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ABSTRACT

In this study, we report on a temperature-driven antiferromagnetic (AF) spin reorientation transition in micro- and nanostructures of AF/
ferromagnetic (FM) LaFeO;/La, ;Sro ;MnOj5 thin film bilayers. Using a combination of x-ray photoemission electron microscopy and x-ray
absorption spectroscopy, the Néel vector is shown to reorient 90° as a result of the competition between a shape-imposed anisotropy in the
AF layer and interface coupling to the adjacent FM layer. We demonstrate how a temperature dependence of the AF/FM spin configuration
in line-shaped nanomagnets can be tuned by variation of their linewidth. This work provides insight into the AF/FM interface exchange cou-
pling in complex oxide heterostructures and the possibilities of spin control by nanostructuring in thin film spintronics.

Antiferromagnetic (AF) materials are widely used in advanced
magnetic storage and modern sensor devices, primarily serving to pin
the magnetization of an adjacent ferromagnet (FM)." ~ In recent years,
the emerging field of AF spintronics promises device applications
based solely on antiferromagnets.” ® Such AF spintronic devices will
rely on accurate control of the AF spin configuration, which is compli-
cated by the absence of net magnetization in these materials.

Recently, current-induced switching of AF spins was demon-
strated, relying on spin-orbit torque coupling to the Néel order
parameter.” ~ Another intriguing option to control the Néel vector is
the introduction of spin reorientation transitions (SRTs) by manipula-
tion of the system anisotropy. In thin film antiferromagnets, the mag-
netic anisotropy can be engineered through thickness-modulated
strain'’"'* or by growth on vicinal substrates."”'* In AF/FM bilayer
systems with different ordering temperatures of the individual layers,
temperature-driven SRTs are possible due to competing anisotro-
pies.'”'® However, such temperature-driven SRTs have so far been
experimentally verified only in the FM layer of an AF/FEM bilayer
system. R

Lithographically defined micro- and nanostructures in single-
layer films of LaFeO; (LFO) and in bilayers with Lagy,Sry3MnO;
(LSMO) have been shown to feature a shape-imposed anisotropy in

22.23

the AF layer." Moreover, this anisotropy is overridden at low

temperatures (T < 100K) by the interface coupling to the adjacent
LSMO layer, reorienting the LFO spins to perpendicular (spin-flop)
orientation with respect to the LSMO magnetic moments.”"

In this letter, we present a detailed study of a Néel vector reorien-
tation in LFO/LSMO thin film nanostructures, investigating the effects
of temperature, structural dimensions, and applied magnetic fields.
Measuring the magnetic linear/circular dichroism (XMLD/XMCD) in
the x-ray absorption using both x-ray photoemission electron micros-
copy (X-PEEM) and x-ray absorption spectroscopy (XAS), the AF/FM
spin configuration was examined for a wide range of sample tempera-
tures (50-300 K). We find an in-plane AF SRT within a narrow tem-
perature range, which is shifted by varying the lateral dimensions of
these thin film nanostructures.

The LFO/LSMO bilayer films were grown epitaxially on (001)-
oriented, Nb-doped (0.05wt. %) SrTiO; substrates, using growth
parameters reported elsewhere.””** The individual layers were 90 unit
cells (u.c.) thick (1 u.c. ~ 0.4 nm) for the FM (LSMO) layer and 10 u.c.
thick for the AF (LFO) layer. Nano- and microstructures were created
in these thin films by first defining a protective mask of either resist
(CSARG62) or metal (Cr) using electron beam lithography. Exposure to
Ar" ion bombardment serves to disrupt the magnetic order in
unmasked regions, and subsequent removal of the metal/resist mask
leaves nano- and micromagnets embedded in a paramagnetic
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FIG. 1. XAS spectra recorded for an extended 450 nm linewidth line pattern at
50K. (a) Schematic depicting the experimental set-up used for the XAS XMLD
measurements. The blue (red) arrow designates the polarization plane for w =0°
(w=90°). (b) Fe Ly 3 x-ray absorption and XMLD spectra measured in normal inci-
dence. The inset shows the XMLD signature of the Fe L, peak. (c) Mn L3 x-ray
absorption and XMCD spectra measured at 30° (grazing) incidence parallel to the
patterned lines. p, and p_ refer to right- and left-handed circularly polarized x-
rays, respectively.

. 2229 . . . . .
matrix.”>*” Two different types of line patterns were examined in this

work. For the X-PEEM measurements, we defined “square wave” line
structures of different linewidths. For the XAS measurements, we pre-
pared extended arrays of straight lines covering an area of 1 x 2 mm’,
so as to accommodate the full spot of the incident x-ray beam. The

line patterns were oriented along the magnetocrystalline easy axes of
LSMO, ie, the in-plane (pseudocubic) (110) directions.’”"’
Magnetometry measurements (not shown) after the patterning process
showed no appreciable reduction of the Curie temperature, measured
at Tc=360K for blanket films. For the LFO layer, we assume a Néel
temperature well above room temperature, estimated at Ty ~ 640K
for blanket films.”**”

The measurements were carried out at the Advanced Light
Source (ALS) using the PEEM3 endstation (beamline 11.0.1) for X-
PEEM and the Magnetic Spectroscopy and Scattering beamline 4.0.2
for XAS. The ultrathin (10 u.c.) thickness of the AF top layer ensures
photoemission sensitivity to Mn L, 5 absorption in the underlying FM
layer and thus permits selective probing of the magnetic order in the
two layers. In X-PEEM, FM domain contrast was obtained from mag-
netic circular dichroism at the Mn L; absorption edge, and AF domain
contrast was obtained from magnetic linear dichroism in the absorp-
tion of s-polarized x-rays tuned to the two maxima of the Fe L, multi-
plet. In the XAS measurements on beamline 4.0.2, XMLD and XMCD
spectra were obtained from the x-ray absorption spectra measured (via
total electron yield) across the Fe L,; edge and the Mn L,; edge,
respectively. The vector magnet on the 4.0.2. endstation allows for
XAS measurements to be carried out in an applied magnetic field.

Figure 1(a) depicts the experimental geometry for the XMLD
XAS measurements. The incident x-ray spot (~100 x 100 um?) was
focused fully within the line pattern arrays to ensure that the data orig-
inate solely from the structured region of the sample. The spectra were
recorded in normal incidence with the E-vector parallel (o =0°) and
perpendicular (@ = 90°) to the line pattern, respectively. It should be
noted that the absorption spectrum for these extended line arrays is a
superposition of spectra from the as-grown thin film and implanted
material.

Figure 1(b) shows the x-ray absorption spectra for w =0° and
®=90° and the resulting XMLD (difference) spectrum recorded at
50K for a linewidth of 450 nm. A distinct linear dichroism is observed
in the XMLD spectrum, suggesting AF order with a predominant Néel
vector orientation. Absorption spectra recorded for both an all-
implanted film region and an unpatterned (blanket) film region
showed no dichroism (see supplementary material), confirming that
the measured dichroism derives from the line pattern. XMLD at the
Fe L, 5 edge has been found to depend on the crystalline environment
of the Fe*™** ions, and the XMLD signature was shown to change
sign dependent on the in-plane orientation of the AF spin axis with
respect to the crystal axes.”* *° With both the E-vector of the incident
x-rays and the patterned lines oriented along in-plane (110) directions,
the XMLD spectrum shown in the inset of Fig. 1(b) implies that the
Neéel vector is predominantly oriented perpendicular to the lines.

Figure 1(c) shows x-ray absorption spectra obtained for right-
and left-handed circularly polarized x-rays (p,; and p_) incident at
30° with the sample surface and the plane of incidence parallel to the
line structures. Also shown is the corresponding XMCD (difference)
spectrum, which by comparison with in-field measurements on single-
layer LSMO blanket films (see supplementary material) indicates mag-
netization parallel to the lines, as expected from shape anisotropy. The
AF/FM spin alignment is thus perpendicular (spin-flop), in keeping
with previous reports for this thin film bilayer system at comparable
temperatures.””” We note that the LSMO absorption spectrum
includes an unconventional feature at ~640eV, which derives from
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the implanted matrix. Ion implantation of LSMO films has been
shown to shift the valency of Mn from primarily Mn**/Mn** to also
include a significant fraction of Mn>".”” The observed absorption
spectrum fits a superposition of the XAS spectra recorded for
implanted and blanket films, respectively (see supplementary
material).

The X-PEEM and XAS data in Figs. 2(a)-2(j) display a distinct
temperature dependence of the AF/FM spin configuration, shifting
from collinear to spin-flop alignment of the Néel vector and the FM
moments within the temperature range 100-200 K. Figures 2(a)-2(d)
show AF domain patterns for a 500 nm wide square wave line struc-
ture oriented along in-plane (110) directions. For temperatures above
225K, the predominant orientation of the AF spin axis is parallel to
the lines, in keeping with earlier observations of shape-imposed AF
domain formation for similar structures.”** At T = 175K [Fig. 2(b)],
while maintaining a predominance of parallel-oriented AF domains,
formation of new domains with their spin axis oriented perpendicular
to the square wave line is observed. When lowering the temperature to
T =125K [Fig. 2(c)], a substantial fraction of the AF spins is oriented
perpendicular to the FM moments, which invariably align parallel to
the lines due to shape anisotropy, cf. Figs. 2(¢)-2(h). With reduction
of the sample temperature to T = 100K, the recorded AF domain pat-
tern [Fig. 2(d)] shows a distinct spin-flop configuration of the FM
moments and the AF spin axis. No further changes to the XMLD-
PEEM images were observed upon lowering the temperature to
T=30K

The recorded temperature dependence of the AF/EM spin axis
alignment is corroborated by XMLD/XMCD spectra recorded for the
extended line arrays of 450 nm linewidth [Figs. 2(i) and 2(j)]. In Fig.
2(i), the XMLD spectrum of the Fe L, peak is shown for temperatures
from 100-300K. At T=300K, the XMLD signature is consistent
with an AF spin axis oriented parallel to the lines. At T= 125K, the
XMLD signal completely disappears, which indicates a frustrated
domain state with a 50/50 distribution of AF domains with the Néel
vector oriented perpendicular and parallel to the lines. Finally, at
T=100K, we record the XMLD signature of a fully perpendicular
(spin-flop) alignment. The XMCD spectra recorded at the Mn L; edge
confirm magnetization parallel to the lines throughout this tempera-
ture range [cf. Fig. 2(j)]. The AF/EM spin alignment thus changes
from collinear via frustrated to perpendicular orientation with decreas-
ing temperature, as depicted in the schematic of Fig. 2(k).

635 640 645 650 655 660
Energy (eV)

In the AF layer, we identify three factors contributing to the AF
spin alignment: the intrinsic magnetocrystalline anisotropy, the shape-
imposed anisotropy associated with extended domains forming along
the micro-/nanostructure edges,”” ** and the interface exchange cou-
pling to the adjacent FM LSMO layer.”*”> Grown epitaxially on
LSMO/STO(001), the AF domain pattern of ultrathin (10 u.c.) blanket
LFO films was found to exhibit magnetic domains with the AF spin
axis oriented along both (100) and (110) (pseudocubic) in-plane crys-
talline directions,”** suggesting magnetocrystalline easy axes along
these four directions. In patterned lines oriented along in-plane (110)
crystalline directions, parallel and perpendicular orientations of the
LFO Néel vector with respect to the line edges are thus equally pre-
ferred by the magnetocrystalline anisotropy. In contrast, the anisot-
ropy imposed by the nanostructure edges favors parallel alignment of
the Néel vector in these lines, in competition with the interface
exchange coupling, which favors perpendicular (spin-flop) alignment
of the Néel vector and the FM moments in the LSMO layer. The latter
are strongly confined by shape anisotropy to be oriented parallel with
the lines. The results shown in Fig. 2 indicate that the shape-imposed
(edge) anisotropy predominates at elevated temperatures (T > 225 K)
with collinear alignment of the FM moments and the AF spin axis.
However, below some critical temperature, the interface exchange cou-
pling overcomes this shape-effect, rotating the AF spin axis 90° to per-
pendicular (spin-flop) orientation with the FM moments.

Figure 3 shows the impact of linewidth on the AF/FM spin con-
figuration in these LFO/LSMO bilayer line patterns. We note from the
XMLD-PEEM image of the 2 um wide line in Fig. 3(a) that the AF
edge domains, with their spins aligned collinearly with the FM
moments, extend no more than ~300 nm into the line. Beyond this
limit, the domain pattern changes to that characteristic of an LFO
blanket film.”"” In line structures with a width <500 nm, the AF edge
domains extend throughout the full width of the lines, effectively dom-
inating the AF domain pattern. We thus distinguish between two char-
acteristic AF domain patterns above the SRT temperature, ie.,
“collinear edge” alignment for linewidths >1 ym and “collinear” align-
ment for linewidths <500 nm.

The linewidth is observed to have a profound impact on the spin
reorientation temperature. At T= 125K, the XMLD spectra in Fig.
3(b) are characteristic of spin-flop, frustration, and collinear alignment
of the AF/FM spin configuration for line structures of linewidths 900,
450, and 200 nm, respectively. We can thus observe the three stages of
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FIG. 3. Linewidth and temperature depen-
dence of the AF/FM spin alignment. (a) X-
PEEM images of the AF and FM domain
patterns, demonstrating the difference
between the characteristic AF domain pat-
terns of a comparatively wide (2 um) and
a narrow (500 nm) line at elevated temper-
ature (225K, above the SRT). Legends in
the two leftmost images indicate the corre-
spondence between X-PEEM domain con-
trast and direction of magnetization and
apply to all four images. (b) XMLD spectra
of the Fe L, edge for three different line-
widths at 125K. (c) Compilation of data
from the recorded X-PEEM images and
XMLD spectra in a linewidth-temperature
phase diagram for the AF/FM spin
alignment.

Collinear edge

Frustration

(¢]

Spin-flop

(¢]

715 720 725 730

| 1
0.2 um 0.5 um

Energy (eV)

the SRT for one and the same temperature, by variation of the line-
width. Combining data from X-PEEM and XAS measurements, the
AF/FM spin configuration for different linewidths was assessed for a
wide range of sample temperatures and classified according to the cat-
egories collinear, “frustrated,” and “spin-flop” alignment. A compila-
tion of these data is presented in the linewidth-temperature phase
diagram in Fig. 3(c). (The X-PEEM images and XMLD-PEEM spectra
used to compile this phase diagram are provided in the supplementary
material.)

The phase diagram in Fig. 3(c) distinguishes between two distinct
regimes of the AF domain pattern above the SRT temperature. In line
structures where the AF domain pattern is characterized by collinear
AF/FM spin alignment along the edges only, the SRT temperature
appears to be independent of the linewidth. When collinear AF/FM
spin alignment extends throughout the full width of the lines, this con-
figuration is preserved to a lower temperature. The SRT temperature is
dependent on the linewidth, with the Néel vector in 200 nm wide lines
switching to the spin-flop configuration at lower temperature than in
the 500 nm wide lines. Gomonay et al."’ have proposed a model taking
surface magnetic anisotropy and long-range magnetoelastic forces into
account, predicting a shape-dependent magnetic anisotropy in AF
nanoparticles. We note that this model predicts a stronger shape-
imposed anisotropy for thinner lines, consistent with our findings.

As the interface exchange coupling forcing the transition to spin-
flop alignment of the AF spin axis and FM moments apparently grows
stronger with decreasing temperature, we investigated whether this
coupling could be related to the LSMO volume magnetization. Figure
4 shows the impact of a 0.3 T magnetic field applied parallel to the
450 nm wide lines for sample temperatures below, near, and above the
SRT temperature. This external field was oriented at an angle of 20°
with the sample surface to avoid trapping of emitted low-energy elec-
trons, so as to maximize the electron yield. A magnetic field of this
magnitude is presumed to have a negligible effect on the AF layer, as
spin reorientation in antiferromagnets typically requires magnetic
fields in excess of several Tesla."** Magnetometry data (not shown)

1
1 um
Linewidth (um)

1
2 um

for these patterned samples show that the difference in LSMO volume
magnetization between measurements in remanence and at an applied
field of 0.3 T exceeds the increase in volume magnetization when
reducing the sample temperature from 150K to below 50 K. The
XMLD spectra in Fig. 4 are virtually identical to those measured in
zero field and demonstrate that a 0.3 T applied field has no observable
impact on the AF/FM spin alignment in this system. Thus, this SRT
does not seem to depend on the magnitude of the LSMO volume
magnetization.

In summary, we have investigated a temperature-driven Néel
vector reorientation in patterned line structure arrays defined in LFO/
LSMO bilayer films. This SRT is shown to originate from a competi-
tion between a shape-imposed anisotropy in the AF layer and the
interface exchange coupling between the two layers. The FM moments
remain fixed by shape anisotropy, causing the AF/FM alignment to
change gradually from collinear to perpendicular (spin-flop) depen-
dent on the sample temperature. The transition temperature was
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s
s 125K
9
S 0.5% -
< 00%- 100 K
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1 ]
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FIG. 4. Comparison of XMLD spectra recorded at the Fe L, edge, with and without
an external applied field.
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found to decrease with the linewidth in lines thinner than ~500 nm.
Measurements carried out in an applied magnetic field show no
impact on this SRT. The present findings shed light on the nature of
SRTs in patterned AF/FM complex oxide heterostructures and dem-
onstrate the possibilities offered by nanostructuring to control the
magnetic spin configuration in such bilayer systems.

See supplementary material for XAS spectra obtained from LFO
and LSMO reference thin films and the additional X-PEEM and XAS
data used to compile the phase diagram in Fig. 3.
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