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Off-axis electron holography observation of magnetic microstructure
in a magnetite (001) thin film containing antiphase domains

Takeshi Kasama,!"2* Rafal E. Dunin-Borkowski,>' and Wilma Eerenstein?
Frontier Research System, The Institute of Physical and Chemical Research, Hatoyama, Saitama 350-0395, Japan
2Department of Materials Science and Metallurgy, University of Cambridge, Pembroke Street, Cambridge CB2 3QZ, United Kingdom
(Received 21 November 2005; revised manuscript received 25 January 2006; published 21 March 2006)

Magnetic remanent states in a self-supporting 25-nm-thick magnetite (001) film containing antiphase domain
boundaries (APB’s) are investigated using off-axis electron holography in the transmission electron micro-
scope. The observed magnetic microstructure is highly complicated and contains both domain walls and
finer-scale magnetic variations. This complexity is attributed in part to a competition between exchange
coupling across APB’s and the demagnetizing energy of the thin film. Local variations in both the in-plane and
out-of-plane components of the magnetic induction in the film are correlated with the positions of the APB’s.
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I. INTRODUCTION

Magnetite (Fe;0,) is ferrimagnetic, with a high Curie
temperature of 858 K and a high degree of spin
polarization.!? Although it has been regarded as an ideal
candidate material for use in spin valve devices, attempts to
integrate magnetite films into multilayer structures (using
MgO substrates) have resulted in disappointing magnetore-
sistance (MR) values of below 0.5%.3-> The small measured
MR values do not appear to result from the presence of ran-
dom spin directions at interfaces in these multilayer struc-
tures, which would influence spin polarization and interface
scattering, as high-resolution transmission electron micros-
copy (TEM) has shown that the interfaces are sharp® and
Mossbauer spectroscopy has shown that the composition and
magnetic structure at the interfaces do not differ significantly
from that in the interior of the magnetite layers.®

However, epitaxial magnetite films grown on MgO sub-
strates are known to contain antiphase domain boundaries
(APB’s),%” which form at the early stages of growth. At
APB’s, the oxygen sublattice is undisturbed, but the iron ions
are shifted with respect to one another by vectors of the form
i(l 10) that lie either in the plane of the film or at 45° to the
plane. The presence of these shifts, which are referred to
below as in-plane and out-of-plane, respectively, leads to
magnetic exchange interactions that are not present in bulk
magnetite samples.® Some of the exchange interactions are
antiferromagnetic,” blocking the passage of spin-polarized
conduction electrons'®!! and randomizing magnetic spin di-
rections. The presence of APB’s has indeed been shown to
have a strong influence on the resistivities of thin films.!?

Previous studies of the magnetic microstructure of mag-
netite thin films have been primarily qualitative. Lorentz
TEM suggested that 50-nm-thick magnetite films contain
distinct magnetic domains that are 2—4 times the antiphase
domain (APD) size.! In contrast, magnetic force microscopy
(MFM) measurements revealed the presence of magnetic do-
mains that were approximately 10 times the APD size in 9.5-
and 75-nm-thick films.'* These results are apparently incon-
sistent with each other. In neither case was a direct relation-
ship between the APB structure and the magnetic structure
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established. No direct evidence of the relationship between
APB’s and magnetic coupling has been obtained to date us-
ing any technique.”!3-16

In order to address the relationship between magnetic mi-
crostructure and the presence of APB’s, here we examine a
25-nm-thick magnetite film using off-axis electron hologra-
phy in the TEM. This technique is capable of measuring the
magnetic induction in a thin film quantitatively, with a spatial
resolution that can approach 5 nm.'” We correlate our mag-
netic measurements with images of the APB structure ac-
quired from the same region of the sample.

II. EXPERIMENTAL DETAILS

Magnetite (001) thin films were grown onto polished
MgO substrates using molecular beam epitaxy at a tempera-
ture of 250 °C,'® with uniform thicknesses that were deter-
mined during growth from reflection high-energy electron
diffraction intensity oscillations. For TEM examination, the
films were floated off their substrates” and supported directly
on Cu TEM specimen grids, without the use of support films.
Figure 1(a) shows a bright-field TEM image of such a film.
Bandlike contrast in this image corresponds to bend con-
tours, which indicate that the film is slightly bent. Electron
diffraction patterns recorded from this film contained extra
reflections, as reported elsewhere.!”

Off-axis electron holograms of several regions of the film
were recorded at 300 kV using a Philips CM300ST field-
emission gun TEM equipped with an electron biprism and a
Lorentz minilens [Fig. 1(b)]. The technique involves illumi-
nating the sample coherently, with the region of interest po-
sitioned so that it covers approximately half the field of view.
An electron biprism (e.g., a positively charged quartz wire
coated with Au) is used to overlap the electron wave that has
passed through the sample with a reference wave that has
passed only through vacuum. Overlap of the two parts of the
electron wave results in the formation of holographic inter-
ference fringes, which contain information about both the
amplitude and phase shift of the electron wave that has
passed through the sample. The phase shift can be used to
quantify the in-plane component of the magnetic induction in
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FIG. 1. (a) Low-magnification bright-field image of a self-supporting 25-nm-thick magnetite film. The arrow indicates the area observed
using dark-field imaging and off-axis electron holography. (b) Schematic illustration of setup used to generate off-axis electron holograms.
The essential components are the field emission gun (FEG) electron source, which is used to provide coherent illumination, and the electron
biprism, which is used to overlap the sample and reference waves. The Lorentz lens allows the sample to be examined in magnetic-field-free
conditions. (c¢) Off-axis electron hologram of the area indicated using an arrow in (a). The box indicates the region shown in Figs. 2, 3, 5,
6, and 9. The arrow indicates the direction of the external in-plane field applied using the conventional microscope objective lens, with the

specimen tilted by +30°.

the specimen integrated in the electron beam direction. The
Lorentz lens allows holograms of magnetic samples to be
acquired at high magnification with the conventional micro-
scope objective lens switched off and the sample in
magnetic-field-free conditions. In the present study, electron
holograms were acquired using a biprism voltage of 200 V
and a holographic interference fringe spacing of 9.1 pixels
=4.3 nm [Fig. 1(c)]. Reference holograms were used to re-
move distortions associated with the imaging and recording
system of the microscope. Eighteen holograms were ac-
quired at remanence from each region of interest, after satu-
rating the sample magnetically along either [110] or
[110] [in the direction of the double arrow shown in Fig.
1(c)] using the field of the conventional microscope objec-
tive lens, followed by applying a known reverse field. All
external fields were applied with the specimen tilted by +30°.
The sample was always tilted back to 0° in zero field and
imaged at remanence. The procedure used to record electron
holograms and to extract phase information from them is
described in detail elsewhere.!” Conventional two-beam
dark-field (DF) images of the film were acquired at 300 kV
using a Philips CM30 TEM equipped with a LaBg filament.
All TEM measurements were performed at room tempera-
ture, and the specimen was not subjected to elevated tem-
peratures at any stage of preparation for electron microscopy.

III. RESULTS AND DISCUSSION

DF images of the region of the magnetite film indicated in
Fig. 1(c), acquired using {220} and {131} reflections, are
shown in Figs. 2(a) and 2(b), respectively. Strongly diffract-
ing regions in the {220} image correspond to the positions of
APB’s with out-of-plane shifts, 55% of which are visible in
this image. In contrast, the {131} image reveals APB’s with
both in-plane and out-of-plane shifts, 50% of which are
visible.” When taken together, the two images reveal ap-

proximately 80% of all of the APB’s that are present in the
film. Figure 2 shows that the APD’s have a wide range of
shapes and an average size of approximately 25 nm. Their
boundaries, many of which have straight sections, have mea-
sured widths of between 1 and 10 nm, with the larger values
corresponding to APB’s that are inclined to the film normal
by angles of up to ~22°. The presence of such a high density
of APB’s is thought to be responsible for the absence of a
Verwey transition in this sample.'?

Figure 3 shows magnetic induction maps recorded from
the same region of the film using off-axis electron hologra-
phy. Eight different magnetic remanent states are shown. Im-
ages (a)—(d) were acquired after saturating the film upwards
and then applying in-plane fields of (a) 32, (b) 192, (c) 299,
and (d) 1048 Oe downwards (referred to as +32, +192, +299
and +1048 Oe, respectively). Images (e)—-(h) were acquired
after saturating the film downwards and then applying exter-
nal fields of (e) 0, (f) 85, (g) 192, and (h) 1048 Oe upwards
(referred to as =0, =85, =192, and —1048 Oe, respectively).

FIG. 2. Dark-field images of the area indicated by the box in
Fig. 1(c), acquired using (a) {220} and (b) {131} reflections. The
dark contrast corresponds to the positions of APB’s.
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a) +32 Oe

b) +192 Oe

d) +1048 Oe J

FIG. 3. (Color) Magnetic induction maps of remanent states
recorded using off-axis electron holography from the region indi-
cated in Fig. 1(c). The images were acquired after saturating the
film magnetically with a large field and then applying in-plane
fields of (a) +85, (b) +192, (c) +299, (d) +1048, (e) -0, (f) -85, (g)
—192, and (h) —1048 Oe to the specimen (see text for details). The
direction of the measured magnetic induction in the film is shown
according to a color wheel (red = right, yellow = down, green =
left, blue = up). The thin red and white lines in each image corre-
spond to APB’s with out-of-plane shifts, while thin blue lines cor-
respond to in-plane shifts.

In each image, the color indicates the direction of the mea-
sured induction, according to the color wheel shown at the
bottom of Fig. 3. The induction maps, which were generated
by differentiating the measured holographic phase shift in
two orthogonal directions,!” reveal subtle features in the
magnetic microstructure that may not be discernible using
techniques such as the Fresnel mode of Lorentz microscopy
or MFM. In contrast to the examination of patterned mag-
netic nanostructures, the mean inner potential contribution
did not have to be subtracted from each recorded phase im-
age because the film thickness was uniform across the field
of view. The thin red and blue lines that have been added to
each image in Fig. 3 correspond to the positions of the
APB’s shown in the {220} and {131} DF images in Figs. 2(a)
and 2(b), respectively. White—i.e., superimposed (or closely
adjacent) red and blue—lines correspond to the positions of
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FIG. 4. Remanent hysteresis loop obtained by plotting the aver-
age measured magnetic induction in the film, in the direction of the
applied field, within an area 500X 380 nm in size, as a fraction of
that expected for a 25-nm-thick magnetite film. The letters corre-
spond to the eight individual figures shown in Fig. 3. The graph
shows the ratio of the measured magnetization (M) to the expected
saturation magnetization (M), plotted as function of the in-plane
component of the field applied to the film before recording the
magnetic induction maps with the sample at remanence. The open
and solid circles correspond to opposite directions of the applied
in-plane field.

APB’s that are visible in both the {220} and {131} images.
Accordingly, thin red and white lines correspond to out-of-
plane shifts, while thin blue lines correspond to in-plane
shifts.

The remanent magnetic states shown in Fig. 3 are highly
complicated. Irrespective of the magnitude of the applied
field, the films are never saturated magnetically at rema-
nence. In addition, the magnetic microstructure does not re-
verse exactly when similar external fields are applied in op-
posite directions [e.g., Figs. 3(d) and 3(h)]. Figure 3 shows
both coarse-scale magnetic domains (typically at least 100—
350 nm in size) and finer-scale magnetic contrast.

Figure 4 shows a remanent hysteresis loop measured di-
rectly from the same electron holographic phase images that
were used to generate the magnetic induction maps shown in
Fig. 3. The horizontal axis is the in-plane component of the
field applied to the films before removing the external field
and recording the magnetic induction maps at remanence.
The vertical axis is the ratio of remanent magnetization to
saturation magnetization (M/My), calculated from the aver-
age gradient of each phase image evaluated perpendicular to
the direction of the applied in-plane field. Open and solid
circles correspond to opposite directions of the applied in-
plane field. The loop tends towards a value of ~0.3, which is
slightly lower than that reported previously for a 75-nm-
thick magnetite film (0.42).'* This discrepancy may result in
part from the presence of magnetic domains in this region of
the specimen, which may in turn be stabilized by the pres-
ence of the corner of the thin film close to the region of
interest. The measured coercivity of remanence is ~200 Oe,
in reasonable agreement with a bulk measurement of 150 Oe
for the coercivity of a 13-nm-thick film’ and 300 Oe for a
75-nm-thick film.'* Although there is no independent confir-
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FIG. 5. (Color) Magnetic induction maps recorded using off-
axis electron holography after applying in-plane fields of (a) +1048
and (b) =192 Oe, corresponding to Figs. 3(d) and 3(g). The bound-
aries of coarse magnetic domains are marked. Arrows indicate the
average magnetization direction in each coarse domain.

mation that the magnetic properties of the present film are
unaffected by removal from its MgO substrate, the lattice
mismatch between the film and the substrate is small and
removal from the substrate is not expected to result in large
changes in the strain of the film. Furthermore, our present
magnetic measurements correlate well with previous MFM
and nuclear resonance results obtained from films that had
not been removed from their substrates.'*!®

The directions of the coarser domains in Figs. 3(d) and
3(g) are indicated using arrows in Fig. 5. Adjacent domains
differ in their average magnetization direction by approxi-
mately 90° or 180°. Each domain contains fluctuations in
magnetization direction that occur on a scale similar to the
size of the APD’s in the thin film. The coarse magnetic do-
mains that are visible in Figs. 3 and 5 are between 4 and 14
times larger than the APD’s and are similar in size to the
magnetic domains observed in similar films using MFM.'#
Although Pan et al.' also found unusual magnetic contrast
that varied on a scale of 100300 nm, their results were ob-
tained from magnetite films that were 10 times thicker than
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00 nm

FIG. 6. (Color) (a) Magnetic induction map recorded after ap-
plying an in-plane field of =513 Oe. The arrows in box 1 indicate
the directions of the measured local magnetic moments. Box 2
shows the presence of larger APD’s. (b) Magnitude of the in-plane
component of the magnetic induction, derived from (a).

those examined in the present study and the APD size in-
creases with film thickness.'? In Fig. 5, the boundaries of the
coarse magnetic domains locally follow APB’s and often ap-
pear on the same APB’s in different remanent states (Fig. 3),
suggesting that they are pinned at these positions in the film.
Domain boundaries that do not appear to coincide with
APB’s may correspond to the positions of the ~20% of
APB’s that are not revealed in Figs. 2(a) and 2(b). Alterna-
tively, their presence may result from an inability of the mag-
netic microstructure to follow crystallographic features such
as APB’s accurately when their directions change rapidly.
The fine-scale magnetic features visible in Figs. 3 and 5,
which have sizes of between 10 and 90 nm, often form as
distinct regions within an APD. However, they can also cross
between neighboring APD’s. Many adjacent fine-scale mag-
netic features are oriented magnetically approximately 90° to
each other, with their boundaries approximately perpendicu-
lar to the average magnetization in the bounding coarse do-
main. This observation suggests that the fine magnetic fea-
tures are similar in character to magnetic ripple contrast,?’2!
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a) b)
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FIG. 7. Schematic diagrams showing APD’s coupled antiferro-
magnetically across APB’s. (a) APD’s with antiparallel magnetiza-
tion, corresponding to the middle pair of arrows in Fig. 6(a). (b)
APD’s with antiparallel local magnetization at a triple APB junc-
tion, corresponding to the bottom pair of arrows in Fig. 6(a). The
dark regions correspond to significant out-of-plane components of
the magnetization in the film.

but that their behavior may be controlled locally by the pres-
ence of the APB’s.

Figure 6(a) shows a magnetic induction map that corre-
sponds to a —513-Oe field (not shown in Fig. 3). Antiferro-
magnetic coupling (visible as a 180° change in the local mag-
netic induction direction) is observed across several APB’s,
as indicated in box 1, both at APB’s with an in-plane shift
vector (middle, thin blue line) and at APB’s with an out-of-
plane shift vector (top, thin red and white lines). The magni-
tude of the in-plane component of the measured induction is
shown in the form of a gray-scale image in Fig. 6(b). Bright
intensity corresponds to moments that are fully in-plane,
while dark intensity corresponds to moments that are out-of-
plane. The vicinities of APB’s that exhibit antiferromagnetic
coupling are typically associated with a strong out-of-plane
component of the magnetization in the film [box 1 in Figs.
6(a) and 6(b)]. In contrast, in larger APD’s the local mo-
ments far from the APB’s tend to lie predominantly in the
plane of the film (box 2 in Fig. 6). Reports of significant
out-of-plane components of magnetization in Mossbauer
measurements>? may therefore be associated with the pres-
ence of antiferromagnetic coupling at APB’s. A schematic
illustration of such an antiferromagnetic APB configuration
is shown in Fig. 7(a). Although in-plane moments in the film
are not antiparallel across all APB’s [e.g., bottom arrows in
box 1 in Fig. 6(a)], this behavior may be influenced by the
local crystallography of the specimen (the angles of the
APB’s with respect to each other) and may still be associated
with out-of-plane moments [Fig. 7(b)]. No correlation was
observed between the presence of magnetic coupling across
APB’s and their inclination (their width in the DF images
shown in Fig. 2).

Figure 8 shows the variation of the inclination of the mag-
netization from the plane of the film, inferred from the mea-
sured in-plane component of induction and plotted as a func-
tion of distance from a single APB along the white line
marked in box 1 in Fig. 6(b). The narrow width of the dif-
fraction contrast visible at the position of this APB in Fig. 2
indicates that it runs almost perpendicular through the film.
The local moments at the APB are inclined at an angle of
almost 90° to the plane of the specimen, gradually rotating
back to the specimen plane over a distance of ~17 nm. For
this APB, the local moments begin to rotate out of the plane
again due to the presence of a neighboring APB. Figure 8 is
consistent with a report by Kalev and Niesen'® of a moment
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FIG. 8. Angle of the magnetic moment from the film plane
plotted as a function of distance from an APB, measured along the
line shown in box 1 in Fig. 6(b). This APB is almost perpendicular
to the plane of the film.

angle at an APB of 88.5" in zero magnetic field and a dis-
tance between out-of-plane angles of 15° and 88.5° of ap-
proximately 20 nm. If the distance over which the moments
rotate is independent of APD size, then for a given film
thickness a larger APD size would correspond to a higher
fraction of moments in the plane of the film.

The regions of Fig. 3(g) that correspond to moment angles
of >70° from the plane of the film are marked using circles
in Fig. 9. White circles correspond to such regions that lie at
the positions of APB’s, while red circles correspond to other
positions in the film, at which APB’s may also be present.
The remanent state shown in Fig. 9 (corresponding to an
in-plane field of —192 Oe) was expected to exhibit a rela-
tively large number of antiferromagnetically coupled do-

200 nm

FIG. 9. (Color) Distribution of APB’s that have magnetic mo-
ment angles of >70° from the film plane, after applying an in-plane
field of —192 Oe to the specimen. The white solid circles corre-
spond to antiferromagnetic coupling at APB’s, while the red solid
circles correspond to antiferromagnetic coupling away from the po-
sitions of known APB’s.
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mains across APB’s as the applied field is close to the coer-
civity of the specimen. However, fewer than 10% of the
APB’s exhibit antiferromagnetic coupling. Neighboring
APD’s are expected to couple to each other either antiferro-
magnetically or ferromagnetically, and the possibility of the
occurrence of antiferromagnetic coupling is predicted to be
up to 50% theoretically for two domains separated by a
single APB.? In reality, intersections of three or more APB’s
are present experimentally (e.g., box 1 in Fig. 6). As shown
schematically in Fig. 7(b), if the local moments across one
APB are coupled antiferromagnetically, then those at the
other two APB’s may not be. In such a geometry, magnetic
interactions may be much more complicated than across a
single APB. The fact that antiferromagnetic coupling is
present at fewer APB’s than predicted theoretically in Fig. 9
is in agreement with previous experimental results.!>1%16
Both the presence of a network of APB’s and the require-
ment for minimizing the demagnetizing field associated with
out-of-plane moments in a thin film undoubtedly contribute
to the complexity of the observed coarse and fine-scale mag-
netic contrast.

The 180° iron-oxygen-iron superexchange interaction,
which is related to antiferromagnetic coupling, is predicted
to be very strong,%’ suggesting that large magnetic fields
should be required to align the moments across an APB fer-
romagnetically. By comparing Figs. 5(a) and 5(b) and Fig. 9,
antiferromagnetic coupling is observed at different APB’s in
successive remanent magnetic induction maps in the same
region of this film, showing that even moderate applied fields
are able to change the antiferromagnetic coupling. However,
it should be noted that the film was saturated magnetically
before recording each magnetic induction map. The continu-
ous increase in magnetization reported in such films with
increasing magnetic field is likely to be caused not only by a
decrease in domain-wall width'3'%23 but also by the disap-
pearance of antiferromagnetic coupling across APB’s.

With respect to the influence of the magnetic microstruc-
ture on the spin polarization of magnetite films and, conse-
quently, on the performance of magnetite films in magnetic
tunnel junctions, even though antiferromagnetic coupling is
only present at <10% of the APB’s, the area covered by
neighboring antiferromagnetically coupled domains is not
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negligible. As the conduction electrons in such neighboring
domains are oppositely polarized, antiferromagnetically
coupled APB’s will reduce the total spin polarization. In-
deed, magnetite films grown on MgO (001) were found?*>
to have a lower spin polarization than magnetite (111) films
that did not contain APB’s.” Interestingly, even small
changes in the positions of the iron ions are predicted to have
a strong influence on the band structure and on the spin
polarization of such films.>* Besides antiferromagnetic cou-
pling, local shifts in the positions of iron ions may therefore
also affect spin polarization. For this reason, magnetite films
containing APB’s may not be capable of giving rise to high
MR in tunnel junctions. The interface between magnetite and
an MgO spacer layer in the tunnel junctions is probably not
responsible for the low MR values, as other tunnel junctions
that utilize MgO as a spacer layer perform very well.2627

IV. CONCLUSIONS

We have examined antiphase boundaries and remanent
magnetic states in a 25-nm-thick magnetite (001) film using
dark-field TEM and off-axis electron holography. We ob-
serve highly complicated magnetic microstructure in this
film. This complexity may result from a competition between
magnetic couplings across APB’s and the geometry of the
thin-film specimen. Coarse magnetic domains are between 4
and 14 times the APD size, while finer-scale magnetic fea-
tures are between 0.5 and 4 times the APD size. Both anti-
ferromagnetic and ferromagnetic couplings across APB’s are
present in this specimen, with antiferromagnetic coupling oc-
curring independently of the type of APB, but at less than
10% of the observed APB’s. Out-of-plane moments are ob-
served at the positions of a large proportion of the APB’s.
These moments rotate to in-plane orientations over a dis-
tance of approximately 20 nm. The complicated magnetic
microstructure is likely to reduce the spin polarization of
such magnetite films.
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