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Abstract: Perpendicular magnetic anisotropy at transition metal/oxide interfaces plays a signifi-
cant role in technological applications such as magnetic storage and spintronics. In this study, we
investigate the effects of thermal annealing and Pt ultrathin interlayers on the magnetic anisotropy
in Ni/NiO multilayers. Ni/NiO/Pt multilayers were fabricated via radiofrequency magnetron
sputtering and natural oxidation. The static magnetic properties of the samples were studied using
temperature-dependent SQUID magnetometry. We focus on a sample with a Nickel thickness of
6.7 nm in each multilayer period. This multilayer in Ni/NiO form showed the maximum enhance-
ment of perpendicular magnetic anisotropy after mild thermal annealing in past work. In this work,
we study the effects of ultrathin Pt interlayers on the magnetic properties of such a Ni/NiO multilayer
before and after annealing. We have observed a further increase in perpendicular magnetic anisotropy,
and we study the temperature-dependent magnetic properties of this system, which combines the
favorable magnetic properties of Ni/Pt and Ni/NiO multilayers.

Keywords: magnetic multilayers; magnetic anisotropy; growth; sputtering; transition metal oxides;
Ni; NiO; Pt

1. Introduction

The discovery of perpendicular magnetic anisotropy (PMA) in Co/Pd multilayers at
IBM laboratories [1] and significant magneto-optical Kerr rotation in similar systems [2]
brought multilayer films to the center of research interest for the construction of high-
density magnetic and magneto-optical recording media [3,4]. In a brief letter, Krishnan et al.
first reported the presence of perpendicular anisotropy in the Ni/Pt system developed
with e-beam evaporation [5]. Later, in 1997, Angelakeris et al. [6] and Shin et al. [7]
published articles on this system using films fabricated by e-beam evaporation and dc
magnetron sputtering, respectively. The first one described the magnetic and magneto-
optical properties of the system, while Shin focused only on magnetic properties.

The existence of enhanced magnetization due to spin-polarized platinum on the Ni/Pt
interface was later confirmed through X-ray magnetic circular dichroism experiments
(XMCD) [8]. Thus, the reported reduced magnetization in [7,9] seemed to be due to some
interdiffusion of nickel and platinum at the interface, as in the sputtering process, the
atoms have much larger kinetic energies than in e-beam evaporation [10]. An interesting
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observation in both works was that not only for thin nickel layers but also for very thin plat-
inum layers (platinum thickness tPt at about 0.3–0.4 nm) and relatively thicker nickel layers
(nickel thickness tNi at about 1.5 nm), Ni/Pt multilayers exhibited perpendicular magnetic
anisotropy [6,7]. Additionally, both works suggested that magnetoelastic anisotropy due
to strain is responsible for the appearance of perpendicular magnetic anisotropy in Ni/Pt
multilayers. Furthermore, Krishnan et al., in a previous work, showed that there is also a
contribution of surface anisotropy, KS, that was found for the first time to have a positive
sign (favoring PMA) in a Ni/Pt multilayer system deposited at 473 K and measured at
5 K [11].

On the one hand, magnetic multilayers with thin layers of metal oxides have gained
attention owing to the emergence of tunneling magnetoresistance phenomena [12,13].
Subsequently, these multilayers have been investigated for applications in recording media
and spintronics [14–16]. Of particular interest are multilayers featuring thin layers of oxides
derived from magnetic metals such as Ni and Co, as they have the capability to induce the
exchange bias phenomenon in both multilayers and films [17]. The latter can be strategically
applied in antiferromagnetic spintronics [18].

Thin nickel oxide layers, NiO, with a thickness of about 1 nm, can be obtained by
oxidizing metallic Ni under vacuum conditions and introducing either oxygen or air into
the chamber [19,20]. Experimental and theoretical works suggest that for metal/oxide
interfaces, PMA could be the result of electronic hybridization between the oxygen and
the magnetic transition metal orbits across the interface [21–23]. Additionally, Ni/NiO
multilayer films were developed with a tendency for perpendicular anisotropy and a KS
value of +0.11 erg/cm2 at room temperature and +0.135 erg/cm2 at 5 K [24]. Subsequently,
it was found that moderate annealing (around 500 K) helped to improve the perpendicu-
lar anisotropy in Ni/NiO multilayer films due to the partial recrystallization of initially
amorphous NiO layers [25]. This led to an increase in the magnetoelastic anisotropy of the
system, while the surface anisotropy remained almost the same [25].

Recently, studies on Co/CoO [26] and Ni0.9Co0.1/NiCoO [27] multilayers were carried
out, wherein loops of inverted hysteresis, exchange bias, and PMA were predominantly
observed at low temperatures. These characteristics render these systems interesting for in-
vestigations in antiferromagnetic spintronics. Moreover, multilayered films of Co/CoO/Pt
were studied, revealing the optimal combination of properties, including large coercive
fields, perpendicular anisotropy, and exchange bias [28]. NiO antiferromagnetic layers,
either as an insertion in a stack or in trilayer form, have attracted the interest of many
studies in ultrafast spintronics [29–31]. In a recent study, the role of a thin antiferromagnetic
NiO layer was examined as an intermediate in a trilayer with Ni/NiO/Pt form, and it
showed interesting results in transporting ultrafast spin currents [32]. Consequently, in
the present work, we deal with a case study of a Ni/NiO multilayer with intercalating
ultrathin Pt layers and report on temperature-dependent magnetic properties. Specifically,
we explore a multilayered Ni/NiO film with tNi = 6.7 nm and the addition of ultrathin Pt
interlayers, both before and after mild thermal annealing at 250 ◦C for 90 min. We report on
the multilayer structure, investigated by X-ray reflectivity (XRR) measurements before and
after thermal annealing. Finally, an extensive comparison of magnetic anisotropy values
between the two multilayers was conducted.

2. Materials and Methods

The high vacuum chamber where the deposition of the films took place had a base
pressure of 3 × 10−7 mbar. Thin Ni/NiO/Pt multilayers were grown on Si(001) and
Corning glass wafers by two radio-frequency (RF, the Torus 2 HV circular sputtering source
of Kurt J. Lesker Company, Jefferson Hills, PA, USA) magnetron sputtering heads. The
deposition was carried out under argon pressure, PAr = 3 × 10−3 mbar, and RF power
operating at 30 W for the Ni layers, and under argon pressure, PAr = 1 × 10−2 mbar, and
20 W for the Pt layers.
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The thickness of each metallic layer was measured in situ using a pre-calibrated
piezoelectric quartz balance system (Inficon XTM/2, Kurt J. Lesker Company, Jefferson
Hills, PA, USA) with an accuracy of ±0.1 nm. The thickness and layering quality of
multilayers were confirmed through the X-ray reflectivity (XRR) technique, showing good
agreement with the preset deposition time and desired thickness values. X-ray reflectivity
measurements were performed using a Bruker D8 diffractometer (Bruker, D8-Advance,
Karlsruhe, Germany) and focused Cu-Kα1 radiation (λ = 0.15418 nm). For the formation
of the NiO layer, we performed natural oxidation. With this method, after the deposition
of every Ni layer, a fine valve was opened to let air enter the chamber for approximately
one minute at a partial pressure of around 2.5 × 10−3 mbar. The Ni/NiO bilayer was then
formed, with the thickness of the saturated oxidized layer remaining constant at about
tNiO = 1.4 ± 0.2 nm [24]. A 5 nm Pt layer was deposited first on each substrate and finally,
on top of the sample to prevent oxidation after exposure to air serving as a buffer and
capping layer, respectively. This procedure was repeated n = 5 times, resulting in the
final composition of our multilayers: Pt/[Ni/NiO/Pt]n/Pt. The sample’s total thickness
was approximately 50 nm. We did not grow thicker multilayers since they generally
exhibit a higher density of defects [33]. A multilayered film with a precise composition
of Pt(5 nm)/[Ni(6.7 nm)/NiO(1.4 nm)/Pt(0.4 nm)]5/Pt(5 nm) was selected for magnetic
measurements. We have selected this value of tNi because the corresponding Ni/NiO
multilayer with similar tNi showed the best tendency for PMA after annealing [25]. On the
other hand, the choice of such thin Pt layers was based on the favorable development of
perpendicular anisotropy observed in the Ni/Pt system [6,7]. Finally, a 5 nm Pt capping
layer was deposited on top of the sample to prevent oxidation after exposure to air.

The magnetic properties of films were performed with a Quantum Design SQUID
VSM magnetometer (Quantum Design, Darmstadt, Germany) in applied fields of up
to 40 kOe in the temperature range of 4–300 K. The procedural protocol comprised an
initial field-cooling stage, the establishment of the temperature parameter, followed by the
execution of magnetic hysteresis loop cycles ranging from the positive maximum saturation
field to the negative maximum field and returning to the positive maximum field. This
approach ensures the elimination of any potential experimental errors that may impact the
magnetization reversal.

3. Results
3.1. Multilayer Structural Characterization

Figure 1 illustrates the XRR pattern of our multilayer in the as-deposited state,
Figure 1a, and after annealing in air at 250 ◦C for 90 min, Figure 1b. X-ray reflectivity
oscillations are evident for both samples, revealing well-defined interfaces and homoge-
neous film thickness. Given the diverse individual layer thicknesses within each sample,
distinguishing between the Bragg and Kiessig fringes [34] proves challenging, resulting
in an overlap between them. Consequently, to extract quantitative details regarding the
overall or specific layer thickness and the roughness of individual bilayers in our samples,
we conducted fits of the XRR patterns utilizing the GenX 3 software package [35]. The
thickness values obtained from the GenX fitting align closely with those presented in the
preceding section. Furthermore, these values exhibit satisfactory agreement with the indi-
cations of our pre-calibrated quartz balance system for the determination of growth rates
during deposition. The root-mean-square (RMS) roughness values for the Ni, Pt, and NiO
layers consistently remain below 1 nm (RMSNi = 0.3, RMSPt = 0.2, and RMSNiO = 0.7 nm,
respectively).

After annealing, we recorded again the XRR pattern of the sample. This pattern is
modified compared to the one in Figure 1a. The RMS roughness of the layers shows an
increase for all layers after annealing, approximately doubling. Specifically, the values
become 0.8 nm for Ni, 0.4 nm for Pt, and 1.4 nm for NiO. Overall, it appears that the
annealing process resulted in increased layer roughness for Ni/NiO/Pt multilayers and/or
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some interdiffusion. This suggests that the periodicity has slightly degraded during the
annealing procedure.
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Figure 1. XRR patterns for a Ni/NiO/Pt multilayer (data points) in (a) the as-deposited state and
(b) after annealing. The fitted patterns using the GenX code are also shown (continuous lines).

3.2. Multilayer Magnetic Characterization

Figure 2a presents the magnetization hysteresis loops under parallel and perpendic-
ularly applied magnetic fields at 300 K for the sample before annealing. In Figure 2b,
the hysteresis loops for 10 K are shown. The saturation magnetization MS is approxi-
mately MS = 426.6 emu/cm3-Ni. At 10 K, bulk Ni should possess a magnetization of
MNi = 510 emu/cm3 [36]. The decrease in the saturation magnetization value of our sam-
ple may be due to partial interdiffusion of Pt and Ni at the interface, which affects the
magnetization value [7–9]. Moreover, there is always an additional error of the order of
5–10%, mainly due to uncertainty in calculating the volume of magnetic layers. Overall,
this sample saturates easier in the film plane; thus, it shows in-plane anisotropy, and the
loops with the field applied along the film normal are typical hard-axis loops (Figure 2a).
At lower temperatures, the behavior slightly changes. At 10 K, the saturation of the longitu-
dinal loop is reached more gradually (Figure 2b). Moreover, both hysteresis loops show an
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increase in coercive field (Hc) and saturation magnetization in both applied fields parallel
and perpendicular to the film plane.
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Figure 2. In-plane and out-of-plane hysteresis curves of Ni/NiO/Pt multilayers in the as-deposited
state with SQUID magnetometry. Curves were measured (a) at T = 300 K and (b) at T = 10 K. The
insets are zoom-ins for better visibility.

In Figure 3a, we present the temperature-dependent saturation magnetization Ms(T).
One may assume that the Curie point of our multilayer with relatively thick nickel layers
should not be much smaller than that of bulk Nickel (approximately 627 K [36]). Moreover,
it is well known that up to about 30% of TC is in the spin-wave regime [36]. Then, one
may fit the temperature dependence of magnetization up to 200 K using the classical
Bloch’s law [36]:

M(T) = MS(0) × [1 − A × T3/2] (1)

where A is a constant that, for bulk Ni, has a value of 0.75 × 10−5 deg−3/2. The fitting in
Figure 3b gives for our film the value A = 2.5 × 10−5 deg−3/2, which is larger than the one
of bulk nickel and even slightly larger than the one for the multilayer 6 × Ni(7 nm)/NiO
(1.4 nm) in Ref. [24]. Multilayers’ temperature-dependent magnetizations always show a
larger value of A than bulk materials due to finite-size effects [37].
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Figure 3. Temperature dependence of saturation magnetization MS (right Y axis) and its normalized
value [MS(T)/MS(0)] (left Y axis), for the multilayer in the as-deposited state between 10–300 K. The
fitting process is based on Equation (1) and is depicted with a red dashed line.
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Figure 4 presents temperature-dependent remanence magnetization, MR, and the
coercive field, HC, for the as-deposited sample. As we have seen in Figure 2, the remanent
magnetization for the parallel field increases at room temperature. This is related to the
commonly observed effect of a uniaxial anisotropy, which decreases faster than the shape
anisotropy, as we will discuss below.
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Figure 4. (a) Temperature dependence of remanent magnetization, MR, in parallel and perpendicular
external fields for the Ni/NiO/Pt film before annealing. (The lines are provided as guides to the eye.)
(b) Temperature dependence of the coercive field, HC, in parallel and perpendicular external fields
for the Ni/NiO/Pt film before annealing.

The so-called effective anisotropy constant, Keff, is defined as the area between the
easy- and hard-magnetization axes Figure 4 presents temperature-dependent remanence
magnetization, MR, and the coercive field, HC for the as-deposited sample. As we have seen
in Figure 2, the remanent magnetization for the parallel field increases at room temperature.
This is related to the commonly observed effect of a uniaxial anisotropy which decreases
faster than the shape anisotropy, as we will discuss below.

The so-called effective anisotropy constant, Keff, is defined as the area between the
easy- and hard- magnetization axis [38]. This can be defined by the relationship:

Keff = Ku − 2πMs2 (2)

where the term 2πMs2 is the shape anisotropy of a thin film, and Ku is the first-order
uniaxial anisotropy constant, which is the dominant one in polycrystalline films due
to the cylindrical symmetry of the system (isotropic in the film plane). Ku includes all
contributions (magnetocrystalline, magnetoelastic, interfacial, and surface anisotropy), and
when it is positive, then it favors the perpendicular to the film plane direction to be an easy
magnetization axis. This property (PMA) is desirable for technological applications [39].
However, as shape anisotropy competes against uniaxial anisotropy, for the actual existence
of an out-of-plane easy magnetization axis, Keff should be positive too. Figure 5 presents
the evolution of the various anisotropy contributions as a function of temperature.

An interesting observation is that the shape anisotropy and uniaxial anisotropy vary
almost in parallel, resulting in nearly constant effective anisotropy. In fact, it even slightly
increases with temperature towards room temperature, leading to an increase in MR and
HC in the parallel field near room temperature, as Figure 4 reveals. On the other hand,
the theory predicts the temperature dependence of shape anisotropy from the square of
the normalized magnetization Mred = MS(T)/MS(0) and that of the normalized uniaxial
anisotropy from the cube of the normalized magnetization, indicating a faster decrease with
temperature [40,41]. In Figure 6, we compare the temperature variations of the normalized
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uniaxial anisotropy in order to verify if the normalized uniaxial anisotropy follows the
third power of normalized magnetization. The attempted fitting is based on the following:

Ku(T)/Ku(10) = [Mred]Γ (3)
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Figure 6. Temperature dependence of uniaxial anisotropies for Ni/NiO/Pt film before annealing.
The experimental data are compared to powers of reduced magnetization. The experimental data
seem to follow a decrease close to the sixth power of reduced magnetization.

Instead of finding dependence on the third power of normalized magnetization, we
find dependence on the sixth power. This is interesting because the same temperature
dependence was observed in a similar sample in reference [24], while other samples with
thinner Ni layers showed dependence on a smaller power. This was attributed to the
contribution of higher-order uniaxial anisotropy terms [24].

In Figure 7, we show SQUID magnetometry measurements carried out at 300 K
(Figure 7a), and 10 K (Figure 7b) for the multilayer after annealing. This investigation
aligns well with the results of Ref. [25]. The annealing conditions in the present work are
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the same as those used for the samples discussed in reference [25]. In Ref. [25], the XRR and
high-resolution transmission electron microscopy (HRTEM) experiments demonstrated a
marginal increase in roughness even for thinner Ni layers compared to the 6.7 nm utilized
in the present study. The satisfactory degree of layering of Ni and NiO was maintained
after annealing.
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Figure 7. In-plane and out-of-plane hysteresis curves of Ni/NiO/Pt multilayers after mild thermal
annealing at 250 ◦C for 90 min, were obtained with SQUID magnetometry. Curves were measured
(a) at T = 300 K and (b) at T = 10 K. The insets are zoom-ins for better visibility.

For the loops with the field applied perpendicular to the field plane, one may observe
a drastic change compared to the ones in Figure 2: one may identify a HN (nucleation
field), where it is known that perpendicular magnetic bubble domains appear. This is
concluded by the characteristic shape of the loop; for example, see Ref. [42]. Kashuba and
Pokrovsky found that the mathematical expression of the magnetization as a function of
the field below HN for an ideal curve without hysteresis for films breaking into domains is
of the form M ∝ arcsin (H/HN) [43,44]. This phenomenon is clearer at T = 10 K, where the
perpendicular direction clearly becomes an easy axis, as is shown in Figure 7b. On the other
hand, at room temperature, the loops with the field applied parallel or perpendicular to
the film plane are twisted one to the other, and the only way to get an idea of which axis is
easy is to find the sign of the area between them. The significant decrease in the saturation
field HS in the perpendicular field direction as temperature decreases may indicate that a
spin reorientation transition (SRT) takes place. We will come back to this in Section 4.

A comparison of the hysteresis loops in Figures 2 and 7 reveals a striking increase
in PMA after annealing. This observation aligns with the findings of Ref. [25], where
a similar phenomenon was observed after annealing. It was attributed to the partial
recrystallization of the initially amorphous NiO layers with post-annealing [25]. This
transformation is accompanied by an increase in residual stresses at the Ni/NiO interface,
which amplifies the magnetoelastic anisotropy and, consequently, promotes perpendicular
magnetic anisotropy [25].

Figure 8 illustrates the temperature dependence of magnetization MS before and after
annealing, between 10 and 300 K. We observe a tiny decrease in magnetization in the
annealed sample. This could be attributed to some further interdiffusion occurring at the
Ni and Pt interface, leading to a slight reduction in the TC. Consequently, the magnetization
in the annealed sample exhibits a slightly faster decrease with temperature compared to
the as-deposited one.



Micro 2024, 4 165

Micro 2024, 4, FOR PEER REVIEW 9 
 

 

 

Figure 7. In-plane and out-of-plane hysteresis curves of Ni/NiO/Pt multilayers after mild thermal 

annealing at 250 °C for 90 min, were obtained with SQUID magnetometry. Curves were measured 

(a) at T = 300 K and (b) at T = 10 K. The insets are zoom-ins for be�er visibility. 

A comparison of the hysteresis loops in Figures 2 and 7 reveals a striking increase in 

PMA after annealing. This observation aligns with the findings of Ref. [25], where a simi-

lar phenomenon was observed after annealing. It was a�ributed to the partial recrystalli-

zation of the initially amorphous NiO layers with post-annealing [25]. This transformation 

is accompanied by an increase in residual stresses at the Ni/NiO interface, which amplifies 

the magnetoelastic anisotropy and, consequently, promotes perpendicular magnetic ani-

sotropy [25]. 

Figure 8 illustrates the temperature dependence of magnetization MS before and after 

annealing, between 10 and 300 K. We observe a tiny decrease in magnetization in the an-

nealed sample. This could be a�ributed to some further interdiffusion occurring at the Ni 

and Pt interface, leading to a slight reduction in the TC. Consequently, the magnetization 

in the annealed sample exhibits a slightly faster decrease with temperature compared to 

the as-deposited one. 

 

Figure 8. Temperature dependence of saturation magnetization MS for the Ni/NiO/Pt multilayer 

before and after annealing. 
Figure 8. Temperature dependence of saturation magnetization MS for the Ni/NiO/Pt multilayer
before and after annealing.

To find the anisotropy when loops exhibit moderate hysteresis, we used the averaging
of the two branches with the field ascending and descending, as shown, for example, in
Figure 9. This removes hysteresis, and it is useful in the evaluation of the anisotropies by
the area between the parallel and perpendicular fields when hysteresis is considerable. In
Figure 10a, we show the temperature-dependent anisotropy contributions of the film after
annealing. The uniaxial anisotropy curve crosses the shape anisotropy just below room
temperature. As a result, Keff changes signs. This, in the single-domain or Stoner-Wolfarth
approximation, may be traditionally interpreted as a change of the easy-axis direction or,
equivalently, as an SRT; see, e.g., [45] and references therein. In Figure 10b, the reduced
anisotropy after annealing seems to follow the cube of the temperature dependence of the
reduced magnetization, satisfying the Callen and Callen predictions [40].
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Figure 10. (a) Temperature dependence of the anisotropy values for the Ni/NiO/Pt film after
annealing. The lines are provided as guides for better visualization. Notably, at 289 K, there is a
change of sign in Keff. Additionally, (b) the temperature dependence of uniaxial anisotropies for the
Ni/NiO/Pt film after annealing are depicted in.

4. Discussion

First, we discuss the effect of Pt interlayers on the magnetic properties of the Ni/NiO
multilayers. In Ref. [25], we showed enhanced PMA in Ni/NiO multilayers after annealing;
however, magnetic remanence was small due to the formation of magnetic domains with
spins up or down with respect to the film plane. In this work, we fabricated Ni/NiO/Pt
multilayers with the aim of reducing the values of the nucleation field HN or even increasing
the remanence. Platinum is an easily spin-polarizable element. Therefore, it may acquire a
considerable induced magnetic moment upon alloying with ferromagnetic elements and at
the interfaces with magnetic layers such as Ni; see, e.g., Ref. [8]. Direct orbital hybridization
between Pt and Ni produces a spin polarization of Pt, while the large spin-orbit coupling
of the heavy element 5d Pt is transmitted to Ni, resulting in enhanced magneto-optical
properties and magnetic anisotropies [45], which in our case favor PMA. Moreover, the
limited deterioration of layered quality after annealing observed by XRR may suggest the
formation of some NiPt alloy at the interface. This, in turn, may possess residual strain,
further enhancing the magnetoelastic anisotropy. We have to state here that there are also
other interesting systems, such as iron-substituted strontium titanate single-layer films,
with the oxygen concentration and partial pressure during growth playing an important
role in the magnetic and magneto-optical properties, but their nature is quite different from
our multilayers [46].

The effect of Pt in the enhancement of PMA is evident if one compares the value of the
nucleation field at R.T. in our sample with the one in [25] after annealing for the film with
the same individual Ni layer thickness. In Ref. [25], HN = 1.5 kOe, while the corresponding
value for the film with a Pt interlayer in the current work is only 1 kOe. Since nothing else
changed between the two films or the annealing process, the decrease in HN is due to Pt.
This shows enhanced PMA in Ni/NiO/Pt compared to Ni/NiO multilayers.

Second, we turn to a brief discussion on spin reorientation and magnetic domains.
When one evaluates magnetic properties at magnetic saturation, like, e.g., saturation
magnetization, the use of a single-domain (Stoner-Wolfarth [47]) model is appropriate.
Techniques such as Ferromagnetic Resonance and Torque Magnetometry are very accurate
in the determination of magnetic anisotropy constants too, as they perform measurements
under external fields that are large enough to annihilate domains. In the classical model,
of a single domain, magnetization reversal takes place via rotation. Within this model
at a specific temperature of about 289 K, Keff changes sign, and accordingly, following
Equation (2), the easy-magnetization axis should have changed from perpendicular to the
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film plane to parallel. However, the appearance of magnetic domains near remanence
complicates the evaluation of magnetic anisotropies from static measurements, like, e.g.,
hysteresis loops. Our multilayer after annealing shows at all temperatures sheared loops
recorded with the field applied perpendicularly to the film plane. These loops are indicative
of the presence of magnetic domains when the field is smaller than the nucleation field [42,
48]. This field is very small at low temperatures and increases with temperature. Following
Refs. [44,49], as temperature increases, one may expect a change of spin state from up and
down magnetic domains to in-plane magnetization only at a transition temperature Tr
when the remanence of the hysteresis loop recorded with the field applied parallel to the
film plane exceeds a value of 50% [44]. The very small values of remanent magnetization
with the field applied parallel to the film plane even at T = 300 K, on the other hand, show
that when the parallel magnetic field decreases from saturation to zero, the magnetization is
redirected from the in-plane to a spin up and down domain state with possible canting [42,
50]. Therefore, the exact temperature where the SRT takes place depends on the model
one adopts. In the presence of magnetic domains, the concept of a clear SRT may be
oversimplified.

Finally, the comparison of the results between Figures 6 and 10b may suggest a signifi-
cant and potentially, to our knowledge, new observation. The temperature dependence
of the uniaxial anisotropy, before annealing, follows the 6th power of the change of the
reduced magnetization, like the corresponding multilayer film in Ref. [24]. After annealing,
however, the same magnitude follows the 3rd power of reduced magnetization, precisely
as predicted by the thermodynamic model of Callen and Callen for first-order uniaxial
anisotropy [40]. The simplest assertion we can make is that, since the uniaxial anisotropy
doubled after annealing (Figures 5 and 10a at 10 K), its role compared to the second-order
anisotropy was reinforced. Furthermore, we believe that the structural changes observed
in Ref. [25] not only doubled the value of the first-order uniaxial anisotropy but also
diminished the value of the second-order anisotropy due to the better crystallization of
NiO layers [25]. Further exploration of this intriguing topic extends beyond the scope of
this work.

5. Conclusions

In this work, we investigate the magnetic properties of Ni/NiO/Pt multilayers before
and after annealing at 250 ◦C in a furnace with air. The samples were deposited using an
RF magnetron sputtering technique, demonstrating very good layer quality with small
roughness values, as revealed by XRR measurements. SQUID magnetometry was em-
ployed to study temperature-dependent magnetizations and anisotropy values. In the
as-deposited state, easy-plane behavior is observed in the samples, typical of polycrys-
talline magnetic thin films. After annealing, perpendicular magnetic anisotropy becomes
predominant in the system. In conclusion, we demonstrated the significant role of ultrathin
Pt layers in the system regarding PMA enhancement compared to the Ni/NiO ones. The
Ni/NiO/Pt multilayers can be potentially useful for applications related to spintronics and
magnetic storage.
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