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Compositional dependence of spin orbit torque (SOT) of the bilayer comprised of Ta and 

ferrimagnetic GdFeCo was investigated. Critical current density of SOT switching Jsw of the 

GdFeCo/Ta bilayers did not vary with Gd composition x, and were found to exhibit roughly 

Jsw = 11 MA/cm2. Two orthogonal components of SOT, damping-like torque tDL and 

field-like torque tFL were estimated by measuring harmonic Hall resistance under in-plane 

fields parallel and perpendicular to the AC current, respectively. The absolute values of SOT, 

|t DL| and |tFL|, were confirmed to be roughly constant within 22 ≤ x ≤ 28. On the other hand, 

the sign of tFL changed across the compensation composition. These results suggest that the 

injected spin current is considered to exert a torque to the transition metal FeCo moment 

rather than to rare earth Gd moment. 
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1. Introduction 
Magnetization switching induced by a spin orbit torque (SOT) has received a lot of interests 

as a new switching scheme for high-density magnetic random access memories (MRAMs), 

since it exhibits efficient and fast switching compared to conventional spin transfer torque 

(STT) switching1)-6). In SOT switching, reading and writing currents flow different path, and 

it provides an advantage to suppress so-called read disturb7), i.e., unintentional 

magnetization switching during reading, which may occur in high density STT-MRAMs.  

SOT is driven by flowing in-plane current in a heavy-metal (HM) layer adjacent to a 

ferromagnetic (FM) layer through the spin Hall effect in the HM8)-10). The spin Hall effect 

produces the spin current which diffuses into FM and exerts a torque to the FM 

magnetization. For the efficient SOT switching with low power consumption, a large spin 

Hall angle and low conductivity are required, and HM11), 12), topological insulators13), 14), 

antiferromagnets15), 16), and oxide interface17) between FM and HM have been investigated. 

Recently, the use of an antiferromagnet18), 19) and ferrimagnet20)-23) is reported to be an 

alternative way to modulate the SOT. Unlike the antiferromagnet, a net magnetization and 

net angular momentum are known to be tuned by the composition in the ferrimagnet24)-27). 

However, only a few papers report the variation of SOT with the composition of the 

ferrimagnet21), 22). 

In this report, we have investigated the compositional dependence of SOT of the bilayer 

comprised of Ta and ferrimagnetic GdFeCo. We used Ta as the HM, since Ta has different 

spin Hall angle and Dzyaloshinskii–Moriya interaction (DMI) from Pt used in the previous 

reports21), 22). Large spin Hall angle is reported in both Ta and Pt, however, they have 

opposite spin Hall angle2), 28). Moreover, a positive and small DMI in Ta/CoFeB compared to 

a negative and large DMI in Pt/CoFeB were reported29). 

GdFeCo is a typical amorphous rare earth-transitional metal alloy (RE-TM) which exhibits 

relatively large perpendicular magnetic anisotropy and its magnetic properties, such as a net 

magnetization, anisotropy field, and Curie temperature, can be easily tuned by adjusting the 

composition due to the antiparallel configuration of Gd and FeCo sub-lattice moments30)-32). 

Spin transfer torque (STT) switching by injecting the spin-polarized current into GdFeCo 

was also confirmed33)-36), and the variations of the STT switching current density with 

composition and temperature were also reported33), 34).  

   

 

2. Experimental methods 
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Samples with a stack of Si substrate with 500 nm oxide layer / Ta (20 nm) / Gdx(Fe90Co10)100–

x (5 nm) / SiN (3 nm) were prepared by an rf magnetron sputtering system. Gd composition x 

was varied from 22 to 28 by controlling the sputtering power of Gd during the co-sputtering 

of Gd and Fe90Co10. The Ta/GdFeCo bilayers were microfabricated into Hall bar structure 

with widths raging from 1 to 8 µm as shown in Fig. 1. Anomalous Hall effect (AHE) 

resistance RAHE of the GdFeCo was measured by flowing a DC current IDC of 30-100 µA 

depending on the width of Hall bar under an external field Hext perpendicular to the film 

plane. SOT switching was confirmed by measuring RAHE after flowing a pulse current Ipulse 

with a pulse width of 10 µs. In-plane external field Hx along x-direction in Fig. 1 was applied 

for the SOT switching. Two orthogonal components of SOT effective fields due to 

damping-like and field-like torques, HDL and HFL, respectively, were estimated by harmonic 

Hall measurements37). Fundamental and harmonic Hall resistances,  and , 

respectively, induced by AC current IAC with an angular frequency w of 310 Hz, flowing the 

Hall bar were measured under an in-plane external field Hx or Hy in Fig. 1. To estimate the 

damping-like effective field HDL, in-plane field Hx along x-direction was applied, while Hy 

along y-direction was applied to estimate the field-like effective field HFL. The amplitude of 

IAC was varied from 1 mA to 8 mA. HDL and HFL were obtained from the following equation. 

          (1) 

Hysteresis loops of GdFeCo were characterized using an alternating gradient field 

magnetometer (AGM), and polar Kerr loops were measured by a polarized angle modulation 

method.  

 

 

3. Results and discussion 
Figure 2 shows AHE loops of Gd24(Fe90Co10)76 and Gd25(Fe90Co10)75 with a width of Hall 

bar of 6 µm. The vertical shift of the AHE loops may be due the contact misalignment. The 

sign of AHE depends on the out-of-plane component of FeCo magnetization, and 

Gd24(Fe90Co10)77 was confirmed to be transition metal (TM) dominant, meaning FeCo 

magnetization is parallel to the net magnetization Mnet of GdFeCo. Samples with x ≤ 24 

exhibited a negative AHE as in Gd24(Fe90Co10)77, whereas samples with x ≥ 25 exhibited a 

positive AHE as in Gd25(Fe90Co10)75, indicating rare earth (RE) dominant.  

Figure 3 shows Gd composition dependence of net magnetization Mnet, effectve anisotropy 
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field Hkeff, and polar Kerr rotation qK of Gdx(Fe90Co10)100–x. Hkeff was estimated from the 

saturation field of the in-plane hysteresis loop, and qK was measured at a wavelength of l = 

700 nm. In GdFeCo, Kerr effect at l = 700 nm is dominated by FeCo moments, and the sign 

of qK changes between x = 24 and 25, indicating the transition from TM-dominant for x ≤ 24 

to RE-dominant for x ≥ 25, as described in Fig. 2. Mnet approaches to zero around x = 24.8, at 

which Gd and FeCo magnetizations are fully compensated. Hkeff was confirmed to increase 

when x approaches to the compensation composition of x = 24.8 as in the previous report26). 

Figure 4 shows in-plane field Hx dependence of the SOT switching current density Jsw for Ta 

/ Gdx(Fe90Co10)100–x bilayers with various Gd contents x. As already reported, under the 

positive Hx, positive current pulse Ipulse switched Mnet down to up, irrespective of whether 

GdFeCo is TM-dominant or RE-dominant20). This may be related to the SOT switching is 

dominated by damping-like torque tDL as will be discussed later. tDL is proportional to m × 

s × m, where m is magnetic moment and s is the spin polarization of the injected spin 

current. Thus tDL points the same direction regardless of m direction. As shown in the figure, 

the Jsw for Gd21(Fe90Co10)79 decreased with increasing Hx, and the slope was confirmed to 

decrease with increasing the Gd content x. This is considered to reflect the variation of Mnet 

and Hkeff of GdFeCo with the composition x. The reduction of Mnet results in the increase of 

Hkeff, which makes the Mnet direction insensitive to the in-plane field. Thus the 

Gd24(Fe90Co10)76 with low Mnet are considered to exhibit a small field dependence compared 

to Gd21(Fe90Co10)79. Further reduction of the field dependence was observed for 

Gd28(Fe90Co10)72, although Mnet is larger than that of Gd24(Fe90Co10)76. The reason of the 

small field dependence in Gd28(Fe90Co10)72 may be due to the sign change of the field-like 

torque tFL, which will be discussed later. Jsw at Hx = 0 is estimated by extrapolating the field 

dependence in Fig. 4, and all the Ta / Gdx(Fe90Co10)100–x bilayers are found to exhibit roughly 

Jsw = 11 MA/cm2 at Hx = 0 although Mnet is significantly dependent on x as shown in Fig. 3. 

Figure 5 shows typical results of the harmonic measurements of Ta/Gd23(Fe90Co10)77 

bilayers under the AC current density of JAC = 3.2 MA/cm2. Before the measurements, 

sample was magnetized +z direction in Fig. 1, and thus fundamental Hall resistance  

becomes negative for TM-dominant, and it follows a quadratic trend as a function of 

in-plane field along x-direction Hx. The second harmonic Hall resistance  is 

approximated by a linear function of Hx, and the damping-like effective field HDL can be 

evaluated from eq. (1). The same measurements were carried out applying an in-plane field 

along y-direction Hy to estimate the field-like effective field HFL. However, HFL estimated 

RAHE1ω

  RAHE
2ω



  Template for JJAP Regular Papers (Jan. 2014) 

5 

from eq. (1) includes the Oersted field, and we simply subtract the contribution of the 

Oersted field, IAC / 2w, where w is the width of the Hall bar. Although not shown here, the 

second harmonic Hall resistance  as a function of in-plane field Hx did not change its 

slope when the sample was magnetized in –z direction, whereas  as a function of 

in-plane field Hy exhibited the opposite slope when magnetized in –z direction. This means 

the sign of HDL is reversed, while the sign of HFL is the same when Mnet of GdFeCo is 

reversed as general ferromagnets.  

Figure 6 shows the AC current density JAC dependence of (a) HDL and (b) HFL estimated for 

Ta/Gdx(Fe90Co10)100–x bilayers. HDL and HFL were evaluated under the condition that Mnet of 

GdFeCo initially pointed in +z direction. From the figures, HDL and HFL were confirmed to 

be proportional to JAC, which suggests HDL and HFL estimated in this study reflect the SOT 

effective fields and non-linear effects such as the sample heating are negligible. The slopes 

of HDL and HFL depend on the Gd composition x, and large slope was obtained near the 

compensation composition of GdFeCo for both HDL and HFL. Moreover, the slope of HFL 

changed its sign at compensation composition as shown in Fig. (b).   

Figure 7 shows Gd composition dependence of HDL/JAC, HFL/JAC, tDL/JAC, and tFL/JAC in 

Ta/Gdx(Fe90Co10)100–x bilayers. tDL and tFL were calculated as tDL = Mnet HDL and tFL = Mnet 

HFL, respectively. The signs of HDL and tFL depend on Mnet direction, and the values in Fig. 7 

were those when Mnet pointed in +z direction. On the other hand, the signs of HFL and tDL are 

independent of Mnet direction. The compensation composition of GdFeCo estimated from 

Fig. 3 is shown as a dashed line in the figure. When the Gd composition approaches to the 

compensation composition, the absolute values of SOT effective fields, |HDL| and |HFL|, were 

confirmed to increase, however the absolute values of SOTs, |t DL| and |tFL|, were roughly 

constant within 22 ≤ x ≤ 28. This agrees with the experimental results shown in Fig. 4, i.e., 

SOT switching current density of Jsw at Hx = 0 did not depend on the composition and it was 

around Jsw = 11 MA/cm2 for all Ta / Gdx(Fe90Co10)100–x bilayers. In addition, |tDL| is much 

larger than |tFL|, indicating the damping-like torque tDL dominates the SOT switching in Fig. 

4. Another important result is the sign change of HFL and tFL across the compensation 

composition which was also confirmed in Fig. 6. Note that SOT effective fields acting to the 

sub-lattice magnetization are reversed with respect to those acting to Mnet if the sub-lattice 

magnetization is antiparallel to Mnet, and thus, we use the sign of torque to discuss which 

magnetization, Mnet or sub-lattice magnetization, plays an important role on the SOT 

switching. tDL and tFL are known to be proportional to m × s × m and m × s, respectively, 

  RAHE
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where m is magnetic moment and s is the spin polarization of the injected spin current. The 

sign change of tFL across the compensation composition suggests that m represents the 

sub-lattice magnetization. Since SOT is understood as a result of the s–d interaction between 

spin polarized s electrons at Fermi level and d-electrons responsible for the sub-lattice 

magnetization, the injected spin current is considered to exert a torque to the transition metal 

FeCo moment rather than to rare earth Gd moment as shown in Fig. 8. This also explains 

constant |t DL| and |tFL| within the Gd content 22 ≤ x ≤ 28. The number of FeCo atoms, which 

receives a torque from the injected spin current, does not significantly vary within 22 ≤ x ≤ 

28. The torque is considered to be determined by the sub-lattice magnetization of FeCo and 

injected spin current, and thus the torque will not significantly depend on the composition. 

Mishra et al. reported the increase of SOT around the compensasion composition of CoGd in 

CoGd/Pt bilayers22). One of the reasons of the difference from the previous results is the 

material of the HM. We used Ta as the HM, and it is known to have smaller DMI compared 

to Pt29). 

Finally, we consider the effect of the sign change of tFL on the SOT switching based on 

macro-spin model. SOT switching current density was estimated by solving the following 

LLG equation that includes SOTs, 

,          (2) 

where g is the gyromagnetic ratio, and a is Gilbert damping constant. The effective field Heff 

= Hx + Hkeff, includes an applied field along x-direction Hx and an effective anisotropy field 

along z-direction Hkeff. HDL(s×m) and HFLs represent damping-like and field-like effective 

fields, respectively, and their magnitudes are assumed to be proportional to in-plane charge 

current density Jc along x-direction as in Fig. 6. Figure 9 shows in-plane field Hx dependence 

of SOT switching current density Jsw calculated for HFL/Jc = 0, 1.5, and –1.5 Oe/(MA/cm2). 

Here we assumed Hkeff = 2 kOe, HDL/Jc = –5 Oe, g���1.93 × 107 rad/s·Oe, and a = 0.1 to 

simulate the cases of Gd22(Fe90Co10)78 and Gd28(Fe90Co10)72. Gd22(Fe90Co10)78 exhibited 

positive HFL/Jc and negative HDL/Jc as in Fig. 7, and in this case, larger Jsw and larger Hx 

dependence of Jsw were confirmed compared to the case of negative HFL/Jc. As shown in Fig. 

8, the field-like torque tFL pointing in the positive x-direction drives magnetization 

switching more efficiently, while tFL in the negative x-direction impedes the switching as 

reported previously5). The direction of tFL is confirmed to influence also on Hx dependence 

dm
dt

= −γm×Heff +αm×
dm
dt

−γ HDL m× s×m( )+HFL m× s( )( )
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of Jsw as shown in Fig. 9, which may be related to the difference of the slope of 

Gd22(Fe90Co10)78 and Gd28(Fe90Co10)72 observed in Fig. 4, although they exhibited almost 

the same Hkeff. Roughly 10 times difference between the macro-spin simulation in Fig. 9 and 

experimental results in Fig. 4 is considered to be due to the difference of switching scheme 

and thermal fluctuation. In the experiments the domain wall propagation will dominate the 

SOT switching, which will significantly reduce the switching current density compared to 

the macro-spin model. However, macro-spin model in Fig. 9 qualitatively explains the 

difference of Hx dependence of Jsw between Gd22(Fe90Co10)78 and Gd28(Fe90Co10)72. 

 

 

4. Conclusions 
Compositional dependence of SOT of the bilayer comprised of Ta and ferrimagnetic 

GdFeCo was investigated. Gdx(Fe90Co10)100–x exhibits magnetization compensation at x = 

24.8, and negative / positive AHE resistance was obtained at x ≤ 24 (TM-dominant) / x ≥ 25 

(RE-dominant), respectively. SOT switching of the GdFeCo/Ta bilayers was confirmed by 

applying a current pulse under an in-plane field Hx parallel to the current pulse. The 

switching current density Jsw decreased with increasing Hx, and the slope was confirmed to 

decrease with increasing the Gd content x because of the reduction of net magnetization Mnet. 

Jsw at Hx = 0 was estimated by extrapolating the field dependence, and all the Ta / 

Gdx(Fe90Co10)100–x bilayers were found to exhibit roughly Jsw = 11 MA/cm2 at Hx = 0. Two 

orthogonal components of SOT, damping-like torque tDL and field-like torque tFL were 

estimated by measuring harmonic Hall resistance under in-plane fields parallel and 

perpendicular to the AC current, respectively. |t DL| and |tFL| were confirmed to be roughly 

constant within 22 ≤ x ≤ 28, which agrees with roughly constant Jsw at Hx = 0. Moreover, the 

sign change of tFL across the compensation composition was confirmed, which suggests that 

the injected spin current is considered to exert a torque to the transition metal FeCo moment 

rather than to rare earth Gd moment. The sign change of tFL may influence on the SOT 

switching. The macro-spin model shows that positive tFL results in large slope of Hx 

dependence of Jsw compared to the case of negative tFL, which may explain the difference of 

the slope of Hx dependence of Jsw between Gd22(Fe90Co10)78 and Gd28(Fe90Co10)72 having 

almost the same anisotropy field.    
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Figure Captions 

Fig. 1. Schematic of the microfabricated GdFeCo/Ta bilayer to measure anormalous Hall 

effect (AHE), Spin orbit torque (SOT) switching, and SOT effective fields by flowing a 

DC current IDC, pulse current Ipulse, and AC current IAC, respectively. 

 

Fig. 2. AHE loops of Gd24(Fe90Co10)76 and Gd25(Fe90Co10)75 with a width of Hall bar of 6 

µm measured by flowing a DC current IDC = 100 µA. 

 

Fig. 3. Gd composition dependence of net magnetization Mnet, effectve anisotropy field 

Hkeff, and polar Kerr rotation qK of Gdx(Fe90Co10)100–x. Hkeff was estimated from the 

saturation field of the in-plane hysteresis loop, and qK was measured at a wavelength of l 

= 700 nm. 

 

Fig. 4. In-plane field Hx dependence of the SOT switching current density Jsw for Ta / 

Gdx(Fe90Co10)100–x bilayers with various Gd contents x. 

 

Fig. 5. Typical results of the harmonic measurements of Ta/Gd23(Fe90Co10)77 bilayers under 

the AC current density of JAC = 3.2 MA/cm2. Before the measurements, sample was 

magnetized +z direction. 

 

Fig. 6. AC current density JAC dependence of (a) damping-like effective field HDL and (b) 

field-like effective field HFL estimated for Ta/Gdx(Fe90Co10)100–x bilayers. HDL and HFL 

were evaluated under the condition that Mnet of GdFeCo initially pointed in +z direction.  

 

Fig. 7. Gd composition dependence of (a) damping- and field-like effective fields per unit 

AC current density (HDL/JAC and HFL/JAC), (b) damping- and field-like torque per unit AC 

current density (tDL/JAC and tFL/JAC) in Ta/Gdx(Fe90Co10)100–x bilayers. tDL and tFL were 

calculated as tDL = Mnet HDL and tFL = Mnet HFL, respectively. SOTs and SOT effective 

fields were evaluated when Mnet pointed +z direction. The compensation composition of 
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GdFeCo is shown as a dashed line in the figure. 

 

Fig. 8. Schematic of damping-like and field-like torques, tDL and tFL, respectively, acting 

on sub-lattice FeCo magnetization. Spin current injected from the adjacent Ta exerts 

torques tDL and tFL to FeCo sub-lattice moment rather than Gd moment. 

 

Fig. 9. In-plane field Hx dependence of the SOT switching current density Jsw for HFL/Jc = 

0, 1.5, and –1.5 Oe/(MA/cm2) simulated based on macro-spin model. Hkeff = 2 kOe, HDL/Jc 

= –5 Oe, g���1.93 × 107 rad/s·Oe, and a = 0.1 were assumed to simulate the Jsw of 

Gd22(Fe90Co10)78/Ta and Gd28(Fe90Co10)72/Ta bilayers. 
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Fig.3. 
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Fig.9. 

 


