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We report the

realization of fully compensated

synthetic antiferromagnets (SAFs) in

Pt/Co/Ru/Fe;_,Tb, multilayers with perpendicular magnetic anisotropy, pronounced anomalous
Hall resistances and magneto-optical responses. In particular, the properties of SAFs are systematically
investigated through optimizing the thicknesses of the Co layer, the Ru spacer, and the concentration
(x) of the ferrimagnet (FIM) Fe,_, Tb, layers. The incorporation of the FIM Fe,_,Tb, films into SAFs
accelerates the search for a magnetic multilayer with fully compensated magnetism and exhibiting
pronounced anomalous Hall resistance and magneto-optical signals. These advantages enable spin-orbit-
torque switching and magneto-optical Kerr effect imaging experiments on the fully compensated SAFs
to be readily investigated. Through incorporating FIMs into SAFs, we believe that the present material
system could provide a promising platform not only for adequately addressing the fully compensated spin
dynamics of SAFs at room temperature, but also for developing intriguing SAF-based spin-orbitronic

devices.
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I. INTRODUCTION

Synthetic antiferromagnets (SAFs) made of magnetic
multilayers are intriguing alternatives to antiferromag-
nets for promoting ultradense and ultrafast antiferro-
magnetic (AFM) like spintronic devices [1]. These
magnetic multilayers are typically made of ferromagnet,-
nonmagnetic layer (such as Ru or Ir)-ferromagnet, trilay-
ers (FM|/NM/FM,), in which the two magnetic layers are
coupled through an interlayer Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction, via conduction-electron spin
polarization [2—6]. Their applications can be extensively
found in giant magnetoresistance and magnetic-tunnel-
junction devices [7—12]. Towards spin-orbitronic appli-
cations, SAFs with perpendicular magnetic anisotropy
(PMA) are of particular importance [13]. For example, a
large domain-wall (DW) velocity (up to 750 m/s) [14],
chiral-exchange drag [15], synthetic antiferromagnetic
skyrmions [16,17], and interlayer chiral Dzyaloshinskii-
Moriya interactions [18—20] have been discovered in these
SAFs with PMA.

To study the spin dynamics of FM-based SAFs by elec-
trical and optical methods, one needs to slightly adjust the
magnetization of the neighboring magnetic layers away
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from full compensation [21-25]. This is necessary to pro-
duce a finite, but small, net uncompensated magnetization
(Mhe), as shown in the top panel of Fig. 1(a). However, the
antiparallel alignment of the two FMs contributes destruc-
tively to electrical and optical stimulations. Thus, FM-
based (uncompensated) SAFs typically exhibit weak elec-
trical and optical responses. This has been remarked upon
previously: “Synthetic antiferromagnets never entirely
compensate” [26]. In this sense, the exploration of fully
compensated SAFs with a vanishing net magnetization
(Mnet = 0) and pronounced magneto-optical and electrical
responses is a great challenge for understanding and, more
importantly, for implementing SAF spintronics with zero
magnetism. Notably, a fully compensated magnetization
state (Mpet = 0) can be alternatively achieved in rare-earth
transition-metal (RETM) ferrimagnets, which, however,
exhibit a stronger anisotropy field (a few tesla) due to
antiferromagnetic coupling between the RE and TM sub-
lattices [27-29]. In SAF trilayers, the interlayer exchange
coupling is much weaker, which allows for the efficient
manipulation of SAFs by magnetic fields, electrical cur-
rents, and current-induced spin torques [1]. More impor-
tantly, room-temperature fully compensated SAFs can be
conveniently obtained via tuning the layer thickness and
composition. These are advantages of fully compensated
SAFs.
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FIG. 1.

(a) Schematic illustration of the film stack of SAFs: FM/Ru/FM and FM/Ru/FIM multilayers. Top FM layer will

be replaced by a FIM layer in the present study (lower panel). Magnetic hysteresis loops (top panels) and AHE loops (bottom
panels) of Pt(3)/Co(1)/Ru(3) multilayer (b), Ru(3)/(Fe-dominated)Fegg;Tbg 15(6.5)/SizN4(5) multilayer (c), and Ru(3)/ (Tb-
dominated)Feg 61 Tbg 39(6.5)/Si3N4(5) multilayer (d). Blue arrow denotes the magnetization orlentatlon of the Co layer (MCO) Dark-
and light-green arrows represent the antiparallel magnetization orientation of Tb (MTb) and Fe (MFe) elements, respectively.

Here, we experimentally demonstrate the realization
of a class of fully compensated SAFs with PMA at
room temperature, together with pronounced electrical and
magneto-optical responses in Pt/Co/Ru/Fe;_,Tb, multi-
layers. Through replacing one FM layer with a ferrimagnet
(FIM) layer of different chemical composition (atomic
ratio), Fe;_,Tb,, our material system could be advanta-
geous for studying several key spin-orbitronic properties
that are actively discussed for SAFs.

In FIM Fe;_,Tb, films, the net magnetization is deter-
mined by the two oppositely aligned Fe and Tb lattices as
follows: Mg, - 1o = M1, — MFe. The polar magneto-optical
Kerr effect (PMOKE) signal and anomalous Hall effect
(AHE) resistance are, however, governed by the magne-
tization of the 3d transition metal Fe, as a result of the rel-
atively low Fermi level of the 4f" rare earth Tb and its weak
coupling with conduction-electron spins [30-33]. Thus,
in fully compensated SAFs made of Pt/Co/Ru/Fe;_,Tby
multilayers, the net magnetlzatlon MFe Tb, 1S antiferro-
magnetically coupled to Mco, which manifests as a full
compensation of magnetization (Mnet = MFe o — MCO =
0), as illustrated in the bottom panel of Fig. 1(a). There
are, however, pronounced magneto-optical and anoma-
lous Hall responses, simply from the parallel alignment
of the transition-metal elernents,#MC0 and Mg., while
in the fully compensated states (M = 0). Notably, the

magnetic properties of the Fe;_,Tb, films can be easily
tuned through the composition and film thickness, while
maintaining a strong PMA [27-29,34,35]. These char-
acteristic features could substantially minimize growth
efforts for fabricating fully compensated SAFs with PMA,
and enable intriguing spin-orbitronic physics to be con-
veniently studied from electrical transport, optical, and
element-specific approaches.

II. EXPERIMENTS

Magnetic multilayers of stacking order Ta(1)/Pt(3)/Co
(fco) /Ru(try) /Fe1xThy (fre-15) /Si3N4(5)  (numbers in
parentheses are thicknesses in nanometers) are deposited
on thermally oxidized silicon substrates using an AJA
magnetron sputtering system (Orion 8). The base pres-
sure of the main chamber is better than 1 x 1078 torr
and the Ar pressure is 3.0 mtorr. A 1-nm-thick Ta layer
is used as an adhesive layer and a S5-nm-thick Si3Ny
layer is used to prevent oxidization of the Fe;_,Tb,
layers. Notably, a Pt(3)/Co(1)/Ru(3) multilayer and a
Ru(3)/Fe;_,Tb,(6.5)/SizN4(5) multilayer featuring PMA
are also synthesized for comparison. The Fe;_,Tb, lay-
ers are synthesized through cosputtering of the Fe and Tb
targets and the chemical composition (x) is adjusted by
varying the sputtering power of Tb, while keeping the Fe
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sputtering power constant. Magnetic and electrical trans-
port measurements are carried out by using a vibrating
sample magnetometer (VSM) and a home-built electri-
cal transport measurement system, respectively. Magnetic
multilayers are patterned into Hall bar devices with a
channel width of 20 gm by utilizing standard photolithog-
raphy and Ar-ion milling. Current-induced magnetization
switching is performed by injecting a current pulse of 2 ms
in duration into Hall bar devices, and the corresponding
AHE resistances are subsequently detected using a lock-in
amplifier (SR830). The polar Kerr rotation measurements
are performed with a home-built MOKE setup using a 633-
nm-wavelength He-Ne laser (power ~200 uW), which
is focused approximately to a 50-um spot on the film
plane. The polar MOKE microscopy imaging experiments
are conducted by using a MOKE imaging microscope
from evico magnetics (Dresden). All measurements are
performed at room temperature.

III. RESULTS AND ANALYSES

Figure 1(b) presents the perpendicular magnetic hystere-
sis loop (top panel) and the AHE loop (bottom panel) for a
Pt(3)/Co(1)/Ru(3) multilayer, confirming the presence of
PMA. The same experiments are also conducted on the Fe-
dominated [Ru(3)/F60,82Tb0.18(6.5)/Si3N4(5), X = 018]
and Tb-dominated [Ru(3)/Feo,61Tb0.39(6.5)/Si3N4(5),
x =0.39] multilayers, which also confirm the existence
of PMA, as shown in Figs. 1(c) and 1(d), respec-
tively. Notably, the polarity of the magnetic hystere-
sis loops (M — H,) are the same for the three sam-
ples, since the VSM measures the net magnetization
(Mnet = |M1:e o — MCO|) of the sample. The polarity of
the AHE loop (R,, — H.) of Tb-dominated Fegg;Tbg 39
is, however, opposite to the other two, suggesting an
antiparallel configuration of Mg, with respect to H..
As mentioned earlier, in Fe;_,Tb, films, the 3d transi-
tion metal Fe dominates the electrical transport property
[30-33]. Thus, a sign reversal of AHE loops is expected for
Fe-dominated Fe;_,Tb, (x =0.18) and the Tb-dominated
Fe;_,Tb, (x =0.39) multilayers, as a result of the oppo-
site magnetization orientations of the Fe element. Con-
sequently, the AHE measurement can be used to directly
distinguish the magnetism of Tb-dominated Fe;_,Tb,
(x =0.39) from that of Fe-dominated Fe;_,Tb, (x =0.18)
and Co layers, while the net magnetism exhibits a tiny
difference. These important characteristics motivate the
incorporation of FIM Fe,_,Tb, films into SAFs in the
present study.

Through interfacing two magnetic layers adjacent to a
nonmagnetic ultrathin metallic layer, interlayer exchange
coupling in the form of an interlayer RKKY interaction,
mediates the coupling between the two neighboring mag-
netic layers (Co and Fe,_,Tb, layers, in our case). This
interlayer coupling oscillates as a function of the interlayer

distance (tg,) between the two magnetic layers, which can
be tuned from FM to AFM couplings [4-6].

The effect of the Ru spacer in mediating the
interlayer RKKY exchange coupling is examined in
Pt(3)/Co(1)/Ru(try) /Feo.61Tbo39(6.5) multilayers. In this
case, the thicknesses of both the Co(1) and Feg 61 Tbg 39(6.5)
films are fixed, while the thickness of the Ru layer (#g,) is
being varied. The M — H, loops of these multilayers are
shown in the top panels of Figs. 2(a)-2(c), in which the
squared hysteresis loops confirm the presence of strong
PMA. When the Ru spacer is thin (fry < 1nm), the bot-
tom Co layer (MCO) and the top Feg ¢; Tbg 39 layer (Mpe Tb)
are ferromagnetically coupled, resulting in a parallel (fer-
romagnetic) alignment, which is known as a synthetic
ferromagnet (SFM). Through increasing the Ru thick-
ness (1 nm < tg, < 1.5 nm), interlayer exchange coupling
changes from ferromagnetic to antiferromagnetic interac-
tions, resulting in an antiparallel (antiferromagnetic) align-
ment of the magnetization of Co and Feg 4, Tbo 39 layers.
This behavior is consistent with the established scenario
for SAFs. Notably, interlayer exchange coupling vanishes
for a thicker Ru spacer (tg, > 1.5 nm) in which the Co
and Fegg1Tby39 layers respond differently to magnetic
fields and are magnetically decoupled (MDC), as shown
in Fig. 2(c). Thus, the onset of antiferromagnetic cou-
pling can be achieved in the Pt(3)/Co(1)/Ru(l < tgy <
1.5) /Feo.61 Tbo39(6.5) multilayers. This is evident from the
plateau at zero field, as shown in the top panel of Fig. 2(b).

The corresponding AHE measurements are also carried
out and shown in the bottom panels of Figs. 2(a)-2(c).
These data further confirm the perpendicular and antiparal-
lel configurations between the Co and Feg ¢, Tbg 39 layers.
It should be mentioned here that the magnetic properties
of the 6.5-nm-thick Feg ¢; Tbq 39 films are dominated bX the
Tb sublattice, in which the magnetization direction (Mry)
of the Tb sublattice is parallel to the net magnetization
direction (Mpe-1o = My — MFe), as well as the external
field, while Mp. is opposite to the external field, H,. At zero
field, a nearly compensated state (M, = 36 emu/cc) in
Pt(3)/Co(1)/Ru(1.1)/Feq 61 Tbg39(6.5) is observed. There
is, however, a pronounced difference in AHE resistances,
vghich occurs as a result of the same directions of Mg, and
Mc, contributing constructively to the AHE resistances, as
shown in Fig. 2(b).

The shape of the hysteresis and AHE loops can be under-
stood as follows: magnetization of the Co layer (MCO)
first reverses its direction at —300 Oe (before zero field)
and then the net magnetization of the Feg¢ Tbose layer
(MFe Tb) reverses its orientation at +600 Oe, through
sweeping H, from —1000 to 41000 Oe. In the full loop,
four different magnetization configurations can be iden-
tified, which are schematically illustrated in the bottom
panel of Fig. 2(b). Notably, a systematic investigation
of the other Pt(3)/Co(1)/Ru(try)/Feo1Tbo39(6.5) SAFs
with varied thicknesses of the Ru spacer (fz,) can be
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FIG. 2. Magnetic hysteresis loops (top panels) and anomalous Hall effect loops (bottom panels) of

Pt(3)/Co(1) /Ru(try)/Feg61 Tby39(6.5)/Si3N4(5) samples with three different Ru spacer thicknesses (fgy) of 0.7 nm (a), 1.1 nm
(b), and 2.0 nm (c). Dark and light colors represent ascending and descending branches, respectively, of the whole sweeping loop,
which is indicated by the dotted line arrows in the top panel of (b). Four different magnetization states are also schematically marked
in the bottom panel of (b). Blue arrows denote the magnetizations, Mco, of the Co layer. Dark- and light-green arrows represent
antiparallel magnetizations, Mry, and My, of the FIM Fe,_, Tb, layers, respectively. (d) Antiferromagnetic exchange-coupling field,

Hrkc, as a function of try.

found in Fig. S1 within the Supplemental Material [36], in
which similar field-driven multistate switching behaviors
are identified.

The AFM exchange-coupling fields, Hapgc, of these
Pt(3)/Co(1l)/Ru(try)/Feg61 Tby39(6.5) SAFs can be quan-
tified by performing minor-loop measurements [37—39],
through fixing the layer with a larger coercive field
(see Fig. S2 within the Supplemental Material [36]).
Figure 2(d) summarizes the evolution of the antiferromag-
netic exchange field, Hargc, as a function of the thickness
of the Ru spacer (fgy). The maximum antiferromagnetic
exchange field, Hargc, can reach 440 Oe in the tg, =
1.1 nm multilayer.

Through tuning the thickness of the nonmagnetic
Ru spacer (zry), although we realize SAFs at room
temperature, there is, however, finite magnetization
(Mnet =36 emu/cc). To demonstrate_ the realization
of fully compensated magnetism (Mnet =0) in the
Pt/Co/Ru/Fe;_,Tb, multilayers, we continue to explore
the influence of the chemical composition (x) of the
Fe,;_,Tb, layer, while fixing the Ru thickness at tg, =
1.1 nm. Notably, the chemical composition could directly
tune the net magnetization of the Fe;_,Tb, layers, which,
in turn, modulates the interlayer RKKY coupling strengths
and types.

The top panels of Fig. 3(a) show the hysteresis
loops (M — H.) of Pt(3)/Co(1)/Ru(1.1)/Fe;_,Tb,(6.5)
SAFs with a varying Tb concentration (x). At x =0.35
(FepgsTbgss), it is clear that fully compensated

magnetization (Mnet = Mpe “Tb — A7ICO =0)can be gbtained
at zero magnetic field. In this case, Mg, .1, and Mc, are
the same amplitude but opposite in orientation. The full
cancellation of each other at zero field thus gives rise
to fully compensated magnetism. Through changing the
Tb concentration (x), the amplitude of Mpe .1, could be
larger or smaller than that of M,, resulting in partly com-
pensated SAF states. Figure 3(b) plots the evolution of
Myt (zero field) as a function of Tb concentration (x).
Following a decrease in x, the net magnetization, M
(at zero field), crosses zero, at which the SAF is fully
compensated.

The corresponding AHE loops are also measured and
shown in the bottom panels of Fig. 3(a). Following the
continuous change of Tb concentration (x), a relatively
large change of the AHE resistance, ARy = 1.5 €2, can be
observed between the two antiferromagnetic states (H, =
0). In the Pt/Co/Ru and Ru/Fegs;Tbg39/SizNy trilay-
ers, the magnitude of AHE resistances (ARy) are about
0.8 and 0.6 2, respectively. This thus demonstrates that
the additive AHE responses are achieved in our SAF
trilayer. Moreover, the antiferromagnetic exchange field,
Harec (Harec = 810 Oe), obtained from the minor loops
of Co layers (see Fig. S2 within the Supplemental Material
[36]) increases with a decrease in Tb concentration (x =
0.26), which is shown in Fig. 3(c). It is also demonstrated
that the antiferromagnetic exchange-coupling field, Hargc,
is modulated through changing the Tb concentration (x) in
the FIM Fe,_, Tb, layer.
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FIG. 3.

(a) Hysteresis loops (top panels) and AHE loops (bottom panels) of the Pt(3) /Co(1) /Ru(1.1) /Fe;_Tb,(6.5)/Si3N4(5) SAFs

with varying Tb concentration (x = 0.39, 0.35, 0.31, and 0.26). (b) Net magnetization, M., at zero external field as a function of Tb
concentration (x). Dotted line is zero net magnetization of the fully compensated SAF (M,,¢r = 0). (c) Evolution of the antiferromagnetic
exchange-coupling fields, Hapgc, as a function of Tb concentration (x) for Pt(3)/Co(1)/Ru(1.1)/Fe;_,Tb,(6.5)/SizN4(5) SAFs.

Similarly, fully compensated magnetism can be achieved
by changing the thickness of the Co layer (#c,) in
Pt(3)/c0(tco)/Ru(1.1)/F€0'61Tb0'39(6.5), by ﬁXil’lg the
thickness of the Ru spacer (1.1 nm) and the thickness of
the FIM Fe( 41 Tbg39 layer (6.5 nm), as shown in Fig. 4.
There, one can find that the increasing thickness, and
hence, increasing total magnetic moment of the Co layer,
continuously modulates the level of magnetization com-
pensation at zero field. In particular, a fully compensated
SAF is evident with tc, = 1.2 nm.

In the following, we continue to reveal the accompa-
nied magneto-optical responses by performing PMOKE
measurements. Measurements are done in a typical
polar Kerr configuration, in which the laser beam is

reflected at normal incidence and the external field
is applied perpendicular to the sample plane (along
the laser incidence direction) [40]. Specifically, three
representative samples are studied: Pt(3)/Co(1)/Ru(3),
Ru(3)/Feo_61Tb0_39(6.5)/Si3N4(5), and Pt(3)/C0(1)/Ru
(1.1)/Feg 61 Tbg 39(6.5)/Si3N4(5). The corresponding Kerr
hysteresis loops (fx — H.) are shown in Figs. 5(a)}-5(c).
For these trilayers, both the shapes and field depen-
dences of the 6x — H, loops are consistent with the
AHE results. In Pt/Co/Ru/Feg s Tbg39/Si3N4, the mag-
nitude of the saturated Kerr rotation, 6 ~ 1.5 mrad,
in the fully compensated state is observed, which
is larger than the ferromagnet- (6x ~ 1.0 mrad in
Pt/Co/Ru) and ferrimagnet-based (6x ~ 1.1 mrad in
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FIG. 4. Perpendicular magnetic hysteresis loops of Pt(3) /Co(zc,) /Ru(1.1) /Feg 61 Tbg39(6.5)/SizN4(5) SAFs with varying Co-layer
thickness (Zc,). Notably, Co layer of 1.4 nm exhibits weak PMA compared with Co layers of 0.8, 1.0, and 1.2 nm. Net magnetization of
Pt(3)/Co(1.2)/Ru(1.1)/Fe 61 Tb39(6.5)/SizsN4(5) SAF vanishes and the fully compensated SAF can be achieved through optimizing
the thickness of the Co layer.
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FIG. 5.

Hysteresis loops from polar MOKE magnetometry, in which Kerr rotation, 6k, as a function of perpendicu-

lar magnetic field (H.) is measured in multilayers of (a) Pt(3)/Co(1)/Ru(3), (b) Ru(3)/Fe1Tbo39(6.5)/SizN4(5), and (c)

Pt(3)/Co(1)/Ru(1.1)/Feq 61 Tbg39(6.5) /SizN4(5).

Ru/Feg61Tbo39/Si3Ny) multﬂayers Therefore even the
net magnetization (Mnet = MFe b — McO =0) is fully
compensated at zero field (H; = 0); the same orientation
of Mcore in the SAFs contributes constructively to the
PMOKE signals.

The spin-orbitronic responses of the fully compensated
SAFs, through performing current-induced spin-orbit
torque (SOT) switching, are subsequently examined
[41-44]. Notably, current-induced SOT switching is stud-
ied in Co-Fe/Ru/Co-Fe [45], Co/Ir/Co [25], Co-Fe-B/
Ta/Co-Fe-B [46,47], (Co/Pt/Co)/Ru/(Co/Pt/Co) [23],
and (Co/Pd/Co)/Ru/(Co/Pd/Co) [24,48] with uncom-
pensated magnetization. Arising from the spin Hall effect
of the heavy-metal Pt layer, current-induced SOT can be
implemented for electrically manipulating the fully com-
pensated magnetism in Pt/Co/Ru/Fe;_,Tb, multilayers.
More importantly, pronounced differences in the AHE
resistance (ARy ~ 1.5 Q) of the two opposite and fully
compensated antiferromagnetic states enable its reliable
readout. This is another distinct difference of our mate-
rial system, compared with other uncompensated SAFs
with extremely weak AHE resistance that are frequently
discussed.

The optical image of the Hall bar device made from the
fully compensated Pt(3)/Co(1)/Ru(1.1)/Feg5Tbg 35(6.5)
SAF is given in Fig. 6(a). The current-driven SOT-
switching measurements are performed with in-plane
fields, H, = 1000 Oe, that are required for deter-
ministic switching. Figure 6(b) shows current-driven
SOT switching as a function of the current pulse
(2 ms) of different amplitudes. It can be seen that the
switching polarity reverses after applying opposite in-
plane fields, which is consistent with the established
SOT-switching scheme. The switching process in the
Pt(3)/Co(1)/Ru(1.1)/Feg¢5Tbg35(6.5) SAF can be under-
stood as follows: during SOT switching, magnetization of

the Co layer (A7ICO) is directly switched by current-induced
SOT from the spin Hall effect of the adjacent Pt layer.
Subsequently, Mp._.1p, is switched by antiferromagnetic
exchange-coupling torques between the Co layer and the
FIM F60,65Tb0435 layer [49,50].

The SOT effective field (AH;) and the effective spin
Hall angle (9§g) are subsequently quantified by perform-
ing the first- and second-harmonic Hall voltage measure-
ments under a low-frequency ac current (J¢) [51-53].
More experimental details and theoretical discussions can
be found in Part 3 of the Supplemental Material [36].
The dependence of the current-induced effective field on
the applied current density, J¢, is summarized in Fig.
S3(c) within the Supplemental Material [36]. Consider-
ing the longitudinal contribution, the effective spin Hall
angle can be derived from the following equation: Ggg =
e/h)Mtem(AHL /Jc). Here, Qgg is the effective spin Hall
angle; e is the elementary charge; A is the reduced Planck
constant; M, is the saturated magnetization of the Co layer,
assuming that the SOT acts directly only on the Co layer;
tpMm 18 the thickness of the magnetic layer. A linear fitting of
AH; versus J¢ enables 9§g ~0.172 to be obtained, assum-
ing that the SOT acts directly on the adjacent Co layer
[23,24].

More importantly, the two fully compensated antifer-
romagnetically configurations (at zero field), which are
switched by the SOTs, can also be electrically readout
by the pronounced AHE resistances. Through comparing
the resistance changes induced by magnetic fields, one
can conclude nearly 100% switching of fully compensated
magnetization by the current-induced SOTs. A switching
phase diagram summarizing the critical switching current
density (J¢) and external in-plane fields (H,) is given
in Fig. 6(c). Following the increase of H,, Jc decreases
monotonously, which occurs as a result of the reduced
energy barrier between the two antiferromagnetic states.

044056-6
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FIG. 6. (a) Optical image of the Hall bar device made
from the fully compensated SAF of stacking order

Pt(3)/Co(1)/Ru(1.1)/Feq¢5Tbg35(6.5)/SizN4(5). (b) Current-
induced SOT-switching measurements performed with in-plane
fields of £1 kOe. Two switched states are two fully compen-
sated antiferromagnetic configurations, as schematically shown
in Fig. 2(b). (c) Switching phase diagram acquired at different
in-plane fields, H,. (d) Polar MOKE images at subsequent
current pulses during SOT switching with in-plane field of
—1 kOe (along the current direction). Isolated SAF magnetic
bubbles are indicated by yellow dotted circles in (d).

Notably, current-induced SOT-switching data acquired
under different in-plane fields can be found in Fig. S4
within the Supplemental Material [36].

By utilizing polar MOKE microscopy, we not only
demonstrate the pronounced magneto-optical contrast of
these fully compensated SAFs, but also directly ver-
ify current-induced SOT switching in the fully compen-
sated SAFs. Similar to the spin-dependent transport and
PMOKE signals, the contrast changes during the PMOKE
imaging experiment are also dominated by the magneti-
zations, Ajlc(,,pe, in these SAFs. Figure 6(d) displays the
PMOKE images that are obtained under different ampli-
tudes of current pulses, in the presence of an in-plane
field of —1 kOe along the current direction. Following
the increased amplitudes of the current pulse, one can evi-
dently identify that SOT switching takes place through
DW nucleation and expansion [54-57]. In particular, a
few isolated bubblelike domains are identified during the
switching process. Considering the presence of the chiral
intralayer (Pt/Co interface) and (possible) chiral interlayer
coupling in the present material system [18—20], one may

expect the chiral nature of these isolated magnetic bubbles
in both the Co and FeTb layers, which will be investigated
in the future.

IV. CONCLUSION

Through replacing a ferromagnetic layer by a ferrimag-
netic layer of composition Fe;_,Tb,, we experimentally
demonstrate the realization of fully compensated SAFs in
Pt/Co/Ru/Fe,_, Tb, multilayers. Since the FIM Fe;_, Tb,
exhibits a bulk perpendicular magnetic anisotropy, the
present material system could largely minimize growth
efforts in making SAFs with PMA. Furthermore, the choice
of the FIM Fe;_, Tb, film produces pronounced AHE and
PMOKE responses in the fully compensated SAFs with
zero net magnetization. Through optimizing the thickness
of the Co layer, the Ru layer, and the concentration (x)
of the FIM Fe;_,Tb, layers, the magnetic and transport
properties of the fully compensated Pt/Co/Ru/Fe;_,Tb,
multilayers are systematically investigated. Current-driven
SOT switching, together with pronounced AHE resistances
and PMOKE responses of the fully compensated SAFs are
also demonstrated. Our material system could be useful
for studying several intriguing SAF-based chiral spin-
orbitronic phenomena. For example, through optimizing
the interlayer and intralayer chiral-exchange interaction
in these multilayers, one can easily explore the forma-
tion and dynamics of the fully compensated SAF domain
walls and skyrmions, by electrical, optical, and element-
specific means. Thus, the present material system may hold
promise for SAF-related spin-orbitronic devices.
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