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Polarization control of the property of dopants in semiconductors
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Dopants can bring new functionalities to semiconductor materials; therefore, it is desirable to optimize the
properties of dopants to achieve better performance. In this work, we demonstrate that the property of a dopant
can be tuned to various extents by the polarization effect. We have proposed a mix-phase AlN/ScN superlattice
system as substrate, whose built-in polarization is an order of magnitude larger than that in a AlN/GaN superlat-
tice. Taking the 3d transition metal as a dopant, we show by first-principles calculations that the stable electronic
configuration of individual dopants and the spin-exchange interaction between different dopants can be effec-
tively controlled by the polarization effect. Specifically, for the case of CoSc, the relative stability between the 0
μB (t6

2ge0
g) and the 4 μB (t4

2ge2
g) magnetic states can be tuned by varying the doping positions along the polarization

direction. For the case of VAl with e2t0
2 electronic configuration, the ferromagnetic interaction between half-filled

e states and empty t2 states can be enhanced when the adjacent VAl dopants are at inequivalent doping positions
along the polarization direction. These results show that the polarization effect has a significant impact on dopant
properties in semiconductors. Further, as the AlN/ScN material system is compatible with existing complemen-
tary metal-oxide-semiconductor (CMOS) back-end processes, it can serve as a versatile platform to obtain large
polarization fields and thus can achieve effective polarization control of dopant properties experimentally.

DOI: 10.1103/PhysRevB.110.035206

I. INTRODUCTION

Incorporating intentional impurities into a material is an
effective method for tuning its physical properties [1]. For
traditional semiconductors, doping donors or acceptors into
these materials can shift the Fermi level and lead to the pres-
ence of mobile free carriers for electronic conductance [2],
which is crucial for achieving electron-pumped nanodevices.
With the development of experimental methods such as
single-ion implantation techniques [3], it has become possi-
ble to incorporate various elements into a material, thereby
introducing new functionalities. For example, dilute mag-
netism [4–6] can be achieved by doping magnetic ions into
semiconductors such as GaAs [7], ZnO [8], and GaN [9],
where one of the spin-polarized states dominates at the Fermi
level, allowing for the production of spin-polarized currents
suitable for spintronic devices [10,11]. Rare-earth elements
cover a broad optical spectral range, and they can be doped
into host materials for photoluminescence and related ap-
plications, including lighting, electronic displays, lasers, and
biological labeling [12]. Defects with isolated energy levels
insulated from the band edges of wide-band-gap semiconduc-
tors can serve as single-photon emitters for qubits [13,14]. In
these applications, the relative position between the energy
levels induced by dopants or defects and the host bands plays
a crucial role.

In bulk semiconductor materials, a polarization effect oc-
curs when the positive and negative charge centers do not
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coincide, which can induce a difference in electrostatic po-
tential along the polarization direction. At the surface and
interfaces of semiconductors, this polarization effect exhibits
discontinuous characteristics, exerting pronounced influences
on electronic structures and charge distributions, and leading
to band bending [15]. The polarization discontinuity effect,
when coupled with dopants, offers a different avenue for tun-
ing dopant properties.

The influence of polarization discontinuity near the surface
on dopants is particularly evident in the case of nitrogen-
vacancy (NV) centers in diamond, which have garnered
considerable attention due to their unique magnetic and opti-
cal properties [13]. Experimental investigations have revealed
that surface dipoles play a crucial role in determining the
relative stabilities of neutral NV0 and negative NV− states
near the diamond surface. Specifically, NV− tends to be sta-
ble near oxygen-saturated surfaces, whereas NV0 is favored
near hydrogen-saturated surfaces [16–18]. This development
marks a significant stride towards engineering NV centers
near the diamond surface. For wide-band-gap nitride semi-
conductors, the polarization discontinuity effect has been used
as a tool to enhance p-doping efficiency. Specifically, the
polarization effect induced by the AlxGa1−xN/AlyGa1−yN
superlattice structure induces the bending of valence bands
around the interface, resulting in a reduction of the acceptor
activation energy [19–22]. Additionally, Simon et al. [23]
developed a technology for growing AlGaN material with
a reduced Al component along the [0001] direction of
AlGaN. Instead of sharp superlattice heterojunctions, they
achieved an Al component gradient and thereby a po-
larization gradient, which can benefit the activation of
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acceptors, and further achieved a high hole concentration of
2 × 1018 cm−3.

Understanding the interdependence between polarization
and dopants holds great promise for enabling precise control
over material functionalities for diverse applications. So far,
the polarization effect has primarily been utilized to adjust
the properties of dopants whose energy levels are close to the
host band edge. However, its regulatory impact on dopants
with deep energy levels remains relatively unexplored. In this
work, we demonstrate the higher feasibility of the polarization
effect for tuning the dopant property in semiconductors. We
have systematically studied the effect of polarization on the
stable electronic configurations of a dopant, which are directly
related to the relative position between the dopant energy level
and host band edges. We use a mix-phase AlN/ScN superlat-
tice as the host material, as we show later that it possesses
a sufficiently large built-in electric polarization field. The 3d
transition-metal (TM) series from Ti to Zn is chosen as the
dopants. The effect of polarization on the electronic structure
of individual dopants and the interaction between dopant pairs
are discussed in detail. Through systematic analysis, we eluci-
date the impact of polarization on individual dopants and the
interactions between dopant pairs, shedding light on the po-
tential of polarization engineering for tailored semiconductor
materials.

II. COMPUTATION DETAILS

The calculations are performed based on density func-
tional theory using the VASP package [24,25]. We employ
the projector-augmented wave (PAW) pseudopotential [26,27]
with an energy cutoff of 500 eV. We have investigated
the effect of exchange-correlation functionals on the po-
larization property and the energy of different transition
metals. The functionals used include the local density ap-
proximation (LDA), the generalized gradient approximation
(GGA), and the meta-GGA functionals. For LDA, we use
the Ceperley-Alder (CA) [28] functional. For GGA, we use
the Perdew-Burke-Ernzerhof (PBE) functional [29]. For meta-
GGA, we use the strongly constrained and appropriately
normed (SCAN) functional [30]. Previous theoretical inves-
tigations [31] have shown that the LDA and GGA functionals
tend to induce delocalized behavior in transition metals,
whereas the meta-GGA functional tends to produce localized
behavior. In the main text, we present results based on the PBE
functional, while results based on other exchange-correlation
functionals are presented in the Supplemental Material [32].
Fixed-spin self-consistent calculations are performed, and the
constrained total magnetic moment state is achieved by sepa-
rately varying the Fermi levels of the spin-up and spin-down
electrons. For all the calculations, the K-mesh value is set to
be 0.05 × 2π/Å, and the atomic positions are relaxed until
the forces are less than 0.01 eV/Å.

The formation energy of a transition-metal dopant is
defined as [33]

E f (X q) = Etot (X
q) − Etot (host) −

∑

i

niμi + qEF + �q.

(1)

Here, Etot (X q) represents the total energy of the supercell
containing a dopant X at the charge state of q, Etot (host) is
the total energy of the host semiconductor without dopants,
ni is the number of atoms of type i that have been added
to (ni > 0) or removed from (ni < 0) the host, μi is the
corresponding chemical potential for atom i, EF is the Fermi
level referenced to the valence band maximum (VBM), and
�q is the correction term for the finite-cell size effect on the
total energies of the charged defects [34,35].

III. RESULTS AND DISCUSSION

A. Polarization effect in the AlN/ScN superlattice

We begin by examining the polarization property of the
AlN/ScN superlattice. The freestanding superlattice structure
is considered, with both the lattice constant and internal coor-
dinates relaxed. Different phases of the AlN/ScN superlattice
are investigated, as previous studies have indicated that it can
exist in either a wurtzite or a wurtzite/rock-salt mix-phase
structure [36–38]. Notably, such mix-phase structures have
also been observed in space-confined nitride materials [39,40]
and heteroepitaxial nitride material systems [41].

As a superlattice structure, interfaces between different
regions create a dipole discontinuity [42,43]. In this study,
we demonstrate the corresponding built-in electric field po-
larization by calculating the atomic core levels (ECL) [44,45].
Utilizing the core level of N1s as the reference, the electric
field is determined by fitting the slope of the core level dif-
ference (�ECL) of N atoms from different layers with respect
to their distance (�z) along the polarization direction (which
is perpendicular to the interface). The results for the wurtzite
AlN/GaN and mix-phase AlN/ScN superlattices are shown
in Figs. 1(a) and 1(b), and the results for wurtzite AlN/ScN
superlattice are shown in Fig. S1(a) in the Supplemental Ma-
terial [32]. Remarkably, the calculated polarization field in
the mix-phase AlN/ScN is an order of magnitude larger than
that of both the wurtzite AlN/GaN and wurtzite AlN/ScN
superlattices.

To gain insight into the significant polarization field ob-
served in the mix-phase AlN/ScN superlattice, we employed a
slab model to investigate the charge transfer between different
regions. The results are presented in Fig. S2 in the Supple-
mental Material [32]. Our findings reveal a larger planar and
macroscopic-averaged charge density difference at the inter-
faces in the mix-phase AlN/ScN superlattice compared to the
wurtzite AlN/GaN and wurtzite AlN/ScN superlattices. This
pronounced difference contributes to the relatively large po-
larization field observed in the mix-phase structure. Another
noteworthy distinction in the polarization field between the
AlN/GaN and AlN/ScN superlattices is the position of the
maximum N1s core level. In the wurtzite AlN/GaN superlat-
tice, this position is situated in the AlN region, whereas in both
the wurtzite and mix-phase AlN/ScN superlattices, it resides
in the ScN region. This should arise from the distinct nature of
the valence orbitals of Sc (d orbital) and Ga (p orbital), as the
maximum position of the N1s core level remains consistent for
AlN/ScN superlattices with different (wurtzite or mix-phase)
crystal structures. Additionally, Fig. S3 in the Supplemen-
tal Material [32] demonstrates that a large polarization field
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FIG. 1. Atomic structure and N1s binding energies for
(a) wurtzite AlNn/GaNn and (b) mix-phase AlNn/ScNn

superlattices. (c) Unit-cell structure of a mix-phase AlN3/ScN3

superlattice and layer-resolved density of states. The valence band
maximum is set to 0. (d) Schematic representation of TM d-orbital
splittings under ideal tetrahedral and octahedral coordination. Al,
Ga, Sc, N, and TM atoms are depicted by gray, green, pink, blue,
and purple balls, respectively.

exists in the mix-phase AlN/ScN superlattice regardless of
the stacking sequence in the AlN region.

The large polarization field in the mix-phase AlN/ScN
superlattice strongly influences its electronic structure. Fig-
ure 1(c) illustrates the layer-projected density of states (DOS)
for the mix-phase AlN3/ScN3. Notably, the DOS exhibits
a distinct bending for different layers. The band gap of the
mix-phase AlNn/ScNn is also strongly influenced by the po-
larization field, as shown in Table S1 in the Supplemental
Material [32], and the band gap dramatically reduces as the
layer number n of the mix-phase AlNn/ScNn increases. For
comparison, Fig. S1(b) presents the layer-projected DOS re-
sults for wurtzite AlN3/ScN3. In contrast to the mix-phase
structure, the relatively weak polarization field in the wurtzite
AlN3/ScN3 superlattice results in minimal variation in the
layer-projected DOS, regardless of the layer’s position.

To assess the influence of exchange-correlation function-
als on the electronic structure, we performed core level and
band-gap calculations for mix-phase AlNn/ScNn using both
LDA and SCAN functionals. The results are summarized in
Fig. S9 and Table S1 in the Supplemental Material [32].
Remarkably, we observe that the polarization field strength
as well as the band-gap reduction feature with the increase
of n remain consistent with the results obtained using the
PBE functional. This consistency indicates that the inherent
built-in field property can be reliably reproduced by the PBE
functional.

To demonstrate that polarization in semiconductors can
effectively tune the property of a dopant, we have studied the
dependence of the total energy as a function of the total mag-
netic moment of a host material with a dopant incorporated;
as the stable magnetic property for a material with a dopant is
directly related to the dopant electronic configuration [46,47],
which is determined by the relative position between the
dopant energy level and the host band edges [48]. We choose
the mix-phase AlN3/ScN3 superlattice as the host material as
it exhibits a large polarization field; the dopants are chosen as
the 3d TM series from Ti to Zn.

The TM dopants were modeled by replacing one of the
cation atoms in the 3 × 3 × 1 mix-phase AlN3/ScN3 super-
cell with one TM atom, as illustrated in Fig. 1(c), where the
labels denote different doping positions of the substitutional
TM atom. Due to the polarization field along the direction
perpendicular to the superlattice interface, the TM dopants ex-
perience unequal doping positions. Doping in the AlN region,
denoted by the change from pos1 to pos2 and then to pos3,
results in the TM ion sensing a potential that moves toward
lower energy levels. Conversely, doping in the ScN region,
characterized by the transition from pos1 to pos2 and then
to pos3, results in the TM ion sensing a potential that moves
toward higher-energy levels.

In the mix-phase AlN3/ScN3, the splitting of the TM d
states is influenced by the coordination [49,50]. As depicted in
Fig. 1(d), in an ideal tetrahedral crystal field, the d states split
into a low-energy double degenerate e set and a high-energy
triple degenerate t2 set, with a crystal field splitting energy
�tet; whereas in an ideal octahedral crystal field, they split into
a low-energy triple degenerate t2g set and a high-energy double
degenerate eg set, with a crystal field splitting energy �oct. The
final electronic configuration of the d states is determined by
the relative magnitude between �tet (�oct) and the positive
pairing energy P for a pair of spin-antiparallelized electrons
on the same orbital.

B. Property of transition-metal dopant in the AlN
region of AlN/ScN superlattice

For TM dopants in the AlN region of the mix-phase
AlN3/ScN3, the electronic configurations under ideal tetrahe-
dral coordination are depicted in Fig. 2(a). For TiAl, VAl, NiAl,
CuAl, and ZnAl, there is one possible stable magnetic config-
uration, while for CrAl, MnAl, FeAl, and CoAl, there are two
possible stable magnetic configurations. To numerically study
the electronic structure of TM dopants at different doping
positions in the AlN region of mix-phase AlN3/ScN3 and the
effect of polarization on it, we performed fixed-spin multiplet
calculations for the supercell to obtain the total energy curve
of the system as a function of its total magnetic moment. Full
atomic relaxations were included for all calculations, and the
results are shown in Fig. 2(b). It is evident that the energy
curves for the same dopant at different doping positions ex-
hibit significant differences.

For TiAl, VAl, NiAl, CuAl, and ZnAl, there exist metastable
magnetic moment of 0 μB or flat total energy curves between
0 μB and the corresponding ideal magnetic states shown in
Fig. 2(a). For CrAl, MnAl, FeAl, and CoAl, though multiple sta-
ble magnetic moments exist for the ideal case, the numerical
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FIG. 2. (a) Electronic configurations for TM dopants under ideal
tetrahedral coordination. (b) Relative energy as a function of the total
magnetic moment for TM in different doping positions in the AlN
region of mix-phase AlN3/ScN3. The stable magnetic moment for
each case is labeled.

results do not show that the energy curve has multiple stable
magnetic moment states; instead, some new stable magnetic
moment configuration exists. For CrAl, it is stable at 2 μB

at pos1; for MnAl, it is stable at 2.5 μB at pos1 and there
exists a flat total curve between 4 and 5 μB at pos3; and for
CoAl, there exists a flat total energy curve between 2 and 4 μB

at pos3.
To understand the origin of the different stable magnetic

configuration properties of TM dopants, we calculated the cor-
responding projected density of states (DOS), as depicted in
Fig. 3. Observations reveal that for TM dopants from Ti to Zn
at the same doping site, the TM d state shifts towards lower-
energy levels with increasing atomic number. Furthermore,
for the same TM dopant, the relative position between the d
state and the valence band maximum (VBM) and conduction
band minimum (CBM) band edges of the host material at
different doping positions varies, leading to different energy
curves at different doping positions, as shown in Fig. 2. Next,
we discuss in detail the features of the density of states for
TMAl in mix-phase AlN3/ScN3.

For TiAl, the d states of TiAl-pos1 and TiAl-pos2 lie above
the CBM of the host material, and part of the conduction
band state of the host material lies below the Fermi level;
the excess electron induced by TiAl-pos1 is distributed on the
host conduction band states, which results in a nonmagnetic
configuration; while the e set of d states of TiAl-pos3 lies
around the host CBM in the spin-up channel and below the

Fermi level, the excess electron induced by TiAl is distributed
on the spin-up channel of the e state, which results in a 1 μB

magnetic moment.
For VAl, additionally, we show the density of states for

both the 0 and 2 μB conditions as depicted in Fig. S4 in the
Supplemental Material [32]. It is seen that the d states lie in
a relatively lower-energy region in comparison to the case of
TiAl; the whole d states of VAl-pos1 lie above the CBM of
the host material and above the Fermi level, which results in
a nonmagnetic configuration; while the e set of d states of
VAl-pos2 and VAl-pos3 lies around the host CBM and VBM,
respectively, and are both below the Fermi level, which results
in a 2 μB magnetic moment.

For CrAl, the low-energy e set of d states of CrAl-pos1
overlaps with the conduction band of the host material; the
excess electron induced by CrAl-pos1 partly distributes on the
e set of d states of CrAl-pos1 and partly on the conduction
band states of the host material, in which the latter tends to
form a nonmagnetic configuration, which results in a reduced
magnetic moment of 2 μB; while the high-energy t2 set of d
states of CrAl-pos2 and CrAl-pos3 are mixed with the host
CBM and VBM states, respectively, the excess electrons in-
duced by CrAl are distributed on the spin-up channel of the
e and t2 set of d states, which results in a 3 μB magnetic
moment.

For MnAl, the high-energy t2 set of d states of MnAl-pos1
overlaps with the conduction band of the host material; the
excess electron induced by MnAl distributes around CBM,
which results in a reduced magnetic moment of 2.5 μB; the
t2 set of d states of MnAl-pos2 overlaps with the valence
band of the host material; the d states in the spin-up channel
are occupied by the excess electron induced by MnAl, which
results in a magnetic moment of 4 μB; the spin-up channel
of the d state is fully occupied for MnAl-pos3 and part of
the VBM electronic state of the host material is unoccupied,
resulting in a flat energy curve around 4–5 μB.

For FeAl, the d states of FeAl-pos1 and FeAl-pos2 are
fully occupied in the spin-up channel and fully unoccupied
in the spin-down channel, which results in a stable mag-
netic moment of 5 μB; while the d states of FeAl-pos3 are
fully occupied in the spin-up channel but also partially oc-
cupied in the spin-down channel, as compensation the band
edges of the host materials are partially unoccupied in the
spin-down channel, which again results in a stable magnetic
moment of 5 μB.

For CoAl, the d states of CoAl-pos1 and CoAl-pos2 are
fully occupied in the spin-up channel and partially occupied
in the spin-down channel, which results in a stable magnetic
moment of 4 μB; while for the case of CoAl-pos3, the occu-
pation of d states in the spin-up channel is similar to that of
CoAl-pos1 and CoAl-pos2, but it has more electron occupation
in the spin-down channel since the valence band states of the
host material exhibit a partial nonoccupation feature, where
the 4 μB magnetic moment is still stable.

For the cases of NiAl, CuAl, and ZnAl, they have the sta-
ble magnetic moment that is consistent with the ideal case,
and the low-energy metastable configurations of 0 μB, which
can be accounted for by the coupling between the TM d
state and the host material band edge for the previous cases
of TMAl.
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FIG. 3. The total density of states (gray line) and projected density of states of the d orbitals of TM doping in the AlN region of mix-phase
AlN3/ScN3 at pos1 (blue line), pos2 (green line), and pos3 (red line). The negative and positive values correspond to spin-down and spin-up
channels, respectively. The dashed line indicates the Fermi level.

C. Property of transition-metal dopant in the ScN
region of AlN/ScN superlattice

For the case of the TM dopant in the ScN region of the
mix-phase AlN3/ScN3, the results are depicted in Fig. 4. As
illustrated in Fig. 4(a), TiSc, VSc, CrSc, CuSc, and ZnSc exhibit
a single stable magnetic configuration, whereas MnSc, FeSc,
CoSc, and NiSc exhibit two stable magnetic configurations.
Notably, these results may differ from those obtained under
tetrahedral coordination. Similar to the situation when the TM
is doped into the AlN region, the potential energy curve of the
energy versus magnetic moment shows obvious differences at
different doping sites. This is obvious for the case of CoSc:
for CoSc-pos1, its most stable magnetic moment is 4 μB; for
CoSc-pos3, its most stable magnetic moment is 0 μB; while for
CoSc-pos2, the 0 and 4 μB magnetic moments are two stable
magnetic configurations with close energy.

To understand the mechanism of different stable magnetic
moments for TM at different doping sites in the ScN region,
we have calculated the corresponding projected density of
states; the results for all the dopants are shown in Fig. S5 in
the Supplemental Material [32]. Focusing on the case of CoSc,
the density of states results at 0 and 4 μB magnetic moments
are shown in Fig. 5. The relative position of the CoSc d states
at different positions aligns with the polarization direction in
the ScN region of mix-phase AlN3/ScN3. It is seen that for
the 0 μB magnetic configuration of CoSc-pos1, CoSc-pos2, and
CoSc-pos3, the d states of CoSc also exhibit a nonmagnetic
feature, where the spin-up and spin-down channels exhibit the
same profile and occupancy. For the 4 μB magnetic configu-
ration of CoSc-pos1, CoSc-pos2, and CoSc-pos3, the d states in
the spin-up channel are fully occupied, while the low-energy
d states in the spin-down channel are partially occupied.

For TM dopants in octahedral coordination with an elec-
tron number larger than 3, the crystal field splitting energy

�oct tends to hinder the electron from forming a high magnetic
moment configuration, while the pairing energy P tends to
hinder the electron from forming a low magnetic moment
configuration. For CoSc-pos1, the high-energy eg set of d
states of Co are mixed with the valence band of the host ma-
terial and is possibly occupied; then the hindrance of �oct is
surmounted and the pairing energy P determines the magnetic
configuration, thereby resulting in a high-spin t3

2g↑e2
g↑t1

2g↓e0
g↓

configuration. For CoSc-pos2, the low-energy t2g set of d states
of Co is mixed with the valence band of the host material and
the high-energy eg set of d states of Co is mixed with the con-
duction bands of the host material; the crystal field splitting
energy �oct and pairing energy P play a similar role, which re-
sults in the low-spin t3

2g↑e0
g↑t3

2g↓e0
g↓ and high-spin t3

2g↑e2
g↑t1

2g↓e0
g↓

configurations having comparable energies. For CoSc-pos3,
the low-energy t2g set of d states is mainly mixed with the
conduction bands of the host material, and the occupancy of
the high-energy eg requires excess energy, which results in the
low magnetic configuration of t3

2g↑e0
g↑t3

2g↓e0
g↓ being stable.

To verify the obtained results in this section and the pre-
vious section, the LDA and SCAN functionals are used to
calculate the total-energy curve of the system as a function
of its total magnetic moment and the corresponding DOS
features. The cases of VAl and CoSc are chosen as represen-
tatives. The results are shown in Figs. S10 and S12 in the
Supplemental Material [32]. These results indicate that the
relative stability of the 0/2 μB configurations for the VAl

and the 0/4 μB configurations for CoSc, as well as the partial
density of states feature, are consistent with the PBE results,
validating the findings in both sections.

Based on the analysis, we conclude that the relative sta-
bility of different TM electronic configurations can be tuned
by the polarization field in the mix-phase AlN3/ScN3 su-
perlattice. Furthermore, for comparison, we have calculated
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FIG. 4. (a) Electronic configurations for TM dopants under ideal
octahedral coordination. (b) Relative energy as a function of the total
magnetic moment for TM in different doping positions in the ScN
region of mix-phase AlN3/ScN3. The stable magnetic moment for
each case is labeled.

the electronic configuration of TM dopants in a wurtzite
AlN3/ScN3 superlattice, which possesses a relatively smaller
polarization field. The results are depicted in Figs. S7 and S8
in the Supplemental Material [32]. In this case, the energy
curves of different doping positions are similar, indicating that
the properties of TM dopants are less affected. These results
suggest that a sufficiently strong polarization field is necessary
for the effective control of the dopant electronic configuration.

D. Spin interaction between transition-metal
pairs in AlN/ScN superlattice

In addition to the individual dopant properties, we demon-
strate that the polarization effect can also tune the interaction
between different dopants. A typical case is the spin-exchange
interaction, which plays a crucial role in determining the per-
formance of a dilute magnetic semiconductor [5,6]. A strong
ferromagnetic (FM) coupling between magnetic dopants in a
dilute magnetic semiconductor ensures a high Curie tempera-
ture and better performance as a spintronic device. However,
ferromagnetic coupling between dopants in semiconductors is
usually weak.

As illustrated in Fig. 6(a), based on the Goodenough-
Kanamori-Anderson rule [51–54], for TM dopants under
tetrahedral coordination, the superexchange interactions are
antiferromagnetic (AFM) where the virtual electron trans-
fer is between the half-filled e states, and they are

FIG. 5. Total density of states (gray line) and projected density
of states of the d orbitals of CoSc in the ScN region of mix-phase
AlN3/ScN3 at pos1 (blue line), pos2 (green line), and pos3 (red line).
The negative and positive values correspond to spin-down and spin-
up channels, respectively. The dashed line indicates the Fermi level.

ferromagnetic where the virtual electron transfer is from the
half-filled e states to the empty t2 states. Many approaches
have been proposed to overcome this drawback; for the case of
CrI3, a two-dimensional ferromagnetic semiconductor, Huang
et al. [55] have shown that alloying its cation site with tung-
sten (W) can enhance its ferromagnetic Curie temperature; as
the energy level difference between the high-energy empty

FIG. 6. The schematic spin-exchange mechanism between TM
dopants (a) without and (c) with a polarization effect. The total
density of states and projected density of states for the d orbitals for
VAl pairs with ferromagnetic/antiferromagnetic couplings in (b) bulk
AlN and (d) the AlN region of mix-phase AlN3/ScN3.
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states of Cr and the low-energy half-filled states of W is re-
duced, the ferromagnetic coupling between the adjacent sites
is enhanced.

Here we show that the polarization effect can also effec-
tively tune the spin-exchange interaction between dopants; the
mechanism is illustrated in Fig. 6(c). Due to the polarization
effect, TM dopants experience different electronic potentials,
leading to shifts in their energy levels. Consequently, the en-
ergy difference between the half-filled e states and the empty
t2 states is reduced, resulting in an enhancement of the FM
coupling. As a representative example, we consider the case
of vanadium substitution (VAl) in both bulk AlN and the AlN
region of mix-phase AlN3/ScN3, as VAl exhibits an ideal
configuration with half-filled e states and empty t2 states. We
investigate the interaction between a pair of VAl dopants. In
bulk AlN, the VAl pair is selected at adjacent cation positions
along the [0001] direction, where VAl-2 lies higher than VAl-1
along the [0001] direction. In mix-phase AlN3/ScN3, the VAl

pair is chosen at adjacent positions, specifically, VAl-pos2
(VAl-1) and VAl-pos3 (VAl-2), using the notation previously
employed. The FM and AFM states of the VAl pairs are deter-
mined by constraining the alignment of the magnetic moments
on the transition metal.

The density of states results and the relative stability of the
FM and AFM states for the VAl pair in the bulk AlN and
the AlN region of the mix-phase AlN3/ScN3 are shown in
Figs. 6(b) and 6(d). In the case of the VAl pair in AlN, due to
the lack of a polarization effect in bulk AlN, the energy levels
of VAl-1 and VAl-2 in AlN lie in a similar region, resulting in
a relatively weak FM coupling. The energy of the FM state
is 53.04 meV lower than that of the AFM state. In the case
of the VAl pair in mix-phase AlN3/ScN3, there is an energy
level difference between VAl-1 and VAl-2 due to polarization.
This leads to enhanced ferromagnetic coupling between the
half-filled e and t2 states, resulting in a stabilized FM coupling
configuration. The energy of the FM state is 323.47 meV
lower than that of the AFM state. These results demonstrate
that the polarization effect can effectively tune the interaction
between dopants.

Additionally, we conducted calculations of the spin-
exchange couplings for the VAl pair in both bulk AlN and
the AlN region of the mix-phase AlN3/ScN3 using the LDA
and SCAN functionals. The results, as presented in Fig. S11
in the Supplemental Material [32], show consistent trends
with those obtained using the PBE functional. Specifically, for
both tested functionals, weak ferromagnetic or even antiferro-
magnetic couplings are observed for VAl pairs in bulk AlN.
Meanwhile, in the AlN region of the mix-phase AlN3/ScN3

superlattice, ferromagnetic couplings for VAl pairs are en-
hanced by an order of magnitude. These findings confirm the
robustness of the conclusions regarding the influence of the
exchange-correlation functional.

E. Formation energy of transition-metal
dopant in the AlN/ScN superlattice

For practical applications, it is desirable to know the stabil-
ity and the compensation effect on a dopant. Here, we consider
the cases of VAl and CoSc, as previously described. We calcu-
late the formation energies of these dopants; the positive and

FIG. 7. The formation energies of VAl and CoSc in mix-phase
AlN3/ScN3 at the N-rich condition.

negative charged states are considered. In the charged state
calculations, we first compute the total energy as a function of
the total magnetic moment to determine the stable electronic
configuration. The results are shown in Fig. S6 of the Sup-
plemental Material [32]. Using the total energy of different
charged states, we then calculate the formation energy un-
der N-rich conditions, as depicted in Fig. 7. Distinct energy
profiles are observed for the same dopant at various doping
positions, reflecting the significant built-in polarization in the
host material. These energy profiles provide insights into the
stability of different charge states of TM dopants.

For the compensation effect, various factors can contribute,
including different types of defects that either donate electrons
or holes to the host material. To simplify our analysis, we
examine the compensation effect from the perspective of the
Fermi level. As illustrated in Fig. 7, for the case of VAl in
a charge-neutral state, it is shown that VAl-pos1 and VAl-
pos2 exhibit stability in the region near the conduction band
maximum, indicating stability primarily in an n-type host.
In contrast, for VAl-pos3, the charge-neutral state is stable
in the region between the valence band maximum and the
middle of the band gap, suggesting stability in a p-type host.
Similarly, for the charge-neutral state of CoSc, it is shown that
CoSc-pos1 exhibits stability in a p-type host, CoSc-pos2 in an
intrinsic-type (i-type) host, and CoSc-pos3 in an n-type host.
These observations provide insights into the compensation
mechanisms for VAl and CoSc dopants within the mix-phase
AlN3/ScN3 material.

The influence of different exchange-correlation functionals
is assessed by comparing the results obtained using the LDA
and SCAN functionals. The results are presented in Figs. S12
and S13 of the Supplemental Material [32]. It is shown that
the relative stability of the charge-neutral state of VAl and
CoSc, as well as their stable regions within the band gap,
exhibit qualitatively similar behavior with the PBE result.
This suggests that the overall trends regarding the stability of
these dopants remain consistent regardless of the choice of
exchange-correlation functional.

IV. CONCLUSION

In summary, our investigation focused on the polariza-
tion properties within a mix-phase AlN/ScN superlattice
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and its impact on dopant behavior within it. We performed
first-principles calculations on the magnetic metastability of
individual dopants and the magnetic exchange interactions
between different dopants using various types of exchange-
correlation functionals. Using the examples of individual
CoSc and VAl pairs in mix-phase AlN3/ScN3, we found that
the stable magnetic electronic configurations of individual
dopants and the magnetic interactions between dopant pairs
can both be possibly influenced by the polarization effect.
Our results highlight that dopant properties, including their
stable magnetic configurations and magnetic interactions, can
be significantly tuned by a sufficiently large polarization
field. These findings underscore the potential of mix-phase
AlN/ScN superlattices with large polarization strength to

serve as versatile platforms for achieving polarization mod-
ulation of various dopants. Also, the concept presented in
this work opens up opportunities for research and technolog-
ical applications utilizing the polarization effect on doping
physics.
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