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The electrical, crystallographic and magnetic properties of ultra-thin magnetite (FesO4) have been
studied in detail, by employing superlattice structures of Fe3O4/MgFe204 and Fe3O4/MgO on a
variety of substrates. By careful analysis of their properties, the influence of substrate stoichiometry,
Fe30y4 thin film thickness, antiphase boundaries on the magnetic properties can be separated. In
particular, the controversial enhanced magnetic moment in ultra-thin films (<5nm) was confirmed
to be related to the substrate stoichiometry, specifically the migration of oxygen vacancies into the
Fe3Oy4 thin films. The multilayer concept can be employed with many other such systems and offers
new methods of tuning the properties of thin magnetic oxides.

INTRODUCTION

Transition metal oxides are interesting materials to
study the complex interaction between electron spin,
charge and orbital order. These interactions are at the
heart of novel multifunctional oxides used in spin valves
and other devices reliant on electron spin interaction.
Oune such oxide is magnetite (Fe3O,4), a ferromagnet at
room temperature which undergoes a metal insulator
transition (Verwey transition) around 120 K.?* In recent
years Fe3O,4 attracted renewed attention not just from
a fundamental point of view, as the mechanism behind
the Verwey transition is better understood,® ™, but also
for the observed changes in the intrinsic physical prop-
erties of ultra-thin films once the thickness is reduced
to well below 10-15nm.'%6 For spintronic applications,
particular if the oxide is used as spin filter, the oxide
thickness will be only a few nm.!” Hence any alterations
of the magnetic structure in such ultrathin films is of
major interest. Most noteworthy, for Fe3O4 an enhanced
magnetic moment has been frequently observed in layers
thinner than 5 nm.!! There have been many attempts to
explain the enhancement, ranging from interface mag-
netic moments'®1%® to measurement artefacts caused
by a residual substrate magnetisation.! A combined ex-
perimental and theoretical study of oxidised thin metallic
iron films grown on GaAs suggested that oxygen vacan-
cies play a major role.®

We have developed an experimental approach to inves-
tigate the origin of the enhanced moment in ultra-thin
FesO4 grown on oxide substrates by employing a set of
stacked multilayer samples as illustrated in Fig. 1. Our
primary aim was to improve the signal to noise (SNR) in
magnetic measurements for ultra-thin films, by increas-
ing the number of layers. This concept has been used pre-
viously to enhance the SNR of magnetic measurements,
and to exclude the influence of interface effects on the
superparamagnetic behaviour of ultra-thin FesOy4 films
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FIG. 1. Schematic representation of the sample sets under
investigation. Several multilayers were grown on MgO(001)
and SrTiO3(001) substrates. The thickness of the individual
Fe304 layers was varied from 2-6nm, and the spacer lay-
ers were ~2nm thick MgO or MgFe>O4. Half of each sample
(Part B) was shadowed during the growth of the spacer layers,
leading to continuous Fe3Oy films of 3- 18 nm, grown simulta-
neously with the multilayer samples. All samples have been
capped by MgO to prevent surface oxidisation and cut ez-
situ to independently measure parts A and B. Gold contacts
were deposited prior to capping in order to facilitate electrical
characterisation.

by the use of 2nm MgO spacers.?? We have adapted the
method to investigate the size effects by systematic vari-
ation of magnetic properties with individual FesOy4 film
thickness, as well as altering the material of the spacer
layers. The size confinement was achieved employing not
only MgO but also MgFe;O4 as spacer layers and the va-
lidity of this approach was confirmed by X-ray reflection
(XRR), Raman spectroscopy, and Transmission electron
micrographs (TEM) confirming the sample structure.

Using multilayers it is possible to independently alter



certain sample properties such as the density of anti-
phase boundaries by replacing the MgO spacers with
MgFe;04. As growth conditions and individual sub-
strate quality can also influence the properties of Fe3Oy,
thicker reference layers (B-Samples) were grown on the
same substrate by partially shadowing the samples dur-
ing the growth of the spacer layers. Our approach allowed
for a direct comparison of samples having the same to-
tal FesO4 thickness (drotar), with one part (A) consisting
of three, separated layers with an individual Fe3O,4 layer
thickness (dpe;0, = dTotal/3) and uninterrupted part (B)
with dpes0, = drotal (see Fig. 1).

We will demonstrate that the substrate stoichiome-
try, in particular the density of oxygen vacancies, is the
main cause of the frequently observed enhanced magnetic
moment in ultra-thin FesO4 grown on oxides. We will
also demonstrate that by employing the correct substrate
treatment, with optimised growth conditions to avoid
over or under oxidisation, combined with #n-situ capping
to prevent surface oxidisation during exposure?"22, layers
as thin as 5nm still show Verwey transitions. The pre-
viously reported?? disappearance of the transition below
20nm is hence not an inherent property of FesO, thin
films, but rather due to changes in the sample stoichiom-
etry induced by surface oxidisation, interface reduction
or non ideal growth conditions.

I. EXPERIMENTAL DETAILS

Ultra-thin epitaxial Fe3O4 films with and without
spacer layers of MgFe,O4 were grown using an oxygen-
plasma assisted MBE system (DCA MBE M600, Fin-
land) with a base pressure of 2x107!° Torr. The films
were grown on (100) oriented MgO (1x1cm) single-
crystalline substrates. The substrates were cleaned by
sonication in acetone and isopropanol and then annealed
in-situ at 600°C for thirty minutes in ultra-high vacuum
(UHV) followed by a further two hours in 1.3x10~° Torr
oxygen partial pressure. To grow the magnetite thin film
layers, an Fe flux was produced by e-beam evaporating
from metallic iron (99.99%), which was directed onto
the substrate with a very low growth rate (0.08 A/s),
while the films were simultaneously oxidised by molecular
oxygen in the chamber. The substrate temperature was
kept at 250°C. In contrast to most previous reports on
plasma assisted MBE grown Fe;O,4 the oxygen reactive
atmosphere was solely molecular oxygen. The crystalline
quality of thicker layers was assessed by XRD, and XRR
thickness measurements were used to calibrate growth
rates prior growth of the multi-layer structures.

Subsequent to each FezO4layer, MgFesO4 or MgO lay-
ers were grown on top with nominal 2nm thickness. In
order to grow the MgFe,Qy interlayer, co-deposition was
utilised. Material was e-beam evaporated from pure
metallic Fe and ceramic MgO in separate sources onto
the substrates. Corresponding samples without the inter
layers, but with the same total amount of FesO4 were

also prepared simultaneously by partly shadowing the
samples for comparison (B-samples). Gold contacts were
patterned in-situ using a shadow mask. Finally, an MgO
capping layer of approximately 20 nm was grown at a rate
of 0.1 A/s on top of the gold contacts to avoid unwanted
oxidization (see Fig. 1). Post growth samples have been
cut by a diamond saw to separate the A and B part for
further measurements.

To directly image the sample structures, TEM mea-
surements of selected sample cross sections have been
performed. The samples were first coated with 5nm of
gold. They were then loaded into a Carl Zeiss Auriga dual
beam FIB/SEM equipped with a micro manipulator nee-
dle and gas injection system. A 100nm platinum strap
was deposited on the surface by e-beam followed by a fur-
ther 1 wm with I-beam in order to protect the region dur-
ing milling. A cross section of the surface was extracted
and transferred to a TEM grid. The ion beam was then
used to thin the lamella to approximately 60 nm. An FEI
Titan operating at 300kV was used to image the sample
in both bright field TEM and HAADF-STEM modes.

The overall sample thickness of capped single layers as
well as all multilayers were also analysed by X-ray re-
flection using a Bruker D8 Advance with monochromised
Cu-Ka X-rays. These measurements were used to inde-
pendently measure total film thickness, as well as confirm
the sharpness of the superlattice structures themselves.
Details of the XRR-fits and a table of all sample geome-
tries analysed are found in the supplemental material.?*

Raman measurements were performed with a Ren-
ishaw inVia Raman microscope. Polarisation dependent
measurements were performed in backscattering geome-
try with z(z100,2100)Z and z(z100, Y010)Z configuration.
To improve the elastically scattered background as well
as any contributions from the E; modes of the sub-
strates, the difference between those measurements has
been analysed. This way only contributions with Ay,
symmetry are considered. Both a 488 nm Ar laser and a
532 nm solid state laser have were with an incident power
of 10mW and integration time of 10min for samples
on MgO substrates and 40 min for samples on SrTiOs.
The latter measurements required a numerical subtrac-
tion of the intense substrate signal prior to further anal-
ysis. The detailed procedure is outlined in the supple-
mental material.>* The Raman line shape was analysed
by least square fitting of a Voigt profile. The total full
width half maximum and peak position were analysed.

The resistivity of each film was measured as a function
of temperature (300 K to 75 K) in a linear four point
probe geometry using the gold contact patches deposited
in-situ prior to MgO capping. The magnetic hysteresis
loops of the films were measured using a Quantum De-
sign physical properties measurements system (PPMS).
The PPMS is equipped with a vibrating sample magne-
tometer (VSM) with a sensitivity of 5x10~7 emu which
was used to measure the saturation magnetization.



FIG. 2. TEM micrographs of multilayered samples. The left panel shows a sample with 4nm FezO4 layers using 2nm MgO
spacers, the right panel shows a sample with 1.5 nm MgFe2O4 spacers. The insets are taken in HAADF mode where the Z-
contrast between the FesO4 and MgO is apparent. The FesO4/MgFe2O4 sample shows less contrast as there is still significant
amounts of iron in the spacer. Likewise the different crystal structure of the MgO spacer is clearly seen, while the similarity
between the Fe304 and MgFe2Oy4 crystal structures makes it difficult to observe the layering by TEM.

II. RESULTS
Sample structure

Selected multilayers were analysed by TEM to con-
firm the nominal sample geometry and assess potential
problems of e.g. Mg interdiffusion. Figure 2 shows TEM
images of two multilayer samples with three Fe3O4 layers
(nominal thickness 4 nm), spaced by MgO and MgFe2O4
(nominal thickness 2 nm) respectively. In the sample with
MgO spacers, the individual layers can be clearly distin-
guished by the difference in the lattice structure of MgO
and Fe30y4. For the sample with MgFe;O4 spacers, only
indirect confirmation on the layering can be seen, as the
bright field image is dominated by the positions of the
oxygen atoms. As the latter do not differ in position or
density between MgFe,O,4 and Fe304 there is no contrast
between spacer and Fe3Oy4 layers.

In high angle annular dark field (HAADF) scanning
TEM (STEM) images (Fig. 2 insets), which is more sen-
sitive to Z-contrast, the spacer layers can be observed
as weak darker bands, due to the reduced Fe content of
the MgFe;04 spacer. In addition the total sample thick-
ness between the MgO substrate and MgO capping layer
is consistent with the nominal sample geometry as indi-
cated schematically in Fig. 2.

Due to the identical symmetry of the MgFe,O4 and
Fe3O4 oxygen sub-lattice we could not confirm sharp in-
terfaces in multilayers with MgFe,O4 spacers. To confirm
the presence of defined MgFe,O4 layers, as well as for in-
dependent thickness confirmation all samples have been
analysed by XRR, and measured data have been fitted
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FIG. 3. The raw data of the XRR measurements and the least
square fits for a sample with and without MgFe2O4 spacers.
The XRR measurements differ due to the different total film
thickness, and difference in internal structure. The data for
the multilayered sample have been divided by 10 for better
visualisation. The area marked in grey is dominated by in-
strumental, systematic errors from a non-ideal primary X-ray
beam and residual Au contacts.

to extract total and individual layer thickness. Figure 3

shows the result for the sample analysed by TEM for
the multi-layered part and the single layer reference part
A. The data show a clear difference between the single
and multilayer part and the data are consistent with the
fits assuming a perfect periodic multilayer with sharp in-
terfaces. Thickness values extracted from the XRR mea-
surements have been used to calculate the FezOy4 resis-
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FIG. 4. The Raman spectra (a) reveal distinct size related shifts in the FesO4 A4 mode. The vertical line indicates the centre
of the peak in the multilayer sample which is aligned with that of the single 4 nm layer sample. The continuous 12 nm thick
B-sample shows a Raman shift closer to the bulk value. (b) shows the fitted peak position of all samples as a function of the
individual FesO4 layer thickness. The inset shows the width of the mode versus reciprocal individual layer thickness. The
peak width of an oxygen breathing mode should strongly depend on the oxygen stoichiometry linking the distinctly different
behaviour for single and multilayered samples (closed and open symbols respectively) to an altered stoichiometry. APBs have
also been linked to an increased FWHM and their reduction can explain the difference between the samples with MgFe,O4 and

MgO spacers (open squares and circles respectively)

tivity and magnetisation subsequently. A full description
of the fitting procedure and complete list of samples and
their nominal and measured geometry is found in the
supplement.?4

Typically the measured thickness was within 10% of
the nominal thickness. Deviations between nominal, and
XRR-fitted thickness for parts A and B have also been
used to estimate the magnitude of the thickness error,
dominating the error of the magnetisation measurements
for ultra-thin films. For samples where TEM images were
available, no deviation from the expected thickness and
the one seen in TEM were found.

For ultra-thin films XRD measurements are not suit-
able to analyse the crystalline quality. Alternatively Ra-
man spectroscopy was used here to assess the FesOy4 crys-
talline quality and via analysis of size effects in the Ra-
man shift also to indirectly confirm sharp interfaces in
samples with MgFesOy4 interlayers.

Of particular focus was the A4 mode of Fe3O4 around
668 cn~'. The mode position, width and shape is known
to be sensitive to the crystalline quality?®2°, strain®72%,
number of APBs?:3°, as well as the oxidisation state.26-3!
In addition, for ultra-thin layers we expect a size depen-
dence similar to what is seen for Fe3Q4 nano-particles.?2
Figure 4(a) shows the set of spectra from 4 and 12 nm sin-
gle layers, and a layered sample of 3x4nm FesO4 with
1.5nm MgFe,O,4 spacer layers. The measured Raman
intensity scales with the scattering volume, as the pene-
tration depth of the Raman laser is well above the actual

film thickness. The peak position for the single 3nm
layer is shifted to higher wave numbers compared to the
12nm thick sample. The peak position for the multilayer
sample is found to be identical to that of the 4 nm sam-
ple, confirming that the Fe;O4 layers are well separated
individual layers. Figure 4(b) shows the peak position
for the complete sample set as a function of individual
layer thickness (dpe,0,), illustrating that the latter de-
termines the A4 peak position in our high quality FesO4
samples. Strain effects on the energetic position of the
Raman mode can be excluded as all films are equally
strained, fully confined to the substrate lattice. Equally
no asymmetry, which would indicate over-oxidation and
consequent y-Fe;O3 formation?!, is seen in the Raman
modes of the capped samples.

While the peak position is mostly affected by the in-
dividual layer thickness, independent of number of layers
or type of spacer layer, the peak width is found to be
significantly different between single and multilayer sam-
ples. The A;, mode was found to be more symmetric and
sharper for either thicker layers, or samples employing
the spacer layers, in particular if MgFe;O4 spacer layers
are used. The Raman data hence not only confirm the
expected layering in the samples, but also highlight that
by employing a multilayer with similar individual Fe3Oy4
thickness, the signal to noise is significantly improved in
the measurement when compared to a single layer due to
the increased volume of the sample. They also confirm
that by replacing the MgO spacers with MgFe,O4 spac-



ers, the film quality further improves while maintaining
the integrity of the layer confinement, thus such samples
can be used to investigate the enhancement of the mag-
netic moment as we can now separate size effects from
other changes such as the number of APBs, as well as
improving the SNR by tripling the amount of material in
the measurement.

We have to stress that all thin films, multi- or single
layers will be epitaxially fully strained with an in-plane
lattice constant of 2xango. The lattice mismatch be-
tween MgFe,O4 and FezO4 or MgO is even lower than
that of FesO4 and MgO. Hence even films up to 100 nm
will be fully strained.®® Hence the Ay, peak position it-
self is initially offset from bulk values due to the strain
within the film. For dpe,0, <5 nm an additional blue shift
is observed. The origin of the latter can not be attributed
to a single cause, as multiple effects can result in such a
shift. One possibility would be Mg diffusion. The corre-
sponding A;, mode of MgFe;O,4 is found at higher fre-
quencies (707 cm~!).34 To explain the magnitude of the
shift by formation of Mg,Fe;_,04, we would need Mg
concentrations x of 0.08 to 0.19 for the 6 nm and 3nm
samples respectively, assuming a linear dependence on
mode position and z. The obtained values for = are
inconsistent with the resistance and magnetoresistance
data from the same films, as a significant reduction in
conductivity and increase in magneto resistance is ex-
pected for Mg doped Fe304.2% In addition the position
is found to equally shift to higher wavenumbers for mul-
tilayers with MgO and MgFe;O,4 spacers, and for single
layers on SrTiO3 and GaAs.?” In the latter two cases
there is no source of Mg. It is hence more likely that
the observed peak shift is directly related to the size re-
duction. For Fe3O,4 hollow spheres, a blue shift in the
Ay, mode has been observed with decreasing diameter
and wall thickness.?? A direct comparison with smaller
Fe3O4 nanoparticles is difficult due to the large differ-
ences in the stoichiometry between chemically synthe-
sised nanoparticles and high quality epitaxial thin films.
The effect of dimensional confinement on Raman spec-
tra is well studied for silicon, where in porous silicon the
size can be independently controlled by the crystallinty,
but also for many oxide nanoparticles.?® In the case of
Fe304 in particular, no systematic study of the Raman
size effect has been performed yet. While first order
Raman spectroscopy typically only probes the Brillioun
zone centre (I-point), the size reduction in the probed
sample can lead to a non negligible momentum transfer
of the incident photon, resulting in an effective averag-
ing of phonon modes with non-zero momentum in the
Raman measurement.?® Depending on the phonon dis-
persion of the mode under investigation, this can either
lead to a blue shift (minimum at the I'-point) or red
shift (maximum at the I'-point). The phonon dispersion
of Fe3O4 has been previously investigated, but particu-
lar focus was on the low energy phonon modes, believed
to be of importance for the Verwey transition.>*"38 Cal-
culated phonon dispersions including the higher energy

modes show both modes with maxima and minima in the
energy region of interest.>® Unfortunately they have not
been assigned to individual modes at the zone centre to
verify our explanation. In case the observed shift with
decreasing film thickness is caused by such a Raman size
effect, rather than changes in the stoichiometry or crys-
talline order of the thin film an increase in line width is
also expected, consistent with our measurements. The
inset in Fig. 4 includes linear fits of the observed line
width with reciprocal layer thickness. For all cases the
expected linear behaviour is observed. The Raman size
effect is significantly less pronounced than for nanopar-
ticles, as our films are only confined in one dimensions.
Compared to e.g. CeOy nanoparticles3® where the cor-
responding slope of the 466 cm™' mode was found to be
125 cm~'nm, we observe 43, 21, 18 cm™'nm for Fe3Oy
single layers, multilayer with MgO and MgFe,Qy4 spacer
respectively. We have to highlight already a stark dif-
ference in the slope between multilayer and single layer
samples, which will be discussed at a later stage.

Even with the evidence for the Raman size effect, other
possibilities need to be addressed: The charge and crys-
tallographic reordering at the Verwey transition is known
to cause a blue shift of the Ay, mode itself.*® It is pos-
sible that the FesO4 thin film does not undergo the Ver-
wey transition, but remains in the low conducting charge
ordered phase. However, the Raman line width is dra-
matically increased in our case and the Verwey transition
temperature is typically reduced, the thinner the film. Fi-
nally the shifts are most prominent for the thinnest films.
It is therefore also possible that we observe evidence of
quantum confinement affecting the electronic properties,
which due to strong electron-phonon coupling in Fe3O4
alters the vibrational states.

In summary, we have to stress that whatever the cause
of the changed energetic position of the A;, mode, it is
maintained in the multilayered samples and can be used
to confirm that the size confinement in the multilayers
is fundamentally the same as in single layers. This is
of particular use in the samples with MgFe,O4 spacers,
where TEM images only show poor contrast between the
two materials. The Raman analysis provides evidence in
that case, that there is little intermixing and the Fe3Oy
layers are well separated from the MgFe,O,4 layers. Sec-
ondly the Raman line width for samples as thin as 6 nm
in the case of multilayers and 12nm in the case of single
layers is already as low as typically found in bulk films
(35-40 cm~—!). This is direct evidence of a very high crys-
talline quality in all our Fe3Oy, films.

Resistance and magneto resistance

Electrical measurements (Fig. 5) on the B-Samples
show very good conductivity (6mQcm at 300K)
and most importantly a sharp Verwey transition at
113.24£0.5 K for 15 nm thick layers. Even in 8 nm thick
samples a Verwey transition at 107.7£0.5 K can be ob-
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FIG. 5. Verwey transition in thin films: Resistivity of B-
samples with thickness of 15, 8, and 4 nm (dotted lines). For
the 15nm and the 8nm samples, the Verwey transition is
clearly observed as indicated by the arrows. In comparison
an A-sample (3x5nm Fe3O4 with 2nm MgO, solid line) with
5nm individual Fe3sO4 thickness is also shown. The improved
layer quality in this case already leads to a lower resistivity
than seen in a 8 nm single layer, with the Verwey transition
still occurring. However there is a size induced reduction in
the resistivity and shift in he Verwey transition compared to
the corresponding B-sample (dre;0, =15nm). All films have
been grown on MgO(001)

served, confirming the very high quality of the Fe30y4
ultra thin layers, once they are protected from further ex-
situ oxidisation in air. In A-samples with MgFe;0,4 and
MgO spacer layers the resistivity increases if compared
to their corresponding continuous B-Samples. However
if one compares the resistivity of multilayered samples
with continuous layers of similar individual layer thick-
ness, the resistivity in the multilayered samples is signif-
icantly reduced. One such example is shown in Fig. 5.
Remarkably, even in samples with 5nm individual layer
thickness the Verwey transition can be observed. These
results significantly lower the previously reported Fe3O4
minimum thickness at which the transition is observed
and give a first indication that the multilayered ultra-
thin films have a better crystalline quality than single
layers of the same thickness.

In epitaxial thin films the presence of anti-phase
boundaries (APBs) is known to affect the resistiv-
ity of the films, but more importantly their magneto-
resistance.!®41=43 The formation of the APBs is of
particular importance in samples grown on MgO(001),
where single height steps can increase their number
significantly.#>#446 To investigate how the formation
of APBs is altered in our multilayers we performed
magneto-resistance measurements exemplary shown in
Fig. 6. The sample with MgFe;O,4 spacer layers shows re-
duced MR compared to either one with MgO spacers or a
single 4 nm thick layer. It was previously confirmed that
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FIG. 6. Magneto resistance at 300 K of a set of samples with
4nm thick Fe3O4 layers, either as single layer (red, dotted
line), as three layers spaced with 2nm MgO (blue, solid line)
or with 1.5 nm MgFe;04 (orange, dashed line). All films have
been grown on MgO(001)

the number of APBs decreases, the thicker the FezOy4
layer.!>4 By introducing a spacer layer of similar lat-
tice geometry to FesQy itself, e.g. spinel MgFe;O4 or
MgAl;0y, the number of APBs in the 2nd and 3rd FesOy4
layer are effectively reduced. The multilayer concept
therefore allows the decoupling of size effects from the
density of APBs for samples grown on the same substrate.
Indeed the measured MR in the Fe30,4/MgFe;O4 multi-
layer on an MgO substrate is already lower than that re-
ported for 10nm FezO4 on MgAl,O4 symmetry matched
substrates, where APBs are only formed due to misfit
dislocations due to the higher lattice mismatch.*"*° The
MR data already suggests that in the case of MgO spacer
layers, the natural roughness of the MgO spacer prevents
the reduction in APBs with thickness, and might even
lead to an increase in number. While our measurements
can not provide absolute values for the APB densities we
can estimate the relative change in densities. Assuming
the MR is solely caused by APBs and proportional to the
APB density, the 3x4 nm sample using 1.5 nm MgFeoO4
spacers already has a 30% lower APB density compared
to the corresponding single layer of sample with MgO
spacers. As only the 2nd and 3rd FesO4 layer will be ac-
tually different from a single layer, this implies the APB
density can be reduced by the same amount in a single
Fe304 layer if a 5nm MgFe,O4 buffer layer would be
used.

Magnetic moment

After confirming that the multilayer structure pre-
serves the size confinement in Fe3QOy4 layers, and that by
employing MgFeo,O4 spacer layers the density of APBs
can be reduced compared to single layers of similar in-
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FIG. 7. Measurements of the magnetic moments of multi- and single layered samples at 300 K (top row) and 20 K (bottom
row). An increased magnetic moment was only observed for single layered films with d<5nm.

dividual Fe3O4 layer thickness, we are now able to in-
vestigate if the FesO4 thin films do show an enhanced
magnetic moment. Due to the increased total volume
of thin film by employing multilayers, systematic errors
in thin film magnetic measurements (due to e.g. small
contributions from para- or ferro-magnetic impurities in
the substrate) are significantly reduced. Equally the re-
optimised growth conditions produced high quality thin
films, where the crystalline structure is not only stoichio-
metric, confirmed by the Raman line width close to those
of bulk samples, but also the Fe30,4 characteristic Verwey
transition is observed even for ~5 nm thin films. Figure 7
shows the results magnetic moment measurements of the
multi layered and single layer FezO4 films. While in the
single layers we observe the increased magnetic moment
for the thinnest sample, the finding is not confirmed in
the multi layers which have better SNR. On the contrary,
the magnetic moment is reduced for both samples with
a high density of APBs (MgO spacer) and those with
better magnetic domain ordering (MgFesO,4 spacer).

ITII. DISCUSSION

Our results so far confirm that the increased magnetic
moment does not originate from an inherent size effect

as it is not observed for the multilayer samples. Due to
the very high crystalline quality of the samples, as con-
firmed by the presence of the Verwey transition and the
closeness of the A;, Raman mode peak width to bulk
values, we can also exclude that structural defects af-
fected the measurements. This also excludes the possi-
bility that interface states have the effect of contributing
to the enhanced moment, as the number of interfaces in
our multilayers is increased. Any interface effect would
consequently also scale in proportion to the number of
layers.

This leaves only the direct influence of the substrates
on the measurements. It has been previously suggested
that Fe or other magnetic impurities affect the results.!®
Despite our best efforts we could not detect any magnetic
signal from plain substrates at room temperature, where
the increased moment was also seen in the single layer
samples. We therefore suggest another mechanism, sup-
ported by our results. One of our key findings is that the
single Fe3 O films show an increased line width in the A,
Raman mode compared to its multilayered counterparts
as evident by a much steeper slope in the FWHM vs. in-
verse film thickness plots (see Fig. 4). Both, size effects
and the number of APBs can affect the Raman line width,
but both the size confinement and number of APBs are
expected to be similar for the single FesO4 on MgO layer



and the triple layer with MgO spacers. The contribu-
tions of APBs to the FWHM is much smaller as evident
by the small difference in the FWHM between MgO and
MgFe,04 spacers, even though their APB density sig-
nificantly differs as seen in MR data (see Fig. 6). The
significantly broader mode of the single layer, and larger
slope in the width vs. reciprocal layer thickness anal-
ysis must hence originate from increased stoichiometric
disorder. The A;, mode around 670 cm ™' only involves
movement of oxygen atoms,>739:50 suggesting that a dis-
ordered oxygen sublattice is affecting it most.

Over-oxidisation of Fe3O4 e.g. at the surface is known
to lead to the formation of y-Fep03.21:22:3! As maghemite
has a smaller magnetic moment than Fe3O4 an oxygen
surplus would lead to a reduction in the magnetic mo-
ment. Conversely an under-oxidisation could lead to an
increase in the magnetic moment and could be the root
cause of the observations. The most likely point defect
to lead to an effective under-oxidiation are oxygen va-
cancies. During the formation of the FesOy4 layers, oxy-
gen can migrate into the substrate, effectively reducing
the first layers of the Fe3O,4 films — providing an under
stoichiometric substrate surface. In our multilayers this
mechanism will only affect the first layer, but not the sub-
sequent layers separated by stoichiometric spacer layers
of MgO or MgFe;O4. This mechanism can also explain
why the effect is not seen universally as substrate qual-
ity and preparation conditions between groups varies. In
particular the substrate cleaning steps are typically per-
formed by in-situ vacuum annealing, which is known to
be capable of increase the density of oxygen vacancies.

In many transition metal oxides the creation of oxy-
gen vacancies upon vacuum annealing is well studied.?!
However, few studies explicitly discuss this for MgO,
where the effect is more localised to the MgO surface
layers.??53 We therefore prepared a set of test Fe3Oy4 lay-
ers on Sr'Ti0O3(001) substrates, so that the number of bulk
oxygen vacancies could be more readily controlled.?*%°
Figure 8 compares the magnetic moment of a 6 nm thin
single FezO4 layer on two different SrTiOs substrates,
one was vacuum annealed at 600°C the other at 800°C.
While the one on the low temperature annealed SrTiOs
substrates shows a similar magnetic moment to the films
grown on MgO shown above, the sample grown on the
high temperature annealed Sr'TiO3 substrate has a signif-
icantly enhanced moment. The high temperature anneal-
ing of the SrTiO3 substrates creates a significant quantity
of bulk oxygen vacancies®®, clearly verified by discoloura-
tion of the substrate (see Supplementary information S5).
The presence of these vacancies, in particular at the sur-
face region, leads to the already suspected reduction of
the Fe3Oy4 thin film, thus increasing the magnetic mo-
ment. The annealing temperature of 600°C and 800°C
was carefully chosen, in order to avoid changes in surface
morphology and step density seen for higher temperature
annealing of STO5"%8 while at the same time altering
the concentration of oxygen vacancies.

A line shape analysis of the A;, mode for these films

is more complicated on STO grown films due to a strong
substrate background signal. The latter was numerically
removed as detailed in the supplementary information.?*
Figure 8 shows the mode and a least squares fit for each
sample. While the position of the mode is quite similar
(670.1+0.5cm ™! and 668.4+0.7cm ™) the mode width
significantly differs between the sample grown on the
600°C or 800°C annealed substrate (42.3+3cm~! and
5044 cm ! respectively). This is fully consistent with our
model of an altered Fe/O stoichiometry in films directly
grown on the substrate with more oxygen vacancies. The
A1y mode is very sensitive to the oxygen stoichiometry
and disorder, as the probed vibration is a breathing mode
of the oxygen octahedra.?” Over oxidisation in the form
of 7-FesO3 formation could lead equally to a broaden-
ing of the mode but is accompanied with a blue shift to
higher wave numbers and stark asymmetry in the peak.?!
In contrast we observe a small red shift to lower wave
number in addition to the significant broadening, further
suggesting a reduction of the film. Interestingly on sim-
ilarly strained 5nm Fe3O,4 thin film with a low number
of APBs grown on GaN, no enhanced magnetic moment
has been observed.?® This illustrates that in non-oxide
substrates, where by definition oxygen vacancies can not
migrate from the substrate, reduction of the Fe;O,4 thin
film can also be prevented.

Our findings suggest, that for ultra-thin Fe;O4 films
the substrate stoichiometry can thus substantially alter
the magnetic properties of the films as oxygen can mi-
grate into the substrate bulk, leaving a Fe3O4 film with
an increased number of oxygen vacancies. It is evident
that the enhanced moment is only seen in films well be-
low 8 nm and only in single layers. While the moment for
films in this study is lower than in a previous study on
MgO(100)*!, the magnitude of the increased moment of a
single layer of 4 nm compared to a 8 nm film is confirmed.
The wide spread of data points in the inset of Fig. 9 illus-
trates that the moment of thin film Fe3O4 does depend
on many parameter such as crystalline quality and APB
density. Our data clearly indicate though that the fre-
quently observed increased moment is not inherent to a
size effect in high quality FezO4 but rather linked to an
altered oxygen stoichiometry induced by the substrate.
The enhancement is therefore not seen for films grown
in multi-layers, where the substrate is decoupled from
the thin films by the stoichiometric spacer layers. It is
equally absent if the substrate itself does not possess a
large number of oxygen vacancies, such as seen in films
grown on Al,O3.14

From a phenomenological point of view the specific
magnetic moment of several bulk magnetic iron oxides
and iron can be compared (see Fig. 9), showing that as a
general trend the moment increases with increased iron
content. However the magnetisation of off-stoichiometric
films will highly depend on the exact nature of the oxy-
gen vacancy or possible defect complexes. One of the few
theoretical studies on the impact of oxygen vacancies in
Fe;0,4 found no significant change in the overall mag-
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netisation, however only isolated single oxygen vacancies
(Vo) have been considered.®® A more recent combined
experimental and theoretical study on FesO4 grown on
GaAs(100) concluded that oxygen vacancies do affect the
ferrimagnetic coupling between iron on tetrahedral and
octahedral sites, explaining the net increase in the mag-
netic moment.'® Likewise in thicker Fe3O4 films grown
by PLD in various oxygen partial pressure conditions,
the films grown at the lower po, have shown higher mag-
netisation. That study was performed on Si(001), where

strain affects the magnetic properties and the phase pu-
rity of the films was much worse than the MBE grown
films investigated here.52 In related oxides, namely spinel
ferrites such as NiFeoO4 grown on STO, oxygen vacan-
cies have been previously discussed as a root cause for
the enhanced magnetic moment, but the effects of the
cation disorder of the two inequivalent cations Ni and Fe
were concluded to be the more dominant contribution.3
In binary FesOy4 the latter would be equivalent to an
increase in Fe™3-A, Fe™3-B, and Fe™2-B site disorder.
Site disorder is more likely in a defective lattice with a
high number of oxygen vacancies. Alternatively, there
could be a phase separation into stoichiometric FesO4 in
the film and metallic iron or FeO at the substrate/film
interface. The possibility of an interface FeO layer has
been previously discussed in films grown on MgO(001).5
However, a paramagnetic FeO layer would not result in
an enhanced magnetic moment in such a thin film. We
therefore suggest that the oxygen poor interface layer is
better described as a Fe3Oy4 layer with a high number of
oxygen vacancies, rather than a formation of the param-
agnetic wiistite phase. This is consistent with the data
of Bertram et al.%* as their assessment is based on XRR
and XPS data, which are sensitive to the density of the
interface layer and charge states of Fe, but not necessarily
to the crystal structure.

IV. CONCLUSION

By analysing the electric, magnetic and crystal-
lographic properties of ultra-thin FesO4 films grown
on MgO(001), in the form of Fe304/MgO and
Fes0,4/MgFe;04 super-lattices, we were able to demon-
strate that the frequently observed increased magnetic
moment is not an inherent property of FesOy4, but related
to changes in the Fe3Qy4 stoichiometry on oxide substrates



with high number of oxygen vacancies. Thus we can con-
firm that the oxygen vacancy mechanism suggested by
Huang et al.'® is also responsible for the increase in ul-
trathin FesO4 grown on oxide substrates. However the
root cause for the oxygen vacancy formation in FezOy is
a high density of oxygen vacancies in the surface region
of the substrate, rather than deposition conditions. Op-
timising the latter for thick films does not lead to high
quality thin films due to these substrate interactions.

Indeed our Fe3Qy4 ulrathin films grown at a reduced
growth rate from metallic Fe, and using only molecular
oxygen as the oxidising agent, are of high crystalline qual-
ity, which was indicated by the presence of the Verwey
transition even in films as thin as 6 nm and by the sharp
Ay Raman modes.

In super-lattice structures the magnetic moment is re-
duced in thin films below 6 nm thickness, while in single
layers grown directly on the substrate surface the mag-
netic moment can be increased. The link between the
presence of oxygen vacancies in the bulk or at the sur-
face of the substrate and an enhanced magnetic moment
in thin films was demonstrated for 5nm films grown on
SrTi0O3 substrates, where the density of oxygen vacancies
was increased by vacuum annealing of the substrate prior
growth.

Secondly we were able to show that the use of MgFesO4
spacer layers, reduced the number of APBs, leading to
a weaker magneto resistance and sharper A;, Raman
modes. This suggests that using MgFe2O,4 as a buffer
layer between MgO and Fe3zO,4 can be employed to signif-
icantly improve the properties of even single layer Fe3Oy4
as it will not only reduce the APBs but can also limit
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the diffusion of oxygen vacancies by increasing the sep-
aration of the Fe3O, films from potentially oxygen poor
substrates. Other oxide buffer layers®®, or metallic layers
have already been effective in improving thin film Fe3O0y4
but the similar lattice structure of MgFe;04 and FesOy
should be better suited to reduce the number of APBs,
and strain at the same time as acting as an oxygen dif-
fusion barrier.

While we only investigated Fe3QOy, films, the proposed
mechanism of magnetic moment alterations in ultrathin
films by oxygen vacancy diffusion is likely to be found
in other magnetic oxides. For example similarly en-
hanced moments have been found for spinel NiFe;O4 and
NiCo0204.53:66:67 Recent studies have shown that the sug-
gested mechanism of a change in cation distribution in
such thin film ternary oxides does not consistently ex-
plain the increased moment.%% We therefore suggest that
similar to the presented findings for FesO,4 the substrate
stoichiometry could play an important role in these re-
lated spinels.
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SUPPLEMENTARY INFORMATION

S1. Thickness determination

One of the key issues in assessing the magnetic moment and
the resistivity of ultrathin oxide layers is the exact knowledge
of the layer thickness as it directly affects the derived magneti-
sation and resistivity values. This is particularly problematic
for ultrathin films, where the actual layer thickness can not
be directly measured by X-Ray reflection. For our sample
set the thickness was initially estimated based on the growth
time. The growth rate was was frequently tested by growing
thicker reference samples, and the tooling factor of the quartz
crystal balance adjusted according to the differences between
nominal and actual film thickness measured by XRR. For the
individual super-lattices we can measure the total layer thick-
ness, including the capping MgO, as it is always in the range
where XRR measurements are possible. The measurements
are nevertheless more sensitive to the overall thickness and
periodic structure rather then the individual layer thickness.
Hence the following routine was used to determine the average
layer thickness of the FesO4 layers within the superlattice.

1. The B-sample, containing the continuous FezO4 film
and MgO capping layer was measured by XRR and the
thickness of both layers was fitted.

2. The layered A-sample was also measured by XRR. The
measurement was fitted according to an ideal superlat-
tice structure, where the starting parameters (dy3) of
the fit were set to be 1/3 of the B-layer thickness for
the FesO4 layers and to the nominal MgO thickness
(2nm) for the spacer layers. The final capping layer
thickness was kept fixed to the measured value from
the A-sample. Only the thickness of the Fe3O4 layer
and spacer layer were left as free parameter in the fits.

3. The fitted individual FesO4 layer thickness was used in
the derivation of magnetisation and resistivity, with the
error being estimated from the variation of this value
from the nominal and d; /3.

An example of the analysis is shown in the main article Fig. 3.
Data and least square fits are shown for the same sample with
MgFe>04 spacers, where TEM analysis was available. While
in the TEM the contrast between FesO4 and MgFe,O4 was
not clear, the XRR data confirm the presence of a multilayer
by the appearance of superlattice peaks around 1.5 and 3°.

S2. FEM simulations

Finite element method (FEM) simulations were performed
in order to assess if the dielectric spacer layers affect the elec-
trical characterization. The concern is that the MgO and
MgFe>Oqlayers could reduce the amount of charge carriers
penetrating to the lower layers, thus limiting electrical mea-
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Supplementary Figure S1. The magnitude of electric field
along the top surface of the substrate. The electric field at
the substrate surface and hence the lower side of the bottom
most layer saturates 1 um away from the contact. As contacts
are spaced 2mm apart in real samples a potential effect of
injecting carriers only in the top most layer on sheet resistance
measurements can therefore be neglected.

surements to the first layer. The system can be modelled sim-
ply in two dimensions, treating the direction along the gold
contacts as infinite. A 30 um wide section of 30 nm thick sub-
strate with layers of 3-2-3-2-3nm was simulated. The 3nm
layers were given a resistivity of 0.022 Qcm, the substrate
was given a resistivity of 200 Qcm and a number of resis-
tivities were checked for the buffer layer (0.022, 90, 200 and
1000 Qcm). An input boundary current was injected at the
top surface on one end of the sample and allowed to leave
through the top surface at the other end.

In these simulations, even with a resistivity of 1kQcm, the
current was evenly distributed throughout the 3 nm layers in
the centre of the substrate. In order to see what distance it
took for the current to become fully distributed one can look
at the electric field along the surface. If the electric field is
constant along the top surface then so is the current and it
must be distributed evenly throughout the layers. This can be
seen in figure S1, where we can see that in all cases the current
has become equally distributed after 3 um. Given that we
wouldn’t expect a resistivity greater 1 kQ2cm and the distances
from the outer injection contacts to the voltage contacts on
the substrates was on the order of mm, penetration of charge
carriers should not affect the measurements.

S3. Additional resistance data

Our sample geometry allows for the measurements of the
electrical properties of the ultrathin films and multilayers. In
Fig. S2 we show the resistance vs. temperature data for all
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Supplementary Figure S2. Resistance vs. Temperature measurements. On the left is the sample set with MgFe2O4 spacer

layers, on the right those with MgO.

samples where magnetisation measurements where available.

In contrast to the MR, magnetisation and Raman data, the
small deviations in the resistivity between the sets with MgO
and MgFe2O4 spacers can not be directly assigned to possi-
ble differences in the structure of the thin films grown with
different spacer material. The errors of the thickness determi-
nation and slight variations in growth rate between different
runs, the small deviations in the resistivity between the sets
with MgO and MgFe>O4 spacer could solely be responsible
for the observed differences.

S4. Deconvolution of substrate and thin film Ra-
man data

For samples grown on MgO substrates the measured Ra-
man spectra can be directly used for data analysis and Ra-
man peak fitting. For samples grown on SrTiOs substrates
the strong Raman modes of the substrate make analysis much
more difficult. The FesO4 A14 mode is coinciding with broad
peaks originating from the SrTiOs. In order to extract the
weak Fes Q4 signal from the background the following strategy
has been employed. Figure S3 illustrates this for one sample.

1. The plain substrate has been measured for each sample
on a small area not covered by the thin film. This
ensured that any potential differences in the substrate
Raman spectra due to the annealing procedures is not
wrongly interpreted as a thin film signal.

2. The area with the FesO4 film was measured using the
same integration time.

3. The signal in the area between 200-600 cm ™' was inte-
grated and the thin film measurement was normalised
to have the same area count as the substrate. This
was required to account for drifts in laser power and
more importantly microscope focus during the long in-
tegration measurements (typically 20min). The area
was chosen to exclude the low frequency range as it
potentially could be affected by differences in sample
roughness (elastically scattered laser light), as well as
the area of the main FezO4 peak itself.

4. The difference between the area normalised thin film
and substrate measurements reveals the Raman modes

of the thin film. The latter was then analysed in the
same way as the raw measurements for films on MgO.
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Supplementary Figure S3. Data processing to extract the
weak FesO4 Raman signal for samples grown on SrTiOsz: Raw
measurements of areas with and without the thin film were
area normalised in the marked range. The difference between
the measurements is the FezO4 signal.



Supplementary Table S1.
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List of the sample set, their nominal superlattice structure, the individual layer thickness as

determined by fits to X-ray reflection measurements, and the measured Verwey transition for each layer. For the thinnest single
layers (marked *) dre;0, was estimated using the average difference between nominal and measured thickness, as they were
to thin for XRR analysis. The transition temperature T, was defined as the point of maximum slope change of the In(p) vs.
Temperature curve (maximum in the 2nd derivative).

Sample
D

Geometry dFe304 dspacer T,

(nominal) (from XRR) (from XRR)

Multilayers with MgO spacers

K15-A

K4-A

K3-A

K2-A

K5-A

[Fe304(6 n,H)/Mgomm)]3 6.3nm 1.9nm  110+3K
[Fe304(5nm)/MgO(2nm)]3 5.0nm 1.7nm  11243K
[Fe304(4nm)/MgO(2 nm>}3 3.6 nm 1.8nm  95+3K
[F6304(3nm)/MgO(2nm)]3 2.5nm 1.6 nm -
[Fego4<1f,m)/Mgo(Qnm)]3 1.2nm 1.7nm -

Multilayers with MgFe2O4 spacers

16-A

13-A

12-A

I4-A

[Fe304(6nm)/MgFeQOz;(l.Snm)]3 5.9nm l4nm  108.5+1K
[F6304(4 nm)/MgFe204; 5 nm)] . 4.2nm 1.4nm 107+4K
|:F9304(2A5nm)/MgFQQO4<1'5nm)i|3 2.5nm 1.5nm -
[Fe304(1,5nm)/MgF6204(1,5nm)]3 1.4nm 1.3nm -

Single layer, FesO4 thin films

K15-B
16-B
K4-B
K3-B
13-B
K2-B
12-B
K5-B
14-B
I5-A
I5-B

Fes 04 (18 nm) 19.6 nm - 11341K
Fe3 04 (18 nm) 17.6nm . 113+1K
Fe304(15 nm) 15.5nm - 11341K
Fe3O04(12nm) 11.8 nm - 112+1K
Fes 0412 nm) 12.2nm - 11242 K
Fe304(9 nm) 8.3nm - 108+2 K
Fe304 (7.5 mm) 7.5nm - 11042 K
Fe304(4.5 nm) 3.7nm - -

Fe304(4nm) 4.0nm - -

Fe304(2.5 um) *2.4nm - -

F6304(1.5nm) *1.4nm - -
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Supplementary Figure S4. in-situ Characterisation of the
STO substrate: XPS spectra of the pristine, 600°C and 800°C
annealed STO(100) substrates. The main changes during vac-
uum annealing occur already at 600°C removing any residual
carbon and hydroxide contamination. Further annealing at
800°C did not lead to significant changes of the surface sto-
ichiometry or long range surface order as the XPS spectra
do not change and the surface remains 1x1 reconstructed.
The measurements have been performed in an Omicron Mul-
tiProbeXP using a monochromised Al Ko source.
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Supplementary Figure S5. ez-situ Characterisation of the
STO substrate: AFM micrographs of the pristine and 800°C
annealed reveal no changes in the overall rms roughness of
the substrates. The optical absorption as determined from
transmission (T") and reflectance measurements (R) illustrate
the increased absorption below the STO band gap once oxy-
gen vacancies are present. Optical measurements have been
performed on single sided polished STO in a PerkinElmer
650S spectrophotometer, equipped with an integrating sphere,
AFM measurements where performed in tapping mode using
an ND-MDT Solver Pro AFM.

S5. STO surface characterisation

We attribute the altered magnetic moment of an ultrathin
Fe30,4 film on STO substrates annealed at 600°C and 800°C
to the increased density of oxygen vacancies in the substrate
causing a reduction of the thin FesO4. In doing so, we have
to exclude the possibility that the morphology of the sur-
face is significantly altered in the annealing process. Vacuum
annealing of the STO(001) surface has been extensively stud-
ied previously. In this work we follow the process of 30 min
vacuum annealing steps as thoroughly investigated by Dagde-
viren et al..! Under these conditions no changes in the step
density of the STO(001) surface was observed, while the in-
creased density of oxygen vacancies lead to a change in sur-
face reconstructions. In contrast to this work we did not per-
form extensive ex-situ cleaning steps involving either oxygen
annealing and/or acid treatment required to achieve large,
regular terraces. Hence our surfaces will show higher step
densities and no defined long range order, leading to defined
LEED patterns. Hence we observe only a 1x1 LEED pattern
for both the 600°C and 800°C sample, with no changes in
the rms roughness measured ez-situ before and after vacuum
annealing. The main effect of the vacuum anneal is the re-
moval of residual surface carbon and surface hydroxide. As
confirmed by XPS, this process is complete at 600°C and no
significant difference in the surface stoichiometry is seen in
XPS measurements (see Fig. S4). The only significant differ-
ence found in the sample annealed at the higher temperature
of 800°C is a discoloration of the bulk of the substrate as
seen in additional absorption structures below the band gap
(see Fig. S5) as expected for oxygen vacancies.” Our sup-
plementary measurements confirm that the only significant
change between vacuum annealing at 600°C and 800°C is the
formation of bulk oxygen vacancies, consistent with previ-
ous investigations.® The annealing steps performed here are
not severe enough to introduce morphology and stoichiome-
try changes, e.g. surface phase segregation as seen in other
reports.® This is substantiated by our XPS measurements,
where no significant changes in the Ti/Sr ratio was found.
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