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Abstract. Using our rational methodology, we reveal a defect in wurtzite AIN that can serve as
an optically controllable spin qubit. It combines an Al vacancy and a S atom substituting the
neighboring N atom (Va;Sn). Linear response GW and Bethe-Salpeter equation calculations
guide us to find suitable ground and excited triplet and singlet states of V5 Sn. The obtained
optical spin-polarization cycle is similar to that observed in the negative nitrogen-vacancy (NV")
center in diamond. The calculated optical oscillator strengths for V Sy suggest that, in contrast
to the NV~ center, the optical emission in the singlet and triplet states have comparable rates,
which is favorable for the qubit functionality.
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Quantum bits (qubits) are the key building blocks for quantum computing applications.
Among several known types of qubits, spin qubits have some advantages such as long coherence
time, possible room-temperature operability, and compatibility with silicon technologies. In this
work we focus on optically controllable spin qubits, in which optical transitions are utilized for
readout and qubit manipulation.

The properties required for spin qubits can be achieved via local defects in
semiconductors. The optical readout and manipulation of a spin qubit is a complex process
requiring a combination of several specific properties of the defect. It is thus not surprising that
for the first and most studied spin qubit defect — the negatively charged nitrogen-vacancy center
in diamond (NV center) — it took about two decades to detect its charged nature, [1] to
demonstrate a feasible preparation-readout qubit cycle [2, 3], to describe its electronic structure
[4 — 6], and to formulate a consistent theoretical description of the entire cycle process. [7, 8]
Thus, understanding the NV center properties is a basis for rational design of new defect-based
qubits. This defect combines a C vacancy and a N atom substituting the C atom next to the
vacancy. Here are the essential properties of this defect for the spin qubit functionality: a) it has a
triplet lowest-energy ground state (TGS) with spin projections ms=0 and +1, which are split due
to the electron spin-spin interaction; b) it has a local minimum singlet ground state (SGS) of
higher energy; c) an optical transition from TGS to an excited triplet state (TES) changes the
electron charge distribution leading to a phonon-assisted transition toward an excited singlet state
(SES); d) the TES — SES transition is phonon-mediated and changes the spin state. This
transition is possible because the spin-orbit coupling affords conservation of total angular
momentum and must obey selection rules determined by the symmetry of both TES and SES
[4,5,9], which allow transitions from TES only for spin projections mg=+1 (intersystem
crossing). [10, 11] e) Optical SES — SGS emission is available; [12] f) Phonon-assisted decay
from SGS to TGS is feasible; g) the electronic states associated with the above transitions are
localized within the host band gap ensuring a long coherence time. These properties make
possible the so-called optical spin-polarization cycle: An optical excitation from TGS to TES is
followed by two possible processes: (1) an optical emission back to TGS and (2) a nonradiative
transition to SES. The latter transition is only allowed for the triplet excited m¢=+1 states due to
the above-mentioned selection rules. Next, an optical SES — SGS emission occurs, followed by
another nonradiative transition from SGS to TGS. Consequently, this cycle results in the
dominating m¢=0 spin-polarization of TGS necessary for initialization and readout of the qubit

[8].

Other widely discussed defects with spin-qubit properties are a neutral silicon—carbon di-
vacancy and a negatively charged silicon vacancy in SiC polytypes. [13,14] The electronic
structures of these SiC defects differ from each other and from that of the NV  center. For
example, in contrast to the NV~ center, the silicon vacancy defect has a ground state with spin =
3/2. The above described cycling steps of the NV center can thus serve as a recipe to evaluate
new optically controllable spin qubits.

Although some guidelines have been proposed to design qubits, [15] the NV and SiC-
based defects are the only known systems having promising spin qubit properties, and yet they



are not free of disadvantages, such as technological difficulties implementing the NV centers in
diamond. Thus, finding new efficient spin-qubit defects is of critical importance. Wurtzite AIN
(WAIN) is a propitious qubit host because it is a wide band gap semiconductor (~6 eV). And yet,
first-principles calculations for an Al vacancy (Va;) in wAIN [16, 17] and for a neutral defect
combining an Al vacancy and O atom substituting N next to the vacancy (VAOn) [18] show that
some defect states associated with formation of the triplet state reside inside of the valence band
(VB), which is unfavorable for qubit functionality. Nevertheless, these results do not signify that
wAIN is an unsuitable host for defect-based qubits since (1) uniaxial strain applied to Va; in
wAIN significantly improves the energy diagram, [17] but more importantly, (2) the energetic
position of the defect states depend not only on the host but also on the dopant properties. Hence,
here we rationally explore dopants that could render wAIN an efficient optically controllable spin
qubit host.

We selected a neutral defect in wAIN combining an Al vacancy and a S atom substituting
the N next to the vacancy (VaiSn) and evaluated its spin-qubit related properties from first
principles. Our design is based on the following reasoning: Removal of an Al atom decreases the
even number of p-electrons by one, while the replacement of N with S brings back one electron
making the number of p-electrons even again, which is necessary for triplet formation. Also, the
relatively low electronegativity of S hints that it will not bind as strongly as O, possibly shifting
the defect states to the band gap. Moreover, the vacancy creates three N dangling bonds, which is
beneficial for spin polarization. We also expected that this defect will have C;, symmetry as the
NV center does, which is favorable for the spin-polarization cycle. Our methodology is as
follows: First, we use first-principle calculations to reveal whether the defect has a TGS
associated with defect states. If so, we evaluate its stability by calculating the defect’s formation
energy and phonon spectrum. Then, we obtain the defect’s electronic structure and optical
excitation characteristics. If they are favorable for qubit functionality, we search for a SGS state
and evaluate its stability, electronic structure, and optical properties. Finally, we build the energy
diagram associated with the optical spin-polarization cycle to assess its qubit functionality.

All calculations in this work have been performed using the Vienna Ab-initio Simulation
Package VASP5.4 [19] with the projector-augmented-wave potentials. [20] For all calculations
we used a 400-eV cutoff energy for the plane-wave expansion. For ground-state calculations,
such as formation energies and phonon spectra, we applied the density functional theory (DFT)
based Perdew-Burke-Ernzerhof (PBE) approximation for the exchange and correlation
functional. [21] These calculations were performed for a 4x4x3 supercell including 192 atoms
with the 3x3x2 k-point sampling in the Brillouin zone. The electronic structure, in terms of the
independent quasi-particle (IQP) states, was calculated using the self consistent GW method [22]
with three electronic iterations. Optical excitation characteristics such as frequency-dependent
dielectric functions and oscillator strengths were calculated by solving the Bethe-Salpeter
equetion (BSE) using the wavefunctions and kernels obtained within GW as input. [23] Since the
GW method is time-consuming, for the GW-BSE calculations we use a 3x3x2 supercell with 72
atoms. In this case, we used a 4x4x3 k-point mesh in the Brillouin zone. Note that such
combination of computational methods have rendered a reliable description of stability,
electronic structure, and optical properties of local defects in semiconductors. [24,25]



The Vo Sy defect was constructed via removal of Al and substitution of N with S in the
pristine wAIN structure. Interestingly, the triplet polarization was obtained even before lattice
relaxation. The relaxed structures of both, 3x3x2 and 4x4x3, supercells render a triplet state with
Csy symmetry. The defect formation energies are 4.78 eV and 4.72 eV for the N-rich and N-poor
conditions, respectively. These values are comparable or lower than those obtained for the NV~
center (4 — 6 eV, depending on the Fermi level position, Er [3]), and much lower than that
reported for neutral V4 On (7 eV). [18] The phonon spectrum at the I'-point indicates that the
structure of V;Sy in wAIN is dynamically stable.

The GW electronic structure of the Va Sy defect in the triplet state is found to be
promising for spin qubit functionality. Indeed, as shown in the left panel of Fig.1, the four
electrons determining the TGS in V4 Sy occupy narrow GW IQP peaks located in the band gap.
The spin density (right panel of Fig. 1) is evenly distributed among three dangling bonds
associated with the three N atoms next to the vacancy, yielding a total magnetization per
supercell of 2.0 us. The spin density lobes are directed toward the vacancy reflecting sp’-
hybridization, which is very similar to the NV  center case. [6, 26] The optical excitation
spectrum of the triplet VoS obtained from BSE calculations is shown in the left panel of Fig. 2.
The excitations are represented by numerous BSE eigenstates grouped between 1.0 and 1.2 eV. It
is worth mentioning that, in contrast to the NV center triplet excitation, this one is not in the
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Fig.1. Left panel: Densities of the IQP states calculated for the triplet state
of the V5 Sy defect using the self-consistent GW method. The arrows
represent the four up and down spin occupied states of the defect. Right
panel: The spin density iso-surface (dark blue) calculated for the triplet
state of the V Sy defect. The purple, grey, and yellow balls represent Al,
N, and S atoms, respectively. The red line indicates the plane passing
through the centers of the three N atoms next to the vacancy.
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Fig. 2. The frequency-dependent dielectric function (blue and green lines) and the oscillator
strength (pink bars) calculated for the triplet (left panel) and singlet (right panel) states in

V A41Sn defect in wAIN. For both, the zz-polarization makes a negligible contribution to
Im(g). For the triplet, the xx- and yy-polarizations are degenerated. The main contribution
to the excitation at 1.2 eV for the triplet comes from transitions among IQP states located
along the I'-K and I'-M directions in the Brillouin zone. For the singlet, the main
contribution to the BSE eigenstates associated to the excitation at 1.0 eV comes from
transitions among IQP states located along the I'-K directions in the Brillouin zone.

The next step is to find a singlet state which results from the structural transformation the TES
undergoes. To locate the singlet state, we designed the following method: First, we evaluated the
changes in electron charge density caused by the optical excitation in the triplet. To this end, we
revealed the GW IQP bands which contribute the most to the BSE eigenstate associated with the
largest oscillator strength of the excitations at ~1.2 eV (left panel of Fig. 2). More specifically,
we obtained changes in the local valence charges within the Wigner-Seitz spheres (Qws) when an
electron moves from the corresponding initial to final IQP states. We found that marked changes
in Qws occurred only in the three N atoms next to the vacancy (we label them as Nj, Ny, N3). Yet,
the changes are not even: while Qws(N;) increases by 0.10e, Qws(N2) and Qws(N3) decrease by
0.04e. The charge density redistribution upon excitation in the triplet reduces its symmetry to C;
and is expected to trigger a change in the geometric structure of the system. Noticeably, it has
been suggested that the TES of the NV~ center also has C; symmetry. [27] To mimic the possible
lattice reaction to the above charge redistribution, we assumed that a decrease in the Qws of the
N atoms causes a decrease in bond length between the corresponding N atom and its neighboring
Al atoms, while an increase in Qws induces an increase in the corresponding N-Al bond lengths.
In other words, we assumed that N; moves toward the vacancy, while N, and N3 move away
from the vacancy. We apply this reasoning to distort the TGS lattice according to the expected
reaction on the charge redistribution as follows. Specifically, we moved N, and N3 away from the
vacancy by 0.04 A and N; atom toward the vacancy by 0.06 A. Indeed, structural relaxation of
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this configuration yielded a SGS. The total energy of this SGS is 0.053 eV higher than that of the
TGS. The obtained SGS is thus a local minimum of the potential energy surface. The calculated
phonon spectrum indicated that the SGS structure is also dynamically stable. It is worth
mentioning that we made the initial distortion based on common sense and thus the specific
displacement numbers (0.04 A and 0.06 A) may bring the system to some intermediate
(transition) state which is not expected to be stable. Not surprisingly, this initially distorted
configuration is found to be sensitive to spin fluctuations. Namely, the above procedure of
structural relaxation leads the system back to the TGS, instead of to the SGS, for some specific
initial spin configurations.

The calculated density of the GW IQP states of SGS is displayed in the left panel of Fig.
3. It shows that one of the electrons determining the spin state of the defect occupies an IQP peak
aligned with the top of the VB, while the three others occupy local narrow peaks located in the
band gap. In the SGS, the charge density of N;, N,, and N3 are not even: while Qws(N2)
=Qws(N3), Qws(N;) < Qws(N23) by 0.07e. Interestingly, although it is a singlet (total
magnetization per supercell equals to zero), the spin density on Nj, N, and N3 individually is not
zero (right panel of Fig. 3). The integrated spin density within the Wigner-Seitz spheres (Sws)
show that the spin-up Sws(N;) is approximately two times larger in magnitude than the spin-
down Sws(N;) and Sws(N3). Thus, the system in the SGS has C; symmetry.

Since the VA Sy TGS has Cs, symmetry, it can be transformed into three identical SGSs,
one of which has been described above. We obtained the other two singlets with the same total
energy and the geometry rotated by 120° with respect to each other.
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Fig.3. Left panel: Densities of the IQP states calculated for the GS of the V5 Sy
defect using the self-consistent GW method. Right panel: A cut of the spin
density along the plane passing by N, ;, shown as a red line in Fig.1. Spin-up
and spin-down densities are represented by blue and red areas, respectively.
The purple and grey balls represent Al and N atoms, respectively.



Since the energy difference between TES and SGS is large (~0.9 — ~1.1 eV) compared to
the phonon energies of the system, a direct nonradiative phonon-induced transition from the
former to the latter is unlikely. Thus, some intermediate SES state may be needed. To find such a
state, we calculated the optical excitation spectrum for the singlet using the BSE method. The
spectrum characteristics are shown in the right panel of Fig. 2. In contrast to the triplet spectrum,
the xx- and yy-polarizations of Im(¢) are not degenerated, reflecting the reduced symmetry of the
system. It is worth mentioning that according to our analysis of the excitation effect on Qws, the
SES still retains the C; symmetry. The spectrum is divided in two distinct energy groups. The
lower energy excitation group is between 0.9 — 1.4 eV and all corresponding excitations originate
from the spin-down states (left panel of Fig. 3). The higher energy excitation group (2.2 — 2.8
eV) results from transitions between the spin-up states. The lower energy excited state may serve
as an intermediate state in the path of the spin-selective decay of the spin-polarization cycle.
Remarkably, the oscillator strength for the singlet excitation is practically the same as that for the
triplet. We must mention that, for the NV~ center, the experimental zero-phonon line intensity of
the singlet state is 4 orders of magnitude lower than that of the triplet. [12] This fact has been
attached in part to the specifics of the phonon spectrum of the SGS [7]. Nevertheless, the phonon
influence will not make a difference of 4 orders of magnitude under any circumstances. Thus, the
oscillator strength remains one of the main factors determining the emission rate of the singlet.
Therefore, our above-mentioned results on the oscillator strength suggest that, in contrast to the
NV’ center in diamond, the intensity of the emission for the singlet and triplet of in V oSy will be
comparable, which may be critical for an efficient spin-polarization cycle.

The next step is to model the nonradiative SGS — TGS transition. Since it would be time
consuming to find the lowest energy transition path for the 191-atom system, we tried the
simplest possible path made of consecutive displacements of all 191 atoms from their singlet
coordinates (%j(singlet)) to their triplet ones (¥(triplet)) by a fraction x of F(singlet) —
ri(triplet). The coordinates of the displaced atoms, rj(x), were thus represented by a linear
combination of the singlet and triplet atom coordinates:

(%) = (1 — x)fi(singlet) — x¥i(triplet).

The DFT calculations were performed for 15 coordinate shifts (n=15 values of x for
0 < x < 1) starting from the singlet configuration. For each x, value we use the wavefunction
obtained for the previous x,.; value. In this way we obtain the transition energy barrier shown in
the left panel of Fig. 4. And although this may not be the lowest energy path, our result show that
the energy barrier for the transition from the SGS to TGS is not higher than 0.15 eV, which
makes the transition feasible because such barrier can be easily overcome via phonon excitations.

Finally, we built the energy diagram for the entire optical spin-polarization cycle of the
VaiSn defect in wAIN, which is shown in the right panel of Fig. 4. The cycle is very similar to
that of the NV~ center: an optical excitation from the TGS to TES changes the charge distribution
and reduces the symmetry of the system, which leads to a presumably spin-selective phonon-
assisted transition from the TES to SES. Next, an optical emission brings the system to SGS,
followed by a nonradiative phonon-assisted transition back to TGS.
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Fig. 4. Left panel: Blue line and symbols — energy profile (with the reference to the total energy
of the triplet state) of the transition path from the singlet to triplet state of the V Sy defect. The
transition path as a function of x is described in the text. Red line and symbols represent the
supercell magnetization along the transition path. Right panel: Energy diagram for possible
triplet-singlet-triplet transformations in VSy. The dark-blue lines (TGS and SGS) and pink
bands (TES and SES) represent the electronic ground and excited states of the triplet and singlet,
correspondingly. The dashed (light gray) line indicates the unlikely but possible direct transition
between the TES and the SGS.

In conclusion, based on our rational methology, we selected the VS defect in wAIN
and evaluated its spin qubit functionality. Our calculations reveal thermodynamically stable
triplet and singlet ground states for V Sy, where the triplet state has an energy 0.053 eV lower
than the singlet one. Using the GW-BSE methods we calculate the electronic structure and
optical excitations for both, the triplet and singlet, states of the V Sy defect in wAIN. Using
these results we build the energy diagram of the optical spin-polarization cycle required for
initialization of the qubit. We find an energy diagram very symilar to that of the NV~ center in
diamond. Importantly, our BSE calculation of the oscillator strength of the optical transition
between the singlet ground and excited states suggests that this step for the Vo Sn defect is
optically more favorable for the spin-polarization cycle than that for the NV~ diamond center.
Thus, our results indicate that the Vi Sy defect in WAIN is a promising spin qubit as its
properties are favorable for optical spin-polarization cycle.
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