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Formation of ultrathin cobalt ferrite films by interdiffusion of Fe3O4/CoO bilayers
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In this work an alternate pathway is demonstrated to form ultrathin cobalt ferrite (CoxFe3−xO4) films by
interdiffusion of Fe3O4/CoO bilayers. Bilayer samples with different Fe3O4/CoO thickness ratios have been
prepared by reactive molecular beam epitaxy on Nb-doped SrTiO3(001) substrates to obtain cobalt ferrite films
of varied stoichiometry. Subsequently, oxygen-assisted postdeposition annealing experiments for consecutive
temperature steps between 300 ◦C and 600 ◦C have been conducted monitoring the interdiffusion process
by means of high-resolution x-ray reflectivity, soft and angle-resolved hard x-ray photoelectron, and x-ray
absorption spectroscopy. Magnetic properties were characterized using superconducting quantum interference
device magnetometry. The interdiffusion process starts from 300 ◦C annealing temperature and is completed
for temperatures above 500 ◦C. For completely interdiffused films with Co:Fe ratios larger than 0.84:2 a
thin segregated CoO layer on top of the ferrite is formed. This CoO segregation is attributed to surface and
interface effects. In addition, multiplet calculations of x-ray absorption spectra are performed to determine the
occupancy of different sublattices. These results are correlated with the magnetic properties of the ferrite films. A
stoichiometric CoFe2O4 film with partial inversion has been formed exhibiting homogeneously distributed Co2+

and mainly Fe3+ valence states if the initial Co:Fe content is 1.09:2. Thus, for the formation of stoichiometric
cobalt ferrite by the proposed postdeposition annealing technique an initial Co excess has to be provided as the
formation of a top CoO layer is inevitable.

DOI: 10.1103/PhysRevB.100.155418

I. INTRODUCTION

Transition metal ferrites with (inverse) spinel structure are
in the focus of current research due to a number of intriguing
properties, including high Curie temperatures and significant
magnetic saturation moments [1]. These features stemming
from a ferrimagnetic ground state make ferrites potential
candidates for a number of applications in spintronics [2–4],
spincaloritronics [5], but also in the fields of electrocatalysis
[6,7], as supercapacitors [8], and even as high-capacity anode
material in lithium ion batteries [9,10].

In the field of spintronics, the capability of generating
highly spin-polarized electron currents determines the quality
of operation of spin-based devices. For this purpose, inverse
spinel ferrites like NiFe2O4 (NFO) and CoFe2O4 (CFO) are
suitable for spin filter applications [11–14]. Due to their
insulating and ferrimagnetic properties these ferrites exhibit
an exchange splitting of the energy levels in the conduction
band leading to different tunneling probabilities for the two
spin orientations and making them highly suited as spin
filters [4]. In particular, room-temperature spin filtering has
only been obtained for CFO-based junctions, exhibiting a
spin-polarization value of −8% [12]. Since the spin-tunneling
probability decreases exponentially with increasing tunneling
barrier thickness, ferrites have to be prepared as thin films
with low interface roughness if high-quality spin filters are
aimed for.

In CoFe2O4, as an ideal cubic inverse spinel, Co2+ cations
occupy octahedrally coordinated (Oh) lattice sites in the fcc
oxygen sublattice, while Fe3+ cations are equally distributed

across both octahedral and tetrahedral (Td ) sites. In contrast,
in a normal spinel the divalent cations only occupy Td sites,
whereas trivalent cations are arranged on Oh sites. Inter-
mediate states between normal and inverse spinels can be
characterized by a degree of inversion γ , which is the fraction
of divalent cations occupying octahedral sites. The cationic
order of ferrites can therefore be described by

[
TM2+

1−γ Fe3+
γ

]
Td

[
TM2+

γ Fe3+
2−γ

]
Oh

O4 (1)

with divalent transition metal cations TM (Fe, Co, Ni, etc.).
The degree of inversion can attain values between γ = 0 for a
normal spinel and γ = 1 for complete inversion. Therefore,
γ is an essential parameter for the description of cationic
order, since the distribution of cations affects most properties
of the ferrites. For instance, magnetic ordering is dominated
by oxygen-mediated superexchange interaction between Td -
and Oh-coordinated Fe3+ cations on two antiferromagneti-
cally coupled sublattices as well as oxygen-mediated double-
exchange interaction of Fe3+ and TM2+ cations on Oh sites
with ferromagnetic coupling.

Most commonly, MgO(001) substrates are used as sub-
strates for the preparation of thin ferrite films, since the lattice
mismatch between, i.e., CoFe2O4 (lattice constant aCFO =
0.8392 nm) and MgO(001) (aMgO = 0.4212 nm) is only 0.4%
(comparing the doubled lattice constant of MgO with one
lattice distance of CFO). However, Mg2+ diffusion into ferrite
films has been reported for substrate temperatures above
250 ◦C [15]. This interdiffusion process through a Fe3O4 layer
has been studied in detail [16,17], having significant impact
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on interface roughness and antiphase boundaries, which limits
the performance of ferrite thin film spin filters. One way
to prevent interdiffusion between substrate and film is to
use other more stable substrates. For instance, SrTiO3(001)
shows no interdiffusion with thin ferrite films even for higher
annealing temperatures [18] and is therefore used as substrate
in this work.

For most studies, thin ferrite films are prepared by sputter
deposition [11,19], pulsed laser deposition [20], molecular
beam epitaxy [21], or chemical solution deposition [22].
Here, we investigate an alternate pathway to form CoFe2O4

thin films by depositing a Fe3O4/CoO bilayer stack on
Nb:SrTiO3(001) using reactive molecular beam epitaxy. In
order to form CoxFe3−xO4 (x � 1) films the prepared bilayers
are interdiffused by postdeposition annealing (PDA) in a
diluted oxygen atmosphere.

For potential applications, knowledge about fundamental
chemical and structural properties during the interdiffusion
process is indispensable. For this purpose, three prepared
samples (samples A, B, and C) with different Fe3O4/CoO
thickness ratios have been annealed subsequently for tem-
peratures between 300 ◦C and 600 ◦C after deposition. The
film structure and chemical properties of the annealed bi-
layer system has been studied by means of high-resolution
x-ray reflectivity (XRR) and soft/hard x-ray photoelectron
(XPS/HAXPES) and x-ray absorption spectroscopy (XAS),
respectively. X-ray absorption spectra have been analyzed
with respect to the occupancy of different sites calculating
spectra based on multiplet theory. Magnetic properties be-
fore and after PDA treatment have been characterized using
superconducting quantum interference device (SQUID) mag-
netometry. In detail, the saturation magnetization has been
compared to the magnetization calculated from the occupancy
of different sublattices obtained from XAS.

II. EXPERIMENTAL DETAILS

Fe3O4/CoO bilayers with different thicknesses have been
prepared on conductive 0.05 wt % Nb doped SrTiO3(001)
substrates by reactive molecular beam epitaxy in a multi-
chamber ultrahigh-vacuum system. The substrates have been
cleaned by annealing at 400 ◦C for 1 h in a molecular oxy-
gen atmosphere of 1 × 10−4 mbar prior to film deposition.
The chemical cleanness and crystallinity of the surface was
controlled in situ by x-ray photoelectron spectroscopy (XPS)
and low energy electron diffraction (LEED), respectively.
Both oxide layers have been deposited by thermal evapo-
ration of the metals from pure rods in a diluted molecular
oxygen atmosphere. For CoO films the substrates were held
at 435 ◦C and the oxygen pressure was kept at 1 × 10−5

mbar, while Fe3O4 films were grown on top at 350 ◦C and
5 × 10−6 mbar O2 pressure to ensure optimal growth con-
ditions. Stoichiometry and good crystallinity of the respec-
tive film surfaces were again confirmed by XPS and LEED,
respectively.

The samples were transported under ambient conditions to
the Diamond Light Source (DLS) synchrotron and to PETRA
III of the Deutsches Elektronen-Synchrotron (DESY), where
the effects of annealing the bilayer system were investigated.
Therefore, each sample was annealed in four consecutive

TABLE I. Values for the IMFP λ and information depth D95
I in

soft XPS (hν = 1100 eV) and HAXPES (hν = 5948 eV) measure-
ments for photoelectrons originating from Fe 2p and Co 2p orbitals
passing through CoFe2O4.

Soft XPS HAXPES

λ D95
I (φ = 0◦) λ D95

I (φ = 0◦) D95
I (φ = 60◦)

Fe 2p 1.0 nm 3.0 nm 7.4 nm 22.2 nm 11.1 nm
Co 2p 0.9 nm 2.7 nm 7.3 nm 21.9 nm 10.9 nm

steps to 300 ◦C, 400 ◦C, 500 ◦C, and 600 ◦C for 30 min in an
oxygen atmosphere of 5 × 10−6 mbar, which was applied to
avoid reduction of the films. At beamlines I09 of DLS and
P09 of DESY the depth-dependent composition was analyzed
by high-resolution angle-resolved hard x-ray photoelectron
spectroscopy (AR-HAXPES). Additional soft XPS measure-
ments performed at DLS reveal information about the near-
surface film composition. For HAXPES an x-ray energy of
hν = 5930 eV at DLS and hν = 5948 eV at PETRA III was
used to create photoelectrons with high kinetic energy and,
thus, a significantly higher probing depth than for soft XPS
measurements (hν = 1100 eV).

The information depth D95
I , from which 95% of the photo-

electrons originate, is defined by

D95
I (φ) = −λ cos φ ln(1 − 95/100), (2)

where λ is the inelastic mean-free path (IMFP) and φ the off-
normal emission angle of photoelectrons. Photoelectron spec-
tra were recorded for different photoemission angles φ, using
a two-dimensional VG Scienta EW4000 electron analyzer
with ±30◦ angular acceptance at beamline I09. At beamline
P09 a SPECS Phoibos 225 HV hemispherical analyzer with
a delay-line detector and a wide-angle lens (±30◦ angular
acceptance) is used. The IMFP λ was determined by using
the Tanuma, Powell, and Penn algorithm (TPP-2M) formula
[23]. For comparison, calculated values for λ and D95

I in soft
x-ray photoemission and HAXPES measurements are listed in
Table I regarding photoelectrons originating from Fe 2p and
Co 2p orbitals. By comparison of the maximum information
depth (φ = 0◦) in soft XPS and HAXPES, the surface and
bulk sensitivities of each technique become obvious. For the
maximum off-normal detection angle of φ = 60◦ in HAX-
PES measurements the information depth is halved compared
to perpendicular photoemission. All HAXPES spectra were
recorded in angular mode with off-normal photoemission
angles between 0◦ and 60◦ summing up data within an ac-
ceptance angle of 8◦ due to better statistics.

Complementary x-ray absorption spectroscopy measure-
ments were performed at beamline I09 at DLS. For this
purpose the x-ray energy of the incoming beam was tuned
in the soft x-ray regime over the Fe and Co L2,3 edges
(700–740 eV and 770–810 eV, respectively). The absorption
signal was detected in surface-sensitive total electron yield
(TEY) mode, which provides probing depths of 2–5 nm in
transition metal oxides [24–26]. All presented XAS measure-
ments have been normalized to the current from an Au-coated
mesh in the incident x-ray beam. Furthermore, the spectra
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TABLE II. Film thicknesses of the bottom CoO layer (dbot
CoO), the ferrite film (dferrite), and the segregated top CoO layer (d top

CoO) for all three
samples before thermal treatment and after the last annealing step of 600 ◦C.

Sample A Sample B Sample C

as prepared T = 600 ◦C as prepared T = 600 ◦C as prepared T = 600 ◦C

d top
CoO 0.8 nm 0.7 nm

dferrite 13.9 nm 18.7 nm 11.5 nm 14.2 nm 22.1 nm 25.0 nm
dbot

CoO 6.0 nm 3.8 nm 2.5 nm

have been shifted by a beamline specific energy offset, which
was determined by measuring the Fermi edge of a clean Au
foil in HAXPES.

In order to quantify the cationic distribution with differ-
ent occupancies in the (inverse) spinel structure of the fer-
rite layer, charge transfer multiplet (CTM) calculations were
performed and compared to the experimental XAS data. In
these calculations a molecule complex is taken as a basis,
composed of a respective cation in a given ligand crystal
field considering charge transfer between cation and ligand.
In the case of CoxFe3−xO4, Fe2+, Fe3+, and Co2+ cations can
each be coordinated in octahedral or tetrahedral oxygen ligand
fields. The total CTM spectrum is obtained by a weighted
linear superposition of the individual spectra of each cationic
state. By comparison of the calculation with the experimental
XAS spectra, quantitative information about the site occu-
pancies of each cation is determined. In addition to crystal
field effects and charge transfer interaction, the CTM model
includes 100% spin-orbit coupling and reduction of the Slater
integrals F (dd ), F (pd ), and G(pd ) to account for d-d and
p-d Coulomb and exchange interactions [27]. F (dd ), F (pd ),
and G(pd ) were each reduced to 80%, which is consistent
within ±10% with previous studies on Fe3O4 and CoFe2O4

[28–34]. All spectra are broadened by a Lorentzian with a
half-width of 0.2 eV (0.45 eV) for L3 (L2) edges to account
for core-hole lifetime broadening and by a Gaussian with a
half-width of 0.25 eV to account for instrumental broadening.
Charge transfer is considered by setting the O 2p–Fe 3d charge
transfer energy � as well as the difference Upd − Udd of the
monopole parts of 2p-3d and 3d-3d Coulomb interactions
[35]. The best results were obtained for � = 6.0 eV and
Upd − Udd = 1.0 eV for all cations, which is consistent with
values used in former studies on Fe3O4 [32,35].

Additional x-ray reflectivity (XRR) experiments were con-
ducted at beamline I07 of DLS with an x-ray energy of
20 keV to investigate film thicknesses after each annealing
step. For this purpose, the samples were cut into two pieces
prior to investigations at DLS/PETRA III, one piece used
for HAXPES/XPS/XAS and one for XRR measurements.
XRR data were analyzed using an in-house-developed fitting
tool based on the Parratt algorithm [36] and Névot-Croce
roughness model [37].

In total, three samples with different Co:Fe ratios and
comparable total bilayer thicknesses between 15 and 25 nm
have been investigated. The initial film thicknesses of all three
samples are listed in Table II. From these thicknesses we
obtain initial Co:Fe ratios of 1.09:2, 0.84:2, and 0.28:2 for
samples A, B, and C, respectively.

III. RESULTS

A. XRR

X-ray reflectivity curves with corresponding calculated
data after each annealing step for sample A are depicted in
Fig. 1, serving as a representative for all three samples. Data of
samples B and C are shown in the Supplemental Material [38].
The corresponding layer models used to fit the reflectivity data
for the as-prepared sample and after annealing at 400 ◦C and
600 ◦C are shown in the insets of Fig. 1.

The XRR data for sample A before and after annealing at
300 ◦C show clear narrow intensity oscillations accompanied
by a broad but weaker second oscillation causing a beating
effect of the reflectivity and pointing to a bilayer structure with
smooth interfaces. The reflectivity curves of the as-prepared
sample can be fitted by a basic bilayer model, consisting of
a Fe3O4 film on top of a CoO layer on a SrTiO3 substrate.
After annealing at 300 ◦C the data can be described assuming
a bilayer model with a slightly thinner CoO layer underneath
a rather thicker ferrite-like layer compared to the as-prepared
sample. For further annealing above 400 ◦C this simple bilayer
model is not sufficient to describe the measured reflectivity
data properly. Instead, a very thin CoO film as a third layer
on top of the double-layered system has to be added. In
addition, the ferrite-like film grows in thickness while the
subjacent CoO film becomes significantly thinner and the
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FIG. 1. Reflectivity curves of sample A for the different anneal-
ing steps with respective simulation. The underlying film models,
which describe the data before thermal treatment and after annealing
at 400 ◦C and 600 ◦C, are displayed in the insets.
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FIG. 2. (a) Film thicknesses dependent on annealing temperature
for sample A. (b) Co content x of the CoxFe3−xO4 films in samples
A, B, and C at different temperatures determined from XRR results.

interface roughness between these two films increases, caus-
ing a damping of the oscillations at higher scattering vectors.
These observations can be explained by an interdiffusion of
CoO and Fe3O4 and the formation of a CoxFe3−xO4 film
in between two CoO layers. The very thin topmost CoO
layer is assumed to be segregated from the initial underlying
CoO layer through the ferrite-like film as it has already been
observed for the interdiffusion of NiO and Fe3O4 thin films
[18]. After the last annealing step of 600 ◦C the XRR data
are again described best by a bilayer model consisting of
the CoxFe3−xO4 film and the segregated CoO film on top.
The initial CoO film dissolved completely and interdiffused
into the ferrite-like film resulting in increased oscillations
meaning lower interface roughnesses. The evolution of film
thicknesses determined by analysis of the reflectivity data
of the bottom and the top CoO layer and the ferrite-like
CoxFe3−xO4 film dependent on the annealing temperature is
depicted in Fig. 2(a) exemplarily for sample A.

Table II gives an overview of the XRR results for the
as-prepared bilayer system and the film stack after the last
annealing step of 600 ◦C for all three samples. One can see
that for all samples the initial subjacent CoO film completely
dissolved by interdiffusion with the overlying Fe3O4 layer
and segregation to the top after annealing at 600 ◦C. Only
sample C with a very thin initial 2.5 nm CoO film compared
to the initial 22.1 nm Fe3O4 layer on top does not exhibit a
segregated CoO film after annealing.

Taking into account the shrinking initial CoO layer as
well as the arising and growing segregated CoO layer on
top, one can determine the amount of CoO incorporated into
the initial Fe3O4 layer to form a Co ferrite film. Assuming
a homogeneously interdiffused CoxFe3−xO4 film after each
annealing step, we determined the Co amount x in the ferrite
films for samples A, B, and C [cf. Fig. 2(b)]. The Co amount
starts to rise in the ferrite-like film at 300 ◦C and is increasing
at each annealing step up to 600 ◦C. Samples B and C ex-
hibit lower Co amounts, with values of up to xB = 0.76 and
xC = 0.37, respectively, than are needed for stoichiometric
CoFe2O4. Only sample A with a value of xA = 0.98 at 600 ◦C
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FIG. 3. Soft XPS results of sample A of (a) Fe 2p and (b) Co 2p
core-level spectra after annealing at different temperatures.

exhibits a nearly stoichiometric Co:Fe ratio and is therefore
assumed to be a stoichiometric homogeneous cobalt ferrite
film underneath the top CoO layer.

B. Soft XPS

Soft x-ray photoemission provides information about the
stoichiometry in the near-surface region due to the low exci-
tation energy and thus small information depth of photoelec-
trons (cf. Table I).

Figures 3(a) and 3(b) show the soft XPS Fe 2p and Co
2p core-level spectra after transport to DLS under ambient
conditions and after each annealing step for sample A. Ahead
of thermal treatment, the Fe 2p spectrum for sample A shows
no distinguishable Fe2+ or Fe3+ charge-transfer satellites,
indicating a mixture of both valence states. In addition, the
Fe 2p3/2 and Fe 2p1/2 peak positions at binding energies of
710.5(2) eV and 723.6(2) eV correspond to literature values
known for magnetite [39]. These observations confirm a sta-
ble Fe3O4 surface without significant oxidation or reduction
during transport under ambient conditions. Furthermore, there
is no Co 2p signal detectable for the untreated sample due
to the small information depth and high surface sensitivity of
soft XPS, showing that there was no diffusion of CoO to the
surface before annealing and indicating a closed Fe3O4 layer
on top of the subjacent CoO film.

After annealing at 400 ◦C the shape of the Fe 2p core-
level spectrum changes. A charge-transfer satellite at around
719.0(4) eV appears, which corresponds to a major excess
of Fe3+ valence states [39,40]. This feature becomes even
more pronounced after annealing at temperatures of 500 ◦C
and 600 ◦C. From the first annealing step at 400 ◦C on, a
distinct Co 2p signal is visible demonstrating Co diffusion
to the near-surface region. This Co 2p spectrum becomes
more intense but does not significantly change in shape or in
binding energy positions of the Co 2p1/2 at 796.3(2) eV or
Co 2p3/2 at 780.4(2) eV for all temperatures, indicating more
Co diffusing to the surface exhibiting a similar oxidation state
through all annealing temperatures. Compared to reference
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FIG. 4. Relative photoelectron yield YCo determined by soft XPS
analysis of Fe 2p and Co 2p spectra for sample A. The data coincide
with the values determined theoretically based on the model of ferrite
film and segregated CoO film (cf. Fig. 1) used to describe the XRR
results.

spectra reported in the literature, the observed shape of Co
2p spectra with characteristic shake-up satellites at 6.1(5) eV
higher binding energies than the Co 2p1/2 and Co 2p3/2 pho-
toelectron peaks can be attributed to Co2+ states as expected
in CoO and CoFe2O4 [41–43].

Additionally, a quantitative analysis of the soft photoemis-
sion spectra was performed. The intensities IFe and ICo from Fe
2p and Co 2p spectra have been numerically integrated after
subtracting a Shirley background and the relative photoelec-
tron yield

YCo = ICo/σCo

ICo/σCo + IFe/σFe
(3)

of Co has been calculated, using the differential photoioniza-
tion cross sections from Trzhaskovskaya et al. [44]. The re-
sults for this calculation obtained from soft x-ray photoemis-
sion data for the exemplary sample A are depicted in Fig. 4.
From the layer models obtained by XRR analysis (thicknesses
of top CoO film and Co ferrite film, Co content of ferrite film;
see Sec. III A) we calculated the expected photoelectron yield
YCo, which is shown in Fig. 4 for comparison. One can see
that the models describing the XRR results match perfectly
with the yields obtained from soft XPS data. This observation
corroborates the layer models we used to calculate the XRR
data. Especially, due to the high surface sensitivity of soft
XPS, the presence of a segregated CoO layer on top after all
annealing steps is confirmed by this comparison.

For samples B and C similar agreements of layer model and
soft x-ray photoemission data are obtained (see Supplemental
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FIG. 5. HAXPES results (angular integrated spectra) of sample
A of (a) Fe 2p and (b) Co 2p core-level spectra after annealing at
different temperatures.

Material [38]). A comparison of the positions of Fe 2p peaks
for each sample after the last annealing step of 600 ◦C is listed
in Table III. For increasing Co contents x in the CoxFe3−xO4

films the Fe 2p1/2 and Fe 2p3/2 positions in soft XPS data
shift to higher binding energies implying a decreasing Fe2+

amount. The more Co is incorporated into the ferrite-like film,
the higher is the Fe3+/Fe2+ ratio within the film, which is
reasonable considering an increasing replacement of Fe2+ by
Co2+ ions accompanied with oxidation of Fe2+ to Fe3+ with
higher Co content.

C. HAXPES

In contrast to soft XPS, HAXPES gives information about
the stoichiometry and chemical properties not only at the sur-
face, but also in bulk due to the high kinetic energy of excited
photoelectrons, which provide a higher information depth (cf.
Table I). In addition, by using a two-dimensional detector
in angular mode, we collected photoelectrons for different
photoemission angles between 0◦ and 60◦ with respect to the
surface normal in order to get depth-dependent information
about valence states and stoichiometries in our films after each
annealing step.

Figure 5 shows the Fe 2p and Co 2p core level spectra
obtained by HAXPES summed up over the whole acceptance
angle of the detector for each annealing step of sample A.
The Fe 2p spectrum for the as-prepared sample after transport

TABLE III. Co content x in the CoxFe3−xO4 film and Fe 2p1/2 and Fe 2p3/2 positions in soft x-ray photoemission and HAXPES data after
the last annealing step of 600 ◦C for samples A, B, and C.

Co content Soft XPS HAXPES

x Fe 2p1/2 (eV) Fe 2p3/2 (eV) Fe 2p1/2 (eV) Fe 2p3/2 (eV)

Sample A 0.98 724.4 710.8 724.3 710.8
Sample B 0.76 724.3 710.7 724.1 710.6
Sample C 0.37 723.9 710.4 723.6 710.4
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under ambient conditions to DLS/DESY shows no distinct
satellite in between the Fe 2p1/2 and Fe 2p3/2 peaks. As
mentioned before for our soft XPS studies, this implies a
mixture of Fe2+ and Fe3+ valencies and confirms that the
magnetite film is stable and did not undergo further oxidation
or reduction during transport.

The Co 2p spectrum before annealing exhibits a weak but
significant signal due to damping of the excited photoelec-
trons in the overlying 14 nm thick Fe3O4 film. The higher
binding energy satellites at 6.5(5) eV above the Co 2p1/2

and Co 2p3/2 signals are characteristic for predominantly
present Co2+ states, which indicates that the initial CoO film
underneath the Fe3O4 layer is stable [41].

For the first annealing step of 400 ◦C a weak satellite in the
Fe 2p spectra at 719.1(3) eV arises and becomes more distin-
guishable for further annealing at 500 ◦C and 600 ◦C, which
indicates a major amount of Fe3+ present in the ferrite film.
In addition, the low binding energy shoulder of the Fe 2p3/2

signal, resulting from Fe2+ valence states and clearly visible
for the as-prepared sample [marked in Fig. 5(a)], significantly
decreases and vanishes after annealing at 500 ◦C confirming
a decline of Fe2+ states. Furthermore, the positions of the Fe
2p1/2 and Fe 2p3/2 signals shift to higher binding energies
with higher annealing temperatures, as shown in Fig. 6, which
also corresponds to Fe3+ excess [39]. Between 500 ◦C and
600 ◦C there is not a significant change in the shape of the Fe
2p spectra or in the position of Fe 2p1/2 and Fe 2p3/2 signals,
revealing no further changes of Fe valence states and pointing
to an equilibrium state of the interdiffusion process obtained
after annealing at 500 ◦C.

From the first annealing step on, the intensity of the Co 2p
spectrum increases according to the interdiffusion process of
Co into the magnetite film and segregation to the surface. The
shape of the Co 2p signal during annealing remains the same
with shake-up satellites characteristic for Co2+ valence states
[41,43], which is in accordance with the formation of CoO as
well as CoFe2O4, where in both cases only Co2+ is present.

For samples B and C a similar but not as distinct behavior
is observed in Fe 2p and Co 2p core-level spectra (see Sup-
plemental Material [38]). For comparison, the positions of Fe
2p1/2 and Fe 2p3/2 photoelectron peaks obtained by HAXPES
after the last annealing step are given for all three samples
in Table III. Here, the same tendency of decreasing binding
energy positions for lower Co content in the ferrite film as
for soft XPS is observed. Hence, the Fe3+ content rises not
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FIG. 7. Relative photoelectron yields YCo for sample A at differ-
ent detection angles determined after the different annealing steps.
The lines represent calculated values using the models determined
by XRR analysis.

only in the near-surface region, but also throughout the whole
ferrite-like film, as the Co content increases.

A quantitative analysis of HAXPES data was performed
using Eq. (3) with the differential photoionization cross sec-
tions from Trzhaskovskaya et al. [44] for the used excita-
tion energies of hν = 5930 eV (DLS) and hν = 5948 eV
(DESY) and considering nondipole parameters of the photo-
electron angular distribution [44,45]. The resulting photoelec-
tron yields YCo for different detection angles φ with respect
to the surface normal are shown in Fig. 7 for the exemplary
sample A. In addition, calculated photoelectron yields for the
different annealing steps using the layer models determined
by XRR analysis (cf. Sec. III A) are also shown as continuous
lines for comparison. Note that lower emission angles contain
more bulk information whereas for higher emission angles the
near-surface region is taken more into account.

For the as-prepared sample the yields slightly decrease for
higher emission angles, which is expected and well described
by the Fe3O4/CoO bilayer stack existing before annealing.
After annealing the sample at 400 ◦C the relative photoelec-
tron yield YCo increases, which points to interdiffusion of
CoO and Fe3O4. The data are also well described by the
curve derived from the respective CoO/Fe3O4/CoO XRR
model. Furthermore, there is no significant angular depen-
dency observed implying homogeneously distributed Co ions
in the ferrite film. By further annealing the photoelectron yield
increases again, but does not undergo significant changes
comparing the 500 ◦C and 600 ◦C annealing steps. A slight
increase for higher photoemission angles results from the
segregated CoO layer on top. Both respective layer models
give similar expected curves, but also slightly underestimate
the measured data.

A similar behavior is observed for sample B, where the
interdiffusion process is also completed after annealing at
500 ◦C (see Supplemental Material [38]). Instead, for sam-
ple C exhibiting the lowest Co amount there is no change
visible anymore after the first annealing step of 400 ◦C. The
photoelectron yield remains the same over all photoemission
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FIG. 8. (a) Experimental Fe L2,3-edge x-ray absorption spectra
for sample A after each annealing step. (b) Exemplary compari-
son between experimental Fe L2,3-edge spectrum after annealing at
400 ◦C and corresponding CTM calculation. The total CTM spec-
trum is a superposition of the individual octahedrally coordinated
Fe2+ and tetra- and octahedrally coordinated Fe3+ spectra shown
below.

angles and applied temperatures, indicating a completely and
homogeneously intermixed Co0.37Fe2.63O4 film.

D. XAS

As a further complementary investigation to the photoe-
mission measurements presented above, soft x-ray absorption
spectroscopy has been performed. For sample A, the iron
and cobalt L2,3-edge absorption spectra after each annealing
step are depicted in Figs. 8(a) and 9(a), respectively. The
spectra were scaled to their maximum at the L3 edge at
around ∼709.6(2) eV and ∼778.0 eV for the Fe and Co L3

edge, respectively, in order to compare different features and
spectral shapes without considering absolute intensity values.

The Fe L2,3-edge spectrum of the as-prepared sample,
recorded directly after transport to DLS, consists of two
pre-edge features at the L3 and L2 edges marked by “A”
and “C” in Fig. 8(a), respectively. These features in addition
to broad L3 and L2 edges are characteristic for a mixture
of Fe2+ and Fe3+ valence states and confirm the soft XPS
results of a stable Fe3O4 phase at the surface [29,46]. After
annealing at 400 ◦C features “A” and “C” decline compared
to the as-prepared sample. In addition, a small energy shift
of the maximum of the L3 edge from 709.4 eV to 709.8 eV
is observed. Furthermore, the width of the L3 edge decreases
accompanied by an increasingly distinct feature “B” at the
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FIG. 9. (a) Experimental Co L2,3-edge x-ray absorption spectra
for sample A after each annealing step. (b) Exemplary comparison
between experimental Co L2,3-edge spectrum at 400 ◦C and corre-
sponding CTM calculation. The total CTM spectrum is a superpo-
sition of the individual octahedrally and tetrahedrally coordinated
Co2+ spectra shown below.

low excitation energy side of the L3 edge. This behavior is
even more pronounced for the annealing step of 500 ◦C, while
further increasing the temperature to 600 ◦C does not change
the spectral shape significantly. This leads to the assumption
that for the last two annealing steps of 500 ◦C and 600 ◦C,
an equilibrium state of the Fe2+/Fe3+ cation distribution
is reached. Shape and intensity ratios of both last spectra
are comparable to Fe L2,3-edge spectra in the literature of
Fe2O3 and CoFe2O4, where only Fe3+ cations are present
[28,34,46–49].

In contrast to the Fe L2,3-edge spectra, the Co L2,3-edge
spectra do not undergo significant changes upon annealing,
as shown in Fig. 9(a). Hence, these spectra were additionally
shifted on the intensity axis for clarity. For the as-prepared
sample there was no signal observed in this energy range,
since the absorption of the buried CoO layer cannot be mea-
sured in the surface-sensitive TEY mode. For all annealing
steps from 400 ◦C to 600 ◦C the spectral shape closely resem-
bles absorption spectra of CoO and CoFe2O4 reported in the
literature, wherein Co solely exists in the Co2+ valence state
[33,50,51].

For samples B and C the spectral shapes and their evolution
during annealing are similar to the XAS spectra of sample
A (see Supplemental Material [38]). Only the features “A” to
“E” are not as pronounced as for sample A. In the following,
a quantitative analysis is applied only for sample A, which
solely forms stoichiometric CoFe2O4 after PDA treatment.

The individual spectra for each cation and lattice site as
well as total CTM spectra for the Fe and Co L2,3 edges
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are exemplarily shown in Figs. 8(b) and 9(b), respectively,
along with corresponding experimental XAS data of sample
A after the annealing step of 400 ◦C. For the Fe L2,3 edges,
Fe2+ and Fe3+ cations on octahedral (Fe2+

Oct, Fe3+
Oct) and Fe3+

cations on tetrahedral sites (Fe3+
Tet) have been considered in

CTM calculations to reproduce the experimental spectra. The
crystal fields 10Dq for Fe2+

Oct and Fe3+
Oct were set to 1.15 eV

and 1.2 eV, respectively, whereas for Fe3+
Tet cations −0.5 eV

was used, agreeing with values used for Fe3O4 in previous
studies [30,32]. Regarding the Fe L2,3 edge in Fig. 8(b), the
absorption spectrum of Fe2+

Oct mainly contributes to the low-
energy sides of the L3 and L2 edges, corresponding to features
“A” and “C” in the experimental spectra. In contrast, mostly
Fe3+

Oct and Fe3+
Tet spectra contribute to the most intense line of

the L3 edge at ∼709.8 eV, while feature “B” at ∼708.5 eV
only becomes distinguishable from the main L3 absorption
line if the ratio of Fe3+

Oct to Fe2+
Oct increases (see Supplemental

Material [38]). Therefore, the decreasing Fe2+/Fe3+ ratio
with higher annealing temperatures founded by a decrease of
features “A” and “C” and an increasingly distinct feature “B”
is manifested by CTM calculations.

For the description of the experimental Co L2,3 edges, Co2+

cations in octahedral (Co2+
Oct) and tetrahedral coordination

(Co2+
Tet) had to be considered [cf. Fig. 9(b)]. Here, crystal fields

of 10Dq = 1.0 eV for Co2+
Oct and 10Dq = −0.6 eV for Co2+

Tet
were chosen. By comparing the individual Co2+ CTM spectra
with the experimental Co L2,3 edges, it becomes evident that
the predominant low and high energy shoulders of the Co
L3 edge (features “D” and “E”) originate from octahedrally
coordinated Co2+ cations. Nevertheless, the absorption of
Co2+

Tet, which mostly contributes to the main absorption line
of the Co L3 edge at ∼778.0 eV and the low-energy side of
the Co L2 edge, has to be added in order to appropriately re-
produce the experimental spectra. Although Co2+ should only
occupy octahedral lattice sites in a perfect inverse spinel, this
observation is in agreement with most studies on CoFe2O4

thin films and nanoparticles in the literature, which report an
amount of tetrahedrally coordinated Co2+ cations of up to
30% in the ferrite [34,48,49,52].

For a quantitative determination of the cation occupancy
in the ferrite layer, it has to be considered that the Co XAS
signal is also caused by both the cobalt ferrite film and the
segregated CoO layer at the surface. Here, we assume that
the tetrahedral Co2+ cations are not present in the CoO layer
and solely originate from the ferrite film, while the octahedral
Co2+ XAS signal is a superposition of the absorption in the
cobalt ferrite and the segregated CoO film on top. For a simple
estimation of the octahedral and tetrahedral Co2+ occupancy
in the CFO film, we consider an exponential attenuation of
the signal stemming from the ferrite layer by the 0.8 nm thick
CoO layer on top. The resulting occupancies of Fe2+, Fe3+,
and Co2+ cations on the different lattice sites of the ferrite
film per formula unit are depicted in Fig. 10.

The as-prepared sample with the Fe3O4/CoO bilayer ex-
hibits Fe2+

Oct, Fe3+
Oct, and Fe3+

Tet amounts, which slightly deviate
from each other, but considering measurement errors still at-
tain the ideal value for magnetite of one per f.u. of the cations
mentioned above. During PDA treatment the amounts of Fe2+

Oct
and Fe3+

Tet decrease, while Fe3+
Oct is approximately constant. The
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FIG. 10. Occupancies of the different cations in the ferrite film
per formula unit of sample A for different annealing temperatures
estimated by CTM calculations compared to experimental XAS
spectra.

decreasing Fe2+
Oct and Fe3+

Tet proportions are accompanied by an
increase of Co2+

Oct and Co2+
Tet, indicating a direct substitution

of Fe2+
Oct by Co2+

Oct and Fe3+
Tet by Co2+

Tet, which is also reported
in the literature [48]. Only for the last annealing step the
Fe2+

Oct amount stays constant while the Co2+
Oct amount is still

increasing. For this temperature step the Co2+
Oct cations seem to

begin substituting Fe3+
Oct cations, as these are slightly decreas-

ing for this annealing step. After the last PDA step of 600 ◦C,
Co2+

Oct and Co2+
Tet reach values of 0.64 and 0.34 cations/f.u.,

respectively. The degree of inversion γ , which expresses the
amount of divalent cations located on octahedral sites, attains
a value of γ = 0.76 for the stoichiometric CoFe2O4 film in
sample A, agreeing with previous studies on CoFe2O4 thin
films, nanocrystals, and nanoparticles [52–54]. After PDA
treatment the CoFe2O4 film of sample A still exhibits an
amount of 0.43 cations/f.u. of Fe2+

Oct, although a Co:Fe ratio
of 1:2 is present. This residual Fe2+

Oct amount reduces the
total cationic charge, which results-in order to reach charge
neutrality-in a reduction of the amount of oxygen in the ferrite
unit cell. This can be realized by the assumption of present
oxygen vacancies. Hence, the chemical composition of the
final ferrite film can be described by a small reduction δ of
oxygen atoms in the formula unit leading to a CoFe2O4−δ

stoichiometry.

E. SQUID

Magnetic measurements of the ferrite films were conducted
for sample A before and after PDA treatment by super-
conducting quantum interference device magnetometry. To
minimize thermal fluctuations the sample was cooled down
to 5 K in zero field. The total magnetization M was recorded
dependent on the applied magnetic field μ0H , which was
tuned from +7 T to −7 T and back again in in-plane geometry
parallel to the [100] direction of substrate and film. The
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FIG. 11. M vs H curves for sample A before PDA treatment (as
prepared) and after the last annealing step of 600 ◦C measured by
SQUID magnetometry at 5 K after zero-field cooling.

resulting M vs H curves for the as-prepared sample A and
after the last annealing step of 600 ◦C are shown in Fig. 11.
In order to obtain the magnetic response only from the ferrite
layer a linear background, which stems from diamagnetic con-
tributions from substrate and sample holder, was subtracted
from the data. The magnetization was converted into magnetic
moments in units of μB/f.u.

The M vs H measurements before and after PDA treatment
of sample A show hysteresis loops characteristic for ferro-
/ferrimagnetic (FM) material. Only at low fields a stronger
shrinkage in the magnetization is noticed. This behavior is
explained in the literature by strain effects [55], easy-plane
anisotropy configuration and dipolar interactions [56], inter-
particle interactions in nanophase materials [57], formation of
pyramidal huts on continuous films [58], multidomain phases
[59], or coexisting antiferromagnetic (AFM) and FM ordered
phases [60,61]. The latter could be one explanation for the
behavior observed in the M vs H curves of sample A before
and after PDA treatment. Here, the CoO film as an antifer-
romagnet at the measurement temperature of 5 K couples
to the ferrimagnetic ferrite layer and could be responsible
for the “wasp-waist” shape of the hysteresis curves. Both
curves show magnetic saturation at fields above 6 T. Magnetic
saturation Ms, remanent magnetization Mr at μ0H = 0 T (in
relation to Ms), and coercive field Hc for M = 0 μB/f.u. for
sample A as grown and after the final PDA step are listed in
Table IV.

For the CoFe2O4 film (after annealing at 600 ◦C) an in-
creased coercive field as well as a lower Mr/Ms ratio com-
pared to the as-prepared Fe3O4 layer are observed, both of
which can be attributed to a higher density of defects in the
interdiffused film. The measured magnetic saturation values
deviate from calculated values for Fe3O4 (3.72–4.00 μB/f.u.
[62–65]) and CoFe2O4 (2.73–3.00 μB/f.u. [62,63,66,67]). As
the cation occupancy of the different lattice sites in the (in-
verse) spinel structure is a determining factor for magnetic or-
dering, these deviations may be attributed to partial inversion

TABLE IV. Coercive field Hc, remanence-to-saturation ratio
Mr/Ms, and magnetic saturation Ms obtained from hysteresis loops
of the as-prepared Fe3O4 and the interdiffused CoFe2O4 film of
sample A. The calculated saturation values Ms(XAS) obtained from
site occupancies, which were determined by XAS analysis, are listed
for comparison.

Hc (T) Mr/Ms Ms (μB/f.u.) Ms(XAS) (μB/f.u.)

As prepared 0.39 0.29 3.56 ± 0.1 3.62 ± 0.2
600 ◦C 0.58 0.19 3.17 ± 0.1 3.22 ± 0.2

in the interdiffused CoFe2O4 film. To check this assumption
we calculate the expected magnetic moments from the deter-
mined site occupancies resulting from XAS analysis. Here,
we consider only ferromagnetic double-exchange between
octahedrally coordinated cations as well as antiferromagnetic
superexchange interaction between tetra- and octahedral sites.
Furthermore, for this estimation only spin magnetic moments
ms of the respective cations are considered and the mostly
weak orbital contribution to the total magnetic moment of
ferrites is neglected. With ms(Fe2+) = 4 μB, ms(Fe3+) =
5 μB, ms(Co2+) = 3 μB, and the cationic distribution in
the ferrite thin film (cf. Fig. 10), we calculated magnetic
saturation values Ms(XAS), which are also listed in Table IV
for comparison. Taking account of the measurement errors
the calculated saturation moments are in excellent agreement
with the measured Ms values, which thereby reinforces the
determined cationic distribution in the ferrite film by XAS
analysis before and after PDA treatment. Only a very slight
tendency to higher values in the magnetic saturation moments
calculated from XAS results compared to the measured Ms

values is noticed.

IV. DISCUSSION

From XRR measurements respective film models have
been derived for different temperatures during the interdif-
fusion process in order to reproduce the data properly. For
samples A and B with initially thick CoO films it has been
necessary to include a thin segregated CoO film on top for an-
nealing steps above 400 ◦C. The determined layer models are
confirmed by quantitative soft XPS analysis, which especially
reinforces the presence of a segregated CoO layer at the top.

Sample A exhibits a slightly overstoichiometric (regarding
the Co content) Co:Fe ratio deduced from the initial CoO
and Fe3O4 film thicknesses. Assuming a complete mixing of
both films a ferrite film with a Co content of x = 1.06 would
be expected. As observed, this sample solely forms a ferrite
layer with stoichiometric Co content (xA = 1). The provided
Co excess is used to form a thin CoO layer on top.

In contrast, the initial films of sample B and C exhibit
understoichiometric Co:Fe ratios. Even if both layers in sam-
ple B interdiffused completely, the Co content of xB = 0.89
would still be insufficient to form stoichiometric CoFe2O4.
Instead, this sample exhibits a ferrite film with even less Co
content of xB = 0.76 and a CoO layer on top after the last
annealing step. This observation allows us to conclude that
the segregation and formation of CoO above the ferrite layer
already takes place before the stoichiometric Co:Fe ratio of
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1:2 is reached in the ferrite film. This preferential formation
of CoO points to a lower surface energy of CoO in contrast
to CoFe2O4. A reliable determination of the surface energy
of cobalt ferrite is still lacking in the literature. In contrast,
the surface energy of 0.8 J/m2 for CoO [68] is similar to the
value of 0.863 J/m2 found for NiO [69]. Thus, we also assume
a value for CoFe2O4 similar to what has been reported for
NiFe2O4 with a surface energy of 1.235 J/m2 [69]. This value,
and therefore an assumed similar surface energy for CoFe2O4,
is significantly higher than the value for CoO, which could
explain the formation of the segregated CoO layer as has
also been reported for the formation of nickel ferrite due to
interdiffusion of Fe3O4/NiO bilayers [18]. In contrast, there
is no formation of a CoO layer on top for sample C due to the
low Co amount compared to the amount of Fe cations. Here,
both films intermix completely building a ferrite-like film with
a low Co amount of xC = 0.37. The hindered CoO segregation
in this sample could also be due to the presence of the thickest
initial Fe3O4 film compared to samples A and B. As the
evolution of the film stack of sample C still shows a small
change between the last two annealing steps, the interdiffusion
process does not necessarily have to be completed after PDA
treatment as for samples A and B. Consequently, it cannot be
excluded that this sample could have also formed a CoO layer
on top if further thermal treatment had been applied or if the
annealing time for each annealing step had been increased.

Both soft x-ray photoemission and HAXPES show a rise
in intensity of Co 2p core-level spectra during PDA treatment
due to interdiffusion of CoO and Fe3O4, increasing the Co/Fe
ratio in near-surface regions. In addition, XPS, XAS, and
HAXPES all reveal an increase of the Fe3+/Fe2+ ratio up
to the 500 ◦C annealing step at the surface and in bulk.
In contrast, the Co2+ valence state is stable throughout all
annealing steps excluding other Co oxidation states in the
whole film stack, which is expected for CoO and CoxFe3−xO4

(x � 1) as only Co2+ is present in both systems. These
observations made in soft XPS, HAXPES, and XAS data
for the different annealing steps of PDA treatment can be
explained by a major replacement of octahedrally coordinated
Fe2+ by Co2+ cations during interdiffusion. Therefore, if the
correct Co:Fe ratio of 1:2 (x = 1) is provided and all Fe2+

Oct
cations are replaced by Co2+

Oct, this would lead to the formation
of stoichiometric and completely inverse cobalt ferrite. Here
we observed that a higher Co:Fe ratio of 1.09:2 (sample A)
has to be provided to form a stoichiometric CoFe2O4 film
underneath the segregated CoO film. XAS analysis reveals
that this CFO film still exhibits octahedrally coordinated Fe2+

cations, while Co2+ cations are localized on both octahedral
and tetrahedral sites resulting in a partial inversion, which is in
agreement with former studies on CoFe2O4 thin films [48,52].
Due to residual Fe2+

Oct in the CFO film after PDA treatment it is
assumed that oxygen vacancies are present to preserve charge
neutrality leading up to a CoFe2O4−δ film stoichiometry.

Between the annealing steps of 500 ◦C and 600 ◦C for
samples A and B there is no major change visible in the
respective Fe 2p, Co 2p core-level spectra. Furthermore, there
is no difference in the related film stacks for this temperature
range, which leads to the assumption that an equilibrium
state is reached. Only XAS analysis reveals that for this last

annealing step a small amount of Co2+ starts to substitute
octahedral Fe3+.

Regarding the angular-dependent HAXPES measure-
ments, the photoelectron yields YCo are well described by
the film models up to 400 ◦C annealing temperature. For
500 ◦C and 600 ◦C the proposed models only very slightly
underestimate the measured HAXPES data. This deviation
can be explained by inhomogeneous cation distributions in
the ferrite film. For all simulations made above, films with
homogeneously distributed Co and Fe cations have been
assumed; concentration gradients within the films have not
been considered. For instance, assuming higher Co concen-
trations in deeper layers could explain the higher determined
YCo data in HAXPES and would not influence the measured
photoelectron yield in soft x-ray photoemission data due to its
higher surface sensitivity.

In addition, as the formation of a thin CoO film on top
of the layer stack appears to be favorable in contrast to
forming stoichiometric cobalt ferrite, the emergence of inho-
mogeneously distributed CoO precipitates within the ferrite
film could also cause the observed small deviation between
model and measured HAXPES data. Such inhomogeneous Co
distributions would also influence the layer models in XRR
analysis, since the different electron densities of CoFe2O4 and
Fe3O4 would cause different dispersions δ, used as one fit
parameter for each film in XRR analysis. The respective dis-
persions for the used x-ray energy of 20 keV are 2.59 × 10−6

and 2.66 × 10−6 for Fe3O4 and CoFe2O4, respectively [70].
Since these dispersions do not differ significantly from each
other, a more detailed XRR analysis by layer segmentation of
the ferrite film with independent dispersions for each layer
would not be reasonable as also the degrees of freedom
would blow out of proportion and an unambiguous layer
model would not be able to be found. Further investigations
like cross-sectional high-resolution transmission electron mi-
croscopy (HR-TEM) with complementary energy-dispersive
x-ray spectroscopy (EDX) studies could shed light on the
lateral Co and Fe distributions in the ferrite films.

Comparing the measured saturation magnetizations with
calculated Ms values predicted from the determined cationic
site distributions of sample A, one obtains an excellent
agreement considering measurement errors. Nevertheless, the
measured values for the as-prepared Fe3O4 and the inter-
diffused CoFe2O4 films are both slightly overestimated by
the calculated prediction. One reason for this systematic
deviation could be the neglected orbital magnetic moments
in the calculations, which can significantly contribute to the
total magnetic moment especially for CoFe2O4 thin films
[71]. Another reason for reduced saturation magnetizations of
ferrites can also be the presence of antiphase boundaries [72],
which can be formed when crystal growth starts at different
locations on substrates with a half as large lattice constant. In
this case, islands that are structurally out of phase with each
other upon merging can evolve, resulting in spin frustration
at the boundaries. Nevertheless, the agreement between pre-
dicted and measured Ms values serves as a confirmation of
the determined cationic distributions and can solely be ex-
plained by the partial inversion of the interdiffused CoFe2O4

film.
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V. SUMMARY AND CONCLUSIONS

In this work we investigated the interdiffusion pro-
cess of Fe3O4/CoO bilayers on SrTiO3(001) in order to
find an alternate pathway for the formation of CoFe2O4

thin films. Therefore, three samples with different initial
Fe3O4/CoO film thickness ratios have been prepared by
reactive molecular beam epitaxy. Postdeposition annealing
experiments have been conducted at beamlines I07 and I09
at DLS and P09 at DESY to monitor the interdiffusion
process by combining x-ray reflectivity, soft XPS, XAS,
and high-resolution angle-resolved hard x-ray photoelectron
spectroscopy to determine the film structure, stoichiometry,
and chemical properties for different annealing tempera-
tures during the interdiffusion process. SQUID magnetometry
serves as a magnetic characterization before and after PDA
treatment.

From XRR measurements layer models for each anneal-
ing step could be derived and are confirmed by soft x-ray
photoemission and XAS data and HAXPES results. The in-
terdiffusion process starts from 300 ◦C annealing temperature
and is completed for temperatures above 500 ◦C. During
interdiffusion a CoO layer is formed on top of the film stack
due to segregation through the ferrite film, even if the provided
Co amount is not sufficient to form stoichiometric CoFe2O4.
Consequently, in order to form a stoichiometric cobalt ferrite
film by the proposed PDA treatment, one has to provide
more Co than is necessary, allowing a certain amount of
CoO forming a segregated CoO layer on top. This has been
succesfully achieved for one sample with a stoichiometric

CoFe2O4 film underneath a 0.8 nm thin segregated CoO layer
on top.

Angular-dependent HAXPES investigations of this final
film stack only slightly deviate from the predicted layer
model, which can be explained by potential concentration
gradients or by CoO precipitates within the ferrite film. HAX-
PES, XAS, and soft XPS data reveal a partial replacement
of Fe2+ by Co2+ cations accompanied with an oxidation
of Fe2+ to Fe3+ in bulk and at the surface, respectively.
The final stoichiometric ferrite film exhibits a major amount
of Fe3+ and only Co2+ valence states as expected for
cobalt ferrite. Co2+ cations are located on both octahedral
and tetrahedral lattice sites, resulting in a partially inverse
structure with an inversion degree of γ = 0.76, confirmed by
magnetic measurements. This result is in good agreement with
conventional preparation methods of CoFe2O4, stating the
proposed postdeposition annealing treatment of Fe3O4/CoO
bilayers on SrTiO3(001) as a promising alternate pathway to
prepare cobalt ferrite thin films.
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