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Using 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
µB . As a consequence of Cr doping, additional hybridized bands are formed within the intrinsic
bandgap of GaN, leading to a considerable bandgap narrowing by 1.4 eV and new 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 Crd–Np states.
With the existence of these new 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 spintronic.

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 acceptor levels [1–12]. Additionally, the presence
of open-shell transition metals can result in new magnetic
properties [12–15]. For instance, adding chromium (Cr)
dopant(s) into the host GaN matrix leads to the align-
ment of magnetic domains in the same direction, which
causes spin polarization and ferromagnetism with a rel-
atively high Curie temperature [1–4, 12]. Such an addi-
tional functionality suggests Cr-doped GaN is a robust
and promising material in the field of diluted magnetic
semiconductors, particularly for spintronic and quantum
information applications which typically require localized
spin states [11, 12, 16, 17].

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, 9]. As a result, an extra optical absorp-
tion spectrum has been observed over the visible energy
window, attributed to the internal transitions among Cr-
d states [1, 8, 10, 18]. The existence of these states in
the gap is due to the Jahn–Teller effect [9], where spa-
tially degenerate Cr-d states distort and split in energy
due to the interaction with the crystal field of the host
environment, forming mid-gap energy bands which act as
trapping centers for both holes and electrons [1, 8] and
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lead to low-energy transitions in the optical spectrum.
Moreover, the presence of hybridized near-gap states of
Cr-d/N-p character can result in a decrease of energy loss
through heat [8], 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 electri-
cal resistivity measurements suggest the Cr-doped GaN
in the low-doping regime is semiconducting [14, 19],
most theoretical studies based on first-principles den-
sity functional theory (DFT) predict half-metallic phases
[6, 15, 20], even with the addition of on-site correlation
effects via a Hubbard correction [3, 13]. Additionally,
due to the presence of self-interaction error in DFT with
(semi-) local exchange-correlation functionals [21], local-
ized electronic states such as those associated with Cr
d -states may be overly delocalized, unphysically increas-
ing the defect-defect interactions. To describe optical
properties and excitonic effects in the solid-states, more-
over, a more complex non-local functional is needed [22].
Thus, it is necessary to go beyond local and semi-local
DFT to understand the electronic and optical properties
of Cr-doped GaN [23].

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 pristine and defective GaN solids [24] and showed
that a tuned and screened range-separated hybrid func-
tional (SRSH) [25, 26] applied within DFT and its time-
dependent extension (TDDFT) successfully reproduces
the GW/BSE bandgap and the experimental absorption
spectrum of pristine GaN and GaN containing a single
charged nitrogen-vacancy [24]. Here, we analogously ap-
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ply the SRSH functional within the DFT/TDDFT frame-
work to study ∼1% substitutional Cr: GaN, with the goal
of understanding the dopant-induced trap states and low-
energy excitonic peaks. Our calculated results show that
the electronic 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, re-
sulting in a considerably smaller bandgap with respect to
the pristine GaN crystal. As a consequence of bandgap
narrowing, the optical absorption spectrum features a
set of extra excitations which are involved in the dopant
d -states transitions. Excluding the weakly allowed 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 window.

II. COMPUTATIONAL DETAILS

Collinear spin-polarized DFT and TDDFT calcula-
tions were performed within the Vasp package [27]. We
used a plane-wave cutoff of 400 eV, a Γ-centered sampling
of 4×4×4 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 HSE [29] functional and the SRSH functional, as
implemented by Ramasubramaniam and co-workers [24–
26], were utilized to describe the exchange-correlation
functional. Following prior work [30], the fraction of ex-
act exchange in the SRSH (HSE) is set to 25% (30%)
reproducing the experimental bandgap of 3.5 eV [5, 31].
Moreover, the range separation parameter within HSE
is kept at 0.2 Å−1, while for the SRSH functional, the
range separation parameter, beyond which the functional
is the screened exact exchange, is tuned to 0.7 Å−1. The
dielectric constant of GaN, used as a parameter in SRSH
is obtained from the random phase approximation [24] to
be 5.4 ε0 where ε0 denotes the vacuum permittivity.

The structure of the pristine wurtzite GaN was
adopted from recent studies [24, 32]. Recent x-ray diffrac-
tion studies have confirmed a similar wurtzite structure
for Cr-doped GaN crystal [8] 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 de-
termined that Cr forms a substitutional defect, replacing
Ga in the crystal [2, 4, 20, 34]. Thus, we constructed a
4×4×3 bulk supercell (Ga96N96) and substituted one of
the Ga host atoms for a Cr ([Ar] 3d5 4s1), corresponding
to a 1/96 ' 1 % atomic doping ratio and concentration
of 4.5 × 1020 cm−3. Previously, we have shown that a
4×4×3 supercell is sufficient for minimizing the interac-
tions 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 Å for
Cr–Cr ferromagnetic 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 Γ-centered k-mesh sampling of 2×2×2, converging
the total energy and inter-atomic forces to less than 10−5

eV and 0.01 eV/Å, respectively. The lattice vectors of the
wurtzite relaxed (neutral) Cr-doped GaN supercell were
determined to be a= 12.8 and c=15.6 Å.

The electronic bandstructure was computed along a k -
path as defined by Ref. [35], for which the initial eigenen-
ergies 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 qual-
itative understanding of the charge state in transition-
metal-doped oxides [41–43]. Optical spectra and neutral
excitation energies of the doped crystal were calculated
by a time-dependent kernel of both SRSH (TD-SRSH)
and HSE-30% (TD-HSE) functionals. In doing so, we
solved the Casida equation [22], taking into account 24
valence and 24 conduction bands.

We note that SRSH has been shown to be accurate
in predicting the bandstructure and optical absorption
properties of molecular and inorganic solids [44–48]. To
gain a better understanding of the SRSH accuracy in de-
scribing 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 max-
imum (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, includ-
ing a comparison to the experimental spectrum, can be
found in the Supplementary Material [51].

III. RESULTS

A. Cr-Induced In-Gap States in GaN

The structure of GaN is perturbed with the introduc-
tion of the Cr dopant (see [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 neighbor-
ing N atoms away, closer to their neighboring Ga atoms.
As a result, Cr–N bond lengths are increased by approx-
imately 2% with respect to the average bond length of
host Ga–N, determined to be ∼1.95 Å. The bond an-
gles are also modified. While N–Ga–N bond angles are
approximately 109°, the N–Cr–N angle is increased to
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∼114°. Similar to previous findings for Mn in GaN [23],
although the perturbation due to the defect is not sig-
nificant, there is a distortion of the nearest neighbor and
next-nearest neighbor bonds to the defect, which results
in new electronic states as discussed below.

The total magnetic moment of the system is pre-
dicted to be 3.00 µB with most of the magnetic mo-
ment (2.83 µB) on the Cr dopant, in agreement with
other first-principles-based studies [2, 3, 8, 12, 20]. This
sizeable magnetic moment on Cr induces a small anti-
ferromagnetic polarization of -0.04 µB among the near-
neighbor N atoms. Surrounding Ga atoms also feature a
small magnetization of 0.01 µB . This behavior was at-
tributed to the effect of through-bond spin polarization
[3, 6]. Using Bader analysis, moreover, we found that
Cr takes a nearly trivalent form with a charge deficiency
of ∼2.2 |e| on Cr, similar to that of the host Ga atoms,
while nitrogen atoms feature an anionic character. The
Cr+3 configuration can be explained by the fact that Cr
substitutes for Ga; and is also compatible with previous
reports both theoretically [3, 6, 13, 41] and experimen-
tally [8, 14]. However, we should note that a few prior
studies have reported a Cr+4 configuration in Cr-doped
GaN [9, 10]; to address this and gain an insight into the
thermodynamic transition levels, we also studied differ-
ent 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. 1a, reduc-
ing the effective gap from 3.5 eV 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 new peak is in agreement 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) [8, 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 Fig. 1(b–d).
Overall, the PDOS indicates that the ferromagnetic char-
acter 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 com-
posed of Cr-dxy and N-px states, whereas p states of the
host Ga atoms do not contribute actively to this region.
Within the up-spin manifold and near the pristine GaN
VB (-1.4 eV), dyz and dxz states of Cr play a role associ-
ated with substantial contributions of N-p and a modest
admixture of Ga-p states. The fact that dxy, dxz, and
dyz orbitals strongly hybridize with N-2p orbitals in Cr-
doped GaN has been noted previously [3, 6]. In the unoc-
cupied manifold of states, two Cr states with dx2 and dz2

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-py and pz
at the conducting band-edge.

FIG. 1. Spin-resolved (a) DOS and projected DOS onto (b)
Cr-d, (c) N, and (d) Ga atomic orbitals. Positive and negative
values represent the majority (↑) and minority (↓) states. The
highest occupied state energy is set to zero.

As a salient feature within Cr-d PDOS in panel b, in-
tegration of peaks in the majority spin channel up to
the Fermi energy points toward the d3 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 eg and triply near-degenerate t2g
sub-shells, with the eg states position lower in energy
than t2g[53]. The Cr-d states consist of two occupied
low-lying majority dxz and dyz orbitals degenerate in en-
ergy with the GaN bulk-like VB (-1.4 eV), one occupied
majority dxy orbital as the highest occupied state, and
the two nearly-degenerate (dz2 , dx2) near the conduc-
tion band (2.3–2.4 eV). Thus, computed PDOS suggests
that the t2g states are lower in energy than the eg 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 dis-
tortions (tetragonal elongation) in the crystal field have
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been shown to modify the ordering of d -states in transi-
tion metal compounds [54].

We note that similar conclusions to the above can be
reached by DFT calculations within HSE-30% (see the
Supplementary Materials [51]). Conversely, semi-local
DFT within PBEsol predicts a half-metallic ground-state
character for the studied system for which the bands cross
the Fermi energy for the majority spin (see Supplemen-
tary Materials [51]). This finding agrees with previous
(semi-) local DFT studies [3, 6, 20, 55] and underlies
the importance of a non-local exchange-correlation func-
tional [23]. The discrepancy between functionals is due to
the self-interaction error within (semi) local DFT, which
is mitigated with hybrid functionals, particularly those
containing the spatially non-local exchange term (plus
an effective screened Coulomb interaction) [23, 56–58].

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 distribution decomposed for (b) the
two lowest energy unoccupied 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 10−3–10−4 (Bohr−3) was applied.

There are three singly occupied in-gap bands within
the bandstructure of Cr-doped GaN (Fig. 2a) with rel-
atively weak dispersion < 0.3 eV, indicating a local-
ized electron density. 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 conduction band
minimum at 2.3–2.4 eV above the highest occupied state
energy. As a consequence of these in-gap states, DFT-
SRSH predicts a direct bandgap of 2.11 eV at Γ-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 oc-
cupied band, which is localized near the Cr atom and

nearest-neighbor nitrogen atoms as shown in Fig. 2c.
This is consistent with the PDOS results, Fig. 1, where
we found that valence-edge is made by a major contri-
bution of Cr-d states associated with N-2p. The other
two singly occupied states near the GaN VB show a sim-
ilar orbital distribution through the density. For these
states, however, the charge density is more evenly dis-
tributed among Cr and nearest neighbor N atoms (see
Fig. 2d), suggesting greater hybridization of these states
with the host nitrogen neighbors. The lowest unoccupied
bands are a mixture of bulk-like and Cr-localized bands.
We note that DFT-HSE provides qualitatively identical
results, with a slightly larger bandgap of 2.3 eV.

B. Low-Energy Optical Transitions

Fig. 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 op-
tical absorption of the host solid, in agreement with the
experimental value of 3.44 [32, 59]. Within the visible en-
ergy 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, 10, 18]. The first bright excitation is
at 1.78 eV within SRSH, in excellent agreement with the
experimental absorption onset of 1.62 eV [18] and 1.5
eV [1, 10] for low concentration and low temperature (T

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 inten-
sity in the given energy window equals one. Blue vertical bars
represent the energy position of the optical transitions with
remarkable oscillator strength computed by TD-SRSH for the
doped crystal.
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= 1.8 K) and unintentional doping at ambient tempera-
tures, respectively.

Given the transport gap of 2.11 eV, the exciton bind-
ing 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 [24, 60]. In the
energy range between 2.1 to 2.4 eV, there are a set of
transitions with a peak at 2.17 eV (see blue bars rep-
resenting TD-SRSH eigenvalues), reconciling the exper-
imental value of 2.1 eV [1]. A further allowed transi-
tion with a high-exciton intensity is also found at 2.9
eV which exactly matches with experiment [1, 18]. We
note that there are two low-energy dark excitations (at
0.57 eV and 0.68 eV within TD-SRSH) with small oscil-
lator strength. As shown in the Supplementary Materi-
als [51], these states are composed of d − d transitions,
which should be symmetry forbidden but are weakly al-
lowed 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 [24], 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 non-locality in the long-range electron-hole
correlation within the TD-HSE kernel [24].

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. 4a, the largest coupling coefficients are pre-
dicted to be from the GaN bulk-like valence bands to the
two lowest localized unoccupied bands with Cr-d char-
acter, and some contribution 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 transi-
tion at 1.88 eV (Fig. 4b), the substantial contribution of
the electron-hole pairs stems from d-orbital to bulk-like
transitions at the Γ-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.
4c. Similar to the 1.78 eV excitation, this state is a tran-
sition between bulk-like to defect-like states. The strong
oscillator strength of these bright transitions may be ex-
plained due to the hybridization 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, 9, 10, 18].

FIG. 4. Visualization of the electron (red circles) and hole
(blue circles) eigenvalues contributing to the bright optically
excited states at (a) 1.78, (b) 1.88, and (c) 2.17 eV. The
radii of circles, representing the absolute value of the coupling
coefficients, were enhanced by a factor of 35 for visualization.
For each transition, the spatial distribution of the electron
(red) and hole (blue) densities is shown on the right-hand
side.

C. The 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/negatively charged Cr-doped GaN, i.e.,
[Cr: GaN]+1/[Cr: GaN]-1 for which we may expect that
Cr will form a +4/+2 configuration. For [Cr: GaN]+1,
DOS in Fig. 5a reveals two singly occupied states at the
majority-spin valence edge of GaN while the deep im-
purity level of the neutral configuration has moved up
in energy into the conducting region. As a result, the
bandgap of the positively charged system (3.4 eV) is de-
termined to be close to that of pristine GaN while the
magnetic moment is diminished to 2 µB . The PDOS
and charge density distribution decomposed for band-
edge states, gathered in the Supplementary Materials
[51], feature fairly similar structures to the corresponding
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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.

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 op-
tical absorption of the positively charged system in the
lower panel of Fig. 5a shows strong excitonic bonding
energy with an onset of 2.3 eV stemming from transi-
tions among GaN valence-bulk-like bands to the lowest
dopant-induced unoccupied states (see Fig. S8).

For negatively charged Cr-doped GaN [Cr: GaN]-1, the
SRSH-DOS in Fig. 5b exhibits four half-filled states at
the valence edge, originating from Cr atomic orbitals (d4

configurations) with a magnetic moment of 4 µB . Com-
pared with the neutral Cr-doped GaN, the bandgap is
significantly reduced to 1.2 eV due to the presence of
impurity levels in the valence manifold, whereas the bot-
tom of the conducting region is only composed of the
GaN states. The only empty Cr state (dz2) falls at 2.5
eV above the VBM (see PDOS and charge distribution
in the Supplementary Materials [51]). As a result of the
bandgap narrowing, the onset of the optical absorption
spectrum for [Cr: GaN]-1 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 con-
firms 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 con-
duction 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, 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 ther-
modynamic transition levels for both charged defects as
ε(q1/q2) = E tot

q1 − E tot
q2 − EV , where E tot

q is the to-
tal energy of the defect in charge state q, and EV is the
valence energy of the pristine GaN. To eliminate the spu-
rious electrostatic interaction among periodically repeat-
ing charged defects from E tot

q , we applied the scheme
proposed by Freysoldt et al. [61, 62], that accounts for
the electrostatic screening of the defect (see Supplemen-
tary Materials [51] for more details). The predicted ther-
modynamic transition levels of positively and negatively
charged defect systems are found to be 0.94 eV 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 op-
tical properties of Cr-doped GaN using hybrid DFT and
TDDFT. The solid-state range-separated hybrid func-
tional (SRSH) predicts that a 1% Cr doping results in a
semiconducting ground state with a significant magnetic
moment of 3 µB , localized on the Cr atom. Comparison
between the experimental and computed electronic struc-
ture for the ground- and excited-state shows that hybrid
DFT is essential to correctly describe the electronic and
optical properties of the doped system, with HSE pre-
dicting 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 oc-
cupied stemming from the hybridization between Cr-d
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states and host N-p and two unoccupied Cr-d states.
The formation of these new hybridized bands within the
intrinsic gap of the host GaN results in the Cr: GaN
bandgap narrowing from 3.5 eV to 2.1 eV and multi-
ple 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 eV to 2.17 eV are of mixed defect-
bulk character with the energy in excellent agreement
with measurement. In addition, we investigated the elec-
tronic 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 de-
vices besides the well-known spintronic applications due
to its visible light absorption.
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[47] L. Kronik and S. Kümmel, Advanced Materials 30,
1706560 (2018).

[48] Z.-F. Liu, D. A. Egger, S. Refaely-Abramson, L. Kronik,
and J. B. Neaton, The Journal of Chemical Physics 146,
092326 (2017).

[49] T. Maruyama, Y. Miyajima, S. Cho, K. Akimoto, and
H. Kato, Physica B: Condensed Matter 262, 240 (1999).

[50] T. Maruyama, Y. Miyajima, K. Hata, S. H. Cho, K. Aki-
moto, H. Okumura, S. Yoshida, and H. Kato, Journal of
electronic materials 27, 200 (1998).

[51] See supplemental material at, (2022).
[52] C. G. Van de Walle and J. Neugebauer, Nature 423, 626

(2003).
[53] G. P. Das, B. K. Rao, and P. Jena, Phys. Rev. B 69,

214422 (2004).
[54] S. V. Streltsov and D. I. Khomskii, Physics-Uspekhi 60,

1121 (2017).
[55] M. J. I. Khan, J. Liu, Z. Kanwal, M. I. Khan, M. N. Us-

mani, and A. U. R. Khalid, Materials Research Express
7, 055904 (2020).

[56] J. Heyd and G. E. Scuseria, J. Chem. Phys 121, 1187
(2004).

[57] A. V. Krukau, O. A. Vydrov, A. F. Izmaylov, and G. E.
Scuseria, J. Chem. Phys 125, 224106 (2006).

[58] M. Mansouri, D. Casanova, P. Koval, and D. Sánchez-
Portal, New Journal of Physics 23, 093027 (2021).

[59] G. Yu, G. Wang, H. Ishikawa, M. Umeno, T. Soga,
T. Egawa, J. Watanabe, and T. Jimbo, Applied Physics
Letters 70, 3209 (1997).

[60] Z.-h. Yang, F. Sottile, and C. A. Ullrich, Phys. Rev. B
92, 035202 (2015).

[61] C. Freysoldt, J. Neugebauer, and C. G. Van de Walle,
Phys. Rev. Lett. 102, 016402 (2009).

[62] C. Freysoldt, J. Neugebauer, and C. G. Van de
Walle, physica status solidi (b) 248, 1067 (2011),
https://onlinelibrary.wiley.com/doi/pdf/10.1002/pssb.201046289.

[63] J. Towns, T. Cockerill, M. Dahan, I. Foster, K. Gaither,
A. Grimshaw, V. Hazlewood, S. Lathrop, D. Lifka, G. D.
Peterson, R. Roskies, J. R. Scott, and N. Wilkins-Diehr,
Computing in Science Engineering 16, 62 (2014).


