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We fabricated large area (>1� 1 cm2), epitaxial Fe nanowire arrays on MgO(001) substrates by

nanoimprint lithography with a direct metallization of epitaxial materials through a metallic mask, which

avoided the disadvantageous metal-etching process in conventional methods. The magnetization

reversals, as revealed by magneto-optic Kerr effect, showed competing effects between Fe cubic

magnetocrystalline anisotropy and lithographically induced uniaxial shape anisotropy. Unlike the weakly

induced uniaxial anisotropy observed in continuous films, both the magnitude and direction of the

uniaxial shape anisotropy can be easily modulated in the nanowires. Complex magnetization reversal

processes including two-step and three-step loops were observed when magnetizing the samples along

different Fe cubic easy axes, respectively. These modified magnetization reversal processes were

explained by the nucleation and propagation of the domain walls along the non-superimposed easy axes

of the competing magnetocrystalline and shape anisotropies. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4794358]

The control of magnetic anisotropies and domain config-

urations in patterned magnetic nanostructures is of great im-

portance for spintronics devices. Previous works mostly

focused on patterned structures from polycrystalline mag-

netic thin-films.1–4 However, patterned structures from epi-

taxial, single-crystalline films make it possible to study more

technologically important properties, not easily accessible in

their polycrystalline counterparts, such as magnetocrystalline

anisotropy, magneto-elastic coupling, and surface/interface

spin structures.5–7 Magnetization reversal properties under

competing anisotropies have been well studied in epitaxial

thin-film systems,8,9 in which the relative magnitude10,11 and

orientation12 of the competing anisotropies both play impor-

tant roles. Whilst the control of magnetocrystalline (by epi-

taxial growth) and interface (by multilayer structure)

anisotropies is relatively easy and straightforward, the

manipulation of the induced uniaxial anisotropy, Ku, is not.

Such Ku, although often quite small and sensitive to the dep-

osition environment, can play an important role in the mag-

netization reversal of cubic systems.13 Control of Ku has

been demonstrated primarily in thin-films by modulating the

surface morphology along the principal cubic easy/hard

axes.14–16 On the other hand, lithographically induced shape

anisotropy in patterned nanowire arrays can be externally

modulated. Conventional method using ion-milling/etching

of the pre-deposited metal films (under lithography mask)

brings significant side-effects due to the undesirable Ar-ion

injection.17,18 Alternatively, direct, high-temperature deposi-

tion of epitaxial materials under metallic template is

promising as indicated in our primary results.19 Here, we

reported a direct fabrication of large-area epitaxial Fe nano-

wire arrays on MgO(001) single-crystals, eliminating all sub-

sequent metal-etching steps in the conventional methods.

The epitaxial patterning is demonstrated with nanoimprint li-

thography (NIL) that itself has a number of technological

advantages.20–22 Complete four-circle x-ray diffractions

(XRD) were used to characterize both the in-plane and out-

of-plane epitaxy of the nanowires. Comparable magnetocrys-

talline anisotropy, K1, and shape anisotropy, Ku were

achieved and demonstrated. Specifically, by setting the wire

direction to be non-collinear with the Fe cubic easy axis, the

shape anisotropy was found to induce an independent easy

axis for Fe domain wall (DW) nucleation and propagation.

This is intrinsically different from that in the continuous

thin-film samples with the much smaller Ku induced by sur-

face growth morphology.15,16

Samples were fabricated on square, single-crystal 100

� 100 MgO(001) substrates. Single-crystalline Fe nanowire

arrays grew according to the well-known epitaxial relation-

ship, i.e., MgO(001)[110]||Fe(001)[010]. A bilayer-resist

NIL recipe was adapted to allow specific adjustments of the

cross-sectional resist-profiles.23,24 During imprinting, the

stamp (700 nm period gratings with 50% duty cycle) was

placed in such a way that the direction of the wires take an

arbitrary angle, d (�40�), with respect to the Fe(001)[010].

After imprinting, the residue of the top layer resist (NXR-

1025) was removed by reactive ion etching using oxygen

plasma, and followed by a selective wet etching using tetra-

methylammonium hydroxide to develop the bottom layer

resist (LOR-1 A) in a controllable manner. Different from

the conventional bilayer NIL process that usually creates a

polymer undercut, a wedge-shaped resist profile was devel-

oped for our application, as illustrated by Fig. 1(a) and

a)Author to whom correspondence should be addressed. Electronic mail:
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confirmed by the scanning electron microscopy (SEM)

image (Fig. 1(b)). During metallization, a Mo layer, 75 nm

thick, was first deposited onto the resist template using ion-

beam sputtering. Due to the wedge-shaped resist profile, the

Mo mask formed an undercut after the resist stripping. A Fe

layer, nominally 15 nm thick, was then deposited onto the

Mo mask at a substrate temperature of 150 �C, followed by a

protective Ta layer of 2 nm. The Mo layer, as well as the sur-

plus Fe on top, was then removed by ultrasonication in a

30% H2O2 solution. Epitaxial Fe nanowire arrays, �300 nm

in width, along the “user-defined” orientation were then

obtained (Fig. 1(c)).

The epitaxy of the sample was checked using the four-

circle XRD with Cu Ka radiation. In the h�2h scan (Fig. 2(a)),

the observation of a single Fe(002) peak indicated a good out-

of-plane (002) texture. The in-plane U-scan (Fig. 2(b)) showed

the four distinct peaks of Fe and MgO, as well as a 45� rotation

of the Fe lattice with respect to that of the MgO, which are con-

sistent with their epitaxial relationship. The rocking curve (Fig.

2(c)) indicated a lattice misalignment of less than 2� along the

film normal orientation. These results well confirmed the epi-

taxy nature of our Fe nanowires.

The large Ku of the nanowires effectively induced an

independent easy axis for the DW nucleation and propaga-

tion, which was verified by vector magneto-optic Kerr effect

(MOKE) measurements9 using longitudinal (||, field applied

in sample plane and parallel to the laser-beam plane) and

transverse (?, field applied in sample plane but perpendicu-

lar to the laser-beam plane) modes at various field orienta-

tions, /, defined as the angle between the external field, H,

and the Fe [010] axis (Fig. 2(d)). For /¼ 0�, sharp and two-

step magnetization reversal was observed due to the breaking

of the Fe cubic symmetry by the large, misaligned Ku (Fig.

3(a)). For well-aligned samples, the magnetization reversal

is achieved via a one-step transition from [010] ! [0-10].5

Here, the two-step switching route is: [010]! Ku! [0-10],

mediated by the nucleation and propagation of DWs along

Ku at H1, and along [0-10] at H2, respectively. For /¼ 90�,
far away from the Ku, a more complex three-step loop can be

observed (Fig. 3(b)). In the well-aligned case,5 a slim mag-

netization curve with almost no hysteresis behavior was nor-

mally observed. Here, the hysteresis loop displayed similar

hard-axis-like behavior; however, three distinct steps can

still be recognized due to the DW movements along the easy

axes of the misaligned anisotropies. On the descending

branch, the three steps correspond to the switching routes:

[100]! [0-10]! Ku! [-100]. The first switching is medi-

ated by a 90� DW nucleation8,15,16 and the second one is

attributed to the DW movements along Ku. The magnitude of

the DW pinning energy, e90�, and Ku can be estimated by the

switching fields as e90�=M¼ 51 Oe, Ku cos d=M¼ 558 Oe

(and therefore Ku=M¼ 680 Oe), where M is the total

FIG. 1. (a) Schematic illustration of our NIL process that is suitable for epi-

taxial patterning. Desirable wedge-shaped resist profile and Mo undercut

profile for improved liftoff were demonstrated. SEM images of (b) wedge-

shaped bilayer resist (LOR-1A/NXR-1025) on MgO substrate, and (c) epi-

taxial Fe nanowire arrays (wire width �300 nm).

FIG. 2. XRD (a) h�2h scan, (b) in-plane U-scan, and (c) rocking curve of

the epitaxial Fe nanowire arrays. (d) Relative orientations of the Fe cubic

easy axes, the shape anisotropy, Ku, and the external magnetic field, H.

FIG. 3. Longitudinal (||) and transverse (?) MOKE signals measured at (a)

/¼ 0�, (b) /¼ 90�, (c) /¼ 340�, (d) /¼ 120�. Magnetization orientation at

each step is illustrated by an arrow enclosed in a box.
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magnetization of the film.13 Such a large Ku, that is an order

of magnitude higher than e90�, effectively induced an inde-

pendent easy axis for DW nucleation and propagation, which

is difficult to be achieved in any continuous films.15,16,25 We

also note that in the corresponding MOKE transverse signals,

a “flat basin” was observed around H¼ 0 but with a small

peak corresponding to the switching route [0-10] ! Ku.

Since the [010] axis is quite close to Ku, it is likely that the

DW nucleation takes place simultaneously along both axes

during the first reversal, i.e., [100]! [0-10], resulting in cer-

tain magnetization pinned along Ku before the second switch-

ing. As a result, the small peak is observed when the rotating

magnetization becomes collinear with the previously pinned

magnetization.

Actually, the multi-step features can be observed at

nearly all angles (/) of the measurement. Close to [010] and

[0-10], similar two-step loops can be observed, for example,

at /¼ 340� (Fig. 3(c)). The only difference is an enhanced

magnetization rotation behavior at higher field range, com-

pared with the loop measured exactly at the easy axis

(Fig. 3(a)). Physically, the magnetization would first rotate to

a nearby easy axis just like a macrospin as the field decreases,

before the nucleation of any new DWs. Another kind of two-

step loop is shown in Fig. 3(d), for example, at /¼ 120�, i.e.,

measured close to the Fe hard axis. Gradual magnetic reversal,

rather than step switching was observed in the hysteresis

curve, indicating that the magnetization reversal by coherent

rotation is the dominant process. Nevertheless, the two-step

feature, indicating DW-type reversals, can still be clearly rec-

ognized in the transverse MOKE signals. It is brought to our

attention that similar unusual stepped hysteresis loops can also

be observed in ferromagnet/nonmagnet/ferromagnet multi-

layers by a depth-resolved MOKE measurement,26 in which

the magnetization of each ferromagnetic layer, as well as the

interlayer couplings, can be determined. However, it is not the

origin of the stepped hysteresis in our experiments since we

are looking at a single-layer thin ferromagnet.

The /-dependence of the experimentally observed

switching fields were summarized from the hysteresis loops of

all / from 0� to 360� in steps of 10� (Fig. 4). Two-step loops

were observed at most / and three-step ones were found

at 90� and 270�. Specifically, H1 was correlated to the

magnetization reversal from Ku to the closest Fe easy axes,

i.e., either Fe[010] or Fe[0-10]. Due to the uniaxial symmetry

of Ku, the angular dependent behavior of H1 shows a two-fold

symmetry (Fig. 4(a)). On the other hand, H2 indicates the

magnetization reversal between the Fe cubic easy axes, and

therefore, shows a fourfold-like symmetry (Fig. 4(b)). In epi-

taxial Fe thin-films, the induced uniaxial anisotropy and the

intrinsic cubic magnetocrystalline anisotropy are superim-

posed on each other, resulting in new sets of non-orthogonal,

bi-axial easy axes.8,15,16 Here, in our epitaxial Fe nanowires,

the significant uniaxial shape anisotropy effectively induces

an independent easy axis for DW nucleation and propagation,

while the intrinsic symmetry of the magnetocrystalline anisot-

ropy was maintained.

This work was supported by NSF/DMR under Grant No.

1063489. Part of the research (x-ray diffraction) was per-

formed using EMSL, a user facility sponsored by DoE office

of biological and environmental research located at PNNL.

1J. I. Martin et al., J. Magn. Magn. Mater. 256, 449 (2003).
2J. Nogu�es et al., Phys. Rep. 422, 65 (2005).
3A. O. Adeyeye and N. Singh, J. Phys. D: Appl. Phys. 41, 153001 (2008).
4J. W. Lau and J. M. Shaw, J. Phys. D: Appl. Phys. 44, 303001 (2011).
5E. Paz et al., Nanotehnology 21, 255301 (2010).
6M. Ciria et al., Phys. Rev. B 80, 094417 (2009).
7A. Hoffmann et al., Phys. Rev. B 67, 220406(R) (2003).
8Q. Zhan et al., Phys. Rev. B 80, 094416 (2009).
9W. Zhang et al., Appl. Phys. Lett. 98, 092503 (2011).

10Q. Zhan, W. Zhang, and K. M. Krishnan, Phys. Rev. B 83, 094404 (2011).
11W. Zhang and K. M. Krishnan, J. Appl. Phys. 111, 07D712 (2012).
12W. Zhang and K. M. Krishnan, J. Magn. Magn. Mater. 324, 3129 (2012).
13R. P. Cowburn et al., Phys. Rev. Lett. 79, 4018 (1997).
14D. Sekiba et al., Appl. Phys. Lett. 84, 762 (2004).
15Q. Zhan et al., Appl. Phys. Lett. 91, 122510 (2007).
16Q. Zhan et al., Appl. Phys. Lett. 94, 042504 (2009).
17B. J. McMorran et al., J. Appl. Phys. 107, 09D305 (2010).
18O. D. Roshchupkina et al., J. Appl. Phys. 112, 033901 (2012).
19W. Zhang et al., J. Micromech. Microeng. 21, 045024 (2011).
20S. Y. Chou et al., J. Vac. Sci. Technol. B 14, 4129 (1996).
21L. J. Guo, J. Phys. D: Appl. Phys. 37, R123 (2004).
22L. J. Guo, Adv. Mater. 19, 495 (2007).
23W. Hu et al., J. Vac. Sci. Technol. A 25, 1294 (2007).
24W. Zhang et al., J. Appl. Phys. 107, 09D724 (2010).
25R. P. Cowburn et al., J. Appl. Phys. 78, 7210 (1995).
26J. Hamrle et al., Phys. Rev. B 66, 224423 (2002).

FIG. 4. /-dependence of the experimen-

tally observed switching fields for (a)

H1, displaying a twofold symmetry, and

(b) H2, showing a fourfold-like symme-

try, respectively. Three-step loops were

observed only at /¼ 90� and 270� there-

fore an additional switching field was

observed.
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