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Heavy metal (HM) multilayers with opposite spin-Hall angle have attracted extensive attentions due to their
rich physical properties and controversial reported results. Here, we systematically investigated the spin-orbit
torque (SOT) efficiency in Ta(1)/[Pt(tp.)/Ta(l — tp)]5/Pt(1.3)/Co multilayers using harmonic Hall voltage
response methods. We observed that the SOT efficiency of Pt/Ta multilayer can be continuously tuned with
varying Pt or Ta thickness, and the strong thermoelectric effect in Pt/Ta multilayers causes a large mismatch of
low-field and high-field harmonic results. Combined with finite element analysis, we demonstrated the enhanced
thermoelectric effect in Pt/Ta multilayers originates from the increased resistivity of HM layers and shunt effect,
as well as the change of anomalous Nernst coefficient. Furthermore, the accurate SOTs strength can be obtained
by ruling out the thermoelectric effect. Our work not only confirms the importance of thermoelectric effect in
electrical transport measurements, but also holds significant implications for the precise determination of SOT

strength and the application of SOT devices.

DOLI: 10.1103/PhysRevB.107.214440

Current-induced spin-orbit torques (SOTs) have attracted
considerable attentions due to its great potential in fast opera-
tion, low-power consumption, and high-density storage [1-5].
In heavy metal/ferromagnetic (HM/FM) heterostructures, spin
currents generated by either spin-Hall effect (SHE) [2,6,7],
Rashba effect [1,8], topological surface state [9] or other
spin-orbit related mechanisms [10] can effectively manipu-
late the magnetization of FM layer through SOTs. For the
development of SOT devices, it is of great significance to
quantitatively measure and improve the strengths of SOTs,
especially the dampinglike torque which plays a key role in
magnetization switching. As dampinglike torque efficiency
can be expressed as &p; X TinOsy Prx, Where py., osy, and
T;.: are the HM’s resistivity, spin-Hall conductivity and inter-
face spin transparency, respectively, thus recent efforts have
attempted to enhance &p; via doping, inserting submonolayers
or interfacial engineering [11-13], in which how to accurately
determine SOT strength is an important research issue.

Furthermore, the typical HMs Pt and Ta, with opposite spin
polarizations, have been widely investigated in spintronics
[2,14-16]. Notably, the research combining Pt and Ta or other
two HMs with opposite spin polarizations is rare and mainly
focuses on bilayer rather than multilayer systems [17-19].
Meanwhile, the controversial results of Pt/Ta bilayer system
are also reported. Ma et al. found field-free switching when
compensating the torques of Pt and Ta [18], while He et al.
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observed continuously tunable SOT strength and direction
with varying Pt/Ta thicknesses but no field-free switching for
compensated torques of Pt and Ta [17].

To make clear the influence of combining Pt
and Ta on the SOT strength, we designed Ta(l)/
[Pt(tp)/Ta(l — tp)]s/Pt(1.3)/Co multilayers and inves-
tigated their dampinglike efficiency using harmonic Hall
voltage response (HHVR) techniques. We demonstrated
the contradictory results for SOT measurements can be
eliminated through excluding thermoelectric effect. Our work
provides a spin-Hall material system that can continuously
tune SOT and Dzyaloshinskii-Moriya interaction (DMI)
strength and verifies the remarkable thermoelectric effect in
HM/FM systems, which would be very important to deeply
understand the nature of SOT.

The stack structures of multilayer samples Ta(l)/
[Pt(tpe)/Ta(l — tpe)]5/Pt(1.3)/Co(0.8)/Ru(3) (thickness in
nanometers) with tp, = 0, 0.5, 0.6, 0.7, 0.8, 0.9, Pt (5)/Co
(0.8)/Ru (3), and W (5)/CoFeB (1)/ MgO (1.2)/Ta (3) were
deposited on Si/SiO, substrates by magnetron sputtering
at room temperature. The base pressure was less than 1 x
10~® Torr before deposition [20]. The bottom Ta layer (1
nm) was an adhesion layer and the top Ru or Ta layers
were used for capping layer. The W (5)/CoFeB (1)/MgO
(1.2)/Ta (3) film was annealed at 350°C for 1 h in vac-
uum (F800-35, East Changing Technologies, China) to obtain
the perpendicular magnetic anisotropy (PMA). The films
were patterned into Hall bar devices by the photolithog-
raphy and Ar-ion etching for transport measurements. The
Kerr characterization of magnetization was taken using a
NanoMoke3 magneto-optical Kerr magnetometer and the sat-
uration magnetization (My) value of samples were measured
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FIG. 1. (a) Geometry and coordinate for Hall measurements
of Ta(l)/[Pt(tp)/Ta(l — tp)]5/Pt(1.3)/C0(0.8)/Ru(3) samples.
(b) Anomalous Hall resistance Ry, versus the out-of-plane magnetic
field Hz for different fp, samples. (c) First harmonic resistance R,
and second harmonic resistance R,, as a function of in-plane field
H, for the sample with fp, = 0.9.

by vibrating sample magnetometry (Quantum Design). The
Hall measurements were performed at room temperature us-
ing a Keithley 6221 current source and a Stanford SR830 lock
in amplifier. The SOT switching measurements were carried
out with Keithley 6221 as the source meter and Keithley
2182A as the nanovoltmeter. The pulse current width is 50
us and the test current is 0.1 mA to minimize the thermal
effect.

Figure 1(a) shows the transport measurement method
and coordinates for Ta(l)/[Pt(tp:)/Ta(l — tp)ls/Pt(1.3)/
Co(0.8)/Ru(3) samples with different thick Pt layer. It is
observed that the anomalous Hall resistance (Rayg) as a func-
tion of out-of-plane magnetic field (H,) curves for all the
samples exhibit good PMA characteristics [Fig. 1(b)]. We
then investigated the SOTs of all Pt/Ta multilayer samples by
low-field harmonic method (see Sec. S1 in the Supplemental
Material) [21,22]. Figure 1(c) presents the first and second
harmonic resistances (R, and R,,) versus in-plane field
(Hy) for the sample with fp; = 0.9. Then the current-induced
dampinglike and fieldlike SOT fields can be determined by
HDL(FL) = —2(8R2w/3HX(y))/(82R1w/8ZHx(y)) and the corre-
sponding dampinglike (fieldlike) torque efficiency can be
obtained via ";:DL(FL) = zeMoMStFMHDL(FL)/th where try
and My are the thickness and saturated magnetization of FM
layer (=~ 1280 emu/cm? for all Pt/Ta multilayer samples).

The calculated Hp;, with current density (J) for different
Pt thick samples is shown in Fig. 2(a). One notes that the
slope gradually decreases with decreasing Pt thickness and
changes the sign for fp, = 0.6, which means the net spin
currents may vary from Pt-dominated to Ta-dominated with
increasing Ta thickness [17,19] because of the opposite spin-
Hall angles for Pt and Ta. However, as shown in Fig. 2(b),
the high-field harmonic signal for samples with #p; < 0.6
still have positive peaks in positive field, implying the net
spin current is still Pt-dominated (see harmonic results of
W/CoFeB/MgO and Pt/Co/Ru in Sec. S2 in the Supplemental
Material) [22,23], even for the sample with fp, =0, i.e.,
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FIG. 2. (a) The dampinglike field as a function of current
density for different #p, samples by low-field harmonic method.
(b) Second harmonic resistance R, versus in-plane field for
Ta(1)/[Pt(0.5)/Ta(0.5)]s/Pt(1.3)/Co(0.8)/Ru(3) sample. The up-
per left corner is the extracted low-field harmonic signal, and the
lower right corner is the SOT switching curve. (c) The dampinglike
field as a function of current density for different 7p, samples by
low-field harmonic correction. (d) £€p; dependence of Pt thickness.

Ta (6)/Pt (1.3) bilayer. Moreover, the SOT switching measure-
ment exhibiting anticlockwise under H, = —1000 Oe also
confirms the Pt-dominated net spin current, see the inset (right
corner) of Fig. 2(b).

To clarify this problem, we took into account the thermo-
electric effect. For low-field harmonic method, besides the
current-induced effective fields, the thermal gradient of x and
z direction V3§ and V5 can also contribute second signals
Ry, and Ry, , which may lead to contradictory results, but
this was always ignored before. We employed the high-field
HHVR to distinguish the dampinglike field and thermoelectric
effect through their different field dependence. For high-
field harmonic measurement, when H, is larger than the
effective magnetic anisotropy field Hy, second harmonic re-
sistance can be expressed by R, = }%Wﬁ% + Ry, ‘Z* I
Roftset (1), where the R is the offset signal. Therefore
Ry, can be quantitatively extracted by fitting Eq. (1). Hy was
estimated from the first harmonic signal using the formula
Ry ~ Raup(1 — H2/2H?) (see Sec. S3 in the Supplemental
Material) [22]. The planar Hall resistance (Rpgg) term was not
considered because it is small for Pt/Ta multilayers and does
not affect our conclusion (see Sec. S4 in the Supplemental
Material) [22,24]. Moreover, during the harmonic measure-
ments, the external field was slightly tilted off film plane
(~0.5°) to prevent the formation of magnetic domains. We
repeated the harmonic measurements while slightly changing
the magnitude and direction of the tilt angle. The slight mis-
alignment of external magnetic field has small impact on the
fitting results, which confirms the effectiveness of this method
(see Sec. S5 in the Supplemental Material) [22].

Figure 2(c) shows Hp, vs J curves after deducting thermo-
electric effects, which is in good agreement with the results of
high-field harmonic results (see Sec. S6 in the Supplemental
Material) [22], further confirming the contradictory results in
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FIG. 3. Schematic diagram of current-induced out-of-plane thermal gradient (a) and in-plane thermal gradient (b) in electrical transport
measurements. (¢) Linear dependence of |Rang| on the current for different Pt thickness samples. (d) The dependence of Co layer temperature
gradient on the resistance of HM layers with different fp, obtained from the results of finite element analysis.

Figs. 2(a) and 2(b) are indeed caused by the thermoelectric
effects. Therefore, the good linear dependence of Hp, on J in
previously work suggested a minor Joule heating effect could
be inappropriate because the thermoelectric effect on Hpy is
also linearly dependent on J (see Sec. S1 of the Supplemental
Material) [21,22]. We summarized the &p; of samples with
different p; in Fig. 2(d). It is found that the &p; enhances
quickly from 0.14 (pure Pt) to maximum 0.19 for tp; = 0.9
and gradually reduces until approximately saturating to 0.06
for tp; = 0.6.

We then discussed the influence of Pt thickness on the
dampinglike efficiency. To simplify the analysis, we assume
the resistivity of HM layer remains constant and the in-
terface is ideal. According to the SHE theory, considering
drift-diffusion approximation, the &p; and thickness of HM
layer satisfies &py (tgar) = Epr.max[1 — sech(tgp/As)], where
Mg and tyy, are spin-diffusion length and effective thickness
of HM layer, respectively [25]. With increasing gy, £pr 1S
expected to initially increase quickly (fyy < As) and then
saturate slowly [(tgy = 3A,)], reflecting the nature of bulk
effect of SHE. In Pt/Ta multilayer samples, the dominant spin
source is Pt ( Ay & 2 nm) with low resistivity (= 18 uf2 cm)
rather than Ta with high resistivity (= 450 u2 cm). There-
fore, the higher Pt content is expected to yield greater &py.
Moreover, the resistivities of multilayers increase significantly
with decreasing Pt thickness, see Sec. S7 in the Supplemental
Material [22]. Therefore, the maximum &p; of 0.19 for tp, =
0.9 can be attributed to a combination of higher Pt content
and increased resistivity. With further reducing tp,, two effects
occur simultaneously: firstly, the gradual decrease of Pt results
in a decrease in ogy of Pt; secondly, since Ta has an opposite
sign of osy, the increase of #7, will compensate the net spin,
which gradually reduces &p; to 0.06 for fp; < 0.6 [16,26].
Significantly, &p, is not fully compensated by Ta even for the
sample with tp; = 0 because of strong shunt effect caused by
high resistivity Ta and low resistivity Pt. The approximate sat-

uration of &p; at tp; < 0.6 can be viewed as a delicate tradeoff
between Pt content reduction (reduced dampinglike effective
field) and enhanced resistivity (reduced current density in the
HM layer) considering parallel resistance model.

In contrast to the in-plane HHVR, the out-of-plane low-
field HHVR cannot easily separate the thermoelectric signal
for the system with strong thermal effect [27]. Recently,
Zhu et al. and Shirokura et al. reported that the low-field
harmonic is significantly underestimated or overestimated
due to thermoelectric effects in (HM/FM), multilayer struc-
tures [28,29]. To accurately determine the SOT’s strength,
we next discussed the mechanism of thermoelectric effect
in Pt/Ta multilayers. When considering V7., the electric field
FEisue = DisprJs X o due to longltudlnal spin Seebeck ef-
fect (LSSE) and Eang = Sane V7 X M induced by anomalous
Nernst effect (ANE) can offer thermoelectric contributions
during the HHVR measurement, where the Disyg and Sang
are the inverse spin-Hall effect and ANE coefficients, respec-
tively [30-33]. In our system, the thermoelectric signal caused
by Vi was inseparable because of the same manifestation
(Js || Vr and o || M), while the V3. generated thermoelectric
contribution comes only from the ANE of Co layer and LSSE
is forbidden for J; || 0. As a result, the Vi is unavoidable
because of large difference of thermal conductivity between
Si0; (k = 1.4 Wm~' K~') and air (k = 0.024 Wm~'K™")
[see Fig. 3(a)], whereas V3§ mainly comes from the asymmetry
of the structure and does not affect the estimation of SOT
effective fields [see Fig. 3(b) and Sec. S8 in the Supplemental
Material] [22].

For simplicity, we define the thermoelectric resistance Ry,
as Rang since the LSSE is smaller than the ANE in metalhc
HM/FM bilayers [27,34]. Figure 3(c) shows the linear depen-
dence of |Rang| on current (/) for different Pt thick samples,
which confirms the resistance is indeed caused by the ther-
moelectric effect, since Vang & VT o I*R hence Rang  I.
Compared with the pure Pt sample, the multilayer samples
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FIG. 4. (a) Current-induced SOT switching under in-plane mag-
netic field H, = +300 Oe for sample with 7p, = 0.9. (b) Nucleation
field H, (extracted from the polar MOKE) as a function of in-plane
field H, for different Pt thickness films. The DMI field (Hpyy) is
defined as corresponding Hy when the H, begins to descend. (c) &p,
and 1 dependence of samples with different zp,.

with different tp; show the larger thermoelectric signals due
to the higher thermal power and larger temperature gradi-
ent VZC"T in the Co layer caused by increased resistivity of
HM layers and shunt effect, respectively. We used the fi-
nite element analysis method to accurately analyze the VZC"T
of Pt/Ta multilayer samples. The detailed material parame-
ters and simulation conditions are summarized in Sec. S9
in the Supplemental Material [22]. As shown in Fig. 3(d),
the VZC”T increases continuously with increasing resistance
of HM layer. It worth noting that the HM layer resistance of
pure Pt sample in Fig. 3(d) is higher than that of multilayer
samples with tp; = 0.8 and 0.9, which is due to the thicker HM
layer for the latter and the limitation of the parallel resistance
model. In our work, the resistivities of the multilayer samples
are all much higher than that of pure Pt sample and thus
have higher VZC”T as expected. The Rang of Ta (6)/Pt (1.3)
bilayer is lower compared to that of other #p; samples despite
its higher resistance, which may be related to its smaller
Sang. We also performed the current versus longitudinal re-
sistance R,, and the temperature versus R,, measurements
to carefully calibrate the device temperature rise when cur-
rent passed through the Pt/Ta multilayer samples, see Sec.
S10 in the Supplemental Material [22]. Compared with the
pure Pt sample (~307 K at 10 mA), the multilayer samples
showed a higher temperature rise for the same applied current
(~316 K at 10 mA), which is consistent with the results of
finite element analysis.

For micron-sized Hall bar devices, SOT-induced mag-
netization switching and domain wall motion are widely
considered as SHE + DMI scenarios [35,36]. We performed
deterministic SOT magnetization switching under Hy, here the
Hy is set to equal to or slightly larger than the DMI field.
Figure 4(a) shows the deterministic magnetization switching
of sample with 7p; = 0.9. The DMI field (Hpm;) of samples
with different p; can be determined by the method based on
the magnetic droplet nucleation model [37]. Using a polar
magneto-optical Kerr effect (MOKE) microscopy, Hpm is

defined as the corresponding Hy value at the beginning of
nucleation field (H,,) descent.

In Fig. 4(b), the Hpyy can be continuously tuned from
~ 400 Oe (pure Pt sample) to =~ 100 Oe (Ta (6)/Pt (1.3)
sample) with decreasing #p;, which is similar to previous
work on Pt/(CoFeB/CoFe)/MgO and Ta/(CoFeB/CoFe)/MgO
heterojunctions [35,38]. We then calculated DMI exchange
constant |D| for Pt/Ta multilayers via |D| = u,MsA |Hpmil,
where A is domain wall width and relates to exchange stiff-
ness constant A with A = ,/A/K, ., Where K, is the
effective perpendicular magnetic anisotropy energy density.
Taking A ~ 1.5 x 10711J/m [39], we obtained the fp, depen-
dence of estimated |D| (see Sec. S11 in the Supplemental
Material) [22]. With reducing #p, |D| decreases gradually
from & 0.35 mJ/m? to ~ 0.06 mJ/m?, which is agreement
with the variation of Hpyyr. Tacchi et al. reported the interfacial
DMI enhances with the increase of fp, and finally saturates
at approximately 0.45 mJ /m? when tp is around 2 nm [40].
Similar results were also demonstrated for DMI in Ta/Pt bi-
layers by Kim et al. and Chen et al. [41,42]. Since D signs
of Ta and Pt are opposite, with the Pt thickness increases,
D first gradually decreases and undergoes a sign transition,
and finally reaches saturation when tp, is approximately 2.4
and 3 nm, respectively [41,42]. In our Pt/Ta multilayers, the
thickness of Pt in contact with Co is 1.3 nm. Thus, the in-
terfacial DMI exchange constant could be also affected by the
underlying Pt/Ta submonolayers. The decrease of tp, (increase
of t1,) leads to gradual weakening of D and hence the Hp.

We then calculated the SOT switching efficiency n =
Hp/J. as shown in Fig. 4(c) where the H), is the depin-
ning field and J. is the critical switching current density
[26,43,44]. The switching mechanism of devices can be elu-
cidated via domain wall nucleation and propagation (see
Sec. S12 in the Supplemental Material) [22,45,46] and the
&py and n have similar variation trends with the change
of p;.

In summary, we have systematically investigated SOT
efficiency of Pt/Ta multilayers using harmonic methods.
We clarified that the contradictory results for low-field and
high-field methods is attributed to the thermoelectric effect
generated by the Vi in Pt/Ta multilayers. Combined with
finite element simulation, we demonstrated that the enhanced
thermoelectric effect is due to the shunt effect caused by
the increase of HM resistivities and the change of Sang
of multilayer structures. Moreover, the £p;, and DMI field
can be continuously tunable by changing fp;. Our work pro-
vides a HM system with tunable SOT strength and confirms
the significant thermoelectric effect in HM multilayer/FM
structures, which will offer accurate measurement of SOT
strength.
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