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ABSTRACT: The realization of 2D ultrathin crystals with a ferromagnetic
ground state that is sustainable at room temperature has been a real challenge
now. By combining ab initio density functional theory with Monte Carlo
simulations, we predicted a new 2D structure, Gd,B, monolayer, which
maintains its mechanical stability at elevated temperatures. More remarkably, it
has a ferromagnetic ground state with high permanent magnetic moment, which
persists far above room temperature. It exhibits high magnetocrystalline
anisotropy along particular directions. We find also that both its magnetic
anisotropy and Curie temperature can largely be altered by applied strain
providing an excellent magnetoelastic tunability. This novel 2D crystal with high
magnetic moment and Curie temperature combined with high structural and
thermal stability can offer critical applications in magnetoelectronics.

B INTRODUCTION

Intense research over the past three decades has shown that
the dimensionality of periodic systems ranging from 0 to 3
becomes decisive in their mechanical, electronic, and magnetic
properties. Electrons in lower dimensionality have a quantiza-
tion different from that in 3D. Quantized conductance
observed in 1D atomic chains, integer and fractional quantum
Hall effect, and massless Fermion behavior in 2D are well-
known manifestations of dimensionality effects. As the debates
on the mechanical stability of 2D monolayers continue, several
strictly 2D crystals have been predicted and/or synthesized' ™
in the laboratories showing diverse electronic states, such as
metals, semimetals, semiconductors, half-metals, and topo-
logical insulators. Even electronic nanodevices have been
fabricated from these 2D materials.

Robust intrinsic 2D magnetic materials are highly desired for
various applications from spintronics to information technol-
ogy and data storage. Whether a magnetic state above the
room temperature can be attained in 2D structures has been
now a great challenge.g_15 Theoretical studies using 2D Ising,
XY-, and Heisenberg models have indicated that the long-range
magnetic order in 2D crystals can depend on the
dimensionality of spins resulting in the Curie temperature,
T. > 0. The superexchange interaction has been considered as
the prime mechanism for the ferromagnetic states. For various
technological applications, 2D intrinsic ferromagnets with a
high Curie temperature, T, are desirable.'® Nowadays, intense
experimental and theoretical studies are being carried out on
2D ferromagnetic materials to develop spintronic devices
operating at room temperature. MXene'>'” and MBene'®"’
systems, as wide families of 2D magnetic structures, receive
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considerable attention owing to their magnetic nature and
eligibility for spintronics. Recent synthesis of a member of 2D
transition metal trihalides Crl,”° and transition metal
chalcogenides (TMC) Cr,Ge,Teg”"! showing a ferromagnetic
order have brought the second and third neighbor exchange
interaction in 2D magnetic crystals together with their
magnetic anisotropy into focus. 2D intrinsic magnetism was
found in Crl; bilayer which behaves as a layered
antiferromagnet with an electrically controlled metamagnetic
transition between antiferromagnetic and ferromagnetic
phases.”” The suppression of the long-range magnetic order
in 2D materials can be counteracted by magnetic anisotropy.
Pristine Cr,Ge,Te4 atomic layers are two-dimensional van der
Waals ferromagnet with a transition temperature which can
easily be controlled by very small fields around ~0.3 T.*'
MnBj,Te, family van der Waals layered materials have been
shown to exhibit 2D ferromagnetism with an out-of-plane easy
axis in a single layer with various exotic physical effects like
quantum anomalous Hall effect.”” It was demonstrated that
Fe;GeTe, in the monolayer form exhibits robust 2D
ferromagnetism with strong perpendicular (out-of-plane)
anisotropy and low Curie temperature ~130 K.***° In
Fe;GeTe,, partially filled Fe-d orbitals around the Fermi
level result in itinerant ferromagnetism of the bulk structure
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which shows strong magnetocrystalline anisotropy.”® It is
expected that the anisotropy stabilizes the long-range
ferromagnetic order in Fe;GeTe, monolayers. Other members
of transition metal halides family, i.e, RuX; (X = Cl, Br, and
1), have been investigated using density functional theory
(DFT) and Monte Catlo simulations (MC) yielding relatively
low Curie temperatures, ~14 K for RuCl, 13 K for RuBr, and
~2 K for Rul. MnSe,”” monolayer system has been found also
to exhibit ferromagnetic order at room temperature.

As for the 2D nonmagnetic materials, they can acquire a
ferromalgnetic behavior via a structural defect,>® adsorbed
atoms,’’ and applied strain.”~** Also, the nonmagnetic nature
of the most common and well-known 2D materials may render
applications in magnetoelectronics and spintronics throu§h the
incorporation of a ferromagnetic material into a device.”

Among the heavy rare earth metals, the most attractive one
is gadolinium (Gd)*** which has half-filled and well-
localized 4f subshell leading to ferromagnetic behavior with
high saturation magnetization.”” However, as experimentally
certified, the ferromagnetic order of Gd sin§le crystals is
destroyed when the temperature exceeds 293 K.’ Bulk Gd is a
ferroma%netic metal with a magnetic moment per Gd atom of
7.55 pp.”* 3D GdB, crystal is a member of the hexagonal rare
earth metal diborides family with AlB,-type structure
conforming to P6/mmm space group symmetry.41 In Figure
la, the optimized structure of bulk GdB, is given with

M K T

Figure 1. (a) Top and side perspective views of 3D bulk GdB, crystal
with AIB,-type hexagonal lattice. (b) Top and side views of Gd,B,
monolayer with hexagonal lattice showing the optimized primitive
unit cell and other structural parameters. Purple and green balls
represent Gd and B atoms, respectively. (c) Phonon frequencies, Q
versus k of Gd,B, monolayer calculated from the first-principles along
the high-symmetry directions of Brillouin zone.

alternating hexagonal B and Gd planar layers, whereby Gd
atoms are located above the centers of the hexagons of B atoms
at a distance of 1.89 A (experimental value*' being ~1.97 A).
This way Gd atoms are ordered to form centered hexagons of
hexagonal closed packed (hcp) [0001] surface.

In this study we predict a new 2D monolayer derived from
bulk gadolinium diboride, namely free-standing Gd,B,

monolayer, which is stable and has a robust planar geometry.
This structure is simply a borophene monolayer capped by Gd
atoms from both side. Gd atoms, by themselves, stabilize
borophone by donating electrons to fill its empty z-bands to
transform it to a stable graphene like, planar honeycomb
structure. Even more remarkable is that Gd,B, monolayer is a
ferromagnetic metal; its ferromagnetic state can sustain above
the room temperature as high as T, = 550 K with a high
magnetic moment of y = 7.30 up per Gd atom. Additionally,
high magnetic anisotropy and high critical temperature of this
2D crystal can be tuned by applied strain. This new monolayer
heralds also a new family of 2D structures, M,X, (M being
heavy rare earth or transition metal atoms and X being group-
III or group-V elements) with unusual magnetic properties.
These predictions are obtained from our study based on the
first-principles, spin-polarized Density Functional Theory
including Hubbard U correction for on-site Coulomb
interaction, which are combined with Monte Carlo simu-
lations. The details of our calculations are presented in the
Supporting Information.

The structure of Gd,B, monolayer described in Figure 1b
consists of a planar honeycomb structure of B atoms or
borophene*”*’ having the planes of Gd atoms at either side
forming a Gd bilayer in AA stacking pattern. Here Gd atoms
are adsorbed above the hollow sites of the honeycomb
structure of borophene. The distance between B and Gd layers
is 1.83 A. The average cohesive energy of the fully relaxed
Gd,B, monolayer calculated to be 6.18 eV is rather high and is
only 770 meV smaller than that of bulk GdB, indicating an
energetically favorable structure. Despite this high cohesive
energy, we also performed an extensive analysis of stability to
ensure that Gd,B, monolayer is a dynamically and thermally
stable structure. The absence of any imaginary frequencies
calculated for optimized structures of Gd,B, monolayer,
especially for k — 0 and of any vibrational anomalies in
phonon dispersion presented in Figure 1c verify the dynamical
stability. We also perform constant temperature equilibrium
molecular dynamic (MD) simulations to verify whether Gd,B,
monolayer can sustain high temperature thermal excitations.
The structure is kept at 300, 600, and 1000 K temperatures for
2 ps. It is observed that the structure is well-preserved without
any significant deformation even at 1000 K.

The electronic band structure and density of states (DOS)
of the optimized, free-standing Gd,B, monolayer display a
metallic character as seen in Figure 2a. Part of the bands below
—2 eV with broken spin-degeneracy mimics the o-bands
derived from B-sp® orbitals. The #-bands derived from z-
orbitals of B atoms slightly hybridized with Gd orbitals are
located above —2 eV and set the Fermi level. Other bands
below the Fermi level are derived from the Gd-5d and Gd-6s
orbitals. According to the Bader analysis, each Gd atom donate
~0.8 electrons to borophene. This way the empty #-bands of
borophene becomes occupied and hence 7-bonds maintaining
the planar geometry are constructed. At the end, the planar
borophene honeycomb structure is stabilized by Gd bilayer
above and below to transform to a robust, graphene-like
electronic structure. Flat bands ~4 eV above the Fermi level
are derived from Gd-4f orbitals. Spin-split bands and the total
and atom projected densities of spin-up and spin-down states
clearly show the magnetic ground state of Gd,B,. Energy bands
including the spin—orbit coupling (SOC) are in conformity
with above findings. The isosurfaces of the difference charge
density, Ap, and the spin density Apg = pr | — pr 1 in Figure
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Figure 2. Spin polarized electronic energy band structures and
corresponding total and atom projected densities of states of spin-up
and spin-down states. The zero of energy is set at the Fermi level. (b)
Isosurfaces of the difference charge density, Ap. White and gold
regions indicate charge accumulation and charge depletion upon the
formation of monolayer relative to its free constituent atoms. (c) Spin
density pg located around Gd atoms displays a ferromagnetic order.

2b,c unveil valuable details concerning the bonding in
compliance with the above discussion and the magnetic
ground state. The o-bonds constructed from the bonding
combination of nearest B-sp” orbitals with a bond charge at the
middle of B—B bonds and the 7-bonds derived from mostly B-
p. orbitals but filled by the electrons donated by Gd atoms.
The spin density isosurfaces in Figure 2c indicates a net spin-
density and hence magnetic moment at Gd atoms; but no net
spin density at B atoms. Accordingly, one can view the Gd,B,
monolayer as a nonmagnetic borophene layer caped by
magnetic Gd layers.

The magnetic ground state of Gd,B, monolayer is
determined by calculating the total energies of ferromagnetic
(FM) and antiferromagnetic (AFM) states. The total energies
are calculated with Generalized Gradient Approximation, GGA
including Hubbard U correction for on-site Coulomb
interaction,”* since the realistic description of the electron—
electron interaction is essential for the determination of the
correct magnetic ground state. In a previous study, it was
shown that DFT+U scheme largely affects the magnetic
ground state of bulk GdB, with only small deviations in lattice
constants.”> The unit cell (or supercell), which is used in the
calculations is described in Figure 3, where FM and three
different AFM spin configurations are illustrated. We found
that FM state is most favorable energetically among various
spin configurations with the energy differences ~0.12, ~0.26,
and ~0.28 eV between FM and AFM-1, AFM-2, and AFM-3
configurations in Figure 3, respectively. Accordingly, free-
standing Gd,B, monolayer has ~31.23 pp total magnetic
moment per rectangular unitcell with contributions of ~7.30
Hp magnetic moment of each Gd atom. This value is slightly
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AFM-2 AFM-3

Figure 3. Rectangular unitcell (or supercell) containing three nearest
neighbors of Gd atoms with one ferromagnetic, FM and three
different antiferromagneticc, AFM-1, AFM-2, and AFM-3 spin
configurations. The structures are rotated around y-axes by 15° to
clarify atomic positions in the cell. Red and blue balls indicate Gd
atoms with up and down magnetic moments, respectively. Boron
atoms are indicated by small-green balls.

larger than magnetic moment of Gd atom in 3D crystal which
is 7.17 pg.

Magnetocrystalline anisotropy energy, E,; is an important
quantity to reveal the effect of magnetic field on the material.
The large Ey, is also a desired property for spintronic
applications.*® Taking the[001] direction as the easy axes of
magnetization, we calculate Ey, values along the [100], [010],
[110], and [111] hard axes according to the expression, Ey, =
(Epany = Efoor))/4. Here Epy and E[gg are the total energies
with magnetization in related directions. Due to the
importance of strain effect'>*’ on magnetocrystalline aniso-
tropy, we also investigated the variation of E, under uniform,
biaxial compressive and tensile strains as given in Table 1. Ey;y
values are rather large indicating high magnetic anisotropy,
they also display dramatic changes with applied strain. As an
example, while the [100]-direction is the hardest axes of
magnetization, it becomes an easy axis of magnetization under

Table 1. Magnetocrystalline Anisotropy Energies Ey, (1eV
per Gd Atom) and the Curie Temperatures T, (K)
Predicted for Gd,B, Monolayer under Compressive (—) and
Tensile (+) Strain €

€ (%) Enooj-oo]  Eowo-poor;  Epuo—oor]  Epnnjfoor] T,
-8 34 323 163 30 395
—6 92 155 104 -10 365
—4 993 665 802 571 480
-2 1210 970 1151 706 480
0 1706 1167 1495 915 550
2 1562 1819 1684 1127 570
4 755 1246 1051 653 480
6 1269 1342 1356 913 480
8 1327 1048 1191 766 275
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Figure 4. Normalized magnetization, M(T)/M(0); magnetic susceptibility, y; heat capacity C as a function of temperature calculated for Gd,B,
monolayer under compressive strain € < 0 and tensile strain, € > 0. Panels a—c are values calculated for 0 > € > —8%. Panels d—f are for 8% > ¢ >
0. Panels g—i correspond to the curves obtained for bulk GdB, for € = 0 case.

€ = —8% compressive strain. In particular, a tensile strain as
small as 2% induces a remarkable change so that [010]-
direction becomes a hard axes of magnetization.

Under thermal excitations, the ordered ferromagnetic phase
discussed above changes to the disordered paramagnetic state
at a critical temperature or Curie temperature, T.. The critical
temperature, which determines the potential of a ferromagnetic
crystal in various technological applications is of prime
importance. As for atomically thin 2D crystals, the value of
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T. becomes even more critical. In what follows, we will
consider Gd,B, monolayer under selected compressive and
tensile strain. Using spin—spin interactions energies between
first, second and third nearest neighbor spin pairs obtained
from DFT (see Table S1 in the Supporting Information) in
Monte Carlo simulations we calculate the variation of the total
magnetization M(T), magnetic susceptibility y(T), and heat
capacity C(T) as a function of temperature. Then we
determine the Curie temperature of Gd,B, monolayer

https://dx.doi.org/10.1021/acs.jpcc.0c03304
J. Phys. Chem. C 2020, 124, 12816—12823
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corresponding to unstrained and strained states. The details of
Monte Carlo simulations are presented in the Supporting
Information.

The value of the Curie temperature, T,, of the unstrained
Gd,B, monolayer is predicted to be T, = 550 K, but it
decreases under both tensile and compressive strains, except
for 8% tensile strain. High Curie temperature predicted for
Gd,B, monolayer is an important feature of this material for
spintronic applications. The results obtained from the Monte
Carlo simulations are summarized in Figure 4. The variations
of total magnetization M(T), magnetic susceptibility y(T), and
specific heat C(T) with temperature, T, calculated for selected
biaxial compressive strain, 0 > € > —8%, are presented in
Figure 4a—c. Those calculated for varying applied biaxial strain,
8% > € > 0 are given in Figure 4d—f. It is noted that all
magnetization curves depicted here are normalized to its
ground state value at T = 0 K. As shown in Figure 4a, as the
temperature raises starting from relatively lower temperatures,
the total magnetization decreases from its saturation value due
to the increasing thermal fluctuations. The strongly ferromag-
netic character observed in Gd,B, monolayer structure
disappears when the temperature increases further and reaches
the Curie temperature T, where Gd,B, monolayer undergoes
a phase transition from ferromagnetic to paramagnetic phases.
Our Monte Carlo simulation results indicate that the physical
mechanism briefly described here sensitively depends on the
applied strain. Hence, T, tends to decrease with increasing
biaxial compressive and tensile strain starting from unstrained,
€ = 0, case corresponding to T, = 550 K. As seen in Figure
4b,c, (T) and C(T) curves diverge at T = T, indicating a
second-order phase transition. The phase transition temper-
atures, 480, 480, 365, and 395 K corresponding to the applied
compressive strain values of —2%, —4%, —6%, and —8%,
respectively, are inferred from the peak positions of y(T) and
C(T) curves calculated for the selected strain values. The
similar analysis is done also for Gd,B, monolayer under the
tensile strain, as depicted in Figure 4d—f showing strong
dependence on the applied tensile strain. Notably, all transition
temperatures are above the room temperature, except for € =
8% case with T. = 275 K. Numerical values calculated for T.
are also presented in Table 1. These results suggest that the
Gd,B, monolayer may find critical applications in magneto-
electronics with high magnetic moments and high Curie
temperature, which are tunable with the biaxial compressive
and tensile strain.

For the sake of completeness, we also present M(T)/M(0),
(T), and C(T) curves calculated for GdB, in bulk phase for ¢
= 0 case, as demonstrated in Figure 4g—i. Based on DFT
calculations, spin—spin couplings ], J,, and J; are estimated to
be 1.477, 1.136, and 0.872 in units of meV, respectively.
Similarly, we have calculated magnetic anisotropy energies as
E[100] — E[001], E[010] — E[001], E[110] — E[001], and
E[111] — E[001], 2840, 2810, 2830, and 1990 in units of eV,
respectively. It is worth noting that we followed the same
simulation protocol defined for the Gd,B, monolayer, except
for the temperature range. Our MC simulations suggest that
bulk GdB, shows a ferromagnetic character below the Curie
temperature, supporting the predictions done by DFT
calculations. According to the thermal variations of the
magnetic susceptibility and specific heat curves, the Curie
temperature is estimated as 294 K, which is very close to the
room temperature. It should be noted that the recent
experimental findings of Gencer et al."® pertain to GdB, in

bulk phase in agreement with our findings, and hence they
validate our method used in the present study. When the
temperature approaches this value, both magnetic suscepti-
bility and specific heat curves tend to diverge, indicating a
second order phase transition as in the case of 2D Gd,B,
monolayer for all considered strain values. This result suggests
that critical behavior of the magnetic materials can depend on
the geometry/dimensionality: As already mentioned, the
critical temperature is 550 K for the Gd,B, monolayer,
whereas it is 294 K for the bulk phase for the € = 0 case.

We also note that spin waves may play an important role in
2D mafnets. Spin wave theory has been successfully applied
for 2D* and quasi 2D°” systems in order to capture the low-
temperature properties of the magnetic systems with
anisotropy, which is weak compared to the exchange
interaction. Critical temperature values predicted in this work
may be verified by the renormalized spin-wave theory.

B DISCUSSION AND CONCLUSIONS

Present analysis of the Gd,B, monolayer indicates that Gd
atoms located above and below the centers of borophene
hexagons maintain the planar stability by donating electrons to
the perpendicular 7-bonds of B atoms. This way, the z-bands
derived mainly from B-p, orbitals become occupied. The
metallicity of Gd,B, monolayer is acquired through 7-bands of
B as well as 5d — 6s orbitals of Gd, which slightly hybridizes
with the former. However, the ferromagnetic state of the
monolayer is completely indigenous to the spin polarized states
of Gd layers. Even though the Gd,B, monolayer is derived
from the 3D GdB, crystal in the foregoing discussion, it can
also be synthesized from the bare borophene monolayer. Much
recently, it has been demonstrated that a single borophene
layer can be synthesized on the Al(111) surface.” Theoretical
studies demonstrated how the stability of the hexagonal
borophene monolayer is maintained by the adsorption of metal
atoms above the centers of boron hexagons.*”>' ™ As pointed
out in those studies, centers of hexagons constitute preferred
adsorption sites for free metal M atoms to form a MB,
monolayer. Interestingly, our analysis performed by using ab
initio phonon calculations has indicated that a free-standing
GdB, monolayer is also dynamically stable and has a
ferromagnetic ground state. The latter being another new
magnetic 2D monolayer can also serve as a precursor structure
for the growth of the Gd,B, monolayer: By transferring GdB,
to another inert surface and by covering its other surface also
by Gd atoms the growth of Gd,B, can be realized. Calculated
chemisorption energy of 3.1 eV per Gd atom assures strong
interaction between Gd and borophene and present evidence
for the feasibility of growth. Actually, not only a borophene
honeycomb structure but also other stable phases of
borophone can serve as a substrate to grow magnetic
monolayers covered by heavy rare-earth or transition metal
atoms. Additionally, one can consider that similar free-standing
or supported magnetic monolayers of M,X, type (M being
either heavy rare-earth or transition metal atoms and X being
B, C, Si, Ge, P, As, Sb, and Bi) can be realized to exploit novel
electronic and magnetic properties. Earlier, the planar or
buckled monolayers of Si, Ge, P, As, Sb, and Bi were shown to
be stable.”>*>* Recently, by the chemisorption of heavy rare-
earth metal atoms above planar honeycomb structure of
graphene and the buckled honeycomb structure of silicene and
germanene’ have been realized experimentally to synthesize
magnetic monolayers and multilayeL's,S()_>8 GdSi,, GdGe,,
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EuSi,, EuGe,, and EuCy like GdB, monolayer predicted here.
Some of these structures exhibited interesting ferromagnetic-
antiferromagnetic transition with the number of layers. In the
present study, we carried out structure optimization and
phonon calculations from the first-principles and demonstrated
that free-standing Gd,Si, monolayer is stable. The calculated
chemisorption energy of 2.65 eV per Gd atom shows a strong
interaction between Gd and buckled silicene, even if the
buckling of silicene is decreased. We think that this strong
chemical interaction becomes the driving force for the growth.
Briefly, these new experimental results together with our
theoretical analysis present strong evidence that the synthesis
of GdB, and Gd,B, is affordable.

Recently, Zunger has drawn a large perspective on the
design and functionality of new materials by discussing stability
and synthesizability.”” Globally thermodynamically metasable
structures can also be grown by modern crystal growth
techniques like molecular beam epitaxy. These structures can
be forced by means of the experimental set up which restricts
the chemical kinetics of constituent atoms by imposing
necessary physical conditions to realize a thermodynamically
unstable structure. Moreover, once a structure was constructed
artificially, it can continue to exist at ambient conditions due to
large energy barriers preventing it from transition to a more
stable state.

Finally, we emphasize three features of Gd,B, monolayer by
way of conclusion: (i) It is a 2D crystal, which remains stable
even at elevated temperatures. (ii) It has ferromagnetic ground
state with high magnetic moment of 7.3 u per Gd atom, which
can sustain above room temperature; the transition from
ordered magnetic state to a disordered state can take place at
the critical temperature as high as 550 K. (iii) High magnetic
anisotropy and high Curie temperature of Gd,B, can be tuned
externally by applied strain. Given these features, Gd,B,
monolayer and its similar allotropes, Gd,B, and also their
lateral and vertical heterostructures may allow the designing of
diverse magnetoelectronic devices capable of operating above
room temperature. The class of 2D materials represented by
GdB, and Gd,B, and obtained from the chemisorption of
heavy rare-earth metals atoms chemisorbed to the honeycomb
structures, such as brophene, graphene, silicene, germanene,
blue phosphorene, hexagonal arsenene, antimonene, and
bismuthene, in different coverage and decoration heralds that
the quest to diverse magnetic properties in technology can be
achieved in 2D materials.
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