
Appl. Phys. Lett. 116, 242404 (2020); https://doi.org/10.1063/5.0011875 116, 242404

© 2020 Author(s).

Epitaxial L10-FeNi films with high degree of
order and large uniaxial magnetic anisotropy
fabricated by denitriding FeNiN films
Cite as: Appl. Phys. Lett. 116, 242404 (2020); https://doi.org/10.1063/5.0011875
Submitted: 25 April 2020 • Accepted: 01 June 2020 • Published Online: 15 June 2020

 Keita Ito, Masahiro Hayashida,  Hiroto Masuda, et al.

ARTICLES YOU MAY BE INTERESTED IN

Fabrication of L10-FeNi by pulsed-laser deposition

Applied Physics Letters 114, 072404 (2019); https://doi.org/10.1063/1.5087041

Study of the perpendicular magnetic anisotropy, spin–orbit torque, and Dzyaloshinskii–Moriya
interaction in the heavy metal/CoFeB bilayers with Ir22Mn78 insertion

Applied Physics Letters 116, 242407 (2020); https://doi.org/10.1063/5.0006138

Spin–orbit torque driven multi-level switching in He+ irradiated W–CoFeB–MgO Hall bars with
perpendicular anisotropy
Applied Physics Letters 116, 242401 (2020); https://doi.org/10.1063/5.0010679

https://images.scitation.org/redirect.spark?MID=176720&plid=1691476&setID=378288&channelID=0&CID=617080&banID=520579169&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=f1f4e980f6fdb758ad150527206ab82c09d61755&location=
https://doi.org/10.1063/5.0011875
https://doi.org/10.1063/5.0011875
https://orcid.org/0000-0002-3682-8614
https://aip.scitation.org/author/Ito%2C+Keita
https://aip.scitation.org/author/Hayashida%2C+Masahiro
https://orcid.org/0000-0002-6383-8068
https://aip.scitation.org/author/Masuda%2C+Hiroto
https://doi.org/10.1063/5.0011875
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0011875
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0011875&domain=aip.scitation.org&date_stamp=2020-06-15
https://aip.scitation.org/doi/10.1063/1.5087041
https://doi.org/10.1063/1.5087041
https://aip.scitation.org/doi/10.1063/5.0006138
https://aip.scitation.org/doi/10.1063/5.0006138
https://doi.org/10.1063/5.0006138
https://aip.scitation.org/doi/10.1063/5.0010679
https://aip.scitation.org/doi/10.1063/5.0010679
https://doi.org/10.1063/5.0010679


Epitaxial L10-FeNi films with high degree of order
and large uniaxial magnetic anisotropy fabricated
by denitriding FeNiN films

Cite as: Appl. Phys. Lett. 116, 242404 (2020); doi: 10.1063/5.0011875
Submitted: 25 April 2020 . Accepted: 1 June 2020 .
Published Online: 15 June 2020

Keita Ito,1,2,a) Masahiro Hayashida,1 Hiroto Masuda,1 Takahiro Nishio,3 Sho Goto,3 Hiroaki Kura,3

Tomoyuki Koganezawa,4 Masaki Mizuguchi,1,2 Yusuke Shimada,1 Toyohiko J. Konno,1

Hideto Yanagihara,5 and Koki Takanashi1,2,6

AFFILIATIONS
1Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
2Center for Spintronics Research Network, Tohoku University, Sendai 980-8577, Japan
3Advanced Research and Innovation Center, DENSO CORPORATION, Nisshin, Aichi 470-0111, Japan
4Japan Synchrotron Radiation Research Institute, SPring-8, Sayo, Hyogo 679-5198, Japan
5Department of Applied Physics, University of Tsukuba, Tsukuba, Ibaraki 305-8573, Japan
6Center for Science and Innovation in Spintronics, Core Research Cluster, Tohoku University, Sendai 980-8577, Japan

a)Author to whom correspondence should be addressed: itok@imr.tohoku.ac.jp

ABSTRACT

L10-orderd FeNi alloy films with a high degree of order (S) and a large uniaxial magnetic anisotropy energy (Ku) were realized by denitriding
FeNiN films. FeNiN films with the a-axis perpendicular to the film plane were epitaxially grown on SrTiO3 (001) substrates by molecular
beam epitaxy by changing the growth temperatures (TS) to 200, 250, and 350 �C. The a-axis oriented epitaxial L10-FeNi films were fabricated
by annealing the FeNiN films in a H2 gas atmosphere at 300 �C. S and Ku of the denitrided L10-FeNi films were characterized by anomalous
x-ray diffraction using synchrotron radiation and magnetic torque measurements, respectively. A high S of 0.87 and a Ku of 5.9� 105 J/m3

were realized in the L10-FeNi film with a TS of 350 �C. This high S value exceeds the values reported on L10-FeNi to date, but the Ku value
was comparable to those of c-axis oriented L10-FeNi films with S � 0.5 grown by alternate monoatomic deposition of Fe and Ni layers. A
possible origin for the suppressed macroscopic Ku in a-axis oriented L10-FeNi films is discussed, and denitriding FeNiN is a promising
method for the fabrication of L10-FeNi with a high S and a large Ku.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011875

In recent years, ferromagnetic materials for permanent magnets
have actively been investigated due to an increase demand for applica-
tion in high efficiency motors of electric vehicles. For permanent mag-
nets, ferromagnetic materials with high saturation magnetization (MS)
and large uniaxial magnetic anisotropy energy (Ku) are required.
However, typical ferromagnetic materials with a large Ku contain rare
earth elements or noble metal elements1 and the development of ferro-
magnetic materials without such elements is required to realize a sus-
tainable society. We have been interested in an L10-ordered FeNi alloy
as a high MS and large Ku material suitable for application in rare
earth- and noble metal-free permanent magnets.2 L10-FeNi possesses
a face-centered tetragonal structure with alternate stacking of Fe and
Ni monatomic layers along the c-axis direction. An MS of 1270 kA/m,

a Ku of 1.3� 106 J/m3,3,4 and a Curie temperature of 550 �C (Refs. 5
and 6) were reported in a bulk form L10-FeNi. The order-disorder
transition temperature of L10-FeNi is 320 �C,

3,7,8 and the L10 phase is
obtained by annealing disordered FeNi alloys below this temperature
in theory. However, 320 �C is too low to promote the diffusion of Fe
and Ni atoms sufficiently and it takes astronomical time to obtain the
L10 phase.

The bulk form of L10-FeNi was fabricated by special methods
such as heat treatment for disordered FeNi alloys with neutron irradia-
tion,3,4 severe plastic deformation for FeNi powder,9 and annealing of
amorphous FeNiSiBPCu alloys produced by rapid quench.10 However,
the volume fraction or the degree of long-range order (S) of the L10
phase was small for these samples.
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We have focused on the fabrication of L10-FeNi films and the
improvement of their S and Ku.

2 Epitaxially grown L10-FeNi films
with the c-axis perpendicular to the film plane were fabricated by alter-
nate monoatomic deposition of Fe and Ni layers on Au–Cu–Ni buffer
layers using molecular beam epitaxy (MBE).11 An S of �0.5 and a Ku

of 7.0� 105 J/m3 were realized and a Ku exceeding 10
6 J/m3 could be

expected if S larger than 0.7 is achieved.11 X-ray magnetic circular
dichroism measurements were performed for the c-axis oriented L10-
FeNi films, and it is revealed that the uniaxial magnetic anisotropy of
L10-FeNi is largely dominated by the anisotropy of the Fe orbital mag-
netic moment.12 This result is consistent with the prediction by the
first-principles calculation.13 In addition to the MBEmethod, the com-
bination of sputtering deposition and rapid thermal annealing,14,15

and the fabrication by pulsed laser deposition were also performed.16

However, S and Ku exceeding those reported in Ref. 11 were not
realized.

On the other hand, we synthesized L10-FeNi powder with an S of
0.71 by extracting nitrogen atoms from antiferromagnetic tetragonal
FeNiN powder,17 where FeN and Ni monoatomic layers are alternately
stacked in the c-axis direction due to the higher affinity of Fe–N bonds
than that of Ni–N bonds,18–22 by the annealing in a H2 gas atmosphere
while maintaining the Fe/Ni ordered structure. A coercivity of 142 kA/
m was achieved in the L10-FeNi powder but its Ku value was not evalu-
ated because of its polycrystalline form. In order to demonstrate the
advantage of L10-FeNi produced by the denitriding method in perma-
nent magnet applications, the fabrication of epitaxial L10-FeNi films
by denitriding single-crystal-like FeNiN films would be useful to char-
acterize their Ku and S.

In this study, FeNiN films with the a-axis perpendicular to the
film plane with two variants were epitaxially grown on SrTiO3 (STO)
(001) substrates and denitrided, leading to the realization of a high S of
0.87 and a large Ku of 5.9� 105 J/m3 in a-axis oriented L10-FeNi films.
This high S value exceeds the values reported previously.2,10,11,16,17

20 nm-thick FeNiN films were grown by the simultaneous supply
of Fe, Ni, and radio frequency N2 by MBE23,24 by changing the growth
temperature (TS) to 200, 250, and 350 �C. After the growth, the FeNiN
films were annealed at 300 �C for 4 h in a furnace with a 1.0 l/min H2

gas flow rate for denitriding, resulting in the fabrication of L10-FeNi
films. The thicknesses of the L10-FeNi films were estimated by x-ray
reflectometry. The structure of the FeNiN films was characterized by
out-of-plane and in-plane x-ray diffraction (XRD) measurements
using Cu Ka radiation. In addition, in-plane anomalous XRD mea-
surements were performed for the L10-FeNi films at a synchrotron
radiation facility, BL46XU of SPring-8 in Japan, in order to observe
the superlattice diffraction attributed to the Fe-Ni long range order. A
scattering vector (Q) was set to STO[100] and the incident photon
energy was 7.11 keV, which corresponds to the absorption edge of Fe.
S of the L10-FeNi films was evaluated by using the integrated peak
intensities of observed fundamental and superlattice diffraction and
those of theoretically calculated. The details of the procedure for deriv-
ing S are summarized in Ref. 15. The Fe/Ni composition ratios of the
samples were confirmed by the combination of Rutherford backscat-
tering spectrometry and electron probe micro analyzer analysis as
Fe51Ni49 for the samples of TS of 200 and 250 �C and Fe52Ni48 for TS
of 350 �C. They were taken into account to calculate the S values.25

Cross-sectional scanning transmission electron microscope (STEM)
measurements with fast Fourier transform (FFT) analysis were

performed for the L10-FeNi films and the size of variants in them was
roughly estimated. Magnetization curves were measured by a vibrating
sample magnetometer with external magnetic fields (H) applied along
the in-plane STO[100] or the out-to-plane STO[001] direction at
room temperature (RT). MS and Ku were evaluated by magnetic tor-
que measurements with so-called the 45� method.26 Torque curves
were measured at RT under H with rotating the electromagnet clock-
wise and counterclockwise around the STO(010) plane of the samples
as shown in the inset of Fig. 3(a).24

Figures 1(a) and 1(b) show the out-of-plane and in-plane XRD
patterns of the FeNiN films, respectively, measured by using Cu Ka
radiation. They indicate the a-axis oriented epitaxial growth along the
perpendicular direction to the film plane with two variants: the epitax-
ial relationships are FeNiN[001](100)//STO[100](001) and
FeNiN[010](100)//STO[100](001) as shown schematically in Fig.
1(c).23,24 In other words, the two variants with the in-plane c-axis of
FeNiN intersecting at 90� were formed indicated by variants A and B
in Fig. 1(c). At present, the reason for the a-axis orientation perpendic-
ular to the film plane is not clear. As for the samples with a TS of 250
and 350 �C, the superlattice peaks of FeNiN 001, which are attributed
to the long-range order of N atoms in FeNiN, are clearly observed in
the in-plane XRD patterns.

Figures 1(d) and 1(e) display the in-plane anomalous XRD pat-
terns of the L10-FeNi films after denitriding the FeNiN films obtained
by using the synchrotron radiation with a photon energy of 7.11 keV.
Figure 1(d) show the patterns with the 2h range from 22� to 32� and
Fig. 1(e) from 54� to 60�. The overlapped fundamental diffraction
peaks of L10-FeNi 200þ 002 are observed in Fig. 1(e) because the c/a
ratio of L10-FeNi is close to 1.0, and the epitaxial relationship between
the L10-FeNi films and the STO(001) substrates is maintained after
denitriding. The peak intensity increases with TS and the clear super-
lattice diffraction of L10-FeNi 001 is obtained for TS¼ 350 �C as
shown in Fig. 1(d). This peak disappeared when the incident x-ray
energy was changed from 7.11 keV, which is the proof of the superlat-
tice diffraction of L10-FeNi. S for TS¼ 350 �C is calculated to be 0.87
using the equation

S ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iobs001=I

obs
002

Ical001=I
cal
002

s
; (1)

where Iobs001 and I
obs
002 are the integrated intensities of observed diffraction

peaks for L10-FeNi 001 (superlattice) and L10-FeNi 002 (fundamen-
tal), respectively. Ical001 and Ical002 are theoretically calculated intensities
when S¼ 1 likewise. This S value exceeds those of the c-axis oriented
L10-FeNi films (S � 0.5) grown by alternate monoatomic deposition
of Fe and Ni layers11 and the L10-FeNi powder (S¼ 0.71) fabricated
by denitriding FeNiN powder.17 For the evaluation of S, we separated
the overlapped peak of L10-FeNi 200þ 002 into L10-FeNi 200 and 002
using the following equation:

Iobs200 002ð Þ ¼ Iobs200þ002 � Ical200 002ð Þ= Ical200 þ Ical002

� �
: (2)

We assume that the two variants have the same volume fraction
because of the symmetry in the STO(001) plane.

Figure 2 indicates the magnetization curves of the L10-FeNi films
with the in-plane and out-of-plane H. The MS values are approxi-
mately 1100 kA/m for all the samples. The coercivity of the samples is
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small (�0.01T) in the in-plane magnetization curves but single-crys-
tal-like, continuous films often show low coercivity even in the case of
high magnetic anisotropy because of a low density of pinning sites for
domain walls.27 For the in-plane magnetization curves, the remanent
magnetization is smaller than MS. This is attributed to the presence of
the a-axis, i.e., the hard magnetization axis, of L10-FeNi in the in-
plane direction of the samples. Furthermore, for the out-of-plane mag-
netization curves, the saturation fields of the samples are larger than
the demagnetization field (�1.4T). This is attributed to the a-axis, i.e.,
the hard magnetization axis, perpendicular to the film plane. These
features of the magnetization curves are explained by the microstruc-
ture having two variants with orthogonal in-plane c-axes, i.e., the easy
magnetization axis, from each other, showing uniaxial magnetic
anisotropy for each. The decrease in remanent magnetization in the
in-plane magnetization curves and the increase in saturation field in
the out-of-plane magnetization curves with TS mean the enhancement
of Ku with TS.

Figure 3(a) exhibits the magnetic torque (L) measurements with
the 45� method,26 i.e., L vs (L/l0H)

2 plots, for the L10-FeNi films. l0 is
the permeability in a vacuum. MS and effective uniaxial magnetic
anisotropy energy (Keff

u ) were obtained from the intersections of the
fitting lines with the vertical and horizontal axes, respectively, from the
following equation:26

L
l0H

� �2

¼ � M2
S

2Keff
u

LþM2
S

2
: (3)

By considering the two variants of the samples with the in-plane
c-axes orthogonal to each other, magnetic anisotropy energy (EA) is
expressed by

EA ¼ Keff
u sin2uB ¼

1
2
� l0M

2
S

2
� sin2uB þ

1
2

Ku þ
l0M

2
S

2

� �
sin2uB

¼ Ku þ l0M
2
S

2

� �
sin2uB: (4)

Here, 12 �
l0M

2
S

2 �sin2uB and
1
2 Ku þ l0M

2
S

2

� �
sin2uB terms in Eq. (4) corre-

spond to EA from variants A and B, respectively, assuming that the

FIG. 1. (a) Out-of-plane and (b) in-plane XRD patterns of FeNiN films measured by using Cu Ka radiation. (c) A schematic illustration of the structure of epitaxially grown
FeNiN films with the a-axis perpendicular to the film plane with two variants on an STO(001) substrate. The atomic arrangement at the boundary between variants shown here
(�Ni–N–Ni–) is an example. (d) and (e) In-plane anomalous XRD patterns of L10-FeNi films measured by using synchrotron radiation with a photon energy of 7.11 keV.

FIG. 2. Magnetization curves of a-axis oriented L10-FeNi films. Magnetic field H
was applied along the in-plane (//) or out-of-plane (?) direction. l0 is the permeabil-
ity in a vacuum.
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two variants have the same volume fraction. In this paper, a positive
Ku means that the easy magnetization axis direction of the film is in-
plane. We define uA and uB as the angles between MS and c-axis of
variants A and B, respectively. Due to the sample setup of the magnetic
torque measurements as shown in the inset of Fig. 3(a), for the variant
A, its c-axis and the magnetization are always orthogonal (uA¼ 90�).
This means that the Ku component in the variant A does not affect the
measurements but only the shape magnetic anisotropy term (l0MS

2/2)
does. On the other hand, for the variant B, the magnetization rotates in
the range of uB¼�90� to 90� with respect to the easy axis for the mag-
netocrystalline anisotropy, which is the same situation as for the shape
magnetic anisotropy. Therefore, both the magnetocrystalline and the
shape magnetic anisotropies are detected by the torque measurements
and described as Kuþl0MS

2/2. Using the equation

Ku ¼ 2 Keff
u �

l0M
2
S

2

� �
; (5)

the Ku value is calculated. Figure 3(b) shows the TS dependences ofMS

and Ku of the samples evaluated by the magnetic torque measure-
ments. The MS values are almost constant at approximately 1100 kA/
m and they are consistent with the magnetization measurements,
which supports the reliability of the fitting in Fig. 3(a). The Ku value

increases with TS of the FeNiN layers and reaches 5.9� 105 J/m3

at TS¼ 350 �C. This Ku value approaches that of the c-axis oriented
L10-FeNi films fabricated by alternate monoatomic deposition of Fe
and Ni layers, Ku¼ 7.0� 105 J/m3 when S� 0.5.11 However, consider-
ing the large S of 0.87 in our sample, Ku should be larger than that of
the L10-FeNi films in Ref. 11. A possible origin for the small Ku is that
the macroscopic Ku of the a-axis oriented L10-FeNi films is suppressed
by the exchange coupling between the two variants with the orthogo-
nal in-plane c-axes.

In order to estimate the variant sizes, the cross-sectional STEM
observations were performed for the L10-FeNi film with S¼ 0.87 and
the observed images are shown in Fig. 4(a). The incident electron
beam direction was set to STO[100], which corresponds to the L10-
FeNi[001] or [100] direction of the film. The clear lattice images of the

FIG. 4. (a) Cross-sectional STEM images and (b) their FFT images of the a-axis
oriented L10-FeNi film with S¼ 0.87. Superlattice diffraction spots are represented
by red and blue dashed circles in (b). The c� with arrows in (b) represent the direc-
tions of reciprocal lattice vectors for the c-axes.

FIG. 3. (a) L vs (L/l0H)
2 plots of a-axis oriented L10-FeNi films, where L and H are

the magnetic torque and applied magnetic field, respectively. The inset shows the
geometry of the film sample and H. (b) TS dependences of MS and Ku of the
samples.
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epitaxially grown L10-FeNi film were obtained. Figure 4(b) exhibits
the FFT images of Fig. 4(a), where panels A0–D0 correspond to the
FFT images of areas A–D in Fig. 4(a). From area D, no superlattice dif-
fraction was observed, which means that S is locally degraded or multi-
ple domains overlap in the electron beam transmission direction. On
the other hand, the superlattice diffractions, represented by red and
blue dashed circles in Fig. 4(b), are definitely observed in areas A, B,
and C. The difference of the spot positions between the red and blue
dashed circles indicates the different variants of the L10-FeNi film.
Observation positions were also changed, and the variant sizes were
roughly estimated to be a few nanometers.

Here, we discuss the effect of the variants with the easy magneti-
zation axes intersecting at 90�, on the macroscopic Ku values of a-axis
oriented L10-FeNi films. The relationship between the crystal grain
size, the macroscopic magnetic anisotropy energy, and the coercivity
of nanocrystalline ferromagnetic films in which the magnetic easy axis
direction is random was reported by Herzer.28 The macroscopic Ku

value may be averaged and becomes smaller than the Ku of each crystal
grain when the crystal grain size is smaller than the exchange length
(Lex), which is described as

Lex ¼
ffiffiffiffiffiffi
A
Ku

r
: (6)

A is the exchange stiffness constant. Our L10-FeNi films are not nano-
crystalline but a mixture consisting of the two nanometer-sized var-
iants with orthogonal easy magnetization axes, showing a similar
situation to that of nanocrystalline ferromagnetic films. The A of L10-
FeNi is 1.0� 10�11 J/m,29 and Lex is estimated to be 3.2 nm when we
assume a Ku of 1� 106 J/m3. Thus, the Lex of L10-FeNi is comparable
to the variant sizes of our samples. This strongly suggests that the
obtained macroscopic Ku values of a-axis oriented L10-FeNi films may
be smaller than the actual Ku of each variant.

In summary, a-axis oriented L10-FeNi films with a high S and a
large Ku were fabricated by denitriding a-axis oriented FeNiN films.
As a result of denitriding, FeNiN films prepared at TS¼ 350 �C,
S¼ 0.87, and Ku¼ 5.9� 105 J/m3 were realized. This S value is higher
than those reported on L10-FeNi previously.

2,10,11,16,17 However, the
Ku value is smaller than that expected from the previous study on the
c-axis oriented L10-FeNi films by alternate monoatomic deposition.11

A possible origin for the small Ku is that the microstructure having
two nanometer-sized variants with the in-plane c-axes orthogonal to
each other, resulting in the reduction of the macroscopic Ku value. The
actual Ku of each variant may be much larger than 5.9� 105 J/m3.
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