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Current-induced magnetization reversal via spin-orbit torques (SOTs) has been intensively studied
in heavy-metal/ferromagnetic-metal/oxide heterostructures due to its promising application in low-
energy consumption logic and memory devices. Here, we systematically study the function of Joule
heating and SOTs in the current-induced magnetization reversal using Pt/Co/SmO, and Pt/Co/AIO,
. structures with different perpendicular magnetic anisotropies (PMAs). The SOT-induced effective
. fields, anisotropy field, switching field and switching current density (J,) are characterized using
. electric transport measurements based on the anomalous Hall effect and polar magneto-optical Kerr
effect (MOKE). The results show that the current-generated Joule heating plays an assisted role in the
reversal process by reducing switching field and enhancing SOT efficiency. The out-of-plane component
. of the damping-like-SOT effective field is responsible for the magnetization reversal. The obtained J,
. for Pt/Co/SmO, and Pt/Co/AlO, structures with similar spin Hall angles and different PMAs remains
. roughly constant, revealing that the coherent switching model cannot fully explain the current-induced
magnetization reversal. In contrast, by observing the domain wall nucleation and expansion using
MOKE and comparing the damping-like-SOT effective field and switching field, we conclude that the
current-induced magnetization reversal is dominated by the depinning model and J. also immensely
relies on the depinning field.

. Manipulating magnetization reversal in a perpendicularly magnetized heavy metal (HM)/ferromagnetic metal
. (FM) structure by current-induced spin-orbit torques (SOTs) has attracted considerable attention in recent years
© due to its potential application in high density and low energy dissipation storages compared with the conven-
* tional spin-transfer-torque (STT) devices'-®. The spin Hall effect (SHE)*7® resulted from HMs with the strong
. spin-orbit coupling (SOC) and the interfacial Rashba effect**~!? due to the inversion asymmetry of the interface
or crystalline structure are considered to be the major sources that can enable spin current generation and spin
. accumulation when passing an in-plane charge current in HMs. Therefore, the polarized spins can exert efficient
. torques on the adjacent FM layer to manipulate the magnetization reversal in a commonly studied HM/FM/insu-
- lator heterostructure with perpendicular magnetic anisotropy (PMA). SOTs are divided into two components,
. damping-like and field-like torques, which can be obtained by measuring the corresponding effective fields that
can be considered as an equivalent magnetic field*-*. In particular, the magnetization reversal is realized mainly
depending on the damping-like effective field which is proportional to the spin Hall angles (6s) of HMs. Here,
Oy, is defined as the ratio of the spin current to the charge current, which can mirror the SOT’s efficiency.

At present, lots of works are concentrated on enhancing the current-induced magnetization switching effi-
ciency and reducing the critical current density for decreasing the energy consumption of future SOT-based
spintronic devices. Looking for HMs, such as Pt#16-18, 3-Ta*»!8-24 Hf?> and ($-W?%? with the large 6 and/or
achieving the large effective 0, based on HM/FM/HM structures in which two HM layers show opposite signs

o of Og'*?? were carried out more recently. Besides, some reports also reveal that 6y could be tuned by varying
* the thickness of HM'>*, decorating the interface between HM and FM!¢**, changing the crystallinity of HM??
. and even involving oxygen in HM>%. Most of these studies can be boiled down to strengthen the driving force for
© the magnetization reversal and thereby improve the switching efficiency with a lower switching current density.
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Figure 1. Device structure and anomalous Hall resistance measurements. (a) Optical images of the patterned
Hall bar and measurement configuration. Dependence of Ry,; on H, is measured at the current of +-0.1 mA for
Pt/Co/SmO, (b) and Pt/Co/AlO (c) stacks. (d) Ry, versus H, for Pt/Co/SmO, and the inset for Pt/Co/AlO,.
The solid blue and green symbols correspond to “up” and “down” magnetized states, respectively. Red solid lines
are the fitted curves. Switching phase diagram where H, varies against I for Pt/Co/SmO, (e) and Pt/Co/AlO; (f)
stacks and the insets of them show the variation of Ry,;-H, loops at different currents.

However, the obstruction term should also be taken into consideration. For instance, Liu et al.* reported that
the anisotropy field needs to be overcome in the current-induced magnetization reversal based on a macrospin
model at 0K. Other reports®-*” showed that the depinning field is an essential parameter based on a domain wall
(DW) depinning model. As a consequence, it is imperative to investigate the obstruction terms in the switching
and understand the switching mechanism as well as corresponding influencing factors. Especially, when a current
passing through the metal layers, the simultaneously generated Joule heating may elevate the sample temperature
and consequently has an influence on the magnetic properties of devices. For example, Joule heating can give rise
to the reduction of the critical depinning field, which has been widely reported by the theoretical simulation and/
or experimental measurement®®*’ in STT-based devices. However, the influences of Joule heating on the depin-
ning field and current-induced magnetization reversal in SOT-based devices were rarely reported and usually
ignored*-*2.

In this work, we investigate the roles of Joule heating and SOTs played in the current-induced magnetization
reversal using Pt/Co/SmO, and Pt/Co/AlO, structures with different PMAs. The results show that the large direct
current (dc) can dramatically decrease the depinning field (i.e. switching field) due to the current-induced Joule
heating effect. However, when applying a periodic pulse current with a small duty ratio to eliminate the Joule
heating effect, we find that the effect of the current-induced SOTs on the switching field is weak. More impor-
tantly, the obtained switching current density (J,) remains roughly constant for Pt/Co/SmO, and Pt/Co/AlO,
structures with quite different PMAs and nearly similar SOTs, revealing that the coherent switching model cannot
fully explain the reversal behavior in the current-induced magnetization reversal process. In contrast, the switch-
ing mechanism could be the DW nucleation and expansion based on a depinning model. When the out-of-plane
component of the damping-like SOT induced effective field overcomes the pinning field, a full magnetization
reversal is realized. Therefore, ], not only depends on the damping-like SOT induced effective field, but also on
the depinning field. In addition, the current-induced Joule heating, which behaves like the temperature, plays an
assisted role in the magnetization reversal by decreasing depinning field and increasing SOT efficiency.

Results

The anomalous Hall resistance measurements.  Figure 1(a) schematically shows the patterned Hall bar
structure and experimental configuration in which a direct current (I) is injected into the bar along the +x axis,
and the voltage induced by the anomalous Hall effect (AHE) is measured along the y axis. Figure 1(b,c) show the
anomalous Hall resistance (Ry,;) against the external magnetic field along the z axis (H,) measured at a positive
current of +0.1 mA (the current direction is illustrated in Fig. 1(a)) for Pt/Co/SmO, and Pt/Co/AlO,, respectively.
The square-shape-like loops demonstrate the presence of PMA. Since Ry, is proportional to the perpendicular
component of the magnetization (M,) of the Co layer, the magnetization direction M¥ (M2"*") corresponding to
Ry < 0 (Ry,; > 0) can be identified in our experiment, which is labeled by green arrows in Fig. 1(b,c). The
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longitudinal resistance (R,,) is found to be around 6300 Q2 and 3500 2 for Pt/Co/SmO, and Pt/Co/AlO, bars with
the length around 400 um and 200 pum, respectively. As shown in Fig. 1(d), the anisotropy fields (H}) are deter-
mined by measuring Ry, versus the in-plane magnetic field along the x axis (H,) at a small current of 0.1 mA
using the formula®>#4;

Ryan/Ry = cos[arcsin(H,/H)]. 1)

where R, represents the Hall resistance when the magnetization is along the z direction. H; is respectively esti-
mated about 6650 & 50 Oe and 2511 £ 11 Oe for Pt/Co/SmO, and Pt/Co/AlO, devices, which shows a large differ-
ence of the anisotropy field for both samples. Afterwards, we begin to investigate the dependence of the switching
field (H,,) on I. H,,, is defined as an equivalent magnetic field which can make the moment from “up” state to
“down” state or from “down” state to “up” state, which can be acquired from R;;,;-H, loops. Hy, as a function of
Iis displayed in Fig. 1(e,f) for Pt/Co/SmO, and Pt/Co/AlO;, respectively, and the insets of Fig. 1(e,f) give rep-
resentative Ry,;-H, loops at different I. One can see that H,,, decreases gradually as the current increases, which
can be mainly ascribed to the increase of the Joule heating generated from direct currents (see Supplementary
Material S1) instead of the current-induced damping-like-SOT effective field. Since the damping-like effective
field is along the x direction and the value is not more than 15 Oe, it has almost no influence on the switching
field, which will be discussed in details below.

Polar Kerr hysteresis loops and Kerr differential images at different direct currents. Next, in
order to reveal the effect of the direct current on the field-induced magnetization reversal, we used the polar
magneto-optical Kerr microscopy technique* to explore the polar Kerr hysteresis loops and Kerr differential
images at different direct currents during the magnetization reversal. Figure 2(a,b) show the representative Kerr
differential images at the nucleation state for Pt/Co/SmO, and Pt/Co/AlO, stacks, respectively. The light (deep)
color in the images is defined as the “up” (“down”) domain or magnetized state. We find that the preferred nuclea-
tion sites are very different for the two stacks by applying an opposite H, along the +z axis, starting from the satu-
rated state using a large H, along the —z axis. It can be ascribed to the different distributions of the depinning field
due to the defects and impurities during the fabrication. For Pt/Co/SmO, stacks, the nucleation site is relatively
concentrated, showing an uniform DW expansion. However, the nucleation site is dispersive and then the DW at
every nucleation site expands and further connects with each other to realize the magnetization reversal for Pt/
Co/AlO,. Figure 2(c,d) show the polar Kerr hysteresis loops at different direct currents which were collected in
the green rectangle regions displayed in Fig. 2(a,b). From Fig. 2(c,d), one can see that the loops gradually become
narrow as the direct current increases for Pt/Co/SmO, and Pt/Co/AlQ,, implying the decrease of H,,, with the
current increasing. In Fig. 2(e,f), we summarize the I dependence of H,,,, which is well in agreement with that
obtained using electric transport measurements based on AHE (see Fig. 1(e,f)). It means that the direct current
indeed has an influence on H,,,.

When collecting the Kerr hysteresis loops, the images of the DW nucleation and expansion were also recorded.
Figure 3(a,b) show the representative Kerr differential images of the DW nucleation and expansion at different
direct currents for Pt/Co/SmO, and Pt/Co/AlOQ,, respectively. At first, an “up” domain in the saturated state
appears under a large H, (—400 Oe for Pt/Co/SmO, and —300 Oe for Pt/Co/AlO,). Afterwards, an opposite H,
is applied to form the opposite nucleation sites. And then these nucleation sites further expand as the H, goes
on increasing until to accomplish the magnetization reversal of the green-rectangle measured regions shown
in Fig. 2(a,b). In Fig. 3(a,b), we can observe that both the nucleation field and switching field in the measured
regions gradually decrease as the direct current increases for the two stacks. Particularly, the nucleation site and
expansion speed evidently change at the large current, revealing that the direct current could affect the magneti-
zation reversal by means of the DW nucleation and expansion.

The influence of Joule heating on the switching field. In order to distinguish the contributions of
the Joule heating (Q;  I?) and current-induced SOT (7 o I) to the field-induced magnetization reversal, we also
measured the polar Kerr hysteresis loops and Kerr differential images at different temperatures (T) and pulse volt-
ages (V,) (see Supplementary Materials S2 and S3) to investigate the effect of the T'and V, on H,,,. In Fig. 4(a,b),
we directly compare the I? and T dependences of the H,,, for Pt/Co/SmO, and Pt/Co/AlO,. The H,,-I? is extracted
from the polar Kerr hysteresis loops measured by varying I at room temperature (RT) (see Fig. 2(c,d)), while
H,,-T is at various T without any currents (see Supplementary Material S2). From Fig. 4(a,b), one can see that
the different dependences of the H,, on T for Pt/Co/SmO, and Pt/Co/AlQO,, demonstrating the different domain
wall nucleation and expansion behaviors (see Fig. 2(a,b)). However, the I? and T dependences of the H,, exhibit
the same variation tendency, revealing that the Joule heating from the direct current should not be negligible
and has a conclusive effect on Hy,. A strong Joule heating effect existed in our samples may be ascribed to that
the film stacks were deposited on a 500 pm thick glass substrate with the poor thermal conductivity. Torrejon
et al.* reported that even though a 2 ns wide current pulse with the amplitude of 10® A/cm? passing through a
400 x 20 nm? FeNi nanostrip on Si substrate with the 100 nm thick SiO, oxide layer, it has a 327K temperature rise
compared to a 53 K temperature rise on Si substrate with a 2 nm thick native oxide layer due to the poor thermal
conductivity of SiO, layer. In addition, we also summarize H,,, against V,, at different pulse periods (T,) with the
fixed pulse width (W,) of 100 ns to study the effect of the current-induced SOT on H,,, by fading out the Joule
heating effect, which is shown in Fig. 4(c,d) for Pt/Co/SmO, and Pt/Co/AlQ,, respectively. It is noted that the V,
of 28.1V (14.1V) corresponds to the pulse current (I,) of about 4.5mA (4mA) for Pt/Co/SmO, (Pt/Co/AlO,).
When T,=10ps, H,,, decreases weakly as V, increases and when T, = 100 ps even 1 ms, H,,, nearly keeps constant.
It means that the effect of current-induced SOT on H,,, is rather weak compared to the influence of the tempera-
ture or Joule heating on H,,. Furthermore, it is also demonstrated that the Joule heating becomes prominent as T,
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Figure 2. Polar Kerr hysteresis loops at different direct currents. Representative Kerr images for Pt/Co/SmO,
(a) and Pt/Co/AlO, (b) during the field-induced magnetization switching, showing the differences of the DW
nucleation. The light (deep) color shows the “up” (“down”) domain or magnetized state. The green rectangles

stand for the measured regions where polar Kerr hysteresis loops are collected. Polar Kerr hysteresis loops for

Pt/Co/SmO, (c) and Pt/Co/AlO, (d) stacks at different direct currents. Switching phase diagram where H,,,
varies against I for Pt/Co/SmO, (e) and Pt/Co/AlO, (f) stacks.

decreases or the duty ratio of W,/T, increases. Therefore, we can conclude that the decrease of H,,, with the direct
current increasing should be ascribed to the increase of the direct current generated Joule heating rather than the
current-induced SOT and the Joule heating like T can exert a considerable influence on Hy,,. In order to gain more
insight on the function of the Joule heating and SOT in the current-induced magnetization reversal process, we
quantitatively explore the relationships between H,,, SOT, and J,, which will be described in the next part.

The harmonic Hall voltage measurements and current-induced effective fields. The
current-induced damping-like and field-like effective fields were quantified by the harmonic Hall voltage meas-
urement technique. The measurement diagrams are depicted in Fig. 5(a,b). When passing a sinusoidal current
through the Hall bars along x axis, the first (V) and second (V%) harmonic voltages were collected along y axis
via an Analog-Digital (AD)/Digital-Analog (DA) data acquisition card. Therefore, the current-induced longitu-
dinal damping-like effective field (H),;) and transverse field-like effective field (Hy;) can be obtained by sweeping
the external longitudinal magnetic field (H;) and transverse magnetic field (Hy), respectively. And then the Hp,;
and Hy; are determined by the equations':
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Figure 3. Kerr differential images of the DW nucleation and expansion at different direct currents.
Representative Kerr images for Pt/Co/SmO, (a) and Pt/Co/AlO, (b) during the field-induced magnetization
switching at various direct currents, showing the effect of the direct current on DW nucleation and expansion.
The light (deep) color shows the “up” (“down”) domain or magnetized state.
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heating. H,, against V, at various T, for Pt/Co/SmO; (c) and Pt/Co/AlO, (d), showing the effect of the current-
induced spin-orbit torques.
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Figure 5. The harmonic Hall voltage measurements. Illustrations of the SOT-induced damping-like (a) and
field-like (b) effective fields measurements. (c—f) V¥ as a function of the in-plane H; and Hy external magnetic
fields. The inset in each figure represents the V2 versus H; and Hr. The solid black and red symbols denote “up”
and “down” magnetized states, respectively and the solid lines represent the linear and quadratic fitting curves.
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Figure 5(c-f)) represent the first harmonic voltages V* as a function of H; (Hy) for the Pt/Co/SmO, and Pt/
Co/AlO, devices, respectively. The insets in each figure show the second harmonic voltages V2~ against H; and H;
for the corresponding devices. Furthermore, in order to calculate Hy,; and Hy; according to the Eq. (2), the quad-
ratic and linear function were used to fit the first and second harmonic curves, respectively. The results are shown
in the Supplementary Material S4. It should be noted that the measured harmonic voltages generally contain the
contributions resulted from both the anomalous Hall effect and planar Hall effect (PHE). Thus, a correction must
be taken into consideration in Eq. (2) if these two contributions are comparable and the corrected effective fields
can be expressed by?*47~%;

Hpppny = 28Hr o1y

AHpyppy = 2

3)

where the + sign refers to the “up” and “down” magnetized states and ¢ is the ratio of the planar Hall resist-
ance (ARpy;) to anomalous Hall resistance (AR, ;). We measure the ARpy; and AR, i (see Supplementary
Material S4 for details about PHE measurements) and the ratio { ~0.15 (§ = ARpyp/ AR 4 y5) for Pt/Co/SmO, and
Pt/Co/AlO, is calculated. It means that the PHE correction is not negligible and should be considered.

The corrected damping-like effective fields (AH)y;) as a function of the amplitude () of the sinusoidal current
for both devices are plotted in Fig. 6(a and c). The roughly linear dependence of the effective fields on I; indi-
cates that the contributions of the non-linear effects including the current-induced Joule heating can be weak
at lower currents compared to the current-induced damping-like effective fields. From the linear relationship,
the damping-like SOT efficiency (Afp,) defined by AGp, = AHp,/], (J, is the charge current density) is found
to be —3.3940.02 Oe/(10° A/cm?) (3.36 4 0.14 Oe/(10° A/cm?)) for the “up” (“down”) magnetized states for Pt/
Co/SmO, and —3.68 +0.150e/(10° A/cm?) (3.69 £ 0.18 Oe/(10° A/cm?)) for the “up” (“down”) magnetized states
for Pt/Co/AlO,. Obviously, the damping-like-SOT-induced effective fields are almost identical for two samples,
which is due to the same contribution from the heavy metal Pt. Meanwhile, according to the formula*>*%!;

SCIENTIFICREPORTS| (2018) 8:12959 | DOI:10.1038/s41598-018-31201-2 6



www.nature.com/scientificreports/

(a) 14} ® Down Magnetized (c) 14} o Dov;'n Magnet;zed '
®  Up Magnetized ® Up Magnetized

~ —_— '

L 7 i1 @ 7 ' d
Qe -
A ~

3 0 5 0

=]
= -7 1 £ 7 -
< v < \

-14} 5 =-339:0.02 0e/(10° Alem’) 141 5 368015 0el(10° Avem)

0 1 2 3 4 0 1 2 3 4
I, (mA) I, (mA)

(b) ¢ : : : (d) 6 :

—#—Down Magnetized —0— Down Magnetized
—~ —8— Up Magnetized —_ —o— Up Magnetized
2 4t {1 2 4} .

= =

-
é 2 mm 2
= <
0 2 2 ' 2 2 2
0 1 2 3 4 00 1 2 3 4

I, (mA) I, (mA)

(e) 6 : : — () : : :

®  Down Magnetized ot ® Down Magnetized
®  Up Magnetized — ® Up Magnetized
~
o 4} ] 8
= = 4} :
—
= 2 =
< = ° '
)
0 : : - 0 : : :
0 3 6 9 0 3 6 9

2 2 2 2
I, (mA”) I, (mA”)

Figure 6. Current-induced effective fields after the planar Hall effect correction. (a-d) SOT-induced damping-
like and field-like effective fields for Pt/Co/SmO, (Pt/Co/AlO,) as a function of the amplitude I, of the
sinusoidal current. The blue and green symbols denote “up” and “down” magnetized states, respectively. The
field-like effective fields against 102 for Pt/Co/SmO, (e) and Pt/Co/AlO; (f), respectively.

2le| M.t
Oy = 11J, = [@](AHDM N

where e is the elementary charge, M, is the saturation magnetization of the samples which is determined to be
about 1.15 X 10° A/m and 1.12 x 10° A/m at RT for Pt/Co/SmO, and Pt/Co/AlO,, respectively, g, is the thick-
ness of the cobalt layer and # is the reduced Planck constant. We can also estimate the 6y at RT which equals to
0.071 40.002 and 0.074 £ 0.004 for Pt/Co/SmO, and Pt/Co/AlQ,, respectively, close to the previous reported
value for Pt>>%,

The corrected field-like effective fields (AHp;) are also plotted as a function of I; in the same manner for both
devices displayed in Fig. 6(b and d). Unlike AH,;, a non-linear quadratic behavior of AHy; versus I; is observed.
It is not well in agreement with the linear dependence of the field-like effective fields on the currents reported in
the references”*. One possible explanation for the non-linear behavior is the Joule heating effect. Although the
thermal effect also affects AH),,; at the same time, it seems to be weak as discussed above. It could be ascribed to
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Figure 7. Current-induced magnetization reversal. (a) H, versus 6. 0 is the angle between the z axis and H,; in
the x-z plane. (b) Schematic diagram illustrating the current-induced magnetization switching process. The
perpendicular component AHp, = AHp, cosé of AHp, causes a rotation of the magnetization away from the
easy axis, whereas the parallel component AHj,; = AH,;sind is responsible for the irreversible switching.
Current-induced magnetization reversal curves for Pt/Co/SmO, (c) and Pt/Co/AlO, (d) with an in-plane bias
magnetic field of H, = =200 Oe.

the different temperature dependences of AHp,/J, and AHy,/], as reported in the references?®**’, in which
AHy,/], is highly sensitive to temperature, while AH,;/J, shows a weak temperature dependence in Ta-based,
Pt-based, and W-based samples. In order to demonstrate the effect of the Joule heating, we extract the depend-
ence of AHy; on IO2 shown in Fig. 6(e,f) for Pt/Co/SmO, and Pt/Co/AlQ, respectively. From Fig. 6(e,f), one can
see that the AHy, varies linearly with IZ, implying that the contribution of the Joule heating cannot be negligible
compared to the current-induced field-like effective fields from SHE or interfacial Rashba effect.

Discussion
Combining the variation of the H,,, and AH,; at different currents, we discuss the roles of the Joule heating and
spin-orbit torque played in the current-induced magnetization reversal process. In Fig. 7(a), we characterize
H,,-0 curves (0 is defined as the angle between the external magnetic field and z axis in the x-z plane) obtained
from the angle dependent Ry,;-H, loops which are measured at I=0.1 mA to eliminate the influence of the SOTs
and Joule heating. From Fig. 7(a), one can see that H, follows an inverse cosé relationship at small angles as
shown in solid lines. It indicates that the magnetization reversal is dominated by the DW depinning in the large
anisotropic systems (H,, << H;)***>*® when the external magnetic field deviates from the z axis in a small angle
range. Figure 7(b) describes the schematic diagram of the current-induced magnetization reversal process. We
assume that the magnetic moment vector (M) is rotated from A to B and deviates a small angle (6) away from the
z axis (easy axis) when applying an in-plane bias magnetic field (H,,,). According to the equation which is
expressed as AHp; = AHp, (0 X m)®, where m and o are the unit vector along the magnetization and spin polar-
ization unit vector, respectively, the damping-like SOT induced effective field vector (AH),;) can be resolved into
the perpendicular component (AHj,;) and parallel component (AH}, ). Here, AH,, parameterizes the effective
field, which can be written as AHp,; = hfg,],/2|e| Mtz Thus, the AHS;, = AHpcosd can further cause a rotation
of the magnetization away from the easy axis, whereas the AHj,; = AHy;sind is responsible for the irreversible
magnetization reversal. Especially, M is switched from B to C when AHj,; overcomes the depinning field.

Figure 7(c,d) show the current-induced magnetization reversal curves under an in-plane bias magnetic field
of H,==+200 Oe for Pt/Co/SmO, and Pt/Co/AlO,, respectively. According to M4 (M2*"") corresponding to
Ryan < 0 (Ryay > 0) in our experiment, the directions of the current and assisted H, co-determine the polarity of
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the magnetization reversal. In addition, the critical switching current (I.) under the bias field of H, =200 Oe is
around 3.8 and 3.7 mA that correspond to the J, of 4.4 x 10° and 4.3 x 10° A/cm? for Pt/Co/SmO, and Pt/Co/
AlO,, respectively, assuming that the current uniformly flows across metallic layers. Since the magnitude of A3,
for both samples is ~3.5 Oe per 10° Acm ™2 at RT as discussed above (see Supplementary Material S5 about A3,
against T) and J, is ~4.35 x 10° Acm~? for Pt/Co/SmO, and Pt/Co/AlO,, the AH, is ~15Oe and
AHP; = AHp,;sind may be more small at the critical switching process. Therefore, the M cannot have a switching
only depending on the damping-like effective field. The current-induced magnetization reversal should be also on
the basis of the contribution that the Joule heating from the current makes the H,, decrease to a small value. That
is, Joule heating plays an assisted role in the current-induced magnetization reversal and the out-of-plane compo-
nent of AHp,; should be regarded as the effective driving force in overcoming the H,. In addition, the results
show that ], remains roughly equivalent for Pt/Co/SmO, and Pt/Co/AlO, structures with similar spin Hall angles
and different magnetic anisotropies, which can be also explained by that H,, of the two stacks is reduced to a close
value due to the Joule heating effect when the current reaches to I.. Finally, the weak T dependent H, (see the
Supplementary Material S5) has also demonstrated that H; has no substantial influence on the depinning mech-
anism with the existence of Joule heating. Whereas, the tendency of H,,, varying versus I or T may be related to H;
in the thermal assisted magnetization reversal. Besides, the T dependent M, and A{p, (see the Supplementary
Material S5) reveal that the current-generated Joule heating can also enhance SOT efficiency like T.

Based on above discussions, it also gives us some enlightenment on the current induced field-free magnetiza-
tion reversal. On one hand, AH)y, is along the x axis (6 =0) without an in-plane bias field H,,,. When increasing
the current, the AHyy, is also increasing, which can make M rotating away from z axis (6 >0). AHp, = AHp,;siné
which is responsible for the irreversible switching yields at the same time. On the other hand, the Joule heating is
gradually predominant as the current increases, which can dramatically decrease the H,,. Therefore, M can be
switched when the competition of AHp,; and H,,, is comparable at a certain current without the assistance of an
in-plane bias field. However, the larger switching current induced thermal fluctuation may destroy the thermal
stability of devices and even the devices may be burned at the large current. It is essential to choose the materials
and structures with the larger PMA and/or g, because the former can resist the thermal fluctuation from Joule
heating and the latter can reduce the switching current and Joule heating.

Conclusions

In summary, we have investigated the roles of the Joule heating and current-induced spin-orbit torque played in
the current-induced magnetization reversal in Pt/Co/SmO, and Pt/Co/AlO, structures with different perpen-
dicular magnetic anisotropies. The results show that the Joule heating generated from the direct current plays
an assisted role in the switching process since it dramatically decreases the switching field and enhances the
SOT efficiency. The out-of-plane component of the damping-like-SOT effective field is the real effective field
which drives magnetic moments switching. When the Joule heating makes the switching field reduce to a critical
threshold that the effective field can overcome, the magnetization realizes a full reversal. Moreover, the switching
current density shows no prominent difference for Pt/Co/SmO, and Pt/Co/AlO, structures with similar spin Hall
angles and different magnetic anisotropies, implying that the coherent switching model cannot fully explain the
current-induced magnetization reversal. Nevertheless, by observing the domain wall nucleation and expansion
during the field-induced magnetization reversal, we conclude that the depinning model should be dominant and
the switching current density also relies on the switching field (i.e. depinning field) which can be greatly affected
by Joule heating. The observed non-linear current dependence of the field-like-SOT effective field in both struc-
tures may be also affected by Joule heating. These findings could provide a legible picture of the SOT-induced
magnetization reversal and highlight the assistant role of the current-generated Joule heating, which is conducive
to understand and manipulate current-induced magnetization reversal in SOT-based spintronic devices.

Methods

Sample preparation. The stacks with the structures of Ta(3)/Pt(5)/Co(0.6)/SmO,(1)/Ta(3) and Ta(3)/
Pt(5)/Co(0.6)/Al0O,(0.5)/Ta(3) (thickness in nm) were deposited on corning glass substrates with the thickness of
500 um by direct current (dc) magnetron sputtering. The growth was carried out at room temperature with a base
pressure below 4.0 X 107°Pa. Among the samples, the bottom 3 nm Ta is used as the seed layer to enhance the
PMA and the top 3 nm Ta as capping layer in order to prevent degradation of the oxide layers due to air exposure
and the annealing. The thin film stacks were patterned into Hall bars with the width of 8.5 um using standard
photo-lithography and Ar-ion milling. The Hall bars were connected by Ta(20 nm)/Pt(30 nm) electrode pads.
Afterwards, the devices were annealed at 400 °C for 1 h with a background pressure of 3.0 x 10~*Pa to obtain the
PMA.

Measurement setup. The anomalous Hall resistances were measured using the electric transport meas-
urements with a Keithley 6221 current source for injecting a DC current into the Hall bar along the x axis and
a 2182 nano-voltmeter for collecting the Hall voltage across the bar along the y axis (Fig. 1(a)). The harmonic
Hall voltage measurements were carried out using a sinusoidal current with a frequency of 133 Hz generated
by the Keithley 6221 current source and the harmonic voltages were collected using an Analog-Digital (AD)/
Digital-Analog (DA) data acquisition card. The saturation magnetization and planar Hall resistance were deter-
mined with a physical property measurement system (PPMS). A polar magneto-optical Kerr microscope was
used to record the polar Kerr hysteresis loops and Kerr differential images of the domain wall nucleation and
expansion during the field-induced magnetization switching. In order to obtain the Kerr differential images, the
film was firstly saturated in one direction using a large out-of-plane magnetic field and then the saturated domain
was chose as the background. After subtracting the background, the nucleated domain in differential modes
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appeared by applying a reverse magnetic field. The cross region in the middle of the Hall bar (Fig. 2(a,b)) was
served as the measured area to collect the Kerr hysteresis loops and determine the switching field.

Data Availability. The datasets generated during the current study are available from the corresponding
author on reasonable request.
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