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a b s t r a c t 

Spin–orbit torque (SOT)-induced magnetization switching via electric currents in large spin–orbit- 

coupled heavy metal (HM)/ferromagnetic (FM) frames is one of the most reliable approaches to achieve 

increased performances in various spintronic applications. However, its widespread utilization is still chal- 

lenging owing to the inherent requirement of a high electric current density for efficient magnetization 

switching. In this paper, we introduce a sandwiched synthetic antiferromagnetic (S-SyAF) frame, com- 

prising CoFeB (FM)/W (HM)/CoFeB (FM) stacks, whose operation is mediated by the Ruderman–Kittel–

Kasuya–Yosida interaction. The middle HM layer serves as a spin current source for the top and bottom 

FM layers simultaneously. In addition, the S-SyAF frame contributes to a substantial reduction in the net 

magnetization, which ensures a considerably increased SOT switching efficiency; further, the switching 

current was almost 10 times smaller than that in a conventional HM/FM frame. Thus, we believe that 

these experimental findings will provide a new avenue for designing future spintronic devices. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

In recent years, current-induced magnetization switching based 

n spin–orbit torque (SOT) has emerged as a promising alterna- 

ive for use in spintronic applications [1-7] . Extensive studies have 

een performed to increase the SOT switching efficiency, and this 

s because SOT-driven magnetization switching has been expected 

o provide numerous advantages with regard to fabricating rep- 

esentative spin-orbit torque magnetic random-access memories. 

articularly, such memories exhibit considerable advantages such 

s a low switching current density, fast dynamics, and absence of 

witching disturbance arising from separate read and write paths 

 8 , 9 ]. Thus, the achievement of a high SOT switching efficiency is

mportant for various SOT-related spintronic applications. To en- 

ure such characteristics, one promising approach is to specifically 
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ngineer the heavy metal (HM) layer in HM/ferromagnetic (FM) 

tacks to optimize the spin Hall angle (SHA), which reflects the 

harge-to-spin current conversion efficiency [10-13] . Zhang et al. 

eported a concept entailing spin transparency at the FM/HM in- 

erfaces, which augmented the amount of spin current injected to 

he FM layer [10] . Another approach is to use synthetic antiferro- 

agnetic (SyAF) [14-17] or ferrimagnetic systems [18-20] owing to 

he reduced magnetization caused by antiferromagnetically cou- 

led spins in both frames. The reduced magnetization implies a 

ecrease in the angular momentum inherently necessary for mag- 

etization switching. 

A representative scheme of SOT-induced magnetization switch- 

ng upon the application of electric current is shown in Fig. 1 (a), 

here the electric current ( J e ) enables the generation of spin cur- 

ent in the HM layer through the spin Hall effect (SHE), followed 

y the injection of this current into the FM layer. The injected 

pin current exerts a torque on the magnetization of the FM layer 

hrough the transfer of angular momentum, and this torque is re- 

erred to as the SOT [1] . Under an external magnetic field in the 

 -axis direction ( H x ), parallel to the electrical current direction (the 
rticle under the CC BY-NC-ND license 
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Fig. 1. Basic schematics for the experimental concepts and conventional 

SOT frames. Representative heterostructures of the (a) normal HM/FM and (b) 

HM/ferrimagnet frames. The red and blue arrows indicate the directions of the spin 

currents generated by the SHE; the spin direction of the spin current is described. 

(c) S-SyAF frame containing the sandwiched spin source layer, where both FM lay- 

ers are chosen to be antiferromagnetically coupled by the RKKY interaction, thereby 

enabling injection of both spin currents (up and down) into the top and bottom FM 

layers, simultaneously. 
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Fig. 2. Structural and magnetic characteristics of the S-SyAF frame. (a) Stack of 

MgO (1 nm)/CoFeB (1.3 nm)/W (2 nm)/CoFeB (1.3 nm)/MgO (1 nm)/Ta (3 nm) for 

the S-SyAF frame. (b) Representative cross-sectional HRTEM image of the S-SyAF 

frame and corresponding EDS line scan, which confirms the presence of individ- 

ual FM layers well separated by the HM layer. (c) Optical image of the Hall bar 

structure, where Ti (3 nm)/Pt (50 nm) was used. (d) Typical out-of-plane magnetic 

hysteresis loops for S-SyAF with specific magnetization configurations (red and blue 

arrows) of the two FM layers. 
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oordinates are defined in Fig. 1 ), the SOT switches the magnetiza- 

ion of the FM layer toward the ±z axis, depending on the current 

irection with respect to the H x direction [2] . 

To quantify the SOT efficiency ( χ ), defined as H eff / J e , where H eff 

s the effective magnetic field generated by the SOT and J e is the 

urrent density flowing through the HM layer, χ can be expressed 

y the following material parameters [ 21 , 22 ] 

= 

π

2 

h̄ θSHE 

2 e μ0 M S t FM 

, (1) 

here h̄ is the reduced Planck’s constant, θSHE is the SHA, μ0 

s the vacuum permeability, e is the elementary charge, M S is 

he saturation magnetization, and t FM 

is the thickness of the FM 

ayer. Eq. (1) reflects the occurrence of a larger χ in a system 

ith a lower magnetization. For example, the SyAF systems ad- 

acent to the HM layer led to an enhancement in χ owing to re- 

uced magnetization. In addition, the ferrimagnetic systems shown 

n Fig. 1 (b) also exhibited an increase in χ by the manipulation 

f operating temperatures, where higher enhancements in χ ap- 

eared at magnetization compensation temperatures [18-20] . How- 

ver, the extensive utilization of the latter has the disadvantage of 

ntroducing temperature as a control parameter, which is not a de- 

irable approach for the development of spintronic devices. In ad- 

ition, conventional HM/FM, SyAF, and ferrimagnetic systems geo- 

etrically employed only 50% of the spin currents (up or down) 

enerated by the SHE for magnetization switching, as shown in 

ig. 1 (a) and (b). 

In this paper, we introduce a sandwiched SyAF system (S-SyAF) 

hat includes a CoFeB (FM)/W (HM)/CoFeB (FM) stack as a crucial 

eometry. Although previous reports [23-25] also addressed the in- 

eresting results of SOT behavior by utilizing the FM/HM/FM lay- 

rs, the sandwiched spin-source concept has not been introduced 

et. Our geometry enabled the middle HM layer to generate op- 

osite spin currents (up and down) directed toward the top and 

ottom FM layers upon the application of electric current with the 

uderman-Kittel-Kasuya-Yosida (RKKY) interaction, as illustrated in 

ig. 1 (c) [26-28] . A suitable manipulation of the RKKY interaction 

mplements distinct antiferromagnetic coupling between the two 

M layers, and thus facilitates efficient reduction of the total mag- 

etization. Thus, the S-SyAF frame coupled with the RKKY inter- 

ction presents the possibility of the generation of two opposite 

pins owing to the SHE in the middle HM layer (red and blue ar- 

ows in Fig. 1 (c)), which affects the top and bottom FM layers si- 

ultaneously. The identical magnitudes of the individual SOTs can 

eparately affect each FM layer, which implies that the total magni- 

ude of the SOT on the overall system is twice that in Fig. 1 (a). This

ouble SOT characteristic can enable outstanding SOT switching 

haracteristics, together with a reduction in magnetization arising 

rom the antiferromagnetic RKKY interaction, which favors the an- 

iparallel magnetization alignment of the top and bottom FM lay- 

rs. The SOT switching occurs between “up/down” and “down/up”
2 
onfigurations, depending on the electric current direction with re- 

pect to H x . An example of the top/bottom CoFeB magnetization 

irections (up/down) is shown in Fig. 1 (c) to clarify the detailed 

agnetization configurations of the top and bottom CoFeB layers. 

. Experimental methods 

S-SyAF stacks of MgO (1 nm)/CoFeB (1.3 nm)/W (2 nm)/CoFeB 

1.3 nm)/MgO (1 nm)/Ta (3 nm) on a SiO 2 substrate were fabri- 

ated ( Fig. 2 (a)). All layers were deposited by magnetron sputtering 

t a base pressure of 7 × 10 −8 Torr, followed by post-annealing at 

50 °C for 30 min under a perpendicular magnetic field of 3 T. The 

esistivity of W and CoFeB layer was determined as 176 μ�cm and 

29 μ�cm from the 4 probe analyses, respectively. Fig. 2 (b) shows 

 representative cross-sectional high-resolution transmission elec- 

ron microscopy (HR-TEM) image of the S-SyAF frame and corre- 

ponding energy-dispersive X-ray spectroscopy (EDS) depth pro- 

les. As shown in the right panel of Fig. 2 (b), both CoFeB layers

reds) separated by the W layer (magenta) was clearly identified, 

hich indicates that both top and bottom CoFeB layers had easy- 

xis directions along the film thickness direction [29] . In addition, 

he FM/HM/FM stacks provided the well-known RKKY interaction 

etween the CoFeB layers. The representative oscillatory behavior 

f the RKKY interaction versus the W thickness at a fixed FM thick- 

ess (1.3 nm in this study) is presented in Supplementary Infor- 

ation 1, where a particular W thickness drives the formation of 

 clear antiferromagnetic coupling between the top and bottom 

oFeB layers, which contributes to an enhancement in the SOT- 

nduced magnetization switching. 

. Results and discussion 

To evaluate the magnetic and electrical responses of our frame, 

he sample was patterned into a typical Hall bar shape by uti- 

izing typical photolithography/ion milling processes, as shown in 
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Fig. 3. Current switching behaviors of the normal HM/FM and S-SyAF frames. 

Current-induced magnetization switching of the (a) normal HM/FM and (b) S-SyAF 

frames under various external magnetic fields ( H x ), where the critical current nec- 

essary for magnetization switching in the S-SyAF frame is considerably smaller than 

that of the normal HM/FM frame. 
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Fig. 4. Critical current density for magnetization switching and current-induced 

effective field. (a) Critical current density versus the variation in the amplitude of 

the external magnetic field ( H x ) along the current direction in the normal HM/FM 

(black) and S-SyAF frames. (b) Enlarged hysteresis loops of S-SyAF under H x and 

their magnetization configurations. (c) Difference in Hall resistance between the 

two switched states versus H x obtained using the SOT switching curves (black) and 

hysteresis loops (red), where the blue curve is the enlarged red curve of Fig. 4 (a). 

(d) Z component of the current-induced fields ( μ0 H 
eff 
z ) linearly fitted by the red 

dashed line. 
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ig. 2 (c). The electrical current ( I e ) flows along the x axis (the co-

rdinate is defined in Fig. 2 (c)). The Hall voltage ( V H ) is recorded

cross the Hall cross bar geometry. The Hall resistance ( R H ≡ V H / I e ) 

s determined mainly with regard to the anomalous Hall effect gov- 

rned by the z component of the net magnetization [30] . Fig. 2 (d)

resents the representative magnetic hysteresis loop for the z - 

omponent magnetization versus the z -axis external magnetic field 

 H z ). Both CoFeB layers exhibit antiferromagnetically coupled be- 

aviors at a particular W thickness (2 nm in this study). The spe- 

ific magnetization configurations of the top and bottom CoFeB 

ayers at certain values of H z are also described in Fig. 2 (d). Note 

hat the figure shows a small gap in the hysteresis loop at zero 

 z , suggesting a finite difference between the saturation magneti- 

ations of the top and bottom CoFeB layers, although CoFeB lay- 

rs with identical thicknesses are employed in this study. This is 

onsidered to be likely due to differences in dead-layer thicknesses 

r PMA characteristics between the bottom and top CoFeB layers, 

hich may have originated during the in-situ growth of these lay- 

rs [31] . Thus, this is denoted as a nearly compensated SyAF frame 

o distinguish the “up/down” and “down/up” states, and not as a 

ompletely compensated antiferromagnetically coupled frame. In 

ddition, the S-SyAF frame exhibits two reversal processes of the 

op and bottom CoFeB layers upon magnetic field sweeping from 

he positive to the negative direction. The first reversal exhibits 

 smooth change, whereas the second reversal is relatively sharp. 

his behavior can be understood when two FM layers have dif- 

erent PMA characteristics. As mentioned above, the antiferromag- 

etic RKKY interaction favors an antiparallel alignment, which en- 

bles the magnetization before the switching to be tilted such that 

he parallel component of the CoFeB layers is reduced. However, 

he tilted magnetizations increase the PMA energy because they 

ave in-plane components. Thus, the competition among the RKKY 

nteractions, PMA, and external magnetic field is attributed to the 

agnetization switching behaviors. For example, if the increased 

nergy attributed to the PMA in a tilted magnetization state is 

maller than the reduced energy induced by the RKKY interaction, 

 smooth reversal can occur before complete switching. 

As depicted above, the passage of a sufficient current through 

he W layer in S-SyAF leads to “up/down” or “down/up” SOT mag- 

etization switching with respect to the current direction under a 

xed H x . Fig. 3 shows the representative switching behaviors of the 

ormal HM/FM and S-SyAF frames. One conventional stack of W (2 

m)/CoFeB (1.3 nm)/MgO (1 nm)/Ta (3 nm) was also fabricated as a 

ormal FM frame for comparison; the normal HM/FM frame is ex- 
3 
ctly the same as the upper part of S-SyAF. As shown in Fig. 3 (a),

he normal FM exhibits the typical SOT switching behavior, where 

he switching direction is reversed when the H x direction changes 

ue to different symmetry breaking. Moreover, the switching cur- 

ent slightly decreases with the increase in H x because of the re- 

uction in the effective PMA under H x . However, different magne- 

ization switching behaviors in S-SyAF were observed, as shown in 

ig. 3 (b). The change in Hall resistance between the two states in- 

reases with H x , whereas the normal HM/FM exhibits almost iden- 

ical Hall resistance changes for various values of H x . Furthermore, 

he switching current increases with H x , which is the opposite be- 

avior to that of the normal HM/FM frame. The difference in the 

OT switching behavior indicates the varied behaviors exhibited by 

he normal HM/FM and S-SyAF frames, which are described below. 

To further validate the SOT switching behavior of S-SyAF, the 

witching currents were monitored as a function of H x for the nor- 

al HM/FM and S-SyAF, as plotted in Fig. 4 (a). Notably, the switch- 

ng current density ( 0 . 45 MA / c m 

2 ) necessary for the SOT switch-

ng in S-SyAF is almost ten times smaller than that ( 3 . 97 MA / c m 

2 )

f the normal HM/FM at H x = 100 Oe. In determining the cur- 

ent density, the sheet resistance of each layer should be consid- 

red owing to the appearance of different resistivity, as described 

bove. However, the incorrect factors possibly induced by thick- 

ess of dead layer or non-oxidized Ta capping layer can lead to 

 finite error in calculating the current density. Please note that 

 variation in current density arising from the different sheet re- 

istance of each layer was about 10 %, as seen in Supplementary 

nformation 3. Therefore, hereafter, we assume the uniform cur- 

ent distribution through the S-SyAF stack for the determination of 

urrent densities. This low switching characteristic in the S-SyAF 

rame is likely to originate from two factors: efficient reduction of 

agnetization using the antiferromagnetically coupled FM layers 

nd 100% utilization of the spin currents (up and down spin cur- 

ents) generated by the W layer, as predicted in Fig. 1 (c). To quali-
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atively evaluate the above observations, the reduced net magneti- 

ation observed in Fig. 2 (d) was calculated as follows. The Hall re- 

istances for the “up/up” and “up/down” configurations were 5.18 

nd 0.35 �, respectively. Notably, this state cannot be used to iden- 

ify which FM layer contributes to a larger saturation magnetiza- 

ion or higher PMA. However, for the analysis, it was assumed that 

he top CoFeB layer entailed a larger magnetization and PMA. It is 

orth noting that concerning the opposite case (that is, bottom 

ayer with a higher PMA characteristics), the opposite system is 

xactly inversion symmetric with the bottom layer with a weaker 

MA case, which implies that the switching nature is the same. 

herefore, the switching behavior governing the entire S-SyAF sys- 

em remains unaffected for both cases. M 

top 
s + M 

bottom 

s was 5.18 �, 

hile M 

top 
s − M 

bottom 

s was 0.35 �. Therefore, M 

top 
s of 2.76 � and 

 

bottom 

s of 2.41 � were estimated. S-SyAF exhibited a net magne- 

ization ( M 

top 
s − M 

bottom 

s = 0 . 35 �) almost ten times smaller than

hat of the normal HM/FM ( M top = 2 . 765 �). Based on Eq. (1) , the

educed magnetization significantly contributes to the increase in 

he SOT efficiency, and thus facilitates an ultralow-current-induced 

witching event. In the anomalous Hall resistance approach de- 

cribe above, the size of anomalous Hall resistance cannot reflect 

he exact value of the magnetization due to the possible varia- 

ion in Hall resistance contribution created by the presence of non- 

niform current distribution or interfacial spin-orbit coupling. But, 

s depicted in Supplementary Information 3, small contribution for 

on-uniform current distribution may enable the anomalous Hall 

esistance–based analyses to be valid in roughly estimating the or- 

er of magnitude of change. 

To provide insights into the response of the switching currents 

nder H x , the H x -dependent behaviors were evaluated. In the nor- 

al HM/FM frame, applying H x reduces the effective PMA energy 

ccording to the K eff ( 1 − H x 
H k 

) 2 relation. As the effective PMA energy 

erves as a barrier for magnetization switching between the two 

tates, the application of H x decreases the switching current den- 

ity as a function of H 

2 
x (black dots in Fig. 4 (a)). However, in the

-SyAF frame, the net magnetization may be a more dominant pa- 

ameter. Fig. 4 (b) shows representative magnetic hysteresis loops 

or the z component of the net magnetization as a function of H x , 

long with specific magnetization configurations corresponding to 

pecific H x values. Supplementary Information 4 provides the spe- 

ific magnetization configuration determined from the typical mi- 

romagnetic simulation. The bottom CoFeB layer (blue arrows) re- 

ponds quickly to H x owing to the weak PMA, which implies that 

he bottom CoFeB layer was more tilted toward the x axis than the 

op FM layer. The two CoFeB layers exhibited different magnetiza- 

ion tilting responses, suggesting an increase in the net z compo- 

ent of the total magnetic layers via a reduction in the antiparallel 

omponents of each layer with the increase in H x . However, the 

ormal HM/FM exhibits a decrease in the net magnetization with 

he increase in H x . Although the concept of reduced effective PMA 

nder H x is still valid in S-SyAF, the variation in the magnetiza- 

ion becomes a dominant parameter because of the considerably 

igher degree of change. Fig. 4 (b) shows the two switched states 

t two different H x values, which are marked with black (blue) 

nd red arrows. As H x tilts the magnetization of each of the top 

nd bottom CoFeB layers, the two stable states for switching also 

hange, along with changes in the switching range, defined as the 

ifference in Hall resistance between the two switched states. As 

he Hall resistance is determined by the z component of the to- 

al system, the angular momentum necessary for switching is pro- 

ortional to the switching range. This explains the increase in the 

witching current with H x for S-SyAF. This behavior is also related 

o the abnormal change in the switching range as a function of H x . 

n the normal HM/FM, the switching range was almost identical. 

owever, a large change in the net saturation magnetization of S- 

yAF was observed, as described above. Thus, the switching range 
4 
valuated using the SOT switching curve in Fig. 4 (a) varies as a 

unction of H x (black dots in Fig. 4 (c)). The red triangle curve in 

ig. 4 (c) represents the difference in the Hall resistance observed in 

ig. 4 (b), while the blue circle curve represents the enlarged critical 

urrent density as a function of H x for S-SyAF. As the three curves 

xhibit a substantially narrow and steep parabolic shape, the re- 

uction in the magnetization of S-SyAF is likely associated with 

he ultralow SOT switching current density. Various switching cur- 

ent densities reported by other groups are presented in Table 1 

or comparison. Although the switching current density depends 

n various parameters, including the HM material, PMA, interface, 

nd FM layer thickness, the S-SyAF exhibited the extremely small 

OT switching current characteristics necessary for magnetization 

witching, in contrast with those of the well-known beta-W/FM- 

ased frame, where the beta-W had the highest SHA. The above 

nalysis is based on the macrospin model. However, the switch- 

ng mechanism in micron-size devices definitely includes domain 

all motion, which needs an initial domain reversal (nucleation) 

rocess before it starts. The initial nucleation process corresponds 

o the macrospin model and the critical switching current is dom- 

nantly determined by the nucleation process because the nucle- 

tion energy is generally higher than the domain wall motion en- 

rgy. This is because domain wall motion is a continuous change 

f magnetization while the nucleation is a discontinuous process. 

herefore, we believe that macrospin model is sufficient for expla- 

ation of critical switching current density. 

To further quantify χ , the z component of the effective SOT 

eld ( H 

eff 
z ) was also calculated because the switching occurs when 

he z component of the effective fields exceeds the coercivity field, 

pproximately 25 Oe at zero H x ( Fig. 2 (d)). H 

eff 
z can be obtained 

s follows. The application of a sufficient H x that is tilted from 

he x axis toward the z axis by θext switches the magnetization 

tate when H x sin θext exceeds the coercivity field. After the cur- 

ent is turned on, the switching H x changes owing to the presence 

f H 

eff 
z via the SOT. The detailed procedure used to obtain H 

eff 
z is 

escribed in Supplementary Information 2. The observed H 

eff 
z as a 

unction of the current density for the S-SyAF and normal stacks 

s presented in Fig. 4 (d), where the curve slope is associated with 

he z component of the SOT efficiency ( H 

eff 
z / J e ). As seen in this fig-

re, the S-SyAF gives a higher value of 45.6 Oe/(MA/cm 

2 ) than the 

.8 Oe/(MA/cm 

2 ) of the normal stack. The z component- SOT effi- 

iency of the S-SyAF is about 6 times higher than that of the nor- 

al stack. Furthermore, the spin Hall angle of W in the normal 

tack can be determined from the representative harmonic analy- 

is, where the result was -0.34. Therefore, the spin Hall angle of 

 in the S-SyAF stack is estimated by employing the z-effective 

eld in the normal and S-SyAF stacks, reduced magnetization, and 

oubled ferromagnetic layer thickness. The corresponding spin Hall 

ngle of the S-SyAF is -0.36, supporting that an enhancement in 

OT efficiency is likely attributed to the reduced magnetization, 

ot the enhanced spin Hall angle. The aforementioned findings 

an be utilized for the realization of an ultralow current density 

o overcome the current limitations of spintronic memories, even 

hough more detailed studies are required to attain a theoretical 

nderstanding of the underlying nature of these observations. 

. Conclusions 

We report the ultralow-current-induced SOT switching behav- 

ors of the S-SyAF frame using a current density that is almost ten 

imes smaller than that of the conventional frame. This could be 

ttributed to two advantageous factors, namely, the efficient reduc- 

ion in the net magnetization of the total magnetic system through 

he antiferromagnetic RKKY interaction and the possible utiliza- 

ion of both spin currents (100%, up and down) generated by the 

HE under the application of electric currents. The systematic ev- 
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Table 1 

Summary of SOT switching current densities reported by other groups for various frames 

and materials. 

Structure (nm) J c (MA/cm 

2 ) H x (Oe) Ref. 

Ta(2)/CoFeB(0.8)/MgO(2) 6.55 400 [32] 

Ta(3)/Ru(5)/Ta(4)/CoFeB(0.8)/MgO(1.5) 2.39 12.5 [33] 

Pt(5)/Co(0.5)Ta(6) 1.51 200 [34] 

Hf(6)/CoFeB(1)/MgO(2) ~8 500 [35] 

β-W(20)/CoFeB(1.1)/MgO(2) ~17 200 [36] 

W(5)/CoFeB(1.2)/MgO(1.6) 10.4 200 [37] 

W(2)/CoFeB(1.3)/MgO(1) 3.97 200 This study 

MgO(1)/CoFeB(1.3)/W(2)/CoFeB(1.3)/MgO(1) 0.45 200 This study 
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dence reveals the potential of suitable FM/HM/FM stacks to sup- 

ress magnetization switching currents, thereby revealing a new 

venue for high-performance spintronic applications. 
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