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NiO spacer mediated magnetic anisotropy in L1,-FePt/NiO/A1-FePt trilayer structures
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L1y-FePt/NiO/A1-FePt trilayers have been grown on MgO(001) substrate, in which the top FePt layer is of A1l
structure, and the bottom FePt layer is of L1, structure with 001 preferred orientation and strong perpendicular
anisotropy. This structure gives rise to a 90° spin alignment configuration of the two ferromagnetic layers across
the NiO spacer. To further manipulate the spin configurations of the trilayer structure, we performed an in-plane
field cooling (FC). The subsequent hysteresis measurements for the top FePt layer show unambiguous angular
dependence of remanent magnetization relative to the direction of the field during FC; i.e., in-plane anisotropy
is induced. Taking into account the spin-flop configuration predicted in previous theoretical study, the coupling
at the lower interface makes the Ni spins cant out of the (1 1 1) easy plane, and difficult to rotate around the axis
perpendicular to the film plane. Correspondingly, the induced anisotropy after FC is considered to result from the
realignment of Ni spins and enhancement of the coupling at the upper interface. The magnetic domain imaging
results for the bottom perpendicular magnetized FePt layer strongly support this consideration; some of the stripe
domains tend to be along the direction of the applied field during FC with reduced stripe width.
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I. INTRODUCTION

The exchange bias effect [1] originating from interfacial
coupling between ferromagnetic (FM) and antiferromagnetic
(AFM) layers appears to play an important role in zero-field
spin-orbit torque (SOT) induced magnetization switching
in modern spintronics technology [2,3]. Although several
models have been developed to explain this effect [4-8§],
the complexity of the FM/AFM interface in the real case
makes it difficult to present a general theory for FM-AFM
interfacial interaction. Recently, it was experimentally proven
that the FM and AFM spins can be coupled orthogonally at
the compensated AFM interface, for instance, Fe/NiO(001)
[9,10] or Fe/CoO(001) [11,12] coupled structures. However,
due to the absence of induced unidirectional anisotropy, a
new pinning mechanism for exchange bias in such orthogonal
coupling structures must be proposed rather than Mauri’s
model [10]. In order to address this issue, a detailed study
on the FM-AFM coupling configuration at the compensated
AFM interface is highly required.

Realizing that at the FM/AFM interface the AFM order
can induce various types of magnetic anisotropy [13], or even
change the perpendicular magnetic anisotropy in the adjacent
FM layer [14], an alternative approach to investigate the
FM-AFM coupling configuration is to study how the FM layer
responds to the change of AFM order inside the AFM layer. It
was found recently that in Py/FeMn/Ni trilayers [15], the in-
plane magnetization of Ni enhances the Py fourfold anisotropy.
The authors speculated that the reason for this enhancement is
a slight increase of the FeMn spin in-plane component caused
by direct coupling between Ni and FeMn spins. This result
indicates that in such trilayer structure the weak anisotropy of
the FM layer makes it sensitive to the modification of the AFM
spin structure, which offers an opportunity to make detailed
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indirect observation on the FM-AFM coupling configuration.
On the other hand, the study of interlayer exchange coupling
(IEC) of two FM layers across a non-FM insulating spacer has
been stimulated since the discovery of tunneling magnetore-
sistance [16]. Among insulating spacer based structures, it is
of particular interest for the case of FM layers separated by
an antiferromagnetic insulating spacer due to its unexpected
behavior [17]. For the NiO spacer, the occurrence of a 90°
in-plane IEC has been observed in Fe;0,4/NiO/Fe;04 [18],
NiggFe,o/NiO/Co [19], and Co/NiO/Fe structures [20]. This
anomalous interlayer coupling was explained by contradictory
mechanisms, either the formation of 90° spiraling spin struc-
ture in the AFM spacer going from one FM/AFM interface
to the other [18], or the collinear and orthogonal FM-AFM
coupling separately presented at two FM/AFM interfaces
[19] resulting from the interface roughness. The key point
of all these works is to puzzle out the 90° IEC mechanisms.
Moreover, it is well accepted that field cooling (FC) could
lead to the repopulation of AFM magnetic domains [21],
and the realignment of the AFM spins depends on the local
FM order [22,23]. Recalling the various results and points of
view described above, we think it is interesting to propose a
trilayer structure, in which regardless of the NiO spacer, the
spins between two FM layers are “naturally” aligned as a 90°
configuration. Through a certain FC treatment to realign the
AFM spins in the NiO spacer, it should be possible to study
whether the modification of AFM spin structure can influence
the magnetic behavior of adjacent FM layers.

In this paper, we present an investigation of the L1,-
FePt/NiO/A1-FePt trilayer structure, in which the top FePt
layer is of the Al structure, and the bottom FePt layer is of
the L1, structure with 001 preferred orientation and strong
perpendicular magnetic anisotropy. The fascinating feature
of this structure is that the strong perpendicular magnetic
anisotropy of the bottom layer and magnetic dipolar anisotropy
of the top layer give rise to a 90° spin alignment configuration
of the two FM layers across the NiO spacer, while the in-plane
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magnetic anisotropy of top FePt layer can be hardly influenced
by the bottom one. Through an in-plane FC with 500 Oe
external fields to realign the Ni spins, we find that in-plane
magnetic anisotropy in the Al-disordered top FePt layer
and the magnetic stripe domain structure in the L1j-ordered
bottom FePt layer were significantly changed. Based on our
experimental results, the configuration of FM-AFM interfacial
coupling has been carefully discussed.

II. EXPERIMENTAL

Reference FePtogp(4.5 nm)/NiO(4nm) bilayers (S1) and
FePtoop(4.5 nm)/NiO(f nm) /FePtr,(3.5nm) trilayers were
sputtered on a single-crystal MgO(001) substrate. Here, the
subscripts Oop and Ip refer to the out-of-plane and in-plane
magnetization, respectively, and ¢ refers to the thickness
of the NiO layer. The preparation conditions for bilayers
have been described in our previous work [24], and the
only difference is that in order to trigger the L1y phase
transformation (perpendicular magnetic anisotropy) for
relatively thicker FePt layer, an elevated substrate temperature
of 723 K was used. For trilayer structure, a FePt(3.5 nm) layer
was subsequently deposited on the top of the bilayers at 373
K. With this substrate temperature the top FePt layer remains
disordered and the Fe magnetization of the FePt layer is in the
film plane. The thicknesses of the NiO layer were chosen as 2
(S2) and 4 nm (S3). Finally, the trilayer samples were capped
by 2 nm of NiO sputtered at room temperature (RT). An ad-
ditional sample of FePt,(3.5 nm)/NiO(4 nm)/FePt,(3.5 nm)
(S4) was also prepared. In this trilayer structure, the two
FePt layers were grown under the same conditions as the top
disordered FePt layer in samples of S2 and S3. Besides that,
other preparation conditions were the same as samples of S2
and S3. The FePt/NiO/FePt trilayer structures grown on the
MgO(001) single-crystal substrate give rise to an extraordinary
crystallographic relationship among the layers. The structure
of the sample was characterized by x-ray diffraction (XRD).
To understand the influence of the FM-AFM coupling
configuration on two FM layers, the samples were cooled
through Néel temperature (7y ~ 523K) in a low vacuum
(1.33 Pa) by using two different FC treatments: (i) an
in-plane FC with 500 Oe external fields along the MgO
[100] axis to saturate the Al-disordered FePt layer; (ii) an
out-of-plane FC in 8 kOe fields to align the magnetization of
the L1j-ordered FePt layer along the film normal direction.
The magnetic properties were measured by a vibrating sample
magnetometer (VSM) at RT and the flexible sample holder
allows measurements conducted along different in-plane
directions. The room temperature magnetic domain imaging
was performed by magnetic force microscopy (MFM).

III. RESULTS AND DISCUSSION

A. Establishment of 90° spin alignment configuration of the two
FM layers across the NiO spacer

Figure 1 shows the hysteresis loops recorded at RT for
samples S1, S3, and S4, and the magnetic fields were
applied perpendicular to the film surface. It is seen that
the FePto,,/NiO bilayers exhibit a sharp square loop with
1.46 kOe coercive field as shown in Fig. 1(c) (black loop),
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FIG. 1. Hysteresis loops along the film normal direction
for (a) FePtoep(4.5nm)/NiO(4 nm)/FePt;,(3.5nm) (S3), and (b)
FePt;, (3.5 nm)/NiO(4 nm) /FePty, (3.5 nm) (S4) trilayers. (c) Perpen-
dicular hysteresis loop of extracted FePt bottom layer (red loop) and
that of FePto,p(4.5 nm)/NiO(4 nm) bilayers (S1) (black loop). The
extracted loop was obtained from samples of S3 and S4, through the
following relationship: Myoyom = Ms3 — M4 /2.

while for FePty,/NiO/FePty, trilayers, along the same direc-
tion a remanent magnetization of almost 0% is observed in
Fig. 1(b). In the case of the FePtg,,/NiO/FePty, trilayer struc-
ture as shown in Fig. 1(a), the remanent magnetization is 57%
and it is apparent that magnetization rotation occurred before
saturation, which can be understood as the magnetizations of
the top and bottom FePt layers being oriented perpendicular to
each other. These results confirm that in FePto,,/NiO/FePty,
trilayer structure, owing to the strong perpendicular magnetic
anisotropy in the L1y-ordered FePt and the magnetic dipolar
anisotropy in the A1-disordered FePt, the magnetization of the
bottom and top FePt layers are restrained along the film normal
and in-plane directions, respectively. Assuming no direct
coupling between the two FePt layers, through subtracting
the contribution of the Al-disordered FePt layer [data of
Fig. 1(b)], from Fig. 1(a) the perpendicular hysteresis loop
for the bottom FePt layer should remain as shown in Fig. 1(c)
(red loop). Compared with the loop of FePto,,/NiO bilayers,
the similar square shape for the extracted loop confirms that
the two FM layers in the FePto,, /NiO/FePrty, trilayer structure
exhibit a 90° spin configuration. On account of the differences,
a slight decrease of the coercive field can be observed in the
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FIG. 2. (a) The XRD 6-260 scans of FePtoyp(4.5nm)/NiO
(4nm) bilayers (S1) (black pattern), FePtoo,(4.5 nm)/NiO(4 nm)/
FePtp(3.5nm) trilayers (S3) (blue pattern), and FePty,(3.5nm)/
NiO(4 nm)/FePty, (3.5 nm) (S4) (red pattern). (b) XRD 180° ¢-scan
plot for FePtoup(4.5nm)/NiO(4 nm)/FePt;,(3.5nm) (S3) trilayer
structure. The inset shows the schematic illustration of the in-plane
atomic arrangement of NiO and top FePt layer.

extracted loop, which is considered to result from the magnetic
anisotropy of the FM layer mediated by the NiO spacer and
mainly related to the FM-AFM coupling configuration.

It is well known that, for NiO, the FM-AFM coupling
configuration is dominated by the magnetoelastic effect result-
ing from epitaxial strain [9,25], and is strongly related to the
epitaxial relationship. Thus, to discuss the spin configuration
in FM and AFM layers, careful structural characterization is
essential. Figure 2(a) shows the XRD profiles for samples
S1, S3, and S4. The unlabeled peaks are from the MgO(001)
single-crystal substrate. For FePto.p/NiO bilayers, apart from
the NiO and MgO peaks from the NiO spacer and the
substrate, only the FePt 001 and FePt 002 peaks are observable,
suggesting a strong FePt(001) texture. The appearance of
the FePt 001 superlattice peak indicates the ordering of the
FePt layer and the degree of order calculated from XRD
results is 0.52. Correspondingly, the FePt 001 and FePt
002 peaks observed in FePto,,/NiO/FePty, trilayers (S4)
are from the bottom L1y-ordered FePt layer. Note that the
(001) textured L1j-FePt film possesses a strong perpendicular
magnetic anisotropy, leading to the magnetization of the
bottom FePt layer along the film normal direction. In the
case of FePty,/NiO/FePty, trilayers, the absence of the 001
and the relatively low angle 002 FePt peak indicate that the
top FePt layer remains disordered. As mentioned above, the

PHYSICAL REVIEW B 95, 134406 (2017)

structural properties of NiO play a crucial role in determining
the configuration of FM-AFM interfacial coupling. Thus, it is
important to obtain the designed structure of the NiO spacer.
Compared with bilayers, it is surprising that for both trilayers
the split of the NiO 111 peak appears, which could be attributed
to the sandwiched and upper protective NiO layers. Taking
the FePt/NiO bilayers as a reference, the low-angle 111 peak
corresponds to the sandwiched NiO spacer. The nearly same 26
position indicates that the sandwiched NiO spacer experiences
almost same strain as that in bilayers, and this strain as reported
from our previous work [24] will be an in-plane anisotropic
strain. On the other hand, an out-of-plane compressive strain
could result in the XRD peak shift to a high-angle site. The
peak shift of the NiO protective layer indicates a compressive
strain in the film normal direction. Since the natural exchange
striction leads to a compressive strain along the (111) direction
[26], the NiO protective layer should favor a [111] stacking
direction. Consequently, the NiO easy plane will be coplanar
with the (111) interface, possessing a fairly low in-plane
anisotropy [25]. In consideration of low in-plane anisotropy
and free upper surface, the influence of the protective NiO
layer on the adjacent FePt layer should be negligible small.
Moreover, besides all the peaks discussed above, an additional
FePt 111 peak can also be observed in both trilayers. It seems
that other than the bottom FePt layer, the top FePt follows the
same crystallographic orientation with the sandwiched NiO
spacer, i.e., the (111) texture for the upper FePt layer.

To understand the in-plane orientations of the two FePt
layers in the FePto,p/NiO/FePty, trilayer structure, the XRD
180° ¢ scans were carried out. The ¢-scan plots for the {113}
family of FePtoo, and the {113} family of FePty, are shown
in Fig. 2(b). It is seen that two symmetrical peaks from the
FePtoop {113} reflections are located at same ¢ angle as the
MgO {113} reflections, suggesting the bottom FePt layer well
epitaxially grown on the MgO(001) substrate. Due to the weak
signal from the NiO spacer, the in-plane orientations of NiO
could not be obtained by ¢ scans. However, from our pervious
study on FePt/NiO bilayers [24], it was shown that the
NiO(111) layer exhibits an in-plane 12-fold symmetry [the
inset of Fig. 2(b)] and the growth relationship between FePt
and NiO is determined as FePt(001) // NiO(1 1 1); FePt[110]
// NiO[110]. For such epitaxial relationship, an in-plane
anisotropic strain will be induced, giving rise to a [11 1] NiO
stacking direction. As a consequence, the Fe and Ni spins
should be orthogonally coupled. As shown in the top panel
of Fig. 2(b), the Al-disordered FePt layer exhibits 6 peaks
with an azimuthal interval of 30°, indicating in plane 12-fold
symmetry. These results show that the top FePt layer follows
the same epitaxial relationship as the NiO spacer. Finally,
the entire epitaxial relationship in the FePto,,/NiO/FePty,
trilayer structure is established as follows: MgO(001) //
FePtoop(001) // NiO(111) // FePyy(111); MgO[110] //
FePt[110] // NiO[110] // FePt[110].

B. Induced in-plane anisotropy of the Al-disordered FePt layer
in FePto,, /NiO/FePty, trilayers through field cooling

On the basis of the 90° spin configuration between
the two FM layers in the FePto,,/NiO/FePty, trilayers,
the influence of the AFM spin alignment of NiO on the
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FIG. 3. In-plane hysteresis loops of FePty,(3.5 nm)/NiO(4 nm)/
FePt;p(3.5 nm) (S4) trilayers (a) before, and (b) after in-plane FC. The
FC was performed with the external field along the MgO [100] axis
and measurements were conducted with the field along the bottom
FePt layer [100] and [010] axes, respectively. The inset shows the
measurement geometry, in which the angle o denotes the angle
between magnetic field and the MgO [100] axis in the film plane.

in-plane anisotropy of the top Al-disordered FePt has been
subsequently studied. Figure 3(a) shows the in-plane hysteresis
loops of FePty,/NiO/FePty, trilayers. The magnetic field was
applied along the MgO [100] and [010] axes, respectively.
It is worth mentioning that the fcc CoPt possesses a cubic
magnetocrystalline anisotropy with the easy axis along the
(111) directions and its value [27] is K, ~ 6 x 10° ergs/cm?;
a similar value is expected in the case of disordered FePt
[28]. The typical square easy axis loops with nearly the
same remanent magnetization are observed in two orthog-
onal measuring directions, indicating that both the bottom
FePt(001) and top FePt(111) layer possess magnetic isotropy
along these two directions. It is well accepted that the FC
treatment could modify the AFM spin structure [19]. The
experimental evidence shows that, for MgO(001)/CoO/Fe
bilayers, in-plane uniaxial magnetic anisotropy in the Fe layer
can be induced by FC treatment [12,29]. However, due to
the weak NiO anisotropy in the (111) plane [25,30], there
is no significant change to the hysteresis loop after in-plane
FC with the field along the MgO [100] axis, especially
for the remanent magnetization as shown in Fig. 3(b). The
almost 100% remanent magnetization in both hysteresis loops
strongly suggests that at two FePt/NiO interfaces, the FM-
AFM coupling should be of the same type, i.e., either collinear
or orthogonal coupling. Since the layer thickness of the NiO
spacer is thinner than 6 nm, no exchange bias exists in this work
[31]. Besides, among hysteresis loops in Fig. 3(a) the slight
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coercive field differences may also be concerned. Generally,
in FM/AFM bilayers the enhancement of coercive field can
be understood as originating from coupling at the FM/AFM
interface with rotatable AFM spins [32]. The winding and
unwinding of the AFM NiO domain walls [10] during the FePt
magnetic switching process may account for these differences,
but the discussion is beyond the scope of this work.

To investigate the influence of the NiO spacer on the
hysteresis behavior of the FePt layer in FM/AFM/FM trilayers,
a particular case is the structure with 90° spin alignment
configuration between the two FM layers as mentioned
above. In FePtoo,/NiO/FePty, trilayers, to distinguish the
magnetization of the bottom and top FePt layers from the
hysteresis loop measurement, a relatively small magnetic field
of 850 Oe was applied to saturate the top Al-disordered FePt
layer, whereas the magnetization contribution from bottom
L1y-ordered FePt layer is fairly small because of the strong
perpendicular magnetic anisotropy. By using this approach,
the in-plane hysteresis loops of the top FePt layer can be
obtained as shown in Fig. 4. For as-grown trilayers, along
both in-plane directions of measurement, the hysteresis loops
exhibit a remanent magnetization of almost 100% with same
coercive field in Fig. 4(a). After FC with the field along the
MgO [100] axis, a different hysteresis behavior appears, which
is not observed in the case of FePty, /NiO/FePrty, trilayers. For
the magnetic field along the MgO [100] axis, the remanent
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FIG. 4. In-plane hysteresis loops of the top Al-disordered FePt
layer in FePtop(4.5 nm)/NiO(4 nm) /FePt;, (3.5 nm) (S3) trilayers (a)
before, (b) after in-plane FC with the field along the MgO [100] axis,
and (c) subsequent out-of-plane FC with the field along the MgO
[001] axis. The measurements were conducted with the field along
the MgO [100] and [010] axes, respectively. In this small magnetic
field range, due to the strong perpendicular magnetic anisotropy, the
magnetization contribution from the bottom ordered FePt layer is
negligible.
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magnetization is reduced to 72% with enlarged coercive field
of 182 Oe, while for its orthogonal direction, an even smaller
remanent magnetization of 60% and a reduced coercive field
of 130 Oe are observed as shown in Fig. 4(b). These results
show clearly that the modification of AFM spin structure
through in-plane FC induces in-plane magnetic anisotropy in
the Al-disordered FePt layer. By subsequently performing an
out-of-plane FC, the hysteresis loops for both two directions
recover to the square easy axis loops as shown in Fig. 4(c),
which are the same as the loops of the as-grown top FePt layer.
Since the FM/AFM interface conditions including roughness
and defects determine the types of interfacial coupling [33,34],
the recovery of hysteresis loops after out-of-plane FC indicates
that the heating process during FC will not give a significant
consequence on the FM/AFM interface; namely, it will
not affect the FM-AFM interfacial coupling. To clarify the
mechanism of this induced in-plane anisotropy in Fig. 4(b),
the configuration of the FM-AFM interfacial coupling must
be understood. Based on careful structural characterization
and previously reported work [24,35], the in-plane anisotropic
strain in NiO should lead to the out-of-plane [1 1 1] stacking
direction being favorable, forming a compensated AFM
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interface. Since the AFM spins are antiparallel to each other at
the compensated interface, the FM spins rotate in order to form
an energetically favorable FM-AFM coupling configuration.
As a result, the Fe spins in the top and bottom FePt layers
are perpendicular to the Ni spins, lying in the film plane and
film normal plane, respectively. However, in such coupling
configuration, if the angle between FM and AFM spins is
exactly 90°, the out-of-plane magnetization of Fe in the bottom
FePt layer has no effect on the in-plane anisotropy of the top
FePt layer. This is understood as the bottom FePt layer not
being able to provide extra pinning for the in-plane rotation of
Ni spins. Thus, results similar to those in Fig. 3(b) should be
expected.

From our previous work, we have shown experimental
evidence that at the compensated AFM interface for the
spin-flop coupling configuration the angle between FM and
AFM spins may not be exactly 90° [24]. In fact, such spin
flop has already been predicted from theoretical calculation. A
more detailed description is that at the fully compensated AFM
interface, the competing interfacial and antiferromagnetic
energy results in the AFM spins deviate slightly from its
easy axis to generate a net magnetic moment. Consequently,
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FIG. 5. (a) Schematic drawing of spins canting in the FePto(,p(OOl)/NiO(T 11) bilayers; the dashed blue and green arrows correspond
to the FM and AFM spins, respectively. Nonzero S presents the small deviation angle of Ni spins away from the (111) easy plane. The
inset shows the spin-flop coupling configuration, where the deviation of the FM-AFM coupling angle from 90° is somewhat exaggerated.
(b) The proposed in-plane projection of the net magnetic moment generated from the AFM spin canting before and after in-plane FC.
After FC, the in-plane components tend to be along the two easy axes, which are close to the direction of the field during FC. (c) The
remanent magnetization (square symbol) and coercive field (triangle symbol) versus measuring angle « for top Al-disordered FePt layer in
FePtoop (4.5 nm)/NiO(2 nm) /FePt;, (3.5 nm) (S2) trilayers. o denotes the angle between the measurement direction and the direction of the field

during in-plane FC (MgO [100] direction).
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the FM spin aligns antiparallel to this induced moment,
orienting perpendicular to AFM easy axis as shown in the
inset of Fig. 5(a) [6-8]. For FePto,,/NiO bilayers, due to
this spin-flop coupling, the out-of-plane magnetization of
Fe leads to a slightly slanted Ni spin at the interface off
the (111) easy plane as shown in Fig. 5(a) (green arrows)
[24]. Correspondingly, the Fe magnetization will also deviate
slightly from the film normal direction. Following the idea
of FM and AFM spin alignment in the spin-flop coupling
configuration as given above, it will provide an extra pinning
effect on the in-plane rotation of AFM spins around the axis
perpendicular to the film plane, because of the spins canted
off the (111) easy plane that has relative high anisotropy
energy [36]. For FePto,, /NiO/FePty, trilayers, itis reasonable
to assume the same FM-AFM coupling configuration as in
FePtoop/NiO bilayers. In this case, the in-plane FC may
enhance the coupling at the NiO/FePty, interface, canting the
AFM spins to be closer to the (1 1 1) NiO plane. As aresult, the
increased in-plane component of Ni spins and the extra pinning
provided by the out-of-plane aligned Fe spins will make the
rotation of in-plane Fe spins difficult in the top A 1-disordered
FePt layer. This effect cannot be expected by the exact 90°
FM-AFM coupling configuration.

To further understand the FC-induced in-plane anisotropy
in the top FePt layer, we investigated the angular dependence of
the remanent magnetization of the top FePt layer, as shown in
Fig. 5(c). Here, « refers to the angle between the direction
of the measurement and the applied field during in-plane
FC. In order to enhance the pinning from the bottom FePt
layer and avoid the formation of a spiral domain wall in
NiO, we decreased the NiO spacer thickness to 2 nm. It
is known that the magnetic ordering temperature of AFM
thin films strongly decreases as the film thickness decreases
[37,38]. In the case of the NiO thin film, the Néel temperature
going from 520 K for the bulk to 295 K for a 5 monolayer
film has been reported [39]. Therefore, the NiO spacer of
2 nm used in this work should keep the AFM order at
RT. In addition, the measurement sequence was randomly
arranged to eliminate the contribution from a possible training
effect. As seen in Fig. 5(c), with increasing angle o, both
remanent magnetization and coercive field show a strong
tendency to decrease, indicating the in-plane anisotropy of
top FePt layer. Then the data were quantitatively analyzed.
For the spin-flop coupling configuration, as explained in last
paragraph, the induced in-plane anisotropy in the top FePt layer
is mainly related to the projection of net magnetic moment
generated from AFM spins. In the following, we will focus
on this in-plane component. Since the growth structure of the
NiO spacer shows 12-fold symmetry around the film normal
direction, 12 equivalent in-plane components of the AFM net
moment can be expected, which are generated by the spin
canting. Such magnetization components are perpendicular to
one of six easy axes in the NiO(1 1 1) plane. The idea is that the
in-plane FC could induce a modification of Ni spin structure
[21], leading to those 12 components tending to be along two
directions (stable contribution), which are close to the direction
of the field during FC as shown in Fig. 5(b). Meanwhile, the
enhanced coupling at the upper interface results in an increase
of the in-plane component of Ni spin as discussed above.
Due to the thermal fluctuation at RT, in other words, unstable
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AFM order, another contribution from randomly distributed
in-plane components (unstable contribution) should also exist.
This contribution resembles the case of uniaxial FM film with
its easy axis randomly distributed in the film plane. Based on
this idea, the remanent magnetization of the top FePt layer
should follow the expression

2 (2
=2

CI T 7 1
+§s|:COS(C(_€)+COS<a+g)i|’ 6]

where I, and I; are the remanent magnetization and saturation
magnetization, respectively; « denotes the angle between the
direction of the measurement and the field during in-plane FC;
b and c are the portions of stable and unstable contributions,
respectively. By fitting the data in Fig. 5(c) (square symbol),
the b and c values obtained from data fitting are 90% and
11%, respectively. As shown in Fig. 5(c), Eq. (1) well fits the
experimental data, which exhibit a clear angular dependence
with respect to the measuring direction. Then, we conclude
that the roles of the in-plane field on the NiO spin structure
are the enhancement of coupling at the upper interface and
realignment of the Ni spin in-plane component.

I, I; cosada

C. Stripe domain evolution of the L1j-ordered FePt layer in
FePtqop /NiO/FePty, trilayers after field cooling

The magnetic domain structure of FePtoq(4.5 nm)/NiO
(4nm) bilayers and FePtoop(4.5 nm)/NiO(4 nm)/FePty,
(3.5nm) trilayers was studied by magnetic force microscopy

FIG. 6. Magnetic domain structure at remanence in (a) FeP
toop(4.5nm)/NiO(4nm) (S1) bilayers, (b) FePtgp(4.5nm)/NiO

(4nm)/FePty,(3.5nm) (S3) trilayers. (c) Image of FePto,
(4.5 nm)/NiO(4 nm)/FePt;,(3.5 nm) trilayers after in-plane FC. (d)
Rotating the scanning direction of (c¢) around film normal direction
by 90°. All images are 5 x 5 um.
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(MFM) at RT. For FePto,,/NiO/FeP, trilayers, the in-plane
magnetization of the ultrathin top FePt layer generates a fairly
weak stray field, which is hardly detected by the magnetized
tip. Thus, it is reasonable to expect that the observed domain
structures should be from the bottom FePt layer. As shown
in Fig. 6(a), the FePtoop/NiO bilayers exhibit stripe domain
structure with random alignment. With the deposition of the
top Al-disordered FePt layer, no significant change can be
observed unless there is a minute reduction of the stripe
width from approximately 147 nm to 134 nm [Fig. 6(b)]. To
study the effect of the modification of AFM spin structure
on the domain structure, we performed in-plane FC on the
sample of S3. Note that the FC temperature (525 K) is well
below the reported Curie temperature (700 K) of partially
ordered FePt film [40]. Thus, the FC treatment itself should
have no effect on domain structure of the bottom FePt layer.
Figure 6(c) shows the domain structure of the bottom FePt
layer in FePtoop/NiO/FePty, trilayers after in-plane FC. It
is clearly seen that the stripes tend to be parallel to the
direction of the field during FC. After rotating the scanning
direction around the MgO [001] axis by 90°, the alignment of
the stripe domain also changes its direction by 90°, which
is a strong indication that the Fe magnetization slightly
deviates from the film normal direction. Moreover, comparing
with the as-grown FePto,,/NiO/FePty, trilayers, the stripe
width reduces to an even smaller value (107 nm). Taking
into account the FM-AFM spin-flop coupling configuration
as mentioned above, the observed decrease of the stripe
width can be well explained. For sample S3, the in-plane
Fe magnetization in the top FePt layer aligns the AFM spin
of NiO slightly closer to the film plane. Consequently, the
in-plane component of the net magnetic moment generated
from AFM spins will be enhanced. It is known that the reduced
stripe domain width can be attributed to reduced perpendicular
magnetic anisotropy [41]. Therefore, compared with the case
of FePto,p/NiO bilayers, the reduction of the stripe width in
FePtoop /NiO/FePty, trilayers is not surprising. As discussed
in the proceeding section, the in-plane FC could result in a
further enhancement of the NiO spin in-plane component. This
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explains why the modification of the AFM spin structure in
the NiO spacer through the in-plane FC could affect the stripe
width in the bottom FePt layer.

IV. CONCLUSIONS

We have studied the structural and magnetic properties of
the FePto,,/NiO/FePrty, trilayer structure, where the bottom
and top FePt layers are partially ordered and disordered, re-
spectively. Magnetic hysteresis loop measurements show that
the Fe magnetization in the top FePt layer is in the film plane,
while that in bottom layer is perpendicular to the film plane.
This feature gives rise to a 90° spin configuration between the
two FM layers, regardless of the NiO spacer. The key point of
this study is that by modifying the NiO spin structure through
FC we modulate the magnetic performance of the two FM
layers. For as-grown FePto,,/NiO/FePty, trilayers, the top
FePt layer exhibits an in-plane “isotropy.” However, after in-
plane FC, we find that the remanent magnetization depends on
the measuring angle relative to the direction of the field during
in-plane FC, which is an indication of in-plane anisotropy.
Realizing the effect on the top FePt layer, the bottom FePt
layer was further studied by magnetic domain imaging. After
in-plane FC, the stripe domain shows realignment and tends
to be parallel to the direction of the applied field during
FC, confirming the existence of small deviating angle of
Fe magnetization from the film normal direction, while a
reduction of stripe width can also be observed. In consideration
of the FM-AFM interaction, the interesting results observed
in this work can be well explained by the spin-flop coupling
configuration, in which the angle between the FM and AFM
spins is not exactly 90°. Furthermore, this study may provide
a method to induce magnetic anisotropy in the FM/AFM/FM
sandwiched structure.
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