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ABSTRACT
In this study, we report on a shape-imposed magnetic anisotropy in micro- and nanostructures deﬁned in antiferromagnetic (AF) LaFeO3 (LFO)
thin ﬁlms. Two distinct types of structures are investigated: embedded magnets created via ion implantation and free-standing magnets created via
ion milling. Using a combination of x-ray photoemission electron microscopy and x-ray absorption spectroscopy, we examine the impact of the
structure type, AF layer thickness, and crystal geometry on the Neel vector orientation in these structures. We demonstrate a distinct shapeimposed anisotropy in embedded and free-standing structures alike and show that both parallel and perpendicular alignments of the AF spin axis
with respect to structure edges can be achieved by variation of the AF layer thickness and the orientation of the structure edges with respect to the
LFO crystalline axes. This work demonstrates how the fabrication procedure affects the magnetic order in thin ﬁlm AF nanostructures and shows
how nanoscale patterning can be used to control the orientation of the Neel vector in epitaxial oxide thin ﬁlms.

Antiferromagnetic (AF) devices have recently emerged as a
promising prospect in the ﬁeld of spintronics.1–6 Insensitive to magnetic interference and with ultrafast spin dynamics, these materials
promise stable, high-speed devices with a higher packing density than
analogous ferromagnetic (FM) devices. However, the magnetically
compensated nature of AF ordering precludes conventional ways of
magnetic spin control, necessitating new techniques for manipulation
and readout of the AF spin conﬁguration.
The magnetic domain patterns observed in AF materials are
commonly explained in terms of lattice imperfections such as defects
and structural domains.7–13 In AF thin ﬁlms, the orientation of the
spin axis is highly sensitive to strain, thus allowing manipulation via
epitaxial strain14–16 or by growth on vicinal substrates.17–19 Moreover,
in the absence of long-range magnetostatic forces, theoretical studies
suggest that magnetoelastic forces in combination with surface anisotropy can lead to shape effects in the AF domain pattern.20,21
Experimental studies of such AF shape effects are scarce, however, due
to the challenges associated with patterning and magnetic measurements of AF structures with appropriate dimensions.
We have previously demonstrated shape effects in the AF
domain pattern of LaFeO3 (LFO) thin ﬁlm nanomagnets with edges
aligned along the reported magnetocrystalline easy axes of LFO.22,23

Combined with FM La0.7Sr0.3MnO3 (LSMO) in an AF/FM bilayer,
this shape-imposed anisotropy was shown to affect both the domain
pattern and the switching characteristics of the adjacent FM layer.24–29
In the present study, we investigate the effects of layer thickness,
crystalline orientation, and fabrication procedure (i.e., embedded vs
free-standing structures) on the shape-imposed magnetic domain pattern in LFO thin ﬁlm micro- and nanostructures. Using a combination
of x-ray photoemission electron microscopy (X-PEEM) and x-ray
absorption spectroscopy (XAS), the orientation of the Neel vector was
determined from magnetic linear dichroism in the x-ray absorption.
In embedded and free-standing magnets alike, we observe a pronounced reorientation of the AF spin axis near the nanomagnet edges,
implying the presence of a shape-imposed anisotropy. Moreover, the
favored axis for this shape-imposed anisotropy is found to depend on
the structure type (embedded vs free-standing), layer thickness, and
crystalline orientation of the nanomagnet edges.
LFO thin ﬁlms were grown epitaxially on (001)-oriented, Nbdoped (0.05 wt. %) SrTiO3 (STO) substrates using growth parameters
stated in previous reports.22,23 The STO(001) substrates were miscut at
an angle of 0.1 and feature a step-and-terrace surface morphology. The
layer thicknesses were 60, 45, and 10 u.c. (1 u.c.  0.4 nm). Electron
beam lithography was used to deﬁne micro- and nanostructures in a

resist layer (CSAR62), creating a resist mask. Two different techniques
were used to transfer the patterns to the underlying thin ﬁlm. Embedded
nanomagnets were prepared using a previously reported technique relying on Arþ ion implantation.22,30 The implanted Arþ ions disrupt the
LFO crystalline lattice, effectively suppressing the magnetic order outside
of masked regions without removing material. The ion implantation also
causes implanted regions to swell by 2–10 nm dependent on the ﬁlm
thickness. Free-standing structures were made using chemically assisted
ion beam etching (CAIBE) with a mixture of Arþ ions and O2. The fabrication processes, including postprocessing characterization, are
described in further detail in the supplementary material.
X-ray absorption measurements with linearly polarized x-rays
were carried out at the Advanced Light Source (ALS). Two complementary measurement techniques were used, X-PEEM at the PEEM3
endstation (beamline 11.0.1) and XAS at the Magnetic Spectroscopy
and Scattering beamline 4.0.2. The X-PEEM images were recorded
with the incident x-rays at 30 (grazing) incidence, and magnetic contrast for AF domains of different spin axis orientation was obtained
from x-ray magnetic linear dichroism (XMLD) in the absorption of
s-polarized x-rays tuned to the two maxima of the Fe L2 multiplet. On
beamline 4.0.2, XMLD spectra characteristic of different AF spin conﬁgurations were obtained from the Fe L2,3 absorption spectrum, measured via the sample drain current (total electron yield), with the
linearly polarized x-rays incident normal to the sample surface [see the
inset in Fig. 2(a)].
Figure 1 shows X-PEEM images of free-standing line structures
in a 60 u.c. LFO ﬁlm (a)–(c) and embedded line structures in a 10 u.c.
ﬁlm (d)–(f), recorded at room temperature (T ¼ 300 K). The “square
wave” line structures have linewidths of 1 lm, 500 nm, and 250 nm,
respectively, and the line edges are aligned with in-plane pseudocubic
h100i directions. A pronounced shape effect leading to formation of
extended domains at the edges is found for all linewidths. We note
that the domain contrast is reversed for the two samples. In the 60 u.c.
free-standing line structures [Figs. 1(a)–1(c)], the observed contrast
indicates a parallel alignment of the Neel vector with respect to the
structure edges. The opposite XMLD contrast, recorded for the 10 u.c.
embedded structures [Figs. 1(d)–1(f)], implies the AF spin axis to be
aligned perpendicular to the structure edges. The lateral width of these
“edge domains” appears to be similar, irrespective of the difference in

layer thickness (10 u.c. vs 60 u.c.) and structure type (embedded vs
free-standing). For the 1 lm wide lines, shown in Figs. 1(a) and 1(d),
the edge domains extend inwards 200 nm, beyond which the
domain pattern resembles the multi-domain pattern commonly
reported for LFO blanket ﬁlms.7,19,23,31 When the linewidth is reduced
below the combined widths of two opposite edge domains, the two
domains coalesce, as seen in Figs. 1(b) and 1(c) and 1(e) and 1(f).
In AF thin ﬁlm epilayers, the XMLD spectral signature is known
to depend on the angle between the AF spin axis and the E-vector of
the linearly polarized x-rays, as well as their orientation with respect to
the crystalline axes.32–35 A careful consideration of the experimental
geometry is therefore imperative for a correct interpretation of the
XMLD spectra concerning the orientation of the AF spin axis.33 The
XMLD signature of the Fe L2,3 absorption edge in an octahedral crystal
ﬁeld is predicted to change sign dependent on whether the AF spin
axis is aligned along the h100i or the h110i crystalline direction.34 This
sign reversal was experimentally veriﬁed by Arenholz et al. for an
LSMO/La0.7Sr0.3FeO3 (LSFO) [6 u.c.  6 u.c.]10 superlattice.36 In order
to verify a corresponding sign reversal in our LFO thin ﬁlms, we investigated the impact of the ﬁlm crystalline orientation by taking advantage of the interface exchange coupling in an LFO/LSMO bilayer.24,25
The vector magnet on beamline 4.0.2 was used to align the Neel vector
in the AF LFO layer via the interface coupling to FM moments in the
LSMO layer, thereby allowing measurements with the Neel vector oriented along different crystalline axes.
Figure 2 presents XAS-XMLD measurements of a 10/90 u.c.
LFO/LSMO bilayer ﬁlm, recorded at T ¼ 80 K. The experimental setup
is shown in the inset of Fig. 2(a). The XMLD difference spectra were
obtained by subtracting the spectra recorded in normal incidence with
the E-vector aligned along x ¼ 0 and x ¼ 90 , respectively. A magnetic ﬁeld of 0.3 T was applied either parallel (Hy) or perpendicular
(Hx) to the x ¼ 0 polarization. The ﬁeld was canted 20 out of the
ﬁlm plane, so as to prevent trapping of low-energy emitted electrons,
thus increasing the total electron yield. The magnetic dichroism measured at the Mn L2,3-edge (not shown) conﬁrmed that the FM
moments in LSMO were aligned with the in-plane projection of the
applied magnetic ﬁeld. Moreover, a rotatable sample holder allows the
x ¼ 0 and x ¼ 90 polarizations to be aligned with different in-plane
crystalline directions. Two different measurement geometries were

FIG. 1. X-PEEM images comparing thick
(60 u.c.) free-standing and thin (10 u.c.)
embedded nanostructures. (a)–(f) show
«square wave» line structures of linewidths
1 lm, 500 nm, and 250 nm, respectively.
Legends in the top images (a) and (d) apply
to all images. The schematics depict the
topographic shape and predominant AF
spin axis orientation for these line structures
and emphasize the linewidth dependence of
the domain patterns and the difference in
spin axis orientation for free-standing and
embedded structures.

FIG. 2. XAS-XMLD measurements in an applied magnetic ﬁeld for a 10/90 u.c.
LFO/LSMO blanket ﬁlm at T ¼ 80 K. (a) Fe L2,3 absorption spectra and the corresponding XMLD difference spectrum recorded in h100i geometry with an applied
ﬁeld in the x-direction (Hx). The experimental setup is depicted in the inset. The
blue (red) arrow designates the polarization plane for x ¼ 0 (x ¼ 90 ). (b) XMLD
spectra recorded at the L2-edge for two orthogonal directions of the applied ﬁeld,
measured in two different geometries, h100ipc and h110ipc, as indicated by the
legends on top.

explored: (i) E-vector parallel and perpendicular to an in-plane
h100ipc axis and (ii) E-vector parallel and perpendicular to an in-plane
h110ipc axis, in the following referred to as the h100ipc and h110ipc
geometries, respectively. Figure 2(a) shows the x-ray absorption spectra for x ¼ 0 and 90 and the XMLD difference spectrum, recorded
for the h100ipc geometry with the applied ﬁeld in the x-direction (Hx).
Based on the interpretation established by Arenholz et al.,38 the measured XMLD spectrum implies that the AF spin axis is oriented perpendicular to the applied ﬁeld Hx and the FM moments of LSMO, in
keeping with the previously reported (spin-ﬂop) interface coupling in
this materials system.24,25
Figure 2(b) presents the XMLD difference spectra for the Fe L2edge in both geometries (h100ipc and h110ipc) and two orthogonal
directions of the applied ﬁeld (Hx and Hy). Comparing the in-ﬁeld

XMLD spectra, we note the difference in spectral signature for orthogonal directions of the applied ﬁeld, inverted between the h100ipc and
h110ipc geometries. As the AF spin axis orientation is governed by the
interface coupling to the adjacent FM layer, the magnetization of
which is controlled by the applied ﬁeld, this observation clearly shows
that the XMLD signature changes sign when the Neel vector is reoriented from a h100ipc to a h110ipc direction, corroborating the previously reported multiplet calculations for Fe.31,34
In order to explore the impact of the ﬁlm crystalline orientation,
layer thickness, and type of structure (embedded vs free-standing) on
the AF shape effect, XAS-XMLD spectra were measured for a series of
patterned LFO thin ﬁlms. Extended arrays (2.5  2.5 mm2) of straight
lines were deﬁned in these ﬁlms, so as to ensure a complete overlap
with the full spot of the x-ray beam (100  100 lm2). A linewidth of
500 nm was chosen for these measurements, as this appears to be the
maximum linewidth for which the domain pattern is entirely composed of shape-imposed «edge domains» [cf. Figs. 1(b) and 1(e)]. All
spectra were recorded in normal incidence with the E-vector of the linearly polarized x-rays parallel (x ¼ 0 ) or perpendicular (x ¼ 90 ) to
the lines, as indicated in the inset of Fig. 3(a). The line arrays were
deﬁned in ﬁlms of two different layer thicknesses (10 u.c. and 45 u.c.)
with the lines parallel to in-plane h100ipc and h110ipc crystalline axes,
respectively, for both embedded and free-standing structures. In total,
8 unique line-patterned samples were measured. Figure 3(a) presents
the x-ray absorption spectra with the corresponding XMLD difference
spectrum recorded for free-standing lines aligned with a h100ipc crystalline axis, deﬁned in a 45 u.c. LFO thin ﬁlm. Given the h100ipc measurement geometry, the observed dichroism suggests an AF spin axis
parallel to the lines. We have previously demonstrated that an unpatterned (blanket) ﬁlm measured in a similar setup yields no net dichroism signal, proving that the dichroism observed in the present sample
arises due to the line-patterning.29
Figure 3(b) compares XMLD spectra measured at the Fe L2-edge
for these 8 unique line patterns. In the 45 u.c. LFO layer, no linear
dichroism was observed for embedded line structures in either of the
two crystalline orientations (h100ipc and h110ipc), precluding a preferential Neel vector orientation in these structures. For the other line
patterns, we note the absence of sign reversal in the XMLD spectra
between the h100ipc and h110ipc orientations. On account of the established sign reversal for the XMLD difference spectrum for different inplane crystalline orientations of the AF spin axis in blanket ﬁlms (cf.
the analysis of Fig. 2 above), this ﬁnding implies that the favored Neel
vector orientation changes depending on the crystalline orientation of
the line edges. A schematic summarizing the Neel vector alignment
for the 8 different LFO line patterns is shown in Fig. 4. For freestanding line structures deﬁned in a 45 u.c. ﬁlm, the XMLD spectrum
suggests that the Neel vector is oriented parallel to the edges for
h100ipc-oriented lines (parallel spin alignment), whereas the Neel vector is aligned perpendicular to the edges for h110ipc-oriented lines
(perpendicular spin alignment). We note that the XMLD spectrum
for the latter geometry in Fig. 3 was obtained at a temperature of
T ¼ 80 K. The amplitude of this XMLD spectrum is considerably
reduced compared to that measured for h100ipc-oriented lines at the
same temperature (20% of the amplitude for the XMLD spectrum
recorded at T ¼ 80 K, not shown), suggesting that perpendicular alignment of the AF spins is less predominant for this geometry, i.e.,
domains with different spin axis orientations are still present. In the

FIG. 4. Schematic summary of the AF spin axis orientations for the LFO thin ﬁlm
nanostructures investigated.

FIG. 3. XAS-XMLD measurements for extended line arrays of 500 nm wide lines
patterned in LFO thin ﬁlms. (a) Fe L2,3 absorption spectra and the corresponding
XMLD difference spectrum measured for h100ipc-oriented free-standing lines in a
45 u.c. LFO ﬁlm at T ¼ 80 K. The experimental setup is depicted in the inset. The
blue (red) arrow designates the polarization plane for x ¼ 0 (x ¼ 90 ). (b) XMLD
spectra recorded at the L2-edge for the patterned ﬁlms at T ¼ 300 K (except for the
spectrum marked by an asterisk, for which T ¼ 80 K). The two columns of XMLD
difference spectra are measured for line arrays oriented along h100ipc and h110ipc
crystalline directions, respectively, as indicated by the legends on top. The top (bottom) set of spectra correspond to nanomagnets patterned in a 45 u.c. (10 u.c.) ﬁlm,
whereas their color indicates the structure type, blue for embedded structures and
orange for free-standing structures.

10 u.c. ﬁlms, a distinct linear dichroism is observed for all four line patterns. For embedded lines, the dichroism signature indicates perpendicular
spin alignment for h100ipc-oriented lines and parallel spin alignment for
h110ipc-oriented lines. In free-standing line structures, the situation is
reversed. Here, parallel spin alignment is found in h100ipc-oriented lines,
whereas h110ipc-oriented lines exhibit perpendicular spin alignment.
The shape-imposed AF spin anisotropy reported in this study is
found to depend on the ﬁlm thickness and crystalline orientation, as

well as on whether the structures are embedded or free-standing. The
orientation of the AF spin axis in LFO thin ﬁlms is known to be highly
sensitive to minute changes in the crystal structure, as demonstrated
by the variation in out-of-plane canting reported for different growth
conditions on STO(001),7,19,22,31 the impact of structural domains,37,38
thermal relaxation,22,39 and variations with the ﬁlm thickness.40 The
fabrication of embedded as well as free-standing structures implies a
strain modulation near the structure edges. X-ray diffraction analysis
of embedded LSMO nanostructures patterned using the same techniques showed a compressive strain on the nanostructures imposed by
the embedding matrix.41 Moreover, Gomonay et al.20,21 have proposed
a model taking into account both surface magnetic anisotropy and
long-range magnetoelastic forces, which predicts a shape-dependent
magnetic anisotropy for AF nanoparticles consistent with our ﬁndings.
We thus contend that the observed shape-imposed anisotropy results
from a strain-induced modulation of the crystal structure near the
edges affecting the local magnetocrystalline anisotropy. The different
results recorded for 10 u.c. and 45 u.c. layers are tentatively attributed
to thickness variations in the magnetocrystalline anisotropy.23
We note that no shape effect was observed in embedded lines oriented along a h100ipc direction in the 45 u.c. layer, despite this being a
magnetocrystalline easy axis for LFO. The h100ipc-oriented embedded
lines in the thinner 10 u.c. layer showed perpendicular spin alignment,
whereas we have previously reported parallel spin alignment for
embedded h100ipc-oriented structures in a 100 u.c. layer.22 A possible
explanation for the apparent absence of shape effects in the 45 u.c.
layer could thus be that this layer thickness represents a transition
regime for which perpendicular and parallel spin alignments are
equally favored, thus promoting a frustrated AF domain state.
In conclusion, we demonstrate a pronounced shape-induced
anisotropy in the AF domain pattern of micro- and nanostructures
prepared using ion implantation (embedded structures) or ion milling
(free-standing structures) in LFO thin ﬁlms. Extended domains with a
width of 200 nm were observed along the edges of line structures
aligned with the magnetocrystalline easy axes of LFO thin ﬁlm

epilayers. By reducing the linewidth to 500 nm, the domain pattern
is dominated by this shape-imposed anisotropy. Furthermore, we have
demonstrated how the preferred orientation of the AF spin axis (parallel/perpendicular) depends critically on the AF layer thickness and
crystalline orientation of the lines, as well as on the fabrication procedure (embedded vs free-standing structures). We attribute this ﬁnding
to a local modulation of strain from the patterning procedure, combined with a thickness-dependent magnetocrystalline anisotropy. This
study demonstrates how the AF spin conﬁguration can be manipulated by nanostructuring, thus offering a possibility for Neel vector
control in novel devices.
See the supplementary material for an overview of the two fabrication processes used to create embedded and free-standing structures,
as well as atomic force microscopy images of the processed samples.
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