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ABSTRACT: The recent discovery of magnetism in atomically thin
chromium triiodide has initiated the quest for two-dimensional magnetic
materials. In an alternate route, here we explore the reversible switching
of magnetism in naturally antiferromagnetic monolayer ferrous dioxide.
Our high-throughput spin-polarized density functional theory calculations reveal antiferromagnetic to ferrimagnetic switching through the
manipulation of the local magnetic moments mediated by lithium and magnesium ion intercalation. Hardware-acceleratorassisted rigorous ab initio computations involving structure searching, molecular dynamics, adaptive kinetic Monte Carlo, and
hybrid functionals ensure sustainability of such switching amid randomness, structural deformation, thermal vibrations, and
environmental conditions. The proposed technique along with conventional lithography may be used to create selective
magnetic zones in a macroscopically nonmagnetic material for spintronics and memory devices.

■

neuromorphic computing. 28 It is well known that Li
intercalation can change the macroscopic magnetic moment
of magnetic materials by modifying the oxidation states of the
magnetic atoms locally.29 Because of their large surface-tovolume ratios, in 2D materials, this eﬀect should be very
prominent since the intercalated Li can access almost all atoms
from the surface to transfer its charge. The deintercalation then
should theoretically return the material to its original magnetic
state, ensuring reversibility in the change of magnetism. Such
intercalation can be performed electrochemically (e.g., using
the material as an electrode in a Li ion cell) or chemically (e.g.,
using a solution of a Li compound, most commonly
butyllithium). In the recent past, at room temperature,
intercalation-driven reversible tuning of magnetism has been
demonstrated in nanopowdered α- and γ-Fe 2 O 3 and
MnFe2O4.30−32 It is worth noting that these ferrite materials
already inherit macroscopic magnetism in their pristine form,
and the Li intercalation only modulates its value. However, to
achieve “magnetism switching”, the macroscopic magnetism of
the pristine materials needs to be zero, which can subsequently
be manipulated through intercalation.
We use high-throughput spin-polarized van der Waals
density functional theory (DFT)-based calculations to predict
the intercalation-driven reversible magnetism switching in
naturally antiferromagnetic (AFM) iron dioxide (FeO2), a
recently predicted 2D material, discovered by computational
exfoliation from its bulk counterpart.15,33 In a systematic
approach, we ﬁrst employ the “structure searching” technique
to study the ferrimagnetism induction in pristine FeO2 by
diﬀerent doses of pure Li, pure magnesium (Mg), and a
mixture of Li and Mg intercalation. Among all, magnetism in a

INTRODUCTION
Recent advances in nanotechnology along with signiﬁcant
strides made in spintronics1,2 and valleytronics3,4 have
intensiﬁed the search for magnetism in two-dimensional
(2D) materials. The fact that these materials could also ﬁnd
essential applications in the ﬁeld of sensing and memory
technology5 has spurred the quest for 2D magnetism even
more. Although once thought as impossible to exist in 2D
materials,6 recent experiments ﬁnd the presence of long-range
ferromagnetic (FM) order at ﬁnite low temperatures in
atomically thin CrI37 and Cr2Ge2Te6.8 Further observation of
long-range antiferromagnetic (AFM) order in FePS39,10 was
indeed possible because of the strong magnetic anisotropy in
these 2D materials. Very recently,11 strong ferromagnetism in
monolayer VSe2 was discovered even at room temperature.
Since then a host of 2D FM and AFM materials12−17 have
been theoretically predicted and studied. However, these
studies only address intrinsic 2D magnetism, whereas one
extremely important aspect could be switchable or tunable
magnetism controllable by external perturbations. AFM to FM
transition in 2D materials has already been achieved with the
application of an electric ﬁeld18 and may also be attained with
strain engineering.19 Charge or carrier doping has also been
found to be an eﬀective method of inducing ferromagnetism in
nonmagnetic low-dimensional materials.20−23
Apart from their applications in diﬀerent domains of
electronics, 2D materials have attracted much attention as
possible electrode materials in next-generation cationic
batteries due to their high surface-to-volume ratio. 24
Intercalation of cations in a 2D material changes its physical,
chemical, and electronic properties signiﬁcantly, which can be
exploited for many other applications. Lithium (Li) intercalation has been used to induce semiconducting to metallic
local phase transformation in MoS2.25 It has also found
applications in organic electronics,26 thermal circuits,27 and
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Figure 1. Pristine FeO2 monolayer and its properties. (a) Top and (b) side view of a monolayer FeO2 2 × 2 supercell. Dashed lines indicate the
boundary of the unit cell. Brown and red balls represent the Fe and O atoms, respectively. (c) Calculated DOS of the 2 × 2 FeO2 supercell in the
ground state AFM conﬁguration (AFM4), which is the summation of the up- and down-spin components. These two components are not shown
individually as they are identical in an AFM conﬁguration. (d) Magnetization density isosurface for the FeO2 supercell in the AFM4 conﬁguration.
Magnetization density is deﬁned as ρmag = ρ↑ − ρ↓, where ρ↑ and ρ↓ are up- and down-spin charge densities, respectively. Yellow clouds represent
positive magnetization, and blue clouds represent negative magnetization. Isosurface level is set to 0.06 eV/Å3. All data in this ﬁgure have been
obtained using HSE relaxations and calculations.

spectrum.33 The high optical phonon frequency (∼20 THz)
also suggests strong covalent bonding. Oxide materials are
known for their excellent air stability. Also, 2D transition metal
oxide (TMO) materials usually show exceptionally strong
binding and a good amount of charge transfer with alkali metal
ions.34 On the basis of these virtues, we chose monolayer FeO2
as the ideal material for our study.
For DFT calculations, the selection of a proper exchangecorrelation functional for a speciﬁc system is of utmost
importance, as local and semilocal DFT is known to incorrectly
describe the strong on-site Coulomb interaction of localized d
and f electrons, especially in iron oxides.35 While the
commonly used Perdew−Burke−Ernzenhof (PBE)36 ﬁnds
the material to be metallic,33 the more rigorous and
computationally challenging Heyd−Scuseria−Ernzerhof
(HSE)37 hybrid functional predicts it to be semiconducting.
It is further observed that PBE with a semiempirical correction
to the on-site Coulomb interaction added using a Hubbard U
parameter (PBE+U) successfully describes the semiconducting
nature of the material, albeit with an underestimated band gap.
Since we implement high-throughput DFT calculations, which
involve thousands of large crystal structures, the spin-polarized
PBE+U formalism has been adopted to meet our computational budget. However, for the most crucial results, PBE+U
solutions are benchmarked against the HSE formalism. In
passing, we also note that the self-interaction-corrected local
density approximation (SIC-LDA) functional along with the
Korringa−Kohn−Rostoker coherent-potential-approximation
(KKR-CPA) formalism is also being used to study dilute
magnetic semiconductors.38
Figure 1a and 1b illustrates the top and side view of the
crystal structure of monolayer FeO2. In a unit cell, only two
magnetic conﬁgurations are possible, FM and AFM, where the
AFM conﬁguration has already been established as the ground
state.33 In this study, we mostly deal with a 2 × 2 supercell. We
consider the most commonly occurring 5 AFM and the FM

1:2 mixture of Li and Mg intercalated system is found to be
more robust against the randomness, exhibits half-semiconducting nature, and thus is considered for further
exploration. We then conduct ab initio molecular dynamics
(AIMD) and adaptive kinetic Monte Carlo (AKMC)
calculations to ﬁnd that such induced magnetism is highly
stable amid possible short- and long-time scale cation diﬀusion
due to thermal energy. Strong magnetocrystalline anisotropy
conﬁrms the intercalated material to be a 2D Ising ferrimagnet
with an in-plane magnetic moment. In spite of noticeable
distortion introduced by the intercalated cations, the
deintercalation algorithm ﬁnds the recovery of the original
AFM state and aﬃrms the reversibility of the magnetism
switching. A two-level structure search technique is further
employed to conﬁrm the air stability of induced magnetism in
the presence of oxygen (O2) and water (H2O) molecules. We
also explore a hexagonal boron nitride (hBN) encapsulation
method to protect the magnetism of the intercalated FeO2.
While similar studies in the literature rely entirely on
semiempirical Hubbard U corrections, here we also use a
rigorous hybrid functional for both structure relaxations and
electronic structure calculations for most crucial results. Such
massive computations with high rigor are achieved using
hardware accelerators in place of conventional CPUs. The
proposed technique may foster novel spintronic device design
ideas since it can be used with conventional lithography25 to
create selective magnetic zones in a macroscopically nonmagnetic material.

■

RESULTS
Material Properties. In their recent work, Mounet et al.15
used high-throughput computational exfoliation to predict
200+ “easily exfoliable” 2D materials based on known
experimental bulk structures. Among these, naturally antiferromagnetic FeO2, whose bulk parent is highly abundant in
nature, appears to be dynamically stable from its phonon
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Figure 2. Single-cation adsorption. (a) Schematic of a fully intercalated 2 × 2 FeO2 supercell. Yellow balls represent generic cations. Dashed line
indicates the unit cell boundary. DOS of the FeO2 supercell with (b) single Li adsorbed at α1 and (c) single Mg adsorbed at β, which are the most
stable adsorption sites. Note that for all single-cation adsorption studies a large 4 × 2 FeO2 supercell is used as the substrate to eliminate the
unwanted cation−cation interaction from neighboring periodically repeated cells. Positive and negative DOS values represent the DOS of up- and
down-spin electrons, respectively. Magnetization density of FeO2 supercells with (d) single Li adsorbed at α1 and (e) single Mg adsorbed at β sites.
Green and orange balls represent the Li and Mg atoms, respectively. Puﬀed magnetization clouds have been highlighted using black arrows.
Isosurface level is set to 0.06 eV/Å3. All data in this ﬁgure have been obtained using HSE relaxations and calculations.

conﬁgurations12,17 (see Supporting Figure 1) in a 2 × 2
supercell of the material to determine the ground state spin
conﬁguration. The “AFM4” (a kind of zigzag AFM)
conﬁguration is found to be the magnetic ground state by
both PBE+U and HSE calculations and is used for intercalation
study. A comparison of lattice parameters, cohesive energies,
and band-gap values calculated using diﬀerent functionals is
shown in Supporting Table 1. Figure 1c illustrates the HSEcalculated DOS of the AFM4 ground state. The HSE band gap
of the material is found to be around 1.7 eV. From the DOS, it
can be clearly seen that the valence band mostly consists of Op orbitals and there is an almost equal contribution from Fe-d
and O-p orbitals in the conduction band. Also, the DOS
indicates strong hybridization between Fe-d and O-p orbitals,
implying the existence of highly covalent bonds in the material.
This is not surprising considering the reasonably high
coordination number of atoms in the material and high
frequencies of optical modes in the phonon spectrum.33 A
bond order analysis (see Supporting Raw Data) also supports
this conclusion. Figure 1d depicts the magnetization density of
the material. As expected, all of the positive as well as negative
magnetization can be observed to be localized around the Fe
atoms.
To test the thermal stability of the material, we perform an
AIMD simulation at 300 K for more than 22 ps. The
movement of the ions can be seen in Supporting Video 1,
whereas Supporting Figure 2 depicts the ﬂuctuation of total
energy and temperature with time. The MD trajectory suggests
excellent thermal stability of the material at room temperature.
In order to assess the strength of the AFM order in
monolayer FeO2, we calculate the magnetocrystalline anisotropic energy (MAE) of the material including the spin−orbit
coupling (SOC) eﬀect and using both PBE+U and HSE
formalisms. The magnetic easy axis turns out to be in the inplane [010] direction, i.e., in the direction of the b vector,
perhaps owing to the fact that the Fe−O bond lengths as well
as Fe−O−Fe bond angles are much greater in this direction.
While intrinsically FM 2D materials usually show an out-of-

plane easy axis, along the direction [001],12,39,40 the
occurrence of the in-plane easy axis in 2D AFM materials
has been reported before.14,19 The MAE was found to be E[010]
− E[001] = −0.40 meV/Fe and E[100] − E[001] = 0.09 meV/Fe
using PBE+U and E[010] − E[001] = −1.04 meV/Fe and E[100] −
E[001] = 0.15 meV/Fe using HSE. The strong magnetic
anisotropy of the material is comparable to most other FM and
AFM monolayer materials12,14,19,41 and implies the presence of
long-range Ising-like AFM order in 2D.
Magnetism Induction by Single-Cation Adsorption.
In this section, we study magnetism induction due to the
adsorption of single Li and Mg cations in FeO2. Our primary
aim is to inject as many electrons in the material as possible to
induce the maximum amount of magnetism. Therefore,
divalent Mg was considered along with monovalent Li. We
also explored trivalent aluminum (Al); however, probably due
to its p-shell valence electrons, the charge transfer to FeO2 is
found to be signiﬁcantly less than that of Mg.42 Because the
adsorption sites in FeO2 for Li and Mg ions are not known
beforehand, instead of intuitive approaches we use spinpolarized PBE+U-based ab initio random structure searching
(AIRSS)43 to ﬁnd them exhaustively. This random low-energy
phase-ﬁnding algorithm usually is bias free (no local minima
trapping) when compared to other similar algorithms44,45 and
the implementation can be made highly parallelized46 (see
Methods). AIRSS has already been widely used for prediction
of high-temperature and high-pressure phases47,48 of materials
and is increasingly being used to study cation binding in
monolayers.46,49,50
Figure 2a shows all possible cation binding spots found by
AIRSS in a 2 × 2 supercell of FeO2. Interestingly, because of
the higher valency of Mg it can bind to 3 separate sites (α1, α2,
and β) in the FeO2 unit cell, whereas the Li ion can only be
adsorbed in 2 such spots (α1 and α2). At both α1 and α2 sites
the equilibrium cation adsorption spots are almost on top of
the Fe atoms. However, only in the case of the α2 site, the
nearest Fe atom to the cation is the Fe ion underneath it, as at
α1 the cation is coordinated by 4 almost equidistance Fe
1148
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PBE+U

1
1
0
0
2
1
1
0
0
2
0.90
0.90
1.68
1.69
1.71

HSE
PBE+U

0.90
0.90
1.66
1.64
1.69
−4.37
−4.34
−5.62
−4.04
−5.78

HSE
1149

2.67,
3.72,
2.02,
3.69,
2.13,
1.93,
1.85,
1.94,
1.83,
2.07,
2.64,
3.72,
2.04,
3.70,
2.15,
1.94,
1.86,
1.96,
1.85,
2.09,
3.18,
3.74,
2.85,
3.73,
3.72,
2.98,
3.66,
2.83,
3.66,
2.62,
2.97,
2.56,
2.82,
2.64,
2.62,
3.21
5.08
2.88
5.06
3.77
3.18,
3.77,
2.88,
3.78,
3.76,

PBE+U

2.98,
3.72,
2.85,
3.72,
2.64,
α1
α2
α1
α2
β
Li

Mg

2.97,
2.58,
2.84,
2.65,
2.64,
site
cation

Table 1. Single Cation Adsorption in FeO2

HSE

3.19
5.05
2.86
5.02
3.73

1.89,
1.85,
1.94,
1.85,
2.09,

PBE+U

2.91
3.72
2.09
3.70
2.15

dcation‑O (Å)

1.88,
1.84,
1.92,
1.83,
2.07,

HSE

2.92
3.72
2.07
3.69
2.13

PBE+U

Eb (eV)

where Eb is the binding energy of the single cation, EFeO2+cat is
the total energy of the single cation adsorbed in the FeO2
structure, EFeO2 is the energy of the pristine substrate, and μcat
is the chemical potential of the bulk metallic phase of the
cation adsorbed. According to this deﬁnition, a more negative
binding energy would denote a stronger binding while positive
binding energy would imply the possibility of formation of
metal clusters and potential phase separation with the
substrate. Irrespective of the functional used, the computed
binding energies for all sites (see Table 1) are well below zero,
indicating thermodynamically stable and exceptionally strong
Li and Mg binding. In the case of Li, the most stable binding
site is α1, whereas the most stable binding site for Mg is the β
spot.
The DOS of the intercalated systems are depicted in Figure
2b and 2c and also in Supporting Figure 4. Clear disbalance
between the up- and the down-spin components can be seen,
where in the pristine material these two components are
identical and therefore cancel each other out. Comparing with
the DOS of the pristine substrate (Figure 1c) it appears that
the extra injected electrons mostly make their way into the
highly hybridized Fe-d−O-p orbitals, which are strongly
localized around the Fe atoms and are responsible for the
local magnetic moments in the material. In Table 1, the
absolute magnetization of the supercells upon intercalation is
listed. The DOS plots in Supporting Figure 4 illustrate why the
Mg adsorbed at α1 and α2 does not result in any net
magnetism but Li adsorbed at α1 and α2 and Mg at β does.
Clearly, the net magnetism arises from the disbalance between
the up- and the down-spin electrons caused by the extra
injected electron(s) by the cation. While only the up-spin
channel of the Fe-d−O-p orbitals in structures with Li
adsorbed at α1 and α2 and Mg at β gets populated, both
up- and down-spin channels get equally populated in the other
cases. Complementing the DOS analysis, the visualization of
the magnetism density (Figure 2d and 2e and Supporting
Figure 5; also see Supporting Raw Data) also explains this
observation. It can be observed that certain magnetization
clouds near the adsorption sites have changed their shape and
have increased in volume after adsorption. Bader magnetization analysis further reveals that the Fe atoms in these
“puﬀed” magnetization clouds have an increased local magnetic
moment μ ≈ ±4.2 μB, where the normal Fe atoms show μ ≈
±3.5 μB, the same as the Fe atoms of the pristine substrate (see
Supporting Raw Data). From here onward we shall call the

−3.97
−3.91
−5.09
−3.64
−5.24

Qtransfer (e)

(1)

dcation‑Fe (Å)

E b = E FeO2 + cat − E FeO2 − μcat

Abs. mag
(μB/supercell)

atoms. The exact coordination of the cations is listed in Table
1.
At the β site, the Mg ion gets adsorbed directly above an O
atom. Similar to the α1 site, the Mg does not form a bond with
the O atom directly beneath it but pulls 4 surrounding O
atoms toward itself to form strong bonds. These bond
formations and the charge transfers between the cations and
the substrate can be clearly visualized using charge density
diﬀerence isosurface plots (Supporting Figure 3). The amount
of charge transferred from the cations to the substrate as
computed by Bader charge analysis (see Table 1) aﬃrms that
the cations donate almost their entire outer s-shell electrons
and exist in an ionized state after adsorption.
The single cation binding energy is calculated using the
equation

HSE

The Journal of Physical Chemistry C

DOI: 10.1021/acs.jpcc.9b09477
J. Phys. Chem. C 2020, 124, 1146−1157

Article

The Journal of Physical Chemistry C
former the “high-spin” state and the latter the “low-spin” state.
In Figure 2e two positive magnetization clouds can be seen
becoming puﬀed where in Figure 2d only one such cloud has
changed its shape and volume. Supporting Figure 5 shows that
when Mg is adsorbed at α1 or α2, one positive and one
negative magnetization cloud gets puﬀed while in other cases
only the positive clouds change, yielding a net positive
magnetism. It is worth noting that such mechanism of
ferrimagneic induction is diﬀerent from conventional magnetic
impurity-doped dilute magnetic semiconductors, where the
ferromagnetic p−d exchange between the dopant and the host
overcomes the antiferromagnetic double exchange to manifest
FM behavior.51
Magnetism Induction by Multiple and Mixed-Cation
Adsorptions. To increase the amount of induced magnetism,
we study the eﬀect of intercalation dosage. In a realistic
scenario, selectively placing cations on speciﬁc sites in a
material is not possible. It is always statistically likely that in an
inﬁnite crystal the disbalance created in one region will be
countered by another region, resulting in zero net magnetism
macroscopically as the local magnetization created this way can
be completely random even in the phases with the same
energy. As a possible remedy to this problem, we consider a
few concentrations of mixed Li and Mg ion intercalation too.
Again, we use AIRSS to ﬁnd lowest energy intercalated phases
for Li 0.25 FeO 2 , Li 0.375 FeO 2 , Li 0.5 FeO 2 , Mg 0.25 FeO 2 ,
Mg0.375FeO2, Mg0.5FeO2, Li0.125Mg0.25FeO2, Li0.125Mg0.375FeO2,
and Li0.375Mg0.125FeO2. The total energy of an intercalated
structure for a particular concentration mostly depends on
three factors: (i) adsorption at more stable binding sites
produces more stable structures, (ii) cation−cation repulsion,
which increases with increasing concentration of adsorbed
cations, produces less stable intercalated phases, and (iii)
deformation introduced in the substrate by adsorbed cations
can produce more stable structures in terms of binding
energy.46 By bringing randomness into the fold, AIRSS takes
care of all of these factors in an experiment-like manner to ﬁnd
the most stable phases. Although being computationally very
expensive, AIRSS have reproduced real-life phenomena like
electroplating49 and bond cleavage in the substrate46 well,
which usually cannot be captured by manually made “uniformadsorption” structures.
A 2 × 2 supercell of FeO2 that provides a good balance
between computational cost and degrees of freedom is used as
the substrate for these structure searches. The most stable
intercalated crystal structures found by AIRSS are shown in
Figure 3. As anticipated, with increasing cation concentration
the deformation in the substrate increases and the intercalated
phases ultimately either turn into amorphous structures
(Li0.125Mg0.375FeO2) or change to commensurate new phases
(Li0.5FeO2, Mg0.5FeO2, Li0.375Mg0.125FeO2) with ample Fe−O
broken bonds. Frequently, these severely deformed phases do
not return to the pristine substrate structure upon deintercalation,46 destroying the reversibility of the process.
However, average binding energy in all of these AIRSS-found
phases is well below zero, indicating stable cation binding.
While focusing on the magnetism of these phases, we consider
the top 5 lowest energy phases from every structure search to
assess the consistency of the achieved magnetism upon
intercalation. Figure 4 summarizes all of these magnetism
data. Among the 9 concentration doses tried, 3 phases, namely,
Li0.5FeO2, Mg0.375FeO2, and Mg0.5FeO2, show consistently zero
magnetism in all of the top 5 structures, while others except

Figure 3. Most stable intercalated structures. Most energetically stable
intercalated FeO2 structures for various Li and Mg doses as found by
AIRSS are shown. Note that a 2 × 2 FeO2 supercell is used as the
substrate in these structures. Dotted lines indicate the supercell
boundary. All of these structures have been obtained using PBE+U
relaxations.

one phase (Li0.125Mg0.25FeO2) yield random values in the range
from −1 to 5 μB in the 2 × 2 supercell. It is interesting to note
that in a perfectly nondeformed structure one would expect the
Li0.375FeO2 to show a maximum magnetization of 3 μB because
of the 3 electrons injected into the supercell. However, the top
structure, which becomes moderately deformed upon
adsorption, shows a magnetic moment of 5 μB in its most
energetically stable structure, highlighting the importance of
structural deformation and the need for AIRSS. Most
fascinatingly, the phase Li0.125Mg0.25FeO2 shows a consistent
magnetism of 3 μB in all of its top 5 lowest energy structures,
hinting at the possibility of robust magnetism amid randomness in this speciﬁc concentration.
To ensure the strength of the induced ferrimagnetic (FeM)
order, we again calculate the MAE for all ﬁve Li0.125Mg0.25FeO2
phases including SOC and using the PBE+U formalism. The
easy axis in all of the top ﬁve Li0.125Mg0.25FeO2 phases turns
out to be along the in-plane [010] direction, i.e., the
intercalation process does not alter the easy magnetization
axis of the material. The MAE is found to be E[010] − E[001] <
−0.074 meV/Fe and E[100] − E[001] > 0.019 meV/Fe (see
Supporting Table 2) in all of the top 5 structures. HSE
calculation on the top structure yields a much stronger MAE,
E[010] − E[001] = −0.218 meV/Fe and E[100] − E[001] = 0.022
meV/Fe. Although the intercalation process weakens the
magnetic anisotropy by almost ﬁve times, it still remains
reasonably high and comparable to that of most other reported
2D FM and AFM materials.12,14,19,41 It should be noted that
the MAE mentioned above is a somewhat average value in a
supercell because all Fe ions do not contribute equally in the
MAE in this FeM-intercalated material. However, the strong
anisotropy of the material hints toward it being a robust Ising
ferrimagnet with long-range order.41
Figure 5a shows the HSE DOS of the energetically top
Li0.125Mg0.25FeO2 structure. Even after injecting 5 electrons in
the substrate supercell, the band gap of the material remains
greater than 1 eV, achieving semiconducting ferrimagnetism. A
signiﬁcant amount of disbalance between the up- and the
1150
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Figure 4. Magnetization variation with intercalation. Variation of the magnetic moment of the top 5 most stable structures with various doses of Li
and Mg intercalation is shown. All of these data have been obtained using PBE+U static runs.

Figure 5. Properties of Li0.125Mg0.25FeO2 phase. (a) DOS and (b) magnetization density of the energetically most stable Li0.125Mg0.25FeO2 phase.
Again, the puﬀed magnetization clouds have been highlighted using black arrows. (c) Variation of the magnetic moment of the Li0.125Mg0.25FeO2
supercell with time during the MD run. (d) RDF of the Fe−Fe atom pair for the most stable Li0.125Mg0.25FeO2 phase and for the pristine FeO2 from
their entire MD runs. Data depicted in a and b have been obtained using HSE relaxations and calculations, while other data have been obtained
from PBE+U calculations.

energetically. Also, the net magnetism of these deintercalated
phases is found to be zero, ensuring the complete reversibility
of the magnetism induction process by intercalation.
In order to explore the short-term mechanical and magnetic
stability with thermal vibrations, we again perform AIMD of
the top Li0.125Mg0.25FeO2 phase for more than 22 ps at 300 K.
Figure 5c depicts the varying magnetism of the supercell with
time (see Supporting Figure 7 for total energy and temperature
variation). Although in some instances the magnetism can be
seen reducing up to 25%, the large average magnetism
conﬁrms its robustness. The radial distribution function
(RDF) between Fe−Fe atom pairs of the intercalated material
along with the Fe−Fe RDF of the pristine FeO2 is shown in
Figure 5d. The same comparison between the RDFs of these
two materials for pairs Fe−O and O−O can be found in
Supporting Figure 7. The reduction of crystallinity is evident in
these diagrams as the pair distance peaks broaden in the
intercalated material signiﬁcantly when compared with the
pristine material. The whole MD trajectory can be found in

down-spin components can be seen near the Fermi level. Also,
both valence and conduction bands seem to be entirely
contributed by down-spin electrons, suggesting the existence of
a “half-semiconductor”. Figure 5b illustrates the HSE magnetization density isosurface (also see Supporting Figure 6) of this
structure. Four puﬀed positive clouds and one puﬀed negative
magnetism cloud localized around the Fe atoms are clearly
visible, explaining the net magnetism of the supercell being 3
μB. Bader magnetism analysis conﬁrms this too (see
Supporting Raw Data). The top Li0.125Mg0.25FeO2 structure
is used for further stability analyses.
Reversibility and Stability of Induced Magnetism. In
order to assess the reversibility of the intercalation process, we
apply a simple but rigorous deintercalation algorithm44 (see
Methods) using the PBE+U formalism to the energetically
most stable Li0.125Mg0.25FeO2 structure. Supporting Video 2
shows a slideshow of the deintercalation processes. All
deintercalated structures are found to be almost identical to
the pristine monolayer FeO2 structure, both visually and
1151
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Figure 6. AKMC simulation. States and transitions observed during the AKMC simulation are summarized here. In each state or saddle point, the
blue arrow indicates the next location of the Li ion. Saddle point heights and estimated time to overcome are written above and below the pink
arrows. These have been estimated using PBE+U calculations.

Supporting Video 3. This along with the RDFs prove that the
intercalated material preserves its induced magnetism at room
temperature, albeit with less crystallinity.
In long time scale, adsorbed cations can diﬀuse on the
surface of the monolayer, shifting to other stable adsorption
sites. This could change the cation conﬁguration ultimately
changing the magnetism. To test the long-term behavior of the
top Li0.125Mg0.25FeO2 phase with possible cation movements
we perform AKMC52,53 simulation. Figure 6 illustrates the
events that occurred in the simulation, and Supporting Raw
Data tabulates all of the states, their total energy, the diﬀusion
barriers found, and the estimated time to make the transitions.
To summarize, only one Li ion transition (State 0 ↔ Saddle 1
↔ State 1) is found likely to occur in our time scale of interest
(picoseconds to days). In both State 0 and State 1(which is
energetically slightly less stable) the magnetism remains the
same because the overall disbalance between the injected
electrons does not change.
To examine the air stability of the intercalated material we
run a second level AIRSS on the already AIRSS-generated
intercalated structure. In two diﬀerent structure searches one
O2 molecule and one H2O molecule was placed randomly in
the supercell. Although this corresponds to a much greater
concentration of these molecules than that of air at natural
temperature and pressure, it provides a good idea about the
possibility of any reaction. Figure 7a and 7b illustrated the
AIRSS-found and HSE-optimized most energetically stable
structures of Li0.125Mg0.25FeO2 + O2 and Li0.125Mg0.25FeO2 +
H2O. Visually, it seems that the O2 does not react with the
material, but the H atoms of the H2O form some hydrogen
bonds with the O atoms of the material. However, in both
cases, a bond order and charge partitioning analysis (see
Supporting Raw Data) reveals a slight increase of bond order
and slight loss of charge in the Mg atoms closest to the O
atoms of the molecules, suggesting these indeed form a weak
bond. Still, we ﬁnd the magnetism of the intercalated material
remains intact, proving the robustness of the induced
magnetism in air. Because the O2 molecule itself is paramagnetic, we again perform an MAE calculation on the O2adsorbed top structure using PBE+U. The MAE was found to
be E[010] − E[001] = −0.094 meV/Fe and E[100] − E[001] = 0.022
meV/Fe, slightly stronger than the MAE of the
Li0.125Mg0.25FeO2 top structure. However, this is probably

Figure 7. Environment eﬀect. Most energetically stable (a)
Li0.125Mg0.25FeO2 + O2, (b) Li0.125Mg0.25FeO2 + H2O phases, and
(c) monolayer hBN encapsulated Li0.125Mg0.25FeO2 phase. Pink, blue,
and green balls represent H, N, and B atoms, respectively. These
structures have been obtained using HSE relaxations.

because we could not factor in the localization of the p orbitals
in the O2 molecule, which gives rise to its paramagnetism.
Qualitatively, we can say that the MAE of the intercalated
material is not disturbed by the paramagnetic O2 adsorption.
Since the value of the induced magnetism in the intercalated
structure is not large, we also explored an all-2D encapsulation
strategy to protect it from other environmental eﬀects.
Hexagonal boron nitride (hBN) monolayers are large band
gap dielectric materials known to be inert and have been used
as an encapsulating material.54 Here, we try to encapsulate the
intercalated FeM structure, placing monolayer hBN sheets
both on the top and on the bottom of the material. The sheets
were rotated to make a supercell containing 177 atoms to
achieve an initial strain (before relaxation) below 1.5%. Figure
7c shows the HSE-relaxed hBN-encapsulated structure. The N
atoms in the hBN sheets have buckled slightly close to the
adsorbed Mg atoms, hinting at a bonding interaction between
the two. Again, a slight increase in the bond order and slight
loss of charge in the Mg atoms (see Supporting Raw Data)
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that the monolayer FeO2 inherits a crystal structure similar to
that of intrinsically FM monolayers of chromium oxyhalides.12
However, the lattice parameter b is almost 1.5 times larger than
a in the former case, while both are almost the same in the case
of CrOCl and CrOBr.33 While a detailed analysis is out of the
scope, our initial PBE+U calculations suggest an AFM to FM
transition in FeO2 with an application of 10% uniaxial
compressive strain along b, possibly because the compressed
Fe−O bond angles ultimately satisfy the Goodenough and
Kanamori criterion.57,58 We also note that a hexagonal phase of
monolayer FeO259 exhibits an FM ground state. Again, the
bond angles of this particular phase explain this apparent
discrepancy. Unlike its rectangular counterpart, the Fe−O−Fe
bond angles are very close to 90° in this hexagonal FeO2,
which promotes FM superexchange.
In general, to achieve such intercalation-driven switchable
magnetism the substrate material must be capable of adsorbing
two kinds of cations with diﬀerent valency. The charge transfer
from the cation to the substrate needs to be high. The material
must be mechanically strong to bear repeated intercalation−
deintercalation cycles. Monolayer FeO2 satisﬁes all of these
requirements with its bulk parent being abundant in nature.
From our study it also appears that FeO2 might be an attractive
electrode material for lithium and magnesium ion batteries.
In summary, here we use high-throughput ﬁrst-principlesbased calculations to demonstrate the fact that the
intercalation of mixed cations of diﬀerent valency can be
used to induce robust magnetism in a naturally antiferromagnetic two-dimensional material. The process, which can be
implemented electrochemically or chemically, is compatible
with conventional lithography and might be used to create
selective magnetic zones in a macroscopically nonmagnetic
material. Very dense FeM−AFM alternating structure in a
single crystal can also be produced, which could ﬁnd
applications in spintronics and memory technology. The
reversibility of induced magnetism may be useful in realizing
nonvolatile programmable logic devices.

have been discovered using bond order and charge partitioning
analysis, conﬁrming the existence of weak Mg−N bonds.
However, the amount of magnetism is found to be being intact
in the encapsulated structure. The structure’s mechanical (see
Supporting Video 4) and magnetic stability (see Supporting
Figure 8) at room temperature is also veriﬁed with AIMD
calculations. Therefore, the encapsulation strategy using hBN
monolayers could prove to be eﬀective in protecting the
intercalation-driven magnetism.
Eﬀect of Spin Fluctuations. In order to determine the
pristine monolayer material’s Néel temperature (TN), we use
the total energies of diﬀerent AFM and FM conﬁgurations to
ﬁt the parameters of an eﬀective Heisenberg model
Hamiltonian19,55
H=−

1
1
∑ J1Si. Sj − ∑ J2 Si. Sk − A∑ (Siy)2
2 i,j
2 i,k
i

(2)

where J1 and J2 are the nearest-neighbor (NN) and the nextnearest neighbor (NNN) exchange coupling constants, Si and
Sj are the spins at site i and j, respectively, and A is the
magnetic anisotropy constant. S is computed as μ/(2μB),
where μ is the local magnetic moment of the Fe ions.
Conducting the Bader charge and magnetization analysis (see
Supporting Raw Data], we ﬁnd μ = ±3.47 μB using HSE. This
results in a converged value of NN coupling, J1 = −28.89 meV,
and NNN coupling, J2 = −2.7 meV, for HSE (see Supporting
Methods and Supporting Raw Data for details). For 2D
materials, a classical Monte Carlo-based solution of the
Heisenberg model is known to accurately predict the transition
temperature,55 and using the same we obtained the AFM to
PM transition temperature of monolayer FeO2 as 63 K (see
Supporting Figure 11).
Direct study of the FeM to PM transition at ﬁnite
temperatures becomes extremely challenging for the intercalated Li0.125Mg0.25FeO2 material because of signiﬁcant lattice
distortion and asymmetry introduced by the adsorption
process, which blurs the distinction between nearest neighbors
and next nearest neighbors. Even if a symmetric lattice is
assumed, the number of diﬀerent exchange coupling constants
increases manyfold, which again makes it virtually impossible
to solve for them. However, a recent study demonstrates about
a 33% increase in Curie temperature in monolayer FM
Cr2Ge2Te6 upon lithiation.56 From the RDF plotted in Figure
5d it can be clearly observed that the closely situated Fe−Fe
NN and NNN peaks merge together at room temperature after
the intercalation, which implies that the NNNs also become
NNs in the intercalated material due to slight changes in Fe−
Fe bond lengths. This suggests that the magnetic NN
coordination number in the material can increase up to 3
times after intercalation, which could push the Curie
temperature of the material much further. The MD and
AKMC studies, where the eﬀect of spin ﬂuctuations are not
captured, have been performed at room temperature as an
upper limit.

■

METHODS
DFT Calculations. Spin-polarized DFT calculations are
carried out using the generalized gradient approximation
(GGA) as implemented in the code VASP60−63 with the
PAW64 method using the Perdew−Burke−Ernzenhof (PBE)36
exchange correlation and the Heyd−Scuseria−Ernzerhof
(HSE)37 hybrid functionals. Speciﬁcally, the HSE06 variant
is used here which is known to predict accurate properties for
most systems.65 For most calculations, a correction on strongly
correlated Fe 3d electrons (PBE+U) is applied using the
Dudarev66 formulation. A semiempirical van der Walls (vdW)
dispersion correction is applied via the Tkatchenko−Scheﬄer
method (TS)67 with iterative Hirshfeld partitioning68 for both
PBE+U and HSE calculations. A slightly larger sR = 0.96 is used
for HSE calculations with this scheme.69 The following
electrons have been treated as valence electrons and are
expanded in the plane-wave basis set: Fe, 3d74s1; O, 2s22p4; Li
2s12p0; Mg, 3s23p0. For all calculations, a suﬃciently large
cutoﬀ energy of 550 eV is used to avoid any Pulay stress. For
30
30
30
all structural relaxations, except one, a a × b × c
Monkhorst−Pack k-points grid is used to sample the Brillouin
zone, where a, b, and c are the lengths of the lattice parameters
of the particular supercell. Only the HSE relaxation for the
hBN-encapsulated structure containing 177 atoms is per-

■

DISCUSSION
Although here we show intercalation-driven AFM to FeM
transition, in principle, nonmagnetic materials might also be
turned into AFM or FM materials by electron injection. In the
latter case, a much larger magnetic moment is expected since
the magnetism does not depend on the statistical disbalance
between the number of up and down spins. It is worth noting
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AIRSS Calculations. Adsorbates are placed on the top and
bottom of the substrate supercell randomly using the AIRSS
initial conﬁguration generation engine and are subsequently
relaxed to their nearest local minima using DFT. The (x, y)
fractional coordinates of the adsorbate molecules or ions are
allowed to be completely random, but depending on the
atomic radii, the minimum separation between pairs of atoms
is kept between 0.9 and 1.8 Å to minimize atomic overlaps.
The vertical distance (along c) of the adsorbates from the
surface is chosen randomly from the range of 1.2−4.8 Å (see
Supporting Figure 9). For each search, ≥150 random
structures that could be relaxed successfully are explored.
The AIRSS lowest energy phase-ﬁnding algorithm and its
highly parallel master−slave implementation are similar to that
of our previous work.46 A lighter 2 × 1 × 1 k-mesh with PBE
+U formalism is used to relax the structures while searching for
the lowest energy phases. However, the top ﬁve lowest energy
structures from every energy-rank list are processed further
with the above-mentioned stringent DFT setup.
AIMD and AKMC Simulations. For both pure FeO2 and
Li0.125Mg0.25FeO2 top structure, a 6 × 4 supercell for the
substrate is chosen for AIMD runs, resulting in supercells with
144 and 162 atoms, respectively. The PBE+U formulation is
used for the AIMD runs with gamma-point-only sampling. A
canonical ensemble (NVT) is used, and a Nosé−Hoover
thermostat76,77 at 300 K is employed. The simulations are run
for >22 ps with a 5 fs time step.
The AIRSS-found top Li0.125Mg0.25FeO 2 structure is
subjected to the AKMC simulation. The EON code52,53
developed by the Henkelman group interfaced with VASP is
used for this. The simulation runs at 300 K, and based on the
AIMD trajectory, all atoms except the adsorbates are assumed
to be ﬁxed in the long time scale. All adsorbates are displaced
randomly at the same time to ﬁnd the saddle points. The
searches are continued until the conﬁdence builds up to 0.95 in
the current state. After that the system moves on to the next
state depending on the calculated barrier heights and
prefactors. The barriers higher than 2 eV are discarded as
these are too large to consider for a state transition at 300 K.
During the ﬁrst transition of the simulation it can be seen that
the estimated time to transition through a 1.36 eV barrier is
52.5 years, which justiﬁes the above assumption further. For all
saddle point searches and prefactor calculations with DFT, a
30
30
30
× b × c k-points sampling and the PBE+U formalism is
a
used. Because almost 100 saddle searches are conducted
during the whole simulation, it can be concluded that the Mg
ions always face a barrier > 2 eV in the top Li0.125Mg0.25FeO2
phase and therefore is unlikely to diﬀuse in the long time scale
of years.
For all DFT calculations related to AIRSS, AIMD, and
AKMC, instead of the TS dispersion correction, computationally lighter DFT-D3 dispersion correction as developed by
Grimme78 is employed.
Deintercalation Algorithm. Following the method
proposed in ref 44, a randomly chosen single cation is
removed and the structure is allowed to fully relax with
stringent DFT conditions using the PBE+U formalism. We
only explore three deintercalation paths since these sequential
calculations are computationally expensive. Supporting Video 2
shows a slideshow of the deintercalation process. The starting,
intermediate, and ﬁnal magnetism during this process are
plotted in Supporting Figure 10.

formed using the gamma-point-only sampling. A denser
40
40
× b × 1 gamma-centered k-points mesh is applied for
a
60

60

60

HSE static calculations, and a a × b × c similar k-mesh is
used for all other static runs. Electronic convergence is set to
be attained when the diﬀerence in energy of successive
electronic steps becomes less than 10−6 eV, whereas the
structural geometry is optimized until the maximum
Hellmann−Feynman force on every atom falls below 0.01
eV/Å. For the high-precision MAE calculations, a stricter
electronic convergence criterion of 10−8 eV for PBE+U and
10−7 eV for HSE is imposed. A large vacuum space of ≥28 Å in
the direction of c is applied to avoid any spurious interaction
between periodically repeated layers. The Bader charge and
magnetization analysis is performed using the code developed
by the Henkelman group,70−73 where charge densities
generated from DFT static runs are used as inputs. All crystal
structures and isosurfaces are generated using the tool
VESTA.74 More details can be found in Supporting Methods.
Determination and Limitation of U. The value of the
eﬀective U is determined from the 2 × 2 supercell using the
linear-response approach.75 It is found that using a 3 × 3
supercell changes the value of U negligibly but imposes severe
computational load. The diﬀerent FM and AFM conﬁgurations
are tested using this value of U. After ﬁnding the ground state
spin conﬁguration, the U is determined again for this
conﬁguration, and the structure is relaxed. This cycle is
repeated to obtain a converged value of U = 4.38 eV. This
value is used throughout this work. Also, the spin
conﬁgurations are again tested with this value to make sure
the ground state does not change with changes in U.
Clearly, the above-mentioned process for determining U is
extremely tedious but necessary as experimental data is not
available for monolayer FeO2 to benchmark the PBE+U
results. Ideally, if there is a change in the crystal structure or
change in the number of d electrons, the U should be
recalculated. Our studied intercalation process induces both
deformation in the lattice and a change of oxidation states in
few atoms near the adsorption sites. However, because we
examine thousands of large supercells in a high-throughput
manner, determining U for each and every structure is
practically impossible. Therefore, we use the value of U
determined for the pristine FeO2 also for the intercalated
systems. Whenever possible we use the more rigorous but
computationally demanding HSE formalism to benchmark the
crucial results since it does not require any semiempirical
parameters like U, even for strongly correlated systems. Table
1 shows that apart from the binding energy, PBE+U-calculated
values are in excellent agreement with those of HSE.
For an ultimate benchmarking exercise, we relax and
perform a static run on the lowest energy Li0.125Mg0.375FeO2
phase using both PBE+U (U = 4.38 eV) and HSE. The reason
for choosing this phase is that it has the most electrons among
our tested intercalated structures and is the most deformed
structure. For this structure the average binding energy is
−5.04 eV/cation using PBE+U and −5.68 eV/cation using
HSE. For an almost amorphous and high amount of electroninjected structure, these values seem remarkably close,
justifying our decision to use a constant U throughout. Note
that the magnetism of the supercell, which is our main
property of interest, is always predicted to be the same using
PBE+U and HSE.
1154

DOI: 10.1021/acs.jpcc.9b09477
J. Phys. Chem. C 2020, 124, 1146−1157

Article

The Journal of Physical Chemistry C
Hardware Accelerator-Based Parallel Computation.
Hardware accelerators, namely, NVIDIA Tesla K40 GPUs and
Intel Xeon Phi KNL manycore processors (see Supporting
Methods), are used extensively in our work, which is found to
provide a signiﬁcant speedup over conventional CPUs. For
instance, the 144-atom supercell relaxation using spin-polarized
vdW-corrected PBE+U has taken only ∼16 h using 24 such
GPUs. However, for HSE relaxations, the VASP 5.4.4 GPU
port is found to be unsuitable in our case, yielding erroneous
energies and forces, even with ALGO = All, Damped, and
Normal. As a result, the PBE+U relaxed 144-atom structure is
further HSE relaxed using 748 KNL cores, which takes around
72 h. This is still quite fast considering the huge computational
load of the spin-polarized vdW-corrected HSE calculation for a
144-atom supercell. Because of restrictions in the supercomputer used, we could only use one MPI rank per GPU,
which is deﬁnitely suboptimal. However, we try to make up for
it by tuning the NSIM parameter and using k-points
parallelization as much as possible. For our calculations,
NSIM = 24 is found to be optimal, which along with k-points
parallelization provided a signiﬁcant speed boost in GPUs. The
k-points parallelization along with band parallelization is also
used extensively in KNL-based computations to take full
advantage of its many-core architecture. While real space
projection has been used for all relaxations, only reciprocal
space projection is employed in static runs to get accurate
energy and magnetism values.
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