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We investigate the magnetic and transport properties of epitaxial stepped Fe3O4 thin films grown

with different thicknesses. Magnetization measurements suggest that the steps induce additional

anisotropy, which has an easy axis perpendicular to steps and the hard axis along the steps. Separate

local transport measurements, with nano-gap contacts along a single step and perpendicular to a sin-

gle step, suggest the formation of a high density of anti-phase boundaries (APBs) at the step edges

are responsible for the step induced anisotropy. Our local transport measurements also indicate that

APBs distort the long range charge-ordering of magnetite. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4897001]

Ferromagnetic thin films grown epitaxially on vicinal

substrate surfaces have attracted much attention recently due

to their interesting magnetic and transport properties,1–12 and

potential for applications in spintronics.13 Most studies focus

on anisotropy induced by step arrays, particularly metallic

films on stepped surfaces, such as Fe on stepped Ag,2–4 Au,4

W,5–7 and Si,12 Fe1�xCox on stepped GaAs,8 Co on stepped

Cu,9,10 and CoPt3 on stepped MgO.11 However, the align-

ment of the magnetization easy axis, associated with this

step induced anisotropy, is debatable. It is sometimes parallel

to the step edges and at other times perpendicular to them.

Magnetite, Fe3O4, is an important transition metal oxide

with a nearly fully spin polarized electron band at the Fermi

level (half-metallic character) and a high Curie temperature

of 858 K, which make it a promising candidate for room tem-

perature spintronic devices and applications.14–16 Recently,

interesting magnetic and transport properties in epitaxial

Fe3O4 have been reported, i.e., magnetism in nanometer-

thick magnetite,17 large orbital moment in nanoscale magne-

tite,18 giant magnetization in nanometer-thick magnetite,19 a

spin Seebeck effect,20 a spin filter effect,21 electrical field-

induced phase transition,22–24 large transversal magnetoresi-

tance (MR),25,26 and spin valve effect.27–29 However, initial

efforts in exploiting its half metallic nature in magnetic tun-

nel junctions (MTJ) have been far from promising.28,29 The

presence of anti-phase boundary defects in Fe3O4 contribute

to its unusual magnetic and transport properties, such as the

magnetization non-saturation even at very high field,30,31 the

super-paramagnetic behavior in Fe3O4 films,32,33 and a

greater MR response across the AF-APBs.34–36 On the other

hand, in polycrystalline Fe3O4 thin films, interesting proper-

ties such as magnetic-transport,37 spin-injection,38 and

charge ordering39,40 have also been investigated and dis-

cussed. Therefore, it is worth investigating the magnetic

properties of stepped epitaxial Fe3O4 films produced on large

miscut angle vicinal MgO substrates, as a high density APBs

is expected along the step edges. Moreover, this arrangement

could be useful to help understand the effects of APBs on the

conduction mechanisms within Fe3O4 and its metal to insula-

tor transition (Verwey transition).

This letter describes how we fabricated epitaxial stepped

Fe3O4 thin films of different thicknesses and provides details

of their magnetic and transport properties. The morphology

of Fe3O4 thin films was characterized by atomic force mi-

croscopy (AFM) and high resolution scanning transmission

electron microscopy (STEM). The M (H) measurements sug-

gest that the steps induce additional anisotropy which has its

easy axis perpendicular to steps and the hard axis along the

steps. Local transport measurements suggest that the step

induced anisotropy is mainly due to APBs formed at the step

edges.

To grow stepped Fe3O4 films, the first step is to prepare a

stepped MgO (100) substrate. In this work, single-side pol-

ished MgO (100) single crystalline substrates with a miscut

angle of 2.8� in the h001i direction were used. The steps were

produced by annealing the substrates in air in a furnace at

high temperature. The terrace width and height of the steps

were tuned by selection of the substrate annealing tempera-

ture and time. To produce uniform, regular, and straight step

array on the MgO surface, the MgO substrates were annealed

at 1300 �C for 3 h. Figure 1(a) shows a typical AFM image of

a stepped MgO substrate. Uniform, regular, and straight steps

can be clearly observed, and the steps are parallel to the

h010i direction. The average terrace width for this substrate

is around 160 nm. Fe3O4 films with thickness of 5, 10, 15,

and 20 nm were grown on stepped MgO substrates using oxy-

gen plasma assisted molecular beam epitaxy (MBE) with a

base pressure of 3� 10�10 Torr. To ensure that the growth

conditions were the same for the different thickness films, the

Fe3O4 layers were grown on the same MgO substrate using a

shadow mask inside the MBE system. Several additional

films with a thickness of 60 nm were also prepared for electri-

cal measurements. After their annealing in air to produce the
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steps, the substrates were chemically cleaned prior to inser-

tion into the growth chamber and were further annealed at

600 �C in UHV for 30 min and subsequently annealed in oxy-

gen at a partial pressure of 1.3� 10�5 Torr for 2 h. The Fe3O4

films were grown by electron beam evaporation of metallic

iron (99.999%) in the presence of free oxygen radicals gener-

ated by an electron cyclotron resonance plasma source with a

growth rate of 0.3 Å/s. The substrate temperature during

growth was kept at 250 �C. Reflection high energy electron

diffraction (RHEED) was employed to confirm the epitaxial

growth and establish the growth mode. Details of the film

growth is given elsewhere.19,26,27 Figure 1(b) shows a

4� 4 lm2 AFM image of 60 nm thick Fe3O4 deposited on a

stepped MgO substrate. It is clear the film keeps the morphol-

ogy of the substrate. The steps remain parallel to the h010i
direction, and the terrace width and height of the steps are

around 160 nm and 8 nm, respectively. To further demon-

strate the stepped structure of the Fe3O4 films, we show in

Fig. 1(d) a low-magnification high angle angular dark field

(HAADF) STEM image of the whole depth of the Fe3O4 thin

film (bright) on the MgO substrate (dark). One can clearly

see that the Fe3O4 films were epitaxially grown on the MgO

substrates and the Fe3O4 thin films do have a stepped charac-

ter. One can also see from Fig. 1(d) that the interface between

Fe3O4 and MgO is coherent and defect free. We also show a

high resolution STEM image in Fig. 1(c), which further dem-

onstrates the epitaxial nature of the films even at the step

edges.

Figure 2 shows M (H) loops of stepped Fe3O4 thin films

measured at room temperature using a Physical Property

Measurement System (PPMS) (Quantum Design) equipped

with a 14 T superconducting magnet. The magnetic field was

applied in-plane along the steps (AL), i.e., along h010i and

perpendicular to the steps (PS). The room temperature satura-

tion magnetizations for the 5, 10, 15, and 20 nm thick stepped

Fe3O4 film are 450, 465, 475, and 480 emu/cm,3 respectively,

which are less than the bulk value. The reduced saturation

magnetization is due to the presence of antiferromagnetic the

anti-phase boundaries formed at the step edges.33 A signifi-

cant difference between M (H) loops for the orthogonal field

directions can be clearly observed in Fig. 2. For the 5 nm

Fe3O4 film with the field perpendicular to the steps, the

coercivity field is 65 Oe. While for the field along the steps,

the coercivity field is only 33 Oe. Moreover, the M (H) loop

for the field perpendicular to the steps is much squarer than

for field applied along steps. Similar behavior was observed

for all the films. It is clear that the easy axis, for all the films

grown, is perpendicular to the steps and hard axis is along the

steps. We can also see from Fig. 2 that, with increasing film

thickness, the difference in the M (H) loops for two field

directions decreases. In contrast to stepped samples, the inset

of Fig. 2(a) shows M (H)_loops of a 5 nm Fe3O4 film without

steps, fabricated with the same conditions. There is no dis-

cernable difference between the M (H) loops for the two field

directions. The M (H) measurements on stepped Fe3O4 thin

films were also performed at a variety of temperatures.

Figures 3(a)–3(e) show M (H) loops of 20 nm thick stepped

Fe3O4 thin films acquired at different temperatures. Figure

3(f) shows the magnetization vs temperature (M-T) curves

measured during the heating cycle at a field of 200 Oe applied

for both orthogonal field directions. At around 115 K, the

Verwey transition is clearly present, which further indicates

the epitaxial nature of the stepped Fe3O4 film. There is a

small difference in the M-T curves measured for both field

directions which can attributed to different initial states as the

coercivity field below the Verwey transition temperature is

larger than 200 Oe. Nerveless the coercivity field of the film

increases significantly across the Verwey transition and step-

like features in the M (H) loops appear below the Verwey

transition temperature, similar behavior was observed at all

temperatures. The easy axis of the film is perpendicular to the

steps and hard axis is along the steps even below the Verwey

temperature. The step-like features in the M (H) loops

observed in Figs. 3(e) and 3(f) are mainly due to the proxim-

ity effect of anti-phase boundaries.41 The difference in the M

(H) loops can be understood by considering the preferential

formation of APBs in Fe3O4 films during growth on stepped

surfaces. Fe3O4 has a cubic inverse spinel structure, where

Fe3þ ions occupy tetrahedral sites (A-sites) and octahedral

sites (B-sites) are occupied by both Fe3þ and Fe2þ ions. The

symmetry (Fd3m) of Fe3O4 is lower than that of MgO

(Fm3m) and the lattice parameter of Fe3O4 (8.397 Å) is

almost twice of that of the MgO substrate (4.213 Å). Thus,

APBs will form when growing Fe3O4 on MgO and there is a

FIG. 1. (a) An AFM image of a MgO

substrate with a miscut angle of 2.8�

annealed at 1300 �C for 3 h. The steps

are parallel to the h010i direction. (b)

A 4� 4 lm2 AFM image of 60 nm

thick Fe3O4 deposited on a stepped

MgO substrate. The steps are parallel

to the h010i direction. (c) High resolu-

tion STEM image indicating epitaxial

growth of the Fe3O4 on the stepped

MgO substrate. (d) Low magnification

STEM image demonstrating the epi-

taxial growth of stepped Fe3O4.
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very high chance of APB formation along step edges when

growing Fe3O4 on stepped MgO. Let us consider the alter-

nately positioned A- and B-sites in the (100) atomic planes of

Fe3O4. First, examining the case of nucleation at the B-sites,

there are 32 possible combinations and 16 of them have the

nucleation rows of the first B-site layer on the upper terrace

parallel to the ones on the lower terrace which will result in

the formation of APBs. The remaining 16 combinations have

the rows of the first B site layer on the upper plane but per-

pendicular to the rows of the first B site layer on the lower

plane. Of these 16 combinations, 8 of them will result in the

formation of the APBs. Similarly, considering the second

case when the nucleation starts at the A-sites, there are 64

possible combinations, but only 8 combinations do not result

in the formation of APBs. Therefore, there is a high chance

of forming APBs along the step edges. In other words, the

high density of APBs formed along the step edges is seen to

be responsible for orienting the easy axis perpendicular to the

steps and hard axis along the steps edges.

It is well-known that APBs are responsible for the

increased resistivity in magnetite films.36,42 If APB density

along the step edges is higher than perpendicular to steps, the

resistivity measured along the step edges should be higher

than that measured perpendicular to steps. To confirm this,

we studied the local transport properties of 60 nm thick

stepped Fe3O4 films using sub-100 nm nano-gap contacts.

Two kinds of devices were fabricated: nano-gap contacts

aligned along the steps (Fig. 4(a)) and nano-gap contacts

placed perpendicular to the steps (Fig. 4(b)). The devices

were fabricated by E-beam lithography (EBL) using positive

tone resist, PMMA A3 supplied by MicroChem Corp. After

development, thick metal contacts consisting of Ti (5 nm)/Au

(35 nm) were deposited by e-beam evaporation. All the nano-

gap contacts were aligned either along the steps or perpendic-

ular to steps. Subsequently, after lift-off with acetone, UV li-

thography was carried out to produce macroscopic metal

contacts. Figure 4(c) shows the resistivity as a function of

temperature (R-T) for the two kinds of devices. One can see

from Fig. 4(c) that, above the Verwey transition temperature,

the devices with nano-gap contacts placed along the steps

have higher resistivity compared with those with nano-gap

contacts placed perpendicular to the steps, which suggests

that a high density of APBs are formed along the step edges.

FIG. 2. M (H) loops measured at room

temperature with the in-plane magnetic

field applied along the steps (red-

dashed lines) and perpendicular to the

steps (black-solid lines). The thick-

nesses of the magnetite films are 5 nm

(a), 10 nm (b), 15 nm (c), and 20 nm

(d), respectively. Inset: M (H) loops

for 5 nm thick Fe3O4 film without steps

with the field is applied along the

h100i and h010i directions.

FIG. 3. M (H) loops with an in-plane magnetic field applied along the steps

(red-dashed lines) and perpendicular to the steps (black-solid lines) meas-

ured at 300 K (a), 200 K (b), 150 K (c), 100 K (d), and 50 K (e), respectively.

The thickness of the measured magnetite film is 20 nm. (f) M-T curves

measured at an in-plane field of 200 Oe applied along the steps (red-dashed

lines) and perpendicular to the steps (black-solid lines).
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Interestingly, below the Verwey transition temperature, the

devices with nano-gap contacts placed along the steps have a

smaller resistivity compared with the devices with nano-gap

contacts placed perpendicular to the steps. Thus, it is also

noted the resistivity change across the Verwey transition tem-

perature for the devices with nano-gap contacts placed per-

pendicular to the steps is greater than for the devices with

nano-gap contacts placed along the steps, which suggests that

APBs distort the formation of long range charge-ordering in

magnetite. The temperature-dependent resistivity curves can

be divided into three temperature regions, i.e., T> 200 K

(region I), 200 K<T< 120 K (region II), and T< 120 K

(region III), which correspond to three conduction mecha-

nisms of magnetite.43 We can fit the R-T curves in region II

and region III with RðTÞ � R0 exp½ð Ea
KBTÞ�. Yielding activation

energies Ea for the two device configurations of 48 meV (AL)

and 52 meV (PS) in region II and 65 meV (AL) and 67 meV

(PS) in region III, respectively. The different activation ener-

gies for the two directions may also indicate that APBs distort

long range charge-ordering formation in magnetite below and

above the Verwey transition temperature. We also measured

the same stepped Fe3O4 films with large scale contacts using

the conventional four-probe method (Fig. 4(d)). The distance

between the adjacent contacts is around 1 mm. The R-T

curves follow the same trend as the nano-gap contacts meas-

urements since the steps are uniform, regular, and straight.

To compare, we also measured a 60 nm flat Fe3O4 film with

the same style of large scale contacts as for the stepped

Fe3O4 film, with the current direction along the h001i and

h010i directions. No difference in R-T curves was observed

for the orthogonal current directions. Therefore, only one

R-T curve for flat Fe3O4 film is shown in Fig. 4(d). It can be

clearly seen that the flat Fe3O4 film has a low resistance

above the Verwey transition temperature and a high resist-

ance below the Verwey transition temperature, which further

indicates that APBs distort long range charge-ordering forma-

tion in magnetite.

In summary, we fabricated epitaxial stepped Fe3O4 thin

films with different thicknesses and investigated their mag-

netic properties. Our magnetization measurements suggest

that the steps induce additional anisotropy due to the high

density of APBs formed at the step edges. Local transport

measurements indicate that APBs distort the long range

charge-ordering formation in magnetite.
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