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Fieldlike torque driven switching in rare-earth transition-metal alloys
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Spin-orbit torque (SOT) has been widely recognized and applied as the most promising approach for magnetic
memory, primarily due to its lower energy consumption and longer device lifetime. However, the mechanism
of SOT remains controversial in ferrimagnets, particularly regarding the role of fieldlike torque (FLT). This
uncertainty arises from the presence of different gyromagnetic ratios of the sublattices, which generates sig-
nificant variations particularly in the vicinity of the angular momentum compensation point. In this paper, we
demonstrate that, in the vicinity of the angular momentum compensation point, FLT can act as a main driving
term for magnetization switching in ferrimagnets through rigorous mathematical analysis and ferrimagnetic
macrospin simulation. We also provide clear indications about the materials damping factor on how to tailor the
magnetic layer where a charge current is injected. These findings shed light on the intricate behavior of SOT in
ferrimagnetic systems and pave a way for further advancements in high-performance magnetic memory devices.
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I. INTRODUCTION

In recent years, spin-orbit torque (SOT) has revealed itself
as a promising candidate for the next generation of magnetic
random-access memories (MRAM), owing to its intrinsic low
power consumption and the long lifetime it offers [1-6]. In-
deed, the separated read and write channels allow the memory
to last longer than in a spin-transfer torque (STT) architecture
[7]. While the applications of SOT in ferromagnetic mate-
rials have been extensively investigated, further efforts are
necessary for the study of their ferrimagnetic counterparts.
Rare-earth transition-metals (RE-TM) ferrimagnetic materials
possess the characteristic of having separated angular and
magnetic compensation points because of the different Landé
factors of both sublattices [8]. At the angular compensation
point, RE-TM ferrimagnetic materials exhibit faster dynamics
when excited by magnetic field or SOT [9-11].

In 2020, the fastest domain wall velocity ever reached with
SOT has consequently been reported in a GdFeCo alloy at the
angular compensation point [12]. This study focused on the
effect of the SOT dampinglike torque (DLT) which is viewed
as a conventional method to move a domain wall. More glob-
ally, the DLT is often considered as the main term driving
the magnetization switching and the domain wall motion in
ferromagnetic materials. Once applying this framework to
ferrimagnetic materials, most studies also only mentioned the
DLT. While the DLT is indeed the main driving force for do-
main wall motion in homochiral Néel walls due to geometrical
considerations [13,14], whether the effect of fieldlike torque
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(FLT) in ferrimagnetic materials keeps same properties with
ferromagnetic materials is unclear and remains controversial.
In this study, we demonstrate that the FLT cannot be dis-
missed in ferrimagnetic materials under certain conditions.
The FLT strongly dominates the switching process in the
vicinity of the angular compensation point. Our study is based
on a mathematical approach and is corroborated by simula-
tions performed using practical and reasonable parameters of
ferrimagnetic thin films. Furthermore, by tuning the material’s
intrinsic property, the damping factor, we give clear and strong
insight on how to achieve faster and more energy efficient
SOT magnetization switching in ferrimagnetic materials.

II. THEORETICAL FRAMEWORK

SOT can have various origins such as the spin Hall effect or
Rashba-Edelstein effect. In our case, as displayed in Fig. 1(a),
a charge current flowing in the x direction is injected into a
heavy metal and then creates a vertical spin current due to
strong spin-orbit coupling that will ultimately interact with
the magnetic moments of the adjacent magnetic layer. A
symmetry breaking magnetic field is applied along the x axis.
The typical magnetization dynamics of the SOT switching
process which consists of two steps is displayed in Fig. 1(b).
First, the magnetization aligns along the y axis during the
pulse and then relaxes along —z as seen in Fig. 1(c). The scope
of this study is to find the conditions to minimize the time
to reaching the equilibrium in the first step. The time
to is defined in our simulations as the minimum time ¢
fulfilling the conditions |m,,| > 0.99 and for any time 1 > ¢,
|my;1] > 0.99. By knowing the time #y, it becomes possible
to adjust the current pulse settings to improve the energy
efficiency in magnetization switching.

©2024 American Physical Society
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FIG. 1. Standard SOT switching in RE-TM alloys. (a) Schematic of ferrimagnet/heavy metal bilayer during electrical current injection.
(b) SOT switching process of GdyyCose for a 1-ns pulse with current density of 100 MA/cm? at room temperature and magnetic damping
o = 0.005. (c) Step 1 of SOT switching: During the current pulse, the magnetization direction of RE-TM alloys aligns towards the y axis. Step
2 of SOT switching: After the pulse, the magnetization direction of RE-TM alloys relaxes along —z.

To understand the process of SOT switching in RE-TM
alloys, we first develop the mathematical framework describ-
ing the magnetization dynamics derived from ferromagnetic
materials. The key parameters of the chosen materials and the
default settings are recorded in Supplemental Material Notes
1 and 2 [15], respectively. We consider a macrospin model
consisting of two sublattices, TM and RE, with antiparallel
alignment. For a sublattice i (i = 1 for TM, i = 2 for RE), the
LLG equation can be written as [16—18]

dm; Vi
dr 1+ of

[m; X Hege; + aim; X (m; x Hege )], (1)

where the sublattice’s magnetization M; = M, ;m;, M ; is its
magnitude, y; = g;up/h is the gyromagnetic ratio, g is the
Landé g factor, ug is the Bohr magneton, 7 is the reduced
Planck constant, and «; is the magnetic damping factor. The
effective field includes the in-plane external field Hex; =
Hext i ey, the out-of-plane anisotropy field Hy; = ZML:;’mzez,
the local exchange field Hex; = h M (i # j) with h being
the local exchange constant, the dampinglike field Hpy,; =
Hpy (0 x m;) and the fieldlike field Hyy, ; = Hpp 0.

In the case of SOT generated by spin Hall effect, the polar-
ization vector is 0 = (0, —1, 0). The effective field strengths

for DLT and FLT are given by [19-23]
JehOsh,i
2€Msyil ’
Hpr; = nHpL i, 3

where j, is the current density, fsy; ; is the spin Hall angle from
sublattice i, e is the electron charge, ¢ is the thickness of the
ferrimagnetic layer, and 7 is the ratio between Hpy, and Hpy .

Hpp,; = )

Upon combining the LLG equations for both sublattices
magnetization dynamics, we can deduce the following ex-
pression for the magnetization of RE-TM alloys, where the
net magnetization M = Mgm (M; = My — My, m =m; =
—my):

dm v /
o= —m[m X Het +a'm x (m x Her)l.  (4)
o

To maintain the same form for Eq. (4) as in Eq. (1), we

introduce the modified gyromagnetic ratio y’ = % and damp-

ingo' = % The spin momentum S, Sy and the effective field
H ¢ have the following expressions, respectively:
Msl Ms2
S = -—, &)
Y1 V2
M; M;
So = a1 —2 +ap—2, (6)
4! 2

Hey = Hexy + Hy — (p1 + p2)Hpr — (p1 — p2)Hyr. (7)

Without loss of generality, we consider that both sublat-
tices have the same damping value (¢ = o = o). Different
damping constants can also be accommodated in this model
[24], as further developed in Supplemental Material Note
3 [15]. Hex = 10mTe,, Hy = %mzem K, = K. + K.
Regarding the total effective local exchange field, the contri-
butions from both sublattices cancel each other out in the final
LLG equation since they share the same exchange constant 4,
due to the reciprocity of the exchange. Additionally, a typical
estimated temperature independent value of the exchange in-
teraction is Cox = pohMmvMge = 36 kJ/m? [25]. Due to this
high value of the intersublattice coupling, we consider both

. . . 016
sublattices to be strictly antiparallel. Hpy, = JZeMS;‘ (0 xm)
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and Hpp, = 1 %a are dependant on the total magnetization
M in the effective field H .

Furthermore, each sublattice absorbs a portion p; of the
spin current such that (6sg; = pifsg, p1 + p2 = 1) [25,26].
We now apply this framework to the case of a RE-TM alloy by
considering index 1 attached to the TM sublattice and index 2
attached to the RE sublattice. This model enables researchers
to incorporate sublattice absorption terms while preserving
the intrinsic properties of RE-TM alloys, as explored in Sup-
plemental Material Note 4 [15]. Since 4f magnetic moments
interact very little with spin currents, we consider p; = 1 and
p>» = 0. In other words, we consider that the SOT torques are
acting solely on the transition metal because it is the element
absorbing most of the spin current.

For convenience, we introduce two parameters Veg and oegr
to represent certain combinations of the modified gyromag-
netic ratio ' and Gilbert damping parameter «’. Specifically,
we define them as

/!

v
= —, 8
Vel = T ) ®)
y/a/
leff 1+ (a’)2 )

Upon developing Eq. (4), these two parameters yes and cefr
allow us to write in a concise way. It is worth noting that
the initial magnetic damping « remains constant across all
temperatures [27], not varying with the temperature [9]. The
variation of o’ influences the updated physical characteristics
of agr. The four SOT related terms are shown in the following:

dmpr, = —YertHpLm x (0 x m), (10)
dmygy, = —YertHpLm x 0, (11)
dmjy; = —ae Hppm X o, (12)

dmy, = — et Hium X (m X 0). (13)

While both dmpy, and dmy; trigger precession around the
polarization vector, dmpy, and dm$; align the total magnetiza-
tion along o. To examine the respective contributions of each
torque on the switching process in ferrimagnetic materials, it
is essential to specifically focus on the terms dmpy, and dmg; .

Since the expressions of the four SOT terms are derived
from the LLG equation, they are also present in the cases
of ferromagnets. In ferromagnetic materials, dmg, is mostly
not taken into account because its amplitude is far less than
dmpy, due to the small and unchanged damping o, value.
Conversely, in RE-TM alloys, . undergoes significant al-
terations due to the intersublattice competition. For instance,
o’ diverges at the angular compensation point, leading to a
substantial variation of .. It opens up the possibility for
RE-TM ferrimagnets to experience faster SOT switching.

Using the macrospin model, we simulated the SOT switch-
ing for the most prevalent ferrimagnetic materials at different
current densities and extracted the corresponding values of £,
as shown in Fig. 2(a). The 1 ns rectangular current pulse is
taken into observation.

The material parameters at 300 K are detailed in Sup-
plemental Material Note 1. The materials considered are
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FIG. 2. Choosing a promising candidate among RE-TM al-
loys: (a) Evolution of #, with current density at room temperature
for different alloys and (b) at the angular momentum compen-
sation temperature for each material. (¢) The enlarged view in
case (b).

Gd23.5F€60.9C09 [8,27—29], Gd44C056 [30], Tb24C076 [26,31—
34], Dy26.5C073'5 [35—40], and HO32.5CO6 [35—38,41,42]
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FIG. 3. Magnetic properties of Gdy;Cose: (a) Magnetization and spin momentum at different temperatures. (b) Modified gyromagnetic
ratio ' and (c) damping «’ at different temperatures. (d) Magnitude of four SOT related terms at different temperatures. (¢) Switching time #,
at different temperatures for three cases: (1) only considering DLT, (2) only considering FLT, and (3) considering both DLT and FLT together.

(f) Partial enlarged graph of (e).

For each ferrimagnetic alloy, we observe a strong effect
of the current density on the switching time #,. The time #
decreases accompanied by the increasing current density. Be-
cause of the dependence of the SOT torques on the modified
terms ' and «’, there are obvious differences of #, values
among the different materials. For each material investigated,
we change its temperature from room temperature to its own
angular compensation temperature (74). All values of #, at
T are sizably smaller than at 300 K as shown in Figs. 2(b)
and 2(c). The switching time #y can even reach a value as
low as 2 ps at low current density for Gdj;sFegp9Cog and
Tby4Co76. However, 189 K is too low and 558 K is too
high for practical applications. Thus, selecting a material that
has an angular compensation close to room temperature is
more suitable. Because of GdssCosg angular compensation
temperature in the proximity of room temperature, we chose
it to conduct further investigations. For GdsCosg, the key
material parameters are as follows: K, = 25kJ/m?>, ggq = 2,
gco = 2.05, Osy = 0.155.

Furthermore, Gds4Cosg has been a natural candidate for
experimental studies involving angular compensation. It is
also noteworthy that the angular compensation temperature
can be adjusted by changing the material’s stoichiometry,
providing greater flexibility to tailor the material properties.
However, for each Re,TM,_, alloy, above and below certain
x threshold values, the anisotropy lies in-plane. This limits the
number of RE-TM materials that simultaneously have angular
compensation points around room temperature and can be
used in a device with perpendicular magnetic anisotropy.

Gd4Cos¢ magnetic properties are shown in Figs. 3(a)-
3(c); at Ty, the modified gyromagnetic ratio ¥’ and damping

o’ rapidly diverge to infinity which mainly results in the
four SOT related terms’ amplitude varying sizably. We ob-
serve, as expected, a divergence at Tj for both y’ and «'.
The amplitude associated with each SOT term is shown in
Fig. 3(d). Strikingly, the two « related terms peak at the
angular compensation point while the two other terms cancel
at this temperature. It clearly demonstrates that, contrary to the
ferromagnetic case, the fieldlike term cannot be neglected in
RE-TM ferrimagnetic alloys, especially in the vicinity of the
angular compensation point. In addition, the full magnetiza-
tion switching can be achieved solely by the FLT, as shown in
more detail in Supplemental Material Note 5 [15]. To further
confirm the role of the FLT term compared to the DLT term,
we plot for Gdy4Cose in Figs. 3(e) and 3(f) the value of 7y in
the case where only FLT is applied, only DLT is applied, and
both are applied.

Coherently with the norm of each dm term, at the an-
gular compensation point #, is highly reduced for the FLT
case and diverges for the DLT case. Furthermore, #;, seems
to be at a minimum at the angular compensation point—the
switching is fast not only in the direct vicinity of T, but
in a wide window of temperatures around 40 K. Interest-
ingly there is a temperature (229 K) at which #, diverges
when both torques are present. At this temperature, dmg,;
and dmypy, exactly cancel each other out, as can be seen
by the crossing of the corresponding curves in Fig. 3(d).
For real applications, it is important to know how fast the
switching can be and also how narrow the conditions are to
obtain this fast switching. Moreover, we choose Tb,4Co7¢ as
another example to demonstrate that our analysis applies
across the entire range of RE-TM alloys, with details provided
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FIG. 4. Effects of the damping constant on the of Gd4Cose properties: (a) Amplitude of dmy§; varied with temperature. (b) Switching
time fy changed with damping factor when only FLT is present. (c) Temperature T;,,, corresponding to the peak of the dmy; , varied with the

increasing damping constant «. (d) Comparison of dmyg; at Ty and T

in Supplemental Material Note 6 [15]. To test the robust-
ness of our model, we performed micromagnetic simulations
in GdyyCose as detailed in Supplemental Material Note 7
[15]. These simulations support the hypothesis of coherent
dynamics of the magnetic moment and confirm the effects
of the FLT and of the DLT around the angular compensation
point.

Since in the same alloy the damping constant can change
the material physical properties and strongly depends on the
growth conditions, we studied the effect of varying damping
constants on the SOT switching solely driven by FLT. Thus,
to gain insight into the possible window of operation for fast
SOT switching, we studied the role of the damping constant
as observed in Fig. 4.

As shown on Fig. 4(a), the norm of dmyg, is plotted as
a function of the temperature for three different values of
the damping factor. While it could be at first expected that
the dmy; increases with the damping constant, the opposite
situation actually occurs in the vicinity of the angular com-
pensation. This is due to the term 1 + (oz’)2 in the denominator
of o In ferromagnetic materials, this term is almost equal
to 1, contrary to the ferrimagnetic case. It leads to the norm
of dmy§, scaling with 1/« for values of o that are much
higher than 1. However, as seen in Fig. 4(a), this comes with
a drawback. The peak at angular compensation is higher but
also narrower for lower values of «. As observed in Fig. 4(b),
the same phenomenon occurs for the switching time 7y, where
the switching is faster for lower damping values, but the peak

for a damping constant of 0.001 is very narrow. Indeed, if the
temperature is only 10 K away from the angular compensation
point, it is even more beneficial to have a damping of 0.01
compared to 0.001. Thus, the control of the temperature is
a major challenge for low damping constants. Another inter-
esting feature of Fig. 4(b) is that for a higher value of the
damping constant (¢ = 0.1) the switching time does not reach
a minimum in the vicinity of the angular compensation any-
more. This is further confirmed in Fig. 4(c) where we plotted
the value of the temperature T, at which the dmg,; norm is
maximum as a function of the damping constant. We observe
a shift toward higher temperatures for increasing values of the
damping constant. However, this shift is still less than 10 K
for realistic damping values, lower than 0.025. We plotted in
Fig. 4(d) the norm of the dm§; vector as a function of the
damping constant for temperature, at Ty and Ti,,x. We only
observe a negligible difference between the two curves for low
damping constants. The difference between the two curves
increases with the damping constant as seen in the inset.

III. DISCUSSION

Several criteria for a fast SOT switching in ferrimagnetic
RE-TM alloys emerge. First, the operation temperature
should be close to the angular compensation temperature. As
we mentioned beforehand, GdCo alloys seem to be natural
candidates because of their angular compensation point
close to room temperature. Furthermore, the sample growth
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process should be optimized to reach the lowest damping
constant possible in order to maximize the fieldlike torque
at the angular compensation. Besides, the dynamic of the
relaxation step along —z after the current is turned down is
triggered by the anisotropy related term whose expression
is —aegmm X (m x Hy). Thus, reducing to a minimum #; for
the first step also allows for a faster relaxation step once the
current is turned down because both steps depend on the
value of a.f. This high o, which arises from a low magnetic
damping constant @ = 0.001 as shown in Fig. 4, also prevents
the back switching from happening by limiting the precession
during the relaxation step, similarly to the ferromagnetic
cases [43,44]. From an industrial perspective, Joule heating
poses a challenge to maintain a constant temperature and
stable performances in the large array of devices. Due to the
strong dependence of 7, on the material temperature at low
values of the damping constant «, it may be more suitable to
tailor materials with intermediate values of «, which could
lead to performances that are not optimized in the ideal
conditions, i.e., at the precise peak temperature, but rather
stable over a wider range of temperature. Besides, concerning
the torques themselves, since it is clear that the FLT allows for
a faster switching in the vicinity of the angular compensation
point, it seems suitable to work with materials having higher
values of 7. In particular, topological insulators with elevated
n ratio are natural candidates [45-47]. Their interface with
the ferrimagnetic material should also be strictly scrutinized
to avoid interfacial spin current reflection and sizable increase
of the damping constant.

IV. CONCLUSION

In summary, we rigorously demonstrated through math-
ematical analysis and simulations, including the macrospin
model and micromagnetic simulations, that fieldlike torque
has to be taken into account to precisely describe the
SOT switching process of RE-TM ferrimagnetic alloys. In
the vicinity of the angular compensation temperature, the
fieldlike torque even dominates the switching process, result-
ing in considerably faster switching times. We offer guidance
on the material’s damping factor to ensure fast and reliable
switching in practical magnetic memory applications, where
temperature control is limited. We also provide clear indica-
tions on how to tailor both the magnetic layer and the layer
into which a charge current is injected. Our results pave the
way toward fast and energy efficient next generation magnetic
memories.
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