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Hole-doping induced ferromagnetism in 2D materials

Ruishen Meng @', Lino da Costa Pereira’, Jean-Pierre Locquet(®', Valeri Afanas’ev(®', Geoffrey Pourtois (37 and Michel Houssa'>%

Two-dimensional (2D) ferromagnetic materials are considered as promising candidates for the future generations of spintronic
devices. Yet, 2D materials with intrinsic ferromagnetism are scarce. Hereby, high-throughput first-principles simulations are
performed to screen 2D materials that present a non-magnetic to a ferromagnetic transition upon hole doping. A global
evolutionary search is subsequently performed to identify alternative possible atomic structures of the eligible candidates, and 122
materials exhibiting a hole-doping induced ferromagnetism are identified. Their energetic and dynamic stability, as well as
magnetic properties under hole doping are investigated systematically. Half of these 2D materials are metal halides, followed by
chalcogenides, oxides, and nitrides, some of them having predicted Curie temperatures above 300 K. The exchange interactions
responsible for the ferromagnetic order are also discussed. This work not only provides theoretical insights into hole-doped 2D
ferromagnetic materials, but also enriches the family of 2D magnetic materials for possible spintronic applications.

npj Computational Materials (2022)8:230; https://doi.org/10.1038/541524-022-00916-2

INTRODUCTION

Magnetic materials, especially ferromagnetic semiconductors, are
considered advantageous in the field of spintronics because of
their easy integration into semiconductor devices'~3. Apart from
the intrinsic magnetic materials, research attention has also been
focusing on dilute magnetic semiconductors (DMSs), where the
magnetism is induced by 3d” transition metal ions doping*°. One
of the representative examples is the Mn-doped GaAs®, which
shows spontaneous magnetization up to 110 K. In addition, the so-
called ‘d” ferromagnetic materials’ that contain no partially filled
d or f bands, have also developed into an important branch of
magnetic materials. The ferromagnetism in a series of these ‘d”
ferromagnetic materials was observed even above room tem-
perature®~'". Hole mediation is considered to be the origin of the
‘d° ferromagnetism’, which can be realized by acceptor doping or
even by intrinsic defects'>™'*. This ‘d® ferromagnetism’ offers a
different way and possibility to hunt for high-temperature
spintronic materials.

The past decade has witnessed the rapid development of the
2D magnetic materials’>~'®, In particular, the study of van der
Waals (vdW) layered 2D Crls, Cr,Ge,Teg, FesGeTe,, VSe,, etc. has
sparked intense research interests in the field of 2D magnet-
ism'9-2%, The absence of dangling bonds, the possibility of layer-
by-layer control of the thickness and the magnetic properties,
together with the construction of artificial heterostructures,
without the need for lattice matching of these vdW 2D materials,
are making them promising candidates for the next-generation
spintronic devices?*?°, For instance, 2D Crl; used as a spin-filter
tunnel barrier sandwiched between graphene contacts can have
ultra-high tunneling magnetoresistance of 19,000%2°. However,
the scarcity of 2D ferromagnetic semiconductors/half-metals and
their rather low Curie temperature (T.) may hamper practical
applications as well as the further investigation of 2D magnetism.
Continuous seeking for more 2D ferromagnetic semiconducting or
half-metallic materials with relatively high Curie temperature is
necessary. On the other hand, 2D diluted magnetic semiconduc-
tors (2D DMSs) have also attracted much research interests, as
their electronic and magnetic properties can be tuned by

changing the dopant type as well as the doping concentration.
Although 2D DMSs could encounter some issues, such as
magnetic dopant clustering with an increase in doping concen-
tration, as well as a low saturation magnetization, few 2D
transition metal dichalcogenide-based DMSs were predicted to
be suitable candidates for realizing room-temperature ferromag-
netism?”28, as also confirmed by recent experimental works2%3°,

Similar to the bulk ‘d” ferromagnetic materials, researches have
predicted that the 2D IlII-VI (gallium oxides/chalcogenides and
indium oxides/chalcogenides)®'3> and IV-VI (tin oxides/chalco-
genides and lead oxides)**~38 semiconductors, and some other 2D
materials such as InPs;, etc®**~*2. would exhibit non-magnetic to
ferromagnetic, and semiconducting to half-metallic transition
upon hole doping. Ferromagnetism in these hole-doped 2D
materials arises from an exchange splitting of electronic states at
the top of the valence band, where the density of states (DOS)
exhibits a sharp Van Hove singularity, that would lead to an
electronic instability. The magnetic moments of these hole-doped
2D ferromagnetic materials are mainly contributed by the
delocalized p orbitals of the anions, which could be advantageous
for the long-range ferromagnetic order. However, a systematic
investigation of the magnetic properties of these 2D materials
(spin-polarization energies, magnetic exchange coupling strength,
magnetic anisotropy, and Curie temperature) is lacking. Besides,
the mechanism responsible for the exchange coupling and
delocalization of the spin-polarized holes has not been discussed,
to our knowledge. In addition, it is also of significance to find out
whether there are other 2D materials which become ferromag-
netic upon hole doping.

Using these hole-mediated ferromagnetic 2D materials in spin-
polarized field-effect devices, it should be possible to control their
magnetic state by means of a gate bias, which could be very
interesting in e.g. magnetic tunnel junctions (MTJ). As a matter of
fact, the injection of spin-polarized carriers in such devices,
controlled by a gate bias, should be much more energetically
efficient (reduced power consumptions) as compared to MTJ
using spin-torque effects, where the injection of large spin-
polarized currents is necessary. Note that high doping carrier
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densities of the order of 10'*cm~2 have been achieved in 2D
materials by electrolyte gating®*~*°. Non-magnetic acceptor
impurities or intrinsic defects can also lead to the hole-doping
of these 2D materials, facilitating the transition from the non-
magnetic to ferromagnetic state.

In this study, we screen thousands of 2D non-magnetic
semiconductors/insulators from three databases*®*¢, followed
by a high-throughput density functional theory calculation to
identify potential 2D ferromagnetic materials induced by hole
doping. We then verify the stability of the potential candidates
with respect to competing atomic structures, obtained by global
structure searching based on evolutionary algorithm?®, via
exploring energy convex hulls and phonon spectrum. Afterwards,
the magnetic behaviors of the stable candidates at different
doping densities are investigated systematically. Eventually, 122
materials are recognized as stable 2D ferromagnetic materials
upon hole doping, some of them having a computed Curie
temperature near or above room temperature. The exchange
interaction mechanisms responsible for the ferromagnetic cou-
pling in these 2D materials are also discussed.

RESULTS AND DISCUSSION
High-throughput screening process

The general workflow of this research is illustrated by a funnel plot
on the left panel of Fig. 1, which is categorized into five processes;
the number of materials used for screening and the screening
criteria in each process is also given. As a starting point, to include
as many 2D materials as possible, we gather about 8000 2D crystal
structures from three databases, 2DMatPedia*®, computational 2D
materials database (C2DB)*® and Materials Cloud two-dimensional
crystals database (MC2D)* that contains exfoliable 2D materials.
In the prescreening process, the magnetic as well as the metallic
materials are excluded since we are only interested in the non-
magnetic semiconductors. Besides, the repeated structures and
the structures with low thermodynamic stability (E.>0.2 eV per
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calculations
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Monte Carlo
simulations

* Moderate magnetic exchange coupling strength 2

atom, E. is the cohesive energy defined by the total energy of the
compound minus the total energies of its constituent atoms) are
also screened out. As a result, about 3000 non-magnetic 2D
semiconducting materials, with moderate stability, are picked out
for the subsequent hole doping simulations.

The typical doping densities, ranging from 5 x 10'>cm~2 to 8 x
10" cm™2 are used in the hole doping simulations, and structural
relaxations are carried out for each doping density. The spin-
polarization energy is obtained by Eg,in = Enm — Erm, Where Epy
and Eyy are the energy of the ferromagnetic and non-magnetic
states, respectively at PBE level. In this case, a positive Eqpin
suggests that the ferromagnetic state is more energetically stable.
Typically, for the GaS, GaSe and InSe monolayer, the maximum
Espin is about 10 meV per hole®'*23>, whereas other materials, like
Gao, SnO, etc.3*3” have relatively larger Egpin. Herein, we use this
10 meV per hole as a standard value, and materials with Egyp,
smaller than 10 mev per hole are discarded. The induced
magnetic moment is also compared with the number of holes
used in the simulation. If the ratio of magnetic moment to hole
number is ~1 (1 pg per hole), it indicates that the injected holes
can be fully spin polarized. Materials with induced magnetic
moment much smaller than 1 pg per hole are excluded. Finally,
materials exhibiting ferromagnetism only at a hole density below
10">cm~2 or only after a high hole density of 6 x 10'*cm~2 are
also discarded.

A globally evolutionary structure searching is subsequently
carried out to explore atomic structures with different stoichio-
metries, for a given material that shows promising ferromagnetic
properties upon hole doping. In this step, the formation enthalpy
as a function of the composition ratio for the atomic structures
found in the searching process is provided. Structures with
formation enthalpy on the convex hull are considered to be
thermodynamically stable. If a new structure/phase on the convex
hull is found, it is sent back to the hole doping simulations.
Subsequently, the number of candidate materials is narrowed
down to 736. According to their chemical formula, these
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Fig. 1 The workflow of the high-throughput screening for 2D hole-doping induced ferromagnetic materials. 2D structures are collected
from 2DMatpedia Database, Computational 2D Materials Database (C2DB) and Materials Cloud two-dimensional crystals database (MC2D) to
identify potential 2D ferromagnetic materials upon hole doping (left panel). The number of candidate materials and the screening criteria
used for each screening step are provided. Polar histogram showing the number of structures belonging to different chemical compositions
after hole doping screening (top right panel); Polar histogram displaying the number of final stable 2D ferromagnetic materials in terms of
chemical compositions and their crystal space groups (bottom right panel).
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candidate materials are classified into different prototypes, as
shown by the polar histogram on the top right panel of Fig. 1. The
most prevalent chemical composition corresponds to metal
halides (~47%), followed by other materials such as ternary
compounds, phosphorides, carbides, etc. (~26%, grouped as
‘Others’). Oxides (~12%) and chalcogenides (~11%) also account
for a part of the candidate materials. There is also a fraction of
hydroxides (~3%) and nitrides (~3%). Phonons calculations on
these candidates are next performed, to verify their dynamic
stability. In this procedure, materials with imaginary frequency
only appears around the I point in the first Brillouin zone and less
than 50 cm™" are regarded as dynamically stable. Afterwards, 146
candidates are selected for further screening.

The next step consists in performing detailed calculations of the
magnetic properties of these selected 2D materials, i.e., magnetic
exchange coupling strength, magnetic anisotropy energy (MAE),
and Curie temperature. Generally, the magnetic moments of 2D
hole-doped ferromagnetic materials are well localized on the p-
orbitals of the anion sites, which is also confirmed by the HSE06
calculations in Supplementary Fig. 1 that the spin density localized
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3
almost solely on the anion site. Therefore, their FM configuration
as well as a few antiferromagnetic (AFM) configurations can be

constructed and it is valid to map their energies obtained from
first-principles calculations to the Heisenberg spin Hamiltonian:

H==Y JSi-S—A> () )
i#f i
where J; is the exchange interaction between i and j atomic sites,
S;is a unit vector denoting the local spin direction of atom j, and S;
is the unit vector of the spin moment direction of atom j. For
ferromagnetic materials where neighboring spins align in parallel,
Ji >0, while for antiferromagnetic materials where the spins prefer
to align anti-parallel, J; < 0. A is the MAE per magnetic ion, where
positive values correspond to a preferred alignment along the z-
axis, while negative values correspond to a preferred alignment
along the x —y plane. The J; can then be obtained by comparing
the total energies of different magnetic configurations®®°'.
Materials with negative magnetic exchange couplings, i.e., whose
antiferromagnetic state is more energetically stable than the
ferromagnetic one, or materials with weak FM coupling (J; < meV)
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Fig. 2 Overview of the representative atomic structures of the 2DHDFM, sorted by chemical compositions and space groups. The
chemical formula and the corresponding constituent elements of each atomic structures are provided, and the unit cells are marked out by

the black dotted lines.

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

npj Computational Materials (2022) 230



npj

R. Meng et al.
09 Q? eﬁ
a & Qob bz” Qoé
23 § & o
Y \o b° <° 2, e>‘2' & b 2. &
N & @ & &g & ®
50 L o °+~ S P *\\“ ol

400r 6 x10" cm™?
350

“ 1-A
m%éé | ﬁ +D@
100

- - SE me
Mo G el
300
250 ‘

= 1 : T [
ﬁggmvg_HEﬂ- e _'ﬂg

- BH T

120
100
80

%&%g@%é : @*ééﬁégléé%@éi

0.5,0.8,1&2x10" cm?

Spin polarization energy (meV/hole)

P4m2 P4/nmm P6m2 The rest
23 2
& \b“ . b'z
o @&
C o 5 0,. 6 Qa
Q\b"’ &° & ¥ \be &o @\be’ @ b“‘ b'z‘ «‘& &
L fou o*'\k‘ Pl o‘&o* s 5 o
170 6 x10™ cm™ e

=
.

(=]
L
!

%@%%+¢ ;aé_

’>‘ 60
g 4 ] = |
;: 300 o i H .
=] r‘L—— B PN o
ol BT &= P na] - H IR ,H
20£0.5,0.8,1 & 2 x10" cm™ |
15
10’.; %é E é Ll
d iéEeETE Hosss ? =P
5
-10
P4m2 P4/nmm P6m2 The rest

2 2 2
‘\be \bQ 2 _\bQ’
b &o &o +z>°' c)o Y
]
& 0\<‘° \o & \o&" & z@ a>° \z&b“\\b be?\{\b“&@
P PR P P s
8 6x10"cm?
4 [==] é
0?’-+’ .o —-— - —— —o— - 000 —o— —9— 00
4
. ]
2 12
E 6
.E g )i | £ b J_
o meT TR TR T THTTT T
=2
s 37 . H H
L s
£ ’
= 10
8 2 |
Yy
=
IR =y =~ »*-*?-ﬁaug—o--o-a&é
2
4
6
8
P4m2 P4/nmm P6m2 The rest
2 2 2
&F \6° > &
d s @ & <§‘°
C
&L \o° & bQ’ @ & 6“’ €> be & \y z@
e S

6 x10" cm™?
J i
15 =

oé%§+é %EQ It $$@5++E'

=

30 ‘
0 4—] B

; Ti@_HHHA

0.5,0.8,1 &2 x10" cm?

J, (meV)

P4m2 P4/nmm P6m2

[t o

The rest

Fig. 3 Distribution of spin-polarization energies, magnetic anisotropic energies (MAE) per magnetic ion and magnetic exchange
interaction parameters of the 2DHDFM. Box plots of the spin-polarization energies (a) magnetic anisotropic energies (MAE) per magnetic ion
(b) nearest-neighbor exchange interaction parameters, J; (c) and next-nearest-neighbor exchange interaction parameters J, (d) at specific hole
doping density of the 122 2DHDFM, classified by space group and chemical composition. The box plots show the extrema (whisker tails),

interquartile range (box boundaries), and median (red horizontal line).

are not considered further. In our high-throughput calculations,
only the isotropic (scalar) form of Jj is used to reduce the simplicity
of computation and comparison. It should be noted that,
dependent on the spin-orbit interaction, the J; can be anisotropic
(i.e. represented by a tensor), and this can affect the estimated
Curie temperatures to some extent>>>3,

Through the screening process described above, 122 candi-
dates are identified as stable 2D hole-doped ferromagnetic
materials upon hole doping, which are denoted as 2DHDFM
hereafter. These materials become half-metals after hole doping,
with a metallic DOS at the Fermi level (Ef) for the spin-down
channels and a simultaneous band gap for the spin-up channels.
The magnetic moment of 2DHDFM is primarily originating from
the p-orbitals of the anions. In the following, we focus on the
analysis of their structural and magnetic properties. More detailed
information, including their formation energies in the convex hull,
atomic structures and atomic coordinates, phonon dispersion
spectra, band structures and electronic density of states, magnetic
moment and spin polarization energy as a function of hole
density, magnetic configurations and the corresponding spin
Hamiltonian, the magnetic exchange coupling strength, MAE and
temperature-dependent normalized magnetization curves at
specific hole density are provided in the supplementary materials.
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Chemical compositions and structural properties of 2DHDFM
The classification of 2DHDFM based on their chemical composi-
tion and space group is shown by the polar histogram on the
bottom right panel of Fig. 1. Clearly, 65 out of 122 candidates
belong to metal halides, including 20 fluorides, 17 chlorides, 17
bromides and 11 iodides. The rest covers 21 chalcogenides, 13
oxides, 9 nitrides, 6 hydroxides and 8 other materials. Among
those materials, P3m1 is the primary space group, followed by the
P4m2 and Pém2. The representative atomic structures of these
materials in different space groups are given in Fig. 2.

The metal elements in the 2D dihalides with P3m1 and
P4m2 space groups are mainly from the group IIA Be, Mg, Ca, Sr
and Ba, and group IIB Zn Cd and Hg. The atomic structure of the
P3m1-dihalides is commonly known as the 1T structure, with one
halogen atom bonded to three neighboring metal atoms. The
ones with P4m2 space group have a tetragonal lattice with one
halogen atom connecting to only two neighboring metal atoms.
According to their convex hulls, P3m1-dihalides are usually more
stable than the P4m2-ones, except for ZnBr,. PbCl, and PbBr, are
the only two halides with P6m2 space group, and their structure is
commonly known as the 2H hexagonal structure. Nevertheless,
they are less stable than the P3m1 counterparts. In addition, there

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences



are two different halide structures with tetragonal P4/mmm space
group. They contain metal elements from group |IA and group IVA,
respectively. The former form metal monohalides, such as LiCl and
NaBr, with both halogen and metal atoms being fourfold
coordinated. The latter consist in tetrahalides, AF, (A = Si, Ge,
Sn, Pb), with an atomic structure similar to the P4Am2 dihalides, the
two extra fluorine atoms forming bonds to one A atom along the
out-of-plane direction in the unit-cell.

The majority of chalcogenides belongs to the P3m1 and
P6m2 space groups, while a few of them belong to the P4m2 and
P4/mmm space groups. The chalcogenides mainly consist of
elements from the group llIA Al, Ga, In, Tl, group IVA Si, Sn, Pb and
group IIB Zn and Cd. The monochalcogenides, MX (M = Al, Ga, In, Tl;
X =S, Se), which contain two metal atoms and two chalcogenide
atoms in the unit cell, have both P3m1 and P6m2 space groups. Each
X atom is bonded to three neighboring M atoms, and every M atom
is fourfold coordinated, forming bonds with three adjacent X atoms
and one M atom, with a characteristic X-M-M-X vertical stacking. The
only difference between the two space groups is that the X atoms in
the upper and bottom layer overlap with each other from the top
view of the atomic plane for the P6m2 structures, while they have
stagger position in the P3m1 structures. For a given material, the
total energy difference between these two space groups is very small
(typically less than 50meV per unit cell). Note that these
monochalcogenides gradually become non-magnetic when the hole
doping density is typically larger than 2 x 10' cm~2. There are two
other P3m1 atomic structures for the chalcogenides. The first one
corresponds to the dichalcogenides, including SnS,, PbS; and PdS,,
having the 1T hexagonal structure. The second one corresponds to
the monochalcogenides SiS, SnS, PbS, PbSe and ZnSe, holding the
buckled hexagonal structure. The space group of CdS and ZnS,
however, belongs to P6m2, because of the planar hexagonal
atomic plane.

Concerning the 2DHDFM oxides, GeO,, SnO,, TiO, and ZrO,
belong to the P3m1 space group with 1T structure, while the
space group of BeO, CdO is P6m2 (similar to CdS and ZnS), with
their atomic planes being also planar. Another space group of the
oxides is P4/nmm, which includes GeO, SnO and PbO. In these
three materials, each cation (anion) is bonded to four neighboring
anions (cations) in the tetragonal structure. SrO, is the only oxide
with P4/mmm space group, and each O atom bonds to four
neighboring Sr atoms, while each Sr atom bonds to eight O atoms.

AIN, GaN, InN and TIN are the four 2DHDFM nitrides with planar
hexagonal P6m2 structure. The rest of the 2D nitrides include
planar tetragonal Al4;N,; and GaszN4; with P4/mbm, two ALN,
structures with either P3m1 or P4/nmm space group, and C3N,4
with C2 space group. In addition, there are only six 2DHDFM
hydroxides, including Ca(OH),, Mg(OH),, Cd(OH), and Zn(OH),
with P3m1 space group, and Li,(OH),, Na,(OH), with P4/nmm
space group. The P3m1 and P4/nmm-hydroxides have structures
similar to the 1T structure, and the ones of GeO, SnO and PbO,
respectively, with the two O atoms terminated by two H atoms in
the unit cell. Note that these six hydroxides have all parent 3D
bulk structures and can be easily exfoliated*’. The remaining
2DHDFM mainly involve ternary compounds, such as Pb,Br,F,,
Sc,Br,0, and Sr,Br,H, with P4/nmm, In,Br,O, and In,Cl,0, with
Pmmn, and TiPbO3 with PAmm space group.

Spin polarization energies of 2DHDFM

The spin-polarization energies Epi, of 2DHDFM at different doping
densities are presented in Fig. 3a. Generally, E,, increases
monotonically as the hole doping density increases. There is a
clear distinction in the E;, distribution among different
compounds with different space groups. For the P3m1, P4m?2
and P4/mmm space groups, halides typically have high median as
well as large E,,, at a given hole doping density. Besides, the
oxides and nitrides with P6m2 also have moderate to high Egyn,
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Table 1. Spin polarization energy Eqyin, electronegativity difference
Ay, magnetic anisotropic energy MAE, nearest-neighbor exchange
interaction parameter J;, next-nearest-neighbor exchange interaction
parameter J,, and Curie temperature T, at hole doping density of 6 x
10" ecm~2 for the P3m1-halides.
Espin (MmeV) Ay MAE (peV) J; (meV) J, (meV) Tc (K)
BeF, 120 194 -9 21.440 —3.343 26
MgF, 152 267 —15 28.624 —3.931) 63
MgCl, 101 185 —163 34.845 3.081 224
CaF, 184 298 —-62 23.212 —1.996 70
CaCl, 80 216 —11 36.036 —5.636 49
CaBr, 40 196 —613 27.296 —1.552 104
Cal, 14 166 —620 5415 0.663 42
SrF, 195 3.03 —125 16.900 —0.740 63
SrCl, 118 221 =295 32319 —4.562 83
SrBr; 71 201 126 38.474 —2.717 126
Srl, 35 1.71  —1956 9.024 3.092 107
BaF, 96 3.09 946 38.685 7.868 337
BaCl, 167 227 195 20.222 —-0.710 90
BaBr, 110 2.07 320 32.384 1.431 181
Bal, 73 177 —-1776 11.161 5.215 162
ZnF, 76 233 314 14.890 4.560 155
ZnCl, 65 151 -314 20.431 2.748 161
ZnBr, 42 131 —3800 13.446 5.452 179
CdF, 107 229 816 29.730 9.200 320
Ccdcl, 114 147 171 31.241 0.785 162
CdBr, 78 1.27 —5005 20.870 3980 190
Cdl, 37 097 7917 8.155 4.530 141
HgF, 71 1.98 —1316 23.307 12.027 333
HgCl, 84 1.16 366 30.671 6.515 270
HgBr, 77 096 —3391 27.471 6.280 264
Hgl, 52 066 —7939 12.72 5672 185
PbCl, 53 083 0 27.041 14.43 394
PbBr, 23 063 —1013 18.215 11.75 301

with medians of ~200 to ~250 meV per hole at 6 x 10'*cm~2. On
the other hand, the 2DHDFM with P4/nmm space group have
relatively small Egpn, typically less than 100 meV per hole at 6 x
10 cm=2

Espin has the tendency of being relatively larger for the binary
compounds with lighter anions in the same crystal structure. This
is in agreement with values reported in the literature3'323435 for
the 2D gallium or indium oxides and chalcogenides, with Egg,
following the order of GaO > GaS > GaSe, and InO > InS > InSe.
From our calculations, we find that for halides with the same
space group, fluorides or chlorides usually have the largest Eqpin,
followed by bromides and iodides at the same hole density. As
can be seen from Table 1, MgF; has larger g, than MgCl,, and
for the calcium halides, their E, follow the order CaF, > CaCl, >
CaBr, > Cal,. A similar trend is also clear for the strontium, barium,
cadmium and zinc halides. Note, however, that the fluorides of
barium, cadmium and mercury do not follow the same trend, their
Eqpin being smaller than the ones of their chloride counterparts. In
fact, for materials with a larger difference in electronegativity (A)
between the anions and cations, one expects a larger coulomb
interaction and thus a larger exchange splitting, and subsequently,
a larger Egyn. This may explain why the metal halides have
generally larger Eg,n, since their Ay is large. In particular, the P4/
mmm-monohalides have the largest E, because the group IA
metals have small electronegativities, while the halides (especially
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fluoride) have large electronegativities. For instance, NaBr and KBr
have quite high Egpin, Over 400 meV per hole at 6 x 10'*cm~2. The
trend mentioned above for Ga and In oxides, sulfides, and
selenides is also consistent with the decrease of the electro-
negativity from O to Se.

Magnetic anisotropy and magnetic exchange coupling of
2DHDFM

The magnetic anisotropy energy (MAE) of 2DHDFM varies from
materials to materials, and generally grows as the hole doping
density increases, as can be seen from Fig. 3b. The MAE of the
majority of 2DHDFM are below 1meV per magnetic ion.
Particularly, metal halides have relatively large absolute MAE, as
compared to other compounds, especially the ones with P4/mmm
and P4m2 space groups. Some of them even have absolute MAE
larger than 10 meV per magnetic ion at 4 and 6 x 10"*cm~2. This
is likely related to the large spin-orbit coupling strength of
bromine and iodine. Other materials with lighter elements (and
thus smaller spin-orbit coupling), like fluorides and oxides, have
much smaller absolute MAE, usually less than 100 peV per
magnetic ion. Interestingly, the median of MAE of most 2DHDFM
are negative, which reveals that the spins prefer to align along the
in-plane direction.

The magnetic exchange coupling parameters of the 2DHDFM at
different doping densities are summarized in Fig. 3¢, d, where J;
and J, represents the nearest and next-nearest neighbor coupling,
respectively. These parameters can be obtained from the total
energy difference of various possible ferromagnetic and anti-
ferromagnetic configurations®%>'. Overall, the magnetic exchange
coupling parameters also increase by increasing the hole doping
density. J; is positive for most 2DHDFM, which is characteristic of a
ferromagnetic first-neighbor interaction. On the other hand, J, is
typically smaller than J; (as expected), and J, is negative for a
couple of 2DHDFM, suggesting competing ferromagnetic and
antiferromagnetic interactions in these compounds, as discussed
further below. The computed Curie temperature T, of 2DHDFM is
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summarized in Fig. 4. Increasing the hole doping density also
gives rise to a higher T, for most of 2DHDFM. Upon a hole doping
density of 4 x 10" cm~2, the medians T, of various 2DHDFM are in
the range of ~50K to ~170K, and further increase to ~70K to
~270K at 6 x 10" cm~2. As expected, the Curie temperature is
correlated to the values of the magnetic exchange coupling
parameters. Very interestingly, the sign of J; is found to play a very
important role on T.. Consider the typical case of CaF, (T, = 70K)
and HgF, (T. = 333K), which have the same P3m1 crystal
structure (see Table 1). While these two materials have similar J;
(about 23 meV), CaF, has a negative J, (about —2 meV) and HgF,
has a positive J, (about 12 meV). A ferromagnetic next-nearest
neighbor interaction thus favors a large T, in these 2D materials,
such as in BaF, (337 K), CdF, (320K), HgF, (333 K), PbCl, (394 K)
and PbBr, (301 K) at a hole doping density of 6 x 10" cm~2.

Discussion on the magnetic coupling mechanism

In general, the magnetic moments of 2DHDFM are mainly
contributed by the anion p-orbitals, as shown in Fig. 5a. Since a
large portion of these 2D materials consists of P3m1-dihalides, the
magnetic properties of these materials are first discussed below. In
these compounds, J; corresponds to the out-of-plane exchange
coupling between two halogens from the top and bottom atomic
planes, as shown in Fig. 6a; a local coordinate system is used for
these P3m1-dihalides, where the metal ion is in the center of a
distorted octahedra with six ligands at the vertices. Note that the
shorter halogen-halogen distance is about 2.3 A in fluorides, and
gradually increases to about 5A from chlorides to iodides.
Considering the delocalized nature of the p orbitals, the direct
out-of-plane magnetic interaction mainly arises from the
exchange coupling between the p, orbitals of the halogens, as
illustrated in Fig. 6b; this direct exchange coupling is ferromag-
netic, leading to a positive value of J;, which lies between about 5
and 39 meV (see Table 1). Note also that J; is smaller in iodides,
due to the larger out-of-plane halogen-halogen distance in these
compounds.
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On the other hand, J, corresponds to the in-plane exchange
coupling between two halogens from the same atomic plane, see
Fig. 6a. In this case, the direct exchange interaction between the
anion p-orbitals is weaker since the in-plane halogen-halogen
distance is larger. Consequently, the indirect exchange interaction,
involving the coupling between the halogen-p orbitals with the
metal orbitals, should also play an important role in the next-
nearest neighbor interaction. Group IIA and IIB metals are
transferring their two outmost valence electrons to the halogens
p-orbitals, to form the dihalide compounds. In the indirect
exchange mechanisms, it is assumed that some covalent mixing
between the cation and anion orbitals is energetically favorable.
From the projected electronic density of states (PDOS) of
strontium and cadmium dihalides, shown in Fig. 5b, one can
indeed visualize the possible hybridization between the (spin-
down) p orbitals of the halogen and the (spin-down) p or d orbitals
of the metals near the Fermi level; note that for group IIB metal
dihalides, the degeneracy between the metal d orbitals is partially
lifted by the distorted octahedral crystal field, resulting in the
formation of e(d,; and d,,), e;(d,>_,>» and d,,) and a;(d,) states.
Specifically, the in-plane halogen-p,/p, orbitals can couple to
metal-p,/p, orbitals and halogen-p, orbitals couple to metal-p,
orbitals for strontium halides. For cadmium dihalides, the halogen-
px/p, orbitals couple to metal-d,._,./d,, and d,./d,, orbitals, and
the halogen-p, orbitals also hybridize with the d,./d,, orbitals.
From Table 1, J, of group IIA metal dihalides can be positive or
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negative, indicating the competition between different indirect
exchange mechanisms, such as the super-exchange coupling
between orbitals pointing in the same direction (antiferromag-
netic, e.g., hybridization between halogen-p, orbitals with metal-p,
orbitals, as illustrated in Fig. 6¢), the super-exchange mechanism
involving the coupling between orthogonal orbitals (ferromag-
netic, e.g., hybridization between halogen-p,/p, orbitals with
metal-p,/p, orbitals, as depicted in Fig. 6¢c) and the double
exchange mechanism (ferromagnetic). This latter mechanism
involves the interaction between anions orbitals with different
charged (or valence) states, e.g., between partially filled halogen
orbitals (where holes are localized) with filled halogen orbitals.
Very interestingly, J, is found to be positive for all group 1B metal
halides (see Table 1), the coupling between the halogen p orbitals
with the metal e; and e, states most likely favoring the
ferromagnetic exchange mechanisms, as shown in Fig. 6d-f; note
that the contribution of the metal d-states to the spin density,
observed on Fig. 53, also points towards the possible hybridization
between the cation and anion orbitals near the Fermi level.
Although GGA functional tends to over-delocalize electrons, the
contribution of the metal d-states in CdBr, can still be confirmed
in the spin density obtained from HSE06 functional.

We now consider the possible magnetic exchange interactions
in planar 2DHDFM, namely without out-of-plane anion interac-
tions. Similar to the case of P3m1-dihalides, J; of the P4/mmm-
lithium monohalides decreases from LiCl to Lil, as can be seen in
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Supplementary Table 1. In this case, as shown in Supplementary
Fig. 2, J; is mainly due to the direct exchange between the
halogen p,-orbitals. In addition, from the PDOS shown in
Supplementary Fig. 3, one can see that there is a very limited
possible hybridization between the Li-s orbitals with the halogen-
p orbitals, pointing out to a relatively weak indirect exchange
interaction in these materials. On the other hand, in the case of
hole-doped 2D planar P6m2-sulfides (such as ZnS and CdS) and
nitrides (such as AIN and GaN), the ferromagnetic order is
essentially mediated by the indirect exchange interaction
between the sulfur or nitrogen p,-states and the metal-d,,/d,,
and p, states, as evidenced by the PDOS in Supplementary Fig. 3.

Considering the possible use of these 2DHDFM in spintronic
devices, the metal dihalides (like BaF, and CdF,) appear as
interesting candidates for high-temperature (above room tem-
perature) applications. However, these materials might have some
stability issues, possibly interacting/reacting with the ambient and
being oxidized in air. On the other hand, potential more stable
2DHDFM have also been identified for low temperature applica-
tions. For example, AIN, GaN and ZnS crystallizes in the Wurtzite
phase. In ultra-thin films (and at the 2D limit), such materials could
be grown in a h-BN like phase>*~>¢. In addition, these 2D materials
should be much less reactive with the ambient. Other materials of
interest are e.g., 2D ZrO, and TiO,, which are predicted to be
2DHDFM with moderate Curie temperatures of 176 and 228K,
respectively.

In summary, using high-throughput density functional theory
calculations, we have identified 122 stable 2DHDFM that exhibit a
non-magnetic to a ferromagnetic phase transition upon hole
doping. In these 2DHDFM, metal halides take up the biggest
proportion, followed by the sulfides, oxides and nitrides. The
magnetic properties of these 2D materials, such as their spin
polarization energy, magnetic anisotropic energy, magnetic
exchange coupling parameters and Curie temperature typically
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increase with the hole doping density. Among these materials,
metal dihalides with a P3m1 phase, like BaF,, CdF,, PbCl, and
PbBr, are predicted to have Curie temperatures above 300K at a
typical hole density of 6 x 10" cm~2 these materials being
potentially interesting for spintronic devices operating above
room temperature. In general, the ferromagnetic interaction in
these materials is mediated by a direct exchange interaction
between p,-orbitals of anions in different atomic planes (out-of-
plane coupling) as well as the indirect exchange interaction
between the p,-anion states and the metal p or d states (in-plane
coupling). On the other hand, 2D planar materials with moderate
Curie temperatures, typically ranging between 110K and 230K,
have also been identified for possible spintronic applications at
low temperature. Such materials are e.g, P6m2 sulfides and
nitrides, like ZnS, AIN, and GaN. In these materials, the
ferromagnetic coupling mainly arises from the indirect exchange
interaction between the anion p;-orbitals and the p or d metal
states. These materials should be more stable than their halogen
counterparts, especially considering their possible interaction with
the ambient (oxidation), and could potentially be grown in a
planar 2D form, like h-BN.

METHODS

In this work, all the density functional theory calculations were
performed using the Vienna ab initio simulation package (VASP)
package®’*%, with electron-ion interaction described by projector
augmented wave (PAW) pseudopotentials. The generalized
gradient approximation (GGA), parameterized by the Perdew-
Burke-Ernzerhof (PBE)>° approach was used as the exchange
correlation functional. The energy cutoff of 550eV and k-point
meshes of 0.03 x 2m and 0.02 x 2 A~" were used for structural
optimizations and self-consistent calculations. Total energy con-
vergence criterion of 107%eV per cell and force convergence
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criterion of 0.005 eV A~" were chosen for complete relaxations of
lattice constants as well as atomic positions. The Heyd—Scuseria
—Ernzerhof functional (HSE06)%°, which mixes 25% nonlocal
exchange with the PBE functional, was also used for testing
purpose. In the doping calculations, the hole density was tuned by
removing electrons from the cell, with a jellium background with
opposite charge added to maintain charge neutrality and the
atomic positions are reoptimized at different hole densities. This
method has been used to obtain the spin polarization energies for
various systems under hole doping.

Phonon dispersion curves were calculated by the PHONOPY
package®’ on the basis of Density Functional Perturbation Theory
(DFPT). Curie temperatures were estimated using Monte Carlo
simulations, as implemented in the VAMPIRE package®2. The
simulated systems for all materials consist of a platelet with at
least 10,000 spins with a rectangular supercell. The spins were
thermalized for 10,000 equilibrium steps, followed by 20,000
averaging steps for the calculation of the thermal equilibrium
magnetization at every temperature.

The ab initio evolutionary algorithm was performed by
USPEX*%%3, interfaced with VASP, was used to find the potential
structures that are ferromagnetic under hole doping. The variable-
composition searching was chosen with the total atom numbers
of the 2D crystals set to be 2-8, and their thicknesses and vacuum
spaces restricted to be 4 A and 20 A, respectively. 150 groups of
symmetry were used to produce random symmetric structure
generator for initial population. Then, the full structure relaxations
were performed, and the most stable and metastable structures
were screened and inherited into the next generation by
comparing their formation enthalpy. The number of generations
is set to 40.
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