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We report exchange bias effect in Fe3O4 films epitaxially grown on SrTiO3 substrates. This effect

is related to the formation of Ti3þ-vacancy complexes at the surface of SrTiO3 in ultrahigh vacuum

that in turn triggers the growth of a thin antiferromagnetic (AFM) FeO layer (�5 nm) at the

interface. The picture of antiferromagnetic FeO interacting with native ferrimagnetic Fe3O4 matrix

reasonably accounts for this anomalous magnetic behavior. With increasing film thickness from 17

to 43 nm, the exchange bias effect and the magnetization anomaly associated with the AFM phase

transition of the FeO layer are progressively weakened due to the increase in the volume fraction of

the Fe3O4 phase, indicating the interfacial nature of the exchange coupling. Our results highlight

the important role of interface engineering in controlling the magnetic properties of iron oxide thin

films. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904471]

Chemical and physical interactions at artificial heteroin-

terface could lead to exotic and unexpected physical proper-

ties and functionalities, such as interface superconductivity,

magnetoelectric coupling, orbital reconstruction, exchange

bias, and quantum Hall effect.1–3 Among these emergent

phenomena, the exchange bias is fascinating for its rich

underlying physics and various potential applications, rang-

ing from spintronic devices and spin valves to magnetic tun-

nel junctions.4–6 The exchange coupling across the interface

between two materials with competing magnetic interactions

is frequently manifested in the form of horizontal shift in the

magnetic hysteresis loop accompanied by an increase in

coercivity after cooling samples in a magnetic field.7 A

model system for this study is iron oxides, among which the

Fe3O4 is ferrimagnetic (FIM), while the FeO (w€ustite) is

antiferromagnetic (AFM). Great endeavor has been devoted

to the synthesis of multicomponent core-shell structured

nanoparticles (e.g., FeO/Fe3O4) with the aim of improving

and tuning their magnetic properties.8–11 Exploiting the for-

mation of antiferromagnetic FeO and its subsequent oxida-

tion in air has enabled the study of the exchange bias of the

FeO/Fe3O4 core-shell nanostructures, promoting a better

understanding of the exchange bias effect at the nanoscale

level. Previous works on FeO/Fe3O4 systems with AFM/FIM

interface are mainly limited to zero-dimensional (0D) struc-

tures. Hence, it is much meaningful to extend this concept to

other configurations such as two-dimensional (2D)

heterostructures.

Here, we report the fabrication and characterization of

2D iron oxide films with exchange bias effect. Compared

with the 0D FeO/Fe3O4 core-shell nanostructure based devi-

ces, the utilization of 2D thin-film structure would be

beneficial in terms of increasing device reproducibility and

reducing the fabrication cost in light of the mature thin-film

fabrication technology. Additionally, exchange bias is most

commonly studied in thin-film structures that facilitate the

integration and patterning of devices for technological appli-

cations.12 In this paper, we demonstrate how interfacial effect

can induce specific phase through precisely controlling the

growth condition, which is nowadays extensively recognized

as key for the design of diverse devices with tailored function-

alities. Consequently, exchange bias emerges in seemingly

single-phase Fe3O4 systems by interface engineering.

Fe3O4 thin-film samples with thickness ranging from 17 to

43 nm were grown on (001)-oriented SrTiO3 single-crystal sub-

strates by ablating a high purity Fe2O3 ceramic target using

pulsed laser (k¼ 248 nm), which was in situ monitored by

reflection high-energy electron diffraction. Film deposition was

carried out at a substrate temperature of 400 �C under high vac-

uum (<3� 10�4 Pa), with the rotation of sample holder in

order to avoid compositional dispersion over the sample. After

deposition, the samples were in situ cooled to room tempera-

ture. For a comparison with the Fe3O4/SrTiO3(001) structure,

we also prepared the Fe3O4/0.72Pb(Mg1/3Nb2/3)O3–0.28PbTiO3

(PMN-PT)(001) and Fe3O4/MgAl2O4(001) structures with and

without a SrTiO3 buffer layer (�10 nm) under identical condi-

tions. The growth conditions of the SrTiO3 layer are 700 �C,

0.01 Pa and 7 J/cm2 for substrate temperature, oxygen pressure,

and pulse energy density, respectively.

The film thickness and composition were measured

using a FEI Magellan 400 scanning electron microscope

(SEM), attached with an energy-dispersive x-ray spectrome-

ter (EDS). Meanwhile, the electron-back scatter diffraction

(EBSD) was conducted on a FEI dual beam workstation

(Strata DB 235) equipped with a TSL OIM analysis unit.

The Kikuchi patterns were generated at an acceleration

voltage of 5 kV and recorded by a DigiView camera system.
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The crystal structures of the samples were characterized by a

high resolution Bruker D8 Discover x-ray diffractometer

equipped with Cu Ka1 radiation (Ka1¼ 1.5406 Å) and

Tecnai G2 F20 S-Twin transmission electron microscope

(TEM).

The temperature dependence of the resistance under mag-

netic fields was measured by a Physical Property Measurement

System (PPMS-9, Quantum Design). The magnetic property

measurements were carried out on a superconducting quantum

interference device (MPMS XL-5, Quantum Design) magne-

tometer, with the magnetic field applied in the film plane. Note

that the diamagnetic contribution from the substrates has been

subtracted from the magnetization raw data.

Figure 1(a) shows the temperature dependence of the re-

sistance for the Fe3O4 (26 nm)/SrTiO3(001) structure. The

resistance of the film increases with decreasing temperature

and undergoes an unconspicuous transition (i.e., the Verwey

transition) near TV�108 K, suggesting a high density of anti-

phase boundaries (APBs) in the film which also accounts for

the deviation of TV from bulk values (TV� 120 K). Using

high resolution x-ray and neutron powder diffraction, Wright

et al. elucidated that the Verwey transition with a sharp re-

sistance change occurs only when the Fe2þ and Fe3þ ions at

the octahedral sites form long range ordering.13 Indeed, these

octahedral coordinated Fe2þ and Fe3þ ions involve in the

electron conduction process, i.e., thermally activated hop-

ping of electrons between the Fe2þ and Fe3þ ions. The inter-

ruption of the long range ordering of the Fe2þ and Fe3þ ions

across the natural growth related defects (e.g., the APBs)

would modify the electron hopping amplitude and the mag-

netic interactions between neighboring Fe ions. Eerenstein

et al.14 and Moussy et al.15 reported that the Verwey transi-

tion was suppressed with decreasing film thickness, due to

the increase in the density of APBs. The inset of Fig. 1(a)

shows the temperature dependence of magnetoresistance

(MR) under a magnetic field of H¼ 9 T for the Fe3O4 film.

Here, MR ¼ DR=R ¼ ½Rð0TÞ � Rð9TÞ�=Rð0TÞ. Upon

decreasing temperature from 300 K, DR[DR ¼ Rð0TÞ
�Rð9TÞ] increases continuously from �102X at 300 K to

�105X at 90 K, approximately three orders of change in DR.

However, DR=R has a maximum value (�8.4%) at T�108 K,

close to TV , indicating that the electronic transport is maxi-

mally sensitive to the magnetic field near the Verwey

transition. Fig. 1(b) displays the zero-field-cooled (ZFC) and

field-cooled (FC) magnetization of the Fe3O4 film as a func-

tion of temperature, as measured with the magnetic field

(H¼ 500 Oe) applied in the film plane. With increasing tem-

perature, the upturns in both ZFC and FC curves originated

from the Verwey transition of the Fe3O4 were quantitatively

determined to be 108 K from the first derivative of magnet-

ization versus temperature [inset of Fig. 1(b)], consistent

with the resistance measurements in Fig. 1(a). In addition,

with increasing temperature there is a noticeable increase in

the magnetization at 192 K in the ZFC case, in proximity to

the Ne�el temperature of the FeO (�200 K),10 implying the

presence of the AFM FeO phase in the film. Fig. 1(c) shows

the magnetization-magnetic field (M-H) hysteresis loops for

the Fe3O4(26 nm)/SrTiO3 structure, which were measured at

10 K after being cooled from 300 K with and without the

application of H¼ 1 T or �1 T in-plane magnetic field.

Remarkably, the ZFC M-H curve shows a coercive field

(HC) of 385 Oe, and shifts toward negative field by an

exchange bias field (HEB) of 235 Oe, since the cooling starts

from a remanent state.16 The M-H curve intersects the

H-axis at two points, i.e., HL and HR. HC and HEB are defined

as HC ¼ jHL � HRj=2 and HEB ¼ jHL þ HRj=2, respectively.

For the FC M-H curves, there is a shift of 360 Oe towards the

opposite direction of the cooling field along the H-axis,

FIG. 1. Electrical and magnetic prop-

erties of the Fe3O4 (26 nm)/SrTiO3

structure. (a) Temperature dependence

of the resistance under H¼ 0 and 9 T.

Inset: MR versus T curve. (b) ZFC and

FC magnetization versus T, as meas-

ured with H¼ 500 Oe applied in the

film plane. dM/dT versus T for FC

magnetization. (c) M-H hysteresis

loops at T¼ 10 K. (d) Temperature de-

pendence of the exchange bias field

when the film was cooled under

H¼�1 T. The inset shows the temper-

ature dependence of the coercivity.
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accompanied by an enhancement of coercivity, which is the

typical fingerprint of exchange bias. Moreover, there is

obvious vertical shift in the M-H loops for the FC conditions.

The vertical shift in M-H loop is commonly observed in

exchange coupled FeO/Fe3O4 core-shell nanoparticle sys-

tems and can be explained by the presence of uncompensated

spins at the AFM/FIM interface.10 As can be seen from Fig.

1(d) and the inset, the exchange bias field decreases with the

rise of temperature and the coercive field shows a minimum

near the Verwey transition. It’s worthy to point out that we

have measured the M-H curves of the Fe3O4 film in different

magnetic fields and found that the saturation in the magnet-

ization can be hardly reached, even in fields as large as 1 T,

probably originated from the antiphase boundary15 and AFM

FeO phase within the films.

Intriguingly, exchange bias effect in Fe3O4/PMN-PT(001)

and Fe3O4/MgAl2O4(001) structures is minor and neglectable.

However, this effect can be enhanced significantly by the

insertion of a thin SrTiO3 layer between the Fe3O4 layer and

the substrates (see Fig. S1 of the supplementary material17),

which hints that the SrTiO3 plays a key role in determining

the magnetic properties of iron oxide films. Indeed, a weak

exchange bias effect (HEB¼ 52 Oe) has been observed in

Fe3O4 thin films and was exclusively due to the formation of

APBs in the film.18 Also, APBs were believed to be responsi-

ble for small HEB (�50–126 Oe) in pure Fe3O4 nanoparticles

prepared by a seeded-growth method.19,20 Such large

exchange bias effect (HEB¼ 360 Oe) is unprecedented in our

two-dimensional iron oxide system and can be understood

not simply on the basis of the APBs picture, but from the

microstructural point of view. We thus conducted the x-ray

diffraction (XRD) h-2h scan, EBSD, cross-sectional SEM,

and high resolution TEM measurements on the

Fe3O4(26 nm)/SrTiO3 sample. The XRD h-2h scan pattern in

Fig. 2(a) demonstrates that the Fe3O4 film exhibits c-axis

preferential orientation on the SrTiO3(001) substrate. Using

the EBSD technique, we further identified the crystallo-

graphic orientation of the film. The insets (a) and (b) of Fig.

S2 of the supplementary material17 present the EBSD

Kikuchi patterns and the corresponding indexation for the

film, which was obtained by scanning electron beam over the

film surface and were indexed and analyzed automatically

by means of software. The structure is analyzed to be magne-

tite, and the resulting crystallographic orientation is deter-

mined to be [001] via the Eulerian angles given below the

indexed pattern. The cross-sectional SEM image [Fig. 2(b)]

shows that the film has a dense microstructure with a thick-

ness of 26 nm. In Fig. 2(c) we present the selected area elec-

tron diffraction (SAED) patterns, taken with the electron

beam parallel to the [0–44] direction of Fe3O4 film. The dif-

fraction spots correspond to the SrTiO3 substrate and the

Fe3O4 film, respectively. The relative orientation of the film

with respect to the substrate is [400]Fe3O4//[200]SrTiO3 and

[0–44]Fe3O4//[0–22]SrTiO3. The high resolution TEM

image in Fig. 2(d) shows that the interface between the sub-

strate and the film is atomically sharp. However, what is

unexpected is that a thin layer of FeO phase (�5 nm) with a

clear lattice fringe and a lattice spacing of 0.212 nm for the

(200) plane appears near the interface. While the lattice

fringes of Fe3O4 phase with a lattice spacing of 0.294 nm for

the (220) plane can be found throughout the film. Note that

EDS measurements (see Fig. S2 of the supplementary

FIG. 2. XRD and microstructural char-

acterization of the Fe3O4(26 nm)/

SrTiO3 structure. (a) XRD h-2h scan

pattern. (b) Cross-sectional SEM

image. (c) SAED pattern recorded

from the area covering both the film

and the substrate along the [0-44] zone

axis of the Fe3O4 film. The diffraction

spots are indexed with magnetite and

SrTiO3. (d) HRTEM image taken at

the interface.
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material17) on the surface of the film show hat the relative

content ratios of Fe and O is approximately 0.75, confirming

the stoichiometry of the Fe3O4 upper layer. Such lattice

structure could be related to the particular sample prepara-

tion conditions. Before deposition, the SrTiO3 substrates

were annealed at 400 �C under high vacuum with the base

pressure less than 3� 10�4 Pa for more than 1 h. Annealing

the SrTiO3 in high vacuum would result in oxygen loss and

the formation of so called Ti3þ-oxygen vacancy complexes

at the upmost surface.21 The growth thermodynamic land-

scape of the iron oxides is thus strongly influenced by these

interface defects. Specifically, during the initial growth stage

of the Fe3O4, the highly reactive Ti3þ ions at the surface

were readily reoxidised to Ti4þ ions by reacting with the ox-

ygen atoms of the Fe3O4. Consequently, a thin FeO layer

appears at the interface, which has a great impact on the

exchange bias.

On the basis of the above structural analysis, we attrib-

ute the exotic magnetic behavior of the Fe3O4/SrTiO3 sample

to the AFM/FIM exchange coupling due to the appearance

of the FeO phase at the interface. In the classical phenome-

nological picture, when samples are cooled in an external

magnetic field from above the N�eel temperature, the interfa-

cial uncompensated spins of the AFM phase are oriented

along or opposite to the FM phase magnetization, depending

on the interfacial exchange energy. The AFM phase acts as a

pinning layer, leading to a unidirectional anisotropy or a pre-

ferred orientation of the magnetization in the FM layer. In

other words, it is more difficult to switch the magnetization

of the FM in the direction opposite to the cooling field direc-

tion than it is to switch it back to the cooling field direction,

manifested as a shift in the M-H loop along the H-axis.

Besides, under the circumstance of positive (negative) field

cooling (i.e., H¼þ1 T or �1 T), the negative (positive) maxi-

mal magnetization is approximately the same as that for the

ZFC condition, whereas the positive (negative) maximal mag-

netization is much larger than that for the ZFC condition [see

Fig. 1(c)], further confirming the preferential alignment of the

uncompensated interfacial spins in the field cooled case.

To get a better insight into the magnetic properties of

the Fe3O4/SrTiO3 structure, we fabricated a series of Fe3O4/

SrTiO3 structures with different film thicknesses by control-

ling deposition time. Fig. 3 presents the ZFC and FC magnet-

ization versus temperature (T) curves. As the film thickness

increases, the M-T curves display typical feature of Fe3O4

with the Verwey transition much more prominent and the

magnetic anomalies (i.e., the upturn of the magnetization

above 192 K) associated with the phase transition of the FeO

was progressively weakened. For thick films (35 and 43 nm),

both the ZFC and FC M-T curves exhibit a maximal mag-

netic moment at 125 K, which is defined as the blocking tem-

perature (TB). At this temperature, the energy of the aligned

magnetic moments is balanced with the thermal energy.

Above this temperature thermal perturbation destroys the

alignment of the moments. Below TB, the magnetization

shows a gradual increase with increasing temperature as the

moments progressively reorient along the field direction at

low temperatures (10–125 K), whereas the FC curve displays

a flat line at low temperature because of the saturation of the

magnetic moments. Note that similar magnetic behaviors

have been observed in literatures pertaining to magnetite

nanowires.22 Overall, the M-T profiles highlight that with

increasing film thickness the volume fraction of the Fe3O4

phase increases, resulting in increasing contribution of the

Fe3O4 to the magnetization.

Figure 4 depicts the selected M-H loops at 10 K in the

positive and negative field cooled conditions. It is evident that

the shape and position of the M-H loops vary considerably

with film thickness. For the 17 nm thick sample, both promi-

nent vertical and horizontal displacement of the hysteresis

loop can be identified for FC conditions. The horizontal shift

is so large that both the descending and ascending coercive

fields are almost of the same sign. With increasing film thick-

ness, exchange bias effect is suppressed significantly, confirm-

ing the increasing (decreasing) volume fraction of the Fe3O4

(FeO) phase, since the magnitude of the exchange bias

directly correlates to the number of uncompensated interfacial

spins that are pinned to the antiferromagnet.23 For thick films,

the unpinned spins increase and can be reversed more easily

upon the switch of external field direction.

FIG. 3. Temperature dependence of the ZFC and FC magnetization for the

Fe3O4/SrTiO3 structures with different film thicknesses (a) 17 nm, (b)

26 nm, (c) 35 nm, and (d) 43 nm.
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In summary, we report exchange bias effect in Fe3O4/

SrTiO3, Fe3O4/SrTiO3/PMN-PT, Fe3O4/SrTiO3/MgAl2O4

structures through a serial study of Fe3O4 films on SrTiO3,

PMN-PT, and MgAl2O4 substrates. The reduction of SrTiO3

surface in ultrahigh vacuum results in an interfacial mono-

layer consisting of FeO with subsequent growth of epitaxial

Fe3O4 layer. Thus, the exchange bias effect can be plausibly

understood in the framework of exchange coupling between

the AFM FeO with the FIM Fe3O4. For the Fe3O4/SrTiO3

structures, with increasing total thickness of the film, the

magnetization anomaly associated with the AFM phase tran-

sition of the FeO is gradually smeared out due to the decreas-

ing magnetic contribution from the FeO and the exchange

bias effect is progressively weakened, implying the interfa-

cial nature of the exchange coupling. The demonstration of

exchange bias in 2D iron oxide film manifests the important

role of interface engineering in tailoring the magnetic prop-

erties of iron oxide films.
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