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The control over the incorporation of magnetic ions into a semiconducting host is 
fundamental for the functionality of magnetically doped semiconductors. Our mag-
neto-optical data on diluted samples corroborate recent suggestions that the strong 
p-d hybridization specific to nitrides and oxides leads to a significant renormalization 
of the valence band exchange splitting. Furthermore, through a structural analysis at 
the nanoscale, we give experimental evidence that the aggregation of Fe ions in 
(Ga,Fe)N and consequently the magnetic response of the material are affected by 
the growth rate and doping with acceptors or donors.  

Introduction 
The comprehensive search for materials exhibiting spintronic functionalities has re-
sulted in the discovery of a number of magnetically doped and nominally undoped 
wide-band gap semiconductors and oxides exhibiting ferromagnetic features persisting 
up to high temperatures. The nature of this puzzling robust ferromagnetism has be-
come one of the most controversial topics in nowadays materials science and con-
densed matter physics [1]. In order to shed new light on the origin of high-TC ferromag-
netism, we have undertaken studies of (Ga,Fe)N [2] – [5] grown by metalorganic vapor 
phase epitaxy (MOVPE), either undoped or co-doped with Si or Mg, combining mag-
netic (SQUID and electron paramagnetic resonance), magnetooptical, and x-ray ab-
sorption near-edge spectroscopy (XANES) investigations with a comprehensive struc-
tural and chemical characterization (secondary ion mass spectroscopy – SIMS, trans-
mission electron microscopy – TEM, electron diffraction spectroscopy - EDS, synchro-
tron x-ray diffraction – XRD), that provides information on the Fe distribution at the 
nanoscale.  

Here, we first discuss our quantitative study of the exchange coupling between the 
spins S = 5/2 localized on the Fe ions and the effective mass electrons. Our results 
point to an anomalous p-d exchange splitting of the valence band [4], that we explain in 
terms of a renormalization of extended states occurring if the impurities perturb strongly 
the crystal potential [6]. We then show that the Fe ions are distributed in the nitride ma-
trix in a way giving rise either to a diluted random alloy [2] – [5] or to ferromagnetic 
nanocrystals that aggregate by precipitation [2], [3], [5] or by spinodal decomposition 
into regions more or less rich in the magnetic component [3], [5]. Our latest results 
demonstrate that this aggregation can be controlled by growth conditions and co-
doping with either acceptors or donors. 
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Strong Coupling Effects in (Ga,Fe)N  
In II-VI oxides and III-V nitrides, a small bond length and, thus, strong p-d hybridization, 
should result in a large value of N0|β|, and this prediction is supported by photoemis-
sion experiments [7]. Surprisingly, however, abnormally small exciton splittings in 
(Zn,Co)O [8] and (Zn,Mn)O [9] have been observed. Prompted by these observations, 
a theory has been put forward [6], which shows that the strong p-d coupling makes the 
apparent exchange energy N0β(app) describing the valence band splitting small and of 
opposite sign than expected. In order to test the above model, magnetization and mag-
netoreflectivity in the free exciton region of (Ga,Fe)N epilayers have been studied [4], 
as reported in Fig. 1(a, b). Since in GaN – in contrast to ZnO – the actual ordering of 
valence subbands is settled, the sign of N0β(app) can be unambiguously determined 
from polarization-resolved magnetooptical spectra. Furthermore, unlike Mn, Fe in GaN 
is an isoelectronic impurity with the simple d5 configuration [2], [10], allowing a straight-
forward interpretation of the data.  

 

 

Fig. 1: Reflectivity of (Ga,Fe)N in Faraday configuration at 1.6 K for x = 0.21% (a) and 
0.11% (c) where particularly well-resolved excitons A, B, and C are visible in σ-

polarization. Panels (a), (c) show experimental data (symbols) and their fitting 
with the polariton model (solid lines). Symbols in (b), (d) present exciton ener-
gies obtained from such a fitting at various magnetic fields; solid lines are the 
expectation of the exciton model for the exciton. 
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The fitting procedure, whose results are presented in Fig. 1 (b), (d) yielded N0β(app) = 
+0.5 ± 0.2 eV and N0α(app) = +0.1 ± 0.2 eV. We note that this evaluation of N0α(app) in-
cludes, within the experimental error, the values of N0α(app) = 0.25 ± 0.06 eV found in 
early studies of Mn-based II-VI DMSs [11]. We have no reason to question here the 
applicability of the standard description of the conduction band in (Ga,Fe)N. For the 
expected d level arrangement, both the ferromagnetic sign and the small magnitude of 
the apparent p-d exchange energy are surprising. Indeed, in GaN the Fe d5/d6 accep-
tor-like level resides less than 3 eV above the top of the valence band [10].  

This state, eg↓, and the higher lying t2↓ level that can hybridize with the valence band 
states, remain unoccupied in intrinsic (Ga,Fe)N. At the same time, no donor-like d5/d4 
state has been found within the GaN gap. This could be expected, as in the transition 
metal (TM) series a particularly large correlation energy U separates the d5 and d6 
shells. Hence, the occupied Fe t2↑ levels reside within the valence band. According to 
the Schrieffer-Wolf theory, in such a case the p-d exchange coupling is antiferromag-
netic: this was confirmed by magnetooptical studies of tellurides and selenides contain-
ing either Mn or Fe, including studies carried out in our labs, which lead systematically 
to N0β = −1.4 ± 0.5 eV [11].  
However, it has been recently remarked [6] that for an appropriately strong TM poten-
tial like the one expected for oxides and nitrides, the magnetic ion can bind a hole – a 
trend which was already suggested by strong deviations from the virtual crystal ap-
proximation (VCA) in (Cd,Mn)S [12] and by results of the numerical diagonalization of a 
model Hamiltonian for diluted magnetic semiconductors (DMS) [13]. A summation of 
infinite series of relevant self-energy diagrams demonstrates that the spin splitting of 
extended states involved in the optical transitions remains proportional to the magneti-
zation, but the apparent exchange energy becomes significantly renormalized [6]. For 
the expected coupling strength, the theory predicts −1 < β(app)/β < 0, as observed for 
(Ga,Fe)N. 

Observation and Control of Fe Aggregation in (Ga,Fe)N  
There is an increasing amount of evidence that owing to specific features of magnetic 
impurities in wide band-gap semiconductors and oxides, the epitaxial growth of these 
systems can result in the self-organized aggregation of magnetically robust nanocrys-
tals embedded in the host paramagnetic matrix [1], [14], [15]. With no doubt this finding 
holds enormous potential for the fabrication of a range of multifunctional nanosystems 
relevant to spintronics, nanoelectronics, photonics, and plasmonics [14], [16].  

A series of (Ga,Fe)N layers has been grown by MOVPE [5] and by combining TEM and 
synchrotron XRD with SQUID studies we have identified three distinct ways by which 
Fe incorporates into the GaN lattice: (i) substitutional Fe3+ diluted ions accounting for 
the paramagnetic response [2]; (ii) Fe-rich (Ga,Fe)N wurtzite nanocrystals commensu-
rate with and stabilized by the GaN host lattice and (iii) hexagonal ε-Fe3N precipitates, 
as summarized in Fig. 2. The formation of nanocrystals containing a large density of 
the magnetic constituent elucidates the origin of the ferromagnetic features persisting 
up to above room temperature.  

Furthermore, we have found [5] that by increasing the growth rate we can reduce the 
presence of secondary phases and then hamper the spinodal decomposition. This in-
fluence of the growth rate on the nanocrystal formation indicates that the Fe aggrega-
tion occurs at the growth surface. Importantly, our TEM, synchrotron XRD, and SQUID 
data reveal that the aggregation of Fe cations can be diminished or even prevented by 
co-doping with either Si donors or Mg acceptors.  
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Fig. 2: High-resolution TEM images of (a) diluted GaN:Fe; (b) Fe-rich (Ga,Fe)N wurtz-
ite regions coherent with the GaN matrix; (c) hexagonal ε-Fe3N nanocrystal. 

Since, quite generally, the binding energy of TM pairs depends on the valency of the 
open d-shells [17], there is a ground to suppose that the Fermi level engineering we 
evoke for (Ga,Fe)N:Si,Mg and others for (Zn,Cr)Te [18] can serve to control the mag-
netic ion aggregation in a number of semiconductors and oxides, providing a way to the 
self-organized fabrication of multi-component systems with tailored magnetic, magneto-
optical, and magneto-transport properties at the nanoscale. 
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