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In this paper, the magnetic properties, electronic structures and the stabilities of Zn/Cd incorporated two-dimensional
AIN nanosheets are investigated by the first-principles method. Numerical results indicate that Zn and Cd substituting Al
atom in AIN nanosheets introduce some holes into the 2p orbitals of the N atoms, and the holes mainly come from spin-
down 2p orbitals of the N atoms. The magnetic moment of 1.0 pp is produced by Zn/Cd doping AIN nanosheets, and the
main component of the magnetic moment of the system is contributed by the partially filled 2p states of the N atoms around
the dopant. In particular, when Zn/Cd substituting Al atoms, the magnetic coupling is found to be ferromagnetic. We
attribute the hole-mediated p—d interaction to the created ferromagnetic coupling. More importantly, the result of formation
energy indicates that Al atom is more inclined to be replaced by Zn atom rather than Cd. This finding is beneficial to

developing the spin electronic devices.
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1. Introduction

With the successful isolation of graphene, other similar
two-dimensional (2D) materials have aroused the wide in-
terest of scientists due to their extraordinary structural, elec-
tronic properties as well as promising potential applications,
such as BN,!!l GaX (X = S and Se), > M0S,,[67] Sn§,, 891
Tng,“O’“J and AIN.[12:13] Among them, the AIN nanosheet
has received considerable attention of researchers from the
field of optics, electronics, photoelectronics and spintronics,
for it enjoys the same honeycomb lattice structure as graphene
and possesses outstanding properties.!!4->31 In the field of spin
electronics and magnetic devices, the AIN-based dilute mag-
netic semiconductor material is the most promising candidate.
However, this pristine 2D material has no intrinsic magnetism
as a semiconductor. Generally speaking, in order to obtain
a set of integrated electric and magnetic spintronic devices,
both spin and charge of electrons combined closely are needed
to turn the semiconductor material into a magnetic material.
For achieving its applications in spintronics, considerable ef-
forts have been made to study the magnetic properties of these
2D materials in recent years. As is well known, the efficient
and promising method of manipulating the magnetic proper-
ties of the nonmagnetic semiconducting material is substitu-
tional doping. For example, it was reported that the substitu-
tion of Al with five transition metal (Cr, Mn, Fe, Co, and Ni)
atoms can induce tunable magnetism in an AIN nanosheet. 8]
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However, the origin of the observed ferromagnetism remains
controversial, since the doping TMs may form magnetic clus-

26,271 Thus, the extrinsic origin can-

ters or secondary phases.|
not be excluded when magnetic transition metals are used as
dopants, which is an obstacle to the practical applications of
dilute magnetic semiconductors (DMSs). To avoid the ex-
trinsic magnetism, much attention is being paid to exploring
the effects of nonmagnetic element dopants. For instance, it
was found that the substitution doping of B atom in the AIN
(1120) film can induce magnetization and B dopants favor
the surface layer.!'”) Likewise, it was confirmed theoretically
that a ferromagnetic property with Curie temperatures above
room temperature is observed in Be-doped AIN monolayer. [>!
More importantly, it was experimentally demonstrated that
1.2 at.%-7.9 at.% Mg-doped AIN films present ferromagnetic
properties. >!1 Correspondingly, it has been confirmed theoret-
ically that Mg-doped AIN thin films can induce magnetism. [>?!
Meanwhile, some experimental and theoretical results have
also been reported that the Cu-doped AIN films exhibit room-
temperature ferromagnetism.!?®-321 On the other hand, com-
pared with conventional transition metal dopants, the non-
magnetic dopants have been a hot topic in recent years due to
their high-temperature magnetism, which may be conducive
To date,

notwithstanding the magnetism in AIN nanosheets has been

to the mushroom growth of the spin electronics.

widely considered, a detailed understanding of the induced
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magnetism in Zn/Cd-doped AIN nanosheets has not been per-
formed yet. What is more, previous studies have shown that
Zn atom can be utilized as a p-type dopant in AIN.[3334 In
addition, Wu ef al. experimental results also showed that Zn
can be incorporated into AIN solid solution.*>! Consequently,
it is very necessary to investigate the electronic structures and
magnetic properties of substitutionally doped AIN nanosheets

with Zn/Cd atom by first-principles studies.

2. Computational details

In this paper, the spin-polarized calculations are accom-
plished by means of the Vienna ab initio Simulation Package
(VASP), 3637 where the Perdew and Wang (PW91) formula-
tion of the generalized gradient approximation (GGA) pseu-
dopotential was used to depict the exchange and correlation
interaction.[¥] The electron—ion interactions were treated by
the projector augmented wave potentials.’3®! The kinetic en-
ergy cutoff of 400 eV was chosen for the plane-wave basis
throughout the calculations. Moreover, the vacuum layer was
set to be 15 A for the 2D AIN nanosheets to eliminate the
The en-
ergy convergence threshold was set to be 10~* eV, and both

spurious interactions between the adjacent layers.

the cell and atomic relaxation were carried out until the force
on each atom was less than 0.02 eV/A. The valence electron
configurations were Al (3s23p'), N (2s22p?), Zn (3d'%4p?),
and Cd (4d'%5s?), respectively. In order to carry out a more
accurate calculation of the doping system, we first consid-
ered the relaxed structural parameters of bulk AIN. The re-
laxed equilibrium lattice constants were a = 3.126 A, ¢ =
5.017 A, consistent with experimental results and other the-
oretical values, 4042 indicating the rationality of our com-
putational methodologies. Correspondingly, in Figs. 1(a) and
1(b), the (4x4x1) and (6x6x 1) supercells were constructed
to delve the electronic structures and magnetic properties of
one and two dopants (Zn/Cd) in AIN nanosheets, respectively.
The 9x9x1 and 5x5x 1 Monkhorst-Pack mesh were used to
sample the Brillouin zone for the structural relaxations and

physical properties, respectively.

L)
(a) (b)
Fig. 1. (color online) Schematic views of structure for (a) 4x4x1 and
(b) 6x6x 1 AIN nanosheet supercells. Pink and dark blue spheres rep-
resent Al and N atoms, respectively. The substituted positions of X
dopants are denoted by red in 4x4x 1 nanosheet supercells and 0-4 in
6x6x 1 nanosheet supercells, respectively.

3. Results and discussion

We first cut a 2D 4 x4 x 1 unit cell directly into the (0001)
plane of AIN optimized bulk wurtzite structure. After the total
energy optimization, the relaxed Al-N bond length 1.785 A
in the case of the nanosheets is smaller than 1.898 A of
bulk structure, which accords well with previous theoretical

[18:37] In addition, the AIN nanosheets are changed

results.
from the rippled surface to the planar graphene-like structure.
These possible reasons are attributable to the lack of interlayer
interaction in the nanosheets, where the bonding between Al
and N atoms belongs to sp>-hybridization and is stronger than
the sp> bonding in bulk.

Then, figures 2(a) and 2(b) show the spin-polarized
density of states (DOS) and band structure of pure AIN
nanosheets. Figure 2(a) shows the main components of the va-
lence band near the Fermi level by the 2p orbitals of N atoms;
while the dominant components of the conduction bands come
from Al-2s and N-2s state hybridization. It is worth noting that
the state of spin-up and the state of spin-down are fully sym-
metric, which demonstrates that the pristine AIN nanosheets
are nonmagnetic. From another point of view, as clearly seen
in Fig. 2(b), the plotted band gap appearing between the top
of the valence band and the bottom of the conduction band of
the indirect band gap is 2.95 eV, located at the G point and
K point, respectively, which is also consistent with previous
calculations. 2343441 Thus, based on the above details of AIN
nanosheets, the selected method is reliable for the following
studies of Zn- and Cd-doped 2D AIN nanosheets.
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Fig. 2. (color online) (a) Total DOS and partial DOS of p and s states
of the Al atoms and N atom, and (b) band structure for pure 2D AIN
nanosheets. The Fermi energy is indicated by the dotted line.
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Now, we begin to study X-doped AIN nanosheets (X =
Zn and Cd) with 6.25% doping concentrations as shown in
Fig. 1(a). Since the Zn and Cd atoms have similar radius to
Al atoms, they are expected to occupy predominantly Al site
in our calculation. The optimized structural and energy re-
sults and the magnetic moment distributions for Zn- and Cd-
doped AIN nanosheets are given in Table 1. Our calculations
show that the optimized bond lengths of Zn—N and Cd-N are
found to be enlarged to 1.902 A and 2.105 A, respectively.
This phenomenon can be explained to be due to the differ-
ence in radius between the doped atom and the substitution
atom, in single X-doped AIN nanosheets, the atom radii of Zn
(1.53) and Cd (1.71) are shorter than that of Al (1.82). For
AljsZnN¢ and Al 5CdN ;¢ nanosheets, the calculations show
that the total energy of spin polarization and spin unpolariza-
tion of the system are about 71.3 meV and 91.7 meV respec-
tively, which fully proves that the state of spin polarization is
a ground state. The local magnetic moments of each dopant,
three N atoms of the closest to the dopant and other N atoms
in Alj5XNj6 (X = Zn and Cd) nanosheets and the total mag-

netic moment of the system are also summarized in Table 1.
The calculations demonstrate that the induced magnetic mo-
ment of Zn- or Cd-doped system is mostly offered from the
closest N atoms around the dopant, and the magnetic moments
of the other farther N atoms are one or two orders of magni-
tude smaller. It is worth noting that in spite of the smallness,
the magnetic moments of the other N atoms can facilitate the
magnetic coupling between the magnetic moments provided
by the two dopants, which will be discussed below. Besides,
the doped Zn or Cd atom also gives a small part for the mo-
ment. The residual magnetic moment is produced in the in-
terstitial region around the doped atom and its nearest atoms.
As a result, both Zn and Cd dopants produce a total magnetic
moment of 1.00 pug in AIN nanosheets. Figures 3(a) and 3(b)
show the distribution of magnetic moments, which accord well
with the data given in Table 1. Analogous studies have been
conducted in the past, such as Mg-, Be-, C-, and TM-doped
AIN nanosheet, 18-20-22] Co-doped SnO;, nanosheets,[* and

Cu-doped ZnO nanosheets. 4!

Table 1. Optimized XN (X = Zn and Cd) bond lengths. The calculated values of total energy difference between spin-polarized (Eqpi,) and
spin-unpolarized (Eynspin) states (AE = Egpin — Eynspin)- The values of magnetic moment of the doping atom (My ), its nearest neighboring
N atoms (M ) around the doping atom and other N atoms (M2 ), and the total magnetic moment of the nanosheets (Mo ).

System X-N/A AE/meV Mx /up Mx1/vs Mxo /s Mot/ 1B

Alj5ZnN¢ 1.902 -71.3 0.025 0.430 0.160 1.000

AljsCdNyg 2.105 -91.7 0.050 0.392 0.152 1.000
(o) ° oO_0 ° o - (- o o)} o (-] o (-] o three valence electrons, and the N>~ anion has six p electrons
o ® ©® o o @ o without unpaired electrons, that is to say, the nearest neigh-
0700 o o¥®%H 0 o boring three N atoms of the doped atom nominally carry 18
o OC')O ° o ° o ° 0%0 » o ¢ o p-electrons in total. Since Zn atom has two electrons in its
(o] 0%o o o o o () o Q o o o o o six p orbitals, the substitution of N atoms introduces one hole
(a) (b) into Zn-doped AIN nanosheets. Similarly, Cd substitution of

Fig. 3. (color online) Spin density distributions of the single X-doped
AIN nanosheets in (a) Al35ZnN3g and (b) Al3sCdN3e. The yellow and
green isosurfaces correspond to the majority- and minority-spin densi-
ties. Pink, dark blue and red balls represent Al, N, and doping atoms,
respectively.

Figures 4(a) and 4(b) indicate that the total density of
states of Al;sZnNjg, a first neighboring N atom in the vicin-
ity of Zn/Cd and corresponding the partial DOS of 3d and 4d
states of Zn and Cd atom. It can be found from Fig. 4 that
the low-valence state Zn/Cd substitution for Al atom gives
rise to some holes in the 2p orbitals of the N atoms nearby
dopant, causing the state of spin-up and the state of spin-down
to be not symmetric, that is to say, the valence band has obvi-
ous spin splitting, resulting in a magnetic moment of 1.00 pg.
The physical reasons for obtaining such a value of magnetic
moment can be explained by analyzing the nature of Bader

analysis. It notes that each N atom closest to Al atom has

Al atom also induces one hole. Correspondingly, we find that
Zn”*/Cd** and the nearest neighboring three N atoms carry 17
p-electrons in total, resulting in a magnetic moment (1.00 pp)
equal to that of unpaired electrons of 2p orbitals. What is
more, the valence band is mainly composed of the 2p states
of the N atoms, and a small part is provided by the d orbitals
of the doped atom, which shows that the magnetic moment
is mainly derived from partially occupied 2p states of the N
atoms. Also from Fig. 4, we can find that the valence band has
obvious spin splitting, leading to significant electronic prop-
erties of half-metallic state. This phenomenon is qualitatively
consistent with the results of Mg-, Be-, C-, and TM-doped
AIN nanosheets, 1329221 Co-doped SnO, nanosheets,*! and
Cu-doped ZnO nanosheets. 4]

In order to analyze the stabilities of Zn/Cd-doped AIN

nanosheets, we calculate the formation energy, Efom- The for-
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mation energy, Efom, of an element X-doped system is ac-
quired from the following formula: Efom = E(AljsXNjg)-
E(AlgNg) + par — iy, 47 where Epin(X) and Eay are the
total energies of the AIN nanosheets containing a substitu-
tional dopant X and the pristine AIN nanosheets in the same
supercell; s and py are the total energies of metallic Al
and X atoms, respectively. It should also be noted that the
formation energies are determined as the Al-rich and N-rich
conditions. Moreover, under the thermodynamic growth con-
ditions, the upper and lower limits for the chemical poten-
tials un and pa; of N and Al are obtained from the equation
Uar + Un = AH; (AIN), where AH; (AIN) is the formation en-
thaply of AIN nanosheets. Moreover, in the process of doping,
in order to impede the second phases Zn3N; and Cd3N; be-
tween the dopant and host atoms from forming, the chemical
potentials of Zn and Cd must be restricted by the inequalities
3z +2un < AHg [Zn3N;] and 3pcq +2un < AHr [Cd3N3].
The values of formation energy Er of Zn- and Cd-doped AIN
nanosheets in Al-rich and N-rich condition are summarized in
Table 2. Following our calculations, it can be known that sub-
stitution for Al site becomes easy if the nanosheets are grown
under N-rich conditions. Moreover, the Al atom is more in-

clined to be replaced by a Zn atom rather than Cd.

Table 2. Values of formation energy Ef of Zn- and Cd-doped AIN
nanosheets in Al-rich and N-rich condition.

X E¢ in Al-rich condition E¢ in N-rich condition
Zn 2.477 1.506
Cd 3.330 2.389

In order to discuss in depth the magnetic coupling be-
tween the moments induced by two doped Zn/Cd atoms, a
larger 66 1 supercell is set up. Four different configurations
for doped system AlssX,N36 (X = Zn/Cd) are investigated,
and the doping concentration is 5.6%. In the AIN nanosheets,
one of the doped atoms is placed at site 0 position and an-
other doped atom is placed at one of sites 1-4 as shown in
Fig. 1(b). For simplicity, the four configurations are marked
as (0,1), (0,2), (0,3), and (0,4). For the four configurations,
the spin polarized calculations are implemented, and both fer-
romagnetic (FM) and antiferromagnetic (AFM) coupling be-
tween the moments produced by the two dopants are consid-
ered. The calculated optimized distance between two doped
atoms, dx_yx, define the energy with respect to (0,2) configura-
tion as the relative energy, Ag, the magnetic moment, M, and
the differences of the FM energy minus the AFM energy, i.e.,
AEy, = Epv — Eapm, for all the configurations of the doped

system, are summarized in Table 3.

T T T
(a) 401 A_WWJ\ E total Table 3. Values of calculated distance (dx_x) of two dopants, the relative
0 v energy Ae with respect to that of the (0,1) structure, the energy differ-
—40+} ! ence (AEm) between FM and AFM states, AE,, = Egpm — Eapm, and the
. : . total magnetic moment (M) in FM state for doped system Alz4X>N36
4.2+ J\ ! N-2p (X =Zn and Cd).
Q :
8 _4.(2) | w System  Configurations (0,7) dy_x/A Ag/meV AEn/meV Mot/ 1B
! . ! (0,1) 3.126 88 —66 2.00
421 A: Zn-3d 2 5.414 1715 2.0
0 A ! Al34Zn)N3g 0.2) : 0 - : 00
WY (0,3) 8271 82 -796  2.00
—4.2r . | . 0.4) 10828 108  -59.8  2.00
—4 —2 0 2
Energy/eV ©.1) 3126 118 -833  2.00
. . . Al34CdN3g 0,2) 5.414 0 -126.2 2.00
() gok D total 0,3) 8271 220  -784  2.00
1
0 SRV ' 0,4) 10.828  200.1 -62 2.00
1
760 - 1
1 l: 1 .
26k i The results in Table 3 reveal that the energy of configura-
wn | N-2p . . -
8 0 :v tion (0,2) is lower than those of the other three configurations,
—2.6 . i . which implies that the clustering effect is not apparent in Zn-
1.1f AJ E Cd-ad and Cd-doped AIN nanosheets. Table 3 also shows that the
! -
0 v AEy, values of four configurations are negative, which implies
—Lir ) ; ) that all ground states of Alz4X,N34 (X = Zn/Cd) nanosheets,
—4 —2 0 2 4 where the two dopants are located at the farthest possible dis-
Energy/eV

Fig. 4. DOSs of AIN nanosheets with single X substitution: (a) to-
tal DOS of Al;5ZnNg, partial DOS of 2p states of a first neighboring
N atom around Zn atom and 3d states of a Zn atom, (b) total DOS
of AljsCdNjg, partial DOS of 2p states of a first neighboring N atom
around Cd atom and 4d states of a Cd atom, respectively. Fermi energy
is indicated by the dashed vertical line.

tance in the nanosheets, are FM. What is more, the AE,, val-
ues of the most stable configuration (0,2) for Al34Zn; N3¢ and
Al34CdyN3¢ are as large as —171.5 meV and —83.3 meV, re-
spectively. This means that ferromagnetic state in Zn- and Cd-
doped AIN nanosheets is likely to be achieved. The DOS of a
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two-atom-doped system in FM state is similar to the DOS of
single atom-doped AIN nanosheets, which shows that substi-
tutional dopants at Al sites introduce holes into the spin-down
2p orbitals of the N atoms at the top of the valence band. In
addition, it is the spin splitting of the valence band.

By combining the results obtained from DOS and spin
density distribution, we can explain the ferromagnetic cou-
pling between the magnetic moments introduced by the two
doped atoms. From the DOSs in Figs. 4(a) and 4(b), the 2p or-
bitals of N atoms and the d orbitals of the dopant significantly
overlap near the Fermi level, indicating there is a strong p—d
hybridization interaction mechanism between them. 3 It can
be revealed that the dopant and its nearest N atoms can couple
with each other, causing the magnetic moments to be paral-
lelly aligned by this strong interaction.*®4°! Indeed, as shown
in Figs. 3(a) and 3(b), we find that the N atoms bonded to
the dopant and the dopant are also spin polarized, meanwhile,
the polarization direction is identical to that of the dopant. In
other words, under the interaction of p—d hybridization, the
spins of N atoms and the doped atom are parallel to each other.
Moreover, the spatially extended p states of the N extend spin
alignment to several neighboring N shells around the dopant.
Consequently, the holes localized near the N atoms between
two doped atoms in the nanosheets are polarized and have the
same spin directions as shown in Figs. 5(a) and 5(b). These
polarized holes can effectively regulate the long-range ferro-

magnetic coupling between the doped atoms.

©0%0%0%0%0°%0 96%0%0%0%0°%
©,0,0,0,0, 0, ©,0,0,0,0,0,
oooof‘o(iooooo °o°o/ _(,‘Ooqoo
©090@0,9,9,0, °o°oz~‘o@c@\ooo
96%0%0©6%6%0 ©0%0%680%0%0
96%0%0%0%0% 96%0%0%0%0%
(a) (b)

Fig. 5. (color online) Spin density distributions of double X-doped AIN
nanosheets are shown in (a) Al34Zn;N3g and (b) Al34CdyN3g FM state
of configuration (0,2). The yellow and green isosurfaces correspond to
the majority- and minority-spin densities. Pink, dark blue and red balls
represent Al, N, and doping atoms, respectively.

4. Conclusions

In this work, through the theoretical calculations, the
electronic structure and magnetic properties of a substitutional
Zn/Cd dopant in 2D AIN nanosheet are systematically studied
in detail. Our calculation results reveal that doped Zn/Cd in a
2D AIN nanosheet introduce some holes into 2p orbitals of the
N atoms and the corresponding magnetic moments is 1.0 ug
per supercell. The main component of the magnetic moment
of the doped system is the 2p orbitals of the first neighboring
N atoms in the vicinity of the dopant, with a small contribu-
tion from the Zn/Cd atom. Furthermore, the coupling effect

between the magnetic moments due to the incorporation of
Zn/Cd into the system is ferromagnetic coupling. According
to the calculated DOS and spin density, we can conclude that
the p—d interaction between the 2p states of the N atom and
the d states of the dopant effectively tune the long-range FM
coupling. Moreover, the formation energy calculations show
that Al atom is more inclined to be replaced by Zn atom rather

than Cd and could be realized under experimental conditions.
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