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Abstract: We report the dependence of the domain wall depinning field, domain wall velocity,
including anisotropy direction, and magnetic properties on the oxidized aluminum thickness of
perpendicularly magnetized asymmetric Pt/Co/AlOx trilayers. We also adopt the low-temperature
magneto-transport measurement technique to investigate the amount of oxygen at the Co/AlOx

interface of our magnetic thin films. At the lowest temperature of 25 K, it is found that the coercivity
for the 5 nm aluminum thickness sample is very close to the average value and coercivity diminished
above and below this critical aluminum thickness, hinting at a large variation in CoOx content at
the interface. This tendency is also consistent with the modification of the depinning fields, coercive
fields, and surface roughness measured at room temperature. Our results highlight an efficient
way of controlling the depinning fields and other magnetic characteristics, which is important for
stabilizing and driving magnetic spin textures and applicable to energy-efficient next-generation
spintronics devices.

Keywords: interface; domain walls; perpendicular magnetic anisotropy; magneto-optical Kerr effect;
depinning field; skyrmion

1. Introduction

Perpendicularly magnetized magnetic ultrathin films with capabilities for data storage
in memory and other recording media have been extensively studied for many years [1–3].
In earlier works, it has been established that perpendicular magnetic recording systems
have a much higher storage capacity and better thermal stability compared to systems
based on conventional longitudinal recording technology [1,4]. Hence, perpendicular
magnetic anisotropic (PMA) films are widely applicable for next-generation low power,
nonvolatile magnetic racetrack, and shift memories [5–7].

In such memory devices, magnetic spin textures, such as chiral domain walls (DW) and
skyrmions, are the key ingredients, and their dynamics are crucial in storing the information
in the form of bits. Study and manipulation of the depinning field that assists in moving
such spin textures have received great attention. In the DW-based racetrack memories, the
defects in the ultrathin films hinder their mobility, and the depinning field surpasses the
DW energy consumption that provides the motion. Previously, it was assumed that the
skyrmion-based memory system is likely less affected by the pinning centers because of the
skyrmion’s unique topological properties. However, the experimental results in ultrathin
films performed by Yu et al. have shown the prominent effect of pinning centers even
on the skyrmion motion as its size is much larger than the average distance between the
neighboring pinning centers [6,8], further emphasizing the importance of the depinning
field on magnetic memory applications.
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In magnetic thin film structures, the interfaces are critical for various magnetic
parameters and interactions, including PMA [9,10], the Dzyaloshinskii–Moriya inter-
action (DMI) [11,12], saturation magnetizations [13], and exchange bias and coercivity
fields [14–16]. In the past few years, the dependence of annealing temperature and ox-
idation time on magnetic anisotropy in Pt/Co/AlOx trilayers was experimentally ob-
served [17,18]. Similarly, the comprehensive studies of current and field-induced DW
dynamics [19–21], PMA, magneto-optical Kerr-effect, and DMI [11,22–24], due to the trans-
formation of the Co/AlOx interface, have been performed on Pt/Co/AlOx material stacks.
Recently, profound studies of electric field modulated DMI and spin-orbit torque (SOT)
were done on the Pt/Co/AlOx thin films, strengthening the importance of the ferromag-
net (FM)/metal oxide (MOx) boundary in low-power electronics [25,26]. However, the
impact of the AlOx layer on the magnetic properties along with the DW dynamics and
depinning fields is still not known. Known properties of the Co/AlOx interface have
already been utilized for the construction of energy-efficient spin-based memory and logic
devices [27–29], pointing to the importance of understanding the influence of the AlOx
layer on the magnetic properties.

In this paper, we present a novel method to optimize the DW depinning fields, velocity,
and other magnetic properties by controlling the aluminum oxide thickness in Pt/Co/AlOx
trilayers. Additionally, the coercivities of all samples were quantified and analyzed for the
temperature range of 25 K to 300 K to study the oxygen-induced interface modification in
our magnetic stacks. We found the variation in depinning fields and magnetic properties
can be attributed to the oxidation of cobalt at the Co/AlOx interface.

2. Experimental Details

The Pt/Co/AlOx (t nm) trilayers were deposited on a thermally oxidized silicon
substrate by magnetron sputtering at room temperature with a base pressure of about
4 × 10−5 Pa. The sputtered rates of all the target materials were calibrated by using a Bruker
Profilometer and found to be around 0.021 ± 2.5 × 10−4 nm/s. The complete thin film
stacks from the substrate side were Ta (10 nm)/Pt (4 nm)/Co (1.1 nm)/AlOx (t nm)/Pt (4 nm),
where, t = 3, 3.6, 4.17, 4.58, 5, 5.4, 5.8, and 6.2. Herein, heavy metals Ta (10 nm)/Pt (4 nm)
were sputtered first as a buffer or seed layer to boost the PMA [30]. The top Pt layer acts
as a capping layer to protect the film from oxidation. The aluminum metal sandwiched
in between Co and Pt was oxidized for 17 s at a pressure of 2.93 Pa by using RF power at
40 watts before the deposition of top platinum. Multiple magnetic samples were grown
by varying aluminum thicknesses (tAlOx ) and the films post-annealed at 460 ◦C for 30 min
under ultrahigh vacuum to improve the crystallinity and thus promote PMA.

The magnetic characteristics were studied by hysteresis curves obtained from a vi-
brating sample magnetometer (VSM) and anomalous Hall effect (AHE) systems at room
temperature [31]. The dimensions of the sample pieces used in the measurements ranged
from 4 × 4 mm2 to 4 × 6 mm2. In addition, DW motion was studied by using a polar
magneto-optical Kerr effect (P-MOKE) microscopy imaging system. For imaging purposes,
samples were diced into small pieces, sized around 5 mm2, and the symmetric domain
wall dynamics were investigated by applying out-of-plane (OOP) magnetic fields up to
40 mT. Next, the low-temperature AHE measurements were performed to study the effect
of interfacial oxygen on magnetization. For the measurement, the samples were patterned
in the form of Hall bar devices by using photolithography and plasma etch techniques. A
Keithley 2450 source meter, monitored by LabView software, was used to supply the small
current density in the order of 1011 A/m2 to measure the anomalous Hall resistance. The
layered structures of our samples were verified by using transmission electron microscopy
(TEM) imaging and a morphological study was carried out with the help of atomic force
microscopy (AFM) images.
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3. Results
3.1. Magnetic Characterization

To find the PMA of the samples, we first extracted hysteresis curves taken from
measuring the Hall resistance, RHall, and magnetization, M, as a function of the OOP
magnetic field, Hz, at the room temperature, as displayed in Figure 1a,b. These data
show very good perpendicular magnetic anisotropy PMA in the tAlOx range of 3 to 5.8 nm.
However, the easy axis OOP anisotropy directions change into the easy plane at a thickness
of 6.2 nm, as displayed in Figure 1a, observed from the AHE measurement. Figure 1c shows
the in-plane magnetoresistive behavior of a Pt (4 nm)/Co (1.1 nm)/AlOx (4.58 nm) sample
and the inset in Figure 1c is the Kerr image of the Hall bar device with the measurement
scheme. From the hysteresis of Figure 1c, we can easily recognize that RHall is maximum at
the zero in-plane field, Hx, and it begins to decline slowly on increasing the Hx, indicating
the prominent magnetization of our sample along the OOP direction [32]. The coercive field
Hc anisotropy field, and saturation magnetization, Ms, were extracted from the hysteresis
loops in Figure 1b,c. The detailed method to find the magnetization in Figure 1b can
be found in our previous work [31]. Similarly, interfacial PMA is given by the effective
anisotropy energy density, Keff , and it is extracted by using the relation Ke f f =

1
2 µo Han Ms,

where Han is the effective anisotropy field and is taken as the field corresponding to 90% of
the saturated anomalous Hall resistance value on AHE curves with an in-plane field [10,33].
The AlOx thickness dependence on Hc, Ms, and Keff can be seen in Figure 1d. From Figure 1d,
it can be discerned that Hc rises remarkably from 0.68 mT to 13 mT while increasing tAlOx

up to 5 nm-thick AlOx; then, it starts decreasing. In the same way, Ms is slightly descended
for higher tAlox and Ke f f is tuned lying within the range of 7% of its mean value; these small
declinations in Ms values may be due to the weak partial oxidation of cobalt at the interface.
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Figure 1. (a) Normalized hall resistance, RHall, as a function of the OOP magnetic field (Hz). The inset
on the bottom right is the complete RHall–Hz loop for the Pt (4 nm)/Co (1.1 nm)/AlOx (6.2 nm) sample.
(b) Normalized magnetization (M) against Hz, obtained from the vibration sample magnetometry
measurement. (c) RHall as a function of the in-plane field Hx for the Pt (4 nm)/Co (1.1 nm)/AlOx

(4.58 nm) sample. The top left inset is the polar Kerr image of the 27 µm channel width Hall bar
device and the green arrow on it gives the direction of the applied current during the measurement.
(d) Variation in saturation magnetization (red data points), effective anisotropy (blue data points),
and coercivity (black data points) with the AlOx thickness.
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3.2. Domain Wall Velocity and Depinning Fields

For the quantification of DW velocity and depinning fields on the magnetic samples,
we studied the field-induced symmetric DW motion in the creep regime by using P-MOKE.
This method is ideal for understanding the DW dynamics and is convenient without
requiring any microfabrication. In our experiment, DW motions were visualized and
manipulated by 300 ms to 120 s Hz pulses of discrete amplitudes. The magnetic films were
saturated by using a 1-s pulse of amplitude ± 40 mT Hz and the DWs were nucleated by
using opposite fields, which were taken as the reference images, as seen in Figure 2a. For
every pulse, the DW displacements were taken as the subtraction of the reference image
(Figure 2a) from the DW image after the pulse (Figure 2b). The differential displacement
of the magnetic bubble expansion was plotted against the different pulse durations of
particular Hz amplitudes. Then, the gradients of the corresponding plots were taken as the
DW velocities, which are shown in Figure 2d as a function of tAlOx . We found that the film
containing 5 nm AlOx has the minimum velocity for all Hz, ranging from −8 mT to +8 mT
in 0.2-field point increments. However, the velocity of the 5.8 nm AlOx sample cannot be
recorded in our experiment, as the sample is comprised of weakly pinned magnetic DWs,
as shown in Figure 2e.
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Figure 2. (a) Magnetic domain wall (DW) nucleated with a 1-s pulse of the OOP field Hz of −8.5 mT,
acting as a reference image. (b) DW driven with the 8-s pulse of −7.8 mT Hz. (c) Differential image
of DW corresponding to (a,b) of the Pt (4 nm)/Co (1.1 nm)/AlOx (5.8 nm) sample. (d) DW velocity
as a function of aluminum oxide thickness, tAlOx , for the different OOP fields. (e) Plot showing
dependence of the depinning field on tAlOx .

By following the same procedure, the depinning fields were evaluated in our system,
which is defined as the minimum applied fields at which the DWs start to expand [8], and
the accuracy of our measurement system is on the order of 0.6 µm/s. This depinning field
dependence on tAlOx is shown in Figure 2e, and an extremely small depinning field for
the 3 nm sample could not be noted because of having extremely small coercivity at room
temperature. It was found that the strongest depinning field is for the 5 nm tAlOx sample
and on increasing thickness it starts decreasing following the fashion of coercivity change
in Figure 1d. Although this method of finding the depinning field is not very precise, as
the DW motion in the creep regime is also thermal energy dependent [34–36], it offers a
very good approximation of its alteration trend [8].

3.3. Material and Morphological Characterization

To observe the oxidation content at the interface, low-temperature magneto-transport
measurements were carried out in our PMA samples. The magnetoresistive curves (Figure 3a)
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as a function of Hz show the hysteretic behavior at a low temperature of 35 K. We measured
the coercivities for temperatures ranging from 25 K to 300 K for all the OOP anisotropic
samples in Figure 3b. In our low-temperature transport measurement system, the switching
behavior of the hysteresis loops could also be affected by the Joules heating effect due to
the applied current. To minimize such an effect, we applied the smallest possible current
and the coercivities were taken as the average of the switching fields for both up–down
and down–up DWs.
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Figure 3. (a) Normalized anomalous Hall resistances versus the OOP field Hz for different tAlOx

measured at 35 K temperature. (b) Temperature dependence of the coercive fields for the sample
of varying aluminum oxide thicknesses. (c) Transmission electron microscopy image displaying
the layered structure of the Pt (4 nm)/Co (1.1 nm)/AlOx (4.8 nm) sample. (d) Plot showing the
roughness of all PMA samples as a function of aluminum oxide thickness. The inset in (d) represents
the 4 × 4 µm2 atomic force microscopy image of Pt (4 nm)/Co (1.1 nm)/AlOx (4.8 nm).

At the lowest possible temperature in our system, we found that Hc increased with a larger
tAlOx until it reached 4.58 nm, and then began dropping, as shown in Figure 3b. Refs. [18,37]
contend that such a trend of transformation of Hc values is the signature of the formation of
an antiferromagnetic CoOx state at the Co/AlOx interface due to the migration of oxygen
along the grain boundaries. However, our 3.6 nm-thick film behaved anomalously, showing
very weak coercivity at a low temperature, which may be due to the diffusion of oxygen
away from cobalt.

All the material stacks on our thin films are displayed in the TEM image (Figure 3c)
of the Pt (4 nm)/Co (1.1 nm)/AlOx (4.58 nm) trilayer. In this image, cobalt is barely
distinguishable because of its very small thickness compared to other components. The
RMS values of the roughness of our heterostructured surfaces were measured to be in the
range of 0.5 to 0.85 nm from AFM measurements. The inset of Figure 3d shows a 4 × 4 µm2

AFM image of the heterostructure with tAlOx = 4.58 nm, and its roughness was found to be
0.77 ± 0.05 nm. The roughness values of all the PMA samples are displayed in Figure 3d.
Although the roughness values of all the measured films are very close, their values slightly
declined for films comprising of a higher and lower than 5 nm AlOx thickness, backing
up the variation propensities of coercivity (Figure 1d) and the depinning field (Figure 2e).
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The lowest and highest roughness were recorded to be 0.49 ± 0.03 nm and 0.79 ± 0.03 for
tAlOx = 3 nm and 5 nm samples, respectively.

4. Discussion

By using the methods discussed above, we measured the magnetic properties and
depinning fields at room temperature and coercivities at the low-temperature range for var-
ious tAlOx of asymmetric Pt/Co/AlOx trilayer systems; the respective results are provided
in Figures 1d, 2e, and 3b. The reason for the difference in the magnetic parameters and non-
monotonic behavior of the depinning fields in this result can be twofold: interfacial effects
and the surface roughness of the thin films. Regarding interfacial impact, this variation
may be attributed to both top Co/AlOx and bottom Pt/Co interfaces, as claimed by [22].
At a high annealing temperature of 460 ◦C, the formation of intermetallic CoPt alloy at the
bottom interface reduces the pure metallic cobalt, which might affect the magnetization
values of the samples [38]. However, our result (Figure 3b) supports that these properties
are predominantly determined by the modification of diffusion-caused oxygen content in
the top Co/AlOx interface, where the Hc values of all the samples are increasing on lower-
ing the temperature, which arises due to the exchange coupling between the ferromagnetic
Co and antiferromagnetic CoOx [18].

First, when the aluminum is oxidized after the Co deposition, some of the cobalt
can be changed into cobalt oxide thinning of the metallic cobalt, which is responsible for
the alteration of both the MOKE and magnetic properties [39]. In addition to that, the
enhancement of these quantities by increasing the tAlOx from 3.6 nm to 5.0 nm may be
due to the protection of cobalt from overdegradation by the thicker aluminum, as the
magnetic properties are determined by cobalt thickness [40]. On following this trend,
abrupt reduction of the depinning field as well as the slight declination of other magnetic
properties beyond the critical tAlOx = 5 nm might be due to the reduction of degree of
oxidation at the interface [18]. Such adaptation in oxygen content at the interface is
bolstered by low-temperature coercive field measurement results (Figure 3d). On the
other hand, the magnetic properties, including the magnetization switching field and
DW motion, are highly dependent on the surface roughness of the ultrathin films [41–44].
This fact is bolstered by the aluminum oxide thickness-dependent RMS roughness of the
AFM measurements (Figure 3d), which is consistent with the coercivity (Figure 1d) and
depinning field (Figure 2e) curves. On further increasing the thickness to 6.2 nm, the
easy plane anisotropy direction is switched from perpendicular to in-plane (Figure 3a).
This phenomenon occurred because the relatively thicker alumina does not allow enough
oxygen to diffuse into the cobalt layer, preventing the Co layer from being thin enough to
easily magnetize it along the OOP direction, as PMA is highly sensitive to ferromagnetic
film thickness [45].

5. Conclusions

To summarize, we investigated AlOx thickness dependence on the saturation magne-
tization, effective anisotropy, and coercivity of the Pt/Co/AlOx heterostructure by using
vibration sample magnetometry and anomalous Hall effect measurement techniques. Al-
though the change in saturation magnetization and anisotropy is very small, a strong
dependence of coercivity on AlOx thickness was observed, recording the maximum at
13 mT for a 5 nm AlOx. The domain wall depinning fields were quantified by studying
the field-driven DW dynamics, using polar MOKE. When the AlOx thickness is 5 nm, the
depinning field is at its maximum, at around 8 mT, and the DW velocity is at its minimum,
at 0.6 µm/s. This alteration is attributed to the transformation of the Co/AlOx interface and
the degree of roughness of the films, as supported by the results from the low-temperature
(25 K–300 K) magnetoresistance and atomic force microscopy measurement techniques,
respectively. These results show the importance of FM layer oxidation to the depinning of
chiral DWs in future spintronics devices.
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