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ABSTRACT: The family of 2D magnetic materials is continuously expanding because

of the rapid discovery of exfoliable van der Waals magnetic systems. Recently, the
synthesis of non-van der Waals magnetic “hematene” from common iron ore has
opened an unconventional route to 2D material discovery. These non-van der Waals 2D
systems are chemically stable and easily available and may have different or enhanced
properties compared to their van der Waals counterparts. In this work, we have
investigated and explained the nature of magnetic ordering in non-van der Waals 2D
metal oxides. Two-dimensional hematene is found to be fully oxygen-passivated and
stable under ambient conditions. It exhibits a striped ferrimagnetic ground state with a
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small net magnetic moment. Superexchange interactions are predicted to control the

magnetic ground state of hematene, where pressure-induced spin crossover results in an observable net magnetic moment.
Modulating the superexchange by alloying hematenes alters the magnetic ordering, tuning the system to a ferromagnetic ground
state. Extending this strategy to the design of a new 2D material, we propose 2D chromia (a-Cr,05) or “chromene”, which,
because of larger inter-transition metal distances and suppressed AFM superexchange, has a ferromagnetic ground state. We also
show that tuning the magnetic ordering in these materials controls the transport properties by modulating the band gap, which

may be of use in spintronic or catalytic applications.
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he discovery of magnetic 2D materials invites boundless
possibilities for applications to quantum computation,
spintronics, data storage, and other memory devices."” In this
regard, the ingress of intrinsic 2D magnets in nanotechnology
has provided a significant boost in the field of nanoscale
devices.”* The recent discovery of 2D layered magnets such as
2D chromium trihalides (Crl;) has opened up opportunities
for theoretical and experimental studies alike because of their
fascinating fundamental physical properties and possible device
applications.”® These van der Waals magnetic insulators have
shown the potential to form topological states or spintronic
materials, as the isolation of few-layer ferromagnetic (FM) and
antiferromagnetic (AFM) ground states have already been
reported.”””' A new class of materials, transition-metal
carbides and nitrides (MXenes), are solution-processed 2D
sheets with wide chemical and structural diversity, leading to
an exciting array of predicted magnetic properties."' "> Many
2D materials, such as graphene and transition-metal
dichalcogenides (TMDs), remain intrinsically nonmagnetic
when exfoliated from their 3D counterparts.'* Doping,">~"*
defect formation,'”~*" and adatoms**”* are normally used to
induce magnetism in these systems. However, control or
switching of magnetic ordering in these systems remains a
giant obstacle in the path of device applications because of the
formation of metal clusters and disordered magnetic centers.”*
To find a way to circumvent these problems, one of the most
abundant and inexpensive magnetic materials, iron, can play a
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crucial role. A recent experiment shows that the mined iron ore
hematite (a-Fe,O;) can be exfoliated to 2D hematene.”® The
bulk AFM structure of hematite converts to a weakly magnetic
non-van der Waals material.”®> However, different plausible
magnetic arrangements, different magnetic planes and phases
in these systems, and the origin of magnetism remain
unexplored. Similarly, 2D chromiteen (FeCr,0,) has been
shown to exhibit ferrimagnetic/ferromagnetic ordering de-
pending upon the presence of defects or the surface
structure.”® Being non-van der Waals 2D monolayer materials,
they can be etched in different atomic thicknesses and they do
not require surface passivation because of the stable Fe—O
bonds at the surface. This robustness under ambient
conditions sets them apart from van der Waals 2D magnets
such as Crl;. This stable and abundant class of emerging 2D
materials thus becomes the focal point of our study because of
the possibility of exploring unconventional intrinsic magnetic
behavior.

We carry out a detailed density functional theory-based
study to achieve a microscopic understanding of the magnetic
behavior in non-van der Waals systems. We have studied the
different planes and phases of hematene and primarily focus on
the most stable exfoliated 001 plane of the material, which
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Figure 1. Atomistic models of a-hematite. (a) Side view and (a’) top view of an a-hematite unit cell, (b) blue and pink rectangles denote
exfoliation along the (001) and (100) planes. (c) Green and orange rectangles denote (010) and (110) planes, respectively. (d) Side view and (d")
top view of a two-dimensional (2D) a-hematite (001) plane and (e) Raman-active modes of a 2D a-hematite (001) plane. The inset shows the

vibration of atoms responsible for the strongest Raman-active mode at 251 cm™.
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features a completely oxygen-passivated stable surface
structure. Considering different magnetic phases, 2D hematene
was found to be ferrimagnetic and shows a small net magnetic
moment. We have investigated the quantum mechanical origin
of the magnetic ground state and found that the Fe—O—Fe-
mediated superexchange controls the magnetic ground state of
hematene phases. This finding allows us to tune the system
into a ferromagnetic ground state by modulating the
superexchange. Thus, we have proposed a strategy to tune
the magnetic behavior of non-van der Waals magnets via the
experimentally realizable alloy formation of hematene with
different metals. Alloying leads to FM ground states by
increasing the distance between interlayer and intralayer Fe
atoms, which in turn suppresses the antiferromagnetic
superexchange. Following this intuition, we predict a new 2D
phase of Cr,O3, “chromene,” where the larger atomic radii of
Cr atoms promote an insulating ferromagnetic phase. Our
results can be easily extended to other non-van der Waals 2D
metal oxides such as 2D nanosheets of Fe;0,”” (magnetene)
or cobalt oxides.”

B RESULTS AND DISCUSSION

The 2D a-Fe,0; (hematene) surface was created from the 3D
bulk hematite phase (Figure 1a,a’). We have considered 001,
010, and 111 planes of hematite and the different thicknesses
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of the exfoliated planes to find the most stable plane (Figure
1). We found that the 001 plane of hematite forms the most
stable hematene phase because of the absence of any
unpassivated Fe atoms on the surface, as shown in Figure
1d. All other 2D surfaces created from exfoliation contain
unpassivated Fe atoms on the surface (Figure 1b,c). Thus, the
previously exfoliated half unit cell of the 110 plane of
hematite™ is significantly less stable than our system because
of significant structural distortion (Supporting Information
Figure S1). The exfoliation of 2D hematene along the 001
plane causes a reduction of D, symmetry to D¢, symmetry for
the Fe atoms (Figure 1a’,d’).

We have calculated the formation energy per atom of the
system using the following formula

NoFo,

Elayer + 2 + NFeEFe - Ebulk

E form —

n

where Ey is the energy of bulk hematite, E,, is the energy of
a 2D layered hematene plane, N is the number of O atoms
etched from the cell, Ng, is the number of Fe atoms etched
from the cell, Eq, is the energy of an O, molecule, Eg, is the
energy of an Fe atom from bulk Fe, and # is the total number

of atoms. The negative E, values (listed in Supporting
Information Figure S1) suggest that exfoliation of the 2D
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Figure 2. (a) Spin-polarized charge density distribution for different magnetic ordering configurations in 2D a-hematite arranged according to
increasing stability: AFM2, FM, AFM1, and AFM3 configurations. Relative energies are supplied in parentheses. Blue and pink isosurfaces represent
spin-up and spin-down densities, respectively. The green hexagon denotes the nearest-neighbor interactions between the atoms in the center and
the next-nearest-neighbor interaction along the sides of the hexagon. The bottom panel shows (b) a schematic representation of this hexagon, (c)
spin arrangement of AFM3 ordering, and (d) the d-band filling model of AFM3 ordering.

sheets is possible from the 3D bulk system; they also show the
stability of the 001 plane (Eg,,,, is —0.4 eV/atom) over the 110
and 010 planes because of the presence of unpassivated Fe
atoms on the 110 and 010 surfaces (Figure S1). We assume
ready oxygenation of the Fe atoms under ambient conditions,
and this indeed leads to a more stable surface. Furthermore, we
calculated the zone-centered (I'-point) phonon frequencies of
the 001 plane of hematene and did not find negative phonon
frequencies, confirming the stability of this layered structure.
Calculating the Raman modes of hematene (Figure le), we
find that free out-of-plane vibrations of Fe—O bonds are
responsible for the strongest Raman-active mode at 251 cm™,
which corresponds to a weak peak at 247 em™ (E,) for
hematite,’* whereas the E, peak at ~410 cm™
unchanged. We have also considered Born—Oppenheimer
molecular dynamics (BOMD) calculations to confirm the
stability of the 2D systems. (See the Supporting Information
for details.)

We have considered other metastable phases of hematite to
check for the possibility of 2D layer formation in them and
found that f# and y phases of hematite cannot be exfoliated as
readily as the a phase and the surface undergoes heavy
reconstruction (Figure S2), making them unsuitable as
possible 2D magnets. Also, our system should show more
stability than the recently discovered thin film of &-Fe,O,
because of the absence of unpassivated Fe atoms on the
surface.’

! remains almost
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Magnetic Properties. Bulk hematite shows an AFM
magnetic ordering below the Morin transition temperature
(where an antiparallel AFM configuration converts to a canted
AFM configuration) at 250 K with moments parallel to the ¢
axis and no net magnetic moment. It becomes a canted
antiferromagnetic or weakly ferromagnetic state above the
Morin temperature and below its Néel temperature (948 K),
above which it becomes paramagnetic in nature.”>”” In its 2D
hematene form, we have considered four possible collinear
magnetic orderings in the system. These orderings are shown
in Figure 2a: inter- and intralayer AFM coupling (AFM1),
interlayer AFM coupling (AFM2), intralayer AFM coupling
(AFM3), and FM ordering. Considering these magentic
orderings, we find that the most important factor in
determining the magnetic ground state in these systems is
the Fe—O—Fe-mediated AFM superexchange between the
nearest-neighbor Fe atoms. (Fe—Fe direct exchange is weak
because the Fe—Fe distance is 2.91 A.) We have depicted the
nearest-neighbor and next-nearest-neighbor interactions using
a hexagonal model, which shows the presence of three nearest-
neighbor (NN) Fe—O—Fe-mediated interactions and three
next-nearest-neighbor (NNN) interactions (with an Fe—Fe
distance of 3.72 A). Also, the sides of the hexagon contribute
to six more NNN interactions because of a similar bond length
of 3.74 A. This makes the AFM3 configuration the magnetic
ground state of hematene with three NN AFM and three NNN
AFM interactions, whereas the next most stable magnetic
arrangement, AFM1, has three NN AFM interactions and
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Figure 3. (a) Structure and different magnetic ground states in 2D hematene alloys, Fe;MO, (M = Al, Cr, or Mo). The lattice constant and radius
of the alloying atoms are written above and below the panel, respectively. The magnetic moment per unit cell is listed for each alloy structure. (a’)
Strain-induced ferromagnetism in hematene; atomic radius vs magnetic moment for all alloying atoms in 2D hematene alloys. (b) Biaxial in-plane
applied strain and (c) resulting changes in the Fe—O bond length (along black arrows). (d) Artificially applied biaxial strain in the ac plane to
increase the interlayer Fe—Fe distance (along black arrows) to suppress AFM superexchange and induce an FM ground state.

three. NNN FM interactions. The least stable magnetic and high-energy e, (dxz_y2 and d,%) orbitals. If we consider an
ordering is AFM2, with NN FM and NNN AFM interactions. isolated FeO4~” cluster, then Fe will have a +3 oxidation state
According to the Goodenough—Kanamori rules,””* AFM and five d electrons per Fe atom. This does not agree with the
interactions predominate between half-filled orbitals, which is calculated net magnetic moment, thus we consider a model of
the case in this system with half-filled d orbitals for the Fe a Fe,0,,"* dimer with two coupled intralayer Fe atoms. This
atoms (Figure 2d). model has previously been found to account perfectly for the
The stability trend of the magnetic orderings was further optical transitions in bulk hematite.”> In this model, two Fe
probed by estimating the magnetic exchange coupling atoms have fractional +3.5 and +2.5 oxidation states. The
parameters for interactions between the four Fe atoms in the dimer d-band filling configuration is shown schematically in
unit cell. (See Figure S3, Table S2, and the derivation in the SI Figure 2d. Considering the magnetic moment per atom in this
for details.) AFM exchange along the NNs in the hexagon dimer, neither Fe atom shows perfect high-spin or low-spin
model (Figure 2b,c) and FM exchange along the sides of the octahedral crystal field splitting, but they occupy an
hexagon make the AFM3 configuration the most stable. intermediate state. This spin crossover state results from the
Calculating the magnetic moment on each Fe atom of the internal pressure generated in the unit cell while cleaving the
hematene unit cell for AFM3 ordering, we find that two bulk crystal, reducing the lattice constant from 5.04 to 5.01 A.
intralayer Fe atoms have magnetic moments of —2.8 yz and 3.9 Artificial-pressure-induced spin flipping and crossover have
Hp, respectively, making them nonidentical or bipartite been found in other Mn- and Fe-based systems.’**” Two-
latticelike in nature. This is true for the interlayer Fe atoms dimensional hematene undergoes a pseudo-Jahn—Teller
as well. This ferrimagnetic nature accounts for the distortion because of the pressure change, and the symmetry
experimental observation of a net magnetic moment in the breaking causes the spin crossover, leading to a striped

system,”” which we calculate to be 2.3 yy per unit cell (Table ferrimagnetic ground state.
S1). To identify the microscopic origin of the ferrimagnetism, Tuning the Magnetic Ground State. In the 2D
we examine the Fe crystal field environment. In this hematene system, the ferrimagnetic ground state is stabilized
semiconducting hematene system, we consider localized by the Fe—O—Fe AFM superexchange. To achieve an FM
electrons on transition-metal atoms; this picture is also ground state, we modulate the superexchange interactions
justified by the localized spin-polarized charge densities. Each using alloying atoms. Experimentally achievable hematene
Fe atom in hematene is octahedrally bonded to six oxygen alloys™®~*" (M = Al, Cr, or Mo) are considered because these
atoms, and the octrahedral crystal field breaks the d-orbital elements also form M,0O; structures with octahedral
degeneracy, dividing them into low-energy t,, (dxy, d,., and d,,) coordination environments. They can be etched from a 3D
7796 DOI: 10.1021/acs.nanolett.9b02801
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Figure 4. (a) a-Cr,O; unit cell, (b) spin-polarized charge density distribution for FM Cr,05, (c) side view of the Cr,O, ab easy plane, and (d) top

view of the easy plane and XY spin symmetry.

alloy, or a 2D layer can be used to form the alloys. We can tune
not only the total magnetic moment of the unit cell by alloying
the systems but also the magnetic ground state by modulating
both the interlayer and intralayer Fe—O—Fe distances. We
substitute one Fe atom by the alloy atom in the supercell
(Fe;MOg) and induce changes to the lattice constants and Fe—
O—Fe distances according to the size of the alloying metal
atoms. Cr alloying yields an AFM1 ground state, whereas the
larger Mo alloying leads to ferromagnetic ordering with an
effectively nonmagnetic top Fe/Mo layer and a ferromagnetic
bottom Fe layer (Figure 3a). Mo alloying increases the a lattice
constant by 4%, and the Fe—O—Fe distances by 3.42%. This
removes the pseudo-Jahn—Teller distortion because of the
pressure change, and the spin crossover can retain a high-spin
or low-spin configuration, leading to different magnetic
moments on different atoms. The strength of the AFM
superexchange can be assessed directly by applying an artificial
biaxial (x and z directions, Figure 3b—d) strain'® to extend
both the inter- and intralayer Fe—O—Fe bond lengths.
Reducing the nearest-neighbor AFM superexchange via
application of ~5% strain on both axes leads to an FM ground
state in hematene (Figure 3a’), further proving the robustness
of our alloying approach. Thus, the formation of alloys, strain,
or a combination of both can lead to a ferromagnetic ground
state in hematene.

Interestingly, our method of tuning the magnetic ground
state using alloying is very robust because it does not require
specifying the substituent atomic position or nature; only the
size of the alloying atoms plays a role in the magnetic phase of
the material. Thus, a substituted atom anywhere in the system
enabling Fe—O—Fe decoupling will lead to similar results. This
strategy suggests the possibility of designing solid solutions of
2D non-van der Waals systems with engineered magnetic
properties.

Two-Dimensional Cr,0;. Following our alloying method
to tune the magnetic ground state, next we propose a non-van
der Waals 2D material with intrinsic FM ordering. We consider
a-chromia (Cr,03), another naturally occurring mineral, with a
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crystal structure similar to that of a-hematite. As shown in
Figures 3a and 4a,b, Cr has a larger atomic radius than Fe and
cleaving along the 001 plane of a-chromia leads to a 2D
“chromene” layer identical to hematene, albeit with a larger
lattice constant of 5.04 A. As discussed in the previous section,
this suppresses the Cr—O—Cr AFM superexchange, resulting
in FM ordering with a 6.3 yp magnetic moment per unit cell.
Similar to hematene, the Cr atoms are not identical, and the
Cr,0,,™"* dimers in chromene have a mixed valence state
responsible for the magnetic nature of the material.

We also investigate the magnetic anisotropy and effects of
spin anisotropy in 2D chromene. FM ordering in a 2D system
is determined by magnetic anisotropy (Figure 4¢,d).”* We have
calculated spin—orbit coupling (SOC)-induced changes to the
total energy by considering different spin axes (Table S3).
Two-dimensional Cr,0; is found to be an XY ferromagnet
with an easy plane. The magnetic anisotropy energy (MAE)
reaches a maximal value of ~0.9 ueV/Cr along the ¢ axis.
Interestingly, the ground state of the XY model has been found
to show finite transverse magnetization.43 When strains are
applied, electric or magnetic fields can be used to induce an
easy axis to actualize different 2D magnetic behavior."”** We
have applied a small external electric field of 0.05 V/A (or S
MV/cm, which is easily achievable experimentally) and found
that it indeed tunes the system to an Ising-like FM state with
an out-of-plane easy axis. A moderate 2% biaxial strain modifies
the MAE, also giving rise to an out-of-plane easy axis. To
confirm that strained chromene is an Ising-like ferromagnet
with a finite critical temperature, we have evaluated the
anisotropy and exchange parameters and estimated the Curie
temperature with an expression fit to classical Monte Carlo
simulations of the anisotropic Heisenberg model.*** We
obtain a critical temperature of 22 K, which can be further
enhanced via increasing the spinwave gap and exchange
coupling.

Electronic Properties. The magnetic ordering in 2D
hematene and chromene induces changes in their transport
properties compared to their bulk phases as well. Both 3D
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Figure S. Projected density of states (PDOS) plots for the (a) 2D a-Fe,O; (001) plane and (b) 2D a-Cr,0; (001) plane, showing a spin-polarized
band gap for both. Inset depicts —0.1 to 0.1 eV DOS plot for hematene to show the band gap.

hematite and chromia are antiferromagnetic insulators with
wide band gaps of ~2 and ~3.4 eV," respectively. Both
systems exhibit fundamentally different magnetic ordering in
their 2D phases. Ferrimagnetic hematene shows a decrease in
the band gap for the minority spin channel to 0.06 eV, whereas
the majority spin channel retains a ~ 1.9 eV gap. This is due to
the minority spin f,, band becoming partially filled following
the symmetry breaking between the two Fe atoms, leading to
an almost half-metallic state in the material.'" Similarly, for
chromene the gap for the majority spin channel reduces to 1.4
eV while the other remains unchanged (Figure Sa,b). We have
found significant modulation of the band gap in the presence
of alloying atoms as well (Figure S6). The band gap
modulation in these systems shows the possibility for potential
applications in both spintronic and catalytic applications
(Figure $7).*

B CONCLUSIONS

In this study, we have investigated the magnetic behavior of
non-van der Waals 2D metal oxides. We have found the
exfoliated 2D sheet along the 001 plane of Fe,O; (hematene)
to be fully oxygen-passivated and stable. It exhibits a striped
ferrimagnetic ground state with a small net magnetic moment
due to its bipartite lattice. Fe—O—Fe-mediated superexchange
is predicted to control the magnetic ground state of hematene,
where the strong nearest-neighbor superexchange leads to
AFM magnetic ordering in the system. Exfoliation of 3D
hematite to its 2D form generates pressure in the unit cell,
which induces a spin-crossover resulting in the net magnetic
moment observed in the system. A dimer model has been used
to explain the intermediate spin state and total magnetic
moment of the hematene system. Furthermore, modifying the
superexchange interactions by alloying leads to controllable
magnetic ordering. Experimentally achievable alloying atoms
(A, Cr, and Mo) tune the ground state into an FM
configuration. Our alloy model is robust and does not depend
on the position of the substituted atom, only on the changes to
the metal—oxygen bond lengths. This idea has been extended
to the design of an intrinsically insulating, FM non-van der
Waals 2D material: exfoliated @-Cr,O; or chromene. The
magnetic ordering in 2D hematene and chromene also induces
changes in their transport properties as compared to the bulk.
Both 2D hematene and chromene are semiconductors with
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spin-polarized band gaps. The microscopic understanding
presented here can be extended to other 2D transition-metal
oxides in the search for stable, semiconducting 2D FM systems
with tunable properties for spintronic devices and photo-
catalysis.

B COMPUTATIONAL DETAILS

DFT calculations were performed using the Vienna Ab Initio
Simulation Package (VASP)***’ with projector-augmented
wave (PAW) pseudopotentials® and the Perdew—Burke—
Ernzerhof (PBE) exchange-correlation functional.>’ A Hub-
bard U correction was applied to strongly correlated Fe and Cr
atoms with the typical U = S eV value used for hematite or
chromia 0001 surface calculations,”””* and spin—orbit
coupling was taken into account for the calculations of the
magnetic anisotropy energies. We have varied the U parameter
to check its effect on the magnetic ordering and found that
both the ground-state ordering and magnetic moment remain
unchanged over the range from U = 4 to 6 eV. For the
magnetic ground-state calculations, a plane-wave basis set
energy cutoff of 400 eV was used, and the forces on each atom
were converged to less than 1072 €V/A, whereas the total
energy changes were converged to less than 107° eV. A I'-
centered k-point mesh of 9 X 9 X 1 was used for ground-state
calculations. For electronic property calculations and calcu-
lations including spin—orbit coupling, the plane-wave energy
cutoff was increased to 500 eV, the k mesh was increased to 19
X 19 X 1, and the total energies were converged to 1078 eVv.
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