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ABSTRACT

Rare-earth ferromagnetic (RE–FM) heterostructures have attracted significant attention due to their intricate spin structures and physical
phenomena. The antiferromagnetic coupled (AFC) interface formed by the distinctive interaction between the FM and RE elements has
critical contributions to the magnetization reversal process. In this work, we investigate the enhancement of current-induced magnetization
switching with the AFC interface at the Co/Ho heterostructure. The results shows that an increased spin–orbit torque (SOT) efficiency of up
to 250% was achieved at a Ho thickness of 7 nm, with a critical switching current density of 2.7� 1010 A/m2. When a Cu interlayer was intro-
duced between the Co/Ho interface, a decreased SOT efficiency was observed, indicating that the SOT enhancement is primarily attributed to
the AFC interfacial effect. At the AFC interface, the interaction between Co and Ho atoms generates an additional torque, enhancing the
effective SOT efficiency.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0174431

In recent years, the demand for high-efficiency, scalable, and non-
volatile spintronic devices has been growing rapidly due to the increas-
ing need for information storage and processing.1 In this context, the
magnetization reversal mechanism induced by spin–orbit torque
(SOT) has garnered substantial research interest.2–5 Previous studies
have primarily focused on SOT-induced magnetization reversal in
heavy metal (HM)/ferromagnet (FM) heterostructures.6,7 In these
structures, the charge current can be converted into a perpendicu-
lar spin current by utilizing the bulk spin Hall effect (SHE) from
the HM layer and the Rashba effect induced at the interface.8,9 This
spin current applies a torque to the adjacent FM layer, leading to
the reversal of magnetization.10 The charge-to-spin conversion
efficiency in the HM/FM heterostructure is quite low.11,12

Typically, researchers utilize alloying and inserting antiferromag-
netic layers or other materials to enhance spin generation and spin
transparency.13–15 Rare-earth (RE) materials exhibit strong spi-
n–orbit coupling (SOC) effect and a significant exchange coupling
effect to the adjacent FM layers, enabling low-power spin manipu-
lation and efficient magnetization switching in SOT devices.16–18

Studies have shown the presence of Dzyaloshinskii–Moriya inter-
action (DMI),19 deterministic current-induced magnetization

switching,20 and strong SOT effects17 by incorporating RE elements
into ferromagnetic metal to form RE–FM alloys or multilayer sys-
tems. Magnetic moments of FM and RE, e.g., Gd, Tb, Ho, are antifer-
romagnetically coupled due to the exchange interactions between 3d
and 4f electrons.19,21 These coupling effects have a significant impact
on the regulation of overall exchange interactions, leading to the
generation of exchange fields that have the potential to enhance the
SOT effect.22,23 There have been numerous studies on the tunable
bulk exchange interactions based on RE–FM alloys or heterostruc-
tures.17,20,24,25 However, the distinctive interface interactions resulting
from the spontaneously formed antiferromagnetic coupled (AFC)
interface also exert a measurable influence on the efficiency of spin
transmission and magnetization reversal.

In this work, we investigate the influence of the AFC interface at
the Ho/Co heterostructure on the enhancement of current-induced
magnetization switching. With increasing Ho thickness, the saturation
magnetization of the Co/Ho heterostructure decreases, indicating the
tunable antiferromagnetic coupling at Co/Ho interface. By introducing
a Cu interlayer between the Co and Ho layers, the observed reduction
in SOT efficiency confirms the promoting effect of interactions at the
Co/Ho interface in driving SOT-induced magnetization reversal.
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Thin film stacks of Ti (2nm)/Pt (4 nm)/Co (1.2nm)/Ho (tHo nm)/
Ta (4nm)/Ti (2nm) were deposited on oxidized Si substrates using
high-vacuum magnetron sputtering technique at base pressure of
�3� 10�8Torr.26 The bottom Ti layer serves as the adhesion layer
between the Pt layer and the substrate. The thickness of the Ho layer
(tHo) was varied from 0 to 7nm. The top Ta layer has an opposite sign
of spin Hall angle with the Pt layer and is used to enhance the SOT effi-
ciency. Figure 1(a) shows schematic of the stack structure. After the film
growth, the stacks were patterned into Hall bar devices of 20� 200lm2

using the standard photolithography techniques. Figure 1(b) shows the
optical image of the patterned device. Ti (10nm)/Cu (100nm)/Ti
(10nm) electrode pads were fabricated using liftoff and deposition pro-
cesses for electric transport measurement purpose.

The magnetic properties of the films were characterized by vibrat-
ing sample magnetometer (VSM). Figure 1(c) shows the dependence
of the saturation magnetization (Ms) on the Ho layer thickness. The
reduction of the measuredMs with the increase in tHo can be attributed
to the spontaneously formed AFC interface at the Co/Ho heterostruc-
tures. In the Co/Ho heterostructures, the 4f magnetic moments of the
RE atoms are coupled with the 3d magnetic moments of the FM,
which results in the antiparallel alignment of the RE and FM magnetic
moments at the interface.17,27,28 The magnetic moment alignment at
the Co/Ho heterostructure is illustrated in the inset of Fig. 1(c). The
characteristic of exchange interaction at the interface is the parallel
alignment of Co–Co moments and the antiparallel alignment of

Co–Ho moments. Furthermore, the enhanced interface atomic mixing
at the Co/Ho interface provides possibility for Ho atoms to participate
in the interface exchange interaction,12,18 thereby reducing the overall
magnetic moment of the structure. The Ho thickness-dependent coer-
civity (Hc) and effective anisotropy field (Hk) are plotted in Fig. 1(d).
Hk is extracted from the in-plane magnetic field dependence of anom-
alous Hall resistance (RAHE) according to the Stoner–Wohlfarth
model.26,29 (The fitting detail is shown in Sec. 1 of the supplementary
material.) Hc exhibits an increasing trend with larger Ho thickness but
subsequently drop after tHo¼ 3 nm, following the trend of Hk. The
trend of Hk as a function of the tHo suggests that the contribution from
the varying tHo has a coherence length.

19 Further explanation regard-
ing the relationship between Hc and tHo is presented in Sec. 2 of the
supplementary material. In thin film metallic multilayers, the magnetic
anisotropy arises from both bulk and interfacial contribution.30 Hence,
by adjusting the tHo, the interplay between the bulk and interfacial con-
tributions enables the larger Hk at tHo of 3 nm. The measured anoma-
lous Hall resistance RAHE–Hz loops are shown in Fig. 1(e), where all
the Hall bar devices have perpendicular magnetic anisotropy (PMA)
property. However, devices with a Ho thickness greater than 7nm did
not exhibit PMA property. The anomalous Hall resistance RAHE–Hz

loops with Ho thickness above 7 nm have been shown in Fig. S3 in the
supplementary material, Sec. 3.

To investigate the contribution of the Co/Ho interface effect to
the SOT efficiency, harmonic Hall measurements were performed on

FIG. 1. (a) Schematic of the stack of Ti/Pt/
Co/Ho/Ta/Ti multilayer. (b) Optical image
of the patterned Hall ball device with sche-
matic of Hall resistance measurement
configuration. (c) The Ms obtained from
VSM measurements for the deposited
films. Inset shows the schematic of mag-
netic moment alignment at the Co/Ho
interface. (d) The Hc and Hk of the devices
with different thicknesses of the Ho layer.
(e) The measured anomalous Hall resis-
tance RAHE–Hz loops as a function of Ho
thickness with current density of
J¼ 1� 1010 A/m2.
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the Hall bar devices. The measurements were conducted using an
alternating current (Iac) source and a lock-in amplifier with a fre-
quency of 307 Hz to detect the Hall voltage (VH). Figure 2(a) shows
schematic of the harmonic Hall voltage measurement setup where an
in-plane magnetic field was swept along the current direction (x). The
damping-like field (HDL) was extracted from the VH measurement
using the following equation:31

HDL ¼ �2
dV2w

dHx

� ��
d2V1w

dH2
x

 !
; (1)

where V1w and V2w are the first- and second-order harmonic signals,
respectively.

Figure 2(b) shows the relationship between the HDL and J of the
devices with varying Ho thicknesses. From Fig. 2(b), the HDL per cur-
rent density (vDL ¼ HDL=J) is extracted from the slope, and the vDL as
a function of tHo is summarized in Fig. 2(c). The vDL exhibits a signifi-
cant increase with the increasing thickness of the Ho layer. Specifically,
when the Ho thickness reaches 7 nm, vDL increases approximately up
to 42Oe per 1010 A/m2, which is 250% of the samples without the Ho
layer. The inset of Fig. 2(c) illustrates the effective spin Hall angle (hSH)
value, where hSH ¼ 2el0MstFMvDL=�, where e is the electron charge, l0
is the permeability vacuum, � is the reduced Planck’s constant, and tFM
is the thickness of the FM layer. For the Pt/Co/Ta reference sample, the
observed value of hSH (0.1286 0.002) is similar to the previously
reported values.32 hSH increases nearly linearly with the increasing thick-
ness of Ho layer. When the tHo reaches 7nm, the hSH value reaches
0.1686 0.001, resulting in an increase to 130% of the samples without

the Ho layer. The discrepancy in the enhancement magnitude between
the hSH and vDL is attributed to the reduction in Ms resulting from the
antiparallel alignment of Ho and Co magnetic moments.

Figure 2(d) illustrates the normalized vDL and 1/Ms for various
tHo of the samples, where the current-induced SOT effective field devi-
ates from the 1/Ms relation. This disproportionate scaling is attributed
to the additional exchange coupling field (HEC) arising from the nega-
tive exchange interaction between Co and Ho sublattices at the Co/Ho
interface. This HEC adds up with the existing HDL, thereby enhancing
the overall effective SOT efficiency.22 Additionally, the AFC interface
between Co and Ho enhances the interface spin-mixing conduc-
tance,33 facilitating the effective interaction of the spins produced in
the top layer on the magnetic moments of Co layer. This indicates that
the enhancement of SOT efficiency may not solely originate from the
bulk effect of Ho layer but also has contribution from the formation of
the AFC interface at the Co/Ho heterostructure.

To further investigate the contribution of the AFC interface at the
Co/Ho heterostructure to the spin transport, reference samples of Ti
(2nm)/Pt (4nm)/Co (1.2nm)/Cu (1.6nm)/Ho (tHo nm)/Ta (4nm)/Ti
(2nm) were fabricated, as schematically shown in Fig. 3(a). Figure 3(b)
shows the vDL of samples with a Cu interlayer at different Ho thick-
nesses. When the Cu layer is inserted between the Co and Ho layers, the
SOT efficiency is significantly reduced to 6–8Oe per 1010 A/m2 com-
pared to the samples without the Cu interlayer. Although there is a slight
increase in vDL with the increasing tHo, the magnitude of enhancement
remains minimal. Figure 3(c) shows the calculated hSH, which remains
around 0.16 within the range of error. The sample with a Cu interlayer
shows a significant increase inMs compared to the sample without a Cu

FIG. 2. (a) Schematic of the harmonic
measurement setup with a sweeping in-
plane field Hx along the current direction
x. (b) HDL as a function of the applied cur-
rent density for devices with various Ho
thicknesses. (c) The extracted damping-
like effective field per current density vDL
as a function of the Ho thickness. Inset
shows the calculated hSH for the devices
with various Ho thicknesses. (d) The nor-
malized values of vDL and 1/Ms with differ-
ent Ho thicknesses.
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interlayer. The Cu interlayer at the Co/Ho interface disrupts the antipar-
allel arrangement of the Co and Ho magnetic moments, resulting in an
increase in Ms. Figure 3(d) shows the normalized vDL and 1/Ms for the
reference samples. When the Cu interlayer is present, the SOT efficiency

follows the trend given by the 1/Ms relation. It is known that the spin
diffusion length of Cu is above 300nm, which means the presence of
the Cu interlayer effectively disrupts the interaction between Ho and Co
atoms at the interface while maintaining spin transport.34,35 Hence, the

FIG. 3. (a) Schematic of the reference
stack with the Cu interlayer. (b) vDL as a
function of Ho thickness for the devices
with Cu interlayer. (c) The calculated hSH
as a function of the Ho thickness for the
reference samples. The illustration shows
the magnetic hysteresis loops in out-of-
plane field for devices with various Ho
thicknesses. (d) The normalized values of
vDL and 1/Ms at different Ho thicknesses
for the devices with Cu interlayer.

FIG. 4. (a) The measured current-induced
magnetization switching loops of the devi-
ces with various Ho thickness under
Hx¼ 1000Oe. (b) The extracted Jc as a
function of Ho thickness. (c) Schematic of
the overall magnetization switching princi-
ple in the Co/Ho system.
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suppressed SOT efficiency results obtained from the samples with the
Cu interlayer indicates that the AFC interface between the Co and Ho is
a key factor in enhancing spin transport efficiency.

To gain further insights into the contribution of the AFC inter-
face in the Co/Ho heterostructure to magnetization switching,
current-induced switching experiments were conducted. Figure 4(a)
shows the RAHE–J loops of the samples with different tHo with
Hx¼ 1000 Oe. Jc is identified as the critical current density for trigger-
ing 80% reversal of magnetization state. The observed changes in
resistance amplitude are consistent with the observations from the
RAHE–Hz loops, indicating deterministic switching of all samples.
Figure 4(b) shows the relationship between the extracted Jc and tHo. In
general, Jc decreases with the increase of tHo. Figure 4(c) shows the
diagram of the magnetization switching, the magnetization reversal
still predominantly follows the Co sublattice. The magnetization
dynamics is determined by the competition among the Hk, the HDL,
the HEC, and the Hx. Based on the previous discussion, the interface
with antiferromagnetic coupling in the Co/Ho heterostructure con-
tributes to the enhancement of the SOT efficiency. The longitudinal
component of the HEC can be combined with the longitudinal compo-
nent of the HDL, enhancing the effective SOT effect. As the current
goes through from the þx to �x direction, accompanied by a reversal
in the current direction, the overall magnetization (M) undergoes
deterministic reversal. As a result, critical current density of 2.7 �
1010 A/m2 for the SOT-driven magnetization switching was achieved
at tHo¼ 7 nm, which indicates the potential of Co/Ho heterostructures
in low-power applications based on SOT. However, we also observed
a decrease in current density when the Ho thickness is equal to 1 nm.
This can be attributed to the reduced effective anisotropy, as indicated
by the reducedHk in Fig. 1(d).

In conclusion, the investigation of the SOT effect and the magne-
tization switching in the Ho/Co heterostructure confirms the critical
role of the AFC interface in enhancing current-induced magnetization
reversal. Our results demonstrate that the SOT effective field deviates
from the 1/Ms relation with an increasing Ho thickness, indicating that
the interaction between Co and Ho atoms at the Co/Ho interface con-
tributes to the generation of additional torque. Introducing a Cu inser-
tion layer at the Co/Ho interface reduces the SOT efficiency, validating
the crucial role of the AFC interface in enhancing SOT efficiency. By
studying the current-induced magnetization switching, a critical
switching current density of 2.7� 1010 A/m2 is demonstrated with a
Ho thickness of 7 nm. This work highlights the crucial role of the AFC
interface in FM/RE systems for achieving energy-efficient magnetiza-
tion switching, thereby contributing toward understanding and devel-
oping low-power spintronic devices.

See the supplementary material for the extraction of the effective
anisotropy field Hk, the hysteresis loops for the thin film samples with
different Ho thicknesses, and the measured anomalous Hall resistance
RAHE–Hz loops with the Ho thickness of 9 nm.
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