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We characterise the magnetism of self-assembled Fe,N nanocrystals,
combining core level spectroscopy with first-principles theory. Not
only ferromagnetic but also antiferromagnetic iron nitride nano-
crystals are identified, exhibiting stable magnetic properties at room
temperature. New stable magnetic phases are found, previously
believed to order magnetically only well below room temperature.
As determined by the growth conditions, several phases of magnetic
Fe,N nanocrystals are identified in the near surface region of GaN
based thin films, with typical dimensions from 50 to 100 nm,
embedded in the (Ga,Fe)N lattice or residing on the GaN surface. We
determine, at room temperature, Fe;N and FesN ferromagnetic nano-
crystals, as well as Fe;N and FeN nanocrystals in an antiferromagnetic
state, which is not stable at room temperature in their bulk phases.

1 Introduction

The miniaturization of devices requires new materials with a
size in the nanometer range, exhibiting stable magnetic properties.
One of the challenges material designers face is to stabilize the
magnetic moments against temperature fluctuations, whose
impact is increasing as the material size is reduced. Here we show
that iron nitride nanocrystals on a widely used semiconductor,
gallium nitride, offer a rich potential for novel magnetic materials
in the nanometer range.

The iron-nitrogen system, Fe,N, has attracted a lot of attention
because of its intricate phase diagram and its potential for
applications.’™ For doped nitrides with transition metal (TM)
impurities, nanocomposites formed during the epitaxy process
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show often ferromagnetic (FM) signatures persisting to above
the room temperature.*® Such nanocomposites containing
metallic magnetic nanostructures, have a potential for applications
in electronics, spintronics, photovoltaics, plasmonics, and
thermoelectrics.” Methods have been elaborated to position
the nanocrystals in predefined planes,”” to impose lateral
order,® and to fabricate nanocrystals in a form of dense nano-
column arrays extending across the film thickness.”® We study
here the case of the near surface region of GaN doped with Fe,
obtained by metal-organic vapour phase epitaxy (MOVPE). For
this system Fe,N nanocrystals are formed.'>""

We combine element specific X-ray Magnetic Circular
Dichroism (XMCD), X-ray Linear Magnetic Dichroism (XLMD),
and X-ray Photo Emission Electron Microscopy (XPEEM) at the
Fe L-edges to assess the magnetic phases of Fe-rich nano-
crystals in various families of (Ga,Fe)N samples. By combining
XMCD with XLMD measurements we quantify the value of the
antiferromagnetic (AFM) part of the magnetic moments. We
find that the AFM moment turns out to be of the same order of
magnitude as the FM one. By using XPEEM data, we find that
the size distribution of the AFM and FM nanocrystals is similar.
Using first principles calculations based on density functional
theory and ab initio modelling of our data using multiple
scattering calculations, we show that the existence of an AFM
magnetisation component in these samples is due to Fe,N and
FeN nanocrystals with an AFM ground state.

While this observation is consistent with magnetization data
revealing a linear component in field,® the presence of a high
temperature AFM ordering is surprising as the known AFM
phases, particularly {-Fe,N'? are stable only at low temperatures
(below 10 K). However, it has been known since some time that
particular hosts can impose chemical composition and a crystal
structure of the phase separated nanocrystals, which is unstable
and thus not observed in the free standing case. One of the
examples is the phase separation in Ga,; ,Mn,As, which if grown
by molecular beam epitaxy above 280 °C at x = 5% decomposes
into Mn-poor host and Mn-rich cubic nanocrystals,® whereas free
standing MnAs assumes only a hexagonal NiAs structure.

This journal is © The Royal Society of Chemistry 2019
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Our first principles calculations of Fe,N magnetism consid-
ering various structural and chemical settings show that FeN in
the NaCl structure is a stable AFM system. Both FeN and Fe,N
nanocrystals are found experimentally to be in a stable AFM
state at room temperature on GaN. We suggest therefore that
under appropriate growth conditions the GaN host can stabilize
AFM nanocrystals. In view of the emerging field of AFM
spintronics,”>'* the (Ga,Fe)N system becomes interesting, particu-
larly in the context of fast magnetooptical switching, taking into
account the progress in positioning of nanocrystals in the host.'®

2 Methods

The samples as introduced into the ultra high vacuum end
stations for the XAS measurements show X-ray absorption specific
to C and O atom impurities, which disappears after in situ soft
sputtering with Ar* ions. For the data of Fig. 1 employing XPEEM
allows for laterally resolving information. These measurements
have been performed using a grazing X-ray incidence angle of 16
degrees versus the sample surface plane, at room temperature. In
Fig. 1 XPEEM micrographs are shown in the direct XAS mode
using linear X-rays, with the photon energy set at the maximum of
the Fe L; white line. These micrographs allow to characterise the
chemical state of the near surface region, by tracing the relative
amount of Fe. In the XMCD mode circular X-rays are used allowing
to trace the ferromagnetic state of the nanocrystals which are
resolved (Appendix, ESIt'®). No magnetic field is applied in this
experiment.

For the data of Fig. 2 no lateral resolution is applied, all the
nanocrystals probed by the X-ray beam are measured. For the
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data of Fig. 2(a) the XMCD is probed using circular X-rays and
an applied magnetic field of 6T. The angle of X-ray incidence is
along the sample surface normal. Both the X-ray helicity and
the magnetic field can be reversed. The exact photon energy of
the Fe L-edges, its broadening and intensity are good markers
of the electronic configuration of the Fe atoms. Here, the
absolute photon energy and intensity is calibrated by using
the bee Fe reference sample measured in the same run within
0.1 eV accuracy. The Fe L-edges are dominated by dipole
transitions to the Fe 3d final states, seen in the form of intense
“white line” peaks, each followed by a continuum of final
states. In the inter-peak region, for energies close to and above
the L; white line and similarly for energies above the L, line,
the Fe 4s final states are also probed but with a very small cross
section. Once the spectra are properly normalised, differences
in the white line intensities are indicative of a different number
of Fe(3d) empty final states. The values of the magnetic
moments on a per atom basis, can be obtained from the XAS
and XMCD spectra by means of the XMCD magneto-optical
sum rules."”

Using Fe L-edge X-ray absorption spectroscopy in the XLMD
mode, it is possible to also record the Fe atom antiferro-
magnetic response.'®'® In an XLMD experiment the absorption
coefficient is recorded with the magnetisation parallel and
perpendicular to the X-ray beam polarization plane.'® The
difference between the two spectra is non zero in the presence
of a non zero magnetic moment on the Fe atoms even if the
atomic spins between neighbouring atoms have an anti-parallel
arrangement. For Fig. 2(b) linear X-rays are used, keeping the
angle of X-ray incidence along the sample surface normal. For
the linear X-rays the plane of X-ray polarization can be chosen

(d)

XAS : Fe L;-edge XMCD : Fe L;- edge

Fig. 1 Overview of the investigated samples and their XPEEM characterisation. (a) The Fe rich nanocrystals are embedded randomly in the GaN lattice
(samples 987, 988). (b) 5-Growth is leading to planar arrays of nanocrystals at a distinct depth below the surface (samples 1650, 1651). (c) The nanocrystals
are located on the GaN surface (samples 1311, 1303). (d) XPEEM micrographs of sample 988 with a field of view of 2 um, showing the same region. In the
XAS mode, the Fe rich nanocrystals are visible as bright contrast regions. Only about 50% of these nanocrystals, do exhibit FM XMCD contrast (circles).
(e) XPEEM micrographs of sample 1311 with a field of view of 2 um, of the same sample region. The larger nanocrystals deviate from the single magnetic

domain state in the XMCD mode.
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(a) Fe L-edge XAS and XMCD spectra versus photon energy for samples 987 and 1311 at 90° X-ray incidence. The XAS spectra (left scale) are

obtained with circularly polarised X-rays. A magnetic field of uoH = +6 T serves to reverse the magnetisation direction for the evaluation of the XMCD
magnitude at 300 K. In the inset the spectral region around the Ls white line is shown. For the Lz line hatched regions highlight satellite features. Here
these show FM contrast. (b) XAS and XLMD spectra versus photon energy for samples 1303 and 1311 at 90° X-ray incidence. Only the XAS average
spectrum is shown, as the XLMD intensity is very small. The X-ray polarisation direction is set either parallel or perpendicular to the magnetisation
direction for the evaluation of the XLMD magnitude at 300 K. The XAS spectra (left scale) are obtained with linearly polarised X-rays. Here the satellite

features are located at different energies.

to be either vertical or horizontal. The magnetic field can be
applied either along the horizontal or vertical directions. For
this communication we focus on the magnetic properties at
room temperature, as these are most relevant for applications.
Temperature dependent studies are more challenging, as the
magnetic properties may be strongly influenced by structural
effects, originating from the heteroepitaxial nature of the Fe,N
nanocrystals studied here.?*?!

For the theory data shown in Fig. 3 our first-principles
calculations are based on DFT and are performed using a plane-
wave basis and Troullier-Martins norm-conserving pseudo-
potentials as implemented in the Quantum-ESPRESSO package
(Appendix, EST+ '©).*> We calculate the theoretical spectra of Fig. 4
using the FEFF 9 code, in its real space option.>® Here we use the
calculated real space structures obtained by the structural
optimisation by means of DFT, leading to the calculated magnetic
moments as shown in Fig. 3(b and c).

3 Results and discussion
3.1 Magnetism at the nanoscale

The (Ga,Fe)N films investigated here have been selected from a
series of samples, whose composition, structural properties and

9476 | J. Mater. Chem. C, 2019, 7, 9474-9480

magnetism were examined (Appendix, ESIT '°).%** The magnetic

properties were characterised for some of these samples (samples
in (a) from Fig. 1).° The size and composition of the Fe,N
nanocrystals we study is steered by means of the sample growth
parameters and procedure.” The type of sample morphology we
present is indicated in Fig. 1(a-c). MOVPE samples Nr 987 and
988 (Fig. 1(a)) contain smaller Fe-rich magnetic nanocrystals
embedded in the GaN matrix® in the near surface region,
between 50 to 100 nm in average size.>® Planar arrays of Fe rich
nanocrystals can be formed by MOVPE (3-(Ga,Fe)N samples
1650 and 1651, Fig. 1(b)) deposited directly on the GaN
surface.” It is finally possible, to obtain Fe,N nanocrystals on
the GaN surface (samples 1303 and 1311, Fig. 1(c)) by Fe,N film
fragmentation.

For the XPEEM measurements we present results from two
different types of samples as indicated in Fig. 1, panels (d) and (e).
Using X-rays of photon energy leading to the maximum absorption
at the Fe L; edge, the bright regions of high intensity correspond to
the Fe rich nanocrystals in the XAS micrographs. Given the lateral
resolution of the instrument, we do not distinguish nanocrystals
smaller than 40 nm.?®® For sample 988 (Fig. 1(d)) lateral nano-
crystal sizes identified by XPEEM are typically of the order of
50 nm. The sample Fe,N/GaN is laterally more inhomogenous
presenting regions of smaller as well as larger Fe,N nanocrystals.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) The FM and non FM contribution to the magnetic moment per
Fe atom are shown, using both the XMCD and the XLMD data. The number
of 3d holes is obtained from the XAS spectra. The FM and non FM data
points follow distinct trends as highlighted in the hatched areas. (b) The
magnetic moment values as obtained by theory for the Fe atoms. Here the
theoretical values are shown limited to those as would be observed in an
XMCD and XLMD experiment. Similar trends are observed, as for the
experimental data. (c) The Fe atom magnetic moment values as obtained
by theory and the Fe,N atom structures are shown.

Here we show a region containing on average larger nanocrystals
(Fig. 1(e)). For the XMCD-PEEM data, the difference micrographs do
characterize the magnetic state of the nanocrystals (Fig. 1(d and e)
and Appendix, ESIT '®). Not all nanoctystals which are resolved in
the XMCD micrographs do exhibit FM contrast. For sample 988 only
about 50% of the nanocrystals do contribute to the FM contrast.
This is seen also for sample 1311 for the smaller nanocrystals.

We find for these samples that in a spatially integrating
XMCD measurement, under magnetic saturation conditions

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) The FEFF cluster is shown (using the VESTA software) for FesN

along a high symmetry axis (z) and slightly off (7° and 3° rotating around
x and y). The photoexcited atom is seen at the cluster center (yellow ball).
(b) XAS spectra are shown in the vicinity of the Fe Lz white line, corresponding
to two different families of samples. Fine structure is observed both in the low
and the high energy side of the Fe Ls white line, better seen in the first
derivative of the XAS signal. (c) Theoretical XAS spectra, calculated using the
FEFF 9 code. The weighted average of FEFF9 Fe,N spectra is made, with
weighting coefficients reflecting the magnetic moment determination.

(data of Fig. 2(a) and 3(a)) the magnetic moment obtained is
only of the order of 50% of the expected saturation value. The
magnetically live non FM nanocrystals are possibly in a para-
magnetic or an AFM state.

3.2 Magnetic moment determination

Spatially integrated XAS and XMCD spectra taken with circular
X-rays are shown in Fig. 2(a) (Appendix, ESIt *°). Clear differences
in the white line intensities are observed for samples 987 and
1311, indicative of a different number of Fe(3d) empty final states
in each case. XAS and XLMD spectra are shown in Fig. 2(b). In

J. Mater. Chem. C, 2019, 7, 9474-9480 | 9477
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Fig. 2(a) a high energy satellite to the main line is visible for both
the L; and L, white lines. For Fe L-edge XAS data in the literature,
a satellite feature has indeed been identified for Fe atoms with
N atoms as first neighbours.>® The satellites to the main peak
appear at different photon energies for samples 987 and 1311
(hatched regions for the L; line in Fig. 2). Interestingly, only one
of the satellites observed does exhibit XMCD contrast, which is
clearly not merged with the XMCD of the main line, this is the
one for sample 1311. This observation indicates that the merged
satellite is characteristic of a different FM Fe,N phase for sample
987, versus the FM Fe,N phase found in sample 1311. It constitutes
direct evidence for the presence of several local environments for
the photo-excited Fe atoms indicative of several distinct Fe,N
nanocrystal phases, which occur in a different manner for the two
families of samples.

In order to estimate the values of the FM moments on a per
atom basis, we apply the XMCD magneto optical sum rules."”
The result of this analysis is shown in Fig. 3, together with the
data from a magnetic standard where Fe is in the metallic bce
state."®?>?° It is observed that for all samples containing FM
nanocrystals even in the case where a 6 T magnetic field is
applied, only a FM spin magnetic moment of less than 1 ugp per
Fe atom is observed. For all Fe,N phases, based on theory, we
expect values of the magnetic moment of more than 1.5 pg per
Fe atom (Fig. 3(c)). This low FM spin moment value cannot be
explained alone by the presence of substitutional paramagnetic
Fe atoms, and is indicative of a large amount of nanocrystals in
a non FM state.

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. Using Fe L-edge X-ray absorption spectroscopy
in the XLMD mode, it is possible to also record the Fe atom
AFM response.'® It has been previously shown that indeed the
L-edge XLMD signal strength, for the 3d transition elements,
follows a quadratic dependence versus the strength of the atom
magnetic moments."® Here we follow a similar approach as the
one applied in this earlier work to obtain a measure of the value
of the Fe atom magnetic moments. In the samples we investi-
gate here we expect a mixture of various phases of embedded
Fe,N nanocrystals, including Fe,N and Fe;N.° We expect that
the XLMD signal will contain contributions from both parallel
and antiparallel Fe atom magnetic moments. Using the FM
component determined independently in situ by means of
XMCD, it is possible to extract the AFM contribution to the
Fe magnetic moment using both the XLMD and XMCD results.
Our findings indicate that some of the Fe,N nanocrystals are in
an AFM state. An AFM arrangement can indeed be expected for
Fe,N at low temperatures.>’ The Néel temperature is probably
much higher in our case as we investigate Fe,N in nanocrystal
form stabilised by the GaN matrix. The data of Fig. 3(a) give
the magnetic moments as determined by the experiment. The
magnetic moment values from experiment together with the
theoretical values shown in Fig. 3(b and c), allow to extract
the contribution of the various phases of Fe,N nanocrystals in
the samples which have been characterised. We have found
both theoretically and experimentally that the individual Fe

9478 | J. Mater. Chem. C, 2019, 7, 9474-9480
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magnetic moment of Fe,N, first decreases with increasing
nitrogen to iron ratio, followed interestingly by an increase.

3.3 First principles and ab initio theory

Our first-principles calculations are based on density functional
theory (DFT) (Appendix, ESIt'?).*> They have been done for
ZnS- and NaCl-type FeN, and also (-Fe,N, &-Fe;N, and y'-Fe,N
compounds. In all cases FM and AFM magnetic orderings have
been considered. By comparison of their total energies, we have
found that FM ordering is the ground state for e-Fe;N and
v'-Fe,N, since the FM phase is lower in energy than the AFM by
271 and 148 meV per (Fe ion), respectively, whereas AFM is the
preferred magnetic ordering for NaCl-type FeN (it is more
favourable than the FM ordering by 250 meV (Fe ion)).
The case of {-Fe,N is more complex, since according to our
calculations the AFM ordering is preferred over the FM ordering
by only 37 meV per (Fe ion), and this result is in accord with the
experiment, since both magnetic phases seem to be present in
our experiment and also previous experimental reports.*?
Finally, the ZnS-type FeN is nonmagnetic in agreement with
previous theoretical reports.®® For completeness, we have also
included the bce-Fe, that is FM in our studies with a magnetic
moment of 2.31 ug, a value that is close to the experimental one.
The results of our first-principles calculations are shown in
Fig. 3(b and c) where we plotted the absolute magnetic moments
of the Fe ions as a function of the charge transfer from Fe to N. In
both considered magnetic states, FM and AFM, the amount of
charge that is transferring from Fe to N is increasing with the
increasing nitrogen to iron ratio. This result is in accord with
the experimental picture plotted in Fig. 3(a), assuming that the
increasing number of 3d holes is directly proportional to the total
charge that is transferring from Fe ions to the nitrogen ions. This
charge transfer has, however, a completely different influence on
the behaviour of the Fe magnetic moments for the FM and AFM
phases of Fe,N. While the FM magnetic moment decreases with
the increasing N to Fe content ratio, the absolute value of the Fe
magnetic moment in the AFM phase first decreases reaching its
minimum for Fe,N and next increases reaching a high value of
2.17 up for FeN. This result is independent on the type of AFM
arrangement. We considered the AFM1 as well as the AFM2
phases consisting of single FM sheets alternating along the
[110] and [111] directions, respectively. The AFM2 phase is
energetically more favourable than the AFM1 by 44 meV per (Fe
ion), but the absolute magnetic moment of AFM1 is 2.13 ug, a
similar value than that obtained for AFM2. The non monotonic
variation of the magnetic moment is clearly visible also in the
experimental data points of Fig. 3(a). As the number of 3d holes
increases, we observe a decrease of the FM moment, as indicated
by the green hatched area. Beyond the value of 4.3 in 3d holes the
AFM moment is observed to increase, as indicated by the hatched
area in lilla.

Given the fact that various Fe,N nanocrystal phases are also
characterised by specific white line satellite features in the XAS
spectra, we can expect to be able to model the experimental XAS
data, once theoretical XAS spectra can be calculated for the
various Fe,N nanocrystal phases. We model our experimental

This journal is © The Royal Society of Chemistry 2019
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XAS spectra using the FEFF code (Appendix, ESIT '°).>> We have
calculated the theoretical FEFF XAS spectra for the various Fe,N
phases, n = 1-4. Using as a constraint the magnetic moment
values of Fig. 3(a), and the theoretical magnetic values of
Fig. 3(c), we have used a weighted average of the theoretical
spectra as indicated in Fig. 4. In the case of FeN a 2%
contraction to the lattice constant was applied, related with
the presence of the GaN lattice. The weighting factors allow to
match the experimental data with the theoretical ones, and
to determine the content of the various nanocrystal phases
present in the samples. We have not used any adjustable
parameters between the theoretical FEFF spectra and the
experimental ones. There is an energy shift between the absolute
energy values obtained by means of the FEFF code and the
experiment. Given that no adjustable parameters are used to
reproduce the experimental spectra using the ab initio FEFF code
the agreement between theory and experiment can be considered
as excellent. In Fig. 4 the first derivatives of the spectra magnify the
satellite fine structure. The theoretical modelling reproduces
well also small derivative trends, a stricter criterion for the
quality of the fit.

4 Conclusions

In summary direct evidence is presented for the existence of
Fe,N and Fe;N nanocrystals in a ferromagnetic state in GaN at
room temperature, in the near surface region for samples
prepared by MOVPE. Furthermore, the present set of X-ray
absorption data, based on ab initio theoretical modelling and
together with first-principles calculations, allow to establish the
existence of Fe,N and FeN nanocrystals in an antiferromagnetic
state at room temperature in the near surface region of GaN.
The magnetism of the Fe,N nanocrystals is stabilised by the
GaN matrix. Sizeable antiferromagnetic moments are observed,
due in particular to Fe,N and FeN nanocrystals in a magnetic
state not stable in the bulk at room temperature. Doping GaN
with Fe appears therefore as an excellent candidate system
to use for spintronic applications, exploiting the antiferro-
magnetic component of the magnetic moment of low dimensional
magnetic objects.
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