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Abstract

The spin polarising properties of the iron oxide magnetite (Fe3O4) make it at-

tractive for use in spintronic devices, but its sensitivity to compositional and

structural variations make it challenging to prepare reliably. Infrared microspec-

troscopy and modelling are used to determine the spatial variation in the chem-

ical composition of three thin films of iron oxide prepared using three different

deposition methods. The technique is easily able to distinguish between films

which contain metallic iron and different iron oxide phases as well as spatial

variations in composition across the films.
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1. Introduction

The key components of a spintronic device are the spin polarisers and anal-

ysers; an important candidate material is the iron oxide magnetite, Fe3O4, as it

is predicted to be 100% spin polarised at the Fermi energy [1, 2, 3]. However,
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Fe3O4 is very sensitive to small variations in chemical composition which can5

significantly change 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 chal-

lenges in the development of Fe3O4 based devices is uniform thin film growth.

Spatially resolved infrared (IR) reflection microspectroscopy, supported with10

modelling, has been demonstrated to be an effective non-destructive method of

determining the variation of chemical and magnetic properties across Fe3O4 thin

films [7, 8, 9]. Magnetometry and transmission electron microscopy are also em-

ployed to support the microspectroscopy conclusions. The new results demon-

strate the need for these measurements to understand the growth mechanisms15

and also the potential of IR microspectroscopy as an effective characterisation

technique. As an exemplar, three deposition methods commonly used to grow

Fe3O4 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 oxides20

present across the samples.

2. Modelling the infrared spectra of iron oxides

The reflectivity, R, of a material is dependent on its complex dielectric func-

tion, ǫ∗(ω), which itself is a function of the conductivity, σ [10]:

R =

(√
ǫ∗(ω)− 1√
ǫ∗(ω) + 1

)(√
ǫ∗(ω)− 1√
ǫ∗(ω) + 1

)
∗

(1)

ǫ∗(ω) = ǫ(∞)−
iσ

ǫ0ω
(2)

where ǫ0 is the vacuum permittivity, ω is the frequency of the incident radi-25

ation and ǫ(∞) is the DC dielectric parameter. In iron oxides there are several

competing conduction processes. There is the Drude contribution, ǫDrude, which

accounts for the metallic conduction [11]:
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ǫDrude =
ω2
p

ω2
− iγω

(3)

where ω2
p = Ñe2

mǫ0
is the electron plasma frequency, γ is a damping parameter

introduced as the inverse of the scattering time
(
γ = τ−1

)
, Ñ is the number of30

conduction electrons, m is the electron rest mass and ǫ0 is the vacuum permit-

tivity. This expression for ǫDrude 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 incorporate the

phonon contribution, ǫphonon, to the dielectric function:35

ǫphonon =
n∑

j=1

Sjω
2
j

ωj − ω2
− iγjωj

(4)

where Sj , ωj and γj 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 electrons40

transitioning from the 3d orbital into the 4s orbital, contributing to the conduc-

tion, and vice versa. This phenomenon is accounted for by a Lorentz oscillator

term, ǫds, in an analogous manner to the phonon contribution:

ǫds =
Sdsω

2
ds

ωds − ω2
− iγdsωds

(5)

where Sds, ωds and γds are the amplitude, resonance frequency and damping

constant of the ds resonance respectively. Finally, it is possible for electrons to45

tunnel between the Fe2+ and Fe3+ lattice sites across an intermediate O2− site;

a phenomenon known as superexchange [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 conductivity pro-

cess in magnetite [7]. Modelling the polaron hopping conductivity is a difficult50

quantum mechanical problem, it is usually estimated from a large set of fitting
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parameters (such as those produced by Degiorgi et al. [13]). However, Ahn

et al. have shown that the hopping conductivity, σhopping is reasonably con-

stant (∼ 500Ω−1cm−1) in the near/mid-IR [14] and so in this case, the hopping

contribution to the dielectric function, ǫhopping, can be estimated as follows:55

ǫhopping = −

4π

iωǫ0
σhopping (6)

= −

7.1× 1014

iω
(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

ǫMgO must be accounted for in the model. A term to include the possibility of

haematite ǫα−Fe2O3
and maghemite ǫγ−Fe2O3

phase defect contributions must

also be included:60

ǫMgO = ǫ∞ + ǫphonon (8)

ǫα−Fe2O3
= ǫ∞ + ǫphonon + ǫDrude (9)

ǫγ−Fe2O3
= ǫ∞ + ǫphonon + ǫDrude (10)

ǫFe3O4
= ǫ∞ + ǫphonon + ǫDrude + ǫds + ǫhopping (11)

These expressions for the conductivity are then used to calculate the multi-

layer 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, ǫoxide, the iron oxide

dielectric functions were weighted, where f is the fraction of magnetite present:65

ǫoxide = fǫFe3O4
+ (1− f) ǫα/γ−Fe2O3

(12)

3. Experimental techniques

IR spectra are typically collected using a Fourier transform infrared (FTIR)

spectrometer using a globar source covering the spectral region of interest.
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Whilst this is an established technique for measuring spectral properties at high

spectral resolution, it offers limited spatial resolution due to the diffuse nature70

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 Schwarzschild ob-

jective before being focussed onto the sample and collected by an MCT detector

operating in the range 700−400 cm−1. This combination offers the possibility of75

collecting IR spectra with a spatial resolution approaching the diffraction limit.

Reflection spectra were taken over the spectral range 700−400 cm−1, with a

spot diameter of 20µm, normalised to a gold reference spectrum. Table 1 shows

the expected locations of the three most common iron oxide phonon resonances

(haematite, maghemite and magnetite) in this spectral range.80

Oxide Formula Position (cm−1)

haematite α− Fe2O3 437

526

maghemite γ − Fe2O3 440

550

magnetite Fe3O4 540

Table 1: The locations in wavenumbers of characteristic phonon resonances of α − Fe2O3,

γ − Fe2O3 and Fe3O4 [8, 17].

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 × 10−11 mbar) and the substrate is heated during deposition.

In the first method, post-oxidation, a thin film of iron was deposited and then85

subsequently oxidised in a partial pressure of oxygen. It has been previously

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
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method, simultaneous oxidation, the iron is deposited in a partial pressure of90

oxygen at an elevated temperature. The final method is pulsed laser deposition

(PLD) in which a higher 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 relevant95

sections.

High resolution transmission electron microscopy (HR-TEM) was used to im-

age the atomic scale structure of the cross-section of the films. The samples were

thinned to electron transparency by first mechanically polishing and then using

an Ar ion mill. The TEM used is a double aberration-corrected JEOL JEM-100

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 magnetometer (VSM).

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

deposited on MgO105

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 20 nm iron film was deposited at 1.5 Åmin−1. The film was then subse-

quently annealed in an atmosphere of molecular oxygen at a partial pressure

of 5 × 10−5 mbar at 320 ◦C. The sample was annealed at this temperature for110

15 minutes after deposition was completed. The samples are unpatterned and

intended to be uniform.

Ten reflection spectra were recorded at different positions on the sample,

with a spot diameter of 20µm. The first seven spectra were taken in a line

along the length of the sample, with a point separation of 0.1mm. To test that115

this was representative of the rest of the sample, three additional spectra were

obtained from another part of the sample 1mm away, which were also separated

by 0.1mm. A diagram of this map is given in figure 1.
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Figure 1: Map of the reflection spectra obtained for the post-oxidised samples. Ten spec-

tra were taken in total in two parts of the sample to test that the spectra obtained were

representative of the whole sample.
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Figure 2 shows the ten reflection spectra, normalised to a gold background

spectrum. It can be seen that there is little variation between the spectra,120

suggesting that the sample has a uniform composition across a large area. There

is no significant spectral feature at any of the locations indicated. There are

some small contaminant peaks beyond 600 cm−1 but otherwise the spectra are

all very similar and very flat.
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Figure 2: Normalised spectra taken at ten points across the post-oxidised Fe3O4 thin film

that was annealed for 15 minutes. 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 magnetic hysteresis loop for the sample annealed for 15 minutes is given125

in figure 3. The loop has a very low (< 50Oe) coercivity 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 figure 4. The
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micrograph shows that this region of the film is ∼70% iron which has not been130

oxidised, while there is a layer of Fe3O4 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 microscope, so gives very localised information.
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Figure 3: Magnetometry data for the sample annealed for 15 minutes. 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.

Using the multilayer reflectivity model described in section 2 the reflectivity135

of the sample was simulated, shown in figure 5. The simulation assumes the 75%

Fe and 25% Fe3O4 split indicated by the TEM data. Reflectivity spectra where

the film is composed entirely of iron and entirely of Fe3O4 are presented on the

same plot for comparison. The simulated spectrum of the sample is feature-

less, consistent with the experimental spectra. The Fe3O4 spectral feature is140

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. As the sample is only 20 nm thick, there is a significant,

broad absorption from the MgO substrate at 640 cm−1 which is not observed
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Figure 4: TEM micrograph showing the sample annealed for 15 minutes is 70% unoxidised

iron with a small layer of Fe3O4 at the surface. The inset diagram is the electron diffraction

pattern of the surface layer and is of Fe3O4.

in the experimental spectra. However, the film thickness estimated from the145

TEM results is 7 nm greater than the growth thickness, due to an oxygen plane

being inserted between each plane of iron atoms in the oxide layer, so the actual

thickness is thicker than simulated. The general trend of decreasing reflectiv-

ity beyond 600 cm−1 is seen in both the experimental and simulated spectra,

although much more pronounced in the experimental data.150

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 Åmin−1 in

an atmosphere of molecular oxygen at a partial pressure of 5 × 10−5 mbar at155

320 ◦C. As the iron is continuously exposed to oxygen from the beginning of the

deposition it is expected that the film will be oxidised down to the substrate
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Figure 5: Simulated reflectivity spectrum of the sample annealed for 15 minutes (75% iron

+ 25% Fe3O4). The Fe3O4 absorption at 640 cm−1 is very weak in the simulated spectrum,

suggesting that at this sample thickness and iron/Fe3O4 ratio the iron reflectivity is washing

out the reflectivity contribution of the oxide.

and not just the first 3 nm. A map of reflectivity was produced of the sample

as shown in figure 6, where each point in the 5 × 5 grid is separated from its

neighbours by 125µm with a spot size of 20 × 20µm. The reflectivity spectra160

are presented in figure 7.

It can be seen that there is significant microscale variation in reflectivity

across the sample indicating that there is a spatial variation in the composition

of the film. There is a strong absorption in the spectra at 550 cm−1, which is

a characteristic phonon resonance of maghemite. The absorptions are not all165

located in the same position, the deeper the absorption feature the more the fea-

ture is shifted towards lower wavenumber. This suggests that there is a variation

in the relative concentration of maghemite in the sample and that in this region

of the sample there is a varying mixture of maghemite and magnetite. Except

for the location of the phonon absorption, the reflection spectra of maghemite170

and magnetite are similar. The variation in the depth of the feature is therefore
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Figure 6: Data collection scheme for the simultaneously-oxidised Fe3O4 sample.

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 medium sized area, the percentage dif-

ference between each spectra and the spectra at point P21 (chosen arbitrarily)175

were taken to highlight spectral variations. The percentage differences between

the spectra, shown in figure 8, 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.180

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 difference 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 was185

determined, the ratio of iron to iron oxide was used to fit the depth of the
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Figure 7: 25 reflection spectra taken in a 0.5× 0.5mm2 grid with a 125µm point separation.

There is significant variation in reflectivity across the sample. The spectra with deeper absorp-

tion features are shifted towards 540 cm−1, where an Fe3O4 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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Figure 8: Percentage difference between each spectra and the spectrum at point P21 for the

medium sized area. 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.

14



  

spectral feature.

5.1. Estimating the ratio of magnetite to maghemite

The simulated spectra in figure 9 demonstrate that if the ratio of magnetite

to maghemite is varied then the position of the absorption features does move.190

The correct position for the spectral feature is achieved for a sample that is 75%

Fe3O4 and 25% γ-Fe2O3. 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 purely195

due to the variation in the ratio of iron to iron oxide.
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Figure 9: Simulated reflection spectra with different ratios of magnetite to maghemite. 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% Fe3O4 and 25% γ − Fe2O3.
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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 equation 12. The simulated spectra in figure 10 show the variation

in the depth of the absorption feature with the ratio of iron to iron oxide. The200

experimental depth of the spectral feature is best reproduced by a simulation

with 65% oxide and 35% iron. This gives Fe(35%)γ-Fe2O3(15%)Fe3O4(50%) as

an approximate composition for this point in the sample.
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Figure 10: 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.

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

ratio205

In figure 8 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 the differences between the spectra the ratio of iron to
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iron oxide was used to generate the variation. Figure 11 shows the percentage

difference between the experimental spectra and the spectrum at P21. There are210

three simulated spectra; the difference between the simulated P21 spectrum 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 would215

certainly lead to unwanted device properties.
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Figure 11: 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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5.4. Reflectivity variation across an iron oxide thin film deposited on an yttrium

stabilised zinc oxide substrate

An Fe3O4 thin film was deposited using pulsed laser deposition (PLD) by

Dr. Kosuke Matsuzaki of the Tokyo Institute of Technology, Japan. A KrF220

laser was used to ablate a sintered Fe3O4 target onto an yttrium stabilised zinc

oxide (YSZ) substrate. 100 nm of Fe3O4 was deposited in 2× 10−6 mbar partial

pressure of molecular oxygen at 300 ◦C. The sample was subsequently annealed

in 2 × 10−6 mbar at 1200 ◦C. The sample is unpatterned so it was expected to

be uniform.225

Six reflection spectra were recorded at different positions on the sample, with

a spot diameter of 20µm. The spectra were taken in a line along the length of

the sample, with each spectrum separated from its neighbours by 0.1mm. A

diagram of this linescan is given in figure 12.

Figure 12: Linescan schematic showing the positions of the six reflection spectra recorded

from the Fe3O4/YSZ thin film.

Normalising the spectra to the gold reference spectrum produces the six230
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spectra shown in figure 13. 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−1, the location of a phonon mode in Fe3O4. These spectra

suggest that the film consists primarily of Fe3O4 with almost no contaminant

oxide present.235
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Figure 13: Normalised reflection spectra taken from the Fe3O4/YSZ thin film. There is a

very strong absorption at 542 cm−1 indicating the film is composed of Fe3O4.

The IR microspectroscopy for this sample suggests that this Fe3O4/YSZ thin

film is composed of Fe3O4 and is highly uniform, making it ideal for spintronic

applications.

The TEM micrograph in figure 14 was obtained by Dr. Vlado Lazarov and

Dr. Leonardo Lari and is reproduced from the work of Matsuzaki et al. [19].240

The micrograph clearly shows a highly uniform Fe3O4 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
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comprised of highly uniform Fe3O4.

Figure 14: TEM micrograph of the Fe3O4/YSZ thin film, reproduced from the work of Dr.

Kosuke Matsuzaki [19]. The micrograph shows the Fe3O4 film is uniform and free of contam-

inant phases up to the atomically sharp interface with the YSZ substrate.

6. Conclusions245

Chemical variations across three iron oxide thin films were measured by

collecting reflectivity spectra, obtained at the SOLEIL synchrotron, in an at-

tempt 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 produced by post-oxidation, simultaneous oxidation and PLD.250

The reflectivity spectra observed demonstrated that the post-oxidised films were

70% iron with an Fe3O4 layer at the surface, contributing to 30% of the films

thickness, in agreement with the theory regarding their preparation. Simulated

reflection spectra with this composition ratio, magnetometry and TEM all sup-

port this conclusion. There was significant variation in reflectivity across the255

simultaneously-oxidised sample over a large area and with a resolution near the

resolving limit of the IR microscope. Through modelling the variation in the re-

flectivity the composition of the sample at the reference point was estimated to
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be Fe(35%)γ-Fe2O3(15%)Fe3O4(50%) .The trends in the variation of reflectivity

across the sample could be reproduced by varying the ratio of iron to iron oxide260

from 65%/35% to 80%/20%, while keeping the ratio of Fe3O4 to γ-Fe2O3 con-

stant. There was no reflectivity variation observed across the sample deposited

by PLD and all the spectra showed a strong Fe3O4 absorption feature, strongly

indicating the sample is highly uniform Fe3O4. The TEM data confirmed the

IR microspectroscopy observations, showing a highly ordered Fe3O4 film down265

to an atomically sharp substrate.

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 Fe3O4 films

thinner than 5 nm. Simultaneous oxidation was shown to produce a film which270

is predominantly oxidised but to more than one oxide phase, with the amount

of oxidation varying across the sample. This suggests that it may be possible

to grow Fe3O4 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 shown275

to produce high quality, uniform films.

IR microspectroscopy accompanied by modelling of the complex dielectric

function was demonstrated to be capable of estimating the film composition, as

well as detecting the spatial variation in the composition across the samples in

a straightforward and non-destructive measurement. In all three of these very280

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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Highlights 

 IR microspectroscopy is used to measure spatial variation in thin film composition. 

 Device integrity, impaired by spatial variation, can be assessed non-destructively. 

 Variation in spectra and therefore composition estimated through modelling. 


