
PHYSICAL REVIEW B 103, 144424 (2021)

Columnar antiferromagnetic order of a MBene monolayer

Ilkay Ozdemir,1 Yelda Kadioglu,1 Yusuf Yüksel ,2 Ümit Akıncı,2 Olcay Üzengi Aktürk,3

Ethem Aktürk ,1,4,* and Salim Ciraci5,†

1Department of Physics, Adnan Menderes University, 09100 Aydin, Turkey
2Dokuz Eylul University, Faculty of Science, Physics Department, Tinaztepe Campus, 35390 Izmir, Turkey
3Department of Electrical and Electronic Engineering, Adnan Menderes University, 09100 Aydin, Turkey

4Physik Department E20, Technische Universität München, 85748 Garching, Germany
5Department of Physics, Bilkent University, 06800 Ankara, Turkey

(Received 3 June 2020; revised 16 October 2020; accepted 5 April 2021; published 16 April 2021)

First-principles density functional theory, combined with the Monte Carlo method, predicts that the Fe2B2

monolayer of the MBene family has a stable columnar antiferromagnetic (AFM) ground state. Below the critical
temperature, Tc = 115 K in equilibrium, the spins rotate by the same amount in every other column of Fe atoms,
but they retain the same direction in the same column. Under applied tensile strains, Tc and the order parameter
can increase nonmonotonically. The onset of the columnar order can result in a transition from two dimension
(2D) to 1D in magnetic, electronic, and conduction properties. The ordered magnetic state itself can be tuned
by external magnetic field, whereby the columnar magnetic order changes to ferromagnetic order with a double
hysteresis behavior. When terminated by Fluorine atoms, the columnar order changes to the AFM order with
Tc rising above room temperature. This situation is rather unusual and insofar is fundamental for a realistic,
strictly 2D monolayer and can have critical consequences in spin conduction.
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I. INTRODUCTION

Following the synthesis of graphene [1], several stable,
strictly two-dimensional (2D) monolayer crystals with un-
precedented electronic properties have been predicted and/or
synthesized [2–19], but the progress to unveil their magnetic
properties has been limited until recently. Despite previous
theoretical studies using first-principles calculations [12,20]
which have predicted ferromagnetic (FM) order in transition
metal dichalcogenide monolayers, the realization of magnetic
ground state with Tc > 0 K was anticipated to be elusive due to
spin fluctuations suppressing the ordered state in monolayers.
However, recent observations on 2D van der Waals (vdW)
structures [21,22] CrI3 and CrGeTe3 brought 2D magnetism
into focus [23–25]. The FM ground state of bulk (multilayer)
CrI3 displays a crucial dependence on the thickness. For in-
stance, while its bilayer acquires an antiferromagnetic (AFM)
ground state, the monolayer changes to become FM again
[21]. Even more remarkable is that the CrI3 bilayer at fixed
magnetic fields near the metamagnetic transition can switch
from AFM state to FM state with applied gate voltage offer-
ing electrically tunable magnetism [26]. Presently, magnetism
in 2D also showing tunability with decoration of magnetic
ions [27], electrostatic doping [28,29], and many interesting
magneto-optic and magnetoelectric effects [30–32] has been
now a focus of interest.
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Further to those recent discoveries in 2D magnetism, we
report here another novel and interesting finding in 2D mag-
netism. Combining first-principles density functional theory
(DFT) with Metropolis Monte Carlo (MC) calculations, we
predict an unusual magnetic state, columnar -FM (CAFM)
order in the Fe2B2 monolayer with critical temperature Tc =
115 K. Below this temperature, the spins rotate by the same
amount in every other column of Fe atoms, but they retain
the same direction in the same column. Even more remarkable
is that the critical temperature of this CAFM order can be
changed and can even be raised under the tensile strain applied
in reasonable ranges. While the rise of Tc is not monotonic and
depends on the type of strain, it can be as high as room tem-
perature under a specific tensile strain. The onset of CAFM
order below Tc with the spins aligned in the same direction
along the same column of Fe atoms, but periodically changing
their directions in other columns may induce a transition in the
electronic states from 2D to 1D, which may be reflected in the
energy bands in the momentum space with specific quantized
conductance behavior.

Under the applied magnetic fields, the spins rotate and
eventually align along the direction of the field. At the end,
the CAFM order changes to the FM order with characteristic
double hysteresis. This feature makes the tunability of mag-
netic and electronic properties of the monolayer possible by
externally applied magnetic field. Additionally, when Fe2B2

is terminated by F, its CAFM order can be changed to AFM
order with Tc above room temperature. We found that the
competing exchange couplings between the nearest two Fe
atoms in different planes underlie this CAFM order, which
is novel, and have critical implications in 2D magnetism.
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II. COMPUTATIONAL DETAILS

We performed our theoretical analysis within first-
principles plane-wave calculations based on spin-polarized
DFT by using projected augmented wave (PAW) [33,34]
potentials to describe the ion-electron interaction, as im-
plemented in the Vienna Ab initio Simulation Package
[35,36]. For the exchange-correlation potential, generalized
gradient approximation was adopted by using the Perdew-
Burke-Ernzerhof (PBE) [37] functional. The vdW correction
within the method of Grimme (DFT-D2) [38] was taken into
account. The energy cutoff of plane-wave basis was used as
500 eV. For the Brillouin Zone (BZ) integration in k-space,
a set of (21 × 21 × 1) k-point sampling was used within
Monkhorst-Pack scheme [39] for unit cell calculations. The
geometry optimization was achieved by using a conjugate-
gradient algorithm [40,41] until the total energy and forces
were minimized and the maximum pressure in the unit cell
was reduced to less than 0.5 kbar. The energy convergence
value was adjusted to 10−6 eV between two successive elec-
tronic steps. The partial occupancies were set for each orbital
by Methfessel-Paxton scheme [42] with a smearing width of
0.2 eV. Hybrid functional calculations were also performed
over the PBE results [43]. For the charge-transfer analysis,
Bader analysis [44] on a charge density grid was used. All
of the structures were visualized in the VESTA code [45].
Spin-orbit coupling (SOC) is included in all calculations. In
order to compute the phonon modes, we calculated force
constants of the (2 × 2 × 1) supercell in real space using
density functional perturbation theory (DFPT) [46] as imple-
mented in the PHONOPY [47] program. We also checked
thermal stability of Fe2B2 within (2 × 2 × 1) supercell by
performing ab initio molecular dynamics (AIMD) simulations
at 500 K for 2 ps by using Nosé thermostat in 2-fs time steps.
The exchange-coupling parameters could be calculated for
different magnetic configurations using ground state energies
obtained from first-principles calculations through the follow-
ing equations: J1 = (EAFM3 − EFM)/12M2; J2 = (EAFM1 −
EAFM2)/8M2; J3 = (3EAFM2 − 2EAFM3 − EFM)/24M2.

We have performed 100 independent realizations at each
temperature. We implement Metropolis MC method [48–50]
as the updating protocol for the present system. Initially,
the simulation starts from a random configuration of spins
at a temperature well above the critical temperature of the
system, and in order to make a fine estimation of the tran-
sition temperature, the system has been progressively cooled
down until the temperature reaches to T = 0.01 K with small
temperature steps. During the simulations, we have monitored
the quantities of interest over 105 MC steps per lattice site for
equilibrium system, after discarding the first 5 × 104 steps.

III. MAGNETIC PROPERTIES OF Fe2B2 MONOLAYER

Earlier, free-standing metallic Fe2B2 monolayers were first
predicted theoretically and its stability was assured by Guo
et al. [19]. More recently, Liu et al. [51] reported the syn-
thesis of the parent MAB phase, Fe2AlB2, using solid phase
sintering. The isolation of the ultrathin film or monolayer
of Fe2B2 from the parent 3D MAB phase by etching or by
molecular beam epitaxy has been proposed [19,51–53]. In
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FIG. 1. (a) Structure of the Fe2B2 monolayer: Top (in the xy
plane) and side views (in the zy and zx planes) of optimized atomic
configurations of orthorhombic Fe2B2 with 2D rectangular lattice
and a/b ≈ 1. Two Fe atoms in the unit cell reside in two different
atomic planes separated by �z = 2.13 Å. The 2D unit cell is shaded;
the lattice constants and relevant structural parameters are shown.
(b) Phonon dispersion curves along major symmetry directions of the
2D BZ and atom-projected densities of states (PDOS). (c) Isosurfaces
of total charge density, ρT (r), and difference charge density, �ρ(r).
Excess electronic charge is indicated in blue. (d) The electronic
energy band structure, En(k), calculated within PBE and HSE along
major symmetry directions of the 2D BZ and related PDOS, indicates
metallic state. Zero of energy is set at the Fermi level shown by the
black, dashed line.

particular, the synthesis of a 2D MBene through topochemical
deintercalation of Al from a similar MAB phase has been
achieved successfully [54].

To test the capacity of the first-principles method and the
parameters therein in predicting magnetic properties, we first
calculated the optimized atomic structure of 3D parent or-
thorhombic Fe2AlB2 phase to be a = 2.89 Å, b = 10.86 Å,
and c = 2.80 Å, which are in agreement with experiments
[55]. Among various possible magnetic orders, we predicted
a robust FM ground state with spins oriented along the a
axis as found experimentally [56]. Furthermore, the calculated
magnetic moment of 1.27 μB/Fe and magnetic anisotropy
energies also agree with experiments [57].

A. Atomic and Electronic Structure

Having been assured from the accuracy of the method to
be used in the forthcoming analysis concerning the magnetic
state of the Fe2B2 monolayer, we now examine the stability
of its atomic structure optimized with the present parameters
and the corresponding electronic energy bands for the sake of
consistency. As described in Fig. 1(a), the optimized atomic
structure has 2D rectangular lattice and its unit cell comprises
two Fe atoms in different atomic planes separated by �z =
2.13 Å. Even if its high cohesive energy of 22.4 eV per unit
cell indicates an enhanced binding, its stability is verified
through dynamical and thermal stability analysis performed
by including SOC. As shown in Fig. 1(b), positive phonon
frequencies over the BZ even for k → 0 demonstrate that
the Fe2B2 monolayer is not prone to instability. Our AIMD
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calculations also assure that the suspended monolayer can
sustain thermal excitations above room temperature at T =
500 K . In addition, calculated in-plane stiffness values
(Cx=182 and Cy = 158 J/m2) indicate that the monolayer
possesses rather high mechanical strength with each Fe (B)
atom having six nearest B (Fe) atoms.

Isosurfaces of the total electronic charge density ρT (r) in
Fig. 1(c) show how 3d-orbitals are localized at Fe atoms.
In the yz plane of B atoms, one sees that ρT (r) is high,
indicating the formation of bonds between B atoms in dif-
ferent planes. The difference charge density �ρ(r), which is
obtained by subtracting free atom charge densities situated at
the atomic sites from ρT (r), shows the character of charge
transfer. According to Bader analysis [44], 0.34 electrons
are transferred from Fe atoms to B atoms. Electronic energy
band structure presented in Fig. 1(d) is calculated with PAW
potential within PBE [37] by including SOC. Several bands
originated from Fe-3d orbitals cross the Fermi level, leading
to a rather high density of states at the Fermi level, D(EF ).
Accordingly, the Fe2B2 monolayer is a magnetic metal. Cal-
culations based on hybrid functional, HSE [43], which is
known to predict the band gap correctly, also confirmed the
metallic state. Notably, the recent angle-resolved photoemis-
sion spectroscopy data reveal high electron density near EF

induced by linear bands originating from Fe-dxy orbitals and
imply a complex electronic-magnetic correlation effect with
non-Fermi liquid behavior in 3D Fe2AlB2 [51]. Incidentally,
Fe2B2 monolayer dominates the electronic structure of the
parent, layered Fe2AlB2 phase. By performing self-consistent
electronic structure calculations for each tensile strain con-
sidered in this work, we assured that the metallic state is
also preserved under strain. More details can be found in the
supplemental material [58].

Next we study the magnetic properties of the Fe2B2 mono-
layer, which is the prime objective of our study. For the sake
of consistency, we will use the same method and calculational
parameters in the above analysis. The spin Hamiltonian within
the classical Heisenberg model given below is a crucial step
in our analysis of magnetic properties:

H = − J1

∑

〈i, j〉
�μi · �μ j − J2

∑

〈i,k〉
�μi · �μk − J3

∑

〈i,l〉
�μi · �μl

−
∑

i

(
kxμ

2
ix + kyμ

2
iy + kzμ

2
iz

) −
∑

i

�B · �μi, (1)

where, respectively, J1, J2, and J3 are exchange couplings
indicated schematically in Fig. 2(a) and �B is the magnetic
field vector. The values of these exchange coupling parameters
are retrieved from the total energies corresponding to four
different magnetic configurations realized in the (2 × 2 × 1)
supercell of the Fe2B2 monolayer as described in Fig. 2(b),
which were calculated from first-principles within DFT. Their
values are found to be J1 = 29.92, J2 = 4.12, and J3 =
−16.16 meV for unstrained lattice (i.e., ε = 0). The values
calculated for the lattice under diverse types of strains are
given in the supplemental material [58]. The dynamical sta-
bilities of these four different configurations, all in metallic
state, were verified through phonon calculations. The fourth
term in Eq. (1) represents the single ion anisotropy energy of
the system; �μi is the classical magnetic dipole moment located
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FIG. 2. (a) Top: Schematic description of exchange coupling pa-
rameters J1, J2, and J3 in the superlattice used in MC calculations.
Columns of Fe atoms along the y direction are numbered by i; j is
the row index along the x direction. Bottom: Columns of Fe atoms
along the y direction in the upper and lower atomic planes of Fe2B2

monolayer are shown in a perspective view. Calculated values of
exchange coupling parameters are also given. (b) Four spatial spin
configurations (one FM and three AFM, AFM1, AFM2, AFM3)
in the (2 × 2 × 1) Fe2B2 supercell with their calculated total
energies ET .

at the sites of a 2D square (L = 100 × L = 100) superlattice
used in MC calculations.

The FM configuration, which is realized in the (2 ×
2 × 1) supercell, appears to be a lowest energy configura-
tion among four different configurations in Fig. 2 and attains
10.67 μB per supercell magnetic moment derived from Fe-3d
orbitals. The magnetic anisotropy energies (EMA) are calcu-
lated by rotating all spins to different directions according to
the expression EMA = Euvw − Emin, where Emin is the energy
of the most stable spin orientation. The calculated in-plane
EMA (i.e., E[100]–E[010]) is ∼ −1.4 meV, whereas out-of-
plane EMA (i.e., E[100]–E[001]) is ∼641 μeV. Very small
EMA energies obtained from the difference of the energies’
corresponding two different spin directions are sensible, as
also reported in recent studies [59] and imply that Fe2B2

monolayer has only small in-plane magnetic anisotropy.
We performed MC calculations using the classical Heisen-

berg model, where each spin is represented by vectors
of magnitude 3/2 (for zero strain) residing on the sites
(i ‖ x; j ‖ y) of the (L = 100 × L = 100) superlattice; i
( j) is specified as column (row) index. Initially, these vec-
tors are randomly oriented. Spin-spin interaction occurs as
described in Fig. 2(a) in terms of exchange coupling parame-
ters discussed in the foregoing paragraph. These calculations
provided us for the variations of order parameter (O =

1
LL! 〈

∑L
i=1

∑L
j=1

∑L
k= j+1 �μi j · �μi j+k〉) and heat capacity (C =

〈 ∂H
∂T 〉) of Fe2B2 monolayer with temperature T . In Fig. 3, we

present the variation of the order parameter O, heat capacity
C, and Tc with temperature and applied (biaxial εxy, uniaxial
εx and εy) tensile strains up to 10%.
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FIG. 3. (a) Variation of the order parameter O and heat capacity
C in zero applied magnetic field with temperature T for various biax-
ial tensile strain values εxy, and the variation of critical temperature
Tc with biaxial strain, εxy. (b) Same for uniaxial strain εx along the
x direction. (c) Same for the uniaxial strain εy along the y direction.

The peak value of the heat capacity of unstrained mono-
layer marks the critical temperature for the order-disorder
transition to be Tc = 115 K . This indicates a magnetic order
in Fe2B2 monolayer, which is sustainable at finite tempera-
ture. As T decreases from Tc, the magnetic order increases
and eventually the order parameter saturates to μ2 value. As
depicted in Fig. 3, critical temperature and hence onset of
order-disorder transition change with applied strain. In gen-
eral, the saturation value of the order parameter increases with
increasing tensile strain, since the magnitude of the magnetic
dipole moment �μ increases. As for the critical temperature
of the monolayer under strain, it does not display a common
behavior; rather, it depends on the type and range of the
applied tensile strain. For example, Tc is not affected up to
εxy � % 4, but it increases suddenly when εxy > % 5, like an
“S” curve. As expected, the variation of Tc in the range 0 �
εx �% 10 and 0 � εy �% 10 displays different behaviors in
Figs. 3(b) and 3(c), since the atomic structure of the mono-
layer differs along x and y directions as depicted in Fig. 1(a). It
appears that Tc can rise to the room temperature as εx → % 10,
which is, nevertheless, a rather high elastic deformation. That
the critical temperature can rise with applied tensile strain is
the first important result of our study.

B. Columnar AFM Order

Further to these magnetic properties, our MC simulations
predict that the ground state of Fe2B2 monolayer has a CAFM
order not only in equilibrium (i.e., ε = 0) but also under the
applied tensile strain as described above. This is the second
important result. Even if earlier studies have found columnar
magnetic ordering in some 3D bulk structures, the present
prediction of CAFM in a strictly 2D and realistic monolayer
like Fe2B2 with rectangular lattice is a novel finding. As
shown in Figs. 4(a)–4(c), this ordered phase is constructed at
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FIG. 4. Spatial spin configurations simulated at different temper-
atures for ε = 0. (a) A perspective top view of the monolayer with
Fe (large gold balls) and B (small green balls) atoms. The direction
of spins and hence the x and z components of spins, which are kept
invariant along an individual column i (made of Fe atoms along the
y direction) through sites 1 � j � 100, but they vary in subsequent
columns 1 � i � 100. The y components of the spins are negligible.
(b) Side view in the xz plane. Rotation of spins in the x and z plane
with increasing column index i is depicted by inset, whereby each
column is translated to the same center. (c) Perfect CAFM order at
T = 0.01 K is depicted in the superlattice (i × j). In color codes,
spin components range from −3/2 to 3/2. (d) Same for T = 50.0 K .
(e) Same for the disordered phase at T = 200.0 K .

low temperature in individual columns of the regular lattice,
whereby a spin in a particular site (i, j) is perfectly aligned
with its neighbors (i, j − 1) and (i, j + 1) in the same column
along the y direction because of J2 > 0. Here each column
is constructed by either Fe atoms along the y direction in
the upper atomic plane or the adjacent, parallel column of
Fe atoms in the lower atomic plane as shown in Fig. 3. Con-
currently, as if a spin wavelike mechanism is perpendicular
to the columns of Fe atoms, the direction of spins rotates
gradually in the x and z planes with increasing column index,
i, so that their directions in nearby columns rotate even if the
spins in each column are perfectly aligned to have the same
direction. Stated differently, spins rotate in the xz plane by the
same amount by going from one column to the next, but they
keep the same direction in the same column. The alignment
of spins is in the same column, but their gradual rotation
with (i) is shown in Figs. 4(a) and 4(b) in perspective top
and side atomistic views, respectively. The rotation of spins
with increasing i to follow a circle in the xz plane is described
in the inset, whereby all columns are translated to the same
center. Notably, the y components of spins are negligible.
Accordingly, while the spin direction is positive initially, it
decreases gradually and eventually is reversed with increasing
i as described by color codes in Fig. 4(c). Moreover, this
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situation repeats itself showing a spatial periodicity as i pro-
gresses. Hence, the spin direction of one column is recovered
approximately after five–six columns. We believe that such
an interesting magnetic order is realized as a consequence of
the atomic structure of Fe2B2 monolayer consisting of two
planes of Fe atoms, which constitute adjacent columns of
Fe in different planes with a nearest intercolumn distance
of d < b < a. As J1, being positive, favors parallel align-
ments of spins between nearest lateral sites, J3, being negative,
forces them in the antiparallel alignment between the next
nearest lateral sites (see Fig. 2). Hence the competitions of
exchange couplings between the nearest and the next nearest
Fe columns give rise to periodic, CAFM order. Moreover,
this CAFM order is a robust property for all strains studied
here, since the order parameters at low temperature increase
with increasing strain as depicted in Fig. 3. We also note that
this ground state acquired from MC simulations comprising
large degrees of freedom in a large supercell differs from DFT
calculation performed only for a very limited number (four) of
magnetic configurations in a comparatively very small (2 × 2
× 1) supercell of Fe2B2 monolayer. How the perfect CAFM
order with periodically varying spin direction at T = 0.01 K
is destroyed with increasing temperature is shown in Figs. 4(d)
and 4(e).

It is known that the classical Heisenberg model results
in different ground states when second- or third-nearest-
neighbor exchange interactions are included [60]. For in-
stance, a system represented by a classical Heisenberg model
on 2D (hexagonal and triangular) lattices considering only
the nearest- and second-nearest-neighbor interactions may
be not only in FM and AFM phases but also in triangular
formation and helical ordering, depending on the values of
exchange interactions [61]. Néel, spiral, dimerized, and other
possible critical phases for the J1 − J2 Heisenberg model have
also been discussed [62]. A honeycomb lattice, treated with
the classical Heisenberg J1 − J2 − J3 model, can then exhibit
columnar and spiral phases [60,63]. Furthermore, the classi-
cal Heisenberg model on the Shastry-Sutherland lattice could
display spin-flip, spin-flop, and umbrella phases [64,65].
Even though most of these studies have been devoted to 2D
honeycomb lattices, Heisenberg J1 − J2 [62] and Heisenberg
J1 − J2 − J3 models [66] on an abstract, square lattice [66]
have just started. Also, it has been demonstrated that bilayer
systems may also exhibit interesting configurations including
noncoplanar states and spiral phases [67]. Notably, quantum
models also reveal a wide variety of the phases including
spiral ordering, valence-bond crystalline phases with nematic
ordering, and spin liquid phases [68–72].

To clarify whether the CAFM order predicted by the
PBE method with PAW potential can be an artifact of this
method, we also repeated the above DFT + MC calculations
by also using PW-91 functional [73] and PBE functional but
two different potentials with GW and PV corrections [36].
All three calculations, which resulted in the CAFM ground
state with Tc differing only ±7 K from that of our original
prediction, assured that our conclusions are rather robust.
Furthermore, similar DFT + MC calculations on Gd2B2 have
been very successful in reproducing experimental observa-
tions concerning its magnetic ground state and transition
temperature [74].
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FIG. 5. Spatial spin configurations of the Fe2B2 monolayer at the
temperature T = 0.01 K are shown in a small grid of i = 1–10 and
j = 1–10 for ε = 0 and εxy = 0.02 under the applied magnetic field,
�B parallel to the z axis in diverse magnitudes (in Tesla, T). Arrows
indicate the spin directions in the xz plane, where x ‖ i; color codes
correspond to the the y component of the spins.

C. Transition from CAFM to FM Order under Magnetic Field

The behavior of the CAFM order under a magnetic field
applied externally is a crucial feature, which may provide a
tool to tune electrical and magnetic properties. The expec-
tation is that the spins, which are in CAFM order along the
columns of Fe atoms as depicted in Fig. 4, can be forced to
change their directions and to align along the applied mag-
netic field where the degree of alignment is proportional to
the strength of the field. Whether an hysteresis is involved
with the alignment process is another important aspect to
reveal. With these premises, we investigated the response of
the ordered system to the applied magnetic field vector �B in
different directions with components (Bx, 0, 0), (0, By, 0), and
(0, 0, Bz ) at T = 0 K .

Our MC calculations show that relatively small values of
the field are actually sufficient to align the spins parallel to
the field at low temperatures. Our results are presented in
Fig. 5 only for �B(0, 0, Bz) with Bz = 0.00, 0.01 and 0.02
Tesla (T) applied perpendicular to the Fe2B2 monolayer under
the strain ε = 0 and εxy = 0.02. Although the change of the
original spin configuration by the applied magnetic field is
strain dependent [compare, for instance, Figs. 5(c) with 5(f)],
all spin configurations corresponding to the different strain
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FIG. 6. Hysteresis curves, Mα (in unit of Bohr magneton μB

per site) versus Bα (in unit of Tesla T), of the unstrained Fe2B2

monolayer calculated for the external magnetic fields applied along
α = x, y, z directions at T = 0.01 K and T = 100.0 K .

values quickly reach the field polarized spin configuration
already at B ≈ 0.03 T, so the system reaches to the saturation
value of the magnetization. The present prediction is impor-
tant and heralds the possibility that the magnetic properties
of the Fe2B2 monolayer can be tuned externally; namely that
its CAFM order with zero total magnetic moments occurring
at low temperature can be changed to a uniform FM order of
spins with strong total magnetic moment (and magnetization)
along the applied magnetic field. This is the third important
result of our study.

The hysteresis of the unstrained Fe2B2 monolayer, namely,
Mα versus Bα curves are calculated for applied magnetic
fields in directions α = x, y, z, with components (Bx, 0, 0),
(0, By, 0), and (0, 0, Bz) at temperatures T = 0.01 K and
T = 100.0 K . It should be noted that due to the CAFM
order, all components of the magnetization are zero for �B =
0 at low temperatures. However, only the component Mα is
induced in response to the applied magnetic field, Bα , while
other components of the magnetization vanish. Calculations
are performed in a small superlattice or a grid of (80 × 80)
for each strain value. First, the system is cooled down to
the temperature T = 0.01 K by the MC procedure explained
above, then simulations are performed by sweeping the field
Bα and obtaining the components of the magnetization Mα .
The related hysteresis curves are shown in Fig. 6. Notably,
hysteresis curves of different strain values treated in this paper
display qualitatively similar behaviors in Fig. 6. The double
hysteresis behavior occurs in Figs. 6(a)–6(c) due to the ab-
sence of magnetization for �B = 0. Nonetheless, this double
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FIG. 7. Fluorine-covered Fe2B2 monolayer: Fe2B2F2. (a) Top
and side views of the equilibrium binding structure with F atoms
situated at the hollow sites above B atoms between Fe atoms in the
upper and lower sides. The total and binding energies corresponding
to the optimized geometry are indicated. (b) MC results showing the
y component of spins of in the (i × j) grid at T = 0.01 K indicate
that AFM-2 configuration is the ground state. Other components
are negligible. (c) Variation of the heat capacity C with temperature.
The transition temperature Tc above 500 K is indicated.

hysteresis behavior disappears due to thermal agitations at
elevated temperatures as seen in Figs. 6(d)–6(f).

D. Transition from CAFM to AFM by Adatom Coverage

Finally, the magnetic ground state of the Fe2B2 monolayer
terminated by adatoms like Fluorine F, which are also ubiqui-
tous among MBenes, is of interest. Notably, it was argued that
the coverage of F is critical in the isolation of the monolayer
from the 3D MAB phase, Fe2AlB2. The equilibrium binding
site of individual F atoms on the monolayer has been deter-
mined by calculating optimized total energies corresponding
to five possible different binding sites. Among these sites, we
found that the hollow site above B atoms at each side is the
minimum energy site with the binding energy of Eb= 4.40 eV.
As shown in Fig. 7(a), F adatoms form bridge bonds with ad-
jacent Fe atoms in the column along y axis with a bond length
of 1.94 Å. The calculated charge transfer of 1.08 electrons
from the Fe2B2 monolayer indicates an ionic bonding. Our
analysis based on AIMD calculations demonstrated that this
F-covered monolayer, i.e., Fe2B2F2, is thermally stable above
room temperature as high as T = 600 K . MC calculations,
using the J1, J2, and J3 exchange couplings obtained from four
different magnetic configurations described in Fig. 2, predict
the AFM-2 order shown in Fig. 7(b) as the ground state,
which is ∼0.4 eV more favorable energetically relative to
other magnetic configurations. Variation of the heat capacity
calculated by the MC method in Fig. 7(c) marks the critical
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temperature, Tc � 500 K . It is remarkable that the coverage
of the bare Fe2B2 monolayer by Fluorine atoms changes the
exchange coupling parameters, which, in turn, changes the
CAFM order to the AFM order and raises Tc above 500 K .
This is the fourth important result of our study.

IV. CONCLUSION

In conclusion, the CAFM order with transition temperature
Tc = 115 K ± 7 K , confirmed by four different calculations,
unveils novel and important features in the magnetism of 2D
materials. We believe that the observation of CAFM order can
be achieved by Magnetic Force Microscopy, which enables
the atomic scale probe of magnetism through its sharp mag-
netic tip.

Spins aligned along each column of Fe atoms as indicated
in Figs. 4(a) and 4(b), but kept different directions at differ-
ent columns, bring about the following fundamental question
concerning the dimensionality of electrons: Can the dimen-
sionality of electrons in the paramagnetic monolayer at high
temperature change from 2D to 1D on the onset of CAFM or-
der below Tc? We believe that this is a rather sensible question
to raise, since the electrons with different spin alignments in
adjacent 1D Fe columns may be distinguished to lead to differ-
ent 1D electronic states. This situation can favor the transition
of the electronic states from 2D to 1D with the onset of CAFM
order. Such an electronic transition can become observable
through the change in electronic densities D(E ) of states,

as well as quantized 1D conductance along Fe columns σ .
Theoretically, it may be interesting to know how 1D electrons
with specific spin direction in each Fe column is reflected in
the energy bands in the momentum space. We believe that the
observation of this electronic transition induced by the onset
of CAFM order and its tuning by applied magnetic field �B,
strain ε, and adatom coverage can be achieved experimentally.
From a technological point of view, tuning of the magnetic
order and the dimensionality of quantized conductance can
lead to significant effects in spintronics. In the same context,
it is important to know whether spins aligned along the same
column, but periodically changing their direction in different
columns, can be distinguished to enable multichannel spin-
tronic devices. On the other side, CAFM phase of the bare
Fe2B2 monolayer, with Tc rising up to room temperature under
specific tensile strains and AFM phases sustaining at Tc as
high as 600 K on Fluorine termination, can emphatically lead
to future spin-based devices and detectors.
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