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Point defects in wide-band-gap semiconductors have emerged as leading qubit candidates for realizing
quantum information processing. Due to the strong spatial localization of the wave functions, these defects
can be described as artificial atoms or molecules in a solid-state matrix. Here we propose the positively charged
scandium–nitrogen-vacancy defect (ScAlVN )+ in AlN as a potential quantum memory, similar to the ST1 center
in diamond, based on hybrid density functional theory calculations. ScAlVN is stable in the positive charge state
over a wide range of Fermi-level positions, where it possesses a singlet ground state and triplet shelving state. By
comparing with V +

N , we elucidate the role of Sc in redshifting the emission energy and enhancing the intersystem
crossing via increased spin-orbit coupling. Nuclear spins in the vicinity of (ScAlVN )+ may be used as a resource
to store the quantum information. We outline an optical spin manipulation protocol for (ScAlVN )+ and discuss its
utility as a solid-state qubit.
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I. INTRODUCTION

Crystal defects and impurities in wide-band-gap semi-
conductors are being thoroughly investigated as solid-state
platforms for quantum information applications [1–3]. De-
fects in diamond [4–6] have already been demonstrated to
have great utility in quantum technology. Amongst them, the
NV [7,8] and SiV [9,10] centers have attracted considerable
attention as prototype solid-state qubits. Nevertheless, obsta-
cles in growing and controlling diamond has stimulated work
in identifying alternative host materials [2,11], for example,
III-V nitrides [12–15].

Wurtzite aluminium nitride (w-AlN) is a binary compound
semiconductor with similar properties to diamond, in par-
ticular, a large band gap (6.19 eV [16]). A combination
of high thermal conductivity (κ = 285 W/m K) and small
thermo-optic coefficient (dn/dT = 2.32 × 10−5K−1) enable
the long-term operation of AlN devices with high optical and
physical stability [17]. AlN is therefore considered a key ma-
terial for next-generation electronic and photonic devices, in
particular, for high-power and high-temperature applications
[18,19]. These properties also make w-AlN a promising host
for quantum defects. Moreover, the piezoelectric nature of
w-AlN [20] opens the possibility of utilizing spin-mechanical
coupling to manipulate the defect states [21,22].

Optical signatures of defects in AlN have been investigated
by absorption and photoluminescence (PL) spectroscopies
[23–27]. The reported defect-related signatures range from
infrared to visible (1.4–2.4 eV) [26] and up to the ultraviolet
region (3–4 eV) [24]. Single-photon emission from defects in
w-AlN has also been reported [28–30].

*Contact author: kamil.czelej@pw.edu.pl

Efforts to engineer quantum defects in w-AlN [12–14] have
largely focused on identifying analogs to the NV center in
diamond. Calculations [12,14] showed that a nitrogen vacancy
in the negative charge state (V −

N ) has similarities to the NV−

center in diamond [12]: a triplet (S = 1) ground state, C3v

symmetry, and similar orbital character. However, the negative
charge state is stable only in a narrow window of Fermi levels,
and the defect is very likely to photoionize during operation
based on the proximity of the states to the conduction band.
Varley et al. [14] and Seo et al. [13] attempted to overcome
these issues by considering complexes of the vacancy with
transition metals. Based on hybrid density functional theory,
they proposed the neutral charge state of TiAlVN, ZrAlVN, and
HfAlVN as promising candidates. Introducing the transition
metal next to VN pushes the e states down in the band gap,
lowering the separation between a1 and e states, and enhanc-
ing the orbital localization.

In this work, we widen our search of possible quantum
defects in w-AlN, relaxing the constraint of resemblance to
the NV center in diamond. Removing two electrons from V −

N
results in the positive charge state, which is stable over a
wide range of Fermi-level positions. V +

N shares characteristics
with the ST1 center in diamond [31,32], which unlike the
NV center, has a singlet ground state and metastable triplet
state. The spin-polarization cycle of such a defect has two
major advantages over the NV center in diamond. The first
is a significantly longer coherence time, as an electron spin
is transferred to a nuclear spin. The second is a large opti-
cally detected magnetic resonance (ODMR) readout contrast.
Recent experimental investigations demonstrated that the ST1
center enables spin coherent control at room temperature with
even larger readout contrast than the NV center [33]. The
remarkably high spin contrast makes it promising for use as
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a quantum memory. V +
N in AlN is thus an attractive candidate,

but the isolated defect still suffers from needing a very high
excitation energy, and having states close to the conduction
band. In the same vein as previous efforts we therefore con-
sider a complex with a transition-metal impurity.

Scandium is an attractive candidate because over the last
15 years significant expertise has been acquired on incorpo-
rating Sc into AlN. Al1−xScxN alloys were found to exhibit
enhanced piezoelectricity compared to AlN [34], and they
were also discovered to be ferroelectric [35]; these proper-
ties have opened up applications as radio-frequency filters, in
high-electron-mobility transistors, and in memory devices.

Using hybrid density functional theory (DFT), we pro-
pose (ScAlVN)+ as a promising quantum defect in w-AlN.
We characterize the formation, stability, and magneto-optical
properties of this complex. The positive charge state is stable
over a wide range of Fermi-level positions, and the formation
energy is low, making it likely to be incorporated. We find
that (ScAlVN)+ has a singlet 1A1 ground and 1E excited states,
separated by an energy of 3.0 eV. A metastable triplet 3E state
is 0.39 eV below the 1E excited state, enabling an efficient
intersystem crossing and therefore spin-dependent optical
manipulation. By quantitatively evaluating the spin-orbit cou-
pling strength, we elucidate the effect of Sc in facilitating
the intersystem crossing. We also investigate the zero-field
splitting (ZFS), hyperfine parameters in the 3E state, and
the luminescence line shape. Finally, we propose an optical
polarization protocol to demonstrate the utility of ScAlVN in
AlN as a quantum memory.

II. THEORY AND COMPUTATIONAL DETAILS

A. Electronic structure calculations

Our electronic structure calculations are performed us-
ing DFT and the projector augmented wave (PAW) method
[36,37], as implemented in the Vienna ab initio simula-
tion package (VASP) [37,38]. Al 3s23p1, N 2s22p3, and Sc
4s23d1 are treated as valence electrons. An energy cutoff of
450 eV is used for the plane-wave basis set. We apply the
screened, range-separated hybrid functional of Heyd, Scuse-
ria, and Ernzerhof (HSE) [39,40] with a mixing parameter
α = 0.32 and the standard value of the screening parame-
ter ω = 0.2 Å−1. The selected values of α and ω reproduce
the 6.19-eV experimental band gap of AlN [16] and result
in lattice constants a = 3.09 Å and c = 4.93 Å, close to the
experimental values [41].

To reduce finite-size effects, we use a large 5 × 5 × 3 (300-
atom) multiple of the w-AlN primitive cell as a supercell. This
approach lets us accurately sample the Brillouin zone with the
� point only, enabling inspection of Kohn-Sham (KS) wave
functions with correct symmetry and degeneracy. The volume
of the supercell is kept fixed, and atoms are allowed to relax
until the Hellmann-Feynman forces drop below 0.01 eV/Å.
Spin polarization is included.

B. Excited-state electronic structure

To calculate the excited-state energies of the defects,
we first applied the constrained-DFT �-self-consistent field
(�SCF) method [42] implemented in the VASP code. This

approach allows one to determine the excitation energy, zero
phonon line (ZPL), and the relaxation energy upon optical
excitation. Given that the generalized KS theory is based on
single Slater determinants, care needs to be taken to account
for the multideterminant nature of the investigated excited
states. This issue can be overcome by combining energies
from several single-determinant calculations, as proposed by
Ziegler [43] and implemented by von Barth [44] within DFT.
The single-Slater-determinant calculations are carried out
with constrained DFT (cDFT), and we refer to this approach
as multideterminant cDFT or mcDFT for short. This approach
has recently been applied to several defects, resulting in good
agreement with experiment [45–47].

C. Formation energies and charge-state transition levels

The formation energy (�Hq
f ) of a point defect in charge

state q is defined as [48]

�Hq
f (EF) = Eq

tot − Etot (bulk) −
∑

i

niμi

+ q(EVBM + EF) + �Ecorr, (1)

where the Fermi level EF is referenced to the valence-band
maximum (VBM) of w-AlN, Eq

tot is the total energy of the
supercell containing the defect, Etot (bulk) is the total energy
of the perfect crystal in an equivalent supercell, ni indicates
the number of atoms of type i (either host or impurity atoms)
that were added to (ni > 0) or removed from (ni < 0) the
supercell to create the defect, and μi is the chemical potential
of the corresponding atoms (i = Al, N, Sc). For example, the
chemical potential μN represents the energy of the reservoir
with which nitrogen atoms are exchanged, reflecting the ex-
perimental conditions. It may vary between N-rich (Al-poor)
and N-poor (Al-rich) extremes, with bounds set by the cal-
culated formation enthalpy of AlN, �HAlN = −3.19 eV. We
set μSc equal to the energy of metallic Sc in the hexagonal
phase for N-poor (Al-rich) conditions. For N-rich (Al-poor)
conditions, μSc is limited by the formation of ScN in the
rocksalt phase:

�μSc + �μN = �HScN. (2)

Our calculations yield �HScN = −3.42 eV. The last term,
�Ecorr, denotes the finite-size correction for charged defects
[49].

The charge-state transition level ε(q1/q2) is defined as the
Fermi-level position below which the defect is stable in the
charge state q1 and above which it is stable in charge state q2.
It is calculated as

ε(q1/q2) = �Hq1

f (EF = 0) − �Hq2

f (EF = 0)

q2 − q1
. (3)

D. Zero-field splitting parameters

Zero-field splitting (ZFS) parameters of the (ScAlVN)+
complex in the triplet state were computed from first princi-
ples. The S=1 state of (ScAlVN)+ is enforced by constrained
occupation and we calculate both the spin-spin [50–53] and
spin-orbit coupling (SOC) [54] contributions to the ZFS.
The spin-spin contribution is calculated as described in
Refs. [50–53] as implemented in VASP. Calculating the SOC
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contribution requires mapping the fully relativistic total en-
ergies of different spin orientations on the defect to the spin
Hamiltonian (see Refs. [51–53,55] for more details). This
procedure is similar to the estimation of the single-ion mag-
netocrystalline anisotropy [56] but for a single spin. The spin
Hamiltonian with second-order terms is defined as

ĤD =�sD̂�s
= − Dxxs2

x − Dyys2
y − Dzzs

2
z

− Dxy(sxsy + sysx ) − Dxz(sxsz + szsx )

− Dyz(sysz + szsy). (4)

The parameters Dαβ can be computed by the four-state map-
ping method [52,53]:

Dαβ = − 1

4s2

(
E (1)

αβ − E (2)
αβ − E (3)

αβ + E (4)
αβ

)
, (5)

where Eαβ are full relativistic total energies for different spin
orientations (see Supplemental Material of Ref. [53] for more
details). We note that constrained DFT is vital here to con-
verge to the S=1 state, which possesses a higher energy than
the ground state (S = 0). To further constrain the spin orien-
tations along different directions for total-energy calculations,
we employ the HSE optimized structure and conduct non-self-
consistent relativistic calculations using the PBE functional
[57,58]. The diagonalization of the D̂ matrix yields a traceless
tensor D′: Within C3v symmetry, the ZFS tensor has the form

D′ =
⎡
⎣−1/3D 0 0

0 −1/3D 0
0 0 2/3D

⎤
⎦,

and we report the D value obtained from this procedure.

E. Hyperfine interactions

The hyperfine coupling tensor between the electron spin
density σ (r) associated with the electron spin S, and the nu-
cleus J with nonzero nuclear spin I can be expressed as

Ai j = 1

2S
γJγeh̄2

[
8π

3

∫
δ(r − RJ )σ (r)dr + Wi j (RJ )

]
, (6)

where the first term in the square brackets is the Fermi-contact
(isotropic) term and

Wi j (R) =
∫ (

3(r − R)i(r − R) j

|r − R|5 − δi j

|r − R|3
)

σ (r)dr (7)

is the dipole-dipole (anisotropic) contribution. γJ denotes the
nuclear magneton of nucleus J and γe the electron Bohr mag-
neton.

We calculate the Ai j tensor including the core spin polariza-
tion effect in the Fermi-contact term within the frozen-valence
approximation, relying on the implementation of Szász et al.
[59]. For these calculations, the plane-wave energy cutoff was
increased to 600 eV, while the atomic positions extracted from
structural relaxation with energy cutoff of 450 eV were kept
fixed.

F. Vibrational properties

We apply density functional perturbation theory (DFPT)
to determine the phonon frequencies and phonon modes of
the investigated systems. We use the PBE [57,58] functional,
which is computationally more efficient and has been shown
to be adequate for obtaining accurate vibrational properties
[60]. To calculate the vibrational modes with high precision,
we applied a very strict 10−4 eV/Å force convergence crite-
rion.

The normal mode analysis is based on the inverse partici-
pation ratio approach [61]. The magnitude of the IPR is given
by

IPR =
N∑

i=1

(
x4

i + y4
i + z4

i

)⎡⎣ N∑
j=1

(
x2

j + y2
j + z2

j

)⎤⎦
−2

, (8)

where N is the number of atoms in the supercell, and ui =
(xi, yi, zi ) is the normalized 3N-dimensional vector of the
atomic displacements of the corresponding vibrational eigen-
mode.

G. Vibronic coupling and photoluminescence spectrum

We investigate the PL spectrum of (ScAlVN)+ within the
framework introduced by Huang and Rhys [62]. The com-
putational implementation of HR theory was provided by
Alkauskas et al. and successfully demonstrated for the NV
and SiNV centers in diamond [63,64]. Details about the
computational implementation of HR theory are given in the
Supplemental Material [65] (see also Refs. [66–70] therein).

To compute phonon modes we use a 360-atom supercell,
which is a 5 × 3 × 3 multiple of the 8-atom orthorhombic unit
cell with a = 3.09 Å, b = 5.36 Å, and c = 4.95 Å.

H. Intersystem crossing rate and λz component of SOC

Based on the formulation of the nonradiative recombina-
tion formalism implemented by Turiansky et al. [71] and
successfully applied for transition-metal-related defects in
hexagonal BN [72], the ISC rate from 1E to 3E can be cal-
culated as [73]

�ISC = 4π h̄λ2
z X̃ (T ), (9)

where λz is the axial component of SOC, and

X̃ (T ) =
∑
m,n

wn| 〈χ f m|χin〉 |2δ(mh̄ω f − nh̄ωi + �Ei f ) (10)

is the overlap function between the phonon spectrum of sin-
glet and triplet as a function of the energy splitting �Ei f

between 1E and 3E , temperature T , and thermal occupation
factor wn. ωi/ f are the phonon frequencies of the initial (i) 1E
and final ( f ) 3E states.

To evaluate λz we follow the procedure developed by
Thiering et al. [74] for the NV− center in diamond. We ap-
ply the noncollinear approach in VASP to compute the SOC
strength. The SOC is calculated in the C3v high-symmetry
configuration of the triplet 3E . The C3 axis of the ScAlVN

defect coincides with the [0001] spin quantization axis. SOC
can be treated as a small perturbation to the system; thus,
the atomic coordinates from the spin-polarized HSE relaxed
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FIG. 1. Ground-state structure of the (ScAlVN )+ center. The Sc–
N bond lengths are given in Å. Sc, Al, and N are represented by
black, green, and yellow spheres, respectively.

geometry are kept frozen. Since the z component of SOC is
a diagonal matrix element in the SOC Hamiltonian, we can
directly extract the magnitude of the matrix element from
the splitting of Kohn-Sham states. In C3v symmetry, the e
states are degenerate in the absence of SOC. Once the SOC
is switched on, the e states split into ex and ey. The �SCF
procedure enables us to manually set the occupation of one
electron either on the ex or on the ey state and perform a
noncollinear calculation. The total energy difference is the
magnitude of λz.

III. RESULTS AND DISCUSSION

A. Formation and stability of the ScAlVN center

In the wurtzite crystal, there are two types of inequiva-
lent Al–N bonds. The bond parallel to the c axis is slightly
elongated compared to the three others, which by symmetry
have the same length. There are therefore two symmetry-
inequivalent ways to form a complex between VN and ScAl.
When Sc replaces the Al atom neighboring the vacancy along
the c axis, the complex has C3v symmetry. Alternatively, when
replacing one of the other three Al atoms, the complex has
C1h symmetry. We calculate the formation energy for both
cases and find the complex with C1h symmetry to be more
stable by 0.24 eV. We therefore focus on the C1h-symmetry
complex. However, we note that the energy splitting between
the e Kohn-Sham states is small, and the character of the wave
functions is still close to C3v symmetry, and therefore it is a
good approximation to assume C3v symmetry in the analysis.
The relaxed ground-state geometry of the (ScAlVN)+ center is
shown in Fig. 1. The Sc–N bonds are elongated to 2.01 and
2.05 Å, compared with Al–N bulk values of 1.87 and 1.98 Å.

We first calculate defect formation energies Hq
f as a func-

tion of Fermi level to analyze the relative stability of VN,
ScAl, and ScAlVN in various charge states. The results are
shown in Fig. 2. Processing in close proximity to equilib-
rium, such as high-temperature growth or annealing, will
result in incorporation of point defects only if they have
sufficiently low formation energy. We therefore focus on the
most favorable growth conditions for the center, correspond-
ing to the Al-rich limit, which favors formation of both VN

and ScAl. In the N-rich limit the formation energies of the
ScAlVN complex and its constituents are significantly higher.
This can be attributed to our assumption of equilibrium with
ScN as the solubility-limiting phase (which determines the

FIG. 2. Formation energy of VN, ScAl, and ScAlVN as a function
of Fermi level for Al-rich (N-poor) and Al-poor (N-rich) conditions.

maximum concentration of the impurity). Under N-rich con-
ditions the formation of rocksalt phase ScN sets an upper
limit on μSc that is significantly lower than the value under
N-poor (Al-rich) conditions, rendering the formation energy
of ScAl and the ScAlVN complex significantly higher under
N-rich conditions. The formation of ScAlVN may compete
with the formation of intrinsic defects such as VAl or VAlVN.
Formation energies for these defects are included in Fig. S1 of
the Supplemental Material [65]. Again, Al-rich conditions are
favorable for suppressing these defects. A plausible formation
mechanism of ScAlVN consists of trapping a mobile VN by
ScAl. First-principles calculations of the VN migration barrier
Eb in AlN and Al1−xScxN yield values ranging from 2.20 to
2.71 eV [75,76]. According to transition-state theory and the
methodology demonstrated in Ref. [77], the hopping rate can
be calculated as

� = �0 exp

(
Eb

kBT

)
, (11)

where �0 is a typical vibrational frequency, T the temperature,
and kB the Boltzmann constant. The estimated temperature at
which VN becomes mobile (corresponding to a hopping rate of
1 s−1) is 580 ◦C−780 ◦C.

The results for VN are in good agreement with prior HSE
calculations [12,14,78]; this defect can occur in the 3+, 2+,
1+, 0, 1−, and 2− charge states As expected for a trivalent
substitutional impurity, ScAl is electrically inactive.

Figure 2 shows that ScAlVN can be stable in charge states
ranging from 3+ to 2−, i.e., its electrical behavior tracks that
of VN. The charge-state transitions (referenced to the VBM)
occur at 0.76 eV for (3 + /2+), 1.22 eV for (2 + /+), 3.87 eV
for (+/0), 4.50 eV (1.69 eV below the CBM) for (0/−), and
5.46 eV (0.73 eV below the CBM) for (−/2−). The positive
charge state of ScAlVN is stable over a wide range of Fermi
energies, and the corresponding formation energy is modest
(even when conditions are not in the Al-rich limit), ensuring
that it can be incorporated.
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FIG. 3. HSE Kohn-Sham eigenvalue spectra of (a) V 1+
N and (b) (ScAlVN )+ defects in AlN. The gray shaded areas represent valence and

conduction bands. Spin-up and -down channels are depicted and the occupied levels are represented by red arrows. Localized defect-related
states in the band gap are labeled with their symmetry representation. (c) Isosurfaces of the spin-up Kohn-Sham wave functions for the
(ScAlVN )+ complex. The top and bottom rows represent the same wave functions of the complex viewed from two different, mutually
orthogonal crystallographic directions. The red (blue) lobes indicate the positive (negative) phase of the wave functions. Sc, Al, and N are
represented by black, green, and yellow spheres, respectively.

To stabilize the desired positive charge state, the Fermi
level needs to be between 1.22 eV and 3.87 V. We propose that
controlling the Fermi level can be accomplished by doping
with carbon, which acts as a deep acceptor in AlN when
incorporated on the nitrogen site (which is indeed most favor-
able under the Al-rich conditions we assume here). Assuming
that some unintentional donors are present (such as oxygen,
which is usually unavoidable), and that otherwise carbon is
the dominant impurity, charge neutrality would pin the Fermi
level at the (0/−) transition level of carbon (see Fig. S1 in
the Supplemental Material [65]). First-principles calculations
[79] placed this level at 1.88 eV above the VBM, ensuring that
VN and ScAlVN would be in the positive charge state.

To assess the tendency for complex formation, we com-
pute the binding energy of the ScAlVN complex referenced to
isolated ScAl and VN constituents. Focusing on the positive
charge state of the complex, the binding energy is defined as

Eb = �Hf
(
Sc0

Al

) + �Hf (V +
N ) − �Hf [(ScAlVN)+]. (12)

Using this definition, we find a value of 0.51 eV, a positive
value indicating that the complex is stable.

B. Electronic structure of (ScAlVN)+

We proceed to analyze the quantum behavior, optical prop-
erties, and magnetic characteristics of the ScAlVN center. We
focus on the positive charge state, which is stable over the
largest range of Fermi levels; we will see that the electronic
configuration of this charge state satisfies fundamental re-
quirements to be used as a quantum-memory-like qubit. We

calculate the Kohn-Sham eigenvalue spectrum and scrutinize
defect-induced gap states by means of group theory.

We first consider the electronic structure of V +
N , as it will

shed light on the behavior of the complex. Removing a single
N atom results in a relatively high-symmetry defect: in a cubic
crystal, the vacancy would have Td symmetry, but in a wurtzite
crystal, we find V +

N to have C3v symmetry, as reflected in the
Kohn-Sham states shown in Fig. 3(a). The occupied states
in the gap transform like the a1 irreducible representation of
C3v . Three unoccupied states are present high in the gap; they
would transform like t2 states in Td symmetry, but split into
two e states and one a1 state (labeled 2a1) in the wurtzite
crystal. We find this crystal-field splitting to be very small,
∼60 meV, indicating relatively high symmetry for V +

N .
In our calculations, ScAl does not introduce any defect-

related states into the gap and is present only in the neutral
charge state. As a consequence, it does not alter the magnetic
and optical properties of the AlN crystal. However, the pres-
ence of ScAl has important consequences for the complex.

Figure 3(b) shows the Kohn-Sham states of (ScAlVN)+.
Notable differences compared to V +

N are seen in the unoccu-
pied defect states. ScAl introduces larger symmetry-breaking
distortions in the structure compared to V +

N , leading to a
much larger splitting of the unoccupied states. The lowest
unoccupied orbitals are e orbitals. We visualize the real-
space a1, ex, and ey wave functions in Fig. 3(c). To enable
better inspection of the symmetry and localization of the
orbitals, we also provide three GIF files representing a 90◦
rotation around the [0001] axis for each wave function (see
Supplemental Material [65]). The e states in ScAlVN have con-
siderable Sc 3d character (as determined by the site and orbital
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FIG. 4. Defect level diagrams representing the optical spin polarization cycle ScAlV
1+

N together with the energy of the excited states 1E and
3E with respect to the ground state 1A.

projections from the calculation output), whereas in VN, they
were predominantly Al 2p. Another noticeable difference in
the electronic structure is significantly deeper localization of
defect states within the fundamental band gap and larger sep-
aration from the CB and VB edges.

In the ground state both spin channels of the a1 state are
occupied and the e states are empty, forming a closed-shell
a2

1e0 electron configuration. The multielectron S = 0 singlet
state can be therefore described by a single Slater determinant
as 1A = |a↑

1 a↓
1 〉.

The first spin-conserving excited state is a singlet 1E where
one electron is promoted to an e state, forming the a1

1e1 elec-
tron configuration. This state can be expressed as

1E = 1√
2

{
A(|e↑

+a↓
1 〉 − |e↓

+a↑
1 〉),

A(|e↑
−a↓

1 〉 − |e↓
−a↑

1 〉),
(13)

where A|xy〉 = 1√
2
(|xy〉 − |yx〉) is the usual antisymmetrizing

operator, and e+(−) = ex + (−)iey. As the doubly degenerate
e orbital is occupied by one electron, the system is Jahn-Teller
unstable and lowers its symmetry to C1h.

We calculate the ZPL for the transition from the ground
state to be 3.00 eV within the �SCF method. However, as
seen in Eq. (13), the 1E state combines two Slater determi-
nants; therefore, we also applied the mcDFT approach. The
energy expression for the 1E state reads as

E [1E ] = 2E [a↑
1 e↓] − E [a↑

1 e↑]. (14)

We find a ZPL energy of 3.06 eV with the mcDFT approach,
very close to the 3.00 eV value calculated with only single
determinants. To simplify the analysis, we only use single de-
terminants to calculate the energetics. For V +

N , we find a value
of 4.15 eV, which emphasizes the role of Sc in redshifting the
emission energy by lowering the symmetry of the center.

In addition to the singlet 1E excited state we find a triplet
3E with an energy 0.39 eV below the singlet; see Fig. 4. The
1E and 3E states share the same a1

1e1 electron occupation and
therefore the restoring forces acting on atoms while switching
between these states should be small. In fact, our calculations
yield a Franck-Condon shift of ∼70 meV, confirming that the
geometry of both states is nearly unchanged.

When SOC is introduced, the spin and orbital parts of the
wave function must be considered together. Therefore, we
apply the double-group notation [80] to further investigate

the excited-state electronic structure of (ScAlVN)+. For the
C3v point group, the double group includes the A1, A2, and
E irreps, but with additional consideration for spinor (spin- 1

2 )
representations. In double-group notation, the 3E manifold
is composed of Ex,y (ms = 0), and A1

⊕
A2 = A1,2 and E1,2

(ms = ±1) spin projections. These three states (see Fig. 5) can
be expressed as

Ex,y = 1√
2

{
A(|e↑

+a↓
1 〉 + |e↓

+a↑
1 〉),

A(|e↑
−a↓

1 〉 + |e↓
−a↑

1 〉),
(15)

A1,2 =
{
A|e↑

−a↑
1 〉,

A|e↓
+a↓

1 〉, (16)

E1,2 =
{
A|e↑

+a↑
1 〉,

A|e↓
−a↓

1 〉. (17)

In Sec. III E we will demonstrate that the Ex,y state is es-
pecially important as it plays a crucial role in the optical
polarization cycle of ScAlV

1+
N center.

Finally, we report the ZFS parameter for the 3E shelving
state. The calculated ZFS D is mainly SOC dominated, with
a contribution of 12.96 GHz from spin-orbit interaction and
0.45 GHz from the spin-spin dipolar interaction.

FIG. 5. Schematic illustrating optical control and readout of the
nuclear spin mediated by the electronic triplet spin ancilla.
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TABLE I. Hyperfine parameters of the V 1+
N and (ScAlVN )+ centers in the 3E excited state calculated with the HSE functional. R (MHz) is

the magnitude of the hyperfine parameters, and θ (deg), ϕ (deg) provide the direction in spherical coordinates. The θ value describes the polar
angle referenced to the [0001] direction and ϕ is the azimuthal angle referenced to the [11̄00] direction [in the (0001) plane]. The last Al atom
in the list is the one oriented along the c axis relative to the vacancy.

Axx Ayy Azz

R θ ϕ R θ ϕ R θ ϕ

V 1+
N 1 27Al 86 69◦ −137◦ 56 76◦ 127◦ 54 25◦ 6◦

2 27Al 205 69◦ −32◦ 154 68◦ 67◦ 154 32◦ −162◦

3 27Al 35 69◦ 76◦ 15 82◦ 169◦ 12 22◦ −80◦

4 27Al −25 90◦ −112◦ −23 89◦ −22◦ −12 1◦ 138◦

ScAlV 1+
N

45Sc 147 90◦ 60◦ 143 79◦ 150◦ 72 11◦ −30◦

1 27Al 145 72◦ −83◦ 101 61◦ 177◦ 100 35◦ 35◦

2 27Al 145 72◦ 23◦ 101 61◦ 123◦ 100 35◦ −95◦

3 27Al −10 87◦ −30◦ −10 90◦ −120◦ −4 3◦ 150◦

C. Hyperfine parameters

To aid in experimental identification of the metastable 3E
triplet state of V +

N and (ScAlVN)+, we compute the hyperfine
coupling, which can be probed in experiments such as opti-
cally detected magnetic resonance or photoinduced electron
paramagnetic resonance. We consider the magnetic isotopes
that are most abundant and stable, i.e., 27Al (I = 5

2 ; abundance
= 100%), 14N (I = 1; abundance = 99.6%), and 45Sc (I = 7

2 ;
abundance = 100%). The calculated hyperfine parameters for
Sc and for the nearest-neighbor atoms are listed in Table I.
For (ScAlVN)+, the values of the hyperfine parameters on Sc
and two of the Al neighbors are >100 MHz, while the value
on the remaining Al atom is one order of magnitude smaller
(<10 MHz) and negative. The calculated hyperfine structure
clearly indicates lower symmetry of the 3E excited state.

D. Electron-phonon coupling and photoluminescence of
ScAlV 1+

N center

The simulated PL line shape associated with the spin-
conserving 1E → 1A optical transition is depicted in Fig. 6(a).
Our simulation predicts a broad, largely featureless phonon

sideband spanning a range of nearly 600 meV below the ZPL.
Interestingly, this sideband bears a strong resemblance to the
PL sideband of the ST1 center in diamond [32].

The partial Huang-Rhys (HR) factor Sk and the spectral
function of electron-phonon coupling S(h̄ω) are depicted in
Fig. 6(b). Low-energy phonon modes centered at 28 meV and
spanning ∼12 meV couple especially strongly to the 1E → 1A
transition. The highest partial HR factor Sk = 0.21 is found
for a 32-meV delocalized phonon mode (IPR = 0.000 34).
This mode alone contributes ∼6% to the total HR factor
S(0) = 3.62. We find only one clearly visible quasilocal vi-
brational mode, at 74 meV, that could potentially be identified
via infrared spectroscopy. This mode is doubly degenerate of e
symmetry, with an IPR = 0.024. It mainly involves a stretch-
ing motion of the three Al–N and the Sc–N bonds neighboring
the vacancy. The calculated DW factor wZPL = 2.7% is very
close to wZPL = 2.4% for the NV center in diamond [63].

E. Spin-polarization cycle and quantum protocol of
ScAlV 1+

N center

Based on the appealing electronic structure and magneto-
optical properties of (ScAlVN)+ center, we propose an optical

FIG. 6. (a) Calculated photoluminescence line shape associated with the 1E → 1A optical transition of ScAlV 1+
N . (b) Partial Huang-Rhys

factor Sk and spectral function of electron-phonon coupling S(h̄ω).
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FIG. 7. Calculated axial component λz of SOC.

polarization protocol for qubit applications, as shown in
Figs. 4 and 5. The cycle begins from the 1A ground state,
with optical pumping to the 1E spin-conserving excited state,
followed by an intersystem crossing (ISC) to the 3E triplet
shelving state.

Absorption of an {x, y} polarized photon upon continuous
illumination in the violet region of the spectrum (∼413 nm
or below) places the system into the 1E state. From the 1E
excited state, an ISC mediated by the axial λz component of
SOC occurs selectively to the ms = 0 spin projection (Ex,y).

To estimate the rate of the ISC, we calculate λz as described
in Sec. II H. We performed this calculation for supercells
of different sizes and noticed that λz converges faster for
(ScAlVN)+ than for the NV− center in diamond [74]. We
attribute this to the larger lattice constant of AlN compared to
diamond, which results in larger spatial separation of the de-
fect wave functions and their periodic images for comparable
supercell sizes. The values of λz as a function of supercell size
are shown in Fig. 7. The converged value of λz for (ScAlVN)+
is 42 GHz, five times larger than for V 1+

N .
We then proceed to evaluate the ISC rate using Eq. (9). The

calculated rate is shown in Fig. 8 and is practically indepen-
dent of temperature. This is a result of the small geometry
difference �Q = 0.046 amu1/2 Å between the 1E and 3E
states. The calculated lifetime τ at T = 0 K is 2600 ns.

The ISC competes with other decay mechanisms of the
1E excited state. For example, the rate at which the 1E state
decays radiatively by producing a photon can be calculated
with

�R = nE3
ZPLμ2

3πε0c3h̄4 , (18)

where n is the reflective index of the host material, EZPL is
the ZPL energy of 1E → 1A transition, μ2 is the modulus
square of transition dipole moment, ε0 is the permittivity of
free space, c is the speed of light, and h̄ is the reduced Planck
constant. For AlN, n = 2.1 at 3 eV. We calculate μ2 = 19.98
D2, which results in �R = 1.86 × 108 s−1 and a corresponding
radiative lifetime for the 1E state of τR = 5.36 ns. In principle,

FIG. 8. Calculated intersystem crossing rate between 1E and 3E
excited states of the ScAlV

1+
N center as a function of temperature.

the 1E state could also decay nonradiatively by producing
phonons, however, previous work on nonradiative transitions
[3] suggests that a direct nonradiative transition between the
1E excited state and 1A ground state will be negligibly slow
for a 3-eV transition energy. We can therefore conclude that
the lifetime of the 1E excited state will be determined by the
radiative process, with a finite probability of producing an ISC
to the triplet state. The triplet state can therefore be initialized
and read out by optical pumping, following the protocol of
Ref. [31].

To be able to utilize the triplet state to manipulate a coupled
nuclear spin, its lifetime must be sufficiently long. If this con-
dition is met, the metastable triplet state can be used to transfer
spin polarization onto the nuclear spin via the hyperfine inter-
action (see Fig. 5). Given the large energy difference from
the 1A ground state and spin-flip nature of the transition, the
lifetime of the triplet state is likely set by the phosphorescence
decay rate. Phosphorescence (a radiative transition involving
a spin flip) is typically slow, leading to lifetimes on the order
of ∼ms or longer [81], which should be sufficient to enable
nuclear spin manipulation.

As demonstrated for the ST1 center in diamond [31] and
the neutral carbon defect C0

S in WS2 [82], optical nuclear
spin polarization can be induced by the excited-state hyperfine
level anticrossing while applying a small, well-tuned external
magnetic field [83]. At the level anticrossing, the hyperfine
interaction causes the electron spin state and the nuclear spin
state to be entangled. Therefore, the spin state of the elec-
tron can be transferred to the nuclear spin, and vice versa.
The calculated hyperfine parameters in excess of 100 MHz
(see Table I) would enable efficient transfer of information
between the states. After the optical pumping is turned off,
the electron decays to the singlet ground state, destroying the
electron spin state while leaving the nuclear spin in a polar-
ized state. The difference in the lifetimes between individual
hyperfine levels leads to different fluorescence intensities of
the nuclear spin projections, providing a mechanism to read
out the nuclear spin. Nuclear magnetic resonance (NMR) can
be applied for coherent manipulation of a bare nuclear spin.
It may be possible for ScAlVN to exhibit long spin coherence
times similar to the ST1 center in diamond [31] and C0

S in

125116-8



SCANDIUM-BASED POINT DEFECT IN ALN FOR … PHYSICAL REVIEW B 110, 125116 (2024)

WS2 [82], which is a key demand in solid-state nuclear spin
quantum memories and quantum register applications.

IV. SUMMARY AND CONCLUSIONS

In summary, we analyzed the electronic structure and
magneto-optical properties of VN and ScAlVN defects in AlN
with the hybrid DFT method. The positive charge state of
these centers is stable across a wide range of Fermi energies.
Scandium substitution on the cation site next to a nitrogen
vacancy increases the localization of the defect wave func-
tions, redshifts the emission of photons to the violet (413 nm),
and enhances the ISC rate via increased SOC. We compre-
hensively investigated the excited-state structure of ScAlVN,
predicted its hyperfine parameters in the 3E excited state,
and simulated the emission line shape to facilitate further
experimental analysis of the defect. Based on the resem-
blance of the defect’s electronic structure to the ST1 center
in diamond, we demonstrated the potential of ScAlVN in AlN
to be used as a quantum memory in quantum information
processing. This paper reports on a singlet spin-state point
defect in the technologically mature w-AlN that can serve

as a long-term nuclear spin quantum memory in a solid-state
matrix.
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