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ABSTRACT: Exfoliation of atomically thin layers from non-van
der Waals bulk solids gave rise to the emergence of a new class of
two-dimensional (2D) materials, such as hematene (Hm), a
structure just a few atoms thick obtained from hematite. Due to a
large number of unsaturated sites, the Hm surface can be
passivated under ambient conditions. Using density functional
theory calculations, we investigate the effects of surface passivation
with H and OH groups on Hm properties and demonstrate that
the passivated surfaces are energetically favorable under oxygen-
rich conditions. Although the bare sheet is antiferromagnetic and
possesses an indirect band gap of 0.93 eV, the hydrogenated sheets
are half-metallic with a ferromagnetic ground state, and the fully
hydroxylated sheets are antiferromagnetic with a larger band gap as
compared to the bare system. The electronic structure of Hm can be further tuned by mechanical deformations. The band gap of
fully passivated Hm increases monotonically with biaxial strain, hinting at the potential applications of Hm in electromechanical
devices.

1. INTRODUCTION
Two-dimensional (2D) materials typically have bulk counter-
parts, which possess a layered structure with strong covalent
bonds within the planes and weak van der Waals (vdW) bonds
between the layers.1 This makes mechanical or chemical
exfoliation of single layers from the bulk material possible.2,3

However, it also indicates that exfoliation of stable monolayers
from nonlayered crystals is extremely challenging due to the
absence of the anisotropy in the bonding and normally high
surface energies.
Surprisingly, several 2D materials were recently manufac-

tured from metal ores, which are non-vdW solids.4−7 Among
them, hematene (Hm), an atomically thin structure obtained
from bulk α-Fe2O3, or hematite (Ht), has attracted particular
attention due to its exceptional magnetic and electronic
properties in comparison with its bulk counterpart.4,5

Following the exfoliation of Hm, other 2D compounds have
been successfully exfoliated from earth-abundant nonlayered
materials such as ilmenite, goethite, or calcite.6,7 These
materials comprise a new class of non-vdW 2D systems. The
large-scale production of the non-vdW 2D materials is still in
its infancy, though, since it requires precise control over the
crystalline orientations, lateral size, and chemical termination
of the fabricated materials.
Magnetic layered materials in the bulk form usually display

intrinsic magnetic anisotropy due to their reduced symmetry.8

Nevertheless, preserving the magnetic character while reducing
the thickness to a single layer is a challenging task. The

previous experimental results claimed the ferromagnetic order
in Hm in contrast to the antiferromagnetic ground state of the
bulk material Ht.4 However, the results of recent density
functional theory (DFT) calculations5,9 indicated that
antiferromagnetic ordering in the bulk phase is preserved in
the 2D limit. This discrepancy was explained by considering
the chemical bonding between Fe atoms in the Hm layer and
the substrate, which turns Hm into a 2D ferrimagnet.
Exfoliation of the bulk material down to the atomically thin

sheets modifies its physical properties due to the quantum
confinement, which provides exciting opportunities for various
applications.10 In the case of non-vdW nanomaterials, the
exfoliated samples also enable new functionalities originating
from the unsaturated sites that are absent in the typical vdW
2D materials. For example, it is shown that such non-vdW 2D
materials possess superior electrocatalytic reactivity due to the
high density of surface-active sites on their basal plane and
modified electronic structure.7,11 However, the main problem
is their low structural stability and rapid degradation under
ambient conditions. To this end, the passivation of the surface
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with functional groups is an effective way to improve the
stability and reliability of non-vdW 2D materials in the
fabricated devices.12 In addition, the experimental exfoliation
process is typically performed in a solvent, which leads to the
passivation of dangling bonds.
In this context, an important question to be answered is how

the electronic and magnetic properties of the cleaved sheet
change upon surface passivation. Atomistic simulations at the
DFT level can provide lots of insight into the effects of
passivation. At the same time, although a few studies have been
performed to examine the structural and electronic properties
of Hm, there is no theoretical study on the physicochemical
properties of Hm nanosheets, which would systematically
address the effects of surface passivation by most probable
atoms and functional groups. In addition, it is known that the
electronic and optical properties of 2D materials are extremely
sensitive to lattice distortions under strain.13 Hence, it is
imperative to study the electromechanical response of this type
of materials.
Here, using DFT calculations, we systemically investigate the

stability and the electronic and magnetic properties of 2D α-
Fe2O3 sheets and their functionalized derivatives. We show
that, depending on chemical termination, Hm can be an
indirect-band gap magnetic semiconductor, magnetic half-
metal or magnetic metal. In particular, the fully hydrogenated
monolayer is a ferromagnetic semiconductor, whereas the bare
sheets are antiferromagnets, with a smaller band gap as
compared to that in the passivated monolayer. The effects of
external strain are also examined. Our findings indicate that the
electronic structure of Hm can effectively be engineered by
applying external strain. In particular, the band gap in both
bare and passivated Hm changes under biaxial strain.

2. COMPUTATIONAL METHODS

Spin-polarized density functional theory (DFT) calculations
were performed using the generalized gradient approximation
(GGA) with the Perdew−Burke−Ernzerhof (PBE) para-
metrization for the exchange-correlation (XC) functional, as
implemented in the VASP code.14−16 The effects of the
Coulomb repulsion of the 3d localized electrons of iron atoms
in oxide systems are not well described in DFT. Therefore, we
performed DFT + U calculations (Hubbard-type on-site
Coulomb repulsion) to account in part for the local correlation
effects that regular XC functionals fail to represent. An effective
Hubbard value (Ueff) of 4 eV was chosen for Fe atoms by
comparing the band gap values of bulk α-Fe2O3 with the
experimental one.17,18 Thus, the Ueff value and lattice
parameter from this magnetic ground state will be employed
for all calculations. For all other atoms, the Hubbard term was
not used. Projected augmented plane wave (PAW) potentials
were used to represent the frozen core electrons and nuclei of
each atom: [Ar] 3d64s2 shells in Fe atoms and [He] 2s22p4

shells in O atoms. All of the calculations were performed using
an energy cutoff of 550 eV. The Brillouin zone of the supercells
was sampled using an 8 × 8 × 8 k-point mesh for bulk and 15
× 15 × 1 for monolayer according to the scheme proposed by
Monkhorst and Pack.19 The geometry optimization was carried
out until the atomic forces were less than 0.01 eV/Å. To avoid
the interactions between neighboring images, a vacuum of 20
Å was introduced perpendicular to the basal plane. The
exfoliation energy Eexfoliation of a bulk phase into 2D slab is
defined as

E E E A/2exfoliation slab bulk= [ − ]

where Eslab and Ebulk stand for the total energies (per formula
unit) of 2D slab and the bulk system, respectively, and A
represents the surface area. The energetics of the passivated
surface was evaluated as

E E E n m ,absorption passivated bare O Hμ μ= − − −

where Epassivated and Ebare are the total energies of Hm with and
without passivation, respectively, n and m are the numbers of
additional oxygen and hydrogen atoms on the surface,
respectively, and μO and μH are the chemical potentials of
oxygen and hydrogen, respectively.

3. RESULTS AND DISCUSSION
3.1. Geometric Structures and Stabilities. The initial

(before geometry optimization) atomic structure of an Hm
sheet was truncated directly from the bulk hematite. As it is
indicated in the previous experimental study, the [001] faceted
α-Fe2O3 sheet is the most stable and thermodynamically
favorable configuration.4 In addition, the Fe-terminated
hematite surface, containing half of the interplane Fe atoms,
is more stable than those of the O-terminated surface in a wide
range of oxygen chemical potential values.17 Therefore, we
have studied the energetics of Fe-terminated [001] Hm from
both the ferromagnetic (FM) and antiferromagnetic (AFM)
alignment of the spins. Our calculations suggest that AFM is
the ground state configuration being lower by 0.14 eV (per
formula unit) in energy as compared to the FM state.
We stress that when we use terms “FM” and “AFM Hm,” we

refer to different spin configurations in our calculations, and no
strict conclusion on the long-ranged magnetic state of the
macroscopic 2D sample can be made. Noncollinear calcu-
lations with magnetic moments parallel and perpendicular to
the Hm plane can help to gain insight into the true nature of
magnetism in 2D systems,20,21 but such calculations are
computationally demanding and require high accuracy. Our
noncollinear test calculations with account for spin−orbit
coupling in the FM configurations with the magnetic moments
parallel and perpendicular to the plane for Hm-H and Hm-OH
gave very close results (with a difference of the order of 0.01
eV), so that within our accuracy, no decisive conclusion on the
existence of the long-range FM order in the passivated Hm can
be made from the results of noncollinear calculations.
The in-plane lattice parameters are found to be a = b = 5.17

Å in the most stable AFM configuration, which is slightly larger
(2.5%) than that of the experimental lattice parameters of 5.04
Å4 and in a very good agreement with the recent DFT report.22

The thickness of the relaxed sheet, which we refer to as a
monolayer, is found to be 3.02 Å, matching very well with the
previous report.4 Table S1 summarizes the optimized lattice
parameters for bulk and 2D structures.
To mimic the effects of different environmental conditions,

we investigate the passivation of Hm with two species
including hydrogen (H) and hydroxyl (OH). Due to the
presence of the Fe and O on the surface of Hm, we consider
two possibilities for passivation: half coverage: only the outer
most Fe surface atoms are covered with the H/OH groups; full
coverage: all Fe and O atoms are covered with the H/OH
groups. Figure 1 demonstrates the relaxed structures of bare
and passivated-Hm monolayers. To analyze the structural
stability of the chemically passivated Hm, we calculated the
absorption energy as a function of μO, as shown in Figure 2.
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The results demonstrate that Hm with full OH passivation is
energetically favorable over the whole range of the considered
μO values. The half OH passivated Hm, with higher formation
energies than fully passivated one, adopts the same tendency
with respect to the O chemical potential. Meanwhile, the
stoichiometric H-passivated slabs are more stable than the half
OH-passivated surface under oxygen-poor conditions. Our
formation energies are in good agreement with earlier
computational reports, indicating that the surface may be
partially or completely reoxidized by increasing the oxygen
chemical potential, i.e., pressure.23,24

Table 1 lists the energy difference ΔE = EAFM−EFM for
various surface passivations, where EAFM and EFM represent the
total energies of the AFM and FM configurations, respectively.
The passivation can considerably affect the structural and
magnetic properties of the monolayer. The Hm-H-half is more
stable (by 0.15 eV per formula) in the AFM state than in the
FM state, whereas Hm-H-full prefers to remain in the FM
state. The trend changes in the case of Hm-OH. Although Hm-

OH-half prefers to exist in FM configurations, Hm-OH-full is
more stable in the FM state. However, the difference between
the FM and AFM states in Hm-OH is less pronounced in
comparison with the Hm-H ( 0.11 eV per formula). Besides
the stability differences, the passivation can lead to magnet-
ization diversity, as shown in Table 1. In general, the average
value of the calculated moments for inner Fe atoms (μFe

sub1) is
larger than those for outer Fe atoms (μFe

sub2). This is due to the
specific chemical environment of the atoms in the outer layers,
i.e., coordination with regard to the surrounding atoms, which
causes a deviation of magnetic moments from the bulk values
(∼4 μB). The iron atoms in bare Hm demonstrate higher
magnetic moments in the FM states, which is slightly higher
than those in bulk Ht (4.16 μB). The passivation of the surface,
in particular, iron atoms, reduces the magnetization, and the
lowest value (2.25 μB) was obtained for the Hm-OH-half
configuration in the AFM state. Interestingly, the full
passivation with the hydroxyl group will not significantly
change the magnetic moments of iron atoms, and the values
are similar to those for bare Hm.

3.2. Electronic and Magnetic Properties. The electronic
structure of the material is significantly modified by confining
the bulk material to the monolayer. Hematite shows a band
gap of 2.16 eV, which originates from a transition from the
valence band maxima (VBM) situated at M point to the
conduction band minima (CBM) halfway between M and K
points (see Figure S1). Our results are in perfect agreement
with the other theoretical works9 reported at a similar level of
theory and match the experimental band gap, which is in the
range of 1.9−2.2 eV.18,25−27 The exfoliation of Ht to Hm leads
to the emergence of the confined electronic states, and
consequently the monolayer has a smaller band gap than the
bulk material (Figure 3a,b). In the most stable AFM
configuration, the Hm shows an indirect band gap of 0.93
eV occurring from the K−Γ transition. The shape of the
electronic structure and the band gap for bare Hm are in good
agreement with the previous theoretical works.5,9

The character of the low-energy bands has been investigated
using the crystal orbital Hamilton population (COHP).28 The
negative and positive values of COHP reflect the antibonding
and bonding character of orbitals. It is found that while the top
of the valence band and bottom of the conduction band are of
the bonding character in the AFM configuration, their
corresponding orbitals have antibonding character in the FM
configuration.
The orbital-projected densities of state (Figure 3c,d) suggest

that the top of the valence band is composed of fully occupied
O 2px,y orbitals, whereas the edge of the conduction band is

Figure 1. (a) Atomic structure of bulk hematite (Ht) and (b)
schematic of its exfoliation into hematene (Hm). The thickness of
Hm is outlined by the blue dashed line in the panels. Brown and red
balls represent Fe and O atoms. Light and dark brown balls stand for
the Fe atoms from inner (1) and outer (2) sublattices, respectively.
(c) Atomic structure of Hm with different passivations with H and
OH groups.

Figure 2. Calculated formation energies of the Hm with various
passivations as functions of the chemical potential for the O-atoms.
The solid and dashed lines denote the structures in the AFM and FM
magnetic states.

Table 1. Magnetic Properties of Hematene with and without
Passivationa

material Hm
Hm-H-
half

Hm-H-
full

Hm-OH-
half

Hm-OH-
full

ΔE −0.55 −0.15 0.48 0.11 −0.11
μFe
sub1(AFM/
FM)

4.17/
4.35

3.77/
3.90

4.11/
3.79

3.93/3.39 4.27/4.31

μFe
sub2(AFM/
FM)

3.99/
4.17

2.97/
3.05

3.86/
2.39

0.58/4.11 4.21/4.24

μFe
total(AFM/
FM)

4.08/
4.26

3.37/
3.48

3.98/
3.09

2.25/3.75 4.24/4.28

aThe energy difference ΔE = EAFM−EFM and average magnetic
moments per Fe atoms are given (μFe) in eV/formula unit and μB,
respectively. Sublattice labels are the same as in Figure 1.
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mainly formed by the Fe 3dz2 orbitals and slight contributions
from O 2pz states. Because of its low dispersion, this band may
trap charge carriers localized on the surface. The next
delocalized states are present only at about ∼0.93 eV above
the Fermi level, consistent with the previous report.5 In the
case of the FM state, the electronic structure changes even
stronger with a larger number of midgap states that reduce the
band gap to 0.6 eV. Further analysis of atom- and orbital-
decomposed band structure showed that the CBM originates
from the spin-down components of the states associated
mainly with Fe atoms (Figure S2). In addition, the VBM at the
K point (AFM state) is formed by spin-down states from O
atoms only, whereas the VBM at the Γ point (FM state) is
composed of spin-up states.
Figure 4a shows the impact of the confinement on the

electronic band gap of the slabs. Due to the relatively high
stability of multilayers, only the AFM state is taken into
consideration. In contrast to the Gaussian smearing method
employed in ref. 22, we have used a more accurate tetrahedron

method to calculate the occupancies of the states around the
Fermi level, which does not depend on the smearing
parameter.22

It is found that the band gap increases with the slab
thickness from the monolayer to bilayer slab (∼7 Å) and
remains almost constant by further extending the system size.
The trend is related to the electronic states caused by
undercoordinated surface atoms that induce weak convergence
in the band gap values as a function of the slab thickness. Our
results for the thickness-dependent electronic properties of α-
Fe2O3 proved to be in agreement with those presented in ref 5.
The surface states in multilayer Hm are found to be localized
on the three top-most Fe layers and substantially suppressed
for the innermost part of the slab (Figure 4b). In addition, the
lattice parameters are found to decrease slowly with the
thickness of the slabs, converging to those of the bulk (Figure
S3).
The passivation can effectively change the electronic and

magnetic properties of Hm (Figure 5). Upon passivation of the

Figure 3. Calculated electronic band structure and crystal orbital Hamiltonian population (COHP) of Hm in (a) the AFM and (b) FM
configurations. Red and black lines denote spin-up and spin-down contributions, respectively. Density of states of Hm in the (c) AFM and (d) FM
states. The Fermi level is shifted to zero. The projections on Fe and O atoms are shown by red and blue colors, respectively. The gray corresponds
to the total density of states.

Figure 4. (a) Band gap values and exfoliation energy of α-Fe2O3 as functions of slab thickness. The horizontal dashed lines indicate the band gap of
the bulk material. (b) Local density of states of the α-Fe2O3 slab in different areas of the surface.
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surface with hydrogen, in both half and full coverage in the FM
configuration, the monolayer becomes half-metal, i.e., the
states at the Fermi level are entirely from one type of the spin
band, whereas the full coverage in the AFM configuration has a
band gap of 0.16 eV. The emergence of the half-metallic
character is associated with the splitting between the majority
and minority spin subbands in the vicinity of the Fermi level.
For Hm-H-half in the most stable AFM configuration, the
states at the Fermi level are dominated by the O p spin-down
states, whereas those in the Hm-H-full configuration originate
from the Fe d spin-down states (Figure S4).
From Figure 6, the increment of both Fe d states and O p

states around the Fermi level suggests a strong Fe−O
hybridization in the Hm-H-full configuration. As a result, the
magnetic moment for the outermost Fe atoms decreases in
comparison with the bare Hm (Table 1). In addition, the
difference between the two spin components of Fe 3d orbitals
reduces when the magnetic state is changed from AFM to FM.
In the case of OH passivation, the average Fe−O bonds are
shorter than that for hydrogen passivation, which changes the
valence state of Fe atoms and increases their magnetic
moments.
To identify the origin of the magnetism, the charge density

difference between the spin-up and spin-down channels (Δρ =
ρ↑ − ρ↓) was calculated. The two magnetic configurations

show different Δρ characteristics: the polarization of the
electron spin for the surface iron atoms and the central oxygen
atoms is similar for the FM configuration, whereas they have
different polarizations for the AFM configuration. The real-
space projections indicate a d-like orbital located at the Fe
atoms in both outer and inner layers, which is in agreement
with the corresponding DOS. In addition, spin polarization on
hydrogen atoms is more pronounced in the FM than in the
AFM configuration.
In the most stable FM state, the spin-up band arises

primarily from the 3d orbitals of the Fe atoms, in addition to a
slight contribution from the 2p orbitals of the O atoms. The
stability of fully passivated Hm can be explained by the
Goodenough−Kanamori rule.29,30 The overlap between Fe
atoms and the p orbitals of O leads to a superexchange
interaction, which is stronger than the direct exchange
interaction between the nearest-neighbor Fe atoms. In the
bare Hm, the magnetic interaction between outer Fe2 atoms is
associated with the direct exchange mechanism. Although the
distance between Fe1 atoms is large, the Coulomb repulsion
decays rapidly, giving rise to AFM coupling. On the other
hand, the Fe1−Fe1 and the Fe1−Fe2 interactions are mediated
by O atoms via a superexchange mechanism. The coupling
strength between the partly occupied Fe d and O p orbitals
changes with the passivation. Hm demonstrates FM coupling

Figure 5. Calculated electronic band structure of Hm with different passivations in the AFM (upper panels) and FM (lower panels) states. Spin-up
and spin-down electronic states are shown with black and red lines, respectively. The Fermi level is shifted to zero.

Figure 6. Density of states for Hm-H-full in (a) AFM and (b) FM magnetic states. The contribution of Fe, O, and H atoms are shown by red, blue,
and purple colors, respectively. The gray indicates the total density of states. The insets show the density difference between the spin-up and spin-
down states.
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when the superexchange interaction is stronger than the direct
exchange interaction, otherwise it displays AFM coupling. The
full passivation with H reduces the direct exchange between
Fe2 atoms (see Table 1), leading to dominant FM interactions
in the system.
Similar half-metallic behavior can be seen in the case of Hm-

OH-half, although the partial hybridization of the surface states
with the hydroxyl group delocalizes the states above the Fermi
level. Notably, surface states that were seen on the bare
hematene are absent in fully passivated Hm with hydroxyl
groups. The effect of the OH coverage is twofold. First, it
passivates the Fe-dz2 states at the Hm surface and consequently
increases the band gap to 1.68 and 1.56 eV for AFM and FM
magnetic states. Second, the shape of the bottom of the
conduction band changes from the AFM state to the FM state
with a shift of the CBM from M to K point.
3.3. Effect of Mechanical Deformations. The remark-

able tunability of 2D crystals motivates their applications in the
field of “straintronics,” especially in electronic devices that are
engineered by mechanical deformations.31 Here, the structures
are subjected to tensile and compressive strain (ε) following
two possible ways: (1) isotropic deformation on the hexagonal
unit cells with simultaneous change in the a and b lattice
vectors and (2) uniaxial deformation in rectangular unit cells
along the a or b direction. The calculated stress−strain relation
curves, which display linear scaling throughout the range of
strain, indicate the compliance of Hooke’s law (Figure 7). We
note that the structural modifications due to the applied
deformations are elastic, and the material will return to its
equilibrium structure after the release of the strain. The
corresponding elastic modulus is defined by fitting the linear
function with the stress−strain curve. Based on the
calculations, Hm shows an elastic modulus (Yε) of 234 and
232 GPa along the a and b lattice vectors, respectively. These

values are close to the experimental Young’s modulus of 230 ±
5 GPa reported for bulk hematite and higher than those for
single-layer transition metal dichalcogenides.13,26

Tensile strain and compression can cause structural
adjustments in the material, including the expansion or
shrinkage of bond lengths and angles. Figure 8a,b illustrates
the modulation of interatomic distances and the bond angles in
Hm under the applied strain. The equilibrium bond lengths are
1.82 Å (Fe1−O) and 2.02 Å (Fe2−O), which are similar to the
previously reported values.9 Owing to the Poisson effect, the
biaxial stretching of the material leads to its contraction in the
transverse direction. Both bond lengths increase by approx-
imately 0.01 Å per 1% of the isotropic tensile strain. At the
same time, the O−Fe2−O bond angle is decreased by ∼1.1°
per 1% of isotropic tensile strain. The variation in bond lengths
and angles is almost linear with the applied deformation for the
strain of up to about 6%. The geometry modifications in Hm
are very similar in both AFM and AFM magnetic states for a
given strain.
The changes in the atomic structure of the monolayers

modify the orbital overlap between atoms that influence the
charge distribution in these materials (Figure 8c). We have
studied the evolution of the atomic charges for both Fe and O
atoms using the Mulliken charge analysis. The tensile strain
reduces the electron charge on iron atoms, while it causes
accumulation of charges on oxygen atoms. This suggests that
the Fe−O bond in the strained material is more ionic in
comparison with the equilibrium structure. Similarly, in fully
passivated Hm surfaces with the OH group, the iron atoms
become more positive with increasing tensile strain, while
hydrogen receives more electrons under deformation (Figure
S5).
The evolution of the band gap with the biaxial strain for Hm

is shown in Figure 9. Under biaxial tensile strain, the band gap

Figure 7. Calculated strain−stress relation for Hm in the AFM state along the a (a) and b (b) lattice vectors. The Young’s moduli for the
deformations are indicated by Yεa and Yεb. The insets indicate the directions of the strain.

Figure 8. Calculated (a) Fe−O bond lengths, (b) O−Fe−O bond angles, and (c) atomic charges of Hm under tensile strain and compression. The
solid and dashed lines denote the structures in the AFM and FM states. The inset shows the top and side views of the system.
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of Hm in the AFM state decreases. Similar behavior is
observed for the monolayer under the uniaxial strain (Figure
S6), although the influence is smaller than that of the biaxial
tensile strain. Unlike the AFM state, the band gap in the FM
state increases with increasing tensile strain, while the band gap
remains direct at the Γ point. It can be seen that both the VBM
and the CBM shift up with increasing tensile strain, while the
behavior is opposite under the compressive strain (Figures S7
and S8). The modulation of the band gap with the in-plane
deformations hints at the possible use of Hm in strain-tunable
infrared devices, as previously suggested for phosphorene or
silicene.32,33 We further studied the strain dependence of the
magnetic moments of iron atoms. The average magnetic
moment of Fe atoms in the AFM state first decreases and then
increases slightly with strain from −6 to 6%. In contrast, the Fe
magnetic moments in the FM state increases monotonically
within the applied strain.
The electromechanical response of Hm is greatly influenced

by the surface morphology. Since we are interested in the band
gap modulation with the applied strain, the fully OH passivated
Hm with the semiconducting character was chosen. Unlike
bare Hm, the tensile strain linearly increases the band gap of
the fully OH passivated Hm in both the FM and the AFM
states (Figures S9 and S10). At 6% elongation, the band gap
accounts for more than 15% of its original value. Within the
deformation, the band gap remains indirect with a transition
from the Γ to M and K high-symmetry points for the AFM and
FM configurations. As compared with Hm, the energy of the
valence band at the M and K points does not show noticeable
increment under tensile strain, whereas the energy difference
between the CBM and the M point dramatically decreases
under tensile strain for the FM configuration (Figure S10).
The charge analyses indicate that hydrogen atoms receive
more charges under the deformation, whereas the charge on
iron atoms slightly reduces with an increase in the strain
(Figure S8). Moreover, the magnetic moment of Hm-OH-full

in both magnetic states changes only ∼0.5% over −6−6% of
strain (Figure S11).

4. CONCLUSIONS

In summary, we systematically studied the effects of the surface
morphology and strain on the electronic and magnetic
properties of Hm. In the most stable AFM configurations,
bare Hm is an indirect band gap semiconductor with a smaller
band gap in comparison with its bulk counterpart. The band
gap of the exfoliated slab increases with the thickness from the
monolayer to the bilayer, while the exfoliation energy
decreases. Motivated by the high-surface reactivity of Hm,
several types of surface passivation with H and OH groups
have been taken into consideration. The results suggest that
the surfaces passivated with OH groups are energetically
favorable over a wide range of oxygen chemical potential. The
electronic and magnetic properties of Hm are sensitive to the
surface passivation and can be tuned depending on the type
and coverage of the H/OH groups. Interestingly, the fully
hydrogenated sheets are found to be a half-metal with a
ferromagnetic ground state, whereas the fully hydroxylated
sheets are antiferromagnetic semiconductors. Under 2D-
isotropic strain, the electronic band gap of the bare Hm
decreases in the AFM configuration, whereas the effect is
opposite in the FM configuration. In addition, the band gap of
fully hydroxylated Hm monotonically increases under applied
strain. Our research indicates that surface passivation and
mechanical deformations can be an effective tool to modulate
the electronic and magnetic properties of this novel 2D system
and possibly other non-vdW 2D materials.
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Figure 9. (a, b) Band gap evolution of Hm and (c, d) Hm-OH-full under isotropic tensile strain and compression. The k points at which the top of
the valence band and the bottom of the conduction band occur are indicated.
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Structural properties of hematene with and without
passivation (Table S1); calculated electronic band
structure and orbital-resolved electronic band structure
of hematite; calculated lattice parameters of Fe2O3; band
gap evolution of Hm in AFM and FM states; average
magnetic moment of Fe atoms (Figures S1−S11) (PDF)
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V. Hematite at Its Thinnest Limit. 2D Mater. 2020, 7, No. 025029.
(23) Parkinson, G. S. Iron Oxide Surfaces. Surf. Sci. Rep. 2016, 71,
272−365.
(24) Diebold, U.; Li, S.-C.; Schmid, M. Oxide Surface Science. Annu.
Rev. Phys. Chem. 2010, 61, 129−148.
(25) Nakau, T. Electrical Conductivity of α-Fe2O3. J. Phys. Soc. Jpn.
1960, 15, 727−727.
(26) Glasscock, J. A.; Barnes, P. R. F.; Plumb, I. C.; Bendavid, A.;
Martin, P. J. Structural, Optical and Electrical Properties of Undoped
Polycrystalline Hematite Thin Films Produced Using Filtered Arc
Deposition. Thin Solid Films 2008, 516, 1716−1724.
(27) Sivula, K.; Zboril, R.; Le Formal, F.; Robert, R.; Weidenkaff, A.;
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