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The 20-60 nm-thick epitaxial NiFe, N (x=0, 1, 3, and 4) films were successfully fabricated on
SrTiO5(001) single-crystal substrates by alternating the substrate temperature (7,), and their crystal-
line qualities and magnetic properties were investigated. It was found that the crystal orientation and
the degree of order of N site were improved with the increase of T, for x =1 and 3. The lattice con-
stant and saturation magnetization decreased as the Ni content increased. This tendency was in good
agreement with first-principle calculation. Curie temperature of the NizFeN film was estimated to be
266K from the temperature dependence of magnetization. The NiyN film was not ferromagnetic but
paramagnetic due to its low degree of order of N site. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4961734]

I. INTRODUCTION

In recent years, great attention has been paid to anti-
perovskite type 3d transition metal ferromagnetic nitrides
as a new spintronics material due to their excellent elec-
tronic and magnetic properties. The crystal structure of
these materials is shown in Fig. 1, in which the transition
metal atoms occupy the corner (I) and face-center (II) sites
and the N atom occupies the body-center site. The II sites
can be further classified into ITA and IIB. Fe4N, one of these
compounds, is theoretically predicted to have a very large
negative spin-polarization of electrical conductivity.! The
high spin-polarization of Fe,N was experimentally demon-
strated via the point-contact Andreev reflection technique
and the large tunneling magnetoresistance (TMR) effect in
the magnetic tunneling junction (MTJ) with Fe,N electro-
des.>? Moreover, an inverse TMR ratio of —75% in CoFeB/
MgO/Fe,N MTIJs and negative anisotropic magnetoresis-
tance (AMR) effects, originating from the negative spin-
polarization of Fe,N, were reported.*™

Substitution of other 3d transition metal atoms for Fe
in the Fe,N lattice is an effective means to modify their
magnetic properties. For example, Co.Fe, N, where Fe
atoms are partially replaced with Co atoms, is theoretically
expected to exhibit a larger negative spin-polarization of
density of states (DOS) at Fermi level (Eg) than Fe4N.9 Up
to now, we have succeeded in fabricating these binary 3d
nitrides such as Co,Fe, N and Co,Mn,_ N by molecular
beam epitaxy (MBE) and revealed their magnetic and trans-
port properties.'*!

In this work, we focused on Ni,Fe, .N. There have
been several reports both by theory and by experiment on
NiFe, (N, especially for x<2.4."727 NiFe;N has some
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similarities with Ni-Fe Invar alloys from the viewpoints of
thermal expansion and forced magnetostriction'” and has a
magnetic moment of 7.15 ug per formula unit.'® The struc-
tural and magnetic properties of NiFe, N(up to x=2.4)
films grown on Si or glass substrates were reported.”> >’
In contrast, studies on NiFe,_ N with higher Ni composi-
tions (x >2.4) have been quite limited. Diao et al. demon-
strated that the lattice constant, the saturation magnetization
(M), and Curie temperature (7.) of powdered Ni/Fe, N
(0<x<3.6) monotonically decreased with increasing
x. According to their results, T, is 287K, slightly lower
than the room temperature (RT) for x > 3.28 However, this is
inconsistent with a recent report showing that the T, of
NisFeN is above RT because NizFeN epitaxial films exhib-
ited a large positive AMR ratio of approximately 6% at
RT.* For these reasons, the T, of NisFeN has not been
determined yet. In addition, we have only limited informa-
tion about the magnetic properties of NiyN.>** In this
article, we fabricated 20-60 nm-thick NiFe, N epitaxial
films in a wide range of 0 <x<4 and examined their

FIG. 1. Crystal structure of anti-perovskite type 3d transition metal ferro-
magnetic nitrides. II site can be divided into IIA and IIB site.

Published by AIP Publishing.
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TABLE 1. Calculated formation energy (FEfom), lattice parameters (a, ¢),
magnetic moment (mgpin), Saturation magnetization (M), and spin-
polarization (Pp) of Ni Fe, N(x=0, 1, 3, and 4).

Eform a c Mgpin M

Compounds (eV/f.u.)  (nm) (nm)  (up/f.u.) (emu/cm®)  Pp
Fe,N —0.2454 0.37902 0.37902  9.977 1669 —0.49
NiFe;N —0.332 0.37726 0.37726  8.008 1383 —0.55
(A-type)

NiFe;N —0.2927 0.37988 0.37178  8.073 1395 —0.39
(B-type)

NizFeN 0.5273 0.37604 0.37604  4.105 716 —0.86
(A-type)

NizFeN —0.0213 0.37302 0.3784 4.067 716 —0.53
(B-type)

NigN 0.449  0.37224 0.37224 1.494 269 —0.38

fundamental properties in detail
principle calculation.

comparing with first-

Il. METHOD
A. Experiments

We grew 20-60 nm-thick NiFe, N(x=0, 1, 3, and 4)
films on SrTiO; (STO) (001) single-crystal substrates by
MBE using solid sources of Ni and/or Fe and radio-frequency
(RF) N plasma. Substrate temperature (7,,) was varied from
150 to 550 °C and the RF power was set to 105 W. The Ni/Fe
ratio was controlled by their crucible temperatures. The crys-
talline quality of grown films was evaluated by reflection
high-energy electron diffraction (RHEED) observed along the
STO[100] axis, out-of-plane (w—-26) x-ray diffraction (XRD),
and in-plane (¢—20y) XRD measurements with Cu-Ka
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radiation. As a measure of the occupation probability of N
atom at the body center of Ni,Fe, N, the degree of order (S),
defined by Egs. (1) and (2),%** is utilized.

Iobs Iobs

S = lF)O 20()7 (1)
f00/15%
! 5 sin®0
Ijg =LP -y - Fyyy -exp| —2B 2 ) (2)

where 2P and I53 are the integrated XRD intensities of the

(hkl) plane obtained by experiment and calculation, respec-
tively. In Eq. (2), LP is the Lorentz-polarization factor for
single-crystal, i is the powder ring distribution factor,*® the
exponential term is the Debye-Waller factor, and F,; is the
structure factor of NiFe, N unit cell for (hkl) diffraction.
For the in-plane XRD geometry, i is obtained by Eq. (5) in
Ref. 35, the equipment parameter s, was fixed to be 3.3° by
replacing with the angular divergence of the detector win-
dow. Fj; was calculated using Eq. (3) by assuming that Ni
and Fe atoms are randomly distributed over I and II sites.
F i 1s given by

Fog = (X i+ (j —x) 'fFe) (14 (1)

T T S D AN )

For the calculation of F,;, we adapted the electron structure
of Fe (Fe™'%);N"! for Fe,N>° and assumed that the electron
number of Ni, Fe, and N atoms for NiFe;N and Nis;FeN were
Nio, Feo, and NO, respectively. The atomic scattering factors
i» fre, and f for Nio, Feo, and N° were given in Refs. 37
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FIG. 2. Calculated spin-polarized density of states of Ni Fe, N (x=0, 1, 3, and 4).
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FIG. 3. RHEED, (a) »-20 XRD, and
(b) ¢-20y XRD patterns of NiFesN
films. The peaks labeled with an aster-
isk indicate the diffractions caused by
the Cu-K§ or W-Lo x-rays.

FIG. 4. RHEED, (a) ®-20 XRD, and
(b) ¢-20y XRD patterns of NizsFeN
films.
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and 38, and that for Fe™* was obtained by the interpolation
of the Fe’ and Fe'' data. The standard deviation of tilt
angles of FeyN, NiFe;N, and NizFeN were, respectively,
determined as 0.54°, 0.45°, and 0.71° from the In (Iﬁff) ver-
sus (Aw)? plots for Ni Fe, N (002) diffraction.®® The offset
angle Ao from the usual @ angle in the v—20 XRD measure-
ment was varied as £0.1°, 0.25°, 0.5°, 0.75°, 1.0°, or 1.5°.
The temperature parameter B was calculated by plotting
In{I¢P [(LP--F %)} against sin®0/A* using the fundamental
diffraction peaks of (200), (220), and (400).>°*° Magnetic
measurements were carried out for approximately 60nm-
thick NiFe, N films utilizing the vibrating sample magne-
tometer (VSM) and superconducting quantum interference
device (SQUID) magnetometer. The Ni Fe, N layer thick-
nesses with surface oxides subtracted were determined by
x-ray reflectometry analysis.

B. Calculation details

We performed first-principle calculation for NiFe, N
(x=0, 1, 3, and 4) using Vienna ab initio simulation pack-
age* (VASP) with the projected-augment wave pseudopoten-
tial,*" spin-polarized Perdew-Burke-Ernzerhof generalized
gradient approximations,*” and Bader charge analysis.*> The
total energy minimization was obtained via an optimization
of the lattice parameters and a relaxation of the atomic posi-
tions in a conjugate gradient routine. The convergence in the
total energy was better than 10~ eV/f.u. using the energy
cut off of 400eV. The k-points sampling of 11 x 11 x 11
were used for the calculation of the charge density with
VASP. Performing the calculation of structural relaxation, for-
mation energy (E¢,mm), lattice parameters (a and ¢), spin mag-
netic moment (mp,), saturation magnetization (M), density
of states (DOS) of majority and minority spins (D7 and D)),
and spin-polarized DOS at Eg [Ppb=(D; — D)) / (D} + D))]
were calculated. The total electronic energies for fcc-Ni, bec-
Fe, and molecular N, were also calculated to estimate Eform.44
We considered two types of model for NiFesN and NizFeN.
In a unit cell of NiFe;N (NizFeN), Ni (Fe) atoms are located
at I site and Fe (Ni) atoms are at II site in A-type, while Fe
(Ni) atoms are located at I and IIA sites, and Ni (Fe) atoms
are at IIB site in B-type.

lll. RESULTS AND DISCUSSION

Table I shows the Egom, a, ¢, Mgin, M, and Pp of
NiFe, N (x=0, 1, 3, and 4) and Fig. 2 illustrates their D,
and D obtained from first-principle calculation. Calculations
show that all compositions examined are ferromagnetic. It
should be noted that the highest value of Pp=—0.86 was
obtained for A-type NisFeN. This result suggests that A-type
NisFeN can be a candidate material for spintronics with a
high spin-polarization. Focusing on the sign and magnitude of
Eorm, We can discuss whether these compounds are stable or
not. Erym Was, however, 0.5273 eV/f.u. for A-type NizFeN,
which is positive and much higher than Egy, = —0.0213eV/
fau. for B-type NizFeN with smaller Pp = —0.53, implying
that A-type is not stable. This calculation supports the experi-
mental report that Ni atoms preferentially replaced Fe atoms
located at I site in Fe,N.*"*** Although Ejo, is negative for B-

J. Appl. Phys. 120, 083907 (2016)

type NisFeN, it is much larger than that for Fe4,N or NiFe3;N.
Furthermore, NiyN and A-type NizFeN have positive E¢om,
suggesting that NisFeN and NiyN are unstable. The interesting
point is that tetragonal modification occurs for B-type NiFe;N
and NisFeN with ¢/a ratios of 0.98 and 1.01, respectively.
Figures 3 and 4 show w-20 XRD, ¢-20y XRD, and
RHEED patterns of 20 nm-thick NiFe;N and NizFeN films,
respectively. Ty, was changed from 350 to 550°C for
NiFe;N and 150 to 450 °C for NizFeN. Streaky RHEED pat-
terns and only (001) oriented diffraction peaks were
observed for all the grown films deposited at 150—350°C,
which is indicative of epitaxial growth of single-phase
nitrides. When Ty,;, was above 400 °C for NisFeN, the dif-
fraction peak of NiFe(002) was observed, suggesting the
decomposition of NizFeN to NiFe due to the release of N
atoms. The Ty, dependences of the full width at half maxi-
mum (FWHM) for NiFe;N(002) and NizFeN (002) diffrac-
tion lines, measured by x-ray w-scan rocking curves and S,
are plotted in Fig. 5. With increasing Ty,,, the FWHMs for
NiFe;N(002) and NizFeN(002) diffraction lines decreased
and showed the smallest values of 0.280 and 1.248° at
Tsup =550 and 400 °C, respectively; their S reached the larg-
est values of 0.71 and 0.75, respectively. The decreasing of
FWHM indicates the enlargement of grain size or the reduc-

tion of inhomogeneous strain in the films, and the
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FIG. 5. Temperature dependence of (a) FWHM for NiFe;N(002) and
NizFeN(002) diffraction line and (b) degree of order (S) of N site. The red
outlined triangles in Fig. 5(b) are the S values assuming Ni atom perfectly
occupies I sites in the lattice.
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enhancement of S values was caused by the promotion of
N diffusion by heating during deposition. According to
Mossbauer spectroscopy study on NiFe, N, the Ni atoms
completely occupy I sites at x >2.*> We therefore assumed
that I sites were occupied by Ni atoms in NizFeN and calcu-
lated the S values to be 0.71, 0.75, 0.77, 0.82, 0.83, and 0.85
for films grown at Ty, =150, 200, 250, 300, 350, and
400 °C, respectively, as shown in Fig. 5(b), by using Eqgs. (1)
and (2). The S values were larger by about 0.1 than those for
Ni atoms randomly occupying I and II sites at all T, due to
the modulation of F,.

Figure 6 shows w-20 XRD, ¢-20y XRD, and RHEED
patterns of 20 nm-thick NiyzN films deposited at various Ty,
ranging from 150 to 450°C. Only (001) oriented diffraction
peaks and streaky RHEED patterns were obtained for films
grown at 150 and 200 °C, showing that single-phase NiyN was
epitaxially grown. However, other phases such as NigN and
Ni were confirmed at T, = 250, 350, and 450 °C. NigN is an
intermediate phase formed during the decomposition of NiyN
to fce-Ni.*® In the w—20 XRD profiles of samples grown at
Tsuo =150 and 200°C, the diffraction peak of NizN(002)
shifted to higher angles, whereas the NiyN(200) peak did not
shift in the ¢—20y XRD profiles, meaning that the in-plane
tensile strain exists in the NiyN grown at low temperature.
An out-of-plane lattice constant (c) to in-plane lattice constant
(a) ratio (c/a) was approximately 0.98, determined from the
diffraction lines of NiyN(002) and NiyN(200) in the w20
XRD and ¢-20y XRD profiles. The fact that NisFeN and

NiyN films were easily decomposed to other phases is sup-
ported by our calculation showing that they are not stable
because their Ey,,,, are positive as shown in Table I. The S
value was calculated to be 0.76 for Fe,N fabricated at
T =450°C, whereas we were not able to calculate it for
NiyN because of its supper lattice diffraction peak being very
weak. The lattice constants deduced from the XRD patterns
and those from first-principle calculation (A-type NiFe;N and

0881, — : : : :
0.380
0.379
0.378
0.377
0.376
0.375
0.374
0.373
0.372

Lattice constant [A]

xinNiFe, N

FIG. 7. Lattice constants of NiFe, N (x=0, 1, 3, and 4) thin films as a
function of Ni content.
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TABLE II. In-plane lattice constant @, out-of-plane lattice constant ¢, and
cube root of unit cell volume V = ¢’ deduced from the XRD patterns of the
samples.

Compounds a (nm) ¢ (nm) JV (nm)
Fe,N 0.3798 0.3798 0.3798
NiFesN 0.3790 0.3788 0.3789
NisFeN 0.3749 0.3770 0.3756
NiuN 0.3739 0.3756 0.3745

NizFeN) are plotted as a function of Ni concentration in
Fig. 7. The lattice parameters were determined experimentally
by Cohen’s method adapting Nelson-Riley function®® for
NiFe, N (x=0, 1, 3, and 4) films fabricated at T, =450,
550, 350, and 250 °C, respectively. They showed the smallest
FWHMs at these T,;,. Table Il summarizes the in-plane lattice
constant a, out-of-plane lattice constant ¢, and cube root of the
unit cell volume V=a’c of the samples deduced from the
positions of the Bragg angles of Ni,Fe,_N(001), (100), (110),
(002), (200), (220), (004), and (400) in the XRD patterns.
Note that NiuN(001) and (110) diffractions were not used
because they were not detected. The decrease of lattice con-
stants with increasing x in Ni,Fe, N is well explained by the
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FIG. 8. Magnetization curves of Ni,Fe, N (x=0, 1, 3, and 4) thin films
measured at (a) RT and (b) 2K when the magnetic field was applied along
Ni Fe, [N[100] direction.
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FIG. 9. Saturation magnetization of Ni,Fe, N (x=0, 1, 3, and 4) thin films
as a function of Ni concentration.

replacement of Fe atoms with smaller radius Ni atoms. The
epitaxial relationship between STO and Ni,Fe, N was found
to be STO[100](001) || Ni,Fe,_N[100](001). In this relation,
the lattice mismatches are about —3% to —4% and epitaxial
growth was successfully achieved owing to these small lattice
mismatches.

Figures 8(a) and 8(b), respectively, show the magnetiza-
tion curve measured at RT and 2K using VSM or SQUID.
The samples used for the measurement were approximately
60 nm-thick Ni Fe, ,N(x=0, 1, 3, and 4) films grown at T,
=450, 550, 350, and 150 °C, respectively. External magnetic
field H was applied to the Ni,Fe, .N[100] axis. Figure 9
shows the M, of NiFe, N films as a function of x. Those
obtained from first-principle calculation are also plotted. The
M, values were 1300 = 70 emu/cm?® and 1060 * 50 emu/cm’
for Fe,N and NiFe;N, respectively, at RT, and they increased
to 1520 = 80emu/cm’ and 1150 = 60emu/cm’ at 2K. In
contrast, the hysteresis curve was not obtained for NisFeN at
RT but at 2K with M, =480 * 20 emu/cm>. The decrease of
M with increasing Ni content can be mainly attributed to the
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FIG. 10. Temperature dependence of magnetization of NizFeN film when
the applied magnetic field was 10 Oe.
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substitution of Fe atom by Ni atom with a much smaller spin
magnetic moment than Fe atom. Figure 10 shows the tem-
perature dependence of magnetization of NizFeN measured
at H=10 Oe applied along the Ni;FeN[100] axis, and T was
determined to be 266 K. This value is close to 287K evalu-
ated by Diao er al.?® In our present experimental result, NisN
was paramagnetic, differently from our first-principle calcu-
lation and others*®*” based on the assumption that the per-
fect degree of order of N atoms in a NiyN lattice. The
magnetization of our NizN film was much smaller than that
of other compositions as shown in Fig. 8(b); which was
smaller than 10 emu/cm® even at 2 K, probably arising from
a small amount of residual fcc-Ni in the grown films.
According to Ref. 47, they insisted that NiyN become a para-
magnetic phase when N atoms are located at positions next
to each Ni atom.*” As mentioned above, the supper lattice
diffraction attributed to the long range order of N atoms is
very weak in the NiyN film of this work, meaning that a large
number of Ni atoms are located side by side with N atoms.
We therefore consider that the NiyN film is paramagnetic
rather than ferromagnetic due to its low degree of order of N
site in the present work.

IV. CONCLUSION

NiFe, [N (x=0, 1, 3, and 4) epitaxial films were suc-
cessfully prepared on STO(001) single-crystal substrates
and their magnetic properties were investigated. The crystal-
line quality and S values were evaluated for samples grown
at various Tg,,. With increasing Ty, the FWHMs of
NiFe3;N(002) and NizFeN(002) diffraction lines decreased
and they reached the smallest values of 0.28° and 1.248° at
Toup =550 and 400°C, respectively, and their S values
reached the highest values of 0.71 and 0.75. The lattice
parameters and M decreased for Ni,Fe,_ N as the Ni com-
position increased. These results were in good agreement
with our first-principle calculation except that NiyN did not
show ferromagnetism even at 2K. T, was estimated to be
266K for NizFeN from the temperature dependence of
magnetization.
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