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We have studied the influence of controlled defects on the magnetic properties of Lag 7Sro.33MnO3 (LSMO) thin
films. We used 100 nm thick epitaxial LSMO films, which were grown on SrTiOs substrates and introduced
stoichiometry changes and defects using oxygen ion irradiation through nanoporous alumina masks. Oxygen
irradiation through the mask creates cascades of defects in spatially-modulated regions in the plane of the LSMO
film. The magnetic properties of the samples were compared before and after the irradiation. We have found that
irradiation reduces the ferromagnetic ordering temperature, decreases the total magnetization, enhances the
coercivity, and induces exchange bias below 50 K. The coercivity enhancement is dramatically higher below 50 K
and can be associated with exchange bias. These results can be explained by the formation of Mn-rich antifer-
romagnetic or ferrimagnetic phases within the bombarded regions that are exchange coupled to the non-
irradiated - ferromagnetic host.

1. Introduction

Structural defects and stoichiometry play a crucial role in deter-
mining the physical properties of thin-film perovskite manganites. In
particular, La;4SryMnOs (LSMO) exhibits a broad range of physical
phenomena such as metal-insulator transition, ferromagnetism, and
colossal magnetoresistance [1,2]. In general, epitaxial LSMO thin films
on SrTiO3 substrates show a paramagnetic to ferromagnetic transition
above 300 K. This transition close to room temperature makes them
suitable for many potential spintronics applications [3,4]. However, the
magnetic phase diagram of LSMO films strongly depends on the La, Sr,
and O concentrations [5], strain [6], or geometry [7]. The characteristic
magnetic properties of LSMO films, including their magnetic transition
temperature, are mostly ascribed to film thickness, strain, structural
defects, and intergranular structure [6,8-10]. Moreover, manganites are
intrinsically inhomogeneous caused by strong tendencies toward phase
separation into inhomogeneous magnetic phases which give rise to
significant effects such as colossal magnetoresistance [11]. Therefore,
inducing controlled inhomogeneous magnetic phases by nano-
modulating the sample with structural and stoichiometric defects
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could lead to new spintronic applications [12].

Phase inhomogeneities can be induced by localized ion irradiation to
create controlled defects [13] which modify the electronic [14,15] and
magnetic properties [16-18] of perovskite thin films. In general, the
magnetic changes originate from structural modifications that can be
controlled by the irradiation ion element, dose, and energy [19,20].
Furthermore, lateral magnetic patterning becomes feasible by
combining ion irradiation with various lithographical techniques
[15,21], such as self-assembled nanosphere lithography [22] and
photolithography. However, most of these lithography techniques are
not cost effective, require thermal or chemical post-treatments that can
affect samples, and can only be applied in a relatively small area. To this
end, anodic aluminum oxide (AAO) nanoporous membranes with self-
organized arrays of nano-holes can be used as an irradiation mask to
locally modify the physical properties of nanometer-sized regions. Large
area (cm?) AAO membranes are simple to manufacture. The anodization
technique allows precise control of the pore diameter and interpore
distance to obtain sub 100 nm pitch size [23]. Lower aspect ratio
membranes permit the irradiation ions to reach the sample without
colliding with the walls. Hence, a combination of ion irradiation and
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AAO mask can be used to create inhomogeneous magnetic phases
through controlled structural or stoichiometric defects.

Irradiation at well-defined regions may alter the exchange anisot-
ropies between irradiated and non-irradiated areas that may result ex-
change bias [24]. Exchange bias between ferromagnetic and
antiferromagnetic layers arises from the unidirectional anisotropy
induced at the interface between these two layers [25,26]. In some
cases, exchange bias is found in artificially modulated single ferro-
magnetic thin films [27] or ferromagnet/spin glass systems [28]. Many
studies imply that defects in the ferromagnetic layer affect the reversal
mechanism, enhance the coercive field, and can induce exchange bias.
However, a clear correlation between the nature of defects and its effects
on the magnetic properties is not known [29].

The aim of this work is to present a systematic study of the effects
induced by controlled 2 dimensional defects on the magnetic properties
of LSMO manganite thin films. To this end, we use AAO membranes as a
mask through which we perform oxygen ion (O") irradiation to induce
localized defects in the plane and which modify the magnetic properties
of the LSMO thin films. Energetic ions reaching the manganite thin film
through the pores induce structural and chemical disorder locally,
replicating the nanoscale pattern of the AAO mask. A comparison of the
magnetic properties of LSMO thin films before and after the irradiation
for various irradiation doses is presented.

2. Experimental

100 nm Lag 67Sr9.33MnO3 (LSMO) epitaxial thin films were grown on
a10 mm x 10 mm SrTiO3 (STO) substrate by pulse laser deposition. The
growth was done at T = 700 °C in oxygen pressure p = 0.2 mbar using a

KrF 248 nm excimer laser with an energy density of ~1 J cm™2 and a
repetition rate of 15 Hz. Optimum oxygenation was ensured by
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increasing the oxygen pressure to 800 mbar before cooling down to
room temperature. The sample was cut into ~5 mm x 5 mm pieces to
obtain 4 identical - as grown - samples. A 300 nm thick porous alumina
(AAO) mask was prepared by anodizing high-purity aluminum sheets
using the two-step anodization method and transferred on LSMO film
pieces using the transferring method described in Ref. [30]. The sample
preparation steps are illustrated in Fig. 1(a-d). The quality of the
resulting porous membrane was checked by scanning electron micro-
scopy (Fig. 1e). The average pore size was found to be around 70 nm
with 110 nm interspacing between the pores. After masks were placed
on LSMO films, the samples were irradiated with 110 keV oxygen ions at
several doses on the order of 10'* jons/cm?.

The magnetic characterizations were performed in a Quantum
Design DynaCool system equipped with a 9 T superconducting magnet
and a vibrating sample magnetometer. Samples were mounted on a
quartz paddle using Kapton tape and placed into the chamber in such a
way that the applied magnetic field was oriented parallel to the film
plane. The AAO mask was left on the LSMO samples since it is
diamagnetic and does not affect the magnetic behavior of the LSMO
film. The superconducting magnet is demagnetized from 5 T before each
measurement cycle in order to obtain the minimum possible remnant
magnetization that is typically less than +5 Oe in our system.

3. Results

In order to ascertain the location of vacancies created by the irra-
diation, we have used the transport of ions in matter (TRIM) program
from stopping and range of ions in matter (SRIM) [31]. From these
simulations the depth profile of irradiated ions and created vacancies
into the manganite films were calculated (not shown). While in the
exposed areas the damage is around 3.4 vacancies/ion in the LSMO, in

AAO mask

Fig. 1. (a-d) Sketch of the sample fabrication steps. (¢) SEM image of the AAO mask transferred onto the LSMO sample and (f) after oxygen ion irradiation and mask
removal. The contrast between dark and light regions is due to the changes in the conductivity and corresponds to the irradiation effect that resembles the hon-

eycomb structure of the AAO mask.
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the masked areas the damage is just about 0.01 vacancy/ion. Further-
more, vacancy creation in the masked areas was concentrated on the
surface where the maximum density is 2.5 X 10~° vacancies/(ion-
angstrom), while in the exposed areas the minimum density found to
be2 x 1073 vacancies/(ion-angstrom). We can conclude that there is at
least two order-of-magnitude difference in vacancy creation between
exposed and masked areas. Therefore, oxygen ions reach the LSMO film
through the holes and create defects, which lead to changes in the
magnetic and electronic properties in laterally confined regions. The
SEM image after AAO mask removal shows the irradiated areas have
different contrast (dark regions) and the honeycomb structure of AAO
was successfully transferred on the samples (Fig. 1(f)). A small differ-
ence in the contrast between edges and vertices of the hexagons in the
honeycomb structure could be due to stronger bonds at the vertices that
further reduces the ion penetration into the LSMO layer.

To explore the magnetic behavior of the LSMO thin films, the tem-
perature dependence of field cooled (FC) magnetization in an external
field of 1 kOe was recorded. 1 kOe cooling field was chosen to assure
that the applied field is high enough to be in the saturation regime. The
magnetization of an as-grown sample increases rapidly at the transition
temperature close to 335 K, which suggests FM correlation of the spins
(Fig. 2a, black squares). We employed the same experimental protocol
after both AAO mask transfer and oxygen ion irradiation. It is important
to note that the AAO mask transferring decreases the magnetization of
the samples without changing the ferromagnetic ordering temperature
(Fig. 2a, red circles). 2 x 10 ions/cm? oxygen irradiation through the
holes further decreases the magnetization as well as lowers the ferro-
magnetic ordering temperature to 283 K (Fig. 2a, blue triangles). Similar
temperature dependence of magnetization in correlation with irradia-
tion doses appears for all measured samples (Fig. 2b). The magnetization
and transition temperatures significantly decrease as irradiation dose
increases and the transition occurs over a much broader range of
temperatures.

Hysteresis loops were measured at different temperatures both
before and after the irradiation to investigate the ion irradiation effect
on magnetization reversal. Fig. 3 shows hysteresis loops at four different
temperatures. Hysteresis loops were recorded by scanning the magnetic
field starting from positive to negative saturation direction. The data
have been corrected for a linear diamagnetic slope from the substrate.
Coercive field values were calculated from the average of positive and
negative applied fields where magnetization crosses zero. Fig. 3(a)
shows hysteresis loops of sample S1 after AAO mask transfer at four
different temperatures before the irradiation. As the temperature de-
creases, the coercive field increases while the saturation magnetization
changes according to the typical temperature dependence, which is
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Fig. 3. Selected hysteresis curves at different temperatures for LSMO samples
masked with AAO. (a) Before and (b) after 2 x 10'* oxygen ion irradiation dose
for the same sample S1.

small compared to the post-irradiation situation. Fig. 3b shows hyster-
esis loops of the same sample after 2 x 10'* jons/cm? irradiation. After
irradiation, both the saturation magnetization and the coercive field
increase remarkably as the temperature decreases. At 5 K, a giant co-
ercive field enhancement (from 26 to 431 Oe) appears that is not ex-
pected from a simple temperature dependence of a ferromagnet. This
giant coercive field enhancement only appears after the irradiation and
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Fig. 2. (a) Temperature dependence of the saturation magnetization of as grown sample (black), after AAO mask transfer (red), and after 2 x 10'* ions/cm? oxygen
irradiation (blue). The data was taken with 1 kOe field cooling. (b) Similar temperature dependence of the saturation magnetization for three different irradiation
doses. Note that the ferromagnetic ordering temperature (Tc) is decreasing with increasing irradiation dose as indicated by arrows. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article.)
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thus it is apparently induced by the oxygen irradiation in our
experiment.

Hysteresis curves were measured after 1 kOe field cooling using the
same experimental protocol for all samples. In all cases, the coercive
field increases by decreasing the temperature. Fig. 4 shows change in the
coercive fields as a function of temperature for three different irradia-
tion doses. Measurement of an as-grown sample is also included for
comparison. All samples have similar coercive fields at high tempera-
tures. As the temperature decreases the change in the coercive fields
differ for different irradiation doses. Below 50 K a large coercive field
enhancement appears only for irradiated samples. For the highest irra-
diated dose sample (7 x 10'*jons/cm?) at 5 K, the coercive field is 1346
Oe, which corresponds to an enhancement of more than 50 times when
compared to the 25 Oe of the same as-grown sample, or the 33 Oe
measured after the AAO transfer (not shown). The dependence of co-
ercive fields on irradiation dose at 5 K is plotted in the inset. The change
in the coercive field is almost linear dependent on the irradiation up to
the highest irradiation dose (7 x 104 ions/cmz) used in our experiment.
This demonstrates that the coercive field enhancement is induced by the
irradiation.

Fig. 5 shows hysteresis loops for irradiated samples at three different
doses. Besides the large coercive field enhancement due to the irradia-
tion, an apparent negative horizontal loop shift was observed after 1 kOe
field cooling to 5 K. The observed exchange bias for the highest irradi-
ation dose (7 x 10"* ions/cm?) sample corresponds to 151 Oe (Fig. 5c¢).
Applying the same experimental protocol to other samples reveals that
the exchange bias field is decreasing with decreasing irradiation dose
and disappears for non-irradiated samples. The dependence of the
induced exchange-bias field to irradiation dose is included in the inset of
Fig. 4. For an easy comparison, the evolution of coercive fields,
exchange-bias fields and magnetizations are given in Table 1.

4. Discussion

After placing the AAO mask on as-grown films, samples were irra-
diated with 110 keV oxygen ions with doses 2 x 104, 5 x 10, and 7 x
10*ion/cm?. Based on SRIM we have chosen a 100 nm film thickness so
that the 110 keV ions produce a constant damage profile across the film.
The estimated depth range is 200-300 nm in these conditions. On the
other hand, damage distribution in lateral was confined by the AAO
mask. The SEM image after irradiation and mask removal in Fig. 1
suggests the AAO pattern is successfully transferred on the LSMO films.
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Fig. 4. Temperature dependence of the coercive fields for different irradiation
doses. As grown sample is included for comparison. Lines in the figure are guide
for the eye. The inset shows coercive field and exchange bias dependence on the
irradiation dose after 1 kOe FC at 5 K.
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The imprinted honeycomb structure, which appears as dark and bright
regions, is produced by the electronic contrast of the different con-
ducting regions. lon irradiation creates defects and increases the disor-
der within the conducting regions that results the conductivity of
patterned areas were strongly degraded and correspond to darker re-
gions in SEM [32]. Similar nano-patterning approach using porous
anodic alumina mask and ion irradiation is widely used in the literature
[33,34].

Since there are two separate processes, the mask transfer and ion
irradiation, involved in nano-pattern imprinting using the AAO mask,
we investigated the differences on magnetization behavior after each. (i)
After the AAO mask transfer, the decrease in the magnetization (Fig. 2a)
and coercive field (not shown) indicates that LSMO films are naturally
sensitive to the chemicals used during the mask transfer protocol.
However, compared to values after irradiation, these changes are rela-
tively small and do not modify the hysteresis shape, which suggests the
reversal mechanism is still the same. In other words, the chemicals used
during the AAO mask transfer could affect the magnetic moments near
the film surface, however they do not reach deep in the film and affect
the overall magnetization reversal. (ii) After irradiation, a large decrease
in the magnetization is found (Fig. 2b) corresponding to applied irra-
diation doses (up to 98% for 7 x 10 ions/cm?). In addition to the
magnetization decrease, the ferromagnetic ordering temperature (Tc¢)
lowers (Fig. 2b) to 283, 223, and 123 K for 2 x 10'* 5 x 10'*, and 7 x
10'* ions/cm? irradiation, respectively. The ferromagnetic transition
temperature, accompanied with an insulator-metal transition, decreases
with increasing structural and oxygen site defects that can be introduced
either controlling conditions during the film growth or by post growth
ion irradiation [35-37]. Furthermore, coercive fields dramatically
enhance, up to 1346 Oe for 7 x 10'*ions/cm?, compared to the as grown
(25 Oe) and after AAO mask transfer (35 Oe) for the same sample. For
comparison, we irradiated an LSMO sample without AAO masking with
the same dose as sample S3. The irradiation effects on the LSMO sample
showed a 370 Oe enhancement coercivity and no exchange bias (not
shown). With increasing irradiation the hysteresis loop shapes become
more rounded and the squareness (Mg/M;) decreases (Fig. 5). This large
coercive field enhancement appears only after the irradiation and is
accompanied by a negative horizontal loop shift, i.e. exchange bias. For
the highest dose irradiated sample, 151 Oe exchange bias field is
measured after 1 kOe field cooling to 5 K. So the AAO mask transfer
slightly decreases the total magnetization without changing the ferro-
magnetic transition temperature, whereas irradiation decreases the
transition temperature considerably, produces a large coercive field
enhancement and develops exchange bias.

Oxygen ion irradiation through the AAO mask imprints the nano-
scale pattern into the LSMO thin films and can change the local magnetic
ordering and induce spatially modulated order—disorder regions. The
long range exchange interaction between these regions may cause loop
shift and coercivity enhancement [38]. Within the ferromagnetic layer,
defects alter the magnetic domain structure, leading to pinning sites for
ferromagnetic domain walls. Immobilizing domain walls caused by their
interaction with defects results in the suppression of the switching
ability of a magnetic domain which results in a coercivity enhancement.
An interfacial phase separation leading to additional pining centers may
also contribute to the coercivity enhancement [39].

In addition to the structural defects, oxygen ion irradiation can
induce chemical reordering, nanocrystallites or grain boundaries within
the bombarded regions. Increased oxygen deficiency in LSMO thin films
leads to a negative electric charge deficiency which is compensated by a
Mn*" decrease to keep charge neutrality. Therefore, increasing or
decreasing oxygen content also affects the Mn**/Mn>* ratio. Thus the
mixed Mn valence can be changed by the oxygen depletion [36,40]. The
presence of a large exchange bias field with enhanced coercivity for
irradiated samples, but absence of exchange bias for the as-grown
sample implies that the chemical composition and/or stoichiometry of
the interfacial layers are different between bombarded and non-
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Table 1

List of coercive field, exchange bias field, and magnetization values for as grown and after irradiation. All values were obtained from hysteresis measurements at 5 K
after 1 kOe FC. Exchange bias fields obtained from hysteresis loops after diamagnetic correction for S1, S2, and S3 at maximum applied field of 3 kOe, 10 kOe, and 30

kOe, respectively.

Samples Irradiation Dose (ions/cm?) AAO Pore Size (nm) Tc (K) After 1 kOe FC @ 5 K

As Grown Irradiated

H, (Oe) Hgg (Oe) Hc; (Oe) Hc, (Oe) Hc (Oe) Hgg (Oe) M,/Mg
S1 2 x 101 70 283 26 - —455 407 431 24 0.89
S2 5 x 10 70 228 22 - —894 740 817 77 0.73
S3 7 x 10 70 123 25 - —1497 1195 1346 151 0.35

bombarded regions. The interfacial layer could be due to the formation
of Mn-rich oxide phases [41]. In the present case, the formation of
interfacial antiferromagnetic phases, such as Mn or MnO, could give rise
to the observed exchange bias, whereas the enhanced coercive field
could result due to the formation of harder ferrimagnetic phases like
Ml‘l304 [42].

This scenario is further supported by the large coercive field
enhancement and development of pronounced exchange bias below 50
K (Fig. 4). This indicates that a different mechanism operate below this
temperature. Mn3O4 in bulk form is ferrimagnetic below 43 K transition
temperature [43] while Mn3O4 nanocrystallites exhibit a reduced
ferrimagnetic transition at 39 K [44]. Cluster size effects or surface spin
effects in binary manganese oxides can result in various magnetic con-
figurations. Antiferromagnetic MnO (Ty = 118 K [45]) nanoclusters in
diameters of 5-10 nm show a ferromagnetic behavior below 27 K [46].
Therefore, below these critical temperatures, exchange interactions
between the ferromagnetic host and formed interfacial antiferromag-
netic phases can give rise to the exchange bias and coercive field
enhancement.

The lateral and in-depth domain landscape of a ferromagnet and an
antiferromagnet strongly influence the exchange bias and should be
considered to understand the irradiation dose dependence (Fig. 4 inset).
The exchange bias field increases with the number of uncompensated
moments and crucially depends on the type of defects created, i.e.,
pinned or unpinned uncompensated magnetization [25]. Magnetic de-
fects near the interface increase the area density of uncompensated
moments which are expected to enhance the exchange bias field. In our
system, the exchange couplings responsible for the observed bias occur
throughout the entire volume of the film since internal interface struc-
ture, where ferromagnetic and antiferromagnetic couplings between
atoms coexist, spatially distributed.

The induced exchange coupling in our samples depends of the
maximum applied field. For sample S3, the exchange bias field decreases
from 151 Oe to 59 Oe with increasing maximum applied field from 30
kOe to 90 kOe (not shown). Applying higher fields drags more and more
pinned uncompensated magnetic moments along the field direction
producing a lower exchange bias shift and higher remanence. The
change in the anisotropy, corresponding magnetic phases induced upon

bombardment, and field dependence of exchange bias needs further
study.

5. Conclusion

In summary, a combination of oxygen ion irradiation and porous
alumina mask was used to induce nano-structured defects on manganite
thin films. The magnetic properties of the samples before and after the
irradiation were compared. The irradiation reduces the ferromagnetic
ordering temperature and total magnetization in addition to producing a
large coercivity enhancement and develops exchange bias below 50 K.
The experimental observations can be understood considering the ion
irradiation induced defects in spatially confined regions that may lead to
pinning sites for the ferromagnetic domain walls. Formation of Mn rich
antiferromagnetic or ferrimagnetic phases within the bombarded re-
gions that are exchange coupled to the ferromagnetic host could give
rise to the loop shifts. These findings show that magnetic properties of
complex oxide ferromagnets can be engineered by a combination of ion
irradiation and AAO mask techniques.
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