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1 Sample growth
We investigate (Ga,Fe)N, δ -(Ga,Fe)N and FenN/GaN films grown
at the Kepler University Linz-Austria by metal organic vapour
phase epitaxy (MOVPE) on c-axis oriented sapphire substrates.1,2

The films investigated here have been selected from a series
of samples, whose composition and structural properties were
examined by secondary-ion mass spectroscopy, synchrotron x-
ray diffraction, transmission electron microscopy, dispersive x-ray
spectroscopy, extended x-ray absorption fine-structure and x-ray
absorption near-edge structure.1,2 In this communication we ex-
tend the results of earlier studies by investigating the surface and
the near surface region of selected samples with a probing depth
of about up to 5 nm.

The size and composition of the FenN nanocrystals we study
is steered by means of the sample growth parameters and pro-
cedure.3 The type of sample morphology we present is indi-
cated in Fig. 1(a)-(c). In the growth the precursors trimethyl-
gallium (TMGa), ammonia (NH3), and ferrocene (Cp2Fe) were
used. Using a growth procedure called substrate nitridation2

at high growth temperature of the substrate, Tg, of 900◦C, for
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(Ga,Fe)N samples Nr 987 and 988 (Fig. 1(a)) we obtain smaller
Fe-rich magnetic nanocrystals embedded in the GaN matrix2 with
typical sizes as observed by PEEM in the near surface region be-
tween 50 to 100 nm.4 The flow rate of the Fe precursor was set
at 100 and 300 standard cubic centimeters per minute (sccm) re-
spectively for samples Nr 987 and 988. By changing the growth
procedure to δ -growth on the Ga precursor,5 planar arrays of Fe
rich nanocrystals can be formed (δ -(Ga,Fe)N samples 1650 and
1651, Fig. 1(b)). For the growth of these layers the flow was set
at 800 sccm for the NH3 source, 5 sccm for the TMGa source and
450 sccm for the Cp2Fe source. For samples 1650 and 1651 were
grown 30 and 15 δ -periods, respectively, at a substrate tempera-
ture of 780◦C. For this type of δ -grown samples, the nanocrystals
were deposited directly on the GaN surface, in contrast to pre-
vious samples where the nanocrystals were capped with a GaN
layer.2 It is finally possible, using controlled sample annealing, to
directly obtain FenN nanocrystals on the GaN surface by means of
fragmenting a thin FenN film deposited on the GaN surface (sam-
ples 1303 and 1311, Fig. 1(c)). Here the temperature of the
substrate, Tg, was set at 750◦C. For these two samples the par-
tial pressure of the NH3/H2 gases used during the growth in the
reactor, was different.

Prior to the XPEEM and XMCD-PEEM characterisation, each
sample was characterised in situ by means of Low Energy Elec-
tron Microscopy (LEEM).6 LEEM is a very surface sensitive tech-
nique and characterises therefore the surface morphology (Fig. S1
(a) and (b)). The surfaces of the films represented by sample
1311 are composed of nanoparticles with flat tops with a clear
bright contrast in LEEM with respect to the matrix, indicating
their good crystalline order. The major number of particles have
diameter between 25 and 50 nm (figures close to the microscope
resolution) with a circular shape (Fig. S1 (d)). A small number of
larger nanoparticles also exist with a diameter of around 100 nm,
the largest we found being about 500 nm in diameter, becoming
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LEEM micrograph 
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Fig. S 1 LEEM micrographs measured for samples 988 (a) and 1311
(b) with field of view of 2 µm. Histogram of the size distribution of the
nanocrystals for sample 988 (c) and 1311 (d).

slightly elongated. The nanoparticles have a random distribution
over the surface with no specific order, and their density is about
22 nanoparticles per µm2. For the larger nanoparticles it is possi-
ble to obtain a quantitative chemical composition determination
of a single particle, using the Fe L-edges and N K-edge x-ray ab-
sorption spectra from the XPEEM images (Fig. S2).This results in
a uniform distribution of the Fe and N atoms within the nanocrys-
tals.

For samples of the family represented by sample 988 the LEEM
images show the existence of slightly smaller circular nanoinclu-
sions versus the sample family 1311 nanoparticles, with a more
narrow distribution of typical sizes centered at 35 nm and with a
circular shape (Fig. S1 (c)). The surface shows terraces of hexago-
nal shape, probably related to the sapphire substrate crystallogra-
phy, with quite straight edges with the nanoinclusions distributed
more uniformly over the terraces of the surface. The LEEM con-
trast (as well as the magnetic contrast which is possible to observe
in Fig. S3) is much weaker as compared with the other sample
type. The particle edges are less definite, sometimes exhibiting a
halo, features compatible with a location of the nanocrystals just
below the surface. The density of nanoinclusions is more than
three times higher versus the other type of sample, 80 nanoin-
clusions per µm2. A quantitative XPEEM chemical composition
analysis for this family has been presented earlier.4

The magnetic properties were characterised for some of these
types of samples (sample (a) from Fig. 1) using superconducting
quantum interference device (SQUID) magnetometry.2,7 Follow-
ing the temperature and magnetic field dependence of the mag-
netisation for these samples both a ferromagnetic (FM) and para-
magnetic response has been associated with the presence of Fe

Fig. S 2 XAS measured for a single representative nanocrystal of the
sample 1311 at the N-Kedge and the Fe-L edges.

atoms in the (Ga,Fe)N films. The ferromagnetic response has
been assigned to the existence of the FenN nanocrystals within
the GaN matrix.2,4 The paramagnetic response at low tempera-
tures has been linked with the existence of substitutional Fe atoms
in the GaN matrix.2 For results at room temperature we discuss
here, another possibility is the existence of small size nanocrys-
tals in the paramagnetic state. Interestingly, these samples show
also a magnetisation component which is linear versus magnetic
field and is barely dependent on temperature.2 Such a field de-
pendence is typical of an antiferromagnetic (AFM) component of
the magnetization, which could be explained by the existence of
antiferromagnetic nanocrystals.

The SQUID results indicate indeed, that the total Fe ion concen-
tration contributing to the paramagnetic and ferromagnetic sig-
nals is smaller versus the one resulting from the SIMS data.2 The
existence of antiferromagnetic nanocrystals would explain this
observation. However, using only the SQUID data, direct experi-
mental evidence for the existence of antiferromagnetic nanocrys-
tals and the value of their magnetic moment is not easy to obtain.
SQUID magnetometry probes the magnetic response, not only of
the surface but also of the bulk of the samples. In this communi-
cation we focus on measurements of the surface and near surface
region of the films, using photon-in, electron-out core level spec-
troscopy tools. One cannot therefore directly compare the SQUID
results with the results obtained by means of XMCD and XLMD
spectroscopy.
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2 XPEEM and XMCD-PEEM
Our studies employing X-ray Photo Emission Electron Microscopy
(XPEEM), both in the X-ray Absorption Spectroscopy (XAS) and
X-ray Magnetic Circular Dichroism (XMCD) modes, have been
performed at the Nanospectroscopy beam line at the Elettra Syn-
chrotron facility in Trieste-Italy with a lateral resolution down to
40 nm.8,9 A grazing x-ray incidence angle of 16o versus the sam-
ple surface plane is used.8 The data are taken at room temper-
ature. For the XPEEM data in the XAS mode linearly polarized
x-rays are used and for the XMCD-PEEM data circularly polarized
x-rays. The photon energy for the XPEEM micrographs for pan-
els (d) and (e) is set to the maximum of the Fe L3 and L2 white
lines. The XPEEM measurements were performed in the virgin
magnetic state, no external magnetic field was applied. In Fig. 1
XPEEM micrographs are shown in the direct XAS mode, which
characterise the chemical state of the near surface region. In the
XAS mode, XPEEM allows for chemical mapping of the near sur-
face region by collecting secondary electrons emitted after photon
absorption. When the incident photon energy corresponds to the
absorption edge of an element on the surface or residing down
to several nanometers below, a significant increase is observed in
the secondary electron emission from the areas where the spe-
cific element appears. Here we have focused on the L3 and L2

white line photon energies, in order to increase the reliability of
the spatially resolved XAS and the sensitivity to the regions of the
samples with the least Fe concentration.

The smaller nanocrystals identified by XPEEM in Fig. 1 (e) are
of order 100 nm in lateral size, the larger ones of order 500 nm.
For the FenN/GaN sample 1311 (Fig. 1 (e)) the regions of the
sample without nanocrystals do exhibit a much darker contrast
indicative of the fact that in this case much less substitutional Fe
is present in the GaN matrix versus the sample where the FenN
nanocrystals are embedded in the GaN lattice (Fig. 1 (d)). This is
particularly clear for the case of Fig. 1 (e), where for some regions
of the sample also a spectral analysis was performed.10 The FenN
nanocrystal size and Fe content within the GaN matrix discussed
here is in agreement with earlier results for this set of samples.4

In Fig. 1 and Fig. S3 also XPEEM difference micrographs in the
XMCD mode are shown, to characterise the magnetic state of the
samples. To obtain difference micrographs in the XMCD mode,
two XPEEM micrographs are recorded using x-rays of opposite
helicity, by keeping all other parameters of the experiment fixed.
The micrograph intensities obtained are then subtracted pixel by
pixel. In the corresponding XMCD difference micrograph only
the topographic features exhibiting magnetic contrast are visi-
ble. Here we use measurements at both the Fe L3 and L2 white
line photon energies (Fig. S3). For the XMCD-PEEM data, differ-
ence micrographs are shown to characterize the magnetic state of
the sample. Here given that micrographs are subtracted with the
same topographic features, only the parts of the sample with the
magnetisation along the propagation direction of the x-ray beam
are indeed visible. Clear dichroic contrast is seen for several of
the nanocrystals in Fig. 1 (d) for the XMCD-PEEM micrographs.
The contrast is indeed of magnetic origin, as it is inverted using
photon energies at the L3 and L2 edge maxima (Fig. S3). Not all

XMCD : Fe L2 - edge XMCD : Fe L3 - edge  
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Fig. S 3 XMCD-PEEM micrographs measured at both the Fe L3 and L2
white line photon energies for (a) sample 988 and (b) sample 1311 with
a field of view of 2 µm, showing the same region. The magnetic contrast
of the Fe atoms in the ferromagnetic state is known to revert between the
Fe L3 and L2 white line photon energies.

nanocrystals which are resolved in the XMCD micrographs (Fig. 1
(d,e)) do exhibit ferromagnetic contrast. For sample 988 about
50% of the nanocrystals appear to be ferromagnetically live. This
is seen also for sample 1311 in the case of the smaller nanocrys-
tals.

Given the fact that we use a grazing x-ray incidence angle of
16o versus the sample surface plane8, we are mostly sensitive to
the magnetization component within the surface plane along the
direction of the incident x-rays. We cannot, using only the XMCD-
PEEM micrographs, characterise a different magnetization direc-
tion for the nanocrystals which do not exhibit a magnetic contrast
here. In the case of sample 1311 we observe that the percentage
of ferromagnetic nanocrystals is higher. This sample contains also
larger FenN nanocrystals which are ferromagnetic according to
the XMCD-PEEM data of Fig. 1 (e). Indeed a clear magnetic do-
main structure can be seen in the case of the larger nanocrystals
for sample 1311. The type of magnetic contrast recorded indi-
cates a spin arrangement within these nanocrystals of the vortex
type.10,11

3 X-ray absorption measurements
XAS, XMCD and X-ray Linear Magnetic Dichroism (XLMD) mea-
surements, without making use of microscopy, but using applied
magnetic fields up to 0.6 T, have been carried out at the beam
line I1011 of the MAX-lab synchrotron radiation laboratory, Swe-
den.12 At the I1011 beamline, the Elliptically Polarizing Undula-
tor x-ray source allows to take XAS spectra with soft x-rays of a
polarisation state both close to circular or linear. Linear x-rays can
be produced with the plane of polarisation either in the storage
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ring plane or perpendicular to it. The measurements are per-
formed in the Total Electron Yield (TEY) mode by measuring the
photocurrent of the sample. In the TEY mode the effective mean
free path of the electrons is of the order of 2 nm, implying that
only a region of order 5 nm below the sample surface is probed
in this mode. Linear (with a degree of linear polarization of 0.95)
or close to circular x-ray polarization (with a degree of circular
polarization of 0.85) are used in XAS, XLMD and XMCD investi-
gations. XAS measurements were performed as a function of the
angle of x-ray incidence. At beam line I1011 the samples were
introduced into a Ultra High Vacuum chamber, equipped with
eight coils allowing for a magnetic field of 0.5T to be applied in
any space direction.10 At beam line I1011 the x-ray linear mag-
netic dichroism (XLMD) measurements were retrieved orienting
the applied magnetic field parallel or perpendicular to the polar-
isation plane of the x-rays. Linear x-rays are used in this case.
The electric field is applied in both cases along equivalent crys-
tallographic directions of the GaN lattice to avoid any intensity
variations in the XAS spectra of non magnetic origin. A magnetic
field of H = ±0.5 T serves to fix the magnetisation direction for
the XLMD experiments.

XAS and XMCD measurements under applied external mag-
netic field up to 6T were performed on selected samples at the
BOREAS beam line of ALBA, Spain (Fig. 2 (a)). The x-ray absorp-
tion spectra at BOREAS are taken using the sample photocurrent
in the TEY mode. A magnetic field of H =±6 T serves to reverse
the magnetisation direction for the evaluation of the x-ray mag-
netic circular dichroism (XMCD) magnitude at 300 K. Given the
higher energy of the storage ring a higher photon flux is available
allowing for a higher photon energy resolving power versus the
data of Fig. 2 (b) taken at the I1011 beam line of MAX IV-lab.
Sample 1311 is investigated at both beam lines.

The samples as introduced into the ultra high vacuum end sta-
tions for the XAS measurements show x-ray absorption specific to
C and O atom impurities, which disappears after in situ soft sput-
tering with Ar+ ions. We have used the Ar+ energy of 1 keV over
the sputtering cycle of 10 min. Typically two sputter cycles have
been used. To leave Fe-rich nanocrystals unaffected, no anneal-
ing has been carried out. The soft x-ray range between 0.2 and
1.5 keV was used to characterise the chemical composition of the
samples. No sizeable contamination was detected in this energy
range, only the expected N K-edge and L-edges of Fe and Ga were
detected in this energy range.4

The spatially integrated XMCD results indicate that even in the
presence of high applied magnetic fields the XMCD response per
Fe atom does not approach the expected values. It is relevant
to point out that for the samples from the (Ga,Fe)N family, such
as sample 987, only about half of the larger nanocrystals do ex-
hibit ferromagnetic contrast in Fig. 1(d). In combination with
the XPEEM and XMCD-PEEM micrographs, as observed in Fig. 1
where only roughly half the larger nanocrystals exhibit ferromag-
netic contrast, the possibility arises that even for larger nanocrys-
tals no ferromagnetic response is recorded. Turning to the data
of Fig. 2 (b) we note that a substantial magnetic response is
recorded for this sample also in the XLMD mode. The absence
of an XMCD magnetic response of sufficient magnitude as ob-

served in Fig. 2 (a) at high magnetic fields, and the presence
of a sizeable XLMD signal (Fig. 2 (b)) is an indication for the
existence of magnetic moments also in an antiparallel arrange-
ment. In this context it is relevant to also discuss the XPEEM and
XMCD-PEEM micrographs of Fig. 1 (d). In the case of sample 988
it is indeed observed that nanocrystals which are clearly identi-
fied in the XPEEM mode, do not exhibit ferromagnetic contrast
in the XMCD-PEEM mode. This lack of ferromagnetic response,
can also be caused by the existence of nanocrystals in an antifer-
romagnetic state, and not only by the specific geometry chosen in
this particular experiment and by the lack of lateral resolution.

4 First-principles and multiple scattering
calculations

Our first-principles calculations are based on DFT and are per-
formed using a plane-wave basis and Troullier-Martins norm-
conserving pseudo-potentials as implemented in the Quantum-
ESPRESSO package.13 For the exchange and correlation func-
tional, we employ the hybrid HSE06 exchange-correlation func-
tional. The plane-wave basis with a 60 Ry energy cutoff is suf-
ficient to achieve energy convergence. A 8× 8× 8 k-point mesh
is used for the Brillouin-zone integrations. A Gaussian smearing
of 0.014 eV is used for the initial occupations. Bulk Fe4N has a
cubic perovskite-type structure (space group Pm3̄m) with a lat-
tice constant of 3.795 Å. Our calculations give a lattice constant
of 3.779 Å, in fair agreement with the experimental value. We
have also obtained a similar agreement between computed and
experimental values for the rest of the studied FenN phases. The
calculations are done using supercells corresponding to conven-
tional unit cells. Since HSE06 calculations are computationally
very demanding in comparison to PBE ones, the structural opti-
misation of cell parameters and atomic positions is carried out at
the PBE level of theory, and the final relaxed structures are taken
for the HSE06 calculations. The HSE06 exchange and correlation
functional, that we use in our calculations, is substantially bet-
ter than the popular PBE functional. It can however, still be im-
proved by tuning its default parameters.14 This can be important
for the description of the electronic properties of certain materials
or inorganic systems.15 The use of the HSE06 functional does not
constitute a limiting factor within the level of accuracy needed
here. A detailed discussion of the limitations introduced by the
use of the HSE06 functional goes beyond the scope of the present
communication.

The FEFF code is an ab initio, self-consistent, multiple scatter-
ing code for the simultaneous calculations of excitation spectra
and electronic structure.16 Here we work with the real space op-
tion of the FEFF9 code. We have presented FEFF results of the
XAS and XMCD FenN phases previously, using real space struc-
tures as obtained from literature.4 Here we use the calculated
real space structures obtained by the structural optimisation by
means of DFT as described above, leading to the calculated mag-
netic moments as shown in Fig. 3 (b) and (c).
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