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We measure the spin-orbit torques (SOTs), current-induced switching, and domain wall (DW) motion
in synthetic ferrimagnets consisting of Co/Tb layers with differing stacking order grown on a Pt under-
layer. We find that the SOTs, magnetic anisotropy, compensation temperature, and SOT-induced switching
are highly sensitive to the stacking order of Co and Tb and to the element in contact with Pt. Our study
further shows that Tb is an efficient SOT generator when in contact with Co, such that its position in
the stack can be adjusted to generate torques additive to those generated by Pt. With optimal stacking
and layer thickness, the dampinglike SOT efficiency reaches 0.3, which is more than twice that expected
from the Pt/Co bilayer. Moreover, the magnetization can be easily switched by the injection of pulses
with current density of about (0.5-2) x 107 A/cm? despite the extremely high perpendicular magnetic
anisotropy barrier (up to 7.8 T). Efficient switching is due to a combination of large SOTs and low satura-
tion magnetization owing to the ferrimagnetic character of the multilayers. We observe current-driven DW
motion in the absence of any external field, which is indicative of homochiral Néel-type DWs stabilized by
the interfacial Dzyaloshinkii-Moriya interaction. These results show that the stacking order in transition
metal/rare-earth synthetic ferrimagnets plays a major role in determining the magnetotransport properties

relevant for spintronic applications.
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I. INTRODUCTION

Magnetization switching and domain wall (DW) motion
driven by spin-orbit torques (SOTs) have attracted exten-
sive research interest due to their potential applications
in nonvolatile memory and logic technologies [1-14]. To
improve the scalability and thermal stability of devices
in these applications, materials with perpendicular mag-
netic anisotropy (PMA) are often preferred. Ultrathin films
of 3d transition metals and alloys (e.g., Co or CoFeB)
have been widely investigated for such purposes, where the
interfacial spin-orbit coupling gives rise to PMA [15—18].
Recently, however, increasing interest has been devoted
to ferrimagnetic alloys of rare earth metals and transition
metals possessing bulk PMA [19-37]. In these compounds,
the rare-earth-metal and transition-metal magnetic sublat-
tices are coupled antiparallel to each other, resulting in
a reduced total magnetic moment relative to the individ-
ual sublattices [38,39]. The low magnetization allows for
efficient SOT-induced switching, whereas the large PMA
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increases the thermal stability of devices. Moreover, the
possibility of obtaining angular momentum compensation
allows for antiferromagnetlike magnetization dynamics
that, e.g., leads to ultrafast switching and DW motion
[31-33]. To date, studies of SOTs and related phenomena
have mainly focused on the alloy form of rare-earth-
metaltransition-metal systems [19—33], whereas multi-
layer structures have been less explored [34—37]. In such
structures, the stacking order and the thickness of each
layer offer additional degrees of freedom to tune the SOTs
and understand the role of each element in interface-
driven phenomena [13]. Theoretical [40] and experimental
[34,37,41-44] studies suggest that the rare-earth elements
with partially filled / orbitals are candidates for gener-
ating large spin Hall effect, and hence can be used as
a source of SOTs. The strong spin-orbit interaction in
the rare earth metals combined with the inversion sym-
metry breaking at their interfaces with transition metals
can also produce a sizeable Rashba-Edelstein effect and
Dzyaloshinkii-Moriya interaction (DMI). The latter stabi-
lizes homochiral Néel-type domain walls with efficient and
ultrafast current-induced dynamics [9—11,45-47].
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Motivated by the above considerations, we investigate
the influence of the stacking order and layer thickness
on current-induced SOTs, switching, and DW motion in
Pt/Co/Tb-based multilayers. Harmonic Hall and magneto-
optic Kerr effect measurements reveal strong SOTSs in the
perpendicularly magnetized Tb/Co multilayers, which lead
to efficient current-induced switching and DW motion,
comparable to those of TbCo alloys in contact with Pt.
Moreover, the SOTs and other magnetic properties, such
as the saturation magnetization, magnetic anisotropy, com-
pensation temperature, and the anomalous Hall effect
(AHE), are highly sensitive to the stacking order as well
as to the element in contact with the Pt underlayer. We
find that Tb can be an effective source of SOTs with addi-
tive contributions to the ones due to Pt when placed on
top of Pt/Co. These results show that the stacking order
in rare-earth-metal/transition-metal multilayers offers an
additional degree of freedom to tune the efficiency of
SOT-controlled switching and DW motion.

I1. SAMPLE PREPARATION AND
CHARACTERIZATION

We grow Pt(4)/Tb(tr,)/[Co(0.5)/Tb(0.65)/Co(0.5)] and
Pt(4)/[Co(0.5)/Tb(0.65)/Co(0.5))/Tb(¢1,) multilayers with
PMA as well as Pt(5)/Tb(trp,)/Co(5) and Pt(5)/Co(5)/
Tb(try) trilayers with in-plane anisotropy on thermally
oxidized silicon substrates by dc magnetron sputtering
(numbers indicate the thickness in nm). For all layers, a
Ti capping of 5 nm and a Ta seed layer of 3 nm are used.
The base pressure and Ar partial pressure of the deposition
chamber are 6 x 108 and 4 x 1073 mbar, respectively.
The first two series, schematically illustrated in Fig. 1(a),
are used for the SOTs, current-induced switching, and
DW motion studies, whereas in the last two series only
the SOTs are quantified. In the samples with PMA we
fix the layers between square brackets and change the Tb
thickness (#1p) and position relative to them; similarly, in
the trilayers with in-plane anisotropy we change the Tb
thickness and position relative to Co. Hall bar devices
are fabricated by patterning the substrates using optical
lithography before deposition and subsequent lift-off.

In Fig. 1(b) we show representative magnetization
curves measured by a superconducting quantum interfer-
ence device at room temperature with an out-of-plane field
sweep for the two different positions of the Tb(1) layer
with respect to the fixed [Co/Tb/Co] trilayer. Both sets of
data show clear hysteresis and nearly 100% remanence at
zero field, indicative of strong PMA. However, their satu-
ration magnetization (M) differs significantly even though
the amount of Tb and Co is the same in both multilayers.
Measurements of all the six samples with PMA [Fig. 1(c)]
show that M, is larger when Co is in direct contact with Pt
except for the thickest Tb samples. In both multilayer sys-
tems, M; is significantly smaller relative to that expected
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FIG. 1. (a) Schematic illustration of the Co/Tb/Co multilay-

ers with different stacking order. (b) Magnetization curves of
Pt/Tb(1)/[Co/Tb/Co] and Pt/[Co/Tb/Co]/Tb(1). (c) Saturation
magnetization versus Tb thickness.

for Co (> 10° A/m), as expected due to the antiferromag-
netic coupling of Co and Tb. The large difference in M,
and its dependence on Tb thickness indicate that the net
magnetization is highly sensitive to the stacking order.

Figure 2(a) shows the device layout with the electrical
connections and the coordinate system. Figure 2(b) reports
the sheet resistance R; measured using a four-point geom-
etry in the structures with PMA. R, is about 20% larger
in samples with Pt/Tb interface compared with those with
Pt/Co interface. The larger R, and its increase with tr, in
Pt/Tb(¢rp)/[Co/Tb/Co] might be due to increased interfa-
cial electron scattering and/or intermixing between Tb and
Pt in this system. In contrast, in Pt/[Co/Tb/Co]/Tb(¢rp),
Ry does not significantly change with the Tb thickness,
suggesting that the electric conductivity is predominantly
dictated by the Pt and Co layers. The resistivity p of all
six multilayers with PMA, estimated by considering only
the conduction through Pt, Co, and Tb and neglecting the
contribution from the buffer and capping layers, is reported
in Table II along with the other properties measured in this
study.

In alloys of rare earth metals and transition metals and
in multilayers, the magnetotransport properties are domi-
nated by the 3d4s orbitals of the transition-metal elements
near the Fermi level; thus the AHE is mainly driven by
the transition-metal sublattice [20,34,48]. In Fig. 2(c) we
report the Hall resistance Ry as a function of out-of-plane
magnetic field. As evident from the data, the AHE is posi-
tive and large in the Pt/[Co/Tb/Co]/Tb series as opposed
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FIG. 2. (a) Schematics of a Hall bar device and coordinate system. The Hall bar channel is 100 um long and 5 um wide. (b) Sheet

resistance versus thickness of Tb layer in Pt/Tb(¢y,)/[Co/Tb/Co] and Pt/[Co/Tb/Co]/Tb(¢rp). (c) Hall resistance as a function of out-
of-plane magnetic field in samples with different Tb thickness. (d) Coercive field versus temperature in Pt/Tb(1,1.5)/[Co/Tb/Co]. The
regions shaded in blue and magenta represent temperature ranges in which the magnetization is strongly compensated. (¢) Magne-
tization compensation temperature as a function of Tb thickness. The black arrow indicates that Tj, > 370 K, which is the largest
temperature reached in our setup; the green solid line indicates room temperature. (f) Anisotropy field at room temperature versus Tb

thickness.

to the Pt/Tb/[Co/Tb/Co] series, where the AHE is neg-
ative and relatively small. This means that (i) at room
temperature the total magnetization is dominated by the
Co (Tb) sublattice for the layers with Pt/Co (Pt/Tb) inter-
face and that the magnetic compensation temperature 7},
is below (above) room temperature; (ii) the Pt/Co interface
has a significant contribution to the AHE, in agreement
with literature data [49]. Our data clearly show that the
stacking order plays a crucial role in determining the mag-
netic compensation point as well as the AHE, in addition
to M, and R; discussed earlier. We further study the coer-
cive field (H,.) as a function of temperature to characterize
Ty of all six samples. As the temperature crosses 7y,
the anomalous Hall resistance Ry changes sign; further,
H. diverges because a stronger external field is required
to reverse the vanishing net magnetization [50], as shown
for Pt/Tb(1; 1.5 nm)/[Co/Tb/Co] in Fig. 2(d). Ty, deter-
mined from the change of sign of Ry is shown in Fig. 2(e)
for all the six samples. The stacking order gives rise to a
substantial difference of more than 100 K in 7, between
Pt/Tb(¢1,)/[Co/Tb/Co] and Pt/[Co/Tb/Co]/Tb(¢1,), which
is likely related to the larger M, of Pt/[Co/Tb/Co]/Tb(¢r).

Finally, we characterize the effective magnetic ansitropy
field H,, by measuring Ry in the samples with PMA as
a function of an external magnetic field applied nearly
in plane at polar and azimuthal angles 6y = 88° and
o = 90° [see Fig. 2(a) for the definition of the angu-
lar coordinates]. We use a macrospin approximation to

calculate H,, = H ((sinfy /sinf) — (cos Oy /cos 9)),
where 6 = arccos |RH/RAHE{ [51], as reported in Fig. 2.
We find poHy, =7.8£0.5 T in Pt/Tb(1)/[Co/Tb/Co],
which rapidly decreases with increasing Tb thickness
due to the shift of 7, to higher temperatures. In the
Pt/[Co/Tb/Co]/Tb(1) series, on the other hand, H,, is rela-
tively constant, which is consistent with the behavior of 7),
in these samples. We note that extremely large anisotropy
fields in excess of 3 T are measured in all of our samples,
with the exception of Pt/Tb(2)/[Co/Tb/Co].

ITI. RESULTS AND DISCUSSION

A. SOTs in multilayers with PMA

The SOT-induced effective fields are quantified by per-
forming harmonic Hall effect measurements in the PMA
samples [52,53]. An alternating current with frequency
w/2m = 10 Hz and amplitude j = 0.3—1x107 A/cm? is
applied along the x axis, and the first- and second-harmonic
Hall resistances (R} and R%’) are measured during an
in-plane field sweep along the x and y axes (H,,H,).
The current density is estimated by dividing the current
by the total cross section of the Pt, Co, and Tb layers.
We neglect the conductivity of the highly resistive Ta
buffer and Ti capping layers. In multilayers with inver-
sion symmetry along the z axis and current injection along
x, the dampinglike and fieldlike SOT effective fields are
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FIG. 3. First and second harmonic of the Hall resistance (R} and R2¢, respectively) versus in-plane longitudinal and transverse
magnetic fields (f, and H,) measured usingj = 0.8 x 107 A/m? in (a) Pt/[Co/Tb/Co]/Tb(1.5) and (b) Pt/Tb(1)/[Co/Tb/Co].

given by Hpy = Hpp(y % 1\7[) and Hgp, = HppLy, respec-
tively, where M is the unit vector of the magnetization
and the current-induced spin accumulation is polarized
along y [13]. In order to define the sign of the field ampli-
tudes Hpp rL, we adopt the convention that Hpp (HrL) is
positive (negative) when the field points in the same direc-
tion as in Pt/Co (opposite direction to the Oersted field),
where Pt is deposited before Co [52]. Due to the large
PMA in our samples, we opt for the small-angle approx-
imation method where the magnetization is slightly tilted
away from equilibrium by the applied field. In this regime,
the effective fields can be estimated using the following
relations [54,55]:

aRZw 82R1w
Aty = (g [0 ). 1)
x(y) aHx(y)
AH.y = vAH,
Hprgr) = =2 © ) (2

1 — 42 ’

where v is the ratio of the planar Hall resistance Rpyg to
the anomalous Hall resistance Rayg and £ corresponds to
the measurements taken when the magnetization is point-
ing along the £z direction. To characterize Rayg and
Rpyg, we use the first-harmonic signal given by R} =
Raug cos 0 + Rppg sin 6 sin 2¢. Since the magnetization
cannot be fully saturated in plane by the available field,

we quantify Rpyg by measuring R}, with an external field
applied at (0y,py) = (88°,45°). We then separate the
antisymmetric and symmetric signal contributions (with
respect to the field reversal), which originate from the first
and second terms in the above equation, respectively. The
antisymmetric signal is then plotted as a function of sin’ 6,
where 6 is estimated using the macrospin approximation as
6 = arccos |R}L,‘” / RAHE‘. Finally the slope of the linear fit
represents Rpyg. The details of this approach can be found
in Ref. [52].

Figure 3 shows representative R} and R mea-
surements taken from the Pt/[Co/Tb/Co]/Tb(1.5) and
Pt/Tb(1)/[Co/Tb/Co] samples. R} has a parabolic field
dependence due to the coherent rotation of the magne-
tization. Note that we only plot the data corresponding
to the H, sweep since the H, sweep shows an identical
behavior. The sign of R}, is opposite in these two samples
for a given magnetization orientation due to the oppo-
site AHE [see Fig. 2(c)]. R% varies linearly with both H,
and H, as expected from the action of SOTs. We note
that the slopes of R%’ are opposite in Co-like and Tb-
like samples. Considering also the opposite sign of RL
in these two samples, we conclude that the SOT effec-
tive fields have the same sign in both systems. Thus, the
SOTs act on the net magnetization, in agreement with
previous works [21,23]. The SOT effective fields nor-
malized by the current density, xprr) = HoHpLFL) / 7,
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(a) Dampinglike and (b) fieldlike SOT effective field per unit current density xprp versus Tb thickness in

Pt/[Co/Tb/Co]/Tb(trp) and Pt/Tb(¢ry,)/[Co/Tb/Co]. (c¢) Dampinglike and (d) fieldlike SOT efficiency &pp pr versus Tb thickness. The
error bars take into account the errors of the linear and parabolic fits of R} and R%, respectively, averaged according to Eq. (2) for
each current density, propagated in the linear fits of Hpyr1)(j) for the +M, and —M, configurations.

are summarized in Figs. 4(a) and 4(b) as a function
of Tb thickness. The values of xprr) are obtained by
performing a linear fit of Hpy(rr) versus j for both mag-
netization orientations (not shown). The fieldlike com-
ponent includes also the Oersted field contribution due
to the current flowing through Pt, which we estimate
as ;LOHOe/j =03 mT 1077 A~! ecm? by Ampere’s law
[51]. The Oersted field points in the opposite direction
to the fieldlike component of the SOT field, and can be
neglected due to its small amplitude compared with Hp .
We observe that ypy is very strong in Pt/Tb(1)/[Co/Tb/Co],
reaching +72 mT 1077 A~' ¢cm? but rapidly decreas-
ing as the Tb thickness is increased. Also xpp reaches
remarkable values, about +25 mT 10~7 A~! cm? in
both Pt/Tb(1)/[Co/Tb/Co] and Pt/[Co/Tb/Co]/Tb(1). To
compare the SOTs in different layers on an equal
footing we calculate the SOT efficiencies éf)L(FL) =
(2e/h) Mty xpLELy [56], where e is the electron charge,
h is the reduced Planck’s constant, and ¢, is the
magnetic layer thickness. The SOT efficiencies are plot-
ted in Figs. 4(c) and 4(d) as a function of Tb thick-
ness. We observe that &, and & vary between +0.1
and +0.3 and between +0.03 and +0.2, respectively.

Whereas &), and &; in Pt/[Co/Tb/Co)/Tb(1) and
Pt/Tb(1)/[Co/Tb/Co] are comparable to those measured
in Pt/Co bilayers [13,52], we observe that both efficien-
cies increase strongly as a function of Tb thickness in
Pt/[Co/Tb/Co]/Tb(¢), reaching values that are about two
times larger compared with Pt/Co. Moreover, & is sig-
nificantly larger in Pt/[Co/Tb/Co]/Tb(t1,) compared with
that in Pt/Tb(#rp)/[Co/Tb/Co], and has a different thick-
ness dependence in the two series. Similar trends are also
observed if we consider the SOT efficiency per unit electric
field &5 ) = &Ly pr)/ P (see Table II).

We note that &, and &/, are obtained by normalization
to the average current density j flowing in the multilay-
ers, such that even larger efficiencies would be obtained
by normalization to the current density flowing in Pt, as
often done in the literature. The dependence of é{)L(FL) on
the stacking order and Tb thickness can have several ori-
gins. First, the structural details of the multilayers and of
the interface with Pt generally change with the stacking
order, which may ultimately lead to changes of the SOTs.
This point is supported by the resistivity measurements,
which suggest that Tb deposited on Pt induces intermix-
ing between the two species rather than favoring sharp
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interfaces. Second, the Tb layer can be a source of
dampinglike and fieldlike SOTs in itself, with a contribu-
tion opposite to that of Pt. Such a scenario, which agrees
with a previous study of Pt/[Co/Ni]/Co/Tb multilayers
[37], is consistent with the enhancement of E{DL(FL) when Pt
and Tb are placed on opposite sides of the [Co/Tb/Co] tri-
layer. Third, placing the Tb layer on top of the stack might
provide an efficient sink for the spin current generated by
Pt and the Pt/Co interface [57]. The monotonic increase of
the dampinglike and fieldlike SOTs in this series is consis-
tent with both the second and third explanation taking into
account the finite spin diffusion length of Tb. Overall, even
if the exact mechanism giving rise to the enhancement of
&), and &, cannot be singled out with certainty, our data
indicate that Tb and the stacking order of Co/Tb multilay-
ers play a crucial role in determining the strength of the
SOTs.

B. SOTs in Pt/Th/Co and Pt/Co/Tb trilayers with
in-plane magnetic anisotropy

We quantify the dampinglike SOT efficiency in samples
with in-plane anisotropy following the method outlined in
Ref. [58]. Injection of a relatively small alternating current
[w/2m =10 Hz, j = (0.3-1) x 107 A/cm?] gives rise to
periodic oscillations of the magnetization about its equilib-
rium position. The second-harmonic Hall resistance related
to the current-induced fields and the thermoelectric signal
due to Joule heating can be written as

Hpr,

R = (RAHE +10aVT> cos ¢

ext

Hry, + Hoe

where [y is the amplitude of the injected current, « the
anomalous Nernst coefficient, VT the perpendicular ther-
mal gradient, and Hge, the demagnetizing field. Figure 5(a)
shows a representative angle scan measurement of R2¢
in Pt/Co/Tb(3) for different external in-plane fields along
with the fitting curves (dashed lines) given by Eq. (3).
In Fig. 5(b) we plot the cos ¢ component of RZ’, which
includes the combined contributions of dampinglike torque
and the Nernst (and/or Seebeck) effect. The amplitude
of the cosg component of R2’ decreases on increasing
the external field. The latter tends to rigidly align the
magnetization along its direction, suppressing the periodic
oscillations. This results in a reduction of the SOT and
therefore of R%” and its cos ¢ component. This field depen-
dence can be exploited to further separate the dampinglike
torque and the thermoelectric effects in the cos ¢ compo-
nent of R?¢. The anomalous Nernst effect depends only on
the magnetization direction and not on the external field
amplitude (provided that the magnetization is saturated),
whereas the SOT decreases at higher field, as already
discussed. Thus, the dampinglike effective field Hpy can
be quantified by performing a linear fit of the cosg
component of R2¢ versus the inverse of the external field
plus the demagnetizing field Hye [58], as shown in the
inset of Fig. 5(b). This experiment is repeated for all the
samples for several current densities to estimate xpp as
the slope of Hpp versus j, as done for the multilayers
with PMA in Sec. Il A. The values of xpp are reported
in Table I. Compared with the multilayers with PMA, the
dampinglike effective field in the samples with in-plane
anisotropy is 2 orders of magnitude lower. This is due to
the large magnetization on which the SOT acts, n is dom-
inated by the bulk magnetic moments of the Co layer (the

3
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(a) In-plane angular dependence of the second-harmonic Hall resistance of Pt/Co/Tb(3) for j = 0.8 x 107 A/cm?. (b)

Dampinglike and thermal contribution to the second-harmonic Hall resistance. Inset: linear fit of the cosine component of the second-
harmonic Hall resistance versus the inverse of the external field and the demagnetizing field acting against the the current-induced
field. (c) Dampinglike SOT efficiency versus Tb thickness. The error bars take into account the uncertainty of the linear fit of Hpp

Versus j .
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TABLE I. Saturation magnetization, demagnetizing field, dampinglike effective field per unit current density, and SOT efficiency in
trilayers with in-plane anisotropy. Errors are a fraction of the least significant digit.
M HoHdem XDL 158
(10° Am™") (T) (mT 1077 A~ cm?)

Pt/Tb(1)/Co 1.13 1.80 0.19 0.040
Pt/Tb(3)/Co 0.81 1.59 0.12 0.023
Pt/Tb(5)/Co 0.48 1.48 0.10 0.014
Pt/Co/Tb(1) 1.22 0.75 0.27 0.061
Pt/Co/Tb(3) 0.81 0.72 0.37 0.073
Pt/Co/Tb(5) 0.68 0.56 0.44 0.091

efficiency, calculated also here as S{DL = (2e/h)M;ty XDL,

is plotted in Fig. 5(c) as a function of rr,. Although &
is significantly lower in these samples compared with the
samples with PMA, it scales in the same way with try,
increasing (decreasing) in the trilayer with Pt/Co (Pt/Tb)
interface. The comparison between Pt/Tb/Co and Pt/Co/Tb
structures provides further evidence that the SOTs are very
sensitive to ¢1p and the stacking order of Co/Tb.

C. Current-induced magnetization switching

The large SOTs evidenced by the harmonic Hall effect
measurements in Sec. I[II A can be exploited to realize
current-induced magnetization switching with enhanced
efficiency relative, e.g., to Pt/Co bilayers. In order to study
SOT-induced switching in our multilayers with PMA, we
inject 10-ms-long current pulses of variable amplitude
through the Hall bar devices in the presence of an in-plane
bias field H, applied parallel to the current line. This field
is required to break the SOT symmetry and uniquely define
the switching polarity [1,13]. Figure 6(a) shows represen-
tative AHE hysteresis loops as a function of current mea-
sured for Pt/Tb(2)/[Co/Tb/Co] and Pt/[Co/Tb/Co]/Tb(2).
In both samples, the net magnetization switches from +M,
to —M, when the current is parallel to the in-plane field and
from —M, to +M, when it is antiparallel to it. The loops
of Fig. 6(a) have opposite polarity because the AHE has
opposite sign in these two samples at room temperature
[see Fig. 2(c)].

We repeat the measurements summarized in Fig. 6(a)
for all of the multilayers with PMA and several in-plane
magnetic fields to characterize the threshold current den-
sity jy, required to switch the magnetization. The data are
shown in Fig. 6(b) as a function of woH,. In the macrospin
approximation, the threshold switching current is given by
[29,59]

2e oMty (Hk H,

jth = - - ) ) (4)
h gy 2 V2

where #), is the thickness of the magnetic layer. Although
Eq. (4) does not apply to switching by domain nucleation
and propagation, which is the preferred mode of mag-
netization reversal in mesoscopic samples [47], one still

expects jy, to scale with H; and H, given that these two
fields determine the domain nucleation barrier. Figure 6(b)
shows that, despite the very large H; of our multilayers
(see Sec. II), we are able to switch all of the samples with
current densities below 2.5 x 107 A/cm? and in-plane field
H, <« Hj. This is due to the combined effect of strong
dampinglike SOTs and low M, owing to the ferrimagnetic
character of our multilayers. The strongest dependence of

(@) 400 - ‘+‘Pt/Tb(2)/[Co/+b/Co] +|;U[Co/Tb/Co]f;'b(2) I
| |
200 - \ ‘
= t |
o i
3 |
© |
—200 ¢ ‘ ‘
. ) -
—400 ¢ ‘
—4 -2 0 2 4
I (mA
(mA)
(b) 25 PYTb(1)/[CorTb/Co]
PY/Tb(1.5)[Co/Tb/Co]
¥X PUTb(2)/[ColTb/Co]
2.0 Pt/[Co/Tb/Co)/Tb(1)
N" PY[Co/Tb/Co}/Tb(1.5)
b+ ¢ b e O PY[Co/Tb/Col/Tb(2)
§ 157 AR *‘A' ]
XX O~ %
= L
~ 1.0y
= |ill:":‘:|=l:l:l:|:|:|:|:|
~3
0.5¢ &= 00 opgg I:
0.0 : : : : :
0.0 0.2 0.4 0.6 0.8 1.0
poH, (T)
FIG. 6. (a) Change of the anomalous Hall resistance due to

SOT-induced switching in Pt/Tb(2)/[Co/Tb/Co] with constant in-
plane field poH, = 182 mT and in Pt/[Co/Tb/Co]/Tb(2) with
woH, = 333 mT. The Hall resistance is plotted versus the ampli-
tude 7, of 10-ms-long current pulses. (b) Threshold current
density for switching as a function of the in-plane field (oH,.
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Ji on H, is found in the sample with weakest magnetic

=]
anisotropy, .narnely Pt/Tb(2)/[Co/Tb/Co], as expected. The B s =T8I R
samples with strongest anisotropy, where woH; > 6 T, § “L;:”T ST TFIY
present a much weaker dependence of jy, on H,, suggesting = G
that the in-plane field is not the main cause of reduction of o
the domain nucleation barrier in such a case. On the other 2 o
hand, ji, scales with &p; and M, in samples with compara- = WAS 218323288
ble anisotropy, such as in the Pt/[Co/Tb/Co]/Tb(try) series. Z WS ITFFYYT
To investigate the role of Joule heating in the switching < G
experiments, we measure the Hall effect by injecting dif- §
ferent current densities up to j >~ 2x10” A/cm?. We find ~ e 2IL2=J
that the coercivity decreases by about 30% upon increas- £ Ea TEFEET
ing j from 0.5 to 2x107 A/cm? (not shown). Likewise, ;
we also estimate the anisotropy field poH; in all the mul- % . <+ N O 0o O
tilayers and record a drop smaller than 25% from the case = 35 SSSsoe
of j < 1x107 A/em? to the case of j =2x107 A/cm?. g TErEET
Therefore we conclude that Joule heating does not play 2
a major role in determining jy, for j < 1x107 A/cm?, S; . _]L ‘€ - o own
whereas it partially assists the switching at higher current = f < : 2 e T IR
by decreasing the magnetic anisotropy energy barrier and S%s E <
favoring DW depinning. Indeed, ji, is determined by the E 5
interplay of several factors beyond Hj, H,, &pr, and M, 8 S oo
which include Joule heating as well as &g, the DMI and S 2 A2 g Qusaag
DW pinning properties of the multilayers. Overall, these =S =R
data show that SOTs can switch ferrimagnetic multilayers E z = <
with very strong PMA at a current density of the order of S g
107 A/cm?, similarly to what is observed in CoTb alloys E ; Lo |ea—ann
[28] Své éiv S~ Vv — N on AN
g 5 o
D. Current-induced DW motion =g :5 % xyeasg
SOTs can efficiently move DWs in suitable devices & & -
and heterostructures [13]. Compensated ferrimagnets are s % o~
particularly interesting for the SOT-induced DW motion ?.:" 5% % E § E 5 g
because the DWs can be propelled at very high speeds 53 ==
with moderate currents owing to their particular dynamical 5 E
properties near the magnetic and angular momentum com- 8 e = ) S« § Ui eal
pensation [11,27,31,32,60—62]. We investigate the current- 2 & A KN R
induced DW motion in the Pt/[Co/Tb/Co]/Tb(#r,) samples. g
We use a wide-field Kerr microscope configured in polar 88 ~
geometry to detect the out-of-plane magnetization com- 52 ;”WE = J8ZL&G
ponent in Pt/[Co/Tb/Co]/Tb(¢1p) racetracks and study the ?% R it
DW response to external fields and currents. The experi- .S g
mental procedure can be briefly described as follows. First, g’oé e
the magnetization is saturated along +z or —z by applying 5 bl I 3 poan=d
an out-of-plane magnetic field larger than the coercivity. o @ 32 |[TFever
Next, a domain with the opposite magnetization is nucle- f ; -
ated by the Oersted field produced by a short current pulse ; £ —_ —_
I injected into an electrically insulated wire crossing g f ?§ Tolg
the racetrack [Fig. 7(a)]. Finally, the DW is displaced by E g SEREESE
injecting current pulses along the DW track. We perform N5 g S Eooe
two types of experiments: (i) determination of the criti- - § 8?&% % %
cal current for depinning a single DW in the presence or Mg SZ2]EEE
absence of an out-of-plane field (H.); (ii) determination of 7 5 E E E é é §
the DW velocity in the absence of any applied field.s S g EEEEER
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FIG. 7. (a) Differential Kerr microscopy image showing
the nucleation of a magnetic domain (white region) in a
Pt/[Co/Tb/Co]/Tb(1) racetrack delimited by the red dotted line.
(b) Critical current density required to depin up-down and
down-up DWs as a function of applied out-of-plane mag-
netic field in Pt/[Co/Tb/Co]/Tb(1). (c) Effective out-of-plane
magnetic field corresponding to the depinning field AHgepin
(squares) and dampinglike SOT effective field —7 /2 x Hpy (cir-
cles) versus current density for both DWs and magnetic states in
Pt/[Co/Tb/Co]/Tb(1).

Figure 7(b) shows the critical current density jgepin
required to depin a DW as a function of H. for both the
up-down and down-up DWs in Pt/[Co/Tb/Co]/Tb(1). The
linear variation of jgepin (/) shows that the current induces
a dampinglike SOT that acts as an effective magnetic field
along +z, assisting or hindering H, to depin the DWs
[9,11,63,64]. In the one-dimensional DW model, neglect-
ing the spin-transfer and fieldlike torques, the effective
field induced by the current is given by HT = AHyepin,
where AHgepin is the change in the DW depinning field
under dc current injection. Alternatively, we estimate
Hfff = —(7/2)Hpy cos ¥, where Hp is the dampinglike
SOT effective field obtained by the harmonic Hall effect

measurements in Sec. [II A and W is the angle between
the DW magnetization and the x axis [65]. Figure 7(c)
compares HZeff obtained using AHgepin and — (7t /2)Hpy, for
different current densities. The two measurements are in
excellent agreement, which implies that the DWs are of
purely homochiral Néel type (i.e., ¥ = 0°). Moreover, the
DW motion along the current flow indicates that they have
left-handed chirality. This is consistent with the interfacial
DMI occurring at the Pt/Co interface with possible addi-
tional contributions from the inner interfaces between Co
and Tb and the top Tb/Ti interface [66]. Qualitatively the
same results are obtained for Pt/[Co/Tb/Co]/Tb(1.5) and
Pt/[Co/Tb/Co]/Tb(2), showing that the current-induced
DW depinning measurements can be effectively used to
identify the DW type and estimate the DL-SOT effective
field in this system. Next, we characterize the current-
induced DW velocities in Pt/[Co/Tb/Co]/Tb(1, 1.5, 2). To
do so, we capture a sequence of Kerr images while inject-
ing a train of current pulses through the track to move
a pre-nucleated DW, as shown in Fig. 8(a). To estimate
the DW velocity (vpw), we divide the total displacement
by the total pulse length. Figure 8(b) shows the results
from Pt/[Co/Tb/Co]/Tb(2), where vpw is plotted as func-
tion of current density j, for different pulse lengths 7,,. The
data exhibit several important features. First, the current
required to initiate the DW motion, i.e., the onset of the
linear regime, is strongly dependent on the pulse width and
is lower for longer pulses. This can be understood by the
effect of thermal activation on the DW depinning, which
is stronger for longer pulses. Second, in the linear regime
the slope vpw/j is approximately the same for all pulse
widths, suggesting that Joule heating plays a minor role in
vpw unlike in the depinning process. In all of the cases,
the depinning current in the Pt/[Co/Tb/Co]/Tb multilayers
is comparable to that found in Pt/Co;_, Tb, ferrimagnetic
alloys [27]. Third, the extrapolation of the linear fits yields
velocities in the range of 10-15 m/s for j, = 108 A/cm?.
These values are moderate in comparison with those of
other ferrimagnetic [27,31,67] and synthetic antiferromag-
netic [68] systems despite the strong SOTs. However, we
refrain from drawing definitive conclusions on the DW
velocity behavior of our films based on the available data
because we cannot conclude whether the upturn of vpw
is due to the onset of a wide creep regime or the flow
regime. In the former case, it is not possible to extrapolate
the velocities at higher current density.

Finally, we attempt to quantify the effective DMI field
Hpyp in all the samples studied above. To do so, we
measure jyepin as a function of applied in-plane field up
to H, = 40 mT, the maximum in-plane field available in
the Kerr microscope. If H, is applied opposite to Hpwmy,
we expect that the DW magnetization rotates first along
the y axis, i.e., the DW becomes Bloch-like for |H,| ~
|Hpwmi|, and then Néel-like with right-handed chirality for
|H;| > |Hpwmi| [11]. In the applicable in-plane field range,
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FIG. 8. (a) Series of Kerr differential images showing current-
driven DW motion in Pt/[Co/Tb/Co]/Tb(2) as hundreds of 20-
ns-long current pulses with j, = 3.6x10’ A/cm? amplitude
are injected along the track. (b) DW velocity as a function of
current density for different pulse widths 7, = 15-100 ns in
Pt/[Co/Tb/Co]/Tb(2). The errors in the DW velocity are due to
the arrival time uncertainty, which is larger when a small number
of pulses is used.

however, we do not observe any change in the sign of jgepin,
indicating that the chirality is not affected by H, and that
|[Hpmi| > 40 mT. These measurements show that Hpyy is
relatively strong in Pt/[Co/Tb/Co]/Tb.

IV. CONCLUSIONS

Our systematic study of synthetic ferrimagnets based
on Co/Tb layers shows that the magnetic properties, SOT
efficiency, and switching depend strongly on the stacking
sequence of Co and Tb in the heterostructures as well as
on the thickness of Tb. In Pt/[Co/Tb/Co]/Tb, the damping-
like SOT efficiency reaches 0.3, which we attribute to the
additive SOT contributions from the bottom Pt and the top
Tb layer. Our conclusion is also supported by harmonic
Hall measurements performed in the Tb/Co multilayers
with in-plane anisotropy. The high value of the SOT effi-
ciency in Pt/[Co/Tb/Co]/Tb is about two and three times
larger than that in Pt/Co and Pt/Tb/[Co/Tb/Co], respec-
tively. The PMA in these multilayers is very strong with
effective magnetic anisotropy fields estimated between 1
and 8 T. Despite the large PMA, the critical current for
magnetization switching is relatively low, of the order of
(0.52.5)x107 A/m?, depending on the assisting in-plane
field. Current-induced DW motion measurements reveal

that the DWs are of Néel type with left-handed chirality,
stabilized by interfacial DMI similar to Pt/Co bilayers. Our
experiments show that synthetic ferrimagnetic heterostruc-
tures have comparable or improved PMA, SOT, and DMI
relative to ferromagnetic systems and ferrimagnetic alloys.
The stacking order offers an additional degree of free-
dom to tune and maximize these parameters in spintronic
devices.
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