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Two-dimensional (2D) transition metal boron-carbide is a novel material that has unique properties suitable
for advanced spintronics and storage applications. Through first-principles calculations based on density
functional theory (DFT) calculations, we report a new class of stable 2D ceramic WXBC (X = W, Mn, Fe)
monolayers. We find that all WXBC monolayers prefer a ferromagnetic ground state with metallic
electronic property. DFT calculations proved that WXBC monolayers exhibit good energetic, mechanical,
and dynamic stabilities. More importantly, these monolayers exhibit large magnetic anisotropy energy
(MAE) of 1213 peV, 247 peV and 20 peV per magnetic atom for W,BC, WMnBC, and WFeBC, respectively.
An out-of-plane easy axis (EA) magnetization direction is found for W,BC whereas the EA for WMnBC
and WFeBC are in-plane. By performing Monte Carlo (MC) simulations based on the 2D Heisenberg
model, we predict Curie temperatures (T¢) of 155 K for the W,BC monolayer. The Berezinskii—Kosterlitz—
Thouless transition (BKT) temperature values of WMnBC and WFeBC are as high as 374.69 K and 417.39
K. For further investigations, the adsorption properties of Li, Na, and K atoms on WXBC (atm-WXBC)

systems are examined. It is revealed that the initial ferromagnetic metallic properties of bare WXBC
Received 20th July 2022 l intained f Il atm-WXBC t The obtained st hemi i .
Accepted 29th September 2022 monolayers are maintained for all atm systems. The obtained strong chemisorption energies are
high enough to make adsorbed Li, Na, and K immobile on WXBC surfaces. All these findings demonstrate

DOI: 10.1039/d2ra04488a the unique potential of WXBC monolayers as multifunctional candidates for advanced magnetic device
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1 Introduction

After the pioneering experimental synthesis of the ferromag-
netic Crl; and Cr,Ge,Te, layers,"” a great deal of attention has
been paid to two-dimensional (2D) magnetic materials. These
Crl; and Cr,Ge,Te, layers were key to experimentally achieving
room-temperature ferromagnetism in the 2D magnetic mate-
rials.*>* The obtained results also raised hopes for the future
development of quantum technology, which would allow
information to be processed at ultra-high speeds by utilizing the
electron spin degree of freedom. To further consolidate these
prospects, new 2D stable ferromagnetic materials with
a considerable magnetic moment, elevated Curie temperature
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(Tc), and large magnetic anisotropy energy (MAE) should be
explored. Recently, transition metal (TM) boride (popularly
referred to as MBene) structures were theoretically proposed as
a potential candidate for room-temperature 7 with a sizable
MAE.>* Because of the MBene layered nature, selective etching
techniques would make it easier to reduce them to 2D form,
from their bulk equivalent.”

Besides theoretical success on MBene sheets for spintronics
applications,> however, there is still a need for designing
sustainable 2D magnetic materials to satisfy the modern elec-
tronic devices. Taking advantage of the MBene structural and
physical properties, it will be intriguing to expand the search to
other new 2D materials similar to MBene. For example, the MnX
(X = As, P)® and Mn,BC® sheets with half-metallic and metallic
properties respectively are reported to exhibit above room-
temperature T values. The Ti,BN* and X,BC (X = Mg, Ca, Sr,
Ti, V, Mo)!! sheets were theoretically demonstrated for both Li"
and Na' ion batteries with enhanced battery performance better
than that reported for MBene.'*"* It's worth noting that these
reported materials share similar MBene building blocks in
monolayer and bulk forms.

Here, we aimed to explore tetragonal () ceramic WXBC (X =
W, Fe, Mn) sheets as potential candidates for spintronic appli-
cations. According to our knowledge, WXBC sheets has not been
theoretically characterised, especially for spin-related
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applications. We know that layered ceramic W,B, sheets crys-
tallize in an orthorhombic phase with the space group Cmcm
and WFeB, nanostructure exists as one of the component of
NiCrBSi/WC-Co composite.'® Using high-power pulsed magne-
tron sputtering (HPPMS), a comparable ceramic Mo,BC bulk
material was synthesized at a substrate temperature of 400 °C."”
Because of its exceptional mechanical and thermal properties, it
can be used as an electrode in a nuclear reactor. As mentioned
earlier, selective etching would be an appropriate method for
the synthesis of WXBC sheets. A previous study has demon-
strated that having at least two TM atoms in the MBene struc-
ture may promote easy synthesis process.” It could also provide
a favorable platform to produce strong spin-orbital coupling
(SOC) interactions for the large MAE and large charge carriers
for enhanced Tg.

Aside from exploring the MBene structural diversity for
room-temperature T¢, one of the most recognized strategies to
achieve enhanced 7. and MAE involves the application of
mechanical strain and electric field strength.'® For example, the
Tc of the Fe;P sheet remains above room temperature under
applied biaxial strain as large as 10%.'® The fact that MAE arises
due to spin-orbit coupling (SOC), it was shown that the MAE of
CrFeBC can be tuned by the external electric field from in-plane
to out-of-plane magnetization direction.” In another report, an
enhanced T high above room temperature with a sizable MAE
were reported for structures under mechanical strain.****

In this study, density functional theory (DFT) and mean-field
approximation of the 2D classical Heisenberg model calcula-
tions are combined to investigate the suitability of WXBC
monolayers for spin-based electronics. The free-standing WXBC
sheets display good stability based on their mechanical,
phonon and thermal properties. Ferromagnetic (FM) spin
ordering corresponds to the ground state for WXBC mono-
layers. The W,BC shows a large MAE of 1213 peV per W atom
with an out-of-plane easy axis (EA), whereas WXBC (X = Fe, Mn)
preferred an in-plane EA. The MAE value for WMnBC is 247 peV
per magnetic atom whereas that of WFeBC is 20 peV per
magnetic atom. Since we are only interested in FM with out-of-
plane EA, the predicted MAE of the W2BC sheet can be further
tuned by an apply electric field strength and mechanical strain.
Based on the 2D Heisenberg MC simulations, we predict 7T¢ of
155 K for the W,BC monolayer. The BKT temperature values of
WMnBC and WFeBC are as high as 374.69 K and 417.39 K.

We also explore the adsorption properties of Li, Na, and K
ions on WXBC sheets. We found that, due to strong steric
coulomb repulsion, the obtained strong chemisorption ener-
gies are high enough to make adsorbed Li, Na, and K immobile
on WXBC surfaces.

2 Computational method

All the ground state properties calculations have been per-
formed using the Vienna ab initio simulation package (VASP)*
which are based on density functional theory (DFT)** method.
The exchange-correlation have been treated with generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE)** parametrization. The Hubbard U correction® (PBE + U)
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has been used to described strongly localized d orbitals of W,
Mn and Fe atoms. The estimated U, values for d orbitals of W,
Mn and Fe atoms are Ug.g = 3.01 €V, Uy = 2.97 €V and Uy =
3.04 eV, respectively. More information about our obtained Ue
values can be found in previous studies***” and the ESL{ The
projected augmented wave (PAW) pseudopotentials method>*
has been used to describe the core and valence electrons for all
atoms in WXBC monolayers. For the dispersion correction,
DFT-D2 correction of Grimme?® has been used. The irreducible
Brillouin zone (BZ) in reciprocal space has been represented by
Monkhorst-Pack set of k-points grid meshes.” For optimiza-
tions and total density of state calculations we have used (8 x 8
x 1) and (12 x 12 x 1) grid meshes respectively. An energy cut-
off of 500 eV was taken for plane wave basis set expansion. A
vacuum space of 18 A along the z-direction was set to eliminate
interaction between the adjacent layers of WXBC. The criteria
for convergence of the total energy and remaining force on each
atom for two iterative steps were set smaller than 10~> eV and
0.001 eV A~' respectively. The dynamic stability of WXBC
monolayers have been examined with aid of phonon disper-
sions calculations. For the phonon -calculations we have
employed (2 x 2) supercell of WXBC monolayers to reduce the
constraint of periodic boundary conditions. Then, we use
supercell method of the PHONOPY code® to obtain phonon
band structures. To evaluate the thermal stability of the WXBC
monolayers, we performed ab initio molecular dynamics (AIMD)
simulations with a time step of 3.0 fs. The temperature was
monitored with the aid of Nose-Hoover thermostat.*® To
examine the ferromagnetic ordering at finite temperature, we
performed MC simulations based on 2D Heisenberg model.
Similar details of the MC calculations can be found in our
previous published paper.’

3 Results and discussions

The 2D WXBC monolayers can be theoretically created from the
Mn,BC monolayer.*” Fig. 1 displays the relaxed structures of
WXBC, which assume tetragonal symmetry with a space group
of P4/mmm (no. 129). The black square line (top view) in Fig. 1
mapped out the unit-cell of the WXBC monolayers. For the
W,BC, the unit consists of two W atoms and B/C atoms, while
one of the W atoms is substituted with Mn and Fe atoms in the
WMnBC and WFeBC cases, respectively. Each atom in the
WXBC structures is chemically bonded by four neighboring
atoms. To determine the chemical bonding nature of the WXBC
monolayers, we display the electron localization functions (ELF)
in Fig. 1. As is known, the ELF takes values in the range of 0 to 1
e A~ In each side view, it is evident that the ionic bonding in
the WXBC monolayers dominates due to the concentration of
charge density around the B/C atoms, which is absent in the rest
of the atoms. The charge localization around the B/C atoms
validates their dominant electronegativity over the W, Mn, and
Fe atoms. Bader charge analysis** shows that the charge trans-
fers of around 1.45 e, 1.85 e, and 2.91 e~ occur from W,,
WMn, and WFe atoms into BC compounds.

According to the PBE (PBE + U) calculations, the lattice
constant (a = b) of the W,BC, WMnBC, and WFeBC monolayers

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 From left to right, the first three figures illustrate the top and side view of the optimized unit cell, the electron localization functions (ELF),
and the charge density difference (CDD) in the 2 x 2 supercell. The ELF iso-surface values is approximately 0.280 e~ A~ and that of charge
density difference is 0.016 e~ A~* for WXBC monolayers. The coloured balls on the left side of the figure denotes the atoms in the WXBC
structures. The last figure on the right side represent the phonon dispersions curves for WXBC monolayers.

were found to be 3.00 A (3.00 A), 2.89 A (2.91 A), 2.87 A (2.89 A).
It is noted that the PBE + U calculations for the WMnBC and
WFeBC cases produces enhanced lattice constant. This shows
that the Hubbard U correction yields low bonding stiffness in
these structures as compared to that obtained in PBE calcula-
tions. It is anticipated that the inclusion of the Hubbard U will
affect the magnetic properties of the WXBC monolayers. For
PBE calculations, the estimated W-B (W-C), W-B (Mn-C) and
W-B (Fe-C) bond lengths are 2.30 A (2.18 A), 2.22 A (2.38 A) and
2.20 A (2.36 A) respectively along the direction (interlayer
height). The bond lengths in the plane are 2.15 A (2.14 A), 2.05 A
(2.09 A) and 2.05 A (2.07 A) for W-B (W-C), W-C (Mn-B) and W-
C (Fe-B) respectively. Overall, the estimated lattice constants
and bond length values are either larger or consistent with
those reported for TM,BC sheets.”> To assess the energetic
stability of the WXBC monolayers, we examine both the

© 2022 The Author(s). Published by the Royal Society of Chemistry

cohesive energy (E.on) and formation energy (E¢) per atom. The
following equation is used to calculate E.op:

Econ = (Ew + Ex + Eg + Ec — Ewxpc)/4 (1)
where Ev, Ex, Eg, Ec represent the total energy of an isolated W,
X = (W, Mn, Fe), B and C atoms, respectively. Eyxpc stands for
the total energy of W,BC, WMnBC, and WFeBC monolayers. As
listed in Table S1,} the estimated E,,;, are 7.98 eV, 6.69 eV, and
6.86 eV for W,BC, WMnBC, and WFeBC monolayers, respec-
tively. The positive E.,p values indicate that WXBC monolayers
are energetically feasible. The E.,, for WMnBC and WFeBC
monolayers are lower than that of the W,BC monolayer. This
shows that the substitutional doping of the W atom with X =
(Mn, Fe) atoms yields low atomic binding in the WXBC struc-
ture. The E.,p, value is comparable or larger than some reported
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tetragonal 2D sheets, such as Mo,B, (6.49 eV)" and Ti,C, (6.98
eV).** The E; is then estimated as

Er = (Ewxpc — Mw — #x — U — uc)/4 (2)

where uw, and ux, 4g, uc denote the chemical potentials of W, X,
B, and C atoms, respectively. The uaeom is estimated from the
equation given as faiom = Epui/N, where Epy represents the
total energy of bulk W, X, B, and C atoms. N denotes the number
of W, X, B, and C atoms in the bulk form of W, Mn, and Fe with
space groups Pbcm, Fm3m, and P6;/mmc, respectively, whereas
graphene and borophene were used to represent the B and C
atoms. The calculated Ef are listed in Table S1.1 It is noted that
Egg values for W,BC (—0.12 eV) and WMnBC (—0.03 eV) are
negative while that of WFeBC (0.03 eV) is nearly zero. This
indicates that the WXBC monolayers are thermodynamically
stable and hold promise for the experimental synthesis.

As a further check on the stability of the WXBC monolayers,
we compute the in-plane stiffness (Y) and Poisson's ratio ()
using the strain-energy approach.*>?® The calculated Y (v) along
the x or y strain directions are summarized in Table S1.1 The
estimated Y (v) values illustrate the good mechanical stability of
WXBC monolayers. We expect a stiffer bonding network in the
W,BC monolayer than the bonds in WMnBC and WFeBC
monolayers. It is noted that all positive Y (v) values are isotropic
for W,BC and WMnBC monolayers and anisotropic for the
WFeBC case. For the WFeBC case, the Y value in b direction is
larger than that of a direction, indicating that this WFeBC
would resists compression along the b-axis than the g-axis.
However, all calculated Y values show that they satisfy the
minimum Born criteria for elastic stability of tetragonal 2D
materials.’” In comparison, the Y values for W,BC (210.63 N
m~ ') and WFeBC (208.93/216.09 N m™ " along a/b) are larger
than those reported for Ti,BN (200.40 N m ") sheet.*

To evaluate the dynamic stability of these monolayers, we
have plotted phonon dispersion curves in Fig. 1. The phonon
curves for WMnBC illustrate no imaginary phonon frequency
along to whole high symmetry points in the Brillouin zone. The
highest frequency of these monolayers reaches up to 800 cm ™,
comparable to most of the well-known MBene sheets.*® It can be
concluded that the WXBC monolayers are robust materials
owing to their high optical vibration modes. To demonstrate the
thermal stabilities of WXBC monolayers we carried out AIMD at
300 K using 4 x 4 x 1 supercell. As displayed in Fig. S2,7 the
structural integrity of WXBC are preserved at room temperature
with no structural deformation. In general, the obtained
stability results show that the WXBC monolayers could poten-
tially be synthesized in the experiment. To establish an easy
comparison with the previous reports, all the stability checks
have been done using PBE calculations.

Having established the stability of the WXBC monolayers, we
determined the favorable magnetic ground state for WXBC
monolayers. As illustrated in Fig. S3,1 a ferromagnetic (FM) and
two different antiferromagnetic (AFM) states in the 2 x 2 x 1
supercell has been considered. The estimated values of the
exchange energies for these magnetic states are listed in Table
S2.f It is clear that the magnetic ground state for WXBC
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monolayers corresponds to the FM state. Table S17 lists the
magnetic moments obtained at PBE levels for WXBC mono-
layers, and the W,BC is found to be non-magnetic. However, the
magnetic moment for W,BC appeared when the Hubbard U
correction was included. This implies that the Hubbard U
correction in W,BC structure yields a polarized spin in the 5d
orbitals of the W atom after orbital reorientation.

For PBE + U calculations, there is a magnetic moment of 1.6
Up, 2 mup, 3 up per atom for W,BC, WMnBC, and WFeBC
monolayers, respectively. Table S17 summarises the magnetic
moment of each magnetic ion. The magnetic moment is mainly
from Mn (2 ug), Fe (2 up) magnetic ions for the WMnBC and
WFeBC cases. The remaining atoms have their magnetic
moment reduced. It should be noted that with respect to
Hund's rules, an isolated Mn and Fe atoms would have about 5
ug and 4 ug, respectively. However, due to the bonding influence
of surrounding atoms in the W,BC, WMnBC and WFeBC
monolayers, the total magnetic moment becomes decreased.
The charge density difference (CDD) plot, evidently show that
the concentration of magnetic moment around magnetic ions,
namely Mn, Fe and W atoms in the WMnBC and WFeBC
monolayers (see Fig. 1).

Based on the FM ground-state of WXBC structures, the
electronic property is then examined. To correct the self-
interaction errors which can be seen in these kinds of WXBC
monolayers (involving strongly correlated atoms), the PBE + U
calculations have been considered. This is the fact that the
electronic properties of strongly correlated systems can be
improved by using the PBE + U method.* The band structures
and their corresponding projected density of state (PDOS) for
the FM WXBC monolayers are displayed in Fig. 2. It is clear that
all structures exhibit a metallic electronic character. There is
clear evidence of asymmetric spin states around the Fermi level
and beyond for all cases, confirming the presence of magnetic
moments. From the PDOS plots, the contributions of the states
around the Fermi level are mainly dominated by d orbital of W,
Mn, and Fe atoms in both spin channels.

To evaluate the suitability of WXBC monolayers in practical
spintronic devices, we estimate their MAE and 7. parameters.
The MAE and T are well-known parameters used to measure
the preservation of FM long-range ordering against thermal
fluctuations. For MAE, an out-of-plane [001] (along the z-direc-
tion) and four in-plane magnetization directions ([100], [010],
[110], [111]) were considered. The relative energy values for
these magnetization directions are summarized in Table S3(a)-
(c).T The W,BC monolayer magnetization direction is out-of-
plane [001] (see Table S3(a)t), whereas the remaining mono-
layer magnetization direction is in-plane [100]. It is noted that,
the magnetization easy axis (EA) switches from out-of-plane to
EA in-plane when one of the W atoms are substituted with
either an Mn or Fe atom. This is due to the dominant feature of
the orbital moment (L,) of the W in both spin channels around
Fermi level. As a result, the total energy of the sheet is reduced,
favoring the out-of-plane direction magnetization axis, as
shown in Table S3(a).t For the remaining WMnBC and WFeBC
cases, sharp peaks in the minority spin around the Fermi level,
which resulted in an in-plane MAE magnetization axis. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 From left to right, the figure shows the band structure and partial density of states (PDOS) of WXBC monolayers.

estimated out-of-plane MAE value of the W,BC monolayer is
approximately 1213 peV per W atom. The in-plane MAE values
of WMnBC and WFeBC monolayers are 247 peV and 20 peV per
magnetic atom, respectively. It is also noted that the MAE
decreases for both WMnBC and WFeBC cases. This means that
substitutional doping of the W atom with the Fe atom corre-
sponds to the low spin-orbital coupling (SOC) interaction in the
WFeBC structure, which reduces the MAE. Our calculated MAE
values are larger than those reported for MBene and related
structures.®**

We also investigate the effects of electric field strength and
mechanical strain on MAE. Since in-plane MAE is not our target,
henceforth, we shall focus on the W,BC monolayer. Table S4
(a)t summarizes the dependence of electric field on MAE values
in the range of 0.2-1.0 eV A~*. The computed MAE value under
the electric field strength decreased as compared with the one
obtained for the bare W,BC monolayer. However, despite the
reduction in MAE under electric field strength, a sizable MAE
value is still maintained and is comparable to or larger than
most of MBene's reported MAE values. However, the MAE values
show an increasing pattern as larger electric field strength is
applied until it reaches the value of 0.8 eV A~* and then abruptly
decreases at 1.0 ev A", It should be noted that we did not
observe any change in the EA up to a maximum of 1.0 eV A~*
electric field strength. Concerning the effects of mechanical
strain on the MAE, we applied biaxial strain in the range of —3%

© 2022 The Author(s). Published by the Royal Society of Chemistry

to 6% using a 3% step size. The obtained results of MAE vs.
strain are listed in Table S4(b).T It is noted that the mechanical
compression @ —3% and stretching @ 6% favor enhancement
of MAE. It can be deduced that these strain points correspond to
larger SOC as a result of increased W-W interactions.

Next, we examine the angular dependence of MAE over
a range of magnetization angle (#) along the xz (MAE,,), or yz
(MAE,,) planes for W,BC monolayer. Firstly, we performed DFT
calculations of MAE,, and MAE,, as function of §. The obtained
DFT data is then fitted to an equation expressed as:

MAE(f) = K, sin 6> + K sin 6* 3)

where K; and K, stand for magnetocrystalline anisotropy coef-
ficients. 0 is evaluated relative to the easy axis. The fitted data of
MAE,,, MAE,, vs. ¢ from eqn (3) are displayed in Fig. 3. It is
noted that the MAE,,, MAE,, reaches a peak value at § = 7t/2. We
then evaluate the best fit values of the effective K; and K, from
the Fig. 3. The estimated K; value is 945 peV per W atom while
K, value is ignorable. The K; value is positive demonstrating
that MAE,,, MAE,, prefer a single easy axis. Overall, the MAE
values suggest that FM ordering in WXBC may offer a reason-
able resistance against heat fluctuation, which is a desirable
property for high-density storage spintronics devices.

To investigate the magnetic phase transition temperatures of
WXBC monolayers, 2 x 2 x 1 supercell and three different

RSC Adv, 2022, 12, 28433-28440 | 28437
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(a) The figure displays the MAE as function of magnetization angle of W,BC monolayer with the direction of magnetization lying on (i) xz,

(i) yz planes and the two (iii) xz, and yz planes respectively. (b) Total magnetization as a function of temperature for the W,BC monolayer.

magnetic orientation are used. The analysis of the three
magnetic states FM, AFM1 and AFM2 can be derived as follows:

E(FM) = Ey — 8J,u% — 9J,u> (4)
E(AFM1) = E, + 8J1u> + Jou® (5)
E(AFM2) = Ey — 8J,u2 + 9J,u° (6)

where u denote the magnetic dipole moment on each magnetic
ions (W, Fe, and Mn atoms), E, stand for the free magnetic
coupling energy, E(FM), E(AFM1) and E(AFM2) represent the
total energy of FM, AFM1 and AFM2 states. J; and J, represent
the ferromagnetic exchange interaction between nearest
neighbors and next-nearest neighbors, respectively. Based upon
the above equations, the exchange parameters (/; and J,) of the
WXBC monolayers can be deduced as:

Ji = —(AE(FM) — 9E(AFMI) + SE(AFM2))(1444%)  (7)

J, = —(E(FM) — E(AFM2))/(184%) (8)

From above eqn (6) and (7), the estimated exchange parameters
J1 and J, are 0.03, 0.02, 0.04 meV pB~2 and 0.02, 0.01, 0.02 meV
uB 2 for W,BC, WMnBC, and WFeBC, respectively. However,
using calculated magnetic exchange energies provided in Table
S2,f we estimate the critical temperatures of these WXBC
monolayers. The critical temperature, which is known as the
Curie temperature, corresponds to the transition from the
ferromagnetic to the paramagnetic phase. To maintain a robust

28438 | RSC Adv, 2022, 12, 28433-28440

long-range FM spin ordering, the candidate materials should
have at least room temperature Tc. We plot the total magneti-
zation as a function of temperature for the W,BC monolayer in
Fig. 3(b) based on MC results. We also provide the magnetic
susceptibility and specific heat vs. temperature in Fig. S5.1 The
W,BC monolayer retains its ferromagnetic ordering at low
temperatures, as shown in Fig. 3(b). The T¢ value appears at
a temperature of 155 K. This means the phase transition from
the FM to paramagnetic phase occurs at a low temperature due
to the low value of exchange interaction constants of the W,BC
monolayer. As a case of comparison, we also use the mean-filed
approximation to estimate the T of W,BC which is defined as

9)

where Er and N stands for the relative between the AFM and FM
states and the number of magnetic atoms in the unit cell. The
Boltzmann constant kg is taken as 1.38064852 x 10 2* J K.
The calculated T value is 185.67 K for W,BC monolayer. As
expected the mean-field approximation overestimates the T of
W,BC monolayer by about 19.3%.

It should be emphasized that WXBC (X = Mn, Fe) mono-
layers exhibit an in-plane MAE. This means that the magnetic
state of the WXBC (X = Mn, Fe) monolayers corresponds to XY
model, which is a limiting case of the Heisenberg model. This
phenomenon has been observed in our previous studies, that
WXBC (X = Mn, Fe) monolayers exhibit a very unique Bere-
zinskii-Kosterlitz-Thouless (BKT) transition® at low tempera-
ture. This is because Mermin-Wagner theorem emphasizes that

TC = ZER/(3kB]V)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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at a finite temperature, monolayer crystals e.g. WXBC cannot
have long-range order.** Thus, according to the XY model,** the
BKT can be evaluated as

Tc = 0.89(Earm — Erm)/8kp. (10)

The Exgm — Erm has been listed in the Table S2.1 The esti-
mated BKT temperatures are 374.69 K and 417.39 K for WMnBC
and WFeBC, respectively. The obtained BKT temperature values
are above room temperature (300 K).

To evaluate if the WXBC monolayers will favorably store Li-,
Na- and K-ions, we estimate the adsorption energies (E,qs) of
these Li-, Na- and K-ions on the WXBC (atm@WXBC) surfaces.
The E,q4s is defined as

(11)

where the parameters E,m@wxsc; Ewxsc represent the total
energy of atm@WXBC systems and the energy of WXBC
monolayers, respectively. The E,, represent the total energy of
Li, Na, K atoms (in bulk phase). atm stands for Li, Na, K atoms.
Positive E,q5 corresponds to either weak or strong adsorption of
atm on the WXBC surfaces. It should be noted that only PBE +
D2 has been considered for the atm@WXBC -calculations.
According to the (2 x 2 x 1) WXBC symmetry, the initial
adsorption sites (Ads.) are; at the top of W (Tw), Fe (Tr.), Mn
(Tmyn), B (Tg) atoms and Hollow (Ty) for Li-, Na- and K-ions. All
atoms in the atm@WXBC systems are allowed to move freely
without any structural constraint during optimization. The
WXBC sheet remains planar with no sign of reconstruction after
the atm are absorbed (see Fig. S61). The stable Ads. are listed in
Table S6.} Different Li, Na, and K atoms Ads. are found except
for the WMnBC and WFeBC with adsorbed Li cases.

To assess the magnetic ground state, an AFM and FM
calculations have been performed for all atm@WXBC systems.
According to the obtained relative energy (see Table S51) values,
FM corresponds to magnetic ground state for all atm@WXBC
systems. All the structural, energetic, electronic, and magnetic
parameters for the energetically preferred atm@WXBC systems
are listed in Table S4(b).t As is known, the W,BC monolayer is
non-magnetic using the PBE method, however, an FM order
with weak magnetic moment per unit cell is found when atm
are adsorbed on the W,BC surface. This shows that there is an
orbital reorientation in the atm@WXBC which produces
polarized spins in the atm@WXBC system. The large magnetic
moment per unit cell can be seen for atm@WXBC (X = Mn, Fe)
cases. This indicates a parallel coupling (FM order) between the
spins of the adsorbed atm with those of W, Mn, and Fe atoms
electrons spin in this atm@WXBC (X = Mn, Fe) monolayers.
Fig. S67 provides the CDD for atm@WXBC (X = Mn, Fe)
systems. The CDD plots validate the magnetic moment distri-
bution that show the concentration of magnetic moment
between adatoms and nearest-neighbor atoms in the
atm@WXBC (X = W, Mn, Fe) systems.

From eqn (4), we calculated E, g4, for atm at WXBC as listed in
Table S6.1 It is clear that all E,q45 values are large and positive,
which guarantees the chemical adsorption of Li, Na, and K

E.qs = (Ewxsc * Eatm) — Eam@wxBsc

© 2022 The Author(s). Published by the Royal Society of Chemistry
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atoms on the WXBC monolayers without the tendency for Li,
Na, and K cluster formation. However, the E,q' values are
desperate. This is mainly due to electron transfer between
positively charged Li", Na*, and K" ions and WXBC monolayers.
According to Bader's charge analysis, all adsorbed Li, Na, and K
transfer electrons to the WXBC monolayers, which corresponds
well with the electronegativity of the surrounding atoms. The
adsorption height (%) between the Li, Na, K atoms and WXBC
surfaces is also provided in Table S6.f It is also evident that the
h values obtained vary relatively according to E,qs values. For
example, the 7 (2.29 A) is lower for the LI@ WMnBC system with
E.gs (6.71 eV), and 7 (2.65 A) is higher for the Na@WFeBC case
with E.qs (6.60 €V). We also provide the spin-polarized TDOS of
each atm@WXBC systems in Fig. S7.1 The metallic properties of
bare WXBC monolayers are maintained for atm@WXBC cases.
The majority and minority spin states of TDOS plots for
atm@WXBC systems are asymmetric, which further validates
the presence of magnetic moments.

4  Summary

We investigated the spin-related and adsorption properties of
a new class of stable 2D WXBC (X = W, Mn, Fe) monolayers.
DFT calculations confirmed that WXBC monolayers exhibit
good energetic, mechanical, and dynamic stabilities. We find
that all WXBC monolayers prefer a ferromagnetic ground state
with metallic electronic property. Moreover, we investigate the
potential of WXBC for spin-related applications. Based on the
2D Heisenberg MC simulations, we predict Curie temperatures
(Tc) of 155 K for the W,BC monolayer. The BKT temperature
values of WMnBC and WFeBC are as high as 374.69 K and
417.39 K. More importantly, these monolayers exhibit large
magnetic anisotropy energy (MAE) of 1213 peV, 247 peV and 20
peV per atom for W,BC, WMnBC, and WFeBC, respectively. An
out-of-plane easy axis (EA) magnetization direction is found for
W, BC whereas the EA for WMnBC and WFeBC are in-plane. For
W2BC monolayer, the MAE can be enlarged under biaxial strain
in the range of —3% to 6%. For further investigations, the
adsorption properties of Li, Na, and atoms on WXBC (atm-
WXBC) systems are examined. It is revealed that the initial
ferromagnetic metallic properties of bare WXBC monolayers are
maintained for all atm-WXBC systems. The obtained strong
chemisorption energies are high enough to make adsorbed Li,
Na, and K immobile on WXBC surfaces. Our results suggest
a promising route to design WXBC monolayers for spin-related
and storage applications, which will arouse the further experi-
mental interests.
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