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Anomalous diamagnetism of electride electrons in transition metal silicides
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Intermetallic silicide compounds, LaScSi and YsSi3, known for being hydrogen (H) storage materials, are
drawing attention as candidates for electrides in which anions are substituted by unbound electrons. It is inferred
from a muon spin rotation experiment that the local field at the muon site (which is the same site as that for H) in
these compounds exhibits a large negative shift under an external magnetic field, which is mostly independent of
temperature. Such anomalous diamagnetism signals a unique property of electride electrons associated with
transition metals. Moreover, the diamagnetic shift decreases with increasing H content, suggesting that the
electride electrons existing coherently in the hollow interstitial positions are adsorbed by H to form hydride

ions (H™).
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I. INTRODUCTION

Electrides are a class of materials in which excess electrons
are accommodated in voids as anions without atomic nuclei
[1,2]. They have been drawing much attention because of their
high electron mobility, low work function, and high affinity
for hydrogen. The recent demonstration of oxygen-depleted
mayenite ([CazgAlogOps]*H4e, abbreviated as C12A7 : e™)
as the first air-stable solid electride [3—5] has started extensive
research on solid electrides. This has resulted in a break-
through in ammonia synthesis due to the very high catalytic
efficiency of ruthenium (Ru) dispersed on C12A7 : e~ [6,7],
thus leading to various applications in related fields [8—12]. A
search for candidate solid electride compounds has also been
triggered. Intermetallic silicides, which include LaScSi and
Y5Si3, have been proposed as a new subclass of electrides
[13,14]. These compounds are stable under atmospheric as
well as moist conditions and have received growing interest
because they can also serve as highly efficient catalysts for
ammonia synthesis when dispersed with Ru.

LaScSi (space group [4/mmm) has layered networks of
Lay tetrahedral voids (V) and La;Scy4 octahedral voids (V’)
interlaced with Si layers [see Fig. 1(a)]. X-ray diffraction
(XRD) and thermal desorption spectroscopy have shown that
up to 1.5 hydrogen atoms can be stored in the V and V’ sites
per formula unit [13,15]. First-principles density functional
theory (DFT) calculations have shown that the electrons that
contribute to the density of states near the Fermi energy
[N(Eg)] are localized at the center of the V and V’ sites,
depending on the H concentration. Because the electride elec-
trons in pristine LaScSi are predicted to be mostly localized
at the V sites, a stepwise hydrogenation process has been
proposed. In this process, H first preferentially occupies the
V site to form LaScSiHV’ys and then the V’ site to form
LaScSiH; 5 (tiered electron anions) [13].
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Y5Sis belongs to the MnsSi3-type structure [space group
P63 /mcm; see Fig. 1(b)] and has been studied mainly as a
hydrogen storage alloy [16]. The hydride YsSizH, has been
reported to accommodate H in a position coordinated by six
Y atoms (2b site) that comprises a one-dimensional hollow
channel of approximately 0.4 nm diameter running along the
c axis. DFT calculations have indicated that a band originating
from the 1s orbital of H exists at approximately 5 eV below
Er in Y5Si3H, whereas another band strongly hybridized with
the 4d orbital of Y exists near Ef in pristine Y5Si3 [14]. The
latter is presumed to originate from electrons localized at the
2b site (electride electrons) and contributes to the emergence
of functionalities such as catalytic activity.

In C12A7 : e, hydride ions are localized at the center
of the cage where electride electrons reside upon H in-
take [3,17]. Because of the differences in the local structure
of the electride electrons and their band characteristics be-
tween LaScSi/Y5Si and C12A7 : e~ (anionic electron bands
strongly overlap with other atomic orbitals in the former
[13,14] and the bands are virtually isolated in the latter [4]),
it is important to understand the local electronic state associ-
ated with H occupancy. This state plays an important role in
catalytic activity [6,7].

In this regard, it is worth mentioning that a peculiar
diamagnetism has been reported in a muon spin rotation
(uSR) study of Y,C [18], which is also known to be a
two-dimensional electride with H-storage capability [19-21].
Because muons acting as pseudo-H occupy the H site, which
is situated in the center of the electride electrons spread over
two dimensions, it has been argued that the diamagnetism
probed by muons is characteristic to the band structure of
electrides that exhibit strong hybridization with Y 44 orbitals.
Theoretical prediction of ferromagnetic instability (Stoner fer-
romagnetism) and inelastic neutron scattering measurement in
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FIG. 1. Crystal structures of (a) LaScSi and (b) Y5Si;. The red
dashed circle in the upper part of (b) indicates a one-dimensional
channel (hole) running along the ¢ axis.

Y,C suggest a possible link between the electride electrons
and Y 4d bands [20,22].

The implanted muon can be regarded as a light isotope of
H (approximately 1/9my, where my is the mass of hydrogen),
which provides a unique tool for experimentally simulating
interstitial H in the dilute limit. This allows spectroscopic
information on the electronic structure to be obtained via
1SR. In particular, SR can provide information on the local
valency of muons as pseudo-H (corresponding to H*, HY),
which is not readily accessible by other conventional tech-
niques. In contrast to the large difference in the mass between
a muon and a proton, the difference between the reduced mass
of the bound electrons is only approximately 0.4%. Thus,
the local electronic structure associated with muons is almost
identical to that of protons in the host matter. As the term
“muonium” refers exclusively to the neutral bound state of
uT and e~ (i.e., to the structure), it would be convenient to
introduce the term “muogen” (abbreviated as Mu) to describe
the properties of muons as an element ((1)'“26Mu) [23,24].

Here, we report on the microscopic properties of H and
electride electrons probed by uSR in LaScSi and its hydrides
and in Y5Sis. In LaScSi and its hydrides/deuterides, the Mu
occupancy of V/V’ sites as pseudo-H was determined through
a detailed analysis of the uSR spectra under zero and lon-
gitudinal fields. The results were confirmed to be consistent
with those inferred from DFT calculations for H at the V
and V’ sites in the dilute limit. The interplay between H
and the electride electrons in these compounds was inves-
tigated through the uSR frequency shift under a magnetic
field, which is proportional to the local susceptibility at the
Mu site. An anomalously large negative shift was observed in
pristine compounds irrespective of temperature, for which we
argue a couple of possible mechanisms. The shift decreased
monotonously with increasing H content, suggesting that the
electride electrons existed in a state delocalized over multiple
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FIG. 2. uSR time spectra under zero (ZF, closed symbol) and
longitudinal (LF=1 mT, open symbol) fields observed in LaScSiH,
with (a) x =0, (b) x =1, and (¢) x = 1.5, and in LaScSiD, with
(d)x = 0.5 and (e) x = 1.2. The solid and dashed curves in (a) are the
results of curve fits using Eq. (1) with n = 1 and n = 2, respectively.

H sites and that they were localized by H to form hydride ions
in the voids.

II. EXPERIMENTAL METHODS AND DFT
CALCULATIONS

The polycrystalline samples of LaScSi and Y5Sis used in
the SR experiment were synthesized using the arc-melting
method. The details of the sample synthesis can be found in
the literature [13,14]. For LaScSi, hydrogenated and deuter-
ated samples were prepared to investigate the mutual influence
between the Mu (as pseudo-H) and electride electrons. The
four samples comprise two samples of LaScSiH, (x = 0.9-
1.2 and x ~ 1.5, which are denoted as x =1 and x = 1.5,
respectively) and two samples of LaScSiD, (x = 0.4-0.5 and
x = 1.2-1.5, which are denoted as x = 0.5 and x = 1.2, re-
spectively). We note that there was some uncertainty in the
D content of the deuterated sample because the D content
was determined empirically by comparing the results of the
D content analysis with those obtained earlier for LaScSiH,
(without the standard reference for D). Additional details for
experiments and DFT calculations are provided in the Supple-
mental Material [25].

III. RESULTS
A. Mu sites: LaScSiH,

Figure 2(a) shows the SR time spectra observed in
LaScSi under zero external field (ZF) and a longitudinal
field (LF) of 1 mT. The spectra are normalized by the initial
asymmetry [A(0) = Ag] observed at ambient temperature. The
ZF-uSR spectrum exhibits a slow Gaussian depolarization
due to the random local fields from the nuclear magnetic
moments. Ag is largely independent of temperature. These
features indicate that most of the Mu is in a diamagnetic state
(Mu" or Mu™). As some of the incident muons are stopped
at the backing material (silver), which has negligible depolar-
ization, the time spectra are analyzed by using the following
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TABLE 1. Linewidth A; in LaScSiH/D, deduced from ZF/LF-uSR measurements at 4 K. The simulated values for the V/V’ sites in
LaScSi correspond to the relaxed lattice structure obtained from the DFT calculations in the 4 x 4 x 1 superlattice (192 atoms) with one
hydrogen at the center of the V/V’ site, whereas the others are based on structural parameters obtained by XRD [13].

LaScSi LaScSiH LaScSiH; 5 LaScSiDy 5 LaScSiD; ,
. Ay (us™h) 0.1468(33) 0.183(7) 0.174(9) 0.135(4)
E t .286(1
xperimen Ay (us™) 0.347(6) 0.415(4) 0.431(4) 0.348(9) 0.286(1)
Simulation V center (us™!) 0.1465 0.191 0.194 0.138 0.144
V’ center (us™!) 0.313 0.342 0.345 0.338 0.340
function: that a part of the implanted Mu is subject to fast spin dy-

A(t) = AoG:(t) = Y AiGkr(Ai, Bex vin 1) + A, (1)

i=1

which is approximated as
A(r) ~ i:Ai Lt 4 %(1 — A2 N 1A,
P 3 3 '

for the case of v; < A; and ZF (Bey = 0). A; is the initial
asymmetry of the Mu occupying the ith site described by the
Gaussian Kubo-Toyabe function, Ggr(A;, Bext, Vi, t), where
A; denotes the linewidth determined by the rms of the corre-
sponding local field distribution (see Supplemental Material
[25]), v; is the fluctuation rate of A;, and B is the external
LF [26]. The constant term A, consists of two contributions:
one from the Mu stopped in the backing and another from the
Mu that is present in the sample but exhibits no depolarization
(see below).

In Fig. 2(a), the results of the least-squares fits of the
ZF-uSR spectra using Eq. (1) are shown for n = 1 (red dashed
curves) and 2 (solid curves). The latter shows a significantly
better agreement with the experimental results. This indicates
that the Mu probes different magnetic field distributions at two
crystallographically inequivalent sites in LaScSi. The parame-
ter values deduced from the curve fit at the lowest temperature
(4 K) are A =0.1468(33) us~! and A, = 0.347(6) us~'.
The calculated A values at the V and V’ sites using Eq.
(S1) in the Supplemental Material [25] and the lattice struc-
ture obtained from the DFT calculation [in which structural
relaxation was allowed for one H in a 4 x 4 x 1 supercell
(192 atoms) to mimic the isolated Mu] are 0.1465 and 0.313
ws~!, which are in reasonable agreement with A; and A,,
respectively (see Table I). Thus, we attribute A; (A;) to the
signals from the Mu at the V (V’) sites.

As shown in Figs. 2(b)-2(e), the depolarization rates (o<
A;) in LaScSiH, and LaScSiD, are enhanced with increasing
H/D content. This enhancement is explained by the preferen-
tial occupancy of the V’ sites (where the Mu exhibits a greater
depolarization rate) when the V sites are fully occupied by
H/D. Moreover, A. exhibits an increase with x, as well as
temperature (see Supplemental Material [25], Fig. S1.) Al-
though the increase in A; can be qualitatively attributed to the
additional contribution from the nuclear magnetic moments of
the nearby H, understanding the latter behavior is not trivial.
As no interstitial sites are free of local magnetic fields from
139a and #3Sc nuclei, which have 100% natural abundance,
the increase in the undamped component (A ~ 0) suggests

namics of unknown origin. It should be noted that a similar
behavior has been reported for the hydrogen storage material
NaAlIHy [27]. An increase in A. above approximately 100 K
is observed for all the studied compositions and the increase
is the most prominent in LaScSiH. Elucidation of the origin of
these behaviors is an open issue to be addressed in the future.

With the exception of LaScSiD;,, the curve-fit analy-
sis requires two components (n = 2) in Eq. (1), suggesting
that both the V and V’ sites are occupied by the Mu, re-
gardless of the H/D content. The fact that the observed
linewidth in LaScSiD;; [A = 0.286(1) MHz] is nearly iden-
tical to the mean of those estimated for the two sites (0.144
and 0.340 MHz) suggests a similar scenario in LaScSiD ;.
The dispersed H occupancy over both the V and V’ sites
can be explained by the gain in entropy. Thus, the va-
cant V sites are made available to the Mu (see the next
paragraph). The observed value of A is in reasonable agree-
ment with that calculated for the V site, irrespective of the
H content; however, A, is approximately 20% larger than
that estimated for the V’ site in LaScSiH and LaScSiH; s
(see Table I). In NdScSiD; s, which has the same crystal
structure as LaScSiH; 5, neutron diffraction measurements
have indicated that D at the V’ site is localized slightly
off the ¢ axis from the Scy4 plane [28]. However, this dis-
placement leads to a decrease in A, in contrast to the
observed trend. Therefore, we tentatively attribute the dis-
crepancy to the possibility that the local field distribution
differs from the Gaussian distribution (a prerequisite of the
Kubo-Toyabe function) because of the random occupation of
the V’ site by H near the Mu. As inferred from the tem-
perature dependence of fy shown in Fig. 3, the occupancy
of the V sites increases with temperature regardless of the
H/D content, indicating that the Mu preferentially occupies
the V sites at higher temperatures. This is consistent with the
general assumption that the initial Mu occupancy is that of
a quenched state (corresponding to 7 — 0o) determined by
the density of the available sites (e.g., fv >~ 2/3 for x = 0).
As the temperature increases, fy is expected to approach the
equilibrium distribution [~ 2/(2 + e~2¢/%7T) at x = 0, where
Age is the energy difference between the two sites]. Note that
the H occupancy is described by the equilibrium distribu-
tion, where H exhibits a smaller V site occupancy at higher
temperatures.

Considering that the Mu is a microscopic entity for probing
the local motion averaged over a time range limited by the
muon lifetime (approximately 10! us), we assume that the
temperature dependence of fy is determined by the migration
of the muons from the V’ to V sites via hopping motion, which
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FIG. 3. Temperature dependence of fractional yields for muons
localized at the V site determined by fy = A, /(A4 4+ A;). The errors
are smaller than the symbol size. The dashed curves are the best fits
of Eq. (2).

is controlled by a potential barrier ¢ (not Ag),
NI =R+ (1= R)e /o, 2

where f\(,’ is the initial Mu occupancy of the V sites (see Sup-
plemental Material [25]). The dashed curves in Fig. 3 are fitted
with the aforementioned model. The temperature dependence
is reasonably reproduced except for LaScSiH in which A,
is significantly enhanced at high temperatures. The deduced
parameter values are f\e = 0.682(5), 0.44(2), 0.41(3), and
0.721(9), and & = 39(3), 37(4), 13(1), and 15(1) meV for
LaScSi, LaScSiH, LaScSiDy s, and LaScSiH; s, respectively.
These results are consistent with the assumption that the Mu
localizes at the V site as the true ground state at higher tem-
peratures; this is also in line with the stepwise hydrogenation
process proposed in the literature [13]. Bader charge analysis
[29] of H localized at the V and V’ site centers in the dilute
limit results in H=%3 and H=0%9, respectively, suggesting that
the corresponding Mu charge state is Mu™.

B. Anomalous diamagnetism of electride electrons

In the high transverse field (HTF)-uSR measurement, the
curve-fit analysis is conducted using the equation

2.2

A(t) = Ay exp (— A ) cos (wt + ¢y), 3)
where A, (¢ = £x, £9) is the asymmetry at ¢ = 0, and ¢,, is
the initial phase of the spin rotation. We note that the V and
V’ sites are not discernible by the frequency shift [as inferred
from the fast Fourier transform (FFT) of the HTF-uSR spectra
shown in the Supplemental Material [25], Fig. S3]. Therefore,
we adapt a single-component analysis in which the shift K, is
evaluated from the angular frequency w as follows:

w — yuBref
Sl “)
: V/J.Bref P
Kp = (47 /3 = N)x, %)

where y,, /2w = 135.53 (MHz/T) is the muon gyromagnetic
ratio; Kp (expressed in cgs units) is the correction term for the
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FIG. 4. Temperature dependence of the (a),(b) uniform mag-
netic susceptibility, x, and (c),(d) uSR frequency shift, K,, in
LaScSiH/D,. The error bars are smaller than the symbol size.

Lorentz and demagnetization fields; N, is the demagnetization
factor, which depends on the geometry of the sample [30];
and y is the uniform susceptibility. The reference field By is
simultaneously monitored through the precession frequency
of the muons stopped in a scintillator slab made of a nonmag-
netic insulator CaCOj3, placed immediately behind the sample.
This scintillator serves as a muon “veto” counter so that the
muons stopped in the sample and those stopped in the scintil-
lator slab can be recorded separately. The instrument-specific
temperature drift in By is calibrated through additional mea-
surements on a silver sample.

The temperature dependence of x and K|, for LaScSi and
its hydrides/deuterides is shown in Fig. 4. It is noticeable that
x exhibits a significant increase below approximately 150 K
in LaScSiH and LaScSiD, ;, which is probably due to the un-
known impurity phase(s). In other samples, x exhibits mostly
temperature-independent (Pauli paramagnetismlike) behavior.
The magnitude of x above approximately 150 K is the largest
in pristine LaScSi, and this is in agreement with the results
reported in the literature [13]. This is also consistent with the
results of the DFT calculations, where the density of states
near Er is the largest in LaScSi. We note that the demagnetiza-
tion correction (Kp) may be inaccurate at lower temperatures
for LaScSiH and LaScSiD; ; because the relative uncertainty
associated with , is increased by the larger x below approx-
imately 150 K. We can assume that K, is negative and mostly
independent of temperature. In particular, K, in LaScSi is as
large as —150 ppm. This cannot be easily explained by the
conventional chemical shifts as observed in C12A7 [31].

The magnitude of K, in hydrogenated LaScSi exhibits
a general decreasing trend with increasing H content. The
apparently weaker dependence on x in the deuterated samples
may be attributed to the uncertainty in x (see Sec. II). As H is
mostly in hydride ions at the V/V’ sites, the reduction in K,
is uniquely ascribed to the decrease in the number of electride
electrons due to their partial adsorption into H. This trend
also suggests that the rest of the electride electrons remain
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FIG. 5. Temperature dependence of the uniform magnetic sus-
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axis), in YsSiz. The dashed line represents the average value over
temperature.

delocalized while H intake occurs; K,, will be unchanged if
the Mu probes nearby localized electrons.

Figure 5 shows the temperature dependence of x and
K,, in YsSi3. Except for the small Curie term at tempera-
tures below approximately 20 K, x is almost independent
of temperature, indicating that the apparent Pauli param-
agnetic contribution dominates. K, also exhibits an almost
temperature-independent negative shift of approximately —25
ppm, which is qualitatively similar to that in LaScSiH,. (The
FFT spectra are shown in the Supplemental Material [25], Fig.
S3.)

The results for K, in LaScSiH/D, and Y;Si3, together
with the large negative shifts previously observed in single
crystalline Y,C [18], provide compelling evidence that the
anomalous diamagnetism inferred from pwSR in these com-
pounds is an important hallmark of electride electrons in
intermetallic compounds involving transition metals.

IV. DISCUSSION

In general, the uniform susceptibility of transition metal
compounds is the sum of contributions from various sources,

X = Xdia T Xs + Xa + Xwvs (6)

where x4, is the diamagnetism of conduction electrons, x;
(xa) is the spin susceptibility of s (d) band electrons, and
Xvv 18 the Van Vleck orbital susceptibility. The corresponding
muon Knight shift is then expressed as

Ku = Kiia + Ky + Ky + Kyy. )

The sum of x, (Pauli paramagnetism) and x4, (= —xs/3 for
Landau diamagnetism) gives a positive and small contribution
to K, in simple metals, whereas the contributions of d elec-
trons can be large, with its signs determined by the hyperfine
field (Hys). In conventional metals, relatively large diamag-
netic shifts have been observed by ©SR only in metals with
strong s-d hybridization, such as Ni, Pd, and Pt, in which the

contribution of d electrons has been inferred from the Curie-
Weiss behavior of x; and K; [32-36]. In LaScSi and Y;5Si3
(as in Y, C), strong hybridization of the electride electron and
rare-earth atoms has been reported [13,14,21]. However, the
absence of the Curie-Weiss behavior in K, suggests that no
such contribution exists in the electrides.

One possible origin of the temperature-independent dia-
magnetism is the Van Vleck term associated with the electride
electrons,

|(i|J.0) |2
W—zNZ E—E ®)

where N is the density of atoms per unit lattice, J, is the
angular momentum operator, |i) is the excited state that has
a finite orbital angular momentum, |0) is the ground state,
and E; and E, are their respective eigenenergies. Here, the
contribution of the d orbitals is expected to be larger owing
to the strong s-d hybridization with the electride electrons.
Because E; — E is generally sufficiently larger than KgT', xyy
does not vary with temperature. The negative sign of K, can
be reasonably attributed to the magnetic dipole character of
Hy¢ between the Mu and the off-site d electrons, where the
shift is given by the following relation: K, = Hpr Xyv-

Another possibility is an anomaly in the Landau diamag-
netism due to the Dirac electronlike dispersion relation [37].
The DFT calculations for these electrides suggest a slight de-
viation from the quadratic dispersion relation for the electride
bands near the Fermi level, which may lead to an enhanced
Xdia (not exceeding Pauli paramagnetism) and Ky, [38].

A closer look at Figs. 4(c) and 4(d) shows that K, exhibits
a slight decrease with increasing temperature in LaScSi. As
x increases, K,, at 300 K approaches zero. The temperature-
dependent trend in LaScSiH; s is opposite that in LaScSi. This
trend can be explained by the temperature variation of fy,
which leads to a change in |K),| as the average of the different
K,, values at the V and V’ sites.

Finally, the absence of such a large diamagnetism in the
prototype electride, C12A7 : e™, is probably due to the ab-
sence of overlaps with other orbitals [4,31]. The relatively
small occupancy of the electride electron sites (1/3 or less)
and the associated small density near the Mu may also con-
tribute to the negligible diamagnetism.
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