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Perpendicular magnetic anisotropy and coercive fields (Hc) are governed by the degree of order
of N () in ferrimagnetic MnsN thin films. However, in this study, we observed non-negligible
modulation of H. extending from 10 to 7.5 kOe for three Mns4N films grown at a substrate
temperature (7suw) in the range of 400-500 °C, even with identical S, which has not been
discussed to date. The possible mechanisms for this phenomenon were explored by transport
properties and fine structural analysis. The results indicated that longitudinal resistivity and

anomalous Hall resistivity remain unchanged for three Mn4N films. Conversely, the number of



dislocations and in-plane grain size (D) increased, whereas the residual strain (&) decreased with
increasing Tsuw. This indicates that Hc of the Mn4N film with the same S is sensitive to the
variation in dislocations, D and & Tunable H. of this type can be effectively applied in magnetic
and spintronic devices using ferrimagnetic MnsN films, because H. is an important determinant

of the thermal stability of magnetization and working power consumption.
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<Main text>
l. Introduction

Uniaxial magnetic anisotropy energy density (Ku) and saturation magnetization (Ms) for
magnetic thin films are responsible for the efficiency of current-induced magnetization switching in
recent spintronic applications such as magnetic random access memories,' ™ in which various magnetic
thin films have been employed. In particular, for Mn-based nitride thin films with antiperovskite
structure, several magnetic structures have been revealed to date, which are non-collinear

antiferromagnetism for MnsXN (X: transition metals)>® and collinear ferrimagnetism for 001-oriented



MmN films with perpendicular magnetic anisotropy (PMA).”'2 In contrast to these films, the
dominant magnetic structures for the different 111-oriented MnN films are non-collinear,'*"!” and the
possible magnetic compensation and related phenomena are studied in MnXN thin films.'¥2!

These magnetic structures are strongly affected by the atomic-site ordering of N at the body-
centered site (S) in the antiperovskite unit cell; therefore, PMA for the 001-oriented MnsN films with
a magnetic easy axis pointing perpendicular to the film plane suppressed in the case of S far from the
maximum value.'""'> This may be applicable to alloy thin films with PMA such as FePt,”> MnAL?® and
MnGa.?* However, we have also found an additional issue from the previous study that non-negligible
deviation of coercive field (H.) is observed in the 001-oriented Mn4N films regardless of the S near
maximum values in the experiments.>> In addition, some reports show the different size of H.
depending on the substrates and fabrication techniques, such as molecular beam epitaxy and
sputtering.'®!12¢ Although the mechanisms of various H. are extensively investigated in numerous
bulks and thin films to date except for the MnsN films,?’ ! there has been no focus on which factors
contribute to H. sensitively, in the case of specific MnsN thin films.

Understanding the variation of H. in the Mn4N ferrimagnetic thin films with maximum S leads
to an efficient tunability of H., which is indispensable for MnsN films to realize advanced spintronic

devices. For example, the enhanced H. can provide thermal stability without bias fields, resulting in a

reliable thermal-flux sensor based on the anomalous Nernst effect,>? and the suppression of H. can



reduce the magnetic switching barrier, resulting in a low critical current density for magnetic
memory.' ™ In addition, skyrmion bubbles and their related topological Hall effects are observed in
MmN films,**7 such that the H. fine-control technology can realize future skyrmionic quantum
storage sys‘cems.38

The present study aims to identify the key factors that determine the deviation of H. for 001-
oriented MnsN films with maximum S. Three MnsN films were prepared at three different substrate
temperatures (7suw), all of which have almost the same S. Structural analysis and the magnetic and
transport properties of the films were examined. As a result, H. was sensitive to grain diameter,
microstructure, and strain, which were not detectable by X-ray diffractometry (XRD). Finally, we
discuss technology for controlling H. in ferrimagnetic MnsN films.
Il. Experimental procedures

Thin films of 25-nm-thick Mn4N were deposited on a single-crystal 100-MgO substrate

via reactive nitridation sputtering. Three Tsu, were employed: 400, 450, and 500 °C. The flow rate of
N2 to Ar gas were in the ratio of 16%. Structural analysis was performed using XRD with Cu Ko
radiation (SmartLab, Rigaku Corporation, Tokyo, Japan) and transmission electron microscopy (TEM)
(Titan G2 80-200, FEI Company (Thermo Fisher Scientific), Oregon, USA). The surface roughness

(Ra) and morphology were observed via atomic force microscopy (AFM) (SPA400, SII Nano

Technology Inc., Tokyo, Japan). Magnetic properties were measured using a vibrating sample



magnetometer (VSM; VSM 8600 series, Lake Shore Cryotronics, Inc., Ohio, USA) at room
temperature. The K. was determined using the saturation torque amplitudes, where the external
magnetic field rotates out-of-plane.*
lll. Results and discussions
A. Characterization of MnsN crystal structures

Figure 1(a) shows the out-of-plane XRD profiles of the MnsN films fabricated at Tsu, values
0f400, 450, and 500 °C (red, black, and blue, respectively). The peaks at 26/@w =~ 23° and 47° indicate
diffraction from MnsN 001 and 002, respectively. Such diffraction angles were consistent for the three
samples, suggesting no significant change in the out-of-plane lattice constant, regardless of the
different Tsuw. These results were applicable to in-plane XRD, as shown in Fig. 1(b); that is, the in-
plane lattice constants were independent of 7sub. The Mn-O indicates natural oxidation layers because
the diffraction peaks of Mn-O at 26/@w =~ 41° were predominant for the in-plane XRD compared with
those for the out-of-plane XRD, and the presence of Mn-O natural oxidation layer has been identified
by our previous study with cross-sectional TEM observation.'? The inset of Fig. 1(c) represents the
MnsN unit cell, in which the directions of magnetic moments alternate along the [001] direction,
resulting in the ferrimagnetic order with PMA.'?> The c¢/a was estimated to be ~0.989 for all samples,
which is the typical value for MnsN films with sizable PMA.!%!2 Judging from the results that no

diffraction peaks were observed in the grazing incidence XRD, the present MnsN films formed a strong



(001) fiber sheet texture without any polycrystals. The full-width at half-maximum of the rocking
curves (Awiz) showed similar values for all samples, suggesting that the deviation in the crystal
orientation was comparable for all samples or slightly increased with increasing T [Fig. 1(d)]. These
results show that the variation in crystal structures depending on 7su» was not clearly detected by XRD
analysis.
B. Non-negligible coercivity deviation for MnsN films

Figure 2(a) shows the M-H (magnetization - field) hysteresis loops for the MnsN films
fabricated with three different Tsu. The M was similar for the three samples, as shown in Fig. 2(b),
whereas the non-negligible variation of Hc was evident: H. = 10 kOe (7.5 kOe) for Tsu = 400 °C
(500 °C), that is, H. was suppressed by higher Tsw. Figure 2(c) shows the Ky for three samples
measured via the anomalous Hall effects while rotating the external field in the yz-plane, as shown in
the inset,?® The coherent magnetization rotation model being considered, H. should be comparable to
the anisotropy field (Hx), which is expressed as H. = Hx = 2K./Ms; therefore, the deviation of H.
observed in this study cannot be explained by either Ky or Ms. To address this point quantitatively, the
measured H. for the three samples was compared with the Hi (estimated by 2K./M;s using the measured
Ky and M) [Fig. 2(d)]. As a result, the H. was smaller by ~40% (~60%) for Tsu = 400 °C (500 °C)
than Hx. These results can be explained by the domain nucleation mechanism prior to coherent rotation.

Figure 2(d) also shows the variation in H. and Hx normalized by those for Tsuw = 400 °C. More



importantly, the decrease in Hc by 26% was more tangible compared with the decrease in Hx by 4%
with increasing 7w, suggesting the superposition of different suppression mechanisms from the
domain nucleation. To explore the possible mechanisms that cause such suppression of H. with
increasing Tsw, the three samples were systematically investigated in terms of the crystal
microstructure, morphology, and transport properties.
C. Grain diameter and strain estimated from XRD profiles

Figure 3(a) shows the in-plane grain diameter (Dgrain) estimated using Scherrer’s formula:** D
= KA/fcos B, where the constant K = 0.94 was employed because the diffraction peak from MnsN 200
was fitted by a Gaussian function, A is the wavelength of Cu Ko radiation (0.154 nm), £ is the full
width at half maximum of the peak, and @ is the diffraction angle of Mn4N 200 in the in-plane XRD
profiles [Fig. 1(b)]. Although the difference was not significant, an increase in Dgrin Was evident with
increasing Tsub, suggesting grain growth of MnuN with increasing Tsw, as confirmed in the AFM
images [see insets of Fig. 3(a)]. The R, also increased with increasing Tsu, which can be attributed to
the grain growth of Mn4N. This may be due to the nature of the metallic films fabricated at high Zsub
values. In addition to the trend of Dgrain, Fig. 3(b) shows the strain (&) estimated using the formula ¢ =
p/4tan@. The largest € of ~0.465% was obtained for Tsu, = 400 °C, suggesting the tensile strain, which
decreased with increasing Tsuw. Although the Tsuw-dependent variation of & was approximately 5% of

the ¢ for Tsuw = 400 °C, the variation should be accounted for as a candidate to affect H., in terms of



the prediction that strain gives rise to a significant magnetic frustration in the Mn-based antiperovskite
nitrides such as Mn3XN.*!
D. Undetectable microstructures via XRD

Figure 4(al) shows a cross-sectional annular dark-field scanning transmission electron
microscopy (ADF-STEM) image of the MnsN film fabricated at Tsu, = 400 °C, with the largest Hc of
10 kOe. The inset shows a representative electron diffraction pattern for a large part of the MnsN film,
that is, the diffraction pattern does not indicate the local but the averaged (corresponding to the area
with 10 um width of this STEM image) crystal structures. The appearance of inhomogeneous contrast
in the STEM image was consistent with the previous report of MnsN films fabricated using a facing-
target sputtering technique.*? Such nonuniform microstructures are widely known as Moire fringes that
appear when two or more crystal lattices are interfered with.*> Therefore, it is inferred that the present
MnyN film may involve grains with both tiny lattice distortions and rotations. The diffraction pattern
exhibited clear spots originating from the 002 fundamental lattice and 001 superlattice, which is
consistent with the XRD profiles [Figs. 1(a) and 1(b)]. These characteristics were also observed for
Tsub =450 °C and 500 °C [Figs. 4(b1) and 4(c1)], that is, both STEM images exhibited inhomogeneous
contrast, and the diffraction patterns exhibited clear spots originating from the 002 fundamental lattice
and 001 superlattice.

To explore the possible microstructure mechanisms, we studied high-resolution STEM images



[Fig. 4(a2)]. The substrate/film interface is depicted by a yellow dashed line. A flat and smooth layer
with uniform contrast can be seen near the interface, suggesting coherent growth of the initial two or
three monolayers of Mn4N. Figure 4(a3) shows the Fourier-filtered STEM image in Fig. 4(a2).
Dislocations were observed on the top of the initial growth layer. They play a role in relaxing the
substrate-induced stress because the in-plane lattice mismatch was larger by as much as 10% between
MgO and Mns4N.** Note that the dislocation sites agreed with those with bright contrast, which
originates from the Moire fringe mentioned above, in the high-resolution STEM image, as indicated
by arrows with the same length in both Figs. 4(a2) and 4(a3). These results show that the dislocations
nucleate predominantly where the Mn4N grains are adjacent to those with different lattice constants
and directions. Except for the in-plane dislocation near the substrate/film interface, no dislocations
were observed at the middle level of the film, although an inhomogeneous contrast was still observed
in the corresponding part of the film [Fig. 4(a2)]. This may be because the strain may not be too strong
to nucleate any dislocations. This growth mode is reasonable in the films with mismatches as large as
10%, and we reported the same nature in the FesN film on a MgO substrate, the same family of
antiperovskite nitrides as MnsN.*

In contrast to the film with 75w =400 °C, the microstructures exhibited a remarkable change
at higher T values. Figures 4(b2) and 4(b3) show the high-resolution STEM image and Fourier-

filtered STEM image for Tsu = 450 °C. Whereas the Moire fringe was still observed [Fig. 4(b2)], as



in the case for Tsu» =400 °C, many dislocations nucleated at sites far from the substrate compared with
those near the substrate/film interface [Fig. 4(b3)]. Possible interpretations to be considered are: Larger
strain could be expected compared with the case of lower s, considering the thermal expansion
coefficient of MgO;* such strain was introduced up to the middle level of the film with less
dislocations owing to the thermal effect, followed by nucleation of dislocation remarkably occurred,
which was never found in the film for s, =400 °C. These results were applicable for the case of Tsub
=500 °C [Figs. 4(c2) and 4(c3)], that is, overall, the microstructures for Tsu, = 500 °C can be explained
by a scenario similar to those for Zsu, =450 °C. This feature might be in agreement with the non-linear
variation of Dgrain, € and even magnetic properties against 7sup: A large (relatively small) variation was
observed at Tsu, between 400—450 °C (450-500 °C) (Figs. 3).
E. Influences on the longitudinal and transverse resistivity

To study the effect of s, on the electron transport properties, we measured both the
longitudinal (pox) and transverse resistivity (oy) of MnsN films fabricated with three different 7.
Figures 5(a) and 5(b) show px and py,, respectively, as a function of the measurement temperature (7).
Consistent with previous results, both py and py, decreased with decreasing T.3” The film for Tsu, =
400 °C showed a slightly smaller value compared with the other two samples. We consider that such a
small discrepancy can be ignored, which is supported by the relationship between the transverse (o)

and longitudinal conductivity (ox), that is, the three films agree with each other [Fig. 5(c)]. Because
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the oi, showed almost constant values at approximately o =~ 10* S/cm, it was inferred that the o,
for the films could be dominated by an intrinsic rather than extrinsic origin.*® Figure 5(d) shows the
dependences of p’. and p’y on Twp at 5 K, which corresponds to the values eliminating the
contributions from phonons. Clear 75w dependences cannot be observed for either value, suggesting
that the different microstructures of the three MnsN films did not play a significant role in varying the
transport properties.

To discuss the dominant influential factors on H. in the case of ferrimagnetic Mn4N films with
the maximum S, experimental data were replotted against H., as shown in Fig. 6. We categorized these
results into four contribution types: the averaged crystal structure evaluated via XRD [Figs. 6(a) and
6(b)], surface roughness [Fig. 6(c)], microstructure [Figs. 6(d) and 6(e)], and transport properties [Fig.
6(f)]. As a result, it was revealed that the S, Awi», and electronic transport properties do not
significantly contribute to Hc, whereas the surface roughness and microstructure are the keys to
modulating H. in ferrimagnetic Mn4N films. Therefore, we have eliminated the S, Awi /2, and electronic
transport properties from our discussion. A small Dgrain Was responsible for the decreased Ra, resulting
in the enhancement of H.. To understand this point first, we consider the Stoner-Wohlfarth model

without magnetic interaction, given by the following formula:*°

H, = 0.482 21
¢ . UOMS
_ 2K; | 1-3N
= 0.482 (qus+ = My) (1)
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where K, w, Ms, K1, and N represent the uniaxial magnetic anisotropy energy density, vacuum

permeability, saturation magnetization, magnetocrystalline anisotropy energy density, and

demagnetization factor, respectively, ranging from 0 to 1. Because K and Ms were independent of Ty,

judging from our experiments (Fig. 2), one of the factors that gives a different H. is the N in the film.

Therefore, Eq. (1) suggests that the enhancement of H. can be qualitatively understood by the decrease

in N when Dgrain decreases with a lower Tup. Although the realistic value of N for each MnyN film is

still unknown in this study, this trend is consistent with the statement by Liu e al. that the local

demagnetization factor decreases as the grain size is decreased.’! However, the contribution from the

demagnetization factor [the second term of Eq. (1)] is not large enough to explain the variation in

measured Hc with 26% against T [Fig. 2(d)] because the variation in estimated H. is only 10% with

N=0and 1. Next, we consider ¢to have an additional effect on H.. Stress-induced enhancement of H.

by 300% was demonstrated in a ferrimagnetic amorphous TbFeCo thin film with PMA by Anuniwat

et al.?® In the case of Mn4N films, it was revealed that the number of dislocations was enhanced with

higher Tsw (Fig. 4), resulting in the suppression of & with higher Tsw [Fig. 3(b)]. Therefore, the

enhancement of H. in MnsN films with a lower T is also associated with the enhancement of €. These

results lead us to conclude that the variation in the measured Hc depending on 7w in the MngN films

could be dominantly affected by the combined classical mechanisms of ferromagnets and/or

ferrimagnets, which are demagnetization factors determined by the grain size and the effective residual

12



strain with dislocations.

The H. for the optimum MnsN films with the maximum S was found to be sensitive to the

grain size and strain as a result of a specific substrate temperature. Such tunable H. is an attractive

phenomenon from the perspective of magnetic and spintronic devices: Thermal stability can be

improved by a large H. without bias fields and reduction of working power consumption by a small

Hc. In addition, the size of skyrmion bubbles can be manipulated without a bias field. The technology

to tune H. could thus promote MnsN based spintronic devices in the future.

IV. Conclusion

It is already known that the H. of Mn4N ferrimagnetic thin films is strongly governed by

their degree of order of N. This is due to the strong correlation between the degree of order of N and

PMA. Namely, the out-of-optimization content of N as well as Tsu causes less degree of order of N

and decrease in PMA, resulting in small H., which might be general characteristics for magnetic

nitrides. However, this study specifically focused on the property of H. that could be modulated by

dislocations as well as microstructures with similar S, which has not previously been examined in

detail via TEM observation. Neither the deviation of crystal orientation nor the longitudinal and

transverse resistivity contribute significantly to Hc; however, it is sensitive to the demagnetization

factor, determined by the grain size and the effective residual strain with dislocations. This type of

tunability of H. is an intriguing characteristic of Mn4N films with a maximum degree of order of N.

13



The results demonstrate that decreasing or increasing the grain size and number of dislocations via

optimization of the substrate temperature and/or lattice mismatch between the substrate and film is a

promising method to enhance or suppress He.
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<Figure captions>

Figure 1. (a) Out-of-plane, (b) in-plane, and (c) grazing incidence x-ray diffraction (XRD) profiles for

the MnsN films fabricated with the substrate temperature (7suw) of 400 °C (red), 450 °C (black), and

500 °C (blue). Inset of Fig. 1(c) represents the MnsN unit cell with collinear ferrimagnetic magnetic

structure. (d) Full-width at half-maximum value (Awi) as a function of Tww, where Awiz was

estimated from the rocking curves of XRD as shown in the inset.

Figure 2. (a) Magnetization-field (M-H) hysteresis loops for the MnsN films fabricated with the

substrate temperature (7sup) 0of 400 °C (red), 450 °C (black), and 500 °C (blue). (b) Tsu» dependence of

saturation magnetization (Ms), (¢) uniaxial magnetic anisotropy energy density (Ky) that is estimated

from the angular dependence of anomalous Hall effect, and (d) coercive field (H.) and anisotropy field

(Hy = 2Ko/My).

Figure 3. (a) Tsu» dependence of the in-plane grain diameter (Dgrin) and (b) residual strain (&) evaluated

using XRD profiles. Surface morphologies observed via atomic force microscopy (AFM) are shown

in the insets.

20



Figure 4. (al) Cross sectional annular dark-field scanning transmission electron microscopy (ADF-
STEM) image, (a2) enlarged ADF-STEM image, and (a3) Fourie filtered image for the MnsN film
fabricated with the substrate temperature (7su) of 400 °C. The inset represents the electron diffraction
patterns for the Mn4N film. (b) and (c) show the same set of images as (a) with the Tsu, of 450 °C and

500 °C, respectively.

Figure 5. (a) Measurement temperature dependence of longitudinal resistivity (o) and (b) transverse
resistivity (o) for the Mn4N films fabricated with the substrate temperature (7sub) 0f 400 °C (red), 450
°C (black), and 500 °C (blue). (c) Relationship between transverse conductivity (ox,) and longitudinal
conductivity (ox). (d) Tsun dependence of residual resistivity (0°) and residual transverse conductivity

( Goxy) .

Figure 6. Replot of various measurement data against coercive field (H.).
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