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The combination of lithography and ion implantation is demonstrated to be a suitable 
method to prepare lateral multilayers. A laterally, compositionally, and magnetically 
modulated microscale pattern consisting of alternating Co (1.6 µm wide) and 
Co-CoO (2.4 µm wide) lines has been obtained by oxygen ion implantation into a 
lithographically masked Au-sandwiched Co thin film. Magnetoresistance along the 
lines (i.e., current and applied magnetic field are parallel to the lines) reveals an 
effective positive giant magnetoresistance (GMR) behavior at room temperature. 
Conversely, anisotropic magnetoresistance and GMR contributions are distinguished 
at low temperature (i.e., 10 K) since the O-implanted areas become exchange coupled. 
This planar GMR is principally ascribed to the spatial modulation of coercivity in a 
spring-magnet-type configuration, which results in 180° Néel extrinsic domain walls 
at the Co/Co-CoO interfaces. The versatility, in terms of pattern size, morphology, 
and composition adjustment, of this method offers a unique route to fabricate planar 
systems for, among others, spintronic research and applications.

Lateral Multilayers

Dr. E. Menéndez, H. Modarresi, C. Petermann, Prof. A. Vantomme,  
Prof. K. Temst
KU Leuven
Instituut voor Kern- en Stralingsfysica
Celestijnenlaan 200 D, 3001 Leuven, Belgium
E-mail: enricmenendez@gmail.com; kristiaan.temst@kuleuven.be

Prof. J. Nogués, Dr. N. Domingo
Catalan Institute of Nanoscience and Nanotechnology (ICN2)
CSIC and The Barcelona Institute of Science and Technology
Campus UAB
Bellaterra, 08193 Barcelona, Spain
E-mail: josep.nogues@uab.cat

Prof. J. Nogués
ICREA, Pg. Lluís Companys 23
08010 Barcelona, Spain

Dr. H. Liu, Prof. C. Van Haesendonck
KU Leuven
Laboratorium voor Vaste-Stoffysica en Magnetisme
Celestijnenlaan 200 D, 3001 Leuven, Belgium

Dr. B. J. Kirby
NIST Center for Neutron Research
National Institute of Standards and Technology
Gaithersburg, Maryland 20899, USA

Dr. A. S. Mohd, Dr. Z. Salhi, Dr. E. Babcock, Dr. S. Mattauch
Jülich Centre for Neutron Science (JCNS) at Heinz  
Maier-Leibnitz Zentrum (MLZ)
Forschungszentrum Jülich GmbH
85747 Garching, Germany

1. Introduction

Nowadays, spintronic research and devices are mainly based 
on vertical rather than planar systems, such as multilayered 
magnetic tunnel junctions.[1,2] That is, sandwich geometries 

(vertical multilayers) prevail over in-plane modulated 
patterns (lateral multilayers) since planar technology (e.g., 
planar giant magnetoresistance (GMR) readers)[3] still 
remains challenging from a fabrication point of view. The 
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preparation of lateral multilayers can be achieved, among 
others, by shadow evaporation techniques which combine 
lithography and multiple depositions,[4] lithography and a 
combination of hard and soft lift-off methods,[5] multilevel 
lithography and ion milling to introduce periodic thick-
ness modulations which may result in magnetic lateral 
multilayers,[6–8] self-organization through chemical instabili-
ties[9–11] or ion beam assisted deposition.[12,13] Although these 
methods ensure in-plane compositional and/or magnetic 
modulations, many of them suffer from different drawbacks 
like several intermediate fabrication steps, pattern size con-
trol, limited morphology design, or nontunable interfaces. 
Therefore, routes which can lead to lateral multilayers with 
sharp interfaces and versatility in pattern design using a 
minimal number of preparation steps are of great interest, 
not only from a technological point of view but also from a 
scientific side. Planar technology offers advantages compared 
to standard vertical technology (e.g., devices are finished at 
the wafer level)[3] and more flexibility to perform spatially 
resolved characterization due to its lateral geometry.[14] Inter-
estingly, lateral magnetic multilayers have been proposed not 
only for spintronic purposes but also for other applications 
like magnonic crystals for GHz devices (e.g., filters or wave-
guides)[15,16] or magnetic encoders (e.g., for biomedical appli-
cations).[17,18] In this context, ion irradiation/implantation in 
combination with lithography has become a suitable method 
to obtain lateral multilayers[19–23] and magnetically pattern 
systems.[19,20,24,25]

Ion implantation is a suitable technique to controllably 
modify the near-surface of materials due to the limited range 
of penetration of ions,[26] turning out to be particularly conven-
ient to tune the structure and composition of thin films. Light-
ion irradiation (mainly of noble gases) of ferromagnetic (FM) 
thin films and multilayers has been used for the modification 
of magnetic properties, such as magnetic anisotropy, saturation 
magnetization, exchange coupling, or exchange bias.[27] Fur-
thermore, irradiation using heavy ions and ion implantation 
have also been utilized with the aim to induce increased col-
lisional damage and/or to create composition adjustments.[28] 
Recently, oxygen ion implantation has been confirmed as an 
advantageous route to form antiferromagnetic (AFM) oxides 
embedded in FM thin films (e.g., Co), giving rise to exchange 
bias.[29–34] In parallel, the wide variety of lithography tech-
niques yields a high flexibility in pattern design and, thus, in 
shadow mask fabrication for ion implantation.

We have combined O ion implantation with UV lithog-
raphy in order to prepare Co/Co-CoO microscale lines with 
laterally modulated magnetic properties, which give rise to 
planar GMR effects.

2. Results and Discussion

2.1. Preparation of Laterally Modulated Co/Co-CoO 
Micropatterns by Combining O Ion Implantation and 
Lithography

A Au-sandwiched Co thin film (i.e., 15 nm Au/30 nm Co/10 nm 
Au) was grown by molecular beam epitaxy onto a thermally 

oxidized Si (100) wafer. The top 15 nm thick Au layer (i.e., 
the capping layer) prevents Co from natural oxidation, while 
the bottom 10 nm thick Au layer (i.e., the buffer layer) is 
introduced to minimize the atomic intermixing between Co 
and SiO2 upon implantation. Both Au layers are intended to 
avoid any source of CoO formation other than that induced 
by the O ion implantation. The Co layer is polycrystalline and 
consists of a mixture of face-centered cubic Co, hexagonal 
close-packed Co, and stacking faults. Upon oxygen implan-
tation, the amount of crystalline metallic Co significantly 
decreases because of the increased density of defects within 
the Co layer and due to the CoO formation. The rather 
large fluence of 2 × 1017 ions cm−2 was chosen with the aim 
to considerably modify the target areas from structural and 
compositional points of view and, thus, to induce significant 
differences in the magnetic properties between the implanted 
and nonimplanted lines. The O incorporation into the Co 
layer (reaching around 29 at% of O at a half depth of the Co 
layer, Figure 1a)[35] occurs mainly via a grain boundary oxida-
tion mechanism, as confirmed by the evolution of crystallite 
size with O ion implantation in similar Co thin films.[30] With 
ion implantation, the Co grain boundaries oxidize, leading to 
the growth of the CoO counterpart (58 at%).[32] Note that 
increasing the fluence would eventually lead to pure antifer-
romagnetic CoO patterned lines, which could probably result 
in effects like lateral exchange bias.[36]

Microscale patterns consisting of 1.6 µm wide lines with 
a period of 4 µm were prepared by UV lithography. Since 
the lithographed resist is intended to be used as a shadow 
mask for ion implantation, an additional Au layer of 20 nm 
was deposited onto the resist to further ensure the full stop-
ping of the impinging ions by the resist during implantation 
(Figure 1b). The sample was then implanted with 45 keV O 
ions to a fluence of 2 × 1017 ions cm−2 and, afterward, the 
remaining resist stripped away (Figure 1c).

The TRIDYN[35] program was used to simulate the 
dynamic changes of thickness (i.e., interplay between sput-
tering and swelling) and composition (e.g., O depth distribu-
tion along the resist-free areas, Figure 1a). In such conditions, 
material removal prevails over swelling and it is estimated to 
be around 16 nm. Moreover, qualitative TRIM[37] simulations 
(not shown) confirm that the shadow mask (i.e., Au(20 nm)-
resist(1.2 µm)) completely guarantees the full stopping of the 
incoming O ions (Figure 1c). In this way, the sample is selec-
tively implanted, resulting in a periodic formation of CoO.[32] 
Hence, the combination of O ion implantation and lithog-
raphy yields a laterally modulated pattern consisting of alter-
nating Co and Co-CoO microscale lines sandwiched between 
Au layers (Figure 1c). As schematized in Figure 1c, the 
resulting topography is ascribed to the fact that the thickness 
of sputtered material (i.e., around 16 nm) upon implantation 
is lower than the extra 20 nm thick Au layer deposited onto 
the system prior to implantation.

2.2. Room Temperature Magnetic and Transport Properties

Figure 2a,b shows the longitudinal and transversal magneto-
optic Kerr effect (MOKE) measurements, respectively, along 
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and across the lines. The longitudinal MOKE measurement 
along the lines reveals a double-step-like hysteresis loop. This 
is the result of the interplay between the dissimilar coercivities 
of the nonimplanted and implanted areas (the implanted lines 
being magnetically harder) and dipolar interactions,[38] which 
tend to stabilize the antiparallel alignment of adjacent lines 
once the magnetization of the soft areas (i.e., nonimplanted 
lines) is switched. The implantation leads to an increase in 
the number of defects in Co, such as stacking faults, that can 
act as pinning centers for magnetization reversal, resulting 
in an enhanced coercivity.[32,39] Upon implantation, oxygen 
primarily accumulates at the grain boundaries forming CoO, 
reducing the grain size, and thus isolating the Co grains. This 
might also yield decreased exchange interactions between 
Co grains leading to an increased coercivity. Furthermore, 
the implantation-induced increase of coercivity can also be 
partially ascribed to exchange interactions between the Co 
grains and the CoO at the grain boundaries.[32,40] Conversely, 
the longitudinal MOKE measurement across the lines shows 
a single-step hysteresis loop with slightly decreased coer-
civity and remanence, evidencing traces of shape anisot-
ropy. In this case, once the magnetization of the pure Co 
lines is switched, the dipolar fields favor the reversal of the 
implanted areas, softening the jumps in magnetization and 
thus yielding a more gradual magnetization reversal. As can 
be seen in Figure 2b, the transversal MOKE measurement 
along the lines reveals traces of perpendicular magnetization 
upon reversal, indicating that coherent rotation is an active 
magnetization reversal mechanism. The slightly broadened 
transversal signal for the measurement across the lines con-
firms the mild shape anisotropy already observed by longitu-
dinal MOKE, since coherent rotation typically governs the 
magnetization reversal along hard axes.[41]

Magnetoresistance, ΔR/R, with the current and external 
magnetic field applied along the patterned lines exhibits an 
overall positive effect (Figure 2c) for both descending and 
ascending branches. Lorentz magnetoresistance, originating 
from the deflection of the current lines inside magnetic 
domains, and the magnetoresistance effect linked to the 
twisting of the current lines at the domain walls (i.e., Hall 
effect contribution) can be neglected due to the polycrystal-
line nature of the sample.[42] Thus, the observed ΔR/R might 
at first glance be ascribed to anisotropic magnetoresistance 
(AMR), which arises from spin–orbit coupling. However, 
in this configuration, AMR contributions should result in a 
decrease of the resistance regardless of the magnetization 
reversal mechanism since the change in AMR is proportional 
to cos 2θ, where θ is the angle between the current and the 
magnetization.[43] Hence, this implies that, in the Co/Co-CoO 
lateral multilayers, AMR is overcome by another magne-
toresistance effect. The maxima of magnetoresistance appear 
for an applied magnetic field between −7 and 7 mT. As can 
be seen in the longitudinal MOKE measurement along the 
lines (Figure 2a), the soft magnetic areas (i.e., nonimplanted) 
reverse their magnetization in this field range, whereas the 

Figure 1. a) O depth profile along sample depth of the areas without 
resist, simulated by TRIDYN,[36] for 45 keV O ions and a fluence of 
2 × 1017 ions cm−2. The vertical red lines are schematic guides, since, 
at such fluence, atomic intermixing is significant and the interfaces 
between layers become blurred. b) Scanning electron microscopy 
image, taken with secondary electrons, of the lithographed resist 
mask after the deposition of the additional Au layer. c) Cartoon 
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magnetization of the implanted lines remains essentially 
unaltered. To further unravel the magnetic domain con-
figurations upon magnetization reversal, magnetic force 
microscopy (MFM) images were taken at remanence (after 
saturating the sample along the lines in a field of −100 mT) 
and at increasingly positive applied magnetic fields along 
the lines (Figure 3). Figure 3a, taken at remanence, reveals 
a multidomain magnetic structure of the pure Co lines in 
agreement with the longitudinal MOKE characterization, 
this shows that the remanence is lower than the saturation 
magnetization. Upon increasing the applied magnetic field 
while keeping the main orientation of the magnetization 
of the nonimplanted areas unchanged (Figure 3b–d), the 
multidomain structure reinforces and 180° cross-tie domain 
walls (domain walls which contain both Néel- and Bloch-
like counterparts)[44–47] can be locally observed within the 
O-free Co lines. As can be seen in Figure 3d,e, the switch 

of the main orientation of the magnetization takes place 
in an applied magnetic field interval of less than 0.5 mT in 
fair concordance with the narrow switching field range of 
the nonimplanted lines (Figure 2a). Differences in applied 
magnetic field dependences among MOKE, magnetoresist-
ance and MFM characterization are mainly ascribed to the 
local probing character of these techniques. Upon switching 
of the soft magnetic parts, Néel-like domain walls[48] at the 
Co/Co-CoO interfaces (see the magnetization configuration 
scheme of Figure 3e) are envisaged until the implanted areas 
fully reverse. This indicates that, during and after the magnet-
ization reversal of the pristine Co areas, a local antiparallel 

Figure 2. a) and (b) are the longitudinal and non-normalized transversal 
magneto-optic Kerr effect (MOKE) measurements, respectively, along 
and across the lines. c) is the magnetoresistance measurement with the 
current and magnetic field applied along the lines. All measurements 
were performed at room temperature.

Figure 3. Room temperature magnetic force microscopy (MFM) images 
at remanence after saturating the sample along the lines in a field of 
a) −100 mT and at increasingly positive applied magnetic fields along 
the lines of b) 3, c) 4.5, d) 5.5, e) 6, and f) 18 mT. Below each panel, 
a cartoon of the main orientation of the magnetization of the lines 
is presented. The white lines are guides to the eye and highlight the 
borders of the characterized pure Co line. The ellipses drawn in panels 
(e) and (f) indicate the magnetization reversal of the implanted areas.
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alignment of the magnetization (via 180° 
cross-tie- and interface 180° Néel-like 
domain walls, respectively) is present. 
These interface 180° Néel-like domain 
walls have already been reported, among 
others, in Co-based[49] and Fe-based[50–52] 
systems. Therefore, taking into account 
this local antiparallel configuration, the 
observed positive magnetoresistance 
(Figure 2c) can be linked to a domain wall 
resistance effect ruled by giant magnetore-
sistance mechanisms.[49,53] Since domain 
walls in single Co thin films do not sig-
nificantly scatter conduction electrons (i.e., 
GMR effects are not the dominant source 
of magnetoresistance),[54] this confirms 
the high density of domain walls achieved 
in this system, which is ascribed to both 
intrinsic (e.g., magnetocrystalline anisot-
ropy of Co) and extrinsic (e.g., pattern 
design, Co thickness, shape anisotropy, 
etc.) magnetic properties. Both descending 
and ascending branches exhibit a magne-
toresistance maximum, suggesting that the 
formation of these 180° domain walls is, 
to some extent, reversible. The maximum 
variation with respect to the resistance at 
saturation is approximately ΔR/R (%) = 
0.03, i.e., an order of magnitude which is 
consistent with the domain wall resistance 
of other Co-based systems.[49] Although 
the measured effects are unambiguous, 
the ΔR/R values are perhaps lower than 
one would expect, this can be attributed to the fact that they 
are somewhat limited by the shunting effects of the Au cap-
ping and buffer layers and also by the difference in resistance 
between the Co and Co-CoO lines (which tends to favor the 
flow of current through the Co layer).

The results indicate that the lateral magnetic modula-
tion is an excellent playground to manipulate the magnetiza-
tion reversal and the domain structure,[6,21] leading to novel 
effects.

2.3. Low Temperature Magnetic and Transport Properties

For the low temperature characterization (i.e., magnetom-
etry, magnetoresistance and polarized neutron reflectom-
etry (PNR)), the sample was cooled from room temperature 
down to 10 K in a magnetic field of 800 mT applied along 
the lines. Figure 4a shows the superconducting quantum 
interference device (SQUID) magnetization measurements 
of consecutively measured hysteresis loops (i.e., untrained 
and trained) along the lines. These double-step cycles 
are the result of a combination of soft and hard magnetic 
contributions, which originate from the pure Co and the 
O-implanted lines, respectively. In contrast to room temper-
ature, the coercivity of the O-implanted Co lines is signifi-
cantly enhanced. Together with the pronounced exchange 

bias shift[55–57] (around −92.7 mT), this confirms that the 
Co and the CoO in the implanted areas are exchange cou-
pled, in agreement with previously reported results.[32,34] 
The trained loop shows a decreased exchange bias shift of 
−62.8 mT in concordance with the strong training effects 
that occur in Co-CoO systems.[34] Remarkably, this lateral 
configuration of exchange-biased (Co-CoO) and nonbiased 
(Co) alternating regions gives rise to a well-defined spatially 
modulated coercivity. The exchange bias shift and coercivity 
are not significantly different from those of nonpatterned 
samples implanted using similar conditions. In general, with 
O ion implantation, both exchange bias shift and coercivity 
increase with fluence and, hence, with O concentration until 
reach a type of steady state.[32,34] It is important to empha-
size that we have used the knowledge gathered in the non-
patterned samples[30–34] to design the patterned films, since, 
for the sizes used in the patterning, the magnetic properties 
are virtually the same.

As can be seen in Figure 4b, parallel magnetoresistance 
(i.e., current and Happlied along the lines) shows traces of 
positive and negative contributions for both untrained and 
trained branches. Whereas the maxima appear in the field 
range where the nonimplanted areas reverse, the minima 
emerge in the field region corresponding to the reversal of 
O-implanted areas. With consecutively measured loops, the 
positive contributions remain virtually unaltered, while the 

Figure 4. a) Untrained and trained superconducting quantum interference device (SQUID) 
magnetization measurements along the lines. b) Untrained and trained magnetoresistance 
measurements with the current and applied magnetic field along the lines and c) cartoon 
showing the magnetization configuration at particular applied magnetic fields. B and D 
represent stripe domains with 180° Néel domain walls at the interfaces. All measurements 
were performed at 10 K after field cooling from room temperature in a magnetic field of 
800 mT applied parallel to the lines.
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minima are located at decreased applied magnetic fields, 
evidencing training[55,56] and, thus, indicating that the nega-
tive contributions originate from the implanted areas which 
are exchange coupled. In the second measurement (i.e., 
trained), the depth of the minimum is somewhat increased 
due to minor spin rotation traces arising from training.[34] In 
any case, as can be seen below, domain wall nucleation and 
motion remains as the main reversal mechanism.

To further shed light on this magnetoresistance behavior, 
the magnetization reversal mechanisms have been inves-
tigated by PNR with off-specular analysis. The PNR mag-
netic field scans acquired by integrating the full signal (i.e., 
specular and off-specular) are presented in Figure 5. In 
the field region where the implanted areas inverse their 
magnetization, no spin flip (SF) signal (ud and du) above the 
background level can be observed, indicating that the mag-
netization reversal is mainly ruled by domain wall nucleation 
and motion, similar to the case of homogeneously implanted 
Co thin films.[34] Conversely, a large spin flip signal is detected 
in the field range where the pristine Co lines reverse. The 
corresponding nonspin flip (NSF) signals (uu and dd) cross 
roughly halfway between the minimum and maximum values, 
suggesting the existence of another source of spin flip signal 
on top of that arising from coherent rotation. The disen-
tanglement of the specular and off-specular signals in the 
magnetic field scans (not shown) indicates that most of the 
spin flip signal arises from diffuse (i.e., off-specular) magnetic 
scattering (i.e., resulting from in-plane magnetic correla-
tions). This is consistent with a magnetization reversal of the 
Co lines governed by domain wall nucleation and motion 
with coherent rotation traces, in agreement with the room 
temperature transversal MOKE characterization.

Figure 6 shows the αi–αf maps of the reflected intensity 
corresponding to uu (a), dd (b), ud (c), and du (d) neutrons, 
recorded in an applied magnetic field of −0.6 mT. This value 
was chosen with a twofold aim. That is, to avoid depolariza-
tion of the neutron beam (see the Experimental Section) 
and to investigate the remnant state of the O-free Co areas 
where, as can be seen in Figure 4, the magnetization of the 
Co areas has partially reversed (MR < MS, with MR and MS 
the magnetization at remanence and at saturation, respec-
tively), allowing the study of the magnetization reversal of 
the O-free Co areas. The off-specular fringes of the non-
spin flip signals (panels (a) and (b)) confirm the high lateral 
topographic correlation of the sample, while the off-specular 
signal of the spin flip maps reveal in-plane magnetic correla-
tions, in concordance with the large spin flip signal observed 
in the magnetic field scans of Figure 5. This is in agreement 
with previously reported off-specular PNR results on Co thin 
films where lateral networks of Néel domain walls are also 
responsible for the off-specular signal.[58] The asymmetry (i.e., 
spin dependence) in the diffuse spin flip scattering, where ud 
does not equal du, is ascribed to a birefringence phenom-
enon.[59–62] Since the measurements were conducted in only 
0.6 mT, Zeeman splitting originating from the applied field 
is ruled out as a source of off-specular spin-flip signal.[63–65] 
Conversely, in the field range where the magnetization of 
the implanted areas reverses and beyond (i.e., saturation), 
no traces of off-specular signal are observed, indicating no 

in-plane magnetic correlations and, therefore, suggesting 
that domain walls with partial or antiparallel alignment 
are much scarcer or negligible with respect to the pure Co 
areas. These results were corroborated by similar observa-
tions in PNR measurements of nonpatterned films. This is 
in agreement with the fact that AMR prevails over GMR as 
the dominant source of magnetoresistance in the implanted 
areas. Taking this into account, the small negative contribu-
tion to the magnetoresistance of the untrained descending 
branch (Figure 4b) can be explained by weak AMR effects 
originating from minor perpendicular contributions of the 
magnetization during domain wall nucleation and motion. 
This negative resistance contribution becomes slightly more 
pronounced with consecutive reversals (training), suggesting 
that coherent rotation to some extent reinforces since the cor-
responding perpendicular components of the magnetization 
are significantly larger (being largest at the coercive fields) 
than those of domain wall nucleation and motion processes. 
Even though this evolution could be thought to be consistent 
with the reversal mechanism asymmetry in Co/CoO bilayers 

Figure 5. Polarized neutron reflectometry magnetic field scans along 
the lines of the untrained and trained descending a) and ascending 
b) branches of the hysteresis loops. These measurements show the 
integrated (specular + off-specular signals) raw data. All measurements 
were performed at 10 K after field cooling from room temperature in 
a magnetic field applied parallel to the lines of +800 and −800 mT 
for the descending and ascending branches, respectively (see the 
Experimental Section for further details).
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and O-implanted systems with low O contents, these negative 
contributions are weak (0.11% for the trained descending 
branch), in concordance with the PNR results which indi-
cate that the reversals of implanted areas are mainly ruled by 
domain wall nucleation and motion (Figure 5). In fact, rever-
sals fully taking place via coherent rotation would lead to 
much more pronounced changes in resistance, as it happens 
in Co/CoO bilayers where magnetoresistance differences up 
to 80% are observed.[66] On the contrary, in the field range 
where the Co lines inverse their magnetization, the resistance 
exhibits an upturn rather than showing a decrease, which 
screens any AMR effects arising from domain wall nuclea-
tion and motion and coherent rotation traces. As can be seen 
in Figure 4b, this increase is already significant where most of 
the magnetization has not yet reversed (remanence is above 
92% for the first four reversals, Figure 4a), in consonance 
with the existence of intrinsic 180° cross-tie domain walls 
within the Co areas. As it happens at room temperature, these 
incipient positive magnetoresistance effects can be linked to 
domain wall resistance contributions through a giant mag-
netoresistance mechanism.[49,53] Nonetheless, the maxima 
of spin flip signal occur when the magnetization of the Co 
areas is half reversed (i.e., at the coercive fields, Figure 5), 
whereas the magnetoresistance reaches its maximum when 
the Co areas are fully reversed (i.e., at around −16 mT for the 
descending branches). This implies the existence of a major 
source of positive magnetoresistance which can be linked to 
the 180° Néel-like domain walls arising from the antiparallel 
alignment at the interface of adjacent lines upon reversal of 
the soft areas (Figure 4c). Namely, the antiparallel coupling 
results in 180° Néel-like domain walls at the Co/Co-CoO 

interfaces and it consequently yields an 
additional increase of the resistance due to 
a giant magnetoresistance mechanism. In 
contrast to the intrinsic Néel domain walls 
arising from the magnetization reversal of 
Co lines, these interfacial domain walls are 
of extrinsic origin (i.e., artificial) since they 
originate from the magnetic periodicity 
coming from the dissimilar coercivity of 
contiguous lines. Actually, this also applies 
to the room temperature magnetoresist-
ance, whose interpretation is less straight-
forward since the magnetic contributions 
of nonimplanted and implanted lines are 
more entangled due to the smaller differ-
ence in coercive fields. The positive con-
tribution reaches values with respect to 
the resistance at saturation up to around 
ΔR/R (%) = 0.13, close to four times larger 
than at room temperature, evidencing the 
partial disentanglement of the AMR con-
tribution ascribed to exchange-coupled 
areas. These magnetoresistance maxima 
appear in both descending and ascending 
branches and do not suffer from training, 
indicating a high reversibility in the forma-
tion of these 180° domain walls. Remark-
ably, for continuously implanted samples 

(i.e., nonpatterned), the effective magnetoresistance behavior 
is ruled by AMR effects,[29] confirming that the observed 
GMR character is intimately linked to the lateral multilayer 
structure.

3. Conclusion

Ion implantation through lithographed masks is shown to 
be an advantageous method to prepare laterally (compo-
sitionally and magnetically) modulated samples with tun-
able giant magnetoresistance and potential uses for, among 
others, spintronic research and applications. A lateral micro-
scale pattern consisting of alternating Co (1.6 µm wide) and 
Co-CoO (2.4 µm wide) lines has been prepared by oxygen 
ion implantation into a prelithographed Au-sandwiched Co 
thin film. The lithography is used to obtain a shadow mask 
for ion implantation. By locally implanting O into a Co thin 
film, the magnetic properties can be periodically altered in 
the plane of the sample, e.g., in our case, a spatially modu-
lated coercivity is achieved. Consequently, domain structures 
can be imposed by the application of well-defined magnetic 
fields. This magnetic periodicity leads to an overall positive 
giant magnetoresistance behavior at room temperature, 
while anisotropic and giant magnetoresistance contributions 
are distinguished at low temperature since the O-implanted 
areas become exchange coupled. This planar giant magne-
toresistance is primarily ascribed to the spatial modulation 
of coercivity (in a spring-magnet-type configuration), which 
results in 180° Néel-like domain walls at the Co/Co-CoO 
interfaces. This novel approach may constitute an important 

Figure 6. Polarized neutron reflectometry αi–αf maps corresponding to a) σuu, b) σdd, c) σud, 
and d) σdu scattering cross-sections, taken at 10 K in a magnetic field of −0.6 mT applied along 
the lines. The scattering cross-sections σuu, σdd, σud, and σdu are the result of correcting, for 
polarization, polarization analysis and flipping inefficiencies, the raw measured reflectivities 
uu, dd, ud, and du, respectively. The measurements were performed after field cooling from 
room temperature in a magnetic field of 800 mT applied parallel to the lines.
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asset for planar spintronics and other magnetic lateral mul-
tilayer applications. From a technological point of view, it is 
worth noting that any implantation brings about an intrinsic 
lateral range of stochastic origin.[26] Taking into account the 
current conditions, the lateral range of implanted ions in the 
Co layer is roughly 25 nm (estimated from TRIM[37] simula-
tions, see Figure S1, Supporting Information). Therefore, the 
miniaturization limit (i.e., minimum width of the lines) for 
this approach would be set around 50 nm, although this could 
be reduced by carefully designing the structure of the mul-
tilayer and the implantation conditions. However, this limit 
could be reduced by controllably modifying the local micro-
structure through annealing procedures.[33] Nonetheless, this 
constitutes the first report on the use of O ion implantation 
to produce patterned exchange bias systems. In fact, by care-
fully optimizing the implanting conditions,[32] we can tune the 
amount of CoO in the implanted areas and, consequently, 
locally change the magnetic properties of the patterns from 
soft ferromagnetic to hard ferromagnetic, or even antiferro-
magnetic (i.e., destroying its ferromagnetic character).

4. Experimental Section

A 1.5 × 1.5 cm2 Au-sandwiched polycrystalline 30 nm thick Co thin 
film (i.e., 15 nm Au/30 nm Co/10 nm Au) was grown by molec-
ular beam epitaxy at room temperature on thermally oxidized Si 
(100) substrates (450 nm thick SiO2). All layers were grown at a 
pressure of around 3 × 10−10 mbar. The Co layer consists of a mix-
ture of face-centered cubic Co, hexagonal close-packed Co and 
stacking faults.[32]

UV lithography was used to design microscale lines on top of 
the sample. In order to achieve a fine undercutting of the resist 
profile, a nonphotosensitive layer (Shipley, MICROPOSIT LOL2000) 
was first spin coated onto the sample for 50 s at 4000 rpm, 
resulting in a thickness of around 0.16 µm. Next, the sample 
was soft baked for 5 min at 115 °C. Subsequently, a photosen-
sitive layer (Shipley, MICROPOSIT S1813) was spin coated on 
top of the first resist for 50 s at 5000 rpm, yielding a total thick-
ness of ≈1.2 µm. The resist system was then soft baked at 115 °C 
for 1 min. The sample was afterward subjected to illumination 
through a predesigned mask consisting of 2 µm wide lines with a 
period of 4 µm with UV light from a short-arc mercury vapor lamp 
(Osram, HBO 200W/4). The time of exposure was about 10 s. The 
exposed sample was then submerged into a developer solution 
(Shipley, MICROPOSIT MF319), which dissolved the illuminated 
parts of the resist layer (positive resist). Since the development 
rate of the underlying LOL2000 layer was higher than that of the 
S1813 resist and the nonphotosensitive LOL2000 layer dissolves 
in a controllable way, well defined and reproducible undercuts 
of the top resist layer could be achieved. The development time 
was 30 s. While developing, the exposed resist was removed and 
dissolution of the photoresist slows down, but the developer con-
tinued to dissolve the LOL2000 layer in the open areas and under 
the resist edge, leading to well-defined structures. The dimensions 
of the pattern were determined by optical microscopy, indicating 
the formation of 1.6 µm wide lines with a period of 4 µm (the 
lines constitute 40% of the sample surface and the noncovered  
areas 60%).

Subsequently, with the aim to further increase the thickness 
of the resist layer, 20 nm Au was additionally sputtered on top. 
The lithographed sample was then implanted using 45 keV O ions 
to a fluence of 2 × 1017 ions cm−2.

The magnetic properties were investigated, at room tempera-
ture, by means of MOKE measurements and, at low temperature, 
by SQUID magnetometry. With the aim to probe several lines, the 
laser of the MOKE setup was defocused up to 50 µm in diam-
eter. MFM with in situ applied magnetic field was used to further 
unravel the magnetization reversal at room temperature.

High-resolution four-terminal magnetoresistance measure-
ments were performed both at room temperature and at 10 K (after 
field cooling from room temperature in a magnetic field of 800 mT 
applied parallel to the lines) in a helium flow cryostat by inte-
grating the sample into an Adler–Jackson bridge. The AC meas-
uring current for the lock-in detection had a frequency of 27.7 Hz 
and a root-mean-square amplitude of 3.5 A. The current direction 
was established along the lines.

Primary PNR measurements were carried out at the MARIA 
instrument, operated by JCNS at the Heinz Maier-Leibnitz Zentrum 
(MLZ), Garching, Germany. A neutron wavelength of 6 Å was used. 
Specifically, PNR magnetic field scans were carried out to unravel 
the magnetization reversal mechanisms along the lines at low 
temperature after parallel field cooling. From the specular polar-
ized reflectivity pattern recorded in the saturated magnetization 
state, the angle (i.e., the incidence angle of neutrons) showing a 
good tradeoff between intensity and splitting ratio among nonspin 
flip signals was selected to perform magnetic field scans. That is, 
at a certain fixed angle (i.e., 16.8 mrad (0.035 Å−1)), the NSF and 
the SF signals were recorded as a function of the applied magnetic 
field.[67,68] Upon reflection, the neutron polarization was analyzed, 
resulting in four different measured reflectivities: two NSF signals, 
uu and dd, and two SF signals, ud and du. The first index denoted 
the polarization prior to reflection and the second index the polari-
zation after reflection. In order to maintain the polarization of the 
neutrons throughout the reflectometer, guide fields were mounted 
at dedicated positions. Since neutrons depolarized due to stray 
fields when a positive field was applied, the measurements could 
only be performed at negative fields. Hence, in order to assess the 
ascending branches of the hysteresis loops (which usually lied at 
positive fields after positive field cooling), the sample was cooled 
in a negative field, implying that the aforementioned ascending 
branches would then reside at negative fields. The ascending and 
descending branches were in fact measured after separate field 
cooling processes, which explained why the magnetic field scans 
always had a negative magnetic field scale. Moreover, 2D reflec-
tivity measurements (αi–αf maps containing the specular and off-
specular signals) were performed at dedicated applied magnetic 
fields (Figure 6). The polarized and analyzed data of Figure 6 were 
corrected according to Ref. [69] after taking into account that 
MARIA was equipped with a polarizing supermirror (double 
bounce) as a polarizer and an in situ SEOP (Spin-Exchange Optical 
Pumping) 3He-filter as an analyzer.[70] The latter was combined 
with a momentary transverse radio frequency (RF)-field that could 
perform an adiabatic fast passage spin reversal of the 3He and was 
used instead of a separate neutron spin flipper after the sample. 
In this way, the analyzer had in both directions the same effi-
ciency. Since the 3He-filter was polarized in situ, time-dependent 
corrections were generally not needed and its analyzing power 
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was ≈ 98% for the wavelength used. On the side of the polarizer, 
the neutrons were flipped with a RF-flipper which was working 
close to 100% and the incident polarization is 98%. Hence, the 
data shown in Figure 6 were corrected for the incident beam 
polarization, the small incident beam flipping inefficiency, and the 
3He analyzing power removing the leakage in the spin flip chan-
nels. In fact, the processed data showed the σuu, σdd, σud, and σdu 
scattering cross-sections which, in the limit of ideal polarization 
and flipping efficiencies, equaled to the uu, dd, ud, du reflectivity 
measurements, respectively. Secondary PNR measurements on 
unpatterned films were performed using the PBR (Polarized Beam 
Reflectometer) beamline at the NIST Center for Neutron Research.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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