamental properties of 
TMD layer materials and is crucial for control of the 
conduction type and doping level of MoS2, and for 2D 
device development for ultrathin flexible transparent 
electronics. (Reported by Cheng-Maw Cheng)

This report features the work of Ruei-San Chen, Ya-

Ping Chiu, Cheng-Maw Cheng and their collaborators 
published in Nature Commun. 9, 1442 (2018)

TLS 21B1  U90 – (CGM) Angle-resolved UPS
•  ARPES
•  Materials Science, Condensed-matter Physics

Reference
1. M. D. Siao, W. C. Shen, R. S. Chen, Z. W. Chang, M. 

C. Shih, Y. P. Chiu, C.-M. Cheng, Nature Commun. 9, 
1442 (2018).



Physics and M
aterials Science

A
CTIV

ITY
 REPO

RT  2018

014

on the electronic structure of Ti2O3. The authors 
showed that the bulk sensitive Ti 2p core level spec-
trum of the metal phase of Ti2O3 exhibits a very differ-
ent line shape compared to the Ti 2p core level spec-
tra of well-known Ti3+ oxides like YTiO3 and LaTiO3 
(Fig. 1). Using configuration-interaction calculations, 
they showed that a single site TiO6 model describes 
the spectra of YTiO3 and LaTiO3 well, but it cannot re-
produce the experimental spectrum of Ti2O3. Howev-
er, calculations using an effective Hubbard model for 
a hydrogen molecule (which is equivalent to a Ti2O9 
cluster) provides a reasonable explanation, not only 
for the Ti 2p core level spectrum, but also for the Ti 3d 
features in the valence band spectrum. This analysis 
allowed them to quantify the parameter (U / t) ~3–4, 
where U is the Coulomb energy and t is the hopping 
integral between the a1gA and a1gB orbitals on the two 
Ti sites A and B, respectively. This value of (U / t) con-
firms the importance of Coulomb correlations in the 
Ti-Ti dimer and indicates that the electronic parame-
ters defining Ti2O3 are quite similar to V2O3.

In addition, the authors also observed a strong linear 
dichroism in the Ti L-edge spectra from polarization 
dependent X-ray absorption spectroscopy (XAS) as a 
function of temperature (Fig. 2). Furthermore, they 
could also reproduce the experimentally observed 
linear dichroism using the Ti2O9 cluster calculations. 
In particular, the results showed that the temperature 
dependence of the Ti L-edge linear dichroism is due 
to systematic changes in the orbital occupancies. 
They could also show that the temperature depen-
dence of the Ti 2p core level photoemission spectra 
could be reproduced with the same calculations. 
Finally, the authors carried out temperature depen-
dent valence band photoemission and O K-edge XAS. 
The spectra showed a clear gap formation in the 
occupied valence band and unoccupied conduction 
band states due to gradual changes as a function of 
temperature across the MIT (Fig. 3). The authors con-
cluded their study by saying that their results validate 
the original model of Goodenough2 with the added 
role of strong effective Coulomb correlations in Ti2O3. 
(Reported by Ashish Chainani)

Fig. 2:  (a) Experimental polarization dependent Ti L-edge XAS spectra of Ti2O3 measured at 150 K, 300 K, 458 K, 500 K and 575 K. 
(b) Calculated polarization-dependent Ti-L2,3 XAS spectra for the corresponding temperatures using the Ti2O9 cluster. In the 
bottom of panels (a) and (b) are the corresponding linear dichroic (LD) spectra. (c) Close-up of the experimental LD spectrum 
in the low-temperature phase (blue and black circles) and the simulation using the TiO6 (green line: a1g) and the Ti2O9 (red 
line: a1ga1g) clusters. (d) Temperature dependence of the Ti 2p core-level spectrum and the simulations using the Ti2O9 cluster. 
[Reproduced from Ref. 3]



Physics and M
aterials Science

A
CTIV

ITY
 REPO

RT  2018

015

This report features the work of L. Hao 
Tjeng and his co-workers published in 
Phys. Rev. X 8, 021004 (2018).

TLS 11A1  BM – (Dragon) MCD, XAS
SP 12U2  HAXPES/Photoemission 
•  XANES, X-ray Linear Dichroism, Hard 

X-ray Photoemission Spectroscopy
•  Metal-insulator Transitions, Strongly 

Correlated Electron Systems

References 
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(1968). 

Fig. 3:  (a) Close-up of the temperature dependence of the valence-band spec-
tra of Ti2O3 taken with hν ≃ 6.5 keV (HAXPES SPring-8), together with the 
Au Fermi cutoff as EF reference. (b) Close-up of the temperature depen-
dence of the O K-edge XAS spectra of Ti2O3. [Reproduced from Ref. 3]

D ouble perovskite oxides have the general chem-
ical formula A2BB’O6, where the A-site ion often 

forms a closed shell ionic configuration, while B and 
B’ are 3d/4d/5d transition metal ions which can take 
up a general magnetically active dn configuration.1 
Due to the very large combination of B and B’-site 
transition metal cations which can form the double 
perovskite structure, it has tremendous potential to 
show a variety of magnetic and electrical properties. 
Although the A-site ions may not be magnetically 
active themselves, it is well-known that the size of the 
A-site ion provides a structural control of the magnet-
ic superexchange interaction of the B, B’-site ions.1 
In this highlight, we discuss one such successful case 
of controlled synthesis and magnetic properties of 
the series La2-xYxCoRuO6. The A-site substitution of La 
with Y content x, from x = 0 to 1, allows a tuning of 
the magnetic ground states from an antiferromagnetic 
insulator to spin-glass to a ferrimagnetic insulator. The 
authors used several techniques including diffraction, 
spectroscopy, DC magnetization, time dependent 
isothermal magnetization and frequency dependent 
ac-susceptibility measurements to obtain conclusive 
evidence of dynamic ferrimagnetism in Y2CoRuO6.2

In a multinational collaboration carried out by Mar-
tha Greenblatt (Rutgers University) and her co-work-
ers, polycrystalline La2-xYxCoRuO6 (x = 0–1.0) samples 
were synthesized using the conventional solid state 
reaction method and characterized for their crystal 

Dynamic Ferrimagnetism in a Double Perovskite
Researchers have succeeded to synthesize a new double perovskite oxide Y2CoRuO6 which 
shows dynamic ferrimagnetism in the form of spin-glass properties at temperatures below 
the long range ferrimagnetic ordering temperature.

Fig. 1:  Crystal structure analyses of La2-xYxCoRuO6 (x = 0–1.0) 
samples showing a systematic evolution of the unit cell 
volume and the B-O-B’ angle φ. [Reproduced from Ref. 2]

3. C. F. Chang, T. C. Koethe, Z. Hu, J. Weinen, S. Agrestini, L. Zhao, J. Gegner, H. Ott, G. Panaccione, H. Wu, M. W. 
Haverkort, H. Roth, A. C. Komarek, F. Offi, G. Monaco, Y.-F. Liao, K.-D. Tsuei, H.-J. Lin, C. T. Chen, A. Tanaka, L. H. 
Tjeng, Phys. Rev. X 8, 021004 (2018).
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Fig. 3:  (a) Real and imaginary parts of ac susceptibility of Y2CoRuO6 measured at several frequencies. (b) Frequency-dependence of 
transition temperature Tf of Y2CoRuO6. (c) Isothermal magnetization of Y2CoRuO6 at T = 60 K and H = 10 Oe. (d) Corresponding 
relaxation rates S(t) showing peaks at the inflection points in isothermal magnetization shown in (c). [Reproduced from Ref. 2]

Fig. 2:   (a) & (b) Ru L-edge and (c) Co L-edge X-ray absorption spectroscopy results establish that Y2CoRuO6 exhibits spectra typical of 
Co2+ and Ru4+ ions. [Reproduced from Ref. 2]
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structure using synchrotron powder X-ray diffraction 
and neutron powder diffraction. The results showed 
that the entire series is isostructural and forms in the 
monoclinic crystal structure with a systematic evolu-
tion of the B-O-B’ angle φ, and the unit cell volume 
(Fig. 1). From a bond-valence-sum analysis, the au-
thors showed that Y2CoRuO6 exhibits a valency of 
2.21 for Co ions and 3.64 for Ru ions. This suggested 
a formal oxidation state of Co2+ (≡ d7) and Ru4+ (≡ 
d4) in Y2CoRuO6. As shown in Fig. 2, the authors then 
carried out an extensive check of various Co and Ru 
containing oxides using soft X-ray absorption spec-
troscopy to establish that Y2CoRuO6 indeed exhibits 
spectra typical of Co2+ and Ru4+ ions.

Interestingly, although La and Y ions are both triva-
lent, magnetic measurements on La2CoRuO6 con-
firmed it to be antiferromagnetic (TN = 25 K), while 
Y2CoRuO6 showed ferrimagnetic (FiM) order with a Tf 

= 82 K. Using neutron powder diffraction, the au-
thors showed that the ferrimagnetism of Y2CoRuO6 
arises from an antiparallel arrangement of high-spin 
Co2+ (3 μB) and low-spin Ru4+ (2 μB) which gives a 
relatively large remnant moment of MR = 0.73μB. This 
is explained in terms of the systematic evolution of 
the B-O-B’ angle which stabilizes the ferrimagnetic 
phase. Furthermore, the authors carried out a careful 
investigation of time-dependent isothermal magne-
tization and frequency dependent ac-susceptibility 
measurements across the La2-xYxCoRuO6 series. In 
particular, for Y2CoRuO6, the authors could show that 
the peak at about Tf = 82 K in the real [M’(T)] and 
imaginary[M”(T)] parts of the ac susceptibility (Fig. 
3(a)) show a small systematic frequency shift, K, to 
higher temperatures on increasing frequency (Fig. 
3(b)). This frequency dispersion is a characteristic 
of spin glass dynamics. The authors then showed 
that at temperatures below Tf, the time-dependent 
isothermal relaxation of magnetization depends on 
the so-called waiting time tw (Fig. 3(c)). Additional-
ly, the time dependence of the relaxation rate S(t) 
confirmed that the inflection point in the relaxation 
curves occurs at t = tw (Fig. 3(d)). Such phenomena 
are known to occur in spin glasses and it originates 
in the competition between ferromagnetic and 
antiferromagnetic interactions.3 In fact, the authors 
could show similar spin glass dynamics for all the 
intermediate compositions in the phase diagram of 
the La2-xYxCoRuO6 series (Fig. 4). And while the inter-
mediate compositions do not show a clear ferrimag-
netic ordering in DC magnetization measurements, 
Y2CoRuO6 showed a clear ferrimagnetic Tf = 82 K as 
well as the signatures of spin glass dynamics. Thus, 
all the results put together provide direct evidence 
of dynamic ferrimagnetism in Y2CoRuO6. The authors 

Fig. 4:  Magnetic phase diagram of La2-xYxCoRuO6. The black 
symbols are transition temperatures of La2-xYxCoRuO6 
(square for TN of x = 0, diamonds for magnetic transition 
temperature T1 of 0.25 ≤ x ≤ 1.75 and circle for Tf of x = 
2). Red stars are temperatures where magnetic anom-
alies occur. Red area is for AFM phase, yellow area for 
SG-like phase, green area for FiM phase and white area 
for paramagnetic phase. The blue triangles represent the 
frequency shift, K and the blue dashes reflect evolution 
of K of the corresponding transitions. The results estab-
lish dynamic ferrimagnetism in the double perovskite 
Y2CoRuO6. [Reproduced from Ref. 2]

conclude by saying that La2-xYxCoRuO6 presents a 
paradigm with abundant magnetic phases and the 
entire solid solution offers an opportunity to tailor 
magnetic properties. (Reported by Ashish Chainani)

This report features the work of Martha Greenblatt 
and her co-workers published in Chem. Mater. 30, 
7047 (2018).

TLS 11A1  BM – (Dragon) MCD, XAS
TLS 16A1  BM – Tender X-ray Absorption,  

                Diffraction
•  XANES, X-ray Absorption Spectroscopy
•  Dynamic Ferrimagnetism, Double Perovskite Oxide
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Fig. 1: Rietveld refinement profiles for 
Sr0.5Bi0.5FeO3. (a) Room-tempera-
ture synchrotron X-ray diffraction 
data. The bottom and top vertical 
bars respectively indicate the 
diffraction peak positions for 
Sr0.5Bi0.5FeO3 and impurity Fe2O3. 
(b) Room-temperature neutron 
powder diffraction data. The bot-
tom vertical bars indicate the nu-
clear diffraction of Sr0.5Bi0.5FeO3. 
The middle and top vertical bars 
respectively show the nuclear and 
magnetic reflections of impurity 
Fe2O3. (c) NPD data collected at 
4 K. The bottom and top vertical 
bars respectively show the nucle-
ar and magnetic reflections of  
Sr0.5Bi0.5FeO3. The third and 
second vertical bars respectively 
show the nuclear and magnetic 
reflections of impurity Fe2O3. 
[Reproduced from Ref. 2]

An Unusual Charge Disproportionation Transition 
in a High-Valence Perovskite Ferrite Sr0.5Bi0.5FeO3
Using a high-pressure synthesis method, researchers have now succeeded to make a new per-
ovskite oxide Sr0.5Bi0.5FeO3 with an unusually high valence Fe3.5+, which undergoes a tempera-
ture dependent charge disproportionation coupled to an insulator-to-insulator transition. 

C harge density wave or charge-ordering transitions occur in a vari-
ety of quasi one-dimensional (1D), quasi two-dimensional (2D) and 

three-dimensional (3D) materials. These transitions are often directly 
associated with an effective charge disproportionation across the transi-
tion, i.e. a single integral valence metal atom Mv changes to typical mixed 
valency in the form of Mv+δ and Mv-δ, where M is the metal atom, v is the 
integral valency and δ is the change in valency defining the dispropor-
tionation. In typical charge-ordering transitions, one expects a metal-in-
sulator transition to accompany the charge-disproportionation, as in the 
transition metal dichalcogenide system 1T-TiSe2.1 In this highlight, we 
discuss an unusual charge disproportionation which is linked to an insu-
lator-to-insulator transition and the high valence of Fe in the perovskite 
oxide Sr0.5Bi0.5FeO3.

In a very interesting study carried out by Yuichi Shimakawa (Kyoto Univer-
sity) and his collaborators from Japan, Taiwan and the United Kingdom, 
it was shown that a three-dimensional perovskite Sr0.5Bi0.5FeO3 containing 
an unusually high valence of Fe3.5+ could be synthesized by using a high 
pressure method.2 The authors carried out a combination of synchrotron 
X-ray diffraction and neutron powder diffraction studies (Fig. 1) to estab-
lish the rhombohedral structure of Sr0.5Bi0.5FeO3, crystallizing in the space 
group R3c (No.167).   

The occupancy of oxygen sites could be fixed to one in the final refine-
ment, indicative of negligible oxygen vacancies in the material, and 
this helps to provide an accurate determination of valency. The authors 
calculated the bond valence sum (BVS) from the measured Fe-O bond 
lengths and the results indicated a BVS value of 3.4+, consistent with a 
nominal valence of Fe3.5+. The authors then used Mössbauer spectrosco-
py to measure the valence state of Fe and confirmed the unusual high 
valence of Fe3.5+ (Fig. 2). Since Mössbauer spectroscopy can probe charge 
fluctuations on a time scale of ~10-7 sec, the authors carried out tempera-
ture dependent Mössbauer spectroscopy studies and discovered that 
Sr0.5Bi0.5FeO3 undergoes a charge disproportionation which is described by 
the valence transition given by (Fig. 3) :  Fe3.5+ → 0.75 Fe3.0+ + 0.25 Fe5+. 

Surprisingly, although a clear charge disproportionation could be mea-
sured, the temperature dependent diffraction measurements showed 
no apparent structural transition as a function of temperature. The com-
pound Sr0.5Bi0.5FeO3 can be simply considered to be a Bi3+ doped SrFeO3 in 
which the doped electrons result in forming Fe3.5+ due to Bi3+ substitution 
on Sr2+ sites. The structural analysis showed that the substitution causes 
a significant rhombohedral distortion with the Fe-O-Fe angle changing 
to 165.5º compared to 180.0º in the cubic SrFeO3. The reduced Fe-O-Fe 
angle causes a conduction band narrowing. Furthermore, a negative 
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Fig. 2: Mössbauer spectra of Sr0.5Bi0.5FeO3 
at room temperature (top panel) 
and 4 K (bottom panel). The black 
circles show experimental data, 
and the solid lines show the fit-
tings. [Reproduced from Ref. 2]

Fig. 3: Rhombohedral unit cell of Sr0.5 

Bi0.5FeO3 does not change across 
the charge disproportionation 
transition, given by Fe3.5+ → 0.75 
Fe3.0+ + 0.25 Fe5+, which occurs at 
a temperature, T = 230 K. [Re-
produced from Ref. 2]

chemical pressure effect occurs 
due to Bi3+ ions (ionic radius 
1.03 Å) occupying the A-site 
compared to the larger Sr2+ ions 
(ionic radius 1.18 Å) is at play in 
Sr0.5Bi0.5FeO3. This is consistent 
with the observed low BVS for 
Bi and is expected to suppress 
the intermetallic charge transfer 
transition in Sr0.5Bi0.5FeO3. Indeed, 
this turned out to be the case, 
because no transition to the 
metallic phase could be seen in 
the electrical resistivity as a func-
tion of temperature (Fig. 4). The 

Fig. 4: Temperature dependence of the 
electrical resistivity as a plot of log 
ρ vs. 1000/T. The blue dashed line 
represents a typical semiconduc-
tor behavior given by an Arrhe-
nius equation. The deviation from 
Arrhenius behavior was taken as 
the transition temperature T = 
230 K. [Reproduced from Ref. 2]

electrical resistivity only showed 
a small deviation from a typical 
activated behavior below 230 K, 
consistent with a small anomaly 
seen also in the magnetic suscep-
tibility behavior. The authors thus 
concluded that the charge dis-
proportionation transition occurs 
at about 230 K, and it is coupled 
to an insulator-to-insulator tran-
sition, in contrast to a metal-in-
sulator transition seen in typical 
charge density wave systems.1 
The authors could thus show that 
Sr0.5Bi0.5FeO3 represents a unique 
case of charge disproportionation 
coupled to an insulator-to-insu-
lator transition driven by conduct 
ion band narrowing.2 (Reported 
by Ashish Chainani and Hwo-
Shuenn Sheu)

This report features the work 
of Yuichi Shimakawa and his 
co-workers published in Inorg. 
Chem. 57, 843 (2018).
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Highlight from the Cold Neutron Triple Axis  
Spectrometer SIKA in 2018
The NSRRC neutron group has ran a user program at the cold triple axis spectrometer SIKA 
since July 2015 at ANSTO in Australia. Here are some results from 2018 in a hope to highlight 
to NSRRC users, that neutrons and SIKA can be useful to them in the coming years.

T he triple axis spectrometer is one of most versatile neutron scattering instrument. With SIKA,1 scientists have 
the option to measure elastic scattering and inelastic neutron scattering. Here are three successful projects 
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Fig. 1: Elastic neutron scattering results from MnP under pressure. The temperature dependence of higher hamornics of double heli-
cal magnetic structure at ambient pressure are shown in panel (b) and (c). [Reproduced from Ref. 2]

which took advantage of SIKA’s capability over the past year. 

Elastic Scattering Experiment to Detect Weak Magnetic Peak on MnP
Shin-ichiro Yano (NSRRC) and his collaborators have been working on the superconducting material MnP using 
both neutron elastic and inelastic scattering under applied pressure.2 They have observed higher harmonics of 
the previously reported double helix magnetic structure at ambient pressure using SIKA. The triple axis spec-
trometer is good instrument to look for weak elastic peaks. In this project, the team measured the temperature 
dependence of magnetic scattering from higher harmonics of the helical magnetic peak, which is 100 times 
weaker than the primary magnetic peak from the helical magnetic structure, see Fig. 1. Detailed temperature 
dependence of the magnetic peaks proved that the pitch of the helical magnetic structure of this system chang-
es with temperature. The pitch of the helix becomes longer while cooling the sample. A similar observation was 
made for the incommensurate magnetic phase in chromium, however the mechanism is still not clear. Not only 
is the cold triple axis spectrometer, SIKA, useful for the detection of weak magnetic and nuclear peaks, but it 
is also a good instrument for the study of the temperature dependence and/or magnetic field dependence of 
these peaks. 

Spin Wave Dispersion from YFeO3 and LaFeO3

Kisoo Park (Seoul National University) and his collaborators have prepared single crystals of YFeO3 and LaFeO3. 
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Fig. 2: Observed spin wave excitation from LaFeO3, YFeO3 at T = 300 K and its comparison with BiFeO3. Solid black lines 
in the picture were calculation of spin wave dispersion discuss in the text above. [Reproduced from Ref. 3]

YFeO3 and LaFeO3 are members of the rare-earth orthoferries family with Pbnm space group.3 Using inelastic 
neutron scattering with SIKA, the low energy spin excitation has been measured around the magnetic Brillouin 
zone center. Splitting of the magnon branch and the finite magnon gaps, are shown in Fig. 2, and observed in 
both compounds. Dzyaloshinskii-Moriya (DM) interactions account for the most of this magnon gap with some 
additional contributions from single-ion anisotropy. SIKA is capable of reaching high resolution necessary to 
allowed scientist to resolve branches of magnon excitations. The spin Hamiltonian described below was used to 
model the data, 

 H = Jc ∑along cSi ∙ Sj + Jab ∑ab planeSi ∙ Sj + J' ∑<ij>DIJSixSi + Ka ∑i(Si
x )2 + Kc ∑i(Si

z )2

 where Jc and Jab represent the nearest neighbor exchange constants along the c-axis and in the ab plane respec-
tively. J’ denotes the exchange constant between the next nearest neighbors. The 4th term represents the DM 
interactions and the last two terms denote the easy axis single ion anisotropy terms to stabilize the G-type anti-
ferromagnetic order. 

As shown in Fig. 2, Park successfully fitted magnon dispersion obtained using SIKA and determined the relevant 
parameters for the spin Hamiltonian model for the two compounds. 

Spin-glass Ground State in a Triangular-lattice Compound YbZnGaO4

Zhen Ma (Nanjing University) and his collaborators visited SIKA to measure the low lying excitation spectrum 
on YbZnGaO4 within a bigger study on quantum spin liquids. There is expected to be a significant amount of 
spectral weight in this geometrically frustrated lattice of corner sharing triangles. Using polycrystalline and sin-
gle crystal samples on a variety of quantum beam lines, they have determined that YbZnGaO4 has a spin glass 
ground state. On SIKA, they measured a 14g polycrystalline sample. They have collected the temperature depen-
dence of integrated scattering intensity with energy scan at specific Q values. They configured SIKA with a fixed 
final energy, Ef of 5 meV and used a cooled Be filter to remover higher order wavelengths. The collimator settings 
were 40’-40’-60’-40’ to help define the neutron beams and improve the signal to noise. Single crystal data tak-
en at PANDD, FRM-II, Germany shown in Fig. 3. Neutron inelastic scattering reveals the dispersive nature of the 
scattering at two different energy transfers in the color contour maps. Their comprehensive measurements and 
analysis of these neutron data provides evidence that it is a spin glass. Based on these results, they suggested the 
spin glass phase is driven by disorder and frustration.                    

The scientific challenges that SIKA can address are numerous and many types of materials have been studied 
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Fig. 3:  (a) and (b) are countour map of the inelastic neutron scattering at E = 
0.3 and 0.6 meV measured at T = 0.47 K measured on PANDA. (c) Mag-
netic dispersion along the M1-K-Γ1 and Γ1-M2-Γ2 high symetry directions. 
(d) and (e) are comparison with calclation. [Reproduced from Ref. 4]

over the past couple of years. For 
example, the measurement of phonon 
dispersion curves is one of most popu-
lar measurements we do. Several users 
are working on thermoelectric ma-
terials to understanding the thermal 
conductivity at the microscopic level. 
Measurements of crystalline electric 
field excitations and dimer excitations 
are also possible using SIKA. Since 
the opening of the user program, the 
number of publications has grown 
steadily. Neutron scattering could be 
an approach to answer the scientific 
challenges that scientists face and it 
covers a wide range of problems. It 
is hoped that the SIKA program has 
opened a different solution to Taiwan-
ese scattering community. (Reported 
by Shin-ichiro Yano)

This report features the work of: (1) 
Shin-ichiro Yano and his colleagues 
published in J. Phys. Soc. Jpn. 87, 
023703 (2018); (2) Kisoo Park and his 
colleagues published in J. Phys. Con-
dens. Matter 30, 235802 (2018); (3) 
Zhen Ma and his colleagues published 
in Phys. Rev. Lett. 120, 087201 (2018). 
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