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ARTICLE INFO ABSTRACT

Keywords: When thin films are patterned to realize nanoscale device geometries, maintaining their structural integrity is
Nanomagnets key to the quality of their functional properties. The introduction of new surfaces and interfaces by lateral
LSMO modifications may alter material properties as well as the expected device functionality. In this study, two

Patterned magnetic thin films
XMCD-PEEM

different techniques for nanoscale patterning of epitaxial thin films of Lag 7Sro sMnO3 are used to investigate the
effects on their ferromagnetic properties and film crystalline structure. Nanomagnets are realized as free-

standing structures and embedded ferromagnets in a paramagnetic matrix, respectively. We find that the
magnetic dichroism signal in x-ray spectomicroscopy is stronger along the edges of the embedded magnets close
to T¢. X-ray-diffraction measurements reveal a reduction of their in-plane lattice parameters. We discuss how in-
plane stress from the nanomagnet surroundings can affect the magnetic properties in these structures.

1. Introduction

Thin film patterning is essential to the fabrication of modern elec-
tronic devices. Lithographic patterning techniques relying on etching or
ion bombardment can be used to realize precisely controlled nanoscale
structures [1]. However, when introducing new interfaces and surfaces
on this length scale, the material properties may be perturbed. Locally,
modifications of crystal and orbital structure can lead to substantial
changes of functional properties such as conductivity, ferroelectricity,
and magnetic order [2]. However, such changes brought about by
patterning can also be exploited as a means of controlling material
properties [3-5].

The strongly correlated electrons found in complex oxides imply a
robust structure—property coupling, which make them good candidates
for functional property engineering [2,6]. The ferromagnetic mixed-
valence manganites are renowned for their metallic and magnetic
nature resulting from the double-exchange mechanism [7]. Ferromag-
netic Lag ;Sro.3sMnO3 (LSMO) has the highest Curie temperature (T¢)
(8370 K) of the manganites, shows a very large magnetoresistance
dubbed colossal magnetoresistance (CMR), and has 100% spin polar-
ization at the Fermi level [8-10]. The synthesis of high-quality thin
films of LSMO by epitaxial growth on (001)-oriented SrTiO; (STO)
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substrates is well established [11-13]. However, tensile strain due to
lattice mismatch with the STO substrate causes a reduced T. ~ 350 K.
This reduction in T¢ has been explained in terms of a biaxial lattice
distortion that increases the Jahn-Teller effect, which in turn inhibits
the double exchange mechanism [14]. Furthermore, the magnetic
properties of LSMO were shown to depend on parameters such as Sr
content [8], oxygen stoichiometry [15], pressure [16] and strain [17].
Kozlenko et al. [16] showed that hydrostatic pressure increases the
Curie temperature of LSMO, raising the question of whether this finding
can be utilized to tailor the magnetic properties of nanomagnets defined
in LSMO thin films.

In this study, we report on the magnetization of patterned LSMO
thin film nanomagnets grown epitaxially on STO. Two different pat-
terning techniques were adopted to realize nanomagnets embedded in a
paramagnetic matrix and free-standing structures, respectively. X-ray
photoemission electron microscopy measurements in combination with
magnetic circular dichroism (XMCD-PEEM) were used to probe the
magnetic domain structure of the patterned nanomagnets. Furthermore,
x-ray diffraction (XRD) measurements on extended arrays of parallel
lineshaped nanomagnets were carried out to probe the in-plane lattice
parameters parallel and perpendicular to the lines.
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2. Experimental

Epitaxial films of LSMO, 90 unit cells (~35 nm) thick, were grown
on 10 x 10 x 0.5 mm?® Nb-doped (0.05 wt%) STO substrates by pulsed
laser deposition. LSMO was deposited at 700°C in an oxygen ambient of
0.35 mbar using a KrF excimer laser with a pulse frequency of 1 Hz and
a fluency of ~ 2 J/m?. The target-to-substrate distance was 45 mm. In
situ reflection high energy electron diffraction showed monolayer os-
cillations throughout the growth. After deposition, the films were an-
nealed at the growth temperature in a 100 mbar oxygen atmosphere for
15 min. Each film was subsequently cut into four pieces. One piece was
kept as a blanket (non-patterned) reference sample. Magnetization data
from the reference samples was aquired using a Quantum Design vi-
brating sample magnetometer (VSM). The other three pieces were
patterned into nanoscale thin film magnets. Masks were defined with
electron beam lithography using a positive resist (CSAR62), then fol-
lowed by Ar™* ion implantation for fabrication of embedded magnetic
structures, or by ion milling, using a mixture of Ar* and O*" ions, for
fabrication of free-standing magnets. The fabrication details are re-
ported elsewhere [18]. For the patterned samples, two different designs
were realized. Rectangular nanomagnets (2 X 0.8 umz for embedded
and 2 X 1 um? for free standing) were prepared for magnetic domain
imaging, and extended arrays (2.5 X 2.5 mm?) of parallel lines, 500 nm
wide with a pitch of 1 pum, were prepared for XRD measurements.
Additionally, one sample was patterned with thinner embedded lines,
300 nm wide with a pitch of 600 nm. In the presented work, we will
describe the crystalline orientations in terms of pseudocubic lattice
parameters. All nanostructures were defined with their long axis par-
allel to in-plane (110) crystalline axes, which are the magnetic easy axes
in (001)-oriented LSMO thin films [19]. The magnetic domain structure
was imaged using the PEEM-3 microscope at the Advanced Light
Source. The XMCD-PEEM images were measured at the Mn L3 absorp-
tion edge with the x-rays incident at 30° with the sample surface par-
allel to the nanomagnets’ long axis. Surface topography images were
acquired using a Veeco Multimode V atomic force microscope, and the
XRD measurements were taken with a Bruker D8 x-ray diffractometer.

3. Results

Fig. 1 shows schematics, AFM images, and AFM line scans of the
embedded rectangular magnets [Fig. 1(a)] and the arrays of free-
standing extended line magnets [Fig. 1 (b)]. The AFM linescan in
Fig. 1(a) of a rectangular nanomagnet shows the characteristic topo-
graphy of the embedded structures, i.e., well-defined nanomagnets with
a ~6 nm height increase of the surrounding implanted regions. This
difference is attributed to swelling as result of the Ar™ ion implantation
and is consistent with previous reports using this patterning technique
[20,21]. Both AFM micrographs show little surface roughness. The to-
pography of the free-standing structures appears from the AFM line
scan of the extended line magnets in Fig. 1(b) and show well-defined
parallel lines with a steep sidewall profile. The lines are 460 + 40 nm
wide with trenches 50-60 nm deep, exceeding the LSMO film thickness
of 35 nm. The reduction in line-width relative to the nominal 500 nm
width is attributed to over-exposure of the positive electron beam resist.
Fig. 1(c) shows the temperature dependence of the saturation magne-
tization in a reference blanket LSMO film, as measured by VSM. The
magnetization curve shows expected LSMO behaviour [22], and T¢ is
estimated at 345 K. Fig. 1(d) shows an XMCD-PEEM image of a rec-
tangular nanomagnet recorded at 330 K. The arrows indicate how the
direction of the magnetization is related to the contrast. In all presented
XMCD-PEEM data, the direction of the incoming light is horizontal from
left to right in the figures. We note that while magnetization parallel or
antiparallel to the incoming light is clearly distinguishable, perpendi-
cular oriented magnetization cannot be distinguished from the para-
magnetic matrix surrounding the nanomagnet. As XMCD-PEEM is a
surface sensitive technique, the signal is obtained from the top ~5 nm

Journal of Magnetism and Magnetic Materials 521 (2021) 167324

b)

Height (nm)

0 05 1 15 2 25 3
Lateral distance (um)

0 05 1 15 2 25 3

©)
S 4
2
3;13
EZ
[}
g 1
Q
= 0

100 200 300 400
Temperature (K)

Fig. 1. Schematics, atomic force microscopy images and corresponding line
scans of a) embedded rectangular magnets and b) free-standing lines. The color
scale in the two AFM images is normalized to the max/min values for the scan
in a). c¢) Saturation magnetization as function of temperature for a blanket
LSMO film, measured in an applied field of 200 mT from 50 to 400 K. d) XMCD-
PEEM image of a rectangular magnet recorded at 330 K. The arrows indicate
the magnetization direction.

of the 35 nm thick film. It should also be noted that the temperatures is
not measured at the sample surface in the VSM and PEEM-3 setups.
Thus, a slight discrepancy between the measured temperatures is to be
expected.

Fig. 2(a) shows XMCD-PEEM images of the embedded nanomagnets
at temperatures near T¢. At 330 K, the magnetic domain patterns are
clearly visible and take the form of a single or double Landau flux-
closure, characteristic of rectangular magnets this size [23-25]. Upon
heating the sample to 345 K, i.e., the T¢ measured by VSM for the non-
structured film, the overall dichroism signal is strongly reduced.
Strikingly, at this temperature the XMCD-PEEM images show a stronger
dichroism signal along the edges of the nanomagnets compared to that
of their interior. The enhanced signal extends inwards from the edges
~150 nm, where the dichroism signal becomes indistinguishable from
the surrounding paramagnetic matrix. When increasing the tempera-
ture to 360 K, the magnetic contrast along the edges disappears as the
LSMO nanostructures rise above Tc. Magnetization is recovered upon
subsequent lowering of the temperature to 330 K, with every rectan-
gular nanomagnet entering a single flux-closure domain state.

XMCD-PEEM data for the rectangular free-standing nanomagnets is
shown in Fig. 2(b). No enhanced dichroism signal is found along the
nanostructure edges in such magnets for temperatures close to T¢. This
suggests that the presence of a surrounding matrix is important to the
enhanced dichroism signal near the edges of the embedded structures.
We note, however, that the magnetic dichroism signal disappears at
significantly lower temperature for the free-standing magnets than for
the embedded magnets. X-ray absorption spectra taken on and in-be-
tween the magnets are compared in Fig. 2. For the free-standing mag-
nets a distinct Mn?" signal is obtained [26], indicating a reduced
oxygen content in this sample [27]. It is well established that oxygen
deficiency weakens the ferromagnetic properties in LSMO [12]. As the
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Fig. 2. X-ray photoemission electron microscopy images of a) embedded and b) free-standing nanomagnets recorded at temperatures around T in chronological
order. The contrast is normalized to that measured at 330 K for embedded and at 295 K for free-standing nanomagnets. Marked with a black frame in the second
column of images are magnets shown with maximized contrast for these selected structures. X-ray absorption spectra recorded on and in-between the magnets are
shown on the right. The arrows in these graphs indicate the position of the Mn®* peak.

films were grown using the same conditions for both samples, it is likely
that the loss of oxygen is caused by the patterning process for the
etched, free-standing samples. In particular, the ion milling process
tends to harden the resist mask, and the following resist removal can be
difficult. Thus, multiple exposures to the developing chemicals were
required in the process and it is not unlikely that this processing causes
some loss of oxygen in the LSMO thin film.

Upon close inspection of the magnetic dichroism signal near T for
the embedded nanomagnets, we note an evolution of the domain
structure for magnets with double flux-closures at the outset. XMCD-
PEEM images of three selected rectangular magnets are shown in Fig. 3.
At 330 K, the two flux-closures in each magnet are similar in size, and
the domain wall positions along the edges are kept in place by the
vortex structures. As the temperature increases to 340 K, the XMCD
contrast in the central part of the magnets fades, and at 345 K magnetic
contrast can be discerned along the nanomagnets’ edges, only. Con-
current with the loss of magnetic contrast in the central part of the
magnets, we find a change in domains near the nanomagnet edges — one
of the two domains along the horizontal edges grows at the expense of
the other. This finding indicates that the magnetic order in the central
part of the magnets is lost, or at least too weak, to keep the domain
walls stable along the edge at 345 K. After heating to 360 K and sub-
sequently cooling to 330 K, a single flux-closure domain pattern ap-
pears in all nanomagnets. This observation implies that the magnet's
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Fig. 3. X-ray photoemission electron microscopy images of three selected rec-
tangular nanomagnets, showing an evolution in the domain pattern with in-
creased temperature. The image contrast is normalized separately for each
temperature.

edges, as well as their central sections have been heated above the
magnetic ordering temperature.

A possible explanation for the enhanced dichroism signal along the
edges of embedded nanomagnets is lateral stress imposed by the sur-
rounding ion-implanted paramagnetic matrix, which the AFM in-
vestigation showed to be swollen. The dependence of T¢ on isotropic
pressure for LSMO was tested by Kozlenko et al. [16] and estimated at
4.3 K/GPa. In order to explore lateral pressure-induced changes in the
LSMO lattice parameters for our patterned thin films, samples with
extended arrays of parallel lines were investigated using XRD. In the
following, the [110] direction is defined to be parallel to the patterned
lines. The in-plane lattice parameters parallel and perpendicular to the
lines were probed by recording reciprocal space maps (RSM) around
{113} reflections. The {113} planes have E;kl in-plane components along
the (110) directions, i.e., either [110] which is parallel, or [110] which is
perpendicular to the lines. Schematic of the XRD geometry and the
RSMs taken around the {113} peaks are shown in Fig. 4. The reference
blanket film displays similar RSMs for all of the four equivalent {113}
planes. Therefore, only one reference map is depicted in Fig. 4. The
blanket film has the LSMO film peak aligned with that of the STO in the
[hkO] direction, i.e., the film is fully strained to the substrate. The po-
sition of the LSMO peak in the [00!] direction corresponds to an out-of-
plane (pseudocubic) lattice parameter of ~ 3.85 A. This number is in
accordance with reported parameters for epitaxial films of (001)-or-
iented LSMO/STO [11,28]. The diffuse peaks observed on either side of
the LSMO film peak in the blanket film can be attributed to the presence
of a 4-variant monoclinic structural distortion due to symmetry mis-
match between rhombohedral LSMO and cubic STO [29].

Fig. 4 (b-d) show RSMs measured around the (113) peak for the
patterned samples. The LSMO film peaks show no shift in the [hk0]
direction, i.e., no change in the in-plane strain along the lines. How-
ever, the film peak is shifted towards the STO peak in the [00] direction,
indicating a larger out-of-plane lattice parameter compared to blanket
films. The shift corresponds to a change in lattice parameter of 0.01 A
(~0.3%) for 500 nm wide lines and of 0.02 A (~0.5%) for 300 nm wide
lines. The signal-to-noise ratio is reduced compared to that recorded for
blanket film samples. We note that a reduction in the signal-to-noise
ratio is expected after patterning, as half the volume of the LSMO
probed is either rendered amorphous (embedded line arrays) or re-
moved (free-standing line arrays).
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Fig. 4. XRD experimental geometry and reciprocal space maps recorded around the STO (113) diffraction peaks for a blanket film sample (a) and patterned structures
(b-g). The scale on the x- and y-axes is given in units of hkl reciprocal lattice vectors. Dashed lines are introduced as a guide to the eye, indicating the film peak
position for the blanket film. The position of the bulk LSMO (113) diffraction peak is indicated in a) for reference. The intensity scale is in In(cps).

The RSMs of the (113) diffraction peaks for the embedded line
structures [Fig. 4 (e,f)] show a significant shift of the LSMO film peaks
along [hk0]. No overlap of the film and STO diffraction peaks is found in
the in-plane direction. This suggests relaxation of the (113) lattice
parameter across the full linewidth. The shift along [hk0] suggests that
the LSMO pseudocubic unit cell is compressed along the [110] direction,
i.e., perpendicular to the patterned lines, while remaining fully strained
to STO along the lines. For the fully strained blanket film the unit cell
face diagonal is 5.523 A. For the 500 nm lines it is reduced by 0.02 A
(~0.4%), and for the 300 nm lines, the reduction is 0.03 A (~0.5%).
Furthermore, the (113) film peaks are found to be broadened and have a
reduced amplitude compared to that found for (113). This finding sug-
gests a slight variation of the LSMO lattice parameter in the in-plane
direction across the line structures. The observation of one single peak
rather than two, which one could expect from the XMCD-PEEM data,
indicates that the lattice is distorted throughout the full width of both
the 500 nm and the 300 nm lines. Since the line structures are only
500 nm and 300 nm wide, and the rectangles measured in XMCD-PEEM
are 1 um wide, it is not unlikely that the extension of strain imposed at
the edges can be different. For the out-of-plane lattice parameter, a shift
of the (113) film peak towards the STO peak is observed for both line-
widths, in keeping with the (113) RSM data. A minor shift of the dif-
fraction peaks in-plane along [hk0] can also be discerned for the (113)
RSMs of free-standing lines [Fig. 4 (g)], corresponding to a reduction of
the pseudocubic unit cell along [110] by 0.006 A (~0.1%). This shift
suggests that formation of free-standing lines also leads to relaxation of
the tensile-strained LSMO film. However, the effect is much reduced
compared to that observed for embedded structures.

From the XRD data summarized above, it is evident that the crystal
structure of LSMO is affected by the patterning process. In particular,
the embedded line magnets display an anisotropic modification of the
in-plane lattice parameters. All the RSM data is consistent with an in-
crease in the out-of-plane lattice parameter compared to blanket films,
which may be expected from the measured relaxation of the in-plane
epitaxial strain perpendicular to the nanomagnet lines. The XRD data is
consistent with local stress imposed on the microstructures by swelling

of the ion-implanted matrix. In bulk LSMO, Young’s modulus is re-
ported to be ~120 GPa [30,31]. Using the data from 300 nm wide lines,
a change in lattice parameters of 0.5% would correspond to a pressure
0.6 GPa imposed on the line magnet sidewalls. With the pressure de-
pendence of T¢ reported by Kozlenko et al. [16], the corresponding
increase in T, would come to ~ 3 K, which is reasonably consistent with
the XMCD-PEEM data. However, the variation in T¢ with in-plane stress
for nanostructured epitaxial films may differ from that of bulk LSMO for
several reasons, such as the biaxial tensile strain from the substrate and
the additional anisotropic distortion of the film crystalline structure.

4. Conclusions

In summary, the impact of two different patterning methods on the
magnetic and structural properties of nanostructured thin films of
LSMO was investigated. In particular, we report an increased magnetic
dichroism signal near T¢ along the edges of embedded nanomagnets,
extending laterally ~150 nm inwards from the magnet edges. XRD
measurements show that the patterning process leads to an anisotropic
change of in-plane lattice parameters for line-shaped LSMO nano-
magnets, notably a smaller lattice parameter perpendicular to the
magnet-matrix interface. We argue that the enhanced dichroism signal
can be attributed to lateral stress from swelling of the paramagnetic
matrix surrounding the embedded nanomagnets upon Ar* ion im-
plantation, and corresponding modification of the LSMO lattice para-
meters.
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