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ABSTRACT
[bookmark: _Hlk87304534]An Fe4N(110) single-crystal film of 50 nm thickness with γʹ phase is prepared through hetero-epitaxial growth on an MgO(110) single-crystal substrate at 400 °C by reactive sputtering. The out-of-plane and in-plane lattice constants agree with those of bulk within small differences less than 0.2% and the orientation dispersions are about 1.2°. The degree of N site ordering in Fe4N structure is estimated to be 0.995. The arithmetical mean surface roughness is as small as 0.3 nm. These data show that a high-quality Fe4N single-crystal film is successfully formed. The Fe4N film shows in-plane magnetic anisotropy with the easy magnetization direction parallel to [001] and with the hard direction parallel to [11 (_)1], which is reflecting the positive magnetocrystalline anisotropy, K1. A large negative λ100 value of –40×10–6 and a fairly-large positive λ111 value of +150×10–6 are observed. The present study has shown that γʹ-Fe4N compound is one of the strong candidates for rare-metal-free magnetostrictive materials. 
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1. Introduction
Soft magnetic materials with large magnetostriction have been studied for applications such as sensors, actuators, vibration energy harvesting devices. Rare-metal free materials are desirable from the viewpoints of natural resource and cost, though RFe2 (R = Tb, Sm, etc.) [1], [2], Terfenol-D (TbxDy1–xFe2) [3], and Fe-X (X = Ga, Co) [4]–[6] alloys have been known as magnetostrictive materials. Fe4N compound with γʹ phase is a soft magnetic material with high saturation magnetization (Ms = 1384 emu/cm3 [7]), positive magnetocrystalline anisotropy constant (K1 = +2.3×105 erg/cm3 [8]), high Curie temperature (488 °C [9]), and high spin polarization ratio (simulation: P = –0.6 [10], experiment: |P| = 0.59 at 7.8K [11]). Recently, a theoretical calculation predicts that it also shows a large magnetostriction coefficient along [100], λ100 = –143×10–6 [12]. However, experimental investigation of the magnetostriction has not been carried out yet.
In order to understand the magnetostriction property, it is necessary to determine the magnetostriction coefficients not only along [100] but also along [111], that is, λ100 and λ111. For such purpose, epitaxial single-crystal films are useful [13]–[17], since the crystallographic orientations can be controlled by those of single-crystal substrates. Fe4N single-crystal films have been prepared on single-crystal substrates of MgO(001) [18]–[28], SrTiO3(001) [18]–[22], [29], LaAlO3(001) [18]–[20], [29], [30], MgAl2O4(001) [21], (La0.3Sr0.7)(Al0.65Ta0.35)O3(001) [22], Cu(001) [31], TiN(001) [32], SrTiO3(110) [18], [19], and MgO(111) [33]. The purpose of the present study is to prepare a high-quality Fe4N single-crystal film and to experimentally determine the magnetostrictive coefficients. In the present study, an MgO(110) single-crystal substrate is employ to make the easy Fe4N[001] and the hard Fe4N[11 (_)1] directions lying in the in-plane.
2. Experimental Procedure
An Fe4N film was prepared on an MgO(110) single-crystal substrate of 300 μm thickness at 400 °C by using a system consisting of reactive radio-frequency (RF) magnetron sputtering and reflection high-energy electron diffraction (RHEED) observation chambers. The base pressure of sputtering chamber was lower than 4×10–7 Pa. The substrate was heated at 600 °C before film formation to obtain clean surface. An Fe target (purity: 99.9%) of 3 inch diameter was used. The distance between target and substrate was fixed at 150 mm. The pressure of Ar-N2 mixture gas (purity: 99.9999%) was kept constant at 0.67 Pa, where the ratio of N2 partial to total pressure was set at 5%. The RF power was kept constant at 70 W. The deposition time was 2000 s. 
The sample was cooled down to room temperature after sputtering and then transferred to RHEED observation chamber. The crystal structure and the orientation relationship between film and substrate were determined by RHEED. The sample was exposed to atmosphere after RHEED observation. The resulting film thickness was estimated by X-ray reflectivity to be 52.5 nm. The lattice constant, the orientation dispersion, and the degree of N site ordering were investigated by X-ray diffraction (XRD) with Cu-Kα radiation (wave length: 0.15418 nm). The chemical state was characterized by X-ray photoelectron spectroscopy (XPS). The surface morphology was observed by atomic force microscopy (AFM). The magnetization curves were measured by vibrating sample magnetometry. The magnetostriction was observed by using a cantilever method [15], [16], [34] under rotating magnetic field up to 1.2 kOe. The relative length variation, Δl/l, was calculated from the following formula, 
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ΔS is the measured bending, L is the distance between laserbeam points (12.5 mm), t is the thickness, E is the Young’s modulus, v is the Poisson’s ratio, and the subscripts of f and s respectively refers to film and substrate. The E and v values of MgO and Fe4N single crystals are calculated to be (E[001], E[11 (_)1], v[001], v[11 (_)1])MgO = (245 GPa, 336 GPa, 0.23, 0.13) and (E[001], 
E[11 (_)1], v[001], v[11 (_)1])Fe4N = (238 GPa, 115 GPa, 0.29, 0.40) by using the elastic stiffness values of (C11, C12, C44)MgO = (286, 87, 148) [35] and (C11, C12, C44)Fe4N = (316, 132, 41) [36]. The details of calculation method are shown in our previous paper [15].
3. Results and Discussion
Fig. 1(a) shows the RHEED pattern observed for an Fe-N film prepared on MgO(110) substrate. Here, the incident electron beam is parallel to MgO[001]. A diffraction pattern from an Fe4N(110) single-crystal surface with γʹ phase is recognized, as schematically shown in Fig. 1(b). The large and the small circles respectively correspond to fundamental and superlattice reflections. An Fe4N(110) single-crystal film is epitaxially grown on the substrate. The crystallographic orientation relationship is determined as Fe4N(110)[001] || MgO(110)[001], as shown in Fig. 1(c). In this configuration, there is a fairly large lattice mismatch of about –9.9% at the Fe4N(110)/MgO(110) interface. It is reported that misfit dislocations are periodically formed at interfaces such as Py(001)/MgO(001), Py(110)/MgO(110) [37], Fe-Co(211)/MgO(110) [38], and Fe4N(001)/MgO(001) [22] and such dislocations reduce the effective mismatch to nearly 0%. In the present case of Fe4N(110) film grown on MgO(110) substrate, periodical misfit dislocations are considered to have been also introduced in the film near the interface.
[bookmark: _Hlk85380419][bookmark: _Hlk86693470]Fig. 2(a-1) shows the out-of-plane XRD pattern, whereas Figs. 2(b-1) and (c-1) show the in-plane XRD patterns measured by making the scattering vectors parallel to MgO[11 (_)0] and MgO[001], respectively. Fe4N 110, 11 (_)0, and 001 superlattice reflections are recognized in addition to Fe4N 220, 22 (_)0, and 002 fundamental reflections in the patterns of Figs. 2(a-1)–(c-1), respectively. The XRDs confirm the formation of Fe4N(110) single-crystal film with γʹ phase and the epitaxial orientation relationship determined by RHEED. The lattice constants are calculated to be (a, b, c) = (0.3804 nm, 0.3804 nm, 0.3799 nm) by using the relations of a = b = (2d2202 + 2d22 (_)02)1/2 and c = 2d002. These values are in agreement with the value of bulk γʹ-Fe4N crystal (a = 0.3797 nm [9]) within small differences less than 0.2%. Figs. 2(a-2)–(c-2) show the rocking curves measured by fixing the diffraction angles at the peak angles of Fe4N 220, 22 (_)0, and 002 reflections, respectively. The values of full width at half maximum, Δθ50_Fe4N 220, Δθχ50_Fe4N 22 (_)0, and Δθχ50_Fe4N 002, are about 1.2°. The lattice strain and the film orientation dispersion are very small, though there exists a lattice mismatch of –9.9% at the film/substrate interface. These results also suggest that the mismatch is reduced by introduction of misfit dislocations.
Fig. 3 shows the XPS spectrum scanned from 410 to 390 eV, where the binding energy of 1s electron in N atom can be measured. A single peak is observed at 397.2 eV, which does not agree with the energy corresponding to N-N (403.9 eV) [39] but to N-Fe (397.3 eV) [40] bond. Therefore, N-Fe bond is formed in the Fe4N(110) single-crystal film.
The ordering of N site in Fe4N lattice is characterized by the intensities of Fe4N(110) superlattice and (220) fundamental XRD reflections. Fe atoms take corner and face-centered positions, (ux, vx, wx) = (0, 0, 0), (0, 1/2, 1/2), (1/2, 0, 1/2), and (1/2, 1/2, 0), while N atom is located at the body-centered position, that is, (uy, vy, wy) = (1/2, 1/2, 1/2). However, there is a possibility that N atom takes one of the three other equivalent octahedral interstitial positions, (uz, vz, wz) = (0, 0, 1/2), (0, 1/2, 0), and (1/2, 0, 0). The order degree (S) is thus defined as the correctness of N atom position. The structure factors (F) of (110) and (220) are expressed as
F110 = (rN + rvac – 1)fN 							(2)
and
F220 = 4fFe + (rN – 3 rvac + 3)fN,							(3)
where rN and rvac are respectively the probabilities that (uy, vy, wy) and (uz, vz, wz) positions are occupied with and without N atom (1/4 < rN < 1, 3/4 < rvac < 1) and f is the atomic scattering factor. rN and rvac are respectively shown by using S as 
rN = (3S + 1)/4								(4)
and
rvac = (S + 3)/4.								(5)
By substituting these relations into (2) and (3), F110 and F220 are given as 
F110 = SfN 								(6)
and
F220 = 4fFe + fN,								(7)
respectively. The reflection intensity is proportional to FD and the complex conjugate (F*D*), Lorentz-polarization factor (L), and absorption factor (A). Here, D is the Debye-Waller factor. The intensity ratio of Fe4N 110 to 220 reflection, I110/I220, is thus given as
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Thus, S is expressed as
[image: ]					(9)
The measured I110/I220 value is 0.0342. The S value of Fe4N(110) single-crystal film is estimated to be nearly 0.995, which indicates that N site is highly occupied by N atom in the Fe4N single-crystal film. 
Fig. 4 shows the AFM image observed for the Fe4N(110) single-crystal film. Flat surface with the arithmetical mean roughness of 0.3 nm is realized. Fig. 5 shows the magnetization curves. The easy and hard magnetization directions are observed along Fe4N[001] and Fe4N[11 (_)1], respectively. The in-plane magnetic anisotropy is reflecting the magnetocrystalline anisotropy (K1 > 0) of Fe4N crystal with the easy axes along <100> and hard axes along <111>. Furthermore, the saturation magnetization is estimated to be 1410 emu/cm3, which is similar to that of powder Fe4N single- phase material (1384 emu/cm3 at 300 K [7]). These magnetic properties also show that a high-quality Fe4N single-crystal film is obtained in the present study.
The Δl/l of cubic materials caused by magnetostriction [41] is expressed as
[image: ][image: ],	(10)
[bookmark: _Hlk85136889]where (α1, α2, α3) and (β1, β2, β3) are respectively the direction cosines of magnetization and length variation. When the magnetization rotates in Fe4N(110) single-crystal film under in-plane rotating magnetic field, the (α1, α2, α3) are expressed as ([image: ]). When the Δl/l is measured along [001] and [11 (_)1], the (β1, β2, β3)[001] and (β1, β2, β3)[11 (_)1] are respectively expressed as (0, 0, 1) and ([image: ]). By substituting these relations into (10), the Δl/l[001] and the Δl/l[11 (_)1] are respectively shown as
[image: ],					(11)
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The λ100 and the λ111 values can be respectively estimated from the phases and the amplitudes of Δl/l[001] and Δl/l[11 (_)1], as shown in Figs. 6(a) and (b). 
Figs. 6(c-1) and (c-2) show the Δl/l[001] and Δl/l[11 (_)1] measured for the Fe4N(110) single-crystal film under rotating magnetic fields. The phases of Δl/l[001] and Δl/l[11 (_)1] are in agreements with those of Figs. 6(a-2) and (b-1), respectively. Therefore, the λ100 and λ111 values are negative and positive, respectively. Fig. 7 summarizes the amplitudes of Δl/l[001] and Δl/l[11 (_)1] as a function of rotating magnetic field. The λ100 andthe λ111 values are estimated from the saturated amplitudes to be –40×10–6 and +150×10–6, respectively. The Fe4N single-crystal film shows a negative large λ100, as predicted by the theoretical calculation [12]. Moreover, a positive larger λ111 value is obtained. The present study has experimentally clarified the magnetostriction coefficients of Fe4N. Therefore, Fe4N compound is one of strong candidates as magnetostrictive materials.
4. Conclusion
A high-quality Fe4N(110) single-crystal film with γʹ phase is prepared on an MgO(110) substrate to experimentally determine the magnetostriction coefficients, λ100 and λ111. The lattice constants agree with the values of bulk Fe4N material within small differences less than +0.25% and the out-of-plane and in-plane orientation dispersions are about 1.2°. The Fe4N film shows an in-plane magnetic anisotropy reflecting a positive magnetocrystalline anisotropy constant, K1 > 0. A negative large λ100 value of –40×10–6 and a positive fairly-large λ111 value of +150×10–6 are observed. The present study has shown that γʹ-Fe4N compound is one of the strong candidates for rare-metal free magnetostrictive materials.
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Fig. 1.  (a) RHEED pattern observed for an Fe-N film prepared on MgO(110) substrate at 400 °C. (b) Schematic diagram of diffraction pattern simulated for an Fe4N(110) single-crystal surface by using lattice parameters of a = b = c = 0.3797 nm [9].  The incident electron beam is parallel to (a) MgO[001] or (b) Fe4N[001]. (c) Crystallographic orientation relationship between MgO(110) substrate and Fe4N(110) film.
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Fig. 2.  (a-1) Out-of-plane and [(b-1), (c-1)] in-plane XRD patterns measured for an Fe4N(110) single-crystal film prepared on MgO(110) substrate. The scattering vector of in-plane XRD is parallel to (b) MgO[11 (_)0] or (c) MgO[001]. (a-2)–(c-2) Rocking curves measured by fixing the diffraction angles at the peak angles of (a-2) Fe4N 220, (b-2) Fe4N 22 (_)0, and Fe4N 002 reflections. The intensity is shown in (a-1)–(c-1) logarithmic or (a-2)–(c-2) linear scale.
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Fig. 3.  XPS spectrum showing binding energy of N-1s electron for an Fe4N(110) single-crystal film.
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Fig. 4.  AFM image observed for an Fe4N(110) single-crystal film.
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Fig. 5.  Magnetization curves measured for an Fe4N(110) single-crystal film.
[image: ]
Fig. 6.  [(a-1), (a-2)] Δl/l[001] and [(b-1), (b-2)] Δl/l[11 (_)1] calculated for (110) single-crystal film with (a-1) λ100 > 0, (a-2) λ100 < 0, (b-1) λ111 > 0, and (b-2) λ111 < 0. (c-1) Δl/l[001] and (c-2) Δl/l[11 (_)1] measured for an Fe4N(110) single-crystal film.
[image: ]
Fig. 7.  Magnetic field dependences of amplitude of Δl/l[001] and Δl/l[11 (_)1] measured for an Fe4N(110) single-crystal film.
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