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ABSTRACT: We have synthesized a single crystalline
Y,C electride of centimeter-scale by floating-zone method
and successfully characterized its anisotropic electrical and
magnetic properties. In-plane resistivity upturn at low
temperature together with anisotropic behavior of negative
magnetoresistance is ascribed to the stronger suppression
of spin fluctuation along in-plane than that along the c-axis,
verifying the existence of magnetic moments preferred for
the c-axis. A superior magnetic moment along the c-axis to
that along the in-plane direction strongly demonstrates the
anisotropic magnetism of Y,C electride containing a
magnetically easy axis. It is clarified from the theoretical
calculations that the anisotropic nature of the Y,C electride
originates from strongly localized anionic electrons with an
inherent magnetic anisotropy in the interlayer spaces.

Electrides are ionic crystals in which electrons serve as anions."””
Because the anionic electrons are loosely bound to the positively
charged lattice framework, the physical and chemical properties
derived from the anionic electrons markedly differ from those of
typical ionic crystals with interstitial electrons trapped at anion
vacancies such as F-center and ordinary metals with nearly free
electrons. The first room temperature stable inorganic
[CayAly Oy, ]*-4e™ (C12A7) electride exhibits various elec-
tronic phases from an insulating to superconducting state
depending on the concentration of anionic electrons in the three-
dimensional network of interconnected cages.” The versatile
functionality of the CI12A7 electride has been successfully
demonstrated in eflicient electron-emitting devices and powerful
reducing catalytic reactions.’

Recently, a new class of two-dimensional (2D) electride of
[Ca,N]"-e™ has also been reported.” On the basis of the highly
delocalized nature of anionic electrons confined in 2D space, the
[Ca,N]*"-e electride exhibits an extremely high mobility (520
cm® V™' s7!) even under a dense electron concentration (1.39 X
10?2 cm™>).° Inspired by this discovery, several kinds of electrides
with 2D isostructure have been predicted and synthesized in
various material groups including nitride and carbide systems.””
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Among the new 2D electrides, the rare earth hypocarbide (RE,C,
where RE is rare earth element) intrigues a new functionality
based on anionic electrons such as magnetism.*” Depending on
the RE elements, both the degree of localization and the ground
state of anionic electrons are expected to be diverse, inducing
itinerant ferromagnetic to long-ranged ferromagnetic
states.”*'*~"? In particular, the Y,C electride that is composed
only of paramagnetic elements is expected to exhibit
ferromagnetic instability originating from the anionic electrons,
but this is hard to demonstrate in experiments because of the
absence of high-quality single crystals that can clarify an intrinsic
and anisotropic magnetic property of the 2D layered electride.”"
Further, the relation between localization degree of interstitial
electrons in 2D space and anisotropic electrical and magnetic
properties has not been discussed.

Here, we report the strong localization of anionic electrons at
2D interlayer spacing that is critical for inducing anisotropic
electrical and magnetic properties of the Y,C electride. A high-
quality centimeter-scale single crystalline Y,C electride allows
rigorous experimental studies on anisotropic physical properties,
which are verified from the spin-polarized density functional
theory (DFT) calculations.

Stoichiometric polycrystalline Y,C ingot rods were used for the
single-crystal growth by the floating zone (FZ) melting method.
To fabricate a stoichiometric polycrystalline Y,C ingot rod, we
mixed Y metal and graphite chips in a 2:1 molar ratio. The mixed
sample was melted using an arc melting furnace under high purity
argon atmosphere (Ar = 99.999%). To improve homogeneity of
the single-phase Y,C sample, we repeated the melting process of
the ingot at least 3 times. The single crystal was grown by four-
mirror FZ melting method with the rod-type ingots under high
purity argon (Ar = 99.999%) and pressurized conditions (0.3
MPa) to prevent Y vaporization. The feed and seed rods were
rotated at 10 rpm, and the growing speed was 10 mm per hour.
For out-of-plane resistivity (p,,;) of the single-crystal Y,C sample
to be measured, electrical contacts in the quasi-four point probe
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geometry were made by applying Ag paste onto the samples."*
For precise measurements of in-plane resistivity (p;,) under
varied magnetic fields (H), we adopted the stamp method, which
has Hall bar conﬁgurations.6 Temperature (T)- and magnetic
field (H)-dependent electrical and magnetic properties of the
single crystalline Y,C were measured by physical parameter
measurement system (PPMS) equipped with a vibrating sample
magnetometer (VSM). All manipulations were conducted in a
purified Ar-filled glovebox due to the degradation of Y,C
electride under an ambient oxygen and water vapor atmosphere.
For density functional theory (DFT) calculations, total
energies were calculated within DFT in the generalized gradient
approximation (GGA) with the Perdew—Burke—Ernzerhof
(PBE96) functional'®'® using the projector augmented wave
(PAW) method as implemented in VASP."” The Y,C crystal was
represented by a primitive rhombohedral unit cell containing one
chemical formula, and the plane wave basis set cutoff energy was
set to 400 eV. In most calculations, 16 X 16 X 16 sampling of the
Brillouin zone was used, whereas 32 X 32 X 32 sampling was used
for electron localization function (ELF) and magnetization
density map (MDM) calculations. All calculations were spin
polarized, and positions of atoms, size, and the shape of the unit
cell were fully relaxed to obtain the optimized lattice structure.
The crystal structure of the Y, C electride, which is an anti-CdCl,-
type structure with R3m space group, is shown in the inset of
Figure 1(a). On the basis of the Rietveld refinement of the
powder X-ray diffraction (PXRD) pattern, it is revealed that the
edge-sharing CY, octahedra forms a positively charged layer unit,
and each layer unit has a separation of 3.29 A (Figure SI and
Table S1). Because the layer unit can be regarded as a cationic
layer structured framework considering the general chemical
formula [Y**,C*"]*, it is supposed that the anionic electrons of
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Figure 1. Structural characterizations of single-crystalline Y,C electride.
X-ray diffraction patterns measured by Cu Ka radiation for the Y,C
single crystal. (a) 26 scan for the cleaved surface of the Y,C single crystal.
The inset schematic illustrates the crystal structure of Y,C electride
containing interstitial electrons between [Y,C]%* layers. (b) The ¢ scan
for the cleavage surface of the Y, C single crystal. Inset photos display the
single crystal rod grown by FZ melting method (left) and cleaved surface
of single-crystalline Y,C electride (right).
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high density are confined between [Y,C]*" layers as constructing
the 2D [Y,C]*"2e™ electride. Panels a and b in Figure 1 show X-
ray diffraction (XRD) patterns for the Y,C single crystal grown
by the FZ method. As shown in Figure 1(a and b), the exclusive
reflection peaks from (00!) planes and periodic reflections with
the degree of 120° are observed for out-of-plane (26) and
azimuthal in-plane (¢) scans, respectively. This indicates that the
crystal surface is well oriented to the (003) plane where the 2D
space is located in constructing the rhombohedral unit cell of
Y,C with 3-fold symmetry, as confirmed by the PXRD results.
Figure 2(a) shows T dependence of p;, and p,, for a bulky
single crystal of the Y,C electride. The metallic transports with
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Figure 2. Anisotropic magneto-electrical transport properties of the Y,C
single crystal. (a) Temperature dependence of in-plane (p,,) and out-of-
plane (p,,) for the Y,C single crystal. The normalized p,, and p,,, below
S0 K are displayed in the inset. (b) Magnetic field dependence of
resistance under different T and H directions for the Y,C single crystal.
Inset schematics provide an illustration of the geometry for magneto-
resistance measurements.

positive T dependences are observed in both directions, whereas
the p values in two directions show a clear difference over the
temperature range of 2—300 K with a high anisotropy ratio (p,./
pin) of 5.8 X 10* at 2 K. This indicates that the electrical
conduction along the (00!) plane is less suppressed from
electron—phonon scattering compared to that perpendicular to
the (001) plane.é’18 In a low T range (inset, Figure 2(a)), pi
exhibits In T dependence, showing increasing behavior below the
critical temperature (T.) of 15 K, whereas p, continuously
decreases as T decreases. This indicates that the interaction of
conduction electrons with spin moment exists along the in-plane
direction parallel to the (00!) plane even in the absence of
magnetic elements as spin-aligned scattering sources.”'” The
magnetoresistance (MR) is examined along the (00!) plane with
respect to the direction of applied magnetic field (H) to clarify
the detailed scattering mechanism, as depicted in the inset of
Figure 2(b). In both directions of out-of-plane perpendicular
(Ap,(H) =p,(H) — p,(0)) and in-plane transverse (Ap”(H) =
pi(H) — p;(0)) to the (00) plane, negative MRs are observed.
This is in contrast to the MR behavior of the Ca,N electride in
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which Ap,(H) and Ap;(H) showed anisotropy with opposite
sign due to the diffusive 2D transport of delocalized anionic
electrons along the (00!) plane.’ Because the carrier mobility of
Y,C (5.6 cm® V™! 57! at 2 K) is much smaller than that of Ca,N
(520 cm* V7 's7'at 2 K) (Figure S2), it is reasonable to suppose
that the anionic electrons of Y, C are more strongly localized than
those of Ca,N. Further, from the negative MR in both Ap, (H)
and Ap)(H) that is a characteristic feature of a system with weak
localization or well-aligned spin, the negative MR of Y,C in both
directions is attributed to the suppression of spin fluctuation as
typical ferromagnetic metals, not the weak localization.”””" It
should be noted, however, that the Y, C electride is composed of
only paramagnetic elements yttrium and carbon. Moreover,
dissimilar MR with the same negative sign is often shown in
magnetocrystalline materials with highly anisotropic structure
containing easy and hard axes for the magnetization.””*” As
observed from the ferromagnetic single crystal with structural
anisotropy, such as Gd, the magnitude of MR for applied H along
the hard axis is superior to that along the easy axis where the
anisotropic energy is minimized.”> These results strongly
indicate that the Y,C electride contains an inherent magnetic
constituent with anisotropic geometry, leading to the anisotropic
magnetoelectrical transport governed by spin-associated scatter-
ing.

To confirm the anisotropy of the Y,C electride, we measured
the magnetization (M) under different H directions. Figure 3(a)
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Figure 3. Anisotropic magnetic properties of the Y,C single crystal. (a)
Temperature dependence of magnetizations (M) under an applied
magnetic field (H) of 1 T perpendicular (M, ) and parallel (M) to the
(007) plane of the single-crystalline Y,C electride. Inset shows ' versus
T curves in both directions under H = 1 T. Dashed lines are Curie law
fittings for calculations of y.g (b) M versus H curves depending on the
direction of applied H at T = 2 K, clearly showing anisotropy.

shows M curves as a function of T for the Y, C single crystal under
H along the c-axis and ab-plane, denoted as M, and M|,
respectively. M, and M are measured under H of 1 T. On the
basis of the Curie law (dashed line in the inset of Figure 3(a), the
effective magnetic moments (u.g) are calculated as 2.82 pg and
1.08 pp (pp: Bohr magneton) per unit cell for M, and M,
respectively. These results firmly show the anisotropy of the
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magnetic properties for the Y,C electride. When we measure M
versus H curves in different H directions as shown in Figure 3(b),
a relatively large M, value with saturation behavior can be
obtained, whereas M shows a gradual and linear increase up to H
of 1 T as a typical Pauli paramagnetic metal.””** These results
demonstrate that the c-axis of the Y,C crystal is a magnetically
easy axis compared to its perpendicular plane, which is also
confirmed by the anisotropic MR results as observed in Figure
2(b). Combining this magnetic anisotropy with the electrical
transport anisotropy, it is concluded that the Y,C electride
exhibits anisotropic magnetic properties containing localized
moments that tend to align along the c-axis.

To clarify the origin of the anisotropy, we performed spin-
polarized DFT calculations for the Y,C electride. The calculated
band structure of each atomic contribution containing an
interstitial anionic electron site (denoted as X) is shown in
Figure 4(a—c). Unlike the previously reported Ca,N, where a
well-dispersed single band appears across Ep, narrower bands
composed of electron and hole pockets are observed near E,
suggesting a more localized nature of carriers for Y,C.° The
bands for spin-up and -down split spontaneously with the energy
gain of AE, = 16 meV per formula unit. As displayed in Figure
4(a—c), Y and X mainly contribute to the electrons near Ep,
indicating the hybridization states between interstitial electrons
and Y orbital. From the calculations of ELF as shown in Figure
4(d and e), a biased value of ELF for the spin-up and -down state
is converged on the interstitial site resulting in the peanut-shaped
effective ELF (difference of spin-up and -down ELF values) on X
as displayed in Figure 4(f). Considering this with the atomic
contribution from the band structure, it is strongly convincing
that the highly localized anionic electrons occupy the interstitial
X sites not on the atomic orbitals with nonzero spin moment.
The MDM as depicted in Figure 4(g) also verifies well the
peanut-shaped anionic electrons at interstitial X sites and exhibits
a nonzero magnetic moment even larger than that from Y atoms
showing clear distinction from the delocalized anionic electrons
with no magnetization density in Ca,N (see Figure S3). When
we calculate magnetic anisotropy energy from the difference of
total energies with the spin quantization in the (100) hard and
(001) easy axis, it is obtained as 0.027 eV. As a consequence, the
anisotropic transport and magnetism in the Y,C electride
originate from the localized interstitial electrons in 2D space,
which are more favorable for aligning along the c-axis more easily.
From the successful growth of high-quality single-crystalline Y,C
electride and rigorous examination of anisotropic electrical and
magnetic properties, we have found that the interstitial anionic
electrons are strongly localized in a 2D interlayer space of the
layer-structured Y,C electride. Distinct differences in electrical
transport characteristics (p,/p;, ratio up to 5.8 X 10*at 2 K as
well as inferior MR for c-axis) between in-plane and out-of-plane
are clearly observed, and superior magnetization along the c-axis
compared to that of the in-plane direction is also characterized.
Spin-polarized DFT calculations also clarify that such an
anisotropic nature of the Y,C electride originates from strongly
localized anionic electrons with an inherent magnetic anisotropy
in the interlayer space. We envisage that the RE,C-type electride
can be intriguing with new functionality of highly localized
anionic electrons under a low dimensional space, such as
exceptional orbital-free magnetism.”’
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Figure 4. Electronic structure of the Y,C electride. (a—c) Calculated spin-polarized electronic band structure of the Y,C electride for each chemical
species of Y, C, and interstitial site denoted as X, respectively (red: spin-up; black: spin-down). The coordination of the X-site is 6¢ (0, 0, 0.5) with R3m
space group. Fermi level is set to zero. (d—f) Electron localization function (ELF) for spin-up, spin-down, and difference (A) between spin-up and

-down, respectively. (g) Magnetic density map (MDM) on the (110)g plane.
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