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Iron arsenide (FeAs) monolayers are known as a key component for
building iron-based superconductors. Here, we predict by first-prin-
ciples calculations that the FeAs monolayer is a highly stable and
multiferroic material with coexisting ferroelasticity and antiferro-
magnetism. The ferroelasticity entails a reversible elastic strain of as
large as 18% and an activation barrier of 20 meV per atom, attributed
to a weak hybridization between Fe d and As p orbitals. The local
moments of Fe atoms are oriented out-of-plane, so that the magnetic
ordering is weakly coupled to the structural polarization. Interestingly,
fluorination of the FeAs monolayer can align the local moments in
parallel and reorient the easy axis along the in-plane direction. As such,
the fluorinated FeAs monolayer is potentially a long-sought multi-
ferroic material that enables a strong coupling between ferroelasticity
and ferromagnetism.

Ferromagnetism, ferroelectricity and ferroelasticity are three
typical ferroic properties. Materials that exhibit two or more
ferroic order parameters simultaneously are multiferroics,
which have been actively studied for decades due to their
fundamental interest in physics and a variety of potential
applications, such as non-volatile random access memory
(RAM)'?® and spintronics.* Towards practical applications, it is
of utmost importance to realize strong coupling between
different ferroic orders in multiferroic materials, such that
manipulation of one order parameter can effectively control the
other(s). However, these ferroic orders inherently exclude one
another, making multiferroic materials extremely rare in
nature.™*® Recent progress in theoretical design and experi-
mental synthesis of two-dimensional (2D) functional materials
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has opened a new era of research in multiferroics, since lattices,
atoms and even orbitals therein have exhibited flexibility in
displacement and re-hybridization to form different ferroic
orders. In particular, the discovery of intrinsic ferromagnetism
in 2D van der Waals crystals has further fueled the development
in this field.® Despite tremendous research interest, reported 2D
multiferroics by theories™*>”# and experiments in the literature
are mostly on magnetoelectricity where magnetic and electric
orders coexist and interact via either spin-lattice or spin-orbit
couplings.

In contrast, 2D multiferroics with concurrent ferroelasticity
and magnetic ordering will enable strain manipulation of
magnetism that can be complementary to the electric manner
in magnetoelectric materials for achieving enriched function-
alities.” While ferroelasticity has been predicted in several 2D
materials, most of their activation barriers for ferroelastic
switching are either too high (>100 meV per atom) or too low (<5
meV per atom) to operate under ambient conditions. The over-
low activation barriers are largely attributed to the low struc-
tural anisotropy of 2D materials, but a subtlety exists since
strong structural anisotropy tends to prohibit ferroelasticity.
Moreover, most calculated pathways for the ferroelastic
switching displayed an abrupt change of energy, suggesting
high transient stress that may break the materials. Recently,
theories predicted a couple of 2D materials with ferroelasticity
and magnetic order, but no appreciable coupling between them
has been revealed.' The challenge in achieving an effective
coupling between ferroelasticity and magnetic order stems from
the fact that the former arise from the lattice while the latter is
from electronic orbitals.

In this work, we demonstrate that the FeAs monolayer is
a prototype of this sort which exhibits a desirable activation
barrier of 20 meV per atom, along with a smooth energy
pathway for the ferroelastic switching using first-principles
calculations. This excellent ferroelasticity originates from
a weak hybridization between the Fe d,,,, and As p,, orbitals.
Although the FeAs monolayer is an antiferromagnetic metal
with magnetic moments highly concentrated on the Fe atoms,
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fluorination can align the local moments to form a ferromag-
netic order and simultaneously reorient the easy-axis along the
in-plane direction, which then enables the ferroelasticity to
strongly couple with the ferromagnetism.

First-principles calculations were performed within the
framework of density functional theory (DFT) and with the
exchange-correlation functional described by the generalized
gradient approximation parameterized by Perdew, Burke, and
Ernzerhof (GGA-PBE),"" as implemented in the VASP code.">*
The core potential was described by the projector augmented-
wave (PAW) method™ with a kinetic energy cutoff of 500 eV for
the plane-wave basis on the valence electrons. The grid of k-
point sampling for the Brillouin zone integration was set as 20
x 20 x 1 for calculations without spin-orbit coupling (SOC). A
vacuum spacing of 15 A was set to isolate neighboring periodic
images. The HSE06 functional'® was employed to confirm the
magnetic ground state at a k-grid of 12 x 12 x 1. The magne-
tocrystalline anisotropy energy was evaluated with the SOC at
a denser k-grid of 48 x 48 x 1 by the DFT+U (U = 3 eV) method.
The selection of U = 3 eV is based on a comparison of the band
structure with that obtained by the HSE06 functional. The
phonon dispersions were calculated using the Phonopy
package'® with the finite displacement method. Ab initio
molecular dynamics (AIMD) simulations were carried out with
the canonical ensemble and a time step of 1 fs. The structures
were fully relaxed until the force on each atom was less than
0.01 eV A"

The unit cell of the FeAs monolayer possesses a Pmmn space
group with lattice constants a = 3.17 A (short axis) and b = 3.80
A (long axis), where each Fe atom is surrounded by four As
atoms that form a tetrahedron (Fig. 1a). The As atoms are
equally separated into two layers that sandwich the Fe plane.
The bond length of Fe-As is 2.34 A along the x-direction but
increases to 2.40 A along the y-direction. The calculated phonon
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Fig. 1 (a) Top and side views of the FeAs monolayer, where the unit
cell is represented by the black rectangle. The orange and blue balls
are Fe and As atoms, respectively. (b) Angular dependence of the
Young's modulus Y(f) and Poisson ratio »(f) of the FeAs monolayer,
where the angle ¢ is defined relative to the x-direction.
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spectrum shows no imaginary frequencies, suggesting that the
FeAs monolayer is dynamically stable (Fig. Siaf). To further
evaluate the thermal stability of the FeAs monolayer, the AIMD
simulations were carried out at 500 K for 10 ps using a 5 x 5
supercell. The snapshot plotted in Fig. S1bf shows no sign of
any structural disruption or bond breaking at the end of
simulation. Thus, the FeAs monolayer is stable above room
temperature. For a mechanically stable 2D material, the elastic
constants must fulfill the Born-Huang criteria: Css > 0 and
C11Cay — C15> > 0. To assess the mechanical stability of the FeAs
monolayer, we have calculated its elastic constants. The results
show C;; =39.42Nm™ %, C;, =26.58 Nm™ %, Cp, =83.90Nm ?,
and Cee = 39.45 N m™ ', satisfying the Born-Huang criteria.

We next calculate the mechanical properties of the FeAs
monolayer, i.e. the in-plane Young's modulus Y(6) and Poisson
ratio »(f). Based on the elastic constants, Young's modulus Y(6)
and Poisson ratio ¥(§) as functions of the angle 6 relative to the
x-axis direction can be expressed as follows:"”

CllCZZ - C122

¥(0) = . 2 o —
Cy cos* §+ A cos? §sin” 0+ Cpp sin” 6

~ Cypcos' 8 — Bcos® 0 sin® 0 + Cy5 sin* 0

V(ﬁ)_ 4 B .2 . 4 5
Cy, cos* 0+ A cos? §sin” 0 + Cyq sin” 0

where A = (C11Ca — C12%)/Ces — 2C15 and B = Cyq + Cpp —
(C11Cay — C15%)/Ces. The angle-dependent functions are plotted
in Fig. 1b. The calculated Young's moduli vary from 31.00 N
m~* to 88.02 N m ™', which are comparable to those of phos-
phorene (23-92 N m™")* but less than those of graphene (340 N
m ") and MoS, (128 N m™).2°?' The Poisson ratio »(f) of the
FeAs monolayer reaches a maximum value of 0.67 along the y-
axis direction. Such a distinctly large Poisson ratio suggests
a sensitive structural response to the external stress applied
along the x-axis direction. A Poisson ratio of 0.32 along the x-
axis direction is similar to the case of MoS,.>* More interest-
ingly, the FeAs monolayer exhibits negative Poisson ratios in the
sector 39°< # < 51° with a minimum value of —0.03.

We next examine the magnetic structure of the FeAs mono-
layer. Three typical magnetic states are considered: one ferro-
magnetic configuration, denoted as FM, and two
antiferromagnetic configurations that are denoted as AFM; and
AFM,, respectively, as illustrated in Fig. 2. In AFM,, the nearest-
neighbor spins are antiparallel to each other (stripe along x and
y), while in AFM,, the spins are aligned antiparallel across the
diagonal of the rectangular cell to form a diagonal striped spin
pattern. The results obtained with the HSE06 functional show
that the AFM; configuration is more stable than both the FM
and AFM, configurations by 246.0 and 138.6 meV per Fe atom,
respectively. These results are different from that in LaFeAsO,
namely the parent material of the FeAs monolayer, where the
AFM, configuration has been declared as the ground state.*
The spin-density distribution of these three magnetic configu-
rations plotted in Fig. S2f shows that the magnetic moments
are mainly concentrated on the Fe atoms, with a magnetic
moment of 3.0 ug around each Fe atom while the As atoms hold
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Fig. 2 (a) The ferromagnetic configuration and two types of antifer-

romagnetic configurations of the FeAs monolayer. Only the Fe atoms
are shown here for clarity. (b) The projected density of states (PDOS) of
Fe-d orbitals and orbital resolved MAE of the FeAs monolayer. 'O’ and
‘U’ represent occupied and unoccupied states, respectively.

small opposite spin moments. The calculated electronic band
structure (Fig. S31) suggests that the FeAs monolayer is an AFM
metal.

Another key magnetic property is the magnetocrystalline
anisotropy, which determines the thermal stability of 2D
magnetic ordering at finite temperatures according to the
Mermin-Wagner theorem* and mainly originates from the SOC
interaction. The magnetocrystalline anisotropy can be charac-
terized by calculating the magnetocrystalline anisotropy energy
(MAE), which is defined as the total energy difference between
out-of-plane and in-plane (x-axis and y-axis directions) spin
configurations by considering the SOC interaction. The results
show that the total energy of the AFM; configuration with spins
oriented along the out-of-plane direction is lower than those
oriented along the x- and y-axes by 6 (MAE, ,) and 277 peVv
(MAE,_;) per Fe atom, respectively. The magnetocrystalline
anisotropy in the xz-plane can be considered to be isotropic for
the corresponding small MAE,_,. The 2D material exhibiting an
easy plane parallel to the z-axis stands in contrast to the previ-
ously reported 2D magnetic systems, such as Crl; (ref. 6) and
CrGeTe; (ref. 24), which have either out-of-plane or in-plane
easy-axis.

We then understand the mechanism of the xz easy plane by
analyzing the interaction of d orbitals near the Fermi level. To
understand the coupling between two d orbitals that contribute
the most to MAE,,_,, we adopt perturbation theory,**” expressed
as

[{u,o|L.

Su,a - 80713

0,B)[* B |<u,oc|Ly|o,[—}>|2

Euo — 2:30,[3

E,—E.=2 (20,5 1)

u,0,0,f

where E, and E, are the total energies when the easy axes are
aligned along the in-plane (y-axis) and out-of-plane (z-axis)
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directions, respectively, 4 is the SOC strength, L is the angular
momentum operator, and ¢, ,, and ¢, g are the energy levels of
the unoccupied states in the spin o channel and occupied states
in the spin B channel, respectively. 0,5 is the Kronecker delta.
The nonzero matrix elements are (d,;|L;|dy;) = 1, (dy2_)2|L;|d,)
=2, (d2|Ly|dy) = V3, (dy|Ly|dyz) = 1 and (dey2|Ly|dy,) = 1. Tt is
clear that the d orbital matrix elements and their energy
difference determine the MAE. The orbital-resolved MAE (E, —
E,) calculated based on the projected density of states is shown
in Fig. 2b. It is found that the interaction between occupied d,,
and unoccupied d,»_, orbitals and the interaction between
occupied d,, and unoccupied d, orbitals give a positive
contribution to the MAE, while the interaction between occu-
pied d,, and unoccupied d,, orbitals contribute a negative value
to the total MAE. The easy plane along the normal of the basal
plane determines that the magnetic order in the FeAs mono-
layer will weakly respond to any in-plane structural transition,
such as the ferroelastic transition discussed below.

The rectangular lattice of the FeAs monolayer motivates us to
explore its ferroelasticity, which is assessed by computing the
ferroelastic switching pathway and activation energy barrier.
The initial and final states of the FeAs monolayer are degenerate
and share the same structure but with the lattice rotated by 90°
from each other as shown in the inset of Fig. 3. The configu-
ration with a square lattice shown in the inset of Fig. 3 is the
transition state (TS), where all the Fe atoms are coplanar with
optimized lattice constant d = 3.52 A. To estimate the activation
barrier, the pathway of ferroelastic switching is computed using
the uniaxial strain method and the climbing image nudged
elastic band (NEB)*® method with the energy profile plotted as
a function of strain (Fig. 3). The activation energy barrier of the
FeAs monolayer is about 20 meV per atom, which is higher than
those of SnO (0.37 meV per atom),"® SnS (1.3 meV per atom),
SnSe (4.2 meV per atom), and GeSe (9.5 meV per atom),* but
lower than those of borophane (0.1 eV per atom),*® phosphorene
(0.2 eV per atom),* and InOY (Y = Cl and Br, 79-106 eV per
atom),* and can be comparable to those of GeS (22.6 meV per

AE (meV/Atom)

Fig. 3 Calculated minimum energy pathways for ferroelastic switch-
ing of the FeAs monolayer.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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atom),”® ZrAsX (X = Cl and Br, 21.11-32.70 meV per atom),* and
t-YN (33 meV per atom).*® Different from the ferroelastic phos-
phorene and its analogues, the energy pathway of the FeAs
monolayer exhibits a smooth profile without an abrupt change.
Besides, there is no bond breaking or reforming during the
ferroelastic switching as all the Fe-As bonding lengths are
larger than 2.34 A but less than 2.40 A during the ferroelastic
switching process, indicating that the ferroelastic switching of
the FeAs monolayer is easier to manipulate in experiments than
that of phosphorene and its analogues. While the reversible
ferroelastic strain ¢, defined as (b/a — 1), is 19.9% and lower
than 37.9% for phosphorene, it is sufficient to convey a strong
signal for structural switching.

This outstanding ferroelastic performance of the FeAs
monolayer is attributed to the tetragonal structure which is
degenerate from a highly symmetric parental structure (the TS
phase) without any bond breaking or reforming. We then test
whether FeP and RuAs monolayers have similar ferroelasticity,
as they can be designed from the FeAs monolayer by replacing
only one element with its congener. The results plotted in
Fig. S41 show that both the FeP and RuAs monolayers have only
one minimum energy state at the strain-free state, proving that
both the FeP and RuAs monolayers are non-ferroelastic. These
results indicate that the ferroelasticity in the FeAs monolayer is
quite unique. This is further supported by the calculations
showing that the CoAs monolayer is not ferroelastic either.
These results motivate us to gain an in-depth understanding of
ferroelasticity in the FeAs monolayer.

As the I’ point in the Brillouin zone belongs to the same
point group as the lattice, the electronic states at the I point
affect the structural shape of a material. Thus, we check the
hybridization between d and p orbitals by plotting the projected
wave function character of the band structures. The band
structures (see Fig. S51) of the FeAs, FeP, RuAs and CoAs
monolayers with d and p contributions in the TS structural
models show that there are three major hybridizations between
the d and p orbitals at the I' point denoted as d—p, d,>_)»-D;,
and d,;,,~px,. Among the three d-p hybridizations, only the
dyzy2~Px,y is doubly degenerate and directive. The hybridization
of d,; ,—Px, results in four states denoted as states 1, 2, 3 and 4
that are ranked from low to high by energy (Fig. S51). We mainly
focus on the states 1 and 2 because they are below the Fermi
level. In the state 1, the p orbitals have contributions of 17.3%,
26.4%, 20.1% and 24.0%, while these values increase to 34.6%,
65.3%, 40.6% and 49.2% in the state 2, for FeAs, FeP, CoAs and
RuAs monolayers, respectively. Compared with the FeP, CoAs
and RuAs monolayers, the lower contribution of p orbitals to the
state 1 in the FeAs monolayer indicates a weak hybridization of
dyzyzPx,y, Which has been confirmed by real-space distributions
of partial charge densities of state 1 plotted in Fig. 4 and state 2
plotted in Fig. S6.1 This weak hybridization tends to lead to the
distortion of the FeAs monolayer from a square lattice to
a rectangular structure, so as to increase the hybridization along
the y-axis direction while sacrificing that along the x-axis
direction. Orbital analysis of the FeAs monolayer in its ground
state confirms this scenario; in this case, the contribution of the
p, orbital to state 1 increases to 22.8% (Fig. S7at) while that of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Isosurface plots of the partial charge density of state 1 in FeAs
(a), FeP (b), CoAs (c) and RuAs (d) monolayers with an isosurface value
of 0.054 e A3,

the p, orbital to state 1 decreases to 13.1% (Fig. S7bt). Note that
the 2D FeSe and FeTe, which have similar atomic structures to
the FeAs monolayer, have been experimentally synthesized on
SiO,/Si substrates via chemical vapor deposition at ambient
pressure,**** indicating that the FeAs monolayer can potentially
be synthesized using the same methods.

Additionally, inspired by recently reported “Li decorated
FeSe”,*® we attempt to use fluorine atoms to decorate the FeAs
monolayer to modulate the magnetism. Note that fluorination
of graphene® and boron nitride*® has been performed experi-
mentally. In addition, F atoms do not form clusters on the
sample surface, rather than metal atoms that tend to cluster on
substrates via strong orbital hybridizations.*® The results of
phonon spectra (Fig. S9t) show that the FeAs monolayer with
fluorine adsorbed on the As atoms is stable, while the FeAs
monolayer with fluorine adsorbed on the opposite side of the As
atoms (Fig. S8at) is metastable. However, the former which

a @out-of-plane s b —O—MAE,
300 2 e RS X 800 | ~O-MAE
§ g
©200 - S 400+
> [}
E =
5100 £ or
< =
ol -400 - -
Doy ST T ST SR S TR
T o0 o WS T8 S Oy 8
FEFESoILg FEYESOoILg

strain (%) strain (%)

Fig. 5 Calculated minimum energy pathways for ferroelastic switch-
ing of the FeAsF monolayer (a), along with the magnetocrystalline
anisotropic energy during ferroelastic switching (b). The in-plane easy-
axis directions of the monolayer are marked by arrows, while the out-
of-plane easy-axis direction is marked by point circles.
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leads to the ferroelasticity in the FeAs monolayer vanishes while
the latter, denoted as FeAsF, maintains this ferroelastic prop-
erty. The pathway of ferroelastic switching as plotted in Fig. 5a
shows that the activation barrier of the FeAsF monolayer is 300
meV per atom, about 15 times higher than that of the FeAs
monolayer. This high barrier is attributed to the Fe-F bond
breaking and reforming during the ferroelastic switching.
However, the magnetic ground state of the FeAs monolayer
changes from the AFM; state to the FM state upon the fluori-
nation, where the FM state is more stable than the AFM; and
AFM, states by 18.0 and 20.0 meV per Fe atom, respectively. This
conversion of the magnetic ground state is attributed to the
crystal field changing of Fe atoms, whose crystal field changes
from a tetrahedron field to an octahedron field upon fluorina-
tion. This crystal field change brings a new exchange channel
Fe-F-Fe which leads to ferromagnetic coupling as the bond
angle of Fe-F-Fe is nearly 90°. The Curie temperature of the
FeAsF monolayer is estimated to be 65 K using a simple Hei-
senberg-like model H =} J;S;S; by Monte Carlo simulation
i

(Fig. S107). By considering the SOC interaction, the total energy
of the FeAsF monolayer along the out-of-plane direction is
higher than those along the x- and y-axis directions by 434 and
275 peV per Fe, respectively. This means that the easy axis is also
reoriented along the in-plane direction.

This in-plane easy axis of the FeAsF monolayer will enable
a strong coupling with the ferroelastic switching. For example,
the easy axis along the x-axis direction is reoriented to the y-axis
direction after the ferroelastic switching, rendering the FeAsF
monolayer a long-sought multiferroic material that allows for
strain manipulation of ferromagnetism. The strain increases
MAE,._, from —338 peV per Fe at ¢ = —18.9% to —26 peV per Fe
at e = —12.6% and MAE,_, increases from —75 peV per Fe at ¢ =
—18.9% to 322 peV per Fe at ¢ = —12.6%, suggesting that the
magnetization remains oriented along the x-axis direction in
this strain range. With the further increase of ¢ to —6.3%, both
the MAE,_, and MAE,_, become positive to switch the magne-
tization along the z-axis direction. At ¢ = 0%, the monolayer
reaches the transition state with an out-of-plane easy axis.
Beyond the transition state, the MAE follows the same variation
trend as that from the initial to the transition state, except that
the values of MAE,_, and MAE,,_, are swapped. MAE,_, reaches
—434 peV per Fe in the final state, confirming a complete
switching of the easy axis to the y-axis direction. These results
delineate an explicit coupling between ferroelasticity and
ferromagnetism.

In conclusion, our intensive first-principles calculations
have suggested the FeAs monolayer as a new 2D multiferroic
material. The ferroelasticity in the FeAs monolayer exhibits
a desirable barrier of 20 meV per atom for operation under
ambient conditions and a smooth energy pathway to diminish
the impact of transient stress on the lattice structure. The fer-
roelasticity results from a weak hybridization between d and p
orbitals. On the other hand, each Fe atom exhibits a magnetic
moment of 3 ug and interacts in an antiferromagnetic way with
a normal easy plane. The ferroelasticity and magnetism are
hence loosely coupled to each other. Yet, fluorination of the
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FeAs monolayer with an activation barrier of 300 meV per atom
aligns the spin moments in a ferromagnetic state and reorients
the easy axis along the x-axis direction, which enables the
external strain to control the orientation of polarized spins. Our
results may inspire future effort for devising more multiferroic
monolayers for potential applications in advanced information
devices.
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