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Control of the magnetic anisotropy in multirepeat Pt/Co/Al heterostructures
using magnetoionic gating
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Controlling magnetic properties through the application of an electric field is a significant challenge in
modern nanomagnetism. In this study, we investigate the magnetoionic control of magnetic anisotropy in
the topmost Co layer in Ta/Pt/[Co/Al/Pt],/Co/Al/AlO, multilayer stacks comprising n + 1 Co layers and
its impact on the magnetic properties of the multilayers. We demonstrate that the perpendicular magnetic
anisotropy can be reversibly quenched through gate-driven oxidation of the intermediary Al layer between
Co and AIO,, enabling dynamic control of the magnetic layers contributing to the out-of-plane rema-
nence—varying between n and n 4 1. For multilayer configurations with » = 2 and n = 4, we observe
reversible and nonvolatile additions of 1/3 and 1/5, respectively, to the anomalous Hall-effect amplitude
based on the applied gate voltage. Magnetic imaging reveals that the gate-induced spin-reorientation tran-
sition occurs through the propagation of a single 90° magnetic domain wall separating the perpendicular
and in-plane anisotropy states. In the five-repetition multilayer, the modification leads to a doubling of the
period of the magnetic domains at remanence. These results demonstrate that the magnetoionic control
of the anisotropy of a single magnetic layer can be used to control the magnetic properties of coupled

multilayer systems, extending beyond the gating effects on a single magnetic layer.
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Electric field control of magnetism has emerged as a
promising avenue for manipulating magnetic states with-
out the need for traditional current-induced methods. This
opportunity shall allow development of energy-efficient
data storage and other functionalities for neuromorphic
computing devices [1—6]. Of the various approaches for
electric field control of magnetism, magnetoionic con-
trol, based on the motion of ions induced by the electric
field, has garnered significant attention due to its poten-
tial for nonvolatile tuning of magnetic properties [2,7—11].
Magnetoionic gating of key magnetic properties, such as
the magnetic anisotropy or the interfacial Dzyaloshinskii-
Moriya interaction (DMI), allows for the controlled manip-
ulation of static domain-wall patterns or dynamic domain-
wall nucleation and motion [2,5,8,9,12—15]. Extensive
research has been conducted to enhance the stability and
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reversibility of nonvolatile states and gain insights into the
influence of ionic motion on magnetic properties, notably,
optimizing the materials for the ionic gates, as well as
the composition and interfaces of magnetic layers of high
technological relevance [11,16—18]. In particular, oxygen-
based magnetoionics, in which the gate-induced modula-
tion of the content of oxygen species near the interface
with the magnetic layer can be used to fine-tune perpen-
dicular magnetic anisotropy (PMA), is one of the most
developed methods for implementing magnetoionic con-
trol of interfacial magnetic properties in nanostructures
[14,19,20].

Magnetoionics traditionally modifies interfacial prop-
erties in thin films with a single magnetic layer. How-
ever, multilayer structures offer unique advantages for
device functionality. By strategically layering repetitive
sequences of magnetic and nonmagnetic layers, both the
magnetic anisotropy and DMI can be effectively fine tuned.
Typically, these structures alternate between magnetic and
heavy metal and/or oxide layers, capitalizing on both
strong interface contributions and the combined effects of
successive interfaces. This stack design has notably been
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employed to stabilize columnar skyrmions in Co layers,
that remain stable at room temperature, even for sub-
100-nm skyrmion diameter [21-26]. This strategy offers
therefore a promising pathway to design materials where
domain-wall and skyrmion nucleation, motion, and annihi-
lation, can be electrically controlled, representing a crucial
step toward realizing advanced spintronics devices [21,26—
28]. Notably, magnetic multilayers composed of several
thin repetitions of Pt(3 nm)/Co(1.2 nm)/Al(3 nm) provide
suitable magnetic anisotropy and DMI to stabilize mag-
netic skyrmions [29], while also offering strong spin-orbit
torque [30] from both the Pt/Co interface and the Co/Al
interface, leading to efficient skyrmion motion. Therefore,
implementing a pathway towards the magnetoionic con-
trol in such complex multilayered structures presents an
innovative opportunity for nonvolatile electrical control of
key magnetic properties going beyond the gating effects
induced on a single layer.

In this work, we investigate the magnetoionic mod-
ulation of effective magnetic anisotropy in multirepeat
sputtered Pt/Co/Al layers. We demonstrate a reversible,
nonvolatile transition of the magnetic anisotropy of the
topmost Co layer from in-plane to out-of-plane using a
magnetoionic gate voltage. For repetitions with n = 2 and
n = 4 , this enables control over the total number of active
PMA magnetic layers, denoted as m, shifting between
m=n and m=n+1 layers. We also show that the
gate-voltage-induced spin-reorientation transition between
PMA and in-plane magnetic anisotropy occurs through the
propagation of a single magnetic domain-wall (DW, .,)
front, driven by the applied electric field. We observe
that this DW, ., does not interact significantly with the
magnetic multidomain configuration of the underlaying
coupled Pt/Co/Al layers with PMA.

The magnetic stacks used in this study are illustrated
in Fig. 1(a). They consist of n repetitions of [Co(1.2
nm)/Al(3 nm)/Pt(3 nm)], which are deposited on top
of a Ta(5nm)/Pt(8 nm) buffer layer. The topmost lay-
ers consist of Co(1.2 nm)/Al(y nm) where y refers to
the deposited Al-layer thickness, which has been var-
ied between 0.6 to 1 nm. Subsequently, the top Al layer
is oxidized in air, forming a top Al/AlO, bilayer, as
depicted in Fig. 1(a). All stacks are grown at room
temperature by magnetron sputtering on thermally oxi-
dized silicon substrate (280 nm of SiO;). lonic lig-
uid gating is achieved using the ionic liquid 1-ethyl-
3-methylimidazolium bis(trifluoromethanesulfonyl)imide
[EMI]*™ [TFSI]~ dropped on the surface of the magnetic
stacks [31]. A glass coated with indium tin oxide (ITO) is
placed on top of the ionic liquid to serve as the counter
electrode, as illustrated in Fig. 1(b). All indicated gate
voltages correspond to the voltages applied to the top
ITO electrode, with the magnetic layers grounded. The
exposed area to the gate voltage is approximately 0.25 cm?.
The nonvolatile magnetic anisotropy changes induced by
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FIG. 1. (a),(b) Schematic of the (a) Ta/Pt/[Co/Al/Pt],/
Co/Al/AlO, multilayer stacks and (b) the magnetoionic devices
allowing for the control of the magnetic anisotropy in the
topmost Co layer. (c),(d) Schematics of voltage-gate control of
the oxidation front in the Al/AlO, capping layers, which can be
displaced downward or upward using negative (c) or positive (d)
gate voltages applied to the top ITO electrode.

magnetoionic gating have been measured through anoma-
lous Hall effect (AHE) after the gate voltage is switched
off. Alternative gradient field magnetometer (AGFM) mea-
surements have been performed after completely removing
the ionic liquid—ITO gate and, to assess the nonvolatile
character, up to several weeks after the application of the
gate voltage. Kerr microscopy measurements have been
performed during and after the application of electric field,
as well as after the removal of the gate. All measurements
have been conducted at room temperature.

In order to evaluate the impact of the oxygen content at
the Co/Al interface on its magnetic anisotropy prior to the
gate-voltage application, a series of single Ta(5 nm)/Pt(8
nm)/Co(1.2 nm)/Al(y nm) layers, in which y represents the
thickness of the top Al layer, are characterized. The vari-
ation in y is introduced as a means to evaluate the effects
of the proximity of the AlO, oxidation front, created by
the exposure to air, to the Co/Al interface. In Fig. 2(a),
we show the out-of-plane (OOP) hysteresis loops obtained
by Kerr microscopy for a series of multilayer stacks with
v ranging from 0.6 to 1 nm. We observe a strong depen-
dence of the magnetic anisotropy on y. More precisely,
PMA is observed for y = 0.6 nm, characterized by a dis-
tinct square-shaped loop exhibiting significant remanence
in the OOP direction. For thicker top Al layers, PMA is
reduced, as shown by the reduced squareness and remanent
magnetization of the corresponding curves. For y = 0.8
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nm, the easy axis becomes the IP direction (see the AGFM
measurements in Fig. S2 within the Supplemental Material
[32]). Then, the IP magnetic anisotropy keeps increasing
for y = 0.9 and 1 nm. This behavior is also reflected in the
saturation field along the OOP direction poHgy, Which is
found to increase almost linearly with y from about 25 mT
for the y = 0.6 nm stack to 389 mT for the y = 1 nm stack.
These changes are summarized in Figs. 2(c) and 2(d),
showing the dependence of the remanent magnetization
(c) and Hgy (d) in the out-of-plane direction as a function
of y. The strong variation of the magnetic anisotropy as
a function of y can be attributed to different positions of
the oxidation front within the partially oxidized upper Al
layer with respect to the Co surface, which modifies the
anisotropy contribution from the top Co-layer interface.
It is widely documented in the literature, that the oxygen
content at the Co/Al interface has a critical impact in mag-
netic anisotropy, since a strong interfacial perpendicular
anisotropy is promoted by the hybridization between Co

d and O sp orbitals [33—36]. However, only a narrow win-
dow of oxygen content produces PMA, underoxidation as
well as overoxidation are detrimental to PMA, which con-
tributes to the high sensitivity of this system to small vari-
ations of the oxygen content at the Co surface [33,35]. Our
results align with this scenario, suggesting full oxidation
of the Al layer when 0.6 nm of Al is deposited and sub-
sequently exposed to air. However, for thicker Al layers,
air-induced oxidation results in an underoxidized Al layer,
leading to an in-plane magnetic anisotropy in the under-
lying Co layer. Interestingly, reports in the literature also
show that after this oxidation-dominated regime of spin-
reorientation transitions between PMA and IP anisotropies,
PMA does not necessarily show an asymptotic decrease for
higher Al thicknesses. At relatively high Al thicknesses, a
spin-orientation transition that is unrelated to the oxygen
content at the Co interface can also occur mediated by
complex interfacial electronic effects at the Co/metallic Al
interface [29,30]. In the present case, a similar scenario
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FIG. 2.

(a) Out-of-plane hysteresis curves obtained by Kerr microscopy for Ta/Pt/Co/Al/AlO, multilayer stacks, where the nom-

inally deposited Al capping-layer thickness y ranges from 0.6 to 1 nm, inducing significant changes in the magnetic anisotropy. (b)
Normalized Kerr signal for the Ta/Pt/Co/Al(0.8 nm) stack in the as-grown state, and after the application of gate voltages of —1.5V
for 5 min and subsequently 43 V, for 5 min showing that gate voltages produce an equivalent effect in anisotropy as a variation in
y. The inset in (b) shows the same data at higher magnetic fields, providing a better view of the saturation field after positive gate
voltage. (¢),(d) Normalized remanent Kerr signal (c) and saturation field poHsy (d) in the out-of-plane direction as a function of y. For
the sample with y = 0.8 nm, the values after negative (—1.5 V) and positive (+3 V) gate-voltage applications are also indicated. The
results corresponding to a reference sample of Ta/Pt/Co/Al(3 nm)/Pt are shown as a dotted curve in (a), and as gray areas in (c),(d).
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is observed, the monotonic decrease of PMA going from
y =0.6nmtoy = 1 nm, is followed by a recovery of PMA
for y = 3 nm, labeled as reference. Figures 2(a), 2(c), and
2(d) present data of a reference Ta(5 nm)/Pt(8 nm)/Co(1.2
nm)/Al(3 nm)/Pt(3 nm) sample, which exhibits a poHgyt
value similar to that of the sample with y = 0.6 nm (with-
out the Pt capping layer). The structure of the reference
sample has been used as the single unit that is repeated n
times to form multilayer structures with PMA.

In Fig. 2(b), we show the OOP Kerr-effect loops
obtained for the layer with y = 0.8 nm. In its as-grown
state, this sample exhibits an IP magnetic anisotropy with
HoHs: = 190 mT. After the application of a gate voltage of
—1.5 V for 5 min, the PMA of the layer is increased, evi-
denced by a reduction of woHg, to 38 mT, resembling the
results obtained for y = 0.6 nm. A subsequent application
of +3V for 5min to the same sample reduces PMA well
below its value in the as-grown state, evidenced by a sig-
nificant increase of poHs,: to 439 mT, closer to the results
obtained for layers with y = 1 nm. The small-amplitude
hysteresis and remanence observed in this case is attributed
to a difference in the positioning of the gate between each
loop [37]. These changes induced by the applied voltage
are nonvolatile and reversible. The reversibility during sev-
eral successive cycles of positive and negative gate-voltage
application is shown in Fig. S3 within the Supplemental
Material [32]. These results are summarized in Figs. 2(c)
and 2(d) for y = 0.8 nm. It should be noted that the curves
presented in Fig. S3 exhibit no reduction in the satura-
tion in the saturation of the AHE after the application of
a negative gate voltage. This observation suggests that the
gate-driven changes in anisotropy happen without apparent
changes in the oxidation state of the Co, and therefore rely
on a significant contribution from the gate-driven motion
of the oxidation front inside the Al layer.

The observed gate-driven modification of the anisotropy
can be explained by the nonvolatile gate-voltage-induced
migration of oxygen species from and away from the
Co/Al interface. This can be seen as a controlled dis-
placement of the oxidation front located at the Al/AlO,
interface towards the Co/Al interface for negative gate
voltages applied to the top ITO electrode, and the oppo-
site for positive gate voltages [as schematically illus-
trated in Figs. 1(c)-1(d)]. As shown in the results pre-
sented in Fig. 2, this gate-driven process has effects
on anisotropy that are equivalent to changing the thick-
ness of the Al layer y, where higher PMA is obtained
for thinner Al layers (thicker AlO, through the gate-
induced migration of oxygen species towards the Co/Al
interface), and vice versa. This equivalence between gat-
ing effects and the thickness of the metallic Al layer
has already been reported for charge-based gating effects
in Pt/Co/Al(wedge)/AlO, /HfO, solid-state devices [2].
However, unlike volatile charge-based effects, magne-
toionic effects can be directly associated with gate-induced

diffusion of oxygen species, leading to a resilient and
nonvolatile modification of magnetic anisotropy.

After having studied the impact of magnetoionic effects
in single magnetic films, we consider the case of the multi-
repeat stacks composed of three and five layers of Co (n =
2 and n = 4), in both cases the thickness of the topmost
Al layer that is let to oxidize in air is y = 0.8 nm. In
Fig. 3(a), we depict a schematic of a magnetoionic device
made of a Ta(5 nm)/Pt(8 nm)/[Co(1.2 nm)/Al(3 nm)/Pt(3
nm)],/Co(1.2 nm)/Al/AlO, (y = 0.8 nm) stack. In Fig.
3(b), we show the anomalous Hall resistance loops shifted
by the offset resistance value Ry, defined as AR = R — R,.
The hysteresis loops are obtained using four electrical con-
tacts on each corner of the stack, enclosing the gated area.
In the as-grown state, the individual contribution of each of
the three Co layers can be observed. The total anomalous
Hall resistance amplitude AR can be subdivided in a first
range varying monotonically with the external OOP mag-
netic field and two subsequent sections defined by abrupt
transitions found for magnetic fields of about 13 and 18
mT, the AR amplitude of each of these three contribu-
tions accounting for about one third of the total signal.
The range showing a monotonic variation with the exter-
nal OOP magnetic field is assigned to the top Co layer
in contact to the oxidized Al(0.8 nm) layer. As shown in
Fig. 2(b), this layer does not have a strong PMA, therefore
the observed quasilinear variation of AR with the external
OOP magnetic field can be attributed to a coherent spin
rotation towards the OOP hard axis. In contrast, the two
bottom Co reference layers are expected to show strong
PMA, as seen in Fig. 2(a), which is confirmed by the obser-
vation of the sharp switching of AR. The small differences
of switching field can be attributed to the difference of the
thickness of the Pt layers on which Co layers are grown.
The bottom Co layer is grown on top of Pt(8 nm), while
the middle layer is grown on top of Pt(3 nm). This is con-
firmed by the results obtained for Ta(5 nm)/Pt(8 nm)/[Al(3
nm)/Pt(3 nm)/Co(1.2 nm)]3/Al1(0.8 nm) multilayer stacks.
In this case, all Co layers are grown on a 3-nm-thick Pt
layer and only one abrupt switching accounting for about
two thirds of the total AR variation is observed (see Fig.
S4 within the Supplemental Material[32]).

As shown already in Fig. 2(b), the application of a
gate voltage of —1.5 V during 5 min induces a spin-
reorientation transition of the magnetization of the topmost
Co layer towards the perpendicular direction. It results in
the transformation of the quasilinear variation of AR with
the external OOP magnetic field into a sharp switch as pre-
sented in Fig. 3(b). Moreover, the switching accounts for
about two thirds of the total amplitude of the AR signal,
which indicates that the switching of the topmost Co mag-
netization in its gate-induced PMA state is coupled to the
switching of magnetization in the middle Co layer. Sub-
sequently, a positive gate voltage of +2.8 V is applied
to the stack during 5 min that reverts the topmost Co
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FIG. 3. (a) Magnetoionic device composed of a

Ta/Pt/[Co/Al/Pt],/Co/Al/AlO, (y = 0.8 nm) multilayer stack.
(b) Anomalous Hall resistance AR = R — Ry, measured in the
as-grown state and after the application of alternating negative
and positive gate voltages. (c) Evolution of the normalised
remanent Hall resistance AR;em/Rsr With the gate voltage appli-
cation time ¢ for positive and negative gate voltages. (d) OOP
normalized magnetisation curves obtained by Kerr microscopy
for the as-grown state, as well as after the application of positive
and negative gate voltages. These later measurements are
performed after the removal of the gate.

magnetization back into the plane with an IP anisotropy
state that is stronger compared to the as-grown state, in
agreement with the results presented in Fig. 2(b). For both
positive and negative gate voltages, the anisotropy of the
two buried Co layers remains seemingly unchanged. The
reversibility and cyclability of these effects are presented
in Fig. 2(c). The Hall resistance at remanence Ry iS
switched between two states with about 90% and 66%

remanence after the application of subsequent positive and
negative gate voltages, corresponding to the PMA and IP
anisotropy states, respectively. Note that the first positive
gate voltage is +2.8 V, while for the following steps, a
gate voltage of +3 V is used. It should be noted that the
remanence obtained in the PMA state is expected to be
underestimated, since the unbiased IP anisotropy regions
at the contacts also contribute to the total signal (see the
Hall resistance measurement configuration schematic in
Fig. S1 within the Supplemental Material [32]). In Fig.
3(d), we show the same experiment measured using Kerr
effect, in which the light is placed at the center of the gat-
ing area, confirming the full remanence present in the PMA
state. Moreover, it has to be pointed out that these Kerr-
effect measurements have performed several weeks after
the gate voltage application and complete removal of the
top ionic liquid and ITO gate, showing the reliability of
the nonvolatile effects both in the IP and PMA regimes.
The same results are obtained for hysteresis loops mea-
sured by AGFM using an in-plane field (see Fig. S5 within
the Supplemental Material [32]).

The dynamics of the gate-induced spin-reorientation
transition between PMA and IP magnetic anisotropy in
the topmost Co layer has been imaged in real time using
Kerr microscopy. First, the top-layer magnetic anisotropy
is set to PMA using a negative gate voltage of —1.5 V and
the magnetization is saturated under a positive magnetic
field. In this state, magnetic domains are nucleated in the
three Co layers of the multilayer by applying a negative
magnetic field. Then, a positive gate voltage of +2.5 V
is applied during a total gating time of 10 min. The gate
voltage is reduced to +2.5 V from the +3 V used in the
previous experiments to induce a slower transition between
PMA and IP anisotropy in the top Co layer. In Figs.
4(a) and 4(b), we show Kerr microscopy images obtained
though the transparent ionic liquid—ITO gate while apply-
ing the +2.5-V gate voltage to the stack for different gating
times: 5 (a), 7 (b), and 10 min (c). It can be seen that
a pronounced magnetic contrast between merged circular
structures, appearing in dark gray, and the background,
which correspond to the PMA domains nucleated using
magnetic fields. A subtler contrast change is seen to prop-
agate from right to left, making the swept areas appear in a
lighter color, regardless of the presence of PMA magnetic
domains. Four contrasts are observed in Figs. 4(a)4(c),
indicating that the domains remain in the bottom Co layer
independently of the IP or OOP magnetic anisotropy char-
acter of the topmost Co layer. The corresponding magnetic
configurations are schematized in (a) and (c). This voltage
gated-induced moving front is originated at the top right
of the image and moves with a velocity of approximately
61 wm/min, as shown in the insets of Figs. 4(a)-4(c). The
intermediate state reached after the application of a +2.5-
V gate voltage for 10 min [see Fig. 4(c)] is nonvolatile.
In Fig. 4(d), we observe that a fully remanent hysteresis
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(a)c) Kerr microscopy images of the domain configuration during the application of positive gate voltage of +2.5 V during

5 min (a), 7 min (b), and 10 min (c), showing the transition behavior of the Ta/Pt/[Co/Al/Pt],/Co/Al/AlO, (y = 0.8 nm) multilayer
stack. The bottom insets show an enlargement at the domain wall between PMA and IP magnetic anisotropy domains in the topmost Co
layer moving at a velocity of 61 pwm/min. (a) The schematic magnetization configuration of the three Co layers is displayed over each
different Kerr contrast. (c) Due to the progression of the IP domain compared to the fixed OOP ones, some of the contrast observed in
the right-most part of the image appears on the other side of the large OOP domain with magnetization pointing down in the middle
of the image. (d) Hysteresis loops measured at the top-down corner (blue), and over the entire field of view (red) of the image in the
inset. The inset in (d) shows an extended view of the magnetic state in (c) at remanence.

loop compatible with a large PMA is obtained by measur-
ing only in the bottom-left area of the Kerr image (blue
curve), while the hysteresis loop of the entire image shows
a significant decrease in the remanence (red curve), indi-
cating that the top-right area of the image adds an IP
anisotropy component to the total Kerr effect signal. The
inset of Fig. 4(d) displays a Kerr image at remanance after
the application of a positive external magnetic field show-
ing distinct contrasts between the OOP bottom left area
and the IP top-right area of the image. These measurements
show that the gate-driven transition between PMA and IP
anisotropy happens through the creation of a single 90°
domain wall (DW, ,) between the OOP and IP regions,
and its propagation across the top Co layer. The motion of
this DW4 ., can be precisely controlled using the gate volt-
age, and its position remains fixed once the gate voltage
is turned off. This opens the way to the design of spin-
tronic devices exploiting all-electrical and ultralow power
control of the propagation of PMA-IP anisotropy domain
walls. In particular, the electrical control of the nucleation
and position of these domain walls where the DW chirality
is fixed through the sign of the DMI could lead to alterna-
tive functionalities in magnetologic devices [38] and gives
interesting perspectives for the study and optimization of
the dynamics of the magnetoionic effects.

To confirm that magnetoionic gating can induce a varia-
tion in m between m = n and m = n + 1 in more extended
multilayer structures, magnetoionic devices have also been
fabricated using multilayers with a number of repeti-
tions of n = 4, as shown in Fig. 5(a). In agreement with
the results presented for » = 2, the magnetization of the

topmost Co layer undergoes a reversible and nonvolatile
spin-reorientation transition as a function of the applied
gate voltages. In Fig. 5(b), we display the anomalous Hall
resistance AR hysteresis loops obtained in the as grown
state, as well as for several subsequent applications of neg-
ative (—1.5 V) and positive (+2.5 V) gate voltages. We
find that the remanence is modulated by 1/5 of the total
AR signal, which is in agreement with the contribution
from the topmost Co layer. It thus shows that magnetoionic
gating can change the number of repetitions of Co layers
with PMA from m = 4 to m = 5. Interestingly, unlike the
system with #n = 2, in this five-repeat multilayer, only one
magnetic switching is observed for bothm = 4 and m = 5.
This can be explained by an enhanced dipolar coupling
between the four or five layers of Co that results in the
collective switching of all coupled layers in a single event.
The cyclability of the voltage-gate-induced modification of
the anisotropy in the topmost Co layer is reported in Fig.
S6 within the Supplemental Material [32].

In Figs. 5(d) and 5(e), we show Kerr images of
the domain structure in the Ta/Pt/[Co/Al/Pt],/Co/Al/AlO,
(y = 0.8 nm) stack under OOP magnetic fields of 9 and
18 mT, respectively. The images are taken at the edge of
a gated area, after removal of the ionic liquid gate. The
top area is exposed to a gate voltage of —1.5 V for 1
min, inducing PMA in the topmost Co layer, while the bot-
tom area of the image remained in the as-grown state [the
hysteresis curves of both areas are provided in Fig. S8(a)
within the Supplemental Material [32]]. The gate-induced
change in the number of Co layers contributing to the
PMA from m = 4 and m = 5 has a significant impact on
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FIG. 5. (a) Magnetoionic device composed of a
Ta/Pt/[Co/Al/Pt],/Co/Al/AIO, (y = 0.8 nm) multilayer stack.
(b) Anomalous Hall resistance AR = R — R, measured after the
application of several gate voltages. (¢) Kerr microsopy images
taken at the boundary between the as-grown (bottom) and gated
(top) areas under an OOP magnetic field of 9 mT showing
the propagation of domains from the as-grown region into the
gated region after 12, 14, 17, and 23 s. (d),(e) Kerr microsopy
images of the final domain pattern at the boundary between the
as-grown (bottom) and gated (top) areas obtained under an OOP
magnetic field of 9 mT (d) and 18 mT (e). The inset in (d) shows
the continuity of the domain pattern at the boundary.

the magnetic domain structure. As shown in Fig. 5(c), we
see that the domains first nucleate in the as-grown region
(m = 4) under an external magnetic field of approximately
9 mT, and then propagate into the gated area (m = 5) by
crossing the sharp boundary between the two areas. As
seen in Fig. 5(d), the domain structure found in the gated

m = 5 region shows a maze structure with domain widths
of about 1.4 uwm, while the width in the as-grown area
with m =4 is reduced to about one half of that value.
Despite the strong difference in domain pattern, a conti-
nuity between the domains in the two regions has been
observed, as illustrated in the inset in Fig. 5(d). For higher
magnetic fields, the size of the maze domains decreases in
both areas keeping the ratio and continuity, as depicted in
Fig. 5(e). This behavior has been found to be reproducible
as shown in supplementary Information [32] Fig. S8(b).
Such a strong variation in domain width can be understood
in terms of the change in the number of PMA coupled lay-
ers from m = 5 to m = 4. This agrees with previous studies
showing that the domain width in multilayers can rapidly
decrease with the number of repeats, as a result of the
interplay between domain wall and magneto-static energy
[39,40]. Note that similar contribution of the PMA Co lay-
ers to the hysteresis loops have been observed between the
stack with n = 4 topped by a Co layer with IP magnetic
anisotropy and a comparable stack with n = 4 but without
the top Co layer (see Fig. S9 within the Supplemental [32]
Material). The gate-driven control of m presented here is
therefore of high technological interest, since it uses the
gate-controlled spin-reorientation transition in one layer of
Co to bias the properties of an entire multilayer structure,
introducing a dynamic control of properties linked to the
number of repeats.

In conclusion, we report on a pathway for gate-voltage
control of the magnetic anisotropy of a multilayer stack
made of [Pt/Co/Al] repetitions. The magnetic anisotropy
of Ta(8 nm)/Pt(8 nm)/Co(1.2 nm)/Al(y nm) with the top
Al layer oxidized in air, is found to vary from PMA to IP
magnetic anisotropy by changing the top Al-layer thick-
ness y between 0.6 to 1 nm, which can be ascribed to
the varying distance between the Al/AlO, front and the
Co interface. Similar changes from PMA to IP magnetic
anisotropy are achieved by applying positive and nega-
tive gate voltages to the stack with y = 0.8 nm, induced
by the electric field-driven displacement of the oxidation
front. We observe similar changes in magnetic anisotropy,
transitioning from PMA to IP, in the topmost Co layer
of Ta/Pt/[Co/Al/Pt],/Co/Al/AlO, stacks with (n =2, 4),
showing the ability to modify the number of Co layers
with perpendicular anisotropy m between n and n + 1.
Of note, these modifications are found to be nonvolatile.
The changes in the remanent anomalous Hall effect total
amplitude account respectively for 1/3 and 1/5 for the
samples with » = 2 and n = 4. Moreover, controlling the
anisotropy of the top Co layer translates into the control
of the magnetic domain pattern of the coupled multi-
layer structure. This is evidenced in multilayers with n = 4
in which a gate-induced increase to five Co layers with
PMA produces a reduction by a twofold reduction in the
domain periodicity within the maze-domain structure. The
domains are found to first nucleate in the area with smaller
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m, before propagating into the m = n+ 1 area through a
sharp boundary between the two regions. These results
offer promise for anisotropy and magnetic domain manip-
ulation by gate voltage in devices made of multirepeat
stacks, holding promise for voltage control of the skyrmion
nucleation and motion in devices for memory, logic or
neuromorphic applications.

ACKNOWLEDGMENTS

This work has been supported by the Horizon2020
Framework Program of the European Commission under
FET-Proactive Grant SKYTOP (824123), by the European
Research Council ERC under Grant bioSPINspired No.
682955, by the French National Research Agency (ANR)
with grants TOPSKY (ANR-17-CE24-0025) and SplaSy
(ANR-21-CE24-0008-01), by a France 2030 government
grant (ANR-22-EXSP-0002 PEPR-SPIN-CHIREX) and
by the JSPS KAKENHI Grant (No. 21H05016).

[1] M. Weisheit, S. Fahler, A. Marty, Y. Souche, C. Poinsignon,
and D. Givord, Electric field-induced modification of mag-
netism in thin-film ferromagnets, Science 315, 349 (2007).

[2] A. Bernand-Mantel, L. Herrera-Diez, L. Ranno, S. Pizzini,
J. Vogel, D. Givord, S. Auffret, O. Boulle, I. M. Miron, and
G. Gaudin, Electric-field control of domain wall nucleation
and pinning in a metallic ferromagnet, Appl. Phys. Lett.
102, 122406 (2013).

[3] F. Matsukura, Y. Tokura, and H. Ohno, Control of mag-
netism by electric fields, Nat. Nanotechnol. 10, 209 (2015).

[4] C.Song, B. Cui, F. Li, X. Zhou, and F. Pan, Recent progress
in voltage control of magnetism: Materials, mechanisms,
and performance, Prog. Mater. Sci. 87, 33 (2017).

[5] M. Schott, A. Bernand-Mantel, L. Ranno, S. Pizzini, J.
Vogel, H. Béa, C. Baraduc, S. Auffret, G. Gaudin, and D.
Givord, The skyrmion switch: Turning magnetic skyrmion
bubbles on and off with an electric field, Nano Lett. 17,
3006 (2017).

[6] M. Zahedinejad, H. Fulara, R. Khymyn, A. Houshang, M.
Dvornik, S. Fukami, S. Kanai, H. Ohno, and J. ;\kerman,
Memristive control of mutual spin Hall nano-oscillator syn-
chronization for neuromorphic computing, Nat. Mater. 21,
81 (2022).

[7] C. Bi, Y. Liu, T. Newhouse-Illige, M. Xu, M. Rosales, J.
W. Freeland, O. Mryasov, S. Zhang, S. G. E. te Velthuis,
and W. G. Wang, Reversible control of Co magnetism by
voltage-induced oxidation, Phys. Rev. Lett. 113, 267202
(2014).

[81 Y. T. Liu, S. Ono, G. Agnus, J. P. Adam, S. Jaiswal,
J. Langer, B. Ocker, D. Ravelosona, and L. Herrera
Diez, Electric field controlled domain wall dynamics and
magnetic easy axis switching in liquid gated CoFeB/MgO
films, J. Appl. Phys. 122, 133907 (2017).

[9] T. Srivastava, M. Schott, R. Juge, V. Kfizakova, M.
Belmeguenai, Y. Roussigné, A. Bernand-Mantel, L. Ranno,
S. Pizzini, S.-M. Chérif, A. Stashkevich, S. Auffret, O.
Boulle, G. Gaudin, M. Chshiev, C. Baraduc, and H. Béa,

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

024010-8

Large-voltage tuning of Dzyaloshinskii-Moriya interac-
tions: A route toward dynamic control of skyrmion chiral-
ity, Nano Lett. 18, 4871 (2018).

L. Herrera Diez et al., Nonvolatile ionic modification of the
Dzyaloshinskii-Moriya interaction, Phys. Rev. Appl. 12,
034005 (2019).

A. Fassatoui, J. P. n. Garcia, L. Ranno, J. Vogel, A.
Bernand-Mantel, H. Béa, S. Pizzini, and S. Pizzini,
Reversible and irreversible voltage manipulation of interfa-
cial magnetic anisotropy in Pt/Co/oxide multilayers, Phys.
Rev. Appl. 14, 064041 (2020).

Y. Guan, X. Zhou, F. Li, T. Ma, S.-H. Yang, and S. S. P.
Parkin, Ionitronic manipulation of current-induced domain
wall motion in synthetic antiferromagnets, Nat. Commun.
12, 5002 (2021).

C. Balan, J. Pefia Garcia, A. Fassatoui, J. Vogel, D. d. S.
Chaves, M. Bonfim, J.-P. Rueff, L. Ranno, and S. Pizzini,
Tuning the dynamics of chiral domain walls of ferrimag-
netic films by magnetoionic effects, Phys. Rev. Appl. 18,
034065 (2022).

C.-E. Fillion, J. Fischer, R. Kumar, A. Fassatoui, S. Pizzini,
L. Ranno, D. Ourdani, M. Belmeguenai, Y. Roussigné, S.-
M. Chérif, S. Auffret, I. Joumard, O. Boulle, G. Gaudin, L.
Buda-Prejbeanu, C. Baraduc, and H. Béa, Gate-controlled
skyrmion and domain wall chirality, Nat. Commun. 13,
5257 (2022).

B. Dai, D. Wu, S. A. Razavi, S. Xu, H. He, Q. Shu, M.
Jackson, F. Mahfouzi, H. Huang, Q. Pan, Y. Cheng, T. Qu,
T. Wang, L. Tai, K. Wong, N. Kioussis, and K. L. Wang,
Electric field manipulation of spin chirality and skyrmion
dynamic, Sci. Adv. 9, eade6836 (2023).

K.-Y. Lee, S. Jo, A. J. Tan, M. Huang, D. Choi, J. H. Park,
H.-1. Ji, J.-W. Son, J. Chang, G. S. D. Beach, and S. Woo,
Fast magneto-ionic switching of interface anisotropy using
yttria-stabilized zirconia gate oxide, Nano Lett. 20, 3435
(2020).

T. Bhatnagar-Schoffmann, A. Kovacs, R. Pachat, D. Our-
dani, A. Lamperti, M. A. Syskaki, T. da Camara Santa
Clara Gomes, Y. Roussigné, S. Ono, J. Langer, M. Cherif,
R. E. Dunin-Borkowski, P. Schoffmann, D. Ravelosona,
M. Belmeguenai, A. Solignac, and L. Herrera Diez, Con-
trolling interface anisotropy in CoFeB/MgO/HfO2 using
dusting layers and magneto-ionic gating, Appl. Phys. Lett.
122, 042402 (2023).

R. Pachat, D. Ourdani, M.-A. Syskaki, A. Lamperti, S. Roy,
S. Chen, A. D. Pietro, L. Largeau, R. Juge, M. Massouras,
C. Balan, J. W. van der Jagt, G. Agnus, Y. Roussigné,
M. Gabor, S. M. Chérif, G. Durin, S. Ono, J. Langer, D.
Querlioz, D. Ravelosona, M. Belmeguenai, and L. Her-
rera Diez, Magneto-ionics in annealed W/CoFeB/HfO2 thin
films, Adv. Mater. Interfaces 9, 2200690 (2022).

U. Bauer, L. Yao, A. J. Tan, P. Agrawal, S. Emori,
H. L. Tuller, S. van Dijken, and G. S. D. Beach,
Magneto-ionic control of interfacial magnetism, Nat.
Mater. 14, 174 (2015).

R. Pachat, D. Ourdani, J. van der Jagt, M.-A. Syskaki,
A. Di Pietro, Y. Roussigné, S. Ono, M. Gabor, M.
Chérif, G. Durin, J. Langer, M. Belmeguenai, D. Rav-
elosona, and L. H. Diez, Multiple magnetoionic regimes
in Ta/Co,yFesoB20/HfO,, Phys. Rev. Appl. 15, 064055
(2021).


https://doi.org/10.1126/science.1136629
https://doi.org/10.1063/1.4798506
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1016/j.pmatsci.2017.02.002
https://doi.org/10.1021/acs.nanolett.7b00328
https://doi.org/10.1038/s41563-021-01153-6
https://doi.org/10.1103/PhysRevLett.113.267202
https://doi.org/10.1063/1.4997834
https://doi.org/10.1021/acs.nanolett.8b01502
https://doi.org/10.1103/PhysRevApplied.12.034005
https://doi.org/10.1103/PhysRevApplied.14.064041
https://doi.org/10.1038/s41467-021-25292-1
https://doi.org/10.1103/PhysRevApplied.18.034065
https://doi.org/10.1038/s41467-022-32959-w
https://doi.org/10.1126/sciadv.ade6836
https://doi.org/10.1021/acs.nanolett.0c00340
https://doi.org/10.1063/5.0132870
https://doi.org/10.1002/admi.202200690
https://doi.org/10.1038/nmat4134
https://doi.org/10.1103/PhysRevApplied.15.064055

CONTROL OF THE MAGNETIC ANISOTROPY...

PHYS. REV. APPLIED 21, 024010 (2024)

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

A. Fert, N. Reyren, and V. Cros, Magnetic skyrmions:
Advances in physics and potential applications, Nat. Rev.
Mater. 2, 17031 (2017).

C. Moreau-Luchaire, C. Moutafis, N. Reyren, J. Sampaio,
C. A. F. Vaz, N. Van Horne, K. Bouzehouane, K. Gar-
cia, C. Deranlot, P. Warnicke, P. Wohlhiiter, J. M. George,
M. Weigand, J. Raabe, V. Cros, and A. Fert, Additive
interfacial chiral interaction in multilayers for stabilization
of small individual skyrmions at room temperature, Nat.
Nanotechnol. 11, 444 (2016).

S. Woo, K. Litzius, B. Kriiger, M.-Y. Im, L. Caretta, K.
Richter, M. Mann, A. Krone, R. M. Reeve, M. Weigand, P.
Agrawal, 1. Lemesh, M.-A. Mawass, P. Fischer, M. Kl4ui,
and G. S. D. Beach, Observation of room-temperature
magnetic skyrmions and their current-driven dynamics in
ultrathin metallic ferromagnets, Nat. Mater. 15, 501 (2016).
G. Yu, P. Upadhyaya, X. Li, W. Li, S. K. Kim, Y. Fan,
K. L. Wong, Y. Tserkovnyak, P. K. Amiri, and K. L.
Wang, Room-temperature creation and spin—orbit torque
manipulation of skyrmions in thin films with engineered
asymmetry, Nano Lett. 16, 1981 (2016).

A. Soumyanarayanan, M. Raju, A. L. Gonzalez Oyarce, A.
K. C. Tan, M.-Y. Im, A. P. Petrovi¢, P. Ho, K. H. Khoo,
M. Tran, C. K. Gan, F. Ernult, and C. Panagopoulos, Tun-
able room-temperature magnetic skyrmions in Ir/Fe/Co/Pt
multilayers, Nat. Mater. 16, 898 (2017).

W. Legrand, D. Maccariello, N. Reyren, K. Garcia, C.
Moutafis, C. Moreau-Luchaire, S. Collin, K. Bouzehouane,
V. Cros, and A. Fert, Room-temperature current-induced
generation and motion of sub-100 nm skyrmions, Nano
Lett. 17,2703 (2017).

A. Hrabec, J. Sampaio, M. Belmeguenai, I. Gross, R. Weil,
S. M. Chérif, A. Stashkevich, V. Jacques, A. Thiaville,
and S. Rohart, Current-induced skyrmion generation and
dynamics in symmetric bilayers, Nat. Commun. 8, 15765
(2017).

T. da Camara Santa Clara Gomes, Y. Sassi, D. Sanz-
Hernandez, S. Krishnia, S. Collin, M.-B. Martin, P. Seneor,
V. Cros, J. Grollier, and N. Reyren, Neuromorphic weighted
sum with magnetic skyrmions, arXiv:2310.16909 [cs.ET]
(2023).

F. Ajejas, Y. Sassi, W. Legrand, S. Collin, J. Pefia Garcia, A.
Thiaville, S. Pizzini, N. Reyren, V. Cros, and A. Fert, Inter-
facial potential gradient modulates Dzyaloshinskii-Moriya
interaction in Pt/Co/metal multilayers, Phys. Rev. Mater. 6,
L071401 (2022).

S. Krishnia, Y. Sassi, F. Ajejas, N. Sebe, N. Reyren, S.
Collin, T. Denneulin, A. Kovacs, R. E. Dunin-Borkowski,
A. Fert, J.-M. George, V. Cros, and H. Jaffres, Large interfa-

[31]

[32]

[33]

[35]

[36]

[37]

[39]

024010-9

cial Rashba interaction generating strong spin—orbit torques
in atomically thin metallic heterostructures, Nano Lett. 23,
6785 (2023).

S. Ono, S. Seki, R. Hirahara, Y. Tominari, and J. Takeya,
High-mobility, low-power, and fast-switching organic
field-effect transistors with ionic liquids, Appl. Phys. Lett.
92, 103313 (2008).

See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.21.024010 for additional
details on the measurement procedures and additional mea-
surements and results.

B. Rodmacgq, S. Auffret, B. Dieny, S. Monso, and P. Boyer,
Crossovers from in-plane to perpendicular anisotropy in
magnetic tunnel junctions as a function of the barrier degree
of oxidation, J. Appl. Phys. 93, 7513 (2003).

D. Lacour, M. Hehn, M. Alnot, F. Montaigne, F. Greul-
let, G. Lengaigne, O. Lenoble, S. Robert, and A. Schuhl,
Magnetic properties of postoxidized Pt/ Co/ Al layers with
perpendicular anisotropy, Appl. Phys. Lett. 90, 192506
(2007).

A. Manchon, C. Ducruet, L. Lombard, S. Auffret, B.
Rodmacq, B. Dieny, S. Pizzini, J. Vogel, V. Uhlif, M.
Hochstrasser, and G. Panaccione, Analysis of oxygen
induced anisotropy crossover in Pt/Co/MOx trilayers, J.
Appl. Phys. 104, 043914 (2008).

Y. Dahmane, C. Arm, S. Auffret, U. Ebels, B. Rod-
macq, and B. Dieny, Oscillatory behavior of perpen-
dicular magnetic anisotropy in Pt/Co/Al(Ox) films as a
function of Al thickness, Appl. Phys. Lett. 95, 222514
(2009).

Each loop is taken after the removal of the ionic liquid gate
to confirm the nonvolatile modification of the anisotropy,
therefore, the repositioning of the ionic liquid and ITO
glass, as well as the signal contribution from the contact
regions can lead to contributions from unbiased areas, as
already shown in other ionic-liquid gate systems [18].

Z. Luo, A. Hrabec, T. P. Dao, G. Sala, S. Finizio, J. Feng,
S. Mayr, J. Raabe, P. Gambardella, and L. J. Heyderman,
Current-driven magnetic domain-wall logic, Nature 579,
214 (2020).

R. Sbiaa, Z. Bilin, M. Ranjbar, H. K. Tan, S. J. Wong,
S. N. Piramanayagam, and T. C. Chong, Effect of mag-
netostatic energy on domain structure and magnetization
reversal in (Co/Pd) multilayers, J. Appl. Phys. 107, 103901
(2010).

L. Fallarino, A. Oelschlégel, J. A. Arregi, A. Bashkatov, F.
Samad, B. Bohm, K. Chesnel, and O. Hellwig, Control of
domain structure and magnetization reversal in thick Co/Pt
multilayers, Phys. Rev. B 99, 024431 (2019).


https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1038/nnano.2015.313
https://doi.org/10.1038/nmat4593
https://doi.org/10.1021/acs.nanolett.5b05257
https://doi.org/10.1038/nmat4934
https://doi.org/10.1021/acs.nanolett.7b00649
https://doi.org/10.1038/ncomms15765
https://arxiv.org/abs/2310.16909
https://doi.org/10.1103/PhysRevMaterials.6.L071401
https://doi.org/10.1021/acs.nanolett.2c05091
https://doi.org/10.1063/1.2898203
http://link.aps.org/supplemental/10.1103/PhysRevApplied.21.024010
https://doi.org/10.1063/1.1555292
https://doi.org/10.1063/1.2734378
https://doi.org/10.1063/1.2969711
https://doi.org/10.1063/1.3269932
https://doi.org/10.1038/s41586-020-2061-y
https://doi.org/10.1063/1.3427560
https://doi.org/10.1103/PhysRevB.99.024431

	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


