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1. Introduction

The manipulation of strong electronic correlations in complex
oxides has attracted a great deal of interest at the forefront of
solid-state physics research, with particular emphasis on
emergent phenomena and novel functionalities such as
superconductivity, colossal magnetoresistance, multiferroics,

and electrocatalysis.[1–3] The concentration
and distribution of point defects—primarily
the oxygen vacancies—strongly affect
the valence states of transition metals,
charge carrier populations, and spin
configurations, which are essential for
improving or even accessing new proper-
ties in perovskite oxides.[4–6] Such an
extraordinary dependence of functionali-
ties on anion stoichiometry enables defect
engineering as a new path to design
next-generation oxide-based electronic/
spintronic devices.[7–10] In addition, the
presence of oxygen vacancies is known to
induce an expansion of the perovskite lat-
tice in recent studies.[11–13] The dynamic
control of oxygen deficiency, which has
been proven by several methods (e.g., top-

otactic reduction, ionic liquid gating, oxygen getter), can thus act
as an alternative way to alter the crystal lattice in addition to
standard heteroepitaxy.[14–16] However, in the aspect of ion irra-
diation, only a few systematic studies have been conducted to
elucidate the fundamental link between strain state and oxygen
defects.[12] As a result, the full details of vacancy-induced lattice
strain and its impact on electronic properties remain unknown.

Among the promising candidates suited for device applica-
tion, the manganite, La0.7Sr0.3MnO3�δ (LSMO) has attracted
significant attention due to its high Curie temperature and
half-metallic behavior well above room temperature.[17,18]

Previous studies have shown a strong lattice–charge–spin–orbital
coupling in LSMO series due to the highly correlated elec-
trons.[19,20] Therefore, epitaxial LSMO thin films were selected
as a platform to validate the effects of vacancy modification on
the lattice structure and physical properties.

In this work, we report on an effective modification of defect
in-depth profiles in epitaxial LSMO thin films using helium
implantation. By tailoring the incident energy and fluence of
the He-ion beam, the vacancy concentration and distribution
are actively tuned throughout the entire film. As confirmed by
X-ray diffraction techniques, the generation of defects induces
a uniaxial lattice expansion solely in the out-of-plane direction
without any relaxation of the in-plane lattice constant, which
completely changes the strain type of the film (i.e., from tensile
strain to compressive strain). This allows for a tunable modifica-
tion in both the magnetic and electrical transport properties. In
particular, the metal–insulator transition, manifesting itself as an
increase of resistivity up to four orders of magnitude, has been
observed at higher irradiation fluence. Thus, this study opens a
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Complex oxides provide rich physics related to ionic defects. For the proper
tuning of functionalities in oxide heterostructures, it is highly desired to develop
fast, effective, and low-temperature routes for the dynamic modification of defect
concentration and distribution. Herein, the use of helium implantation to
efficiently control the vacancy profiles in epitaxial La0.7Sr0.3MnO3�δ thin films is
reported. The viability of this approach is supported by lattice expansion in the
out-of-plane lattice direction and dramatic change in physical properties, i.e., a
transition from ferromagnetic metallic to antiferromagnetic insulating. In par-
ticular, a significant increase of resistivity up to four orders of magnitude is
evidenced at room temperature, upon implantation of highly energetic He ions.
The result offers an attractive means for tuning the emergent physical properties
of oxide thin films via strong coupling between strain, defects, and valence.

RESEARCH ARTICLE
60 years of pss www.pss-rapid.com

Phys. Status Solidi RRL 2021, 15, 2100278 2100278 (1 of 5) © 2021 The Authors. physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

mailto:l.cao@hzdr.de
https://doi.org/10.1002/pssr.202100278
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.pss-rapid.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpssr.202100278&domain=pdf&date_stamp=2021-09-17


new path for the fine depth-dependent tuning of the material
properties in oxides.

2. Results and Discussion

LSMO films of 50 nm thickness were deposited on (001) SrTiO3

(STO) single-crystalline substrates by high-oxygen-pressure sput-
ter deposition (HOPSD), with the optimal growth parameters
shown in the Experimental Section. Note that LSMO has a rhom-
bohedral structure (a¼ b¼ 5.4967 Å, c¼ 13.3321 Å), which can
be represented as pseudocubic with lattice constants of
a¼ b¼ c¼ 3.8741 Å.[7,21] Due to the small lattice mismatch,
the LSMO thin films are grown coherently strained on SrTiO3

(a¼ 3.905 Å) substrate. After deposition, the films were
implanted with He-ion beams at various energies to achieve dif-
ferent defect distributions. For the implantation at 3.5 keV, the
incident He ions stop within the film. Two different fluences
were adopted to generate different defect concentrations.
When the implantation energy is increased to 50 keV, the He-
ion beam penetrates deeper into the substrate.

Figure 1a,b displays the ω–2θ X-ray diffraction (XRD) patterns
of the LSMO films. For the pristine state, the film exhibits well-
defined (001) and (002) Bragg peaks at higher two-theta values
than the substrate peak, in agreement with the expected
out-of-plane lattice constant for a perovskite phase. Laue fringes
further indicate sharp interfaces and flat surfaces. After
He-ion implantations at an energy of 3.5 keV and a fluence of
1� 1015 cm�2, a shift of the LSMO peaks toward lower angles
is observed, which indicates an elongated out-of-plane lattice
constant. This lattice expansion is usually considered an indication
of oxygen deficiency in LSMO films, as the Mn4þ valence state
changes to Mn3þ, which has a larger ionic radius.[7,22] In the
detailed XRD scan around the (002) Bragg peak, a notable broad-
ening of the film peak is also observed, which is caused by the
Gaussian-like distribution profile of implanted He ions. Upon
increasing the He fluence to 5� 1015 cm�2, this effect becomes
more evident as the (002)-LSMO reflection further splits into
two broad peaks. To better evaluate the defect concentration and

distribution at various implantation conditions, Stopping and
Range of Ions in Matter (SRIM) simulations were performed.
According to the simulation results in Figure 1c, more than half
the amount of total displacement per atom (DPA) induced by He
ions arises from oxygen vacancies in the SRIM simulation. In par-
ticular, the beam penetrates deeply into the substrate when highly
energetic He ions with 50 keV are utilized for the implantation.
This creates a relatively flat defect profile in the film region. As
a result, a single peak at 45.7� is observed from the modified
LSMO film, indicating a uniform vacancy distribution throughout
the entire film. Here we note that the fluence of the 50 keV He-ion
beam is increased to 5� 1016 and 2.5� 1016 cm�2, respectively, to
achieve a comparative defect concentration with the implantation at
3.5 keV. In addition, a significant swelling due to He implantation
is also expected in the buried SrTiO3 substrate region up to
400 nm, which results in the broad peak observed at about
44�.[23–25] Our results show consistent observation with the
measured and simulated XRD spectra for the pure STO substrate
irradiated at comparable energy and fluence.

In addition to the elongation of the out-of-plane lattice param-
eter, the strain change after He implantation is monitored by
reciprocal space mapping. Figure 2 compares the corresponding
strain states for the samples implanted at various conditions. The
diffraction spots of all the LSMO films locate at the same qx posi-
tions as the SrTiO3 substrate, whereas a shift in qz is clearly visi-
ble. This indicates that the in-plane lattice parameters of LSMO
films remain identical to that of the substrate without any lattice
relaxations after He implantation. The variations of the qz value
correspond well to the observation from ω–2θ XRD scans, which
corroborates the sole expansion of the lattice in the out-of-plane
direction. It is also noteworthy that the He implantation did not
trigger a topotactic transition, which was previously reported by
hydrogen plasma and postannealing treatment.[7,26] As a kinetic
process at high energy, the bombardment with He ions results in
a wide distribution of Frenkel pairs (i.e., point defects). On the
other hand, as helium is a noble gas and does not form any chem-
ical bond with the host matrix, it is the formation of point defects
that induces the structural modification. Moreover, two different

Figure 1. a,b) XRD ω–2θ patterns of epitaxial LSMO thin films on a SrTiO3 (001) substrate implanted by He-ion beams with various incident energies
(3.5 and 50 keV) and fluence ranging from 1� 1015 to 2.5� 1016 cm�2, respectively. The peaks labeled with stars are from SrTiO3, while those labeled with
arrows are from LSMO. c) SRIM simulation results of displacement per atom (DPA) at various implantation parameters. In particular, the DPA profile of
an oxygen atom is denoted by the dashed line for the sample implanted at 50 keV with the fluence of 2.5� 1016 cm�2.
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energies were used for the study, i.e., 3.5 and 50 keV. In the case
of 50 keV, helium ions mainly stay in the STO substrate.
However, the irradiation leads to similar structure modification
for the LSMO film. This also rules out the role of the He ions
inserted.

To confirm that the high fluence and energies used in this
study are still below the threshold for amorphization, both ran-
dom and channeling Rutherford backscattering spectrometry
(RBS) spectra were measured for the as-prepared and implanted
films. As shown in Figure 3a, the as-prepared LSMO film exhib-
its a large difference in the yield between the random and
channeling spectra, which indicates a good crystallinity. With
increasing fluence of incident He ions, more damage to the crys-
tal lattice upon ion bombardment occurs, and an enhanced yield
in the channeling spectra is observed. In detail, the RBS yields for
La and Mn reveal significant increase at the depth close to the
surface after implantation at 3.5 keV, which correlates well with
the results of the DPA profile. In contrast, a channeling effect is

still well preserved for the sample with the highest number of
defects (implanted at 50 keV with a fluence of 2.5� 1016 cm�2).
Thus, for this fluence, we conclude that the LSMO film is still
crystalline, as expected.

XRR measurements were further conducted to determine the
corresponding change of roughness at both the surface and film/
substrate interface. As shown in Figure 3b, all the films exhibit
long-lived Kiessig fringes, which indicates a relatively small
change of roughness after implantation. At an incident energy
of 3.5 keV, the implantation depth is below the thickness of the
film, and no perturbations are induced at the film/substrate
interface. Only the surface roughness is found to increase with
the incident fluence of He ions, as shown in Figure 3c. For the
sample implanted at 50 keV, the He ions are implanted deeper
into the substrate, and an increase of interface roughness is evi-
dent. Nevertheless, the roughness for both implanted cases is still
less than 3.5 nm, which confirms a uniform film and smooth
surfaces.

Figure 2. a) Schematic of helium implantation into LSMO films and corresponding strain modification from tensile to compressive. b–f ) Reciprocal
space maps around the (103) peaks of the LSMO thin film implanted by He-ion beams: b) pristine state; c) 3.5 keV He ions with fluence of 1� 1015 cm�2;
d) 3.5 keV He ions with fluence of 5� 1015 cm�2; e) 50 keV He ions with fluence of 5� 1015 cm�2; f ) 50 keV He ions with fluence of 2.5� 1016 cm�2. The
positions for film peaks are denoted by the white dashed lines.

Figure 3. a) RBS random and channeling spectra obtained from samples implanted with He ions at various conditions. b) The experimental (open circles)
and simulated (solid curves) X-ray reflectivities (XRRs) for LSMO films implanted with He ions at various conditions. For clarity, the data are equally
shifted. c) The surface and interface roughness obtained from the fitting of the obtained XRR data.
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Attributed to the complex nature of exchange interactions in
transition metal oxides, small changes to oxygen vacancy
concentration and distribution can lead to strong modifications
of electronic and magnetic properties.[27–29]

Figure 4a plots the temperature-dependent magnetization for
all the filmsmeasured after field cooling. The pristine state exhib-
its ferromagnetic behavior with a high Curie temperature above
300 K. The result is in good agreement with the domination of
the double-exchange mechanism among the d-orbital magnetic
ions (Mn3þ and Mn4þ) for this stoichiometry.[30–32] After implan-
tation, we expect that the nominal manganese valence is reduced
due to the introduction of defects (primarily oxygen vacancies), in
which the fraction of Mn3þ ions becomes more abundant. As a
result, a Mn3þ–O–Mn3þ combination is prevalent among most
manganese centers in the system and a strong superexchange
coupling starts to take over. Thus, a suppression of Curie tem-
perature is observed with increasing. He doses in the field cooling
curves. Strikingly, at a high fluence of 2.5� 1016 cm�2 at 50 keV,
the implanted LSMO films exhibit hardly any magnetization and
themagnetization-field loopmeasured at 10 K (Figure 4b) does not
show any discernible hysteresis. The suppression of macroscopic
magnetization could be attributed to the emergence of local anti-
ferromagnetic interactions or long-range order of antiferromag-
netism. In addition, a significant enhancement of the coercive
field is observed for the sample implanted with 5� 1015 cm�2

at 50 keV, which could be favourable for applications.
On the other hand, the change in magnetic behaviour is

accompanied by a significant modification of electrical transport
properties in the LSMO system. As shown in Figure 4c, the as-
prepared state exhibits metallic behavior. With increasing defect
concentration, a clear increase of resistivity is observed. At lower
beam energy, the effect of He implantation is inhomogeneous
along the depth. The resistivity data are mainly governed by
the layer with low He concentration close to the STO substrate
interface that exhibits higher conductance. Therefore, the low-
energy samples are still metallic (red curve). It is worth noting
that the enhancement in resistivity is accompanied by a shift
of maximum value toward lower temperature, which shows good
agreement with the observed suppression of the Curie tempera-
ture. At a higher beam energy of 50 keV, a metal-to-insulator
transition occurs, where a relatively homogeneous DPA profile

is achieved throughout the entire film. In particular, the resistiv-
ity increases four orders of magnitude even at room temperature
with the fluence of 2.5� 1016 cm�2. Together with the XRD
pattern measured for this sample, the observed magnetic and
electrical properties resemble well the homogeneous oxygen-
deficient state achieved by vacuum annealing (18 h).[7] Thus,
the observed distinct structural and property changes among
the various implanted states offer further evidence of vacancy
modulations in LSMO thin films using helium irradiation.

3. Conclusion

We have demonstrated a highly efficient means to induce ionic
defects in epitaxial LSMO films at room temperature using
helium implantation. By proper tuning of the implantation
parameters, a transformation from ferromagnetic metal to anti-
ferromagnetic insulator is achieved without destroying the film
lattice or introducing any abrupt increase of roughness. In addi-
tion, the lattice strain of epitaxial thin films can be continuously
manipulated along uniaxial direction by this approach, which
offers a new playground for the optimization of nonvolatile
memory, spintronics, and multifunctional devices.

4. Experimental Section
La0.7Sr0.3MnO3-δ thin films were grown on (001) SrTiO3 substrates by

HOPSD.[33] The samples were deposited at 800 �C with an oxygen partial
pressure of 2 mbar. The vertical distance between the target and the sub-
strate was fixed to 20mm. Ion irradiation was performed near room tem-
perature using a 200 kV ion implanter with 3.5 and 50 keV He ions to a
fluence range of 1� 1015–2.5� 1016 ions cm�2, with beam rastering to
ensure uniform irradiation. Using the SRIM program, the projected range
for the He ions, displacement per atom (DPA) and the vacancy profile are
simulated.[34] The crystal structure and strain states were identified by
XRD, XRR, and reciprocal space mapping measurements using a
Panalytical X’pert four-circle X-ray diffractometer. Modeling of the reflec-
tivity data was performed using the GenX software to determine film thick-
ness as well as the roughness of the surface and interface.[35] The
stoichiometry of LSMO films was determined using RBS. The measure-
ments were performed with a collimated 1.7 MeVHeþ beam of the
Rossendorf van de Graff accelerator with a 10–20 nA beam current at a
backscattering angle of 170�. Channeling geometry measurements were
also collected by aligning the impinging Heþ beam parallel to the STO

Figure 4. a) Temperature-dependent magnetization of the pristine and implanted LSMO thin film samples, measured at 100 Oe. b) Hysteresis loops
measured at 10 K with the magnetic field applied in-plane for various implanted states. c) Temperature-dependent resistivity measured for various
implanted states at zero field (solid symbols) and a magnetic field of 5 T (open symbols).
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[001] axes. The magnetization of the films was measured by a supercon-
ducting quantum interference device equipped with a vibrating sample
magnetometer (SQUID-VSM, Quantum Design). The magnetotransport
measurements were conducted in a van-der-Pauw geometry using a
Lake Shore Hall measurement system (resistance range: 40 μΩ to
200 GΩ). In the resistivity measurement, the magnetic field was applied
along the surface normal direction and perpendicular to the current
direction.
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