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We report the enhanced spin-orbit torque (SOT) eﬀect due to the rare-earth metal Tb in a Pt/[Co/Ni]2 /
Co/Tb multilayer with perpendicular magnetic anisotropy (PMA). Due to the large spin-orbit coupling
eﬀ
, is determined to be 0.55 for 9-nm Tb as compared to
in Tb, the eﬀective dampinglike eﬃciency, ξDL
eﬀ
ξDL = 0.18 for the reference Pt/[Co/Ni]2 /Co/Ta stack. A relatively large eﬀective spin Hall eﬃciency
eﬀ
of Tb, θSH,Tb
, is determined to be −0.480 for Tb with a 9-nm thickness through a Hz -biased harmonic
measurement. Enhanced magnetization switching eﬃciency is observed with increasing Tb thickness,
aﬃrming the sizable antidamping torque responsible for deterministic switching. Furthermore, due to a
more substantial interfacial coupling in Co/Tb interface than in Co/Ta interface, strong angular dependence of the dampinglike and ﬁeldlike terms is, but diminishes with increasing Tb thickness. These results
aﬃrm that Tb plays a signiﬁcant role in tuning the SOT eﬃciency in these structures as the increased Tb
concentration leads to an enhancement of the eﬀective spin Hall angle and switching eﬃciency.
DOI: 10.1103/PhysRevApplied.11.024057

I. INTRODUCTION
Controlled manipulation of magnetization has brought
about substantial advances in nonvolatile memory applications through current-induced magnetization reversal [1–6]
and domain wall motion [7–12]. Current-induced spinorbit torques (SOTs), which are attributed to the bulk spin
Hall eﬀect (SHE) [2,13–16] and the interfacial Rashba
eﬀect [1,17–19], open up alternatives for magnetization
control [3,20]. SOT can be expressed as the dampinglike (DL) [21] and ﬁeldlike (FL) [22] terms, where the
DL torque originating from the SHE is responsible for
reversal because of its antidamping form. The relative eﬃciency of the DL torque is a commonly used ﬁgure of merit
for spin Hall material that relates proportionally to the
eﬀ
eﬀ
eﬀective spin Hall angle, ξDL
∝ θSH
. The ongoing studies
of 5d-transition heavy-metal (HM)–ferromagnetic (FM)
interfaces has revealed strong intrinsic [23,24] spin Hall
eﬀ
eﬀ
eﬀects in Pt (θSH,Pt
= +0.09) [2,25,26], β-Ta (θSH,Ta
=
eﬀ
−0.12) [2,27], and β-W (θSH,W = −0.30) [14]. We continue to pursue the search for alternate spin Hall materials
from a class of elements that have been comparatively
unexplored, the f -electron rare-earth (R) metals. The motivation for our work is based on the recent theoretical
prediction that R metals have a substantial spin Hall eﬀect
contribution arising from large orbital angular momentum, l, and spin, s, due to their partially ﬁlled f orbitals
[28,29]. More recently, several works have examined SOT
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in R ferromagnets [30–41], which has gathered considerable attention in the ﬁeld of spintronics. In Tb-based
ferromagnets, Tb was used to provide antiferromagnetic
coupling to compensate the magnetization in the CoTb alloys [32,39]. Ueda et al. [33] have reported large
spin Hall eﬃciency in Pt/Co/Gd due to the presence of
Gd, while Reynolds et al. [29] have characterized spin
Hall eﬃciency of R metals such as Gd, Dy, Ho, Lu as
the contributing interfacial layer on devices with in-plane
magnetic anisotropy. Within the period of the Lanthanide
series, Tb lies between Gd and Dy and has a 4f -level electronic conﬁguration, which contributes to enhancing the
spin Hall eﬀect. Furthermore, Tb is considered chemically
stable with partially ﬁlled f shells with spin Hall enhancing potential, but remains unexplored in terms of its spin
Hall eﬃciency. Due to its similarity with other R metals
explored earlier, it is intuitive that Tb is likely to enhance
the SOTs. Bang et al. [31] have reported large interfacial
SOT due to the Co/Tb interfaces in a Co/Tb multilayer
structure from enhanced domain wall speed. In our study,
the heterostructure of Pt/FM/Tb allows Tb to serve as a
HM layer replacement for the enhancement of the SOT
while enabling the quantiﬁcation of the eﬀective spin Hall
eﬃciency in Tb. As such, Pt/FM/Tb structures should be
explored further to determine their spin Hall eﬃciency.
We report the enhanced SOTs generated by the Co/Tb
interface in a Pt/[Co/Ni]2 /Co/Tb system with perpendicular magnetic anisotropy (PMA) and strong azimuthal
angle dependence via systematic variation of the Tb thickness from 5 to 9 nm. The results are compared with
the control (reference) sample with a Ta cap layer. The
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SOTs are characterized as a function of Tb thickness
with a modiﬁed Hz -biased harmonic measurement setup.
The magnitude of enhanced SOTs is contrasted by the
magnitudes of their DL eﬀective ﬁeld, HDL , FL eﬀeceﬀ
tive ﬁeld, HFL , eﬀective spin Hall angle, θSH
as well as
the Jthreshold in the current-induced magnetization switching. Subsequently, the azimuthal angle dependence of the
Pt/[Co/Ni]2 /Co/Tb (5–9 nm) stacks is also determined.

(a)

II. RESULTS AND DISCUSSIONS
The thin-ﬁlm multilayers consisting of Ta(2 nm)/
Pt(6 nm)/[Co(0.3 nm)/Ni(0.6 nm)]2 /Co(0.3 nm)/R(59 nm)/Ta(2 nm) and reference sample Ta(2 nm)/Pt
(6 nm)/[Co(0.3 nm)/Ni(0.6 nm)]2 /Co(0.3 nm)/Ta(5 nm)
are deposited onto thermally oxidized Si substrates using
ultrahigh vacuum dc magnetron sputtering. Ta is used both
as a bottom seed layer and capping layer to prevent oxidation of the Tb layer. Pt serves as an underlayer with (111)
crystal orientation to promote PMA in the Co layer [6,42–
44]. The deposition is carried out at room temperature
under 3-mTorr Xe with a base pressure of 3 × 10−8 Torr.
The Tb ﬁlms capped with Ta exhibit electrical resistivity, ρTb = 108 μ cm, indicating minimal oxidation of the
Tb layer [45]. Figure 1(a) shows the schematic of the
Hz -biased harmonic Hall measurement technique to estimate the eﬀective ﬁelds. In this work, the Co/Tb interface
is contrasted with the Co/Ta interface in terms of the SOT
eﬃciency from the estimated eﬀective ﬁelds and also from
the current-induced magnetization switching.
The magnetic properties of the ﬁlm structure, such
as saturation magnetization, MS , and the perpendicular
anisotropic energy density, Ku , are determined from the
vibrating sample magnetometer (VSM) measurements as
shown in Fig. 1(b). Ku can be expressed as Ku = Hk MS /2
and Hk = Hsat + 4π MS , where Hk is the anisotropy ﬁeld
and Hsat is the hard axis saturation ﬁeld. All the ﬁlms
exhibit PMA induced by the bottom Pt/Co interface. As
summarized in Fig. 1(b), Ms and Ku are both reduced with
increasing Tb thickness suggesting that Tb is a critical factor in achieving strong PMA. When the thickness of Tb,
tTb , is varied from 5 to 9 nm, it leads to a 54% reduction in
the magnitudes of Ku and Ms . This suggests that the drop
in the calculated Ku is signiﬁcantly due to the reduction
in the Ms value. The reduction in Ms value can potentially be due to compensation from the FM properties of
Tb. From the experimental data, Ms for the Co/Ni multilayer stack decreases with increasing Tb thickness from 5
to 9 nm. The saturation magnetization decreases from 408
to 157 emu/cm3 for the ﬁlm stacks with 5- and 9-nm Tb,
respectively. The reference stack (Co/Ta) has a saturation
magnetization of 596 emu/cm3 . The decreases in Ms and
Hk can be accounted for by the intermixing at the Co/Tb
interface. Tb atomic layers adjacent to the Co have nonzero
magnetic moments. These nonzero magnetic moments are

(b)

(c)

FIG. 1. (a) Schematic illustration of the Hz -biased measurement conﬁguration for evaluation of the SOT in Cartesian coordinates. (b) Saturation magnetization (Ms ) and perpendicular
magnetic anisotropic energy density (Ku ) vs capping layer thickness with percentage concentration of Tb in ﬁlm stack inset. (c)
Relation of channel Hall bar conductance and coercivity, Hc , with
metallic-capping-layer thickness, tTb/Ta . The red line denotes a ﬁt
of linearity.

antiparallel to the Co/Ni layers, resulting in an antiferromagnetic coupling between Co and Tb. At the interface,
the atomic moments of Co and Tb couple in an antiparallel
arrangement such that the total net magnetization, Ms , of
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Co/Ni/Co1−x Tbx can be expressed as
Ms = (1 − x)MCo/Ni/Co − xMTb ,

(1)

where MCo/Ni/Co and MTb are the magnetizations of the ferromagnetically coupled Co/Ni multilayer adjacent to the
closest neighboring Co and Tb, respectively, and x stands
for the average atomic percentage of Tb in the entire ﬁlm
stack. Taking the Ms value from the reference ﬁlm stack
of 596 emu/cm3 , without the inﬂuence of Tb and MTb
as 8.9μB [46], MTb can be determined from the atomic
moment of Tb as follows, MTb = NA (ρTb /AR,Tb )8.9μB =
2587 emu/cm3 , where NA is the Avogadro constant, ρTb
is the density of Tb, AR,Tb is the relative molecular mass
of Tb, and μB is the Bohr magneton, respectively. The
average ratio of Tb involved in the mixing increases with
increasing thickness until it plateaus at 9-nm Tb. The most
substantial proportion occurs at 14% when the thickness of
Tb, tTb , is at 9 nm. With the trend of Ms and Hk observed,
this methodology is adequate to account for the pattern
of a compositional gradient at the Co/Tb interface. Similarly, due to the antiferromagnetic properties of Tb in the
ﬁlm stacks, the observed coercivity, Hc , decreases with
increasing tTb .
A. Enhanced SOT fields in Rare-Earth Element Tb
Next, harmonic Hall voltage measurements are conducted by detecting Hall voltage variation as a function of
the tilting of the magnetization under an in-plane ﬁeld to
quantify SOT eﬀective ﬁelds. In these measurements, symmetrical Hall bars with dimensions of 5-µm width and 50µm length are patterned using electron beam lithography
and argon ion milling techniques. Electrical contact pads
consisting of Ta (5 nm)/Cu (100 nm)/Ta(5 nm) are sputtered at the ends of the Hall bars to inject low-frequency
ac current using a Keithley 6221 ac current source and
using a 7265 Dual Phase DSP Lock-in Ampliﬁer to detect
the Hall voltage, VH , while having a constant ±300 Oe Hz
ﬁeld as shown in the measurement geometry in Fig. 1(a).
The presence of the Hz ﬁeld enables the magnetization to
remain at small polar angles for eﬀective quantiﬁcation of
the SOT ﬁelds. The derivation of the modiﬁed harmonic
measurements is found in the Supplemental Material [47].
Figure 1(c) indicates the relation between the coercitivity, Hc , and the capping layer thickness of Tb and Ta.
Figures S2 and S3 of the Supplemental Material [47] show
the VSM and the anomalous Hall resistance measurement
for various tTb and their corresponding Hc , respectively.
The quantiﬁcation of Tb resistivity, ρTb , is done by measuring the resistance of the Hall bar devices with various
tTb and their conductances are plotted as a function of tTb
as shown in the top graph of Fig. 1(c). The inverse of
the gradient corresponds to ρTb = 108 ± 2 μ cm, while
the vertical intersect corresponds to the conductance of the
remaining part of the ﬁlm stack. The current densities that
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ﬂow through the HM and R metal are accounted for by
assuming the parallel resistance model of current distribution within the Hall cross device through the ratio of
resistivities.
SOT harmonic measurements are carried out by passing ac current, I ac , along the x direction with frequency, ω = 333 Hz, in the presence of an additional
Hz -biased ﬁeld. The voltage measurement is recorded in
two measurement schemes; the longitudinal and transverse
schemes. The ﬁrst and second harmonics, Vω and V2ω ,
respectively, are concurrently measured from the Hall voltage using a lock-in ampliﬁer and recorded as a function of
the applied ﬁeld Hx (Hy ) as shown in Fig. 2. The modulation amplitudes of the polar, θ , and azimuthal axes, φ,
for a Hz -biased measurement are determined to be (See
derivation in Supplemental Material [47]):
θ=

( Hx cos φ + Hy sin φ)
,
(Hk,eﬀ + Hz )

φ=

Hy Hx − Hx Hy
,
Hx2 + Hy2

(2)

(3)

where Hk,eﬀ is the eﬀective anisotropic ﬁeld of the material
stack, Hz is the magnitude of the biased ﬁeld, Hx = HDL
and Hy = HFL , and the Hx and Hy correspond to the inplane ﬁeld sweep in the harmonic measurement.
The coeﬃcients of the ﬁrst and second harmonics are
expressed as
Vω =

V2ω

1
Iac [RAHE cos θ + RPHE sin2 θ sin 2φ],
2

1
= − Iac
2

(4)



1
[−RAHE sin θ + RPHE sin 2θ sin 2φ] θ
2

2
+RPHE sin θ cos 2φ φ ,
(5)

where RAHE is the anomalous Hall resistance, RPHE is the
planar Hall resistance, and Iac represents the current in
the wire. By substituting Eqs. (2) and (3) into Eq. (5), the
HDL and HFL can be estimated by utilizing the following
relation by eliminating the (Hk,eﬀ + Hz ) and Iac terms:

HDL(FL) = −2

  2

dV2ω
d Vω
/
.
dHx(y)
dHx(y) 2

(6)

Figures 2(a) and 2(b) show Vω and V2ω as a function of
Hx for tTb = 5 nm with the initial magnetization state set
to be +Mz and −Mz , while Figs. 2(c) and 2(d) show Vω
and V2ω as a function of Hy . V2ω varies linearly for both
Hx and Hy with similar slopes for Hx and is reversed for
Hy when the initial magnetization state is reversed, which
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(a)

(b)

(c)

(d)

is expected behavior from the HDL and HFL contributions
[15,25,33,48,49].
The eﬀects of Joule heating are negligible since the
eﬀective ﬁelds determined vary linearly with the input
current density. The sign of HDL is Mz dependent while
the HFL is independent of Mz , as previously reported
[15,49]. To take into account the planar Hall eﬀect component, the PHE correction factor, ζ = RPHE /RAHE , can be
used to correct the HDL and HFL given by the following
relations [50]:
HDL, corrected =

HDL + 2ζ HFL
,
1 − 4ζ 2

(7)

HFL, corrected =

HFL + 2ζ HDL
.
1 − 4ζ 2

(8)

The PHE-corrected longitudinal HDL, corrected and transverse HFL, corrected ﬁelds, together with the HDL and HFL ,
are plotted as a function of current density in Fig. 3(a).
The PHE correction factor, ζ , is determined via the relation
related to theRAHE :
ζ =

1 (∂ 2 Vω /∂H )φ=−45◦ − (∂ 2 Vω /∂H )φ=45◦
.
2 (∂ 2 Vω /∂H )φ=−45◦ + (∂ 2 Vω /∂H )φ=45◦

(9)

The values of the PHE correction for the HM or R metal
thicknesses, 5 nm ≤ tTb ≤ 9 nm, are calculated based on
Eq. (9). The corrected values of the DL and FL ﬁelds
are as shown in Fig. 3(a). HDL,corrected are contrasted
with HDL , and HFL,corrected are compared to the HFL for
tTb = 5 nm. Hereafter, for simplicity, the corrected ﬁelds
are called HDL and HFL . The corresponding PHEcorrection values are shown in Table I.
The current-induced eﬀective ﬁelds, HDL and HFL ,
increase linearly with the input, Jac , as shown in Fig. 3(b)

FIG. 2. (a) First harmonic voltage, Vω , and (b) second harmonic
voltage, V2ω , as a function of Hx
in the longitudinal measurement
scheme. (c) Vω and (d) V2ω as a
function of Hy in the transverse
measurement scheme. The measurement geometry of both measurement schemes is illustrated on
the left of each corresponding plot.

and the eﬀective ﬁelds per unit current density relation with
capping layer thickness are shown in Fig. 3(c). |HDL /Jac |
and |HFL /Jac | for the Tb series of ﬁlms have signiﬁcantly
larger induced eﬀective ﬁelds as compared to the Ta capping. |HDL /Jac | increases considerably with increasing the
Tb thickness from approximately 10 Oe per 1010 A/m2
for tTb = 5 nm to approximately 51 Oe per 1010 A/m2 for
tTb = 9 nm. The calculations are corrected based on the
current distributions in the ﬁlm stack, assuming that the
Pt, Co, Ni, and Tb (Ta) layers act as resistances in parallel,
such that the current ﬂowing in each layer is distributed
according to the resistivities. As the rest of the structure
remains congruent throughout, the increase in current in
Tb is the sole cause of the rise and is invariant with Pt
thickness. Therefore, since |HDL /Jac | increases with tTb as
shown in Fig. 3(c), it is inferable that the Tb metal at the
top interface produces a DL SOT that acts on the ferromagnetically coupled Co/Ni multilayer since the tPt remains
the same for all ﬁlm stacks. The SOT eﬃciency can be
eﬀ
eﬀ
expressed as ξDL(FL)
= 2eHDL(FL) Ms /Jac , where ξDL(FL)
is
the SOT eﬃciency, HDL(FL) is the eﬀective ﬁeld, Jac is the
input ac current density, and Ms is the saturation magnetization. The enhancement of the |HDL /Jac | is likely due to
eﬀ
Tb having ξSH,Tb
that is opposite in sign to Pt, such that the
top and bottom interfaces have an additive eﬀect, which
eﬀ
gives rise to an eﬀective DL eﬃciency, ξDL
. In Fig. 3(d),
|HFL /Jac | as a function of tTb shows that with increasing
tTb , the FL term increases systematically by a factor of 2.3,
indicating the enhancement of FL SOT caused by the presence of Tb. |HFL /Jac | increases from approximately 2 Oe
per 1010 A/m2 for tTb = 5 nm to approximately 13 Oe
per 1010 A/m2 for tTb = 9 nm. The FL eﬃciency calcueﬀ
| = 0.12 and for tTb = 9 nm it
lated for tTb = 5 nm is |ξFL
eﬀ
is |ξFL | = 0.05. This shows that even though the magnitude
of the FL term increases with Tb thickness, the overall eﬃciency of the FL term on the FM layer diminishes due to
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(a)

(b)

(c)

(d)

FIG.
3. (a)
HDL
and
HDL,corrected , HFL and HFL,corrected
for a ﬁlm stack with tTb = 5 nm
as a function of the applied
current density determined from
the longitudinal and transverse
harmonic measurement schemes,
respectively. (b) HDL and HFL
as a function of applied current
density for various capping layer
thicknesses for Tb (5–9 nm)
and Ta (5 nm). (c) The absolute
value of the eﬀective ﬁelds per
unit 1010 A/m2 for |HDL /Jac |
and |HFL /Jac |. (d) Relation of
Pt - HM(R)
, with
SOT eﬃciency, ξSH
a thickness of Ta and Tb.

eﬀ
the Ms . The DL eﬃciency, |ξDL
|, is approximately twice
eﬀ
the FL eﬃciency, |ξFL
|, for tTb = 5 nm and this ratio of
eﬀ
eﬀ
|ξDL
|/|ξFL
| increases approximately one order of magnitude, that is, ten times. Therefore, these results indicate that
SHE is likely the more dominant mechanism in the studied
stack variation [51,52].
In this SHE-dominant system, we assume this mechanism is responsible for the DL term such that the
eﬀ
ξDL
relates directly to the eﬀective spin Hall angle of
eﬀ
eﬀ
eﬀ
the Pt-Tb system, θSH
, that is, ξDL
≈ θSH
. As such,
eﬀ
the magnitude of the eﬀective spin Hall angle, θSH
, is
eﬀ
determined to range from |θSH,Ta | ∼ 0.18 ± 0.01 for the
eﬀ
tTa = 5 nm capping layer and |θSH,Tb
| ∼ 0.25 ± 0.01 for
eﬀ
tTb = 5 nm to |θSH,Tb | ∼ 0.55 ± 0.01 for tTb = 9 nm as
shown in Fig. 3(d). In this ﬁlm stack, the growth of the
Pt/Co interface not only serves as an underlying surface
that promotes PMA, but it also aﬀects the spin-mixing
conductance as there may be intermixing and disorder at
eﬀ
the Pt/Co interface [53]. The θSH,Tb
increases with the
increasing inﬂuence of Tb. At larger tTb , the shunting of
current in Pt greatly decreases; thus, this increases the
contributing SHE from the Co/Tb interface. Therefore,

TABLE I. Thicknesses of Tb and Ta and their corresponding
PHE correction factors.
Thicknesses (nm)
Tb 5
6
7
8
9
Ta 5
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RAHE / 

ζ = RPHE /RAHE

0.113
0.136
0.120
0.112
0.080
0.148

0.220
0.324
0.243
0.327
0.053
0.318

eﬀ
taking the spin Hall angle of Pt, θSH,Pt
≈ +0.07, from
known literature [2,25,26], the reference sample gives rise
eﬀ
to θSH,Ta
≈ −0.11, which is within a reasonable range of
the spin Hall angle reported for Ta [2,27]. Similarly, the
eﬀ
spin Hall angle of Tb, θSH,Tb
can subsequently be derived
eﬀ
from the ξDL such that its value ranges from −0.18 ≤
eﬀ
θSH,Tb
≤ −0.48 for 5 ≤ tTb ≤ 9 nm.

B. Current-induced magnetization switching in
Pt/[Co/Ni]2 /Co/Tb (5–9 nm) and reference sample
Pt/[Co/Ni]2 /Co/Ta (5 nm)
Current-induced magnetization switching measurements are performed on the Hall cross structure. As
expected, when a charge current passes through, a nonzero
SOT is present due to the lack of inversion symmetry in
Pt/[Co/Ni]2 /Co/Tb systems. The function of Hall resistance, RH , against an in-plane dc current, IDC , is determined through a constant in-plane magnetic ﬁeld, Hx ,
applied along the x axis to overcome the rotational symmetry and assist in the magnetization reversal. Ten-ms current
pulses are swept with varying magnitudes from −25 mA
to +25 mA, and the R-I loops observed reveal the change
between two resistance states. The magnitude of change in
resistance agrees with the observation in the R-Hz loops,
indicating deterministic magnetization reversal between
the ±z directions due to the current pulse. As shown in
Fig. 4(a), the switching direction changes with the direction of the in-plane magnetic ﬁeld; a clockwise loop is
obtained for −Hx and an anticlockwise loop is acquired
for +Hx . This indicates the Slonczewski-like symmetry
induces switching that is determined by the direction of
Hx . Due to the sizable HDL , SOT mainly originates from
the SHE in both the Pt and Ta or Tb channels. When
Hx = 0, magnetization switching diminishes as there is
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(a)

the Jthreshold phase diagram shown in Fig. 4(b) has an optimum magnitude of Jthreshold in the blue and purple regions.
These current densities in the area correspond to equal
orders of magnitude for the spin-transfer torque (STT)
switching mechanism [54]. For a low in-plane bias ﬁeld,
the optimum Tb thicknesses for eﬀective switching varies
between 7 to 9 nm, with applied in-plane biased ﬁelds
Hx < 1000 Oe. The Tb-based devices are capable of deterministic switching with a relatively small in-plane bias
ﬁeld along with low Jthreshold as compared to the reference
sample.

(b)

C. Angular dependence of SOT fields in
Pt/[Co/Ni]2 /Co/Tb (5–9 nm) and reference sample
Pt/[Co/Ni]2 /Co/Ta (5 nm)

FIG. 4. (a) Current-induced magnetization switching curves for
the reference sample, tTa = 5 nm and Tb-based sample, tTb =
5 nm structures measured with diﬀerent in-plane external magnetic ﬁelds Hx . (b) Switching phase diagram for the ﬁlm stacks
variations from 5 nm ≤ tTb ≤ 9 nm, where Jthreshold is the minimum current density required for magnetization switching to
occur.

insuﬃcient tilt of the magnetization such that it cannot
assist SOT switching for both tTa = 5 nm and tTb = 5 nm.
For the Tb sample, the polarity of the FM layer can be
switched with low Hx such that Hx < 100 Oe. The results
reveal that substantial antidamping torque enhanced by Tb
causes a deterministic change of magnetization polarity
in the device. The corresponding phase diagram of the
various Tb thicknesses shown in Fig. 4(b) illustrate the
behavior of threshold switching current density, Jthreshold ,
in relation to the thickness of Tb and Hx . Here, Jthreshold
is deﬁned as the threshold current density at which magnetization switching originates and that corresponds to an
initial abrupt jump in the resistance of the R-I loop. In this
SOT regime, the change of resistance in the R-I loop is
comparable to the AHE measurement, demonstrating that
deterministic switching of Tb-based Co/Ni systems are
possible and eﬀective. At Hx = 100 Oe, the reference sample is unable to switch the magnetization polarity, while
the tTb = 5 nm sample is able to eﬀectively switch at least
60% of the entire magnetization at the Hall cross. The
results aﬃrm that the Co/Tb interface is indeed responsible for the enhanced SOT generation due to the presence
of a sizable antidamping torque. This is consistent with
the earlier characterized HDL for the reference and the Tb
samples, where the DL ﬁeld for the tTb = 5 nm is twice
that of that of the tTa = 5 nm. For various Tb thicknesses,

The angular dependence of the SOT ﬁelds is conducted to determine its relation with the azimuthal angle,
φH = φ, between current direction and the magnetization
in Tb-based PMA samples similar to the BaTiO3 (BTO)
samples [55]. The Vω and V2ω are measured at diﬀerent
azimuthal angle values with magnetization set to be in the
−z orientation for all measurements. The current density is
set
at
1 × 1011 A/m2 in the wire to have a better signalto-noise ratio without compromising the Joule heating
eﬀects. At each azimuthal angle ﬁeld sweep, the values
Aω = ∂ 2 Vω /∂H 2 and B2ω = ∂V2ω /∂H are determined, and
the function of Aω against φH and B2ω against φH are
as shown in Figs. 5(a) and 5(b), respectively. As shown
in Fig. 5(a), Aω exhibits an evident − sin 2φ behavior
as predicted and B2ω depicts a − cos φ trend. This trend
relates itself to the initial state of magnetization of the
sample, such that the pattern will have a positive behavior of sin 2φ and cos φ. By eliminating the dependence on
Iac , Hz , and Hk,eﬀ , the ratio of βφ = B2ω /Aω is computed
and plotted in Fig. 5(c). A ﬁtting function can be used to
determine the mean SOT eﬀective ﬁelds,


ζ cos φ cos 2φ
1
βφ = − sin φ +
HFL
2
1 − 2ζ sin 2φ


ζ sin φ cos 2φ
1
HDL ,
+ − cos φ −
(10)
2
1 − 2ζ sin 2φ
βφ = a HFL + b HDL .

(11)

Using the ﬁtting of Eq. (10) on the function of βφ against
φ on Fig. 5(c), the mean values of the DL term and FL
term are determined to be 35 ± 2 Oe per 1010 A/m2 and
6 ± 2 Oe per 1010 A/m2 , respectively, for tTb = 8 nm with
ζ = 0.327, which is consistent with the values determined
through the harmonic measurements based on Eq. (9). To
evaluate the SOT ﬁelds on an azimuthal angle for the variation of Tb thicknesses, the SOT ﬁelds are calculated based

024057-6

ENHANCED SPIN-ORBIT TORQUES IN RARE EARTH. . .
(a)

PHYS. REV. APPLIED 11, 024057 (2019)
(a)

(b)

(c)

(d)

(b)

FIG. 6. Computed SOT-eﬀective ﬁelds for the Tb samples ranging from 5 nm ≤ tTb ≤ 9 nm as a function of φ;
(a) DL-eﬀective ﬁeld according to Eq. (12). (b) Consolidated
FL-eﬀective ﬁeld according to Eq. (13). The dashed lines represent regions where no eﬀective ﬁelds are computed at the
symmetrical axes. (c) DL-eﬀective ﬁeld and (d) FL-eﬀective ﬁeld
for tTb = 5 nm.

(c)

FIG. 5. A sample of tTb = 8 nm magnetized in the −z orientation. (a) Second derivative of the parabolic ﬁrst-harmonic Hall
voltage as a function of azimuthal angle, φ, with − sin 2φ ﬁt.
(b) The ﬁrst derivative of the second-harmonic Hall voltage as a
function of azimuthal angle, φ, with − cos φ. (c) βφ as a function
of the azimuthal angle, φ, and a ﬁt from Eq. (10).

on the analytical expressions given by [56]
HDL =

bβφ − aβ90−φ
b2 − a2

(12)

HFL =

aβφ − bβ90−φ
a2 − b2

(13)

where a and b are coeﬃcients related to Eq. (10) and
are dependent on the orientation of the applied magnetic
ﬁeld, φ, and the PHE correction factor, ζ . It is noted
that there exists a mirror symmetry at φ = 45◦ such that
a(ζ , φ) = b (ζ , 90 − φ) and b(ζ , φ) = a (ζ , 90 − φ) [55].
The symmetrical axes are indicated in red dashed lines
as shown in Fig. 6. At these axes, there is no eﬀective ﬁeld
computed as a2 = b2 cancels out the function at multiples
of φ = 45◦ . As shown in Fig. 6, there are clear indications of the azimuthal angular dependence of both the DL

term and the FL term, in which their mean values are
determined to be 10 and 2 Oe/1010 A/m2 , which is similar to the values obtained at 0◦ and 90◦ , respectively. Two
minimums are observed at azimuthal angles of 45° and
225°, which indicates the angular dependence of the DL
term in Pt/[Co/Ni]2 /Co/Tb/Ta. Similarly, the FL term
has minimums at the same angle, also indicating the angular dependence of the FL term. The angular dependence
of the DL term is nontrivial and can be attributed to the
combined eﬀects of the Fermi surface distortion and Fermi
sea contribution at the intermediate Rashba regime at the
Co/Tb interface [56–58]. The angular dependence of the
FL term is attributed to the Fermi surface distortion, which
becomes signiﬁcant when the Rashba spin-orbit coupling
energy is comparable to the exchange energy [57]. In the
Pt/[Co/Ni]2 /Co/Ta reference sample, there is no indication of angular dependence as expected due to the weak
Rashba spin-orbit coupling caused by oxidation of the top
Ta layer [56,57]. Since angular dependence is absent in the
reference sample and present in the samples with Co/Tb
interfaces, it can be mentioned that the presence of strong
Rashba spin coupling at the Co/Tb interface contributes to
both DL and FL eﬀective ﬁelds.
Comparing with the tTb , the angular dependences of
both the DL term and FL term decrease with the increase
in Tb thickness. At tTb = 5 nm, there is an indication of
the angular dependence of both the DL and FL terms,
but this dependence on magnetization direction diminishes
with increasing thickness. This occurs due to the diminishing ratio of Rashba spin-orbit coupling to the exchange
coupling of the magnetic material [56]. The diminishing
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ratio of the Rashba spin-orbit coupling to exchange coupling could originate from one of these or a combination of
these mechanisms, which disrupts the quality of the Co/Tb
interface. First, the shift toward poor crystallinity [57] in
thicker Tb samples, second, the increase in oxidation [56]
of thicker Tb at the side walls of the Hall cross, and third,
greater intermixing between Co and Tb at the Co/Tb interface can lead to the diminishing of the Rashba coupling.
This dependence of the Rashba coupling on the Tb thickness was previously determined from the FL-eﬃciency in
eﬀ
the Hz -biased harmonic measurement. Even as ξFL
drops
eﬀ
with increasing tTb , the ξFL for Co/Tb stacks are still more
eﬀ
signiﬁcant in magnitude than ξFL
in the reference Co/Ta,
which aﬃrms that Tb is responsible for greater Rashba
eﬀ
coupling leading to larger ξFL
.
III. CONCLUSION
We conclusively report the enhancement of the DL
torque and FL torque on a perpendicularly magneeﬀ
tized Pt/[Co/Ni]2 /Co/Tb sample (|ξDL
| ≈ 0.25 ± 0.01 for
tTb = 5 nm) as compared to a reference Pt/[Co/Ni]2 /Co/
eﬀ
Ta sample (|ξDL
| ≈ 0.18 ± 0.01 for tTb = 5 nm), which
is attributed to the sizeable spin-orbit coupling in R
eﬀ
metal Tb. Due to a SHE-dominant mechanism, the |ξDL
|
eﬀ
increases to 0.55 ± 0.01, but |ξFL | diminishes with increasing tTb , characterized using a Hz -bias harmonic Hall
measurement. The current-induced magnetization switching shows that the enhanced DL term enables successful
deterministic switching with the greatest eﬃciency when
tTb > 7 nm. Due to a stronger Rashba coupling in Co/Tb
as compared to the reference Co/Ta, angular dependence
of the DL and FL terms is observed for the Tb samples,
while the reference stack has no angular dependence. In the
Tb thickness variation, we report that the Rashba coupling
diminishes with increasing thickness, which could be due
to oxidation in the Tb sidewalls, poor crystallinity of Tb,
and the increase in Co/Tb intermixing at the Co/Tb interface, which disrupts the Co/Tb interface. In summary, the
enhancement of the DL and FL terms by R metal Tb opens
up alternate potential avenues of research on R materials
as spin Hall material alternatives for SOT-based devices.
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