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Characterization of antiphase boundary network in Fe;04(111) epitaxial thin films:
Effect on anomalous magnetic behavior
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We report on the antiphase boundaries network of Fe;O4(111) thin films. 5- to 50-nm-thick samples were
epitaxially grown by molecular beam epitaxy onto a-Al,03(0001) substrates. The magnetic properties of the
samples have been interpreted within the framework of a one-dimensional model of antiphase boundary (APB),
which predicts that the magnetization is given by M..(1-b/ \E) in the approach to saturation regime. Trans-
mission electron micrographs of several samples were used to extract the statistical parameters of the APB
network, particular emphasis being put on the relevance and statistical significance of the studied parameters.

The mean antiphase domain size D, as the antiphase boundaries characteristic length /, extracted from a fractal
analysis, vary as the square root of film thickness/deposition time and are within the 10 nm range. The APB
density was found to vary as 1//; as expected from the fractal dimensions of the network. The dependency of
the b parameter of the magnetic model on the APB density is finally analyzed in the light of micromagnetic
simulations of chains including finite size antiphase domains and two APBs.
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I. INTRODUCTION

Considerable interests have been devoted to the study of
magnetic thin films over the last decade since they play a
crucial role in spin valves,' magnetic tunnel junctions,>* and,
more generally, in spin electronics devices.* A class of ma-
terials particularly helpful® for the understanding of the phys-
ics of the spin electronics devices is made of the so-called
half-metals, which are fully spin polarized, i.e. conductors
for one spin direction and insulators for the other. Transport
and photoemission experiments have demonstrated that CrO,
(Ref. 6) and the perovskites La,Sr;_,MnO; (Refs. 7 and 8)
and SrFe,MoOg (Ref. 9) are indeed half-metallic, but only at
low temperature. The spinel Fe;0, (magnetite) appears thus
quite interesting,'®!! since band structure calculations have
predicted a half metallic behavior,'>'* and it might exhibit
high spin polarization at 300 K, or above, given its high
Curie temperature (7T-=860 K).

However, the amplitude of the giant magnetoresis-
tance'>!® or tunnel magnetoresistance!’~2% of devices includ-
ing Fe;O, measured to date is much lower than expected
from the predicted half metallic character of the compound.
The origin of this discrepancy is not fully understood yet but
part of the explanation is probably to be found in the signifi-
cant differences between the magnetic properties of Fe;O,
thin films and those of bulk samples.?>?® One of the puzzling
features of the magnetic behavior of Fe;O, thin films is the
lack of saturation even under large applied fields (up to
70 kOe).?”?8 This has been qualitatively ascribed to the pres-
ence of the antiphase boundaries (APBs) which are structural
defects that delimitate the symmetry invariant domains (vari-
ants) of the sample. Such APBs are present in various com-
pounds including bimetallic alloys [e.g. CusAu (Ref. 29) or
Fe,Al,_, (Refs. 30 and 31)] and oxides.?>33

There are eight equivalent cation sublattices for a given
oxygen sublattice in the spinel structure into which Fe;Oy4
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crystallizes, but from a practical point of view, the symmetry
operation required to transform one of these sublattices into
another is equivalent to a translation of a vector of the 1/4
(110) family or one of their linear combinations. Although
APBs have also been observed in bulk spinels,’? they are
mostly associated with Fe;O, thin films and more specifi-
cally with the coalescence of islands exhibiting different cat-
ion sublattices.’* It is worth noting that APBs have been
observed in Fe;0, thin films epitaxially grown onto a great
variety of substrates, e.g. MgO,?"3*37 a-Al,05,38-40 pt,4!
and even the original spinel MgAl,0,.*> This is suprising
since some of the shift vectors should be forbidden depend-
ing on the symmetry of the substrate, in particular in the case
of MgAl,O, where the identical structure of the substrate and
the film should lead to growth without APBs. The APB net-
work was first thought to be set during the very first stages of
growth,3 but a systematic study demonstrated that the size
of antiphase domain increases both with film thickness and
annealing time.?

The influence of APBs on magnetic properties comes
from the existence of specific geometries of the Fe-O-Fe ar-
rangements not present in perfect Fe;O, crystalline
structure.?”* Since superexchange depends strongly on the
angle between the Fe-O bonds, one expects specific magnetic
couplings at some of the APBs. The exact evaluation of such
couplings at a given type of APB (defined by two param-
eters, the shift vector and the boundary plane) is made diffi-
cult because of the numerous Fe-O-Fe bonds which should
be taken into account and the lack of quantitative informa-
tion available on superexchange;** the Goodenough-Kana-
mori rules** give only qualitative results and concern
solely particular geometries. However, a given fraction of
APBs comprise aligned Fe**-O-Fe** bonds which are known
to create extremely strong antiferromagnetic superex-
change.*® The resulting coupling is thus expected to be
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strongly antiferromagnetic at these APBs, which are consid-
ered to be responsible for the lack of the saturation in Fe;O,
thin films. The proportion of such antiferromagnetic APBs is
not known in general since it depends on distribution of the
boundary plane—shift vector couples, which in turns depends
on the substrate and growth orientation used. A proportion of
10 to 20 % has been reported for Fe;04(100) grown on
Mg0.47’48

In a previous paper’® we adapted a one-dimensional
model initially developed for Fe/Gd multilayers*’ to de-
scribe the approach to saturation in Fe;O, thin films. How-
ever, this study was only semiquantitative: It did not account
for the variation of APB density. In this paper, we carry out
a thorough quantitative analysis of the APB network to fur-
ther analyze magnetic data.

The paper is organized as follows. The experimental setup
and image binarization process are described in Sec. II. In
Sec. III, the experimental results are displayed. Magnetism
data are analyzed using the one dimensional model of Ref.
38 and the procedure used to extract the parameters that
characterize the morphology of the APB network are pre-
sented. In particular, we present a fractal analysis method
which, aside from extracting the APB characteristic length
acertain the relevance of APB density values extracted from
the image analysis. Growth mode and magnetic properties
are discussed in the light of the statistical analysis and mi-
cromagnetic simulations in Sec. IV.

II. EXPERIMENTS

Samples were grown using an oxygen-assisted molecular
beam epitaxy setup described in detail elsewhere3®>° and
briefly summarized below. Fe;0,(111) layers with thickness
ranging from 5to
50 nm were deposited onto sapphire (0001) substrates at a
temperature of 450 °C and a pressure lower than 2
X 1078 mbar (base pressure <2 X 107! mbar). The growth is
then achieved by evaporating metallic Fe from a Knudsen
effusion cell under atomic oxygen generated by a rf plasma
source (atomic oxygen partial pressure in the growth
chamber=8 X 10~ mbar, atomic oxygen flow in the 10"
atoms cm™2 s~! range). Deposition rates are measured in sifu
using a quartz balance and checked ex situ by x-ray reflec-
tivity: Both methods lead to a growth rate of 0.18
nm min~'+5%. The growth remains two-dimensional (2D)
during the whole process as demonstrated by reflected high
energy electron diffraction (RHEED) patterns (shown in Ref.
50) recorded during the deposition.

The magnetic properties of the samples were measured at
room temperature using a commercial vibrating sample mag-
netometer (VSM) manufactured by the ADE company. The

field was applied in the plane of the films, along the (110)
direction of the Fe;O, lattice (no in plane anisotropy has
been observed for all the samples). Special attention was
paid to determine the diamagnetic contribution of the a-
Al,O5 substrate by measuring the magnetic signal for each
substrate before Fe;O, deposition. This signal was then sub-
tracted from the one of the complete sample, so that the
magnetic signal of the sole Fe;O, thin film is obtained.
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FIG. 1. Example of 325X 325 nm? TEM bright and dark field
images of a 32-nm-thick Fe3Oy thin film. (a) Bright field. Part of the
APBs are barely visible as white lines. (b) Selected area diffraction
pattern. The circles correspond to the three 220 type reflections
allowed with this zone axis. (c) Dark field image obtained after
selecting the 022 reflection. Two third of the APBs have a shift
component perpendicular to the 022 plane selected for the dark field
image and appear as black lines. The remaining third is not visible
on this micrograph but would become apparent by using another
220 reflection for the dark field acquisition. (d) APB network as
obtained after the “manual binarization™ step (see text for details).

Thin samples were prepared for transmission electron mi-
croscopy (TEM) analysis from films of four different thick-
nesses (8, 15, 32, and 50 nm), using the usual mechanical
polishing and ion thinning techniques. TEM experiments
were performed using a CM30 LaBg microscope on plane
view samples, i.e. studied with the e-beam parallel to the
growth direction. Specific information can be gathered by
TEM when performing dark field measurements, as illus-
trated in Fig. 1. Figure 1(a) displays a typical bright field
image of a 32-nm-thick Fe;0, thin film studied along a [111]
zone axis. The diffraction pattern is shown in Fig. 1(b). The

circles indicate the three 520, 502, and 022 reflections (110
reflections are forbidden in the spinel structure) surrounded
by six satellites. The latter are due to double diffraction phe-
nomenon due to the e-beam that has been successively dif-
fracted by the a-Al,0; and Fe;O, superimposed crystals.
The micrograph in Fig. 1(c) is the dark field image obtained

selecting the Fe;0, 022 reflection. APBs can be indeed con-
sidered as stacking faults of shift vectors of the 1/4 (110)
type, four out of these six vectors breaking the periodicity of
the particular (220) planes. Assuming a homogeneous distri-
bution of APB (one sixth of the APBs for any of the six 1/4
(110) vectors), each dark field image such as Fig. 1(c) shows
two thirds of the APB network.

The resulting dark field images are then binarized [Fig.
1(d)]. This step has proven to be difficult, particularly be-
cause of the Moiré pattern (originating from the existence of
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FIG. 2. (Color online) Examples of virgin magnetization curves
obtained for films of different thicknesses, and best fits obtained
with Eq. (2).

two superimposed periodic structures, the a-Al,O5 substrate
and the Fe;0, thin film) present on each picture. We were
not able to design an efficient automated binarization proce-
dure and finally choose to perform this task manually by
reproducing the APB network on a semitransparent paper
and numerizing the resulting drawing. The resulting image
was then binarized and a skeletization process was applied so
that APBs appear as 1D lines on the final image.

III. EXPERIMENTAL RESULTS

A. Magnetization curves analysis

Although full hysteresis loops have been systematically
measured on all samples, we will focus in this paper on
virgin magnetization measurements only, in order to study
the approach to saturation. Figure 2 displays a few examples
of such curves. The magnetization of each sample has been
normalized by M(H=20 kOe), this value corresponding to
the largest applied field in our apparatus.

These curves were analyzed using the model described in
details in Refs. 26 and 38, which we briefly summarize here.
This model considers two antiferromagnetically coupled
semi-infinite chains, exchange and Zeeman terms being the
only magnetic interactions taken into account (the magnetic
anisotropy is neglected, so the field direction with respect to
the crystallographic axes is not specified in the model). In
this framework, the magnetization loss AM of an individual
infinite chain (equivalent to the magnetization loss per sur-
face unit of boundary) along the direction of the applied field

H can be obtained analytically and is given by

A —
AM(H)=M0<1—2\/a2AZ)H(1—\2)>, (1)

where M, is the theoretical saturation magnetization, a the
distance between adjacent chains in the boundary and A the
exchange stiffness between two neighboring spins (note that
since Fe;Oy is a ferrimagnet, A is a mean value calculated
from the different exchange constants; an effective value of
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FIG. 3. b parameter as a function of film thickness, represented
using a log-log scale. Error bars correspond to the standard devia-
tion calculated when several samples of the same thickness have
been grown and measured. The straight line represents the best
power law fit, with a —0.15+0.01 exponent.

A can be obtained from torque measurements’!'). The field
dependence of the fotal magnetization is then assumed to be
similar to the one of the individual chain given by Eq. (1),
and the experimental curves can be fitted with two param-
eters using

M(H) =Mm(1 - %>, 2)
VH

where M., is the saturation magnetization and b a parameter
measuring the difficulty of the approach to saturation (the
relation between b and the APB density will be discussed in
the last section of this paper).

This last equation was used to fit the magnetization curves
of Fig. 2. The M../M(20 kOe) ratio was found to be nearly
constant, varying between 1.05 and 1.1 without any obvious
thickness dependence. The evolution of the b parameter,
characterizing the shape of the M(H) curve, is shown in Fig.
3. b depends weakly but clearly on the thickness, the data
being reproduced in coarse approximation by a power law of
exponent 0.15+0.01. The values are of the same order of
magnitude as those reported by the literature,’? yet slightly
larger than those reported for Fe;0,(100) films grown on
MgO of comparable thickness, probably because of differ-
ences in the APB network geometry, the fraction of APBs
exhibiting antiferromagnetic couplings and/or the APB den-
Sity.

B. Angular analysis

Two-dimensional power spectra (Fourier transforms of
the 2D autocorrelation functions, which are also the square
module of the Fourier transforms of the original images)
were calculated in order to study the directionality of the
APB network. Typical results are displayed in Fig. 4. The
spectra are all “X” shaped (it is less clear for the 50-nm-thick
film), the two branches corresponding to (110) directions,
separated by 60°. There is almost no APBs which boundary
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FIG. 4. (Color online) Two-dimensional power spectra of se-
lected binarized images: (a) 8-nm-thick film, (b) 15-nm-thick film,
(¢) 32-nm-thick film, (d) 50-nm-thick film. Images have been ro-
tated so that the horizontal axis corresponds to the direction of the
spot selected in order to obtain the dark field image. The scale

correspond to the spatial frequency given in nm™.

plane lies in the remaining (110) direction corresponding to
the spot used to make the dark field measurements. This
symmetry breaking evidences a correlation between APBs
orientations and shift vectors: since the dark filed images
used for the analysis show only two thirds of the APBs, the
absent lobe in each power spectrum can be associated with
the lacking APBs. Such a correlation was found in the pro-
totypical CuszAu ordered alloy where a preferential orienta-
tion of APBs is similarly pointed out. In that case, the APBs
are oriented in such a way that there are conservative (i.e.,
the local stoichiometry is preserved) and of low energy.’
Similarly, one could expect for the Fe;O, thin film that APBs
are aligned along directions of low energy.

C. Distribution of antiphase domain size

In order to unravel the possible connection of the param-
eter b with the antiphase domains (APDs), we now investi-
gate the size distribution of APD. Extending the analysis
proposed in Ref. 35, domain size distribution has been evalu-
ated versus orientation: along a fixed direction, the number
of white pixels between APBs (black lines) along each line
of the rotated image is measured (we thus measure the size
of APD cuts). In addition to the measure of the average APD
size, it should be emphasized that this method allows point-
ing out the anisotropy of the APDs. Figure 5 shows an ex-
ample of statistical distribution of APD size which is typical
of those obtained for any analysis angle and any binarized
image. In this example, the APD size mean value and stan-
dard deviation are, respectively, 20.6 and 19.7 nm. For any
arbitrary direction of a given image, the cumulative probabil-
ity (obtained by integrating the probability density) could be
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FIG. 5. Statistical distribution of the antiphase domain size
along an arbitrary direction of a plane view from a 15-nm-thick
Fe;O,4 film. For this particular direction, we measure 20.6 and
19.7 nm for the mean APD size D and the standard deviation op,
respectively. The shaded area corresponds to the [D—op,D+0p)]
interval. The inset shows the cumulative probability (straight line)
which is fairly well reproduced using an exponential law (dashed
line) C(x)=1-¢"", the best fit corresponding to xy=20.6 nm.

successfully reproduced by an exponential law
Clx)=1-e"0 (3)

with xy=20.6 nm in our example. This expression of the cu-
mulative probability corresponds to an exponential distribu-
tion of the APD sizes

P(x) = le—x/x(), (4)
X0
where the x, parameter corresponds to the mean value of the
distribution.

Such a distribution is reminiscent of the initial Markovian
distribution of nucleation centers of APDs. It should also be
emphasized that this broad distribution of APD size is char-
acterized by (i) a standard deviation equal to the mean value,
(ii) a most likely value different from the mean value, and
(iii) distribution parameters depending on the particular di-
rection of the cut. We nonetheless define the mean APD size

D in the following way: for each direction of a given image,
we fit the cumulative APD size distribution with Eq. (3) (see
inset of Fig. 5) and then average these x, values in order to
obtain the mean APD size. The results are displayed in Fig.
6. One observe an increase of the APD size with increasing
film thickness, D varying as \/, average domain size varying
from 20 to 40 nm for the film studied in this paper. Yet, as
we shall see in Sec. IV, mean APD size alone do not allow us
to interpret magnetism data, and the APD size distribution
has to be taken into account.

D. Fractal analysis of the antiphase boundary network

We now focus on a deeper description and analysis of the
APBs network. To characterize the complex geometry of the
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FIG. 6. Mean APD size as a function of film thickness 4, rep-
resented using a log-log scale. Error bars correspond to the standard
deviation calculated from the mean APD size measured on several
images of the same sample, and not the standard deviation of the
APD size distribution which is equal to the mean value given the
statistical law used for the fits. The straight line represents the best
power law fit, with a +0.45+0.1 exponent.

APB network, we propose the following fractal analysis
which, aside from defining the APB characteristic length,
give important information on the relevance of the APB den-
sity estimated and discussed in the next section (Sec. IIT E).
Considering a set of N points of coordinates (x;,y;), and call-
ing (x,,yy) the coordinates of the center-of-mass, the gyra-
tion radius R, is defined by

N
1
R,= Nz [ = xp0)* + (v = ym)*]- (5)

For an object of fractal dimension dj, N, and R, are simply
related by>*

N« RY. (6)

Practically, a set of logarithmically distributed radii {Rp}
has been chosen at the beginning. For small enough radius
Rp, the initial image is divided in subimages of size Rj. One
single disk is set within each subimage [Figs. 7(a) and 7(b)],
and R, and N are computed for each disk. For the larger
Rp’s, overlapping is allowed to achieve better statistics [Fig.
7(c)]. In each of the defined disks, we determined the pixels
corresponding to the APB network and calculated the radius
of g236/ration R, and the number of pixels N as defined in Eq.
(5).

Examples of N vs R, curves are plotted in Fig. 8 for each
of the samples studied by TEM. All the samples exhibit a
similar behavior consisting of two distinct regimes: for small
radii of gyration, the data is reproduced by a power law fit
with an exponent close to 1, whereas for large radii of gyra-
tion, power law fitting yield to an exponent close to 2 (see
Table I). The small scale regime corresponds to the indi-
vidual objects. The large scale regime describes the geometry
of the whole APB network. We thus define the characteristic
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FIG. 7. Principle of fractal dimension measurement using gyra-
tion radius. For small enough radius R, the initial image is divided
in subimages of size Rp. One single disk is set within each sub-
image [(a) and (b)]. For the larger disks, overlapping is allowed to
achieve better statistics (c).

length scale of the APB network as the gyration radius /; at
the crossover between the two regimes (see Fig. 8). The evo-
lution of [, as a function of the film thickness is reproduced
in Fig. 9. [, is found to increase roughly as the square root of
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FIG. 8. Examples of fractal analysis for four different films
thicknesses: number of pixels N as a function of the radius of gy-
ration R, plotted in a log-log scale. Dashed lines correspond to
power law fits, the exponent being close to 1 before the crossover
and to 2 after it (see Table I). Dotted lines indicate the characteristic
length of the APB network, defined as the gyration radius at the
Crossover.

the film thickness and to be about 2.75 times smaller than the
mean APD size D.

E. APB density

The simplest measurement of the APB density from a
TEM micrograph consists in summing the pixel values (the
value of the pixels corresponding to APBs is 1 while the
others correspond to 0) and normalizing the sum by the im-
age area. However, this procedure may not be statistically
significant given the limited scope of a given TEM image.
The relevance of this measurement relies on the observation
of two dimensions for the APB network and on dimension
d;, after the crossover. Indeed, if p(R) stands for the density
calculated from a circle of radius R and N(R) the number of
pixel corresponding to APBs, one gets (see the Appendix for
detailed calculation):

_NR) a2
p(R) - 7TR2 R . (7)

TABLE I. Fractal dimensions before (dy;) and after (d;,) the
crossover. Statistical uncertainty is the standard deviation of the
measured dimension for a given film.

Film thickness (nm) dy, ds»
8 1.03+£0.02 2.00+0.01
15 1.07+0.02 2.06+0.04
32 1.00+0.02 1.96+0.01
50 0.97+0.02 1.98+0.02
mean value 1.02+0.04 2.00+£0.04
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FIG. 9. APB characteristic length scale [, as a function of the
film thickness (axes are logarithmic). Error bars correspond to the
standard deviation calculated from the analysis of various images of
the same sample. The straight line represents the best power law fit,
characterized by an exponent of 0.5+0.15.

The method is thus accurate in our case, but it is worth
noting that physical systems exhibiting d,#2 (e.g., mag-
netic domain walls in disordered thin films®> or crystals ex-
hibiting dendritic growth®) do exist. In such cases, the den-
sity can not be properly defined, since it depends on the
image size.

In order to achieve better statistics, p was evaluated using
a large number of circles of radius R>/;, and defined as the
mean value. Figure 10 represents APB density as a function
of film thickness for the four films studied here. This APB
density decreases roughly as one over the square root of the
film thickness. The statistical variations are not due to uncer-
tainty on p for a given image (the procedure used on each
image leads to a statistical error below 1%), but are probably
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FIG. 10. APB density as a function of film thickness, repre-
sented using a log-log scale. Error bars correspond to the standard
deviation calculated from the density measured on several images
of the same sample. The straight line represents the best power law
fit, with a —0.4+0.1 exponent. Inset: APB characteristic length as a
function of APB density. The line correspond to a power law fit
with a fixed —1 exponent.
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artifacts due to image acquisition, though slight inhomoge-
neities within the samples originating from local variations
of fluxes, temperature, and substrate preparation cannot be
ruled out.

This measurement is in agreement with the variation of [
with respect to the film thickness: the inset of Fig. 10 shows
that the APB density is indeed proportional to the inverse of
APB characteristic length (;=0.7/p) as expected from the
topological properties of the APB network expressed by the
dimensions before and after the crossover (see the Appen-
dix).

IV. DISCUSSION

The evolution of the APB network in Fe;O, thin film is a
particular case of ordering process. The kinetics of domain
coarsening can be described by a power law L~ %, where L
is the characteristic length of the domains, ¢ is the time (usu-
ally counted from quenching from a high temperature disor-
dered state) and z an exponent strongly dependent on the
nature of the ordering process but independent of the dimen-
sionality of the system or the degeneracy of the ordered
state,>’® which for APBs is the number of variants (8 in the
case of Fe;0,4). Systems and models can be divided in two
classes:’’ when the order parameter of the system is con-
served during ordering (such as, for example, during ho-
moepitaxial growth or spinodal decomposition of binary al-
loys), z is equal to 1/3, while it is 1/2 when the order
parameter is not conserved (e.g., during ferromagnetic or
chemical ordering).

In the present case, predicting the value of z is not
straightforward since chemical ordering occurs during the
Fe;0, film growth. A scenario comprising possible atomic
diffusion with long-range matter transportation creating the
successive ordered layers of the thin film and homogenizing
the concentrations in volume (conserved order parameter L
~113) could be envisioned, but the gradient of concentra-
tions it requires are unlikely given the homogeneity of the
incoming atomic fluxes onto the sample. Chemical ordering
by local exchange of two atoms resulting in a displacement
of the APBs (nonconserved order parameter L~ t'/?) is much
more likely. From a practical point of view, the kinetics is
eventually limited by the process with the lowest exponent,
and experimental measurement should be able to plainly dis-
card the conserved order parameter scenario (L~ t'"3).

As shown in Figs. 6 and 9, both the mean APD size D and
the APB characteristic length [, evolves roughly as the
square root of the film thickness 4. Since the growth rate is
kept constant for all the samples, these two lengthscales are
found to increase as 2, ¢ standing here for the deposition
time. The same evolution of the APD size has been observed
for Fe;0, (100) thin films grown on MgO (100) substrates,*
an identical behavior being obtained when considering depo-
sition and annealing time. The very same z=1/2 exponent
has also been found both for bulk chemically ordered bime-
tallic alloys®® and in the presence of a surface.>%%

The limiting process of the domain coarsening is thus the
chemical ordering process over the Fe sublattices (z=1/2).
In addition, two distinct time scales ought to be considered in
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our case since domain coarsening takes place during film
growth. The kinetics of bulk chemical ordering depends on a
prefactor related to (usually lacunar) volume diffusion while
nucleation-growth ordering on the surface bring into play
surface diffusion which is a much faster process (for copper
alloys, the activation energy for surface diffusion is typically
of a few tenth of eV, to be compared to 1-2 eV for volume
diffusion via a lacunar mechanism). During its formation,
each atomic layer would adapt very quickly to the already
formed film. The time scale of this adaptation would be well
below the one for the completion of a monolayer (about one
minute in our case). Chemical ordering begin after coales-
cence of the very first layers, the ultrathin Fe;O, film thus
formed acting as a template. The mechanisms of domain
coarsening would then be the same as in bulk bimetallic
alloys, where it has been shown that the driving force behind
the motion of APBs is their local curvature, kinetics being
independent of the energy cost of APBs.3!

The effective large scale fractal dimension close to 2 ob-
served during the Fe;0, film thin growth is in agreement
with such a scenario: this value of the fractal dimension is
obtained for random spatial distributions of nucleation center
of APDs as expected at the very first time of the film growth.
Moreover, the fractal dimension expected in the absence of
any clustering and/or self-organization within the APB
network> is also 2. The observed 1/2 exponent appears as
an intrinsic property of APD coarsening, regardless of the
substrate onto which Fe;O, is grown, but the initial size
distribution is fixed during the first steps of growth and is
linked to the density of nucleation centers. Hence, both ini-
tial Markovian APDs nucleation and APDs growth processes
play a role in the APDs network geometry.

Given the slow kinetics of domain coarsening (in the

growth conditions used here, the mean APD size D doubles
in about 2 h), only limited increase of the characteristic an-
tiphase domain size can be gained through thermal treatment
of the film using experimentally realistic amounts of time.
Annealing alone shall thus not allow to obtain single-domain
devices since the APD sizes reported here or in the literature
are in the tens of nm range, i.e., while the devices patterned
by the standard optical lithography techniques are 2 to 3
orders of magnitude larger. From a strictly structural point of
view, significant gain in the APD size is to be sought in a
dramatic increase of the island size (i.e., a decrease of the
density of nucleation center) by changing the growth condi-
tions (temperature, and especially ambient pressure). How-
ever, the quite narrow range of growth conditions leading to
Fe;0,4 imposes severe limitations.

We now focus on the link between the magnetic proper-
ties of the samples and the measured APB density p. Within
the hypothesis of the magnetic model,* the b factor is ex-
pected to be proportional to the APB density. Indeed, if the
linear chains are independent, the magnetic moment loss is
supposed to be proportional to the total APB surface. Thus
the magnetization loss is proportional to the APB surface
divided by the sample volume, which is the APB density
discussed in Sec. IIT E. This linear dependency is not experi-
mentally observed: combining the power laws evidenced in
Figsi/;% and 10, we find that the b parameter evolves roughly
as p°.

155438-7



BATAILLE et al.

180 __I T T T 901 T IJ
150 | Applied field g o K
L S 30
120 r —— 2500 Oe N AS o
% 90f~----50000e |~ /o .
3 [ 10000 Oefs:. ~~ .4 2
S 60f RS R
R 20000 Oe| *-... 7 { g0
T 30F 20 10 0 10 20
© r e Position {nm})
© Opc==o=— =
c : RSN Y LeiEET
< 30f N i
[ N i 4
-60 Al ¢
'90 __xl ::::::::: Leaecasces | FETRTTRET] {l ::::::::: I FETSERSET o leaseraees leeecerans 1

40 -30 -20 10 0O 10
Position (nm)

20 30 40

FIG. 11. Micromagnetic simulation of the magnetization profile
(the origin of angles refers to the field direction) of a linear chain
containing two APBs separated by d=20 nm. The inset shows the
result of the micromagnetic simulation for a single APB under a
20 kOe applied field.

The origin of this discrepancy is to be found in the rather
short APB characteristic length (see Fig. 9) and the large
proportion of small APD cuts (see Fig. 5): the validity of the
hypothesis of independent one-dimensional chains has to be
evaluated. This has been done by considering one-
dimensional chains containing two APBs. Since no simple
analytical solutions exist for such systems, we solved the
problem numerically with a program originally developed to
simulate through energy minimization the magnetization pro-
files of thin films considered as one-dimensional systems.®!
The bulk values were used for Fe;O, saturation magnetiza-
tion (M;=480 kAm™') and effective exchange stiffness
(Ap=10"% erg cm™'=10'"" T m™!) 3! The simulations does not
consider the field direction with respect to the crystallo-
graphic axes of Fe;O, since the magnetic anisotropy is ne-
glected as in the analytical model.

An important difference between the analytical model
used in Sec. III A and the micromagnetic simulations has to
be pointed out: whereas the magnetization profile given by
the analytical model (which considers infinite chains) does
not depend on the antiferromagnetic coupling Ar at the
APB, this is no longer true when the energy minimization is
performed on finite chains. We have tested several values of
A g with chains containing one single APB. The b parameter
depends strongly on A, but not much on the chain length
provided it exceeds 20 nm.

Ap was finally set to —3X107% ergcm™>?=-3X107°
J m™? which leads to a b parameter in the same range as the
values obtained on experimental curves reported in Fig. 3.
Given the strong dependency of b on A,p, this value can be
considered as a reliable order of magnitude, which is com-
parable to the one obtained by Kalev and Nielsen.*® As can
be seen in the inset of Fig. 11, spins far from the APB are
aligned with the applied field, and the typical width of the
domain wall created by the APB is a few tens of nanometers.
The shape of the magnetization profile is very similar to the
one obtained from the analytical model which uses infinite
chains.

We then used this set of parameters to simulate the mag-
netic behavior of chains containing two APBs. The length of
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FIG. 12. Micromagnetic simulation of magnetization curves of
linear chains containing two APBs separated by d=5, 10, 20, or
40 nm [magnetization is normalized by M(20 kOe) in each case].
The four black disks correspond to the configurations displayed in
Fig. 11.

the “external” chains was set to 30 nm and the length of the
“middle” chain, noted d was varied between 5 and 40 nm.
Figure 11 shows some magnetization profiles obtained for
d=20 nm. For sufficiently large fields, the shape of the curve
away from the APB is similar to the one obtain for one single
APB, but the angle between the field and the spins at the
APBs is no longer 90°. Simulation for larger d (not shown
here) do not show this latter trend, and APBs can be consid-
ered as independent when they are more than 40 nm apart.

To sum up, the effect of adding a second APB in the chain
figures presented in Figs. 11 and 12, is twofold.

(i) For H smaller than a blocking field Hp, it stabilizes
magnetic configurations consisting of homogeneous domains
separated by sharp domain walls (solid line of Fig. 11). In
this regime, the system exhibits a constant magnetization. It
is worth noting that the blocking field is very large for the
smallest value of d (it exceeds 20 kOe for d=5 nm).

(ii) For H larger than Hp, the magnetization can be fitted
using Eq. (2). The parameter b is then found to decrease
when d is increased.

Point (i) invites us to consider an effective APB density,
not counting those which are too close to eachother. The
fraction of “inactive” APBs is given by statistical distribution
of APB cut such as the one reproduced in Fig. 5 and is thus
thickness dependent. However, we believe that the influence
of this effect on the b parameter is not direct, for the fraction
of inactive APB is small for all the films studied in this
paper. For example, even considering that all APBs exhibit
antiferromagnetic coupling (which is not a valid hypoth-
esis*’), only about 10% of the APBs of 8-nm-thick films are
less than 5 nm apart from another, and this proportion further
decreases for thicker films. This variation of the effective
APB density cannot account for the dampening of the p de-
pendence of the b parameter. The existence of homogeneous,
antialigned domains even at high fields may nonetheless
partly explain the magnetization loss observed in all the
films.?

Point (ii) suggests an enhanced dependency of b on p. Yet
the b enhancement is only observed for H> Hp, and such
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curves exhibit reduced b when fitted within the same range
as the experimental data displayed in Fig. 2. Indeed, linear
combinations of such curves can be very satisfactorily fitted
using Eq. (2) with a b parameter lower than b’s (defined in
each case for H>Hyp) of all individual curves. We believe
that this indirect influence of point (i) is the main driving
force of the dampening of the b(p) curve.

V. CONCLUSION

In this paper, we have studied the properties of the an-
tiphase boundary (APB) network of Fe;O, thin films epitaxi-
ally grown onto a—Al,O; (0001) substrates, and its influ-
ence on the magnetic properties of the samples. The
approach to saturation of the films has been analyzed within
the framework of a one-dimensional model.*®*’ The virgin
magnetization curves are satisfactorily reproduced by the
model, following M=M,(1-b/\H). The b parameter varies

s h™%15 where & is the film thickness. The statistical prop-
erties of the APB network were then thoroughly studied from
TEM micrographs. A correlation between shift vector and
boundary plane was evidenced. This anisotropy of the net-
work, together with the extremely broad distribution of an-
tiphase domain size make the method of domain cut at first
questionable, and a fractal analysis has been further used to
extract the APB characteristic length /,, which was found to
vary as h'/?oct2 that is the universal exponent for a non-
conserved order parameter ordering process. The fractal di-
mensions observed on all the films ensure that the APB den-
sity is properly defined and varies as lal. This analysis also
demonstrates that the coarsening of antiphase domains is a
purely random phenomenon. We have finally interpreted the
magnetic results, and especially the weak dependance of b in
the APB density p with the help of micromagnetic simula-
tions which give the order of magnitude of the magnetic
coupling at the boundary (Axp=-3X 107 ergcm2=-3
X 107 T m™2) and shows that the rather small characteristic
length of the APB network (in the 10 nm range) dampens the
p dependence of b.
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APPENDIX: BOUNDARY DENSITY, CHARACTERISTIC
LENGTH, AND FRACTAL DIMENSIONS

Let us consider a set of domains, the boundaries exhibit-
ing two fractal dimensions dy; and dj, as in Fig. 8. We
choose a set of N, disks of radius R and center O; (R is large
enough so that it corresponds to the second regime) in which
we will calculate both boundary density and gyration radius.
We define (:--); as the mean value taken on all the disks of
radius R. For a given disk labeled j, the gyration radius is
defined as (G;M);, where the M, are the N; points included

in the disk and G, their center of mass. Provided we have
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enough disks, and since the centers of the disks are randomly
chosen, we have

<Rg>j = <<GjMi>i>j = <<0jMi>i>j- (A1)
Equation (A1) can be rewritten explicitly:
(oM )}, = E 2 oM;. (A2)

Ngimi N

Since R is large, we can rewrite Eq. (A2) using integrals

2
{O;M )= Nd fo rm(r,0)rdrdf,  (A3)
j=1

where n,(r, 6) is the local APB density. We can replace the
n;’s by a mean function 7z, which is constant since N is large
and the center of the disks are randomly chosen:

N
n= _u< ) (A4)
mR?
We thus have
R Ny —p3
1 1 27nR
(O;Mp;= 2 rm2ardr=—2, — m
Nyjz1 NiJo Ngjzi N; 3
(A5)
We finally have
1 2R 2R
OM)). ={ — — X{(N;),=—. A6
«O;My); <N,->,- 3 XANj); 3 (A6)

Thus R, and R are proportional provided the disks used to
calculate R, be large enough. The boundary density is then
defined as p(R)=N(R)/mR* where N(R) is the average num-
ber of points in disks or radius R. Provided R is larger than
Iy, p(R) can be written as [we write N(R)=ARZf~2, see Eq.

6)]:

dss
o(R) = N(R N(R) . 4AR22 - ﬂRdf,Z_z ~ R4f272,
R> 3 9mR O ¢
T ER P ¢
(A7)

Hence, the boundary density generally depends on R, and
is defined solely when d;,=2. Let us now compare p with
the characteristic length of the boundary network, defined by
the crossover between dy; and d;, regimes in N(R,) curves

ALY = BIY. (A8)

While A may vary with the thickness of the film under
scrutiny, B is a constant once the image resolution has been
taken into account. If d;,=2, we can rewrite the APB density
as

S (A9)

The boundary density thus varies as lal only if the dimension
of the network before the crossover is 1.
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