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6-1 Introduction

The national project “Elements strategy initia-
tive to form core research centers” was launched
in 2012. The objective is to develop entirely new
materials based on ubiquitous elements. The
research is conducted primarily at four research
centers, which were established in research in-
stitutes and universities. They carry out studies
on (1) magnetic materials, (2) electronic materi-
als, (3) catalysts and batteries, and (4) struc-
tural materials. This project is connected to the
research center for electronic materials of Tokyo
Institute of Technology. We have put much ef-
fort into evaluating and analyzing new materials,
establishing material concepts, and developing
techniques for evaluating materials using synchro-
tron light, neutron, and muon beams. We report
the year’s main topics: antiperovskite-type oxide
CasSnO thin films, gapless magnetic excitation of
LaFeAsOqsDos, two-dimensional electride Y2C,
and interstitial hydrogen in iron disulfide.

6-2 Optimization of growth conditions for an-
tiperovskite-type oxide Cas;SnO thin films by
using a combination of synchrotron radiation
analyses

Perovskite oxides and their heterostructures
are well known as valuable systems showing
novel functional properties. Recently, their coun-
terparts, namely antiperovskite oxides AsBO have
been attracting much attention as an alternative
platform for searching unique physical properties.
Immediately after the theoretical prediction that
some of the AsBO family have three-dimensional
(3D) Dirac Fermions [1], a number of experimen-
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Fig. 1: The valence band spectrum of a CasSnO
film, together with the density of states obtained
from the first principle calculation. To emphasize
the gap-like feature in the CasSnO film near the
Fermi level (Er) of the sample, the Fermi edge of
a gold film is superimposed.

tal and theoretical efforts has been devoted to
exploring possible bulk Dirac Fermions in AsBO
[2,3]. Because this unique electronic structure ap-
pears not at the surface but in the bulk, perovskite
and antiperovskite heterostructures might also be
a promising field to explore novel physical proper-
ties in the light of the analogies to the perovskite
oxide heterostructures. However, despite these
intriguing research subjects, the study on the
growth of antiperovskite films is limited, owing to
its unusual anionic state and air sensitivity [2,3].
In this study, we report the epitaxial growth of
antiperovskite CazSnO films on (001)-oriented
cubic yttria-stabilized zirconia (YSZ) substrates
by using the pulsed laser deposition (PLD) tech-
nique. We have tuned the growth conditions by
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monitoring the chemical, electronic, and crystal
structures based on the combination of synchro-
tron radiation analyses, and eventually have suc-
ceeded in growing CasSnO epitaxial films. The
epitaxial nature of the films on YSZ substrates
was proved by x-ray diffraction. The detailed
analysis revealed that the CasSnO films were
epitaxially grown on the YSZ substrates with a
cube-on-cube orientation relationship, although
the existence of some impurity phases was found.
The electronic structures as well as the chemical
composition of the grown films were examined
by x-ray photoemission spectroscopy. As shown
in Fig. 1, the shape of the valence band spectra
was qualitatively reproduced by the first principles
calculation, although there were discrepancies
between the two near the Fermi level. These re-
sults demonstrate that antiperovskite films are
synthesized by using the PLD technique and the
synchrotron radiation analysis is a powerful tool to
optimize the growth conditions of films.

6-3 Gapless magnetic excitation in a heavily
electron-doped antiferromagnetic phase of
LaFeAsOgsDo5

Since the discovery of the first iron-based
superconductor (FeSC), a wide variety of FeSC
families have been discovered [4, 5]. The differ-
ent FeSC families commonly contain a conductive
FePn4 or FeCh4 (Pn = P, As; Ch= Se, Te) layer
and a blocking layer, and have a similar Fe 3d
electronic structure. Typically, superconductivity
emerges owing to the suppression of structural
(orbital ordering) and magnetic phase transitions
by carrier doping into the Fe layer. Recently, a
doping technique for producing a higher electron
concentration for FeSC 1111 systems has been
developed in which H- is used instead of F. Re-
markably, owing to the heavy electron doping, a
second antiferromagnetic phase appears in La-
and Sm-1111 systems just after the disappear-
ance of the superconducting phase [6]. Several
subsequent studies have all suggested that the
heavy electron doping enhances electron correla-
tions and the localized character in the second
antiferromagnetic phase. These studies sug-
gest that spin and/or orbital fluctuations from the
strongly correlated phase significantly contribute
to the high Tc in 1111 compounds. Therefore, it is
indispensable to understand magnetic excitations
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Fig. 2: Energy dependence of the imaginary
part of the dynamic magnetic susceptibility,
1" (Qar1(2),E) at each temperature for (a) x =0
and (b) x = 0.5. Note that the y"'(Qar,E) with Ei =
6.4 meV could not be measured with a sufficient
signal-to-noise ratio. The intensities for different
E’s and x’s were normalized by using incoherent
elastic scattering intensities to facilitate the com-
parison. Solid lines are guides for the eyes.

in the heavily electron-doped antiferromagnetic
phase.

LaFeAsOi.xHx, the target material in this study,
is the simplest 1111 system, because La®*" does
not have a magnetic moment. The LaFeAsO
exhibits a structural transition with decreasing
temperature from P4=nmm (tetragonal) to Cmme
(orthorhombic) at Ts = 155 K. On further cooling,
a magnetic phase transition occurs at Ty= 137 K.
A magnetic structure in this phase (AF1 phase)
is a collinear stripe type with a propagation vec-
tor Qarr = (1, 0, 1/2) in reciprocal lattice units
(orthorhombic Cmme unit cell). The magnetic
moments, which have a magnitude of 0.63 s/
Fe, are parallel/antiparallel to the a direction. The
magnetic ordering in the AF1 phase is compatible
with a Fermi surface (FS) nesting scenario; it is
regarded as a spin density wave (SDW) of itiner-
ant electrons owing to FS nesting. Meanwhile, the
LaFeAsOgsHo s also exhibits a magnetic phase
transition at Ty = 89 K (AF2 phase) subsequent
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to a tetragonal-orthorhombic structural transition
at Ts ~ 95 K. The space group changes from P4/
nmm to Aem2 during this transition. The magnetic
modulation vector, Qarz, is (1,0,0), and the mag-
netic moments (1.21 ug/Fe) are parallel/antiparal-
lel to the b direction. According to band calcula-
tions, the nesting is weakened by the electron
doping monotonically with x, and therefore, the
magnetic ordering in the AF2 phase has little in-
fluence on FS nesting. Thus, magnetic excitations
in the AF2 phase are expected to exhibit fea-
tures distinct from the typical SDW magnetism in
LaFeAsO and in 122 families, such as BaFezAs:.

In this study, we have measured magnetic
excitations in the AF1 (x = 0) and AF2 (x = 0.5)
phases by powder inelastic neutron scattering
on LaFeAsO:.xDx samples. Unlike other parent
compounds of the FeSC, the magnetic excitation
gap in LaFeAsOosDos was not detected below the
lowest measured temperature of 4 K, as shown in
Fig. 2 [6]. This observation is unique in the parent
compounds of FeSCs. This result can be under-
stood as an effect of quasi-isotropy within the ab
plane, which is consistent with the band calcula-
tion result that the dxy orbital plays the dominant
role in the magnetism of LaFeAsOgsHos. In ad-
dition, the intensities of the magnetic excitations
in this phase are much stronger than those in
non-doped LaFeAsO. Even in the paramagnetic
phase, the magnetic excitation in LaFeAsQOgsDo.s
persists [6]. These results corroborate recent
studies showing that the electron doping enhanc-
es the localized nature in this system.

6-4 Local electronic structure and hydrogen
site in 2D-electride Y.C

Electrides are a class of materials in which
electrons serve as anions (without atomic nuclei)
in the positively charged lattice framework sus-
tained by covalent bonds. These materials have
drawn much attention because of their promising
properties such as high electrical conductivity, low
work function, and significant catalytic activity in
their ideal form. Recently, Ca:zN, a layered nitride
compound, was reported to be an electride [8,9],
where electrons were presumed to be extended in
two dimensions (2D) over the interlamellar space
between the calcium layers [10]. This triggered a
theoretical search for candidate compounds as
2D-electrides, where yttrium carbide Y.C was in-
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Fig. 3: Crystal structure of Y2C. Blue and gray
spheres represent Y and C atoms, respectively,
and the region hatched in orange shows the 2D-
electron layer.

cluded in several of them [11].

The very recent success in the actual syn-
thesis of Y.C has put the compound under the
spot light, as it crystalized into a lattice structure
common to CazN [11,12]. As shown in Fig. 3, Y.C
belongs to the space group A3m with a lattice
constant for the a (c¢) axis being 3.6164 (17.9651)
A. A DFT calculation suggests 2D electride fea-
tures for this compound are similar to CazN [12],
where the electron band near the Fermi energy
consists of Y 4d orbitals, and 2D electronic states
(s orbital character) are present between the Y
layers. While the predicted band structures [9,12]
have been confirmed by ARPES [10,13], the inter-
esting possibility of ferromagnetic instability asso-
ciated with electride bands suggested for Y>C [14]
has been yet to be examined experimentally. To
this end, implanted muon spin rotation/relaxation
(USR) is the only practical technique, considering
the low sensitivity of 8#Y-NMR (~1/20 of uySR) and
the negligible abundance of *C.

Meanwhile, the compound has been also
found to be a hydrogen storage material, where
the site and local electronic properties of intersti-
tial H atoms remain to be an important issue. In
particular, the information in their dilute limit would
be crucial in view of the possible applications of
Y2C as a matrix of catalysts for H-related chemical
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Fig. 4: (a) Temperature dependence of the mag-
netic susceptibility x = M/H (left axis) and muon
Knight shift K, (right axis) for the polycrystalline
sample measured under Bex = 6 T. (b) Clogston-
Jaccarino (K,-x) plot for the polycrystalline sample.
The dashed line represents the best fit obtained
by the linear function and its gradient corresponds
to the hyperfine-coupling constant A,.

reactions, for which an implanted muon can serve
as a unique tool because it behaves as a pseudo-
hydrogen in matter. Hereafter, we will call this par-
ticle “muogen” (Mu) in the context of a muon as a
hydrogen isotope.

In FY2018, we reported a pSR study on the
magnetic properties of Y>C for polycrystalline
(pc) [12] and single-crystalline (sc) samples [15],
which showed different behaviors in their bulk
magnetic property; i.e., the former exhibited Cu-
rie—Weiss behavior whereas the latter was Pauli
paramagnetic in the uniform susceptibility (r) [16].
This phenomenon would be of crucial importance
for assessing the predicted instability to the Ston-
er ferromagnetism.

From ySR measurements under zero external
field (ZF-pSR), it was inferred that both samples
showed no sign of magnetic order (including

Fig. 5: Schematic illustration of the Y4 site, which
is at the center of the Y tetrahedron next to the Ye
site.

antiferromagnetism) at low temperatures below
0.024 K. Moreover, muon Knight shift measure-
ments clearly indicated that the observed Curie—
Weiss behavior of pc samples (see Fig. 4 (a))
was not due to impurities, but caused by localized
moments at the Y sites (1~2 pg, with pg being the
Bohr magneton) as evidenced by the fact that the
observed shift was proportional to y (see Fig. 4
(b)). Here, the shift K, is related to the local (mi-
croscopic) susceptibility xioc via the equation

Kp = Au)(loc/NAIJB+ Ko,

where Ap is the muon-electron hyperfine pa-
rameter, Na is the Avogadro number, and Kp is the
Fermi contact term. The observed relationship be-
tween K, and y demonstrates that v = yioc, SO that
x should represent the intrinsic property of Y2C.
As discussed below, the Y moment size of ~1.1ps
deduced from the magnitude of A, for the muon
at the Y, site is in excellent agreement with the
result of DFT calculation predicting the Y valence
of 1.9+ (4d"") from the 4d partial density of states,
also corroborating with the magnitude of the Curie
term (~0.605pg) estimated from y.

This result points to the important role of on-
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Fig. 6: Temperature dependence of molar mag-
netic susceptibility y = M/H measured under 1 T
(left axis) and muon Knight shift K, under Bex = 6
T (right axis) for single-crystalline Y»C. The exter-
nal magnetic field was parallel to the ¢ axis.

site electronic correlations (U) in understanding
the electride band (as the theory predicts that the
Stoner instability is suppressed by U [14]) and that
a slight modulation of the local electronic state
or a Fermi-level shift owing to the presence of
carbon defects (often inherent) and/or impurities
causes local moments at the Y sites to appear.

Regarding the muon site, it was initially in-
ferred to be at the center of an octahedron with
six Y atoms at the corners (Ys site) where the
Hartree potential obtained by the DFT calculation
(using the VASP package) exhibited a minimum.
The Ys site was similar to that of H suggested
by neutron diffraction of deuterated Y,C:Dx [17].
However, the Y moment size of 1.94(1)us estimat-
ed by A, for this site resulted considerably larger
than that suggested from the Curie term [16],
which entailed ambiguity in the interpretation. Fol-
lowing the suggestion of the neutron result that
the Y, site (the center of the Y tetrahedron next to
the Y, site, see Fig. 5) was preferred for H at the
lower density, we recently re-examined the Y mo-
ment size, assuming the Y, site for muons, and
obtained the value 1.11(1) ps. This result was far
more consistent with other implications and indi-
cates that muon (and hence H) does prefer the Y,
site in the dilute limit.

Because the Hartree potential does not con-
sider the local energy gain owing to the covalency
associated with the orbital electron of Mu/H, the
preference of Y. to Ys site strongly suggests that
Mu/H forms chemical bonding to Y. This is also
in line with the fact that Y can form hydrides, and
suggests that H in Y2C is not chemically active at
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the dilute concentration.

By contrast, the sc sample exhibited a tempera-
ture-independent negative Knight shift; i.e., a shift
with opposite sign and magnitude much greater
than that expected from Pauli paramagnetism (see
Fig. 6) [16]. It should be noted that K, for conven-
tional metals exhibit a positive shift, which is pro-
portional to the density of states at the Fermi sur-
face. The shift owing to the s electron is given by
Ks = (8n/3) |@kr (0)[? 5 > O,

where y, is the Pauli paramagnetic susceptibil-
ity and @«r (0) is the amplitude of the s-electron
wave function at the muon position. Considering
the observation that a negative Knight shift in
metals with positive bulk susceptibility is limited
to metals such as Ni, Pd, Pt, and those exhibiting
strong s-d hybridization [18], the observed result
for the sc sample may be related to the hybridiza-
tion of the 4d and the electride bands. Another
possibility would be the presence of orbital dia-
magnetism specific to the 2D electride band, the
microscopic details of which are yet to be clari-
fied. In any case, more work is needed to achieve
a clearer understanding of the anomalous nega-
tive Knight shift in diamagnetic Y»C.

6-5 Interstitial hydrogen in iron disulfide: a
muon study

Iron disulfide (FeS,), also known as the min-
eral pyrite or fool's gold, has significant scientific
interest and technological applications. It was
first explored as a photovoltaic semiconductor in
the mid-1980s [19] and has attracted renewed at-
tention in recent years [20—22] as other thin-film
absorber materials like amorphous silicon, CdTe,
and Cu(In,Ga)Se (CIGS) have gained commercial
success [23,24]. It is a promising optoelectronic
material owing to its suitable indirect band gap (Eq
=~ 0.95 eV) and high absorption coefficient (>10°
cm™ at Ey + 0.1 V), which opens up great poten-
tial for emerging renewable energy applications,
including photovoltaics, photodetectors, and pho-
toelectrochemical cells [21,25]. Interest in pyrite
has also revived owing to its low toxicity, virtually
infinite elemental abundance, and low raw mate-
rial cost [20—22,26].

The main obstacle to the development of py-
rite as an optoelectronic material is its low open-
circuit photovoltage Voc, which is typically only ~0.2
V. Traditionally, this has been attributed to surface
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Fig. 7: Atomic configuration of FeS; and possible
candidate sites for two Mu states, where isosur-
faces of the Hartree potential (0.3 eV above the
—-11.387 eV potential minimum) are displayed by
blue hatched areas.

defect states in FeS,, its heterogeneous band
gap, and Fermi level pinning [27]. However, recent
theoretical investigations suggest many different
views, including one that proposes that sulfur va-
cancies are not the cause of these difficulties [27].
Meanwhile, it has been known for decades that
natural pyrite crystals often exhibit n-type conduc-
tivity of unknown origin with activation energies
less than 0.01 eV [28]. There is circumstantial
evidence that hydrogen is involved in this process
[19]. Moreover, electrochemical experiments sug-
gest strikingly fast hydrogen diffusion in pyrite
(corresponding diffusion coefficient Dy~ 2 x 10
cm?/s, comparable to that in bcc metals at ambi-
ent condition) [29,30], which is further enhanced
after the saturation of defects by hydrogen [30].
Considering that hydrogen is the most ubiquitous
impurity, one may be naturally led to suspect in-
terstitial hydrogen as the cause of these mysteri-
ous electrical activities in FeS..

It is well established that muon can be re-
garded as a light proton isotope in the sense that
the local structure of a muon-electron system is
virtually equivalent with that of hydrogen, except
for a small correction ( = 0.4%) owing to the dif-
ference in the reduced electron mass. While the
light mass of a muon ( = my/9, with m, being the
proton mass) often leads to the isotope effect,
which is particularly distinctive in diffusion at low

temperatures where the quantum tunneling pro-
cess becomes dominant, a muon also simulates
hydrogen diffusion via classical over-barrier jump
at high temperatures.

We studied single-crystalline samples of
natural pyrite (unknown origin) sliced into slabs
with a plane normal to the [100] crystal axis for
MSR measurements [31]. The crystal structure
of FeS; belongs to the space group Pa3 (No.
205), consisting of FeSg octahedrons with S ver-
tices forming dimers between them. The powder
XRD spectra indicated that the sample was in
a single phase with less than 1% impurities and
defects. y was almost completely independent
of temperature, except for a slight enhancement
below ~20 K. A curve fit by the Curie—Weiss law
for data below 50 K yielded an effective moment
of 0.0125(3) us, which corresponds to an atomic
concentration of 1.11(3) x 102° cm~2 for spin S =
1 paramagnetic impurities (e.g., those associated
with Fe vacancies, Vre [26]). This paramagnetic
defect center was labeled X,. The negative sign of
the Hall coefficient Ry indicated that the residual
carriers were dominated by n-type impurities. The
temperature dependence of R4, as well as that of
electrical resistivity pxx, suggested that there were
at least two species of unidentified donor centers
with different activation energies whose origins
are hereby labeled X;(i = 1, 2). They accompany
donor levels Ex; with |Exi|//ke == 102 K and |Ex|/
ks > 200 K, yielding electronically active carri-
ers of ne = 1-2 x 10" cm=2 (= 4-8 atomic ppm).
These figures indicated the relatively good quality
of the sample in terms of electrically active puri-
ties.

Our implanted-muon study indicated that
there were four electronically inequivalent Mu
states in FeS,, i.e., two paramagnetic centers la-
beled Mu, and Mu,* and two diamagnetic centers
labeled Mug and Mug*. The magnitude of the hy-
perfine parameter [on /21 = 411(40) MHz for Mup
and on = 0 for Mug], combined with the Hartree
potential calculation, suggested that Mu, occupies
an Fe-tetrahedron center corresponding to the
S-S antibonding site (see Fig. 7). It was inferred
from time-dependent muon polarization that Mu,
underwent fast conversion to a diamagnetic state
Mug* (ons = 0, exhibiting depolarization due to spin/
charge exchange interaction), which suggests the
possibility of diffusion-limited trapping of Mu, by
defects/impurities to form complex states. Mug
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was tentatively attributed to an effective-mass-like
shallow donor/acceptor state or a sulfhydryl-like
SMu complex that served as the donor by releas-
ing an electron upon formation via the following
process: S;% + Mu — S% + SMu + e". The small
ionization energy (E, = 10 meV for Mu, and Ey <
1 meV for Mug) indicated that the electronic levels
associated with these Mu centers were situated
near (or merged to) the band edge. Meanwhile,
the electronic state of Mu,’ inferred from a positive
frequency shift under a high transverse field was
interpreted as Mu, undergoing strong dynamical
modulation of wys, probably owing to fast diffusion.
These observations suggested that interstitial hy-
drogen would also serve as an electronically ac-
tive impurity in FeS..
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