N

N

Spin-orbit torque-induced switching in ferrimagnetic
alloys: Experiments and modeling
Soong-Geun Je, Juan-Carlos Rojas-Sanchez, Thai Ha Pham, Pierre Vallobra,
Grégory Malinowski, Daniel Lacour, Thibaud Fache, Marie-Claire Cyrille,
Dae-Yun Kim, Sug-Bong Choe, et al.

» To cite this version:

Soong-Geun Je, Juan-Carlos Rojas-Sanchez, Thai Ha Pham, Pierre Vallobra, Grégory Malinowski, et
al.. Spin-orbit torque-induced switching in ferrimagnetic alloys: Experiments and modeling. Applied
Physics Letters, 2018, 112 (6), pp.62401 - 62401. 10.1063/1.5017738 . hal-01764558

HAL Id: hal-01764558
https://hal.univ-lorraine.fr /hal-01764558
Submitted on 17 May 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.univ-lorraine.fr/hal-01764558
https://hal.archives-ouvertes.fr

Spin-orbit torque-induced switching in ferrimagnetic alloys: Experiments and modeling

Soong-Geun Je, Juan-Carlos Rojas-Sanchez, Thai Ha Pham, Pierre Vallobra, Gregory Malinowski, Daniel
Lacour, Thibaud Fache, Marie-Claire Cyrille, Dae-Yun Kim, Sug-Bong Choe, Mohamed Belmeguenai, Michel
Hehn, Stéphane Mangin, Gilles Gaudin, and Olivier Boulle

Citation: Appl. Phys. Lett. 112, 062401 (2018); doi: 10.1063/1.5017738
View online: https://doi.org/10.1063/1.5017738

View Table of Contents: http://aip.scitation.org/toc/apl/112/6

Published by the American Institute of Physics

Articles you may be interested in

Perpendicular magnetic tunnel junctions with Mn-modified ultrathin MnGa layer
Applied Physics Letters 112, 062402 (2018); 10.1063/1.5002616

Efficient switching of 3-terminal magnetic tunnel junctions by the giant spin Hall effect of PtggHf1 5 alloy
Applied Physics Letters 112, 062404 (2018); 10.1063/1.5021077

Spin-orbit torque induced magnetization switching in Co/Pt multilayers
Applied Physics Letters 111, 102402 (2017); 10.1063/1.5001171

Field-free spin-orbit torque switching of composite perpendicular CoFeB/Gd/CoFeB layers utilized for three-
terminal magnetic tunnel junctions

Applied Physics Letters 111, 012402 (2017); 10.1063/1.4990994

Spin-orbit torques and Dzyaloshinskii-Moriya interaction in PtMn/[Co/Ni] heterostructures
Applied Physics Letters 111, 182412 (2017); 10.1063/1.5005593

Motion of a skyrmionium driven by spin wave
Applied Physics Letters 112, 062403 (2018); 10.1063/1.5010605

IDEN

Instruments for Advanced Science

rf_ —— L'Pﬁ‘ 3& 5
:@ on & n e g
s ol
2 o]l ==+
Contact Hiden Analytical for further details: Gas Analysis Surface Science Plasma Diagnostics Vacuum Analysis
@ www. HidenAnalytical com dynamic measurement of reaction gas streams UKVTPD plasma source characterization partial pressure measurement and control
o v catalysis and thermal analysis svs etch and depostion process reaction of process gases

O info@hiden.co.uk

molecular beam studies end point detection inion beam etch kinetic studies reactive sputter process control
dissolved species prodes clemental imaging - surface MEDDINg analysis of neutral and radical species vacuum diagnostics

CLICK TO VIEW our product catalogue fermentation, environmental and ecological studies vacuum coating process monitoring


http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/390981073/x01/AIP-PT/Hiden_APLArticleDL_041118/1640x440px-BANNER-AD-GENERAL-26582.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Je%2C+Soong-Geun
http://aip.scitation.org/author/Rojas-S%C3%A1nchez%2C+Juan-Carlos
http://aip.scitation.org/author/Pham%2C+Thai+Ha
http://aip.scitation.org/author/Vallobra%2C+Pierre
http://aip.scitation.org/author/Malinowski%2C+Gregory
http://aip.scitation.org/author/Lacour%2C+Daniel
http://aip.scitation.org/author/Lacour%2C+Daniel
http://aip.scitation.org/author/Fache%2C+Thibaud
http://aip.scitation.org/author/Cyrille%2C+Marie-Claire
http://aip.scitation.org/author/Kim%2C+Dae-Yun
http://aip.scitation.org/author/Choe%2C+Sug-Bong
http://aip.scitation.org/author/Belmeguenai%2C+Mohamed
http://aip.scitation.org/author/Hehn%2C+Michel
http://aip.scitation.org/author/Hehn%2C+Michel
http://aip.scitation.org/author/Mangin%2C+St%C3%A9phane
http://aip.scitation.org/author/Gaudin%2C+Gilles
http://aip.scitation.org/author/Boulle%2C+Olivier
/loi/apl
https://doi.org/10.1063/1.5017738
http://aip.scitation.org/toc/apl/112/6
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5002616
http://aip.scitation.org/doi/abs/10.1063/1.5021077
http://aip.scitation.org/doi/abs/10.1063/1.5001171
http://aip.scitation.org/doi/abs/10.1063/1.4990994
http://aip.scitation.org/doi/abs/10.1063/1.4990994
http://aip.scitation.org/doi/abs/10.1063/1.5005593
http://aip.scitation.org/doi/abs/10.1063/1.5010605

APPLIED PHYSICS LETTERS 112, 062401 (2018)

@CrossMark

Spin-orbit torque-induced switching in ferrimagnetic alloys: Experiments

and modeling

Soong-Geun Je, " Juan-Carlos ch‘as-Sémchez,2 Thai Ha Pham,? Pierre Vallobra,?
Gregory Malinowski,? Daniel Lacour,” Thibaud Fache,? Marie-Claire Cyrille,® Dae-Yun Kim,*
Sug-Bong Choe,* Mohamed Belmeguenai,® Michel Hehn,? Stéphane Mangin,?

Gilles Gaudin," and Olivier Boulle'

ISPINTEC, University Grenoble Alpes, CEA, CNRS, Grenoble INP, INAC-Spintec, 38000 Grenoble, France
2Institut Jean Lamour, UMR 7198 CNRS-Université de Lorraine, 54506 Vandoeuvre lés Nancy, France

3CEA, LETI, MINATEC Campus, F-38054 Grenoble, France

*Department of Physics and Institute of Applied Physics, Seoul National University, Seoul 08826, South Korea
SLSPM (CNRS-UPR 3407), Université Paris 13, Sorbonne Paris Cité, 99 avenue Jean-Baptiste Clément,
93430 Villetaneuse, France

(Received 29 November 2017; accepted 24 January 2018; published online 5 February 2018)

We investigate spin-orbit torque (SOT)-induced switching in rare-earth-transition metal ferrimagnetic
alloys using W/CoTb bilayers. The switching current is found to vary continuously with the alloy con-
centration, and no reduction in the switching current is observed at the magnetic compensation point
despite a very large SOT efficiency. A model based on coupled Landau-Lifschitz-Gilbert (LLG) equa-
tions shows that the switching current density scales with the effective perpendicular anisotropy which
does not exhibit strong reduction at the magnetic compensation, explaining the behavior of the switch-
ing current density. This model also suggests that conventional SOT effective field measurements do
not allow one to conclude whether the spins are transferred to one sublattice or just simply to the net
magnetization. The effective spin Hall angle measurement shows an enhancement of the spin Hall
angle with the Tb concentration which suggests an additional SOT contribution from the rare earth Tb

atoms. Published by AIP Publishing. https://doi.org/10.1063/1.5017738

Current-induced spin-orbit torque (SOT) provides an
efficient means of manipulating magnetization, paving the
way for the next generation spintronic devices.'” So far,
intensive studies have focused on ferromagnetic materials
combined with nonmagnetic heavy metals (HM) with strong
spin-orbit coupling, which serve as a source of spin cur-
rents.”’ Recently, in the search for more efficient SOT
switching, antiparallelly coupled magnetic systems, such as
ferrimagnets and antiferromagnets, have attracted great inter-
est®™'* motivated by the anticipation of the low energy con-
sumption in the switching,'” as well as the immunity against
external magnetic perturbation, which make those magnetic
systems more promising as a data storage medium.'®

Particularly, RE-TM ferrimagnetic alloys offer addi-
tional advantages. In the RE-TM alloys, where RE and TM
sublattices are antiferromagnetically coupled, the net mag-
netic moment can be tuned easily by varying the RE-TM
composition and temperature due to different concentrations
and temperature dependences of the two sublattices.'”'® As
a result, the system can become either RE dominant (the net
magnetization is along the RE magnetization direction) or
TM dominant, and there exists the magnetic compensation
point where the RE and TM magnetizations are cancelled
out, resulting in zero net magnetization.

Due to the presence of the two antiferromagnetically
coupled sublattices, such materials can be a model system to
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get insights into the spin transfer mechanism by studying
how the SOT-related phenomena change depending on the
chemical composition of RE-TM alloys.9 Since the 4f orbi-
tals, responsible for the magnetism of RE atoms, are gener-
ally far below the Fermi level, one might expect that TM
atoms, rather than RE atoms, predominantly interact with the
spin currents like the ferromagnetic materials. However,
recent experiments on the SOT switching sign and the SOT
effective field argued that the SOT acts on the net magnetiza-
tion.*'° Particularly, a divergence of the effective field near
the magnetization compensation point is reported,g’lz_14 lead-
ing to a huge effective field. However, no reduction of the
threshold switching current density has been observed at the
compensation,®'* unlike the expectation of the minimized
current density in the case that the SOT was only acting on
the net magnetization.'> This apparent contradiction under-
lines a current lacunary understanding of the magnetization
reversal by SOT in these systems.

In this work, we study the SOT switching current in
CoTb ferrimagnetic alloys with an adjacent W layer. The
SOT-induced switching is observed in a wide range of Co
and Tb concentrations, even near the magnetic compensation
point where a very large reversal field is needed (~1.3T).
When varying the alloy composition, the switching current
density does not exhibit any reduction at the magnetic com-
pensation, but instead a monotonous variation is observed.
To explain these experimental results, we develop a simple
model based on antiferromagnetically coupled Landau-
Lifschitz-Gilbert (LLG) equations. The model shows that the
threshold switching current density does not scale with the
net magnetization but with the effective perpendicular

Published by AIP Publishing.
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anisotropy. The latter does not exhibit the compensating
nature at the magnetic compensation, accounting for the
absence of minimization of switching current at the compen-
sation. The model also shows that conventional SOT effec-
tive field measurements cannot be the determinative method
to conclude that the spin angular momentum is simply trans-
ferred to net magnetization, as claimed in previous works.
Finally, using the domain wall (DW) motion based tech-
nique, the SOT effective field and the corresponding effec-
tive spin Hall angle are measured. We find that the effective
spin Hall angle increases by a factor of 2 with the increasing
Tb concentration, indicating an additional contribution of the
Tb atoms to SOT.

For this study, a series of W(3 nm)/Co,Tb;_4(3.5 nm)/Al
(3 nm, naturally oxidized) films, which exhibit bulk perpendic-
ular magnetic anisotropy, was grown by DC magnetron sput-
tering with x varying between x =0.71 and x = 0.86 across the
magnetic compensation. The films were then patterned into
20 pm-wide and 100 pum-long tracks with two Hall bars. Figure
1(a) shows an illustration of the sample structure and the mea-
surement setup. Here, the W under layer serves as a spin cur-
rent source to utilize the damping-like SOT."” The direction of
magnetization is detected using the anomalous Hall effect
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FIG. 1. (a) Schematic of the sample structure and AHE measurement. (b)
The coercive field of the CoTb ferrimagnetic alloys versus the composition.
The blue and red arrows stand for the Tb and Co magnetizations in the pres-
ence of +H,, respectively. The blue region (red region) stands for the Tb
dominant phase (Co dominant phase). (c) Out-of-plane magnetization curve
for a composition x =0.775 close to the magnetic compensation point. (d)
Current-induced magnetization switching at x =0.775 (|poH,| = £10mT).
(e) Switching current density for various H, values on the left (in T). (f)
Effective anisotropy energy vs the alloy composition. The large error bars
near the magnetic compensation point originate from the combination of
large effective anisotropy fields and the uncertainty in measuring small M.
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(AHE). Since the magneto-transport properties are dominated
by the 3d orbitals of TM, one can measure the magnetization
of the TM sublattice even at the magnetic compensation point.
The coercive field versus Co concentration x is plotted in Fig.
1(b). The divergence of the coercive field at x ~ 0.77 (green
dashed line) indicates that the magnetic compensation occurs
around this region as is also confirmed by the sign reversal of
AHE observed [Fig. 1(b)]. Magnetization switching induced
by SOT was then performed by injecting in-plane current
pulses of 3 ms in the Hall bars under a dc magnetic field in the
direction of the current.' Figures 1(c) and 1(d) show typical
examples of the AHE field hysteresis cycle and the switching,
respectively. It is worth mentioning that the SOT-induced
switching is achieved by a moderate current density (~10"" A/
m?) in this sample despite a very large coercive field of 1.3T,
suggesting a promising characteristic for memory applications.
The SOT switching is observed in all alloy compositions, and
Fig. 1(e) summarizes the switching current density J, versus
x. We note that the current density refers to the one flowing in
the W layer. To determine this, the resistivity of a 3-nm thick
W layer (162 p€ cm) is taken into account. Jy, shows a contin-
uous behavior without any noticeable anomaly across the com-
pensation, in contradiction with the expected reduction of Jg,
at the compensation point."?

To understand the continuous change in Jj,,, we consider
a simple model where the magnetization dynamics in the
alloy is described by two strongly antiferromagnetically cou-
pled sublattices a and b, subjected to the SOT. The magneti-
zation dynamics is described by modified LLG equations®"
including the damping-like SOT and a coupling term as

s a

M SE® .

= M x po(H + cMP) + M* x —

ya ,U()( +c ) + SM
+ M x M —pT°M* x (y xm?),  (la)

Maya
M’ SE!

= —M" x py(H + cM?) + M x —

yb taol ) oM°

o b Vi bagb N b
+Mbbe x M —qT’M" x (y x m”).  (1b)

The sublattice a (b) is depicted by the magnitude M* ) of its
magnetization, the unit vector m* ®) — pga(b) /M ®) with the
gyromagnetic ratio **?), and the damping constant o),
The two equations are coupled by the local exchange field
cM"@ g0 that ¢eM”@ from the sublattice b (a) acts on the
sublattice a (b) with the coupling constant ¢. H* is the
external field, and EZ,Ef) is the effective anisotropy energy,
which includes the magnetocrystalline anisotropy energy and
the demagnetizing energy. The last term is the damping-like
torque (spin-Hall torque), which is characterized by T¢()
= h@g’g] /2eM* )¢, where 7 is the reduced Planck constant,

G?ZI is the effective spin Hall angle, J is the charge current
density through the heavy metal layer, e is the electron
charge, and ¢ is the thickness of the magnetic layer. Here, p
and ¢ denote weighting factors for the transfer of the spin
current to the sublattices a and b, respectively, so that we
take into account the element dependent absorption rate of
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each sublattice. Since we are assuming that the incoming
spin angular momentum is fully transferred to the magnetic
layer, the sum of p and ¢ should equal 1. Strongly coupled
antiparallel sublattices are also assumed, and thus, the net
magnetization is M = Mm, where M = M“ — M" and the
unit vector m = m* = —m".

After substituting m*®) with m and summing up Egs.
(1a) and (1b), one obtains

. ex Vefr 5Eani
= — iy} pm X H"Jrﬁﬁm X ( S ) + Oprm
h@@ff
Xt — 5 (p + @)\ S )M x (3 % m), )

where E,,; = meeﬁe with the total effective anisotropy
Ky =K — M, the effective values of the gyromag-
netic ratio 4 = (M* — MP)/ ("/4: - ":’—,’), and the effective

damping constant o = (% + LW) / (A:I—a — A:’—/) Note that

all terms are written in terms of the net magnetization and the

weighting factors disappear in the final form, asp + ¢ =1.
By solving Eq. (2) and following Ref. 21, the switching

current density of the ferrimagnetic system is obtained as

Jow z%(# (Ke_ff — 4 O%M), where H, is an in-plane field
SH

along the current to facilitate the deterministic SOT switching.
In our experiments, the first term proportional to K.z is much
larger than the second term. Thus, J;,, does not scale linearly
with M but scales with the net K,z Since the net K. is
obtained from the sum of effective anisotropy energy values of
each lattice, Kz is not cancelled out. The M dependence of
Js arises from the demagnetizing energy in the effective
anisotropy as and the Zeeman term with the in-plane magnetic
field. As a result, no large reduction of the critical current den-
sity is predicted at the compensation. Therefore, the switching
current density in the antiferromagnetically coupled system
exhibits the continuous behavior, rather than the drastic
change, across the compensation point.®'*+%

Figure 1(f) shows the K,y of the W/Co,Tb,_, alloys
versus X. K. is determined by M and the effective anisotropy
field, which is obtained by the tilting of the magnetization
under rotating external fields of 0.5-2T. The tilting is mea-
sured using AHE, and the effective anisotropy field is then
extracted by the best fit formulated by the Stoner-Wohlfarth
model.*? K changes continuously across the magnetic com-
pensation, which is a similar trend to the switching current
density as shown in Fig. 1(e). Thus, the dependence of K.
on the alloy concentration can explain the absence of a reduc-
tion of the switching current density observed experimentally.
The small dip in Kz near the compensation can be explained
by the limit of the simple Stoner-Wohlfarth model, which
does not consider the small misalignment of the Tb and Co
sublattices due to the large magnetic field needed to tilt mag-
netization, as discussed in previous reports.>*** Note that our
model is based on the macrospin model and the heating effect
is not considered. Recent studies have shown that the magne-
tization switching occurs in more complex manners,**?’ for
example, the DW creation and propagation, and the thermal
effect plays an important role.”

Appl. Phys. Lett. 112, 062401 (2018)

We then measure the SOT-induced effective field by
measuring the modulation of the DW dynamics induced by
SOT.?*7° The measurement scheme and typical AHE resis-
tance data are presented in Fig. 2(a). The DW is driven by a
perpendicular magnetic field H, under a small bias DC cur-
rent, and the DW motion is monitored at each Hall bar in
real time. The two AHE resistance data set then gives us the
time (¢) taken passing each Hall cross of length L and the
DW propagation direction. Figure 2(b) shows the DW veloc-
ity v(=L/t) as a function of y,H. under opposite bias cur-
rents. The two curves are shifted horizontally by =H< .
Thus, the SOT-induced effective field for a given current
density J acts on the DW like an effective field H%. The lin-
ear relationship between H¢ and current density J [Fig.
2(c)] allows us to extract the efficiency of the SOT, defined
as y = Hﬁﬁ /J. In these measurements, a very low current
density regime (<1.5 x 10'° A/m?) was used to minimize the
heating effect. Indeed, for larger current densities, we
observe that the effective field deviates from the linear rela-
tionship, which yields the overestimation or underestimation
of y as shown in the inset of Fig. 2(c). x is measured with
respect to an in-plane field H,, as typically shown in Fig.
2(d) for Tb dominant and Fig. 2(e) for Co dominant, which
gives the DW configuration dependence of the effective
field. y increases linearly with H, up to H, where it stays at
a constant value ;.

Figure 3(a) shows the SOT efficiency y,, with various
compositions. y,, diverges significantly as approaching the
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FIG. 2. (a) Schematic of the DW velocity measurement for the effective field
measurement. The DW is nucleated at a natural nucleation point by a pulsed
magnetic field. To eliminate the case where the DW is nucleated between the
Hall bars, the data that exhibit sufficiently separated reversal times are taken.
(b) Typical example of DW speed curves (x=0.82 at u,H, =0.3T) modu-
lated by yOHﬁff. Here, the dc current density is =1.59 x 10'° A/m?. (c)
Current-induced effective field as a function of current density (x =0.82 at
noH,.=—0.3T). (Inset) Deviation of the effective field from linearity for
large current densities (x =0.745). (d) and (e) Typical examples of the effi-
ciency y(#yHy) for Tb-dominant (d) and Co-dominant (e) alloys. The UD
(DU) refers to the up domain (down domain) expansion.
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FIG. 3. (a) Divergence of y,, near the magnetic compensation. (b)
Schematic representation of SOT effective fields (blue and red solid arrows)
acting on the Tb (blue hollow arrow) and Co (red hollow arrow) magnetiza-
tions. The spin current is transferred from the W layer and exerts a torque on
either only Tb or only Co sublattices. In any case, the resultant switching
polarity is the same [the same switching sign of the net magnetization (black
arrows)]. (c) Effective spin Hall angle as a function of x.

magnetic compensation point, indicating the 1/M depen-
dence. The magnitude reaches up to 37 x 1074 Tm?/A. We
note that this value is more than 3 times larger than in Ta/
CoTb ferrimagnetic alloys® and 5 times larger compared to
the ferromagnetic Pt/Co/AlOx trilayers.? Although the effec-
tive field is found to be extremely large at the compensation
point, we note that this is not indicative of the significantly
efficient switching operation. For the switching operation, it
is important to overcome the energy barrier,”' which is
dominated by the effective anisotropy energy. However,
since the effective anisotropy does not simply scale as M, the
minimized magnetization does not lead to the minimization
of the switching current, which is more relevant to the device
operation in terms of energy consumption.

To analyze these results, we consider a collective coor-
dinate model which assumes the static DW structure during
its motion, and the DW is described by its position ¢ and the
DW angle y.*"*? Using the coupled LLG equations and a

Lagrangian approach,®** one obtains the following coupled
equations
. Qﬁﬁ
U+ oceﬂA =l (0 + )5 > oM sing + ) H-
MNDWsm2t//
el — % = Mol 5 Hioos — oty —23— (3)

tln2 35

where A = | / and Npw

Appl. Phys. Lett. 112, 062401 (2018)

We neglect here the Dzyaloshinskii-Moryia interaction
(DMI, which will be discussed later). From this equation,
one sees that the SOT term is equivalent to an effective field

:“OHSOT =Jp+q)35 2eMz smt// For H, < Hy,, the domain
wall configuration continuously rotates from Bloch to Néel
configurations so that siny = 2“H . and % scales linearly with

H, as is observed experlmentally. For H, > Hg,, a Néel DW
W =1 is achieved, which leads to a saturation efficiency

Lsat = f"T =(P+q53 26 4. Note that a similar expression for
the effective field and particularly the 1/M dependence can
also be derived from the LLG equation [Eq. (2)].>° As men-
tioned above, since the sum of the weighting factors is 1, the
detailed sublattice dependence disappears and H%T simply
carries the net magnetization like the ferromagnetic case.
Thus, the SOT effective field in ferrimagnets diverges at the
magnetic compensation point,®'*"'* like the divergence of
the magnetic coercive field. Note that the effective field is
basically determined by the comparison between the effect
of the SOT transferred, which does not depend on M, and the
magnetic susceptibility to an external field, and so, even
though the same torque is transferred to the magnetic system,
the system with small M gives rise to the larger effective
field.

We also note that the divergent behavior, the sign of the
effective field, and the switching polarity cannot be the proof
that the SOT acts on the net magnetization rather than the
TM sublattice.'™"? Even in the case that the angular momen-
tum absorption into one sublattice is completely turned off,
i.e., either p or ¢ is 0, the experimentally determined effec-
tive field and switching current always show the same behav-
ior and the same switching sign due to the strong coupling as
illustrated in Fig. 3(b).

To characterize the variation of the SOT on the material
Composition a more relevant parameter is the effective spin
Hall angle GSH, which stands for how much spin currents are
transmitted to a magnetic layer. Figure 3(c) shows Ge sy of W/
Co,Tb;_ alloys vs x. The values range from 0.11 to 0.26,
reflecting the giant spin Hall angle of B-W 619
Interestingly, there is a noticeable increase in 6;-721, by a factor
of 2, when passing from the Co rich to the Tb rich phases.
The increasing ng,f, with the Tb concentration might indicate
an additional contribution from the Tb atoms which have a
large orbital angular momentum, and recent reports have
shown that the RE atoms give rise to SOT in RE/FM hetero-
structures.>’*® Although our films are alloys, it is reported
that a segregation in the Tb composition, which is pro-
nounced for low thickness, can occur and result in a rela-
tively Tb-rich region at the top of the magnetic 1ayer.39’40
Since the sign of the spin Hall angle of RE is found to be
positive,”” the spin currents from the bottom W and rela-
tively rich Tb reglon at the top can be additive, thereby
enhancing H as the Tb concentration increases.
Alternatively, thlS can be ascribed to the increase in transpar-
ency of the W/CoTb interface due to the increasing Tb com-
position, which may alter the interface properties, such as
the spin-mixing conductance and hence ng 4

Finally, since the DW motion based SOT effective field
measurement is performed on a single DW, this technique
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enables us to quantify the DMI-induced effective field.?*®
However, we find no significant DMI-induced field in the W/
Co,Tb;_, system which might be attributed to the relatively
thick magnetic layer (3.5nm) and the single interface. The
field-driven method**** and the Brillouin light scattering
method** also yield consistent results.

To conclude, we investigated the SOT-induced switch-
ing in RE-TM ferrimagnetic alloys. We find that the switch-
ing current density exhibits continuous behavior without a
notable reduction in the vicinity of the magnetic compensa-
tion point. According to the simple model based on antiferro-
magnetically coupled LLG equations, we find that the
switching current density scales with the effective anisot-
ropy, which exhibits no reduction at the magnetic compensa-
tion, elucidating the continuous behavior of the switching
current density. In the model, we also note that conventional
SOT effective field measurement cannot answer the question
of whether the spin currents are absorbed into one particular
sublattice or the net magnetization. The effective spin Hall
angle measurement shows an enhancement of the spin Hall
angle with the Tb concentration which might suggest an
additional SOT contribution from the rare earth Tb atoms.
Our results provide insights into the SOT-induced switching
phenomena in the antiferromagnetically coupled system,
which are promising for future spintronic devices.
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