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Formation of magnetic anionic electrons by
hole doping

Jingyu He,? Yuanzheng Chen, (2 ° Zishen Wang,’“ Ming Yang, ©2 ¢ Tong Yang,®
Lei Shen, €2¢ Xiaoguang Xu," Yong Jiang," Jianwei Chai,° Lai Mun Wong,®
Shijie Wang, (2/*9 Yuan Ping Feng (2 **¢ and Jun Zhou (2 *9

Electrides intrinsically hold some unique properties arising from the anionic electrons such as the low
work function from their loosely bound nature and extended distribution due to their absence of
restriction from atomic orbitals. Leveraging these properties, via first-principles calculations, we firstly
propose a new nonmagnetic semiconducting electrene ZrCl, (IZrCl,]?*-2e7), which is stable and can be
easily exfoliated from its experimentally grown parent layered bulk. Moreover, a spontaneous spin
splitting of the anionic electrons and consequently a nonmagnetic—-magnetic phase transition are
revealed in monolayer ZrCl, at a critical doping concentration of 5.0 x 10 cm™2. Assisted by the low-
energy effective model, constrained random phase approximation simulation, and Anderson'’s theory, we
demonstrate the mechanism of d® magnetism in the doped monolayer ZrCl, and confirm the dual loca-
lized and extended nature of these magnetic anionic electrons. These results enable electric-field con-

rsc.li/materials-c

Introduction

The experimental growth of truly two-dimensional (2D) mag-
nets Crl; and CrGeTe; in 2017 has ignited research enthusiasm
in the materials community for low-dimensional magnetism.">
Hitherto, this group of materials has burgeoned and a wide
spectrum of emergent properties have been reported such as
controllable magnetic phase transition by external stimuli and
spin-valley coupled excitonic physics, making them appealing
for new spintronic and valleytronic applications.>”® However,
the origin of the magnetic moments of the most reported 2D
magnets is akin to the conventional three-dimensional mag-
netic materials, that is, from the magnetic elements (Fe, Cr, V,
and Mn), in which the d orbitals are partially occupied such as
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trollable magnetism in electrenes, showing potential for novel spintronic applications.

in the recently reported FeX; (X = F, Cl, Br and I) and Janus
VSeTe systems.” !

On the other hand, the so-called d° magnetism, which does
not involve magnetic elements, has been known for a
while.”>™* To achieve such unconventional magnetism, a shift
of the Fermi level (Eg) by carrier doping, defect formation, or
functionalities, is usually needed to obtain partially filled p
orbitals, which increases the density of states (DOS) at the
Fermi level.”™"” This facilitates a Stoner-type itinerant mag-
netic instability, which can be triggered by N(Eg)[ > 1, where
N(Er) is the density of states at the Fermi energy and I
represents the Stoner parameter, respectively.'® However, due
to the less localized nature of p orbitals than d orbitals, the
Stoner parameters of d° systems are usually smaller than that of
typical 3d ferromagnets. This suggests that the d° magnetic
instability is mainly driven by the high N(Eg). As a result,
materials with Mexican-hat-induced van Hove singularities
with power-law divergent DOS are ideal examples for d°
magnetism.'®72?

Recently, an intrinsic d° magnetism has been proposed in
monolayer electrides (coined as electrenes).”*>® This is based
on electrenes being electron-rich and their excess electrons
localizing at the interstitial sites at the center of cation “cages”
(called anionic electrons).>® The localized nature of the anionic
electrons leads to a strong correlation (thus a large I) and a
narrow bandwidth [thus a high N(Eg)], both of which promote
the system to meet the Stoner criterion and induce
spontaneous splitting of the anionic electrons. Such atomic

This journal is © The Royal Society of Chemistry 2022
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orbital-free magnetic anionic electrons represent a novel path-
way for d° magnetism, which does not require a van Hove
singularization in the DOS. Besides, the wavefunctions of
magnetic anionic electrons have extended tails and their over-
lap results in a strong direct ferromagnetic (FM) coupling
between them.*

To take advantage of both the tunability of carrier doping
and the unique dual nature of anionic electrons, it is interest-
ing to explore the possibility of a charge doping induced
magnetism in non-magnetic electrenes. The benefit of this
concept is threefold. Firstly, the 2D nature of electrenes allows
the application of gate voltage for carrier doping.'®*” Whereas
conventional chemical doping in bulk materials suffers from
low carrier density, high expenses at damaging the system’s
transport properties, and technological limitations, the gate-
controlled electrostatic doping has been shown to be a useful
technique for both electron and hole doping, achieving high
carrier densities exceeding 10"® cm™~? and is reversible and non-
destructive as well as allowing the electrical control of
magnetism.”® Secondly, the localized nature of anionic elec-
trons provides a good condition to fulfill the Stoner criterion by
shifting the Fermi level. Finally, their loosely bound nature
leads to the low work function of electrenes, which would
further facilitate the hole doping of electrenes.

To exemplify this concept, via first-principles simulations,
we first propose a new electrene, i.e., a ZrCl, monolayer. It is a
non-magnetic semiconductor, which can be easily exfoliated
from the experimentally grown parent bulk structure and is
dynamically and thermodynamically stable. More importantly,
our results confirm that its anionic electrons become spin-
polarized after a critical hole doping concentration of
5.0 x 10" em ™2 The induced magnetic anionic electrons also
demonstrate a unique dual localized and extended nature, and
thus a large magnetic exchange coupling. These results pave
the way to generate tunable magnetic electrenes for novel
spintronic applications.

Methods

All the density functional theory (DFT) calculations were per-
formed using the Vienna ab initio Simulation Package (VASP
6.1.0)>>*° with the Perdew-Burke-Ernzerhof (PBE) approxi-
mation for the exchange-correlation functional and the
frozen-core all-electron projector augmented wave (PAW)
method for the electron-ion interaction.®* The plane wave
expansion was found to be well converged at a cutoff energy
of 450 eV. A I'-centered 15 x 15 X 1 k-point grid was used to
sample the reciprocal space. The structures were fully relaxed
until the energy and force were converged to 10 ® eV and
0.001 eV A~ respectively. The thickness of the vacuum layer
was set to around 30 A to eliminate the interaction between the
images resulting from the periodic boundary conditions. The
Wannier function was constructed from the results of the DFT
calculations using the procedure of maximal localization
using the Wannier90 package as implemented in VASP.*?
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Interstitial-centered maximally-localised Wannier functions
(MLWFs) from interstitial s orbitals have been used as initial
guesses to construct the MLWFs of the anionic electrons, which
were used for further constrained random phase approxi-
mation (cRPA) calculations and the long-energy effective
model.**3*

The Monte Carlo simulations are based on the Heisenberg
model and are performed using the VAMPIRE package.*® The
simulated spin system contains 34 800 spins. At each tempera-
ture, the orientations of spins were initially randomized, and all
the spins were first thermalized for 10, 000 equilibrium steps
and then by 50, 000 averaging steps to derive the thermal
equilibrium magnetization. The simulated temperature
dependent magnetization is fitted to the Curie-Bloch equation
in the classical limit M(T) = (1 — T/T.)’, where f is the critical
exponent.

Results and discussion

The structure of monolayer ZrCl, is shown in Fig. 1a. It is
composed of a middle layer of Zr atoms sandwiched by two Cl
atomic layers in trigonal prismatic coordination. This structure
resembles an H-phase MoS, structure with a space group of
Pbm2. 1t is interesting to note that the layered bulk 3R ZrCl,,
containing three H-phase ZrCl, monolayers in one unit cell, has
been experimentally synthesized in the 1970s.>® However, the
experimental report of the monolayer limit of H-phase ZrCl, is
still missing. To explore the synthesizability of monolayer
ZrCl,, its exfoliation energy is estimated from the difference
of the energy per atom between bulk and monolayer structures
and compared to that of graphene and electrene Ca,N. The
exfoliation energy of ZrCl, (69.0 meV per atom) is much lower
than that of electrene 2D Ca,N (260.0 meV per atom) and
comparable to that of graphene (67.0 meV per atom).*” It is
noted that, besides graphene,*® the electrene Ca,N has also
been experimentally exfoliated, and the anionic electrons in
Ca,N are well retained in the monolayer limit.*>*® Thus, our
results indicate that monolayer ZrCl, could be exfoliated in the
experiment. Besides, the dynamic stability of monolayer ZrCl,
is proved by the phonon band structure (see Fig. 1b) as
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Fig.1 (a) The top (upper) and side (lower) view of the structure of
monolayer ZrCl, (IZrCLJ?*-2e7) in the H-phase. The dashed lines denote
the unit cell, where the blue balls represent the Zr atoms, and the orange
ones represent the Cl atoms. (b) The phonon band structure of monolayer
ZrCly.
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evidenced by the absence of imaginary frequencies. Its thermo-
dynamical stability is confirmed by the energy above hull,*!
which is 0 eV per atom, indicating its stability against decom-
position and phase transition.**

The electronic properties of monolayer ZrCl, are shown in
Fig. 2. It is clear that ZrCl, is a nonmagnetic semiconductor
with an indirect PBE gap of 0.94 eV between the valence band
maximum at the K point and conduction band minimum along
the I'K path, which are mainly composed of the states from the
interstitial sites (denoted as X) and both the Zr d orbitals and X
sites, respectively. It is interesting to note that the valence
band, which spans from around —1.0 to 0.0 eV, is well sepa-
rated from other bands. This suggests that the two electrons
occupying the isolated valence band have minimal hybridiza-
tion with other orbitals. In addition, based on the preferred
oxidization state of Zr*" and Cl~ ions, ZrCl, is an intrinsic
electron-rich material with 2 excess electrons per formula unit
(f.u.), thus it can be written as [ZrCl,]**-2e". These two facts are
typical features of electrides, in which the excess electrons
localize at the interstitial site and are loosely bound to the
cation framework.

To evince the electride nature of ZrCl,, we performed
simulations on the electron localization function (ELF), pro-
jected density of states (PDOS), and partial charge for the
isolated band. As shown by the ELF in Fig. 2b, a remarkable
number of electrons localize at the interstitial centers of the
hexagons, performing as anionic electrons (X). To further
confirm the existence of interstitial localized electrons in this
material, we put a pseudo-atom (an empty sphere) at site X and
project DOS on it. As shown by PDOS of ZrCl, in Fig. 2c, the
valence band is contributed mostly by the pseudo-atom X. Such
contribution is also evidenced by the real-space distribution of
the valence band decomposed charge densities (see Fig. 2d).
These results clearly demonstrate that the 2 excess electrons of
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Fig. 2 (a) Band structure and (b) ELF diagram (an isosurface value of 0.6)
for monolayer ZrCl,. The green gathering in the hexagonal center is
labeled as X. The Zr atoms and Cl atoms are shown in blue and orange,
respectively. (c) PDOS of pristine monolayer ZrCl, with contribution from
anionic electrons highlighted by the green line. The Fermi level is shifted to
0 eVin (a) and (c). (d) The decomposed charge density of the isolated band

in (a) for the ZrCl, monolayer (an isosurface value of 1.5 x 1072 e A~3).
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ZrCl,, which fully occupy the valence band, localize at the
interstitial sites as anionic electrons, proving the electride
nature of ZrCl,. Thus, we refer to the valence band as an
anionic electron band in the following sections.

One of the unique features of electrides is their low work
function, because anionic electrons are loosely bound in elec-
trides, and they can easily “escape” from the lattice, making
electrides efficient thermionic emitters.”® The calculated
work function of monolayer ZrCl, is 3.85 eV, which is compar-
able with that of another electrene Y,C** but lower than those
of monolayer transition metal dichalcogenides (TMDs).*’
Recently, a remarkable high doping concentration of
~4 x 10 cm™? has been experimentally applied to 2D
semiconductor CrGeTe;.*® For a direct comparison, the work
function of CrGeTe; is also calculated, which is 4.97 eV, much
higher than that of ZrCl,, suggesting the experimental feasi-
bility of heavy doping of ZrCl,. This motivated us to further
investigate the doping effects on monolayer ZrCl,.

Hole doping of a series of concentrations up to 10.0 x
10™ em ™2 (equivalent to 1 hole per f.u.) with an incremental
step of 0.5 x 10'* cm™? has been applied to the monolayer
ZrCl,. As shown by the doping concentration-dependent mag-
netic moments in Fig. 3, a transition from the intrinsic non-
magnetic nature of ZrCl, to a magnetic state happened at
around 5.0 x 10"* cm ™. The magnetic moment of the system
further increases with the hole doping concentration and
reaches 1 ug per f.u. at 10.0 x 10" em™? (1 hole per f.u.),
implying the full spin polarization of the anionic electron band.
Such a hole-induced spin polarization can be understood by the
Stoner criterion N(Eg)I > 1. As shown in Fig. 2¢, the anionic
electron band consists of two regions, below and above around
—0.5 eV, with high and low DOS, respectively. This is in line
with the dual localized and extended nature of anionic elec-
trons as proposed in ref. 18. The hole doping shifts the Fermi
level to a lower energy region, which first enters the low DOS
zone of —0.5 to 0 eV, where the Stoner criterion is not met due
to the small N(Eg). This explains why monolayer ZrCl, remains
nonmagnetic under the doping concentration from 0 to
4.50 x 10" cm™>. At around 0.5 €V, there is a sudden surge
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Fig. 3 Total magnetic moment (in orange) and spin polarization energy
(in blue) of monolayer ZrCl, with regards to the hole doping
concentration.
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of DOS, which leads to the sudden increase of magnetic
moments at a doping concentration of around 5.0 x 10** cm ™2,

To study the stability of the magnetic state of the hole-doped
ZrCl,, the spin polarization energy, which is defined as the
energy difference between the nonmagnetic and ferromagnetic
states, is calculated for each doping concentration. Positive
values indicate a preference for the ferromagnetic order. As
shown by the blue triangles in Fig. 3, the spin polarization
energy is positive from the onset of the magnetic state.
The spin polarization energy continues to increase with the
doping concentration and reaches 90.8 meV per fu. at
10.0 x 10** em™?

The origin of the magnetic moments in the hole-doped ZrCl,
is further studied by using a hole concentration of 8.0 x
10" em™? as an example, under which the total magnetic
moment is 0.68 ug per f.u. As indicated by the projected density
of states shown in Fig. 4a, the magnetic moments come from
the spin-splitting of the anionic electron band. And the con-
tribution of the anionic electron site X (green line in Fig. 4a and
the inset) is comparable to that of the Zr atom (orange line in
Fig. 4a), suggesting the formation of magnetic anionic elec-
trons. The spin density shown in Fig. 4b also confirms that the
magnetic moments of the system are mainly from the
interstitial sites.

The magnetic anionic electrons have been shown to possess
interesting properties such as a dual localized and extended
nature.”> While the localization leads to the formation of
magnetic moments, the overlap of the extended tails of the
anionic electron wave function produces a strong long-distance
direct FM coupling.”® Unfortunately, such characteristics of the
anionic electron cannot be fully captured by conventional DFT.
To confirm such properties of the magnetic anionic electrons in
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Fig. 4 (a) PDOS of monolayer ZrCl, under a hole doping concentration of
8.0 x 10 cm™2. (b) The zoom-in view of PDOS. The contribution of the
empty sphere is represented by the green line and that of Zr atoms by the
orange line. The Fermi level is shifted to 0 eV. (c) Spin density (grey cloud)
for the hole-doped monolayer ZrCl,, where X labels the center site of the
hexagon (an isosurface value of 3.0 x 10~ e A~3). (d) Temperature-
dependent normalized magnetization of the hole-doped monolayer ZrCl,.
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hole-doped monolayer ZrCl,, a low-energy effective model is
adopted for the anionic electron bands under the hole doping
concentration of 8.0 x 10" 2, the Hamiltonian of which
based on the second quantization is given as follows.***

o A’[ -
E 15 wcj,,«—ﬁ— g U,,cwcm,cwww

ij,o0’ z oo’

(1)
§ § D o
+5 Ull io /a’(']""(’“ +5 Jl/ (’IULJG'/(/iG/(fj(;

l/ oo’ I] o’

where (), o (¢'), éi(éj), ty, Uiy, Uy and Ji are site indices, spin
indices, creation (annihilation) operators, hopping parameters,
on-site Coulomb, off-site Coulomb, and off-site direct-exchange
interactions, respectively. The magnitude of Coulomb and
exchange interactions can be mapped by the constrained ran-
dom phase approximation based on the interstitial-centered
MLWEFs for the anionic electrons. In this work, we focus on the
interactions between the nearest neighbouring magnetic anio-
nic electrons.

The calculated parameters are Uy, = 1.99 eV, Uy, = 1.34 eV,
to1 = 76.80 meV and Jo; = 31.86 meV. Compared with the anionic
electrons in the H-phase LaBr,, the on-site Coulomb interaction
is smaller while the off-site direct-exchange interactions and
hopping integrals are larger for hole-doped ZrCl,.>* This sug-
gests that the anionic electrons in ZrCl, are more delocalized,
as supported by its larger bandwidth (~1.0 eV) than that of H-
phase LaBr, (~0.5 eV). Nevertheless, the Coulomb interactions
and hopping integrals of hole-doped ZrCl, still satisfy the
condition Uy, > Uy > ¢y, which facilitates the application
of Anderson’s model. As a result, the overall isotropic exchange
interactions of the hole-doped ZrCl, monolayer can be deter-
mined as follows."”

Jog = — —J, 2
01 [ 01 ()

where Uy, = Uyy — Uy, is the effective Coulomb interaction. The
first term arises from the antiferromagnetic (AFM) kinetic
superexchange from direct hopping between magnetic anionic
electrons and the second term is the ferromagnetic (FM) direct
exchange from the overlap of the wave functions of magnetic
anionic electrons. Using the obtained parameters, we conclude
that the isotropic magnetic exchange between the anionic
electrons is 28.04 meV, which is larger than that of H-phase
LaBr, and comparable to that of the 2D magnetic materials
with high Curie temperature.*® Importantly, the hole-doped
monolayer ZrCl, is a 2D magnet with an out-of-plane easy axis
(E[100] — E[001] = 0.98 meV per formula unit). And our Monte
Carlo simulations predict its Curie temperature to be 343 K [see

Fig. 4(d)].
Conclusions

In summary, we identify a new nonmagnetic semiconducting
electrene [ZrCl,]**-2e”, which is both kinetically and thermodyna-
mically stable and can be exfoliated from the experimentally grown
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layered bulk. Taking advantage of the low work function of elec-
trene, our research further shows that at a critical hole doping
concentration of 5.0 x 10 em ™2, the anionic electrons in mono-
layer ZrCl, undergo spontaneous spin splitting. Our combined low-
energy effective model, cRPA simulation, and Anderson’s model
confirm the dual localized and extended nature of the hole-induced
magnetic anionic electrons in ZrCl, and their strong ferromagnetic
exchange coupling. Our results utilize the intrinsic properties of
electrenes to introduce low-dimensional magnetism to non-
magnetic systems, paving the way for controllable novel spintronic
applications.
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