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Abstract

We have succeeded in synthesising iron-tungsten nitrides using the hot isostatic pressing (HIP) method and have measured their
magnetic properties. Two η-carbide-type iron-tungsten nitrides with lattice constants a = 11.043(1) and 10.937(2) Å were synthe-
sised directly from metal elements under high-pressure nitrogen gas. Their compositions are expected to be Fe3W3N and Fe6W6N
in analogy with other η-carbide-type compounds. Fe3W3N is a ferromagnet with a Curie temperature TC = 110 K and a saturation
moment PS = 0.78 µB/Fe, whereas Fe6W6N is an antiferromagnet with a Néel temperature TN = 75 K and shows a metamagnetic
transition at around 25 T.

Keywords: nitride materials, gas-solid reactions, sintering, magnetisation, high magnetic field, Mössbauer spectroscopy

1. Introduction

The magnetism of iron-based and iron-alloy-based nitrides
has been studied extensively because iron tends to have a large
moment and is an earth-abundant element. Several iron nitrides
(α-FeN, α′-FeN, α′′-Fe16N2, γ′-Fe4N, ε-Fe3N, etc.) are known
to exist [1]. Among them, α′′-Fe16N2 has attracted much at-
tention owing to its giant moment exceeding the value expected
from the Slater-Pauling curve (for example, [2]), although sev-
eral controversial reports are present [1, 2]. Sm2Fe17N3 is one
of the most important iron-based nitrides because its Curie tem-
perature, uniaxial anisotropy, and saturation moment are higher
than those of Nd2Fe14B (for example, [3]). In materials such as
iron nitrides mentioned above and Sm2Fe17N3, nitrogen atoms
occupy interstitial sites and expand the lattice, stabilising the
magnetic moment and improving the magnetic properties of
these materials. However, although these materials are mag-
netically interesting, they cannot be used for industrial applica-
tions; this is because, these materials have low decomposition
temperatures, and hence, they cannot be sintered in bulk, an im-
portant requirement for industrial use. On the other hand, iron-
based nitrides containing other d-block elements, such as those
of the η-carbide-type (Fe3Mo3N [4], Fe3Nb3N [5], Fe3W3N [6],
and Fe4W2N [7]) and of the filled β-Mn-type (Fe2−xMxMo3N
(M = Ni, Pd, Pt) [8]), are obtained by heat treatments at rela-
tively high temperatures (∼1000◦C). In order to sinter nitrides
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in bulk, a high-temperature reaction is likely to be more suit-
able. If these materials are found to be ferromagnetic at room
temperature, they would be promising for industrial applica-
tion. Recently, ferromagnetism has been reported in filled β-
Mn-type nitrides [8]. Although their Curie temperatures are
lower than room temperature (the highest Curie temperature of
225 K was obtained for Fe1.25Pt0.75Mo3N), it is expected that
some related compounds will exhibit room-temperature ferro-
magnetism.

The general formula of η-carbide-type compounds with the
cubic Fe3W3C-type crystal structure (space group Fd3̄m) is
M f

6 T e
4T d

2 Xc
mXa

n , where M = Nb, Mo, W, Ta,· · ·; T = Cr, Mn,
Fe, Co, Ni; X = C, N, O; m = 0, 2; and n = 0, 1. The super-
scripts f , e, d, c, and a represent Wyckoff positions. In the case
of m = 2 and n = 0, that is, T3M3X, the structure is referred to
as η-6 (the number represents the number of metal atoms per X
atom). Similarly, the case of m = 0 and n = 1, that is, T6M6X,
is called η-12. The short T -T distances of 2.5–2.6 Å suggest
that these η-carbide-type compounds will exhibit itinerant elec-
tron magnetism. However, few physical properties of these η-
carbide-type iron-based nitrides have been reported.

Recently, we conducted a detailed study on Fe3Mo3N and
found that this material does not order magnetically down to
0.5 K but shows a non-Fermi liquid behaviour in a low temper-
ature region [9]. This material is located in the vicinity of the
ferromagnetic quantum critical point. Ferromagnetism is eas-
ily induced by external perturbations. A very sharp itinerant
electron metamagnetic transition was observed at 14 T at low
temperatures. The substitution of a small amount of Co induces
ferromagnetism with Curie temperatures lower than 20 K [10].
Hence, the magnetism of related iron-nitrides is also expected
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to be interesting.
In general, the difficult synthesis of nitrides prevents us from

studying the physical properties of these materials. Fe3Mo3N,
Fe3W3N, and Fe4W2N were first synthesised by the ammonoly-
sis of precursors FeMoO4 for Fe3Mo3N [4] and metal-organic
compounds for Fe3W3N [6] and Fe4W2N [7]. The handling of
hazardous ammonia gas and air-sensitive metal-organic com-
pounds requires special equipment. Prior and Battle developed
an easy method for synthesising Fe3Mo3N in a single step by
heating a mixture of Fe2O3 and MoO3 in the proper molar ra-
tio in a N2(90%)-H2(10%) gas stream [11]. We adopted this
method to synthesise Fe3Mo3N in our studies on its physical
properties [9, 10]. This method also appeared to be promising
for the synthesis of tungsten systems, but it was later found to
be unsuitable.

A serious problem in synthesising nitrides is the desorption
of nitrogen at high temperatures, resulting in the decomposition
of the compound. To overcome this difficulty, we select the hot
isostatic pressing (HIP) technique, which is often used to sin-
ter nitrides such as Si3N4 at high temperatures. High-pressure
nitrogen gas possibly suppresses the decomposition. We found
that the iron-tungsten nitrides, Fe3W3N and Fe6W6N, can be
synthesised directly from metal elements under high tempera-
ture and pressure. Magnetisation measurements revealed that
Fe3W3N is a ferromagnet with a Curie temperature TC = 110
K and that Fe6W6N is possibly an antiferromagnet with a Néel
temperature TN = 75 K.

2. Experiments

The HIP system (Kobe Steel, Ltd.) at Doshisha University
was used in this experiment. A cold-pressed specimen, that is,
a mixture of powdered iron and tungsten weighted in a proper
molar ratio, was placed in a high-pressure vessel equipped with
a carbon heater. The sample was capped with an alumina cru-
cible to prevent carbon contamination. The vessel was purged
several times and finally filled with nitrogen gas. The initial
gas pressure was adjusted to attain the target pressure at the fi-
nal temperature. The maximum temperature and pressure were
1500◦C and 200 MPa, respectively. The temperature was raised
gradually and was maintained at the target temperature for 1–
2 h. Then, the heater was turned off to cool the sample in the
furnace. After the cooling, the pressure was released.

The synthesised samples were examined by X-ray diffrac-
tion (XRD) analysis (Rigaku MiniFlex) using Cu Kα radiation.
Electron probe microanalysis (EPMA) was performed for some
samples to determine chemical compositions. The temperature
dependence of the magnetisation in the range of 5 to 300 K
and up to 7 T was measured using a superconducting quantum
interference device (SQUID) magnetometer, MPMS (Quantum
Design) at the Research Center for Low Temperature and Ma-
terials Sciences, Kyoto University. 57Fe-Mössbauer spectra of
Fe3W3N were recorded at University of Hyogo using a con-
stant acceleration method at several temperatures. The high-
field magnetisation measurement was performed using a pulse
magnet at ISSP, The University of Tokyo, up to 54 T at 4.2 K.

3. Results and Discussion

3.1. Synthesis and Phase Analysis
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Figure 1: HIP temperature and pressure conditions and obtained phases. The
numbers in parenthesis indicate the order in which the experiments were con-
ducted. The numbers in brackets represent the ratio of A to B estimated from
XRD main peaks. The phases A and B are identified as Fe3W3N and Fe6W6N,
respectively.

Figure 1 summarises the heat treatment conditions, namely,
temperature and pressure, and the results of XRD characterisa-
tion. The numbers in parenthesis indicate the order in which the
experiments were conducted. Case 1 (1500◦C, 200 MPa) was
studied first. Although no liquid phase exists below 1500◦C in
the Fe-W phase diagram [12], the surface of the specimen was
found to be melted. XRD showed that the sample consists of W
and Fe7W6. No nitride phase was observed.

Figure 2 shows the XRD pattern of sample 2 (1300◦C,
200MPa) with the calculated pattern of Fe3W3N [6]. We
found two sets of peaks, which were characteristic for the
η-carbide-type structure. These η-carbide-type iron-tungsten-
nitrides were synthesised from pure elements for the first time.
We name the phase with the larger lattice constant A (corre-
sponding to the reflections indicated by solid triangles) and that
with the smaller lattice constant B (open triangles). The lattice
constants are estimated to be 11.043(1) and 10.937(2) Å for A
and B, respectively. The lattice constants of compounds with
the η-6 structure are generally larger than those of compounds
with the η-12 structure by about 1% when the compounds are
composed of the same elements. For example, in the case of the
Fe-W-C system, lattice constants of 11.10–11.14 Å and 10.96
Å have been reported for η-6 and η-12, respectively [13, 14].
Because the lattice constant of A is larger than that of B by
0.96%, it is reasonable to consider that A and B have η-6 and
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Figure 2: The XRD pattern of sample 2 (solid curve). The simulated pattern of
Fe3W3N [6] is represented by the dashed curve. Solid triangles, open triangles,
solid circles, and open circles indicate reflections of Fe3W3N (A in the text),
Fe6W6N (B), FeWO4, and Fe7W6, respectively.

η-12 structures, respectively. In the Fe-W-C system, solid solu-
tions between Fe2W4C and Fe4W2C are known to exist as η-6
[13]. The presence of both Fe3W3N and Fe4W2N [6, 7] sug-
gests the possible formation of solid solutions between them,
analogous with the case of carbides, but A will be reasonably
identified as Fe3W3N from EPMA, as mentioned below. To
the best our knowledge, B is a η-12 iron-tungsten nitride, syn-
thesised for the first time. The remaining peaks are assigned
to either FeWO4 or Fe7W6. The origin of oxygen included in
FeWO4 is unclear. Surface oxidation of the metal powder, oxy-
gen impurity in the nitrogen gas, and residual air in the pres-
sure vessel are possible sources. To reduce the oxide impurity,
after case 2, we attempted the following procedure: (1) a cold-
pressed sample was heated in a hydrogen gas stream at 1000 ◦C
for 48 h to reduce its iron oxide content before the HIP treat-
ment, (2) pieces of Ti ingots were placed in the pressure vessel
as an oxygen getter, and (3) the surface of the obtained sample
was etched to remove the oxide layer. As a result, the FeWO4
content was reduced considerably. According to the phase dia-
gram [12], Fe7W6 is stable between 1215 and 1637◦C when Fe :
W is approximately 1 : 1; therefore, we limited the temperature
of the heat treatment to below 1200◦C after case 2.

In cases 2, 3 and 6, A and B were found to coexist, while
B did not appear in cases 4 and 5. A seems to be stable at
P ≥ 200 MPa and T ≤ 1100◦C. On the other hand, B is sta-
ble at high temperatures of T ≥ 1200◦C when P = 200 MPa
and T ≥ 1100◦C when P = 100 MPa. The composition of the
products was found to be insensitive to the holding time if the
reaction temperature is the same, indicating that all the reaction
was already completed in the shortest period of the heat treat-
ments. It is likely that the A observed in cases 2, 3, and 6 ap-

peared during the cooling process. To obtain B in a pure form,
rapid quenching from the reaction temperature may be neces-
sary. Unfortunately, we have not yet succeeded in synthesising
B in a single phase.

From the above examination, we concluded that a temper-
ature below 1100 ◦C and a pressure of 200 MPa are the ap-
propriate conditions for obtaining a single phase of A. The
appearance of W2N seems to be due to the deviation of the
iron-tungsten ratio from the nominal composition. To prevent
the appearance of W2N, we added excess iron to a sample and
heated it to 1100◦C, under 200MPa (sample 7). The XRD pat-
tern of sample 7 is shown in Fig. 3. A and Fe were observed
(dashed curve). The product was ferromagnetic at room tem-
perature because of the inclusion of the Fe impurity. It was
soaked in dilute hydrochloric acid for two days to remove the
iron. The solid curve represents the XRD pattern of the product
after the treatment, in which the amount of ferromagnetic Fe
was markedly reduced. Thus, we successfully obtained a fairly
purified single phase of the η-6 Fe-W-N phase. Using EPMA
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Figure 3: XRD patterns of sample 7 before and after HCl washing. We obtained
almost pure Fe3W3N after the successful removal of the Fe impurity.

(Fe-Kα and W-Mα emissions), we estimated the chemical com-
position of metal elements in the HCl-washed specimen to be
Fe/W = 1.09(4). Thus, it is reasonable to assign A to Fe3W3N.

On the other hand, it was not easy to determine the com-
position of the impurity-containing B phase. In η-12 carbides,
however, it is known that 3d and (4d, 5d) atoms rarely replace
each other [13, 14, 15]. In what follows, we regard A and B as
Fe3W3N and Fe6W6N, respectively.

We applied the same method to synthesise Fe3Nb3N, but in
vain.

3.2. Magnetic properties
Figure 4(a) shows the magnetisation of Fe3W3N measured

for the sample 7 after the excess Fe was removed. The mag-
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netisation was normalised with respect to the chemical formula
Fe3W3N. Even at room temperature, small spontaneous mag-
netisation was observed. However, at high fields, the magneti-
sation increases almost linearly. Between 150 and 300 K, the
spontaneous magnetisation M0 estimated by extrapolating the
magnetisation at high fields to 0 T is constant, whereas the slope
above 1 T depends on the temperature. This offset is ascribed
to ferromagnetic impurities with high Curie temperatures, most
probably residual iron. Below 110 K, the spontaneous mag-
netisation exceeds M0. This component corresponds to the in-
trinsic ferromagnetism of Fe3W3N. At the lowest temperature,
the magnetisation is saturated to 2.9 µB per formula unit (f.u.).
Subtracting the impurity contribution, the average moment per
Fe is estimated to be PS = 0.78 µB/Fe. This is much smaller
than that of α-Fe (2.22 µB/Fe).

In Fig. 4(b), we show the temperature dependence of M/H,
where M was measured at a field of 0.1 T. The contribution
of the ferromagnetic impurity was subtracted assuming that the
impurity component is independent of temperature. Further-
more, the absolute values of M/H were corrected assuming that
the value at 300 K coincides with the high-field susceptibility
at the same temperature. At high temperatures, the recipro-
cal susceptibility is linear, obeying the Curie-Weiss (CW) law.
By fitting the data above 130 K with the CW function, we ob-
tained a Weiss temperature θ = 110 K and an effective moment
Peff = 3.4 µB/Fe. With decreasing temperature, M/H shows a
rapid increase below 110 K and saturates at low temperatures,
leading to the conclusion that Fe3W3N is a ferromagnet with a
Curie temperature TC = 110 K. The ratio Peff/PS = 4.3 is much
larger than unity. This is characteristic for a weak itinerant elec-
tron ferromagnet.

Figure 5 shows Mössbauer spectra measured at different tem-
peratures. At 300 K, a dominant singlet was observed, indicat-
ing no magnetic order at this temperature. On the right side of
the main absorption, a small dip was observed, which may orig-
inate from a paramagnetic impurity phase. At 77 and 4.6 K, the
spectrum was broadened, indicating the appearance of a rela-
tively small internal field at these low temperatures. This is con-
sistent with the ferromagnetic order below TC = 110 K and the
small ordered moment (0.78 µB/Fe) revealed from the magneti-
sation measurement. The origin of the somewhat complicated
structure of the spectrum at the lowest temperature is unclear,
but it may be related to either the presence of two crystallo-
graphically inequivalent Fe sites in the η-carbide-type structure
(16d and 32e) or the inclusion of the impurity phase.

Although we have not succeeded in synthesising Fe6W6N
in a pure form, we performed magnetisation measurements on
sample 3 to determine the qualitative magnetic behaviour of
Fe6W6N. The magnetisation was normalised with respect to the
chemical formula of Fe6W6N. The possible contribution of fer-
romagnetic Fe3W3N may induce a large error. Figure 6 shows
the temperature dependence of M/H measured under a rela-
tively high field of 5.5 T to reduce the contribution of ferro-
magnetic impurities. M/H shows a CW-type temperature de-
pendence at high temperatures and a clear cusp at 75 K, sug-
gesting the onset of antiferromagnetic order.

Figure 7 shows the result of the high-field magnetisation
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Figure 4: (a) Magnetisation curves of Fe3W3N (sample 7 after HCl wash) at
several temperatures. At high temperatures, the magnetisation increases rapidly
at low fields and then linearly at high fields. This rapid increase is ascribed to
ferromagnetic impurities. The dashed line is the base line of intrinsic Fe3W3N
estimated by extrapolating high-field magnetisation above TC. Subtracting the
impurity magnetisation, the intrinsic saturation moment at the lowest tempera-
ture is estimated to be Ps = 0.78 µB/Fe. (b) Temperature dependences of cor-
rected M/H (left axis) and its reciprocal (right axis). The dashed line represents
the best fit with the Curie-Weiss law with Peff = 3.4 µB/Fe and θ = 110 K.
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Figure 6: The temperature dependence of M/H for Fe6W6N (sample 3) mea-
sured at 5.5 T. M/H is normalised per Fe6W6N formula unit. At high tempera-
tures, it shows a CW-type behaviour. A sharp peak is present at 75 K.

measurement for Fe6W6N at 4.2 K. The small spontaneous
magnetisation is ascribed to ferromagnetic impurities. The
magnetisation curve between 1 and 20 T is nearly linear. A
jump with large hysteresis was observed at around 25 T. The
metamagnetic transition is most probably due to spin flip in
the antiferromagnetic state. As seen in dM/dH, two anomalies
were observed at the metamagnetic transition. This would be
related to the presence of two crystallographically inequivalent
Fe sites (16d and 32e).
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4. Conclusions

We successfully synthesised the η-carbide-type iron-tungsten
nitrides Fe3W3N and Fe6W6N from mixtures of iron and tung-
sten powder by heating them under high-pressure nitrogen
gas using the HIP technique. Fe3W3N is ferromagnetic with
TC = 110 K and PS = 0.78 µB/Fe. Fe6W6N is a newly syn-
thesised η-12 type nitride and shows antiferromagnetic order at
TN = 75 K. Interestingly, the magnetism of Fe-W-N η-carbides
was found to be sensitive to the site occupied by nitrogen, in
contrast to the case of Co-Mo-N η-carbides [16]. Systematic
studies on related compounds must be curried out to clarify the
role of nitrogen in η-carbide-type nitrides.
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