
T he discovery of emergent quantum materials has 
revolutionized the physics of low-dimensional systems 

and led to new nanoscale device applications. In this year’s 
section on Physics and Materials Science, benefiting from 
the superb physical properties of novel materials, we re-
port novel studies that provide deep insight into various 
materials with the potential to build electronic devices 
for quantum computing. This section includes reports on 
transition-metal dichalcogenides (TMD) with novel func-
tional heterojunctions that can be a new candidate mate-
rial for building spintronic devices, and a new combination 
of heteroepitaxial Pr0.5Ca0.5MnO3/SrTiO3 films grown on 
F-mica that exhibit atypical colossal magnetoresistance 
(CMR) with mechanical modulation. In addition, a complete 
picture of the quantum-size effect (QSE) with a new class 
of size effects reports on nanoscale transport in systems 
with metallic surface states, typical of topological materi-
als. Another fascinating example included in this section 
discusses precisely controlled kinetics of crystallization in a 
benchmark FAPbI3-based perovskite material that is used to 
make solar cells with enhanced efficiency, more than 23%. 
These results exhibit not only valuable insights into atypical 
physical properties but also provide opportunities for their 
applications in electronic devices. (by Ashish Atma Chainani 
and Cheng-Maw Cheng)
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Control of Nanoscale Transport with a Novel Size Effect
From an emergence of quantization on a nanometer scale, the QSE allows flexible control of mat-
ter and is a rich source of advanced functionalities. A complete picture of the QSE with a new class 
of size effects can dominate the nanoscale transport in systems with metallic surface states, typical-
ly topological materials.

Fig. 1: Direct observation of a QSE-induced metal-insulator transition. (a,b) Schematic of the metal-insulator transition in a Bi nanofilm. (c) Bulk and sur-
face Brillouin zone of Bi in direction [111]. (d) Bi bulk band structures calculated around the hole and electron pockets with a tight-binding meth-
od. (e) Band structures obtained from a tight-binding calculation for a Bi(111) slab (14 BL). (f,g) Experimental Fermi surfaces and band structures 
measured on a Bi(111) film (14 BL) grown on a Ge(111) substrate. Shaded areas in (e) and solid curves in (g) show the calculated bulk projections. 
(h,i) Experimental band structures magnified inside dashed and solid boxes in (g), respectively, for each thickness. [Reproduced from Ref. 1]

Q uantized electronic states generated by the quantum size effect (QSE) in nano-confined systems enable a unique tun-
ability for a wide range of phenomena such as superconductivity, light-matter interaction and non-equilibrium carrier 

dynamics. Modulations of the bandgap and the density of states further improve functionalities in catalysts and information 
devices. A QSE-induced transition into an insulating phase in semi-metallic nanofilms was predicted for bismuth a half cen-
tury ago and has reignited interest with regard to its surface states exhibiting non-trivial electronic topology. In the case of a 
system having metallic surface states as typically observed in topological materials, the transition is marked by the disappear-
ance of conducting channels in the film interior; thereafter, electric current flows only through the surfaces. This transition 
was first predicted a half century ago for bismuth (Bi). A Bi single crystal is a typical semimetal with small carrier pockets and 
three-dimensional Dirac dispersions. Moreover, because of a large spin-orbit coupling, Bi surfaces host spin-polarized metallic 
states that have been intensively examined in the context of electronic topology. The QSE-driven metal-insulator transition 
in Bi nanofilms originally received great attention as a nanoscale path to achieve a substantial thermoelectric figure of merit, 
and is now of interest to enhance surface-state-induced exotic phenomena. Evidence of the metal-insulator transition in Bi 
films was obtained only in this decade through transport measurements on epitaxially grown samples. A recent angle- 
resolved photoemission spectroscopy (ARPES) measurement on Bi films furnishes a clear contrast to the transport results 
showing only the interior-insulating phase below a threshold thickness. Although this strange contradiction between metal-
lic and insulating signatures observed in completely the same system implies the presence of an intriguing mechanism, essen-
tial quantization information was lacking in previous experiments.
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To solve the contradiction existing in transport and ARPES results, Suguru Ito and Iwao Matsuda from the University of Tokyo, 
Japan, Shu-Jung Tang from National Tsing Hua University, Cheng-Maw Cheng from NSRRC and their teams investigated the 
evolution of the electronic structure of high-quality Bi nanofilms. With high-resolution ARPES measurements at TLS 21B1, 
these authors performed a detailed and systematic study of the electronic structure of Bi nanofilms of varied thickness; they 
reported the first direct observation of a QSE-induced metal-insulator transition. As shown in Fig. 1, the visualization of an 
anomalous level evolution contrasted with tight-binding simulations to highlight an additional mechanism beyond a simple 
QSE. In addition, an unexpected degeneracy of the top two quantized energy levels detected from ARPES completely breaks 
a standard quantization rule. This tendency is totally opposite a well known effect of hybridization between top and bot-
tom surface states and reconciles a contradiction among previous experiments in an unprecedented manner. An important 
question is the nature of the central mechanism responsible for the anomalous behaviors. To combine with density function 
theory (DFT) and the ARPES result, these typical modulations of quantized bulk states can be fully explained only when we 
consider the deformation of a quantum confinement potential, which is triggered by enhanced effects of Coulomb repulsion 
with decreasing system size, centering on a size-independent contribution from the surface states.

In summary, Ito and Matsuda systematically revisited the strange contradiction among recent studies on the metal-insulator 
transition in Bi films. They revealed an unexpected mechanism of the transition by high-resolution ARPES combined with DFT 
calculations. Anomalous evolution and a degeneracy of quantized energy levels indicate that the increased Coulomb repul-
sion from the surface states deforms a quantum confinement potential with decreasing thickness. The potential deformation 
strongly modulates the spatial distributions of quantized wave functions, which leads to an acceleration of the transition 
beyond the original QSE picture. Their presented study not only solves a serious controversy about a transition discussed for 
half a century but also introduces a novel size effect that can be universally present in a system with metallic surface states, 
typically topological materials.1,2,3 (Reported by Cheng-Maw Cheng)

This report features the work of Suguru Ito, Iwao Matsuda and their collaborators published in Science Advances 6, eaaz5015 
(2020).
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A fter the discovery of graphene, monolayer MoS2—a 
layered van der Waals semiconducting transition- 

metal dichalcogenide (TMD)—has emerged as another two- 
dimensional (2D) material prototype, which can be ob-
tained by ex-situ exfoliation or in-situ chemical vapor depo-
sition (CVD). Bulk MoS2 has an indirect bandgap, which 
becomes a direct bandgap when its thickness decreases to 
a monolayer. Moreover, because of the strong spin-orbit 
coupling and the absence of inversion symmetry in the 
monolayer regime, spin splitting arises at the boundaries 
of the surface Brillouin zone, specifically, at points K and 
-K, to conserve the time-reversal symmetry. Such a unique 
band structure provides a possibility to encode information 
through the material valley pseudospin. Valley-based elec-
tronics is described as valleytronics, a name inspired after 
another famous field, spintronics.

Building Spintronic Devices with Functional  
Heterojunctions
Magnetic anisotropy is a material preference that involves magnetization aligned along a specific 
direction and provides a basis for spintronic devices. Clarifying the ferromagnetic behavior in 2D 
materials can provide a knowledge that is required to build functional heterojunctions in the future.

MoS2 can serve also as a spacer in a spin-valve device to 
exploit its semiconducting nature and its stable spin polar-
ization in the out-of-plane direction. A MoS2-based het-
erostructure is encouraging, but the large discrepancy in 
magnetoresistance between measurement and prediction 
indicates that we have yet to identify all factors relevant to 
the spin-dependent transport in TMD-based spin valves. A 
direct investigation of the fundamental magnetic proper-
ties of ferromagnetic (FM)–TMD heterojunctions is believed 
to be informative but remains scattered. An experimental 
study of a Fe/MoS2 heterojunction found, however, that 
deposited Fe aggregates into nanoparticles with no sign 
of magnetic coupling to MoS2. Co/MoS2 was suggested to 
be different, based on a prediction of calculations from first 
principles, because the energetically favored Co-S bonding 
at the Co/MoS2 interface would lead to a spin imbalance on 
the MoS2 side.

Fig. 1: XMCD. (a) Schematic diagram describing the principle of XMCD. (b) Schematic diagram illustrating the experimental setup. (c) XMCD image of co-
balt (9 ML) on monolayer MoS2. The inset shows the direction of incident light. (d) The corresponding m-XAS of regions A and B, the positions of 
which are marked in (c), are shown. The bottom spectrum illustrates the asymmetric nature of spectra A and B, that proves the grey-scale contrast 
in (c) to be a consequence of the XMCD effect. [Reproduced from Ref. 1]
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To solve the contradiction between experiment and the 
prediction of calculation from first principles, Der-Hsin Wei 
(NSRRC), Yann-Wen Lan (National Taiwan Normal Universi-
ty) and their teams investigated the magnetic domain con-
figuration and chemical states of Co/MoS2 with a photo-
emission electron microscope (PEEM) end station located at 
TLS 05B2. An ultrathin film of Co was deposited onto flakes 
of SiO2-supported monolayer MoS2. The spatial distribution 
of the photo-emitted electrons under the X-ray magnet-
ic-circular-dichroism (XMCD) effect was resolved with the 
PEEM, allowing the observation of magnetic domains in the 
Co layer. The authors extracted two micro-area spectra in 
the photoemission image according to their intensity vari-
ation as a function of photon energy. Wei and Lan found 
that the recorded spectra showed a typical XMCD signa-
ture-opposite enhancement at Co L3 and L2 resonances in 
Fig. 1(c) that has indeed a magnetic origin.

Their next task was to examine the relevance of the MoS2 
crystalline structure for the domain formation. With careful 
control of the degree of crystallinity in monolayer MoS2, 
they adjusted the lateral dimensions of the magnetic 
domains from tens of micrometers to sub-micrometers. 
Because CVD-grown triangular MoS2 flakes are typically 
treated as a single crystalline grain, and as the edge of the 
grain is in either an armchair or a zig-zag configuration, 
they found that well defined crystallinity in the MoS2 layer 
would not only promote the magnetization alignment in a 
Co layer but also affect how the domains are divided. 

In summary, Wei and Lan studied the magnetic domain 
configuration and chemical states of Co/MoS2. They con-
firmed that an ultrathin Co film deposited on monolayer 
MoS2 can form ferromagnetic domains of micrometer size. 
Furthermore, the magnetization and the boundaries of 
domains have preferred directions or paths that are parallel 
to either the zig-zag or the armchair directions of the MoS2 
crystal structure. According to the evidence from X-ray 
photoelectron spectra of charge donation at Co/MoS2, they 
suggested that the orbital hybridization at the interface 
is what distinguishes the magnetic properties of Co/MoS2 
here and Fe/MoS2 reported earlier. Their work clarifies the 
puzzle existing from previous experiments and calculations, 
and provides micro-magnetic and micro-spectral evidence 
that consolidates the knowledge required to build func-
tional heterojunctions based on 2D materials. (Reported by 
Cheng-Maw Cheng)

This report features the work of Der-Hsin Wei, Yann-Wen 
Lan and their collaborators published in Nanoscale Horiz. 5, 
1058 (2020).
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Two Steps Are Better than One 
Using grazing-incidence wide-angle X-ray scattering, researchers have studied the precisely con-
trolled kinetics of crystallization of a benchmark FAPbI3-based perovskite film with sequential 
A-site doping of Cs+ and GA+; the results show how a process of two steps instead of a single step 
yields higher-quality perovskite solar cells with enhanced efficiency of 23%.

P erovskite solar cells (PSC) typically consist of a hybrid organic-inorganic lead or tin-halide-based material as a light- 
harvesting active layer, and have become increasingly important because of power-conversion efficiencies (PCE) over 

25% in recent times. Whereas the first MAPbI3-based (MA = methyl ammonium; CH3NH3) PSC were fabricated via a one-step 
spin-coating process in 2009,1 subsequent reports showed the importance of a two-step method2 as well as an anti-solvent- 
assisted one-step method to improve PCE.3 On the other hand, replacing MA cations with FA cations (FA = formamidinium, 
(CH(NH2)2

+) also showed that PCE improved up to 19%.4 Recent studies have shown that doping the A-site  with cations 
such as Cs+, Rb+ and guanidinium (GA+; (C(NH2)3

+)) has resulted in further improvements with decreased defect densities and 
non-radiative recombination.5

It has been reported earlier that the kinetics of crystal growth of the one-step process is complicated and sensitive to time, 
as it generally involves a dynamic competition between multiple phases and intermediate phases.6 Similar studies on the 
two-step process, specifically addressing the sequential A-site doping, have, however, not been reported in the literature. To 
understand the mechanism of formation of a perovskite film, researchers have now undertaken a systematic set of time- 
resolved grazing incidence wide-angle X-ray scattering (GIWAXS) in-situ experiments at the small- and wide-angle X-ray 
scattering (SWAXS) beamline, TLS 23A1 of NSRRC.7 The wavelength of the X-rays was 1.240 Å (energy 10 keV); the scattered 
signals were collected with a C9728DK area detector, which was placed at distance ≈ 169 mm from the sample. The distance 
from sample to detector was calibrated with a lanthanum hexaboride (LaB6) sample. The spin-coating and annealing proce-
dures were conducted with a custom-built spin-coating chamber and a remotely controlled hotplate chamber.

As shown schematically in Fig. 1, in experiments undertaken in the first step, a PbI2 layer is deposited by spin-coating a PbI2 
precursor solution, followed by thermal annealing at 70 °C. For experiments in the second step, a solution of propanol-2 (IPA) 
containing organic salts (formamidinium iodide (FAI), methylammonium bromide (MABr) and methylammonium chloride 
(MACl)) was injected onto the PbI film through a motorized syringe on top of the film formed in the first step. This treatment 
creates a perovskite film through the interdiffusion of PbI2 and organic salts. The entire process was monitored with GIWAXS. 
The spinning speed of both steps was maintained at 1500 rpm, which is the same value as in the device fabrication, thus 
representing the actual conditions used to make real devices.

Fig. 1: Schematics of two-step fabrication and synchrotron-based GIWAXS measurements in situ. (a) Two-step fabrication of perovskite films doped with 
Cs+ and GA+ during the first and second steps, respectively. (b) Sketch of a map of synchrotron-based GIWAXS measurements in situ. [Reproduced 
from Ref. 7]
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Fig. 2: Time-resolved analysis of a GIWAXS profile during the first step. (a,b) False-color intensity maps versus wavenumber q and frame numbers for 
PbI2 without Cs+ during  spinning (a) and annealing (b). (c) Corresponding temporal evolutions of peak areas of the PbI2-DMF-DMSO intermediate 
phase and the PbI2 phase. (d,e) False-color intensity maps for a film with Cs+ (5%) during spinning (d) and annealing (e); (f) corresponding tempo-
ral evolutions of the peak areas of PbI2 and  δ-CsPbI3 phases. [Reproduced from Ref. 7]

Fig. 3: Analysis of formation of a perovskite film during the second step. (a–c) The GIWAXS intensity profiles for perovskites without doping (a), with Cs+ 
(5%) (b), and with Cs+ and GA+ (c), respectively. (d–f) Corresponding false-color intensity maps versus q and frame numbers; (g–i) temporal evolu-
tions of peak areas of intermediate, PbI2, δ-CsPbI3 and perovskite phases. [Reproduced from Ref. 7]
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The authors demonstrated a precise control of the forma-
tion of a perovskite film in a two-step spin-coating process 
on performing sequential A-site doping of Cs+ and GA+ 

cations in FAPbI3-based perovskites.7 As is well known, the 
growth of the films involves manifold crystallization paths 
that thereby lead to distinct film morphologies, as unveiled 
by GIWAXS measurements in situ. In an undoped film, the 
two-step process was found to decouple effectively the 
crystal nucleation and the crystal growth, as the hexagonal 
PbI2 formed in the first step essentially provides the nu-
cleation sites (Fig. 2) for further growth of the perovskite 
α-phase in the second step (Fig. 3). Remarkably, the results 
also showed that the doping of Cs+ cations induces the 
formation of a δ-CsPbI3 phase and restrains the crystalliza-
tion of PbI2. In addition, the authors undertook calculations 
with density-functional theory (DFT) that indicated that the 
transition to the α-phase is preferentially initiated from the 
δ-CsPbI3 phase instead of PbI2, as the reaction enthalpy in a 
Cs-rich environment gets reduced. The δ-CsPbI3 phase thus 
offers an alternative phase-transition path to the perovskite 
α-phase: although the sparse nucleation sites of δ-CsPbI3 
cause the growth of large grains, it also leads to the forma-
tion of many pin-holes caused by the non-uniform nucleation. 

The authors showed, however, that this problem could be 
solved on doping GA+ cations in the second step, which 
noticeably accelerated the crystal growth and resulted 
in large grains free of voids via Ostwald ripening and en-
hanced grain-boundary migration (Fig. 3). This observation 
was also rationalized with DFT results, which showed that 
GA+ balances the bonding stress caused by the Cs doping, 
through an increased bonding strength with Pb–I octa-
hedral frameworks. Most importantly, the authors also 
showed that, using the perovskites fabricated through the 
sequential doping of Cs+ and GA+, device efficiencies over 
23% were achieved, through the improved morphology, 
enhanced crystallinity and fewer defects in the films.7

The present work thus revealed an unprecedented advan-
tage of the two-step process over the one-step process: the 
two-step process decouples nucleation and crystal growth 
and offers sequential doping for a precise control of the 
growth of a perovskite film toward highly efficient devices.  
(Reported by Ashish Chainani)

This report features the work of Shuxia Tao, Xinhui Lu and 
their coworkers published in Adv. Mater. 32, 2004630 
(2020).
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H eteroepitaxial flexible oxides exhibit many interest-
ing properties that make them strong candidates for 

next-generation flexible electronic devices.1-5 Recent stud-
ies have shown that fluorophlogopite mica (F-mica, also 
called common mica or muscovite) is a suitable substrate 
for growing such heteroepitaxial oxides because of its 
excellent flexibility and high-temperature stability required 
for applications. For example, superior performance was 
demonstrated for transparent conductive indium tin oxide,2 
aluminium-doped ZnO,3 ferroelectric BaTiO3,4 ferromagnet-
ic SrRuO3,5 etc. grown on F-mica substrates.

Perovskite manganite Pr0.5Ca0.5MnO3 (PCMO) in its bulk 
form exhibits an antiferromagnetic/charge-ordered (AFM/
CO) phase that can be melted on the application of a mag-
netic field, but the melting field required for bulk samples is 
large (~27 T), impeding practical applications. A major im-
provement was the growth of PCMO films on SrTiO3 (STO) 
substrates, which resulted in decreasing the melting field to 
5 T. With the aim of investigating mechanical control of the 
properties of the PCMO/STO heteroepitaxial oxide system, 
researchers have now grown PCMO/STO heteroepitaxial 
films on F-mica.1

Fig. 1: (a) Schematic graph of epitaxial structure of PCMO/F-mica and (b) enlarged surficial region showing a nanocolumn structure. XRD analyses of  
PCMO/F-mica including (c) normal scan of (00L) series of F-mica with PCMO (111) and (222), (d) omega scan of PCMO (111), (e) phi scans of F-mica 
(202), STO (002), and PCMO (002) and (f) Reciprocal-space mapping of F-mica (202) with STO (002) and PCMO (002). [Reproduced from Ref. 1]

The authors used pulsed-laser deposition to grow a buffer 
STO layer on F-mica, followed by PCMO films on the STO, as 
shown schematically in Figs. 1(a) and 1(b). Synchrotron- 
based X-ray diffraction was implemented on TLS 13A1 and 
TLS 17B1 at the NSRRC in order to characterize the crystal 
structure and epitaxy of the PCMO/STO films. The out-of-
plane normal scan clearly showed the pristine phase of 
PCMO, STO and F-mica substrate with only signals in the 
(111) series of PCMO and STO appearing, along with (00L) 
signals of F-mica (Fig. 1(c)). Further, as shown in Fig. 1(d), 
the omega scan of PCMO exhibited full width 0.72° at half 
maximum, indicating crystallinity of the PCMO layer better 
than in earlier work. Phi scans were also employed by the 
authors to study the in-plane structural quality of the films. 
Figure 1(e) shows that signals corresponding to PCMO 
(002), STO (002) and F-mica (202) were detected every 60°, 
showing well aligned six-fold symmetry, confirming the ex-
cellent heteroepitaxy. XRD reciprocal-space mapping (RSM) 
of PCMO (002), STO (002) and F-mica (202) signals agreed 
with the results from the Phi scans, indicating strain-free 
films of PCMO and STO layers consistent with the normal 
scan data. 
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Bending a Colossal Magnetoresistance 
A new combination of heteroepitaxial Pr0.5Ca0.5MnO3/SrTiO3 grown on F-mica, shows that excellent 
mechanical modulation of CMR, in the range ~1000%, can be achieved at low temperature. 



The authors then used X-ray 
absorption spectra (XAS) in situ at 
TPS 45A1 to determine the valence 
state of the Pr and Mn ions in the 
heteroepitaxial films. Figure 2(a) 
shows the isotropic Pr M4,5 XAS from 
the PCMO layer measured at 300 K 
with that of Pr2O3, a standard Pr3+ 
reference sample. The similar spectral 
features of the PCMO film and Pr2O3 
indicate that Pr ions in the PCMO layer 
are trivalent. Figure 2(b) shows the 
isotropic Mn L2,3 XAS of the PCMO 
layer and a reference MnO bulk crystal 
that were measured concurrently in 
an upstream chamber. As the MnO 
(Mn2+) spectrum differs from that of 
the PCMO layer and the signal of MnO 
of least energy is observed at 639 eV, 
it showed that PCMO is free of Mn2+ 

ions. Further, a direct comparison with 
the Mn L2,3 spectra reported earlier for 
PCMO and La0.5Sr0.5MnO3 (Fig. 2(b)) 
showed a clear similarity between 
the spectrum of PCMO and those 
of well characterized bulk PCMO 
and La0.5Sr0.5MnO3. The results thus 
confirmed that the PCMO thin film 
consisted of 50% Mn3+and 50% Mn4+ 
ions, as expected from the nominal 
stoichiometry. 

The authors also discussed the me-
chanical modulation of the transport 
properties as shown in Figs. 3(a) 
and 3(b), which show the flex-in and 
flex-out mode magneto-transport 
measurements with bending radius 
5 mm of inward/outward. On appli-
cation of the two flexible modes, the 
melting fields in both cases appeared 
at magnetic field 5 T. Interestingly, the 
metal-insulator transition tempera-
ture TMI shifted upward in the flex-in 
mode and downward in the flex-out 
mode. The results clearly showed 
that the colossal magnetoresistance 
(CMR) properties of PCMO can be 
modulated by mechanical bending. 
Figure 3(c) shows a summary of 
the magneto-transport results. The 
authors observed a large bending-
controlled modulation of the CMR 
ratio, (R-R0)/R × 100%, achieving 
nearly 1000% at 110 K. Furthermore, 

to demonstrate a validity for practical 
applications, detailed bending tests 
were performed at room temperature, 
for which the data exhibited nearly 
30% resistive tunability (Fig. 3(d)); 
the resistive tunability is calculated as 
(R-R0)/R0 × 100%. Cycling tests were 
also measured to show the endurance 
of PCMO/F/mica properties. The 
overall results showed excellent 
stability under both flex-in and flex-
out modes at bending radius 5 mm 
for the PCMO/STO heteroepitaxial 
films grown on F-mica.1 (Reported by 
Ashish Chainani)

This report features the work of Ying-
Hao Chu and his co-workers published 
in Adv. Funct. Mater. 30, 2004597 
(2020).
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Fig. 2: X-ray absorption spectra of a) M-edge of Pr and b) L-edge of Mn of PCMO/STO on F-mica 
substrates. [Reproduced from Ref. 1]

Fig. 3: Temperature-dependent resistance of a PCMO film on F-mica with (a) flex-in mode and (b) 
flex-out mode. (c) Temperature-dependent CMR ratios of a sample (thickness 1000 nm) with 
the flat, flex-in and flex-out modes. (d) Bending-radius-dependent resistive tunability at 
room temperature. [Reproduced from Ref. 1]
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Skyrmions at Room Temperature
The temperature range in which the skyrmion phase of Cu2OSeO3 is stabilized has been significantly 
enhanced from a small range, 55−58.5 K, to a large range, 5−300 K, on applying pressures up to 
42.1 GPa.

A skyrmion state is a special state 
observed in non-centrosymmetric 

helimagnets that exhibit topolog-
ically protected spin textures. The 
skyrmion state is considered prom-
ising for information technology, 
ultrarapid spintronics and microwave 
devices because an extremely small 
current is required to modify its spin 
configuration. To facilitate skyrmion 
applications, one great challenge is 
to expand the region of magnetic 
field–temperature phase space of the 
skyrmion state. Researchers have now 
found that the temperature region for 
the skyrmion phase in bulk Cu2OSeO3 
can be greatly enhanced under ap-
plied physical pressure.1

The authors prepared single crystals 
of Cu2OSeO3; after characterizing the 
structure at ambient pressure, they 
measured χ’ac (H)T,P as a function of 
H at varied P up to 42.1 GPa and T 
up to 300 K, as shown in Fig. 1. The 
H–T regions in which the skyrmion 
state occurs at selected pressures, 
for example 2.5, 7.9, 26.2 and 42.1 
GPa, are shown in Figs. 1(a)–1(d), 
respectively. Figure 1 clearly shows 
that the temperature region (TA1,T A2) 
for skyrmions (red shaded areas), or 
ΔT ≡ (TA2−TA1), has been expanded 
from 55 K−58.5 K, that is, ΔT ∼3.5 K, 

Fig. 1: ac susceptibility of Cu2OSeO3 as a function of magnetic field at varied critical pressures: (a) 
2.5 GPa, (b) 7.9 GPa, (c) 26.2 GPa, (d) 42.1 GPa. The evolution of the “dip figure” indicates 
that the temperature region for the possible skyrmion state expands under pressure. At 7.9 
GPa, the upper limit of the temperature range, TA2, increases to 300 K, the highest tempera-
ture measured in this experiment. At 26.2 GPa, the lower limit of the temperature range, TA1, 
extends to 5 K. With pressure increasing to 42.1 GPa, the “dip feature” becomes more pro-
nounced while the temperature range remains between 5 to 10 K and 300 K. [Reproduced 
from Ref. 1]

at ambient pressures to 5 K−300 K), that is, ΔT > 290 K, at 42.1 GPa by lowering 
TA1 and raising TA2 to above 300 K via pressure.  The extension of TA2 above 300 K 
above 7.9 GPa makes the skyrmion state accessible without the aid of liquid cryo-
gen for device applications. At the same time, the field region (HA1, HA2) or ΔH ≡ 
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HA2−HA1 remains almost unchanged, keeping the accessible field small, despite the 
great expansion in ΔT. This observation is in qualitative agreement with previous 
reports at low pressures up to 1.4 GPa by Wu et al.2 and up to 5.7 GPa by Sidorov 
et al.,3 who raised TA2 from ∼56 to 60.5 K, and Tc to 75 K, respectively. It is worth 
mentioning that, while TA2 and ΔT are observed to increase smoothly with pres-
sure, they exhibit a drastic increase at 7.9 GPa, indicating a possible pressure- 
induced structural transition. This effect was explored carefully using high- 
pressure X-ray diffraction experiments at TLS 01C2 of NSRRC, as discussed in the 
following. 

Figure 2 shows synchrotron X-ray diffraction (XRD) measurements under high 
pressure that were undertaken to investigate pressure-induced structural tran-
sitions in Cu2OSeO3. Because of the small volume (∼0.003 mm3) of the samples 
in a high-pressure diamond anvil cell, the authors decided to implement the 
structural study using synchrotron XRD. Room-temperature synchrotron XRD 
with wavelength 0.6889 Å (18 keV) was performed; the patterns were analyzed. 
As shown in Fig. 2(a), they display cubic phase P213 with lattice parameter a = 
8.9193 Å, consistent with a previous report.4 The same crystal structure persists 
as pressure is increased to 3.96 GPa. However, at 5.28 GPa, new Bragg reflection 
signals emerge, indicating the breaking of crystal symmetry. This pattern was 
indexed within an orthorhombic phase of space group P212121 (losing the three-
fold rotational symmetry) with lattice parameters a = 8.7988 Å, b = 8.7790 Å, c 
= 8.7409 Å. At ∼7.01 GPa, Cu2OSeO3 underwent a second structural transition 
to a monoclinic phase with space group P21 (losing the 21 screw axis symmetry). 
A schematic diagram of relevant pressure-induced structural phases was con-

Fig. 2: Pressure dependence of XRD patterns. (a) Evolution of room-temperature synchrotron XRD 
patterns for a polycrystalline Cu2OSeO3 sample under large quasi-hydrostatic pressure up to 
10.47 GPa, indicating multiple structural phase transitions. (b) Schematic diagram represent-
ing the pressure-induced structural phase transitions in Cu2OSeO3. It should be noted that 
1) initial cubic phase P213 transforms into orthorhombic phase P212121 at 5.28 GPa and 2) a 
second structural transition from orthorhombic P212121 to monoclinic P21 phase occurs at 
7.01 GPa. [Reproduced from Ref. 1]

sequently established, as shown in 
Fig. 2(b), in which phases cubic P213, 
orthorhombic P212121 and monoclinic 
P21 are marked in gray, blue and red, 
respectively. The results thus add two 
additional structural phases below 
11 GPa, the limit of the present 
synchrotron XRD experiments, that 
can host the skyrmions. The authors 
concluded that the observation of 
additional structures suggests that the 
skyrmion state might be insensitive to 
the underlying crystal structure.

This work is expected to stimulate 
research to find new skyrmion 
materials with varied crystal structures 
while retaining the skyrmion state 
under ambient temperature and 
pressure conditions. (Reported by 
Ashish Chainani)

This report features the work of Ching-
Wu Chu, H.-D. Yang and their co-work-
ers published in Proc. Natl. Acad. Sci. 
USA 117, 8783 (2020).
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