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Spin-orbit torque (SOT) induced magnetization switching in CoFeB/Ta/CoFeB trilayer with two ferro-
magnetic CoFeB layers exhibiting in-plane and perpendicular magnetic anisotropy (PMA), respectively, is
investigated. Interlayer exchange coupling (IEC), measured using the ferromagnetic resonance technique is
modified by varying thickness of the heavy metal Ta spacer (tr,). The evolution of the IEC with 1, leads to
different orientations of the magnetic anisotropy axes of two CoFeB layers: for #r, > 1.3 nm, magnetization
prefers antiferromagnetic alignment, whereas for #1, < 1.3 nm, ferromagnetic coupling is measured. The mag-
netization state of the CoFeB layer exhibiting PMA is controlled by the spin-polarized current originating from
the Ta layer in micrometer sized Hall bars. The SOT induced critical current density with Ta spacer thickness is
presented, showing an increase with decreasing #r,, which coincides with the CoFeB coercive field dependence.
In a narrow range of fp, corresponding to the ferromagnetic IEC, the field-free SOT induced magnetization

switching is achieved.
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I. INTRODUCTION

Conventional electronic devices based only on the electric
charge are facing energy efficiency issues due to the use of
high current densities needed to control the device state that
dissipates a lot of heat. Moreover, digital data stored in the
form of electric charge, for example, in dynamic and static
random access memories are volatile and, thus, need periodic
refreshment. Spintronic devices, on the other hand, use both
charge and spin of the electron to process and store infor-
mation. Magnetism-based spintronic elements are by nature
nonvolatile and potentially more energy efficient, nonetheless,
there is still a need for further development of magnetization
control mechanisms [1]. Digital information can be encoded
in the magnetization state of a nanoscale magnet in a non-
volatile way. Research on various control mechanisms has
recently received extensive attention due to the demand for
a scalable and low-energy write and read processes [2]. Out-
standing developments have been made in switching magnetic
tunnel junctions (MTJs) and spin-valve structures via spin-
transfer torque (STT) [3,4], electric fields [5,6], and recently
vastly explored spin-orbit torque (SOT) [7-9]. MgO-based
MTIs with in-plane magnetic anisotropy have been initially
proposed as a main building block of a memory unit due to
its high tunneling magnetoresistance ratio [10] and current
induced switching [11]. Unfortunately, in general, STT-based
devices require high critical current densities (J¢) via a thin
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tunnel barrier for the magnetization switching and have the
disadvantage of low thermal stability. Perpendicularly mag-
netized MTJs using both interface perpendicular magnetic
anisotropy (PMA) [12-14] and shape anisotropy [15] have
been proposed to enhance thermal stability and to reduce Jc,
however, a MgO tunnel barrier can still degrade its own prop-
erties over time due to high switching currents. To overcome
this problem, the SOT effect in which spin currents are gen-
erated in layers with high spin-orbit couplings, such as heavy
metals (HMs) [16] and topological insulators [17] has been
studied. The switching of the magnetization driven by SOT
with PMA does not require such a high-Jc tunneling through
a MgO barrier [16]. In addition, SOT induced magnetiza-
tion switching enables the magnetization reorientation in the
subnanosecond regime [18]. Originally, an external magnetic
field had to be applied to assist SOT switching in order to
break the time-reversal symmetry. Although the need for an
external field in device applications would not be practical,
therefore, numerous alternatives have been proposed, such as
coupling to the antiferromagnets [19-25] or to another ferro-
magnet [26,27], use of interface torques [28], combination of
STT and SOT effects [29], or using a dipolar field from an
additional magnetic layer [30]. The use of a trilayer structure
with two ferromagnets with different magnetic anisotropies
coupled by a Ta layer forming a so-called T-type structure has
led to the observation of robust field-free switching [31-33].
In this paper we study the CoyoFegoB2o/Ta/CoyoFegnBag
trilayer structure in order to determine the coupling via the Ta
spacer and SOT induced magnetization switching of CoFeB.
Similar to Ref. [31] Ta serves as the coupling layer, but in
the presented case it also acts as a source of the spin current.

©2021 American Physical Society
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By carefully selecting the CoFeB layer thicknesses, the de-
position condition, and the thermal treatment, we are able to
control the magnetic anisotropy. The interlayer exchange cou-
pling (IEC) [34] across a Ta spacer is investigated using the
ferromagnetic resonance (FMR) measurements. This coupling
induces different magnetic orientations of two CoFeB layers,
which results in a nontrivial dependence of the switching field
and critical SOT induced current dependence as a function of
Ta thickness.

II. EXPERIMENT

All samples were magnetron sputtered on a thermally ox-
idized Si wafer with a wedged-shaped Ta layer deposited
using a moving shutter technique. The investigated multilayer
structure is as follows:

Ta(2)/CoxFesoB2o(4)/Ta(t1a)/CoxFesBao(1.3)/MgO
(3)/TaOx(2) (thickness in nanometers) with ¢, varying
from O to 8 nm. The bottom (thicker) and the top (thinner)
CoyoFegoBoo layers exhibit in-plane (IMA) and perpendicular
magnetic anisotropy (PMA), respectively. Additional multi-
layers with single FM layers and variable thicknesses of Ta
or CoFeB were deposited: Ta(0 — 10)/CoyoFegoB205)/Ta(l)
and Ta(5)/CoyoFegqoB20(0-10)/Ta(1) for resistivity analysis
and PMA measurements using the anomalous Hall effect
(AHE). Weak effective PMA of the top CoFeB layer was
observed in the as-deposited state for a limited thickness
of CoFeB around 1 nm. After annealing at 300°C for
10 min, the range of CoFeB thicknesses for which effective
PMA was found increased, which is confirmed by the
evolution of the AHE signal in a half-stack with variable
thickness of FM: Ta(5)/CoyoFeeoB20(0-2)/MgO(2)/Ta(1).
The resistivity of CoFeB and Ta was determined in bilayers
of variable thicknesses according to the model presented
in Ref. [35]. After the deposition process, all samples
were characterized by x-ray diffraction (XRD) and x-ray
reflectivity measurements using a X’ Pert-MPD diffractometer
with a Cu anode to assist in controlling the thickness of
particular layers in the system and phase analysis.

For the thinnest wedge thicknesses of f1, < 2 nm, the graz-
ing incident angle profile measurements show no peaks. For
2 < tr, < 6nm, a broad peak corresponding to the amor-
phous Ta appears. Finally, for #r, > 6 nm the measurement
results contain peaks that originate from a disoriented poly-
crystalline tetragonal 8 phase [36]. For more details see the
Supplemental Material [37].

For magnetotransport measurements, the Hall bars along
with the rectangular stripes were fabricated using 385-nm
projection lithography, ion-beam etching, and the liftoff pro-
cess. The elements dimensions were: 10 um x 100 um for
SOT dynamics measurements, 30 um x 10 um stripes for
current induced magnetization switching and Hall bars, and
10 um x 80 um for AHE measurements. An example of the
fabricated Hall bar with additional contact electrodes made of
Al(20)/Au(30) is presented in Fig. 1. The long axes of the
fabricated devices are perpendicular to the wedge direction,
and the T, variation within a single device is below 0.05 nm.

The AHE was measured in a perpendicular magnetic
field with constant current flowing through the long axis
of the Hall bar. Spin-orbit torque ferromagnetic resonance

FIG. 1. Micrograph of the Hall-bar structure used for SOT cur-
rent induced magnetization switching measurements.

(SOT-FMR)—with a rf signal of the constant frequency (f)
applied where DC voltage was measured—was determined
using the same electrodes (two-point) and perpendicular Hall
electrodes (four-point) with the in-plane magnetic field (H)
swept along a 45° axis with respect to the long axis of the
stripe. In general, the stronger SOT-FMR signal is measured
using the two-point method for in-plane magnetized CoFeB,
whereas the four-point method is more suitable for CoFeB
with effective perpendicular magnetic anisotropy Ref. [38].

III. RESULT AND DISCUSSION

A. Anomalous Hall effect

CoFeB and Ta layers resistivity determined in bilayers
are as follows: pr, = 170 u2cm and pcoreg = 160 12 cm.
The presence of the PMA in thin CoFeB was con-
firmed by the AHE measurements. The maximum coercivity
(Hc) was found for fcopeg = 1.3—1.5 nm. Thinner (thicker)
CoFeBs are characterized by perpendicular (in-plane) mag-
netic anisotropy, which is shown in Fig. 2(a). Figure 2(b)
presents the AHE loops evolution of CoFeB/Ta/CoFeB tri-
layers as a function of the Ta spacer thickness.

Clearly, the magnetic behavior of the top CoFeB layer is
modulated by the spacer thickness. For f1, below 0.7 nm, the

(@ 200 100 o 100 200 (B) 200 -t00 O 100 200

1.0l 1.0
0.5 K 0.5 g \
0.0 tcores(nm): 1.59 98 tra(nm): 3.82
1.0 X ]
9'8‘1'49 2.58
§o.5I—\ 1 05 \ \
N
Nopo14 0217
10 98
0.5 0.5 \ \
vo_g 1.31 155
. X
20.5' ‘ ‘ 0.5
> 00117 0.83
1.0' X
0.5 ; \ 0.5
0.01.02 0.72
1.0' .
05 \ 0-5\
0.0 0.98 0.00.62
200 -100 0 100 200 200 -100 0 100 200
H, (Oe) H, (Oe)

Norma

FIG. 2. AHE hysteresis loops measured in (a) a bilayer with
a single FM as a function of CoFeB thickness: Ta(5)/CoFeB
(0-2)/MgO(2)/Ta(1), (b) trilayers with two FM layers sepa-
rated by different Ta spacer thicknesses: Ta(2)/CoFeB(5)/Ta(0-8)
/CoFeB(1)/MgO(2)/Ta(1). Both samples were annealed at 300 °C.
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FIG. 3. Ferromagnetic resonance measurements on Hall-bar de-
vices with different #r,’s. (a) and (b) show exemplary SOT-FMR
curves for 8 GHz in as-deposited and 10 GHz in annealed states,
respectively. The Kittel relation, i.e., the resonance frequency vs
magnetic-field dependence of IMA CoFeB (open symbols) and PMA
CoFeB (full symbols) for both cases are presented in (c) and (d).
Macrospin simulation results are drawn with solid lines.

hard-axis closed hysteresis loop corresponding to the strong
ferromagnetic coupling to the bottom in-plane magnetized
CoFeB layer is measured. For thicker Ta the Hc of the top
CoFeB is modulated, which is a signature of the antiferromag-
netic coupling of different energies as proposed in Ref. [39].

However, the magnetization switching process in micron-
scale Hall bars is determined by the domain nucleation and
propagation, therefore, precise determination of the coupling
energy is challenging. Moreover, conventional magnetometry
cannot be used for the determination of the IEC energy in
the presented case where magnetic anisotropy axes of two
CoFeB layers are orthogonal. For this purpose, we performed
SOT-FMR measurements of the coupled CoFeB/Ta/CoFeB
system.

B. Interlayer exchange coupling

Representative SOT-FMR spectra measured for a trilayer in
an as-deposited and annealed state are presented in Figs. 3(a)
and 3(b). Two peaks in the magnetic-field domain corre-
spond to the resonance frequency of the in-plane magnetized
thick CoFeB (low field) and out-of-plane magnetized thin
CoFeB (high field). The extracted signal Vj,ix consists of two
parts—symmetric and antisymmetric—which are modeled by
Lorentz curves,

AH?
AH? + (H — Hy)?

AH(H — Hy)

Vmix =V ’
S AH? + (H — Hy)?

+ Va (1)
where Vs (V) is the magnitude of symmetrical (antisym-
metrical) Lorentz curve, AH is the linewidth, and Hj is the
resonance field.

Figures 3(c) and 3(d) present the f(H) dependencies mea-
sured for different thicknesses of the Ta spacers. Strong
dependence of the resonance peak on f1, is observed in the
annealed sample, which indicates that the coupling is greatly

enhanced after the thermal treatment [40]. It was found in
the XRD measurements, that after the annealing process, the
intensity of the Ta peak increases together with the appearance
of the peak from CoFeB, which indicates an improvement of
the crystallization process. Detailed crystallographic analysis
is presented in the Supplemental Material [37].

The f(H) dependence was analyzed using the macrospin
model as follows. First, taking into account the saturation
magnetization Mg of each layer, magnetic anisotropy energy
(K), and the coupling energy between them, the total energy
term was minimized, which resulted in the orientation of the
magnetization vector of two CoFeB layers. Next, the FMR
frequency of each layer was calculated based on Smit-Beljers
resonance formula, which resulted in two theoretical f(H)
dependencies Ref. [41].

It was assumed, that for the thickest Ta spacer, the
IEC energy is negligibly small and the experimental points
were fitted by adjusting the anisotropy energy alone.
Parameters used in the modeling were as follows: puoMs; =
1.4 and poMsy; = 0.5 T for the bottom and top CoFeBs
were measured using a vibrating sample magnetometer,
the anisotropy energies were determined from an indepen-
dent electrical transport measurement (anomalous Hall effect
and magnetoresistance—see in detail in the Supplemental
Material [37]): Ka; =5 x 10* and Ka» = 1.75 x 10° J/m?>
for the bottom and top CoFeB layers, respectively. The mag-
netic anisotropy values of the bottom and top CoFeB layers
correspond to the effective anisotropies of Kegy, = 7.73 x 103
and Kegr, = —7.58 x 10* J/m? based on Eq. (2),

2
oM
Keir = >

- KA ) (2)

where [ is the vacuum permeability.

Next, in order to model the experimental f(H) de-
pendencies for the entire range of fr,, the coupling was
adjusted. However, it was found that changing the IEC energy
[Fig. 4(b)] alone results in the values of an order of magnitude
higher than in previous studies Refs. [42,43] and deviation
of the FMR frequency of the thick CoFeB. Therefore, the
best fits were obtained by adjusting both the coupling and
the anisotropy energies for all #,’s investigated. We note that
neighboring layer thickness can influence the anisotropy of
CoFeB as presented in Ref. [44]. In a similar material system
it was found that the anisotropy field of the perpendicularly
magnetized FeCoB layer was influenced by the Ta underlayer
thickness [45], which was crucial for STT-magnetic random
access memory (MRAM) cells based on a similar structure
[46]. The detailed simulations based on the Landau-Lifshitz-
Gilbert equation together with experimental data are presented
in the Supplemental Material [37]. The simulation results are
gathered in Figs. 4(a) and 4(b).

C. SOT induced switching

After the analysis of the coupling energy, we now turn
to the SOT induced switching experiments. Similar to the
previous work [27] we used the HM both as a spacer and as a
source of the spin current. Unlike in the Co/Pt/Co case where
strong ferromagnetic coupling [47] and field-free magnetiza-
tion switching [27] were observed, the CoFeB/Ta/CoFeB did
not result in a field-free switching in the antiferromagnetic
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FIG. 4. Dependence of the magnetic anisotropy of the (a) top
CoFeB-K,», (b) IEC energy via Ta spacer, (c) critical current density
Jc, and the (d) top CoFeB coercive field Hc as a function of #r,. The
red point corresponds to the ferromagnetic IEC range.

coupling region. The example of the switching process with
the assistance of the external magnetic field is presented in
Fig. 5(a). The Jc dependence on fr, in the external field
H, = 100 Oe applied along the long axis of the Hall bar is
presented in Fig. 4(c). The behavior closely resembles the
coercive field dependence on fr,.

Jc needed to switch the top CoFeB magnetization in
the presence of an external magnetic field is increasing
with decreasing Ta spacer thickness along with a rise in
negative coupling energy until the transition to the ferro-
magnetic coupling for fr; = 1.3 nm occurs. The Hall-bar
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FIG. 5. SOT induced switching with (a) tr, corresponding to
the antiferromagnetic coupling and (b) ferromagnetic coupling in
different external magnetic fields. Field-free switching is measured
only for the sample characterized by the ferromagnetic coupling
between two CoFeB electrodes. The offset is artificially added for
clear viewing.

switches deterministically only in the in-plane magnetic field
(H = £100 Oe in the presented example). On the contrary,
in the ferromagnetic coupling region, we observed current
induced switching without any external magnetic field—
Fig. 5(b)—but not fully complete—due to precisely selected
ferromagnetic coupling (similar to Ref. [27]). The incomplete
magnetization switching is most probably caused by the mag-
netic domain formation in the top CoFeB.

A ferromagnetic coupling appears only in a narrow Ta
spacer thickness range. The switching process in this case may
also be induced by the spin current from the bottom Ta layer.
To further elucidate the field-free switching we calculated
the current densities in each layer. For tp, = 0.72 nm, J¢ in
the bottom Ta layer is 1.58 x 10'' A/m?, which is enough
to switch the in-plane magnetized CoFeB layer [16]. Due to
ferromagnetic coupling between two CoFeB layers, this leads
to the magnetization change in thin CoFeB.

Alternatively, the spin current generated by the anoma-
lous Hall effect [48] in thick CoFeB or its interface with Ta
may also lead to a field-free switching of the perpendicular
magnetized top CoFeB [28]. Nevertheless, in both scenarios
due to a limited range of Ta spacer thickness for which the
ferromagnetic coupling is observed, there is a need for an ad-
ditional spin-current source layer in order to realize magnetic
field-free switching.

IV. SUMMARY

To sum up, the dynamics and the switching process in
CoFeB/Ta/CoFeB trilayers with in-plane and perpendicular
magnetic anisotropies of the two ferromagnets were investi-
gated. The IEC, determined by the SOT-FMR technique was
tuned by varying Ta spacer thickness and changes from ferro-
magnetic (tr, < 1.3 nm) to antiferromagnetic (1.3 nm < f1,).
In the antiferromagnetic regime, a small external magnetic
field is needed to achieve the SOT switching. In the ferro-
magnetic regime, however, the field-free SOT switching is
obtained, but the range of change in resistance is slightly
reduced. The implementation of two coupled FM layers with
mixed anisotropies separated by a HM spacer enables de-
termination of the fundamental SOT mechanisms and could
advance the development of field-free SOT-MRAM devices
in the future.
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