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Many studies have shown that Mn4N thin films possess perpendicular magnetic 

anisotropy (PMA) caused by in-plane tensile strain. Since cubic 

(LaAlO3)0.3(Sr2TaAlO6)0.7 [LSAT] (001) has a smaller lattice constant than Mn4N with a 

mismatch of 0.8%, a compressive strain is expected to be induced in Mn4N epitaxial 

films grown on an LSAT substrate. We grew Mn4N thin films on an LSAT(001) 

substrate by molecular beam epitaxy, and investigated the optimum growth temperature 

(TS) from the aspects of crystallinity, magnetic properties, and magneto-transport 

properties. Mn4N films were grown epitaxially at temperatures between TS = 700 and 

800 °C with maintaining PMA, and the optimum TS was determined to be 

approximately 750 °C. In-plane and out-of-plane X-ray diffraction measurements 

showed that the Mn4N films were under tensile stress in contrast to our prediction. From 

the thickness dependence of magnetization, a dead layer of approximately 10 nm 

existed at the Mn4N/LSAT interface. Transmission electron microscopy observation 

revealed that Mn-N composites other than Mn4N existed in the early stage of MBE 

growth. 
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1. Introduction 

Non-volatile memories using domain wall motion in ferrimagnetic nanowires 

driven with pulsed current, as has been proposed for racetrack memory and domain wall 

motion random access memory, have attracted increasing attention [1,2]. In such a 

domain wall motion device, a small spontaneous magnetization and perpendicular 

magnetic anisotropy (PMA) are required to increase the domain wall motion velocity 

and to reduce the threshold current for driving domain wall motion, respectively [3-5]. 

In addition to current-induced domain wall motion (CIDWM) by spin-transfer torque, 

CIDWM by spin–orbit torque (SOT) is also attracting attention, and it has been reported 

that PMA also has a high affinity with SOT [6-10]. We focus on Mn4N thin films as a 

material suitable for CIDWM. Mn4N has an anti-perovskite structure as shown in Fig. 1. 

Here, we define 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). Mn4N has been reported to have a small spontaneous magnetization of 102 

kA/m and PMA with a magnetic anisotropy constant Ku of 102 kJ/m3 [11]. In addition, it 

is a rare-earth free material and consists of only inexpensive elements. Especially, in 

Mn4N thin films formed on SrTiO3[STO](001) substrates, which have a small lattice 

mismatch to Mn4N of approximately −0.4%, it was reported that magnetic domains with 

a millimeter size appeared [12]. Furthermore, a domain wall motion velocity of 

approximately 900 m/s was achieved for Mn4N wires on STO(001) [13]. Recently, it 

has been suggested that partial substitution of Mn atoms with Ni atoms causes magnetic 

compensation at room temperature (RT) [14,15], which leads to the existence of an 

angular momentum compensation point at which the domain wall motion velocity can 

be dramatically increased. Although the origin of PMA has yet to be clarified, we 
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consider it to arise from in-plane tensile strain in Mn4N thin films [16]. Bulk Mn4N has 

an easy axis in the [111] direction [17]. In contrast, Mn4N thin films fabricated on glass 

[18], Si(001)[19,20], 6H-SiC(001) [21], MgO(001) [16,22-25], and STO(001) 

[16,26,27] showed PMA along the c-axis orientation. MgO(001) and STO(001) 

substrates have larger lattice constants than Mn4N and the lattice mismatch is 

approximately −7.6% and −0.4%, respectively, and the presence of in-plane tensile 

strain was confirmed by X-ray diffraction measurement for such Mn4N thin films. On 

the other hand, an (LaAlO3)0.3(Sr2TaAlO6)0.7[LSAT](001) substrate has a smaller lattice 

constant than Mn4N with a lattice mismatch of +0.8%. Therefore, compressive strain is 

expected to be introduced into Mn4N epitaxial thin films on LSAT(001) substrates. 

However, there have been no reports on the growth of Mn4N thin films on such 

substrates, which may result in a compressive strain in Mn4N films. 

In this paper, we grew Mn4N thin films by molecular beam epitaxy (MBE) on 

LSAT(001) substrates and varied the substrate growth temperature (TS) to form epitaxial 

films. TS was compared with those on STO(001) substrates. Furthermore, we 

investigated how the magnetic and the magneto-transport properties of Mn4N films 

changed depending on the film thickness. As a result, we succeeded in achieving 

epitaxial growth of Mn4N thin films on LSAT(001) at TS = 700−800 °C with PMA. We 

also confirmed that the in-plane tensile strain was present even in Mn4N epitaxial films 

on LSAT(001). 

 

2. Materials and Methods 

2-1 Preparation of Mn4N films on LSAT(001) and STO(001) 

We grew approximately 10−30 nm-thick Mn4N thin films on STO(001) and on 
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LSAT(001) single crystal substrates using an MBE chamber equipped with a standard 

Knudsen cell (K-cell) of Mn and a radio frequency nitrogen plasma. TS was varied in 

the range 350−550 °C for Mn4N films grown on STO(001). However, TS was set at 

450−800 °C for Mn4N films on LSAT(001). Prior to thin-film growth, we washed the 

STO(001) substrates with organic solvent (acetone, methanol each for 2 min.), 

deionized water for 2 min., and etched with buffered hydrofluoric acid for 30 s. As for 

the treatment of LSAT substrates, we cleaned them with only organic solvent (acetone 

and methanol each for 5 min.). The nitrogen plasma power was set at 107−112 W with a 

nitrogen flow rate of 0.9−1.0 sccm so that the pressure during the growth was 

approximately 4 × 10−5 Torr in the chamber. The deposition rate of Mn was controlled 

to be 1.0−1.1 nm/min by setting the crucible temperature of the Mn K-cell at 835 °C. In 

addition, Ta or Ti was sputtered in situ onto Mn4N films as a capping layer to prevent 

oxidation. Furthermore, we also grew 10−40-nm-thick Mn4N films on LSAT(001) at TS 

= 750 °C. The sample preparation details are summarized in Table 1. The crystalline 

quality of the grown films was characterized by reflection high-energy electron 

diffraction (RHEED), and out-of-plane and in-plane X-ray diffraction (XRD) 

measurements with a Cu-Kα radiation source. Ge(220) single crystals were used to 

make the X-rays monochromatic. The film thickness was evaluated by X-ray reflectivity. 

Cross sectional transmission electron microcopy (X-TEM) observations were performed 

using FEI Tecnai Osiris operated at 200 kV, equipped with an energy dispersive X-ray 

spectrometer (EDX). The X-TEM sample was prepared by the conventional focused ion 

beam method. The surface roughness was measured by an atomic force microscope. 

 

2-2 Evaluation of magnetic properties and surface properties of Mn4N films 
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The magnetization and magnetic field loops (M-H loops) were measured at RT 

by a vibrating sample magnetometer. Moreover, regarding the uniaxial magnetic 

anisotropy constant Ku, the effective magnetic anisotropy constant Kueff was calculated 

from the data equivalent to the magnetization versus magnetic field (M-H) loop by the 

anomalous Hall effect (AHE) measurement, because the Hall voltage is proportional to 

M⊥/MS. Here, M⊥and MS are the vertical component of the magnetization and the 

spontaneous magnetization, respectively. The uniaxial anisotropy constant was acquired 

by adding the demagnetizing field component 2πMS2 to the anisotropy constant Kueff 

obtained by the experiment as, 

𝐾𝐾u = 𝐾𝐾ueff +
1
2
𝜇𝜇0𝑀𝑀𝑆𝑆

2, (1) 
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𝑀𝑀𝑠𝑠

0
�
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Here, easy (hard) indicates the magnetization easy axis (hard axis). Assuming that the 

shape of the thin film is square,  

𝑀𝑀|| = 𝑀𝑀𝑆𝑆�1 − �
𝑀𝑀⊥

𝑀𝑀𝑆𝑆
�
2

 . (3) 

Here, M|| is the in-plane component of magnetization [11]. A physical property 

measurement system (PPMS, Quantum Design) was used to measure the anomalous 

Hall effect.  

 

3. Results 

 Regarding the results of thin-film growth, we mainly focus on those obtained 

for LSAT(001) substrates because the epitaxial growth of Mn4N films on STO(001) was 

already reported on the basis of streaky RHEED patterns and c-axis-oriented XRD 
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profiles [11,12,16,25]. Fig. 2(a) and 2(b) show RHEED patterns of STO(001) and 

LSAT(001) substrates, respectively, observed along the [100] azimuth just before the 

growth of Mn4N films. Fig. 2(c)−(h) shows RHEED patterns observed along the 

LSAT[100] azimuth for Mn4N films on LSAT(001) substrates at TS = 450, 550, 650, 700, 

750, and 800 °C (MNLSAT1−6), respectively. The RHEED images present sharp streak 

lines for samples grown at TS = 700, 750, and 800 °C. However, for samples grown at 

lower TS (< 700 °C), ring patterns were observed in the RHEED images. 

Fig. 3(a) shows the out-of-plane XRD profiles for grown films on an LSAT 

substrate at TS = 450−800 °C. Here, the diffraction peaks of the Mn4N films overlapped 

with those of LSAT, showing that the out-of-plane lattice constant of Mn4N films (c) 

was close to that of LSAT. Together with the streaky RHEED patterns in Fig. 2, it was 

concluded that c-axis-oriented Mn4N films were epitaxially grown at TS = 700−800 °C. 

Fig. 3(b) shows the in-plane XRD profiles. We observed the presence of the Mn4N 400 

diffraction peaks marked by arrows for samples grown at TS = 700, 750, and 800 °C at 

2θχ angles a little smaller than those of the LSAT 400 diffraction peaks, meaning that 

the Mn4N films have a larger in-plane lattice constant (a) than the LSAT. To make the 

diffraction angles clear, we take MNLSAT5, Mn4N films grown at TS=750 °C, for 

example. Figure 4 shows the enlarged XRD profiles at around 2θ, 2θχ = 106° for this 

sample. We see in the out-of-plane XRD profiles that the Mn4N 004 diffraction peak 

denoted by the triangle appeared at 2θ angles a little higher than the LSAT 004 

diffraction peak, meaning that the c of Mn4N films was smaller than that of LSAT. In 

contrast, the Mn4N 400 diffraction peak in the in-plane XRD profile appeared at a 

slightly smaller angle 2θχ than the LSAT 400 diffraction peak, indicating that the a of 

Mn4N films was larger than that of the LSAT. These results revealed that the Mn4N film 
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on the LSAT (001) substrate was subjected to in-plane tensile strain (c/a < 1) differently 

from the prediction. The same result was confirmed for other samples grown at TS=700 

and 800 °C. According to the first-principle calculations [26], Mn4N with c/a = 0.98 is 

predicted to be a more stable phase than that with c/a = 1 from the viewpoint of 

formation energy. We thus speculate that the introduction of compressive stress into 

Mn4N films in the in-plane direction is difficult. Regarding the nitrogen supply during 

the growth, it was controlled by the pressure in the growth chamber as the beam flux 

monitor was not attached to the growth chamber. Fig. 5(a)−(c) show examples of how 

the nitrogen supply affected the RHEED patterns of Mn4N films, observed for 

30-nm-thick Mn4N films grown at TS = 750 °C with different pressures varied as 3.8 × 

10-5, 3.9 × 10-5, and 4.0 × 10-5 Torr, respectively. Based on these results, we chose the 

pressure to be 3.9 × 10-5 Torr for Mn4N films at TS = 750 °C. For Mn4N films grown at 

TS = 700 and 800 °C, possessing streaky RHEED patters (MNLSAT4 and 6), the 

nitrogen supply was optimized in the same way.  

Fig. 6 shows the M-H loops of normalized magnetization (M/MS) for samples 

MNLSAT4–6 measured using AHE by PPMS. The red line and blue broken line 

indicate normalized magnetization when H // [100] and H // [001], respectively, which 

showed that they possessed PMA at RT.  

We next compared the TS dependences of MS and Ku for Mn4N films grown on 

LSAT(001) with those on STO(001) as shown in Fig. 7(a) and 7(b), respectively. The 

values of Ku were obtained only for samples grown at TS = 700−800 °C because the 

other samples did not show hysteresis loops in the M-H curves owing to their poor 

magnetizations. It was found that MS increased with the increase of TS and reached a 

maximum at TS = 700 and 750 °C, as shown in Fig. 7(a). This was presumably because 
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the degree of c-axis orientation of Mn4N films increased with TS. However, at TS = 

800 °C, the MS decreased. This was because this temperature of 800 °C was close to 

860 °C above which Mn4N becomes unstable according to the phase diagram [28]. On 

the basis of these results, we concluded that the optimum TS of Mn4N films on 

LSAT(001) was 750 °C. We next determined the optimum TS for Mn4N films on 

STO(001). The detailed growth condition of Mn4N films on STO(001) has been 

reported previously [16]. Fig. 7(b) shows the TS dependences of MS and Ku for Mn4N 

films grown on STO(001) substrates. The values of MS and Ku remained almost 

unchanged for samples grown at TS = 400−500 °C except for the sample at TS = 350 °C 

(MNSTO1). When grown at TS ≥ 400 °C (MNSTO2−5), Mn4N thin films with PMA and 

good magnetic properties were obtained. Table 2 summarizes the root-mean-square 

(RMS) surface roughness values of the Mn4N films grown on STO(001) and LSAT(001) 

substrates for various TS. Regarding the Mn4N thin films on STO(001), the RMS 

roughness values of MNSTO3, grown at TS = 450 °C, reached a minimum of 0.32 nm. 

As TS increased, the surface roughness RMS value increased. Therefore, it can safely be 

stated that the optimum TS was approximately 450 °C in this case.  

We next investigated the thickness (d) dependence of the magnetization of 

Mn4N thin films on LSAT(001) substrates at TS = 750 °C. The film thickness d was 

varied from 10 to 39 nm. Fig. 8(a)-(e) shows the film thickness dependence of RHEED 

patterns of samples on LSAT(001) substrates grown at TS = 750 °C observed along the 

LSAT[100] azimuth. Regarding MNLSAT7 (d = 10 nm), the RHEED image exhibited a 

mixture of rings and spots. For this sample, phases other than Mn4N were formed, as 

shown later. With increasing d from 10 to 20 nm, a sharp streaky RHEED pattern with 

Kikuchi lines appeared in the sample MNLSAT8. At d = 30 and 40 nm, similar streaky 
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RHEED patterns were obtained. Fig. 8(f) shows the out-of-plane XRD profiles of these 

samples. These results suggested that we succeeded in growing highly c-axis oriented 

Mn4N thin epitaxial films on LSAT substrates in the range d = 20−40 nm.  

Fig. 9(a) shows the raw M-H loops of samples with d = 10−40 nm with the 

external magnetic field applied perpendicular to the plane normalized by sample area. 

We observed that the M-H loop changed continuously with respect to d in the range d = 

20−40 nm. PMA was distinctly evident for these samples. However, the hysteresis loop 

was missing for the sample MNLSAT7 at d = 10 nm. Fig. 9(b) shows the d dependence 

of the spontaneous magnetization of Mn4N films grown on an LSAT substrate. The 

measured values showed the magnetizations per unit area. The contribution of the LSAT 

substrate to the measured magnetization was subtracted. The linear extrapolation 

intersected the x-axis at approximately d = 11 nm. This result indicated the presence of a 

dead layer of approximately 10 nm in the film grown on LSAT substrates. Similar dead 

layers have been reported in CoFeB thin films [29]. However, such dead layers were not 

observed for Mn4N/STO(001) interface [13]. We attributed this dead layer to 

denitrification during substrate heating [30].  

To see what happens when the layer thickness is small, we performed X-TEM 

observations on sample MNLSAT7 (d = 10 nm). Sample MNLSAT8 (d = 20 nm) was 

used for comparison. Fig. 10(a) and 10(b) show the X-TEM and EDX images of Mn 

and La, respectively, for sample at d = 10 nm. The grown film was found to be 

composed of small grains. In Fig. 10(b), the averaged atomic ratio of Mn to N in the 

green-colored region of grain A is approximately 9, differently from that in Mn4N. On 

the other hand, in grain B, the ratio is close to 4, meaning that grain B is Mn4N. Other 

ratios such as approximately 7 were observed in other regions. These results indicate 
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that Mn-N composites other than Mn4N are formed. Considering that the M-H loop of 

MNLSAT7 (d = 10 nm) is not open in Fig. 9(a), the volume ratio of ferrimagnetic Mn4N 

grains to the other non-magnetic grains is supposed to be small. Fig. 10(c) shows the 

X-TEM for sample at d = 20 nm. In contrast to Fig. 10(a), the grown film is flat. Fig. 

10(d) is its magnified view, wherein we can see lattices of Mn4N. From these results, we 

can at least state that Mn-N composites other than Mn4N, observed at d = 10 nm in Fig. 

10(b), converted into Mn4N when d increased from 10 nm to 20 nm.  

 

4. Conclusions 

 We succeeded in growing c-axis oriented epitaxial Mn4N thin films on 

LSAT(001) substrates with PMA, at TS = 700−800 ℃ by MBE. It was also found that 

Mn4N epitaxial thin films showed in-plane tensile strain even though an LSAT(001) 

substrate would induce in-plane compressive distortion to Mn4N from the viewpoint of 

the lattice mismatch between the two materials. Because the Ku became a maximum and 

the RMS surface roughness values reached a minimum at TS =750 °C, we conclude that 

750 °C is the most adequate TS to grow Mn4N films on an LSAT(001) substrate by 

MBE. From the d dependence of magnetization, a dead layer of approximately 10 nm in 

thickness existed at the Mn4N/LSAT interface for Mn4N films at TS = 750 °C. TEM 

observation revealed that Mn-N composites other than Mn4N existed in the early stage 

of MBE growth. 
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Table 1 Layer structure of samples MNLSAT1−10 on LSAT(001). Substrate 

temperature (TS), Mn4N film thickness (tMn4N), and film thickness of cap layer (tcap) are 

specified. 

Sample TS [oC] tMn4N [nm] tcap [nm] 

MNLSAT1 450 16.5 3.0 

MNLSAT2 550 23.9 3.5 

MNLSAT3 650 23.3 3.1 

MNLSAT4 700 33.1 2.1 

MNLSAT5 750 31.0 1.3 

MNLSAT6 800 30.6 4.1 

MNLSAT7 750 10.0 3.9 

MNLSAT8 750 19.7 3.2 

MNLSAT9 750 38.7 4.1 
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Table 2 TS dependence of surface roughness RMS values of Mn4N films (MNLSAT1−6) 

on LSAT(001) and those (MNSTO1−5) on STO(001). 

 

Sample TS [°C] RMS [nm] Sample TS [°C] RMS [nm] 

MNLSAT1 450 0.45 MNSTO1 350 1.20 

MNLSAT2 550 0.40 MNSTO2 400 0.54 

MNLSAT3 650 1.60 MNSTO3 450 0.32 

MNLSAT4 700 1.44 MNSTO4 500 1.04 

MNLSAT5 750 2.07 MNSTO5 550 4.04 

MNLSAT6 800 6.17       
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Figure captions  

Figure 1 Schematic illustration of the crystal structure of Mn4N. Mn4N has an 

anti-perovskite structure. Mn atoms are positioned at corner (I-site) and face-centered 

sites (II-site). II sites can be further divided into IIA and IIB sites with magnetization 

(arrow). N atom is located at the body center. 

 

Figure 2 RHEED patterns of (a) STO(001) and (b) LSAT(001) substrates observed 

along its [100] azimuth just before the growth of Mn4N films. (c)-(h) RHEED patterns 

of grown films on LSAT(001) substrates at TS = 450, 550, 650, 700, 750, and 800 °C 

(MNLSAT1−6), respectively, along the LSAT[100] azimuth.  

 

Figure 3 (a) Out-of-plane and (b) in-plane XRD patterns of samples on LSAT (001) 

substrates at TS = 450, 550, 650, 700, 750, and 800 °C (MNLSAT1−6). Arrows indicate 

the peak position of Mn4N 400 reflection. 

 

Figure 4 Enlarged out-of-plane and in-plane XRD profiles at around 2θ, 2θχ = 106° for 

the LSAT substrate and MNLSAT5, Mn4N films grown at TS=750 °C.  

 

Figure 5 RHEED patterns of 30-nm-thick Mn4N films on LSAT(001) substrates at TS = 

750 °C along the LSAT[100] azimuth. Pressures during the growth are (a) 3.8 ×10-5, (b) 

3.9 ×10-5, and (c) 4.0 ×10-5 Torr.   

 

Figure 6 Normalized M-H loops (M/MS) for MNLSAT4−6 measured using AHE by 

PPMS. Red line and blue broken line indicate normalized magnetization when H // 



16 
 

[100], and H // [001], respectively. 

 

Figure 7 Growth temperature dependence of spontaneous magnetization (MS) and 

uniaxial magnetic anisotropy constant (Ku) of Mn4N films on (a) LSAT(001) and (b) 

STO(001) substrates. 

 

Figure 8 Film thickness dependence of RHEED patterns of samples observed along the 

LSAT[100] azimuth with d = (a) 0, (b) 10, (c) 20, (d) 31, and (e) 39 nm on LSAT(001) 

substrates grown at 750 °C. (g) Out-of-plane XRD profiles of these samples.  

 

Figure 9 (a) Raw M-H loops of samples with d = 10−39 nm with the external magnetic 

field applied perpendicular to the plane. (b) Grown layer thickness dependence of 

spontaneous magnetization (MS) of Mn4N films grown on an LSAT substrate. The 

measured values show magnetizations per unit area. 

 

Figure 10 (a) X-TEM and (b) EDX images of Mn and La of MNLSAT7 (d = 10 nm). (c) 

X-TEM image of MNLSAT8 (d = 20 nm) and (d) magnified view of (c). Ti is used as a 

capping layer. 
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Fig. 10
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