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Two-dimensional (2D) magnetic crystals are ideal platforms for the employment of simple physical models in
the exploration of magnetism in a 2D limit. Instead of examining 2D van der Waals materials, the focus of our
study is on adatoms that carry intrinsic magnetic moments and are assembled into 2D arrays at a suitable surface.
We applied density functional theory (DFT) to investigate Fe nanostructures formed on a borophene sheet
deposited at Ag(111) surface and identified stable Fe-based 2D magnets formed either on top of the borophene
or at the interface between the borophene and Ag(111) surface. The structures are composed of close-packed
Fe wires, featuring ferromagnetism within the chain and the interchain antiferromagnetic coupling. Exchange-
and single-ion anisotropy constants extracted from DFT calculations are used to describe these systems with the
classical Ising and Heisenberg models. The corresponding Monte Carlo simulations revealed finite temperature
magnetic ordering, with the estimates of critical temperatures of 105 and 30 K derived from the anisotropic
Heisenberg model, for the Fe-based magnets grown above and under borophene, respectively.
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I. INTRODUCTION

The isolation of a single graphene layer in 2004 [1], fol-
lowed by the demonstration of numerous fascinating physical
and chemical properties [2,3], triggered the research focused
on two-dimensional (2D) crystals and produced an ample
amount of new 2D materials with diverse structural and elec-
tronic properties [4—7]. Nonetheless, in the landscape of van
der Waals materials produced by a simple mechanical exfo-
liation, only a few exhibit nontrivial magnetic properties [8].
In addition, for being among the most promising candidates
for possible applications in spintronics [9], these materials are
precious tools for testing the fundamental physical models
of magnetism in a 2D limit. According to recent studies, a
monolayer of ferromagnetic isolator Crl; preserves magnetic
order up to 45 K [10], a FePS3; monolayer was reported to
display an Ising-type antiferromagnetic ordering [11], and
Cr,Ge,Teg was described as a nearly ideal two-dimensional
Heisenberg ferromagnet [12].

In graphene, hexagonal boron nitride (h-BN), and other
most common nonmagnetic 2D materials, fabrication of struc-
tural defects and/or doping with magnetic atoms are the
simplest approaches to induce magnetism. Density functional
theory (DFT) calculations indicated the emergence of spin-
polarized states at the monovacancies of graphene [13] and
later experiments demonstrated the paramagnetic nature of
defected graphene sheet [14]. Nonzero magnetic moments
were also reported at C atoms buried in other defects of
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honeycomb lattice [15], graphene edges [16,17] or graphene
functionalized with hydrogen [18,19] or fluorine [20]. Ad-
ditionally, the doping with metal atoms was used to induce
magnetism in transition metal dichalcogenides [21,22] and
to enrich their functionalities. However, when adsorbed at
graphene or h-BN, transition metal adatoms tend to cluster
[23], which indicates efforts to control the size and elec-
tronic properties of deposited metal nanostructures. On the
other hand, the same adatoms attached to the point defects
of graphene or h-BN are structurally very stable and do not
agglomerate [24], since monoatomic defects act as trapping
centers that prevent diffusion of adatoms and suppress their
aggregation into bigger structures. The metal atoms embedded
into point defects might carry out nonzero magnetic moments,
yet these defects are randomly distributed across graphene or
h-BN which makes the long-range ordering of atomic mag-
netic moments highly unlikely [14].

Recently Feng et al. synthesized a sheet of 2D boron,
borophene (B-2D), using Ag(111) surface as a substrate [25].
The borophene lattice is a triangular structure composed
of the six-coordinated B atoms mixed with five- and four-
coordinated atoms around the holes, arranged into perfect
arrays. Using the same substrate Mannix et al. generated
other borophene polymorphs and studied their structural and
electronic properties [26]. These experiments confirmed the
existence of stable B-2D crystal predicted by first-principles
calculations [27], while further research resulted in the atom-
istic description of the growth mechanism of borophene on
Ag(111) [28]. Moreover, the borophene has also been grown
at Al(111) [29], Au(111) [30], Cu(111) [31], and Ni(111)
surfaces [27]. DFT calculations also predicted borophene with
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FIG. 1. (a) Top view of free-standing borophene sheet; the corresponding (b) total DOS and (c) DOS projected on 2p orbitals of six- and
four-coordinated B atoms, labeled as By and B,, respectively; (d) top and side view of the borophene sheet on Ag(111); (e) the corresponding
DOS projected on 2p orbitals of six- and four-coordinated B atoms. Boron and silver atoms are presented by small ochre and big gray spheres,

respectively.

larger holes [32], and later theoretical studies suggested su-
perconductivity in borophene [33]. Overviews on the recent
results were presented in Refs. [34,35] .

In the present manuscript we applied DFT to explore
the prospects of using borophene deposited on silver (B-
2D/Ag(111)) as a template to grow well-ordered Fe nanos-
tructures. At variance with randomly generated point defects
in graphene, the holes in borophene are well-ordered and
closely packed, hence they might stabilize different kinds
of regular magnetic nanostructures when decorated with Fe
adatoms. Exploiting this particular property of borophene
mesh, we identified the most stable nanostructures of Fe
adatoms, studied their spin magnetism, and inspected their
ability to sustain the long-range magnetic order.

The manuscript is organized as follows: Section II contains
the description of the computational methodology applied in
this work; in Sec. III are presented the results on structural
and magnetic properties of Fe atoms at B-2D/Ag(111) found

combining DFT, simple models and Monte Carlo simulations.
Finally, the main findings are summarized in Sec. IV.

II. COMPUTATIONAL DETAILS

DFT calculations were carried out with QUANTUM
ESPRESSO package [36,37], based on pseudopotentials and
the plane waves. The wave functions and the electron density
were expanded in plane waves with cutoff energies of 45 and
300 Ry, respectively. The exchange and correlation effects
in the electron gas were taken into account by means of
Perdew-Burke-Ernzerhof parametrization form within gener-
alized gradient approximation [38], and the electronic states
were occupied employing the Methfessel-Paxton smearing
with the smearing parameter of 0.03 eV. The free-standing
B-2D as well as B-2D on Ag(111) were modeled within the
(1 x 1) surface cell depicted in Fig. 1(a), periodically repeated
in the plane of the 2D crystal. To represent Ag(111) surface
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we used a three-layer slab, with at least 20 A of vacuum.
All B, as well as all Ag atoms except those from the bottom
layer were allowed to relax until the forces on atoms are less
than 0.02 eV/A. The relaxation was performed employing the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [39].
The atoms from bottom Ag(111) layer were fixed in their
bulk positions. The surface Brillouin-zone (BZ) of the (1 x 1)
surface cell was sampled with 256 special k points [40]. The
calculations of Fe monomers, dimers, trimers, and infinite
Fe chains at free-standing or Ag(111)-supported B-2D were
carried out using (4 x 2) surface cell, and the BZ sampling
was adjusted to match the k-point density to the one used in
the calculations with the (1 x 1) cell. Magnetic anisotropy en-
ergy (MAE) of Fe nanostructures, needed for the derivation of
single-ion anisotropy constants, were calculated with WIEN2K
code [41]. In particular, MAE is obtained with force theorem
approach [42] from calculations with spin-orbit coupling in-
cluded as a difference in band energies for two magnetization
directions—one pointing along the direction perpendicular to
the Ag(111) surface (easy axis) and another parallel to the Fe
chains (hard axis). We used the Atomic Simulation Environ-
ment package to setup and display studied structures [43,44]
and XCrysden [45] for contour plots of induced charge den-
sity.

Monte Carlo simulations were carried out on a square
lattices with 100 x 100 sites, applying periodic boundary con-
ditions, and the Metropolis algorithm to update spins. The
initial, random spin configurations were equilibrated perform-
ing 100 000 steps per lattice site, and then additional 100 000
steps per site were used to calculate the average magnetization
at a given temperature. To improve the accuracy of the simu-
lations, this procedure was repeated 20 times and the mean
values were reported as the final results.

III. RESULTS AND DISCUSSION

A. Pristine borophene (B-2D)

The borophene (B-2D), depicted in Fig. 1(a), represents a
sheet of B atoms, arranged in a triangular lattice with a regular,
close-packed hexagonal holes (HH) due to missing B atoms.
Depending on the holes arrangement, there are different B-
2D phases. In this work we studied the S, [25,46] phase
which, according to recent scanning tunneling microscopy
(STM) measurements and DFT calculations, can be deposited
on Ag(111) in several different manners [25,47] with similar
adhesion energies. We focus on the S3 phase presented in
Ref. [47] and here depicted in Fig. 1(d), since it provides a
suitable framework to grow well-ordered Fe structures. DFT-
calculated lattice parameters of the S3 phase, a = 2.94 and
b =5.09 A, agree well with the findings from the experimen-
tal STM imaging as well as with previous DFT calculations
[47,48]. The total density of states (DOS) plot [Fig. 1(b)]
demonstrates the metallic character of the sheet. The coordi-
nation number of B atoms varies in the range from four and
six, which gives rise to the difference in the local electronic
properties of the sheet [Fig. 1(c)], with noticeable higher DOS
near the Fermi level (Ef) originating from the 2p states of the
B; as compared to those of the B; atoms.

Theoretically predicted B-2D has been synthesized only re-
cently [25], using Ag(111) surface as a support. In our model

of the B-2D at Ag(111) the arrays of close-packed HH are
oriented along the [110] direction of the Ag(111). Since the
a lattice parameter of the B-2D matches nearly perfectly with
the distance between neighboring Ag atoms, the S3 phase pre-
serves translational symmetry of the underlined metal lattice
along the [110] direction. Hence, the B-2D/Ag(111) can be
modeled using a small surface unit cell, depicted in Fig. 1(d).
DFT calculations reveal a modest interaction between the
B-2D and the Ag(111), with the binding energy of 0.12 eV
per B atom. The plots of the local electronic properties of
the B atoms presented in Fig. 1(e) indicate a substantial
charge transfer from Ag(111) substrate to the borophene. The
B-2p states from the peak near Ep, partially occupied in the
free-standing sheet, are shifted below the Fermi level upon
borophene adsorption on Ag(111).

B. Fe nanostructures at B-2D/Ag(111)

The differences in the local electronic properties of B
atoms, caused by different coordination, are usually directly
correlated with their reactivity. When considering the same
chemical element, the low-coordinated atoms are expected to
bind adsorbates stronger than the atoms with higher coordi-
nation. Binding energies obtained from our DFT study of Fe
adatoms on free standing or Ag(111)-supported B-2D follow
this common trend. The adsorption geometries of Fe atom
at B-2D/Ag(111) are depicted in Fig. 2(a) with the corre-
sponding binding energies presented in Fig. 2(b) and listed in
Table 1. For comparison, in Table I we also provided Fe atom
binding energies at the free-standing B-2D, in the adsorption
sites equivalent to those of the Ag(111) supported sheet.

The HH sites of B-2D/Ag(111) are by far the most fa-
vorable ones, with the binding energies of 3.70 and 3.32 eV
for Fe atoms under or above B-2D, respectively. These two
adsorption geometries, labeled as I and II, are depicted in
Figs. 2(c) and 2(d). We also inspected the diffusion of the
Fe atom through the HH, from the site II to the site I, and
found that this process is accompanied with the energy bar-
rier of 1.0 eV. Although the binding under the borophene
is favored by thermodynamics, if the surface temperature or
kinetic energy of deposited atoms is not sufficiently high, the
Fe adatom will remain above the borophene surface, trapped
in the adsorption site II. The Fe binding energy of 2.98 eV
under the sheet in the adsorption geometry III [Fig. 2(a)]
is weaker than those under or above the HH, yet it is still
significantly stronger than binding to any other site above the
sheet (adsorption geometries IV-VII). The binding energies of
all seven adsorption sites marked in Fig. 2 are presented in
Table I, together with the Fe magnetic moments. For the sake
of completeness we included the results for the corresponding
adsorption sites on the free-standing borophene. The much
stronger binding of Fe atoms on the free-standing sheet when
compared to the one supported by Ag(111) is in accordance
with the expected decline in the reactivity of the borophene
upon the interaction with the Ag(111) surface.

The study of two or more Fe atoms coadsorbed at the
B-2D/Ag(111) clearly demonstrates the tendency of adatoms
to form dimers. The most stable adsorption geometry of
two Fe atoms above the sheet is depicted in Fig. 3(a). The
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FIG. 2. (a) Fe adsorption sites and (b) the corresponding binding energies at the B-2D/Ag(111). The yellow and green circles represent
adsorption sites under and above the borophene, respectively. Unstable adsorption sites are presented by open blue dotted circles and the
red arrows are pointed towards the nearest stable adsorption geometries; (c) top and (d) side (inset) views of the most favorable adsorption
geometries, labeled as I and II in the panel (a). Fe atoms are depicted as iceblue spheres, and for boron and silver atoms the same color scheme
as in Fig. 1 is used.

corresponding binding energy of 3.52 eV/atom is 0.2

TABLE I. The binding energies and the magnetic moments eV /atom higher as compared to the case of a single atom
per Fe atom, calculated for the adsorption geometries depicted in in the site TI. The distance between Fe atoms of 2.48 A is
Fig. 2(a), dimers, trimers, and infinite chains in Fig. 3. For all nanos- noticeably larger than 2.01 A’ found for the gas—phase Fe,
tructures we compared adsorption geometries where Fe atoms were [49], but considerably smaller than 2.93 A’ corresponding to
adsorbed above (A) and under (U) borophene sheet at Ag(111). the separation between the holes in B-2D at Ag(111). The
calculated Fe, bond length represents a compromise between

Ff;;;;ﬁcﬁ:g fg (21?{) the competing effects of the holes’ high reactivity, acting

in favor of the dimer stretching, and a strong Fe-Fe inter-

Binding Magnetic Binding  Magnetic action, giving rise to its contraction. The dimer adsorbed

energy moment  energy moment under the borophene [Fig. 3(b)] is considerably more stable

Configuration (eV/atom) (up/atom) (eV/atom) (pg/atom)  than the Fe, above the B-2D sheet, with the binding energy
I [Fig. 2(a)] B B 370 297 of 4.21 eV/atom. The correspon.ding bond lenth of 2_.40
11 [Fig. 2(a)] 4.57 101 332 202 A. reflects further dimer contractllon due to the interaction
I [Fig. 2(2)] _ _ 2.08 152 with Ag(111) surface. The potential energy landscape of the
IV [Fig. 2(a)] .84 218 265 311 metal surface is flatter than the one of B-2D, and thus the
V [Fig. 2(a)] _ _ 252 281 preference for Fe binding at specific adsorption sites is not
VI [Fig. 2(a)] _ _ 2.50 2.74 that pronounced as at borophene. Similar binding trends oc-
VII [Fig. 2(a)] _ _ 237 271 cur for Fe trimers; the Fe; above the borophene [Fig. 3(c)]
Fe,-A [Fig. 3(a)] 4.85 1.07 3.52 3.01 binds by 3.72 eV /atom, significantly weaker than for the Fe;
Fe,-U [Fig. 3(b)] - - 4.21 2.80 inserted between borophene and Ag(111) [Fig. 3(d)] when
Fe;-A [Fig. 3(c)] 4.78 1.24 3.72 2.29 the binding energy increases to 4.33 eV/atom. The adsorp-
Fe;-U [Fig. 3(d)] - - 433 2.04 tion energies of Fe atoms from an infinite chain [Fig. 3(e)]
Fechain-A [Fig. 3(e)]  4.88 1.04 3.99 2.07 show that an elongation of the linear nanostructures fur-
Fechain-U [Fig. 3(D)] - - 4.34 1.36 ther stabilizes Fe adatoms. The chain under the borophene

[Fig. 3(f)], like the other Fe nanostructures, are more
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FIG. 3. Top and side (inset) views of Fe (a) dimer, (c) trimer, and (e) an infinite Fe chain above (A) or (b), (d), and (f) under (U) the holes
of borophene sheet at Ag(111) surface, respectively; the corresponding (g) adsorption energies, and (h) magnetic moments per Fe atom. The

color scheme of atoms is the same as in Fig. 2.

stable than its counterpart above the borophene sheet. All
calculated adsorption energies and average magnetic moments
of Fe atoms are compared in Figs. 3(g) and 3(h) and listed in
Table I.

The Fe adsorption structures in Figs. 2 and 3 are magnetic,
with the spin magnetic moment per Fe atom in range from
1.36 up in the chain in Fig. 3(f), to 3.01 up per atom, in

the dimer in Fig. 3(a). The magnetic moments at the atoms
adsorbed below the sheet, near the Ag(111), are considerably
smaller than those of the Fe adatoms on top of the borophene.
This is in line with the expectation that stronger binding
enhances delocalization of Fe 3d states and thus reduces the
exchange splitting of their spin-majority and spin-minority
states. The Fe adatoms considerably enhance the buckling of
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FIG. 4. Top views of the (a) well-separated and (b) closely
packed Fe chains on B-2D/Ag(111). The 4 x 2 surface unit cell used
in the calculations is marked by a black rectangle. The enumeration
of Fe atoms corresponds to Egs. (1) and (2), and black double
arrowed lines indicate the coupling constants between Fe atoms. The
color scheme of atoms is the same as in Fig. 2.

the B-2D sheet, from 0.1 A, calculated for pristine borophene
at Ag(111), to the value of 1.37 A for the Fe trimer at B-
2D/Ag(111).

1. Fe wires and Fe-based 2D magnets at B-2D [Ag(111)

Now we focus on the properties of infinite Fe monoatomic
wires grown above or under B-2D supported by Ag(111).
Using the 4 x 2 surface unit cell (Fig. 4) we studied Fe chains
separated by 10.14 A, considered in this work as noninteract-
ing [Fig. 4(a)], as well as the structures of closely packed Fe
wires, where the interchain distance was halved [Fig. 4(b)].
The closer inspection of the structural properties of isolated
Fe wires indicate their strong dimerization [Fig. 6(a)], with the
distances between the nearest neighbors taking the values of
2.60 to 3.26 A for the chain above B-2D and from 2.50 to 3.36
A when Fe chain was inserted between the B-2D and Ag(111).
The borophene buckling for the chain is very similar as for the
trimer above and under the sheet, respectively. The induced

m +0.010

FIG. 5. Fe chain on B-2D/Ag(111): electron charge density in-
duced upon the adsorption of Fe chain, plotted in the chain plane
(dashed black line) perpendicular to the substrate. The thermographic
scale is in electrons/Bohr?. For clarity reasons only Fe atoms, de-
picted by yellow spheres, are shown in the bottom panel.

electron density plot in Fig. 5 shows the redistribution of elec-
trons upon the interaction of Fe wire with the B-2D/Ag(111).
The plot in the plane of the chain, perpendicular to the sub-
strate, reveals that the electronic orbitals of the closest Fe
atoms directly overlap, at variance with the nearest neighbors
at the distance of 3.36 A whose interaction is mediated by two
boron atoms rounded by light blue circles in the top panel of
Fig. 5.

Four different spin configurations of the well-separated
Fe chains grown above (A chains) or under (U chains) the
borophene depicted in Fig. 6(a) are schematically presented
in Fig. 6(b) and labeled as A; and U;, i € {0, 1,2, 3}, re-
spectively. We assumed that energy differences of distinct
configurations obtained from DFT calculations can be de-
scribed with the Ising model

Ering = Ji\(MiMy + M3sMy) + J,(MoM3 + MyMy), (1)

where the exchange interaction is limited to the nearest neigh-
bors (NN). The J; and J, represent the exchange constants
between the NN with two different interatomic distances, as
depicted in Fig. 6(a). The M; are magnetic moments at four
different Fe sites inside the unit cell as determined from DFT
calculations. It turns out that, for a given spin configuration,
the absolute values of magnetic moments of all Fe atoms are
the same. The DFT results of energies of different spin config-
urations, relative to the one with the lowest energy, as well as
the absolute values of Fe magnetic moments, are presented in
Table II. For both A and U chains the ferromagnetic configura-
tions (Ao nd Up) are the most favorable. The plots in Figs. 6(c)
and 6(d) show the perfect match between the DFT results
and the Ising model for the exchange constants J; = 17 and
Jo, = 18 meV, for A chain and J; = 28 and J, = 18 meV in
the case of the U chains. From the plot in Figs. 6(c) and 6(d) it
is noticeable that the spin configurations A; and A,, which can
be viewed as two different antifferomagnetic arrangements
of ferromagnetically coupled dimers, are nearly degenerate.
This degeneracy is lifted in the U chain, where the more
pronounced dimerization affects the exchange interaction and
results in different coupling constants between M; and M,
from that between M, and Mj3. It is worth noting that the
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FIG. 6. (a) Side views of the Fe chains above (top panel) and under (lower panel) B-2D, supported by Ag(111); (b) schematic plot of
four different spin configuration of Fe atoms in an infinite Fe chain at B-2D/Ag(111). The black dotted lines mark the unit cell along the
chain axis, used in DFT calculations; correlation between DFT-calculated energy differences and the corresponding values of considered spin
configurations obtained using the Ising model [Eq. (1)] for Fe chain (c) above (A) and (d) under (U) the B-2D sheet.

TABLE II. Relative energies of different spin configuration in
Fig. 6(b), calculated using DFT (Epgr), the corresponding values
obtained from the Ising model (Eq. (1)), and the absolute values of
the magnetic moments of Fe atoms.

Spin Eber Elsing Magnetic moment
config. V) V) (up/atom)
Ao 0.00 0.00 1.67
Ay 0.20 0.19 1.69
A, 0.20 0.20 1.66
Az 0.38 0.39 1.63
Uy 0.00 0.00 1.15
U, 0.14 0.14 1.19
U, 0.09 0.09 1.14
Us 0.23 0.23 1.01

difference in the energy of ground magnetic state and the least
favorable of studied configurations is largely reduced in the
U chain owing to lower magnetic moments of Fe atoms as
compared to A chain.

When Fe chains were close-packed [Fig. 4(b)], we also
found a strong dimerization of the Fe atoms [Fig. 7(a)].
Furthermore, a small interwire distance of 5.07 A causes a
substantial interaction of the magnetic moments from neigh-
boring chains. Thus, we considered close-packed chains as a
2D magnet and inspected eight different magnetic configu-
rations, depicted in Fig. 7(b). Their energies, relative to the
energy of the most favorable configuration, calculated using
DFT, are presented in Table III. The B-2D corrugation is
smaller than for well-separated chains and reaches the values
of 1.03 and 1.04 A for chains above and below the sheet. To fit
DFT results to a 2D Ising model, in addition to the coupling
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FIG. 7. (a) Side views of the close-packed Fe chains above (top panel) and under (lower panel) B-2D, supported by Ag(111); (b) schematic
plot of unit cell (black rectangle) for eight different spin configuration of closely packed Fe chains at B-2D/Ag(111); correlation between DFT-
calculated energy differences and the corresponding values of considered spin configurations obtained using Eq. (2) for Fe chains (c) above

(A) and (d) under (U) the B-2D sheet.

constants used for the 1D model [Eq. (1)] we introduce the
J3 as a measure of the coupling between the next-nearest
neighbors within the same chain, and the J4, which accounts
for the interaction between closest Fe atoms from neighboring
chains [Fig. 4(b)]. Hence, the 2D Ising model reads

Eising = Ji(MiMs + M3My + ') + JL,(MoMs + MuM, + )
4
+ 20 (M\ M5 + MoMy + ') + 200 ) - MM,

i=1

@

where with ’ we denote the terms analogous to the first two
written in each bracket but counting atoms from the second
chain in the unit cell. Similarly to well-separated chains,
ferromagnetic ordering within the close-packed chains are
the most favorable one. On the other hand, the interchain
exchange interaction favors the antiferromagnetic coupling
so that the spins in the most stable configurations on the
neighboring chains are of opposite signs [24¢ and 2U; con-
figurations in Fig. 7(b)]. As expected from the observed
preferred intra- and interchain ordering, the least favor-
able magnetic configurations have completely opposite spin

074001-8



AB-INITIO AND MONTE CARLO STUDY OF ...

PHYSICAL REVIEW MATERIALS §, 074001 (2021)

TABLE III. Relative energies of different spin configurations in
Fig. 7(b), calculated using DFT (Epgr), the corresponding values
obtained from the Ising model [Eq. (2)], and the absolute values of
the magnetic moments of Fe atoms.

Spin Eprr Elsing Magnetic moment
config. eV) V) (up/atom)
2A¢ 0.00 0.00 1.65
2A 0.40 0.37 1.54
2A, 0.53 0.48 1.56
2A3 0.53 0.48 1.62
2A4 0.49 0.85 1.57
2As 0.73 0.81 1.47
2A4 0.79 0.85 1.53
2A4 0.99 1.17 1.47
20U, 0.00 0.00 1.10
22U, 0.16 0.17 0.82
20U, 0.11 0.10 1.03
2Us 0.27 0.24 0.99
2U, 0.34 0.41 0.79
2Us 0.38 0.38 0.72
2Us 0.28 0.27 0.88
22U, 0.50 0.54 0.09

ordering from the 24, and 2U, configurations — antiferromag-
netic coupling within the chain and ferromagnetic coupling
between the chains [247 and 2U; in Fig. 7(b)]. In general, the
plots presented in Figs. 7(c) and 7(d) show an excellent agree-
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ment between DFT results and the 2D Ising model, with the
exception of a marked discrepancy regarding the configuration
2A,.

C. Monte Carlo simulations of critical temperatures

Standard DFT calculations can only predict magnetic prop-
erties at 7 = 0 K. The robustness of the long-range magnetic
order, which sustains the thermal fluctuations up to critical
temperature (7¢), must be explored using the alternative the-
oretical approaches. Therefore, assuming that Fe atoms at
B-2D/Ag(111) represent a 2D lattice of classical spins, we
employed Monte Carlo (MC) simulations to calculate the T¢
of the structures with Fe atoms being adsorbed above (A) or
under (U) the borophene supported by Ag(111). The exchange
parameters used in the simulations are extracted from DFT
calculations employing the procedure described in the text
above, and their values are depicted in the Figs. 7(c) and 7(d).
It turns out that calculated T¢ greatly differ depending on the
spin dimensionality, as demonstrated for Crlz, where the Ising
model overestimates the critical temperature by a factor of
three when compared to the Heisenberg model and the values
derived from measurements [50].

Firstly, assuming that the dynamics of the Fe-based magnet
above and under the B-2D supported by Ag(111) can be
described within the Ising model, we estimated 7¢ from the
corresponding MC simulations. Figures 8(a) and 8(b) presents
the temperature dependence of the sublattice magnetization
for the 2D Ising model of Fe atoms at B-2D/Ag(111), for
adatoms above and under the sheet, respectively. The T¢ is

S
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o
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©
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350
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FIG. 8. Temperature dependence of the magnetization of Fe-based 2D magnets obtained from Monte Carlo simulations, considering Fe 2D
structure (a) above (A) and (b) under (U) B-2D/Ag(111) and assuming that the magnetic properties can be described using the classical Ising
(I) model. Critical temperature of the Fe-based 2D magnets (c) above (A) and (d) under (U) B-2D/Ag(111) as a function of scaled anisotropy
A/J, calculated combining Monte Carlo simulations and the Heisenberg model with single-ion anisotropy.
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determined as the temperature where the specific heat reaches
maximum. The calculated T¢ of the 2D magnet above B-
2D/Ag(111) of 950 K is considerably higher when compared
to the Fe 2D structure formed under borophene where we
obtained the value of 360 K.

The next step in the MC simulations was to go beyond the
Ising model. Preserving the same exchange interaction param-
eters as in the Ising model, we considered magnetic moments
on Fe sites as classical 3D vectors for which we carried out the
MC simulations in the framework of the Heisenberg model,
adding to Eq. (2) the single-ion anisotropy (SIA) energy term

Esia =AZ (M,-Z)z, 3)

1

where the A represents the SIA parameter for Fe. The addi-
tion of the anisotropy term is essential for existance of the
long-range order in 2D Heisenberg model at nonzero temper-
ature [51-53]. Torelli and Olsen [54] demonstrated that TCIsmg
calculated from the Ising model slowly approaches the result
obtained from the Heisenberg model with an added STA term
in the limit A/J — oo. Following the methodology described
in Ref. [54] we performed MC simulations for the anisotropic
Heisenberg model, considering several values of the A/J;
parameter, as shown in Figs. 8(c) and 8(d). Results from MC
simulations were then fitted to the analytical functions of the
form

Te = T f(A/J), @
with
f(x) = tanh'/3(0.014 x*/?) (A — magnet), )
fx) = tanh'/>(0.027 x*/%) (U — magnet),

From new DFT calculations, which include spin-orbit inter-
action, we were able to estimate the A parameters for Fe,
and found the values of —0.2 and —0.1 meV, for Fe atom
within 2D magnets above and below the borophene sheet. We
plug in these numbers into Egs. (4) and (5) and we finally
determined the T of 105 and 30 K, for the A and U-2D
magnets, respectively. These results indicate that the studied
structures cannot sustain the long-range magnetic order above
105 K, as estimated from the anisotropic Heisenberg model,

and that the Ising model overestimates the 7¢ approximately
by factor of 10.

IV. CONCLUSIONS

Combining DFT calculations and Monte Carlo simula-
tions we studied magnetic nanostructures formed upon Fe
adsorption at B-2D supported by Ag(111) surface. Ab-initio
calculations revealed a strong preference for Fe adatoms to
bind to the holes in B-2D thus filling the regular 2D hole
pattern spreading over the sheet. All studied Fe nanostructures
are more stable when metal atoms are intercalated between
B-2D and Ag(111) surface than the structures with the ad-
sorbates at the B-2D surface. Yet, due to considerable barrier
for Fe diffusion through the holes, the metastable surface
nanostructures could exist at low or modest temperatures. The
ground state spin configuration of the 2D structure of Fe atoms
exhibits antiferromagnetic coupling of closely packed ferro-
magnetic chains. From the magnetic moments of Fe atoms
and energy differences between the ground state and spin
configurations with higher energies, both quantities obtained
using DFT, we were able to determine exchange constants
between Fe atoms. The exchange constants were plugged
into Monte Carlo simulations to calculate critical tempera-
tures of Fe-based 2D magnets within the framework of the
anisotropic Heisenberg model, where the values of 105 and
30 K were found, for Fe-2D structures above and under B-2D
supported by Ag(111), respectively. These results indicate
that further improvements are required for the applications in
technologies operating at room temperature. A possible route
to increase the T¢ is to replace Fe with Co atoms, since it is
known that Co nanostructures at crystalline surfaces carry out
rather high magnetic anisotropy energy [55].
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