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Field-Free Switching of Magnetization by Tilting the 
Perpendicular Magnetic Anisotropy of Gd/Co Multilayers

Hyun-Joong Kim, Kyoung-Woong Moon, Bao Xuan Tran, Seongsoo Yoon, 
Changsoo Kim, Seungmo Yang, Jae-Hyun Ha, Kyongmo An, Tae-Seong Ju, 
Jung-Il Hong,* and Chanyong Hwang*

Efficient current-induced switching of perpendicular magnetization is an 
essential task in spintronics for realizing high-performance information 
processing and for storage device application. However, the spin-orbit torque 
(SOT) by injection of in-plane polarized spins cannot deterministically switch 
the magnetization of ferromagnetic thin films with perpendicular magnetic 
anisotropy (PMA) without an additionally applied in-plane external mag-
netic field to break the symmetry of the PMA. Considering the difficulties of 
applying the magnetic field to the localized area only within a device struc-
ture, it is essential to contrive a facile field-free SOT switching mechanism. 
Here, deterministic field-free SOT switching of perpendicular magnetization 
is achieved in amorphous and ferrimagnetic Gd/Co multilayers accompanied 
by a tilted magnetic anisotropy axis. This tilted anisotropy originates from the 
combined contributions of many internal anisotropies in different orientations 
from the multilayers and is shown to be controllable. It is expected that the 
introduction of controlled tilted anisotropy into Gd/Co multilayers over the 
entire film surface in the present study can be extended to the development 
of wafer-scale technologies for the spintronics memory and logic devices.
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spintronics memory and logic devices.[1–7] 
The spin-orbit torque (SOT) of the spin 
current originating from the spin-Hall 
effect (SHE)[8] or the Rashba effect[9] is 
applied on the magnetic moment of a fer-
romagnetic (FM) layer when an electrical 
current flows through an adjacent non-
magnetic heavy-element layer. However, 
the accumulation of in-plane polarized 
spins cannot accomplish the determin-
istic switching of the typical perpendicular 
magnetizations by itself, considering 
the symmetry of perpendicular mag-
netic anisotropy (PMA) with respect to 
the film plane. To achieve deterministic 
SOT switching of FM magnetization with 
PMA, its geometrical symmetry needs to 
be broken; the application of an in-plane 
external magnetic field (Hin)[10] could serve 
as an apparent solution. However, to alle-
viate the limitations and disadvantages of 
a nonlocal application of Hin on the spin-
tronics devices, alternative methods of 

field-free switching should be considered. To date, suggested 
solutions include the application of an effective magnetic field 
from an adjacent exchange-coupled antiferromagnetic (AFM) 
layer,[11–14] the combination of synthetic AFM coupling and 
exchange bias,[15] lateral structural asymmetry based on the 
PMA gradient or a spin-Hall current using a wedge-layer,[16–18] 
or magnetic nanodots with tilted magnetic anisotropy (TMA).[19] 
In addition to the switching by in-plane SOT, it was recently 
demonstrated that field-free switching could also be achieved 
by an out-of-plane SOT due to a low symmetry at the interface 
of CuPt/CoPt bilayers.[20] By manipulating magnetocrystalline 
anisotropy (MCA), Liu et al.[21] recently achieved current-
induced field-free switching at a low temperature (≈70 K) in the 
oxide structure of SrIrO3/SrRuO3 bilayers grown on a SrTiO3 
substrate with a tilted magnetic easy axis.

In the present work, we demonstrated robust field-free and 
deterministic SOT switching at room temperature using the 
TMA axis established in the amorphous metallic [rare-earth 
(RE) Gd/transition metal (TM) Co]N multilayers structure. The 
small tilt angle of the TMA could be measured, and its origin 
could be understood as being the combination of PMA and 
uniaxial in-plane magnetic anisotropy (IMA) in the multilayers, 
where the magnetic anisotropy (MA) varied with the number 
of stacks in [Gd/Co]N. The azimuthal angular dependence 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202112561.

1. Introduction

Current-induced switching of perpendicular magnetization 
has attracted tremendous interest and is now considered as a 
basic mechanism to be used to achieve low-power nonvolatile 
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of the perpendicular magnetization reversal under the in-
plane bias field, Hin, was investigated to show the behaviors 
of chiral and uniaxial magnetization reversal with symmetric 
and asymmetric axes. The GdCo alloys or Gd/Co multilayers 
are well-known ferrimagnets, consisting of AFM-coupled spin 
sublattices of RE and TM atoms, exhibiting bulk PMA[22–26] as 
well as the bulk Dzyaloshinskii–Moriya interaction (DMI).[27–29] 
These magnetic properties are immanent over the entire sur-
face of Gd/Co multilayers, and thus the deterministic field-
free SOT switching could be readily achieved, facilitating a 
wafer-scale process of magnetic memory and logic devices, and 
manufacturing a complex structure without a local limit.

2. Results and Discussion

2.1. TMA in Gd/Co Multilayers for In-Plane Symmetry Breaking

Recently, it was demonstrated that magnetic films with TMA 
axes could be fabricated by numerous growth methods to 
manipulate the MCA[21,31] of the film, for example, by com-
bining two different magnetic layers with respective PMA and 
IMA[32] or forming wedge-shaped magnetic nanodots.[19] In the 
present work, multilayers of [Gd (0.3  nm)/Co (0.3  nm)]N/Pt  
(4  nm), with N  = 3, 5, 6, 7, and 9, were grown at room tem-
perature on a SiO2 substrate by magnetron sputtering with 
a 4  nm-thick Ti buffer layer. The magnetic hysteresis loops 
of films with a perpendicular applied magnetic field (HZ) 
were measured using a magneto-optical Kerr effect (MOKE) 
magnetometer system (NanoMOKE3 manufactured by Durham 
Magneto Optics Ltd.) and are displayed in Figure 1a.

Gradual change in the MA from IMA to PMA with increasing 
N is clearly observed. Therefore, an appropriate adjustment of 
N reasonably suggests the coexistence of both IMA in the lower 

[Gd/Co]N layers of the stack and PMA in the higher layers. 
Considering the amorphous nature and the uniform thickness 
of the layers as determined from the transmission electron 
microscopy (TEM) of the films (Figure S1, Supporting Infor-
mation) we believe that the MA of the Gd/Co multilayers did 
not originate from either the MCA or the wedge-shaped layer 
structure. An assumption from the change in MA with stacking 
number was the coexistence of a comparable uniaxial IMA and 
PMA for N = 5 or 6, as mentioned above. In consistence with 
many previous works on Gd/Co multilayers,[33–35] the small 
IMA established at the bottom layers of the stacks is presumed 
to be from the strain at the interface with the Ti buffer layer. 
As N increases, Gd and Co interlayer mixing increases to form 
an amorphous GdCo alloy film rather than the well-separated 
multilayer structure, and preference to PMA develops, eventu-
ally achieving a dominant PMA state as N exceeds 9. The Gd 
concentration in the layer was determined to be 22.4 ± 3.5% 
from scanning TEM and energy-dispersive X-ray spectroscopy 
(STEM-EDS) measurements. Thin films of an amorphous 
RE-TM ferrimagnet have been often reported to exhibit PMA, 
possibly from the interfacial strain on the ferrimagnetic layer 
involving multiple mechanisms associated with magneto-
striction,[36] dipolar effects,[37] and anisotropic atomic-pairs 
correlations.[38–40] In addition, the MA of the ferrimagnetic layer 
was found to be sensitive to the growth conditions (e.g., growth 
of the layer under external strain[41] and the presence of Ta 
underlayer[22]) as well as the post-annealing procedures.[42] Ueda 
et al.[22] reported that the threshold thickness of the RE-TM fer-
rimagnetic layer for the transition of MA from IMA to PMA 
can vary depending on the existence of the Ta underlayer. We 
have additionally verified that the chemical species of the mate-
rial in the underlayer also influence the transition between 
IMA and PMA in the Gd/Co ferrimagnetic layer as shown in 
Figure S2, Supporting Information; MA of [Gd/Co]N grown on 

Figure 1. a) Perpendicular magnetic hysteresis loops of SiO2/Ti (4 nm)/[Gd/Co (each layer 0.3 nm)]N/Pt (4 nm) multilayers with N = 3, 5, 6, 7, and 9. 
b) In-plane magnetic hysteresis loops at various azimuthal angles and Mr (remanent magnetization)/MS (saturation magnetization)—φ polar graph 
for the multilayers of N = 5. c) In-plane magnetic hysteresis loops at two different angles corresponding to φ = 0° and 90° for multilayers with N = 9.
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Ti underlayer prefers IMA while PMA is preferred for [Gd/Co]N 
or Co78Gd22 films deposited on the Pt underlayer (see Figure S2, 
Supporting Information, for further details). This may suggest 
a specific crystal coordination type of Co atoms on the Pt (111) 
surface and Co 3d–Pt 5d interfacial hybridization.[43,44] In the 
present work, [Gd/Co]N multilayers on Ti underlayer rather 
than Pt was employed for the coexistence of IMA and PMA as 
a symmetry-breaking mechanism toward field-free switching.

With the coexistence of IMA and PMA, the anisotropy axis 
should tilt from the exact plane normal and the tilt breaks 
the in-plane symmetry. To confirm the inherent presence of 
uniaxial IMA in the [Gd/Co]N multilayers, in-plane magnetic 
hysteresis loops were measured at many azimuthal angles 
using a vibrating sample magnetometer (VSM, Lake Shore 
7400) for the multilayers with N = 5 (Figure 1b). The hysteresis 
loops at various azimuthal angles (φ), defined as the angle of 
rotation within the xy-plane with respect to the direction of the 
applied magnetic field along the x-axis (HX) in the measure-
ment, and the polar graph of remanent magnetization (Mr)/
saturation magnetization (MS) as a function of φ from 0° to 
360° in Figure  1b distinctly show the uniaxial IMA with easy 
and hard axes at φ = 0° and 90°, respectively. The PMA-domi-
nant [Gd/Co]9 multilayers in Figure  1a were also measured to 
hold a small IMA based on the slightly larger Mr and coercivity 
(HC) in the measured in-plane hysteresis loop at φ = 0° than the 
measurement at φ = 90° (Figure 1c), but the dominance of PMA 
is clearly recognizable. Considering the planar film structure, a 
uniaxial IMA is expected to be established in a direction chosen 
randomly within the plane during the deposition. To gain 
additional and complete control over the IMA direction of the 

Gd/Co multilayers, the growth of multilayers was further car-
ried out in an externally applied in-plane magnetic bias field, 
and successful control of IMA direction could be confirmed 
(Figures S3 and S4, Supporting Information). Therefore, it was 
verified with confidence that the simultaneous establishment of 
PMA and uniaxial IMA in the desired direction is achievable by 
controlling the number of layers in [Gd/Co]N in an appropriate 
manner.

2.2. Deterministic Field-Free SOT-Induced Switching 
of Magnetization via Tilted PMA Axis

Field-free switching of perpendicular magnetization by SOT 
has been tested in various magnetic structures where the mag-
netic symmetry-breaking mechanism is incorporated by, for 
exmaple, exchange coupling with an adjacent AFM layer and/
or a lateral structural asymmetry.[11–17] Liu et al. have shown that 
the TMA[21] in oxide bilayers can also be used for field-free mag-
netization switching. By contrast, in the present work, the TMA 
axis in the amorphous magnetic Gd/Co multilayers was used to 
test the deterministic field-free SOT switching of perpendicular 
magnetization at room temperature.

A 10  µm-width wire-patterned multilayer of [Gd/Co (each 
layer 0.3 nm)]9/Pt (4 nm) was fabricated using magnetron sput-
tering at room temperature on a SiO2 substrate with a 4  nm-
thick Ti buffer layer. In general, when a charge current flows 
through the 10  µm wire of a heavy metal Pt layer within the 
multilayers, the spin-polarized current is generated due to 
SHE, where spin polarization (SP) is proportional to the vector 

Figure 2. Injection of spin current, generated from the top Pt layer, into the [Gd/Co]9 multilayers. Field-free SOT-induced switching of perpendicular 
magnetization, as a function of the injected current pulse along the y-axis, a) at φ = 0° with counterclockwise-θtilt and b) at φ = 180° with clockwise-θtilt. 
c) Perpendicular magnetization reversals tested repeatedly.

Adv. Funct. Mater. 2022, 32, 2112561



www.afm-journal.dewww.advancedsciencenews.com

2112561 (4 of 8) © 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

product of the charge current (I) and the spin current vector 
(q)[45] in the Pt layer (Figure 2a). Subsequently, injection of SP 
into the adjacent Gd/Co layers exerts a damping-like torque 
expressed as τSOT ∝ m  ×  (m  ×  SP), where m is the unit vector 
along the magnetic moment in the ferrimagnetic multilayers 
and the effective field can be written as HSOT  =  HSOT (m  ×  SP). 
As recently reported, the ferrimagnetic [RE/TM]N multilayers 
show long spin-coherence lengths and bulk-like torque due to 
the antiparallel alignment of the RE and TM moments.[46,47] 
Thus, the TMA allows an opportunity for switching PMA 
domains with the τSOT. Perpendicular magnetic domains were 
measured using MOKE microscopy after current pulses of var-
ious amplitudes with 1  ms duration were injected under zero 
Hext. Figure 2a,b display perpendicular magnetization reversals 
at φ  = 0° and 180°, respectively, as a function of the injected 
current pulse along the y-direction. For φ  = 0° in Figure  2a 
corresponding to the PMA easy axis with a counterclockwise 
tilt angle (θtilt) within the xz-plane (θtilt of approximately 2.6° 
as quantified in Section 2.3), the τSOT along an identical direc-
tion with right-SP (left-SP) as illustrated by the blue (red) arrow 
can promote the up-down reversal, from up to down magneti-
zation, (down-up) as negative (positive) current flows through 
the Pt layer. Thus, perpendicular magnetic domains could 
be gradually reversed from up to down (from down to up) as 
the amplitude of the injected negative (positive) current pulse 
with 1  ms duration increases from 17 to 25  mA (Figure S5,  
Supporting Information). The resulting up-down (down-up) 
switching has been achieved under a current pulse with −30 
(+30) mA amplitude and 1  ms duration at room temperature. 
By contrast, in the case of φ = 180° with a clockwise-θtilt within 
the xz-plane (Figure  2b), the up-down (down-up) switching 
was realized under a +30 (−30) mA current pulse. Successive 
perpendicular magnetization reversals at φ = 0° were tested by 
injecting the positive and negative current pulses alternatively 
with ±30 mA amplitude and 1 ms duration to verify the capa-
bility of repeatable operations (Figure  2c). Furthermore, we 
also investigated the feasibility of successive field-free magnetic 
switchings of GdCo films grown with an in-plane magnetic 
field for the controlled degree of MA tilting (see Figure S4, Sup-
porting Information, for further details). Therefore, the field-
free switching via negative- and positive-current injections in 
the present work was deterministic depending on the sign of 
the θtilt of the TMA, and it is unlikely that the switching was a 
thermally induced stochastic effect due to Joule heating by the 
electrical current. It is also noted that the magnitude of θtilt is 
related to the switching efficiency as it determines the degree 
of PMA. To explore further the effect of Joule heating in the 
wire-patterned multilayers of SiO2/Ti(4  nm)/[Gd(0.3  nm)/
Co(0.3 nm)]9/Pt(4 nm) as the ±30 mA current passed through 
the wire, the temperature within the device was calculated 
using the COMSOL finite element simulation software based 
on the heat transfer model. The resistance of the tested spec-
imen wire was measured to be 56.5 ± 1.2  Ω, and the calculated 
temperature distribution in the specimen is shown in Figure S6 
with the maximum temperature up to 320 K only.

For realistic applications of the tilted anisotropy, the thermal 
stability of the magnetized state needs to be considered. The 
stability factor, Δ = Eb/(kBT), can serve as a measure for deter-
mining the viability of device operations based on magnetic 

switching from one stable state to the other. Because the opera-
tion stability relies on the anisotropy energy, Eb is given by KuV, 
where V is the volume of the magnetic device layer. The Δ of 
the [Gd (0.3 nm)/Co (0.3 nm)]9 multilayers in the present work 
with an anisotropy energy per unit volume (Ku  = 1/2MSHK) 
of ≈3  × 104 J m−3, where MS is saturation magnetization and 
HK is the anisotropy field, was calculated to be approximately 
12 assuming the device had a disk shape with a thickness of 
5.4  nm and radius of 10  nm. (The MS and HK values of the 
specimen were experimentally measured to be 309.2 emu cm−3 
and 2.6 kOe, respectively, using a VSM (Figure S7, Supporting 
Information)). The factor of 12 is not considered to be high 
enough yet to be directly implementable in the current manu-
facturing processes, therefore it requires further improvement 
in Δ as well as additionally improved multilayer structures 
including Gd. It is considered that Δ needs to be greater than 
45 for the data storage retention to be more than 10 years[48] for 
enhanced stability in practical applications. With further opti-
mization of the device structure for the Gd/Co ferrimagnetic 
layers, Δ is expected to be enhanced to satisfy the requirements, 
especially considering the reported bulk PMA values of RE-TM 
ferrimagnetic alloys.

2.3. Quantitative Verification of the TMA Axis Tilt Angle

To determine accurately the orientation of the TMA, the per-
pendicular magnetic domains of the [Gd/Co]9 multilayers were 
examined using MOKE microscopy under various values of 
HX and HZ (Figure 3a). The switching process of a perpen-
dicular magnetic domain under a perpendicular field (±HZ) 
of ±60  Oe with the perpendicular field exhibiting the natural 
reversal behaviors of a magnetic film with PMA is shown in 
Figure 3b. The perpendicular magnetization of the multilayers 
can be reversed by only the bias of HX without applying HZ. 
Typically, in the case of ideal PMA films, where the easy axis is 
exactly perpendicular to the film plane, magnetization reversal 
by HX only would be absolutely impossible. However, if there 
is a slight misalignment in the direction of the applied field 
with respect to the film plane, a component of the applied field 
along the perpendicular direction would effectively act to switch 
the perpendicular magnetic domain. In the present work, the 
measured film was mounted on top of a high-resolution goni-
ometer stage (θ  ≈  +2° to −2° with a minimum step of 0.01°) 
in the MOKE microscopy system to adjust the HX direction 
accurately with respect to the film plane minimizing the experi-
mental errors (see Figure  3a). Despite the precise alignment 
in the measurements, Figure  3c shows clear reversals of the 
perpendicular magnetization under an HX of ±900 Oe of appli-
cations by the action of H∥ (the biased HX is decomposed into 
two orthogonal components, one perpendicular (H⊥) and one 
parallel (H∥) with respect to the easy axis (see illustration in 
Figure 3c)). Hence, it is concluded that the [Gd/Co]9 multilayers 
exhibit an imperfect PMA with its easy axis slightly tilted from 
the exact surface normal (Figure 3c).

For accurate quantification of the θtilt of the TMA axis in 
the [Gd/Co]9 multilayers, perpendicular magnetic hysteresis 
loops were measured using the MOKE system with simulta-
neous application of both HZ and HX at two different angles of 
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φ = 0° and 90° (the sample can be rotated within the xy-plane 
with φ) in Figure 4a. The angle φ = 0° represents the easy axis 
of the PMA is tilted within the xz-plane, therefore the perpen-
dicular magnetic domain should switch most easily by the HX 
bias following the procedure in Figure 3. In addition, at φ = 0°, 
the perpendicular magnetic hysteresis loops are deterministi-
cally shifted by HX bias, (Figure  4b), exhibiting right and left 
shifts of the loop corresponding to the positive and negative 

HX applications, respectively. The behavior of the right-shifted 
loop can be explained by an earlier up-down reversal due to the 
support of the negative H∥ when +HX is applied on the coun-
terclockwise-tilted anisotropy (Figure  3c and illustration (i) of 
Figure 4b).

By contrast, a positive H∥ of −HX induced a left-shifted loop 
due to earlier down-up reversal. In addition, Hshift, the field 
corresponding to the center of the shifted loop, increased 

Figure 3. a) Schematics of [Gd/Co]9/Pt multilayers on SiO2 with a Ti buffer layer and the measurements of magnetic domains using the MOKE micro-
scope system. Magnetic reversals of perpendicular magnetizations under b) ± HZ bias field, and c) only ± HX bias field with zero HZ.

Figure 4. a) Multilayers of SiO2/Ti (4 nm)/[Gd/Co (each layer 0.3 nm)]9/Pt(4 nm) with TMA are located on the sample stage and can be rotated within 
the xy-plane with φ. Perpendicular magnetic hysteresis loops under ±HX bias at b) φ = 0° and c) 90° (tilted easy axis in the xz-plane), respectively.  
d) Hshift as a function of HX bias at two different angles corresponding to φ = 0° and 90°. Further measurements at additional azimuthal angles are 
shown in Supporting Information.
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as the applied ±HX increased from 0 to 1350  Oe with 450  Oe 
increments. However, in the case of φ = 90°, the perpendicular 
hysteresis loops were not shifted during the application of 
±HX bias (Figure  4c). This behavior of near-zero Hshift can be 
understood by the easy axis of PMA without a tilt angle in the 
xz-plane (illustration (ii) of Figure  4c). To quantify θtilt, the 
experimentally measured Hshift values were plotted as a func-
tion of HX bias at φ = 0° and 90° (Figure  4d). As the HX bias 
increased, the magnitude of Hshift at φ = 0° increased linearly, 
but it remained close to zero at φ = 90°, which reflects that the 
easy axis was tilted within the xz-plane. The linear increase 
in Hshift as a function of HX bias can quantify θtilt at approxi-

mately 2.6° (determined by θ =






− H

H
tantilt

1 shift

X

). In addition to 

the Hshift’s at two different φ angles (0° and 90°), further meas-
urements were carried out to obtain the azimuthal angular 
dependence of Hshift under various HX bias field (see Figure S8, 
Supporting Information) confirming the uniaxial IMA within 
the film plane and the uniaxial Hshift.

2.4. Chiral Exchange Bias Phenomena by Symmetry Breaking in 
Gd/Co Multilayers with TMA

The combination of nonparallel anisotropies of multiple stacks 
in the ferrimagnetic Gd/Co multilayers breaks the in-plane 
symmetry. The inherent magnetic properties of the modified 
MA can also be used to induce a shift in the perpendicular 
magnetic hysteresis loops, which is effectively similar to the 
exchange bias effect, depending on the strength of the applied 
HX bias (Figure  4b). In Figure 5a, the red and black curves 

indicate the perpendicular magnetic hysteresis loop of φ  = 0° 
under −450 Oe and +450 Oe of HX bias, respectively. A notable 
difference between the up-down (or down-up) switching fields 
(ΔHSW) of approximately 50  Oe could be obtained. There was 
no shift in the loops in the direction of φ  = 90° with a near-
zero Hshift by both negative and positive HX bias (Figure 4c,d). 
In addition, to determine the asymmetric behavior of ΔHSW at 
in-plane azimuthal angles, the azimuthal angular dependence 
was investigated (Figure 5b). Perpendicular magnetic hysteresis 
loops were measured under varying HX bias (0, 225, 450, and 
675 Oe) as the sample was rotated within the xy-plane to vary φ 
from 0° to 360° with 30° increments.

As a result, the azimuthal angular dependence of up-down 
and down-up HSW under HX bias showed uniaxial anisotropy 
of ΔHSW with asymmetric and symmetric axes (indicated by 
the magenta and blue lines, respectively), and the magnitude 
of ΔHSW increased in proportion with the magnitude of applied 
HX (Figure  5b). This behavior of chiral exchange bias corre-
sponding to asymmetric HSW in synthetic antiferromagnet 
(SAF) structures due to the antisymmetric interlayer exchange 
interaction[49] and interlayer DMI[50] has been demonstrated 
recently. In the present work, the tilted easy axis of magnetic 
anisotropy due to the symmetry breaking by internally mixing 
uniaxial IMA and PMA in [Gd/Co]9 multilayers can also dem-
onstrate the chiral exchange bias controlled by HX bias. Despite 
the seemingly obvious field-free SOT switching with symmetry 
breaking due to the combination of different magnetic aniso-
tropies in Gd/Co multilayers, role of possible DMI with chiral 
magnetic order for the symmetry breaking may not be com-
pletely excluded for the deterministic switching in the present 
work. To confirm the presence of DMI in the multilayers, HDMI, 

Figure 5. a) Difference between up-down (or down-up) switching fields of the perpendicular magnetic hysteresis loops under ±450 Oe of HX bias at 
φ = 0°. b) Azimuthal angular dependence of up-down and down-up HSW under HX bias, including asymmetric and symmetric axes indicated by the 
magenta and blue lines, respectively. c) Change in HC as a function of applied HX bias.
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the effective magnetic field induced by DMI, was measured 
using a method proposed by Kim et  al.,[51] which is based on 
the magnetic droplet nucleation model.[52,53] The change in HC 
as a function of applied HX with a critical HX corresponding to 
HDMI (indicated by the dotted blue line) where the magnitude 
of HC was maintained. This behavior can be explained as a vari-
ation of the domain wall (DW) energy, σDW, due to competition 
between HX and HDMI. Following Je et  al.,[54] the σDW in the 
presence of applied HX and HDMI is expressed by

σ σ λ πλ( ) = + − +H K M H H2DW X 0 D S X DMI  (1)

where σ0 is a Bloch-type DW energy density, KD is the anisot-
ropy energy density of DW, and λ is the DW width. Typically, 
for an ideal PMA FM layer without the existence of DMI, HC 
decreases linearly as the applied HX increases during perpen-
dicular magnetization reversal due to a decrease in σDW in 
Equation (1). However, the HCHX curve (Figure 5c) shows that 
the magnitude of HC increases slightly until |HX + HDMI| =  0, 
which means that HDMI is compensated by HX, but it decreases 
under applied HX above the critical value corresponding to 
approximately 180  Oe of HDMI. Therefore, an amorphous, 
ferrimagnetic, and PMA Gd/Co multilayer has an inherent 
DMI, similar to GdFeCo alloys of recent studies.[17,27]

3. Conclusions

A slight TMA could be induced in amorphous and ferrimag-
netic Gd/Co multilayers. The tilt angle of the TMA axis was 
quantified through shifted perpendicular hysteresis loops as a 
function of in-plane external magnetic field bias, which origi-
nated from symmetry breaking via internally and vertically 
mixed different MAs in Gd/Co multilayers. Additionally, an 
angular dependence of the chiral exchange bias corresponding 
to asymmetric switching field (HSW) was also shown in the  
Gd/Co multilayers accompanied by tilted anisotropy in the film. 
Ultimately, it was demonstrated that the deterministic field-free 
SOT-induced switching of perpendicular magnetization at room 
temperature could be reliably achieved by adopting the simple 
concept of coexisting TMA. Furthermore, tilted anisotropy over 
the entire Gd/Co multilayer film can be introduced during the 
deposition procedure facilitating the development of magnetic 
memory and logic devices without a need for global application 
of external magnetic field or manufacturing complex magnetic 
structures to introduce symmetry breaking effect.

4. Experimental Section
Multilayers consisting of Ti (4  nm)/[Gd (0.3  nm)/Co (0.3  nm)]N/Pt  
(4  nm) (N  = 3, 5, 6, 7, and 9) were deposited on SiO2 substrate at  
room temperature using dc magnetron sputtering with a base pressure 
of <≈1  × 10−6  torr from the metallic target sources operated at the 
sputter power of approximately 30 W. Source material was mounted on 
the 5.08  cm diameter sputtering gun and the deposition was carried 
out to the substrate mounted more than 25  cm away from the gun to 
minimize the effect of stray magnetic field from the sputtering source 
gun. The magnetic hysteresis loops of the Gd/Co multilayers in Figure 1 
were measured with a MOKE magnetometer system (NanoMOKE3) 

and a VSM (Lake Shore 7400). Wire patterns with a width of 10 µm of 
the Gd/Co multilayers were fabricated using photolithography. The 
magnetic domain and the magnetic hysteresis loops under external 
HX and HZ in Figures 3 and 4 were observed by the MOKE microscope 
with in- and out-of-plane electromagnets. To align the HX accurately 
in parallel with the film plane, the tilt sample stage was employed for 
MOKE microscopy, which is a high-resolution goniometer stage (θ ≈ +2° 
to −2° with a minimum step of 0.01°). To realize field-free switching 
of magnetization by injecting spin current into wire-patterned Gd/Co 
multilayers, a current pulse with various amplitudes and 1 ms duration 
was injected using a current source (Keithley 6221).
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