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ABSTRACT

Ferrimagnets close to the magnetic compensation are excellent candidates to spin-torque-based spintronic applications, as their small
magnetizations allow lowering switching currents. Here, we studied the magnetic compensation of Mn4− xNixN epitaxial films by performing
x-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD) measurements at the L2,3 absorption edges of Mn and Ni
atoms and compared them with those of Ni3FeN films. The XAS spectrum of the Ni3FeN films exhibits shoulders at approximately 2 eV above
the Ni L2,3 main peaks, originating from orbitals hybridization between Ni 3d at face-centered (II) sites and N 2p at body-centered sites. However,
such shoulders are not observed at the Ni L2,3 edges of the Mn4− xNixN films (x = 0.1 and 0.25). These results indicate that the orbitals of Ni
atoms do not hybridize with those of N atoms. Hence, Ni atoms preferentially occupy corner (I) sites, where hybridization is weak because of the
relatively long distance between Ni at I sites and N atoms. The XMCD signals of Mn and Ni atoms reverse sign between x = 0.1 and 0.25. This
shows that the directions of the magnetic moments carried by Mn and Ni atoms are reversed, indicating that the magnetic compensation occurs
in the range 0.1 < x < 0.25. In addition, the signs of Mn(I) XMCD signals are opposite to those of Mn(II) and Ni for each composition. Thus, the
magnetic moments of Ni atoms are aligned parallel to those of Mn(II) regardless of whether x is below or above the compensation point.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128635

I. INTRODUCTION

Ferrimagnets are widely researched for their application to
spintronics devices.1–12 Their key feature is that the magnetic
moments of their sublattices are aligned antiparallel to each other.
Therefore, some ferrimagnets have a magnetic (and/or angular
momentum) compensation point at which the net magnetization
(and/or angular momentum) becomes zero, even below the Curie
temperature. Spin-transfer torques (STTs) and spin–orbit torques
(SOTs) basically consist of a flux of angular momentum carried by
an incoming spin current and absorbed by the magnetization. If

the ferrimagnet is at the vicinity of the angular momentum com-
pensation point, the switching is eased and the critical current den-
sities decrease. This can be applied to current-induced domain wall
motion (CIDWM) assisted by STTs and SOTs, to create non-
volatile memories with high mobility and low power consump-
tion.3,4,6,9,10 Theoretically, the spin drift velocity u induced by the
spin-polarized current is given by

u ¼ PgμB
2eMS

J, (1)
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where P is the spin polarization of the electrical conductivity, g is
the g-factor, μB is the Bohr magneton, e is the elementary charge,
MS is the spontaneous magnetization, and J is the current density
vector.13 When |J| is high enough, we can approximate the domain
wall velocity vDW as |u|. Thus, smaller MS leads to faster vDW.
Especially in ferrimagnets, using the definition of g, Eq. (1) can be
rewritten as

juj ¼ gμBP
2eMS
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where S is the spin angular momentum, ℏ is the reduced Planck
constant, and superscripts a and b indicate the sublattices of the
ferrimagnet. In this way, |u| (≃|vDW|) diverges at the angular
momentum compensation point (Sa = Sb). In experiments, for
example, Gd44Co56 ferrimagnetic nanowires have achieved a vDW of
1.3 km/s assisted by both STT and SOT at 260 K, its angular
momentum compensation temperature.6 Thus far, many studies
have been done on ferrimagnets consisting of both transition-metal
(TM) and rare-earth (RE) elements. This is because the tempera-
ture dependences of their magnetizations and g-factors are largely
different, and thus the angular momentum is easily compensated
by tuning temperature and composition.2,4,5,11,12 However, RE ele-
ments are critical for environmental and geopolitical reasons and
are thus expensive and difficult to use on a large scale. In this
context, magnetic materials consisting of RE-free elements have
attracted attention in this field. Among them, Mn is of particular
interest because of the remarkable properties observed in its related
compounds. For example, MnAl alloys were reported to have a
moderate magnitude of magnetization and high anisotropy, and
show a large maximum energy product of about 100 kJ/m3.14

α-MnBi was also reported to show a large perpendicular magnetic
anisotropy (PMA) at room temperature (RT), and studies on
exchange interaction between MnBi and FeCo thin films have been
carried out to realize a PMA material with large magnetization.15,16

Furthermore, artificial ferrimagnet-like PMA materials were
achieved using MnGa/Co2MnSi multilayers, and the magnetic com-
pensation (MC) was confirmed by controlling layer thickness and
temperature.15 Despite these progresses, however, RE-free ferrimag-
net with a compensation point close to RT has not been reported.

Here, we propose to focus on Mn4− xNixN films, showing, in
particular, that for the right Ni concentration this RE-free ferrimagnet
can reach the angular compensation at RT. These films are related
to Mn4N films, a new RE-free ferrimagnetic material.17–25 Figure 1
shows the crystal structure and direction of magnetic moments of
Mn atoms in the Mn4N lattice. We label the corner and face-centered
atomic sites as I and II, respectively. The II sites are further divided
into IIA and IIB sites in the presence of magnetization (arrow in
Fig. 1). N atoms are at the body-centered sites. Neutron diffraction
measurement shows the magnetic moments of the Mn atoms in bulk
Mn4N to be 3.53 μB at I sites and −0.89 μB at II sites with the
easy magnetization axis along the [111] direction.26,27 However,
Mn4N films have PMA with a magnetic anisotropy constant Ku of
approximately 105 J/m3.18–22,24,25 Materials with PMA generally form
Bloch walls, leading to faster domain wall motion with low current
density.13,28 Furthermore, the spontaneous magnetization MS of

Mn4− xNixN films is approximately 100 kA/m, which is relatively
small compared to those of other magnetic materials.21,22,24,25 Gushi
et al. achieved a vDW of approximately 900m/s with a current density
of 1.2 × 1012 A/m2 at RT,19 which is a record vDW for CIDWM only
by STT. Although the compensation temperature of Mn4N has not
been reported, Mekata found that magnetic compensation (MC)
occurred in Mn4N at RT when a proper amount of Mn was substi-
tuted with In or Sn atoms.29 On this basis, mixed crystal nitride films
derived from Mn4N are expected to have both PMA with low MS and
a compensation point, leading to more efficient domain wall motion.
We have succeeded in fabricating such nitrides as Fe4− xMnxN,

22

Mn4− xCoxN,
23 and Mn4− xNixN

24,25 epitaxial films. Compared with
Mn4N, Mn4− xNixN films have shown an anomalous decrease in MS

of 45% at x = 0.1 and 75% at x = 0.25, while the PMA is preserved.
We further concluded that Mn4− xNixN films have a MC composi-
tion at RT because the signs of the anomalous Hall resistivity and MS

temperature dependences were different between x = 0.1 and 0.25.25

The latter two trends were also similar to those of Mn4− xInxN and
Mn4− xSnxN, in which Mekata demonstrated the existence of a MC.29

However, the magnetic structures and preferential occupation sites of
Ni atoms in Mn4− xNixN are not yet known.

X-ray absorption spectroscopy (XAS) and x-ray magnetic
circular dichroism (XMCD) are powerful techniques for determin-
ing element-specific electronic structures. We have performed
these measurements on Fe4N,

30 Co4N,
31 CoxFe4− xN,

31,32 and
NixFe4− xN

33 epitaxial films, all of which are antiperovskite ferro-
magnetic nitrides. In the XAS spectra of Fe4N and Co4N, shoulders
above the L2,3 absorption edges have appeared approximately 2 eV
above the main peaks, and they have been explained by the orbital
hybridization between 3d orbitals of face-centered Fe(II) or Co(II)
atoms and 2p orbitals of body-centered N atoms.30,31 The same
phenomenon has been observed for the other nitrides mentioned
above. Takata et al. successfully determined the preferential
occupation site of Ni atoms in NixFe4− xN (x = 1 and 3) from the
presence and absence of shoulders in the Ni L2,3 XAS spectra for
each composition.33 In this work, we performed XAS and XMCD
measurements on Mn4− xNixN (x = 0.1 and 0.25) epitaxial films
and found the preferential occupation site of Ni atoms in

FIG. 1. Crystalline structure of antiperovskite-type Mn4N and magnetic
moments of Mn atoms. Face-centered sites (II) can be further divided into IIA
and IIB sites with magnetization.
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Mn4− xNixN to be I sites. Using the obtained results, we propose a
model describing the magnetic moments of Ni and Mn atoms
below and above the Ni MC composition in Mn4− xNixN films.

II. EXPERIMENTAL

10-nm-thick Mn4− xNixN (x = 0.1 and 0.25) epitaxial films
have been grown on SrTiO3[STO](001) substrates using molecular
beam epitaxy, using high-temperature Knudsen cells with solid Mn
and Ni sources and a radio-frequency N plasma source. The sub-
strate temperature was set at 450 °C during growth. The growth
procedure is detailed in Ref. 25. After growth, the samples were
capped in situ with Ti to prevent oxidation. The crystalline quality
of the grown films was characterized via reflection high-energy
electron diffraction (RHEED) and out-of-plane (ω−2θ) and
in-plane (f−2θχ) x-ray diffraction (XRD). The polar Kerr effect
was measured with a magneto-optical Kerr effect (MOKE) micro-
scope to determine whether each sample composition was below or
above the MC level, by looking at the sign of the measured hystere-
sis loops. The magnetic field μ0H was applied perpendicularly to
the plane in the range μ0H =−1.25–1.25 T. The same method was
used in Ref. 6. XAS and XMCD measurements were performed
at the twin APPLE-II undulator beam line BL-16A of KEK in
Japan.34 Both a magnetic field of ±3 T and circularly polarized
x rays with left or right polarization were applied perpendicularly
to the plane. The x-ray polarization was switched at every energy
point with a frequency of 10 Hz using five kicker magnets. Spectra
were acquired at RT in total electron yield mode and total fluores-
cence yield mode at the Mn L2,3 and Ni L2,3 absorption edges,
respectively, in order to prevent Ni L2,3 spectra from overlapping
with background signals.

III. RESULTS AND DISCUSSION

Figure 2 shows the XRD results and RHEED images taken along
the [100] azimuth of STO(001) after the growth of the Mn4− xNixN
films. Because of the excellent lattice matching between Mn4− xNixN
and STO(001), the diffraction peaks of the STO substrate overlap
with those of the Mn4− xNixN films. The Mn4− xNixN peaks still
appear at a slightly larger angle 2θ than those of the cubic STO in the
ω−2θ XRD pattern of Figs. 2(a)−2(d), while they are missing from
the f−2θχ XRD in Figs. 2(e) and 2(f). In Figs. 2(c) and 2(d), we
recognize the presence of 002 peaks and satellite peaks. We can also
see a clear Laue fringe in the RHEED patterns. These results highlight
the formation of high-quality epitaxial films. Assuming that STO has
a perfect cubic structure, the lattice constants determined for
Mn4− xNixN have the relation c < a, suggesting the presence of an
in-plane tensile strain. This was also found in our previous work on
Mn4N and Mn4− xNixN films.24,25 The sharp diffraction peaks of
Mn4− xNixN 004 with fine streaky patterns and the Kikuchi lines in
the RHEED images suggest that the grown films are epitaxial and
highly c-axis-oriented. We ascribe the lines indicated by white arrows
in the RHEED images to superlattice diffraction, with N atoms cor-
rectly located at the lattice center. Furthermore, a diffraction peak at
around 2θ = 41°−42° is found in each f−2θχ XRD pattern. We
ascribe this peak to Mn-related oxides.25

Figure 3 shows the polar MOKE hysteresis loops of
Mn3.9Ni0.1N (x = 0.1) (a) and Mn3.75Ni0.25N (x = 0.25) (b) films at

FIG. 2. XRD profiles of Mn3.9Ni0.1N films [(a), (c), (e)] and Mn3.75Ni0.25N [(b),
(d), ( f )] films on STO(001). (a) and (b) Out-of-plane XRD patterns and [(c) and
(d)] their enlarged figures at around 2θ = 46°. (e) and (f ) In-plane XRD patterns.
The insets show the RHEED images of the Mn3.9Ni0.1N and Mn3.75Ni0.25N films
taken along the STO[100] azimuth. Lines marked by white arrows suggest
superlattice diffraction.

FIG. 3. Polar MOKE hysteresis loops of (a) Mn3.9Ni0.1N and (b) Mn3.75Ni0.25N
films. The magnetic field was scanned as marked by arrows. Note the reversal
of the hysteresis loops.
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RT. The distortion of the loops at high magnetic field regions was
caused by non-linear Faraday rotations of the polarized light that
occur in the objective lens.35 When the external magnetic field
exceeded the coercivity, the magnetization reversed, and thus the
MOKE image reversed. This behavior is different between x = 0.1
and 0.25 as shown by the arrows, indicating the presence of a Ni
composition corresponding to the magnetic compensation between
them. A similar result was reported in ferrimagnets CoGd and Co/
Ti/(Gd-Co) multilayers near the compensation of magnetization
and angular momentum.11,36 The sharp corners of the loop, very
similar to what has been observed in Mn4N/STO(001),

19 are a hint
of the quality of the magnetic properties, with a smooth magnetiza-
tion reversal by domain wall (DW) propagation. We ascribe this
result to the excellent lattice matching between STO(001) and
Mn4− xNixN.

14 Note that Mn3.9Ni0.1N shows a higher coercivity
than Mn3.75Ni0.25N and than the sample with the same composition
fabricated in our previous work.25 This is probably due to the fact
that the composition of the sample fabricated in this work is closer
to the compensation composition.11,36 The composition ratio of Mn
and Ni is calculated only via their deposition rate ratios from the
Knudsen cells in this work.

Figures 4(a) and 4(b) show the XAS and XMCD spectra of
Mn3.9Ni0.1N and Mn3.75Ni0.25N films at the Ni L2,3 absorption
edges, respectively. We compare these spectra with those reported
for Ni3FeN in Fig. 4(c) and NiFe3N in Fig. 4(d).33 Regarding the
XAS spectra of Mn3.9Ni0.1N and Mn3.75Ni0.25N films, only the
sharp main peaks are observed at the L3 edge (852−853 eV) and
the L2 edge (870 eV). In contrast, we see shoulders in the XAS
spectrum of Ni3FeN films marked by arrows in Fig. 4(c). These
shoulders are observed approximately 2 eV above the Ni L2,3 main
peaks. Such shoulders are reported for other antiperovskite ferro-
magnetic nitrides such as Fe4N and Co4N films above the Fe (Co)
L2,3 main peaks.30,31 These are interpreted to originate from the
electric dipole transition from the metal 2p core level to the hybrid
state between the orbitals of the N 2p and metal 3d at II sites, indi-
cating that the objective element is at II sites.30 However, these
shoulders are missing in the XAS spectrum of NiFe3N films in
Fig. 4(d). In NixFe4− xN, the preferential sites of Ni atoms deter-
mined by XAS measurements agree well with those obtained via
Mössbauer measurements and first-principles calculations based on
the configuration-dependent total energy.33,37,38 Thus, we have a
reasonable confidence in the results obtained for Mn4− xNixN as

FIG. 4. XAS (blue) and XMCD (black) spectra in (a) Mn3.9Ni0.1N films and (b) Mn3.75Ni0.25N films at Ni L2,3 edges. XAS spectra in (c) Ni3FeN films and (d) NiFe3N films
at Ni L2,3 edges.

33 Note the reversal of the XMCD signals between (a) and (b), meaning that the direction of magnetic moment of Ni is flipped between them. The arrows
in (c) indicate the presence of Ni at face-centered II sites. Satellites A and A0 are reproducible by a one-electron relativistic tight-binding calculation.41 Satellites B and B0
are mainly due to the configuration interaction between the final-state multiples described with 2p53d9 and 2p53d10.42 Data in (c) and (d) reproduced with permission from
Takata et al., Phys. Rev. Mater. 2, 024407 (2018). Copyright 2018 American Physical Society.
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well. From these results, we can safely state that Ni atoms preferen-
tially occupy the I sites in Mn4N when x≤ 0.25. In addition to the
shoulders mentioned above, Figs. 4(a)−4(d) show other distinct
satellites marked as A and A0. Let us now discuss their origins.
Satellites A and A0 are observed at approximately 7 eV above the Ni
L3 and L2 edges. We initially considered their origin to be the
hybrid state between the Ni 3d and O 2p orbitals. However, they
are reported to be only 1.5 eV above the Ni L2,3 edges.

39 Thus, this
value does not agree with our results in this work. These are rather
close to the satellite positions reported for the Ni L2,3 edges of
NixFe4− xN. Such satellites are also reported for pure fcc-Ni both in
experiments and in a one-electron relativistic tight-binding
calculation.40,41

The XMCD spectra for Ni are simple. The peak signs are oppo-
site at the L2,3 edges between Mn3.9Ni0.1N and Mn3.75Ni0.25N. Thus,
the directions of magnetic moments of Ni(I) in Mn3.9Ni0.1N films
are different from that in Mn3.75Ni0.25N films with respect to the
magnetizations. Regarding satellite B in Figs. 4(a)–4(d), it has been
found only experimentally, without being reproduced by calcula-
tions.42 This can be understood by considering that satellite B results
from the interaction between the final-state multiples described with
2p53d9 and 2p53d10. Although no distinct satellite is observed in the
XMCD spectra above the Ni L2 edges, it has been experimentally
confirmed elsewhere.43 We conclude that the satellite intensity is
weak owing to the small atomic ratio of Ni and that the satellites are
buried in background signals.

We next move on to the XAS and XMCD spectra of
Mn3.9Ni0.1N [Fig. 5(a)] and Mn3.75Ni0.25N films [Fig. 5(b)] at the
Mn L2,3 absorption edges. Shoulders marked by arrows and satel-
lites (C, C0) are observed at approximately 2 eV and 3.5 eV, respec-
tively, above the Mn L2,3 main peaks of the Mn3.9Ni0.1N and
Mn3.75Ni0.25N films. Note that similar features were observed in the
XAS spectra of Mn-related oxides such as MnFe2O4

44 and are char-
acterized by the final-state multiples of the 2p53d6 configuration
from a highly localized Mn2+ ground state. As mentioned before,

oxygen atoms may be present in the samples containing the Mn
oxide as shown in Figs. 2(e) and 2(f ).

The XMCD spectra of these films also show some complexity.
The signs of the XMCD signals around the Mn L3 edge are positive,
negative, and positive from low to high photon energy in
Mn3.9Ni0.1N. The superposition of spectra with different signs indi-
cates that the magnetic moments of Mn(I) and Mn(II) are aligned
antiparallel to each other. In our previous studies on Fe4N films, the
transition metals at the I(II) site exhibit localized (itinerant) states
supported by the first-principles calculation using the all-electron
full-potential linearized augmented-plane-wave (FLAPW) method
and Fermi’s golden rule with E1 transitions.30 Similar calculation
results are also supported for Mn4N by the FLAPW calculation.45

FIG. 5. XAS (blue) and XMCD (black) spectra in (a) Mn3.9Ni0.1N films and (b) Mn3.75Ni0.25N films at Mn L2,3 edges. The sharp peak (α) and broad peak (β) originate
mainly from Mn(I) and Mn(II), respectively. The different sign of the XMCD signal between them indicates that the magnetic moment of Mn(I) is antiparallel to that of Mn
(II). Note the reversal of the XMCD signals between (a) and (b), meaning that the magnetic moment of Mn is flipped between them. Satellites C and C0 originate from
Mn-related oxides.

FIG. 6. Schematics of the magnetic structures in Mn4− xNixN [below the MC
composition ratio in (a) and above it in (b)]. The magnetic moment of Mn(I) is
aligned antiparallel to those of Mn(II) and Ni(I).
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Therefore, the XMCD spectra of Mn3.9Ni0.1N and Mn3.75Ni0.25N
films can also be viewed as an overlap of such localized and itiner-
ant components characterized by features α and β, respectively,
with opposite signs. In Mn3.9Ni0.1N, the broad positive peak (β)
near 642 eV likely originates from Mn(II) atoms because of the
hybridization between Mn(II) 3d and N 2p orbitals. In contrast, the
sharp negative peak (α) near 640 eV likely comes from Mn(I),
which is remote from N, and therefore entails less hybridization.
Note that the signs of the XMCD signals near the Mn L3 absorp-
tion edges are negative, positive, and negative from low to high
photon energy in Mn3.75Ni0.25N, which is the opposite of the
results obtained for the Mn3.9Ni0.1N films. We attribute this to
magnetization reversal at both I and II sites. Such behavior of
the spectra was reported in ferrimagnets at the vicinity of the com-
pensation temperature.46,47 It is also notable that the XMCD signal
at the Ni L3 absorption edge has the opposite sign of the sharp
peak for the Mn L3 edge at 640 eV regardless of x and has the same
sign as that of the broad spectrum at 642 eV. The former mainly
comes from Mn(I) atoms and the latter from Mn(II) atoms.
Thus, the magnetic moments of Ni(I) always align in parallel with
those of Mn(II) or in antiparallel with those of Mn(I) in the
studied range of x.

From these discussions, we conclude that the preferential
occupation site of Ni is the I site in Mn4− xNixN thin films and
that the magnetic moments of Ni atoms are parallel to those of Mn
(II). On the basis of these conclusions, Fig. 6 shows the simplified
schematics of the magnetic structures in Mn4− xNixN [below the
MC composition ratio in (a) and above it in (b)]. Here, we
assumed that all Ni atoms occupy I sites, which we believe is rea-
sonable from Fig. 4 and the above discussions. We used the x = 0.1
and 0.25 samples in the experiment; however, the composition
ratios are 0.125 for Fig. 6(a) and 0.25 for Fig. 6(b) to simplify the
representation. As mentioned in Fig. 1, Mn4N is a ferrimagnetic
material in which the magnetic moments of the Mn(I) atoms are
aligned parallel to the magnetic field H and antiparallel to the
moments of the Mn(II) atoms. The magnetic moments of the Mn
(I) sites thus determine the direction of MS. For x = 0.1, some Mn
(I) atoms are replaced with Ni atoms, and the magnetic moments
of the Ni(I) atoms are parallel to those of Mn(II). This results in a
net decrease in MS,

21 and the Mn(I) atoms still determine the
direction of MS. When x is increased further to 0.25, more Mn(I)
atoms are replaced with Ni atoms to the extent where the sum of
the magnetic moments aligned antiparallel to magnetic field
becomes greater than that of those aligned parallel to it. In this
state, the net magnetization and magnetic field are antiparallel,

causing an unstable Zeeman energy state. Thus, all magnetic
moments need to flip to achieve the stable state shown in Fig. 6(b).
As a result, the magnetic moments of the Mn(II) sites determine
the direction of MS at x = 0.25. Therefore, we can safely state that
the MC occurs at a value of x between 0.1 and 0.25.

We finally discussed the spin (mspin), orbital (morb), and total
(mtot =mspin +morb) magnetic moments per Mn and Ni atom for
the samples at x = 0.1 and 0.25 deduced by applying the sum-rule
analysis.48,49 We subtracted the background signals of the XAS
spectra by a two-step function aligned at the peak maxima of the
L3 and L2 edges. As the hole numbers (nh) of Mn and Ni atoms, we
adopted 5.2 for Mn50 regardless of I and II sites and 1.4 for Ni.51,52

The same assumption was made in a previous study on
Fe4− xNixN,

53 wherein the nh of the two different sites has been
reported to be almost the same by the first-principles calculation.
The obtained mspin, morb, and mtot are summarized in Table I. The
sign of the magnetic moment of Ni atoms was negative at x = 0.1,
meaning that the magnetic moment of Ni atoms aligns in antipar-
allel with the magnetization. In contrast, the sign reversed at
x = 0.25. We also notice that the magnitude of mtot for Ni atoms
remained almost unchanged between x = 0.1 and 0.25, suggesting
that the preferential occupation site of Ni atoms did not change.
These results are consistent with the above discussions based on
the XMCD spectra. The mtot per unit cell was calculated to be
approximately 0.009 μB for x = 0.1 and 0.39 μB for x = 0.25, corre-
sponding to approximately 1.5 kA/m and 63 kA/m, respectively.
Note that mtot at x = 0.1 is very small. As previously mentioned
about the higher coercivity in the MOKE hysteresis loop at x = 0.1
in Fig. 3(a), we can state that the Ni composition x = 0.1 is really
close to the compensation composition.

IV. CONCLUSION

We performed XAS and XMCD measurements at the Mn and
Ni L2,3 absorption edges of Mn4− xNixN epitaxial films for x = 0.1
and 0.25. Although shoulders were observed at photon energies of
approximately 2 eV above the main peaks of the Mn L2,3 edges, no
such features were observed for Ni atoms. We attribute these shoul-
ders to orbital hybridization between Mn(II) atoms at face-centered
sites and N atoms at body-centered sites and therefore conclude
that the Ni atoms preferentially occupy I sites at least at x≤ 0.25.
Spectral line-shape analysis revealed that the magnetic moments of
Mn(II) atoms were aligned parallel to those of Ni atoms and anti-
parallel to those of Mn(I) atoms and to H at x = 0.1. However, all
the magnetic moments of these atoms are reversed at x = 0.25, and

TABLE I. Spin (mspin), orbital (morb), and total (mtot) magnetic moments of Mn and Ni atoms in Mn4− xNixN deduced by sum-rule analysis.

Compounds Atom

Magnetic moment (μB per atom)

mspin morb mtot

Mn3.9Ni0.1N Mn 0.024 ± 0.011 −0.016 ± 0.002 0.008 ± 0.014
Ni −0.20 ± 0.03 −0.024 ± 0.004 −0.22 ± 0.03

Mn3.75Ni0.25N Mn 0.081 ± 0.020 0.011 ± 0.005 0.092 ± 0.025
Ni 0.17 ± 0.02 0.010 ± 0.002 0.18 ± 0.02
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the magnetic moments of Mn(II) atoms were aligned parallel to H.
These results mean that the magnetic moments of Mn(I) atoms
determine the direction of MS at x = 0.1, while those of Mn(II)
determine it at x = 0.25. The mspin and morb values were deduced
from the obtained XAS and XMCD spectra by sum-rule analysis,
and the sign reversal of the magnetic moment of Ni atoms
between 0.1 and 0.25 was confirmed. These results show that the
MC composition x for Ni in Mn4 − xNixN is between 0.1 and
0.25. We thus believe that with the absence of RE elements, and
with the possibility to obtain angular magnetic compensation at
room temperature, Mn4 − xNixN is a very attractive candidate for
applications based on STT or SOT.
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