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The magnetic structure of the domain wall (DW) of a 30-nm-thick Fe4N epitaxial film with a

negative spin polarization of the electrical conductivity is observed by magnetic force microscopy

and is well explained by micromagnetic simulation. The Fe4N film is grown by molecular beam

epitaxy on a SrTiO3(001) substrate and processed into arc-shaped ferromagnetic nanostrips 0.3 lm

wide by electron beam lithography and reactive ion etching with Cl2 and BCl3 plasma. Two elec-

trodes mounted approximately 12 lm apart on the nanostrip register an electrical resistance at 8 K.

By changing the direction of an external magnetic field (0.2 T), the presence or absence of a DW

positioned in the nanostrip between the two electrodes can be controlled. The resistance is

increased by approximately 0.5 X when the DW is located between the electrodes, which signifies

the negative anisotropic magnetoresistance effect of Fe4N. The electrical detection of the resistance

change is an important step toward the electrical detection of current-induced DW motion in Fe4N.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4962721]

I. INTRODUCTION

The application of current-induced magnetic domain

wall motion (CIDM) for novel spintronics has been exten-

sively studied both theoretically1–4 and experimentally.5–8

The CIDM phenomenon is caused by spin transfer torque,

which is the transfer of spin angular momentum from con-

ductive electrons to localized electrons. In this way, the mag-

netic domain wall (DW) can be transferred in the same

direction as the electron flow when the current flows in ferro-

magnetic materials. For balance of the spin angular momen-

tum between the conductive electrons and the localized

electrons,9 the velocity of the DW (vDW) is given by

vDW ¼
PrglB

2eMS

J; (1)

where Pr is the spin polarization [Pr¼ (r"� r#)/(r"þr#)]
of the electrical conductivity (r), g is the Lande g-factor, lB

is the Bohr magneton, e is the elementary charge, MS is the

spontaneous magnetization, and J is the electron flow den-

sity. Equation (1) suggests that the DWs move in the same

(opposite) direction as the conductive electrons for positive

(negative) Pr,10 but no experimental result has yet shown the

direction of the DW motion in a material with negative Pr.

Ferromagnetic Fe4N, composed of earth-abundant and

nontoxic elements, possesses an anti-perovskite structure

and a Curie temperature (TC¼ 767 K) that is well above

room temperature (RT).11 In addition, the Pr of Fe4N is theo-

retically expected to be �1.0.12 The negative sign of the Pr

has been deduced from the negative anisotropic magnetore-

sistance (AMR) ratio,13–15 and from the negative spin polari-

zation of the density of states (D) at the Fermi level (EF), PD.

This spin polarization of the density of states is given by

PD¼ [D"(EF) � D#(EF)]/[D"(EF)þD#(EF)]< 0,16,17 and the

relation that the AMR ratio is proportional to �PrPD is

used.18 The AMR ratio is given by

AMR ¼
q== � q?

q?
; (2)

where q? (q==) is the resistivity when the magnetization is

perpendicular (parallel) to the current. Several reports have

presented the AMR ratio of Fe4N, reporting ratios of �2.7%

at 5 K,13 �4.3% at 4.2 K,14 and �6.2% at 4 K.15 The nega-

tive sign of the PD has been anticipated by theory16 and has

been confirmed by experiments using spin-resolved photo-

electron spectroscopy.17 Another report on the inverse tunnel

magnetoresistance effect in the Fe4N/MgO/CoFeB magnetic

tunnel junction structure has also suggested that a negative

PD is present in Fe4N.19

For ferromagnetic thin films with perpendicular mag-

netic anisotropy (PMA), CIDM can be detected by various

methods such as direct observation using the magneto-

optical Kerr effect20–22 and electrical measurement using the

anomalous Hall effect.23–26 For materials with in-plane mag-

netic anisotropy (IMA), on the other hand, the DW motion is
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detected using the magneto-optical Kerr effect,5,7 magnetic

force microscopy (MFM)6,8 in combination with the change

in electrical resistance (DR) owing to the AMR effect,27–30

Lorentz MR, and/or DW scattering.31,32 In addition, the elec-

trical detection of CIDM using magnon-induced magnetore-

sistance has been reported in permalloy and FePt

nanostrips.33,34 This method is available not only for IMA

materials but also for PMA materials, enabling determination

of the DW position from the slope of the resistivity versus

magnetic flux density minor loop. The Fe4N material exhib-

its IMA,35 but there has been no report on the electrical

detection of DWs in Fe4N nanostrips, which is of essential

importance to detect CIDM in Fe4N. This work detects the

DR of ferromagnetic Fe4N nanostrips depending upon the

presence or absence of a DW between two electrodes

mounted on the nanostrips. Electrons scatter in the DW dif-

ferently from those in the domains adjacent to the DW

because the direction of magnetization is different between

them.

In this paper, a 30-nm-thick Fe4N epitaxial thin film was

grown on a SrTiO3(001) substrate (STO) by molecular beam

epitaxy (MBE). This film was fabricated into a 0.3-lm-wide

Fe4N nanostrip by electron-beam (EB) lithography and reac-

tive ion etching (RIE) with Cl2 and BCl3 plasma. Finally, the

Fe4N nanostrip was used to detect the DR at 8 K arising from

the AMR effect caused by a DW. We also compared the DW

magnetic structure obtained by MFM with that calculated

using micromagnetic simulation.

II. METHOD

A. Formation of Fe4N nanostrips

We formed a Ti(4 nm)/Fe4N(30 nm) layered structure on

a SrTiO3(001) substrate at 450 �C using an ion-pumped

MBE system equipped with a high-temperature Knudsen cell

for 5 N-Fe and with a radio-frequency (RF) N2 plasma.36

The epitaxial relationship between Fe4N and STO is known

to be Fe4N[100](001)jjSTO[100](001), and the lattice con-

stants of Fe4N and STO are 0.379 and 0.391 nm, respec-

tively. Therefore, the lattice mismatch between Fe4N and

STO is �3%. During growth, we set the Fe deposition rate to

0.95 nm/min and the RF-N2 plasma power to 105 W. To pre-

vent oxidation of the Fe4N, the Fe4N was capped with a Ti

layer that may oxidize after air exposure. The electrical resis-

tance (R) of the resulting Ti-O layer is sufficiency large to

make any current through this layer negligible. The crystal-

line quality of the Fe4N was characterized by reflection high-

energy electron diffraction (RHEED) along the STO[100]

axis and by x-ray diffraction (XRD, RIGAKU Smart Lab.)

with Cu Ka radiation.

Figure 1 shows the fabrication process of the Fe4N

nanostrips. First, 0.3-lm-wide resist [FEP-171/poly(methyl-

glutarimide) (PMGI)] patterns were formed by EB lithogra-

phy, after which a 50-nm-thick MgO layer was deposited

by EB evaporation. This was followed by a liftoff process to

form the mask pattern for etching, and subsequent RIE was

carried out with inductively coupled plasma (ICP) of Cl2
(8 sccm) and BCl3 (2 sccm). Any remaining iron chlorides

were then removed by organic solvents, and the MgO mask

was etched in a H3PO4:H2O¼ 1:1000 solution. Figure 2

presents the geometry of the fabricated nanostrip composed

of two perpendicular linear components 0.3 lm wide and

7 lm long, connected by an 8-lm radius arc component (Fig.

2(a)). The linear nanostrip components are aligned along the

Fe4Nh110i axis, which is the hard axis of the Fe4N thin film.

Because of this arrangement, the nanostrip and current (I)
are directed nearly parallel to Fe4Nh100i around the middle

of the arc where, as described later, a DW is formed. It

has been reported that the magnitude of the AMR ratio of

Fe4N varies depending upon the direction of the current

with respect to the crystal orientation, i.e., �6.2% with

I jj Fe4N[100] and �1.2% with I jj Fe4N[110].15 In the

arrangement of the nanostrip in this work, the linear compo-

nents are along the Fe4Nh110i and the current flows in a

direction nearly parallel to Fe4N[100] around the DW in the

arc. Therefore, this nanostrip configuration causes the mea-

sured DR value to be larger than those expected when the lin-

ear components are aligned along the Fe4Nh100i axis. For

the resistance measurement, two metal pads made of

Au(300 nm)/Ti(20 nm) stacks were placed approximately

12 lm apart on both ends of the arc by EB evaporation and a

liftoff process. The physical morphology of the nanostrip

was observed by atomic force microscopy (AFM, HITACHI

E-sweep).

B. Domain wall observation and computational
details

The DW was formed in the arc in the following way.

The magnetization in the nanostrip aligned along the external

magnetic field (H), which was applied in one of the two

directions shown by arrows in Figs. 2(b) and 2(d). When the

H was then turned off, a DW was either created in the arc

(Fig. 2(c)) or not (Fig. 2(e)), depending upon the initial

direction of H. The magnitude of H was approximately

0.2 T, which was sufficiently large to saturate the

FIG. 1. Fabrication process of 0.3-lm-wide Fe4N nanostrips. First, bilayer

resist [FEP-171/PMGI] patterns were formed by EB lithography, followed

by EB evaporation of the MgO mask layer. The 0.3-lm-wide MaO mask

patterns were formed by the liftoff process, and etching of the Ti-O, Fe4N,

and SrTiO3 was performed by ICP-RIE with Cl2 and BCl3. Finally, the MgO

mask was removed in a diluted H3PO4 solution.
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magnetization in a soft magnetic material like Fe4N. The

DW in the Fe4N nanostrip was observed by MFM

(HITACHI E-sweep) at RT.

The magnetic domain structure in the Fe4N nanostrip

after turning H off was calculated by micromagnetic simula-

tion using the Object Oriented MicroMagnetic Framework

(OOMMF).37 The material parameters used for the simula-

tions were the magnetization MS¼ 1.43 MA/m, the crystal-

line magnetic anisotropy constant KC¼ 3.0� 104 J/m3, and

the exchange stiffness A¼ 15 pJ/m. Among these, the MS

and KC were measured values,35 while the value of A for

Fe4N was approximated from that for Fe using the relation-

ship that A is nearly proportional to TC.38 The damping

constant was set to a¼ 1 to accelerate the calculation with

the expectation that the value of a has no effect on equilib-

rium states. The cell size used for the simulation was

5� 5� 5 nm3, and the same geometry was used as that

shown in Fig. 2(a). As the initial state, the magnetization

was set homogeneously along H and then relaxed depending

upon the crystalline and shape anisotropy. For an indication

of the MFM contrast, the volume density of the magnetic

charge �divM was calculated for each cell.

C. Electrical detection of DW

The resistance measurements were carried out at 8 K,

where the cooling was accomplished by a closed-cycle He

cryostat to enhance the AMR ratio. We first measured pulse

currents by applying pulse voltages between the electrodes

in the state shown in Fig. 2(c), and then converted them to R
values. The pulse width, period, and height were 50 ms,

1.0 s, and 0.20 V, respectively, and each measurement was

repeated 50 times. Next, H was applied as shown in Fig. 2(d)

to remove the DW from the nanostrip, and the R value was

again measured in the state shown in Fig. 2(e).

III. RESULTS AND DISCUSSION

A. Fe4N nanostrips

Figure 3 presents the x–2h XRD and RHEED patterns

of the as-grown Fe4N film. The streaky RHEED pattern and

the presence of XRD peaks from only c-axis-oriented Fe4N

such as (001), (002), and (004) demonstrate the epitaxial

growth of the Fe4N film. In addition, superlattice reflections

in the RHEED pattern together with the (001) peak in the

XRD pattern clearly indicate that the N atom exists at the

body center of the face-centered cubic lattice. Figure 4

shows the AFM top view of the fabricated nanostrip and its

cross-sectional profile, showing the formation of the Fe4N

film into uniform nanostrips with smooth surfaces.

B. Domain wall simulation and experiment

Figures 5(a) and 5(b) present the MFM images of the

Fe4N nanostrip captured during the states illustrated in Figs.

2(e) and 2(c), respectively. It can be seen that we success-

fully created (erased) a vortex DW around the middle of the

arc by applying H along the normal (tangent) of the arc. The

width of the DW is approximately 0.8 lm, as shown in Fig.

5(b). Figure 5(c) shows the result of simulation, which also

suggests the formation of a vortex DW. The measured mag-

netic structure of the DW in Fig. 5(b) is nicely described by

the simulation.

FIG. 3. x-2h XRD pattern of the Fe4N epitaxial film. (Inset) RHEED pattern

observed along the Fe4N[100] axis.

FIG. 2. (a) Schematic drawing of a fabricated nanostrip. The linear compo-

nents are along the hard axes, Fe4Nh110i. The radius of the arc component

connecting the linear components is 8 lm and the width is 0.3 lm. Two Au/

Ti electrodes are placed on both ends of the arc. (b)–(e) Schematics of resis-

tance measurement cycle, where R was measured 50 times between the two

electrodes (yellow rectangles) by applying pulse voltages in (c) and (e).

First, (b) H was applied along the Fe4N[100] axis, and (c) R was measured

after H was turned off. In (d), H was applied along the Fe4N[010] axis to

remove the DW from the nanostrip, and (e) R was measured after H was

turned off. The pulse voltage has a 50 ms width, a 10 s period, and a 0.20 V

height.
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C. Resistance change

Figures 6(a) and 6(b) show the resistance change DR of

the Fe4N nanostrip with and without a DW present in the arc,

measured at 8 K. In the initial state shown in Fig. 2(e), i.e., no

DW present in the arc, R¼ 291.6 X. When a DW is intro-

duced in the arc and the state of magnetization is changed

from the conditions in Fig. 2(e) to that in Fig. 2(c), R increases

by approximately 0.5 X, as shown in Fig. 6(a). We next

changed the state of magnetization from that in Fig. 2(c) to

that shown in Fig. 2(e), effectively removing the DW from

the arc, and found that R decreases by approximately 0.5 X.

These measured DR values are reliable from the viewpoint of

the signal-to-noise ratio, and similar results were obtained

with excellent repeatability. These results demonstrate that

the presence of a DW in the arc of the Fe4N nanostrip

increases the nanostrip R, which we can attribute to the nega-

tive AMR effect caused by the negative Pr of Fe4N.13–15

Herein, we attempt to estimate the magnitude of DR arising from the AMR effect, although other factors such as the

Lorentz MR exist. The Lorentz MR ratio is proportional to

(B?/q)2, where B? is the component of the magnetic flux den-

sity B(¼Hþ 4pM) perpendicular to I and q is the resistivity.

Here, M is the magnetization. Therefore, the Lorentz MR is

small in materials with high resistivity such as Fe4N.39 In fer-

romagnetic materials, the resistivity q varies depending upon

the angle between the current and the magnetization caused

by the AMR effect. Major ferromagnetic materials such as

NiFe have a positive AMR ratio such that q== > q?, causing

a local variation of the magnetization to exist within the DW.

Within this variation, some magnetic moments possess a com-

ponent perpendicular to the current and thereby contribute to

a lower resistance.27–30 However, Fe4N exhibits a negative

AMR ratio caused by a negative Pr, such that q== � q? < 0.

Therefore, in the state illustrated in Fig. 2(c), the resistivity of

the DW in the Fe4N nanostrip (�q?) becomes larger than that

of the other nanostrip areas (�q==). Assuming that the DW

has a rectangular parallelepiped shape with height t, width W,

and length Dx along the arc, and that the magnetization is per-

pendicular to the longitudinal direction in the DW as shown

in Fig. 2(c), DR is given by

DR¼ RW=�RW=O ffi
Dx

Wt
q? �q==ð Þ ¼�AMR�Dx

Wt
q?: (3)

Here, Rw/ and Rw/o are the resistances of the nanostrip measured

with or without the DW, respectively. The Rw/ and Rw/o are

FIG. 4. (a) AFM topographic image and (b) cross-sectional profile of the

nanostrip.

FIG. 5. (a)(b) MFM images captured at RT after H (0.2 T) was applied along

the arrows and then turned off. The DW is absent in the arc in (a) but present

in (b). The magnified view in (b) shows the existence of a vortex DW. (c)

Simulation result by OOMMF37 using the same dimensions of the nanostrip

and the material parameters MS¼ 1.43 MA/m, KC¼ 3.0� 104 J/m3, A¼ 15

pJ/m, and a¼ 1.

FIG. 6. Resistance change defined by DR¼Rw/�Rw/o of the Fe4N nanostrip

obtained (a) when the DW is absent and then introduced into the arc and (b)

when the DW is present and then removed from the arc. Rw/ and Rw/o are the

resistances measured with or without the DW, respectively. DR is approxi-

mately 0.5 X.

113903-4 Gushi et al. J. Appl. Phys. 120, 113903 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.158.56.102 On: Thu, 10 Nov 2016

02:49:58



approximately given by RW=ffi½q?Dxþq==ðl�DxÞ�=ðWtÞ and

RW=Offiðq==lÞ=ðWtÞ, respectively, where l is the length of the

nanostrip. In this experiment, Dx is approximately 0.8lm and

the width and height of the nanostrip are 0.3lm and 30nm,

respectively. Because q? is about 34lX�cm at 8K for Fe4N,13

DR is derived to be approximately 0.8 X using Eq. (3). In the

case of a vortex DW, which is true for this work, some magnetic

moments in the DW have a component parallel to the current

and thereby contribute to a lower resistance. Therefore, we

anticipate DR to be smaller than the 0.8 X calculated using the

rectangular-parallelepiped-shaped DW model. In actuality, the

measured value of DR shown in Fig. 6 is approximately 0.5 X,

which is slightly smaller than that estimated from Eq. (3). We

thereby conclude that the measured DR is well explained by the

AMR effect taking place in the DW. On the basis of these

results, the CIDM of the Fe4N nanostrip can be detected electri-

cally owing to a sufficiently large resistance increase.

IV. CONCLUSION

A 30-nm-thick Fe4N epitaxial film was grown and proc-

essed into 0.3-lm-wide arc-shaped nanostrips by EB lithog-

raphy and ICP RIE using Cl2 and BCl3 plasmas. By

changing the direction of H, the presence or absence of a

DW could be controlled in the Fe4N nanostrip. Furthermore,

micromagnetic simulations using OOMMF explained the

formation of a vortex DW. When the DW was introduced in

the arc between the two electrodes, the R value measured at

8 K was increased by approximately 0.5 X. On the other

hand, the R value was decreased by approximately 0.5 X
when the DW was removed from the nanostrip. This resis-

tance change was well explained using the resistivity of the

DW estimated from the already-reported negative AMR ratio

of Fe4N at 8 K for a simple rectangular parallelepiped shape.

This is an important step toward the electrical detection of

CIDM in Fe4N nanostrips.
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