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ABSTRACT: Two-dimensional half-metallicity without a transition metal is an attractive
attribute for spintronics applications. On the basis of first-principles calculation, we revealed
that a two-dimensional gallium nitride (2D-GaN), which was recently synthesized between
graphene and SiC or wurtzite GaN substrate, exhibits half-metallicity due to its half-filled quasi-
flat band. We found that graphene plays a crucial role in stabilizing a local octahedral structure,
whose unusually high density of states due to a flat band leads to a spontaneous phase
transition to its half-metallic phase from normal metal. It was also found that its half-metallicity
is strongly correlated to the in-plane lattice constants and thus subjected to substrate
modification. To investigate the magnetic property, we simplified its magnetic structure with a
two-dimensional Heisenberg model and performed Monte Carlo simulation. Our simulation
estimated its Curie temperature (Tc) to be ~165 K under a weak external magnetic field,
suggesting that transition metal-free 2D-GaN exhibiting p orbital-based half-metallicity can be

utilized in future spintronics.

H alf-metallic materials, in which one spin channel
conducts and the other remains insulating, have been
studied extensively because they can be promising candidates
for spintronics applications."” In addition, significant effort has
been devoted to searching for low-dimensional half-metallic
materials with respect to downscaling and electrostatic control
of spintronic devices.” As a result, several low-dimensional
materials exhibiting half-metallicity have been proposed.*™’
Among the reported half-metallic materials, those having
transition metal elements usually exhibit intrinsic half-
metallicity without additional doping and a high Curie
temperature above room temperature due to strongly localized
d or f orbitals.*”” Unfortunately, these materials may not be
suited for various applications because they contain toxic
chemicals and/or expensive rare elements or may not be
compatible with many current semiconductor technologies.
Additionally, the large spin—orbit coupling from heavy
transition metal elements would result in a short spin
relaxation time, greatly impacting spintronic device perform-
ance.”®

On the contrary, there have been several studies reporting
materials exhibiting p orbital-based (p-) half-metallic behaviors
without transition metals. The p-half-metallicity observed in
these materials was unveiled only under specific conditions.
Half-metallic properties of graphene nanoribbons, for example,
were observed in the presence of a strong external field by edge
modification.'”™"® Tt was also observed that strong carrier
doping in some layered materials'*™"" or complex supercell
structures in organic framework systems*>~ induces the half-
metallic properties. Graphitic carbon nitride (g-C,N;) was
demonstrated to exhibit an intrinsic p orbital magnetism,”” but
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its experimental realization is still quite challenging. Moreover,
the Mermin—Wagner theorem describes that any long-range
magnetic order in two-dimensional (2D) systems is restricted
at finite temperatures unless a sizable magnetic anisotropy is
present.29

Here, we present a unique half-metallic property based on p
orbitals in a novel two-dimensional gallium nitride (2D-GaN),
which was reported to be successfully synthesized.”® Our first-
principles calculation indicates that such a 2D-GaN can be
constructed through the inversion of polarity between the Ga
and N growing planes of the wurtzite GaN with the help of
graphene. We also observed a partially filled flat band-induced
Stoner instability”' causing the magnetic ordering and a strong
spin splitting leading to its half-metallic characteristic in the
2D-GaN. The thermal stability of the observed ferromagnetic
order was verified by performing Monte Carlo (MC)
simulations with a 2D Heisenberg model Hamiltonian. Its
Curie temperature (T) was estimated to be ~165 K under a
weak external magnetic field, which exceeds those estimated
for other state-of-the-art 2D ferromagnetic materials such as
Cr,Ge,Tes”> and Crl;.>* Therefore, our findings would
motivate future experimental investigation of its spintronics
properties.
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Figure 1. Structural configurations of the heterostructures of 2D-GaN grown on (a) Si-polar SiC(0001) and (b) Ga-polar w-GaN(0001) and (c)
2D Ga-polar w-GaN on Si-polar SiC(0001). All configurations were covered by a graphene monolayer. The dangling bonds at the bottom of the
SiC substrate are passivated by hydrogen atoms. Brown, gray, green, blue, and pink spheres indicate carbon, nitrogen, gallium, silicon, and hydrogen
atoms, respectively. (d) Relative formation energy AE; of 2D-GaN as a function of nitrogen chemical potential 4. Purple and green solid lines

indicate those with and without a graphene layer, respectively.

To understand the growth mechanism and half-metallic
properties of 2D-GaN, we performed first-principles calcu-
lations based on density functional theory (DFT)** as
implemented in the Vienna ab initio simulation package
(VASP).>> The exchange-correlation (XC) functional was
treated within the generalized gradient approximation of the
Perdew—Burke—Ernzerhof (PBE)*® functional as well as the
hybrid functional (HSE06)*” to carefully verify our results. We
also performed the Monte Carlo (MC) simulation to
investigate the temperature dependence of its magnetic
properties. See Note S1 in the Supporting Information for a
more detailed description of our DFT calculation and MC
simulation.

2D-GaN was reported to be synthesized between graphene
and either Si-polar SiC(0001) or Ga-polar wurtzite (w-)
GaN(0001) substrate.”® On the basis of these experimentally
synthesized 2D-GaN structures, we constructed the crystal
structure of 2D-GaN to investigate its electronic and magnetic
properties. Panels a and b of Figure 1 display model structures
corresponding to the experimentally observed 2D-GaN grown
on SiC and GaN, respectively, with graphene encapsulation.
An interesting structural feature in 2D-GaN is a local
octahedral configuration caused by the inversion of polarity
from the Ga-polar to the N-polar surface in the w-GaN
substrate, as more clearly shown in Figure 1b. For the sake of
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convenience, we denote such a heterostructure comprising A,
B, and C, from the top to bottom as “AlBIC”, for example,
“Gral2D-GaNISiC” and “Gral2D-GaNlw-GaN” for the hetero-
structures shown in panels a and b of Figure 1, respectively.
Considering the bonding characteristics of w-GaN, such
polarity inversion, which enforces the central Ga atom in the
octahedral N—Ga—N sublayer to have six neighbors, may not
be energetically favored.

To resolve a puzzle of why the Ga-polar Ga—N sublayer
should be inverted into the N-polar N—Ga sublayer, we
compared the structural stability of 2D-GaN with that of
ordinary w-GaN shown in Figure 1c, with and without the top
graphene layer. Note that experimentally observed 2D-GaN
was initiated not by the N-polar N—Ga bilayer but by the Ga-
polar Ga—N bilayer instead. This preferred directional growth
initiation was confirmed by our total energy calculation of both
Ga—N and N—Ga sublayers on the Si-polar SiC substrate as
described in Figure S1 and Note S2. Because two GaN
structures with different numbers of atoms cannot be directly
compared, we evaluated the relative formation energy AE; of
2D-GaN with respect to w-GaN using

AE; =E, — E, — Anu (1)

where E; and E, are the total energies of the structures shown
in panels a and c of Figure 1, respectively, and An and y are
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Figure 2. Spin-polarized electronic band structures of (a) Gral2D-GaNISiC, (b) 2D-GaNISiC, and (c) a free-standing 2D-GaN. Red and blue solid
lines indicate spin up and down states, respectively. The crystal structure of free-standing 2D-GaN with N and Ga atoms depicted by the gray and
green spheres, respectively, is overlaid in panel c. The dangling bond of each N atom at the bottom is saturated with a hydrogen atom depicted with
the pink sphere. (d) Calculated nonmagnetic density of states (DOS) of free-standing 2D GaN. Top and bottom panels show the total and orbital-
resolved DOSs, respectively. In the bottom panel, the purple and green solid lines indicate the projected contributions from the local N p and Ga p

orbitals, respectively.

the number difference of N atoms between two structures and
the nitrogen chemical potential, respectively. The yu depend-
ence of the relative formation energy of 2D-GaN was
calculated either with or without graphene and is shown in
Figure 1d. As one can clearly see in the figure, its stable phase
changes depending on u. When y < —6.184 eV, w-GaN is
favored over 2D-GaN (AE; > 0), and vice versa (AE; < 0) for p
> —6.112 eV, regardless of the existence of the graphene layer.
The puzzle can be resolved when —6.184 eV < i < —6.112 eV,
in which range 2D-GaN can grow preferably over w-GaN only
with the graphene layer. This is further corroborated with the
experimental growth of 2D-GaN,”’ where if the growth is
allowed to continue, w-GaN will grow underneath 2D-GaN
and 2D-GaN will act as an encapsulation layer in agreement
with the formation energy argument depicted in Figure 1d.
Graphene encapsulation suppresses w-GaN growth but
preferred polarity inversion to adopt 2D-GaN by decreasing
its formation energy by ~1 eV/nm?, implying that the N
chemical potential in the experimental growth condition
should fit in this range. Note that u is bounded by —8.32
eV, which is a half of the total energy of a N, molecule.

To investigate the electronic and magnetic properties of 2D-
GaN, we calculated the spin-polarized electronic structures of
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2D-GaN grown on the SiC substrate with and without a
graphene overlayer. We observed that the 2D-GaNISiC shown
in Figure la is metallic with a ferromagnetic (FM) order,
regardless of the existence of graphene, as shown in panels a
and b of Figure 2. Such an unexpected metallic property of 2D-
GaN can be understood by scrutinizing its bonding character.
We noticed that there are additional holes coming from the
terminated top N atoms and the N—Ga—N octahedral layer,
which was inevitably created during polarity inversion. We also
observed a similar strong spin splitting in the 2D-GaNlw-GaN
heterostructure shown in Figure 1b, the band structure of
which is displayed in Figure S2a. We further verified this
observation by using the HSE06 XC functional, which provides
even stronger spin splitting than the PBE calculation as shown
in Figure S3 (see Note S3 for an issue on the choice of XC
functionals on the 2D half-metallicity). An intriguing
implication from the band structures of both cases is that
these systems could be easily half-metallic because the tops of
the majority bands are located near the Fermi level.

To clearly verify if such nearly half-metallicity with a strong
spin splitting indeed originates from 2D-GaN, we constructed
a free-standing 2D-GaN without any substrate or graphene
overlayer while keeping its lattice constant agc equal to 3.098
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Figure 3. (a) Nonmagnetic density of states of 2D-GaN calculated while varying its in-plnae lattice constant a from 0.90ag;c to 1.06ag;c, where ag
is the equilibrium in-plane lattice constant of the SiC substrate. (b) Total magnetic moment and quantity N(Ez)A/m determining the Stoner
criterion indicated by the red dashed line as a function of relative in-plane lattice constant a/agc. They are scaled in the main and auxiliary y-axes

and represented by solid and dashed lines, respectively.

A as on the SiC substrate. As shown in Figure S2b, it
surprisingly appeared that both majority and minority spin
bands of free-standing 2D-GaN are essentially identical to
those shown in Figure 2b, especially near the Fermi level. It
was, more intriguingly, observed that free-standing 2D-GaN
with its own equilibrium lattice constant (a,,) of 1.038ag
shown in the inset of Figure 2c exhibits larger spin splitting
leading to a fully half-metallic electronic structure. We noticed
that this enhancement of magnetic properties is closely related
to the relatively larger in-plane lattice constant of free-standing
2D-GaN than that of the 2D-GaNISiC, which will be discussed
below.

To understand the fundamental mechanism of this unusual
p-half-metallicity, we focus our discussion on free-standing 2D-
GaN. As a first step, we calculated its nonmagnetic band
structure and density of states (DOS) to verify whether there is
a characteristic of magnetic instability. Stoner proposed the
Stoner criterion as a requirement for itinerant ferromagnetism,
which is defined as N(Ep)A/m > 1, where N(Eg) is the
nonmagnetic DOS at the Fermi level Eg, A is a spin splitting
energy defined as an energy difference between spin up and
down states near Ep, and m is the reduced magnetic moment in
terms of the Bohr magneton yp.'*" As shown in Figure 2d,
2D-GaN exhibits a strong DOS peak corresponding to the flat
band near the Fermi level shown in Figure S4, contributed
mainly from N p orbitals, which may lead to a spontaneous
spin splitting due to the exchange of itinerant electrons. The
Stoner criterion for 2D-GaN was estimated to be ~5 with A =
1.38 eV, m = 2.00, and N(E;) = 8.16 states/eV, which were
evaluated from the electronic structures shown in panels ¢ and
d of Figure 2, indicating that 2D-GaN is an itinerant
ferromagnet. We also observed similar p-half-metallicity in
other 2D group III nitrides, such as 2D-AIN and 2D-InN, as
shown in panels a and b of Figure SS, respectively, manifested
by the same underlying physical mechanism of the exchange of
N p electrons originating from the strong correlation induced
by the quasi-flat band.

We also found that 2D-GaN has another advantage over
other half-metallic materials in modulating its half-metallicity.
It is noted that the exfoliation of 2D-GaN stabilized on a
hexagonal substrate, such as SiC or GaN, is nearly impossible
due to strong covalent bonding between them preventing 2D-
GaN from being transferred for particular applications. On the
contrary, 2D-GaN grown on one of these substrates, which are
compatible with the current semiconductor technology, can be
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directly utilized in spintronics applications without any difficult
processes for transfer. Therefore, selecting appropriate
substrates on which 2D-GaN can be grown and exhibits half-
metallic electronic structure is crucial. Because GaN and thus
2D-GaN can be grown on various substrates, its lattice
constant can be easily tweaked by switching substrates. Such
strain engineering techniques have been extensively studied
and applied in the modern Si-based semiconductor industry.
To understand the effect of strain of 2D-GaN on its half-
metallicity, we first calculated its nonmagnetic DOS while
changing its lattice constant a from 0.90agc to 1.06ag, as
shown in Figure 3a. For each lattice constant, we evaluated the
spontaneous magnetic moment m and the quantity N(Eg)A/m
determining the Stoner criterion, which are summarized in
Figure 3b. When a < 0.924g,c, 2D-GaN does not exhibit any
magnetic ordering because the DOS near Eg is too small to
induce Stoner instability. As the in-plane compressive strain is
relieved, N(Ez)A/m crosses over the value of 1, satisfying the
Stoner criterion. When a > 1.024gc, the magnetic moment
eventually becomes saturated to be m = 2.00 yy/cell, indicating
that all conducting carriers have the same spins. This implies
that the tensile strain further enhances the half-metallicity of
2D-GaN via a further increase in the quasi-flat band flatness
and localization of the N p orbital, which is clearly observed in
the nonmagnetic electronic structure shown in Figure 3a and
Figure S4. Hence, the application of the tensile strain enabled
by selecting one of the adequate substrates would be a feasible
way to optimize the half-metallicity of 2D-GaN. Therefore, the
half-metallicity of 2D-GaN grown on one of these substrates,
which are compatible with the current semiconductor
technology, may be further beneficial for spintronics
applications over other half-metallic bulk materials, the
integration of which into any available substrates is still an
ongoing chzill(enge.38’39

To utilize 2D-GaN in real spintronics applications, its
thermal stability of p-half-metallicity should remain at the
device operation temperature. To verify this requirement, we
attempted to evaluate its Curie temperature T¢. In earlier
studies of 2D itinerant half-metallic materials, their Curie
temperatures were estimated using DFT-based mean-field
approximation (MFA)'"*'%'® or an Ising model Hamilto-
nian.'”'*?%* Tt turned out that both approaches significantly
overestimate the transition temperatures because the former
describes low-energy excitation improperly'”*' and the latter
does not consider magnetic anisotropy. Similarly, we also used
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Figure 4. Curie transition temperature T of 2D-GaN calculated by the 2D Heisenberg model given in eq 2 (a) with a changing single-ion
anisotropy A with no external magnetic field (B = 0) and (b) with a changing external magnetic field B while keeping A = 0. Each black solid square
represents the Curie temperature extracted at the maximum value of y evaluated for a given parameter set. Red solid lines show their corresponding
fitting functions in the respective cases. In panel a, the gray dashed line indicates TE&"™ estimated by the Ising model Hamiltonian, which
corresponds to the limit of A — oo in the 2D Heisenberg model Hamiltonian.

both approaches to estimate the Curie temperatures of 2D-
GaN to be 24000 K (TMF) and ~522 K (TE"8), both of
which appear to be too high to be realistic, as shown in Figures
S7 and Figure S8. Therefore, to perform a more realistic
evaluation of T, we constructed a model system of 2D-GaN
corresponding to the 2D Heisenberg model. To defeat the
Mermin—Wagner theorem in the 2D Heisenberg system, a
sizable magnetic anisotropy is essential to stabilize ferromag-
netic order.””***>*> Therefore, we mapped the 2D-GaN
system into a 2D Heisenberg model Hamiltonian equipped
with two more terms representing single-ion magnetic
anisotropy energy (SIMAE) and the interaction with an
external magnetic field defined as

H = ‘% 2SS+ DA~ guy Y BSF
2 l_ ,- @

where J, A, and B are the nearest neighbor exchange parameter,
the single-ion anisotropy, and the external magnetic field,
respectively. Here, g denotes the Landé g factor. For the sake of
simplicity, we assigned one single-spin state S; to the ith unit
cell of 2D-GaN and chose the magnitude of S; to be 2 uy,
which is approximately the total magnetic moment of each unit
cell obtained from our DFT calculation. The exchange
parameter | = 3.075 meV was extracted from the DFT energy
difference (49.201 meV/cell) between the FM and anti-
ferromagnetic (AFM) configurations of 2D-GaN with lattice
constant agic. The AFM configuration is illustrated in Figure
S6. With this Hamiltonian, we performed Monte Carlo
simulation while varying the temperature to explore the
magnetic phase transition.

To clearly understand the role of the SIMAE term in eq 2,
we computed the magnetic moment and susceptibility by
taking ensemble averages with a changing A while keeping B =
0, which are shown in Figure S9. From these data, we extracted
the Curie transition temperature as a function of A/J without
an external magnetic field (B = 0) as shown in Figure 4a. It is
noted that our simulation based on the classical Heisenberg
model Hamiltonian does not describe well the magnetic
transition behavior in the weak A limit, where T should go
toward zero. It requires a much larger ensemble data set and a
much larger system to sample the whole configurational space,
which may not be possible due to the limited computational
resources, to overcome such an improper asymptotic behavior.

Thus, we instead used a proposed analytic function given
42,43
as

T = 1)
with
flx) = tanhl/4[log(1 + yx)]

to fit our simulation data. Here, y is a single fitting parameter
set to 0.0339. In the strong A limit, on the contrary, T
increases asymptotically toward the value yielded by the Ising
model implying that the ferromagnetic phase could become
stable even at room temperature. In most p-based magnetic
materials, however, single-ion anisotropy A, which is on the
order of a few microelectronvolts, is usually much smaller than
the exchange parameter ] typically on the order of a few
millielectronvolts. Thus, SIMAE may not be practically useful
for stabilizing ferromagnetic order in 2D systems. Indeed, the
SIMAE of 2D-GaN was estimated to be <1 peV/cell due to its
weak spin—orbit coupling strength, indicating that the
anisotropy effect is too small to stabilize ferromagnetic order
in 2D-GaN.

Another way to stabilize 2D ferromagnetism is to apply an
external magnetic field, which contributes to the third term in
eq 2. It was intriguingly demonstrated that a bilayer of
Cr,Ge,Te,, the T of which is almost zero without an external
field applied due to its negligibly small single-ion anisotropy,
becomes a 2D ferromagnet with a T¢ of 44 K with a weak
magnetic field of B = 0.3 T.” Similarly, we investigated the
effect of the external field in our system by performing a MC
simulation with changing B while keeping A = 0. The magnetic
moment and susceptibility y were calculated as a function of
temperature for each given external magnetic field B as shown
in Figure S10. From these data, we extracted the field
dependence of T, which increases nearly linearly, as shown in
Figure 4b. It is noted that such a linear field dependence
should not be maintained in the limit of B = 0, in which T
should fall precipitously to zero. Unfortunately, such low-field
asymptotic behavior was not produced by our MC simulation
for reasons similar to why the low anisotropy asymptotic
behavior could not be obtained as described above.
Alternatively, we selected the intercept T value of 165 K of
the linear fitting function as the low-field Curie temperature of
2D-GaN. This estimated Curie temperature appears to be
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larger than those of other experimentally verified 2D itinerant
magnetic materials such as Cr,Ge,Tes (T¢ = 44 K at B = 0.3
T)*” and Fe,GeTe, (T = 130 K).* It is worth noting that the
half-metallicity of 2D-GaN is superior to those of other
transition metal-free p-half-metallic materials. As summarized
in Note S4 and Table S1, our proposed 2D-GaN exhibits a
highest spin splitting energy of A ~ 1.18 eV and the Curie
temperature. Therefore, 2D-GaN would be a promising
candidate for future spintronics applications.

In summary, using first-principles density functional theory,
we revealed that 2D-GaN, which is a transition metal-free
system, exhibits a p-half-metallicity with a highly stable
ferromagnetic ground state. We found that a local octahedral
atomic configuration in 2D-GaN can be stabilized by a
graphene overlayer. The stable half-metallicity originates from
a spontaneous phase transition through Stoner instability and
is primarily attributed to the unusually high DOS near the
Fermi level due to the quasi-flat bands. It was also found that
the tensile strain further enhances its half-metallic property.
Furthermore, we performed the Monte Carlo simulation to
predict its Curie transition temperature, which was estimated
to be 165 K with a small amount of magnetic field, opening the
possibility of utilizing 2D-GaN in future spintronic devices.
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