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ABSTRACT

The ability to systematically modify the magnetic properties of epitaxial Lag7Sro3sMnO3 thin films is demonstrated through the use of Ar*
ion implantation. With increasing implant dose, a uniaxial expansion of the c-axis of the unit cell leads to a transition from in-plane toward
perpendicular magnetic anisotropy. Above a critical dose of 3 x 10" Ar*/cm?, significant crystalline disorder exists leading to a decrease in
the average Mn valence state and near complete suppression of magnetization. Combined with lithographic techniques, ion implantation
enables the fabrication of magnetic spin textures consisting of adjacent regions with tunable magnetic anisotropy in complex oxide thin films.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5134867

Fine control of magnetocrystalline anisotropy is critical for
improvements in technologies dependent on magnetic thin films
with perpendicular magnetic anisotropy (PMA), such as hard disk
drives, and will be necessary for future magnetic devices based on
spin textures." ’ Artificial magnetic skyrmions are one such exam-
ple, but their fabrication can require lithographically defined, multi-
layer structures to form adjacent regions of both in-plane and out-
of-plane moments.” * The ability to modulate magnetocrystalline
anisotropy within a single film would streamline device processing
and minimize the complexity of introducing additional interfaces.
Transition metal oxides (TMOs) are well suited to that end as the
magnetocrystalline anisotropy can be tuned through multiple path-
ways such as chemical doping,” interfacial interactions,'’ and lattice
distortions.'" Earlier work highlighted the relationship between the
magnetic easy axis in TMOs [e.g., Lag7Sro3MnO3 (LSMO)‘2 and
La1—xS1xCo0;3'’] and epitaxial strain. When LSMO is grown under
tensile or slightly compressive strain on SrTiOs3 [STO, ratio of c- to
a-lattice parameters (c/a ratio) = 0.987] or (LaAlO3)o.3(Sr2TaAlOg)o.7
(LSAT, c/a ratio = 1.007) substrates, respectively, the magnetic
moments prefer to lie within the film plane but switch to out-of-
plane under large compressive strain imposed by LaAlOs; (LAO, c/a
ratio = 1.053).13‘13 More recently, the anisotropy of La;_xSryMnOs3
was shown to be highly tunable in superlattices with SrIrOs with

PMA emerging for x > 0.5."” These studies demonstrate the poten-
tial for designing the magnetocrystalline anisotropy but require spe-
cific interfaces or substrate selection that cannot be readily mod-
ified on the scale of magnetic device features. Ion irradiation of
silicon single crystals,"* yttria-stabilized zirconia (YSZ),"” and epi-
taxial TMO films'®'” was demonstrated to induce uniaxial expan-
sion of the lattice perpendicular to the implanted surface and to
change the magnetic anisotropy of metallic multilayers through
intermixing of interfaces.”'”'” This study thoroughly explores the
feasibility of using the damage caused by Ar" ion implantation
to induce lattice strain and PMA in LSMO films that possess in-
plane magnetic anisotropy in the as-deposited (AD) state. The
choice of inert Ar" ions ensures that doping effects of the Ar"
ions themselves can be excluded. Ultimately, large c/a-ratios can
be tailored though functional properties degrade as the implanta-
tion dose increases above a critical dose. By selecting implantation
conditions spanning from those that induce negligible impact on
material properties to complete amorphization of the crystalline
order, the capabilities of this fabrication method can be properly
assessed.

30 nm thick LSMO films were deposited epitaxially by pulsed
laser deposition on (001)-oriented STO, LSAT, and SrLaGaO,
(SLGO) substrates. The substrates were held at 700°C in 300
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mTorr O, during deposition, and the KrF excimer laser density
was 1.0 J/cm® with a repetition rate of 1 Hz. Ar* ion implantation
was performed at room temperature at Innovion Corporation (San
Jose, CA) with implant doses ranging between 3 x 10'* Ar/cm? and
3 x 10" Ar/cm® with 50 keV ions incident at a 7° offset from the
sample normal. X-ray diffraction (XRD) and x-ray reflectivity (XRR)
were measured using a four-circle Bruker D8 Discover diffractome-
ter to characterize the structural quality of the films. To probe
the electronic and magnetic properties, x-ray absorption (XA) and
x-ray magnetic circular dichroism (XMCD) spectra were collected
at 80 K at beamline 4.0.2 at the Advanced Light Source using total
electron yield (TEY) mode. The x rays were incident at a 30° graz-
ing angle relative to the sample surface, and a magnetic field of
0.5 T was applied along the beam direction. Magnetic hysteresis
loops were measured using a superconducting quantum interference
device (SQUID) magnetometer at 10 K.

The ion-implantation energy was selected based on Stopping
and Range of Ions in Matter (SRIM) calculations™ that predict a
damage profile extending throughout the film thickness and a Gaus-
sian profile for the Ar" ions centered at ~30 nm from the film sur-
face (supplementary material). As the dose increases from 3 x 1012
Ar/cm?® to 3 x 10" Ar/cm?, the film (002) XRD peak shifts to lower
angles relative to the AD film with considerable broadening and
decreased intensity [Fig. 1(a)]. In addition, the diffraction feature
originating from the film splits up into multiple peaks, most clearly
observed at the 1 x 10" Ar/cm* dose. This multi-peak behavior was
observed in Cs-implanted YSZ single crystals and is caused by inco-
herent x rays scattering due to the inhomogeneous strain profile in
the implanted portion of the lattice."” The implanted LSMO film has
a similar inhomogeneous strain profile with the implantation dam-
age reaching into the substrate, causing the additional intensity on
the low angle side of the substrate peak (e.g, 1 x 10" Ar/cm® to
3 x 10"* Ar/cm? dose). The rms surface roughness determined by fit-
ting XRR curves is below 10 A for all implant conditions. Reciprocal
space maps (RSMs) around the (103) peak (supplementary material)
verify that the induced lattice expansion is confined to the c-axis of
the film as the H-component of the film peak remains aligned to that
of the substrate.

A full description of the structural distortions in the implanted
films was determined by fitting the w-26 scans using the GID_sl
dynamical diffraction modeling program.”’ Details of the fitting
procedure are in the supplementary material. A comparison of the
depth dependence of the c-parameter obtained from GID_sl fit-
ting to the SRIM calculations indicates that the vacancy distribution
rather than the Ar" ion distribution most closely correlates with
the lattice expansion resulting from ion implantation. SRIM simu-
lations predict that a majority of the vacancies are oxygen vacancies.
Figure 1(b) summarizes the maximum c/a ratio within the strain
profile of the implanted LSMO films grown on different substrates as
a function of the implantation dose. At a dose of 1 x 10"° Arf/cm?,
the films can be considered amorphous as the w-260 scan monoton-
ically decreases due to diffuse scattering on the low angle side of
the substrate peak. With increasing dose, the c/a ratio increases sys-
tematically for all substrates. Therefore, ion implantation serves as
an effective method to modify the tetragonal distortion of epitax-
ial films by expanding the c-axis lattice parameter by up to several
percents. It should be noted, however, that the crystalline quality of
the films is degraded by the energetic Ar" ions. The impact of the
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FIG. 1. (a) (002) Experimental w-26 scans (colored lines) and GID_sl fits (black
lines) for implanted LSMO films on STO substrates. Labels correspond to the
implantation dose in Ar/cm?. Film and substrate peaks are denoted with ‘" and
“s,” respectively. (b) Maximum c/a ratio for LSMO films on different substrates as
a function of the implantation dose. Dotted lines are guides for the eye.

combined effects of lattice expansion and the change in crystallinity
on the functional properties was explored further using a range of
experimental techniques.

XA measurements involve excitation of electrons from 2p core
levels to unoccupied 3d states in the valence band and are sensitive
to the chemical environment of the ion being probed. Furthermore,
the absorption of circularly polarized x rays depends on the orien-
tation of magnetic moments, and XMCD spectra can be defined as
the difference in XA spectra acquired with the x-ray helicity paral-
lel/antiparallel to the sample magnetization.”””’ In TEY mode, the
XA/XMCD spectra probe the top 5-10 nm of the films rather than
the full film thickness.”’ Figure 2 shows Mn-XA/XMCD spectra for
the implanted LSMO films grown on STO substrates. The observed
trends are consistent for implanted films deposited on LSAT and
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FIG. 2. (a) XA and (b) XMCD spectra
4 for implanted LSMO films on STO sub-
strates. Colored and black lines repre-
sent experimental data and fits from a
4 linear combination of reference spectra,

1 respectively. (c) Mn cation populations
(d) and (d) calculated formal Mn valence as
a function of the implantation dose.
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SLGO substrates, but the following XA analysis is focused on STO
samples for clarity. The AD film shows the expected XA/XMCD
spectral shape for LSMO with mixed Mn®**/Mn** ions, which leads
to robust magnetic properties through the double exchange mecha-
nism.”””* The XA/XMCD spectral shapes remain unchanged as the
dose increases to a critical dose of 3 x 10** Ar/cm? above which addi-
tional features begin to emerge at the low energy side of the L3 peak,
indicating changes in the average Mn valence state. The XA spectra
can be described using a linear combination of reference spectra for
octahedrally coordinated Mn ions with different valence states, and
the weight of each is used to estimate the average Mn valence state.
For fitting, MnO (Mn?"), Mn,03 (Mn*"), and LiMnO3 (Mn*")
spectra (supplementary material °’) were combined with the AD XA
spectrum with a nominal valence state of 70% Mn**/30% Mn>" ions
based on the Sr/La ratio. Black lines in Fig. 2(a) represent best fits
to the XA spectra, and the results of this analysis are presented in
Fig. 2(c). Above the critical dose of 3 x 10" Ar/cm?, the concen-
tration of Mn?* ions rises rapidly with increasing dose, replacing
both Mn** and Mn** ions at equal rates, leading to a decrease in
the average Mn valence state. At the highest implantation dose,
3 x 10" Ar/cm®, Mn** and Mn*" ions constitute nearly 90% of
the Mn ions with an average valence of Mn***. In order to main-
tain charge neutrality in the LSMO film, this reduced valence state
translates to an oxygen stoichiometry of Lag 7Sro3MnO 75.

The fact that the Mn XMCD spectral shape remains unchan§ed
below a critical dose of 3 x 10" Ar/cm? signifies that the Mn’*-
Mn** double exchange mechanism continues to be the dominant
source of magnetism and that no appreciable change in the ratio of
spin to orbital moments takes place. Furthermore, no indication of
XMCD associated with Mn* ions was detected at any dose. SQUID
hysteresis loops (supplementary material) performed with the mag-
netic field applied in the film plane demonstrate that the sample-
averaged magnetic properties mirror those of the sample surface
probed by the XMCD measurement. As the dose increases, satu-
ration magnetization (Ms) and Curie temperature decrease, while

1(')14 10

Dose (Ar'/cm?’)

coercivity increases. For doses above 1 x 10" Ar/cm?, the LSMO
films continue to show hysteresis at 10 K, but the Ms value is
only 2%-10% of the AD LSMO film, indicating that little mag-
netic order persists. These trends are consistent with a ferromag-
netic oxide that becomes more structurally disordered from Ar"
ion implantation and with an increased concentration of oxygen
vacancies.” "

The magnetic anisotropy of the LSMO films as a function
of the c/a ratio was investigated by measuring the in-plane and
out-of-plane magnetic hysteresis loops for films grown on STO,
LSAT, and SLGO substrates (Fig. 3). Films implanted with a dose of
3 x 10" Ar/cm® were chosen as a balance between a sizable mag-
nitude of lattice expansion (~1%) while maintaining Ms values
>100 emu/cm®. The AD LSMO film on the STO substrate shows
a strong in-plane anisotropy that is characterized by a square hys-
teresis loop with large in-plane remanent magnetization, Mg, and
a large effective magnetic anisotropy constant, K,z ~ —1.7 + 0.1
x 10° erg/cm’ for the out-of-plane hysteresis loop. As the c/a ratio
increases, by changing either the substrate type or ion implantation,
the LSMO films become more isotropic, i.e., Mg for the in-plane
hysteresis loop decreases, and K,y decreases for the out-of-plane
hysteresis loop. All samples demonstrate clear modification of the
magnetic anisotropy by ion implantation, approaching PMA for the
implanted films on LSAT and SLGO substrates with Koy ~ +1.3
+ 0.4 x 10> and -7 + 6 x 10" erg/cm’, respectively. It should be
noted that K5 values take into account the combined contributions
of the reduced Ms values and a decrease in the impact of the ion
implantation process on magnetic anisotropy.

The compilation of structural, electronic, and magnetic charac-
terizations of the ion-implanted LSMO films suggests a transition in
the type of damage imposed by the ion-implantation process with
a critical dose of 3x 10" Ar*/cm?. Previous work on implantation
of noble gas ions into silicon indicated that a transition from elas-
tic to plastic deformation occurred at a critical implant dose.”” For
Ar* ions implanted into Si, this critical dose was 1 x 10'* Ar/cm?
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and it decreased as the mass of the noble gas element increased.
In the elastic regime for LSMO films (dose <3 x 10 Art/cm?),
the average Mn valence state remains unchanged and the double
exchange mechanism remains responsible for the magnetic prop-
erties without a significant change in the ratio of spin to orbital
moments. Therefore, the main contribution to the change in mag-
netic anisotropy toward PMA results from the change in the c/a
ratio. As the c¢/a ratio increases with increasing implant dose, the
overlap between the Mn 3d and O 2p orbitals decreases, leading to
a suppression of Ms, while defects from the ion-implantation pro-
cess cause pinning of domain walls and an increase in coercivity.
This result can be explained by a preferential filling of Mn 3d;,2_,
orbitals that are stabilized by reduced Coulomb interactions with O
2p orbitals along the increased c-axis. The proposed mechanism for
PMA in compressively strained manganites and cobaltites with the
c/a ratio >1 involves a bulk magnetostriction effect due to the pos-
itive (negative) sign of the longitudinal (transverse) magnetostric-
tion coefficients, respectively.””*”* In the plastic regime, the crys-
talline quality rapidly degrades that is accompanied by a decrease
in the average Mn valence state and an increase in the concen-
tration of oxygen vacancies,”” and ultimately in a loss of magnetic
properties.

The ability to change the magnetic anisotropy of the LSMO film
based on ion implantation opens the possibility to fabricate arti-
ficial magnetic skyrmions and other non-trivial spin textures that
require adjacent regions of differing magnetic anisotropy within a
single layer of material. * A process such as that developed by Taka-
mura et al.””* could fabricate structures with in-plane anisotropy
defined by a mask pattern, and a subsequent flood ion implanta-
tion would define surrounding regions with PMA or non-magnetic
properties. The necessary implant conditions can be determined
using SRIM simulations since, as discussed above, lattice expan-
sion is most closely correlated with the oxygen vacancy distribution
induced by ion implantation. In contrast to prior studies where oxy-
gen vacancies have been introduced by vacuum annealing,”’ * the

ion implantation-based technique can tailor the local ¢/a ratio and
distribution of oxygen vacancies based on the implant conditions
and mask design, rather than relying on the isotropic diffusion of
oxygen ions.

This study comprehensively investigated the variation of mag-
netic, electronic, and structural properties of Ar* ion-implanted
LSMO thin films and explored the potential to create PMA through
a uniaxial expansion along the c-axis. As the dose increases, two
distinctive regimes were identified corresponding to elastic and plas-
tic deformation. In the elastic regime, the double exchange mecha-
nism between Mn**/Mn** ions is preserved, while the increase in
the ¢/a ratio favors an out-of-plane magnetic anisotropy, whereas
the plastic regime is characterized by significant crystalline dam-
age, a decreased average Mn valence state, and the near-complete
suppression of ferromagnetic properties. RSMs confirm that the
lattice expansion is confined to the c-axis, as the film remains
coherently strained for doses up to 1 x 10" Ar*/cm?. This abil-
ity to locally tune the magnetic properties of complex oxides
enables the fabrication of magnetic spin textures, consisting of adja-
cent regions of differing magnetic anisotropy within a single thin
film.

See the supplementary material for RSMs, GID_sl dynamical
diffraction modeling, reference XA spectra, SRIM calculations, and
SQUID measurements.

Funding for these experiments was obtained from the National
Science Foundation (Grant Nos. DMR 1411250 and 1745450). This
research used resources of the Advanced Light Source, which is
a Department of Energy Office of Science User Facility, under
Contract No. DE-AC02-05CH11231.
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