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5-1 Introduction

The national project “Elements strategy initia-
tive to form core research centers” was launched 
in 2012, aiming to develop entirely new materi-
als based on ubiquitous elements. The research 
was conducted primarily at four research centers, 
which were established in research institutes and 
universities. They carry out studies on (1) mag-
netic materials, (2) electronic materials, (3) cata-
lysts and batteries, and (4) structural materials. 
This project is connected to the research center 
for electronic materials of the Tokyo Institute of 
Technology. We have put much effort into evalu-
ating and analyzing new materials, establishing 
material concepts, and developing techniques 
for evaluating materials using synchrotron light, 
neutron, and muon beams. We report the year’s 
main topics: polar nano-region (PNR) structure 
in LaTiO2N, electronic structure of hydrogen in 
IGZO, and anionic electron-induced magnetism in 
Y2C.

5-2 Polar nano-region structure in the oxy-
nitride perovskite LaTiO2N

Oxynitride perovskites with an AMX3 structure 
(A = alkali earth metal, rare earth; M = Ti, Zr, Nb, 
Ta, W; X = O, N) are emerging materials that hold 
promise as visible-light responsive photocatalysts 
and chromatically tunable nontoxic pigments [1-3]. 
The ability to modify their electronic states by re-
placing oxygen with nitrogen has gained attention, 
particularly as candidates for lead-free dielectric 
materials that are stable in air and water.  The 
interplay between the structure and the mecha-
nisms is expected to be revealed.

– Multi-probe study using synchrotron light, neutron, 
and muon beams –

Fig. 1: (a) The isosurface of MEM electron densi-
ty for LaTiO2N. (b) Fourier-fi ltered EXAFS oscilla-
tions and amplitudes for Ti (upper panel) and La 
(lower panel). Kinks exist at kbeat = 10.0 and 13.8 
Å-1 in the Ti profi le, as indicated by the arrows. (c) 
PDF data (black circles) in the range of 1.6-8 Å. 
The lower curves are the difference profi les be-
tween the experimental data and the calculated 
patterns. (d, e) Average (Imma) and nano-region 
(Ima2) structure for LaTiO2N. The arrows indicate 
the relative displacements from the Imma aver-
age structure.
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We present average and local structure analy-
ses of LaTiO2N through synchrotron X-ray diffrac-
tion (XRD) measurements at PF BL-8B, extended 
X-ray absorption fine-structure (EXAFS) at PF-
AR NW10A, and atomic pair distribution function 
(PDF) from neutron total scattering at J-PARC BL-
21 NOVA.

From the MEM calculation based on the XRD 
data, elongated electron densities were found, 
suggesting anisotropic displacements from the 
equilibrium position along the a-axis (Fig. 1(a)) [4]. 
Fig. 1(b) plots the Fourier-fi ltered EXAFS oscilla-
tions and amplitudes for La-Ti and La-La shells 
[4]. We found kinks, as indicated by the arrows, 
at kbeat ~ 10.0 and 13.8 Å−1 in the La-Ti shell. The 
kink stems from the beat from the phase differ-
ence of EXAFS oscillations along with different 
bond distances ΔR in the shell. Based on the re-
lation ΔR = π/(2kbeat), we can estimate the ΔR of 
the La-Ti bond distances to be ΔR = 0.16 and 0.11 
Å, which are unknown distortions in the Imma 
structure.

We proceeded to a multiscale data treatment 
through PDF analysis from the neutron total scat-
tering data. In the medium-range region (8 < r < 
20 Å), we could refi ne the structure of the Imma 
structure [4]. In the short-range region (Fig. 1c, 1.6 
< r < 8 Å), we succeeded in refi ning the structure 
according to Ima2 symmetry. These results show 
that the crystal structure of LaTiO2N can be re-
garded as polar Ima2 at the nanoscale and non-
polar Imma in the average structure (Figs. 1(d) 
and 1(e)). 

The observed polar structure in nanoscale 
bears a resemblance to PNR formation in the 
relaxor. Unlike these cases for a classical PMN 
relaxor, the PNR in LaTiO2N can most likely be 
ascribed in terms of short-range O/N cis-order. 
Taking into account the ferroelectric material in 
general exhibits high permittivity due to its large 
polarization, the PNR may be closely tied to the 
high permittivity in LaTiO2N.

5-3 Electronic structure of hydrogen in In-Ga-
Zn-O semiconductor simulated by muon

In-Ga-Zn oxide, widely known as IGZO, is 
a semiconductor used as a channel material in 
transparent thin-fi lm transistors (TFTs) for display 
applications. IGZO has properties superior to 
those of conventional Si TFTs, such as relatively 

high electron mobility, low-temperature fabrica-
tion over a large area, uniformity, and stability. 
However, there are some remaining issues for 
amorphous IGZO (a-IGZO), including negative 
bias illumination stress (NBIS) instability. NBIS in-
stability refers to a negative shift of the threshold 
voltage in the normal operation condition in which 
TFTs are always illuminated by the backlight 
under a negative bias voltage. The microscopic 
mechanism of this instability is still under debate.

It is known that various electronic properties 
of IGZO are infl uenced by hydrogen (H) in small 
amounts. For instance, water vapor annealing 
improves the carrier mobility and the S-value 
(sharpness of the TFT switching as a function of 
gate-source voltage). Strong n-type conductivity 
is induced by H treatment, suggesting the oc-
currence of a shallow donor state (see Fig. 2). 
Recent infrared transmission spectroscopy has 
revealed the subgap state near the valence band 
maximum arising from two hydride ions at the 
oxygen vacancy (2H− at VO) [5, 6]. It is argued 
that this subgap state is associated with the NBIS 
mechanism; thus, understanding the microscopic 
details of these processes would be crucial in 
controlling and stabilizing the electronic properties 
of IGZO.

We were thus motivated to investigate the lo-
cal electronic structure of interstitial H in IGZO 
using the muon spin rotation (µSR) technique. 
Implanted muon mimics the behavior of interstitial 

Fig. 2: A schematic diagram of the energy band 
structure for IGZO, where hydrogen-related elec-
tronic levels suggested by earlier studies are 
shown.
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H in matter, and it can be regarded as pseudo-H. 
We have proposed the designation muogen (Mu) 
as the elemental name [7], where the charge 
states of muogen, Mu+, Mu0, and Mu− correspond 
to those of H+, H0, and H−, respectively. (Note 
that the term “muonium” specifi cally refers to the 
atomic structure corresponding to Mu0, not to the 
properties as an element.)

Conventional µSR measurements on crystal-
line IGZO (c-IGZO) were performed using the AR-
TEMIS spectrometer at MUSE of MLF J-PARC. 
Meanwhile, µSR measurements on amorphous 
(a-) IGZO and hydrogenated a-IGZO (a-IGZO:H) 
thin films were performed using a low-energy 
muon (LEM) beam at the Paul Scherrer Institute, 
Switzerland. Muon stopping profiles for c-IGZO 
fi lms (5.97 g/cm3) are shown in Fig. 2(d), where 
most of the LEM measurements were performed 
at 11 keV LEM.

Figures 3(a) and 3(b) show the typical zero-
fi eld (ZF) spectra of c-IGZO and as-deposited a-
IGZO, respectively [8]. Each ZF spectrum exhibits 
slow Gaussian damping with partial recovery 
of polarization at later time domains (t  10 µs). 
Spectra were analyzed using the following ex-
pressions: 

where Pµ(t) represents the time evolution of the 
muon spin polarization in the sample and the 
sample holder with their respective partial asym-

metry being As and  ABG  (A0 = As + ABG). GKT(, t) 
is the static Kubo-Toyabe relaxation function, with 
the term  representing the local fi eld distribution 
caused by nuclear magnetic moments around the 
muon site(s). As shown by the solid curves in Fig. 
3(a), the spectra were perfectly reproduced by 
Eq. (1), indicating that muons are entirely in the 
diamagnetic state (Mu+ and/or Mu−). It is apparent 
from the longitudinal fi eld (LF) spectra in c-IGZO 
that Mu senses the quasistatic field distribution. 
The temperature dependence of  obtained by 
curve-fi tting is shown in Fig. 3(c).

Candidate Mu sites were narrowed down by 
simulation: 

(1) DFT calculation for H (to mimic Mu) using 
the VASP code to estimate the structural relax-
ation around H and the formation energy Ef with 
some initial structures around H owing to the 
random occupation of Ga and Zn in their crystal-
lographically equivalent sites. 

(2) Calculation of  at H site in their converged 
structure.

The calculated Ef and  are shown in Fig.4. 
It is noticeable that  reduces with decreasing 
Ef, and the number of Ga and In ions around Mu 
grows with increasing Ef. This indicates that H 
prefers the Ga/Zn-O layer to the InO2 layer and 
that H sites are stabilized by a Zn-rich structure.

The inset in Fig. 4 represents the local struc-
ture around H for Zn4O4. Structural similarity to 
ZnO suggests that the local electronic structure of 

Fig. 3: µSR time spectra for (a) c-IGZO and (b) 
as-deposited a-IGZO [8]. (c) Temperature depen-
dence of . (d) Muon stopping profi les for respec-
tive implantation energies.

Fig. 4: Ef and  for the candidate Mu sites, where 
label AiBjCk indicates the element name and 
number of atoms located within 0.3 nm from Mu. 
Vo means Mu at an oxygen vacancy site. The 
hatched areas represent the range of  for c-IG-
ZO (blue) and a-IGZO (red). Inset shows the local 
structure around H for Zn4O4. A large gray sphere 
represents the region of 0.3 nm from H.
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Mu/H is similar to that in ZnO, where Mu0 is pre-
sumed to be localized at the bond center of Zn-O.

Meanwhile, the situation in the hydrogenated 
film turned out to be qualitatively different from 
the pristine fi lm. As shown in Fig. 5(a), the initial 
muon polarization is missing at lower tempera-
tures [Pµ(t = 0) < 1]. The remaining component 
exhibited a slow exponential-like depolarization. 
The transverse fi eld (TF) and LF spectra, shown 
in Fig. 5(b), reveal that the depolarization is due 
to a static local fi eld with a Lorentzian distribution 
exerting diamagnetic Mu. These features strongly 
suggest that the distance between Mu and the 
nuclear magnetic moments is not uniform, in 
contrast with the pristine fi lms. This leads to the 
presumption that another H atom may be located 
around the Mu site in a-IGZO:H, which also in-
vokes a model of 2H− at VO proposed by recent 
studies [5, 6].

5-4 Anionic electron-induced magnetism in a 
two-dimensional electride Y2C: inelastic neu-
tron scattering study

Electrides are ionic crystals in which elec-
trons serve as anions. In contrast to the nearly 
free electrons in a metal, the anionic electrons in 
the electrides are loosely bound at the interstitial 
space. This leads to a signifi cantly low work func-
tion of the materials. Because of this property, 
electrides have provided a fertile fi eld of remark-
able applications, such as electron injection lay-
ers in organic light-emitting diodes and catalysts 
for ammonia synthesis. 

Y2C is reported to be a two-dimensional elec-
tride [9]. Since the standard valence states of Y 
and C are Y3+ and C4-, two excess electrons are 
expected to exist in the interlayer of [Y2C]2+, as 
shown in Fig. 6(a) to preserve charge neutrality. 
Magnetism arising from anionic electrons has 
been a fundamental issue since the discovery of 

organic electrides in the 1980s. Among the report-
ed electrides, Y2C shows curious magnetic fea-
tures. Theoretically, Y2C is expected to be a weak 
itinerant ferromagnet or close to a ferromagnetic 
instability, and a small magnetic moment is in-
duced as a result of the hybridization between the 
Y 4d and the anionic s-like orbitals [10]. Recently, 
using the muon spin rotation/relaxation (µSR) 
technique, it was shown that the Curie-Weiss-like 
behavior is intrinsic to the electronic state of the 
sample [11]. To verify these expectations, we per-
formed inelastic neutron scattering experiments 
for an identical batch of polycrystalline Y2C used 
in the previous µSR study.

Figure 6(b) shows the neutron scattering in-
tensities of polycrystalline Y2C as a function of 
the momentum transfer Q and energy transfer E. 
A slight but a clear scattering around Q = 0 Ǻ-1 
can be observed at both temperatures 7 and 120 
K. Intensities of these scatterings are 3 orders 
smaller than those of elastic scatterings and de-
pend on temperature. Although an intensity from 
phonon scatterings increases with Q2, acoustic 
phonon signals standing from the 003 Bragg point 
around Q = 1.05 Ǻ-1 are absent in such a low Q 
region. Therefore, these subtle scatterings can be 
attributed to a magnetic origin. On the other hand, 
no magnetic ordering was observed down to 7 K. 
These results strongly support the theoretically 
suggested magnetic state of Y2C; namely, Y2C 
has a ferromagnetic instability.

The E dependence of the observed intensities 

Fig. 5: (a) Temperature dependence of ZF spec-
tra in a-IGZO:H. (b) TF, ZF, and LF spectra mea-
sured at 5 K.

Fig. 6: (a) Crystal structure of Y2C together with 
schematics of an anionic electron layer. Solid 
lines indicate the conventional hexagonal unit cell. 
(b) Neutron scattering spectra of polycrystalline 
Y2C at 7 and 120 K as a function of the momen-
tum transfer Q and the energy transfer E. A color 
gauge showing the strength of intensities in a 
logarithmic scale.
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for several Q regions at 7 and 120 K is well de-
scribed by a Lorentzian form, which is adopted in 
the self-consistent renormalization (SCR) theory 
for itinerant weak ferromagnets [12]. This fitting 
procedure gives spatial correlation lengths of 26 
Å at 7 K and 10 Å at 120 K. It is worth mentioning 
here that the existence of the spatial magnetic 
correlation indicates that the observed magnetic 
excitations in Y2C originate not from magnetic 
impurities, but the intrinsic electronic state of Y2C. 
Using these correlation lengths, we can plot the 
inverse lifetime of spin fl uctuation as a function of 
the wave number, which is predicted by the SCR 
theory. The agreement was satisfactory. From 
these results, we found that the SCR theory works 
well to explain the magnetic excitation of Y2C.

In summary, we performed an inelastic neu-
tron scattering experiment to investigate anionic 
electron-induced magnetism in polycrystalline 
Y2C. We successfully observed a ferromagnetic 
spin fluctuation over a wide temperature range. 
This result suggests that the ferromagnetic spin 
fluctuation plays a dominant role in the magne-
tism in Y2C. Therefore, the SCR theory would be 
appropriate for a description of the Curie-Weiss-
like behavior of the magnetic susceptibility of Y2C.
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