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There is a continuous search for solid state spin qubits operating at room temperature with excitation in
the infrared communication bandwidth. Recently, we have introduced the photoelectric detection of magnetic
resonance (PDMR) to read the electron spin state of nitrogen-vacancy (NV) centers in diamond, a technique which
is promising for applications in quantum information technology. By measuring the photoionization spectra on a
diamond crystal, we found two ionization thresholds of unknown origin. On the same sample we also observed
absorption and photoluminescence signatures that were identified in the literature as Ni-associated defects. We
performed ab initio calculations of the photoionization cross section of the nickel split-vacancy complex (NiV)
and N-related defects in their relevant charge states and fitted the concentration of these defects to the measured
photocurrent spectrum, which led to a surprising match between experimental and calculated spectra. This study
enabled us to identify the two unknown ionization thresholds with the two acceptor levels of NiV. Because the
excitation of NiV is in the infrared, the photocurrent detected from the paramagnetic NiV color centers is a
promising way towards the design of electrically readout qubits.
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Diamond is rich in point defects that are able to change
the optical and electrical properties of the host material, often
called color centers [1]. One of the prominent color centers in
diamond is the nitrogen-vacancy (NV) defect. In particular, the
negatively charged NV (NV™) color center acts as a solid state
quantum bit [2,3] which can be employed in diverse nanoscale
sensing [4-9] and quantum communication applications
[10-12]. These quantum applications of the NV center are
based on the long spin coherence time of the NV center [2,13]
and the optical readout and initialization of the spin state
[14]. Recently, the spin state of NV~ has been detected by
photoelectric detection of magnetic resonance (PDMR) [15].
In this scheme, the electron spin state is initialized optically,
then illumination is applied to promote the electron to the
conduction band, and finally the resulting photocurrent is
detected. It has been found that the photoionization is spin
selective, that is the base of PDMR readout of the spin state
[15]. Recent advances in the enhancement of the PDMR
contrast for readout [ 16—18] pave the way towards the detection
of single NV center spins. The detected electron rate of PDMR
is significantly higher than the photon rate of optically detected
magnetic resonance [15]. In recent experiments, by applying
dual beam photoexcitation [17], we were able to increase
further the photoelectric detection rate of NV’s. In our efforts
in studying the mechanism of photoionization of the NV
defect [17] and measuring the photocurrent response of the
diamond sample in a wide spectral range, two photocurrent
bands of unknown origin appeared in the near-infrared (NIR)
range at about 1.2 and 1.9 eV. The identification of these
ionization bands is of high importance, at least for two reasons:
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(i) Photoresponsive defects give an unwanted background in
the PDMR spectrum of NV, reducing the PDMR contrast, and
therefore their identification guides the fabrication of diamond
materials to avoid their presence; (ii) these defects, which can
be certainly photoionized, might turn out to be advantageous
for the electrical detection of spin states as an alternative to the
NV center if they have favorable magneto-optical properties.
Specifically for the electrical readout of spin centers, strong
optical radiative transitions are not a priori necessary, and the
as yet unidentified defects may outperform the NV quantum
bits in diamond. Qubits enabling initialization in the near-IR
part of the spectrum are specifically interesting for quantum
information applications.

In this Rapid Communication, we apply density functional
theory (DFT) to identify the origin of the photocurrent bands
detected on an irradiated and annealed nitrogen-rich diamond,
by comparing the calculated and experimental photocurrent
spectra. We find that the bands originate from the two acceptor
levels of the nickel split-vacancy complex, which we label NiV
here. We propose that since the NiV complex can potentially
act as a solid quantum state bit, it could be a good candidate
for future PDMR studies in the NIR region.

The experimental photocurrent spectra were taken from
a type-Ib high-pressure high-temperature (HPHT) diamond
plate that was irradiated by protons with an energy of 6.5 MeV
and a dose of 1.13 x 10'® cm™2 and subsequently annealed
for 1 h at 900 °C under argon atmosphere. After this treat-
ment, the sample was cleaned and oxidized. For photocur-
rent spectroscopy measurements, the sample was equipped
with coplanar electrodes (interelectrode distance 100 pwm). A
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monochromatic light (1-300 uW depending on the wave-
length) produced using a halogen lamp associated with a
monochromator was focused onto the sample. The free charge
carriers induced by photoionization of the defects in the
diamond crystal were directed toward electrodes by applying a
dc electric field of 5 x 10* V cm™!. The resulting photocurrent
was preamplified, measured by lock-in amplification, and
normalized to the flux of incoming photons. The total pho-
tocurrent spectrum contains the contributions resulting from
the ionization of individual defects at a given concentration.
The continuous-wave photoexcitation leads to a steady state
balance between the charge states of the defects that is different
from the thermal equilibrium. As a consequence, the observed
concentration of a defect in a given charge state may change
when the conditions of illumination are varied. To better
identify the origin of the defects responsible for photoion-
ization bands, two methods were applied in the photocurrent
spectroscopy experiments. In the first case (method 1), no blue
bias light illumination was applied, whereas in the second case
(method 2), a blue bias illumination (parameters: 2.4-3 eV
excitation energy and 1.8 mW power) was used. The blue
bias light allows us to manipulate the occupation of deep
defects, which is particularly useful for selectively promoting
(or excluding) the photoionization of specific defects.

On the spectrum recorded without blue bias light (method
1), a broad ionization band with an onset around 2.7 eV is
observed [see Fig. 1(a)]. Our previous work has shown that this
feature resulted from a combination of the ionization bands of
substitutional nitrogen (NS), NV? and NV~ (see Ref. [17]).
An additional band with an onset around 1.9 eV can also be
distinguished. In the presence of a blue bias light (method 2),
the photocurrent associated with the 1.9-eV ionization band
increases and a new photocurrent band with a threshold around
1.2 eV emerges [see the red curve in Fig. 1(a)]. We note that red
light illumination (1.75-1.95 eV excitation energy and 1.5 mW
power) did not produce the same effects.

To identify the defects potentially responsible for the
unidentified photocurrent bands with anonsetat 1.2 and 1.9 eV,
the sample was further characterized by photoluminescence
(PL), Fourier transformed infrared absorption (FTIR), and
optical absorption spectroscopy [see Figs. 1(b)-1(d)]. The
concentration of NV~ was estimated to be [NV™] ~ 34 ppm,
by comparing the PL intensity measured in the confocal mode
to that measured using the same objective on a reference high-
pressure high-temperature (HPHT) sample with a calibrated
NV~ concentration. The concentration of NV centers is
evaluated by comparing the PL spectrum obtained under low
continuous-wave green light excitation to the spectra obtained
on single NV~ and NV? (see Ref. [20]), which resulted in
[NV®] ~ 1.1 ppm. The concentration of N” was estimated from
the absorption coefficient at 1130 cm ™!, determined by FTIR
absorption spectroscopy [21], which yielded [Ng] ~ 220 £ 20
ppm. The absorption peak of NI at 1332 em~! [22] is not
detected, indicating that in this sample the N defect is in a
large majority in its neutral state. These data are summarized
as “dark expt.” in Table II. Beside the signatures of NV’
(photoluminescence observed below 639 nm) and NV~ defects
[zero phonon line (ZPL) at 639 nm and associated phonon
sidebands at higher wavelengths], a broad peak is observed
in the PL spectrum at a wavelength of 678 nm (1.83 eV).
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FIG. 1. (a) Photocurrent spectra measured on irradiated and an-
nealed type-Ib diamond without (method 1) and with (method 2) blue
bias illumination. (b) Photoluminescence (PL) spectra (excitation:
532 nm, 1.6 mW). The PL peak at 678 nm, observed in the spectrum
of the sample under study (red curve) and attributed to a Ni-related
defect, was not detected in the spectrum of a reference irradiated
and annealed type-Ib diamond (shown for comparison, black curve).
(c) FTIR spectrum. The absorption peaks of N? at 1344 and 1130 cm !
can be observed. (d) Optical absorption coefficient in the UV-visible
range, measured at 77 K. The ZPL of NV~ appears at 1.95 eV. The
absorption peak detected at 1.77 eV, already reported on irradiated
type-Ib diamond, has been attributed to an interstitial defect [19]. The
ZPL at 1.356 eV and associated phonon replica at higher energies
have been observed in diamond containing both N and Ni [1,19].

This peak is associated with a nickel defect [23-28]. The
photoluminescence emission rate for this defect is unknown,
therefore the concentration of the Ni-related defects cannot be
determined from these data. More evidence for the presence
of nickel is the ZPL at 1.356 eV and the associated phonon
replica observed in the UV-visible absorption spectrum which
were reported for synthetic diamonds containing Ni and N (see
Refs. [1,29]).

The thresholds of the two unidentified ionization bands
observed at 1.2 and 1.9 eV in photocurrent spectra closely
resemble our calculation of the first and second acceptor
levels of the NiV defect at Eyv + 1.22 eV and +1.90 eV
[28], respectively, where Evy is the valence band maximum.
Although other Ni-related defects may exist in the sample,
only the NiV® and NiV~ show photoionization bands at
~1.2 and 1.9 eV, respectively. Therefore, our working model
is that the ionizations of NiV® and NiV~ are responsible
for these features. To verify this hypothesis, we used DFT
calculations to determine the photocurrent spectra obtained
considering ionization of the nitrogen- and nickel-associated
defects present in the sample, and compared the calculated
spectra obtained in this way to the measured spectra.
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To calculate the energy dependence of defects’ ionization
cross sections, we apply ab initio Kohn-Sham DFT calcula-
tions. In the photoionization process, an electron is excited
from an in-gap defect level to the conduction band (CB) or
from the valence band (VB) to an in-gap defect level. The
photoionization probability is then directly proportional to the
absorption cross section that depends on the imaginary part
of the dielectric function related to the transition between the
initial ground state and the final excited state. This process
can be well approximated by the transition of a single electron
from/to the in-gap defect level to/from the band edges, thus
the imaginary part of the dielectric function can be calculated
between the corresponding Kohn-Sham states and levels. Our
tasks are therefore to calculate (a) the excitation energies and
(b) the corresponding imaginary part of the dielectric function.

(a) In the optical excitation process, the atoms may change
their geometry with respect to their ground state. We con-
sider this effect within the Franck-Condon approximation,
and calculate the lowest-energy excitation that corresponds
to the pure electronic transition, i.e., the ZPL energy. This is
calculated with the so-called A-self-consistent-field (ASCF)
DFT approach as was demonstrated for the NV center [30].
Here, it is critical to apply a DFT functional which is able
to reproduce the band gap of diamond and the in-gap defect
levels. According to our previous studies [30,31], this can be
achieved by a range-separated and screened hybrid density
functional [functional of Heyd-Scuseria-Ernzerhof (HSE06)]
[32,33]. Here, we particularly calculated the ZPL energies only
for the band edges explicitly, and we assumed that the larger
excitation energies follow the calculated bands with respect
to the band edges. We note that an alternative is to simply
calculate the adiabatic charge transition level. In this case,
the exciton binding energy is neglected. As shown below, the
exciton binding energy can be indeed neglected.

(b) In the Franck-Condon approximation, the imaginary
part of the dielectric function for the ZPL transition is the
same as it is for the corresponding phonon sidebands. Thus,
the imaginary part of the dielectric function can be calculated
at the ground-state geometry. We note that optical transitions
to the bands require an accurate calculation of the electron
density of states. In practice, this implies involving many k
points in the Brillouin zone. However, an HSE06 calculation
with many k points is computationally prohibitive in a large
supercell embedding the defect. Thus, we applied the semilocal
Perdew-Burke-Ernzerhof (PBE) functional [34] since PBE and
HSEQ6 functionals produce very similar Kohn-Sham wave
functions for calculating the optical transition dipole moments.

The defect was modeled in a 512-atom diamond supercell.
We applied the I' point for the geometry optimization of the
defects. We note that the I' point in this supercell folds the
k point of the conduction band minimum. The geometry is
converged when the forces acting on the atoms are lower
than 0.02 eV/A. We calculate the DFT charge and spin
densities of the systems by the VASP code [35,36], using the
projector augmented-wave (PAW) formalism [37]. Standard
PAW potentials are chosen for the N and C ions and Ni 3d
electrons are treated as valence electrons. A plane-wave basis
set is utilized to expand the wave function of the valence
electrons. The energy cutoff for the expansion of the plane
waves is set to 370 eV. The total energy of the charged

TABLE I. Relevant ionization energies used in the construction
of the photocurrent spectrum that are given in eV units. The NV*
is shown for the sake of completeness but it does not appear in
the photocurrent spectrum. For NV and NiV defects, the ionization
energies are determined from HSEO6 DFT calculations, whereas the
experimental one is applied for N?. UV means ultraviolet photoexci-
tation energy that is outside the range of our experiments.

Defect (+) = (0) (0) = (+) (0) = (=) (=) = 0) (=) = 2-)

NV 0.99 uv 2.74 2.78
N uv 2.20
NiV 1.22 uv 1.90

supercell was corrected both in the ground and excited states
to cancel the finite-size errors [38]. We found that 6 x 6 x 6
I'-centered k-point sampling of the Brillouin zone produces
converged electron density states in the conduction bands and
the valence bands. We applied this k-point set for defects
possessing C3, symmetry in the calculation of the imaginary
part of the dielectric function. We calculated this property of
defects with Cy;, symmetry only within 4 x 4 x 4 I"-centered
k-point sampling of the Brillouin zone, yielding also converged
results in the energy region of interest. The calculated optical
absorption functions were finally constructed by following the
recipe of (a) and (b) with an additional Gaussian smearing of
0.2 eV to simulate the vibration effects at room temperature.

To reconstruct the photocurrent spectra, the calculation was
performed for all the major defects present in the sample in their
relevant charge states. We first discuss photophysics of NV and
N; defects in detail (see Table I). For N, the neutral and positive
charge states are considered, whereas neutral, negative, and
positive charge states are taken into account for NV (see
Ref. [39]). We find that the exciton binding energy of these
defects (see Supplemental Material [40]) can be neglected at
room temperature with respect to the broadening effects due
to vibrations in the photocurrent spectrum.

The following conclusions can be drawn for the NV defect
from these results: (i) The NV~ — NV? and NV’ — NV~
transition energies almost coincide at ~2.76 eV, thus the
individual ionization bands cannot be resolved in the room-
temperature photocurrent spectrum; (ii) the estimated energy
of the intra-defect-level optical transition (see Ref. [40]) is
larger than the band-edge excitation energy for NV*, thus
NV* might show up as a weak absorption at around 1 eV;
(iii) NV? can be ionized to NV only by ultraviolet excitation
(4.2 eV), but the NV — NV~ transition is active in this
energy region. We conclude that photoexcitation in the visible
range induces cycles between NV~ and NV°, and transitions
to NV* do not occur. In addition, the calculated NV — NV?
transition energy is lower by 0.2 eV than the 1.2-eV ionization
band in the photocurrent spectrum that is above the uncertainty
of our method. We conclude that NV does not show up in the
photocurrent spectrum.

The photoionization of N? requires a short discussion.
This defect has a giant reorganization energy (1.37 eV; see
Ref. [40]) of the ions upon ionization. The reason behind this
phenomenon is that N? is a Jahn-Teller unstable system in
T; symmetry and it strongly reconstructs to C3, symmetry.
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Thus, the ionization cross section is very minor at the ZPL
energy but much stronger with the participation of phonons
that drive the atoms from the high 7; symmetry to the
reconstructed C3, symmetry. This effect was already discussed
in previous studies [41,42]. In experimental studies [41,42], the
photoionization threshold of N was found at ~2.2 eV by using
the Inkson’s formula [43] for the photoionization cross section
of deep level defects. This finding explains the long-standing
unresolved discrepancy between the thermal ionization of
NS, i.e., its energy in the band gap at thermal equilibrium
(1.7 eV below the CB), and its photoionization energy (2.2
eV). However, it is beyond the scope of this study to directly
involve phonons in the calculated photocurrent spectrum. We
rather used the experimental value of 2.2 eV for the ionization
threshold of N instead of the calculated ZPL energy.

The neutral and the negative charge states of the NiV color
center were already studied in a previous work by means
of our ab initio method [28]. We note that the split-vacancy
configuration of this defect constitutes a high D3; symmetry
where Ni sits at the inversion center of diamond near two
adjacent vacancies, i.e., in divacancy. This defect may be
labeled as V-Ni-V, in order to note the interstitial position of the
Ni impurity atom. However, quantum optic groups often label
the split-vacancy complexes of the X impurity as the X'V color
center, e.g., group-IV—vacancy complexes. Thus, we decided
to use this nomenclature for Ni, too. The detailed discussion of
the electronic structure of the defect can be found in Ref. [28]:
Briefly, a doubly degenerate ¢, level appears in the gap which
is occupied by two electrons with parallel spins in the neutral
charge state that establishes an § = 1 ground state. This can
be further occupied by one or two electrons that leads to single
and double acceptor states and levels with S = 1/2and S =0
spin states, respectively (see Table I).

To reconstruct the photocurrent spectrum measured follow-
ing method 1 [no blue bias light; see Fig. 1(a)], we assumed
that all N centers are in the neutral charge state, thus we fixed
the concentration of N? at the experimental value of 200 ppm.
We then varied the concentrations of NV~ and NV? (threshold
around 2.76 eV) and NiV~ (threshold around 1.9 eV), in order
to fit to the experimental photocurrent spectrum (dotted red line
in Fig. 2). We note that the calculated ionization cross section
in a wide region of energies is significantly larger for NV than
that for NV™. This explains why the green photoexcitation of
individual NV defects can stabilize NV~ over NV°. From the fit
we find the calculated [NV~] and [NV°] at 31.4 and 1.0 ppm,
respectively, i.e., close to the values of ~34 and ~1.1 ppm,
respectively, deduced from experiments (see Table II). The
fitted concentration of NiV™ is about 1.2 ppm. It is likely that
these Ni defects reside in the region of diamond with neutral
NV centers where the quasi-Fermi level is lower than that in
the other regions of diamond.

To reconstruct the photocurrent spectrum obtained under
blue bias illumination [method 2; see Fig. 1(a)], we associate
the ionization band with a threshold around 1.2 eV to the
ionization of NiV (see the red dotted curve in Fig. 3). Indeed,
the results of our simulation imply that blue illumination
produces holes that yield more NV, NiV~, and NiV?, at the
expense of less N and NV ™. The calculated concentration of
NiV? is 0.14 ppm under blue bias illumination (see Table II),
whereas that of NiV ™ increased substantially compared to that
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FIG. 2. The photocurrent spectrum measured on our sample in the
absence of blue bias light (method 1) is fitted to the concentrations
of NV, NV?, and NiV~ defects using ab initio calculated ionization
cross sections. The concentration of N was fixed at 200 ppm. The
defect concentrations resulting from the fit are listed in Table II, in
the line entitled “no blue.”

obtained by fitting the spectrum measured in the absence of
bias light. We attribute this effect to the fact that NiV>~ defects
capture holes and are converted to NiV™ and, to a lesser extent,
NiV? under blue illumination. The results are summarized in
Table II.

Our combined experimental and atomistic simulation study
identified the NiV defect in an irradiated and annealed type-Ib
diamond sample. We note that an absorption center was found
at 1.22 eV in Ni contaminated diamond [44] that was correlated
with the NOL1/NIRIMS electron paramagnetic resonance
(EPR) spectrum [45,46]. Based on our modeling, the 1.22-eV
absorption peak can be well explained by the optical transition
from the valence band edges to the empty defect level in
the spin minority channel. The NOL1/NIRIMS5 EPR center
possesses a giant zero-field splitting of D = —171 GHz, and
arelatively large anisotropy in the g-tensor, g = 2.0235, and
g1 = 2.0020 [45,46]. This large anisotropy implies a strong
second-order contribution of the spin-orbit interaction in both
the g-tensor and the D-tensor. Indeed, we find only ~0.7 GHz
contribution to the zero-field splitting from the electron spin-
electron spin—dipole-dipole interaction (see Ref. [47] for the
method) that supports this model. Furthermore, the calculated
hyperfine constants (see Ref. [48] for the method) of the ®'Ni
are smaller (A = 25 MHz; A = 63 MHz) than those of *C

TABLE II. Concentration of defects in ppm units as determined
from characterization of the sample by PL and FTIR spectroscopy
(noted “dark expt.”) and by fitting of the photocurrent spectra mea-
sured without and with blue illumination (noted “no blue” and “blue,”
respectively) using ab initio calculated ionization cross sections.
The concentration of the NiV complex could not be deduced from
experiments.

Sample [NV'] [NV [N] [NiV™]  [NiV°]
Dark expt. 34 1.1 220 4+ 20

No blue 31.4 1.0 200.0 1.2 0.0
Blue 29 29.5 180.0 2.0 0.14
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FIG. 3. The photocurrent spectrum measured on our sample under
blue illumination (method 2) is fitted to the concentrations of Ng,
NV~, NV° Niv~, and NiV® defects by using ab initio calculated
ionization cross sections. The defect concentrations resulting from
the fit are listed in Table 11, in the line entitled “blue.”

(A; =39 MHz; A = 84 MHz) of the six nearest-neighbor
C atoms of the Ni atom in diamond, which agrees well with
the NOL1/NIRIMS EPR spectrum (see Fig. 2 in Ref. [46]).
This confirms that the NOL1/NIRIMS EPR center, which is
identified as NiV?, has a stable S = 1 spin state at 7 = 20 K
temperature [46] and that optically active excited states exist.
Similarly to the neutral silicon-vacancy center [49], this defect
is thermally stable in boron-doped diamond [46], in agreement
with our model. Once the optical spin polarization is confirmed
for NiV°, then our photocurrent spectroscopy measurements
show that this center shall be a very promising candidate

for photoelectric detection of the spin state operating in the
near-infrared region for photoionization.

In conclusion, the presented results show that NiV defect
in diamond possesses suitable characteristics to be potentially
used as a photoelectrically read solid state qubit operating at
room temperature and excited by near-infrared light, present-
ing interest for quantum information technology. By recording
the photocurrent spectra of a diamond sample that contains
nitrogen and nickel impurities in the visible and NIR region, we
have identified the ~1.2- and ~1.9-eV photoionization bands
with the single and double acceptor levels of the nickel split-
vacancy complex NiV. In Ni-contaminated samples, ionization
of the NiV defect contributes therefore to the total photocur-
rent measured under green illumination used in the PDMR
technique to induce two-photon ionization of NV centers.
Our ab initio calculations enabled us to model precisely the
photocurrent spectra and support the conclusions that the
NOL1/NIRIMS EPR center and the 1.22-eV absorption center
originate from the S = 1 neutral NiV defect. Additionally, a
benefit of this work relates to the reduction of the background
photocurrent for green laser excitation by identifying the
defects in the diamond band gap that lead to achieving a high
magnetic resonance contrast.
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