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3000 Å Fe3O4 �magnetite� thin films were simultaneously grown on �001� MgO single crystal
substrates with and without 30 Å buffer layers of Fe, Cr, Mo, and Nb. For all samples, the Verwey
transition temperature �TV� occurs between 119 and 125 K, indicating good oxygen stoichiometry.
We observe highly oriented �001� Fe3O4 with Mo and no buffer layer, reduced �001� texture with Nb
and Fe, and polycrystalline growth with Cr. Mo, Cr, and unbuffered magnetite show typical
magnetic behavior, whereas Nb and Fe buffers lead to anomalous magnetic properties that may be
due to interfacial reactivity. © 2010 American Institute of Physics. �doi:10.1063/1.3350910�

Present interest in magnetite originates from its sup-
posed half-metallic nature and potential utility in oxide
spintronics,1,2 its utility in biomedical applications,3,4 as well
as open questions about the well known Verwey transition.5,6

Although it is among the most widely studied magnetic ma-
terials, the growth of magnetite thin films continues to be
perturbed and improved.7–14 Due to the nearly ideal lattice
match, MgO �100� is typically the substrate of choice for
magnetite film growth. Despite this lattice matching, how-
ever, the properties of magnetite thin films differ signifi-
cantly from that of bulk magnetite. For instance, the magne-
tization may not be saturated even in fields as large as 70
kOe;7 misoriented magnetite grains have been observed near
the substrate, with some persisting toward the sample
surface;8 single crystal Fe3O4 on MgO �100� is under tensile
stress15; antiphase boundaries, potentially related to the pre-
vious items, plague thin films.16,17 Buffer layers affect the
magnetite growth, but not always beneficially. A Ru buffer
layer on MgO �110� reduced lattice strain in the magnetite,
but negative impacts on other properties were observed, most
notably, a suppression of the Verwey transition.13 Fe and Cr
buffers on MgO �100� lead to improved Fe3O4 squareness
ratios, low saturation fields, reduced antiphase boundary den-
sity, and saturation magnetization approaching bulk values,
but the impact on the Verwey transition is not clear.16 Here,
we study in detail the impact of thin Fe, Cr, Mo, and Nb
buffer layers on the structure and magnetism of magnetite
films.

All samples were grown by dc magnetron sputtering on
MgO �100� substrates in a system with a base pressure of 20
nTorr using ultrahigh purity gases. An in situ mask exchang-
ing apparatus in the load lock �200 nTorr� enabled the growth
of four different transition metal �TM� buffer layers on indi-
vidual substrates, followed by the simultaneous deposition of
Fe3O4 on all substrates, including one unbuffered control
sample. Consequently, we can ascribe any differences in

magnetite’s physical properties to the buffer layers. The 30 Å
buffer layers of Nb, Mo, Cr, and Fe were deposited at
300 °C in 3 mTorr of Ar flowing at 20 SCCM �SCCM de-
notes standard cubic centimeter per minute�. Under these
conditions, 300 Å TM films are �001� oriented with good
structural coherence in the growth direction and low mosaic
spread �Fig. 1, inset�. The deposition rates under these con-
ditions with 100 W dc power were 0.80, 0.85, 0.68, and 0.65
Å/s, respectively, as measured by x-ray reflectivity on thicker
films. After depositing all the buffers layers sequentially, the
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FIG. 1. �Color online� Wide angle x-ray diffraction measurements of
MgO�001� /TM�30 Å� /Fe3O4�3000 Å� /Cr�30 Å�. Each curve is labeled
by its buffer layer. A Cr buffer leads to polycrystalline Fe3O4, with the
observed orientations indicated, while the others lead to strongly �001� ori-
ented Fe3O4. The main �004� Fe3O4 peak is likely coincident with the MgO
�002� peak and is thus unobservable. The Fe3O4 was grown simultaneously
on all samples after depositing the individual TM layers without breaking
vacuum. The �422� peak is only present in samples with a Cr capping layer.
�Inset� �002� peaks of 300 Å Nb, Mo, Cr, and Fe films grown on �001� MgO
at 300 °C are highly �001� oriented �Ref. 18�. These �002� peaks had
FWHM of �Bragg, rocking�: Nb �0.79°, 1.69°�, Mo �0.46°, 0.63°�, Cr �0.41°,
1.00°�, and Fe �0.32°, 0.36°�.
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mask was removed entirely, exposing all five substrates for
magnetite growth. The 3000 Å magnetite layer was grown
from an Fe target by reactive sputtering at 200 W, 300 °C, in
a total pressure of 10 mTorr with Ar and O2 flow rates fixed
at 20 and 0.75 SCCM, respectively. The films were capped
with a 30 Å Cr layer to limit oxidation. The samples were
rotated at 40 rpm during growth to obtain uniform film thick-
nesses.

Figure 1 shows x-ray diffraction scans of four
buffer layer samples MgO�001� /TM�30 Å� /
Fe3O4�3000 Å� /Cr�30 Å�, where TM=Nb, Mo, Cr, and Fe,
and one with no buffer �denoted N/A�. The only diffraction
peaks observed are from magnetite and the substrate. The
low intensity �422� peak apparent in all five samples does not
exist in uncapped samples, suggesting that the Cr cap influ-
ences the top of the magnetite. Aside from this, only the Cr
buffered sample exhibits multiple Fe3O4 orientations. MgO
and Fe3O4 have very little lattice mismatch, which causes the
intense �002� MgO peak to drown out the �004� magnetite
peak. However, it is possible to resolve the two materials by
inspecting higher order peaks. The existence the �008� peaks
shown in Fig. 2 indicates that each of the Fe3O4 samples has
�001� texture except Cr, which shows no observable �008�
peak. Based on their �008� intensities, Mo and N/A buffers
lead to Fe3O4 with the greatest �001� texture. Rocking curves
of these samples have FWHM of 0.055° and 0.079°, respec-
tively, implying low mosaic spread. Comparison with the
MgO �004� peaks notes that these peaks are instrumentation-
ally broadened, further underscoring their structural quality.
The Fe3O4 �008� peaks from the Nb buffered sample are low
intensity, but clearly observable. Only one Fe3O4 �008� peak
is observed for the Fe buffered sample, implying that the
K�1 peak is likely coincident with the MgO �004� K�2 peak.
This suggests that the Fe /Fe3O4 sample is nearly strain-free

relative to bulk magnetite �dbulk=8.3967 Å�. This may be
related to the reduced density of antiphase boundaries previ-
ously noted of Fe buffered samples.16 Nb, Mo, and N/A buff-
ers also lead to small strain parameters: �0.26%, �0.38%,
and �0.44%, respectively. While the films are slightly
strained relative to the bulk, the fact that the �008� peaks are
instrumentationally broadened for Mo and N/A samples sug-
gests that the d-spacing in the momentum transfer direction
is uniform throughout the film’s thickness. It is difficult to
conclude the same for the Nb and Fe samples.

Superconducting quantum interference device magne-
tometry was used for zero-field-cooled measurements of the
magnetization along the �100� direction in a field of 100 Oe
after saturating the samples to 30 kOe at 300 K. Hysteresis
loops were subsequently measured at various temperatures
out to fields of �5 kOe.

Figure 3 shows the temperature dependent magnetization
of the samples. The Mo, Cr, and unbuffered samples show
characteristic magnetite behavior, with an abrupt change in
magnetization at the Verwey transition temperature, TV. The
Nb and Fe buffered samples, however, show an anomalous
peak in magnetization near TV, and have low temperature
magnetization substantially exceeding that of bulk magnetite.
The observed transition temperatures indicate good oxygen
stoichiometry.19

As with the M-T data, the samples show two types of
hysteresis behavior. Figure 4 shows hysteresis loops of Mo
�similar to Cr and unbuffered� and Nb �similar to Fe� buff-
ered samples above and below TV. Both samples show in-
creased coercivity when cooled below TV, with the Mo
changing more dramatically. Defining the loop squareness as
1−Mr / ��cHc�, where Mr is the remanent magnetization and
�c is dM /dH at the coercive field, Hc, we note that the Mo
sample shows a decrease in squareness, while the Nb sample
has nearly constant squareness.

The anomalous behavior of the Nb and Fe buffer layers
may be related to their relatively high reactivity. Some pos-
sibilities include Nb/Fe becoming oxidized themselves dur-
ing the initial stages of reactive sputtering, which could lead

FIG. 2. �Color online� The MgO and Fe3O4 diffraction peaks are resolvable
for higher order reflections. The MgO �004� and Fe3O4 �008� appear as
doublets because of the two Cu K�1 wavelengths. Each curve is labeled by
its buffer layer. The presence of Fe3O4 �008� peaks indicates that highly
oriented magnetite was grown on Nb, Fe, Mo, and N/A buffer layers, with
the latter two yielding the highest quality magnetite. The Fe3O4 was grown
simultaneously on all samples after depositing the individual TM layers
without breaking vacuum. The positions of bulk MgO and Fe3O4 for Cu K�
radiation are noted for reference.

FIG. 3. �Color online� The Verwey transition occurs between 119 and 125
K, indicating good oxygen stoichiometry. The Fe and Nb buffered samples
show anomalous responses, whereas the Mo, Cr, and unbuffered samples
have responses similar to bulk behavior. The magnetite was grown simulta-
neously on all samples.
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to significant strain and nonideal buffer layer; Nb/Fe reduc-
ing the magnetite, resulting in an interface stoichiometry of
the sort �Nb or Fe� Ox–FeOx. That the nonmagnetic Nb buff-
ered sample shows larger magnetization than the Fe buffered
sample suggests that it is unlikely that the former would lead
to anomalous magnetic properties of the magnetite. The lat-
ter, however, could result in an internal coupling between the
proposed interfacial oxide and the “bulk” of the magnetite
film; the temperature dependence of the bulk may lead to a
temperature dependent competition that governs the total
magnetization.20,21

In conclusion, we have demonstrated that ultrathin TM
buffer layers can significantly impact the structure and mag-
netism of magnetite thin films. The key to this work is that
the magnetite layers were grown simultaneously on all five
substrates, allowing us to make conclusions based solely on
the buffer layer material. Surprisingly, the Mo, Cr, and un-
buffered samples all showed similar behavior, despite the

fact that the Cr buffered magnetite appears polycrystalline.
In contrast, the Nb and Fe buffered samples showed strong
�001� texture but have anomalous magnetic properties. Not-
ing that Nb and Fe are more reactive than Mo and Cr, a
potential origin of these observations is that Nb and Fe may
have reduced the magnetite, creating a stoichiometrically in-
homogeneous material near the lower interface.
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FIG. 4. �Color online� M-H above and below TV for Mo and Nb buffered
magnetite samples. The diamagnetic background signal has been subtracted.
The legend applies to both panels.
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