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Current induced spin–orbit torque (SOT) switching of magnetization is a promising technology for nonvolatile spin-
tronic memory and logic applications. In this work, we systematically investigated the effect of Ta thickness on the magnetic
properties, field-free switching and SOT efficiency in a ferromagnetically coupled Co/Ta/CoFeB trilayer with perpendicu-
lar magnetic anisotropy. We found that both the anisotropy field and coercivity increase with increasing Ta thickness from
0.15 nm to 0.4 nm. With further increase of Ta thickness to 0.5 nm, two-step switching is observed, indicating that the
two magnetic layers are magnetically decoupled. Measurements of pulse-current induced magnetization switching and har-
monic Hall voltages show that the critical switching current density increases while the field-free switching ratio and SOT
efficiency decrease with increasing Ta thickness. Both the enhanced spin memory loss and reduced interlayer exchange
coupling might be responsible for the βDL decrease as the Ta spacer thickness increases. The studied structure with the
incorporation of a CoFeB layer is able to realize field-free switching in the strong ferromagnetic coupling region, which
may contribute to the further development of magnetic tunnel junctions for better memory applications.
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1. Introduction
With the rapid development of spintronics, current-

induced spin–orbit torque (SOT) has been considered as one
of the promising technologies for next generation memory
and logic devices due to its ultra-low power consumption and
ultra-fast operation speed.[1–3] When the charge current flows
through the heavy metal (HM) layer with strong spin–orbit
coupling a spin current can be generated due to the spin Hall
effect (SHE)[2,4–6] and/or the Rashba effect.[7–9] The resulting
spin current will inject into the adjacent ferromagnetic (FM)
layer and switch the magnetization via the SOT.[10–13] Typ-
ically, an external magnetic field parallel to the current is re-
quired to induce deterministic magnetization switching, which
is disadvantageous for miniaturization of the device.

Therefore, how to realize field-free switching and fur-
ther improve the SOT efficiency have been the focus of
research. Up to now, field-free switching of perpen-
dicular magnetization has been demonstrated using a lat-
eral wedge structure,[14–16] exchange bias,[14,17–19] tilted
anisotropy,[20–23] and stacks with lateral or vertical symmetry
breaking.[24,25] On the other hand, field-free switching of per-
pendicular magnetization has also been reported in T-type FM
bilayer films, with in-plane and out-of-plane anisotropy, re-

spectively, using interlayer exchange coupling.[22,23,26] How-
ever, there is a lack of detailed investigation into the effects of
spacer thickness on field-free switching and, most importantly,
SOT efficiency, especially for exchange-coupled FM bilayers
that have both perpendicular anisotropy and high thermal sta-
bility, and therefore high-density memory applications.

In this work, we systematically studied field-free switch-
ing and SOT efficiency in perpendicularly magnetized Co and
CoFeB bilayers, sandwiched by an ultrathin Ta layer with var-
ied thickness, through which the interlayer exchange coupling
(IEC) strength can be effectively tuned. It is found that the
magnetic properties depend on the Ta thickness, and 0.5 nm Ta
is able to magnetically decouple the two magnetic layers. The
measurements of pulse-current induced magnetization switch-
ing and harmonic Hall voltages show that the critical switch-
ing current density increases, while the field-free switching ra-
tio and SOT efficiency decrease with increasing Ta thickness.
Both the enhanced spin memory loss and reduced IEC might
be responsible for the decrease in βDL as the Ta spacer thick-
ness increases. The studied structure with the incorporation
of a CoFeB layer is able to realize field-free switching in the
strong FM coupling region, which may contribute to the fur-
ther development of magnetic tunnel junctions for better mem-
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ory applications.

2. Experimental details
Ta(1)/Pt(5.5)/Co(1.2)/Pt(0.2)/Ta(t)/CoFeB(1)/MgO(2)/Ta(3)

(in units of nanometers, from bottom to top) heterostruc-
tures (Fig. 1(a)) were deposited on thermally oxidized Si sub-
strates by magnetron sputtering at a base vacuum better than
5×10−8 Torr. After completing deposition by a DC/RF mag-
netron sputtering system, the films were annealed at 300 ◦C
for 30 min in a vacuum to enhance perpendicular magnetic
anisotropy (PMA). The 1 nm Ta layer at the bottom is used as
the seed layer and the 3 nm Ta layer at the top is used for iso-
lation from the air and to protect the device. The sandwiched
Ta layer with varied thickness, tTa, between Co and CoFeB
serves as the coupling-tuning layer, and provides better PMA
for the upper CoFeB layer.[27] At the same time, the negative
spin Hall angle of the bottom Pt layer provides an upward spin
current. The two FM layers are composed of a Co layer and
a CoFeB layer, both of which have PMA, so that the two FM
layers are perpendicularly coupled together. Specifically, the
bottom Co(1.2) layer has a stronger PMA with a Hk of 1.18 T
(Fig. S1), and Pt(0.2) is used to further enhance the PMA of
Co. The top CoFeB(1) has weaker PMA with a Hk of 0.55 T
(Fig. S1), and MgO(1) is used to improve the PMA of CoFeB.
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Fig. 1. (a) The stack structure of the films with varied tTa. (b) Optical
microscope image of the Hall bar and connection modes.

Then, the stacks were patterned into Hall bars with a
size of 5 µm×5 µm using photolithography and Ar ion etch-
ing. Ti(5)–Au(50) electrodes were employed to form a non-
magnetic ohmic contact. The photolithography pattern and co-
ordinate system are shown in Fig. 1(b). The current is applied
in the x direction, the Hall voltage is extracted in the y direc-
tion and the z direction is perpendicular to the plane of the film.
The measurements of anomalous Hall resistance, RAHE, were
obtained by applying a magnetic field perpendicular to the film
and using a Keithley 6221 current source and a SR830 lock-in
amplifier. A magneto-optical Kerr effect (MOKE) system was
applied to obtain the magnetic properties of the film. All the
measurements were carried out at room temperature. A series

of current pulses of varying amplitude with a pulse width of
30 µs were applied to the device to switch the magnetization.
Between two consecutive pulses, a small current was used to
record the Hall resistance. The SOT of this structure was ex-
amined by performing harmonic Hall voltage measurements,
which are widely used to evaluate the magnitude and sign of
the SOT.[28,29] An in-plane field, Hx, was applied in the x–z
plane at a polar angle of θH = 3

◦
; an AC, I = I0 sin(ωt), was

applied along the x axis, which generated an alternating SOT
to oscillate the magnetic moment around Hx. Under the large
in-plane external magnetic field, the Co layers and the CoFeB
layers tilt toward the Hx direction and are modulated by AC
effective SOT fields. Because of the high external magnetic
field and strong FM coupling, the Co layers and the CoFeB
layers become a single domain, and the second harmonic Hall
resistance signal R2ω

xy measured as a function of Hx can be ex-
pressed as[30]

R2ω
xy =

RAHE

2
HDL

Hx −Hk
+

RPHE

2
HFL

Hx
+RSSE+ANE+ONE, (1)

where HDL and HFL are the antidamping-like and field-like ef-
fective fields and RAHE and RPHE are the anomalous and planar
Hall resistance, respectively. RSSE+ANE+ONE is the contribu-
tion from the spin Seebeck (SSE) effect, anomalous Nernst
effect (ANE) and ordinary Nernst effect (ONE). The merit of
high-field second harmonic measurement is that it can distin-
guish the intrinsic SOT contribution from those of the ther-
mal effects RANE+SSE+ONE. To rule out any possible thermal
contribution, the second harmonic Hall signal as a function of
1/(Hx −Hk) is plotted (see Fig. S2 in the supplementary ma-
terials). The intercept through a linear fit to the data is about
0.017 mΩ–0.021 mΩ, indicating a very small and negligible
contribution from thermal effects. The magnetic anisotropy
field (Hk) is defined as the point where the normalized in-
plane component of the magnetization mx =

√
1−m2

z equals
0.98.[31]

3. Results and discussion
The MOKE measurements characterize the PMA for dif-

ferent tTa samples, as shown in Fig. 2(a). The FM coupling
appears only in a narrow tTa spacer range (0.15 nm–0.4 nm).
At tTa = 0.1 nm, the film does not have a perpendicular easy
axis. The coercivity increases with Ta thickness, from about
80 Oe at tTa = 0.15 nm to about 150 Oe at tTa = 0.4 nm. How-
ever, two-step switching appears at tTa = 0.5 nm, indicating
that the two magnetic layers (Co/Pt and CoFeB) are individ-
ually switched, and therefore magnetically decoupled. The
square shape also confirms the PMA of the Co and CoFeB lay-
ers, and the gradient relationship of Ms and Hk of the two FM
layers. We therefore mainly studied tTa = 0.15 nm–0.4 nm for
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SOT switching since we are mainly talking about the changes
in the FM coupling intensity. Figure 2(b) also shows how Hk

changes with Ta thickness. Clearly Hk follows the same trend
as Hc when Ta thickness varies.
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Fig. 2. (a) Hysteresis loops of the Co/Ta/CoFeB samples with varying
thickness of Ta from 0.1 nm to 0.5 nm by MOKE. (b) Coercivity (Hc) and
Hk as a function of tTa.

To investigate the effect of tTa on magnetization switch-
ing, we performed SOT-induced magnetization switching ex-
periments. As shown in Fig. 3(a), we break the chiral sym-
metry by constructing the saturation magnetization and PMA
gradient of the upper and lower FM layers with FM coupling.
The anomalous Hall resistance RAHE as a function of out-
of-plane field Hz for various Ta thicknesses (tTa = 0.1 nm–
0.5 nm) is shown in Fig. 3(b). RAHE shows a negligible de-
crease (∼ 0.1 Ω) with increase in Ta thickness from 0.15 nm
to 0.4 nm. This also indicates that the shunt effect of Ta does
not play a dominant role in this structure.
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Fig. 3. (a) Schematic of the Ms and Hk gradient along the z direction that
breaks the chiral symmetry, leading to field-free SOT switching. (b) The
anomalous Hall resistance RAHE as a function of out-of-plane field Hz for
various Ta thicknesses (t = 0.1 nm–0.5 nm). (c) Current-induced SOT
switching loops of tTa = 0.15 nm under different Hx. (d) The critical
switching current density (Jc) as a function of the in-plane auxiliary field
with various tTa. Here Jc is defined as the current density at which 50%
switching happens.

As a result, in the strong FM coupling region (tTa =

0.15 nm), we observed field-free SOT switching as shown
in Fig. 3(c). This field-free switching loop has the same po-
larity as in cases with a negative Hx. These results indicate
the existence of an effective internal field that participates in

the SOT switching process. In addition, similar results are
also observed with tTa up to 0.4 nm. The Ms and Hk gradi-
ent (Fig. 3(a)) formed in our samples breaks the chiral sym-
metry and results in a dynamic noncollinear spin texture un-
der current-driven SOT, leading to field-free switching of per-
pendicular magnetization, similar to what has been reported
previously.[32–34] The critical switching current densities, Jc,
at different external fields for varied tTa are summarized in
Fig. 3(d). As expected, Jc decreases with increasing Hx, which
is a typical feature of SOT-induced magnetization switching.
Most importantly, Jc increases with Ta thickness until two
magnetic layers are magnetically decoupled at tTa = 0.5 nm.

Figure 4(a) shows current-induced field-free magnetiza-
tion switching loops with varied tTa. It can be seen that with
the decrease of tTa, the field-free switching performance im-
proves rapidly, which agrees well with the decrease of Jc men-
tioned above. Therefore, it can be concluded that a thinner
Ta layer is favorable for magnetization switching. In addition,
the switching ratio as a function of external magnetic field is
summarized in Fig. 4(b). The field-free switching ratio given
by the solid line shows a maximum switching ratio of 41% at
0.15 nm Ta when Hx = 0 Oe. The dashed line indicates that
SOT switching disappears at Hx = 15 Oe when tTa = 0.15 nm
and 0.2 nm, which corresponds to an equivalent effective field
of −15 Oe along the charge-current direction. However, the
equivalent effective field decreases to 6 Oe at Ta thicknesses
of 0.3 nm and 0.4 nm.
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Fig. 4. (a) Current-induced field-free magnetization switching loops for
varied tTa. (b) Switching ratio as a function of external magnetic field.
The solid line represents the field-free switching ratio at different Ta
thicknesses when there is zero magnetic field, and the dashed line is the
in-plane auxiliary field when the polarity of SOT changes.

We further examined SOT efficiency of the trilayer struc-
tures by performing harmonic Hall voltage measurements.
Figures 5(a) and 5(b) show the values of Rω and R2ω for the
tTa = 0.15 nm sample as a typical example. A linear relation-
ship between HDL and the applied current at different tTa was
observed and is shown in Fig. 5(c). The slope of this linear
relationship is denoted by βDL = HDL/Jc, which is plotted for
devices with different tTa in Fig. 5(d). We noticed that βDL de-
creases gradually with increasing tTa, which is opposite to the
trend of Jc changing with tTa. On the other hand, the current-
induced SOT efficiency βDL and the field-free switching ratio
follow the exact same trend, which further confirms the influ-
ence of Ta thickness.
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The IEC of two magnetic layers sandwiched by a Ta
spacer is generally two or more orders weaker than that sand-
wiched by a Ru spacer, and depends on the materials used for
the magnetic layers,[35,36] that is why very weak antiferromag-
netic (AFM) coupling is observed in Co/Ta/Co while no AFM
coupling is seen in Fe/Ta/Fe.[35] Although the 0.2 nm Pt layer
between the Co and Ta in the studied (Co/Pt)/Ta/CoFeB tri-
layer is able to enhance the perpendicular anisotropy of the
bottom Co layer, it further weakens the IEC, and therefore
a Ta spacer of 0.5 nm is able to decouple the two magnetic
layers (Co/Pt and CoFeB), resulting in two-step switching as
observed in Figs. 2(a) and 3(b). Theoretically, the interlayer
exchange field can be determined by the Ruderman–Kittel–
Kasuya–Yosida formula

Hex ∝ sin(φ +2πtTa/λF)/t2
Ta, (2)

where tTa is the Ta spacer thickness. In the first FM cou-
pling region, IEC decreases with increasing Ta thickness, ap-
proximately as 1/t2

Ta.[36] Experimentally, a sharp decrease in
FM IEC with increasing Ta spacer thickness has recently
been reported for a Ta thickness ≤ 0.9 nm in an exchange-
coupled CoFeB/Ta/CoFeB trilayer with in-plane and perpen-
dicular anisotropy for the top and bottom magnetic layer,
respectively.[37] The studied (Co/Pt)/Ta/CoFeB trilayer with
Pt+Ta thickness ≤ 0.6 nm shows FM coupling, and the cou-
pling strength should decrease with increasing Ta thickness
as theoretically predicted and experimentally observed previ-
ously.

As the Ta spacer thickness varies, two things happen. The
spin current generated by the Pt layer diffuses into the Co
layer and passes through the Ta spacer into the top CoFeB
layer, which exerts a torque on the CoFeB layer. As Ta is
a heavy metal with strong spin–orbit coupling, spin reflection
(backflow) (SBF) occurs at the (Co/Pt)/Ta interface, while spin
memory loss (SML) happens both at the interface and when
passing though the Ta spacer.[38] Therefore, the thicker the
Ta spacer, the greater the SML. As a result of that, less spin
current enters the CoFeB layer as the Ta spacer thickness in-
creases, leading to less torque and a smaller SOT efficiency, as
observed. On the other hand, as shown in Fig. 5(d), a three-
times reduction of βDL, from 2.25 Oe/(107 A·cm−2) to about
0.73 Oe/(107 A·cm−2), is seen as the Ta spacer thickness in-
creases from 0.15 nm (one sub-atomic layer) to 0.4 nm (about
two atomic layers). SML only might not be able to fully ac-
count for the observed big decrease in βDL as the Ta spacer
thickness increases because it has little effect on the SOT act-
ing on the Co layer, which should contribute more than half
to the overall torque acting on the ferromagnetically coupled
(Co/Pt)/Ta/CoFeB trilayer. Therefore, the IEC might play a
partial role in the observed decrease in βDL. The main driv-

ing forces that act on the CoFeB layer and push its magneti-
zation to switch are the current-induced damping-like torque
and IEC-induced exchange torque that comes from exchange
coupling with the bottom Co layer, and later decreases with
the IEC. A reduced exchange torque demands higher damp-
ing to make the CoFeB layer switch happen, and equivalently
reduces SOT efficiency. As discussed above, the IEC might
decrease with Ta spacer thickness at tTa = 0.15 nm–0.4 nm,
and therefore might reduce βDL as observed. That is, both the
enhanced SML and reduced IEC cause the decrease in βDL as
Ta spacer thickness increases.
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Fig. 5. (a) and (b) The first and second harmonic Hall resistances (Rω

and R2ω ) as a function of in-plane magnetic field Hx for samples with
different tTa. The R2ω –Hx curves are fitted by Eq. (1). (c) Damping-like
effective field HDL versus applied AC for different Ta thicknesses. The
solid lines are the fitting results. (d) βDL as a function of tTa.

In summary, the effect of Ta thickness on field-free
switching and SOT efficiency in a ferromagnetically coupled
Co/Ta/CoFeB trilayer with PMA was systematically investi-
gated; this is different from previously reported works which
are summarized in Table 1.

Table 1. FM/NM/FM trilayer research status.

System
Field-free Coupling Magnetic

Reference
switching modea anisotropyb

[Co/Pd]/Ru/[Co/Pd] No AFM OP/OP [39]
Co/Ru/Co/Ir/Co No AFM IP/IP/OP [40]

Co/CuIr/Co No AFM IP/IP [41]
Pt/Co/Ru/Co/Pt No FM IP/IP [42]

CoFe/Ru/CoFe/IrMn Yes AFM/FM OP/IP [26]
Pt/Co/IrMn Yes AFM IP/OP [19]

CoFeB/Ta/CoFeB Yes AFM OP/IP [22]
Co/Ta/Co Yes AFM IP/OP [43]

CoFeB/Ta/CoFeB Yes AFM IP/OP [44]
CoFeB/Ta/CoFeB Yes FM OP/IP [22]
CoFeB/Ta/CoFeB Yes FM IP/OP [37]

Co/Ta/CoFeB Yes FM OP/OP our work

aAntiferromagnetic (AFM) interlayer exchange coupling and
ferromagnetic (FM) interlayer exchange coupling.
bOut-of-plane (OP) magnetizations and in-plane (IP) magnetizations.
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4. Conclusion and perspectives
We systematically investigated the effect of Ta thickness

on the magnetic properties, field-free switching and SOT ef-
ficiency in a ferromagnetically coupled Co/Ta/CoFeB trilayer
with perpendicular magnetic anisotropy. We found that FM
IEC happens in a narrow range of 0.15 nm≤ tTa ≤ 0.4 nm. The
perpendicular easy axis disappears at tTa < 0.15 nm, while two
layers are magnetically decoupled at tTa ≥ 0.5 nm. The crit-
ical switching current density increases, while the field-free
switching ratio and SOT efficiency decrease with increasing
Ta thickness. Both the enhanced SML and reduced IEC cause
a decrease in βDL as Ta spacer thickness increases. In partic-
ular, the studied structure with the incorporation of a CoFeB
layer is able to realize field-free switching in the strong FM
coupling region, which may contribute to the future develop-
ment of magnetic tunnel junctions for better memory applica-
tions.
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