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Introduction of localized spin-state transitions in the optical absorption spectrum of Cr-doped GaN
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Using a hybrid density functional, we study the electronic, magnetic, and neutral excitations of the
paradigmatic Cr-doped GaN solid. Our results indicate that the ~1% doped wurtzite GaN crystal retains the
semiconducting nature of the host, associated with a magnetic moment of 3 5. As a consequence of Cr doping,
additional hybridized bands are formed within the intrinsic band gap of GaN, leading to a considerable band gap
narrowing by 1.4 eV and low-energy optical transitions. Our results indicate dark Cr d-d transitions at very low
energy (0.5-0.7 eV), followed by bright transitions in the visible energy range (1.8-2.2 eV). Characterization of
the electron-hole pairs suggests that the latter originates from the internal transitions among hybridized Cr,—N,
states. With the existence of these additional optical features within the visible energy window, one can expect
an enhancement to the photoelectric conversion efficiency of GaN upon Cr doping, in addition to applications in

spintronics.
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I. INTRODUCTION

Transition metal doping of gallium nitride (GaN) has been
shown to alter its intrinsic electronic structural and optical
features by the introduction of deep donor and/or accep-
tor levels [1-11]. Additionally, the presence of open-shell
transition metals can result in magnetic properties [11-14].
For instance, adding chromium (Cr) dopant(s) into the host
GaN matrix leads to the alignment of magnetic domains in
the same direction, which causes spin polarization and ferro-
magnetism with a relatively high Curie temperature [1-4,11].
Such an additional functionality suggests Cr-doped GaN is a
robust and promising material in the field of diluted magnetic
semiconductors, particularly for spintronic and quantum in-
formation applications which typically require localized spin
states [10,11,15,16].

Cr impurities within the GaN crystal introduce low-energy
excited states, stemming from dopant-induced charge carrier
traps and recombination centers within the intrinsic gap [1,8].
As a result, an extra optical absorption spectrum has been
observed over the visible energy window, attributed to the
internal transitions among Cr-d states [1,7,9,17]. The exis-
tence of these states in the gap is due to the Jahn-Teller effect
[8], where spatially degenerate Cr-d states distort and split
in energy due to the interaction with the crystal field of the
host environment, forming midgap energy bands which act as
trapping centers for both holes and electrons [1,7] and lead
to low-energy transitions in the optical spectrum. Moreover,
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the presence of hybridized near-gap states of Cr-d/N-p char-
acter can result in a decrease of energy loss through heat [7],
potentially enhancing the photoelectric conversion efficiency.
Despite its technological relevance, the underlying elec-
tronic structure involved in the optically excited states of
Cr-doped GaN is not well understood. While electrical re-
sistivity measurements suggest the Cr-doped GaN in the
low-doping regime is semiconducting [13,18], most theoret-
ical studies based on first-principles density functional theory
(DFT) predict half-metallic phases [6,14,19], even with the
addition of on-site correlation effects via a Hubbard correction
[3,12]. Additionally, due to the presence of self-interaction er-
ror in DFT with (semi)local exchange-correlation functionals
[20], localized electronic states such as those associated with
Cr d states may be overly delocalized, unphysically increasing
the defect-defect interactions. To describe optical properties
and excitonic effects in the solid states, moreover, a more
complex nonlocal functional is needed [21]. Thus, it is nec-
essary to go beyond local and semilocal DFT to understand
the electronic and optical properties of Cr-doped GaN [22].
Recently, some of us have established the accuracy of
different computational techniques in the prediction of the
fundamental gap and optically excited states of the pris-
tine and defective GaN solids [23] and showed that a
tuned and screened range-separated hybrid functional (SRSH)
[24,25] applied within DFT and its time-dependent exten-
sion (TDDFT) successfully reproduces the band structure and
optical absorption spectrum of pristine and defective GaN
predicted from many-body perturbation theory within the
GW/BSE approximation [21,26], and the experimental ab-
sorption spectrum of pristine GaN [23]. Here, we analogously
apply the SRSH functional within the DFT/TDDFT frame-
work to study &1% substitutional Cr:GaN, with the goal of
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understanding the dopant-induced trap states and low-energy
excitonic peaks. Our calculated results show that the elec-
tronic structure of the bulk Cr-doped GaN in the low-doping
regime remains in the semiconducting phase while band edges
are largely formed by dopant d states. In particular, we find
that the valence edge consists of the three unpaired bands,
with energies spanning 1.4 eV, resulting in a considerably
smaller band gap with respect to the pristine GaN crystal. As
a consequence of band gap narrowing, the optical absorption
spectrum features a set of extra excitations which are involved
in the dopant d-state transitions. Excluding the weakly al-
lowed d-d transitions within the infrared region, we determine
the low-energy peaks in the optical absorption spectrum are
mixed transitions involving Cr-d states with bulk-like states,
resulting in optically excited states in the visible energy win-
dow.

II. COMPUTATIONAL DETAILS

Collinear spin-polarized DFT and TDDFT calculations
were performed within the VASP package [27]. We used a
plane-wave cutoff of 400 eV, a I'-centered sampling of 4 x4 x
4 in the Brillouin zone, which converged the total energy to
less than 1 meV, and the projector augmented wave potentials
for describing the core and nuclei [28]. A tuned functional
based on that of Heyd, Scuseria, and Ernzerhof (HSE) [29]
functional and the SRSH functional, as implemented by Ra-
masubramaniam and coworkers [23-25], were utilized to
describe the exchange-correlation functional. Following prior
work [30], the fraction of exact exchange in the SRSH (HSE)
is set to 25% (30%) reproducing the experimental band gap
of 3.5 eV [5,31]. Moreover, the range separation parameter
within HSE is kept at 0.2 A~!, while for the SRSH functional,
the range separation parameter, beyond which the functional
is the screened exact exchange, is tuned to 0.7 A~'. The
dielectric constant of GaN, used as a parameter in SRSH, is
obtained from the random phase approximation [23] to be 5.4
€9 where € denotes the vacuum permittivity.

The structure of the pristine wurtzite GaN was adopted
from recent studies [23,32]. Recent x-ray diffraction stud-
ies have confirmed a similar wurtzite structure for Cr-doped
GaN crystal [7] with lattice vectors slightly larger than that
of pristine GaN [33], presumably due to the larger atomic
radius of Cr than Ga. It has been determined that Cr forms a
substitutional defect, replacing Ga in the crystal [2,4,19,34].
Thus, we constructed a 4x4 x 3 bulk supercell (GaggNoe)
and substituted one of the Ga host atoms for a Cr ([Ar] 3d°
4s"), corresponding to a 1/96 ~ 1% atomic doping ratio and
concentration of 4.5 x 10*° cm~3. Previously, we have shown
that a 4 x 4 x 3 supercell is sufficient for minimizing the in-
teractions between periodic defects in GaN [30]. Additionally,
the simulated supercell provides a separation of at least 1 nm
between periodically repeating Cr dopants, much larger than
the required critical separation of 2.7 A for Cr-Cr ferromag-
netic coupling [2]. The geometry of all the defective structures
(neutral and charged Cr-doped GaN) was optimized using the
tuned HSE 30% functional and a I"-centered k-mesh sampling
of 2x2x2, converging the total energy and interatomic forces
to less than 1075 eV and 0.01 eV/A, respectively. The lattice

vectors of the wurtzite relaxed (neutral) Cr-doped GaN super-
cell were determined to be a = 12.8 and ¢ = 15.6 A.

The electronic band structure was computed along a k path
as defined by Ref. [35], for which the initial eigenenergies
were interpolated by localized Wannier functions [36]. The
charge population was computed by means of Bader analysis
as implemented in Ref. [37], using both core and valence
electron densities. Bader charge analysis, which evaluates the
electron density remainder around the nucleus as well as the
actual charge density [38—40], has previously been used to
provide a good qualitative understanding of the charge state
in transition-metal-doped oxides [41-43]. Optical spectra and
neutral excitation energies of the doped crystal were calcu-
lated by a time-dependent kernel of both SRSH (TD-SRSH)
and HSE 30% (TD-HSE) functionals. In doing so, we solved
the Casida equation [21], taking into account 24 valence and
24 conduction bands.

We note that SRSH has been shown to be accurate in
predicting the band structure and optical absorption properties
of molecular and inorganic solids [44-48]. To gain a better
understanding of the SRSH accuracy in describing d electrons,
when tuned to the sp band, we have computed the Ga d-sp
band splitting with 3d electrons explicitly included as valence
in the Ga pseudopotential. The SRSH-predicted Ga-3d band
is found in the energy range of 13—17.5 eV below the sp-type
valence band maximum (VBM), reaching its peak at 17 eV.
This is in good agreement with the experimental peak value
of 17-18 eV [49,50], measured for a wurtzite GaN thin film
at room temperature (see Fig. S13). More details, including a
comparison to the experimental spectrum, can be found in the
Supplemental Material [51].

III. RESULTS
A. Cr-induced in-gap states in GaN

The structure of GaN is perturbed with the introduction of
the Cr dopant (see Ref. [51] for the ball-and-stick model of
the relaxed Cr:GaN supercell with a doping ratio of &~ 1%).
The lattice vectors of doped GaN are slightly increased by
doping (0.01%), in agreement with prior studies [33]. The
presence of Cr pushes neighboring N atoms away, closer to
their neighboring Ga atoms. As a result, Cr-N bond lengths
are increased by approximately 2% with respect to the average
bond length of host Ga-N, determined to be ~1.95 A. The
bond angles are also modified. While N-Ga-N bond angles
are approximately 109°, the N-Cr-N angle is increased to
~114°. Similar to previous findings for Mn in GaN [22],
although the perturbation due to the defect is not significant,
there is a distortion of the nearest neighbor and next-nearest
neighbor bonds to the defect, which results in electronic states
as discussed below.

The total magnetic moment of the system is predicted to be
3.00 up with most of the magnetic moment (2.83 pg) on the Cr
dopant, in agreement with other first-principles-based studies
[2,3,7,11,19]. This sizable magnetic moment on Cr induces a
small antiferromagnetic polarization of —0.04 pp among the
near-neighbor N atoms. Surrounding Ga atoms also feature a
small magnetization of 0.01 pg. This behavior was attributed
to the effect of through-bond spin polarization [3,6]. Using
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FIG. 1. Spin-resolved (a) DOS and projected DOS onto (b) Cr-d,
(c) N, and (d) Ga atomic orbitals. Positive and negative values rep-
resent the majority (1) and minority () states. The highest occupied
state energy is set to zero.

Bader analysis, moreover, we found that Cr takes a nearly
trivalent form with a charge deficiency of 2.2 |e| on Cr, sim-
ilar to that of the host Ga atoms, while nitrogen atoms feature
an anionic character. The Cr™> configuration can be explained
by the fact that Cr substitutes for Ga and is also compatible
with previous reports both theoretically [3,6,12,41] and ex-
perimentally [7,13]. However, we should note that a few prior
studies have reported a Cr** configuration in Cr-doped GaN
[8,9]; to address this and gain insight into the thermodynamic
transition levels, we also studied different charged states of
the dopant in Sec. III C.

We predict that GaN retains its semiconducting nature upon
Cr doping. The dopant introduces unpaired spins within the
intrinsic gap of GaN as shown by the SRSH spin-polarized
density of states (DOS) in Fig. 1(a), reducing the effective gap
from 3.5 to &2 eV. The highest occupied state is associated
with a singly occupied peak, at least 1.4 eV higher in energy
than a large DOS closed-shell peak reminiscent of the pristine
GaN valence band (VB). The presence of this peak is in agree-
ment with recent photoemission spectroscopy measurements,
which indicate a shift of 1.3 eV in the ionization energy of
GaN upon Cr doping (from 6.7 to 5.4 eV) [7,52].

To further understand the character of the band edges, we
present the spin-resolved projected-DOS (PDOS) on Cr-d and
host p and s atomic orbitals in Figs. 1(b)-1(d). Overall, the
PDOS indicates that the ferromagnetic character of Cr-doped
GaN is due to unpaired spins on the Cr-d states hybridized
with the host nitrogen p states. The highest occupied state
(in-gap state) is mainly composed of Cr-d,, and N-p, states,
whereas p states of the host Ga atoms do not contribute ac-
tively to this region. Within the up-spin manifold and near
the pristine GaN VB (—1.4 eV), d,; and d,. states of Cr play
a role associated with substantial contributions of N-p and a
modest admixture of Ga-p states. The fact that d,,, d,., and
dy, orbitals strongly hybridize with N-2p orbitals in Cr-doped
GaN has been noted previously [3,6]. In the unoccupied man-
ifold of states, two Cr states with d,> and d> characters appear
near the pristine-like GaN conducting edge, where host atoms
show broad contributions of s atomic orbitals with a slight
admixture of N-p, and p, at the conducting band edge.

As a salient feature within Cr-d PDOS in Fig. 1(b), inte-
gration of peaks in the majority spin channel up to the Fermi
energy points toward the d> configuration of the Cr atom.
Moreover, the distribution of the Cr states within the up-spin
manifold indicates degeneracy of the Cr-d states is broken;
based on the tetrahedral symmetry of the crystal field, we
expect that states will be split into doubly near-degenerate
e, and triply near-degenerate t,, subshells, with the e, states
positioned lower in energy than #,, [2]. The Cr-d states consist
of two occupied low-lying majority d,, and d,, orbitals de-
generate in energy with the GaN bulk-like VB (—1.4 eV), one
occupied majority d,, orbital as the highest occupied state,
and the two nearly degenerate (d,2, dy2) near the conduction
band (2.3-2.4 eV). Thus, computed PDOS suggests that the 7,
states are lower in energy than the e, states. This discrepancy
may be explained by the fact that the quantization axis of d
orbitals is not aligned with the crystal axes in the calculation.
Additionally, bond distortions (tetragonal elongation) in the
crystal field have been shown to modify the ordering of d
states in transition metal compounds [53].

We note that similar conclusions to the above can be
reached by DFT calculations within HSE-30% (see the Sup-
plemental Material [51]). Conversely, semilocal DFT within
PBEsol predicts a half-metallic ground-state character for
the studied system for which the bands cross the Fermi en-
ergy for the majority spin (see Supplemental Material [51]).
This finding agrees with previous (semi)local DFT stud-
ies [3,6,19,54] and underlies the importance of a nonlocal
exchange-correlation functional [22]. The discrepancy be-
tween functionals is due to the self-interaction error within
(semi)local DFT, which is mitigated with hybrid functionals,
particularly those containing the spatially nonlocal exchange
term (plus an effective screened Coulomb interaction) [22,55—
571.

There are three singly occupied in-gap bands within the
band structure of Cr-doped GaN [Fig. 2(a)] with relatively
weak dispersion <0.3 eV, indicating a localized electron den-
sity. The topmost state is located deep within the intrinsic gap
of GaN and the two others form impurity states slightly above
the GaN bulk-like VB. In the unoccupied region, there are two
low-dispersion bands that intersect the pristine-like conduc-
tion band minimum at 2.3-2.4 eV above the highest occupied
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FIG. 2. (a) Spin majority electronic band structure of Cr-doped
GaN crystal. Three singly occupied bands are shown in bold navy
blue. The highest occupied state energy is set to zero. The charge
density distributions decomposed for (b) the two lowest energy un-
occupied bands, (c) the highest occupied band, and (d) the next two
lower occupied bands are shown. To visualize, densities are summed
over all k points and an isosurface cutoff of 1073-107* (Bohr ™) was
applied.

state energy. As a consequence of these in-gap states, DFT-
SRSH predicts a direct band gap of 2.11 eV at I' point that is
considerably narrowed with respect to 3.5 eV for the pristine
GaN [5,31]. Thus, we expect low-energy transitions in the
visible energy window rather than the ultraviolet region of
pristine GaN.

The reduction in the gap is due to the highest occupied
band, which is localized near the Cr atom and nearest-
neighbor nitrogen atoms as shown in Fig. 2(c). This is
consistent with the PDOS results, Fig. 1, where we found
that valence edge is made by a major contribution of Cr-d
states associated with N-2p. The other two singly occupied
states near the GaN VB show a similar orbital distribution
through the density. For these states, however, the charge den-
sity is more evenly distributed among Cr and nearest neighbor
N atoms [see Fig. 2(d)], suggesting greater hybridization of
these states with the host nitrogen neighbors. The lowest un-
occupied bands are a mixture of bulk-like and Cr-localized
bands. We note that DFT-HSE provides qualitatively identical
results, with a slightly larger band gap of 2.3 eV.

B. Low-energy optical transitions

Figure 3 presents the optical absorption spectrum of pris-
tine and Cr-doped GaN crystals. The spectra agree well at high
energies, above 3.1 eV (less than 400 nm) with a peak around
3.3-3.4 eV. The latter value is the optical absorption of the
host solid, in agreement with the experimental value of 3.44
[32,58]. Within the visible energy window, both TD-SRSH
and TD-HSE30% predict an additional optical structure for
Cr-doped GaN, which qualitatively agrees with experimental
studies that find the absorption peak associated with the defect
to be 1.1-2.0 eV for a defect concentration ranging from very
low to 9% doping [1,9,17]. The first bright excitation is at
1.78 eV within TD-SRSH, in excellent agreement with the ex-
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FIG. 3. Optical spectra of pristine (dotted line) and Cr-doped
(shaded area) GaN solid, computed by (blue) TD-SRSH and (red)
TD-HSE30%. Computed spectra are broadened with a Gaussian
factor of 0.15 eV to mimic experimental resolution and the intensity
was normalized such that the highest intensity in the given energy
window equals one. Blue vertical bars represent the energy position
of the optical transitions with remarkable oscillator strength com-
puted by TD-SRSH for the doped crystal.

perimental absorption onset of 1.62 eV [17] and 1.5 eV [1,9]
for low concentration and low temperature (7 = 1.8 K) and
unintentional doping at ambient temperatures, respectively.

Given the transport gap of 2.11 eV, the exciton binding
energy is determined to be 0.33 eV, reflecting the localization
of the GaN Wannier-Mott-like exciton, with a binding energy
of less than 100 meV [23,59]. In the energy range between 2.1
and 2.4 eV, there are a set of transitions with a peak at 2.17 eV
(see blue bars representing TD-SRSH eigenvalues), reconcil-
ing the experimental value of 2.1 eV [1]. A further allowed
transition with a high-exciton intensity is also found at 2.9 eV
which exactly matches with experiment [1,17]. We note that
there are two low-energy dark excitations (at 0.57 and 0.68 eV
within TD-SRSH) with small oscillator strength. As shown in
the Supplemental Material [51], these states are composed of
d-d transitions, which should be symmetry forbidden but are
weakly allowed due to the hybridization of Cr-d and N-2p
states. To our knowledge, there is no experimental evidence
of these transitions, possibly because of the low transition
probability.

In a previous study on pristine and defective GaN crys-
tals [23], some of us have shown that TD-HSE results in a
blue-shifted spectrum with respect to TD-SRSH, BSE, and
experiment. For Cr-doped GaN, we similarly find that the
TD-HSE predicts an onset of absorption at 2.1 eV and a peak
maximum at 2.7 eV. This may be ascribed to the lack of
nonlocality in the long-range electron-hole correlation within
the TD-HSE kernel [23].

To gain insight into the origin of the bright transitions, we
inspect the coupling coefficients of electron-hole pairs along
three high-symmetry k points for the three lowest bright states.
For the first bright transition at 1.78 eV shown in Fig. 4(a),
the largest coupling coefficients are predicted to be from the
GaN bulk-like valence bands to the two lowest localized un-
occupied bands with Cr-d character, and some contribution
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of transitions from shallow impurity bands to the bottom
of the GaN bulk-like band. The effective orbitals associated
with the electron and hole shown on the right side of the
figure clearly show this mixed Cr-d/bulk-like transition; here,
the electron and hole densities are distributed throughout the
bulk with localization around the defect. For the next bright
transition at 1.88 eV [Fig. 4(b)], the substantial contribution
of the electron-hole pairs stems from d orbital to bulk-like
transitions at the I' point and results in a highly localized
hole on the Cr defect and delocalized electron density. The
strongest oscillation over the visible energy range is obtained
for excitation energy at 2.17 eV, shown in Fig. 4(c). Similar
to the 1.78-eV excitation, this state is a transition between
bulk-like to defect-like states. The strong oscillator strength
of these bright transitions may be explained due to the hy-
bridization with the bulk. We also note that our predicted
absorption spectrum agrees with recent experimental studies

where a low-energy peak at this energy is referred to as the
fingerprint of the doping-induced effects [1,8,9,17].

C. Electronic structure of charged Cr dopants

To gain an understanding of the charged states of the Cr
dopant, we simulated the electronic structure of the positively
and negatively charged Cr-doped GaN, i.e., [Cr: GaN]*!/[Cr:
GaN]~! for which we may expect that Cr will form a +4/+2
configuration. For [Cr: GaN]*!, DOS in Fig. 5(a) reveals two
singly occupied states at the majority-spin valence edge of
GaN while the deep impurity level of the neutral configu-
ration has moved up in energy into the conducting region.
As a result, the band gap of the positively charged system
(3.4 eV) is determined to be close to that of pristine GaN
while the magnetic moment is diminished to 2 pg. The PDOS
and charge density distribution decomposed for band-edge
states, gathered in the Supplemental Material [51], feature
similar structures to the corresponding states in neutral Cr-
doped GaN, although the bottom of the conduction band is
more primarily composed of Cr 3d states hybridized with p
states of host N atoms. As a result of the localized nature of
the transition, the optical absorption of the positively charged
system in the lower panel of Fig. 5(a) shows strong exci-
tonic bonding energy with an onset of 2.3 eV stemming from
transitions among GaN valence-bulk-like bands to the lowest
dopant-induced unoccupied states (see Fig. S8).

For negatively charged Cr-doped GaN [Cr: GaN]™!, the
SRSH-DOS in Fig. 5(b) exhibits four half-filled states at the
valence edge, originating from Cr atomic orbitals (d* configu-
rations) with a magnetic moment of 4 pg. Compared with the
neutral Cr-doped GaN, the band gap is significantly reduced
to 1.2 eV due to the presence of impurity levels in the valence
manifold, whereas the bottom of the conducting region is
only composed of the GaN states. The only empty Cr state
(dy) falls at 2.5 eV above the VBM (see PDOS and charge
distribution in the Supplemental Material [51]). As a result
of the band gap narrowing, the onset of the optical absorp-
tion spectrum for [Cr: GaN]~! occurs at 1.02 eV followed
by a peak at 1.36 eV and a broadened spectrum over the
whole visible window. Inspecting the coupling coefficients of
electron-hole pairs in Fig. S12 for these bright states confirms
that the most significant coupling coefficients stem from the
transition between the two topmost Cr-impurity levels in the
valence region and the GaN bulk-like conduction bands.

At higher energies (>3 eV), we have found a roughly
comparable character in the optical structure of both charged
systems to the neutral Cr: GaN or the pristine GaN systems.
Over this region, TD-SRSH predicts a set of transitions whose
highest coefficients are determined to be at about 3.3 eV,
which can be tentatively attributed to the intrinsic excitations
of the pure GaN.

For completeness, we have also calculated the thermody-
namic transition levels for both charged defects as €(q1/¢2) =
E; — E — Ey, where E %" is the total energy of the defect
in charge state g, and Ey 1s the valence energy of the pris-
tine GaN. To eliminate the spurious electrostatic interaction
among periodically repeating charged defects from E;’t, we
applied the scheme proposed by Freysoldt et al. [60,61] that
accounts for the electrostatic screening of the defect (see
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FIG. 5. Spin majority DOS and the optical absorption spectra of (a) positively and (b) negatively charged Cr-doped GaN solid. Optical
spectra are broadened with a Gaussian factor of 0.15 eV and the intensity was normalized to one. For comparison, the optical spectra of pristine
and neutral Cr-doped GaN in Fig. 3 are given by dashed black and dotted green lines, receptively.

Supplemental Material [S1] for more details). The predicted
thermodynamic transition levels of positively and negatively
charged defect systems are found to be 0.94 and 2.26 eV,
respectively, indicating that both charged states are within the
intrinsic gap of GaN.

IV. CONCLUSION

We have investigated the electronic, magnetic, and optical
properties of Cr-doped GaN using hybrid DFT and TDDFT.
The solid-state range-separated hybrid functional (SRSH) pre-
dicts that a 1% Cr doping results in a semiconducting ground
state with a significant magnetic moment of 3 pg, localized on
the Cr atom. Comparison between the experimental and com-
puted electronic structure for the ground and excited states
shows that hybrid DFT is essential to correctly describe the
electronic and optical properties of the doped system, with
HSE predicting qualitatively similar features to SRSH but
blue shifted in energy. The dopant leads to five in-gap states;
within the majority spin manifold, three are singly occupied
stemming from the hybridization between Cr-d states and
host N-p and two unoccupied Cr-d states. The formation of
these hybridized bands within the intrinsic gap of the host
GaN results in the Cr: GaN band gap narrowing from 3.5
to 2.1 eV and multiple low-energy optical transitions: two
weakly allowed transitions within the infrared region followed
by a set of bright transitions in the visible window. The
bright transitions from 1.78 to 2.17 eV are of mixed defect-

bulk character with the energy in excellent agreement with
measurement. In addition, we investigated the electronic
structure and optical properties of positively and negatively
charged Cr dopants, and determined that the charge transition
levels are in gap. Our results indicate the Cr-doped GaN has
advantages for optoelectronic devices besides the well-known
spintronic applications due to its visible light absorption.
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