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Hilary Masenda1,2 ,∗ , Haraldur Páll Gunnlaugsson3 , Rajdeep Adhikari4 ,
Krish Bharuth-Ram5,6 , Deena Naidoo1 , Aitana Tarazaga Martı́n-Luengo4 ,
Iraultza Unzueta7 , Roberto Mantovan8 , Torben Esmann Mølholt9 ,
Karl Johnston9, Juliana Schell9,10, Adeleh Mokhles Gerami11, Petko Krastev12 ,
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Abstract
Charge states and lattice sites of Fe ions in virgin and Mn-doped AlxGa1−xN samples were
investigated using 57Fe emission Mössbauer spectroscopy following radioactive 57Mn+ ion
implantation at ISOLDE, CERN. In the undoped AlxGa1−xN, Fe2+ on Al/Ga sites associated with
nitrogen vacancies and Fe3+ on substitutional Al/Ga sites are identified. With Mn doping, the
contribution of Fe3+ is considerably reduced and replaced instead by a corresponding emergence
of a single-line-like component consistent with Fe4+ on Al/Ga sites. Density functional theory
calculations confirm the Fe4+ charge state as stabilised by the presence of substitutional Mn2+ in
its vicinity. The completely filled spin up orbitals in Mn2+ (3d5) are expected to enhance magnetic
exchange interactions. The population of the Fe4+ state is less pronounced at high Al
concentration in AlxGa1−xN:Mn, a behaviour attributable to hybridisation effects of 3d states to
the semiconductor bands which weakens with increasing (decreasing) Al (Ga) content. Our results
demonstrate that co-doping promotes the co-existence of unusual charge states of Fe4+ and Mn2+,
whereas their trivalent charge states prevail with either transition metal incorporated
independently in III-nitrides. Co-doping thus opens up a new avenue for tailoring novel magnetic
properties in doped semiconductors.

1. Introduction

III-nitrides and related alloys form a special class of semiconductors with extraordinary structural, optical,

and electronic properties [1] which have earned them a wide range of applications in optoelectronic and

high-frequency and high-power field-effect devices [2–5]. The usefulness of III-nitrides in these devices

strongly rests on the ability to selectively dope the nitrides with foreign atoms, to realise p-type and n-type
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conductivity, intentionally increase/decrease resistivity, or to tune intrinsic material properties via alloying
[6]. Over the past decades, ion implantation has been a resourceful technique [7] for altering the structure
of semiconducting materials thereby tuning the electronic, optical, and magnetic properties. Ion
implantation offers control of dopant type, its depth profile and concentration, and by-passes
thermodynamic solubility constraints in addition to allowing selective area doping [8]. Any implantation
induced lattice damage, can be repaired by annealing or implantation at high temperatures. Successive to
the ability to p-dope GaN with Mg [9–11] and the discovery of the blue LED [12–14], current research is
focussed on improving performance of commercial devices made of III-nitrides and their alloys (ternary
and quaternary) to broaden the range of applications because the capabilities of the material systems are yet
to be fully explored. Recently, prospects for applications in water-splitting [15], photovoltaics [16], solar
blind ultraviolet photodetectors [17] and deep ultraviolet lasers [18] have been reported. Moreover, for the
past two decades, research interests have been focussed on efforts to realise dilute magnetism in group
III-nitride semiconductors when doped with transition metals (TMs) targeting room temperature (RT)
spintronic applications [19]. Among these are ternary semiconductors such as AlxGa1−xN, which are
expected to give rise to unexpected photonic and magnetic functionalities when doped with TM ion species
[20–22]. An understanding of the dopants’ lattice sites, their local environments, associated defects and
their nature in terms of charge and spin states is crucial, as these are linked to the inter-atomic bonding
mechanisms thus influencing the resulting properties. In this letter, we present a study of the lattice
locations and charge states of Fe ions in virgin and Mn (1 at %) doped AlxGa1−xN using 57Fe emission
Mössbauer spectroscopy (eMS) for different Al concentrations (x). Mössbauer spectroscopy is a well-suited
technique because of its sensitivity to the hyperfine interactions experienced by probe nuclei in a host
material. The use of short-lived radioactive isotopes implanted in materials and Mössbauer spectroscopy
presents a unique two-fold approach; (i) material modification by introducing the desired (daughter)
dopant and (ii) characterisation at the atomic-scale of the local environment of the probe nucleus. Recently,
this approach has been successfully applied to investigate lattice locations, charge states coupled with the
nature and origin of magnetism in extremely dilute Fe implanted ZnO [23–25] and III-nitrides [26].

2. Experimental details

Radioactive 57Mn+
(
t1/2= 85.4 s) beams were produced at ISOLDE, CERN, following 1.4 GeV

proton-induced nuclear fission in a heated uranium carbide (UC2) target and selective multi-stage laser
ionisation [27]. The singly charged ions were then accelerated to 50 keV energy and following magnetic
mass separation yielded pure 57Mn+ beams with intensities �108 ions s−1. Thin films of virgin AlxGa1−xN
(∼400 nm) and Mn (1 at %) doped AlxGa1−xN (∼200 nm) were grown by metal–organic vapour phase
epitaxy (MOVPE). Henceforth, these are also labelled as AlxGa1−xN and AlxGa1−xN:Mn, respectively.
Results emanating from comprehensive structural characterisation studies using different techniques are
detailed in previous reports [20, 28, 29]. The samples were mounted on a magnet (Bext = 0.6 T) inside an
implantation chamber and held with the c-axis (0001) at 30◦ to the beam direction during implantation
(θi). The diameter of the beam was ∼6 mm, and implantation fluences were kept below 3 × 1012 ions cm−2

to yield a concentration of ∼10−4 at %. SRIM [30] simulations show that the Mn (Fe) dopants in the
nitride films are located within a depth 70 nm from the surface, (see appendix A). The eMS measurements
were undertaken with a parallel plate avalanche counter (PPAC) equipped with 57Fe enriched stainless steel
and graphite electrodes. The PPAC was mounted on a conventional velocity drive unit located outside the
implantation chamber at 90◦ relative to the beam direction as shown in figure 1. eMS data were acquired at
RT on the 14.4 keV γ-rays from the 57Fe Mössbauer state (populated from the 57Mn β− decay) at emission
angle of θγ = 0◦ and 60◦ to the sample c-axis over a wide velocity scale of ±12 mm s−1. For measurements
at θγ = 0◦, the samples were first implanted for 180 s at 30◦ to the beam direction, then rotated to face the
detector θγ = 0◦ and a new spectrum was recorded during the decay of 57Mn∗ for 240 s after the
implantation. This process was repeated several times to obtain spectra with acceptable statistics. The
isomer shift (δ) values and the velocity scale (inverted in comparison with conventional absorption
Mössbauer spectroscopy) were calibrated relative to α-Fe at RT. The data analysis was carried out using the
Vinda [31] code.

3. Results and discussion

The incorporation of Fe in binary III-nitrides has been studied both theoretically and experimentally
[26, 32–43]. The lattice site, charge and spin states of intentionally introduced dopants determine the
desired properties of materials. Fe3+ (S = 5/2) and Fe2+ (S = 2) are the most reported charge (spin) states
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Figure 1. Arrangement of the sample, detector, and the 57Mn∗ beam for the eMS experiments at ISOLDE, CERN: (a) schematic
diagram and (b) pictorial top-view showing different components of the apparatus.

of Fe in AlN and GaN [26, 38]. RT emission Mössbauer spectra for Al0.2Ga0.8N (for x = 0.2 or 20%)
obtained at the two emission angles are shown in figure 2(a). The main features of the spectra are identical
to those obtained for its binary counterparts, AlN and GaN [26], with a strong central component and
spectral intensity in the wings of the spectra which exhibits the presence of slow relaxing paramagnetic Fe3+

[24] and was analysed with three sextets emanating from the three Kramers doublets belonging to the
SZ = ±5/2,±3/2,±1/2 crystal field states as depicted by a zoomed view in figure 2(c) resulting in the total
magnetic contribution (FeMag). This procedure is adopted from eMS studies of Fe in ZnO [23] where we
first demonstrated that extremely dilute Fe in ZnO has a paramagnetic nature showing spin–lattice
relaxation. The spin–lattice relaxation rates were further determined from the temperature dependence by
monitoring the broadening of the sextets lines with increasing temperatures [24] using an empirical model
described by Mølholt et al [44] based on the Blume–Tjon model [45]. The isomer-shift, δ = 0.12(1) mm
s−1 and the maximum magnetic hyperfine field, Bhf = 40(1) T are consistent with substitutional high-spin
Fe3+ species observed in oxides and nitrides [23–26]. The magnetic features contribute 43(3)% to the
spectral area. A quadrupole-shift 2ε = −0.07(2) mm s−1 is extracted from the fitting, mainly determined by
the prominent SZ = ±5/2 state and applied for all other states. The hyperfine parameters of the three
Kramers doublets do not match the expected parameters for high spin Fe3+ reported in Gütlich et al [46].
The reason for this is that the Bext = 0.6 T is insufficient to ‘unmix’ the levels according to the splitting
parameters from Heitz et al [47]; yet the observed behaviour is characteristic of paramagnetic Fe3+ as
inferred from the previous studies [23–26].

The central region of the spectra was fitted with an asymmetric quadrupole split doublet in terms of
Voigt line shapes. The two legs of the quadrupole split component possess different widths allowing for
coupling between the isomer shift and the quadrupole splitting. The relative intensities were allowed to
account for the possible angular dependence as discussed in Masenda et al [26] expected on a regular lattice
site in a wurtzite crystals. The experimental lineshape obtained from implantation into iron foils was best
described using a Voigt profile with Lorentzian broadening of 0.34 mm s−1 and Gaussian broadening of
0.1 mm s−1. The observed angular dependence is indicative of Fe atoms in crystalline environments (FeC),
occupying the remaining 57(3)% of the spectral area. The hyperfine parameters of the doublet were
determined as δ = 0.58(1) mm s−1 and the average quadrupole splitting ΔEQ = 1.48(1) mm s−1 at RT. The
isomer shift value is close to the one expected for dilute high-spin Fe2+ (δ = 0.47 mm s−1) estimated using
the semi-empirical model developed by Gunnlaugsson and Masenda [48] from 22 compounds with δ values
showing a standard deviation of ±0.1 mm s−1. The model takes into account nearest neighbour distances
and electronegativity of the hosts and allows the assignment of this component to substitutional Fe2+. The
obvious donor defects that would promote the Fe2+ charge state above the natural Fe3+ charge state are
nitrogen vacancies (VN) created during the ion implantation process [26]. Our data show no evidence of
low intensity components (due to interstitial Fe), nor angle-independent broadened components
characteristic of Fe atoms in implantation induced amorphous zones. This is consistent with previous eMS
studies on similar semiconductors employing radioactive probes with extremely dilute implantation
fluences, where amorphization like defects are excluded [25].

To study the effects of Mn-doping, eMS measurements were undertaken on ternary samples pre-doped
during MOVPE growth with Mn to concentrations of 1 at % (AlxGa1−xN:Mn). The RT spectra for
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Figure 2. RT 57Fe emission Mössbauer spectra obtained at emission angles of 0◦ (bottom) and 60◦ (top) following implantation
of 57Mn∗ into (a) AlxGa1−xN and (b) AlxGa1−xN:Mn for x = 20% (0.2) in an external magnetic field, Bext = 0.6 T. The bottom
panels, (c) and (d) illustrate zoomed views showing individual contributions from the SZ = ±5/2,±3/2,±1/2 crystal field states
to FeMag for respective spectra measured at θγ = 0◦ .

Al0.2Ga0.8N:Mn at emission angles of 0◦ and 60◦ are shown in figure 2(b). Identical fitting components as
utilised in the undoped alloys (AlxGa1−xN) were employed. However an additional single-line-like (SLL)
component was required to obtain reasonable fits to the data. The SLL is characterised by an δ = −0.22(1)
mm s−1 and contributes approximately 24(3)% to the spectral area. An additional Gaussian broadening of
the SLL by �0.27(2) mm s−1 suggests the presence of a minor unresolved quadrupole interaction expected
for an Fe atom on a substitutional cation site in III-nitrides. Fe2+ still dominates the spectra with 63(3)%
but the Fe3+ contribution is significantly reduced to 13(2)%. As depicted in figure 2(b). The values of the
hyperfine parameters of the Fe2+ doublet are slightly lower in Mn doped AlGaN and were determined
as δ = 0.49(1) mm s−1 and ΔEQ = 1.25(1) mm s−1. Thus confirming the shrinking effect of the lattice in
the neighbourhood of the probe atoms due to a smaller Mn occupying a relatively larger substitutional Ga
site. These values are still consistent with a substitutional high-spin Fe2+ with VN in its vicinity. The smaller
δ corresponds to an increase in the s-electron density at the probe nucleus, indicative of increase of the
bonding strength between the Fe ions and the surrounding lattice atoms. The lower ΔEQ, suggests less
distorted local environment (from tetrahedral symmetry) around the Fe probe atoms in AlGaN:Mn. The
centre of the SZ = ±1/2 appears to coincide with the position of the SLL and enhanced in the presence of
an external magnetic field, see figures 2(c) and (d). The narrow splitting of the SZ = ±1/2 in high magnetic
field is consistent with observation reported in dilute frozen solutions [49, 50]. This effect is confirmed by
spectra obtained for Al0.2Ga0.8N and Al0.2Ga0.8N:Mn without an external magnetic field (Bext = 0 T) shown
in figures 3(a) and (b). The focussed in views of the respective spectra in figures 3(c) and (d) clearly
demonstrate the effects of an external magnetic field on the SZ = ±1/2. Moreover, this affirms the presence
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Figure 3. RT 57Fe emission Mössbauer spectra obtained at emission angles of 60◦ after implantation of 57Mn∗ into
(a) AlxGa1−xN and (b) AlxGa1−xN:Mn for x = 20% (0.2) without an external magnetic field (Bext = 0 T), (c) and (d) are zoomed
views showing the FeMag contributions for respective spectra.

of the SLL component in Mn doped Al0.2Ga0.8N which is coupled with a significant reduction in the
magnetic contribution.

An obvious assignment of the SLL could be due to interstitial Fe. However, recoil produced interstitials
were not observed in undoped AlxGa1−xN samples and in similar experiments on binary nitrides [26].
These Fe interstitials were evident in cubic III–Vs such as GaAs and GaP [51] as minor components at low
temperatures, with an isomer shift, δ � 1 mm s−1. Transmission and conversion electron Mössbauer studies
[32, 35, 37, 52] of Fe in GaN and AlN after relatively high fluences (1016–17 ion cm−2) show the presence of
a single line with comparable isomer shift values. The single line was assigned to Fe precipitates (either
superparamagnetic α-Fe or paramagnetic γ-Fe). The dilute Fe concentration employed in the eMS
experiments described here, excludes the probability of forming such precipitates. In our previous
fluence-dependent studies on Fe pre-implanted ZnO [25] with effective Fe concentrations up to 2.2 at %,
onset of spin–spin interaction is evident at 0.02 at %. Such precipitates are expected at the upper threshold.
On the other hand, emission chanelling (EC) studies showed ∼20% anion site substitution in
Mn-implanted GaN [53], (∼27%) and (∼18%) anion site substitutions, in Mn- and Co-implanted ZnO,
respectively [54]. However, a similar anion site occupation has not been observed in the EC studies on the
Fe-implanted GaN [33] and ZnO [55]. This agrees with the eMS studies on GaN and AlN using 57Mn∗ [26].
Significant differences in the lattice locations are not expected since Mn, Fe and Co have comparable atomic
radii and masses. Therefore, it is intriguing that anion site substitution of Mn (and Co) is favoured,
considering the Fe properties (size and electronegativity) are intermediary. More so, in eMS using
radioactive 57Mn, where the daughter (57Fe) inherits lattice location from the parent 57Mn site after β−

decay. Nonetheless, this can be explained by the recent theoretical studies [43, 56] which report very high
formation energies for anion site occupation of Fe in binary nitrides. This stems from ionic radii mismatch
between Fe and N atoms. Thus, a positively charged Fe on a N site will be thermodynamically unstable. This
further excludes the probability to assign the SLL component we observed in eMS to the anion site
occupation, and promotes us to suggest that this component is due to Fe atoms on substitutional Ga/Al
sites. Wickramaratne et al [43] found the 4+ state to be stable in both GaN and AlN, with a (4+/3+) level
at 0.26 eV and 0.36 eV, respectively, above the valence band maximum. Consequently, in light of the above
discussions and based on the extracted isomer shift value, a plausible interpretation for the SLL is Fe4+ on
Ga/Al sites based on the isomer shift reference scale given by Gütlich et al [46].

To gain insights into the nature of the observed charge states, measurements were performed for
different Al concentration (x) at RT. Additional representative spectra for both AlxGa1−xN and
AlxGa1−xN:Mn are included in appendix B. More importantly, the extracted relative area contributions of
different charge states (fitted components) as a function of Al content are presented in figure 4. The

5



New J. Phys. 24 (2022) 103007 H Masenda et al

Figure 4. Relative area fractions at RT as a function of concentration (x) for AlxGa1−xN (filled symbols) and AlxGa1−xN:Mn
(empty symbols). The solid and dashed lines are guides to the eye.

Figure 5. Formation energy difference between Fe3+–Mn3+ and Fe4+–Mn2+ configuration as a function of x in
AlxGa1−xN:Mn. Solid (dashed) lines show the energy difference when Fe and Mn are nearest (next nearest) neighbours while the
shaded areas show regions of stability for the corresponding configurations.

concentration of Fe2+ is fairly stable, while a decrease in the proposed Fe4+ (SLL) state (detected only in the
AlGaN:Mn samples) is accompanied by an increase in the Fe3+ state. This suggests that an increase in Al
content suppresses the formation of the Fe4+, thereby maintaining an iso-electronic charge state.

A deeper understanding of the mechanism favouring the 4+ state is needed to confirm its nature. In this
pursuit, first-principles calculations were carried using a multiple-scattering Green’s function method
designed for bulks, surfaces, interfaces and embedded clusters [57]. The calculations were carried out within
the density functional theory (DFT) in a local density approximation [58] (see appendix C for extra
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Figure 6. DOS for: Ga(MnFe)N (a)–(c) and Ga(AlMnFe)N (d)–(f) calculated assuming Fe4+–Mn2+ scenario for Ga(MnFe)N
and Fe3+ –Mn3+ —for Ga(AlMnFe)N cases: (a) the total DOS of Ga(MnFe)N; (b) atomic resolved DOS for Ga and N in
Ga(MnFe)N; (c) atomic resolved DOS for Mn2+ and Fe4+ in Ga(MnFe)N; (d) total DOS of Ga(AlMnFe)N; (e) atomic resolved
DOS for Ga, Al and N in Ga(AlMnFe)N; (f) atomic resolved DOS for Mn3+ and Fe3+ in Ga(AlMnFe)N.

details). Strongly localised Mn 3d electrons were treated using a self interaction correction (SIC) method
[59] as it is implemented within the multiple-scattering theory [60]. This approach provides an adequate
description of ground state properties of diluted magnetic semiconductors doped with TM elements [61].
Especially, the method predicts correctly the valency of TMs in III–V semiconductors [61]. To determine
the valency, the total energy of various configurations of 3d electrons treated with the self interaction are
compared. In particular, Mn in GaN was found to be trivalent, Mn3+ (d4). Considering the given problem
it needs to proven whether the presence of Al and Mn–Fe hybridisation might change the valency of both
Mn and Fe ions. In this regard, we performed the calculations in two steps. First, AlxGa1−xN doped with 2%
of Mn3+ was calculated for various x in its bulk structure using a coherent potential approximation (CPA)
as it is implemented within the multiple scattering theory [62, 63]. Then, Mn and Fe impurities were
embedded into the (AlGaMn)N effective medium in real space representation. Thereby, various
combinations of valencies and structural configurations of the two TMs (Mn and Fe) in close proximity
could be considered as the result from substitutional incorporations of (a) Fe3+–Mn3+, (b) Fe4+–Mn2+

and/or (c) interstitial–substitutional configuration of Fe4+–Mn2+. In light of the earlier discussion, the
(c) configuration can be excluded since neither as-grown Mn nor parent (daughter) 57Mn∗ (57Fe) prefers
interstitial occupations. A total energy comparison provides the preferable valencies of Mn and Fe ions for a
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Figure 7. Interatomic exchange interaction parameters, Jij of TM atoms i and j in (a) GaN and (b) AlGaN.

given Al concentration and a given geometry. The total energy difference (ΔE) between the formation
energies of Fe3+–Mn3+ and Fe4+–Mn2+ as a function of Al concentration is presented in figure 5.

The negative ΔE at low Al concentrations attests that the Fe4+–Mn2+ configuration is the most likely
candidate. On the other hand, the Fe3+–Mn3+ is energetically favourable by ∼14 eV [64] for the
combination of isolated charge state configurations. This confirms that the local environment, especially the
relative amounts of Al/Ga play a crucial role on the stability of different charge state configurations in the
material system. In addition, the large negative ΔE at low Al composition indicates that the Mn ions in very
close vicinity to the probe atom (solid curve) are more likely to favour the 4+ charge state compared to Mn
as next nearest neighbours (dashed curve). Furthermore, for the nearest neighbours case; the Fe4+ → Fe3+

transition climax extracted from the experimental data (figure 4—dashed vertical line) occurs at Al
concentration of x ∼ 47%, this coincides perfectly with the switch in stability (i.e. at ΔE = 0) between
Fe4+–Mn2+ and Fe3+–Mn3+ configurations (shaded regions in figure 5). This compositional dependence is
explained by the increased hybridisation 3d states in Al rich alloys as the inter-atomic distances of Ga
decreases. The effect of Al concentration on the charge state of Fe–Mn is attributed to hybridisation effects.
This can be understood in that Ga valence states are sufficiently broad in energy when compared with Al
and, therefore, they hybridise strongly with 3d states of TMs. Figure 6 displays the detailed density of states
calculated utilising the SIC approach. Due to the strong hybridisation, the localisation of 3d states is
expected to be reduced. Since the densities of states (DOS) of Fe 3d states are higher than that of Mn 3d
states, the Fe 3d states hybridise with the Ga valence bands more strongly than the Mn 3d states
(figures 6(a)–(c)).

However, in the absence of Mn, Fe is still in the 3+ charge state because of the charge neutrality
condition. Thus, the iso-electronic substitution takes precedence. On the other hand, with doping, Mn can
easily localise one more electron, Fe becomes 4+; the Mn 3d states are lower in energy and, therefore, are
weakly bound on the semiconductor bands. Thus, Mn becomes 2+ in the presence of Fe 4+ to make the
system charge neutral. In this case, all five Mn 3d spin up states are occupied and localised. This depends on
the concentration of Al; with increase of Al content, the Ga content reduces and, therefore, the
hybridisation with Ga 3d states weakens (figures 6(d)–(f)). Consequently, with all spin up 3d states
occupied, the presence of Mn2+ is envisaged to increase considerably the magnetic exchange interaction in
the system. This is evident in figure 7 which shows the differences in the interatomic exchange parameters,
Jij, which represent the magnetic interaction between magnetic moments of TM atoms i and j in (a) GaN
and (b) AlGaN.

The concentrations of Mn and Fe were set to 1 at %, Al at 70% and the remainder to Ga. In the case
of Fe, the 1 at % is selected to observe a sizeable effect in the calculations; whereas in the experiment,
fluences are in the extremely dilute regime (10−4 at %). The most significant exchange interaction is
observed for the Mn–Mn case. Whereas the Mn3+–Mn3+ exchange parameters in AlGaN indicate a
frustrated magnetic order (the nearest and the next nearest J’s have opposite sign), the magnetic interaction
between Mn2+ moments in GaN is larger in magnitude and overall positive favouring a stable
ferromagnetic order. These results are consistent with previous studies [65], where the presence of Mn2+ in
GaN was assumed. Furthermore, the Mn2+ state has been observed in different dilute magnetic
semiconducting materials such as (Ga, Mn)As [66] and (BaK)(ZnMn)2As2 [67, 68] of the so-called ‘122
type’. It should be re-iterated here that under normal conditions (i.e. without Fe) Mn has the valency 3+ in
GaN. The same is true for Fe, in the absence of Mn, the 3+ state is adopted. Thus, doping with both Fe and
Mn atoms in GaN promotes the co-existence of unusual charge states of Fe4+ and Mn2+ , as observed from
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eMS experiments; which is mainly sensitive to Fe4+ state is while DFT calculations confirm and identify
Mn2+ as its nearest neighbour.

4. Conclusions

Briefly, the Mössbauer spectra of 57Fe incorporated in AlxGa1−xN show the presence of magnetically-split
sextets extending to the ‘wings’ of the spectra, which on the basis of our earlier studies are attributed Fe3+

on Al/Ga sites (Fe3+
Al/Ga). The central part of the spectra represent the paramagnetic Fe2+ on Al/Ga sites

associated with nitrogen vacancies (Fe2+
Al/Ga–VN). However, with Mn doping, the contribution of Fe3+ is

reduced substantially accompanied by the appearance of a single line component with Mössbauer
parameters characteristic of Fe4+ on Al/Ga sites (Fe4+

Al/Ga), which is stabilised by the presence of Mn2+ as
nearest neighbours. These unusual charge states and structural configuration (in III-nitrides) are confirmed
by DFT calculations. Moreover, the 4+ charge state is suppressed at higher Al concentrations and this is
attributed to the weakened hybridisation of the Mn 3d states with the Ga valency states with increasing Al
content. Our results demonstrate the co-existence of Fe4+ and Mn2+ unusual charge states in Fe and Mn
co-doped ternary nitrides, indicating the presence of an extra acceptor level and/or enhanced magnetic
exchange interactions between the doped TM atoms. These results offer insights into understanding the
dilute magnetism in nitride semiconductors via co-doping with TMs as an alternative approach. The
material system offers prospects for applications in spintronic and/or optoelectronic devices.
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Appendix A. Implantation profiles: SRIM/TRIM simulations

The thicknesses of MOVPE grown AlxGa1−xN and AlxGa1−xN:Mn samples were ∼400 nm and 200 nm,
respectively. Depth profiles are commonly simulated using TRIM which employs a Monte-Carlo method
[30] to ascertain the projected range of implanted impurity ions. To investigate the implantation range of
57Mn (57Fe) ions in the ternary alloy of AlxGa1−xN its binary counterparts were employed to set limits.
Figure A1 represent simulated for AlN and GaN matching experimental implantation details of 50 keV at an
implantation angle of 30◦ using 106 ions to acquire good statistics.

The resulting Gaussian-like implantation profiles have peak concentrations at an implantation depth
of ∼20 nm and ∼28 nm in GaN and AlN, respectively, with an average full width at half maximum for both
materials of ∼27 nm. The implantation profiles show that Mn (Fe) dopants in the ternary alloys films are
located within a depth 80 nm from the surface, with peak concentrations within the range of ∼20–28 nm
set by the binary counterparts.
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Figure A1. Implantation profiles of 57Mn in AlN and GaN at an angle of 30◦.

Figure B1. RT 57Fe emission Mössbauer spectra obtained at indicated emission angles after implantation of 57Mn∗ into
AlxGa1−xN and AlxGa1−xN:Mn for x = 40% and 80% in an external of Bext = 0.6 T.

Appendix B. Additional representative spectra

Selected additional RT emission Mössbauer spectra for AlxGa1−xN and AlxGa1−xN:Mn for x = 40% and
80% obtained at the two emission angles is shown in figure B1. The data was analysed using the same fitting
procedure and clearly shows the effect of increase in Al concentration on the charge states, mainly the
interdependence between the Fe3+ and Fe4+ shown in figure 4 in the main text and further confirmed by
the formation energy dependence obtained DFT calculations as depicted in figure 5.

Appendix C. Notes on DFT calculations

First-principles calculations were performed using a self-consistent Green function method within the DFT
[57]. Disorder effects, Al, Mn and Fe impurities in GaN, were simulated using a CPA and an embedded
cluster method [62, 63, 69]. Doing this an effective medium was calculated for various concentrations of Al
and Mn3+ within our CPA method. Fe and Mn impurities of various valencies were then embedded into
the effective medium within the real-space embedded cluster method. The valency of Mn and Fe impurities
were modelled with a self-interaction correction method [59, 60] which describes adequately valencies of
TMs in diluted magnetic semiconductors [61]. Exchange parameters were computed using a magnetic force
theorem as it is implemented within the multiple scattering theory [70]. As the reference system was chosen
a paramagnetic state modelled by a disordered local moment approach [71].
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