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Abstract: Alloy and nitride solid solutions are prominent for
structural, energy and information processing applications.
There are frequently however barriers to making them. We
remove barriers to reactivity here using pressure with a new
synthetic approach. We target pressures where the reasons for
cubic endmember nitride instability can become the driving
force for cubic nitride solid solution stability. Using this
approach we form a novel rocksalt Mg0.4Fe0.6N solid solution at
between 15 and 23 GPa and up to 2500 K. This is a system
where, neither an alloy nor a nitride solid solution form at
ambient conditions and bulk MgN and FeN endmembers do
not form, either at ambient or at high pressure. The new nitride
is formed, by removing endmember lattice mismatch with
pressure, allowing a stabilizing redistribution of valence
electrons upon heating. This approach can be employed for
a range of normally unreactive systems. Mg, Fe and enhanced
nitrogen presence, may also indicate a richer reaction chemistry
in our planets interior.

A pivotal attribute to preparing sought-after materials and
materials landscapes is reactivity. Structural and electronic
incompatibility is a central barrier to creating solid solution

chemistry in particular. An accompanying principal challenge
is to have control over what structure is formed. In a solid
solution this can be dictated by the crystal structure of the
endmembers, as seen for example in well recognized solid
solutions[1] such as GaN-AlN, Al2O3-Cr2O3 or Si-Ge leading
to profound applications.[2] What happens however when
starting materials are unreactive, and endmembers dictating
formation of wanted structures in solid solution do not exist?
Here by using pressure, with a novel approach, we both
remove ambient constraints to reactivity and stabilize a tar-
geted crystal symmetry in solid solution, not stable at
endmember composition. We focus on magnesium-iron-
nitride, a system whose formation would have crystal
chemical, technological and planetary science impact.

Magnesium (Mg) and iron (Fe), uniquely, are principal
components of virtually all phases of our planetÏs interior.
Their intrinsic importance is hence, that they are a predom-
inant part of our planetÏs chemical backbone (Mg, Fe mantle;
Fe core).[3] A principal technological importance of Fe is that
it is the dominant component of structural materials.[4] A
principal technological importance of Mg is that it is the
lightest metal employed in structural materials.[5] Thus,
combining Mg with heavier metals, has significant structural
(automotive, mobile electronics),[6] energetic (portability,
hydrogen storage)[5, 7] and biomechanical (orthopaedics, scaf-
folds)[8] advantages. A Mg-Fe alloy cannot be synthesized at
ambient pressure, due mostly to an almost 30% atomic radius
difference between the two.[9, 10] Pressure however can have
a profound effect on reactivity, but well over a million
atmospheres are required to dissolve 10 atom % Mg in Fe.[11]

A combination of high pressure and nitrogen incorporation,
may facilitate solid solution formation between metals that
are otherwise unreactive at ambient and at high pressure.[12] A
particular nitride synthesis incentive is due to an intriguing
potential application for rocksalt MgN and FeN, in spintron-
ics, where electron spin is exploited for information process-
ing and storage.[13, 14] The challenge is however that rocksalt
Mg-N, analogous to bulk Fe-N, has no stability field either at
ambient or at high pressure.[15–17] Iron nitrides, namely, both at
ambient and at high pressures and temperatures, only form
interstitial structures ranging from Fe4N to Fe3Nx�1.5 and only
thin film, but no bulk iron nitride phase forms at higher N
concentrations.[13, 15, 17] No rocksalt Mg-N forms and magne-
sium nitride adheres to standard salt-like Mg3N2 stoichiom-
etry, both at ambient and at high pressure.[16] No Mg-Fe
nitride structure forms at ambient pressure either. We target
integration of Mg, Fe and nitrogen in the rocksalt structure,
through synthesis of a Mg-Fe nitride solution using pressure.
However previous routes to particular solid solution structure
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by reacting accessible like-endmember structures cannot be
adopted here.

Here we employ pressure without access to endmember
structures, requiring hence a different approach to previously,
in order to create reactivity and prepare a novel nitride with
the cubic rocksalt structure. We target namely pressures
where the reasons for cubic endmember nitride instability can
become the driving force for cubic nitride solid solution
stability. To do this we identify why the rocksalt endmember
nitride structures are unstable and how their instabilities can
be exploited to their mutual benefit using pressure. Rocksalt
FeN would have 13 valence electrons. For binary rocksalt
transition-metal nitrides, a total of 13 valence electrons and
upwards would generally necessitate placement of electrons
in energetically unfavorable antibonding bands making these
structures unstable.[18] Rocksalt MgN on the other hand would
only provide 5 valence electrons, but 6 are required to fill the
bonding state and stabilize the structure.[19] Hence a rocksalt
MgxFe1¢xN solid solution could be stabilized by a transfer of
electrons from energetically highly unfavorable antibonding
states in Fe to energetically favorable bonding states that are
empty in Mg.[19] For this stabilizing transfer to be made
possible though, requires first, communication, that is, a lattice
parameter compatibility between FeN and MgN. Indeed,
nitride rocksalt solid solution studies demonstrate that similar
endmember lattice parameters are principal for solid solution
formation.[20] However, calculated ambient pressure lattice
constants of rocksalt MgN and FeN of a = 4.45 è and 3.96 è
respectively,[13,19] involve a destabilizing 12.4 % lattice mis-
match.[20] Nevertheless, rocksalt MgN is calculated to be
about 3 times more compressible than FeN, hence at high
pressure their lattice constant mismatch would be
smaller.[13, 19] For reference, experiments show Mg to be
about 4 times more compressible than Fe, facilitating, an
atomic radius difference decrease by 30% at 15 GPa.[10]

Hence, here, by applying pressure to Mg, Fe and nitrogen,
the structural mismatch constraint to reactivity may be lifted,
which concomitantly allows electronic constraints on forming
endmember rocksalt MgN and FeN to be ameliorated by
electron transfer from Fe to Mg stabilizing the MgxFe1¢xN
rocksalt solid solution upon heating. For the high pressure
experiments we employ both laser-heated diamond anvil cell
and multianvil methods for synthesis at between 15 and
23 GPa and up to 2500 K, in conjunction with precession
electron diffraction, scanning and field emission scanning
electron microscopy and synchrotron angle dispersive X-ray
diffraction with simultaneous microfluorescence for high
resolution structural, chemical and morphological character-
ization of the reaction products.[21] (see also the Supporting
Information containing more detailed experimental descrip-
tion)

Figure 1a shows a scanning electron microscopy image of
a recovered polished section of a magnesium iron nitride
sample synthesized at 15 GPa. The lighter strips are from
a sodium magnesium iron nitride phase that also arises in the
multianvil synthesis due to the sodium in the nitrogen
providing source. Figure 1b is a transmission electron mi-
croscopy image of a magnesium iron nitride crystal in a TEM
grid. Optical images of an Mg-Fe pellet in a nitrogen pressure

medium before and after laser-heating are shown in Figur-
es 2a and b, respectively.

Examples of chemical analyses of the magnesium iron
nitride phase taken from the recovered polished multianvil
sample using scanning electron microscopy and from a dia-
mond anvil cell recovered sample using transmission electron
microscopy are shown in Figures 3a,b respectively. To inves-
tigate the structure numerous single crystallites were analyzed
using precession electron diffraction. Two single crystal
diffraction patterns from the multianvil reaction product
and two from the laser-heated diamond anvil cell reaction
product are shown in Figures 4 a–d, respectively. These are
indexed to the cubic rocksalt Fm�3m structure. An XRD
pattern from a sample extracted from a pellet, also indexed to
the cubic rocksalt Fm�3m structure with the bulk Mg0.4Fe0.6N
composition, is shown in Figure 5. In contrast to the 15 to
23 GPa experiments, in an ambient and four lower pressure
experiments to 3 GPa and 1500 K on magnesium, iron, iron
nitride, nitrogen and sodium azide containing mixtures (see
also the Supporting Information containing more detailed
experimental description) using tube furnace, piston cylin-
der[22] (Helmholtz Centre Potsdam) and MAX80 press[23]

(DESY, Deutsches Elektronen Synchrotron, Hamburg) devi-
ces, only iron, iron nitride, magnesium, magnesium nitride
and magnesium oxide result.

Figure 1. a) Backscattered scanning electron microscopy (BSE) image
of a polished magnesium iron nitride section and b) bright-field
transmission electron microscopy image of a magnesium iron nitride
crystal in a TEM grid, from multianvil synthesis at 15 GPa and 1800 K,
followed by temperature, and subsequent pressure quenching.

Figure 2. View through a diamond into the 140 mm diameter laser-
drilled tungsten hole containing an FeMg pressed pellet placed on an
Al2O3 polished plate in a nitrogen pressure medium, a) before laser-
heating and b) after laser-heating with distinctly visible, recrystallized
nitrogen from the melt, after heating at 23 GPa to 2500 K.
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The materials chemistry design methodology here center-
ing on exploiting instability has allowed us to form a bulk
Mg,Fe nitride solid solution with cubic rocksalt symmetry
which has already been targeted as technologically important
for the endmembers MgN and FeN[13,14, 24] but is not accessible
to them. The approach can be employed for synthesis of
a broader range of normally unformable solid solutions, from
nitrides to hydrides, leading to new materials and phase
diagrams. These developed diagrams by judicious use of
pressure, can then contain sought crystal symmetries and
tunable properties, even when these are not stable at the
endpoints, unlike the conventional case where the endpoints
are stable.[1] Evidence that access to intermediate solid
solutions is of great benefit is seen through exploitation of
ambient occurrence of a particular form of brass and mullite
widely used in mechanical and thermal applications.[9,25]

Rocksalt MgxFe1¢xN is also of considerable crystal chem-
ical importance with regards our planetÏs interior, not least
because it is isostructural to MgxFe1¢xO which is our planetÏs
most abundant rocksalt structure, comprising 20% by volume
of the lower mantle.[3] Hence its static and shock compres-
sional behavior and properties, are of high value.[26] The

relationship between composition and these properties is
significant. For this magnesium iron oxide, one can only vary
the cation stoichiometry to investigate compositional
changes, whereas for the magnesium iron nitride one can
also vary the anion content.[27] Linked to this, the high
pressure and temperature behavior of magnesium iron nitride
is also of specific geochemical and geophysical interest based
on several recent studies on enhanced nitrogen partitioning in
the deep Earth.[28] Hence, the findings here are a foundation
for addressing what ripple effect the presence of light
elements can have on alloying of light metals, including Mg,
with Fe on core composition and density.

Finally, we suggest that the materials chemistry result
here, where the sought bulk rocksalt structure is not achieved
by the two endmembers in isolation, but only in the context of
each other, has some analogy to mathematical developments
applied in game theory,[29] where an optimal result is reached

Figure 3. Examples of SEM/EDX and TEM/EDX chemical analyses
obtained at ambient conditions after high pressure and temperature
syntheses revealing a Mg0.4Fe0.6N stoichiometry. a) Semi-quantitative
SEM EDX analysis from a polished section from multianvil synthesis
(1sFe : 0.03; 1sMg : 0.02; 1sN : 0.04) and b) TEM/EDX from a crystal
from diamond anvil synthesis. The new crystal phase is stable for
a wider range of stoichiometries based on measurements from
individual crystallites using TEM. The Cu peak originates from the Cu
grid of the TEM sample holder. Further chemical analysis based on
SEM/EDX, wavelength dispersive spectrometry (WDS), Vegards law,
occupancies from Rietveld refinement and TEM/EDX is provided in
the Supporting Information.

Figure 4. PED zone axis patterns of magnesium iron nitride crystals with space group Fm�3m : a,b) of the [012] and [101] zone axes respectively
from multianvil and c,d) of the [231] and [001] zone axes respectively from diamond anvil syntheses. The match between the experimental and
simulated rocksalt zone-axis diffraction patterns with kinematic intensities is provided in the Supporting Information.

Figure 5. XRD pattern of the Mg0.4Fe0.6N composition with Fm�3m
space group [a = 4.1796 (2) ç], and a calculated density of
5.189 gcm¢3. A 0.31849 ç X-ray wavelength was employed. Detailed
results of the Rietveld refinement are provided in the Supporting
Information. Agreement factors are Rexp : 3.01, RB : 2.251, Rp : 1.80, Rwp :
2.95. The bulk composition based on SEM/EDX/WDS, Vegards law
analysis and the occupancies from the Rietveld refinement are in good
agreement. This analysis is presented in the Supporting Information.
Preferred orientation and potentially local chemical variation can affect
relative X-ray diffraction intensities. In this context, further X-ray
diffraction and tabulated observed integrated intensity data and
a texture magnitude value are also presented in the Supporting
Information. In conjunction with this, schematics of the sample
processing and diffraction geometry and set-up for the X-ray diffraction
measurements are also presented in the Supporting Information.
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only when players do what is best for them and for the other
member. As materials chemistry experiment and theory
advance and our materials database increases, this latter
type of formalism can also become a tool in predicting
materials behavior and outcome.
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