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Abstract: Antiferromagnetic/ferromagnetic (AF/F) systems have been extensively investigated due
to the importance that interfacial exchange coupling effects have in the development of magnetic
storage technologies. Recently, these systems have garnered interest for the potential they have to
imprint the magnetic moments of the AF into an F layer, offering the possibility of using it as a
read-out mechanism in antiferromagnetic spintronics. In this study, we explored the importance of
crystalline orientation and strains induced by the substrate in the exchange coupling properties of
NiO/FeCo AF/F bilayers. For that, we have grown NiO/FeCo bilayers on MgO (001) and Al,O3
(0001) substrates varying the FeCo layer thickness. In addition, we have analyzed both deposited
samples and those with induced interfacial unidirectional anisotropy. For inducing such interfacial
anisotropy, we used a field cooling procedure, heating the bilayers to 650 K and subsequently cooling
down to room temperature under the presence of an external magnetic field of 300 mT. We have
investigated the effect of the substrate in terms of crystalline orientation and lattice mismatching on
the AF/F exchange coupling as well as the dependence of the coercivity and exchange bias on the
inverse F layer thickness that is consistent with the interfacial origin of the AF/F exchange coupling.
Moreover, the angular dependence of the magnetic properties was explored by using vectorial Kerr
magnetometry, confirming the presence of both magnetocrystalline anisotropy, arising from the
epitaxial character of the growing process mainly when the bilayer is grown on MgO (001) substrates,
and the field cooling (FC)-induced unidirectional anisotropy.

Keywords: antiferromagnetic; exchange-coupling; NiO; epitaxial films

1. Introduction

Antiferromagnetic materials (AFMs) have recently attracted attention due to their
potential application as the active element for spintronic applications [1,2], hence being a
potential substitute for ferromagnetic materials (FMs) in the next generation of spintronic
devices due to their potentially unmatched characteristics. AFMs present two or more
ordered but opposed magnetic sublattices, resulting in zero net magnetization. This makes
them insensitive to external magnetic fields, allowing them to exhibit domains with different
spin orders that are robust against external magnetic perturbations. They can achieve high-
frequency spin transport dynamics with speeds reaching the THz domain [3]. Combined
with their ultra-low Gilbert damping [4], the absence of stray fields, and good spin current
conduction [5], they have become very promising materials for ultra-high-density magnetic
storage technologies or ultrafast switching applications.
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Antiferromagnetic/ferromagnetic (AF/F) bilayers have attracted special interest in the
last decades due to their impact on spintronic applications. The exchange coupling effects
at the interface between an antiferromagnet and a ferromagnet [6,7] are currently exploited
in ferromagnetic spin valves. These devices comprise a pair of fixed and free ferromagnetic
layers and they are the basis of commercial magnetic field sensors and magnetic random-
access memories (MRAMSs) [8]. In this arrangement, the antiferromagnetic moments are
assumed to be fixed, and the antiferromagnet plays only a passive supporting role in
the spintronic device. Through exchange coupling, the antiferromagnet enhances the
magnetic hardness of the fixed reference layer. Another recent approach to AF/F systems
occurs when a thin FM is coupled to a much thicker epitaxial AFM to operate as a readout
mechanism for antiferromagnetic spintronic [9].

Apart from artificial antiferromagnets, nickel oxide (NiO) is one of the AFMs that are
attracting recent interest for room-temperature applications, for example, in spintronic-
based broadband THz emission [10]. NiO is an exemplary Mott insulator with a cubic
rock-salt-phase structure above the Néel temperature (Tyy = 523 K) that has a very complex
domain structure including twin and spin domains and double domain walls, whose sizes
depend on deposition conditions [11,12]. The atomic planes of Ni** ions with opposite
spins are arranged in alternating order along the (111) direction, and this can introduce a
slight rhombohedral distortion in the crystal structure [13].

NiO thin films can be grown epitaxially on oxide single-crystal substrates. The com-
mon rock-salt structure with a similar lattice constant of MgO and NiO (i.e., lattice mis-
match < 1%) turns MgO into an ideal substrate for cube-on-cube epitaxial growth [14]. NiO
(111) thin films can be grown on Al;O3 (0001) substrates, in which a biepitaxial growth with
two types of domains rotated 60° has been observed [15,16]. The crystalline orientation
and the strain induced by the epitaxial growth on both kinds of substrate are important to
determine the AF character of NiO. The importance of NiO crystal orientation on the effi-
ciency of generating THz spin-currents in the NiO/Pt system was recently demonstrated,
resulting in a dependence on the orientation and thickness of the AF films [10].

In this work, we focus our study on the effects induced by the substrate on the
exchange coupling properties of epitaxial NiO/FeCo bilayers deposited on both MgO (001)
and Al,O3 (0001) substrates. Among the 3d ferromagnets with a BCC structure, FeCo
was chosen as the F layer because of its soft magnetic behavior with the highest magnetic
moment [17]. Most of the works on metallic NiO/F hybrid systems are concentrated on
Fe and permalloy [18-20] as the F layer. NiO/Fe is studied as a model system since Fe
can grow epitaxially on NiO (001) and most of the works are focused on the NiO/Fe
interface [18,19]. In this case, the AF spins are rotatable following the orientation of the Fe
spins [19]. In the case of NiO/Fe(Nigg, dynamic properties and the effects on non-collinear
anisotropies induced in the system have been studied, mainly in polycrystalline layers [20].
However, exchange coupling studies on NiO/FeCo heterostructures are scarce [21]. The use
of FeCo as an F layer in the exchange-coupled AF/F systems could offer some advantages
for exchange-coupled-based devices related to its high magnetic moment but also due to
its low coercive field. Although the latter is greater than that of permalloy, due to its large
magnetocrystalline anisotropy constant and higher magnetostrictive coefficient, it can be
tailored by deposition conditions [17].

Related to the growth of FeCo thin films on MgO (001), it is established that FeCo can
grow epitaxially on MgO (001) substrates with a 45° rotation between the FeCo and MgO
crystal lattices [22,23]. Several bilayers with different FeCo thicknesses were fabricated
and characterized, structurally and magnetically, by X-ray diffraction (XRD), Rutherford
Backscattering Spectrometry (RBS), Raman spectroscopy, and vectorial Kerr magnetometry
(v-MOKE). The latter was used to obtain the angular dependence of the exchange bias,
remanence, and coercivity both, as deposited samples and those obtained after the field-
cooling process (FC).
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2. Materials and Methods

NiO (AF)/ FeCo (F) bilayers were deposited on MgO (001) and Al,O3 (0001) sub-
strates by ion beam sputtering using Ar* ions from a 3 cm Kaufmann-type ion source in
a vacuum chamber with a base pressure of 2 x 107> Pa. NiO thin films were obtained
from a pure nickel (99.99%) target in a controlled atmosphere of oxygen and argon with
P(Ar) = 1.4 x 1072 Pa and P(O,) ranging from 0.9 to 2.7 x 102 Pa. The substrate tem-
perature during NiO deposition was maintained at 500 °C and the sputter ion energy
and current density were 650 eV and 1.1 mA/cm?. Subsequently, FeCo thin films with
thicknesses ranging between 1.5 and 16 nm were obtained from a 99.99% pure FeCo target
in an Ar atmosphere with P(Ar) =1.4 x 1072 Pa and 200 °C substrate temperature. In this
case, the sputter ion energy and current density were 550 eV and 0.8 mA /cm?, respectively.
The substrates were rotated at 2 rpm to increase the homogeneity of the deposited material.
In all the cases, a 2 nm Al capping layer was deposited on top of the F layer to prevent
oxidation for ex situ studies.

The crystal structure and texture of the different films were analyzed by X-ray diffrac-
tion (XRD) in a /26 configuration using a Bruker D8 Discover (Karlsruhe, Germany)
system with Cu-Ka radiation.

The in-depth composition and thickness of the different layers were determined by
Rutherford Backscattering Spectrometry (RBS) at the CMAM 5 MV tandem accelerator
using He" at 1.8 and 3.045 MeV. A silicon barrier detector, at a scattering angle of 170.5°,
measured the backscattering ions while a 3-axis goniometer was employed to control the
crystal position [24]. The distribution and quantification of the various elements of the
different layers of the heterostructures were determined with the SIMNRA simulation soft-
ware 7.02 package. The thicknesses of the different layers are measured during deposition
by a quartz crystal microbalance, while RBS was also employed to accurately determine
the thickness of the different layers by using a mass density of 6.67 and 8.40 g/cm? for NiO
and FeCo films. Figure S1, in Supplementary Materials, shows the RBS spectra and the
SIMNRA simulation of 3 NiO/FeCo bilayers grown on MgO (001) substrates with a FeCo
thickness of 3, 8, and 16 nm as determined by the microbalance, which is in good agreement
with the values obtained in the simulation, i.e., 2.8, 8.0, and 16.5 nm. These results are also
shown in Table S1 at the Supplementary Materials. Table S1 also includes the thickness
of the corresponding AF NiO layers as well as the composition of FeCo and NiO layers.
The measurements were carried out in both random and channeling configurations. If the
film grows epitaxially and the direction of the incident *He* particles is aligned with a
high-symmetry direction of the crystal lattice, most of the incoming ions pass through the
channel provided by the empty space available within the crystal lattice and penetrate deep
into the material. The resultant decrease in the scattering yield is a measure of the epitaxial
quality of the films.

Confocal micro-Raman experiments were carried out on the AF/F bilayers. The
measurements were collected using a confocal Raman microscope (CRM) ALPHA 300RA,
WIlTec, Ulm, Germany at room temperature with an Nd:YAG linearly polarized laser
(532 nm). The Raman spectra were recorded in the range of 0-3600 cm !, using an objective
with a numerical aperture of 0.95 and a laser excitation power of 3.2 mW to avoid any
damage to the films. The Raman signal was collected from the confocal plane of the film
with the highest intensity, averaging several Raman spectra from different regions.

The angular dependence of magnetization was investigated at room temperature by
high-resolution vectorial-Kerr magneto-optical measurements (v-MOKE) in a longitudinal
configuration [25,26]. MOKE hysteresis loops were recorded by changing the in-plane
angular orientation of the sample, oy, keeping the external magnetic field direction fixed.
The angular orientation, ranging from 0 to 360c was probed at intervals off 9° with a
maximum applied magnetic field of 110 mT. The exchange bias is characterized by the
so-called exchange bias field, H,, defined as H, = (|H¢1|-|He2|)/2 where Hq and H, are
the coercive fields of the ascending and descending branches of the hysteresis loop. HE is a
measure of the hysteresis loop’s shift, the fingerprint of exchange bias phenomena. In this
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context, the coercive field is defined as H. = (|H,1| + |Hc2|)/2, encoding the absolute half
width of the loop at the crossing with a 0 magnetization axis, representing the standard
definition of the coercive field. A field heating/cooling procedure, FC, was performed
in vacuum at P ~ 10~* Pa by heating the system up to 650 K for 10 min, above the Neel
temperature of NiO, Ty = 525 K, and then cooling down to room temperature under the
presence of an external magnetic field of 300 mT. The field was applied at the easy axis of
the as-deposited bilayer previously measured by v-MOKE.

3. Results

Figure 1 shows the XRD pattern of a NiO/FeCo bilayer with a thickness of FeCo (dpeco)
of 16 nm grown on MgO (001) substrate (Figure 1a) and Al,O3 (0001) substrate (Figure 1c)
highlighting the diffraction peak of the FeCo layer in 0/20 configuration. The sketch of the
bilayer is included in Figure 1b. In Figure 1a, only two peaks can be distinguished in the
complete diffractogram. The most intense one at 43.0° corresponds to MgO (200), which
completely overlaps with the peak of the NiO (200) plane due to a very close mismatch
between both lattices and the peak at 64.2° corresponding to FeCo (200), which indicates
that the complete heterostructure grows in the (100) direction. The lattice parameter for the
FeCo layer, 0.290 nm, indicates that the FeCo layer grows 45° rotated with respect to the
NiO (100) layer to reduce the mismatch to —4.6%, in a similar way to the growth of FeCo
on MgO (001) substrates [22,23].

NiO (200) 4@@19 = 1
3 MgO (200) | . |Nio(111) | AlO;(0006)
3 ] iy 3
< - NiO (222)
2 FeCo (200) =
= eCo ( B FeCo (101)
< [
g =
£ Substrate:
Al,0;, (0001)
il MgO (100) oLl b 1oL .
30 40 50 60 70 80 \\\/ 30 40 50 60 70 8
20 (degrees) 20 (degrees)
(a) (b) (c)

Figure 1. XRD diffraction pattern of NiO/FeCo bilayer with dgec, = 16 nm on (a) MgO (001) and
(c) AlO3 (0001) substrates. (b) Heterostructure arrangement sketched.

Oriented NiO (111) thin films have been grown on c-cut Al,O3 substrates and the
corresponding diffractogram of the NiO/FeCo bilayer is shown in Figure 1c, in which an
intense peak is visible due to the Al,O3 (0006) diffraction plane as well as the NiO (111),
NiO (222), and FeCo (101) diffraction planes. The lattice mismatch between NiO films and
AlyOs substrate has been calculated following the well-known crystallographic orientation
relationships and the domain-matching epitaxy proposed by Lee et al. [15], who reported a
bi-epitaxial growth with both in-plane relationships: [110] NiO || [0110] Al;O3 and [112]
NiO || [2110] Al,O3. The mismatch value obtained by our NiO thin films, by using the
average lattice parameter obtained for all the samples, i.e., 0.422 nm, is 8.6%. We have
also obtained a lattice parameter of the FeCo layer of 0.287 nm. To calculate the lattice
mismatch of FeCo (110) with respect to NiO (111), we could assume a similar epitaxial
relationship to the ones already demonstrated [22,23] during the growth of FeCo(110) on
MgO (111) substrates based on the closest crystal structure and lattice parameter between
MgO and NiO. It is well established that FeCo (110) bcc thin films grow epitaxially on
MgO (111) substrates with two types of domains, Nishiyama-Wassermann domains and
Kurdjumov-Sachs domains, with the following relationship: [001] FeCo || [110] MgO
and [111] FeCo || [110] MgO [22,23], giving values for the lattice mismatch of —3.8% and
—16.7%, respectively, in our bilayers.
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The FC process used in this work by heating the bilayers up to 650 K in the presence
of a 300 mT magnetic field does not induce significant structural changes in the bilayers.
Figure S2, at Supplementary Materials, shows the XRD diffraction patterns of the NiO/FeCo
bilayer with dpeco = 3 nm before and after the FC process, showing any structural change
in terms of lattice parameter or crystalline orientation.

The XRD in the 6/26 configuration does not allow us to completely understand the
strains and disorder generated at the interfaces, so we have carried out RBS experiments in
a random/channeling configuration to clarify this point. Figure 2 shows the RBS spectra
on the random and channeling configuration for a NiO/FeCo bilayer with dpeco = 2.5 nm,
which was grown on MgO (001) substrate (Figure 2a) and on Al,O3 (0001) substrate
(Figure 2b). The RBS technique is generally used to determine the chemical composition,
thickness, and in-depth atomic distribution of the different elements present in the films;
however, it can also be used to explore the epitaxial nature of thin films and the disorder
generated at the interfaces. Comparing the curves on both heterostructures, it is clear that
the yield decreases in the channeling spectra when the (100) NiO-oriented film is aligned
with MgO (001) substrate and when the (111) NiO-oriented film is aligned with the Al,O3
(0001) substrate, confirming the single-orientation growth on both substrates.

| ——Random MgO (100) —— Random Al 0, (0001)
—— Channeling along (001) Channeling along (111)
simulated

simulated s
50 :
1 é ¢ Ini
.
¢

é ¢

® NiO/MgO Interface |

¢ ® FeColNiO Interface
X 20 24 i
deore (NM) i ‘G‘

»Mg_substrate

Al_capping J Co
1 Fe

300 600 900 1200 1500 300 600 900 1200 1500
Energy (KeV) Energy (KeV)

Figure 2. Random and (a) (001)-aligned RBS and (b) (111)-aligned RBS spectra NiO/FeCo bilayer
obtained with 4He+ ions at 1.8 MeV grown on MgO (001) and Al,O3 (0001) substrates, respectively.
The simulation with the SIMNRA program including the fitting signal for O, Ni, Fe, Co, Mg, and Al
is also included.

Intensity (a.u.) &
=
Intensity (a.u.) G

The ratio between yields of channeling and random spectra can be used as an indi-
cator of the epitaxial or crystalline quality of the deposited layers. The line shape of the
RBS/channeling spectrum can indicate the in-depth distribution of the density of defects or
the structural disorder in the layers. The RBS/channeling spectrum for the heterostructure
grown on MgO (001) substrate shows a yield ratio value at the MgO/NiO interface of
48%, significantly higher than those found near the NiO/FeCo interface, with a minimum
yield ratio of 38% indicating a disorder at the MgO/NiO interface generated by strains that
relax as the NiO layer is grown. In the inset of the figure, both yields as a function of the
FeCo thickness are shown. The minimum values for the smaller thickness of FeCo, i.e.,
Yield interface Nio/Mgo = 41% and Yield minimum Nio = 27% can be observed. Similar results
but with higher yield values have been obtained for the bilayer grown on Al,O3 substrate
(dpeco = 2.5 nm). In this case, the yield ratio at the AlO3/NiO interface reaches a high
value of up to 73% while the minimum value is as high as 50% in good agreement with
the highest mismatch between the NiO film and the substrate in this case. The relative
channeling at the FeCo layer increases, up to 46%, with respect to the minimum value at the
NiO/FeCo interface, i.e., 38%, for the MgO substrate. This fact is also observed in the case
of Al,O3 substrates, in which the yield at the FeCo layer is 63%, which is also higher than
the minimum value found at the NiO/FeCo interface, i.e., 50%. This could indicate similar
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strains generated during the growth of FeCo on Ni (200) and NiO (111)-oriented layers,
confirming the lattice mismatch values at the NiO/FeCo interfaces on both orientations.

In-depth elemental composition and thickness of the different NiO and FeCo layers
as well as the Al capping layer were determined by the simulation of the random spectra
in terms of O, Ni, Fe, Co, Mg, and Al signals, as shown in Figure 2. Signals for O, Ni, Al,
and Fe are included. The estimated composition and thickness for this particular bilayer is
Nig 48005 (d = 135 nm)/Fe 49Cop51 (d =2.5nm)/Aly50¢5 (d = 1.7 nm). Table S1, at the
Supplementary Materials, shows these results for other bilayers.

Raman spectroscopy has been widely used to analyze the structural and magnetic
characteristics of NiO thin films [27,28]. The active Raman modes of NiO films grown
on MgO (001) substrate, shown in Figure 3a as black circles, are in full agreement with
previous reports [27,28], confirming the generally good quality of the NiO films. The first-
order phonon modes, longitudinal optical (LO), 1P, and transverse optical (TO) are inactive
Raman modes in the perfect rock-salt-like structure but can appear due to the rhombohedral
lattice distortion and the presence of impurity atoms in the crystal lattice. Their intensity is
strongly dependent on the stoichiometric ratio in the lattice. The LO+TO and the 2LO(2P)
overtones are identified, as well as the two-magnon mode (2M). The 2LO (2P) Raman mode
at 1120 cm ™! can be attributed to strains in NiO films while the 2M band (2-magnon mode)
at about 1500 cm ™! is measurable as a fingerprint of AFM ordering [29-31] originated by
the interaction between neighboring (111) Ni*? planes. Comparing the Raman signal for
NiO on both substrates (Figure 3b), a different intensity ratio between the 2M band and the
2P band is noted, which is sensitive to the type of NiO domains that appear in the different
crystallographic orientations. Lower 2M /2P intensity for NiO (111) grown on Al,O3 (0001)
substrates than for NiO (200) grown on MgO (001) substrates is observed, which is in good
agreement with the results found for NiO (111) and NiO (100) single crystals [32].

(a) | 5 FeCo/NiO/MgO (100) (b)
73 . MgO (100)
[ % : eeco ] R
! " —_ Ll Y
_ AT V~¢M,.ﬂwdmwﬁwkm 5 e *,
S - ! 5nm & “an  Groco=1.5 nm
s 2 '
> A ' 3nm ‘0 i
c - €
*2 ) N\ ! 150m
— LO(1P) .
2LO(2P) ]
T0 LO+TO ! . . ; . .
900 1200 1500 1800 2100
Raman shift (cm™)
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Figure 3. (a) Raman spectra of NiO thin films as well as NiO/FeCo bilayers grown on MgO (100)
substrates with different FeCo thicknesses as labeled. (b) Raman spectra of NiO thin film (black
circles) and NiO/FeCo bilayer with dpec, = 1.5 nm (red circles) grown on MgO (100) and Al,O3
(0001) substrates.

Figure 3a also shows the dependence of the Raman active modes of the NiO/FeCo
bilayers grown on MgO (001) substrates varying the FeCo thickness. The LO, LO+TO, and
2LO Raman modes are clearly visible in all samples, even for the 8 nm FeCo thickness.
For the smallest thickness of the FM layer, i.e., dreco = 1.5 nm, a blue shift of 2M mode
can be observed along with an increase in its intensity for both substrates (Figure 3b). The
evolution of Raman shift and relative intensity of the 2M band has been studied on NiO
nanostructures and, in general, both blue shifts and intensity increases are explained by an
increase in AFM coupling via Ni-O super-exchange interaction. The light-induced spin—flip
interaction known as the next nearest neighboring (NNN) super-exchange interaction
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between the Ni?* ions in the linear atomic chains of alternating Ni** and O?~ ions (Ni**-
O?~-Ni?"), in which the oxygen ions are present in the linear atomic chain, mediates the
exchange in the NiO crystal lattice. When the crystal symmetry is reduced, the magnon
excitation decreases [28].

The 2M excitation is also altered by the FM thickness, which could be influenced by
the spin interaction induced by the F layer at the AF/F interface. In order to analyze the
intensity of the 2M mode with the FeCo thickness, Raman bands of the bilayers grown
on MgO (001) substrates, in which the 2M mode is more intense, were fitted using the
Lorentzian function, as is shown in the insets of Figure 4 for 2P and 2M modes. Figure 4
displays the relative intensity between 2M and 2P modes as a function of FeCo thickness
obtained from the fitting, showing an increase in the intensity 2M /2P ratio for the smallest
thickness as compared with the NiO film, as mentioned above, which decreases as the FeCo
thickness increases. This behavior can be an indication of the contribution of the interlayer
spins that can be pinned at the AF NiO, modifying the exchange interaction between
the Ni%* ions. In any case, to understand this evolution it is necessary to investigate the
exchange coupling between the AF and F layers, as we shall do below.

MgO (100)
1.5

] 7 N
0 L7 -¢.
b= r =~
E 10F droco= 15 0m \+
L ~
o \ - ~
N ] " I ~
S Grpco = 5 N "
N | ] '
0.5+ 900 1200 1500 1800 ~ <
Raman Shift {cm™) | + ' §
> .
Jeto 1200 1800 1800 b
Raman Shift (cm') 900 1200 1500 1600
Raman shift (cm™)
0.0 v t T T T T T T
0 2 4 6 8
dFeCo (nm)

Figure 4. Intensity of 2M/2P and area ratio as a function of FeCo thickness. In the inset, the fitting
with the Lorentzian functions of LO+TO, 2LO, and 2M Raman modes for NiO thin film (arrow and
symbols black) and for two NiO/FeCo bilayers with dpec, = 1.5 nm (arrow and symbols red) and
dreco = 5 nm (arrow and symbols magenta), respectively, is shown.

For the magnetic characterization, we focused on the study of the in-plane magnetic
anisotropy for the two bilayer types, using angular-dependent v-MOKE measurements in
longitudinal configuration. In this configuration, the external field is applied parallel to the
sample plane, and also parallel to the v-MOKE optical plane [25,26]. The magnetization
components provided by the vectorial magnetometer are the two in-plane components of
the magnetization, one parallel to the external field, and the other one perpendicular to it.
By applying an external field ramp from positive to negative values and back, we force the
system to reverse its magnetization, and the way this magnetization reverses comprises the
so-called reversal process, where both reversible and irreversible paths may appear. The
reversible and irreversible pathways of the reversal process manifest in the shape of the
curve of magnetization versus external field: the so-called hysteresis loops. Since we obtain
two of the magnetization components, we call these loops vectorial hysteresis loops. Each
one corresponds to the reversal pathways of the aforementioned components, from which
the different magnetic parameters (remanence, saturation, and transition or coercive fields,
for instance) can be extracted.
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The hysteresis loops are measured for the whole range (360°) of angles of the external
field with respect to the sample by rotating the sample around the polar axis (perpendicular
to the sample surface), and the evolution with the angle of the different parameters, i.e.,
the signature of the reversal process, reveals the magnetic symmetries of the system. In
Figure 5a,c, the coercive fields and exchange bias fields (Hc and HE, respectively) are
depicted as deposited and FC samples, while in Figure 5b,d they are depicted as the
corresponding remanences: in the upper plots (a and b) we see those for the bilayer grown
on MgO (001) substrate with dpeco = 3.0 nm and in the lower plots (c and d) those for the
bilayer grown on Al,O3 (0001) substrate with dpeco = 1.5 nm. Since MOKE magnetometry
does not provide an absolute value of the magnetization, remanence has been normalized
to the saturation magnetization for ease of interpretation. For the NiO/FeCo bilayer grown
on MgO (001) substrate, the 0° angle reference has been assigned to the external field
applied parallel to the (100) direction.

40 —e— as deposited
(@) “T,n. Mgo(roo) ¢ =i | (b) L ——:
° 09 " o
30 1 TR 135 s W 45
. o . J 0.84 J \. .
. *
= » . . 0.7 )
= 20 "‘..:.'”..'.o..:...“ooquQC". ‘ee >
(S . o . coge® =
~ .
T o0’ .-.c..o. = 06
O 10 =t m e ala -
=1 deposited
p'OHe . .0'0-0..00000.. : ::meF%osm 0.7 J
. e . 7
0 ..-o...:u.......,,,........:..:-....... 0.8+ . .,O‘. \'
o " 09 225 oo 315
7000 ...... i s = ==
-10 T T T T T T T 270
0 45 90 135 180 225 270 315 360
( ) In-plane angle (°) % —e— as deposited
C) 60 - (d) —e—with FC
® as deposited T T T
uDH: ’Alzos (0001) —e—with FC 08 135 . . 45
504, " A
". "“"'b ..y 0.6
40 Tea ® ,’{,}o. . .’ e
—_~ L3 -
= 30 "\...\. Id "% %ee o s !;‘ s 04 / A
£ \\:-‘ Pl ‘\.‘ oot s < 180 - -0
T 20 oe? vees”*’ = 04| :
* It o a5 deposied 06
104 pgH, eo®* essegae, e WIhFC A . ‘
0 l422%°" % & ooe 'q‘ 0.8 225 315
| nl. * .‘."Co"" Ry
104 c0ge® L2900 270

0 45 90 135 180 225 270 315 360
In-plane angle (°)

Figure 5. (a,c) Linear plot of the coercive and exchange bias field as a function of the in-plane
angle for NiO/FeCo (dpeco = 3 nm) grown on MgO (001) substrate and NiO/FeCo (dpeco = 1.5 nm)
grown on Al,O3 (0001) substrate. The dashed black lines are to clarify the evolution of H, and
H, separately. (b,d) Polar plots of M;/Ms for the bilayers grown on MgO (001) and Al,O3 (0001)
substrates, respectively.

We first examine the NiO/FeCo bilayer grown on MgO (001) substrate with dpeco = 3.0 nm.
This thickness has been chosen to completely saturate the magnetization at the largest field
available in our v-MOKE setup, i.e., 110 mT. For the as-deposited sample, while remanence
exhibits a four-fold symmetry, H; exhibits a two-fold symmetry. This is an indication of
coexistence/competition between biaxial anisotropy with a rather small contribution of
collinear uniaxial anisotropy. Since the remanence is measured in a reversible region of
the reversal process, it is sensible to the predominant magnetic anisotropy, while weaker
contributions may be obscured by this. On the other hand, the weaker uniaxial anisotropy
manifests more clearly in the irreversible region, where H¢ is measured. However, the
analysis of this kind of magnetic anisotropy competition is complex. A detailed model
system with competing anisotropies can be found in [33,34].

The origin of the predominant biaxial anisotropy of this bilayer can be straightfor-
wardly attributed to magnetocrystalline anisotropy induced on FeCo by the epitaxial
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growth of the NiO layer on the MgO (001) substrate. After the field cooling process in the
presence of the 300 mT applied field along the (100) direction, the uniaxial contribution
becomes larger and biased, as can be seen now even in the remanence (Figure 5b, red
circles), dominating the four-fold contribution. The exchange bias (EB) field, Hr, appears
with one-fold symmetry, as can be seen in Figure 5a, but preserves the axis direction of the
two-fold contribution. He is very low (=1 mT) and increases up to 7.8 mT after FC, showing
clearly the unidirectional anisotropy induced by the FC process. At 0°, the negative He
value indicates that the shift of the hysteresis loop takes place in the opposite direction
of the static magnetic field applied direction during the FC process, which is the typical
negative exchange bias effect [6]. The coercive field at the easy axis also increased consid-
erably after the FC process from 18.9 mT to 33.1 mT, showing again the strong uniaxial
anisotropy originated by the FC process that dominates the four-fold magnetocrystalline
anisotropy observed on the as-deposited bilayer. Interestingly, the coercive field behavior
radically changes in the FC sample with respect to the as-deposited one: while in the
as-deposited sample the Hc presents the maxima as large plateaus, typical of reversal
process based on nucleation of magnetic domains and domain wall propagation, i.e., prop-
agative process, in the FC sample they become stepped curves typical of the macrospin
reversal process or nucleative process. This is expected for magnetic nanoparticles, but it is
also reported for systems with extremely small magnetic domains. Indeed, this is also a
common situation for EB systems, and the behavior is well described in the framework of
the Stoner—-Wohlfarth model (SW) [35,36]. In other words, EB promotes smaller domain
sizes in the reversal process to such an extent that the behavior becomes SW-like. This
behavior in an extended system (i.e., not a nanoparticle), in which magnetic domains are
expected but whose behavior mimics that of a single particle or macrospin instead, is linked
to dynamical effects when nucleation is the dominant reversal process.

In the case of the bilayer grown on Al,O3; (0001) substrate corresponding to NiO
(111) orientation and with a dpeco = 1.5 nm, it is possible to observe two-fold magnetic
anisotropy both in the as-deposited bilayer and after the FC process applied along the easy
axis of the as-deposited bilayer. The angular dependences of the remanence and coercive
field for the as-deposited bilayer displayed in Figure 5c,d, showing the two-fold magnetic
anisotropy, are enhanced after the FC process along the easy axis of the as-deposited
bilayer, as expected. A two-fold behavior can also be observed in the exchange bias of
the as-deposited bilayer with a maximum value of 4.6 mT. This is not so common but it
has been observed in other AF/F bilayers, where the effect was related to microstructural,
morphological, and texture effects [6,37,38]. This value increases until 9 mT after the FC
process, which is significantly lower with respect to the value found in the bilayer grown on
MgO (001) substrate for the same FeCo thickness (dpeco = 1.5 nm) in which pgHe =20 mT.
Moreover, the magnetization was not completely saturated for the bilayer grown on the
MgO (001) substrate.

In order to emphasize the differences between both substrates, we have compared in
Figure 6 the magnetic properties of NiO/FeCo (dpeco = 5 nm) bilayers grown on MgO (001)
and Al,O3 (0001) substrates. Figure 6a—c shows the hysteresis loops at the easy axis before
and after FC, the angular dependence of the coercive field and the absolute value of the
exchange bias, and the longitudinal and transversal component of the magnetization at the
easy and hard axis after the FC process for the bilayer grown on MgO (001) substrate, while
Figure 6d—f shows the corresponding ones for the bilayer grown on Al,O3 (0001) substrate.
The in-plane hysteresis loop at the easy axis (e.a.) for the as-deposited bilayer grown on
MgO (001) substrate (black circles on Figure 6a), presents a complex shape at the transition,
probably originated by pining effects between ferromagnetic domains and the underlying
antiferromagnetic domain texture of the NiO, resulting in some domains pinned in one
direction and the others in the opposite direction. This effect was previously reported
for other AF/F systems as NiMn/Co bilayers [37]. After the FC process, the double loop
disappears (Figure 6a, red circles) due to the induced strong uniaxial anisotropy combined
with the increase in the coercive and exchange bias field. However, these effects are not
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observed in the bilayer grown on Al,O3 (0001) substrates in which the hysteresis loops
before and after FC (Figure 6d) are very similar, indicating the exchange coupling is larger
for the NiO (200) texture than the NiO (111) texture. Similar and unpredicted behavior,
assigned to the contribution of the interface roughness, has been observed on NiO/NiFe
bilayers since the spin structure of NiO (200) planes is predicted to be compensated while
the (111) planes are uncompensated [39].
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Figure 6. (a,d) Hysteresis loops at the easy axis of the NiO/FeCo (dgec, = 5 nm) bilayer as grown
(black circles) and after FC process (red circles), (b,e) polar plots of the coercive field (black circles)
and absolute value of exchange bias (red circles) after FC process and (c,f) hysteresis loop for the M
and the M| components as labeled on the magnetization at the easy axis (0° in-plane angle) and hard
axis (90° in-plane angle) after FC process of the bilayer grown on MgO (001) (¢) and Al,O3 (0001)
(f) substrates, respectively.

Polar plots of H, and the absolute value of He after the FC process for the bilayer
grown on MgO (001) and Al,O3 (0001) substrates are shown in Figure 6b,e, respectively,
emphasizing the aforementioned differences. For NiO/FeCo grown on MgO (001), the
polar plot of H; and the absolute value of He shows the same 2-fold symmetry with the
maximum values along the FC direction (100), i.e., 11.7 mT and 6.6 mT for ppH, and
uwoH,, respectively. However, the bilayer grown on the Al,O3 (0001) substrate shows an
asymmetric shape for H; and absolute values of He as low as 2 mT in the FC direction,
which is a similar value to the one found at the easy axis of the as-deposited bilayer.

In Figure 6¢,f, vectorial resolved hysteresis loops after FC are shown for 2 selected
directions: 0° and 90°. While at 0° the in-plane parallel component exhibits an almost
vertical irreversible transition for both substrates, at 90° the slope is softened, indicative
of a hard axis, confirming the symmetries. The perpendicular components also present
more abrupt transitions in the case of 0° than in the case of 90°. In all cases shown in
Figure 6¢,f, the perpendicular saturation (i.e., the perpendicular component of the in-
plane magnetization saturation vector, M | ) does not cross the horizontal axis, which is an
indication that the magnetization vector cannot fully reverse to the exact opposite direction
upon completely switching off the external field. This asymmetry is also a typical behavior



Crystals 2024, 14, 369

11 of 16

of EB systems. In addition, the M| value in the forward and backward branches of the loop
is not the same, resulting in an asymmetry of the total magnetization saturation (modulus
of the magnetization vector at saturation). This asymmetry arises from the net magnetic
moment being larger in the FC direction than in the other one, due to the contribution of
the AF uncompensated magnetic moments at the interface.

One important finding in exchange bias systems is that the exchange bias varies
approximately inversely with the thickness of the FM layer [6], a dependence that has
also been observed and predicted on the coercive field [40-42]. Figure 7a illustrates the
dependence of the coercive field in the as-deposited bilayer as a function of FeCo thickness
for the bilayers grown on both substrates, showing a rapid decrease in the coercive field
with thickness. A fit of this curve to an inverse function of the thickness is shown in
the inset of Figure 7a, resulting in straight lines in good agreement with the predicted
functional law, except for an unmatched point corresponding to the smaller thickness of
FeCo, i.e., 1.5 nm. The dependence of H, with the inverse of ferromagnetic layer thickness
has been predicted theoretically [40] and observed experimentally [41]. According to Tang
etal. [42], it is attributed to an interfacial effect due to induced anisotropies by the exchange
coupling. On the contrary, we have not found a dependence of the spontaneous exchange

bias with the FeCo thickness, keeping low exchange bias values for the bilayer grown on
both substrates (Figure 7b).
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Figure 7. (a) Dependence of the coercive as a function of FeCo thickness in the as-deposited bilayers
(inset versus inverse thickness) (b) Exchange bias as a function of thickness in the as-deposited
bilayers. Comparison of the coercive field (c) and the exchange field (d) for the as deposited and FC

bilayers. In the inset of (d), the expected dependence of He after FC with the inverse of thickness
is included.

The H. comparison between the as deposited bilayers and after the FC process is shown
on Figure 7c, in which an increase in the coercive field values after the FC process can
be observed in both substrates in correspondence with an increasing exchange coupling.
Finally, in Figure 7d the exchange bias field for the as-deposited and FC bilayers as a
function of FeCo thickness is shown, in which an important increment of the Hr after
the FC process is observed, which is significantly higher for the bilayers grown on MgO
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(001) substrates, i.e., FeCo deposited on NiO (200)-textured films. In the inset of Figure 7d,
the expected dependence of the exchange bias with the inverse of the FeCo thickness is
shown [6]: |
int
He Mrmdrm
where J;,;; is the unidirectional magnetic interface energy, and Mrys and dry are the magne-
tization and the thickness of the FM layer, respectively [6].

We can conclude that the exchange coupling is clearly enhanced on NiO (200)-texture
based-bilayers grown on MgO (001) substrates; even the NiO (200) shows a compensated
spin structure. This fact is also observed with small changes in the deposition condition of
the NiO layer.

In order to test this, we have grown NiO/FeCo bilayers with dpeco = 2.5 nm on MgO
(001) and Al,O3 (0001) substrates, by using different oxygen partial pressures for the NiO
layer, 2.8 x 102 Pa, which is the one used on the previous results, and 1.6 and 0.9 x 1072 Pa
to introduce oxygen vacancies to the NiO layer. To quantify the oxygen concentration in
the NiO layer, we have carried out RBS measurements with 3.045 MeV energy *He™ ions
that resonantly enhanced the scattering cross-section of oxygen atoms, as is represented
in Figure 8a. For the simulation, we used the ®O(*He,*He)!°O elastic-scattering cross-
sections reported by Demarche et al. [43]. The differences in oxygen content between
the different NiO layers remain in the detection error of the technique, where the same
oxygen composition for all the NiO layers is obtained, i.e., Nig48Oq 5, after simulation.
However, an enhanced coercivity can be observed when the NiO/FeCo bilayer grows
on the MgO (001) substrate, as the oxygen partial pressure decreases (Figure 8b) while
undetectable changes are observed when the bilayer grows on the Al,O3 (0001) substrate. In
Figure 8c,d, the hysteresis loops at the e.a. for the bilayers grown on MgO (001) and Al,O3
(0001) substrates, respectively, clearly show this result, again indicating a high exchange
coupling for NiO (200)-texture-based bilayers, but also that the exchange coupling could be

controlled by NiO deposition conditions, preferentially on this NiO orientation.
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Figure 8. (a) RBS spectrum of the NiO/FeCo bilayer grown on MgO (001) substrates with
dreco =2.5nm and P, = 2.8 x 1072 Pa obtained *He* ions with 3.045 MeV energy, and its sim-
ulation. (b) Dependence of the coercive and exchange bias fields as a function of oxygen partial
pressure; (c,d) hysteresis loops at the e.a. for the bilayers grown on MgO (001) and Al,O3 (0001)

substrates, respectively.
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4. Discussion

Different models have been proposed to explain the exchange coupling mechanism
in which the pinned interfacial spin at the AF/F interface and the AF domain wall and
interfacial coupling energies are the main factors. The interface roughness is also an
important parameter, although in most models its influence on the exchange bias is not
fully understood. Typically, quite flat interfaces of AF films result in a small exchange bias,
while rougher interfaces show an increased exchange bias; however, the opposite behavior
has also been reported [7]. Another factor that is not fully understood is the influence
of uncompensated spin at the AF/F interface, which depends on the texture of the AF
layer [7].

Here, one of the findings in the as-deposited bilayers is the increase in the coercive
field with the inverse of FeCo thickness. The slope of the curve is high when FeCo grows
on NiO (200)-textured surfaces as compared to when it grows on Ni (111)-textured surfaces
(Figure 7a). This behavior is expected when considering an exchange coupling located
at the interface, indicating higher exchange coupling on NiO (200) surfaces, a result that
is confirmed by the exchange bias values obtained after FC (Figure 7d) comparing both
NiO-texture-based bilayers. All the models predict that the interface coupling retrains
the motion of the magnetic domain boundaries and opposes the switching of the F layer,
increasing its coercivity. However, the exchange coupling on the spin-unbalanced NiO (111)
surface with respect to the balanced one, the NiO (200) surface, should be very different, but
the expected behavior is a higher exchange coupling for the bilayers grown on unbalanced
NiO (111) surfaces [44], contrary to our results. The higher exchange coupling observed
on NiO (200)-texture-based bilayers indicates that other contributions, apart from the spin
structure, are relevant in the exchange coupling. Such contribution could be, for instance,
interface roughness, interdiffusion, or formation of mixing phases at the interface. In
fact, Shen et al. [39] attribute the lower exchange coupling observed on NiO (111)/FeNi
bilayers with respect to NiO (200)/FeNi bilayers, similar to our results, to the interface
roughness. We have found higher lattice mismatch and higher disorder at the Al,O3
(0001)/NiO interface with respect to the ones at MgO (001)/NiO interface. However, we
do not have enough information about the NiO/FeCo interfaces and further studies need
to be conducted to fully understand the role of the structural quality of the NiO/FeCo
interface as well as its compositions in the exchange coupling. In this regard, the deviation
of the 1/tgy behavior of the coercive field for the as-deposited bilayer with the lowest FeCo
thickness, i.e., 1.5 nm, could also be related to morphological effects at the interface. For Fe
ultrathin films, when the Fe grains are not connected, Luches et al. [18] have reported a
non-ferromagnetic behavior [18]. However, since we have observed ferromagnetism for
all FeCo thicknesses, we expect to have a continuous FeCo layer even for the lowest FeCo
thickness. We suspect that other effects such as interface roughness or the contribution of a
partially oxidized interlayer, more important for the lowest thickness, are contributing to
the exchange coupling. Again, to confirm this, further studies about the composition and
quality of the interface need to be carried out.

The correlation of the 2M /2P Raman modes intensities, which decrease with the F
layer thickness in a similar trend as the coercive field and exchange bias after FC, indicates
that the super-exchange interaction of Ni?* ions in the linear atomic chains (Ni**-O%*"-
Ni?*) is modified by the pinned interfacial moments. This behavior, which has not been
previously reported, indicates that the Raman technique could be appropriated to explore
the exchange couplings in AF/F bilayers based on AFMs with active Raman bands.

Another question that needs to be addressed is the spontaneous exchange bias found
on some bilayers. In most of the AF/F systems, field cooling is essential to observe exchange
coupling and only a few systems having exchange bias without field cooling have been
reported [18,44]. This effect, which is not fully understood at this moment [18,44], is
attributed to microstructural and morphological properties or texture effects. In our case,
the spontaneous exchange bias does not seem to depend on the crystalline orientation of
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the NiO surface and on the thickness of the FeCo layer, which is deduced from the random
behavior of Hg as a function of the thickness of the FeCo layer (Figure 7b).

5. Conclusions

NiO/FeCo antiferromagnetic/ferromagnetic bilayers with FeCo thickness ranging
from 1.5 to 16 nm grown on MgO (001) and Al,O3 (0001) substrates have been studied in
this work. We have determined a highly oriented NiO layer depending on the substrate
used, i.e., NiO (200) and NiO (111) for MgO (001) and Al,O3 (0001) substrates, respectively,
but higher lattice mismatch and disorder are found at the Al,O3 (0001)/NiO interface.
High exchange coupling, in terms of high transition field and high exchange bias field after
FC, have been obtained for both NiO (200) and NiO (111)-based bilayers, indicating their
potential for spintronic applications. For the smaller FeCo thickness, i.e., 1.5 nm, coercive
values as high as 60 mT and 49 mT, and exchange bias field values as high as 20 mT and
9 mT have been found on the bilayers grown on MgO (001) and Al,O3 (0001) substrates,
respectively. The higher exchange coupling of NiO (200)-based bilayers with respect to the
NiO (111)-based bilayers is observed for all FeCo thicknesses. This unexpected behavior
due to the balanced NiO (200) surface with respect to the unbalanced NiO (111) needs
to be addressed in further works focused on structural and morphological studies of the
NiO/FeCo interfaces. In the as-deposited bilayers, the competition between magnetocrys-
talline anisotropy and unidirectional anisotropy due to AF/F exchange coupling can be
observed. After FC, the uniaxial contribution becomes larger, dominating the magnetocrys-
talline anisotropy. The expected reduction in the coercive field and exchange bias field
after FC with the thickness of the F layer, observed in the NiO/FeCo bilayers, seems to be
related to the behavior of the 2M /2P Raman mode intensity ratio with FeCo thickness.
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Thickness and composition of NiO and FeCo layers determined by RBS and SIMNRA simulation.;
Figure S2: XRD diffraction pattern of NiO/FeCo bilayer with dpec, = 3 nm on (a) MgO (001) and
(b) Al,O3 (0001) substrates before and after FC.
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