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Iron nitrides substituted with transition metals: DFT study of promising
systems for anomalous Nernst effect

Kyo-Hoon Ahn®, Jakub Vit®, Mariia Pashchenko ®, and Karel KniZek
Institute of Physics of the CAS, Cukrovarnickd 10, 162 00 Praha 6, Czech Republic

® (Received 22 May 2023; accepted 1 August 2023; published 9 August 2023)

The anomalous Nernst effect is studied by ab initio calculations in substituted iron nitrides with antiperovskite
structure Fe; M'N and Fe,M'M?N (M' = 4d or 5d, and M? = 3d transition metals), considering the intrinsic
Berry curvature-related mechanism depending only on the band structure. The highest absolute anomalous
Nernst conductivity (ANC) 8 AK~!m~! with a negative sign is calculated for ruthenium substituted ferro-
magnetic phase Fe;RuN. A similar maximum ANC is determined for ferrimagnetic phase Fe,RuCrN, yet the
advantage of this doubly substituted phase is that the high ANC values persist over a wider temperature range.
Comparable ANCs have so far only been determined for compounds with critical temperatures of magnetic
ordering below room temperature, while substituted iron nitrides exhibit 7c well above room temperature.
Therefore, we propose Fe,RuCrN, composed from nontoxic, and except for Ru, also fairly abundant elements,
as a starting stoichiometry for further experimental study of candidates for devices possessing a high ANC and

suitable for room- and high-temperature applications.

DOLI: 10.1103/PhysRevB.108.075123

I. INTRODUCTION

Iron nitrides Fe,N (x > 3) [1] are commercially important
compounds because of their versatile magnetic, electrical,
and mechanical properties [2-7]. Since they only consist
of iron and nitrogen, which are both cheap, abundant, and
nontoxic, they provide environmentally friendly and recy-
clable functional materials. The interest in iron nitrides
originated from their use for industrial surface hardening of
steel [8,9]. Later, their application potential expanded due to
their excellent magnetic properties, which offered applica-
tions as high-density magnetic recording heads and magnetic
recording media, and in biomedical fields due to low cytotoxi-
city [10-14]. Recently, significant transverse thermomagnetic
properties were discovered in epitaxial Fe4N films on various
substrates [15,16], where the coefficient of the anomalous
Nernst effect (ANE) up to 2.8 uV/K was obtained in the
Fe4N film on the SrTiO3(001) substrate. This discovery fur-
ther expanded the possible application of iron nitrides for
thermoelectric energy harvesting [17-22].

The structure of FeyN [Fig. 1(b)] is derived from the fcc
structure of y-Fe [Fig. 1(a)] by inserting a nitrogen atom into
the center of the cube. It is described by a cubic Pm3m space
group, where N occupies the body center with Wyckoff posi-
tion 1b, and three Fe ions occupy the face centers in position
3¢, while another Fe atom occupies the corners in position
la [23,24]. An alternative description of the structure is as an
antiperovskite ABXj, if the formula is written as FeNFes. It
means that nitrogen is located in the position of a small cation
B in the center of the BXs (NFeg) octahedron, and iron is in
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two crystallographic positions, i.e., in the position of a big
cation A and as ligands X of the BXs (NFe¢) octahedron.

The transverse transport refers to the arrangement when
two external fields, aligned along two perpendicular axes of
the sample, induce charge or entropy density flows along the
third remaining axis of the sample. For the Nernst effect, one
of these stimulating fields is the thermal gradient VT and
the other one is the orthogonally oriented magnetic field B
or the spontaneous magnetization M. The transverse transport
is revealed generally as the Nernst voltage Vi in the direction
of the third axis perpendicular to both VT and B (M).

The total signal of the Nernst effect (S,,) is composed of
the ordinary Nernst effect (Sg,), which is linearly proportional
to the applied magnetic field, and the ANE (Sfy), which fol-
lows the field dependence of magnetization, according to the
relation

Sey = SOB: + S5, (M.). (1)

One of the possible mechanisms for the appearance of
the ANE is connected with the Berry curvature. The effect
of the Berry curvature is that it acts as an intense magnetic
field (local in the reciprocal space), so it exerts a strong force
on charge carriers. The emergence of the Berry curvature is
closely related to the presence of Weyl points, which act as
magnetic monopoles in the reciprocal space under the spin-
orbit coupling (SOC), and play a role of sources or sinks
of the Berry curvature of Bloch wave functions. The effect
of the SOC on the band structure increases the probability
of the occurrence of suitable band splitting with potentially
diverging the Berry curvature. Therefore the presence of ele-
ments exhibiting a strong SOC may favor an increase of the
ANE [25-27]. In general, the strength of the SOC increases
with increasing atomic number, so we will first look for

©2023 American Physical Society
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FIG. 1. Structures of (a) y-Fe, (b) FesN, (c) Fes;RuN, and
(d) Fe,RuCrN. Bullets: green, N; pink, Fe in 3¢ site (1/2,1/2,0), red,
Fe in 1a site (0,0,0); blue, Ru in 1a site; and light blue, Cr in 1/3 of
3¢ site.

possible candidates for doping among heavy transition metals
(TMs) from the 4d (Ru, Rh) and 5d (Os, Ir) row in the periodic
table.

Such compounds were only rarely produced [28-30].
Fe;RhN was successfully synthesized by one group
only [29,30], while Ru, Os, and Ir-substituted Fe4,N were pre-
pared only up to 0.2 content of the substituted ion per formula
unit [28] by the coprecipitation method. In all cases, larger
4d or 5d ions replace Fe at 1a Wyckoff position, which is as-
cribed to its larger space compared to the 3¢ position [28-30].
Due to difficulty of the synthesis, most investigations of these
compounds were theoretical [31-42].

A necessary condition for meaningful theoretical inves-
tigation is the mechanical stability of a compound, which
describes stability with respect to infinitesimally small
variations of atomic positions. Several works proved that
all Fes;(Ru,Rh,Os,Ir)N compounds are mechanically sta-
ble [31,34,38,40]. Nevertheless, the mechanical stability
means only a local energy minimum, while the global min-
imum may be different, which may prevent synthesizing of
the compounds or they may degrade in time. In order to
predict conditions for the synthesis, the formation enthalpy
was calculated for the Fes;(Ru,Rh,Os,Ir)N compounds, show-
ing that only Fe;RhN is stable [33], while Fe;(Ru,Os,Ir)N
do not represent the global energy minimum at ambient con-
ditions [33,35], which makes their synthesis complicated or
even impossible. For example, Fe;IrN becomes stable above
37 GPa, meaning that high pressure is probably needed for
its synthesis. Nevertheless, its high cohesion energy [42]

signifies that if successfully synthesized, Fe;IrN is supposed
to remain stable for a long time. Nevertheless, all the stability
calculations were done for bulk crystals [33,35], while for ap-
plication exploiting the ANE, thin films would preferably be
used. Therefore, we presume that when using an appropriate
substrate, some of the Fe3(Ru,Rh,0s,Ir)N compounds can be
prepared in the form of a thin layer.

All theoretical works show that all Fe;(Ru,Rh,Os,Ir)N
compounds are metallic and ferromagnetic (FM) [31-42].
Importantly, the Curie temperature stays above room tem-
perature, as confirmed by experiments [28,29] (see Table I).
These features are thus promising for a high ANE at room
temperature in these compounds.

Here, we theoretically study the ANE in the FesMN series
(M = Ru, Rh, Os, Ir). In order to further increase the ANE,
we modify the number of electrons by a rigid shift of the
chemical potential, and yet more realistically by further ionic
substitutions.

II. COMPUTATIONAL METHOD

Density-functional theory (DFT) calculations using the Vi-
enna ab initio simulation package (VASP) [44,45] were carried
out with a £ mesh of 20 x 20 x 20 points and a plane-wave
cutoff of 600 eV. The projector-augmented wave [46] poten-
tials with the generalized gradient approximation [47] were
used.

According to the Onsager reciprocal relations [48,49],
the longitudinal and transverse transport coefficients, namel,
the longitudinal conductivity oy, the Hall conductivity
oYy, the Seebeck coefficient S,,, and the Nernst coefficient S,
are linked with the Nernst conductivity oy, by the formula

Oy = OxxSxy + OuySix. 2

Here, we are interested in the anomalous Nernst conductivity
(ANC) (xfy, so all off-diagonal quantities in Eq. (2) are con-
sidered as anomalous. The quantities on the right-hand side of
Eq. (2) are measurable, while a;‘y can be calculated.

To explore the anomalous Hall conductivity (AHC) afy and

the ANC ozfy, a tight-binding model was constructed from

TABLE I. Stoichiometry, magnetic order (FM = ferromagnetic, FI = ferrimagnetic), Curie temperature, experimental (at room tempera-
ture) and optimized lattice parameter of the studied phases, and magnetic moment for Fe at the 3c site, for substituted 3d metal at the 3c site,
for Fe or 4d or 5d metal at the la site (see Fig. 1), and total magnetic moment.

Lattice parameter a (A)

Stoichiometry and

Magnetic moment (ip)

magnetic order Tc (°O) Experimental Optimized 3¢ (Fe) 3¢ (M) la Total
a-Fe (FM) 769 2.87 2.87 2.25 2.25 2.25 9.00
y-Fe (FM) 3.49 1.03 1.03 1.03 4.12
FeyN (FM) 488 [43] 3.80 3.79 2.35 2.97 9.94
FesRuN (FM) 470 (Rug,) [28] 3.80 2.20 0.80 7.39
Fe;RhN (FM) ~232 [29] 3.83 3.84 2.61 0.96 8.75
Fe;OsN (FM) 466 (0Osy,) [28] 3.79 2.00 0.50 6.53
FesIrN (FM) 462 (Irg») [28] 3.82 2.36 0.59 7.69
Fe;MoN (FI) 3.78 1.26 —-0.20 3.59
Fe,CrRuN (FI) 3.81 2.06 —1.67 0.67 3.13
FeoMnRuN (FD) 3.82 2.26 —2.41 0.58 2.69
Fe,MnRuN (FM) 3.82 2.09 2.16 0.52 6.83
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the DFT bands using the WANNIER90 package [50], includ-
ing the TM-p, d, and N-p characters as a basis set. The
Brillouin zone (BZ) was sampled by 500 x 500 x 500 divi-
sion for the calculations of the Berry curvature (k). We set
the magnetization along [001] for the cubic materials, hence
only the z component Q(k) = Y, fuQ%(k) is nonzero (fu
is the Fermi-Dirac distribution function, and » is the band
index), which can be expressed by Kubo formalism [51],

2Fl Im 17 X n n' y ni
(k) = _Z (Vv ¥ k)(kﬁz klvyl, k>’ 3)
Wetn (Sn’k - gnk)
where ¢, is the electron energy, v’s are velocity operators,
and ¥’s are the Bloch wave functions. The intrinsic AHC is
obtained by integration of ©2%(k) over the BZ,

e? dk
oh=—— S (k). (4)
i i Jpz (27)

Zero-temperature limit of the AHC was used, which was
basically indistinguishable from using the finite-temperature
AHC in our calculations. This allows one to formally intro-
duce an auxiliary quantity—an energy-dependent AHC

&2 dk
I Jpz 2m)?

> i), )

Enke <€

A _
oy, (8) = —

describing contributions to the AHC by electrons with ener-
gies lower than some given energy ¢. The intrinsic ANC at T
is obtained by the following expression [52]:
1 af £E— U

af(T) = —z/dsaa;;(s)T, (6)
where f(%5#) is the Fermi-Dirac distribution function, u
being the chemical potential. Interestingly, the ANC at low
temperatures can be approximated using the Sommerfeld ex-
pansion as
72 BT dofy(e)

ap (T) ~ —

3 e de @

E=EF

This helps with interpretation of the results: At low tem-
peratures, the ANC is proportional to the derivative of a)ﬁ‘v(s)
at the Fermi energy ¢r. At finite temperatures, electrons in the
energy window ~3kgT contribute to the ANC [53]. There-
fore, the magnitude of the ANC at T is roughly proportional
to the difference between the AHC below and above & over
the energy range of ~£3kgT .

We did not consider the orbital moments for each site,
because the calculated values are much smaller than 0.1pg
per site for all the cases in this study.

Let us note, that the temperature scale in our calculation
is probably overestimated compared to the realistic value. It
was observed in previous works by the comparison of the
experimental and the calculated ANC for Co,MnGa [54] or
CuCryXy (X =S, Se, Te) [53], that the experimental temper-
ature appears to be about ten times smaller than the numerical
one. The authors argued that it is due to the absence of the
bandwidth renormalization by strong correlation effects of the
d electrons in conventional DFT approaches. The strength of
the correlation effects depends on the transition metal ele-
ments and their environment. In our case, we assume a similar
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FIG. 2. The calculated energy-dependent AHC (0;‘;_) using
Eq. (5) and the temperature-dependent ANC (afy) using Eq. (6) for
a-Fe (FM), y-Fe (FM), Fe,;N (FM), and Fe;RuN (FM). The Fermi
energy is set to zero.

degree of temperature scale renormalization and therefore we
have performed the calculation of the ANC over a temperature
range up to 4000 K in order to cover the presumed experimen-
tal temperature range of several hundreds of degrees.

III. RESULTS AND DISCUSSION
A. ANC and band structures in «-Fe, y-Fe, Fe,N, and Fe;RuN

As the first of the heavy transition metals we tried the
isoelectronic substitution of Ru for Fe. Figure 2 shows the
comparison of the calculated energy-dependent AHC and
the temperature-dependent ANC for martensite «-Fe (bcc),
austenite y-Fe (fcc), Fe4N, and Fe;RuN. The structural form
stable at room temperature is «-Fe. However, we have also in-
cluded the high-temperature form y -Fe (stable above 910 °C),
since the structure of Fe4N is derived from this structure.

The comparison of the calculated ANC for a-Fe, y-Fe,
and Fe4N shows a substantial increase in the low-temperature
range for y-Fe compared to a-Fe, whereas the increase of the
ANC from y-Fe to FesN is smaller. It suggests that the main
enhancement of the ANC is connected with the structural
change from a bec to a fce-type structure. The insertion of N in
Fe4N further slightly increases ANC, but the main benefit of
nitrogen is actually the stabilization of the fcc-type structure
at room temperature. It is worth noting that y-Fe has a much
larger ANC than «-Fe despite its magnetic moment being
more than two times smaller.

The magnitude of the ANC for specific temperature is
related to the difference between the AHC below and above
the Fermi energy over the corresponding energy range (=
+3kgT). It can be seen that the dependence of the AHC on
energy for a-Fe is quite flat and therefore its ANC is close
to zero over the whole temperature range. The AHC for y-Fe
is enhanced around the Fermi energy and slowly decreases
both at low and high energy and becomes flat further from
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FIG. 3. Band structures of (a) @-Fe (bcc), (b) y-Fe (fcc), (c) Fe4N, and (d) FesRuN. Top: with SOC. Bottom: without SOC, where spin-up
bands are plotted as blue lines and spin-down bands as red lines. The Weyl points are highlighted by green circles. The Fermi energy is set to

Z€10.

e similarly to the AHC of «-Fe. The AHC for Fe4N is also
enhanced around the Fermi energy, but its decrease below and
above ¢ep is steeper compared to that of y-Fe, whereas the
AHC further from ef is again quite similar to that of a-Fe.
Therefore, magnitudes of the ANC for y-Fe and FesN are
elevated at low temperatures, and become comparable with
a-Fe for higher temperatures. The dependence for Fe;RuN
[see structure in Fig. 1(c)] is significantly different The AHC
displays a big change from —500 to 41000 2~ !"around
the Fermi energy. It results in high value of the ANC with
maximum (in absolute values) o, = —8 AK™'m™" at low
temperature. However, for wider energy range the slope of the
AHC is reversed, so that the ANC for higher temperature,
corresponding to the integration over wider energy range,
acquires lower values and even changes the sign.

The origin of high ANC values can be deduced from the
band structure around the Fermi energy (see Fig. 3), where
a comparison of the band structure along the high-symmetry
points is shown for «-Fe, y-Fe, Fe4N, and Fe;RuN, with and
without the SOC. The Weyl points, which are the sources

of the Berry curvature, are highlighted in the figures of the
band structure with the SOC. When the structure is changed
from «-Fe [Fig. 3(a)] to y-Fe [Fig. 3(b)] the band structure
around the Fermi energy is getting more complex and the
number of Weyl points increases. A further small increase of
the number of Weyl points compared to y-Fe is detected for
Fe4N [Fig. 3(c)]. However, the fundamental difference occurs
between FesN and FesRulN [Fig. 3(d)], where the increase
of Weyl points is much higher below ¢r than above ep. This
increase of asymmetry creates a large difference in the AHC
below and above the Fermi energy, and consequently a large
enhancement of the ANC in Fe;RuN as seen in Fig. 2.

B. ANC in Fe3;(Rh,0s,Ir)N compared to Fe;RuN

The effect of the substitution by elements neighboring to
Ru, namely, Rh, Os, and Ir, for which a strong spin-orbit
coupling is also expected was investigated too (see Fig. 4).
Maximum value up to ozxy ~ 4 AKX !'m~! was obtained for
isoelectronic substitution of Os. Substitution of Rh or Ir for
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FIG. 4. The calculated energy-dependent AHC (o) using
Eq. (5) and the temperature-dependent ANC (af‘,) using Eq (6) for
Fe;RhN (FM), Fe;OsN (FM), and Fe;IrN (FM). The Fermi energy
is set to zero.

Fe, which adds one extra electron to the structure, resulted
in even lower ANC values. All these substitutions lead to
positive ANC values at low temperatures, so in this respect
the negative ANC in the case of the Ru substitution is an
exception. However, the highest ANC in absolute value was
calculated in the case of Ru substitution, so we further focused
on this case for a more detailed investigation.

Our calculated o, = —8 AK™"'m™" for Fe;RuN is com-
parable in absolute value with the record experimental ANCs
so far obtained, e.g., 10 AK~'m~! for Co3Sn,S, [55],
15 AK'm™! for UCoggRug»Al [26], or 10 AK™'m~! for
a canted antiferromagnet YbMnBi, [27]. However, all these
compounds have critical temperatures of magnetic ordering
below room temperature. In distinction, iron nitrides display
critical temperatures several hundreds of degrees above room
temperature, namely, Tc = 488 °C for FesN (see Table I).
The critical temperature diminishes by doping, nevertheless
it remains sufficiently above room temperature, e.g., Tc =
232 °C for Fe;RhN [29]. In the case of Fes;RuN, the exper-
imental 7¢ was only determined for low doping x = 0.2 to be
470 °C [28], and we can anticipate that the dependence of T¢
on doping will show a similar decrease as for Fe;RhN.

C. Rigid shift of @ in Fe;RuN

To find good performance in the ANC, it is important to get
a big change in the AHC around the Fermi energy. This can
be achieved by electron/hole doping to find the best position
of the chemical potential. Figure 5 shows the results of the
rigid shift of u in FesRuN. Both electron and hole doping
show dramatic changes of the ANC from negative to positive
values at low-temperature regime. For the hole doping, a;‘y is
maximized at one hole/f.u. at —0.12 eV, while the electron
doping shows rather a smaller maximum at 0.5 electrons/f.u.
(+0.12 eV). Moreover, the hole doping shows quite high
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FIG. 5. The calculated temperature-dependent ANC (aj?v) using
Eq. (6) with a rigid shift of u for Fe;RuN. Insets: The amount of
doping level An/f.u. as a function of u. Here, An/f.u. is given by
the number of (top) holes and (bottom) electrons per formula units.

values of the ANC over a broader temperature range compared
to electron doping.

D. ANC in FezRuN substituted by Mo, Cr, and Mn

The maximum ANC is achieved for rather high doping
level, for which the rigid shift approximation is hardly valid.
To simulate a more realistic shift of the chemical potential,
we have calculated several substituted structures. We have
focused on the hole doping, which appeared more promis-
ing using the approach of a rigid shift of w. Therefore we
have tested Cr, Mn, and Mo as substituting elements into
Fes;RuN, since these elements have less valence d electrons
than Fe or Ru. The doping level of one hole/f.u. corresponds
to Fe;MnRuN, and two holes/f.u. arises in FesMoN and
Fe,CrRuN. Here, Cr and Mn replace Fe at site (1/2,1/2,0),
while Mo replaces Ru at site (0,0,0), based on relative ionic
sizes.

All the substituted compounds were found to have
ferrimagnetic (FI) ground state, with the substituted ion
(Mo,Cr,Mn) having opposite spin polarization relative to the
majority spin. In the case of Fe;MnRuN, the FM solution was
also found to be locally stable, but with 443 meV /f.u. higher
energy than the FI one.
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FIG. 6. The calculated energy-dependent AHC (o) using
Eq. (5) and the temperature-dependent ANC ((xﬁ‘v) using Eq (6) for
Fe,MnRuN (one hole/f.u., FM and FI), Fe,CrRuN (two holes/f.u.,
FI), and FesMoN (two holes/f.u., FI). The Fermi energy is set to
zero.

The ground state change shows limitations of the rigid shift
approximation, thus the calculated ANC using the rigid shift
model with Ay = —0.12 eV (one hole/f.u.) in Fig. 5 can be
compared only to the metastable FM solution of Fe,MnRuN
(one hole/f.u. from Fe;RuN) in Fig. 6. Even if the two ap-
proaches consider the FM state, they give completely different
results. While the rigid shift model calculation results in posi-
tive ANC over the whole temperature range with maximum
up to 8 AK~!m~!, the calculation for the doubly substi-
tuted structure gives mostly negative ANC with maximum —4
AK~'m~!. Clearly, the rigid shift model cannot be applied
for such high doping level, since the band structure itself is
also going to be significantly altered. Interestingly, the stable
FI solution of Fe;MnRuN gives positive ANC over the whole
temperature range similarly to the rigid shift model keeping
FM order, but the maximum ANC is much smaller. Both sub-
stitutions simulating two holes/f.u. doping give negative ANC
at low temperature with changing sign at high temperature.

Among the above substitutions, Fe;RuCrN [see the struc-
ture in Fig. 1(d)] appears to be the most promising, as it
shows the ANC with maximum —8 AK~'m™! similar to
Fes;RuN, but with persisting high values over a broader tem-
perature range. The band structure of Fe;RuCrN is shown in
Fig. 7. It seems that the important difference from the Fe;RuN
band structure does not consist in the total number of Weyl
points. Rather, it is the difference in their number above and
below the Fermi level that is significant, more specifically
the smaller number of Weyl points above ¢r. Therefore, we
propose Fe;RuCrN as a starting stoichiometry for further ex-
perimental study of candidates for devices possessing a high
ANE and suitable for room- and high-temperature applica-
tions. It is worth noting that since the magnetic arrangement
of Fe,RuCrN is FI, the total magnetic moment is about three
times lower than that of FM Fe4N, nevertheless, the maximum
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absolute value of the ANC is about four times higher for
Fe;RuCrN compared to FesN.

IV. CONCLUSIONS

In our work, we have calculated the ANC for Fe4;N substi-
tuted with several 4d and 5d transition metals with a strong
spin-orbit coupling. The strongest ANC of —8 AK™'m™!
was calculated for Ru-substituted iron nitride Fe;RuN with
maximum value appearing at low temperature. Comparable
ANC:s have already been observed, but only for compounds
with critical temperatures below room temperature [26,27,55].
In order to further improve the ANC performance, we have
tested electron and hole doping by rigid shift of the chem-
ical potential. Hole doping appeared to be more auspicious,
therefore we have tried to simulate a more realistic shift of
the chemical potential by substitution of elements with lower
number of d electrons. A similar maximum high value as for
Fes;RuN, but persisting to higher temperatures, was found for
Fe,RuCrN.

Altogether, our work shows that iron nitrides with an-
tiperovskite structure optimized by proper substitutions are
promising systems for transverse thermoelectric applications.
An important advantage of iron nitrides is the critical tem-
perature high above room temperature. The most promising
system is Fe,RuCrN, which we propose as a starting sto-
ichiometry for further experimental study of candidates for
devices with a high anomalous Nernst effect and suitable for
room- and high-temperature applications. We stress another
advantage of this material, that it is composed from nontoxic,
and except for Ru, also fairly abundant elements.
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