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Current-Induced Magnetization Switching of Exchange-Biased NiO
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Krzysztof Grochot®,!>" Eukasz Karwacki® > Stanistaw Lazarski®,! Witold Skowronski®,!

Jarostaw Kanak®,! Wiestaw Powroznik®,' Piotr Kuswik®,> Mateusz Kowacz®,? Feliks Stobiecki®,
and Tomasz Stobiecki

3
12

1Department of Electronics, AGH University of Science and Technology, Al. Mickiewicza 30, 30-059 Krakow,
Poland
2Faculty of Physics and Applied Computer Science, AGH University of Science and Technology, Al. Mickiewicza
, 30, 30-059 Krakow, Poland
Institute of Molecular Physics, Polish Academy of Sciences, ul. Smoluchowskiego 17, 60-179 Poznan, Poland

® (Received 7 July 2020; revised 23 November 2020; accepted 8 December 2020; published 11 January 2021)

In this work, we study magnetization switching induced by spin-orbit torque in W (Pt)/Co/NiO het-
erostructures with variable thickness of W and Pt heavy-metal layers, a perpendicularly magnetized
Co layer, and an antiferromagnetic NiO layer. Using current-driven switching and magnetoresistance
and anomalous-Hall-effect measurements, we determine the perpendicular and in-plane exchange-bias
field. Several Hall-bar devices possessing in-plane exchange bias from both systems are selected and
analyzed in relation to our analytical switching model of the critical current density as a function of
Pt and W thickness, resulting in estimation of the effective spin Hall angle and perpendicular effec-
tive magnetic anisotropy. We demonstrate in both the Pt/Co/NiO system and the W/Co/NiO system
deterministic Co magnetization switching without an external magnetic field, which is replaced by an
in-plane exchange-bias field. Moreover, we show that due to a higher effective spin Hall angle in the
W-based system than in the Pt-based system, the relative difference between the resistance states in the
magnetization current switching to the difference between the resistance states in magnetic field switch-
ing determined by the anomalous Hall effect (AR/ARapng) is about twice as high in W-based devices
than in Pt-based devices, while the critical switching-current density in W-based devices is 1 order
lower than in Pt-based devices. The current-switching stability and the training process are discussed in

detail.
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I. INTRODUCTION

Spin-orbit-torque (SOT) random-access memories
(RAMs) are anticipated as a next generation of low-power,
high-endurance, nonvolatile, and energy-efficient mag-
netic RAMs, which fit into the modern trend of green infor-
mation technology [1,2]. Spintronic data-storage devices,
in contrast to their conventional semiconductor counter-
parts, need not be continuously refreshed, leading to the
reduction of heat dissipation and lower energy consump-
tion [3]. Recently, SOT-based technologies have evolved
as one of the most promising, because they require neither
high current densities nor high voltages applied to the thin
tunnel barriers [4,5], and enable magnetization switching
below 1 ns [6]. Such memory cells constitute an efficient
alternative to spin-transfer-torque magnetoresistive RAM.
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Significant progress has been achieved in understand-
ing and utilizing the spin Hall effect [7-9] in heavy
metals (HMs) or topological insulators [10] to control
magnetic states of ferromagnets (FMs) and antiferromag-
nets (AFMs) [11]. The mechanism relies on SOT-induced
switching due to accumulated spin density noncollinear
with magnetization. However, the torque itself cannot
switch the magnetization between two stable states with-
out the up-down degeneracy along the charge-current flow
direction being broken. It can be achieved by apply-
ing an external magnetic field collinear with the current
(but noncollinear with the magnetization), which, how-
ever, is impractical in device applications and techno-
logically unattractive. Several approaches have been pro-
posed to replace the external magnetic field and achieve
field-free switching: for example, magnetization switch-
ing controlled by the electric field in a hybrid ferromag-
netic/ferroelectric structure [12], two coupled FM layers
exhibiting magnetization easy axes orthogonal to each
other [13—19], or introducing a lateral symmetry breaking

© 2021 American Physical Society


https://orcid.org/0000-0002-5796-7963
https://orcid.org/0000-0002-8329-0474
https://orcid.org/0000-0002-6441-1779
https://orcid.org/0000-0002-4568-2688
https://orcid.org/0000-0002-0871-7095
https://orcid.org/0000-0003-2235-8209
https://orcid.org/0000-0002-3134-9817
https://orcid.org/0000-0002-0570-6905
https://orcid.org/0000-0001-9557-4485
https://orcid.org/0000-0001-7380-2897
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.15.014017&domain=pdf&date_stamp=2021-01-11
http://dx.doi.org/10.1103/PhysRevApplied.15.014017

KRZYSZTOF GROCHOT et al.

PHYS. REV. APPLIED 15, 014017 (2021)

by asymmetric layers [20—24]. However, one of the most-
promising solutions is still the well-known exchange bias
induced by interfacial exchange coupling a ferromagnet
with an antiferromagnetic layer [25-28]. The use of a
metallic antiferromagnet for this purpose has already been
described in the literature [13,29], and it was shown to sup-
port both the spin Hall effect and exchange bias in a single
layer. This setup, however, makes further optimization of
SOT-induced switching of a ferromagnet difficult as the
electron spin density generated in an AFM acts not only on
the ferromagnet but also on the Néel order as well [30]. To
distinguish between torques acting on ferromagnetic layers
from the spin-orbit-induced effect and the exchange-bias
effect, one can use a HM/FM coupled with an antifer-
romagnetic insulator such as NiO. It not only induces
exchange bias [31-33] but also can enhance the perpendic-
ular magnetic anisotropy (PMA) of the ferromagnetic layer
[34] and allow one to achieve a lower critical switching
current than in the case of metallic AFMs.

Use of HM/FM/NiO heterostructures as one of the ele-
ments in magnetoresistive RAMs is possible, as a recent
study on NiO/MgO tunnel junctions has shown that there
is a sizable tunneling magnetoresistance (TMR) [35],
although its appearance is more complex than with use
of a MgO barrier alone—the insertion of NiO leads to the
appearance of a strong asymmetry in TMR and in partic-
ular to negative TMR [35]. It has also been shown that
NiO alone can support large TMR in various magnetic
tunnel junctions [36,37]. Moreover, there is a possibility
for a novel type of memory cells, as it has been shown
that NiO can mediate antidamping spin-transfer torque
between metallic layers [38].

Motivated by the above-mentioned considerations, we
present here a study of magnetization switching induced by
spin-orbit torque in W (Pt)/Co/NiO heterostructures with
variable thickness of the W and Pt layers, a perpendicu-
larly magnetized Co layer, and an antiferromagnetic NiO
layer. Using magnetoresistance measurements and current-
driven magnetization switching, we demonstrate the simul-
taneous occurrence of in-plane (H, (X)) and perpendicular

exb

(He(f(%) components of the exchange-bias field. We show
Co magnetization switching without an external magnetic
field, which is replaced by an in-plane exchange-bias field,
and for this case we develop an analytical magnetization-
switching model of the critical current density. Finally, we
discuss the current-switching stability and training pro-
cess conducted on Hall-bar devices of Pt/Co/NiO and
W/Co/NiO.

The remainder of this paper is organized as follows:
Sec. Il provides details of sample fabrication, and explains
the experimental techniques used to characterize the sam-
ples, Sec. I1I describes the theoretical model for spin Hall
threshold currents adopted for exchange-biased samples;
Sec. IV contains the results and their discussion; and
Sec. VI concludes and summarizes the paper.

II. EXPERIMENT

Two HM/FM/AFM multilayer systems consisting of
two different heavy metals, W and Pt, are deposited.
As shown schematically in Fig. 1(a) the bottom-up het-
erostructure is sequenced as Si/Si0,/W(Pt)/Co/NiO. The
heavy-metal layer is deposited in wedge-shaped form with
thickness ranging from 0 to 10 nm along the 20-mm-long
sample edge (x coordinate). The resulting thickness gra-
dient is achieved by controlled movement of a shutter.
The thicknesses of the two other layers, namely, Co and
NiO, are 0.7 and 7 nm, respectively. We also deposit the
Pt(4 nm)/Co(1 nm)/MgO system as a reference sample
for further analysis. All metallic layers are deposited by
magnetron sputtering at room temperature.

In the case of W sputtering, low dc power of 4 W and
a 6-cm target-sample distance are used, which results in
a deposition rate of 0.01 nm/s. Such conditions are essen-
tial for the growth of the W layer in the cubic 8 phase.
Pt and Co are deposited with dc power of 8 and 15 W,
respectively.

The stoichiometric NiO layer deposited on the top of
Co layer is prepared from a NiO target by a pulsed-
laser-deposition technique. The process is performed in
a controlled oxygen atmosphere under O, partial pres-
sure 1.5 x 107> mbar in a separate UHV chamber and
samples are transferred between chambers without our
breaking the UHV conditions. To induce exchange-bias
coupling, a perpendicular magnetic field of 1.1 kOe is
applied during deposition of the whole multilayer. System-
atic studies of the perpendicular exchange-bias effect in the
Au/Co/NiO/Au system by magneto-optical Kerr rotation,
published in Ref. [34], have shown that the Co underlayer
is oxidized due to deposition of NiO in an oxygen-rich
atmosphere. Our x-ray-absorption-spectroscopy (XAS)
studies at room temperature also confirm the surface oxi-
dation of the Co layer to stoichiometric CoO [39,40] and
prove that it is in a paramagnetic state (for details, see

Co
w (Pt) (d) =

FIG. 1. (a) Our multilayer system. The orange arrows indi-
cate the perpendicularly magnetized Co layer. The out-of-plane
vectors on W (Pt)/Co interfaces show the accumulated spin as
a result of the spin Hall effect. Optical microscopic images of
the patterned Hall-bar device: (b) Hall-bar for magnetoresistance
measurements, (c) detailed dimensions of the Hall bar, (d) Hall
bar for SOT-induced magnetization-switching measurements.
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Supplemental Material [41]). As shown in previous exper-
imental work, exchange bias can not only be preserved
but can also be enhanced by an insulating paramagnetic
spacer [42,43]. On the other hand, XAS studies of the
ordering of interfacial spins for antiferromagnetic bilayer
Co/NiO show that an adjacent NiO layer can increase
the CoO layer’s Néel temperature (7) due to the strong
exchange interaction at the CoO/NiO interface [44,45].
For this reason, it cannot be definitely ruled out that the
exchange bias on the Co layer may come from the anti-
ferromagnetic CoO/NiO bilayer. Moreover, in both cases,
the oxidation process effectively reduces the ferromagnetic
thickness of Co, which leads to an increase in the surface
anisotropy, revealing strong PMA of Co. Nevertheless, this
issue requires further investigations, which is beyond the
scope of this paper.

The thicknesses of all layers are determined from the
deposition growth rate of particular materials calibrated
by x-ray-reflectivity measurements. Next, all as-deposited
samples are characterized before patterning by x-ray
diffraction (6 — 260) and grazing-incidence x-ray diffrac-
tion (for details, see Supplemental Material [41]). All
systems are also examined with a polar Kerr magnetome-
ter to determine the range of HM thicknesses for which
PMA occurs. Square hysteresis loops are observed, which
indicate the presence of PMA in both systems for Pt-layer
thickness fp; between 1 and 9 nm and for W-layer thick-
ness tw between 3.5 and 8 nm, which is confirmed by
anomalous-Hall-effect (AHE) measurements (see Supple-
mental Material [41]).

After basic characterization of continuous samples,
both heterostructures are patterned by optical direct-
imaging lithography and ion etching to create a matrix
of Hall-bar devices with different #yy for subsequent
electrical measurements [Figs. 1(b)—1(d)]. The sizes of
the prepared structures are 100 x 10 um? for magne-
toresistance and AHE measurements and 30 x 30 um?
for current-induced-magnetization-switching experiments.
Al(20 nm)/Au(30 nm) electrical leads of 100 x 100 pm?
are deposited in a second lithography step followed by
the lift-off process. Specific locations of pads near the
Hall-bars are designed for measurement in a custom-
made rotating probe station allowing two-point or four-
point measurement of electrical transport properties in
the presence of the magnetic field applied at arbitrary
azimuthal and polar angles with respect to the Hall-bar
axis.

The resistance of each Hall bar is measured by a four-
point method [46] and the resistivities of the Pt and W
layers are determined with a parallel-resistor model and
the method described by Kawaguchi et al. [47]. Analysis
of the Pt and W resistivities yielded 30 « 2 cm [14,47—49]
and 170 uQ2cm [49-52], respectively. The Co resistiv-
ity is 28 u2cm when Co is deposited on Pt [14] and
58 u2cm when Co is deposited on W. The details of

the resistivity measurements are presented in Supplemental
Material [41].

II1. CRITICAL-CURRENT MODEL

To determine the influence of exchange bias on the
threshold current in our system, we follow the analysis
for spin Hall threshold currents first derived by Lee et al.
[53,54].

We start with the Landau-Lifshitz-Gilbert equation for
macrospin magnetization: m = (m,, m,,m.) = (cos ¢ sin6,
sin¢ sin 6, cos0),

dm dm
_ X _——= r 1
7 am X 7 , D

where « is the Gilbert damping constant.
The general torque exerted on magnetization assumes
the following form:

I = —)/()Iil X Heff — )/()HDLlil X ﬁl X 5’, (2)

where yy is the gyromagnetic constant, and the first term
comes from the effective field, Hoy = —V,,u, where free
energy of the FM has the form

1
U=——

5 s — mHy —moHG), (3)

, 1
K.effM, — E

where Hg s is the field of the effective perpendicular
magnetic anisotropy, H, is field of the effective in-plane
anisotropy, H, is the magnetic field along the x direction,
and H' is the in-plane exchange bias.

The second torque term in Eq. (2) comes from the
dampinglike field,

Hpp

1 \
Ot <1—sechﬂ> & 4

2epoM;stem Aam /) 1+ g
where h is the reduced Planck’s constant, e is the ele-
mentary charge, oM, is saturation magnetization, fgy; 1S
the thickness of ferromagnetic layer, sy is the spin Hall
angle, jiyu is the current density flowing through HM, and
2, = 2Aumpum Gy coth (tuv/Aum) 1s the unitless real part
of the spin-mixing conductivity, G,, where A, oamM, and
tym are the HM’s spin diffusion length, resistivity, and
thickness, respectively. The dampinglike field is induced
by y-polarized spin accumulation due to the spin Hall effect
in the HM.

The stationary solution of the Landau-Lifshitz-Gilbert
equation (1) leads to the torque equilibrium condition, I' =
0. For a strong magnetic field applied along the x direction,
we assume ¢ ~ 0, which leads to the following condition
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for the dampinglike field:
Hpp = cosé (He(;l)) — Hg ersinf + Hx) ) (5)

By analyzing the stability of the above equation, we obtain
a simplified relation for the critical dampinglike field:

Hyer  He— Hy) ©
2 N/
Inserting into the above equation the explicit formula for

the dampinglike field, Eq. (4), we obtain the following
expression for the critical current density:

SW A
HDL ~

jCSW ~

2epoMitrv (1 + g1) (Hx,eﬁ H - Héi{,)
hOsug, (1 — sech ﬁ—ﬁ) 2 V2
(7)

Assuming a perfect HM/FM interface (i.e., G, — o0) and
assuming fgy > Apgm leads to the simplified expression

jsw ~ 2el’LOMstFM HK,eﬁ _ Hx - He(il?) (8)
¢ hfsn 2 V2 )

which is used later to fit the experimental data. Our model
does not take into account the switching mechanism due
to creation and motion of domain walls, which has been
observed in the Pt/Co system [55] and results in a smaller
switching-current density than that estimated by the model
above. Our estimate can, however, be treated as the upper
limit.

IV. RESULTS AND DISCUSSION
A. SOT-induced current switching

The anomalous Hall effect is used to determine the
current-driven magnetization switching between high-
stable-resistance and low-stable-resistance states. The
measurement setup is shown in Fig. 1(a). Initially, the sam-
ple is magnetized by an external magnetic field applied
along the z direction to the state corresponding to low
resistance of the AHE loop.

Then, a sequence of current pulses with 10-ms duration
and 20-ms intervals in the x direction is applied to drive the
magnetization switching. The current is swept from nega-
tive to positive and back to negative and simultaneously
the transverse voltage is measured in the presence of an in-
plane magnetic field, collinear with the current direction
(H). The value of H, is changed sequentially after each
switching loop.

As aresult, we obtain the current-switching loops for Pt-
based and W-based Hall-bar devices [Figs. 2(a) and 2(b)].

(@)

R(Q)

-0.35

N o
-1.0-0.5 0.0 0.5 1.0

(102A/m?)

6420 2 4 6
(10"2 A/m?)

jHM jHM

\V4 tW=3.7 nm

O

t, =49 nm

-05r
A ty, = 6.1 nm

ty, = 4.3 nm @AN

-1.0 . :
-300 -150 0 150 300
H _(Oe)
FIG. 2. Examples of the current-switching loops for different

values of the external magnetic field H, in the Pt(4.9 nm)/Co/NiO
system (a) and the W(4.9 nm)/Co/NiO system (b). The ratio
AR/Raug is depicted in (c),(d); the intersection is marked by a
red dot. Hc(:l), in the Pt-based system is 5 Oe for fpy = 1.5 nm,
60 Oe for tpy = 4.0 nm, and 392 Oe for tp; = 4.9 nm. For all
analyzed W elements, the values are approximately 0 Oe in the
measurement error limit and —148 Oe for the annealed sample

(@AN).

Opposite loop polarities result in Pt having a positive spin
Hall angle and W having a negative one.

By analyzing the difference between high and low AHE
resistance from the AHE loop for different thicknesses
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of Pt-based and W-based devices, we determine ARAQE.
Next, the current-switching loop opening AR is mea-
sured, for each value of the applied magnetic field H,,
which shows a closing loop with decreasing H, [Figs. 2(a)
and 2(b)]. The AR/ ARagg ratio as a function of H,, which
is a measure of the effectiveness of current-induced mag-
netization switching for Pt-based and W-based devices, is
shown in Figs. 2(c) and 2(d). The dependence obtained is
approximately linear for small positive and negative H,.
As can be seen, AR does not reach ARayg, even when
a large magnetic field is applied (see also Fig. S10 in
Supplemental Material [41]).

The intersection of the linear function with zero
AR/ ARagE, corresponding to the magnetic field for which
the loop is closed, can be identified as the value of H,
that compensates the in-plane component of the exchange-

bias field (He(;%) and allows us to indirectly determine

the value of He(,ft),, because the aforementioned in-plane
compensation field has the same value, but the opposite
sign.

The intersection points for the Pt-based system depend
on the Pt-layer thickness, reaching maximal compensation-
field magnitude for tp; = 4.9 nm, while in the W-based
structure, intersection occurs roughly at zero H, field in
a wide range of W-layer thicknesses, as shown in Fig. 3. In
high H, fields, AR saturates, for W-based devices reaching
about 0.8 ARapg [Fig. 2(d)], while for Pt-based devices it
changes with increasing Pt thickness from about 0.5 ARaug
to 0.28 ARapg [Fig. 2(c) and Fig. S10(a) in Supplemen-
tal Material [41]]. The perpendicular exchange-bias field
(He(fd)J), determined by AHE hysteresis, is highest for a HM

thickness of about 5 nm in both systems, but H ©) in the

exb
W-based system is 2 times smaller than in the Pt-based

system (see Fig. S7 in Supplemental Material [41]).

400 PY O Pt/Co/NiO
<& WI/Co/NiO
300 |
- O
o
e
2 200 ©)
T
100 | O
o
O
@ OO & & o ©
1 2 3 4 5 6 7 8
I (M)
FIG. 3. He(;ft)) obtained from AR zero shifts for the as-deposited

W(Pt)/Co/NiO system. Filled points mark the elements for which
the theoretical threshold-current model is fitted.

Because in the as-deposited W/Co/NiO heterostructure
the magnitude of He(il)j is negligible, field-free SOT-induced
magnetization switching is not achieved. Therefore, to
induce the in-plane component of exchange bias, the sys-
tem is annealed at 100°C (i.e., at a temperature slightly
higher than the blocking temperature of 373 K but lower
than Ty of 525 K) for 15 min and then cooled to room tem-
perature in the presence of an external magnetic field of 4
kOe applied perpendicularly to the sample. Afterward, the
remeasured AHE loop for the selected HM thickness indi-
cates the presence of the PMA and He(ii, in the Co layer,
manifested by a rectangular-shape shift of —67 Oe [see
Fig. S6(b) in Supplemental Material [41]]. In the next step,
the current-switching experiments are repeated and results
are analyzed as described above. Finally, Héj:l)) = —148 Oe
is obtained from AR measurements [see Fig. S10(b) in
Supplemental Material [41]]. For further analysis and fit-
ting our threshold-current model in an exchange-biased
system, three as-deposited Pt/Co/NiO Hall-bar devices
with Pt thicknesses of 1.5, 4.0, and 4.9 nm are selected
and denoted as A2, A3, and A4, respectively. We select
also three as-deposited W/Co/NiO Hall-bar devices of with
W thicknesses of 3.7, 4.9, and 6.1 nm which are denoted
as B1, B2, and B3, respectively, and chose the annealed
W(4.3 nm)/Co/NiO device (C1). We also fit our model to
the reference sample (denoted A1), which is used to verify
the model, as indicated earlier.

B. In-plane exchange bias

To confirm the above-discussed He(il)’, the resistance
along the Hall bar (R,,) is measured with the external mag-
netic field being swept along the x direction and is modeled
with the equation

Ry = Ry + ARamrM?, )

where Ry is the magnetization-independent resistance and
ARamr denotes changes due to the anisotropic magne-
toresistance effect. Considering the equilibrium condition
of energy density [Eq. (3)] with respect to angle ¢, the
longitudinal resistance is reformulated to

) 2
Ry ~ Ro + ARAMRM (10)
Hy

Measured R,, for samples A2—A4, B1-B3, and C1 is
shown in Fig. 4. A parabolic function is fitted to the data
points, and minima of the functions are indicated with
arrows. According to Eq. (10), the minima can be iden-
tified as the He(ig field, as discussed in the previous section.
The resulting values for samples A2, A3 and A4 of about
6, 176, and 522 Oe [Figs. 4(d)4(f)], respectively, are con-
sistent with the ones obtained in the AR opening loop of
the current-switching experiment described in Sec. IV A.
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H_ (kOe)

FIG. 4. He(;:])3 obtained from R,,(H,) measurements for as-
deposited Pt-based systems (a)-(c) and W-based systems (d)—(f)
and the annealed W/Co/NiO system (g). The blue arrows indicate

the position of in-plane He(,fl)). Experimental data are normalized
to a minimum point. The red lines are fits according to Eq. (10).

As-deposited B-series Hall bars still exhibit negligible loop
shifts [Figs. 4(d)-4(f)]. The only exception is the annealed
C1 element, for which the value is —158 Oe [Fig. 4(g)].
Héjfl), values obtained from magnetoresistance measure-
ments are in general less noisy and are used for further
analysis.

C. Fitting procedure

For the analysis of the SOT-induced magnetization
switching, we use AHE resistance hysteresis loops versus
applied current densities in the HM layer (jiv) measured
in a different external magnetic field H,; examples are
depicted in Fig. 5.

First, using a derivative of (0 Vaug/djum), we calculate
the threshold switching current (j7%) separately for each
H,. As a result, linear dependencies of j% versus H, are
obtained for selected Pt and W thicknesses. Nevertheless,
a large number of free parameters in the model equation
[Eq. (8)] may cause large uncertainties in the determined
values. For this reason, the first part of Eq. (8) is replaced
by a single parameter a, which is fixed and calculated as
the linear slope coefficient determined by numerical differ-
entiation of the j* dependence. Therefore, Eq. (8) can be
rewritten as

x)
FSW <HK,eﬁ” _ H, — Hexb) , (11)

~a
Je ) NG

where a is a fixed parameter obtained from differing j -
dependence data points.

This ensures that the only free-fit parameter is H efr. As
mentioned earlier, H e(;)) is a fixed parameter obtained from
the magnetoresistance measurements.

Initially, the model is verified on the reference sample

A1, which is characterized by zero H é;% In this particular

(a) H, (Oe)
—3300 -150 0 150 300
T T T |
LV ——365 Oe
2r 290 Oe
) 245 Oe
~ | eSS 175 Oe
<, = 125 Oe
< < \ K; 100 Oe
,1 b -— ‘ 80 Oe
ol =\ ——60 Oe
s —— 35 Qe
B ‘ ‘ ‘ ————
—1.2 2.1 0.0 2.1 4.2
Ji (1012 A/m?)
(b) H, (Oe)

-150 -100 -50 0 50 100 150

0.3}
S
~ 0.0+
-0.3
i (1012 A/m?)
FIG. 5. Examples of a series of current-switching hysteresis

loops for sequentially changed values of H, in two selected
elements, A2 (a) and B1 (b). Anomalous Hall resistances are
represented by the green line.

case, both He(;?) and Hg . are set as free parameters to
check the validity of the parameters obtained from fit-
ting. As expected, Héfl)) = 0 Oe and Hk ¢y = 2508 Oe are
obtained with a very good compliance level of R?> = 0.93.

Next, a simplified model equation [Eq. (11)] is fitted to
all selected Pt/Co/NiO and W/Co/NiO samples. As indi-
cated, He()fl), is fixed and set in accordance with Table I. The
fitting results are depicted in Fig. 6, where the solid lines
correspond to the model equation for all devices investi-
gated. As shown, the model exhibits good correlation with
the data points. All of the R? coefficients are above 0.90,
ensuring a low uncertainty level. For higher H,, there are
deviations from a linear dependence in both systems.

In case of W-based devices, the deviations appear at
lower H, field than in Pt-based devices. This can be
explained by the lower Hg ¢ (see Table I) for as-deposited
W/Co/NiO systems than for as-deposited Pt/Co/NiO sys-
tems. Devices of the A series are characterized by
increased Hg.r and H. with increasing Pt thickness
[Figs. 6(b)-6(d)]. Additionally, annealing of the B-series
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TABLEI In-plane exchange-bias field (H. e(i,))), effective anisotropy field (H ), spin Hall angle (6sp efr), and saturation magnetization
(oMj) obtained as a result of magnetoresistance measurements and fitting the threshold-current model to the experimental data.
Pt/Co/MgO
Sample tp (Nm) HY) (Oe) Hy o—it (Oe) Ogt.er—iit (%) woM; (T)
Al 4.0 0 2508+ 80 13.5+1 0.5
Pt/Co/NiO
Sample tpy (nm) Hey (Oe) Hg en—fit (Oe) Ot er—fit (%) joM; (T)
A2 1.5 6+L1 2141 £ 10 4.1£0.38 0.5
A3 4.0 176 +3 4130 £ 10 52+£1.2 0.5
A4 4.9 522+ 14 4638 £10 58£13 0.5
W/Co/NiO
Sample tw (nm) He(,fl)) (Oe) Hg it (Oe) Ost,er—fit (%) woM; (T)
Bl 3.7 0 1132 £20 —57+1.1 0.5
B2 4.9 30+ 15 1031+ 10 -75+£15 0.5
B3 6.1 7+1 1035 £ 11 —93+138 0.5
Cl 43 —158 +£29 2584 £2 —440+£5 0.5

devices results in doubling of the Hy ¢ value with increas-
ing H,.

Finally, we calculate the effective spin Hall angles
(Osner) in the HM layer. For the calculations we use
magnetization saturation (uoM;) of 0.5 T in both sys-
tems, obtained from VSM measurements (see Fig. S11 in
Supplemental Material [41]). We also assume an infinite
value of mixing conduction (g,), which is mostly valid for
metallic interfaces [56].

The assumptions we make allow us to calculate the
effective spin Hall angle from the following formula:

26/’LOMVZF

P (12)

OsH eff =
The values of gy o obtained are listed in Table I and
agree with the ones found in the literature [14,48,49,
51,57-65]. Osp e values in as-deposited B-series devices
are slightly higher than the values calculated for A-
series devices, which combined with significantly lower
Hy o results in critical switching-current densities that are
approximately approximately 1 order of magnitude smaller
in this system. It is also worth noting that annealing of the
W-based system, apart from inducing He(;fg, also increases
Ot err to —44% [51,62—64] and reduces j*¥ by 1 order of
magnitude [Fig. 6(h)]. To confirm the high value of gy e,
a current-switching experiment is performed on another
annealed sample from the same series. A similar Osy e
value is obtained (see Fig. S9 in Supplemental Material
[41]). We attribute a high value of the effective spin Hall
angle of W similarly as in Refs. [49,51,63,64] to the highly
resistive B-W phase. For example 6sp e is approximately
—30% at room temperature and more than —50% at 50 K
in Ref. [62], while in Ref. [64] it is approximately —44%.
Recently, McHugh et al. [65] showed, from first-principles
calculations, that interstitial O and N dopants help to sta-
bilize B-W grains during film deposition, and this process
leads to high spin Hall angles.

D. Training effect

The training effect in both systems is also investigated
for verification of the thermal stability of the heterostruc-
tures examined. To do this, pulses 10 times longer than
those used in the experiments described in Sec. IV A are
used. For this purpose, multiple current switching in a fixed
external H, field is performed by 100-ms current pulses
with a 200-ms interval between them. The magnitude of
the external H, field is chosen to obtain magnetization
switching. The series of current-switching loops depicted
in Figs. 7(a) and 7(b) are obtained. Next, loop opening
AR and critical current densities % are determined as
a function of loop numbers. The results are presented in
Figs. 7(c) and 7(d).In both systems, j7¥ and AR decrease
with increasing number of magnetization switches, and
their dependence on the number of loops is similar. Dur-
ing the first few switching events, a significant reduction
in both AR and j is observed. These phenomena can
be explained by the progressively increasing temperature
in both systems due to Joule heating [29] and the train-
ing effect [28,66,67], witnessed also during magnetic field
switching [28,68,69]. It is worth mentioning that the Joule-
heating effect leads to a reduction of the switching current
and anisotropy. Saturation of the dependence is caused by
achieving a balance between the generated heat and the
emitted heat. This saturation occurs for smaller repetition
number in the system with Pt (after about 20 switches) in
contrast to the Pt-based system, in which it is not reached
even after 35 switches.

Furthermore, for the Pt-based system we investigate
how the number of switches affects He(jff). For this purpose,
we measure the longitudinal magnetoresistance signal, R,
as in Sec. IV B, before the current-switching experiment,
and we find that He(fl)) 15 302 Oe [Fig. 8(a)]. First, the current
is switched several times in zero external magnetic field.
It is found that HY) decreases to 0 Oe [Fig. 8(b)]. This

exb
proves that thermal energy generated during the pulses
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Critical switching-current densities, ', as a function of applied external magnetic field H, for Pt/Co/NiO (a)~(d) and

W/Co/NiO (e)—h) differing by the HM layer thickness. (h) The annealed W-based system. The red line represents the model equation
fitted to the data points. Parameters used for theoretical-model lines are given in Table 1.

leads to degradation of the Héjf,)3 component. The same

Hg:l),-reduction effect on switching without an external
magnetic field was noticed by Razavi et al. [29]. Then, by
applying an in-plane H, field of —200 Oe, we repeated the
multiple switching events. It turns out that as the number
of switching cycles increases, Hgft), rises to 430 Oe after
25 switching loops as depicted in Fig. 8(c). Finally, the
AHE loop shapes and Héngi in both systems are analyzed
by our comparing the loops before and after the current-
switching experiments. No significant degradation of PMA
is found; however, He(f(z) is reduced in both cases, as shown

in Fig. 9, to 0 and —3 Oe, respectively for Pt-based and
W-based devices. We conclude that during the switching

events, significant Joule heating is generated, which may
lead to the temperature increase above Ty. If an in-plane
magnetic field is applied, an increase of in-plane exchange
bias is accompanied by a decrease of the perpendicular
exchange-bias component.

V. SUMMARY

In summary, the SOT-induced magnetization switch-
ing of W (Pt)/Co/NiO with a perpendicularly magnetized
Co layer and various HM thicknesses is examined. Both
the in-plane He()’ft)) and the perpendicular HC(Q) exchange
bias are determined by current-driven-switching, magne-

toresistance, and AHE methods. We demonstrate in the
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FIG. 7. A series of successive switching loops in a measure-

ment sequence for Pt(5.1 nm)/Co(0.7 nm)/NiO(7 nm) (a) and
the annealed W(4.3 nm)/Co(0.7 nm)/NiO(7 nm) device (b). The
color of each subsequent loop in the sequence changes with
increasing magnetic field from black to blue. Critical switching
current, j*%, versus number of repeated loops (c) and magne-
toresistance, AR, (d) for Pt-based devices (black points) and
W-based devices (red points).

Pt/Co/NiO and W/Co/NiO systems deterministic Co mag-
netization switching without an external magnetic field,
which is replaced by an in-plane exchange-bias field. For
several selected Hall-bar devices in both systems, thresh-
old current densities are analyzed on the basis of our
theoretical model, allowing us to estimate effective param-
eters Osper and Hg q. Because of higher Oy in the
W-based system than in the Pt-based system, a critical
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FIG. 8. Normalized longitudinal magnetoresistance of the

Pt(5.1 nm)/Co(0.7 nm)/NiO(7 nm) device: (a) before the current-
switching experiment, (b) after current switching without an
external magnetic field, and (c) measured after a specified num-
ber of switching cycles. The red line corresponds to a quadratic
function fitted to the data to determine the shift.
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FIG. 9. AHE loops before switching experiments (black
points) and after multiple switching cycles (red points) for
Pt(5.1 nm)/Co(0.7 nm)/NiO(7 nm) (a) and the annealed W(4.3
nm)/Co(0.7 nm)/NiO(7 nm) (b) system.

switching-current density approximately 1 order of magni-
tude smaller is found. The switching stability experiments
confirm the ability to induce HC, by thermal effects.
Finally, we show a wide range of resistance changes in
field-free magnetization switching in the case of the W

(Pt)/Co/NiO system.
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