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ABSTRACT

Spin–orbit torque (SOT) is a promising approach to manipulate the magnetization for high-performance spintronic applications. In conventional SOT heterostructures with heavy metal (HM)/ferromagnet layers, the SOT efficiency is determined by the charge-to-spin conversion,
characterized by the spin Hall angle θSH of the HM layer. Researchers have investigated various HMs with different θSH to enhance the SOT
efficiency while it is still limited because of the HM’s intrinsic properties. In this study, we employ a rare-earth holmium (Ho) layer on top of
a ferromagnetic Co layer (Pt/Co/Ho) to enhance the SOT efficiency. An increased damping-like SOT efficiency up to 200% is achieved at an
optimized thickness of 2-nm Ho, corresponding to a lower switching current density, which is 60% less compared to the sample without a Ho
layer. The damping-like torque efficiency per current density is estimated at around 0.256 for Pt/Co/Ho heterostructures. Our results, herein,
demonstrate that inserting a rare-earth metal affords an additional spin current and/or improves the spin transparency to enhance the SOT
efficiency, providing a route for energy-efficient spintronic devices.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0029451., s

Researchers aim at developing spin-based logic and memory
devices with high-energy efficiency and fast operational speed.1–5
Conventionally, the magnetic random-access memory (MRAM)
devices, utilizing spin-transfer torque (STT) mechanism to write
information, have been introduced in consumer electronics. The
STT-MRAM can exhibit up to 1000 times faster than the current
NAND flash.6 However, the STT-MRAM suffers from reliability
concerns and high endurance issues arising from the high-density
current that flows through the tunnel barrier during the write operation.7 The erroneous writing that may occur during a read operation
by the readout current is another drawback.8,9 In order to overcome
those drawbacks of STT-MRAM, an alternative MRAM technology
based on spin–orbit torque (SOT), viz., SOT-MRAM, has been proposed. An SOT-MRAM uses separate paths for sending writing and
reading currents. Therefore, the SOT-MRAM shows better performance with faster access time, lower energy consumption, better
endurance, and fewer disturbance errors.10,11
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In the SOT-MRAM, a charge current that flows through the
heavy metal (HM) layer generates spin current due to the bulk
spin Hall effect (SHE)1,4,12,13 and/or the interfacial Rashba–Edelstein
effect.14 The spin current exerts a torque on the adjacent magnetic layer, thus causing the magnetization reversal. Here, the
spin-torques are generally treated as two orthogonal components,
damping-like (DL) torque and field-like (FL) torque. The ratio of the
spin current to charge current is known as the spin Hall angle θSH .
Studies have revealed that the magnetization switching is mainly
driven by the DL torque, which is proportional to θSH .15–17 Therefore, materials with large θSH are significantly desired for achieving
high SOT efficiency.1,18,19 Recently, SOT-induced switching has been
demonstrated in magnetic multilayers in contact with larger θSH
materials, such as heavy metals (Ta and W)18,20–22 and topological
insulators (Bi2 Se3 ).23,24 For example, β-W exhibits a large spin Hall
angle (θSH ∼ −0.30 to −0.62),18,25,26 as compared to Pt (θSH ∼ 0.09).1,21
A larger θSH is still being pursued for a higher SOT efficiency.
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Furthermore, engineering on materials such as alloying HM17,27 and
inserting antiferromagnetic layers28 to enhance the spin generation
and spin transparency have been demonstrated to further improve
the SOT efficiency. In addition to the aforementioned heavy metals, alternative approaches by inserting rare-earth metals have been
proposed to enhance the SOT efficiency. Some studies have verified
the positive function of rare-earth metals, like Tb29,30 and Gd,31 in
improving the SOT efficiency due to its large spin–orbit coupling, as
well as the negative exchange interaction between the ferromagnetic
layer and rare-earth Tb/Gd sublattices.31–33
In this work, we report the significant SOT enhancement in
Pt/Co/Ho heterostructures via employing a rare-earth metal Ho
layer. We observe that the critical switching current density is
reduced by 60% compared to Pt/Co heterostructures without a Ho
layer by performing the current-induced magnetization switching
measurements. The enhancement in the SOT switching efficiency
is consistent with the harmonic measurements. Moreover, we find
that the damping-like SOT efficiency increasing by 200% is achieved
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at an optimized Ho insertion thickness of 2 nm. Our results demonstrate an efficient approach to improve the SOT efficiency by inserting rare-earth metal Ho, which are important for technological
applications.
The samples of Pt (5 nm)/Co (1.2 nm)/Ho (t Ho )/MgO
(5 nm)/Ta (2 nm) structures were investigated in this work. The
thin film stacks were deposited by direct current (DC) sputtering
and radio frequency (RF) sputtering onto thermally oxidized Si substrates in a vacuum system with a base pressure of 5 × 10−8 Torr. The
thickness of the Ho layer t Ho was varied from 1 nm to 10 nm. The
control sample, Pt (5 nm)/Co (1.2 nm)/MgO (5 nm)/Ta (2 nm) without Ho, abbreviated as Pt/Co/MgO, was also prepared for comparison. The schematic illustration of the film stack is shown in Fig. 1(a).
Subsequently, the Hall bar patterned devices were fabricated with
the configurations of 5 μm-width and 50 μm-length using electronbeam lithography and Ar ion-beam etching techniques, as shown in
Fig. 1(b). The magnetic properties of the deposited thin films were
investigated by a vibrating sample magnetometer (VSM). The device

FIG. 1. (a) A schematic illustration of the
sample structure Pt/Co/Ho(t Ho )/MgO/Ta
multilayer. (b) Microscope image of the
investigated Hall bar device and the
Hall resistance experimental configuration. (c) The magnetic hysteresis loops of
Pt/Co/Ho (t Ho ) samples measured by the
vibrating sample magnetometer. (d) The
saturation magnetization M s and effective magnetic anisotropy constant K eff for
the investigated films with different insertion thicknesses of the Ho layer (t Ho ). (e)
Anomalous Hall resistance as a function
of out-of-plane magnetic field, RAHE –Hz ,
for samples with Ho thickness from 0 nm
to 4 nm.
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properties were characterized by anomalous Hall effect (AHE) measurements. The effective magnetic field induced by SOTs was determined using a harmonic lock-in technique. All measurements were
performed at room temperature.
We first investigated the modification on magnetic properties
by inserting different thicknesses of the Ho layer. Figure 1(c) shows
the out-of-plane (OOP) magnetic hysteresis (M–H z ) loops of the
film stacks with the Ho thickness varying from 0 nm to 6 nm.
The square hysteresis loops indicate a good perpendicular magnetic anisotropy (PMA) of the samples with normalized remanence
M r /M s larger than 90%, arising from the Pt/Co interface.34 The loops
become narrower with the increase of Ho thickness, which indicates
a reduction of coercivity field H c . For t Ho above 6 nm, the normalized remanence M r /M s gradually reduces to zero. The results with
Ho thickness above 6 nm have been shown in Fig. S1 of the supplementary material. The saturation magnetization M s shows a steady
decrease from 928 ± 10 emu cm−3 (t Ho = 0 nm) to 600 ± 12 emu
cm−3 (t Ho = 6 nm) with the increase of Ho thickness, as shown in
Fig. 1(d). M s was mainly determined by the total magnetic moment
averaged over the volume of the Co layer. When the thickness of
Ho increases to 10 nm, the larger reduction in M s to 486 ± 15 emu
cm−3 happens. The reduction in M s is due to the larger diffusion of
Ho into the Co layer at the Co/Ho interface for the thicker Ho samples,35 which was further verified by the transport of ions in matter
(TRIM) simulations (refer to Sec. S2 of the supplementary material).
To gain more understanding of the modification on magnetic
properties, we have calculated the effective magnetic anisotropy K eff ,
as shown in Fig. 1(d). K eff was determined by the enclosed area
within the hysteresis loops along OOP and in-plane (IP) directions.34 K eff shows an initial increase, followed by a decrease for a
further increase of t Ho . K eff is mainly determined by the interface
and strain anisotropy energies in the ultrathin layered system. In the
sample without Ho, the Co magnetic moments align to the (111)
direction due to the high interfacial anisotropy of the Pt/Co interface, resulting in a strong perpendicular anisotropy. For samples
with a thin Ho layer, low concentrations of a rare-earth substituted
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Co alloy may form due to the diffusion of Ho. In this case, atomicscale structural anisotropy (pair-ordering) may occur, similar to the
magnetic anisotropy observed in magneto-optical recording materials.36 With further increasing Ho thickness, inter-diffusion from
Ho to Co happens strongly to reduce both the interfacial anisotropy
and the pair-ordering anisotropy. Therefore, K eff decreases as the
increase of the insertion thickness of Ho. These results indicate
that the Pt/Co films exhibit suitable PMA and the introduction of
a Co/Ho interface is not detrimental for t Ho up to 4 nm. Magnetic
materials with PMA are promising to achieve a higher storage density and thermal stability compared to materials with IP anisotropy.
Therefore, subsequent studies are mainly focused on samples that
exhibit PMA in this work. Figure 1(e) shows the anomalous Hall
resistance RAHE –H z loops of the samples in the Hall bar devices. For
t Ho less than 4 nm, RAHE shows square loops, confirming the PMA
property of the devices, in good agreement with the M–H z loops in
Fig. 1(c). The sample with t Ho = 4 nm, which exhibits a squareness
close to 1 in the M–H z loops, shows a lower value of squareness in
RAHE –H z measurements. The samples start to show the degradation
of PMA after fabricating from thin films. Therefore, the following
experiments and discussions are mainly focused on the samples with
insertion Ho thickness no more than 4 nm, which show a PMA and
indicate a thickness practical for most applications.
In order to evaluate the effect on the SOT efficiency by inserting
different thicknesses of the Ho layer, current-induced magnetization
switching was subsequently performed on these devices. Figure 2(a)
shows a schematic of the spin orientation p̂ of the electrons diffusing
into the Co layer when a current (J) was sent through the Pt/Co/Ho
stack. The spin current at the Co layer generates DL and FL effective
fields, which exert torques to switch the magnetization. The DL and
FL fields can be expressed as aJ m̂ × p̂ and bJ p̂, respectively, where
m̂ represents the magnetization direction of the magnetic layer and
aJ and bJ depend on the status of the magnetization, indicating the
magnitudes of the corresponding fields.37
Figure 2(b) shows the current-induced magnetization switching loops by varying the external IP magnetic field H x from

FIG. 2. (a) An illustration of an in-plane
charge current J and the induced spin
p̂ in the investigated Pt/Co/Ho layers.
(b) Current-induced magnetic switching
curves under the different in-plane bias
fields Hx from 1700 to −1700 Oe of
Pt/Co/Ho (t Ho ) samples for t Ho = 0 nm
and t Ho = 2 nm. (c) The critical current
density Jc as a function of Ho thickness
under the in-plane magnetic field Hx
= 900 Oe. Jave indicates the average current density and JPt,Co,Ho indicates the
current density in each layer.
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1700 Oe to −1700 Oe, obtained by sending a series of current pulses
with 5 ms duration, for the devices without a Ho layer (t Ho = 0 nm)
and with a Ho layer (t Ho = 2 nm). The current is applied along the
x-axis, and the maximum amplitude of the pulse current is 22 mA to
avoid the high thermal effect in reversing the magnetization. Here,
the average current density J ave is calculated from the total current
flowing through the whole Pt/Co/Ho system. The change in the Hall
resistance ΔRH is detected to monitor the magnetization switching.
An IP magnetic field is required to realize the deterministic switching.38–40 For H x = 0 Oe, magnetization switching diminishes for both
samples. The switching current is reduced with larger H x .41 Moreover, the switching loops show opposite polarities by applying H x
in different (i.e., opposite) directions. We summarized that the critical switching current density J c changes with Ho thickness under
H x = 900 Oe, as shown in Fig. 2(c). The critical switching current
density J c was taken from the average current density, which was
obtained from dRH /dJ curves. Due to the difference in the resistivity of each layer, the current density in each layer of the Pt/Co/Ho
system has also been estimated, which is shown in Fig. 2(c). Most
of the current flows through the bottom Pt layer (for more details,
refer to Sec. S3 of the supplementary material). It can be noticed that
J c reduces when t Ho increases. For the control sample Pt/Co/MgO,
the switching average current density J c is 4.67 × 1011 A m−2 , corresponding to the total power to switch the magnetization of 0.97
W. For t Ho = 2 nm, J c reduces to 2.26 × 1011 A m−2 . Moreover, the
power consumption for magnetization switching drastically reduces
to 0.38 W. When t Ho increases to 4 nm, J c further reduces to 1.86
× 1011 A m−2 , which is roughly two times smaller than that of the
control sample Pt/Co/MgO. The steep reduction of 60% in J c cannot
be fully explained by the observed decrease in M s and K eff , where
M s decreases by 15% and K eff does not change significantly from t Ho
= 0 nm to 2 nm. This indicates that the smaller critical switching current density in devices with an interfacial Ho layer is mainly induced
by a higher damping-like torque efficiency rather than the change of
the magnetic properties.
To better understand the contribution of the SOT-induced
magnetization switching arising from the Co/Ho interface, we carried out the harmonic measurements. These measurements enable
the quantification of the SOT efficiency and validate the conclusions
drawn in the study of current-induced switching. Figures 3(a) and
3(b) show the schematics of harmonic Hall voltage measurements
while sweeping an IP external magnetic field in the direction of
longitudinal (H x ) and transverse (H y ) to the sending current direction (x-direction). The roles that the DL and FL torques play on
the magnetization in the magnetic layer are also shown schematically. Figure 3(c) shows V 1ω and V 2ω obtained from harmonic Hall
measurements, as a function of H x for t Ho = 2 nm with the initial
magnetization states to be up (M-up) and down (M-down), respectively. Similarly, Fig. 3(d) shows V 1ω and V 2ω as a function of H y
for t Ho = 2 nm. All the voltages were measured under an average
current density J ave of 1.0 × 1011 A m−2 (much smaller than the
critical switching current). The alternative current (I ac ) with a frequency of 333 Hz was used in the measurement. It can be noted
from Figs. 3(c) and 3(d) that, for the longitudinal H x and transverse
H y measurements, V 1ω follows the parabolic relation, while V 2ω follows the linear relation. The similar behavior of harmonic voltages
is widely reported in PMA systems.38,39
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Based on the Hall voltage results, H DL and H FL are extracted
using the following equation:37
HDL(FL) = −2

HL(T) ± 2ζHT(L)
.
1 − 4ζ 2

(1)

The longitudinal magnetic field (H L ) and transverse field (H T )
are defined as HL,± = (dV2ω,x± /dHx )/(d2 V1ω,x± /dHx2 ) and HT,±
= (dV2ω,y± /dHy )/(d2 V1ω,y± /dHy2 ), respectively. The ± sign indicates the magnetization pointing up and down. Moreover, ζ is the
ratio of planar Hall resistance (PHE) and anomalous Hall resistance
(RPHE /RAHE ). The ratio ζ was measured as 0.16 and 0.078 in the
samples without a Ho layer and with 2-nm thick Ho, which has
been discussed in Fig. S5 of the supplementary material.38,39 Due to
the smaller value of ζ, the planar Hall effect in Pt/Co/Ho samples
could be neglected. Based on Eq. (1), H DL (H FL ) mostly depends on
H L (H T ) when the external magnetic field is applied along the xdirection (y-direction). In order to avoid an obvious Joule heating, a
small current density J ave (the average current density in the range of
5 × 1010 A/m2 –13 × 1010 A/m2 ) was used in our harmonic measurements. Therefore, the thermal effect could be very weak and, hence,
neglected.42 Figures 3(e) and 3(f) show H DL and H FL as a function of
J ave /the applied electric field E for the sample with t Ho = 2 nm. Both
H DL and H FL have a linear dependence on J ave /E, in agreement with
the origin of SOT.1,37 The magnitude of the current-induced effective fields H DL and H FL increases linearly with the current density
J ave (as well as E), implying that the thermal effect is weak. Moreover,
the increase of H DL indicates an enhancement of the SOT efficiency.
To describe the change of SOT efficiency in this Pt/Co/Ho tri-layer
system, the dependence on the electric field E is more appropriate
than that with J ave .43 In addition, J ave is less than the current density
in the heavy metal Pt layer, resulting in the slightly overestimated
result of the SOT efficiency.
Figure 4(a) shows the SOT effective field efficiency per applied
E
electric field χDL
(χFLE ), extracted from the slope ∣HDL /E∣(∣HFL /E∣), for
samples with different t Ho , where the PHE has been considered to
estimate the SOT effective fields accurately. Figure 4(b) shows the
Jave Jave
SOT effective field efficiency per current density χDL
(χFL ). For the
E
control sample with the Pt/Co interface, the H DL efficiency χDL
is
(0.71 ± 0.13) Oe/(kV/m) due to the contributions from the Pt/Co
Jave
interface and χDL
is (2.05 ± 0.09) × 10−10 Oe/(A/m2 ). For the samE
ple with t Ho = 2 nm, χDL
significantly increases to (2.62 ± 0.05)
Jave
Oe/(kV/m). Moreover, χDL
has been increased to (9.53 ± 0.05)
E
× 10−10 Oe/(A/m2 ) significantly. The H FL efficiency χFL
is smaller
E
in one order than χDL . When 2-nm Ho was inserted, it also shows an
increase to 0.33 from 0.064 Oe/(kV/m).
As previously discussed, the DL SOT efficiency per curJave
Jave
rent density ξDL
can be expressed through the relation ξDL
2eμ0 Ms t HDL 21,29,43
where h̵ is the reduced Planck’s constant, e is
=
,
̵
h
Jave
the charge of an electron, μ0 is the permeability of vacuum, and t
is the thickness of the ferromagnetic layer. In a Pt/Co/Ho system,
eff
Jave
ξDL
relates directly to the effective spin Hall angle θSH of the whole
eff
Jave
system; thus, ξDL can be considered as an equivalent parameter θSH
29,43,44
to describe the SOT efficiency.
For the control sample, the DL
Jave
SOT efficiency per current density ξDL
is 0.071 ± 0.014, which is
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FIG. 3. Illustration of the harmonic measurements set up by sweeping in-plane field in (a) the longitudinal direction Hx and (b) the transverse direction Hy . HDL and HFL refer
to the generated effective fields. (c) The first and second harmonic voltage for the sample with t Ho = 2 nm with an external in-plane magnetic field Hx applied in the longitudinal
direction. (d) The first and second harmonic voltage for the sample with t Ho = 2 nm with an external in-plane magnetic field Hy applied in the transverse direction. Calculated
(e) HDL and (f) HFL as a function of the average current density Jave /the applied electric field E for the sample with t Ho = 2 nm. M-up and M-down refer to the measurements
by initially setting the magnetization to be up and down directions, respectively.

similar to the previously reported values in Pt/ferromagnet bilayer
systems.37,38 It is due to the contributions from the Pt/Co interface.
Jave
For the sample with t Ho = 2 nm, ξDL
is increased to 0.256 ± 0.015, as

depicted in Fig. 5(a). The large DL SOT efficiency per current denJave
sity ξDL
of the Pt/Co/Ho system is attributed to both contributions
of Pt and Ho layers. Compared to the Pt/Co/MgO control sample,

FIG. 4. (a) Calculated SOT field effiE
ciency per applied electric field χDL/FL
and (b) SOT field efficiency per average
Jave
current density χDL/FL
as a function of
Ho thickness t Ho .
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FIG. 5. (a) The damping-like SOT effiJave
ciency per current density ξDL
and
(b) the damping-like SOT efficiency per
E
applied electric field ξDL as a function of
Ho thickness t Ho .

Jave
the DL SOT efficiency per current density ξDL
by inserting a Ho
layer increases by 0.19.
eff
θSH is not appropriate to describe the spin-torque efficiency
in the heterostructures containing more than one spin generator
with the discoveries of spin transparency and spin memory loss
recently.43,45,46 In order to have a better understanding of the SOT
efficiency of the Pt/Co/Ho system, the damping-like SOT efficiency
E
per applied electric field ξDL
is also plotted in Fig. 5(b), calculat2eμ M t
E
ing through the relation ξDL = 0̵h s HEDL .43 For the control sample
Pt/Co/MgO, the damping-like SOT efficiency per applied electric
E
field ξDL
is 4.16 × 105 (1/Ω m). When 1-nm and 2-nm thick Ho layers
are inserted on top of the Co layer, the damping-like SOT efficiency
E
ξDL
in the Pt/Co/Ho structure is increased to 11.6 × 105 (1/Ω m) and
9.4 × 105 (1/Ω m), respectively.
The high efficiency of SOT in the Pt/Co/Ho structure is
attributed to the increase of the spin transparency, and the reduced
spin reflection from the Ho layer, which is due to the high conductivity of Ho.47,48 Moreover, the negative exchange coupling
between Co and Ho layers further enhances the SOT efficiency in
the Pt/Co/Ho system.29,49,50 The observation of a larger dampinglike SOT efficiency while retaining PMA makes this system suitable not only for SOT-MRAM applications but also for the domain
wall and skyrmion devices.48,51,52 However, the Ho layer capping
may introduce potential difficulty in integration based on our current magnetic tunnel junction (MTJ) structure. To compatible with
the integration of MTJ by using the tri-layer Pt/ferromagnetic layer
(FM1)/Ho structure, a feasible structure has been proposed by
depositing an additional ferromagnetic layer (FM2) on top of the
capping layer, which is directly coupled with the FM1 layer, forming a Pt/FM1/Ho/FM2/MgO/reference-layer structure.52–54 In the
proposed structure, the high SOT efficiency can be utilized for
writing, which has been demonstrated in the ferrimagnet-based
MTJ.53–57 The FM2 layer between Ho and MgO is coupled with the
reference-layer to form a tunnel magnetoresistive structure, which
is mainly meant for the reading process. Moreover, further investigations should also be carried out to improve the thermal stability
and optimize the perpendicular magnetic anisotropy for practical
applications in perpendicular SOT-MRAM devices.
In conclusion, we report that the insertion of a rare-earth Ho
layer on top of a ferromagnetic Co increases the SOT efficiency in
Pt/Co/Ho samples. An optimized thickness of inserted Ho is ∼2 nm,
at which the saturation magnetization, anisotropy field, and, in particular, perpendicular magnetic anisotropy are well maintained. The
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current-induced magnetization switching and the harmonic measurements show that the critical switching current density is reduced
by ∼60% and the damping-like SOT field is enhanced by ∼200% in
the studied Pt/Co/Ho system. Furthermore, the damping-like SOT
efficiency per current density of the Pt/Co/Ho system is estimated
at around 0.256, which is much larger than the control sample.
Our results highlight the significant role of rare-earth metal Ho
in the Pt/Co/Ho system to achieve energy-efficient magnetization
switching and suggest an alternative path toward the energy-efficient
magnetic switching devices.
See the supplementary material for information about magnetic properties of Pt/Co/Ho thin films with Ho thickness from
1 nm to 10 nm (Fig. S1), transport of ions in matter (TRIM) simulations to understand the interface diffusion effect for samples
with different Ho thicknesses (Fig. S2), current distribution in the
Pt/Co/Ho system (Fig. S3), thermal effect in Pt/Co/Ho devices with
different Ho thicknesses (Fig. S4), planar Hall measurements for
Pt/Co/Ho devices (Fig. S5), surface topography (Fig. S6), and dependence of critical switching current density J c on magnetic parameters
(Fig. S7).
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