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The parameters of the equation of state of the stable e-Fe;N . (where x = 0.8) nitride in the Fe—N system have

been determined at pressures up to 30 GPa and temperatures up to 1273 K. The parameters V= 81.48(2) A3,
K;=162(3) GPa, K; = 4.0 = 1.66(2), v, = 555 K, and ¢ = 1 have been determined for g-Fe;N ¢ by the
approximation of the P—V—T data with the Vinet equation of state and the thermal parameters within the
Mie—Griineisen—Debye formalism. No anomalous change in the volume of the cell owing to possible mag-
netic transitions has been revealed. The instability of Fe,N at high pressures and Fe;N in the presence of a
deficit of nitrogen in the system has been established. The stable phase in the temperature range of 300—673 K
and the pressure range of 20—30 GPa is e-Fe;N rather than e-Fe;N .
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High-strength iron nitrides are of interest as wear-
resistant materials with increased fatigue and corro-
sion resistance [1, 2]. They have strong magnetic
properties (the magnetic moment of Fe,N is 2.0—
2.7 ug). Accordingly, the relation between the chemi-
cal bond and magnetism was studied in numerous
works [3, 4]. Furthermore, study of stability and ther-
moelastic properties of iron nitrides is of significant
importance for geophysics because they can be a com-
ponent of the inner and outer (in the content of a lig-
uid) core of the Earth [5]. Nitrogen is one of the least
studied elements in the composition of the Earth. Its
content in the inner shells, including the core, remains
hardly known [6].

The Fe—N system at a pressure of 0.1 MPa contains
a number of intermediate compounds varying from y-
Fe,N (roaldite) to C-Fe,N and intermediate nitride e-
Fe;N, with a series of isostructural nonstoichiometric
compounds with x = 0.75—1.4 [7, 8]. The stoichio-
metric e-Fe;N compound most likely has the symme-
try P6522. However, most other g-Fe;N, compounds
have the space group P312. The temperature depen-
dence of the composition e-Fe;N, complicates analy-

805

sis of the equation of state and elastic properties of this
nitride.

Iron nitrides have been intensively studied in recent
years in experiments at high pressures and tempera-
tures. Upon heating in a multianvil press, synthesis of
e-Fe;N, from y-Fe,N occurs at 8.5(8) GPa and
1373(150) K [9], as well as at 15(2) GPa and 1600(200) K
[10]. The parameters of the equation of state of
v-Fe,N, e-Fe;N, s, and e-Fe;N; compressed in a dia-
mond anvil cell were found [5, 9, 11]. It was found that
the compression of y-Fe,N in the diamond anvil cell at
298 K leads to the spontaneous formation of
e-Fe;N ;5 at a pressure above 17 GPa. However, the
boundary of the transition is kinetic and the complete
transformation was not observed upon further com-
pression even to 33 GPa [9, 12]. The elastic proper-
ties, the equations of state, and the electronic struc-
ture of iron nitrides were theoretically studied in [9—
11, 13, 14].

The aim of this work is to obtain iron nitrides in
experiments at pressures up to 30 GPa and to system-
atically study their thermoelastic properties, which
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Fig. 1. Approximation of the P—V—T data for e-Fe;N,

with the Mie—Griineisen—Debye equation of state. The
points are the experimental data and the solid lines are the
corresponding calculated isotherms. The dashed line is
change in the volume of e-Fe;N, at 298 K and pressures

above 20 GPa. The arrows show changes in the volume
with an increase in the temperature in the first two heating
cycles.

were previously studied for a number of compounds
only at room temperature.

To this end, an experiment with several cycles of
heating of a sample with in situ X-ray diffractometry
involving synchrotron radiation was performed at the
BLO04B1 station of the SPring-8 facility (Japan), where
two Kawai-type multianvil hydraulic presses are
installed. We used a standard configuration of a high-
pressure cell based on zirconium and magnesium
oxides placed in an octahedral cavity in the center of a
unit of eight WC anvils with a truncation edge length
of 2 mm. A lanthanum chromite was used to heat the
cell. A capsule was made of BN. The temperature was
measured by means of a W—Re (3/25%) thermocou-
ple. The characteristics of various cells and the method
of synchrotron experiments were considered in detail
in [15—17]. A sample consisting of a mixture of -
Fe;N and y-Fe,N was placed in the capsule in order to
determine the cell parameters of both nitrides. The
sample was separated by a BN plate from a pressure
marker, which consisted of a mixture of MgO and Au,
at the equivalent position with respect to the heater.
The pressure was determined in terms of the volume of
the unit cell of the reference with the use of the equa-
tion of state from [18]. To determine the unit cell
parameters, we used eight or nine peaks for space
group P312.

The experimental results are shown in Fig. 1, where
the compression curve of the nitride at 300 K in the
pressure range of 1—17 GPa is inconsistent with that in
the pressure range of 17—30 GPa. Points above 30 GPa
are close to the continuation of the compression curve
for e-Fe;N, o5 from [11]. There is an additional char-
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Fig. 2. Diffraction patterns of iron nitrides at 30 GPa. The
peaks of e-Fe;N, are marked according to space group

P312. The closed circles indicate the peaks of y-F4N. It
can be seen that peaks of e-Fe;N  are shifted toward lower

energies (smaller volume of the cell) with an increase in the
temperature.

acteristic feature. The points of volumes at a tempera-
ture of 1273 K and pressures of 17—30 GPa lie on the
continuation of the compressibility isotherm at lower
pressures, and the volume of the unit cell in the first
three heating cycles (beginning with high pressures)
first increases in the range of 300 to 673 K and then
decreases in the range of 873—1273 K. This behavior
of e-Fe;N, corresponds to a decrease in x with an
increase in the temperature, which is similar to the
behavior of the € nitride on the phase diagram of Fe—
N at 0.1 MPa. This change in the volume is addition-
ally accompanied by the complete disappearance of
v-Fe,N on the diffraction pattern at 1273 K (Fig. 2).

Consistency of the points of e-Fe;N,. on the P—V—
T diagram (Fig. 1) indicates that change in the com-
position of the phase with a further heating to a mod-
erate temperature of 1273 K was insignificant. The
unit cell parameters of g-Fe;N, calculated after the
experiment are a = 4.6461(2) A, b = 4.3566(2) A, and
V = 81.44(1) A3. Using a linear dependence of the
composition of € nitrides on the volume of the unit cell
[9, 12], we obtain x = 0.80. The composition of the
nitride was also measured by the electron-probe anal-
ysis with the use of a Tescan MYRA 3 LMU instru-
ment with an energy dispersion attachment. Chro-
mium deposition was used in the analysis. The signal
from nitrogen was calibrated with the use of the Fe;N
and Fe,N references. The measured composition was
closed to the calculated one with x =0.78 £ 0.05. Peaks
of boron and oxygen were not observed. Thus, the
composition of the nitride for which the equation of
2013
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Method P, GPa Vo, A3 Ky, GPa Ky References
e-Fe;Ny g MA 0-31 81.48(2) 162(3) 4.0 This work
e-Fe;N| | DAC 0—10 84.77 172 5.7 [11]
e-Fe;N DFT 81.00 214 [11]
e-FesN DFT 82.83 170.9 [14]
e-FesN DFT 83.55 191.5 [13]
e-Fe;N; DAC 0-51 86.04 168 5.7 [5]
y-Fe,N DAC 0-33 54.50 155.8 4.23 [9]
y-Fe,N DAC 0-31 54.95 155 4.0 [5]
y-Fe,N DFT 166 4.24 [10]
y-Fe,N DFT 54.64 191.8 [20]

Fixed values are given in bold. The thermal parameters are Yy = 1.66 at the fixed parameter ¢ = 1 and 6y = 555 K [14]; 0K;/0T =
—0.019(2) GPa/K, a=3.76(14) K-! ,b=0.35(18) K2 (a.=a + bT); MA means the multianvil press, DAC stands for the diamond anvil

cell, and DFT means the density functlonal theory (see references for details of the calculations)

state was obtained is e-Fe;N;s. This nitride is likely
close to e-Fe;Nj 75 studied in [9].

The P—V-T data for e-Fe;N;g at 298 K were
approximated with the third-order Vinet equation of
state P = [3K(1 — y)/y*lexp[1.5(K7 — 1)(1 — p)],
where y = (V/V,)'/3. Two standard equations of state—
Mie—Griineisen—Debye and high-temperature—
were used at high temperatures. The formalism of the
calculations with these equations of state was pre-
sented, e.g., in [17, 19]. The P—V—T data were pro-
cessed with the OriginPro 8.0 program. Each method
involves six parameters for the least squares optimiza-
tion. In the case of the Mie—Grlineisen—Debye equa-
tion of state, these are the volume ¥}, of the unit cell at
0.1 MPa and 298 K, isothermal bulk modulus K, its

derivative with respect to the pressure K7 = 0K;/0P,
the Griineisen parameter y,, Debye temperature 6,

and the dimensionless parameter g. In the case of the
high-temperature equation of state, these are V,, Ky,

K, the derivative of K with respect to the temperature
(0K;/0T), and the thermal expansion o = a; + a,7.
The table presents the thermoelastic parameters
obtained for e-Fe;N, ¢ in comparison with the litera-
ture data for iron nitrides. The values of ¥, Ky, and K
were obtained by approximating the 298 K isotherm.
Since the data are limited in pressure (13 GPa), a value
of 4 is taken for the derivative K. The found K value
appeared to be smaller than the values obtained in pre-
vious experiments and calculated theoretically for &-
Fe;N,. The calculated isotherms for the Mie—Grii-
neisen—Debye equation of state are in good agreement
with the experimental data (Fig. 1), although the
approximation was performed at a fixed Debye tem-
perature (555 K [14]) and parameter g. The Griineisen
thermal parameter (y = 1.66) hardly depends on the
parameter g (the calculated value is ¢ = 0.18). The
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thermal expansion of e-Fe;N, calculated from our
data at high pressure is shown in Fig. 3 in comparison
with preceding measurements at 0.1 MPa. Pro-
nounced correlation of an increase in the thermal
expansion with an increase in the content of nitrogen
in the nitride is observed.

According to the previous experiments, the stability
field of e-Fe;N ¢ at low pressures (1—5 GPa) is limited
by a temperature of 1173 K. However, greater heating is
not accompanied by the transition to Fe,N, which is
observed for e-Fe; N 55 at 525 Kand 0.1 MPa [9].

It was revealed in the previous studies that the con-
tent of nitrogen in e-Fe;N, significantly affects the
electronic configuration of iron atoms and their mag-
netic properties. With an increase in the content of
nitrogen from x = 1 to x = 1.48, the Curie temperature
T¢ and saturation magnetization Mg decrease mono-
tonically (from 575 to ~300 K and from 2.1 to 1.2 uV,
respectively [12]). However, the magnetization of -
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[ & Fe;N [9]
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Fig. 3. Temperature dependence of the volume of e-FesN,,.
at 0.1 MPa, indicating the difference in thermal expansion
depending on the content of nitrogen in nitride.
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Fe;N, ;s hardly differs from that for e-Fe;N. The
authors of [9] attributed this property to the compen-
sation effect of an increased magnetization of iron
atoms with a low coordination number. The theoreti-
cal density functional calculation shows a decrease in
the magnetic moment from 2.1 pV for e-Fe;N to
1.9 pV for e-Fe;N, ;5. However, compensating atoms
(with one and zero neighboring nitrogen atoms) have
a magnetic moment of 2.3—2.7 uV [9]. In contrast to
other iron compounds, the transition from the ferro-
magnetic to paramagnetic form of e-Fe;N, occurs
without a significant change in the unit cell parameters
(see Fig. 3). For this reason, we could not determine
the possible parameters of magnetic transitions at high
pressure by X-ray diffractometry.

Thus, data on the P—V—T equation of state of the
iron nitride stable at high pressures and temperatures
have been obtained for the first time. We have studied
the e-Fe;Njg nitride synthesized at 30 GPa and
1473 K. The high-temperature measurements gener-
ally demonstrate lower compression moduli than the
experiments in a diamond anvil cell at 300 K and the-
oretical estimates for 0 K.

The stability boundaries of various iron nitrides at a
pressure of about 20 GPa should be more reliably
determined in future experiments. In addition, for a
more complete thermodynamic description [17, 21] of
new high-pressure iron nitrides, their thermal chemis-
try at 0.1 MPa should be investigated. It is noteworthy
that the Fe—N system is the most complicated for
study at high pressures as compared to other iron-
bearing systems concerning the Earth’s core. The
experimental results on iron nitrides at pressures
below 30 GPa can hardly be extrapolated to pressures
of 340—360 GPa in the solid inner core of the Earth.
For this reason, additional studies in diamond anvil
cells are necessary for estimation of the maximum
content of nitrogen in the Earth’s core. It is important
to study both the P—V—T equation of state and mag-
netic transitions [22, 23].
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