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Recently, significant attention has been paid to the resistance switching (RS)
behaviour in Fe;0, and it was explained through the analogy of the electrical
driven metal-insulator transition based on the quantum tunneling theory. Here,
we propose a method to experimentally support this explanation and provide a
way to tune the critical switching parameter by introducing self-aligned
localized impurities through the growth of Fe;0, thin films on stepped SrTiO;
substrates. Anisotropic behavior in the RS was observed, where a lower
switching voltage in the range of 10* V/cm is required to switch Fe;0, from a
high conducting state to a low conducting state when the electrical field is
applied along the steps. The anisotropic RS behavior is attributed to a high
density array of anti-phase boundaries (APBs) formed at the step edges and
thus are aligned along the same direction in the film which act as a train of
hotspots forming conduits for the resonant tunneling. Our experimental studies
open an interesting window to tune the electrical-field-driven metal-insulator

transition in strongly correlated systems.
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Resistance switching (RS), in which the resistance of a device can be reversibly switched
from a high conducting state to a low conducting state by an external electrical field, has
recently attracted a great deal of attention. Due to the high switching speed, high
densities, low operating voltages, and moreover structural simplicity, resistance random
access memory (ReRAM) devices have been considered as potential candidates for
nonvolatile memory. The RS phenomenon has been observed in many systems, including
silicon,® sulfides,?? organic materials,*® and transition metal oxides®.

Magnetite is an important transition metal oxide with exciting electronic, magnetic, and

transport properties, such as a half-metallic character’, high Curie temperature of 858 K

8,9 10,11

, giant magnetization and large orbital moment in nanoscale magnetite , large

) 12,13 t14 t15,16
’

transversal magnetoresistance (MR , a spin filter effect™™, a spin valve effec
and a spin Seebeck effect'’. As a strongly correlated system, Fe;04 undergoes a metal-
insulator transition at the Verwey temperature (Ty ~ 120 K) '8, which makes it a good
candidate for ReRAM devices. Recently, the RS behaviour in epitaxial Fe;0,4 thin filmst®23
and in polycrystalline Fe;04 thin films* have been investigated by several groups. The
effects of Joule heating®®, contact resistance®!, interfacial effect®?, and an external
magnetic field* have been discussed. It has been found that RS in magnetite differs
from RS in other transitional metal oxides where conductive filaments are formed due to
dynamic percolation®®, or the migration of oxygen vacancies®®. As RS in Fe;04 can only
be observed below the Verwey transition temperature and the switching field is 2 orders
magnitudes lower than that for the Zener breakdown (10° V/cm), it is believed that RS
in FesO4 is related to spin-charge ordering or the strongly correlated effect and it is
explained by an effect analogous to an electrical-field-driven metal-insulator transition.
However, the exact physics behind this is unclear. A recent experiment showed that an
electrical field can slightly shift the Verwey temperature T, but does not disrupt the

27, Therefore, an electrical field-driven metal-insulator transition

Verwey transition itsel
through modification of the Verwey transition can be ruled out. Another possible
mechanism is based on a feedback effect of the current on the spin/charge ordering®,

The key point of this mechanism is that the localized mid-gap states, introduced by
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random impurities, act as hot spots where resonant tunneling occurs selectively.
However, there has been no direct experimental confirmation of this. The main challenge
in determining its validity is to introduce localized impurities to modify the quantum
resonant tunneling process while keeping the properties of Fe;0,4. Stepped substrates,
where the height and width of the steps can be tuned through heat treatment®®, may
offer an interesting platform to do this®*32, It has been experimentally suggested that,

when Fe;04 thin films are epitaxially grown on stepped and vicinal substrate surfaces®**,

a high density of anti-phase boundaries (APBs) 3738

will be formed along the step edges.
Moreover, recent density functional theory (DFT) calculations showed that the electron
states induced by APBs are strongly localized in the vicinity of these structural defects®.
This prompted us to investigate RS in epitaxial Fe;04 thin films on vicinal substrates.

In this work, we for the first time propose a method to experimentally support this
explanation of RS in Fe;0,4 and provide a way to tune the critical switching parameter by
introducing self-aligned localized impurities through the growth of Fe;04 thin films on
stepped SrTiO; substrates. The surface of Fe;O4 thin films were characterized by atomic
force microscopy (AFM) and their structural properties have been investigated by x-ray
diffraction (XRD) and high resolution transmission electron microscopy (HRTEM).
Anisotropic behavior in the RS was observed, where a lower switching voltage in the
range of 10* V/cm is required to switch Fes0, from a high conducting state to a low
conducting state when the electrical field is applied along the steps. The high density
APBs formed at step edges act as hot spots which modify the quantum resonant
tunneling process and decrease the switching voltage. Thus, our studies experimentally
support the mechanism of the RS in Fes0, and open an interesting way to tune the
electrical-field-driven metal-insulator transition in Fe3z04. Moreover, the filament is
mainly confined in the step edges and since the step edges are all aligned along the
same direction on the surface, an array of conducting conduits is formed in the film
between the adjoining planar electrodes, such conduits can be switched on and off by

the electric field. As the RS mechanism in Fe;0, is different to the conventional
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mechanism in other oxides, the total heat generation is also expected to be much less
than in other RS devices.

Results

Sample preparation and characterization: In this work, we use single crystal SrTiO3;
(100) substrates with a miscut angle of 3° in the direction of <001>. To produce
uniform and straight steps, the SrTiOs vicinal substrates were chemically cleaned and
then annealed in air in a high temperature furnace at 1130°C for 3 hours®73!, The
surface morphology of the SrTiOs vicinal substrates was examined with an Asylum
Research MFP-3D AFM. Figure 1a shows a typical AFM image of a single crystal SrTiO;
(100) vicinal substrate after annealing. Uniform and straight steps with atomically flat
terraces are formed along the <010> direction. The steps height and terrace width
estimated from height profile of AFM characterization are ~4 nm and ~83 nm
respectively (Figure S1). To investigate the RS behaviour in Fe;04, Fe304 thin films with
a thickness of 95 nm were grown on the stepped SrTiOs; substrates using an oxygen-
plasma assisted MBE system (DCA MBE M600, Finland) with a base pressure of 5x107*°
torr. The FesO4 films were grown by electron beam evaporation of metallic iron (99.99%)
in the presence of free oxygen radicals generated by an electron cyclotron resonance
plasma source with a growth rate of 0.3 A/s. The substrate temperature during growth

was kept at 250°C. Details of the film growth are given elsewhere!®!37

. Figure 1b
shows an AFM image of a 95 nm thick Fe;04 film grown on the annealed stepped SrTiO3;
substrate. It is clear that the Fe;0, film keeps the morphology of the substrate, as the
dimensions of the steps and terraces did not change upon deposition of the magnetite.
The steps remain parallel to the <010> direction. To further demonstrate the structural
properties of the grown Fes;0O, thin films, Figure 1c shows a XRD w-26 scan, from 10 to
100 degrees, for a 95 nm thick Fe;O, film on a stepped SrTiO; substrate. Only (100),
(200), and (300) peaks for the SrTiO; substrate and (400) and (800) peaks for Fes04
film are observed indicating epitaxial growth of the Fe;04. The peak positions for SrTiO;

(200) and Fe;0, (400) located at 46.4° and 43.2° respectively, which are consistent with

the well-established values. To further demonstrate the stepped structure and epitaxial
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nature of the Fe;0,4 films at the step edges, we show in Fig. 1d a low magnification TEM
image of the Fe;0,4 thin film on the SrTiO; substrate demonstrating the epitaxial growth
of Fes04 film on the stepped SrTiO; (100) substrate. Further evidence of the growth
behaviour at the steps edges is shown in Fig. 1e, a HRTEM image at one of the step
edges. It is clear that the FesO,4 films were epitaxially grown on the SrTiO; substrates
even at the step edges.

RS in magnetite: To investigate the effect of the steps on the RS behaviour in
magnetite, we prepared devices with four probe contacts aligned either along the steps
(AS) or perpendicular to the steps (PS). The two outer electrodes correspond to the
source and drain leads respectively and the two inner electrodes are used to sense the
voltage drop across the contacts. A voltage is applied to the source lead with the drain
grounded, and current passing through the channel is measured. Figure 2a shows a
scanning electron microscopy (SEM) image of a typical device with four probe contacts in
a PS configuration, where the electrical field is applied along the steps. The steps
between the contacts are uniform, continuous, and perpendicular to the electrodes. The
gaps between source and drain and the two voltage sensing electrodes are 2.03 pm and
1.15 pm respectively. The devices in this study were fabricated using standard e-beam
lithography (EBL) with a positive tone resist, PMMA A3 supplied by MicroChem Corp.
After development, thick metal contacts consisting of Cu (7 nm)/Au (40 nm) were
deposited by e-beam evaporation, where the 7 nm thick Cu layer served as an adhesion
layer for the Au contacts. Moreover, Cu has a low contact resistance with Fe30,
compared to Au®'. After lift-off with acetone, macro-scale electrodes were prepared by
UV lithography. Electric characterization of the samples was performed in a closed cycle
refrigeration system, with a temperature range from 50 K to 300 K.

Figure 2b shows the temperature dependent resistance measured with a constant bias
current of 10 pA. The Verwey transition for both device orientations was observed at a
temperature of 122 K which is close to the bulk value'®, thus further indicating the high
quality of the Fe3O4 thin films. Note, for Fes0,4 films on stepped substrates with a film

thickness of 60 nm or less, the resistance of devices with contacts in the PS configure is



Nanoscale

usually lower than that of devices with contacts in the AS configuration.3? Here, to clearly
distinguish the origin of the anisotropic switching, we measured the resistive switching
behavior in Fe;04 films with large thicknesses where the APBs effect on the long-range
charge-orbital ordering is weaker as the distance between APBs or APB domain size
increases with increasing film thickness.® No significant difference in the R-T curves was
observed between two configurations which also helps us rule out any observed effect in
the RS being due to difference in contact geometries. Figures 2c and 2d show the I-V
characterization for devices in both configurations measured at 90 K. Interestingly, we
observed an anisotropic behaviour in RS, where a lower switching voltage is required to
switch Fe;0,4 from a high conducting state to a low conducting state when the electrical
field is applied along the steps. The device with four contacts in PS configuration

switches from a low conducting state to a high conducting state at a critical value (VS(;‘,V)

of 2.3 V which results in a sharp jump in current. Due to the effect of Joule heating, the

device switches back to the low conducting state at a critical voltage (VS‘;VFF) of 2.27 V
which is slight smaller than V;%V- As the distance between the two sensing contacts is

around 1.15 pm, the electrical switching field is estimated to be in the range of 10* V/cm,
which is consistent with early reportsi®23, However, for devices with four contacts in an

AS configuration, VS(;‘/V is around 3.5 V which is around 50% higher than that for devices

with contacts in a PS configuration.
Figure 3a and 3b plot the temperature dependent RS characterization for devices in
both configurations. The switching voltage increases with decreasing temperature for

both configurations. We summarized the temperature dependent VS‘%\’ for both

configurations in Figure 3c. Remarkably, anisotropic RS behavior was observed at all

temperatures below Verwey temperature. Moreover, the difference in VS‘;}’ between the
PS and AS configurations increases with temperature decreasing. At 120 K, VS‘;;V for both
configurations is almost the same but at 90 K, VS(;‘,V for devices with four contacts in the

AS configuration is almost 50% greater than that for devices with four contacts in the PS
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configuration indicating steps significantly affect the RS behaviour in Fes04. To
demonstrate the reliability and reproducibility of the RS behaviour in Fe;04, a large
number of switching cycles were performed on devices with contacts in the PS configure

at 95 K. The VS(;‘/V and Vs(i,fF for each cycle of such a device are shown in Fig. 3d. One
can see that the device can survive upon more than 10* cycles and VS‘%\’ and VS(;{F

remain quite constant, showing that, the RS behaviour in our devices are reliable and
reproducible.
Discussion
Before discussion of the mechanism behind the anisotropic RS, let us rule out that the
effects due to the device geometry first. In this study, the gap between source and drain
is 2.03 pm. If there is a small change in the gap between source and drain, this will not

result in a significant change in VS(%\’. This is verified by the fact that, at 120 K, Vs(i;"for

both device configurations is almost the same. The current scattering at the steps can be
ruled out as well as we use films with a thickness of 95 nm which is around 20 times
larger than the height of the steps (4 nm). Indeed, R-T curves for both configurations
show no significant difference (Fig. 2b). We have measured more than 10 Fe;0, films
with different thickness grown on stepped SrTiO; substrates. On each sample, we have
at least 2 devices in PS configuration and 2 devices in AS configuration. Although the
exact switching voltage of each device depends on film thickness and device geometry,
we do observe similar anisotropic behavior with a lower switching voltage for devices
with four contacts in the PS configuration. Figure S2 shows the switching behavior of
another Fe304 film grown on a stepped SrTiO; substrate. We also fabricated more than
20 devices using stepped MgO substrates. Similar anisotropic switching behavior has
been observed. Figure S3 shows typical RS for a 60 nm Fe3;04 film on stepped MgO
substrates. Thus, our experimental observation is a general effect for Fe;0,4 films on
stepped substrates. For Fes0, films on flat substrates, we measured more than 20

samples. We did not observe the anisotropic behavior.
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It has been shown by us and other research groups that when Fes;0O, are epitaxially on
the stepped substrate, there is more than 75 % chance to form APBs at the step edges.

Therefore, a high density APBs will be formed at the step edges®3*

and the density of
APBs at the step edges should be more than 50% higher than that on the terrace, which

is consistent with our experimental observation, as the VS‘%\’ for devices with four

contacts in the AS configuration is almost 50% greater than for devices with four
contacts in the PS configuration. Therefore, in our stepped Fe;O,4 thin films, there are
two kinds of APBs distributions: 1) A random distributed APBs on the terraces, as these
APBs are a result of growth defects and the lattice mismatch between the film and the
substrate®=8; 2) high density APBs at the step edges. As mentioned in the introduction,
the electron states of the APBs are strongly localized in the energy gap of bulk Fes0,.°
Therefore, the APBs in the Fes0, thin films can be considered as localized impurities. We
link our macroscopic I-V measurements to the theory suggested by Nagaosa et al. as
follows. As schematically shown in Figure S4, when electrons tunnel through Fe;0,, the
band structure of Fe;0, with APBs will be spatially tilted by the potential energy gain
—eER, where R is the real-space position and —e is the electronic charge. The bottom of
the conduction-band and the top of valence-band cross the energy =0 point at R, and
R;, respectively. The localized impurity state of the APBs is represented by the peak at
R=Rppp, gives rise to the resonant tunneling. There are three critical lengths: 1) the
correlation length {associated with the energy gap A, which describes the width of the

filament path; 2) the tunneling length & = 2A / ¢E, which is defined by A and the electric

field E; and 3) the mean free path/. The condition to form a conductive filament is that

the tunneling length is smaller than the correlation length, i.e. £ < ¢ . In our stepped

Fes04 thin films, we have two cases: 1) Random distributed localized impurities on the
terraces; 2) self-aligned localized impurities at the step edges. The APBs can act as the
nucleation centres for the non-equilibrium first-order metal-insulator phase transition
and the current can more readily find a path along where these nucleation centres are

densely populated compared with the other spatial regions. When an electrical field
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applied along the steps, the filament will be formed at the step edges (Fig. 4a). Since
the density of APBs at the step edges is higher than that on the terraces, a lower
switching voltage is required to switch Fe;04 from a high conducting state to a low
conducting state. While when the electrical field is applied perpendicular to steps, the
filament is quite similar to the case for flat FesO4 that is not compromised by one-
dimensional defects. Therefore, our experiments support that the mechanism of the RS
in Fes0y4 is the electrical field driven metal-insulator transition due to the feedback effect
of the current on the spin/ charge ordering. It is worth pointing out that the RS in our
system is more akin to a break-down type switching than the chemical-change-based
switching discussed in Refs. 3 and 6. In the case when the electric field is applied along
the steps the width of the conducting filament is of the order of nanometres. Once the
filament is formed, the voltage potential across the sample diminishes and thus no
additional filaments are created. Therefore, the total heat generation is expected to be
much smaller than for other RS devices.

In conclusion, we investigated the RS in epitaxial Fe;0, grown stepped substrates.
Anisotropic RS behavior was observed and it is attributed to the APBs formed at step
edges which work as hot spots. Our experiments confirm that the mechanism
responsible for the RS in Fe3;0, is the electrical field driven metal-insulator transition due
to the feedback effect of the current on the spin/ charge ordering. Our experimental
studies may pave a way to tune the electrical field driven metal-insulator transition in

strongly correlated systems.
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Sample preparation and characterization: SrTiO; vicinal substrates were chemically
cleaned and then annealed in air in a high temperature furnace at 1130°C for 3 hours to
produce uniform and straight steps. FesO4 thin films with a thickness of 95 nm were
grown on the stepped SrTiO5; substrates using an oxygen-plasma assisted MBE system
(DCA MBE M600, Finland) with a base pressure of 5x107'° torr. The surface morphology
of the samples was examined with an Asylum Research MFP-3D AFM.

Device fabrication: The devices were fabricated using standard EBL with a positive
tone resist, PMMA A3 supplied by MicroChem Corp. After development, Cu (7 nm)/Au
(40 nm) were deposited as the metal contacts. After lift-off with acetone, macro-scale

electrodes were prepared by UV lithography.
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Figure 1. (a) AFM image of a SrTiO3 substrate with a miscut angle of 3° annealed at
1130°C for 3 h (b) AFM image of 95 nm thick Fe30, deposited on a stepped SrTiOs
substrate. The steps are parallel to the <010> direction. (c) XRD w-26 scan of 95 nm
thick FesO4 film on a stepped SrTiO; (100) substrate. (d) Low magnification TEM image
indicating the epitaxial growth of FesO4 film on a stepped SrTiO; (100) substrate. (e)

HRTEM image indicating the epitaxial growth of the Fe;0,film at the step edges.
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Figure 2. (a) SEM image of a device with four probe electrodes in PS configuration. (b)
Temperature dependence of resistance measured with a constant current of 10pA. The
Verwey transition is shown at T, ~ 122 K. I-V measurement measured at 90 K for

devices with four probe electrodes in PS (c) and AS (d) configuration.
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Figure 3. I-V measurements for temperatures between 120K - 90K, for devices with
four probe electrodes in PS (a) and AS (b) configurations. (c) Difference in the switching
voltage on for the electric field applied along the steps and perpendicular to steps. (d)

VS‘%" and VS‘;fF for device with contacts in the PS configuration measured at 95 K.
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(b)

Figure 4. Schematic drawing of the filament formation for devices with four probe

electrodes in both the PS (a) and AS (b) configurations.
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