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Highly tunable magneto-optical response from
magnesium-vacancy color centers in diamond
Anton Pershin 1, Gergely Barcza1, Örs Legeza1,2 and Adam Gali 1,3✉

Defect quantum bits (qubits) constitute an important emerging technology. However, it is necessary to explore new types of
defects to enable large-scale applications. In this article, we examine the potential of magnesium-vacancy (MgV) in diamond to
operate as a qubit by computing the key electronic- and spin properties with robust theoretical methods. We find that the
electronic structure of MgV permits the coexistence of two loosely separated spin-states, where both can emerge as a ground state
and be interconverted depending on the temperature and external strain. These results demonstrate a route to control the
magneto-optical response of a qubit by modulating the operational conditions.
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INTRODUCTION
Control over the formation of defects is vital for many emerging
areas of physics, chemistry, and materials science, from electronics
to photocatalysis. Although defects generally tend to deteriorate the
properties of the host material, with a rational design, these
impurities can play a key role in engineering desirable properties,
such as a high conductivity via doping or in boosting catalytic
activity, e.g., for water splitting1,2. Moreover, some defects, also
known as color centers, result in the formation of new states inside
the band gap. As the electronic levels of color centers are well-
separated from the band edges of the semiconductor host materials,
they constitute a platform for the practical implementation of
quantum bits (qubits)3,4. In turn, the capability to store and process
quantum information with the localized defect spin states permits
realization of various next-generation technologies, such as
quantum computers, quantum memory, and quantum sensors5,6.
In practice, building up the necessary high-fidelity networks of

defect qubits is challenging owing to their rapid decoherence,
caused by spin-lattice interactions in the presence of nuclear
spins7. Negatively charged nitrogen-vacancy center [NV(−)] in
diamond represents the most studied defect qubit to date.
However, the simple optical readout of the NV(−) spin state is
inefficient, while an improvement over the signal-to-noise ratio
requires specialist techniques8–10. Moreover, near-surface NV(−)
centers (needed for quantum sensing) are unstable to the
commonly used types of surface termination. This compromises
the fidelity and also reduces the spin-coherence time compared
with their bulk counterparts, which in turn affects the spectral
resolution11. Furthermore, to enable applications in bioimaging
and quantum communication, longer wavelengths are typically
needed than the zero-phonon line (ZPL) of the lowest optically
allowed transition at 637 nm (1.945 eV)12. Indeed, the signal from
the NV(−) center can successfully be downconverted, even
reaching telecommunication wavelengths (1588 nm), but this
comes at the expense of the loss in quantum efficiency (which
drops to ≤17%) and the requirement of a complex optical setup13.
In addition, for quantum communication, coherent emission from
ZPL is required, which is difficult to achieve with the NV(−) center
as the Debye–Waller factor is only 0.0314.

Although many of the bottlenecks mentioned above can be
largely overcome with both involved optical protocols and material
processing, they have also motivated the search for new defect
configurations with an improved magneto-optical response in terms
of quantum efficiency, Debye–Waller factor, radiation lifetime, and
spectral diffusion15–17. For instance, the SiV center is recognized for
stable and bright emission, and a large Debye–Waller factor of 0.718;
these properties can be attributed to its inversion symmetry. The
other group-IV-vacancy complexes, including SnV, PbV, and GeV17,19,
offer a further improvement on the coherence time, relative to SiV,
owing to a larger separation of the spin levels (see a recent review
for the properties of these and other color centers in diamond20). As
a part of the screening for new optical centers in diamond,
Lühmann et al.21 identified a Mg-related center with a bright and
mostly coherent emission. Of particular note, no optically detected
magnetic resonance was found for this defect in the frequency
range from 0.5 to 4 GHz. Further investigation by the same authors
revealed that the defect exhibits a remarkable photostability22. Thus,
a pronounced ZPL at 557 nm (2.23 eV, originating from the defect
states) remains surprisingly stable in the entire range of Fermi-level
positions, as controlled by boron- and phosphorous doping of
diamond. This feature distinguishes the Mg-related center from
most of the point defects in diamond, where the target charge/spin
states are found within a narrow energy window relative to the
position of Fermi level. Based on the measured polarization of
absorption, the authors tentatively assigned the photoluminescence
(PL) feature to a magnesium-vacancy (MgV) complex; however, the
charge- and spin state of the complex as well as the possibility to
operate as a qubit have not yet been determined.
In this work, we carry out a robust theoretical investigation to

assess the role of Mg in the formation of color centers in diamond,
with an aim to identify the origin of the experimentally observed
photostable ZPL signal at 2.23 eV. Starting with evaluating the
formation energies and by computing the optical properties, we
show that MgV is the most stable simple defect configuration with
a photostable −1 charge state. We further compute the PL
response in the doublet spin-manifold; found to be in excellent
agreement with the experimental observations. Moreover, we
demonstrate that MgV(−) center possesses an electronic structure
that enables coexistence of several bright transitions, including
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those at longer wavelengths, which have not been experimentally
identified. We also show potential routes towards the stabilization
of other emission signals through a rational control of operational
and preparation conditions, such as temperature and applied
strain. Our findings therefore pave the way towards highly-
efficient qubits with the operational wavelengths, particularly
suitable for biological applications.

RESULTS AND DISCUSSION
Electronic and thermodynamic properties of Mg color centers
To identify the origin of the experimental PL signal, we first compare
the electronic structures of four simple defect configurations
involving Mg: interstitial and substitutional Mg; MgV; and MgV2.
The electronic structures computed by HSE06, shown in Supple-
mentary Figs. 1b, 2, demonstrate that in each case, incorporation of
Mg into the diamond lattice leads to the development of
photoactive localized states inside the band gap. However, the
energy gap between the highest occupied- and lowest unoccupied-
localized levels for the respective most stable charge states (see
Supplementary Fig. 3) do not exceed 1.5 eV, which provides a first
indication for the lowest transition energy when neglecting
excitonic effects. In particular, irrespective of the charge state of
MgV, the difference between the eu and eg Kohn–Sham energies
(which are responsible for a ZPL of SiV center in diamond23) is much
smaller than 2.23 eV; the energy at which ZPL was experimentally
identified. Of note, in the low spin-0 configurations, a small energy
separation between the frontier orbitals in MgV(0) promotes strong
correlation effects, as further verified by the density matrix
renormalization group (DMRG) calculations (see Supplementary
Table 1). However, the resulting increase in the optical gap is still not
sufficient to explain the ZPL at 2.23 eV. Our findings thus suggest
that for MgV to be the experimentally observed color center, a
higher lying electronic transition, likely involving the deeper
localized a2u orbital, should give rise the PL signal; this would be
at odds with the Kasha’s rule. It also appears that the substitutional
Mg is another possible source of the green emission. In the
following, however, we show that this defect cannot demonstrate
photostability over a large energy range and is also less thermo-
dynamically favorable than MgV.
The formation energies of the four Mg centers in diamond as a

function of Fermi energy are shown in Fig. 2. Here, none of the
four centers exhibit a single charge state within the band gap that
could explain the photostability of the ZPL. Therefore, to be
maintained for a sufficiently large energy window, the photo-
stability should originate from photoionization, where the laser
pulse of 2.33 eV continuously promotes electrons from (to) the
valence (conduction) band, thereby stabilizing a unique charge

state. In terms of the absolute values of the formation energy, MgV
is the most stable among the four considered defects, whereas the
positions of charge transition levels are favorable for the optical
stabilization of MgV(−) center. Note that the formation energy of
MgV decreases with accumulating the negative charge, which also
contributes to a more intense emission—as observed experimen-
tally for the n-type doping condition—due to larger defect
density. Considering that the formation energy of a single vacancy
in diamond is ~7 eV24,25, the surprising stabilization of MgV over a
substitutional Mg defect points to a weak (repulsive) interaction
between the Mg ion and carbon lattice. This is further confirmed
by artificially dispositioning Mg and V, as shown in Supplementary
Fig. 4, resulting in the stabilization of the adjacent configuration
by ~9 eV irrespective of the charge state; therefore, thermal
annealing ultimately drives the substitutional Mg to form MgV
complexes. In turn, photoionization cannot explain the photo-
stability for substitutional Mg: the non-emissive (due to full
occupation of the t2 levels) −2 charge state appears above the
ionization threshold by ~0.4 eV, while photostability of a single
charge state from the remaining +1, 0, and −1 would involve
multi-electron transitions, which are unlikely to take place.

Magneto-optical properties of the MgV defect
Having identified the MgV defect as the best candidate for the
origin of the 2.23 eV emission, we focus on the analysis of the
electronic structure and spin properties of MgV complexes. As
shown in Fig. 1b, the presence of MgV(−) center in diamond gives
rise to the appearance of five localized orbitals (a2u, eu, and eg)
close to the Fermi level. However, in stark contrast to the group-IV
elements—vacancy centers, the proximity of eu and eg allows for
the coexistence of two loosely separated doublet- and (high-spin)
quartet states, in line with the results for MgV(0) (see Supple-
mentary Table 4). Moreover, as computed from the HSE06
adiabatic potential energy surfaces, the quartet 4Eu appears as a
ground state with a stabilization energy of 37 meV over the
doublet 2Eg at the high symmetry point. Note that both 4Eu and
2Eg states are prompted to undergo the Jahn-Teller (JT) distortion,
resulting in a symmetry reduction to C2h upon the 2+ 4 relaxation
scenario (two of six C-Mg bonds become shorter than the
remaining four) with the JT energies of 60 and 70meV,
respectively. Furthermore, owing to small offset between 4Eu
and 2Eg energies, the electron–phonon interaction also interferes
with the alignment of the spin states. Following the methodology
from ref. 19 we corrected the adiabatic energies for the effect of
electron–phonon coupling, and found the true vibronic JT
energies of 97 and 84meV for the doublet- and quartet state,
respectively, giving the final energy difference between the two
states of 22 meV. Hence, the thermal energy (~27meV at 300 K)

Fig. 1 Ground state properties of MgV color center in diamond. a A formation energy diagram for the MgV defect, where 2.33 eV indicates
the energy of the green laser pulse. b A schematic representation of the electronic structure for the MgV(−). Here, the coexistence of two
possible ground states, separated by 22meV, is depicted by a respective spin-flip process.
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should be sufficient to enable the spin-conversion to the higher
lying doublet state.
In addition, in Fig. 2 we show another route for controlling the

spin properties of the ground state that is based on applying an
external strain along (100) direction. Here, we demonstrate that
the uniaxial compressive strain reduces the energy of the 4Eu
ground state, which in turn hinders the population of 2Eg at room
temperature. This effect can be understood from the difference in
electronic structure, where we observe a decrease in the eu–eg
gap energy as a function of compressive strain, which then
stabilizes the high-spin solution. However, the strength of effect
saturates when close to the equilibrium (zero-strain) structure,
yielding a smaller modification in the opposite direction. Hence,
rather large values of the tensile strain are needed to enable the
crossover, although it allows the possibility for the thermal
occupation of 2Eg. We note that such a small energy separation
between two spin states, which ultimately allows for the
temperature control and strain engineering of the nature of
ground state, was not reported for point defects in diamond.
Next, we addressed the optical properties of the MgV(−) center,

focusing on both spin-manifolds. We first computed the (vertical)
absorption spectra for our cluster model by employing the
complete active space self-consistent field (CASSCF) method. As
shown in Fig. 3a and Supplementary Table 5, in the energy
window below 3 eV, each 4Eg and 2Eu state features two bright
transitions where the excitation energies are separated by ~1.5 eV.
The two lowest 4Eu and 2Eg are solely formed by promoting the
electrons from eu to eg orbitals and are found at ~0.7 and ~1.1 eV,
respectively, both considerably smaller than the experimental PL
signal. As follows from the analysis of the CASSCF wavefunction,
the 4A2g state at 2.7 eV is governed by a single Slater determinant
that justifies the application of ΔSCF method in the bulk model,
resulting in the ZPL of ~2.8 eV. The complete state energy diagram
obtained by the ΔSCF method is shown in Fig. 3b, while the
respective CASSCF results are depicted in Supplementary Fig. 1b.
In order to enhance the stability of the ΔSCF calculations for the
2Eu states, we considered the photoionization scenario from −2
charge state (see Supplementary Fig. 5), which also enables the
method to perform best due to the absence of a strong
correlation. Altogether, our findings suggest that 2Eu

(2)–2Eg
excitation is responsible for the experimentally observed PL
signal. To further confirm this, we have computed the phonon
sideband associated with this transition. The resulting theoretical
spectrum, shown in Fig. 3c, is in excellent agreement with
experiment, reproducing both the position of ZPL (at 2.2 eV by the
HSE calculations) and its vibronic replicas. As shown in Table 1, our
calculations indicate a large value of the associated oscillator

strength (fosc) of ~2 × 10−1, originating from the transition dipole
moment (μ) of 3.4 D. Moreover, owing to the small reorganizations
in the excited state, the resulting Debye–Waller factor was found
to be 0.54. Note that a small difference between the two spectra at
energies below ~2 eV is associated with the presence of another
weakly-allowed transition between 2A1u and 2Eg (fosc= 5 × 10−2)
that contributes to the enhancement of the experimental
sideband. In turn, the violation of Kasha’s rule can be understood
by reduced nonradiative decay rate between the 2Eu and 2Eu

(2)

excited states with respect to that of other non-inversion
symmetric color centers in diamond because of the parity
selection rules26. A similar argument holds for the transition
between 2Eu

(2) and 2A1u; therefore, once the system is optically
initialized in the 2Eu

(2), the radiative transition to the ground state
becomes the most favorable deactivation pathway.
Finally, our identification of the 2Eg as a ground state in the

experiment is consistent with the absence of an ODMR signal
below 4 GHz21. Instead, splitting between the levels is expected
owing to the spin-orbit interaction, as observed for the group-IV
elements—vacancy centers in diamond19. For MgV(−), we
computed an intrinsic splitting of 220 GHz, which reduces to
30 GHz due to the dynamic JT effect. We note that the intrinsic
spin-orbit value was calculated in our 512-atom supercell
calculations and will provide a good estimate for the order of
magnitude19. The appearance of this resonance illustrates the
potential of MgV(−) to operate as a qubit, while the estimated
splitting in the spin levels of about few tenth of GHz is an order of
magnitude larger than the one applied in the above mentioned
measurements21. Nevertheless, the spin-selective population of
the states may be achieved by a quantum optical protocol, as
already demonstrated for a similar system27.
To conclude, we have performed an extensive theoretical

investigation to elucidate the role of Mg in the formation of color
centers in diamond. Our calculations reveal that MgV is the most
stable defect configuration among those considered, with a
photostable −1 charge state, achieved in experiment by photo-
ionization with a green laser. Furthermore, we showed that this
defect feature possesses an inversion symmetry and emits light
from the third bright excited state, at odds with Kasha’s rule. It also
possesses quasi-degenerate quartet and doublet ground states,
each of them exhibiting distinct photophysical properties.
Although we have assigned the experimental PL signal to the
2Eu

(2)–2Eg transition, the quartet state (which appeared to be in
thermal equilibrium with the doublet 2Eg) has ZPL of ~1.1 eV, lying
in the near-infrared window in biological tissue.

Fig. 2 Modifications of the electronic structure due to the applied strain. a Stabilization of the quartet ground state over doublet as a
function of applied compressive strain, computed at the HSE06 adiabatic potential energy surfaces, including the relaxation effects, together
with b the respective modifications of the eu–eg gap in the spin-up channel.
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METHODS
Density functional theory calculations
The optimized geometries and electronic structures of four Mg color
centers, shown in Supplementary Figs. 1, 2, were computed with the
HSE06 density functional28 utilizing the projector-augmented wave
method with the kinetic energy cutoff of 400 eV. The calculation for Mg
atoms, incorporated into the 512-carbon supercell were performed with
VASP package29. The ZPL together with the phonon sideband were
computed by ΔSCF method30. Thermodynamic stability of each defect
configuration was evaluated based on the formation energies as a function
of Fermi energy (EF), given as14:

Eqform EFð Þ ¼ Eqtotal C512 : defectð Þ � nCμC � μMg þ q EF þ EVBMð Þ þ Eqcorr; (1)

where Eqtotal is the total energy of the system in a charge state q, μC, and
μMg are chemical potentials of C and Mg, respectively, nC is a number of
carbon atoms in the supercell, EVBM is the calculated position of the
valence band maximum in diamond. Eqcorr is the charged defect correction,
which was computed by SXDEFECTALIGN code implementing the
Freysoldt correction scheme31.

DMRG calculations
Many-body electronic excitation spectrum was computed using the DMRG
approach32 applied on top of periodic Kohn–Sham orbitals33. DFT and
DMRG simulations were performed using the Quantum Espresso34,35, and
the Budapest DMRG package36, respectively. The two program suites are
interfaced using our in-house developed code, which constructs the
Hamiltonian of the active orbitals corresponding to the CAS method37,38.
Active space includes orbitals around the Fermi surface. The accuracy of
the DMRG calculations is controlled by the dynamic block state selection
approach and the computational efficiency is improved by initialization
procedures, which are inspired by quantum information theoretical
considerations39. Investigating multiple excitations, distinct DMRG calcula-
tions are performed for target states of different total spin. Spin-restricted
Kohn–Sham orbitals for generating CAS are optimized by smearing the
electron pair with highest energy and the unpaired electron evenly on the
partially occupied degenerate e-orbitals for MgV(0) and for MgV(−),
respectively. These calculations were performed for the 216-atom model of
diamond using norm-conserving pseudopotentials with a kinetic energy
cutoff of 680 eV for the DFT part.

CASSCF calculations
For the MgV defect, the CASSCF method was further employed to treat the
highly correlated states, based on a cluster of 84 C-atom (see Supplementary
Fig. 1) as implemented in ORCA code40. Here, the strong correlation effects
are incorporated by solving the full-CI problem for a set of active orbitals,
which is formulated on top of the reference (Hartree–Fock) wavefunctions. In
our CASSCF calculations, we employed the cc-pVDZ basis set41 and used five
localized active orbitals (see Fig. 1b) occupied by an appropriate number of
electrons (from 6 to 8), depending on the target charge state of MgV. Note
that although CASSCF and DMRG are rather two distinct methods, DMRG
may be viewed as an extension of CASSCF towards exploring larger active
spaces (see ref. 42 and references therein).

DATA AVAILABILITY
All data sets are available from the corresponding author upon reasonable request.
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