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TOPICAL REVIEW — Structures and properties of materials under high pressure

Iron nitrides: High-pressure synthesis, nitrogen disordering and

local magnetic moment
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Iron nitride (FeyNy) is a promising candidate for the next generation of ferromagnetic materials. However, synthesiz-
ing high-quality bulk iron nitride with tuned structure and magnetic properties remains a challenge. Currently, experimental
and theoretical results regarding the magnetic property of iron nitrides remain controversial. With the recent advancements
in high-pressure technology, new synthetic pathways to iron nitrides have been proposed. High-pressure synthesis technol-
ogy provides multidimensional possibilities for tuning the structure and magnetic properties of iron nitrides. This review
summarizes recent progress in high-pressure synthesis of iron nitrides, especially the high-pressure solid-state metathesis
reaction synthesis (HSM). We have summarized the reaction characteristics of HSM. The HSM reaction exhibits vector
synthesis characteristics and promotes nitrogen disorder diffusion at high temperature. Due to this, the HSM reaction can
achieve the synthesis of multinary iron-based metal nitrides and regulate the local magnetic moments. It serves as a pow-
erful means for tuning the structure and magnetic properties of iron nitrides. Taking advantage of neutron diffraction in
characterizing local magnetic moment and nitrogen disorder in iron nitrides, the relationship between iron local magnetic
moment and nitrogen content has been elucidated. Moreover, the development of high-pressure in-sifu imaging technology
based on large-volume press allows the real-time observation of HSM reaction process. In this review, we also report our

latest experiments on neutron diffraction and high-pressure in-situ image for the study of iron nitrides.

Keywords: iron nitride, high-pressure synthesis
PACS: 83.85.Hf, 82.40.Fp, 77.84.Bw, 75.20.Hr
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1. Introduction

Iron is one of the most important metallic elements in the
periodic table. As a transition metal, its complex outer electron
structure, when bonding with non-metallic elements to form
non-metallic compounds, typically exhibits diverse and intri-
cate physical properties.!""?) Among them, iron’s non-metallic
compounds are represented by iron oxides, iron carbides, and
iron nitrides. Due to the low reactivity of nitrogen under am-
bient pressure, synthesizing high-quality iron nitride samples
with different magnetic properties is challenging. At ambient
condition, hydrothermal synthesis, ammonization and chemi-
cal vapor deposition are the primary methods for synthesizing
iron nitrides. However, it is challenging to obtain high-quality
iron nitride samples using ammonization and hydrothermal
methods, as the synthesized samples are prone to phase separa-
tion and nitrogen deficiency.*~! Chemical vapor deposition is
typically used to synthesize thin-film iron nitride samples, and
the process is relatively complex.®) Consequently, research on
the physical properties of iron nitrides is significantly more
limited compared to other non-metallic compounds of iron.

The unique magnetic properties of iron nitrides are the
key reasons for their significant attention. They are cur-
rently considered promising candidates for next-generation
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magnetic materials.[”®! Investigating the specific mechanisms
by which nitrogen content regulates the magnetism of iron ni-
trides is regarded as a fundamental physical problem. The-
oretical calculations have been conducted to investigate the
magnetic properties of iron nitrides. However, transition
metal compounds often cannot have their properties accu-
rately predicted by theoretical calculations, due to their com-
plex outer electron configurations. Theoretical calculations do
not match well with experimental results. Specifically, the-
oretical predictions suggest that o’-Fe N, possesses an ex-
ceptionally large magnetic moment (> 3 Up), surpassing the
Slater—Pauling limit of Fe—Co alloys (2.45 ug).">>'%! However,
the pure phase of o”-FejgN, has not been synthesized ex-
perimentally. Giant magnetic moment phenomena have not
been observed in most synthesized mixed-phase o-FejgN,
nanoparticles or thin-film samples.[!!~151 On the other hand,
in e-FesN and y'-Fe4N, the synthesis of corresponding ternary
iron-based metal nitrides, £-Fe;_,MN and y-FesMN (M rep-
resents other metal elements), through elemental substitution,
is an important approach for tuning the magnetic proper-
ties of iron nitrides.!!®!”) The substitutional elements do not
always couple with Fe atoms in an antiferromagnetic con-
figuration, which would be energetically favored.!'#23 The
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role of substitutional elements in tuning the magnetic proper-
ties of iron nitrides still requires further investigation. How-
ever, at ambient pressure, the synthesis of ternary iron-based
metal nitrides is challenging, particularly the synthesis of &-
Fe;_M,N. Hence, the synthesis of high-quality iron nitrides
is crucial to addressing the issues we mentioned above.

In the last decades, advancements in high-pressure tech-
nology have provided a new pathway for synthesizing iron
nitrides. High-pressure synthesis techniques can effectively
overcome the limitations of conventional synthesis methods,
as pressure is an important thermodynamic parameter for tun-
ing material properties. The activity of outer-shell electrons
changes under high pressure, leading to significant alterations
in the interaction rules between atoms. Experimental results
indicate Fe tends to bond with N rather than with O under
high pressure. Moreover, high-pressure synthesis techniques
exhibit unique reaction characteristics not achievable under
ambient pressure, offering the potential to tune the proper-
ties of iron nitrides from multiple dimensions. Under high-
temperature and high-pressure conditions, the nitrogen dis-
ordering is significantly enhanced. This disordered diffusion
leads to iron nitrides often exhibiting non-stoichiometric com-
positions. &-FesNjy, is the most typical example. The dif-
fusion of nitrogen causes the nitrogen coordination number
around Fe atoms to deviate from the ideal value of 2 in the
lattice. Based on the occupancy (occ.) of nitrogen at different
Wyckoff positions, the nitrogen coordination number around
iron atoms follows a statistical distribution between 0 and 6.
The magnetic moment of Fe atoms varies for different coordi-
nation numbers. The application of pressure offers a potential
route for fine-tuning the magnetic properties of iron nitrides.
On the other hand, high-pressure synthesis techniques also
exhibit some unique characteristics. High-pressure synthe-
sis techniques exhibit vectorial synthesis characteristics, pro-
viding a new pathway for the synthesis of ternary iron-based
metal nitrides. In this review, our primary goal is to discuss the
advantages of high-pressure synthesis techniques in the fabri-
cation of iron nitrides.

The development of large-scale scientific facilities has
also brought new opportunities for the study of iron nitrides.
Neutron diffraction offers unique advantages in elucidating the
magnetic properties and structure of iron nitrides. This review
discusses recent progress we have made in the study of iron ni-
trides using neutron diffraction. Typically, magnetic data ob-
tained from vibrating sample magnetometer (VSM) or super-
conducting quantum interference device (SQUID) measure-
ments can only characterize the macroscopic magnetic proper-
ties, which cannot directly reflect the magnetic structure of the
iron nitrides. Through neutron diffraction, we can obtain in-
formation on the local magnetic moments of iron nitrides. In

addition, the Shanghai Synchrotron Radiation Facility estab-
lished the country’s first high-temperature and high-pressure
large-volume press experimental station. The development of
high-pressure in-situ imaging technique enables the real-time
observation of the HSM reaction process. This provides strong
support for a deeper understanding of the role of high pres-
sure in the synthesis of iron nitrides. We briefly discuss the
progress made using these techniques in the study of iron ni-
trides.

This review is organized into the following sections. In
Section 2, we introduce two high-pressure synthesis tech-
niques, discussing the advantages of the HSM reaction based
on large-volume presses in synthesizing iron nitrides. The ap-
plication of high-temperature and high-pressure in-situ imag-
ing technique in studying the HSM reaction is presented. In
Section 3, we discuss the iron nitride structures discovered
in current experiments and summarize the synthesis pathways
of iron nitrides with different structures. In Section 4, we
present the high-pressure synthesis phase diagram of iron ni-
trides. Unique characteristics of high-pressure methods in the
synthesis of iron nitrides are summarized. In Section 5, we
examine the magnetic properties of different iron nitrides and
compare the magnetism of samples synthesized under ambient
pressure and high-pressure conditions. In Section 6, we pro-
vide an outlook. Rare-earth-free permanent magnets represent
the future direction for the development of permanent mag-
netic materials, and iron nitride is currently one of the most
promising candidates. The synthesis of rare-earth-free perma-
nent magnets using high-pressure synthesis techniques holds
great potential for future applications.

2. High-pressure synthesis method

2.1. High-pressure solid-state metathesis reaction based
on large-volume presses
A high-pressure solid-state metathesis (HSM) route with
novel reaction precursors was first reported in 2009 by Lei and
He on the synthesis of GaN.!>*l The mechanism and under-
standing of the HSM reaction have become increasingly re-
fined in the last decade.>>~271 The HSM reaction can be used

to synthesize high-quality bulk metal nitrides in large-volume

presses. The HSM reaction is represented as follows:[?®]
AMO + BN 2L, 480 + mN, (1)
MO +BN 2L Bo 1 mN, )

where AMO and MO represent ternary and binary metal ox-
ides, respectively, containing M metal cations, BN represents
boron nitride, ABO represents ternary metal borates, and MN
represents binary metal nitrides. This chemical reaction fol-
lows the rules of the double displacement reaction, one of
the four major types of chemical reactions. HSM is a unique
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chemical reaction that only occurs under high-pressure condi-
tions. The presence of high pressure is a key factor that en-
ables this reaction to occur. Hence, this chemical reaction is a
typical demonstration of high pressure’s role in tuning mate-
rial properties. Generally, high pressure reduces the activation
energy required for the reaction and helps inhibit the decom-
position of the products, since the formation process of iron
nitrides is not inherently stable under ambient conditions.

By selecting salts containing different metal cations, the
corresponding metal nitrides can be synthesized. A variety of
metal nitrides have been synthesized through this reaction, in-
cluding FeN,,*! CoN,,B% CrN,,B! etc. A typical reaction
equation for synthesizing metal nitride is represented as fol-
lows:

HPHT

Fe;O3 + BN —— ¢€-FesN+B>03+ N 1, (3)

Steel ring
Dolomite

Precursors

NaCrO, + BN 2L, CrN 4+ NaBO, + N, 1, 4)
NaCoO; + BN P2, 00N, +NaBO, + N> . (5)

The synthesized product can be easily separated from the
byproducts. Figure 1 presents a schematic diagram of the
HSM reaction mechanism and an optical image of the product.
Product size can reach the millimeter scale using the HSM re-
action. The typical sample chamber size is 8 mm, and the syn-
thesized metal nitride can have a maximum diameter of 5 mm.
Therefore, iron nitrides synthesized via the HSM reaction can
be further characterized by neutron diffraction to determine
the magnetic structure, energy dispersive x-ray spectroscopy
(EDS) to accurately measure the nitrogen content, synchrotron
radiation to assess the bulk modulus, and VSM or SQUID to

study magnetic phase transitions.

Iron-based nitride

Graphite

HPHT
Fe;O34+-BN — e-FesN+B5O3+N» 1

Fig. 1. Schematic diagram of the sample chamber used in the HSM reaction. Optical images of a synthesized iron nitride just recovered from

the high-pressure cell in LVP.34]

‘ % 7GPa 300 K

(b)

(d)

/Kawai 14/8
/ cell assembly]

3.5 mm

B ZrO, [ |Mullite[]Sample

N

Re heater

7 GPa 1400 K

Fig. 2. Panels (a) and (b) illustrate a schematic of the beam path through the cell and the assembly design, while (c) and (d) show in-situ imaging
of the sample chamber before and after the reaction under 7 GPa conditions, respectively. The red dashed box indicates the reaction precursor,
the green dashed box indicates the pressure markers (Au and MgO), and the white dashed box indicates the spherical iron nitride product formed

during the reaction.
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2.2. High-pressure in-situ imaging technique

Due to the enclosed environment of the large-volume
press, the formation mechanism of bulk metal nitrides and
the HSM reaction mechanism remain not fully understood.
Recently, using the high-pressure synchrotron radiation in-
situ imaging technique based on large volume press at the
beamline BL12SW of Shanghai Synchrotron Radiation Facil-
ity (SSRF), we successfully observed the entire in-sifu reac-
tion process of a HSM reaction with the formation of spherical
bulk products (Fe>O3 +hBN 21, ¢ FesN + B,03 + Nj 1).
The high-pressure in-situ imaging technique employs high-
energy white beams generated by third-generation synchrotron
radiation to penetrate the octahedral pressure medium, en-

Iron nitrides synthesized based on HSM reaction
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abling real-time observation of the reaction process at high
pressures.3>3% Figure 2(a) illustrates a schematic of the path
of the synchrotron radiation beam, while Figs. 2(c) and 2(d)
show in-situ imaging of the sample chamber before and af-
ter the reaction under 7 GPa conditions. The entire forma-
tion process of a 1.3 mm diameter metal sphere was observed.
Generally, the iron nitride produced by the HSM reaction ini-
tially forms as small crystallites that are uniformly distributed
within the sample chamber. With the increasing temperature,
the iron nitride and other products in the chamber melt. Then,
the iron nitride melt coalesces into a large spherical form. By
focusing on the key reaction stages, we can optimize the reac-
tion pathway and more effectively control reaction conditions
in the future.

High-pressure
Pressure-released gh-p

Induced phase

1
1
Induced phase i
1 (+) O
oo !
0%qgof 1 : o
°oo°g° 1Ky £
O’ o 1
o °o° : B-Fe;N; (P6;mc)
oo !
FeN (F-43m) FeN,(R-3m) | Not yet synthesized through

high -pressure technology.

rbo I
Oo% i o®oRg%°
4] we ) wo
0¥ of

FeN (P6;/mmc) a-Fe (N, (I4/mmm)

Fig. 3. Experimentally discovered binary iron nitride structures. The blue dashed box represents iron nitride compounds that can be directly
synthesized through the HSM reaction,?*#2%3 the red dashed box represents those directly synthesized via LHDAC method, %1441 and the
black dashed box represents structures obtained during decompression (which cannot be directly synthesized). -Fe7Nj3 is derived from e-Fe;N
and 7-FeyN, 3] while Fe N, has not yet been synthesized using high pressure methods.

2.3. Laser heating diamond anvil cell technique

The laser heating diamond anvil cell (LHDAC) technique
generates high pressure using a diamond anvil cell (DAC) and
directly heats the sample with high-energy laser irradiation. A
1064 nm wavelength YAG laser or a CO; laser is generally
used. The pressure and temperature achieved by the LHDAC
technique are significantly higher than those of large-volume
presses. The LHDAC technique currently covers pressure and
temperature ranges of 0-300 GPa and 0—4000 K.37-31 The
highest pressure and temperature used for synthesizing iron
nitrides are approximately 140 GPa and above 2200 K.[40]

The main purpose of using LHDAC to synthesize iron ni-
trides is to search for high-energy-density materials that are
stable at relatively lower pressures compared to polynitrogen.
Due to this, the precursors used in the synthesis of iron nitrides
via the LHDAC technique differ from those employed in other
methods as well as HSM ratios. It typically uses Fe foil and
molecular nitrogen as precursors, 40411

HPHT

Fe -+ N, —— Fe;N,. (6)

LHDAC enables the observation of some metastable iron ni-

tride structures under high pressure. During the laser heating
process, there is typically a significant temperature gradient
within the sample chamber, and the heating temperature can-
not be precisely controlled. As a result, iron nitride synthe-
sized using the LHDAC technique is generally in an incom-
plete, mixed-phase state. Additionally, the sample chamber
of the DAC is only a few tens of micrometers in size, which
severely limits the available characterization techniques. Gen-
erally, only structural information can be obtained through
synchrotron radiation. Most of the structures obtained using
the LHDAC technique are high-pressure phases and cannot re-
main stable at ambient pressure. This prevents us from study-
ing the magnetic structures and magnetic phase transitions of
these iron nitrides at ambient pressure.

3. Iron nitrides synthesized by high-pressure
method

3.1. The e-Fe3Nj.,

The €-FesNj., is one of the most common structures of
iron nitride, which remains stable at ambient condition. In
the ideal structure of e-FesN, Fe atoms adopt a hexagonal
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close-packed (hcp) arrangement, with nitrogen atoms occupy-
ing one-third of the voids within the Feg octahedra in an or-
dered manner. Each iron atom is coordinated by two nearest-
neighbor nitrogen atoms. For this structure, it typically ex-
hibits a non-stoichiometric composition. The nitrogen content
can vary within a certain range. €-Fe3N, €-Fe,;N, and €-Fe7Nj3
represent three common nitrogen contents. They all belong to
the e-Fe3N11, phase. In this structure, nitrogen atoms exhibit
nitrogen diffusion. Taking the P6322 space group as an exam-
ple, nitrogen atoms can also occupy the 2b and 2d positions.
In the past, both the P312 and P6322 space groups were used

[46

to describe the structure of e-FesNji,.[*®] Powder neutron

diffraction experiments have suggested that the P6322 space

group provides a better description of the £-Fe3N structure. 3]

&£-Fe,N adopts a P312 space group structure. 47481
The &-FesNji, is the most common product obtained
In 2014, Yin et

al. reported the preparation of &-FesN at the millimeter

from the HSM reaction of iron nitride.

scale through the HSM method. The reaction equation is as
follows: 341

NaFeO, + BN 210, ¢ FesN £ NaBO, + N, 4+ (7)
Subsequently, it was found that €-FesN can also be synthe-
sized using Fe,O3 or FeOOH as precursors. The reaction

equation is as follows: 3233

Fe,05 + BN ML, ¢ FesN 4+ B,05 + N 1, (8)

FeOOH + BN 2%, ¢ FesN+B,03 +Ha 1 +No 1. (9)
In recent years, there has also been a report of high-pressure
synthesis of other stoichiometries of €-FesNy,. In 2021, Ma
et al. reported the synthesis of €-Fe;N through an HSM reac-
tion under high pressure and high temperature. The reaction
equation is as follows: [4?]

FeCly 4+ CasNy 2PHL, ¢ N+ CaCl, +No 1. (10)

The synthesis of €-FesN; 1, reflects the unique advantages of
high pressure in tuning the behavior of nitrogen.

3.2. The y-Fe4N

The ¥-Fe4N adopts an antiperovskite-like structure with
the space group Pm3m. In this structure, Fe occupies two dis-
tinct sites: 3d and 1b. Due to the anti-perovskite structure of
Y -Fe4N, substituting Fe atoms with transition metal elements
forming y'-FesMN can enable the tuning of the properties of
Y -Fe4N. Hence, y'-Fe4N is an ideal candidate for investigating
and modulating the magnetic properties of iron nitrides.

A pure phase of Y-Fe4N has not yet been synthesized by
the high pressure method. On the other hand, Wu et al. re-
ported that by introducing nickel oxide into the precursor of
the HSM reaction, ¥/ -FexNiyN could be obtained in the final
product. The reaction equation is as follows: [*3]

Fe>03+NiO + BN P0L, o/ FesNiN +B,03 + N, 1. (11)

Under the typical temperature and pressure conditions of the
HSM reaction for synthesizing iron nitrides, the higher en-
thalpy of formation of the ¥’ phase is the possible reason why
a single ¥ phase has not been successfully synthesized. How-
ever, it is feasible to synthesize the pure phase of y-Fe4N
through the HSM reaction by tuning the reaction parameters.

3.3. The {-Fe;N

The {-FeoN adopts a Pbcn space group structure, which
are stable under ambient conditions. {-Fe,N and &-Fe;N have
the same stoichiometry and exhibit similar structures. In both
phases, the Fe atoms form a hexagonal close-packed (hcp)
structure. The iron (Fe) atom, along with the six adjacent ni-
trogen (N) atoms, forms an octahedral unit with FeNg as the
unit. In {-Fe,N, the FeNg units share both edges and vertices,
while in €-Fe; N, the FeNg units only share the vertices of the
octahedra. (48]

Currently, there are few reports on the high-pressure
synthesis of {-Fe;N. According to the report by Laniel et
al., {-Fe;N was observed after heating Fe foil and molecu-
lar nitrogen using the LHDAC technique at pressures below
17 GPa.[*1' At higher pressures, only FeN was detected. Un-
der similar pressure conditions, there have been no reports of
{-Fe,N synthesis using large-volume press techniques. Ac-
cording to the report by Schwarz et al., {-Fe,N synthesized at
ambient pressure will transform into €-Fe,N under high tem-
perature and high pressure.[*8! {-Fe,N may not be a stable
phase under high pressure.

3.4. The FeN

Theoretically, three possible FeN structures have been
predicted: ZnS, NiAs, and NaCl types.>*>!1 Among these, the
NaCl-type structure is considered the most stable. However,
only the NaCl-type FeN structure has not been experimentally
observed. In all the reports on the synthesis of iron nitrides
using Fe foil and molecular nitrogen as precursors, employ-
ing the LHDAC technique, the presence of FeN has been ob-
served. The NiAs-type FeN adopts a P63/mmc space group
and the ZnS-type FeN adopts an F-43m space group. The
crystal structure of NiAs-type FeN shows a trigonal-prismatic
coordination of the nitride, while the ZnS-type FeN exhibits a
tetrahedral coordination of the nitrogen atoms. The LHDAC
technique can only synthesize NiAs-type FeN. The NiAs-type
FeN transitions into ZnS-type FeN at ambient conditions. [°]
The synthesis of FeN requires a pressure exceeding 30 GPa.
This structure remains stable over a wide pressure range.
Bykov et al. synthesized iron nitrides under pressures up to
130 GPa, where NiAs-type FeN was still observed. > Iron ni-
trides with high nitrogen content are generally considered un-
stable. Although Laniel ef al. reported that the ZnS-type FeN
structure can exist at ambient pressure, the sample size syn-
thesized using a diamond anvil cell (DAC) is extremely small.
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The properties of ZnS-type FeN need to be further character-
ized in the future.

3.5. The FeN, and FeNy4

The N/Fe stoichiometric ratio in FeN, and FeNy4 exceeds
1. They exhibit significant structural and property differences
compared to other iron nitride compounds. In other iron ni-
trides, nitrogen primarily exists in the form of interstitial ni-
trogen atoms, with no interactions between nitrogen atoms.
FeN; and FeN, belong to the class of pernitides. Nitrogen
atoms can form N-N bonds. By using the Raman scattering
technique, N-N stretching vibrational modes can be detected
in iron pernitides.

The primary goal of synthesizing pernitrides is to dis-
cover a high-energy-density material that remains stable under
ambient pressure. >34 The existence of corresponding perni-
trides MN; has been experimentally observed for other transi-
tion metals, such as Pt, Ir, Pd, Os, Rh, Ru, Co, and Ti.[5>>% [n
2018, Laniel ef al. first discovered the existence of FeN,.[*]
The synthesis of FeN; and FeNy is similar to FeN. The syn-
thesis of pernitrides requires higher pressure (> 50 GPa) and
temperature (> 2000 K) conditions than those of FeN. Even
the synthesis of FeNy requires pressures exceeding 100 GPa.
According to Bykov et al., FeNy can be synthesized by heat-
ing a mixed phase of FeN, and FeN or by heating Fe foil with
molecular nitrogen. FeNy crystallizes in the P-1 space group.
Upon decompression to approximately 20 GPa, this structure
ceases to exist. FeN, exists in two structural forms with space
groups Pnnm and R-3m. The Pnnm phase is directly obtained
through laser heating, while the R-3m phase emerges during
the decompression process. Even under laser heating at lower
pressures, the R-3m structure of FeN, cannot be directly syn-
thesized. This phenomenon is similar to the transition between
the two structures of FeN. Pernitrides cannot remain stable at
ambient pressure and will transform into the ZnS-type FeN
during the decompression process.

3.6. The Fe3N2

The Fe3N, has an orthorhombic structure with the Pnma
space group. FesNj was observed during the synthesis of per-
nitrides. This structure forms quadrilateral face-capped trig-
onal prisms with NFe; as the unit. These triangular bipyra-
mids are interconnected by sharing triangular faces and edges.
Until the discovery of this structure, there were no theoretical
calculations predicting its existence. Fe3N, is thought to be
isostructural with chromium carbide Cr3C;. In Bykov et al’s
report, this structure appeared only in a single experiment, and
after subsequent laser heating, the signal from this structure
disappeared.>?! The existence of this phase requires further
experimental confirmation.

3.7. The B-Fe7N3

The B-Fe7N3 is synthesized at approximately 41 GPa and
1000 K by laser heating a small amount of Fe-containing &-
Fe7N3 or y-FeysN. The synthesis of 3-Fe;N3 did not employ
Fe foil and molecular nitrogen as precursors.*’] Hence, the
structure does not originate from a high-pressure chemical re-
action, but rather from a structural phase transition of €-Fe;Nj3
under high temperature and high pressure.

This structure was characterized using high-pressure in
situ synchrotron radiation. Multiple new diffraction peaks
appeared after laser heating. The structure was compared
with that of Fe;Cs, where the P63mc, Pbca and Pmcn space
groups were theoretically predicted. This structure matches
the P63mc space group. At higher pressure, the presence of
this phase can still be observed through laser heating. The
diffraction peak signals from the 3-Fe7N3 also became more
pronounced. The diffraction peaks of the 3-Fe7Nj3 can still be
observed up to 140 GPa. When the pressure was reduced to
37 GPa, the signal from this phase almost disappeared. When
the pressure was released to ambient pressure, it reverted to
e-Fe7Nj3.

3.8. The a’-Fe1N; and o’ -FegN

The o’-Fe1gN, and o-FegN crystallize in the I4/mmm
space group structure. ”-FegN, is currently the only iron
nitride compound that has not been synthesized using high-
pressure methods. However, a”-FegN, holds a significant
position in the iron-nitrogen compound system. a'-FegN is
considered as a highly distorted a-Fe (Im-3m). Approxi-
mately 10% of the (0.5, 0.5,0) and (0, 0, 0) sites are randomly
occupied by nitrogen atoms. When nitrogen atoms orderly oc-
cupy the 2a positions, o’-FegN transforms into o”’-FegN». In
this structure, Fe occupies three different sites: 4e, 8k, and 4d.
Nitrogen atoms form octahedral structures with Fe atoms at
the 4e and 8 sites.

The o”’-Fe 16N> exhibits an exceptionally high saturation
magnetization, even surpassing the limit of Fe—Co alloys de-
scribed by the Slater—Pauling curve (2.5 ug). Neutron diffrac-
tion results indicate that the magnetic moment of Fe in o/'-
Fe 6N, reaches 3.8 up.[%"! From an energy perspective, when
the nitrogen content in iron nitrides is below 20%, the structure
is considered unstable. As a result, no bulk «”’-Fe ¢N> sam-
ples have been synthesized to date. In the synthesized powder
or thin-film &”-Fe N, samples, a mixed phase of the ¥ phase
and o-Fe is usually present.[®!] Hence, the giant magnetic
moment of o”’-Fe N, remains controversial. High-pressure
synthesis methods could be a potential approach for obtaining

bulk pure-phase o”-FegN,.
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4. The general principles of high-pressure syn-
thesis of iron nitride

4.1. The high-pressure synthesis phase diagram of iron ni-
tride

Figure 4 presents the high-pressure synthesis phase di-
agram of iron nitrides. The dashed lines indicate that there
are no distinct boundaries between the synthesized iron nitride
structures. The circles and triangles represent synthesis using
the LHDAC and LVP techniques, respectively. Overall, the
phase diagram can be divided into three synthesis regions. The
first region, represented by the orange-red area, corresponds to
the synthesis of €-FesN. £-Fe;N and €-Fe3N can be regarded
as &-phase iron nitrides synthesized with different nitrogen
Therefore, high-
pressure synthesis techniques could be a potential approach

contents under varying initial conditions.

for tuning the nitrogen content in iron nitrides. It is notewor-
thy that within this temperature and pressure range, {-FeoN
can be synthesized using the LHDAC technique. According to
the report by Schwarz et al., the {-Fe;N phase transforms into
£-Fe,N under high-temperature and high-pressure conditions.
Within this temperature and pressure range, thermodynamic or
kinetic factors favor the formation of €-Fe,; N, while the forma-
tion of {-Fe,N is suppressed. The second region is the green
area, where the synthesized iron nitrides are primarily in the
FeN structure. In this region, the presence of Fe;N, and f3-
Fe;Nj3 has been observed. However, further experimental val-
idation is required to confirm the existence of these two struc-
tures. The third region corresponds to the temperature and
pressure range above 50 GPa and 2000 K. The iron-nitrogen
compounds formed in this region primarily exist in the form of
pernitrides. Currently, all known iron pernitrides are unstable
under ambient pressure.

The {-Fe,;N, ZnS-type FeN, and o”-Fe 6N, have not yet
been synthesized using high-pressure methods based on LVP
technology. However, these structures can exist under ambi-
ent pressure. {-FeoN and ZnS-type FeN have been success-
fully synthesized by the high-pressure method, and the LVP
technique can cover the corresponding temperature and pres-
sure ranges. On the other hand, although no reports on the
high-pressure synthesis of a”-FegN, its structural similarity
to y-Fe4N suggests a feasible synthesis pathway. By regulat-
ing the denitrification process during y-Fe4N formation, it may
be possible to obtain o¢”-FegN,. Based on this, we propose
three possible methods to achieve the synthesis of these struc-
tures.

Melt regulation High-pressure in-situ imaging tech-
nique indicates that iron nitrides exist as a melt at 5 GPa and
1400 °C. During the transition from the molten state to crys-
talline iron nitrides, controlling the pressure—temperature (P—
T) path can influence the final structure. For example, after
forming the melt, maintaining the temperature and reducing

the pressure to 2—-3 GPa before cooling might induce the for-
mation of {-Fe;N.

Fluid nitrogen encapsulation based on LVP Encapsu-
lating fluid in a large-volume press is not easy. By designing
a fluid encapsulation assembly suitable for LVP, liquid nitro-
gen and Fe powder could be use as precursors, similar to the
LHDAC method. This approach might enable the synthesis of
ZnS-type FeN.

Denitrification regulation To synthesize o”-Fe N>,
a suitable precursor is required to induce denitrification un-
der high-temperature conditions. Although hBN is the sole
nitrogen source in the precursor, its low content would hin-
der the HSM reaction. Therefore, the denitrification process
should occur after the formation of the iron nitride melt. The
ideal precursor should possess the following characteristics: it
should not interfere with the initial melt formation and should
react with nitrogen within the melt to facilitate denitrification,
ultimately leading to the formation of a”’-FegN5.

3000

25001 7 S
—~ / ) _-
N Fe;N (P6,22), (] o - -
° 2000} ./I.,. m— /‘,’
S A.‘;flc:Nll‘lu-n) - -
B 15008 S =
: » T
g" 1000k |fc,\'l’u’3|2) ’//
O] 1 - ’
= ' . Fe,N,

5001
O 1 1 1

0 20 40 60 80 100 120 140
Pressure (GPa)

Fig. 4. High-pressure phase diagram for the synthesis of binary iron ni-
trides. Circles represent the synthesis experiments based on the LHDAC
method, [44:43:49:5052,62.63] while triangles represent synthesis via the
HSM reaction. 22324243 Different colors indicate the primary iron ni-
tride phases synthesized within the corresponding temperature—pressure
ranges. The dashed lines represent that the synthesis temperature and
pressure boundaries are not precisely defined.

4.2. Diffusion of nitrogen under high pressure

The nitrogen occupation sites and nitrogen content are
two key factors influencing the properties of iron nitrides. Un-
der high pressure, high temperatures can promote the disor-
dered diffusion of nitrogen atoms into higher-energy intersti-
tial sites. Neutron diffraction can effectively detect the diffu-
sion behavior of nitrogen atoms. The intensity of the diffrac-
tion peaks can be expressed by the following equation:

1(hkl) = I - |F,(hkD)|* - L, (12)

where I(hkl) denotes the intensity of the corresponding
diffraction peak, and F, represents the structure factor. For
x-ray diffraction, F, is associated with the electron density.
Hence, the intensity of the diffraction peaks is proportional
to the number of outer-shell electrons of the atoms for x-ray
diffraction. Since the number of outer-shell electrons in iron is

068301-7



Chin. Phys. B 34,

068301 (2025)

much larger than that in nitrogen, the information about nitro-
gen atoms obtained through x-ray diffraction is very limited.
Neutron diffraction involves the interaction of neutrons with
atomic nuclei. The structure factor F;, in neutron diffraction
is closely related to the neutron scattering cross-section of the
atoms as

F, (hkl) :ijexp(—Zi(hxj—l-kyj—l-le)). (13)

J
The scattering cross-sections of nitrogen and iron atoms
are quite similar (b(Fe) = 11.1 barns, b(N) = 11.5 barns).
Through neutron diffraction refinement, detailed information
about nitrogen can be obtained. Additionally, because neu-
trons themselves carry a magnetic moment, they can be used
to probe the magnetic structure of the sample. Therefore, neu-
tron diffraction can be used to study the effects of nitrogen
diffusion on the magnetic and mechanical properties of iron
nitrides.

In recent years, the disordered diffusion of nitrogen in
iron nitrides under high temperature and high-pressure con-
ditions has been studied by using neutron powder diffraction
techniques (Table 1).33:4346.641 Eor the P6322 space group of
€-FesN, the ideal structure has iron occupying the 6g position
and nitrogen occupying the 2c¢ position. Neutron diffraction
results indicate that in high-pressure synthesized &-Fe3N, ni-
trogen atoms can diffuse into the 2d and 2b sites. At ambient
conditions, occupation of the 2d site is energetically prohib-
ited. However, in iron nitrides synthesized under high pres-
sure, nitrogen atoms can diffuse into the 2d site. The diffu-
sion of nitrogen atoms alters the coordination environment of

Fe atoms. The coordination number of N around Fe atoms

can vary from O to 6, resulting in seven possible configura-
tions. Recently, we synthesized €-FesNj 427 with a higher ni-
trogen content under higher temperature and pressure condi-
tions. The EDS spectroscopy results indicate a Fe:N stoichio-
metric ratio of 3:1.430, which is consistent with the neutron
diffraction results. Here, we adopt the neutron pattern refine-
ment data as the final reference. We performed refinements of
e-Fe3Nj 42> considering both the P312 and P6322 space group
structures. The P6322 structure exhibits a lower 2. Neutron
diffraction refinement results indicate that higher pressure and
temperature significantly promote nitrogen diffusion behavior.
The nitrogen content at the 2d site is significantly increased.
Figure 5(d) presents the probability of different nitrogen co-
ordination numbers, derived from statistical analysis based on
Rietveld refinement of powder neutron diffraction data.

The disordered diffusion of nitrogen offers two potential
approaches for tuning the magnetism of iron nitrides. First,
the statistical distribution of nitrogen coordination numbers
around Fe atoms changes as a direct result of nitrogen dif-
fusion. Different coordination numbers significantly alter the
local environment of Fe atoms, modulating their magnetic mo-
ments. Second, nitrogen diffusion may enable nitrogen atoms
to occupy Wyckoff sites that are inaccessible under ambient
condition, expanding the range of nitrogen content regulation.
Taking e-FesNj., as an example, if more nitrogen atoms dif-
fuse and occupy the 2b and 2d sites, the nitrogen content could
potentially exceed the commonly assumed 50% limit. Since
nitrogen content is a critical factor influencing the magnetic
moments of iron nitrides, this regulation approach offers new
possibilities for magnetic property optimization.
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Fig. 5. (a) Neutron powder diffraction refinement pattern of £-Fe3N| g0s.133 (b) Neutron powder diffraction refinement pattern of £-Fe3Nj 420
[this work]. (c) Atomic occupancy diagram of ideal e-Fe3N with P6322 space group structure. (d) Statistical distribution of Fe atoms corre-
sponding to different nitrogen coordination numbers calculated from the refined neutron powder diffraction data. €-FezNj g9g was synthesized
under conditions of 15 GPa and 1673 K. e-Fe3Nj 47, was synthesized under conditions of 15 GPa and 1700 K.
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Table 1. The atomic site occupancy information for Fe and N based on the
refinement of neutron powder diffraction data.[3* The values in parentheses
represent the synthesis temperature and pressure conditions for €-FezNj .

Atom Wyckoff X y z occ.

£-Fe3Nj gog (5 GPa, 1673 K)

Fe 68 1/3 0 0 1

N 2¢ 1/3 2/3 1/4 0.804(24)

N 2b 0 0 1/4 0.264(36)

N 2d 2/3 1/3 1/4 0.030(18)
€-Fe3Nj 422 (15 GPa, 1700 K)

Fe 6g 1/3 0 0 0.875(07)

N 2c 173 2/3 1/4 1

N 2b 0 0 1/4 0.175(31)

N 2d 2/3 1/3 1/4 0.069(30)

4.3. Substitution of iron under high pressure

Substituting iron atoms with other transition metals is
an effective method for tuning the properties of iron nitrides.
However, synthesizing ternary iron-based metal nitrides at am-
bient condition is challenging. Although theoretical calcula-
tions have predicted the properties of most ternary iron-based
metal nitrides, the number of ternary iron-based metal nitrides
synthesized experimentally remains quite limited. Moreover,
most of the synthesized compounds adopt the y'-Feq M, N
structure. The synthesis of €-Fesz_M,N remains even more
limited. The vectorial synthesis characteristic of the HSM re-
action offers a novel pathway for the synthesis of ternary iron-
based metal nitrides. If we regard the single HSM reaction as
a “vector”, the addition of HSM; and HSM, obeys the par-
allelogram law as shown in Fig. 6. Based on the vector rule
of the HSM reaction, ternary €-Fe;_,Co,N, ¥-Fe4_Ni, N and
£-Fes_,Ni,N have been successfully synthesized. 343

HSM;: A+C=AC

@ HSM3: (1—2)A +2B+C=A;_,B,C

A HSM; + HSM, = HSM; RN

» ABC

»

aw

Fig. 6. Schematic diagram of vector synthesis of HSM reactions.

The vectorial synthesis characteristics of the HSM reac-
tion possess certain unique advantages that are not available in
other methods. Generally, the formation rules of alloys can be
described using the Hume—Rothery rules, where atomic radius
is an important factor influencing alloy formation. Metals with
significantly different atomic radii cannot form alloys. Since
the HSM reaction occurs under high-pressure conditions, pres-
sure can regulate the differences in atomic radii. Hence, the
synthesis of iron-based metal nitrides via the HSM reaction
can overcome this limitation to some extent. It enables the
synthesis of multinary iron-based metal nitrides that cannot
be synthesized at ambient pressure. Moreover, the precursors
used in the HSM reaction are the corresponding metal oxides,

which are readily available. This makes it easier to design
new HSM reaction to synthesize multinary metal nitrides. The
synthesis of high-entropy nitrides represents a potential future
application of the HSM reaction. High-entropy alloys have at-
tracted significant attention in recent years due to their excep-
tional properties. However, reports on the synthesis of high-

65-681 Based on the vectorial

entropy nitrides remain scarce.!
synthesis characteristics, one can synthesize iron-based high-

entropy metal nitrides using the HSM reactions.

5. Magnetic properties of iron nitrides synthe-
sized by high-pressure method

Nitrogen is a crucial factor influencing the magnetic prop-
erties of iron nitrides. Among the iron nitrides that are stable
at ambient pressure, all exhibit ferromagnetism except for -
Fe,N. The exact mechanism by which nitrogen influences the
magnetism of iron nitrides is not yet well understood. Specifi-
cally, there are significant discrepancies in the calculated mag-
netic moments of a”-FegN, based on different theoretical
models, and the magnetic phase transition behavior of {-Fe,N
remains controversial.[®”] Figure 7 presents the experimentally
measured magnetic moments of iron nitrides with different
structures. The circles represent magnetic moments measured
by neutron diffraction, while the triangles represent those mea-
sured using VSM techniques. Since single-phase bulk or pow-
der a”’-Fe 6N, has not yet been synthesized, the macroscopic
magnetic moment measured by VSM does not directly re-
flect the intrinsic magnetic moment of o”’-Fe gN,. Therefore,
Fig. 7 does not include the VSM-measured magnetic moment
of a”'Fel6N2.
synthesized under high-pressure conditions, while other solid

The red-outlined points represent samples

points represent samples synthesized at ambient pressure. The
measured magnetic properties of iron nitride samples synthe-
sized by different methods vary significantly. Overall, if we
take the highest measured magnetic moment as a reference,
the magnetic moment of iron nitrides tends to decrease as the

o

3 4B \“‘”'ch'\]:

: P

% . 7-Fe,N

~

o 3r 2~

E a i N Fe,N

5 A &Fe;N .

o of - ~ o> ~

g : A A A’ oN

=} ‘ o 'Y e

g 1r N
N

= s 1%
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] . . . .
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Nitrogen atoms per 100 metal atoms

Fig. 7. The relationship between the magnetic moment of iron nitrides and
nitrogen content. Circles represent magnetic moments obtained from neu-
tron diffraction, [46-6470-73] while triangles represent those measured using
the VSM method. 74841 Solid points with red outlines indicate samples syn-
thesized under high-pressure conditions, whereas other solid points repre-
sent samples synthesized at ambient pressure.
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nitrogen content increases. This trend can also be observed
in e-FesNj,. With a variable nitrogen content within a cer-
tain range, the magnetic moment of €-FesN;1_, similarly de-
creases as x increases.

Currently, the synthesized o”-Fe N, samples show sig-
nificant discrepancies in the measured magnetic moment, lead-
ing to considerable debate over the existence of its giant mag-
netic moment. As shown in Fig. 5, the possibility of a’-
Fe 6N, exhibiting a giant magnetic moment remains relatively
high. It is common for the magnetic moment of iron nitrides
synthesized using different methods to vary significantly, par-
ticularly when measured by VSM. VSM generally measures

the macroscopic magnetic moment, which can be influenced
by numerous factors, including sample quality, microstructure,
and impurities. This phenomenon is also evident in other iron
nitride structures. From an overall perspective, the magnetic
moment of iron nitrides tends to decrease with increasing ni-
trogen content (Table 2). Therefore, the presence of a large
magnetic moment in low-nitrogen-content o”’-FegN; is plau-
sible. To resolve the ongoing debate, it is essential to synthe-
size high-quality, pure-phase a’-Fe N, samples using high-
pressure techniques and further verify their magnetic proper-

ties through neutron diffraction.

Table 2. The space group structures, lattice parameters, atomic site occupancy, magnetism, and magnetic moments of typical iron nitrides. The
magnetic moment (g ) corresponds to the maximum magnetic moment reported experimentally for this structure.

Phase o"-Fe 16N> Y -FesN e-FesN e-Fe)N {-FeoN

Space group I14/mmm Pm-3m P6322 P312 Pbcn

Lattice constant a=b=572A a=b=c=23.79 Al a=b=47383 A a=b=477670 A a=4423 A
c=6.29 A3 c=4.3868 A3 c=4.41790 A1+ b=55314A

c=4.821 A8

Fractional atomic Fe; (0, 0, 0.2898) Fei(1/2, 0, 0) Fe(0.31886, 0, 0) Fe(0, 2/3, 1/4) Fe(0.24, 0.128, 0.0827)

coordinates Fe»(0.2449, 0.2449,0)  Fes(1/2, 1/2, 1/2) N1 (1/3, 2/3, 1/4) N1 (2/3, 1/3, 0) N(0, 0.364, 0.25)130]
Fe3(0, 172, 1/4) N(O, 0, 0)[35] N> (0, 0, 1/4) Ny (173, 2/3, 1/2)
N(0, 0, 0)[14] N3(2/3, 1/3, /4331 N3(0, 0, 0)#2

Magnetic ordering FM FM FM FM PM

Moment (1ig) 3.8114] 2.97180] 17131 0.5142 of84]

6. Summary and outlook

In this review, we have summarized the recent progress
made in the high-pressure synthesis, structure and mag-
netic properties of iron nitrides, including the application of
high-pressure and high-temperature in-sifu imaging technique
based on large-volume presses.
sis phase diagram of iron nitrides has been presented, and
the synthetic conditions for different structures of iron ni-

The high-pressure synthe-

tride have been summarized. Combined with our recent ex-
periments in the neutron diffraction of iron nitrides, this re-
view highlights that high-pressure synthesis can promote the
disordering diffusion of nitrogen at high temperature. Con-
trolling nitrogen diffusion under high pressure may serve as
a potential approach for tuning the structure and magnetic
properties of iron nitrides. Additionally, the vectorial reac-
tion characteristics of HSM synthesis offer unique advantages
in the formation of high-entropy iron-based metal nitrides.
Iron nitride is currently one of the most promising candidates
for high-performance rare-earth-free magnetic materials. The
high-pressure synthesis method could be the key technique for
achieving bulk magnetic-tunable iron-based nitride materials.
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