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The spin polarising properties of the iron oxide magnetite (Fe304) make it attractive for use in spintronic
devices, but its sensitivity to compositional and structural variations make it challenging to prepare reli-
ably. Infrared microspectroscopy and modelling are used to determine the spatial variation in the chem-
ical composition of three thin films of iron oxide; one prepared by pulsed laser deposition (PLD), one by
molecular beam epitaxy (MBE) deposition of iron whilst simultaneously flowing oxygen into the chamber
and one by flowing oxygen only once deposition is complete. The technique is easily able to distinguish

Keywords: between films which contain metallic iron and different iron oxide phases as well as spatial variations in
Magnetor651stance .. “ g . . . . . .
Infrared composition across the films. The film grown by post-oxidising iron is spatially uniform but not fully oxi-
Oxides dised, the film grown by simultaneously oxidising iron showed spatial variation in oxide composition
Spintronics while the film grown by PLD was spatially uniform magnetite.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

The key components of a spintronic device are the spin polaris-
ers and analysers; an important candidate material is the iron
oxide magnetite, Fe;Qy, as it is predicted to be 100% spin polarised
at the Fermi energy [1-3]. However, Fe;0y, is very sensitive to small
variations in chemical composition which can significantly change
in the magnetic properties of the material. This leads to a reduction
in spin polarisation [4,5] and eventual device failure. It is particu-
larly sensitive to contaminant oxide phases [6], and hence one of
the key challenges in the development of Fe;0, based devices is
uniform thin film growth. Spatially resolved infrared (IR) reflection
microspectroscopy, supported with modelling, has been demon-
strated to be an effective non-destructive method of determining
the variation of chemical and magnetic properties across Fe;04
thin films [7-9]. Magnetometry and transmission electron micro-
scopy are also employed to support the microspectroscopy conclu-
sions. The new results demonstrate the need for these
measurements to understand the growth mechanisms and also
the potential of IR microspectroscopy as an effective characterisa-

* Corresponding author.
E-mail address: sarah.thompson@york.ac.uk (S.M. Thompson).

http://dx.doi.org/10.1016/j.jmmm.2017.04.004
0304-8853/© 2017 The Authors. Published by Elsevier B.V.

tion technique. As an exemplar, three deposition methods
commonly used to grow Fe;0, thin films were used to prepare
three sets of films, IR microspectroscopy was used to measure
the variation in oxide composition across the films and models
were developed to determine the relative fractions of different oxi-
des present across the samples.

2. Modelling the infrared spectra of iron oxides

The reflectivity, R, of a material is dependent on its complex
dielectric function, €*(w), which itself is a function of the conduc-
tivity, o [10]:

g (VE@ 1) (ve@ 1) 0
Ve ()+1) \e(w)+1
io

€ () = €(c0) — w0 (2)

where €, is the vacuum permittivity, o is the frequency of the inci-
dent radiation and €(co) is the DC dielectric parameter. In iron oxi-
des there are several competing conduction processes. There is the
Drude contribution, €p.,q4, Which accounts for the metallic conduc-
tion [11]:

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



744 CS. Kelley et al./Journal of Magnetism and Magnetic Materials 441 (2017) 743-749

w’z’ 3)

€ =
Drude w2 — iyw

where wﬁ = % is the electron plasma frequency, y is a damping
parameter introduced as the inverse of the scattering time

(y =11), N is the number of conduction electrons, m is the electron
rest mass and € is the vacuum permittivity. This expression for
€prude assumes that the band structure is flat and resonance free.
To account for the resonances in the conductivity, and therefore
in the IR spectra, we must include a Lorentz oscillator term to incor-
porate the phonon contribution, €pnonon, to the dielectric function:

Sj(,sz

6plwnon 1:21 wj —w? — l-,ijj (4)
where S;,®; and y; are the amplitude, resonance frequency and
damping constant of the j-th resonance respectively. These terms
are sufficient to model maghemite and haematite but magnetite
is more complex to model, as other conductivity channels are
opened due to its more complex crystal structure. Firstly, there is
an additional resonance in the conductivity due to electrons transi-
tioning from the 3d orbital into the 4s orbital, contributing to the
conduction, and vice versa. This phenomenon is accounted for by
a Lorentz oscillator term, €4, in an analogous manner to the phonon
contribution:
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The locations in wavenumbers of
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where Sy, wgs and y, are the amplitude, resonance frequency and
damping constant of the ds resonance respectively. Finally, it is pos-
sible for electrons to tunnel between the Fe?* and Fe>" lattice sites
across an intermediate 02~ site; a phenomenon known as superex-
change [12]. Electron-phonon coupling gives rise to a polaron
which can “hop” between lattice sites resulting in an increase in
conductivity. Hopping has been shown to be the dominant conduc-
tivity process in magnetite [7]. Modelling the polaron hopping con-
ductivity is a difficult quantum mechanical problem, it is usually
estimated from a large set of fitting parameters (such as those pro-
duced by Degiorgi et al. [13]). However, Ahn et al. have shown that
the hopping conductivity, reasonably constant
(~500Q7" cm~) in the near/mid-IR [14] and so in this case, the
hopping contribution to the dielectric function, €popping, Can be esti-
mated as follows:

ahoppingv is

41
€hopping = — iwey O hopping (6)
7.1 x 10"
7 (7)

Iron oxides are poor conductors and therefore have large skin
depths. This means that, for thin films, the reflectivity contribution
from the MgO substrate €y, must be accounted for in the model. A
term to include the possibility of haematite (€, re,0,) and maghe-
mite (€,_re,0,) Phase defect contributions must also be included:

6MgO = €5 t+ 6phom)n (8)
€o—Fe,05 = €oo + €phonon + €Drude (9)
€y-Fe,0; = €x + €phonon + €prude (10)

6Fe304 = €x t+ 6phonon + €prude + €ds + 6hopping (1 1)

These expressions for the conductivity are then used to calcu-
late the multilayer reflectivity using the method of McIntyre
[15]; as described in more detail in previous work [7,16].

To model the dielectric function of mixed-oxide phases, €gyide,
the iron oxide dielectric functions were weighted, where f is the
fraction of magnetite present:

(12)

Eoxide :feFe3O4 + (l *f)ﬁoc/"/—FezO;
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Fig. 1. a) Map of the reflection spectra obtained for the post-oxidised samples. Ten spectra were taken in total in two parts of the sample to test that the spectra obtained
were representative of the whole sample. b) Normalised spectra taken at ten points across the post-oxidised Fe;O4 thin film that was annealed for 15 min. The normalisation
reveals that there are no major spectral features and that the spectra are all flat with some contaminant peaks. This suggests that there is very little oxide formation and the
spectrum is being dominated by the strongly reflecting iron. The locations of the phonon peaks of the iron oxides listed in Table 1 are shown to demonstrate their absence.
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3. Experimental techniques

IR spectra are typically collected using a Fourier transform infra-
red (FTIR) spectrometer using a globar source covering the spectral
region of interest. Whilst this is an established technique for mea-
suring spectral properties at high spectral resolution, it offers lim-
ited spatial resolution due to the diffuse nature of the beam. To
obtain the highest spatial resolution, an IR microscope was used at
the SMIS beamline at SOLEIL, the French national synchrotron. The
collimated radiation from the synchrotron is passed through a Sch-
warzschild objective before being focussed onto the sample and col-
lected by an MCT detector operating in the range 700 — 400 cm~'.
This combination offers the possibility of collecting IR spectra with
a spatial resolution approaching the diffraction limit.

Reflection spectra were taken over the spectral range 700 — 400
cm~!, with a spot diameter of 20 um, normalised to a gold refer-
ence spectrum. Table 1 shows the expected locations of the three
most common iron oxide phonon resonances (haematite, maghe-
mite and magnetite) in this spectral range.

Three growth techniques were used to produce the iron oxide
films. The first two employ molecular beam epitaxy (MBE) to deposit
iron using an electron beam to evaporate the iron from a metallic

source. The base pressure is ultra high vacuum (1 x 10~'! mbar)
and the substrate is heated during deposition. In the first method,
post-oxidation, a thin film of iron was deposited and then subse-
quently oxidised in a partial pressure of oxygen. It has been previ-
ously observed that the oxidation process is self-limiting and only
the top 3 nm of the sample will oxidise [ 18], therefore it is expected
that in thicker films there is a high probability of there being an
underlying metallic layer. In the second method, simultaneous oxi-
dation, the iron is deposited in a partial pressure of oxygen at an ele-
vated temperature. The final method is pulsed laser deposition (PLD)
in which a high power pulsed laser is used to ablate an oxide target,
depositing the oxide material onto the substrate. Subsequent
annealing in an oxygen atmosphere was also employed to refine
the composition. Specific details of the growth conditions for each
of the samples studied are given in the relevant sections.

High resolution transmission electron microscopy (HR-TEM)
was used to image the atomic scale structure of the cross-section
of the films. The samples were thinned to electron transparency
by mechanically polishing and then using an Ar ion mill. The
TEM used is a double aberration-corrected JEOL JEM-2200Fs TEM
with a 200 kV electron gun, located in the York-JEOL Nanocentre.
The room temperature in-plane magnetisation curves of the films
were collected using a KLA Tencor model 10 vibrating sample mag-
netometer (VSM).

4. Variations in reflectivity across a post-oxidised iron oxide
thin film deposited on MgO

The first iron oxide thin film under consideration was grown by
molecular beam epitaxy (MBE) in York by the authors using a post-
oxidation technique. A 20nm iron film was deposited at
1.5 Amin~!. The film was then subsequently annealed in an atmo-

sphere of molecular oxygen at a partial pressure of 5 x 10™> mbar
at 320°C. The sample was annealed at this temperature for
15 min after deposition was completed. The samples are unpat-
terned and intended to be uniform.

Ten reflection spectra were recorded at different positions on
the sample, with a spot diameter of 20 pum. The first seven spectra
were taken in a line along the length of the sample, with a point
separation of 0.1 mm. To test that this was representative of the
rest of the sample, three additional spectra were obtained from
another part of the sample 1 mm away, which were also separated
by 0.1 mm. A diagram of this map is given in Fig. 1a.

Fig. 1b shows the ten reflection spectra, normalised to a gold
background spectrum. It can be seen that there is little variation
between the spectra, suggesting that the sample has a uniform
composition across a large area. There is no significant spectral fea-
ture at any of the locations indicated. There are some small con-
taminant peaks beyond 600 cm~! but otherwise the spectra are
all very similar and very flat.

The magnetic hysteresis loop for the sample annealed for
15 min is given in Fig. 2. The loop has a very low (<50 Oe) coerciv-
ity and a large remanent magnetisation, characteristic of an iron
hysteresis loop. This loop suggests that the magnetic behaviour
of the sample is being dominated by the metallic iron in the film.
This argument is supported by the TEM micrograph in Fig. 3. The
micrograph shows that this region of the film is ~70% iron which
has not been oxidised, while there is a layer of Fe304 on the surface,
comprising 30% of the total film. It is important to note that the
micrograph shows only ~ 22 nm of the sample laterally, which is
two orders of magnitude lower than the resolution of the IR micro-
scope, so gives very localised information.

Using the multilayer reflectivity model described in Section 2
the reflectivity of the sample was simulated, shown in Fig. 4. The
simulation assumes the 70% Fe and 30% Fe3;0, split indicated by
the TEM data. Reflectivity spectra where the film is composed
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Fig. 2. Magnetometry data for the sample annealed for 15 min. The hysteresis loop

has a low coercivity and high remanence, indicating that the signal produced is
dominated by the presence of iron in the film.

Fig. 3. TEM micrograph showing the sample annealed for 15 min is 70% unoxidised
iron with a small layer of Fe;0,4 at the surface. The inset diagram is the electron
diffraction pattern of the surface layer and is of Fe;0y.
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Fig. 4. Simulated reflectivity spectrum of the sample annealed for 15 min (70% iron
+ 30% Fe;0,4). The Fe;0, absorption at 540 cm™! is very weak in the simulated
spectrum, suggesting that at this sample thickness and iron/Fe;0,4 ratio the iron
reflectivity is washing out the reflectivity contribution of the oxide.

entirely of iron and entirely of Fe;04 are presented on the same
plot for comparison. The simulated spectrum of the sample is lar-
gely featureless, consistent with the experimental spectra; the
Fe;0,4 spectral feature is very weak in the simulation, in agreement
with the prediction that the presence of a large quantity of iron
would wash out the reflectivity contribution of the oxide at the
surface. The general trend of decreasing reflectivity beyond
600 cm ! is seen in both the experimental and simulated spectra,
although much more pronounced in the experimental data.

5. Variations in reflectivity across an iron oxide thin film
deposited on MgO via simultaneous oxidation

Another iron oxide thin film was grown by MBE in York by
the authors, by simultaneous oxidation. A 60 nm iron film was
deposited at 1.1 Amin~' in an atmosphere of molecular oxygen
at a partial pressure of 5 x 107> mbar at 320°C. As the iron is
continuously exposed to oxygen from the beginning of the depo-
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sition it is expected that the film will be oxidised down to the
substrate and not just the first 3 nm. A map of reflectivity was
produced of the sample as shown in Fig. 5a, where each point
in the 5 x5 grid is separated from its neighbours by 125 um
with a spot size of 20 x 20 um. The reflectivity spectra are pre-
sented in Fig. 5b.

It can be seen that there is significant microscale variation in
reflectivity across the sample indicating that there is a spatial vari-
ation in the composition of the film. There is a strong absorption in
the spectra at ~ 550 cm™!, which is near a characteristic phonon
resonance of both maghemite and magnetite. The absorptions are
all located in the same position, within the spectral resolution of
the measurement, suggesting that in this region of the sample
there is a mixture of maghemite and magnetite. Except for the
location of the phonon absorption the reflection spectra of maghe-
mite and magnetite are similar. The variation in the depth of the
feature is therefore predicted to come from a variation in the ratio
of oxidised to unoxidised iron, with the spectra becoming flatter
the more iron is present.

Taking the spectra obtained for the simultaneously oxidised
sample, the percentage difference between each spectra and the
spectra at point P21 (chosen arbitrarily) were taken to highlight
spectral variations. The percentage differences between the spec-
tra, shown in Fig. 6, show that there is a variation in the depth of
the absorption peak across the sample, but not in its position. This
suggests that the ratio of magnetite to maghemite is reasonably
constant across the sample, with a variation in the relative amount
of iron to iron oxide.

The reflectivity of the sample at point 21 was simulated using
the model outlined previously in Section 2 (point 21 was chosen
as it was the spectrum being used to calculate the percentage dif-
ference between the spectra). To model the reflectivity, the ratio of
magnetite to maghemite was varied in order to fit the position of
the absorption feature. Once the ratio of the oxides was deter-
mined, the ratio of iron to iron oxide was used to fit the depth of
the spectral feature.

5.1. Estimating the ratio of magnetite to maghemite
The simulated spectra in Fig. 7 demonstrate that if the ratio of

magnetite to maghemite is varied then the position of the absorption
features does move. The correct position for the spectral feature is

440/437 cm” ‘\

700

T T T T T 1
650 600 550 500 450 400

Wavenumber /cm’'

(b)

Fig. 5. a) Data collection scheme for the simultaneously-oxidised Fe;04 sample. b) 25 reflection spectra taken in a 0.5 x 0.5 mm? grid with a 125 um point separation. There

is significant variation in reflectivity across the sample. The spectra with deeper absorption features are shifted towards 540 cm™

! where an Fe;04 phonon absorption is

expected. This suggests that there is magnetite present in this area of the sample and that the ratio of magnetite to maghemite varies spatially.
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Fig. 6. Percentage difference between each spectra and the spectrum at point P21
for the simultaneous oxidation sample. There is a significant variation in the depth
of the absorption feature but not its position. This suggests that the ratio of
magnetite to maghemite does not vary but there is a variation in the ratio of iron to
iron oxide across the sample.

achieved for a sample that is 75% Fe;04 and 25% y-Fe,0s. It must be
noted that changing the ratio of magnetite or maghemite also
changes the depth of the spectral feature. This effect can be ignored
in fitting the ratio of iron to iron oxide however as it has been shown
that the ratio of the two oxides is not changing, so the effect must be
purely due to the variation in the ratio of iron to iron oxide.

5.2. Estimating the ratio of iron oxide to iron

The ratio of iron oxide to iron was used to fit the magnitude of
the absorption feature, as per Eq. (12). The simulated spectra in
Fig. 8 show the variation in the depth of the absorption feature
with the ratio of iron to iron oxide. The experimental depth of
the spectral feature is best reproduced by a simulation with 65%
oxide and 35% iron. This gives Fe(35%)y-Fe,03(15%)Fe;04(50%) as
an approximate composition for this point in the sample.

5.3. Modelling the differences in reflectivity as a variation in iron to
iron oxide ratio

In Fig. 6 the percentage difference between the spectra and the
spectrum at P21 showed that there was no shift in the position of
the spectral feature, so in the modelling of the differences between
the spectra the ratio of iron to iron oxide was used to generate the
variation. Fig. 9 shows the percentage difference between the
experimental spectra and the spectrum at P21. There are three
simulated spectra; the difference between the simulated P21 spec-
trum and simulations of films with 40, 20 and 10% oxide content.
The ratio of magnetite to maghemite has been kept constant in
these simulations. The trend of the difference can be reproduced
by varying the ratio of iron to iron oxide from 65%/35% to
80%/20%. This is a large variation in composition and would cer-
tainly lead to unwanted device properties.

5.4. Reflectivity variation across an iron oxide thin film deposited on
an yttrium stabilised zinc oxide substrate

An Fe;0,4 thin film was deposited using pulsed laser deposition
(PLD) by Dr. Kosuke Matsuzaki of the Tokyo Institute of Technol-
ogy, Japan. A KrF laser was used to ablate a sintered Fe;0,4 target
onto an yttrium stabilised zinc oxide (YSZ) substrate. 100 nm of

Fe;0, was deposited in 2 x 10~ mbar partial pressure of molecu-
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Fig. 7. Simulated reflection spectra with different ratios of magnetite to maghe-
mite. The position of the absorption feature is dependent on the ratio of the
concentration of each oxide present. The position of the feature in the experimental
spectrum is reproduced when the ratio is 75% Fe;04 and 25% y — Fe,0s.

1.2~
1.0
[0]
2
§ 08
O
Q
S
& 0.6
©
[0}
£ R
© 044 Experiment
E —— 100% oxide
2 o ——90% oxide
] 70% oxide
——65% oxide
0.0 . , . , . , . : . : . .
700 650 600 550 500 450 400

Wavenumber /cm’™

Fig. 8. Simulated spectra with different ratios of iron oxide to iron. The depth of the
absorption feature in the experimental spectrum is reproduced with 65% oxide and
35% iron.
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Fig. 9. Percentage difference between the experimental spectra and the spectrum
at P21 for the medium map. The percentage difference between the simulated P21
spectrum and spectra with lower oxide content are also shown, demonstrating that
varying the iron to iron oxide concentration reproduces the experimental trend.
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lar oxygen at 300 °C. The sample was subsequently annealed in

2 x 107 mbar at 1200 °C. The sample is unpatterned so it was
expected to be uniform.

Six reflection spectra were recorded at different positions on the
sample, with a spot diameter of 20 pm. The spectra were taken in a
line along the length of the sample, with each spectrum separated
from its neighbours by 0.1 mm. A diagram of this linescan is given
in Fig. 10a.

Normalising the spectra to the gold reference spectrum pro-
duces the six spectra shown in Fig. 10b. It can be seen that there
is little to no variation in reflectivity across the sample, suggesting
it is highly uniform. There is a strong absorption at 542 cm™', the
location of a phonon mode in Fe;04. These spectra suggest that
the film consists primarily of Fe;04 with almost no contaminant
oxide present. The IR microspectroscopy for this sample suggests
that this Fe304/YSZ thin film is composed of Fe;04 and is highly
uniform, making it ideal for spintronic applications.

The TEM micrograph in Fig. 11 was obtained by Dr. Vlado
Lazarov and Dr. Leonardo Lari and is reproduced from the work
of Matsuzaki et al. [19]. The micrograph clearly shows a highly uni-
form Fe3;0,4 structure down to the atomically sharp interface with
the substrate. This confirms the observation in the IR spectroscopy
that there is no variation across the sample and it is comprised of
highly uniform Fe30,.

6. Conclusions

Chemical variations across three iron oxide thin films were
measured by collecting reflectivity spectra, obtained at the SOLEIL
synchrotron, in an attempt to determine the composition of the
samples and observe any spatial variations in reflectivity, which
could be linked back to the film structure. One film each was pro-
duced by post-oxidation, simultaneous oxidation and PLD. The
reflectivity spectra observed demonstrated that the post-oxidised
films were 70% iron with an Fe;0, layer at the surface, contributing
to 30% of the films thickness, in agreement with the theory regard-
ing their preparation. Simulated reflection spectra with this com-
position ratio, magnetometry and TEM all support this
conclusion. There was significant variation in reflectivity across
the simultaneously-oxidised sample over a large area and with a
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o000 00O
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‘Fe,0,(111)

Fig. 11. TEM micrograph of the Fe;04/YSZ thin film, reproduced from the work of
Dr. Kosuke Matsuzaki [19]. The micrograph shows the Fe;0,4 film is uniform and
free of contaminant phases up to the atomically sharp interface with the YSZ
substrate.

resolution near the resolving limit of the IR microscope. Through
modelling the variation in the reflectivity the composition of the
sample at the reference point was estimated to be Fe
(35%)y-Fe,03(15%)Fe304(50%). The trends in the variation of reflec-
tivity across the sample could be reproduced by varying the ratio of
iron to iron oxide from 65%/35% to 80%/20%, while keeping the
ratio of Fe;0,4 to y-Fe, 03 constant. There was no reflectivity varia-
tion observed across the sample deposited by PLD and all the spec-
tra showed a strong Fe;0, absorption feature, strongly indicating
the sample is highly uniform Fe;04. The TEM data confirmed the
IR microspectroscopy observations, showing a highly ordered
Fe;0,4 film down to an atomically sharp substrate.

7540 cm™

(a)

700

T T T T T 1
650 600 550 500 450 400

Wavenumber /cm™

(b)

Fig. 10. a) Linescan schematic showing the positions of the six reflection spectra recorded from the Fe;04/YSZ thin film. b) Normalised reflection spectra taken from the
Fe;0,4/YSZ thin film. There is a very strong absorption at 542 cm~! indicating the film is composed of Fe;0,.
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In summary, post oxidation has been shown to produce an
oxide layer of limited thickness, although such a layer was shown
to be uniform across the sample. This suggests post oxidation is
only useful for growing Fe;0,4 films thinner than 5 nm. Simultane-
ous oxidation was shown to produce a film which is predominantly
oxidised but to more than one oxide phase, with the amount of oxi-
dation varying across the sample. This suggests that it may be pos-
sible to grow Fe;0,4 by this technique but not with the growth
conditions used. A systematic study of various growth conditions
must be undertaken to determine conclusively if this technique
can produce device quality films. PLD was shown to produce high
quality, uniform films.

IR microspectroscopy accompanied by modelling of the com-
plex dielectric function was demonstrated to be capable of esti-
mating the film composition, as well as detecting the spatial
variation in the composition across the samples in a straightfor-
ward and non-destructive measurement. In all three of these very
different cases, IR microspectroscopy proved an excellent indicator
of both film composition and film quality, demonstrating it is a
very powerful technique for characterising complex magnetic
oxide thin films.
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