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The recently published two-step ammonolysis was adapted to the first synthesis of GaFe;N as a
pure phase and AlFe;N with a very high phase purity. Similar to archetypal y’-FesN (a = 3.7900(6)
A), the ternary nitride GaFe;N adopts a perovskite-like structure in space group Pm3m with a slightly
enlarged lattice parameter of a = 3.7974(1) A. The magnetic characterization clearly evidences
that GaFe;N is an antiferromagnet. The systematic exchange of Ga by Fe in going from GaFe;N to
y'-Fe,N results in a change from antiferromagnetic to ferromagnetic behavior. In contrast, the
homologous ternary nitride AlFe;N shows a statistical Al/Fe substitution which results in space
group Fm3m. AlFesN can be classified as a soft ferromagnetic nitride.

Introduction

Within the past 60 years, a large number of ternary iron
nitrides with the general formula MFe;N have been
investigated with regard to synthesis and structural and
magnetic properties. Structurally, these nitrides are clo-
sely related to the binary nitride y’-Fe4N, which has been
studied intensively using both experimental' ~* and theo-
retical®> methods. y’-Fe,N adopts an antiperovskite-like
crystal structure (Figure 1) with space group Pm3 mand a
lattice parameter of a = 3.7900(6) Al

This archetypal ferromagnetic binary nitride possesses
a remarkable chemical inertness and exhibits fascinating
magnetic properties that make y’-Fe4N a possible ma-
terial for high-performance magnetic recording heads. In
particular, the very large saturation magnetization Mg =
208 Am’kg ! (which is close to that of a-Fe with Mg =
218 Am?kg ') and also the low coercive field of Hc = 5.8
Oe ~ 460 A m~ " have attracted early attention.” It is still
important to improve materials for magnetic data sto-
rage, next to developing better technologies based on new
physical phenomena. This is surely an anticipated syn-
thetic challenge® for solid-state chemistry. Consequently,
it is well-known that the magnetic properties of y’-FesN
can be influenced by substituting the iron atoms on
Wyckoff positions 1a and/or 3¢. The newly introduced
atoms mainly control the crystal growth, thereby yielding
magnetic particles with a pronounced anisotropic shape
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and a high coercive field that makes them suitable for
high-density storage materials.””® As already mentioned,
MFe;N-type nitrides were synthesized using a wide range
of metals (for an overview seec Table 1). The results of
preceding contributions can be found in ref 10. Addition-
ally, nitrides with the formula M Fe4— N are formed with
M = Co,} Cu,'"'2Zn, 3 Ru,’ Ag,14 Os,” and Ir” (x<1)as
well as with Sn (0 < x < 1.2),'>57"7 Mn,? and Ni"18720
(0 < x < 4). ForGa'?, Ge'? (x < 1) and AI*!, other nitridic
side-phases of M or iron were observed. The iron nitride
with Mg®! has only been briefly mentioned. Also, dalto-
nide phase MFe;N were obtained for M = Rh,2>? pd,*
Pt,' In,'*"* and Au." Eventually, many of the aforemen-
tioned nitrides plus a couple of hypothetical nitrides, yet
to be synthesized, were investigated by theorists in order
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Figure 1. Crystal structure of y'-Fe,N in space group Pm3m (a =
3.7900(6) A).*> The nitrogen atom (green) occupies the very center
(Wyckoff position 15), and the iron atoms (red/yellow) are found at the
corners (la) and face centers (3¢). In GaFe;N the iron atoms at the la
corner positions are almost fully replaced by gallium atoms. Because
AlFe;N adopts space group Fm3m, the iron and aluminum atoms
statistically occupy the corner and face-centered positions (4a) with a
3:1 ratio while every fourth body-centered site (25%) is occupied by
nitrogen (4b).

to characterize their structural, magnetic, and mechanical
properties.'#>7%3

The substitutional preference of the M atom to go on
Wyckoff position 1a and/or 3¢ depends on the relative
affinities of Fe or M to the nitrogen atom and, even more
important, on the relative sizes of the metallic radii.**
Only if the metallic radius of the substituting M atom is
larger than that of the Fe atom is position la clearly
preferred, simply because the coordination sphere of the
la-centered cuboctahedron (see Figure 1) is much larger
than the one of the 3¢ position.*

After studying the iron—gallium—nitrogen phase dia-
gram, the first synthesis of GaFe;N'? was already pub-
lished by Stadelmaier and Fraker in 1962. A total of five
compositions with different Ga:Fe atomic ratios between
0.3:3 up to 1.3:3 were synthesized using classical NH3/H,
ammonolysis reactions at 600 °C. The reactants were
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powdered alloys, and the target compositions were estab-
lished by previous sintering reactions. Although no dif-
fractogram had been given, all phases were stated to
exhibit the crystallographic symmetry of y’-Fe4N, namely
Pm3 m. Independent of the amount of incorporated Ga,
all phases exhibit a lattice parameter of @ = 3.80 A, which
is close to that of y’-Fe,N despite the fact that the metallic
radius of gallium ry(Ga) = 1.41 A% is much larger than
that of iron. This is difficult to understand in the context
of an anticipated Vegard-like relationship between lattice
parameters and chemical compositions but probably
hidden under the unknown error bars of the published
lattice parameters. According to the authors, gallium
seems to have a wide solubility range in the binary iron
nitride. Nevertheless, each synthesis is accompanied by
the hexagonal side-phase GaN.*® Unfortunately, the
lattice parameters and the GaN weight fractions were
not reported. Furthermore, a theoretical investigation of
the ternary nitride GaFe;N is still missing.

Another contribution of Stadelmaier and Yun describes
the aluminum—iron—nitrogen system.>' By using an ana-
logous synthesis the authors arrived at “AlyzFe 3N 47 next
to the side-phase AIN. The ternary nitride is characterized
by a lattice parameter of ¢ = 3.80 A and possesses the
y'-Fe4N-analogous structure. Thus, also the solubility
range of Al in y’-Fe N seems to be relatively large. Other
Fe:Al ratios resulted in different structures, e.g., the
e-FesN-related ternary nitride.

It is difficult to avoid a side-phase during the synthesis
of such ternary iron nitrides because these often have a
low free energy of formation. An example on how to
improve the phase purity is given by the itinerant ferro-
magnet and ternary nitride RhFe;N that was investigated
by our group.’>***> The recently published two-step
ammonolysis method combines a high-temperature
(1000—1300 °C) sintering step and a low-temperature
(ca. 500—600 °C) nitriding reaction (see Figure 2) to give
RhFe;N with a significantly improved phase purity.?
The lower temperature may be looked upon as fairly
typical for the nitridation of y’-Fe4N and related ternary
nitrides. A temperature ramp is introduced between the
two reactions to yield the slightly more stable nitride
under thermodynamically controlled conditions.

Results and Discussion

A phase-pure synthesis of GaFe;N was achieved by
varying the synthesis parameters, that is, the sintering
temperature and the duration of the two-step ammonolysis
synthesis. The phase-pure nitride was made with a high-
temperature (1100 °C) and a brief sintering reaction ahead
of the actual nitridation reaction. As already described by
Stadelmaier, we observed the side phase GaN for sintering
temperatures lower than 1100 °C. The diffractogram (see
Figure 3) clearly evidences that GaFesN possesses an, at
least partially, ordered structure, i.e., the typical perovskite-
like y’-FeyN-analogous structure in space group Pm3m
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Table 1. Overview of Current Synthetic and Theoretical Contributions Targeted at MFe;N Type
Nitrides As Published in the Literature”

Al*

Ti v Cr Mn Fe Co Ni Cu Zn Ga* Ge*
Ru Rh*  Pd Ag In Sn
Os Ir Pt Au

M theoretical investigations available

M* main phase is accompanied by one or more side-phases

M small amount/occupation of the substituting metal

M wide range of occupations possible; also larger than 1.0

M phases with an occupation of M that is close to 1.0

“ An underlined element symbol indicates a theoretical investigation. An asterisk shows that
the synthesis is accompanied by one or more side-products. Furthermore, the background color
is an indicator of the occupation with regard to the substituting metal M.

sintering reaction

nitriding reaction

Figure 2. Schematic diagram showing the two-step ammonolysis reac-
tion with a high-temperature (1000—1300 °C) sintering step and a low-
temperature (ca. 500—600 °C) nitriding reaction. Between the two reac-
tions, a temperature ramp is introduced to yield the slightly more stable
nitride under thermodynamically controlled conditions.

including the low-angle reflections (100) and (110), which
are not observed in the disordered structure with space
group Fim3 m. The lattice parameter of @ = 3.7974(1) Aisin
excellent agreement with the literature.

In analogy to the investigations on the ternary nitride
RhFe;N?*? the occupation of position la with either
gallium and/or iron deserves a closer attention. In the
Rietveld refinements, the 1a occupation parameter was
therefore split into two, and the iron and gallium site
occupations were constrained to unity. The refined Ga
occupation arrived at 90(10)%. Assuming that gallium,
because of its larger metallic radius, exclusively occupies
position la but not position 3¢, the gallium occupation
for position la can also be calculated on the basis of the
iron/gallium ratio (k, = at %(Fe)/at %(Ga)) measured
by atom absorption spectroscopy (AAS). Because of the
space group Pm3m, the iron and gallium site multiplicity
of positions la and 3¢ always sum up to '“x§% + x(Fe) =
4 with x(Fe) = '“x§%k, using the aforementioned as-
sumption. Combining both formulas and solving for the
gallium occupation on position la one arrives at '“xg2. =
4/(1 + ko) = 75(10)%. With respect to the limited gallium
sensitivity of the AAS method, this occupation is in good
agreement with the refined XRD value. Additional mea-
surements using SEM/EDX spectroscopy again resulted
in a gallium occupation of around 90(10)% (see Figure 4).
Thus, the correct formula must be GagygFe; |N. For the
sake of simplicity, we will continue to use the formula
GaFesN.
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Figure 3. X-ray diffraction pattern and Rietveld refinement plot of
GaFe;N (Pnm3m; a = 3.7974(1) A, above) and AlFe;N (Fm3m; a =
3.7967(3) A, below). The vertical bars designate the positions of the Bragg
reflections and the corresponding (/k/) indices. The inset in the AlFe;N
plot shows the simulated pattern of AlFe;N using the erroneous space
group Pn3m (Al on la, Fe on 3¢, N on 15) and the profile parameters of
the correctly refined pattern.

The magnetic properties of GaFe;N were determined by
SQUID magnetometry (MPMS-5S, Quantum Design) in the
temperature range of 100—400 K at applied fields of By =
0.03 T and By = 0.1 T. Although the Néel temperature
cannot be clearly determined, the paramagnetic Curie—Weiss
temperature is slightly negative (6, between —22 and —10 K),
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indicating a weak antiferromagnetic coupling (see Figure 5,
left). A hysteresis loop was recorded at a temperature of 5 K
within a field range of + 5 T (see Figure 5, right). Up to the
applied field of By = 5 T, the magnetization of the sample is
not saturated, and the unsaturated magnetic moment, possi-
bly because of the minor Fe occupation of the la site in
GaFe;N, reaches a value of ¢ = 0.87(1) ug per formula unit.
In accordance with the antiferromagnetic behavior, the
coercive field Hc and the remanent magnetization are negli-
gible. Thus, the hysteresis measurement of GaFe;N is
indicative of an antiferromagnetic material, too. Because
the other known ternary iron nitride of main group III,
namely AlFe;N (see below), is characterized as a ferromag-
netic and InFesN as a paramagnetic material,>* the role of Ga
with respect to the decay of the ferromagnetic behavior is
noteworthy. Neutron diffraction studies are planned to
determine the spin ordering.

Finally, temperature-dependent X-ray diffraction ex-
periments were carried out up to 630 °C to determine the

Figure 4. Particle size distribution for GaFe;N determined by scanning
electron microscopy; EDX spectroscopic measurements were repeated for
different spots to give an average gallium occupation on position la of
90(10)% (see text).
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decomposition temperature of GaFe;N. As can be seen
from Figure 6 (top), the decomposition starts at about
540 °C and is completed above 600 °C; the GaFe;N
reflections disappear in between. This finding is analo-
gous to the previously synthesized ternary nitride
RhFesN, which revealed a decomposition temperature
of 530 °C.*

To get a better understanding of the evolution of the
lattice parameters and the magnetic properties between
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Figure 6. Temperature-dependent X-ray diffraction of GaFe;N (top)
and AlFesN (bottom) in the 26 range between 38 and 50° the two
individual reflections with the highest intensity have been indicated. Both
nitrides are stable up to a temperature of approximately 540 °C and
decompose at higher temperatures. In the case of AlFes;N, the formation
of an iron—aluminum alloy can be observed by the new reflection at 44°.
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Figure 5. Reciprocal molar magnetic susceptibility for GaFe;N at applied fields of By = 0.03 T and By = 0.1 T as a function of temperature (left) and the

hysteresis loop of GaFesN at 5 K (right).
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Table 2. Ideal Composition x of the Ga,Fe,_ N series, together with
lattice parameter a, occupation of Ga on the 1a position “x32,,
Gaussian—Lorentzian 7 mixing parameters and related Bragg values,
molar mass M and X-ray density p

X ad) 8% m Ry(%) Rs(%) M(gmol ') p(gem™)

090 3.7974(1) 0.9(1) 0.42 143 377  251.27 7.62
0.75 3.7974(1) 0.8(1) 048 1.55 8.68  247.80 7.51
0.625 3.7958(1) 0.6(1) 0.61 101 129  246.07 7.47
0.50 3.7941(1) 0.5(1) 0.42 135 296 24433 7.43
0.375 3.7934(1) 0.4(1) 0.66 130 539 24260 7.38
025 3.7929(1) 02(2) 0.51 144 632  240.86 7.33
3.798 | N ]
8
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Figure 7. Change of the lattice parameter « (left) based on the intended
(M) and the refined composition (O) as well as the atomic saturation
moments (right) u (®) and the unsaturated moments (O) for the entire
Ga,Fe,— N series of compounds. Note that the phase simplified as
GaFe;N has a composition of GaggFes N (see text). The error bars
indicate the uncertainty of the occupation on position 1a. With respect to
the lattice parameters, their error bars are smaller than the data points
themselves.

the limiting case of the archetype y’-Fe,N and the com-
pound GaFe;N, several compounds within the Ga,-
Fe4— N series with x = 0.25, 0.50, 0.625, and 0.75 were
synthesized and characterized. Compositional and struc-
tural parameters are listed in Table 2.

With respect to the refined occupation of position la,
the occupation is prone to systematic error because the
Ga and Fe X-ray atomic form factors are quite close to
each other. Nevertheless, the compositions of all synthe-
sized compounds are in good agreement with the ideal
compositions.

Figure 7 (left ordinate) shows the refined lattice para-
meters as a function of the composition. y'-Fe,N exhibits
a lattice parameter of « = 3.7900(6) A. The substitution
of one-quarter of the Fe atoms on Wyckoff position la
leads to the composition Gag,sFe;;sN and a slightly
larger lattice parameter of a = 3.7929(1) A, a likely
consequence of the larger metallic radius of Ga (rg, =
1.41 A)45 compared to Fe (rg, = 1.24 A).45 The further
incorporation of Ga, realized in Ga,Fes— N with x =
0.375,0.5,0.625, 0.75 increases the lattice parameter up to
a = 3.7974(1) A. The (almost) full occupation of the la
site finally results in the formation of the GaFe;N, which
exhibits the same lattice parameter as Gag 75Fe3 »sN such
that a Vegard-type trend is obvious.

The magnetic characterization of the Ga,Fe4_ N series
reveals an almost linear decrease for the magnetic mo-
ments in going from y'-Fe4N (u3(5 T) = 8.86 up) via

Houben et al.
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Figure 8. Hysteresis loops of Gag,sFes;7sN (W), GagsoFessoN (@),
Gay s25Fe3375N (A), Gag7sFes;2sN (¥), and GaggoFes 10N (#) at 5 K.
Magnetic saturation, the remanent magnetization as well as the coercive
field lower with an increasing gallium concentration.

Ga0A25Fe3A75N down to GaFe3N (/,ta(S T) = 0.87 ﬂB),
illustrated by the likewise Vegard-type line in Figure 7
(right ordinate). It is important to recall that only the
sample with x = 0.25 is saturated with respect to the
magnetic moment whereas the samples with x > 0.5 (open
symbols) are unsaturated at 5 T and 4 K. Thus, for x >
0.5, the saturated magnetic moments may be expected to
be even larger (see Figure 8). The incorporation of Fe into
the crystal structure increases the total magnetic moment
by the substitution of the magnetically inactive Ga
element. We suggest a change from the ferromagnetic
Gag sFe; sN to the antiferromagnetic GaFesN. Such a
complete occupation of the la position by Ga results in a
decay of the ferromagnetic ordering.

A systematic theoretical investigation is currently under
preparation.

The homologous ternary nitride AlFe;N is insuffi-
ciently described in the literature. Other aluminum—iron
nitrides were synthesized together with other side phases
(see above).”! By optimizing the parameters of the two-
step ammonolysis, the nitride AlFe;N was synthesized in
almost phase-pure form, with the exception of a very
small and broad reflection at about 26 = 44° that has not
yet been attributed to another known phase. In contrast
to most MFe;N nitrides, AlFesN is not an ordered
structure with space group Pm3m but can be described
with a statistical occupation of iron and aluminum (ratio
3:1)in space group Fm3m. Here, the metals form the face-
centered cubic packing (position 4a), whereas the nitro-
gen statistically occupies one-fourth (25%) of the octahe-
dral sites (position 4b). This result is immediately obvious
from a comparison between both structures and space
groups on the basis of structure-factor calculations, as
seen from the corresponding diffraction patterns (see
Figure 3, bottom). The refinement of the constrained
occupation parameters of both metals (position 4a) evi-
dences correct composition.

Temperature-dependent X-ray diffraction experiments
were carried out up to 730 °C to determine the decomposition
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Figure 9. Variation of the magnetic moment u, per formula unit AlFe;N ata field of By = 0.01 T as a function of temperature (left) and the hysteresis loop
of the ferromagnetic AlFe;N at 5 K (right); in the latter, a part of this loop (insert) displays the remanent magnetization and the coercive field. The solid lines

in the insert only serve to guide the eye.

temperature of AlFe;N. As it can be seen from Figure 6
(bottom), the decomposition starts at about 540 °C and is
completed above 600 °C. Within this temperature range the
AlFesN reflections disappear, and the formation of a new
reflection of an iron—aluminum—alloy can be observed. This
finding is again similar to the previously discussed nitride
GaFe;N and to the ternary nitride RhFe;N with a decom-
position temperature of 530 °C.*

Additionally, the measurement of the magnetic mo-
ment using a vibrating sample magnetometer (PPMS/
VSM) at an applied field of By = 0.01 T as a function of
the temperature shows a strong temperature dependency
in the range from 500—600 °C (see Figure 9). Upon
extrapolating the linear fit of the steepest part of the
magnetization curve to the intersection with the tempera-
ture axis, one finds a temperature of 7" = 546(20) °C for
AlFe;N. Because this temperature is in excellent agree-
ment with the decomposition temperature determined
above, it is obvious that the sample decomposed during
the measurement. The finding was fully reproduced using
a new sample. Thus, the Curie temperature is not reached
before the decomposition process begins, such that 7 of
AlFesN is much higher than that of RhFe;N (7T¢ =
505(25) K).>> A further magnetic characterization using
a SQUID magnetometer clearly shows that AlFesN is
ferromagnetic like the archetype y’-Fe4N. Within the
hysteresis loop the specific saturation magnetization
measured at 5 T reaches a value of o, = 144(2) A m?
kg™ ' (see Figure 9). In comparison to y’-Fe,N, this is
about 30% smaller, simply because of the missing mag-
netic moment of one Fe atom. Next to that, the coercive
field is 10 times smaller than the one of y’-Fe,N. These
findings and the remanence of uoMyr = 0.25(2) T allow
us to classify AlFe;N as a soft magnetic material.

Conclusion

In summary, the two-step ammonolysis yielded the first
phase-pure synthesis of the ternary nitride GaFe;N and
the homologous nitride AlFe;N with very high phase

purity. GaFesN adopts a perovskite-like structure
(Pm3m) with a lattice parameter of ¢ = 3.7974(1) A in
which Ga exclusively occupies the 1a position. AAS and
EDX measurements suggest a slightly reduced gallium
occupation resulting in the formula '“(GagoFey )*“-
Fe;'”N. The magnetic properties evidence an antiferro-
magnetic behavior. In the series Ga,Fe,_ N the magnetic
moment increases with an increasing amount of iron on
position la. Thus, a systematic change from a ferromag-
netic to an antiferromagnetic ordering takes place. The-
oretical studies and further experiments, e.g., neutron
diffraction studies, are necessary to understand the role
of Ga with respect to the decay of the ferromagnetic
ordering and to determine the spin ordering and the
magnetic properties. For the first time the phase AlFesN
is characterized as a soft itinerant ferromagnet with a
lattice parameter of « = 3.7967(3) A, which can be
described, different from GaFes;N, with a statistical
occupation of iron and aluminum (ratio 3:1) on position
4a in space group Fm3m.

Experimental Section

Synthesis of GaFe;N (AlFe3N). The powdered reactants
Ga,0;3 (Al) and Fe,O5 were mixed and accurately ground using
a stoichiometric ratio of 1:3 for the metal atoms. For the
optimized synthesis the following parameters (see Figure 2) were
used: 77 = 1100 °C (77 = 1100—1200 °C), #; = 1 min, 7> = 500
°C, t, = 3 h. The ammonolysis gas was a NHz:H, mixture with a
1:1 ratio.

XRD and Rietveld Refinement. X-ray diffraction at room
temperature for Ga,Fey— N was performed using a calibrated
STADI MP (STOE Darmstadt) powder diffractometer with Cu
Ka, radiation (1 = 1.54059 A; flat sample; 5 < 20 < 130°, step
rate 0.01° in 26). The same procedure was carried out for
AlFe;N on a Huber G670 Image plate powder diffractometer
with Cu Ko radiation (1 = 1.54059 A; flat sample; 5 < 20 <
100°, step rate 0.005° in 26). The Rietveld refinement was carried
out with the program FullProf*’ and a pseudo-Voigt profile

(47) Rodriguez-Carvajal, J. FULLPROF version 4.0; Institut Laue-
Langevin: Grenoble, France, 2007.
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function. The refinement parameters and the residual values for
the series of Ga, Fe N are listed in Table 2. The positions are
la for Ga, 1b for N, and 3¢/1a for Fe within space group Pm3m.
By constraining the sum of the occupation parameters of iron
and the main-group III metal on la to unity, the metal con-
tribution for this position can be refined. Likewise, the iron
occupation on position 3¢ was refined to be 100%.

For AlFe;N, the formula weight is M = 208.53 g/mol with a
cell volume of ¥ = 54.730(3) A>. The X-ray density is p =
6.33 g cm . The refined lattice parameter of AlFesN is a =
3.7967(3) A. The constrained occupation refinement results in
the correct composition of Al g Fes o)N. Thus, the Wyckoff
positions within space group Fm3m are 4a for Fe/Al (fully
occupied) and 4b occupied by 25% with N.

SEM/EDX. We used a LEO Supra 35 VP (LEO electron
microscopy, Cambridge) for the SEM and an INCA Energy 200
(Si(Li)-crystal) from Oxford Instruments for the EDX analysis.

SQUID. The magnetic properties of all samples, except the
temperature-dependent measurement of the magnetic moment

Houben et al.

for the AlFe;N sample, were determined by SQUID magneto-
metry (MPMS-5S, Quantum Design) in the temperature range
2—-360 K and at applied fields between B, = 0.005 and 0.02 T.
Hysteresis loops were recorded at a temperature of 5 K in the
field range +5 T.

PPMS/VSM. The temperature-dependent measurement of
the magnetic moment of the AlFesN sample was carried out
using a Vibrating Sample Magnetometer (PPMS, Quantum
Design with VSM/Oven options) in the temperature range
350—850 K and at an applied field of By = 0.01 T.
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