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Magnetic order and coupling at the interfaces of highly spin polarized Fe3O4 heterostructures
have been determined by surface sensitive and element specific soft x-ray spectroscopy and spectro-
microscopy techniques. At ambient temperature, the interface between paramagnetic CoCr2O4 or
MnCr2O4 and ferrimagnetic Fe3O4 isostructural bilayers exhibits long range magnetic order of Co,
Mn and Cr cations which cannot be explained in terms of the formation of interfacial MnFe2O4 or
CoFe2O4. Instead, the ferrimagnetism is induced by the adjacent Fe3O4 layer and is the result of
the stabilization of a spinel phase not achievable in bulk form. Magnetism at the interface region is
observable up to 500 K, far beyond the chromite bulk Curie temperature of 50-95 K.

PACS numbers:

I. INTRODUCTION

Studies of ferromagnetic interfaces have resulted in
the discovery of new coupling phenomena and develop-
ment of associated technological devices since Meiklejohn
and Bean discovered exchange coupling between ferro-
magnetic Co and antiferromagnetic CoO in 1956.1 Other
examples include oscillatory Rudderman-Kittel-Kasuya-
Yoshida coupling that in metallic multilayers leads to gi-
ant magnetoresistance (GMR),2 positive exchange bias
in FeF2-Fe bilayers,3 and perpendicular exchange cou-
pling in Co/Pt multilayers.4 Beyond metallic elements
and alloy materials, complex oxide spinel structure fer-
rites have provided model systems for the study of phe-
nomena such as modified superexchange interactions,5

perpendicular exchange coupling6 and nearly ideal ex-
change interactions.7 Margulies et al. showed that mod-
ified superexchange interactions across antiphase bound-
aries give rise to anomalously large saturation fields and
quasi-random zero-field magnetic moment distribution.5

Ijiri et al. demonstrated perpendicular coupling of
antiferromagnetic CoO spins with the net Fe3O4 mo-
ment in Fe3O4/CoO superlattices via neutron diffraction
experiments.6 Nearly ideal exchange coupling has been
observed in bilayers of hard and soft spinel ferrite layers,
suggesting that in some materials systems simple theo-
retical models may be applied.7

Recently, isostructural spinel bilayers have been in-
corporated into magnetic tunnel junctions, resulting
in significant improvements in junction magnetoresis-
tance (JMR).8–10 In these junctions, magnetically harder
CoCr2O4 (CCO) and NiMn2O4 barrier layers strongly
couple to the softer Fe3O4 above and below their re-
spective Curie temperatures (Tc), thus creating a hy-
brid magnetic tunnel junction/spin filter device. This

new device’s multifunctional behavior is possible due to
the strong magnetic coupling at the isostructural spinel-
spinel interface and no magnetic coupling at the non-
isostructural interface.10 Correlating the structure and
the origin of the magnetism from multiple magnetic
species at the oxide interfaces is crucial in explaining
the large JMR and strong exchange coupling observed
in Fe3O4 based heterostructures.

In this paper, we studied the magnetism at the
isostructural spinel interfaces of ferrimagnetic Fe3O4 and
paramagnetic insulators CCO and MnCr2O4 (MCO) in
order to understand the origin of the strong exchange
coupling between the two layers. Surprisingly, we ob-
served induced ferrimagnetism in the paramagnetic in-
sulator layers by the adjacent ferrimagnet up to 500
K. Nanoscale roughness and the formation of interfa-
cial MnFe2O4 or CoFe2O4 cannot sufficiently explain the
high-temperature magnetic behavior of Co, Mn and Cr in
the ferrimagnet-paramagnet bilayers. We conclude that
the magnetization induced in the paramagnetic layer is
due to a proximity effect to the isostructural ferrimagnet,
and the stabilization of a spinel phase at the interface not
attainable in bulk form.

II. EXPERIMENTAL

We have synthesized epitaxial thin films and multi-
layers of Fe3O4, CCO and MCO grown by pulsed laser
deposition (PLD) on (110) oriented SrTiO3 (STO) and
Nb-doped STO substrates. Four sets of samples with
uniform thickness were prepared: 20 nm single layers of
Fe3O4 (hereafter referred to as SF samples), 40 nm sin-
gle layers of CCO or MCO (SC or SM samples), 20 nm
Fe3O4 with varying thickness of CCO or MCO cap layer
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(SFC or SFM samples), and 40 nm CCO or MCO layers
with a 5 nm Fe3O4 cap layer (SCF or SMF samples).

Commercial sintered powder targets of stoichiometric
single-phase spinel oxides were used for ablation at an
energy density of 1-1.5 J/cm2. Deposition parameters
for the single layers are as follows: Fe3O4 in a vacuum of
better than 4 x 10−6 Torr at a substrate temperature of
450 ◦C, and MCO and CCO in 25 mTorr of O2 at 600
◦C. In order to prevent Fe3O4 from oxidizing during the
growth of subsequent layers in an oxygen ambient, the
Fe3O4 layer deposition was followed by 1 monolayer of
chromite deposited in vacuum and then the remainder of
the chromite layer grown in 25 mTorr of a 1% O2 / 99%
N2 mixture at 450 ◦C. Additional spectra were taken on
a single crystal sample of CoFe2O4 (CFO).

Structural and chemical characterization of the thin
films included atomic force microscopy to characterize
the surface morphology of the deposited films, 2 and 4-
circle x-ray diffraction to study the crystallinity of the
epitaxial spinel layers deposited on perovskite substrates,
and Rutherford Backscattering Spectrometry (RBS) to
assess film thickness and composition. Further studies of
the oxide interfaces were performed via scanning trans-
mission electron microscopy (STEM) and electron energy
loss spectroscopy (EELS).

Temperature and field-dependent magnetization mea-
surements for both single layers and bilayers were per-
formed in a Quantum Design MPMS 5XL magnetometer
with field oriented along the [001] in-plane direction for
(110) oriented films. In order to determine the details
of the interface magnetism, element specific and inter-
face sensitive probes of X-ray absorption spectroscopy
(XAS), X-ray magnetic circular dichroism (XMCD) and
photoemission electron microscopy (PEEM) were used.
Soft x-ray absorption spectroscopy experiments in total
electron yield mode were performed from 10 K to 300 K
in fields of up to 0.8 T at beamlines 4.0.211 and 6.3.112

of the Advanced Light Source (ALS) at Lawrence Berke-
ley National Laboratory. Spectro-microscopy measure-
ments took place at the PEEM2 microscope (beamline
7.3.1.1)13 of the ALS at 300 K to 550 K in zero magnetic
field. The incident x-ray propagation vector was pro-
jected onto the [001] or [110] in-plane crystallographic
direction of the sample.

III. RESULTS AND DISCUSSION

A. Structural and Chemical Characterization

Surface morphology for spinel single films and bilayers
on (110) oriented STO substrates was smooth, with max-
imum RMS surface roughness of 0.9 nm, which is of the
order of the spinel unit cell. Four circle X-ray diffraction
analysis indicated that each component layer was single
phase and epitaxially matched to the underlying (110)
oriented substrates. While RBS analysis confirmed the
stoichiometry of the 40 nm single layers, the composition

FIG. 1: (Color online) High-angle annular dark field STEM
images of a SCFCF multilayer: (a) low magnification, (b)
mid magnification, (c) high magnification, and (d) integrated
EELS intensity for Fe, Cr, and Co edges across the dotted line
indicated in c). Two cases of interface roughening are shown
in (e), with the top schematic indicating a chemically distinct
but structurally rough interface and the bottom schematic
indicating a chemically interdiffused interface. The arrow in-
dicates the direction of the incident electron beam.

of 10 nm and thinner layers and any interdiffusion in such
layers could not be quantified via RBS alone.

STEM analysis of Fe3O4/CCO based heterostructures
in a previous study indicated that the spinel interfaces
were chemically distinct to within the 2 nm probe size,14

but interface roughness could induce magnetic coupling
between electrode layers across a thin insulating barrier
layer due to so-called orange-peel coupling.15 In order
to assess the possible role of roughness at these oxide
interfaces, cross-section samples of multilayers were an-
alyzed with STEM. Figures 1(a)-(d) show micrographs
and EELS linescans at the upper CCO/Fe3O4 interface
for a (110) oriented STO // 41 nm CCO // 26 nm Fe3O4

// 24 nm CCO // 43 nm Fe3O4 (SCFCF) sample. While
defects such as low-angle grain boundaries occur in the
spinel layers due to the large (-7%) lattice mismatch be-
tween the spinel unit cell and the STO substrate, the
film is crystalline with all grains matched to the (110)
out of plane orientation of the substrate. Examination
of the Fe3O4-CCO interface shows distinct layers in the
low magnification high-angle annular dark field STEM
images (Fig. 1(a)), but chemical mapping of the inter-
face (Fig. 1(d)) shows a lack of sharp chemical transition
between the layers, and the transition width is of order
2 nm on both sides of the nominal interface.

The transition at the spinel interface maybe be ex-
plained in terms of roughness of the initial layer (Fig.
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FIG. 2: (Color online) Temperature dependence of the satu-
ration magnetization for SFC samples as a function of CCO
layer thickness as measured by a SQUID magnetometer (solid
line, 3 nm CCO sample) and saturation asymmetry of XMCD
signal measured on (a) Fe, (b) Co, and (c) Cr L2,3 edges nor-
malized to 12 K values.

1(e) top) or the high kinetic energy of the subsequent
layer’s deposition inducing an interdiffusion at the in-
terface (Fig. 1(e) bottom). The offset in the Cr and Co
concentration profiles (Fig. 1(d)) can not be explained by
interface roughness alone, and suggests that cation inter-
diffusion is present at these interfaces.16 It is likely that
the sample has contributions from both roughness and
interdiffusion as the large epitaxial misfit strain induced
defects such as the low angle grain boundaries seen in the
STEM micrographs, and the highly energetic PLD plume
may accelerate diffusion of the layers.17 As the deposition
rate of the 43 nm top Fe3O4 layer was slower than that of
the CCO or MCO layers under study, the STEM sample
was held at 450 ◦C for a longer duration than the bilayers
examined with XAS and XMCD. Thus, 4 nm represents
an upper bound for the size of the intermixed region if
we assume that the EELS elemental concentration tran-
sition width is wholly due to interdiffusion during the
PLD growth process.

B. Magnetic Characterization

In order to determine the nature of magnetic interac-
tions at the Fe3O4/chromite interfaces and the origin of
the induced ferrimagnetism in the paramagnetic chromite
spinels, we measured the X-ray absorption cross section
as function of magnetic field, polarization and tempera-
ture by measuring the sample drain current in total elec-
tron yield mode with a probing depth of approximately
5 nm for Fe3O4.

18 Figures 2(a)-(c) show the tempera-
ture dependence of the dichroism at the Fe, Co and Cr
edges normalized to the value at 12 K, as well as the bulk

FIG. 3: (Color online) PEEM domain images from the 20
nm / 3 nm SFC sample. The 5 µm x 2.8 µm boxed region
highlights identical domain structure with same polarity on
the Fe (a) and Cr (b) edges, but no detectable polarization
of Co (c). Contrast difference for Fe and Cr edges (d) show
that ferromagnetism persists up to 500 K. Room temperature
Fe spectroscopy (e) on dark domains (solid line) compared to
light domains (open squares) with resulting XMCD difference.

magnetization as measured by superconducting quantum
interference device (SQUID) magnetometry for a 20 nm
/ 3 nm SFC bilayer. While the Cr and Co XMCD signals
sample the average of the entire 3 nm CCO layer in the
20 nm / 3 nm SFC sample, the Fe XMCD only samples a
few nm of the Fe3O4 closest to the interface is measured.

Element-specific coercive fields were extracted from
XMCD hysteresis measurements, with the Cr and Fe edge
coercive fields matching as a function of temperature.
However, the magnitude of the Cr dichroism decreases
more quickly with increasing temperature than the Fe
edge dichroism. The normalized Fe and Cr XMCD sig-
nals for the 20 nm / 3 nm SFC sample fell sharply as a
function of increasing temperature above 175 K (Figures
2(a) and (c)) when compared to the magnetization of
the entire sample as measured by SQUID magnetometry
(Figure 2(a), solid line).

Similar XMCD measurements performed on a 20 nm /
18 nm SFC bilayer probe the Cr and Co moments away
from the Fe3O4 interface and showed only bulk-like mag-
netism that disappears at approximately 80 K (Figure
2(b) and (c)). With a single layer CCO film deposited
on Nb:STO, we observed bulk-like magnetic properties
with a Tc of 95 K, a coercive field of 2 T and a satu-
ration magnetization of 0.23 µB/formula unit at 5 K. A
similar layer of MCO had a Tc of 50 K, a coercive field of
0.1 T and a saturation magnetization of 0.93 µB/formula
unit at 5 K. Magnetic characterization of powder taken
from the CCO and MCO PLD targets match these Curie
temperature values as well as those found in literature.19

Thus while the single layer CCO has bulk-like character-
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FIG. 4: (Color online) Room temperature Fe L2,3 XMCD
spectra for Fe3O4 bilayers on (110) oriented STO: (a) CCO
cap layer, (b) MCO cap layer, and (c) SrTiO3−x cap layer.

istics, in the vicinity of the interface with Fe3O4 the Cr
and Co magnetization drastically differs from bulk. If we
assumed no influence of the Fe3O4 on CCO above TCCO

c ,
the persistence of Cr moment above room temperature
could not be explained.

Magnetic domain images were taken of uncapped and
chromite capped Fe3O4 layers via PEEM. Fe3O4 domains
coupled to Cr in CCO capping layers of thickness 3 nm
as shown in Figure 3(a) and (b) as well as 6 nm. The
domain structure of the octahedral Cr moments is cou-
pled ferromagnetically to the octahedral Fe moments in
Fe3O4 as deduced from the domain contrast observed in
PEEM. Domain structure could not be observed on the
Co L3 edge even at 300 K (Figure 3(c)) to within the
experimental resolution of the microscope, but persisted
up to 500 K on the Cr L3 edge. The difference in contrast
for light and dark areas in Figures 3(a) and (b) is plotted
as a function of temperature in Figure 3(d). The domain
structure at elevated temperatures remained identical to
the room temperature domain structure for both Cr and
Fe L3 edges. The contrast between light and dark do-
mains fell to below the noise level of the measurement by
540 K.

The enhanced long range order observed in chromite
layers on Fe3O4 is unexpected. Its origin may be ex-
plained in terms of a high Tc CoFe2O4 or MnFe2O4 like
phase at the interface, a ferromagnetic proximity effect
between the Fe3O4 and chromite layer, or a metastable
phase at the interface not found in bulk. A localized en-
ergy scan along the Fe L2,3 edges in the field of view of
Figure 3(a) for both light and dark domains yields spec-
tra (Figure 3(e)), whose difference may be compared to
other Fe3O4 spectra to ascertain the local Fe environ-
ment. The resulting difference was similar in lineshape
to data from thin film Fe3O4 data,20 suggesting that the
Fe environment at the interface did not differ substan-

tially from Fe in bulk Fe3O4. In order to understand the
induced ferrimagnetism at the interface of these layers,
we examined XAS and XMCD of the Fe, Cr, Co, and Mn
L2,3 edges in a systematic set of samples.

Figure 4 compares the Fe L2,3 XMCD spectra for
Fe3O4 with various spinel capping layers and a STO-
capped sample as reference. Multiplet calculations have
been compared to experimental dichroism spectra from
Fe in various spinels21 as well as PLD-deposited Fe3O4

epitaxial thin films.22 The dominant contribution of each
XMCD peak in Figure 4 can be approximately assigned
as follows: 708.9 eV as octahedral Fe2+, 709.9 eV as
tetrahedral Fe3+, and 710.8 eV as octahedral Fe3+. The
presence of Mn reduces the tetrahedral Fe3+ 709.9 eV
peak in Figure 4 (b) when compared to similar CCO
samples, which indicates that Mn is displacing the in-
terfacial tetrahedral Fe3+ in a similar manner to more
bulk-like manganese ferrites. To show the sensitivity of
the XMCD spectrum to the average oxidation state of
the interface Fe ions, we also show the Fe XMCD spec-
trum from a Fe3O4/SrTiO3−x bilayer in Figure 4 (c).
The 3 nm SrTiO3−x cap layer was deposited in high vac-
uum to prevent oxidation of the Fe3O4 underlayer, and
the oxygen-deficient cap acts to reduce interfacial Fe ions
as seen from the peak corresponding to octahedral Fe2+

increasing in intensity at the expense of the Fe3+ peaks.

The Cr, Co and Mn XAS lineshapes for single chromite
layers showed almost identical structure to those of
Fe3O4/chromite layers (Figures 5-7 left panels). The Cr
single and bilayer XAS lineshapes in Figure 5 were almost
identical to reference Cr XAS scans of the single-phase
powder CCO and MCO targets used to deposit the films.
This confirms that Cr is found in octahedral sites as Cr3+

in both single and bilayers as compared to the expected
cation distribution found in bulk chromites.23 The chem-
ical environment deduced from the XAS of the Co and
Mn in the bilayer is similar to that of a single chromite
layer or the PLD target material, i.e., both Co and Mn
are predominantly in the tetrahedral sites. However, Cr,
Mn, and Co in the bilayers showed marked increase in
XMCD signal as compared to single layer films. The
dichroism signal persisted up to room temperature for
all bilayers regardless of whether or not the Fe3O4 layer
was the cap layer or the underlayer (Figures 5-7 right
panels).

The room temperature XMCD lineshape for the Co
edge of the SCF sample (Fig. 6(b) spectrum 2) shows
lineshape similarities to that of a CFO crystal which
is composed of exclusively octahedral (Oh) Co2+ (Fig.
6(b), spectrum 4). CCO has been determined to be a
normal spinel,23 and contains only tetrahedral (Td) Co2+

given the strong preference of the Cr for octahedral sites
in spinels as compared to Co.24,25 A comparison between
spectra 2 (SCF sample) and 4 (CFO crystal) suggest that
the room temperature XMCD for the CCO bilayer is a su-
perposition of an octahedral Co2+ contribution from the
interface region and a much smaller signal from tetrahe-
dral Co2+ in bulk-like CCO. Based on the tetrahedral-
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TABLE I: Co sample XMCD spectra decomposition into contributions of magnetic tetrahedral and octahedral ions.

Sample Description Top layer thickness Temperature Percent Co Td
CFO CoFe2O4 bulk crystal - 298 K taken as 0 %
SC (110)SrTiO3/CoCr2O4 40 nm 30 K taken as 100 %
SFC (110)SrTiO3/Fe3O4/CoCr2O4 3 nm 14 K 54 ± 1 %
SFC (110)SrTiO3/Fe3O4/CoCr2O4 6 nm 20 K 56 ± 2 %
SFC (110)SrTiO3/Fe3O4/CoCr2O4 12 nm 14 K 92 ± 4 %
SCF (110)SrTiO3/CoCr2O4/Fe3O4 5 nm 298 K 8 ± 2 %

FIG. 5: (Color online) Cr L2,3 (a) XAS and (b) XMCD spec-
tra for SCF and SFM samples compared to reference Cr3+Oh

sample spectra.

FIG. 6: (Color online) Co L2,3 (a) XAS and (b) XMCD spec-
tra for SFC and SCF samples compared to reference Co2+

Td

(SC and CCO target) and Co2+

Oh (CFO) sample spectra. Spec-
trum 5 is the difference between the SFC spectrum and the
annealed CCO spectrum.

only Co2+ lineshape for a single layer of CCO and the
Oh-only Co2+ lineshape of a CFO crystal, we performed
a least-squares fitting of the bilayer spectrum after align-
ment of the XMCD spectra pre-peak feature to the line
indicated as ’A’. The integrals of the base Td and Oh
spectra in Fig. 6 were normalized to unity, then the base
spectra were used to decompose the SFC and SCF spec-
tra to evaluate the relative contributions of Co2+

Oh and

Co2+
Td.

In the SCF samples, the thickness of the Fe3O4 is such
that only the Co at the Fe3O4 interface contributes to
the XMCD measurements in total electron yield mode.
In the SFC samples, Co from the entire CCO film is
sampled including the Co at the Fe3O4 interface. The
percentage of magnetic Td Co in the room temperature
bilayer spectrum (Fig. 6(b) spectrum 2) is 8 % and thus
the interfacial magnetic Co is dominated by Co2+

Oh. For
comparison, the low temperature spectrum of the SFC
sample (Fig. 6(b) spectrum 1), which is a mixture of
interfacial Co and whole-film CCO, is 54 % Td. In ad-
dition, the fitted Co XMCD tetrahedral and octahedral
signals in both SFC and SCF samples are antiparallel and
thus are in opposing sublattices in the spinel structure.

The room temperature XMCD for the CCO bilayer
is a superposition of an octahedral Co2+ contribution
from the interface region and a much smaller signal from
tetrahedral Co2+ in CCO, whereas that tetrahedral Co2+

contributes more strongly to the total dichroism signal at
low temperatures. This shift in Co XMCD contribution
demonstrates that it is Co from the intermixed region
at the Fe3O4/CCO interface that is partly responsible
for the high temperature magnetism. Additionally, the
strong tetrahedral component of the Co dichroism at low
temperatures for the 20 nm / 3 nm SFC bilayer as com-
pared to the room temperature measurement confirms
that even a 3 nm CCO layer is distinct and has a bulk-
like inversion parameter, but this layer is partially mag-
netized by the interfacial material even above TCCO

c .

In addition to the octahedral Co XMCD signal from
the interface, the octahedral Cr XMCD signal is strong
as well, thus suggesting that the origin of the high
temperature magnetism is not simply the formation
of a CFO-like phase. Mohan et al. found that in
cobalt ferromchromites of intermediate Cr concentra-
tions, Co occupies both tetrahedral and octahedral
sites and the authors assigned cation distribution as
(Fe+3

0.3Co2+
0.7)

A[Co2+
0.3Cr3+

0.6+yFe3+
1.1−y]BO4 for 0≤y≤1.26
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FIG. 7: (Color online) Mn L2,3 (a) XAS and (b) XMCD spec-
tra for SFM and SMF interfaces compared to reference Mn2+

Td

(SM and MCO target) sample spectra.

In powder samples, Cr-rich ferrites have Tcs below room
temperature, with Tc ≈ 150 K for Fe1.5Cr1.5O4.

27 Com-
bined with the cross sectional characterization of the
CCO/Fe3O4 interface and the PEEM domain contrast
data, we can deduce that octahedral Cr3+ is strongly po-
larized by the Fe3+ in Fe3O4 and Co2+ at the interface
is polarized to a smaller degree.

We performed a similar analysis on the MCO-
Fe3O4 interface. The XMCD lineshapes for the Mn
in MCO and the SFM and SMF bilayers overlap
to within 3 % error, therefore tetrahedral Mn2+ ex-
ists exclusively at the interface. Mn2+ is expected
to be in tetrahedral sites in both MCO and in
(Mn,Cr,Fe)3O4. Saksonov and Somenkov assigned Mn to
be primarily divalent and tetrahedral in manganese-iron
chromite (Mn2+

ǫ Fe3+
1−ǫ)

A[Mn3+
1−ǫFe2+

1−ǫFe3+
2ǫ−tCr3+

t ]BO4

with 0.84≤ǫ≤0.98 and 0.5≤t≤1.5.28 Thus, any presence
of Oh Mn3+ would be antiparallel to the tetrahedral
Mn2+, and would act to reduce the large peak in dichro-
ism at 640 eV in Fig. 6(b). However, we do not observe
such a reduction in the 640 eV peak. While MnFe2O4

tends to have a small amount of Oh Mn3+, this contri-

bution to the dichroism is overwhelmed by the Td Mn2+

dichroism. We therefore conclude that in the MCO layer,
octahedral Cr3+ is strongly magnetized by the octahedral
Fe in Fe3O4, and to a smaller degree tetrahedral Mn2+

is also magnetized.

Thus ferromagnetism is strongly induced in octahedral
Cr3+ and is accompanied by the stabilization of octahe-
dral Co2+ near the interface in SCF and SFC heterostruc-
tures. On the other hand, there is not a significant con-
tribution of octahedral Mn3+ to the induced ferromag-
netism in SMF and SFM heterostructures.

IV. CONCLUSION

At the interfaces of spinel chromite and Fe3O4 bilay-
ers, we observed induced ferrimagnetic polarization of
the Cr, Mn and Co lattices with the chromite Cr and
Fe3O4 octahedral Fe sublattices coupled ferromagneti-
cally. Induced magnetism at the Fe3O4/CCO interface
region can persist up to 500 K with a 3 nm CCO layer
and up to room temperature with a 6 nm CCO layer. A
similar ferrimagnetism beyond the bulk Curie tempera-
ture was measured in Fe3O4/MCO layers. Chemical and
magnetic characterization of the interface indicated that
the strong coupling in this isostructural spinel system is
due to the stabilization of a spinel phase at the inter-
face not attainable in the bulk, and a proximity-induced
magnetism from the adjacent Fe3O4.
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