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The effects of hydrogenation on Mn-doped GaN are studied with electron-paramagnetic resonance (EPR),
local vibrational mode (LVM) spectroscopy, and density-functional theory (DFT) calculations. With EPR, we
find two distinct Mn complexes which, in particular, differ in the size and orientation of the uniaxial crystal
field and are attributed to Mn-H complexes oriented along the out-of-plane Ga-N bonds parallel to the ¢ axis
and to Mn-H complexes oriented along the “in-plane” Ga-N bond directions. DFT calculations in the local
spin-density approximation taking into account the self-consistent correlation parameter U predict that the
in-plane back-bonded configuration and the out-of-plane bond-center configuration of the Mn-H complexes
have the lowest, nearly identical total energy, in good agreement with the EPR results. The hyperfine interac-
tions with the Mn nucleus in the different complexes are fully reproduced by the theory. Using infrared-
absorption and reflection measurements, we additionally observe the stretching mode of the in-plane configu-

ration and report the effects of H/D substitution and measurement temperature on the LVM.
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I. INTRODUCTION

Hydrogen is an important impurity in semiconductors
since it allows tuning of the electronic, the structural, as well
as the magnetic properties. It can, in particular, deactivate
dopants and defects via the formation of hydrogen com-
plexes, which is of major importance for the functionality of
many semiconductor devices ranging from field-effect tran-
sistors to thin-film solar cells.!? However, the detailed mi-
croscopic structure of these complexes often is subject to
ongoing debate. Typically, their characteristic local vibra-
tional modes (LVMSs) are compared with expectations from
ab initio calculations to obtain an understanding of the mi-
croscopic structure.

Electron paramagnetic resonance (EPR) is also a powerful
technique to elucidate the microscopic structure of paramag-
netic defects or defect complexes. However, only a few se-
lected defect-hydrogen complexes, the Pt-H, complex in
Si,>* gold-hydrogen complexes in Si,> or the nitrogen-
vacancy-hydrogen complex in diamond® could be studied by
EPR until now. The high spin state of Mn in its 2+ oxidation
state with an electron spin S=5/2 and a nuclear spin [
=5/2 lends itself in a near perfect way to study both the
crystal-field anisotropies induced by the formation of Mn-H
complexes as well as the electron polarization reflected in the
hyperfine interaction. Mn-H complexes with Mn in the 2+
oxidation state are formed in III-V semiconductors upon
hydrogenation.”~!? The passivation of the acceptor properties
of substitutional Mn on the group III lattice site by complex
formation leads to a reversible suppression of the hole-
mediated ferromagnetism in Ga;_Mn,As and Ga,;_Mn/P
with 0.02=<x=<0.07."""!3 While characteristic hydrogen
LVMs of Mn-H complexes have been observed in both
materials,3"!9 only broad unresolved EPR lines have been
reported to date in these materials, possibly due to the high
Mn concentration present in these samples needed to achieve
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ferromagnetic ordering in the nonhydrogenated cases.'*

Here, we use Mn-doped GaN with significantly lower Mn
concentrations in the range of 102 ¢m™3, where the interac-
tion between neighboring Mn acceptors and therefore also
Mn-H complexes is low, to study Mn-H complex formation.
Indeed, in these samples we find well-resolved EPR lines of
Mn-H complexes which allows to determine the microstruc-
ture of these complexes. The pronounced hydrogen-induced
uniaxial crystal fields observed indicate the presence of both,
in-plane (ip) antibonding and out-of-plane bond-centered
complex configurations in our samples. The results are sub-
stantiated by ab initio calculations in the framework of
density-functional theory (DFT) whereby correlation effects
beyond the usual local spin-density approximation (LSDA)
are taken into account in an LSDA+ U approach. The calcu-
lated data presented here confirm not only the energetic pref-
erence of the two complex configurations but also the hyper-
fine splittings observed in the EPR measurements are
reproduced. To complete the structural analysis based on
EPR data, we are also able to observe the stretching LVM at
3101 cm™! of the in-plane antibonding Mn-H complex.

II. EXPERIMENTAL DETAILS

Several manganese doped as well as Mn and Si codoped
samples discussed in detail in Ref. 15 were used for the
present study. They were grown by plasma-induced
molecular-beam epitaxy on [0001]-oriented sapphire sub-
strates and have a thickness of about 1.2 um. As described
below, the detailed analysis will focus on a particular
GaN:Mn sample grown at a temperature of about 815 °C. A
comparison of the total Mn concentration [Mn'']=1
% 10%° cm™ derived from elastic recoil detection with the
concentration of Mn in the 2+ charge state [Mn’>*]~=~2
X 10" cm™ as deduced from EPR demonstrated that in the
as-grown sample Mn is predominantly in the 3+ charge state,
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in agreement with superconducting quantum interference de-
vice magnetometry and optical-absorption measurements.'?

Hydrogenation was carried out in a remote dc hydrogen
plasma system operated at 0.7 mbar for 2 h with the sample
heated to 600 °C, characteristic for acceptor passivation in
GaN.!¢ For the identification of the local vibrational modes,
some GaN:Mn samples were deuterated in the plasma sys-
tem.

The EPR measurements were performed with a Bruker
ESP 300 electron-paramagnetic resonance spectrometer with
a TE;y, cavity at a constant microwave frequency /2
~9.3 GHz with the sample temperature adjusted to 5 K us-
ing a liquid-He flow cryostat. For lock-in detection we apply
magnetic field modulation with amplitude woH,oq=1.8 mT
and frequency f,,,q=100 kHz.

Local vibrational-mode spectroscopy was performed with
a Fourier-transform infrared (FTIR) spectrometer (Bruker
VERTEX 70v). Room-temperature infrared absorption was
measured by attenuated total reflection (ATR) at an instru-
mental resolution of 1.5 cm™' with a deuterated L-alanine
doped triglycene sulfate detector. Furthermore, we per-
formed comparative infrared transmission measurements at
room temperature and at 8 K using a mercury cadmium tel-
luride detector.

III. CHANGE IN THE EPR PATTERN UPON
HYDROGENATION

The parameters of the spin Hamiltonian for isolated
Mn?* centers with electronic spin S=5/2 and nuclear spin
1=5/2 in GaN have already been determined in detail'” from
the angular dependence of EPR of partially compensated
samples with [Mn?*]=3 X 10" c¢m™. Compensation is ei-
ther provided by shallow-impurity donors or intentional Si
codoping. For samples which already exhibit such a quite
high Mn?* concentration (0.1 =[Mn?**]/[Mn"]<1), we did
not observe a change in the EPR pattern upon hydrogenation.
However, Ga,_Mn,N samples with similar [Mn"]=1
X 10%° ¢cm™ but a lower degree of compensation and thus a
lower concentration [Mn?*]=~2 X 10'® ¢cm™3, exhibited a sig-
nificant change in their EPR pattern upon hydrogenation (cf.
Fig. 1). This change consists both of an increase in EPR
signal intensity of the central fine-structure resonance line
group by a factor of 5 and the appearance of additional fine-
structure resonance line groups at 235 mT<puyH
<275 mT and 375 mT < uoH <415 mT for magnetic field

directions H [I[1210], exhibiting an angular dependence dif-
ferent from the one observed for isolated *>Mn?* centers in
compensated GaN samples before.!” These changes can be
reversed almost completely upon subsequent annealing in
vacuum for 2 h also at 600 °C (cf. Fig. 1).

A. Anisotropy of the EPR pattern within the (0001)
epitaxial layer plane

To investigate the angular dependence of the EPR pattern
after hydrogenation we performed EPR measurements for

the external magnetic field rotated in the (101_0) as well as
within the (0001) layer plane. For the rotation of the external
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FIG. 1. X-band EPR spectra of Ga;_,Mn,N with the external
magnetic field oriented parallel to [1210] at 5 K. Hydrogenation
leads both to an increase in EPR signal intensity of the central
fine-structure resonance line group at 310 mT < uoH <350 mT by
a factor of 5 and the appearance of additional fine-structure reso-
nance line groups at 235 mT<pugH <275 mT and 375 mT
<uoH <415 mT exhibiting an angular dependence different to the
one observed for isolated >Mn?* centers in compensated GaN
samples before (Ref. 17). The changes can be reversed almost com-
pletely upon subsequent annealing for 2 h at 600 °C.

magnetic field within the film plane, the isolated SMn2* cen-
ters in compensated GaN samples do not exhibit an aniso-
tropy in agreement with their known symmetry.'” In contrast,
upon hydrogenation we observe a clear 60° periodicity of
fine-structure resonance line groups at 235 mT<uyH
<275 mT and 375 mT < uyH<415 mT [cf. Fig. 2(a)]. In
the false color rendering of the EPR spectra of the in-plane
rotation of the external magnetic field depicted in Fig. 2(b),
even additional fine-structure resonance line groups at
180 mT<puyH<220 mT and 450 mT<puyH <490 mT
with the same periodicity can be distinguished. Note that
since the EPR signal represents the derivative of the micro-
wave absorption the position of a resonance in this represen-
tation is given by values of the external magnetic field where
the EPR signal intensity decreases rapidly, i.e., where the
color changes rapidly in Fig. 2(b). The additional fine-
structure line groups are resolved also with a periodicity of
60°, i.e., whenever the external magnetic field is aligned

along a (1210) axis. These directions correspond to the in-
plane orientations perpendicular to the Ga-N bond directions
which are tilted by =~19.5° with respect to the (0001) film
plane. Viewed from the possible Ga lattice sites of a Mn
atom there are six different “in-plane” Mn-N bond directions
which in the top-view representation in Fig. 2(d) are pro-

jected along the (1010) axes. Note that we use the notation in
plane although the Mn-N bond axes are not oriented exactly
within the film plane. Furthermore, we emphasize that the
top view in Fig. 2(d) does not represent a top view of the
GaN crystal shown in Fig. 2(c) but illustrates all in-plane
Mn-N bond axis orientations with respect to Mn atoms on
Ga lattice sites, taking into account the fact that there are two
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FIG. 2. (Color online) (a) Original data and (b) false color ren-
dering of the EPR signal intensity of Ga;_,MnN after hydrogena-
tion for a rotation of the external magnetic field within the film
plane (0001) at 5 K. The circles represent the result of a simulation
taking into account a uniaxial crystal-field anisotropy Dinz
—-46.5 mT gup due to Mn-H complex formation along one of the
Ga-N bond axes plotted via a thick white line in the three-
dimensional (3D) representation (c) of the GaN crystal structure.
With respect to Mn atoms at Ga lattice sites the Mn-N bond axes
can be oriented along seven different crystallographic orientations,
[0115], [T10¢], [T01g], [0T15], [1105], [1015], and [0001]. Figure
(d) illustrates the six in-plane orientations in top view. Mn-H com-
plex formation along one of the two bond axes plotted via a thick
white line accounts for the uniaxial crystal-field anisotropy Dg’ used
for the simulation in (a) and (b). Note that the top view in (d) does
not represent a top view of the GaN crystal in (c) but illustrates all
possible Mn-N bond axis orientations with respect to Mn atoms on
the two inequivalent Ga sites.

nonequivalent Ga lattice sites per unit cell in the GaN host
lattice where the Mn atom could be incorporated.

B. Simulation of the EPR pattern within the
epitaxial layer plane

We have performed a simulation of the in-plane EPR pat-
tern [cf. Figs. 2(a) and 2(b)] employing the spin Hamiltonian
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HS = gMBMOﬁ§+A§i+ §l’j[000]]§+ §13H§, (1)

taking into account the Zeeman interaction with the g factor
g"=2.014 and an isotropic hyperfine interaction with the hy-
perfine constant AP=—6.6 mT guy discussed in more detail
below (with the conversion factor 1 mT guz=116 neV). S
and [ are the electronic and nuclear-spin operators, respec-
tively. To allow an explicit discussion of the influence of the
H atom, the fine structure of the levels in the zero-field limit
is parametrized by two uniaxial crystal-field anisotropies in
growth direction (along the hexagonal crystal axis) and along
an ip Ga-N bond direction parametrized by the matrices
5[0001] and DAH=DA1£, respectively. For the axial symmetric
contribution in growth direction (lA)[OOOl],iFO for i#j) we
used D[oom],xx:D[oom],yy:—D[oom]/ 3 and D[oom],zz
=2Dygg13/3 with the value Djypy;j=—23.6 mT gup taken
from the spectrum of the isolated Mn?* ion. Within a super-
position model for the spin-orbit coupling!”!8 this particular
value can be explained by a displacement &gp11=0.085 A
of the Mn** atoms from the exact Ga’* site toward the N
ligand along growth direction as discussed in Ref. 17.

The crystal-field anisotropy f)H is introduced to account
for the additional reduction in symmetry due to the formation
of Mn-H complexes. In a simple model the H atom is incor-
porated either in a bond-centered position between the Mn
and a neighboring N atom, or in a position back bonded to a
neighboring N atom. Both configurations would induce an
additional uniaxial crystal-field anisotropy, described by a

matrix ﬁH, which is obtained from the appropriate rotation of

the principal axis of 5[0001] into the direction of the corre-
sponding Mn-N bond axis.

The simulation resulting in the angular dependence of
resonance fields represented by the gray (white) circles in
Figs. 2(a) and 2(b) was performed for a uniaxial crystal-field
anisotropy Djf=—46.5 mT gup along one of the Mn-N bond
axes marked via thick white lines in Figs. 2(c) and 2(d) (i.e.,

along [101}] or [1_0115]), which both result in the same in-
plane angular dependence of the resonance fields. As for all
simulations presented in the following, the theoretical inten-
sity of the transitions is coded by the diameter of the dots.!”
This crystal-field contribution well describes the positions
and angular dependences of the additional fine-structure line
groups upon hydrogenation for 0° <® <60°. Furthermore,
the 60° periodicity of the EPR pattern straightforwardly fol-
lows from the contribution of Mn-H complexes along the

remaining in-plane Mn-N bond axes (i.e., along [011_%],
[1105], [0115], and [1105]).

C. EPR pattern in the (1010) plane

The EPR pattern for the rotation of the external magnetic
field in the (1010) plane [cf. Figs. 3(a) and 3(d)] can be
analyzed in the same way. The gray circles in Fig. 3(a) show
the result of a simulation for complex formation along
[1015] with the same set of parameters g=2.014, APP=
—-6.6 mT gup,  Dioo1j=—23.6 mT gug, and Dfj=
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FIG. 3. (Color online) Angular dependence of the EPR at 5 K of
Ga;_,Mn N upon hydrogenation for the external magnetic field ro-
tated in 5° steps within the (1010) plane. The gray circles in (a)
represent the result of a simulation with g®=2.014, AP=
—-6.6 mT gup, Djooo1j=—23.6 mT gug, Dif=-46.5 mT gug, and
the principal axis of the 13H tensor rotated into the direction of the
[fOlé] Mn-N bond axis. Due to symmetry reasons a rotation into

the [101}] axis yields the same result. The gray circles in (d) rep-
resent the result of a simulation with g°=1.984, A°%=

-42 mT gup, and D{f=-223.5 mT gup. Again, the [Olfé],

[1_10§], and [0001] axes are represented by thick white lines in the
3D representation of the GaN crystal structure in (b) and (e) as well
as in the top views (c) and (f) illustrating all possible in-plane Mn-N
bond axes orientations with respect to the Mn atoms on the two
inequivalent Ga lattice sites and the out-of-plane Mn-N bond axis,
respectively.
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-46.5 mT gup already used for the description of the in-
plane angular dependence of EPR in Fig. 2. This simulation
accounts for the positions and the angular dependencies of
the fine-structure resonance groups experimentally observed
at 235 mT<pugH<275 mT and at 375 mT<uyH
<415 mT for HII[1210] and the double-resonance structure
at 355 mT< uoH<365 mT for HI[0001] [cf. Fig. 3(a)].
Note, however, that the central part of the out-of-plane EPR
pattern is dominated by the overlap of the contributions from
complex formation along the different Mn-N bond axes,
which hampers the identification of the individual anisotro-
pies.

So far we have only taken into account complex forma-
tion along the in-plane Mn-N bond axes. However, we also
observe complex formation along the Mn-N bond axis in
growth direction [cf. Figs. 3(e) and 3(f)]. We simulate the
EPR patterns of this complex again using Eq. (1) with an
“out-of-plane” (op) g factor g°°=1.984 and an isotropic A°P
=—4.2 mT gup. For a useful simulation, a single axially
symmetric crystal field in [0001] direction is required, which

for reasons of notation symmetry we denote ﬁ?{p rather than

ﬁ[0001]. Using a value of D{f=-223.5 mT gup, we obtain
the angular dependence of the EPR pattern illustrated by the
gray circles in Fig. 3(d). In particular, this simulation ac-
counts for the EPR signal at 110 mT < uyH <145 mT for
HII[1210] as well as its angular dependence, the EPR signal
at 410 mT < uyH <440 mT observed for H rotated about
15° with respect to [0001], and the EPR signal at 110 mT
<uoH<145 mT for HI[0001]. Note that the value for
DYP=-2235 mT gup is about one order of magnitude
larger than Dygpo11=—23.6 mT gup typically observed for
partially compensated as-grown Ga;_,Mn,N samples. Fur-
thermore, D}P is about a factor of five larger than D=
—46.5 mT gup derived for in-plane Mn-H complexes. This
huge difference in the uniaxial crystal-field anisotropy in-
duced by Mn-H complex formation “within” the film plane
and along growth direction strongly indicates a different
Mn-H structure for both orientations. Since the magnitude of
the uniaxial crystal-field anisotropy depends on the extent of
the lowering of the local symmetry, the smaller Dy observed
for the in-plane complexes suggests a Mn-H complex con-
figuration with the hydrogen atom incorporated more distant
from the Mn atom as, e.g., would be the case for the anti-
bonding configuration. In contrast, the much larger uniaxial
crystal-field anisotropy for Mn-H complex formation along
growth direction indicates a configuration where the H atom
strongly distorts the lattice in the vicinity of the Mn atom, as
would be the case for the bond-centered configuration. We
will substantiate these conclusions by means of DFT calcu-
lations below.

Note that the negative signs of Dy} and A of the as-
grown samples are based on the analysis of the temperature
dependence of the EPR signal intensities of the different
fine-structure resonance line groups in Ref. 17. Using also a
negative Djygg] for the hydrogenated samples, our simula-
tions are able to account for the anisotropy of the in-plane
Mn-H complexes only for a negative D}j. The anisotropy
observed in the EPR pattern of the out-of-plane Mn-H com-
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FIG. 4. Comparison of hyperfine splittings of a compensated
and a hydrogenated Ga;_Mn,N sample. The vertical lines above
and below each spectrum represent simulated resonance positions
for hyperfine interaction parameters A=-7.0 mT gup and A=
—6.6 mT gugp, respectively. The other parameters used in the cor-
responding spin Hamiltonian are g®™=1.994 and Djgj;=
-22.4 mT gup for the compensated sample and g'*=2.014,
Diopo11=-23.6 mT gug, and DE=—46.5 mT gup for the hydro-
genated sample. As indicated by the small arrows, the hyperfine
splitting of the resonances of the compensated sample is best repro-
duced by A°°™P=-7.0 mT gup while the hydrogenated sample ex-
hibits a slightly smaller AP=—6.6 mT gug. Note that due to the
additional crystal-field anisotropy described by Dg’ the fine-
structure resonance line groups are well resolved at different orien-
tations of the external magnetic field. Although only isotropic hy-
perfine interactions are taken into account, the fine-structure terms
in the Hamiltonian (1) lead to the anisotropy of the hyperfine split-
ting observed in experiment which is fully reproduced by the
simulation.

plexes could, in principal, also be explained by a positive
D{f of similar magnitude, however the negative sign is inline
with the superposition model discussed in Ref. 17.

Finally, we want to point out that the resonance at
110 mT < uoH<145 mT for H|[1210] exhibits vanishing
intensity if the sample is mounted for the in-plane rotation.
This finding is reproduced by our simulation and can be
explained by a suppression of the corresponding transition
rate resulting from Fermi’s golden rule when the microwave
magnetic field I;rf is oriented along the growth direction. For
a rotation of the external magnetic field within a specific
crystallographic plane, the microwave magnetic field Erf is
oriented perpendicularly to this plane, i.e., along the axis of
rotation. Thus for the in-plane rotation ﬁrf is oriented along
the growth direction while for the rotation of the external
magnetic field in the (1010) plane ﬁrf is aligned along

[1010].
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in-plane

bond-centered

antibonding

FIG. 5. (Color online) Schematic representation of the atomic
positions projected into the (1120) plane as derived from LSDA
+ U, DFT calculations for (a) Mn** and Mn-H complexes in the (b)
in-plane bridge, (c) in-plane bond-centered (BC ), (d) out-of-plane
bond-centered (BC)), (e) in-plane antibonding (ABy_; ), and (f) out-
of-plane antibonding (ABy;) configurations in wurtzite GaN. In the
bridge configuration the hydrogen atom is incorporated in between
two N atoms. To clarify its position it is plotted with an increased
atomic radius in (b). The open circles indicate the atomic positions
of the unstrained GaN lattice.

D. Change in hyperfine splitting

Besides the change in the fine-structure splitting, we also
find a change in the hyperfine splitting upon hydrogenation.
As shown in Fig. 4, the fine-structure line group related to
the in-plane Mn-H complexes exhibits a slightly smaller hy-
perfine splitting parameter AP=—6.6 mT gup compared to
A®MP=-7.0 mT gug typically observed for a compensated
sample. For the Mn-H complexes along the [0001] growth
direction, the hyperfine splitting is not resolved. However,
we still are able to derive a value for A°? from the peak-to-
peak line widths of the related fine-structure line groups. As
shown in Fig. 3(d) the widths of the whole fine-structure line
groups at 110 mT< uyH<145 mT for HI[1210] and at
410 mT < puoH <440 mT observed for H rotated by about
15° with respect to [0001] are well reproduced by the result

of the simulation for Mn-H complex formation along growth
direction with A’~-4.2 mT gup, which is significantly
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TABLE 1. Parameters used in Eq. (1) for the simulation of the angular dependence of the EPR spectra in
Figs. 2-4. The biaxial compressive strain of the as-grown samples is given by e, Here, “Mn*, €,=
—0.04%” refers to the virtually unstrained as-grown Ga;_,Mn N sample exhibiting a low degree of compen-
sation studied in detail that shows the additional fine-structure line groups upon hydrogenation while “Mn>*,
€,=—0.18%" refers to a highly compensated as-grown sample that does not show a change in the EPR pattern
upon hydrogenation. “Mn**-H!P” and “Mn”*-H°” denote the Mn-H complexes within the film plane and

along the growth direction, respectively.

€ A(*Mn) Diooor] DE
Configuration (%) g (mT gpup) (mT gug) (mT gug)
Mn?* —0.04 1.989 -7.0 -23.6
-0.18 1.994 -7.0 224
Mn?+-HiP 2.014 -6.6 -23.6 —46.5
Mn?*-HP 1.984 -4.2 DYP=-223.5

smaller than AP=-6.6 mT guy observed for the in-plane
complexes. Table I summarizes the parameters of the spin
Hamiltonian (1) derived from these experiments.

IV. COMPARISON WITH THE RESULTS OF
DFT CALCULATIONS

A. Method

To further analyze the Mn-H microstructure in hexagonal
GaN we performed comparative total-energy calculations in
the framework of DFT using the gradient-corrected Perdew-
Burke-Ernzerhof functional'® taking into account correlation
effects of the strongly localized Mn 3d electrons within a
spin-polarized LSDA+ U approach. We use 96 atom super-
cells, norm-conserving pseudopotentials, and a 2X2X?2
Monkhorst-Pack k-point set?® to determine the possible
atomic configurations of the Mn-H microstructure. Further-
more, the hyperfine splittings of the most stable paramag-
netic defect structures with total spin S=5/2 are calculated
taking into account relativistic effects in scalar-relativistic
approximation'?? as recently implemented in the gauge-
including projector augmented plane-wave extension®® of the
QUANTUM ESPRESSO package.?*

Taking advantage of the nonlinear core correction,” a
plane-wave basis set is used with an energy cutoff of 70 Ry
treating the Ga 3d electrons in the frozen core. For intrinsic
defect structures, this treatment was shown to provide within
1% the same hyperfine splitting as the computationally much
more demanding treatment within the valence.?® The effi-
cient treatment of the 3d electrons of the Ga host atoms
allows us to take into account correlation effects of the
strongly localized Mn 3d electrons within a spin-polarized
LSDA+ U, approach whereby the correlation parameter U,
is determined self-consistently as described in Ref. 27.

5

B. Results of the total-energy calculations

LSDA+ U, total-energy calculations are performed for a
set of plausible Mn-H complex configurations in wurtzite
GaN and are summarized in Fig. 5 and Table II. However,
we first investigate the isolated Mn?* ion as a basic reference
system. As illustrated in Fig. 5(a), we obtain a rather minor

reduction in symmetry characterized by a distance to the N
ligand in growth direction (2.119 A), which is 0.008 A
larger than the distances to the N ligands within the film
plane (2.111 A). Hence, the earlier assertion of a displace-
ment from the substitutional Ga site toward the N ligand in
growth direction by &0917=0.085 A (cf. Ref. 17) could not
be corroborated, suggesting that the simple superposition
model'® for the spin-orbit coupling presented in Ref. 17 has
to be applied with care at least for structures with small
displacements. For Mn-H complexes however, rather large
displacements are expected so that an application of the su-
perposition model'® seems to be more reasonable. We will
come back to this point later in Sec. IV D.

Because of the hexagonality of the wurtzite crystal we
have to take into account bond-centered and antibonding in-
corporation of the H atom with respect to a Mn-N bond in
in-plane as well as in out-of-plane configuration. In both
cases the antibonding configuration leads to only minor lat-
tice distortions. The H atom binds to one of the N ligands
that, as a consequence, moves away from the Mn”* ion
whereby the Mn?* ion itself remains more or less at the regu-
lar lattice site as in the case of the isolated Mn?* ion. The
bond-centered configuration, in contrast, leads to a strong
relaxation of the Mn atom into the plane defined by the three
distant N ligands [see e.g., Fig. 5(d)]. According to our
LSDA+ Uy, calculations, the in-plane antibonding (ABy )

TABLE II. Calculated formation energies of the Mn-H complex
configurations with respect to the H* ion at the interstitial site (in
between four N neighbors). The results are given both for LSDA
and LSDA+U,. The self-consistently determined values U, are
also given. Note that for the isolated Mn ion a value U,
=4.67 eV was obtained.

LSDA U LSDA+U,,
Configuration (eV) (eV) (eV)
Bridge -0.053 4.42 +0.047
ABy; ~0.714 477 -0.751
BC, -0.942 4.29 -0.903
BC, ~1.111 427 ~1.031
ABy ~1.003 475 ~1.050

205205-6



MANGANESE-HYDROGEN COMPLEXES IN Ga;_Mn,N

configuration depicted in Fig. 5(e) is energetically most fa-
vorable. However, the out-of-plane bond-centered (BC;) con-
figuration in Fig. 5(d) is only 19 meV higher in energy. The
in-plane bond-centered (BC ) configuration in Fig. 5(c) and
the out-of-plane antibonding (ABy) configuration in Fig.
5(f) are higher in energy by 147 and 299 meV, respectively.
Note that almost identical atomic positions are obtained al-
ready by plain LSDA. However, the relative stability of the
different Mn-H complexes is affected considerably by the
LSDA+U, approach (cf. Table II): in LSDA the BC; con-
figuration is favored by 0.11 eV in comparison to the ABy |
configuration. The latter becomes the ground state only if the
correlation effects are explicitly taken into account within the
LSDA+ U, approach. In this approach the formation energy
of the antibonding configurations is decreased by about 0.05
eV with respect to the plain LSDA values whereas the for-
mation energy of all other complexes is increased by roughly
0.1 eV. Note that this is not simply a consequence of the
larger U, values for the antibonding configurations of about
4.8 eV instead of 4.3 eV in case of the bond-centered con-
figurations since a larger Uy, even increases the energies of
the antibonding configurations. With a common U,
=45 eV for all configurations the relative stability of the
antibonding configurations would be increased by 0.25 eV
compared to the LSDA values, about twice the difference
obtained when using the self-consistently determined corre-
lation parameter U,. However, in comparison with the usual
LSDA, the explicit treatment of electron correlation in the
open 3d shell of the Mn atom makes the ABy ; configura-
tion slightly more stable than the axial counterpart where the
H atom is incorporated at the bond-centered position. Most
importantly, LSDA+U,. predicts that the two competing
structures are very similar in total energy.

The ABy , configuration of an Mg-H complex has al-
ready been identified as the energetically most favorable one
in Mg-doped GaN at 0 K.?%2° However, at elevated tempera-
tures a different configuration denoted out-of-plane off-axis
(OA)) has been reported to become more stable driven by
entropy.?®2° This would account for the angle of 130+ 5°
between the N-H bond and the [0001] axis derived experi-
mentally via multitransmission infrared spectroscopy with
polarized light by Clerjaud et al.** In analogy we also took
the OA; configuration as a starting structure for the total-
energy calculations of the Mn-H complex. However, we
found that without any energy barrier the H atom relaxes
back into the energetically more favorable BC; configuration.
Note that this behavior, the absence of a local minimum for
an off-axis configuration, is independent of the value of the
correlation parameter U,.. Instead, we found an additional
local minimum, where the hydrogen atom is positioned in
between two N ligands within the film plane [see also Fig.
5(b)]. However, this bridge configuration comes out to be
about 1 eV higher in energy than the most favorable struc-
tures.

C. Comparison with the experimental results for
the hyperfine splitting

The isotropic part of the hyperfine (hf) splitting of the
central Mn ion is predominantly caused by Fermi-contact
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interaction of the spin polarization of the s orbitals induced
by the 3d electrons at the *Mn nucleus. For comparison, the
hyperfine splitting of the free Mn?** ion due to the polariza-
tion of the s, 2s, and 3s shells by the half-filled 3d shell is
expected to be —10.9 mT gug.3! If the Mn ion is incorpo-
rated in a host material the absolute value of hf splitting can
be considerably reduced, by hybridization and lattice
distortion.?> The values —7.0 mT gug, —6.6 mT gup, and
—4.2 mT gup perfectly fit in this simple picture if assuming
an increasing lattice distortion for the Mn>*, Mn?*-H, and
Mn?*-HP centers, respectively, as already suggested by the
fine-structure splittings (see also Table I).

In our DFT calculations we took into account explicitly
the contributions arising from the 3s, 3p, and 3d valence
electrons since they contribute to the interaction of the Mn
ion with the surrounding and are responsible for the reduc-
tion in the hf splitting from the maximum value given by the
free Mn2* ion. The electrons in the 1s and 2s shells, in con-
trast, are treated in frozen-core approximation. They how-
ever contribute considerably to the hyperfine splittings via
the so-called core polarization. For a given occupation of the
Mn 3d shell, e.g., for all S=5/2 systems with 3d° configu-
ration, this contribution is expected to be independent of the
hybridization.>® Thus, we can take the isolated Mn>* ion on a
Ga lattice site [cf. Fig. 5(a)] as a reference system. From
DFT, we calculate a valence polarization contribution to the
hyperfine splitting AY3"°=47.3 mT gu,. The deviation
from the experimentally observed hyperfine splitting has to
be attributed to the core-polarization contribution A"
=ASP_pvalence—_7 0 mT gup—7.3 mT guz=—14.3 mT guy
of the 1s and 2s core electrons. All isotropic parts of the
hyperfine splittings in Table III have been corrected by this
value for the core polarization.

The isotropic parts of the hyperfine splitting A®°=(A,
+A,+A,)/3 we derive in this way for the energetically most
favorable Mn-H complex configurations ABy,; and BC,
namely, AABN.L=-6.52 mT gup and ABCI=—4.09 mT gu,,
are in perfect agreement with AP=—6.6 mT gu, and A=
—4.2 mT gup observed for Mn-H complexes within the film
plane and in growth direction, respectively. Since the hyper-
fine splitting of the central >>Mn nucleus is well resolved for
only some selected orientations of the external magnetic
field, we were not able to compare the anisotropic part of the
hyperfine tensor obtained from theory (Table III) to the EPR
experiments. Table IIT also lists the expected splittings due to
hyperfine interaction with the H* nucleus. However, since
these values are significantly smaller than the peak-to-peak
line width of an individual resonance, we were not able to
resolve this splitting. Furthermore, we did not observe any
difference between the anisotropic EPR pattern of hydrogen-
ated and deuterated samples, showing that this linewidth is
not dominated by unresolved hyperfine interaction with the
hydrogen nuclei. According to the calculated hyperfine split-
tings the linewidth is mostly dominated by the hyperfine
splittings due to the ®Ga and "'Ga nuclei at the regular Ga
lattice sites instead.

D. Comparison with the experimental results for
the uniaxial crystal-field anisotropies

Moreover, we can compare the uniaxial crystal-field
anisotropies observed in our experiment for the Mn?*-H
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TABLE III. Calculated diagonal elements of the hyperfine tensor A,, A, and A, for the Mn-H complex
configurations illustrated in Fig. 5, explicitly taking into account electron-correlation effects via the self-

consistently determined parameter Uy (see also Table II). Hyperfine splittings are given for both the Mn

2+

nucleus as well as for the H* nucleus. Experimentally observed values are also given and related to the
corresponding microstructures. As described in the text the isolated Mn?* ion is used to estimate a correction
for the core polarization. ¥ denotes the angle of the principal axis of the hyperfine tensor for a given nucleus

with respect to the [0001] orientation.

|Acxp| A, A, A, b

Configuration (mT gug) (mT gug) (mT }g,ua) (mT gug) (deg.)
Mn2* 7.0 -7.00 -7.00 -7.00 0.0

Bridge MnZ* -4.73 -5.05 -4.84 123.3
H* -0.60 -0.63 +0.65 124.5

ABy; Mn?* -6.34 -6.34 -6.65 0.0
H* +0.10 +0.10 +0.35 0.0

BC, Mn2* -2.89 -2.89 -3.60 110.1
H* -0.64 -0.63 +0.74 113.7

BC, Mn?* 4.2 -3.90 -3.90 -4.48 0.0
H* -0.65 -0.65 +0.74 0.0

ABy . Mn2* 6.6 -6.41 -6.40 -6.76 109.0
H* +0.08 +0.08 +0.31 108.1

and Mn”>*-H centers with the change in local symmetry as
predicted by the DFT total-energy calculation. As illustrated
in Fig. 5(e) for the ABy , configuration, the distance to the
accompanying N ligand is expected to increase from 2.111 to
2.270 A by 8BN.1=0.16 A while for complex formation in
the BC; configuration as shown in Fig. 5(d) we expect an
increase in the associated Mn-N distance from 2.119 to
2.922 A by 6%¢1=0.80 A. Indeed, the ratio of D{f/D=5
nicely reproduces the ratio 65CI/ *BN.1=5 suggesting that
the superposition model'® for the spin-orbit coupling gives a
reasonable description for the Mn-H complexes. While the
exact equality of both ratios appears to be rather coinciden-
tal, the fact that both ratios are of the same order of magni-
tude nevertheless again strongly indicates the presence of
both the ABy ; and the BC; Mn-H complex configurations in
our sample.

V. CONCENTRATION OF ABy ; AND BC; MN-H
COMPLEXES

To determine the concentration of Mn-H complexes in the
ABy, configuration [ABy | ] we compare the intensities of
the EPR fine-structure line group of the hydrogenated sample

at 235 mT < uyH <275 mT for HI[1210] in Fig. 3(a) with
the intensity of the central fine-structure line group of the

as-grown sample at 310 mT< uyH <350 mT for HI[1210]
(Fig. 1), taking into account the ratio of the transition inten-
sities expected from Fermi’s golden rule. Accounting also for
the fact that the EPR signal of the hydrogenated sample at
235 mT<puyH<275 mT constitutes the superposition of
the contributions of two in-plane Mn-H complexes, we ob-
tain a concentration per in-plane Mn-H complex of
[ABY ,]=1X10'8 cm™. Since there are six different in-
plane Mn-H complex configurations, this adds up to a total

concentration of in-plane Mn-H complexes of [ABy | ]
=6[ABY ,]1=6x 10" cm™. Applying the same analysis to
the (unresolved) EPR fine-structure line group of the hydro-
genated sample at 110 mT < uyH <145 mT for ﬁll[fZl_O]
in Fig. 3(a) we obtain a concentration of Mn-H complexes
along growth direction [BC;]=1X 10" cm=. Taking into
account that in total six in-plane and two out-of-plane Ga-N
bonds are present in a primitive unit cell, the EPR concen-
trations determined indicate that in-plane and out-of-plane
Mn-H complexes are formed approximately with the same
probability. This is in agreement with the result of the DFT
calculations predicting effectively the same formation energy
for the ABy ; and the BC, configuration.

Furthermore, the total concentration of Mn-H complexes
in our sample adds up to [Mn-H]=[ABy  |+[BC/]=7
X 10" ¢cm™. For comparison, the total concentration of
Mn?* due to unintentional compensation in the as-grown
sample amounted to [Mn**]=2X10'® cm™ at a total Mn
concentration [Mn'®]~1x 10?° ¢m™3. Therefore, ~10% of
the Mn atoms in our sample have been passivated via Mn-H
complex formation. This low-passivation efficiency might be
explained by the fact that the hydrogenation temperature
above which we observe a change in the EPR pattern (T
=550 °C) is close to the annealing temperature required to
reverse the changes (7= 600 °C). An alternative explanation
could be the vicinity of the Mn3*/?* charge-transfer level to
the H*/H, level in wurtzite GaN (Ref. 34) taking into ac-
count also the uncertainties of the calculations in Ref. 34. A
position of the Mn**?* above the H*/H, level would pro-
mote the formation of interstitial H, molecules at the ex-
pense of Mn-H complex formation but the broadening of the
Fermi distribution at the hydrogenation temperature of
600 °C would still lead to a certain degree of passivation.
Furthermore, also nonsubstitutional Mn would contribute to
a low-passivation efficiency.
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FIG. 6. (a) Room-temperature infrared-absorption spectra for
Ga;_Mn,N upon hydrogenation (lower spectrum) and upon deu-
teration (upper spectrum). The spectra are the result of 5000 scans
measured in reflectance using the ATR geometry. The arrows at
2303 and 3101 cm™! mark the positions of the local vibrational
modes which we attribute to the Mn-D and the Mn-H complex in
the ABy , configuration, respectively. The vertical bar indicates the
magnitude of the absorbance scale. (b) Infrared absorption spectra
of the deuterated sample obtained from 3000 scans measured in
transmission at room temperature (lower spectrum) and at 8 K (up-
per spectrum).

VI. LOCAL VIBRATIONAL MODE OF THE ABy ;
COMPLEX

Finally, we report the observation of the local vibrational
modes of the Mn-D and the Mn-H complex in the ABy ;
configuration. Figure 6(a) compares the room-temperature
FTIR spectra of a hydrogenated (lower spectrum) and a deu-
terated Ga;_Mn,N sample (upper spectrum). The deuterated
sample exhibits a mode at 2303 cm™! which is shifted to
3101 cm™! for the hydrogenated sample. With 1.346 the iso-
topic ratio of the two wave numbers which is given by the
inverse ratio of the square roots of the reduced masses is
close to v2 and exactly equals the ratio of the local vibra-
tional modes of the Mg-D and the Mg-H complex at
2321 ecm™! and 3125 cm™!, respectively, in Mg-doped
GaN.» We consequently assign the absorption peaks at 2303
and 3101 cm™ to the local vibrational modes of the Mn-D
and the Mn-H complexes, respectively, in the ABy ; con-
figuration, which is the dominant complex configuration in
our samples as deduced from the EPR signal intensities
above. Upon cooling to 8 K, the LVM measured in transmis-
sion geometry with the growth direction tilted by =~20° with
respect to the direction of light propagation shifts to higher
wave numbers. In the case of deuterated Ga,_ Mn,N shown
in Fig. 6(b) the shift is 3 cm™' when cooling from room
temperature to 8 K. Under these polarization conditions, out-
of-plane configurations such as BC; can hardly be detected,
confirming the assignment of the LVM to the H-stretching
mode of the ABy ; configuration.

In Mg-doped GaN, Limpijumnong et al.?® calculated the
stretching modes of the Mg-H complex in the ABy ,, the
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OA,, and the ABy; configuration to 3045 cm™', 3068 cm™',
and 3113 cm™!, respectively, but noted that the differences
between these modes are smaller than the error bar of the
calculations. Taking into account this uncertainty, the Mg-H
mode observed by Gotz et al.> at 3125 cm™' is in agreement
with all three complex configurations. Similarly, the vibra-
tional mode reported here also is in agreement with these
calculations. However, due to the EPR results presented here,
we can assign a specific microscopic structure to the Mn-H
complex giving rise to the LVM observed. Unfortunately,
while via perturbed yy angular-correlation spectroscopy®
the existence of Cd-H complexes both within the film plane
and out of plane have been reported for GaN, no LVM data,
e.g., for Be, Cd, and Zn complexes are available for further
comparison.

Finally we compare the signal intensity of the Mn-H lo-
calized vibration mode with the intensity expected from the
optical cross section o and the number of Mn-H complexes
per area Ny,.y/A. For the optical cross section we assume
the value o=~ 107"" c¢m? estimated for the Mg-H complexes
before® while the number of Mn-H complexes in the ABy |
configuration per area Ny, /A can be calculated from their
concentration [ABy ,]=6X 10" cm™ and the film thick-
ness d=1.2 pum via Ny,u/A=[ABy  Jd=7X 10" cm™.
From this, we expect the absorbance —In(I/1y)=0Ny, /A
~7X% 1073, where I/I,, denotes the reflectance with/without
the sample. This value is in agreement with the absorbance
~4 X 107 observed in the FTIR experiment.

VII. SUMMARY

In summary, we have investigated in detail the anisotropy
of the additional fine-structure line groups resulting from the
hydrogenation of Ga;_Mn,N. The angular dependence of
the EPR pattern could be traced back to uniaxial crystal-
field-anisotropy contributions in the direction of the Mn-N
bond axes, where the absolute values of these contributions
for the Mn-N axes oriented within the film plane DJj=
—-46.5 mT gup differ from the out-of-plane value Dif=
—223.5 mT gup by a factor of 5. We attribute this differ-
ence to Mn-H complex formation in the in-plane antibonding
ABy ; and the out-of-plane bond-centered BC, configura-
tion, respectively. DFT calculations in LSDA+U,, do not
only confirm the energetic preference of both configurations
but also quantitatively explain the hyperfine splittings AP=
—6.6 mT gup and A’=-4.2 mT gup derived from experi-
ment. Furthermore, the extension of the associated Mn-N
distance upon the incorporation of hydrogen by &BN..
=0.16 A and 6°C1=0.80 A as derived from the DFT calcu-
lations, respectively, qualitatively accounts for the difference
between DJ} and D{f. Therefore, the comparison of our ex-
perimental findings with the results of the DFT calculation
demonstrates the presence of both ABy , and BC; Mn-H
complexes in GaN:Mn+H. Our results provide information
on the symmetry and structure of Mn-H complexes in GaN
complementary to that usually obtained by local vibrational-
mode spectroscopy.
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