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a b s t r a c t

Discoveries of two-dimensional (2D) magnetism originated from confined atomic layers in van der Waals
(vdW) crystals provide an interesting arena for elucidating its fundamentals and enrich magneto-electric
and quantum properties. However, a material that exhibits intrinsic 2D magnetism of interstitial elec-
trons occupying layered space, as a root system of magnetic vdW crystals, remains obscure. In this work,
2D ferromagnetic vdW electride, [RECl]2þ$2e� (RE ¼ Y and La) is reported with perfectly isolated
ferromagnetic 2D blocks encompassing quasi-atomic electron layers. The ferromagnetism of the vdW
electride with Curie temperature of 100 K originates from the spin-polarized quasi-atomic electrons with
a substantial moment up to ~0.91 Bohr magneton, which behave as magnetic elements in paramagnetic
lattice framework. Invariable ferromagnetism at the monolayer limit strongly supports the 2D ferro-
magnetism of quasi-atomic electrons. These findings expand the variety of 2D magnetic crystals,
providing a promising platform to study the emergent magnetism of low-dimensional electron phases.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Two-dimensional (2D) van der Waals (vdW) materials have
attracted great interests from recent discoveries of exotic proper-
ties such as intrinsic 2D magnetism. Based on their exceptional 2D
magnetic properties, 2D magnetic materials with anisotropic vdW
bonding have demonstrated the potentials in quantum magneto-
electronics and magneto-optics, which can open up a wide range
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of possibilities for fundamental research and applications for next-
generation devices [1e3]. In principle, long-range magnetic
ordering can successfully survive overcoming strong thermal fluc-
tuations due to high magnetic anisotropy of 2D layered structure,
leading to emergence of an intrinsic 2D ferromagnetism [4e6].
However, the magnetism of 2D vdW crystals is primarily ascribed
to the magnetic layers which consist of magnetic constituent ele-
ments coordinated with halogens and chalcogens as reported in
CrI3, Cr2Ge2Te6, FePS3, and MnSe2 magnets [4,5,7,8]. There also
remains a non-negligible interlayer exchange interaction between
the magnetic layers crossing a vdW gap due to an insufficient 2D
isolation of magnetic layers, providing a layer-dependent magne-
tism and different bulk magnetic properties from the magnetic
monolayer.

Electride, which is an emergent magnetic material of electron
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itself, has been of interest due to its exotic characteristic feature
that anionic electrons occupying interstitial cavity space in posi-
tively charged lattice framework have a noticeable spin moment
[9e14]. In early organic electrides with cavity-trapped anionic
electrons, a connecting channel along one direction allows the
antiferromagnetic coupling between adjacent electrons [9]. It is
also reported that the strong localization of anionic electrons in
potassium electride under high-pressure induces a Stoner-type
instability, leading to the ferromagnetism [10]. A notable fact is
that the constituent elements in cationic lattice frameworks of
those electrides are all paramagnetic, implying that the anionic
electrons are responsible for the emergence of magnetism. From
the rigorous studies on diverse 2D electrides, it has been addressed
that the exceptional magnetic properties are associated with
localization degree of interstitial anionic electrons (IAEs) at the 2D
interlayer spaces [11e14]. The 2D [Ca2N]þ$e� electride with fully
delocalized 2D electron layer showed no magnetic property [11],
while the 2D [Y2C]2þ$2e� and [Gd2C]2þ$2e� electrides with
strongly localized electrons at specific crystallographic sites
showed the superparamagnetism and ferromagnetism, respec-
tively [12,14]. In particular, for ferromagnetic [Gd2C]2þ$2e�, it is
predicted that the strongly localized IAEs act as quasi-atoms having
substantial magnetic moments as ferromagnetic elements in
typical magnetic materials [14]. Motivated from the orbital-free
nature of these spin-polarized quasi-atomic IAEs under 2D topol-
ogy, we anticipate that 2D electrides can be a promising candidate
for realizing intrinsic 2D magnetism overcoming interlayer mag-
netic interactions and limited combination of typical magnetic
constituent elements. However, the ever-reported 2D electrides are
constructed by the ionic bonding between cationic layer units and
quasi-atomic IAEs at interlayer spaces, hindering 2D magnetism
due to lack of long-range order in spite of highly anisotropic feature
(Fig. 1a and b) [11,12,14,15].

We have conceived a different layered structure from previous
2D ionic electrides, which is constructed by the vdW bonding of
neutral layers (Fig. 1c), having a potential to realize an intrinsic 2D
magnetism based on the quasi-atomic IAEs in 2D electrides. While
all the previous 2D ionic electrides are constructed by ionic
bonding of IAEs with constituent elements of positively charged
layers at interlayer, a 2D vdW electride consists of IAE trapped
neutral layers, which are weakly bonded each other by vdW forces.
In the structure of 2D vdW electride, the IAE layers are encom-
passed in positively charged layer framework, preserving the
neutrality of layer unit and the IAEs are strongly localized at specific
crystallographic sites as quasi-atoms in the intralayer space.
Furthermore, non-magnetic constituent elements are prerequisite
to study the 2D magnetism induced by the spin-polarized quasi-
atomic IAEs in 2D vdWelectride. In this context, we here report the
first experimental demonstration of 2D vdWelectride of rare-earth
monochloride, [RECl]2þ$2e� (RE ¼ Y and La), which is only
composed of non-magnetic RE and Cl elements [16,17]. It has been
reported that the RECl compounds can be a promising candidate for
the 2D electride with a possible ferromagnetism [18]. From our
rigorous experimental and theoretical study, it is clearly verified
that the [RECl]2þ$2e� electrides have 2D vdW structure with a
ferromagnetism originating from the spin-polarized quasi-atomic
IAEs in the intralayer of 2D space. Most of all, the ferromagnetism of
quasi-atomic IAE layers retains down to the monolayer limit, sug-
gesting an intrinsic 2D ferromagnetism of electron itself.

2. Results and discussion

Fig. 1c shows the layered crystal structure of rare-earth mono-
chloride, RECl (RE ¼ Y and La), in which the layered structure
consists of edge-sharing octahedral RE6 units. From the single-
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crystal X-ray diffraction (XRD) patterns (Fig. 1d and e) and atomic
structure observations (Fig. 1f and g), we defined the crystal
structure and bonding nature of RECl electride. The XRD patterns of
RECl single crystals exhibit the exclusive reflection peaks from the
(00l) planes (Fig. 1d and e), confirming the high quality c-axis ori-
ented crystals and ensuring the simple cleaving by a 3 M tape
exfoliation (Upper side photos in Fig. 1d and e). The chemical
stoichiometry of RE:Cl is quantified as 1:1 for both YCl and LaCl as
listed in Table S1, Supplementary data. The calculated surface en-
ergies (Fig. S1, Supplementary data) clearly indicate that the
termination is preferred at the interlayer between CleCl (8meV/Å2)
rather than the intralayer between RE�RE (89 and 67 meV/Å2 for
YCl and LaCl, respectively). It is noted that the surface energy range
at CleCl interlayer corresponds to the nature of weak vdW bonding
[19,20]. This feature in crystal structure is also confirmed by scan-
ning transmission electron microscopy (STEM) observations. It
directly displays the hexagonal symmetry of RECl layers with the
longer CleCl distance (3.67 Å and 3.66 Å for YCl and LaCl, respec-
tively) than the typical CleCl bonding length [21,22]. Therefore, the
layered RECl is classified as a 2D vdWmaterial with weak interlayer
interaction via vdW forces between Cl atomic layers.

To experimentally clarify the details of bonding nature in 2D
vdW RECl, we analyzed the chemical states by X-ray photoelectron
spectroscopy (XPS) measurement as well as Bader charge analysis
(Fig. 2a�d and Table 1). As shown from Fig. 2a and b, the major
peaks of Y 3d3/2 (158.9 eV) and La 4d3/2 (103.6 eV) are almost similar
to those of rare-earth trichlorides (RECl3) [22]. Comparing with the
Bader charge amount between RECl and RECl3 (Table 1 and Table S4,
Supplementary data), it can be concluded that RE ions in RECl are
trivalent with similar oxidation numbers of RE in RECl3. On the
other hand, the Cl 2p3/2 were detected at slightly higher binding
energies (200.4 and 200.5 eV for YCl and LaCl) compared to those
(199 eV and 198.8 eV, respectively) of monovalent Cl� from YCl3
and LaCl3 (Fig. 2c and d) [22]. This implies that Cl anions of both YCl
and LaCl are in an electron-poor state (approximately Cl0.8�)
compared to the monovalent Cl� of typical chloride compounds as
observed from other 2D vdW chlorides [23,24]. These results
indicate that the layer units of RECl should be positively charged as
[RE3þCl(1�d)�](2þd)þ (d ~0.2), allowing the existence of excess
anionic electrons of (2þd)e� to ensure the charge neutrality as an
electride system.

Electrical properties of the 2D vdW [RECl]2þ$2e� electrides were
successfully measured by employing the stampmethod as depicted
in Fig. 3a [11]. Temperature (T) dependence of electrical resistivity
(r) along the in-plane direction (Fig. 3b) indicates that both elec-
trides show a metallic conduction behavior. The [YCl]2þ$2e� elec-
tride exhibits larger r and residual resistivity ratio (RRR) compared
to those of the [LaCl]2þ$2e� electride [25], suggesting that the
electron-phonon interaction degree in [YCl]2þ$2e� could be
stronger than that in [LaCl]2þ$2e�. Magnetoresistance (MR) for
both vdW electrides (Fig. 3c and d) shows a distinct anisotropic
behavior depending on the direction of the applied magnetic field
(H) as observed in other 2D vdW systems [26,27]. At 2 K, out-of-
plane MR of [YCl]2þ$2e� decreases as H increases, while that of
[LaCl]2þ$2e� shows an upturn when m0H exceeds 1.7 � 104 Oe. As
the negative MR behavior in d-band metal compounds generally
originates from s�d interaction [28,29], the s�d interaction is more
prominent in [YCl]2þ$2e� than [LaCl]2þ$2e�, surpassing the Lorentz
effect [30] that leads to the positive MR as shown in [YCl]2þ$2e�.
Because Y has more localized 3d-orbital than La with 4d-orbital, a
larger RRR as well as a stronger negative MR behavior in
[YCl]2þ$2e� can be ascribed to the stronger s�d interaction.

Remarkably, in the T dependence of magnetization (M) and
magnetic susceptibility (c) of both vdW electrides (Fig. 3e and f),
the magnetic transition clearly appears near 100 K in the out-of-



Fig. 1. Van der Waals RECl electrides. (a, b) Schematic illustration for the crystal structure of previous 2D ionic electrides, [Ca2N]þ$e� and [M2C]2þ $2e� (M ¼ Y or Gd) (a) and
[Hf2S]2þ$2e� (b). (c) Schematic illustration for the crystal structure of RECl electrides with IAEs in intralayers of RECl, belonging to the R3m space group. Strongly localized IAEs are
isolated inside RECl layer units and each layer is separated by the CleCl vdW interlayer. (d, e) XRD patterns of exfoliated single-crystalline YCl (d) and LaCl (e) electrides. 2q scan for
out-of-plane shows well-oriented reflection in (00l) direction of single-crystalline RECl electrides. Upper side shows a photograph of exfoliated surface for each RECl electride. (f, g)
Atomic-scale high-angle annular dark field (HAADF)-STEM images along [100] and [001] zone axis of YCl (f) and LaCl electrides (g). STEM results directly prove sufficient CleCl
interlayer distance for RECl electrides to be classified as 2D vdW materials.
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plane direction, while a negligible transition is observed in the in-
plane direction (see Fig. S3 in the Supplementary data). Fig. 3g and
h shows the magnetization (M) of the out-of-plane direction as a
function of applied field H at 2 K. Both electrides exhibit nearly
saturated moment with negligible hysteresis. It should be noted
that the magnetic moments (meff.) from the saturated magnetiza-
tion obtained in M�H curves at 2 K were 0.77 and 0.91mB for
[YCl]2þ$2e� and [LaCl]2þ$2e� electrides, respectively. These ferro-
magnetic transition and magnitude of moments are unusual when
considering that the non-magnetic RE3þ, which has no unpaired
electrons in d-orbitals, and halogen ions are constituent compo-
nents of the positively charged lattice framework (See Fig. S4,
Tables S2 and S3 in the Supplementary data, that shows a negligible
contribution from magnetic impurities). Thus, it is expected that
the anionic electrons at the intralayer are responsible for the un-
usual magnetic properties of [RECl]2þ$2e� electrides, having a
noticeable magnetic moment. Moreover, the experimental result
that a higher magnetization value is obtained in the [LaCl]2þ$2e�
3

electride suggests a more substantial contribution of magnetic
anionic electrons in the [LaCl]2þ$2e� electride. It is noted that the
observed magnetic transition is not related to the structural phase
transition, as confirmed by the temperature dependent Raman
spectroscopy (See Fig. S5 in the Supplementary data).

In order to verify the critical role of magnetic anionic electrons
on the unconventional magnetism in [RECl]2þ$2e� electrides, we
conducted ab initio calculations based on spin-polarized density
functional theory (DFT). A considerable splitting of up (red) and
down (blue) spins near EF distinctly appears as shown in the elec-
tronic band structures and density-of-states (DOS) for both elec-
trides (Fig. 4a�d). This ferromagnetic ground state agrees well with
the experimental results of magnetic properties. A notable result in
the electronic structure is that a significant contribution to the total
DOS at the EF comes from the anionic electrons, not from the
constituent RE elements (Fig. 4c and d). This major contribution of
IAE-projected DOS (IAE-PDOS) at the EF is the hallmark of an
electride [11,12,14]. Compared to the previous 2D electrides, the



Fig. 2. Chemical states of RECl electrides. (aed) XPS spectra of RECl electrides under the ultra-high-vacuum condition compared with RECl3. The red colored peaks indicate 3d of
yttrium (a) in YCl electride. The blue colored peaks indicate 4d of lanthanum (b) in LaCl electride. The green colored peaks indicate 2p of chlorine in YCl (c) and LaCl electrides (d).
Binding energy of Y 3d and La 4d of RECl show trivalent states similar with those of RECl3. Binding energy of Cl 2p of RECl electrides shows substantial deviation, compare to Cl 2p of
RECl3. It intimates existence of additional negative charges separated from orbital nature inside lattice framework through the formation of IAEs.

Table 1
Bader analysis for the computational electron counts and local magnetic moments of bulk and monolayer of RECl electrides.

YCl Bulk Monolayer

Element (x, x, x) Oxidation state Local magnetic moment [mB] (x, x, x) Oxidation state Local magnetic moment [mB]

Y x ¼ 0.217 þ2.399 0.182 x ¼ 0.217 þ2.442 0.206
x ¼ 0.783 þ2.380 0.182 x ¼ 0.783 þ2.368 0.205

Cl x ¼ 0.387 �0.911 0.011 x ¼ 0.387 �0.816 0.016
x ¼ 0.613 �0.729 0.011 x ¼ 0.613 �0.802 0.016

IAEA x ¼ 0.133 �1.207 0.570 x ¼ 0.133 �1.291 0.561
x ¼ 0.867 �1.232 0.570 x ¼ 0.867 �1.246 0.561

IAEB x ¼ 0.500 �0.700 0.000 x ¼ 0.500 �0.652 0.000

Net magnetic moment [mB/f.u.] 0.763 Net magnetic moment [mB/f.u.] 0.782

LaCl Bulk Monolayer

Element (x, x, x) Oxidation state Local magnetic moment [mB] (x, x, x) Oxidation state Local magnetic moment [mB]

La x ¼ 0.220 þ2.255 0.208 x ¼ 0.220 þ2.288 0.212
x ¼ 0.780 þ2.226 0.208 x ¼ 0.780 þ2.221 0.212

Cl x ¼ 0.384 �0.873 0.017 x ¼ 0.384 �0.790 0.019
x ¼ 0.616 �0.706 0.017 x ¼ 0.616 �0.778 0.019

IAEA x ¼ 0.126 �1.013 0.664 x ¼ 0.126 �1.085 0.681
x ¼ 0.874 �1.043 0.663 x ¼ 0.874 �1.051 0.681

IAEB x ¼ 0.500 �0.846 �0.001 x ¼ 0.500 �0.801 �0.004

Net magnetic moment [mB/f.u.] 0.888 Net magnetic moment [mB/f.u.] 0.909
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present vdW electrides are unique in terms of electronic band
structure such as dispersion degree of IAE band and its hybridiza-
tion degree with bands of neighboring cationic elements. Indeed,
the band dispersion of IAEs is similar to that of the [Ca2N]þ$e�
4

electride with the largely dispersed band originating from the
highly delocalized anionic electron layer [11]. However, in contrast
to the [Y2C]2þ$2e� and [Gd2C]2þ$2e� electrides with a strong hy-
bridization between Y/Gd and IAE bands, a negligible hybridization



Fig. 3. Electrical and magnetic properties of RECl electrides. (a) Schematic illustration of measurement for single-crystal flakes of RECl electride by the stamp method. (b) Tem-
perature (T) dependence of in-plane electrical resistivity (r) for single-crystalline RECl electrides. (c, d) Magnetic field (H) dependence of resistance for YCl (c) and LaCl electrides (d)
in different magnetic field directions. (e, f) T dependence of magnetization (M) and magnetic susceptibility (c) for YCl (e) and LaCl electrides (f) under the 200 Oe of external field
with different magnetic field direction. (g, h) M�H curves for YCl (g) and LaCl electrides (h) at 2 K.
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between IAE and RE bands in [RECl]2þ$2e� electrides makes a
distinct peculiarity [12,14].

In themapping of electron localization function (ELF), the highly
concentrated ELFs in the space between RE cations, which are
clearly separated from the ELFs of neighboring RE cations, appears
at two non-atomic positions (Fig. 4e�h). These two positions, IAEA
(black solid circle, A site) and IAEB (black dashed circle, B site), are
defined to have a periodicity as they occupy their own crystallo-
graphicWyckoff sites (Table 1). Thus, the layer units in [RECl]2þ$2e�
5

electrides are neutralized by the presence of IAEs, having ionic
bonding with RE�Cl cationic slabs. The most noticeable feature is
the different spin state at each IAE site, showing up and down spins
for IAEA and IAEB, respectively. These spin-polarized IAEA and IAEB
are responsible for the band splitting at near EF and the observed
magnetic properties. By integrating the charge density within the
Bader's basin containing IAEs (Table 1), we obtained the charge of
1.57e� and 1.45e� for [YCl]2þ$2e� and [LaCl]2þ$2e�, respectively,
validating the concept of quasi-atoms for spin-polarized IAEs



Fig. 4. Ferromagnetism from the spin-polarized quasi-atomic IAEs in vdW RECl electrides. (a, b) Calculated spin-polarized band structures of bulk YCl (a) and LaCl electrides (b)
(spin-up: red color, spin-down: blue color). (c, d) Calculated results of total and projected DOS of bulk YCl (c) and LaCl electrides (d). (e, f) ELF of spin-up state for bulk YCl (e) and
LaCl electrides (f) on the (110) plane. (g, h) ELF of spin-down state for bulk YCl (g) and LaCl electrides (h) on the (110) plane. (i, j) MDM of bulk YCl (i) and LaCl electrides (j). (k, l)
MDM of monolayer YCl (k) and LaCl electrides (l).
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[31,32]. Therefore, it is concluded that the experimentally observed
ferromagnetism in the present vdW electrides originates from the
spin-polarized quasi-atomic IAEs at intralayer space, not from the
orbital electrons of constituent elements.

The magnetic density maps (MDMs) of both electrides show a
clear picture of the magnetism originating from the spin-polarized
quasi-atomic IAEs (Fig. 4i and j). The position of maxima in MDMs
6

emerges at the site of spin-up IAE, indicating that the quasi-atomic
IAEA has a substantial magnetic moment, while no magnetic den-
sity appears at IAEB site. The local magnetic moments for each IAE
and constituent elements are quantified by Bader analysis as listed
in Table 1, revealing that the ferromagnetism of both electrides is
mainly ascribed to the quasi-atomic IAEA in the 2D electron layer. In
spite of the short distance between IAEA and RE (2.17 Å and 2.35 Å
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for [YCl]2þ$2e� and [LaCl]2þ$2e�, respectively), there is a rare
sharing of ELF. On the other hand, a significant sharing of ELF be-
tween IAEA�IAEB is observed, suggesting that the magnetic ex-
change integral, which should be critically related to the degree of
overlap of the interacting orbitals, is much more significant be-
tween IAEA�IAEB than IAEA�RE. From the fact that the indirect
exchange between non-neighboring magnetic ions can be medi-
ated by a non-magnetic ion [33,34], such a superexchange inter-
action possibly plays a key role in promoting the spin-alignment of
IAEs. Wan et al. also predicted YCl as an electride exhibiting non-
zero magnetic moment based on DFT calculation, but they inter-
preted that ELF at B site can only be considered as the IAE, and the
magnetism possibly originates from the exceptionally unfilled d-
band electrons associated to p-bonding resulting in ELF at A sites
[18]. However, our XPS results (Fig. 2) combined with Bader anal-
ysis (Table 1, and Table S4 in Supplementary data) definitely
confirm that both Y and La are trivalent ions without unfilled d-
band electron, thus it can be concluded that the experimentally
observed ferromagnetism from our layered vdW chlorides origi-
nates not from conventional orbital electrons but from the spin-
polarized IAEs especially at A sites. Additionally, we examined the
critical role of spin-polarized IAEs for the occurrence of ferromag-
netism by calculating the PDOS of hydrogen-incorporated RECl
compounds in the chemical formula of REClH1.0 and REClH1.5
(Fig. S6 in the Supplementary data). It is clear that the removal of
spin-polarized IAEs induces the magnetic transition from the
ferromagnetism to paramagnetism, indicating that the spin-
polarized IAEs are responsible for the observed ferromagnetism.
This gives an important insight on the present ferromagnetism,
which occurs by the magnetic interactions of IAEs in the intralayer
of the completely isolated layer units, thus resulting in a strong
magnetic anisotropy and classifying the vdW electrides as an
intrinsic 2D magnet.

To prove the 2D ferromagnetism of vdW [RECl]2þ$2e� elec-
trides, we calculated the band structure, PDOS, ELF, andMDMof the
monolayers of [RECl]2þ$2e�. As shown in Fig. S7 in the Supple-
mentary data, the spin splitting of electronic band structure,
dominant contribution of IAE-PDOS at EF and quasi-atomic feature
of IAEs in the ELF are identical to the bulk [RECl]2þ$2e� electride,
demonstrating the ferromagnetic ground state of [RECl]2þ$2e�

monolayer. Moreover, in the MDM (Fig. 4k,l) plots of the mono-
layers of [RECl]2þ$2e�, the strongly localized quasi-atomic nature of
spin-polarized IAEs is invariant as found in the bulk [RECl]2þ$2e�

electrides. We calculated the net magnetic moments of each
monolayer for [YCl]2þ$2e� and [LaCl]2þ$2e�, and obtained 0.77 and
0.91 mB/f.u., respectively, which are almost consistent with the
measured and calculated values of bulk [RECl]2þ$2e�. All the con-
sistency strongly indicates that the 2D ferromagnetism of
[RECl]2þ$2e� electrides is not frustrated down to the 2D limit,
proving the intrinsic 2D ferromagnetism of vdW electrides.

3. Conclusion

In conclusion, we have discovered the unprecedented 2D vdW
[RECl]2þ$2e� electrides that contain strongly localized quasi-
atomic IAEs at the intralayer space, exhibiting ferromagnetic spin
polarization. From rigorous experimental and theoretical charac-
terizations, the highly anisotropic behaviors in electrical transport
and ferromagnetic properties arise from spin-polarized IAEA that is
mediated by superexchange interaction bridging non-magnetic
IAEB. We have also confirmed that the ferromagnetic layer unit
can be perfectly isolated down to monolayer limit, retaining the
ferromagnetic ground state. The present discovery of 2D vdW
[RECl]2þ$2e� electride crystals provides an experimental opportu-
nity for studying the fundamentals of magnetic electron layers as
7

well as for fabricating heterostructure-based magneto-optic or
magneto-electronic devices with other 2D vdW crystals.

4. Material and methods

Synthesis of RECl electrides crystals: All synthesis and sample
preparations were conducted in a purified glovebox filled with high
purity Ar gas (99.999%) to prevent the degradation of rawmaterials
and RECl electrides in ambient atmosphere containing oxygen and
water molecules. For YCl electride, 1:1 ratio of Y metal and YCl3
powders were mixed and pulverized. Then, pelletized mixture was
sealed in fused silica tube (12 mm of inner diameter and 16 mm of
outer diameter) with high purity Ar gas (99.999%) atmosphere
(~1 bar). Sealed fused silica tube was heated at 550 �C for 48 h. The
annealed sample was pulverized and pelletized again, followed by
wrapping with molybdenum foil. After sealing in fused silica tube
(12 mm of inner diameter and 16 mm of outer diameter) with high
purity Ar gas (99.999%) atmosphere (~1 bar), the second heating
process was conducted at 850 �C for 72 h. Then, the single-
crystalline YCl electride in a form of thin flake was finally ob-
tained. For LaCl electride, stoichiometric 2:1 ratio of La metal and
LaCl3 powders were mixed, pulverized and pelletized. The pellet-
ized mixture was fully covered with molybdenum foil. Then, the
pellet was sealed in fused silica tube under vacuum condition
(~10�5 mbar). The sealed fused silica tube was heated at 800 �C for
72 h. Then, the single crystalline LaCl electride in a form of thin
flakewas obtainedwithout the second heating step required for the
single crystal growth of YCl electride.

Structural analysis: The crystal structures of RECl electrides were
analyzed by X-ray diffractometry (SmartLab, Rigaku) and Cs-
corrected field emission-transmission electron microscopy (JEM-
ARM200F, JEOL). For preventing oxidation during measurement of
XRD, the samples were prepared under high purity Ar gas
(99.999%) atmosphere then analyzed using an atmosphere sepa-
rator for SmartLab. The TEM sample was prepared by dual-beam
focused ion-beam (FIB) (AURIGA CrossBeam Workstation, Carl
Zeiss) for thinning and attachment to TEM grid. To prevent oxida-
tion of RECl electrides, single crystals of RECl electrides were
exfoliated and loaded to FIB and TEM under high purity Ar gas
(99.999%) atmosphere using glove bag connected to the chamber
entrance.

XPS measurements: The single-crystalline RECl electrides flakes
were measured by scanning photoelectron microscopy (SPEM)
with a monochromatic accelerated beam (598.6 eV) in Pohang
Accelerator Laboratory (PAL). The single-crystalline RECl electrides
were exfoliated by commercial 3M tapes and transferred on 100 nm
of Au/Cr coated SiO2/Si substrates. While loading and unloading
process, the exfoliation and transferring were conducted in high
purity Ar gas (99.999%) purged glove bag, connected to the cham-
ber entrance. During the measurements, the chamber pressure was
maintained under 3.0 � 10�10 mbar. All measured spectroscopy of
RECl electrides was calibrated with the measured binding energy of
Au 4f level of the substrates.

Characterization of electrical and magnetic property measure-
ments: For measurement of electrical property in out-of-plane di-
rection, the single-crystal flakes of RECl electrides were exfoliated
by commercial 3M tapes and transferred on themanufactured four-
point probe geometry substrates with the stamp method [11]. The
measurement was conducted by physical property measurement
system (PPMS). For magnetic property of single-crystal flakes, RECl
electrides were exfoliated by commercial Kapton tape and trapped
by the straw holder. Exfoliated single crystals were measured by
magnetic property measurement system (MPMS). The experi-
mental magnetic moments were calculated based on the saturated
magnetization (MS) values at 2 K for each RECl electrides according
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to the below Equation (1).

meff :ðmB = f :u:Þ¼
Ms�mol W

9:274� 10�24 � 6:022� 1023
� 10�3 (1)

Measured saturated magnetization: MS (emu/g)
Molecular weight: mol_W (g/mol)
Bohr magneton: mB ¼ 9.274 � 10�24 J/T
Avogadro constant: NA ¼ 6.022 � 1023 mol�1

Conversion factor: 1 emu ¼ 10�3 J/T

Density functional theory calculations: The first-principles DFT
calculations were performed using the projector-augmented wave
(PAW) method [35] implemented in Vienna ab initio Simulation
Package (VASP) [36,37], with the Perdew-Burke-Ernzerhof ex-
change-correlation functional [38]. All calculations were spin-
polarized. For vdW corrections, the optB86b functional [39] was
adopted. The RECl electrides crystals were simulated using R3m
structure containing six RECl electrides formula units (Fig. 1c). The
calculated equilibrium lattice constants are a ¼ b ¼ 3.70 Å and
c ¼ 27.73 Å for bulk YCl electride and a ¼ b ¼ 4.03 Å and c¼ 27.88 Å
for bulk LaCl electride. The cutoff energy for the plane-wave basis
set is 600 eV. The Brillouin zone was sampled using a gamma
centered 8� 8� 1 k-point mesh for structural optimization in both
the bulk and monolayer. The k-mesh values were increased to
16 � 16 � 2 and 16 � 16 � 1 for bulk and monolayer respectively
during self-consistent energy calculations. The total energy was
converged until its value was changing less than 10�6 eV between
subsequent iterations and all atomic positions and lattice vectors in
bulks were allowed to fully relax until the atomic forces are less
than 0.001 eV/Å. In the case of monolayer, the vacuum size of ~20 Å
was used to safely avoid the spurious interactions among images of
the slab due to periodic boundary conditions. The local magnetic
moment of each ion including the IAEs was computed by extending
Bader's charge decomposition method [40] to magnetization den-
sities that can attain negative values. The Bader volume for each site
is computed as the volume containing a single magnetization
density maximum and is separated from other volumes by a zero-
flux surface of the gradients of the magnitude of the magnetization
density.
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