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Compensated ferrimagnets (FIMs) made of rare-earth transition-metal compounds have stimulated
increasing interest for enabling fast spin dynamics. Taking Fe-Tb compounds as an example, substantial
efforts have been made on the study of compensated magnetism and its potential spintronic applications.
Current-induced spin-orbit torque (SOT) switching and its evolution with compensated ferrimagnetism
in these compounds, however, remain to be systematically explored, which motivates the present study.
By combining magnetometry and anomalous Hall effect measurements, a compositional magnetization
compensation point (x. = 0.25) is determined for Fe,_, Tb, films of a fixed thickness of 6.5 nm. The anti-
ferromagnetic coupling between Fe and Tb sublattices is directly revealed by conducting element-specific
x-ray magnetic circular dichroism measurements. The evolution of SOT switching as a function of Tb con-
centration (x) in Pt/Fe;_,Tb,/Ta multilayers is subsequently investigated. An enhanced SOT efficiency
(approximately 3 times) is obtained at x. = 0.25. By conducting an endurance test, reliable SOT switching
is revealed for over 10* cycles. Our work suggests that compensated FIMs of composition Fe;_, Tb, could

be implemented for realizing efficient and stable spin-orbitronic performances.
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I. INTRODUCTION

Compensated ferrimagnets (FIMs) with bulk perpen-
dicular magnetic anisotropy (PMA) have attracted grow-
ing attention from the spintronic community, due to
their potential applications in high-density, high-speed,
and high-efficiency spin-orbitronic devices [1-5]. Typ-
ical FIMs are made of two or more inequivalent and
antiparallel sublattices, which lead to antiferromagnet
(AFM)-like spin dynamics [6—8]. In contrast to stan-
dard AFMs, a finite net magnetization remains in FIMs,
as a result of the uncompensated moments from sub-
lattices, which can be easily manipulated and detected
[9—15]. Along this direction, significant progress has been
made, including efficient magnetization switching [9,10,
16], ultrafast current-driven domain wall motion [17-21],
and the realization of nanoscale ferrimagnetic skyrmions
[22-25]. There progresses were made typically through
utilizing current-induced spin-orbit torques (SOTs) by
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interfacing compensated FIMs with heavy metals (HMs),
which exhibit strong spin-orbit couplings [26—30]. The
involved compensated FIMs of composition Gd-Fe-Co and
Co-Gd [9,12,16,31] generally possess a relatively weak
PMA and hence a weak magnetic anisotropy energy (K,,).
In this work, we study the evolution of SOT switch-
ing and its connection with compensated magnetism in
Fe,_,Tb, films, which exhibit a rather strong PMA and an
enhanced K,,.

This paper is organized as follows. (1) Magnetometry
together with anomalous Hall effect (AHE) measurements
are conducted to determine the compensated magnetism in
Fe,_,Tb, films. (2) The onset of AFM coupling is iden-
tified using the element-specific x-ray magnetic circular
dichroism (XMCD) technique. (3) Current-induced SOTs
are utilized to switch the magnetization. (4) Harmonic Hall
measurements are employed to identify the SOT efficiency,
revealing an enhanced SOT efficiency when fully compen-
sated magnetism occurs. (5) An endurance test is made by
repeating SOT switching for over 10* cycles. Our results
demonstrate that the Fe;_,Tb, compensated FIMs could
provide a promising platform for spin-orbitronic devices,
while exhibiting high efficiency and stability.
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II. MATERIALS AND METHODS

Magnetic multilayers of stacking order Ta(l)/Pt(3)/
Fe;_Tb,(6.5)/Ta(3)/Si3N4(5) (numbers denote the thick-
ness in nanometers) are fabricated on thermally oxidized
silicon substrates using an ultrahigh-vacuum magnetron
sputtering system. The base pressure of the main cham-
ber is better than 1 x 10~® Torr and the Ar pressure is
3 mTorr. A 1 nm Ta layer is used as an adhesive layer and
a Si3Ny (5 nm) layer is used for preventing oxidization.
Note that the Si3Ny4 layer is deposited through using a com-
pound Si3Ny sputtering target. The amorphous Fe;_, Tb,
layers are synthesized by co-sputtering Fe and Tb targets,
in which Tb concentration (x) can be adjusted by fixing
the growth power of Fe target while changing the growth
power of Tb target. No detectable segregation of Fe and
Tb elements is observed in a high-resolution transmission
electron microscopy experiment [32].

Magnetic properties of films are characterized using a
superconducting quantum interference device and vibrat-
ing sample magnetometry. The AHE measurements are
performed using a home-built electrical transport mea-
surement system. Magnetic multilayers are patterned into
standard Hall bar devices with a channel width of 20 um
utilizing standard photolithography and Ar ion milling.
Current-induced magnetization switching is performed
by injecting current pulses of duration of 2 ms into
the Hall bar device and the corresponding AHE resis-
tances are detected using a lock-in amplifier (SR830).
A low-frequency alternating-current (ac) harmonic mea-
surement using the lock-in technique is employed and
two lock-in amplifiers are used to simultaneously record
the first-harmonic (V) and second-harmonic (V5,) sig-
nals. Element-specific x-ray absorption spectroscopy and
XMCD magnetometry measurements are conducted at the
Fe L3 and the Tb M, 5 edges at the BOREAS beamline of
ALBA Synchrotron Light Source [33]. In the XMCD mea-
surements, magnetic fields are applied collinearly along
the incoming x-ray direction and normal to the sample
plane, which is sensitive to the perpendicular magnetiza-
tion component.

ITI. RESULTS AND DISCUSSION

A. Compensated magnetism in Fe;_, Tb, ferrimagnet

Figure 1(a) shows the perpendicular magnetic hystere-
sis loops (M—H,) of Pt/Fe;_, Tb,/Ta multilayers, in which
Tb concentration (x) is changed from x = 0.18 tox = 0.37.
The observed square loops confirm the presence of PMA.
Due to the AFM coupling between the Tb (m,) and Fe
(mp.) elements [see the inset of Fig. 1(a)], an increased Tb
concentration (x) leads to a reduced net saturation magne-
tization My, which reaches a minimum around x = 0.25, as
shown in the top panel of Fig. 1(b). A further increase of Tb
concentration leads to a maximized Mg ~ 282 emu/cm?

at x = 0.37. When x > 0.37, the absence of PMA occurs,
which is irrelevant to this study.

The anisotropy field (Hg) is determined from pla-
nar Hall effect (PHE) measurements, which increases to
approximately 9 T at x = 0.27, as shown in the top panel
of Fig. 1(b). The PHE loops can be found in part 1 of the
Supplemental Material [34]. For comparison, the magnetic
anisotropy energy constants K, (= (1/2)M;H) of typical
rare earth (RE)-transition metal (TM) FIMs are summa-
rized in Table I of the Supplemental Material [34]. It can
be seen that Fe;_, Tb, films possess larger K,,, as compared
with other RE-TM FIMs [9,12,16,35]. The evolution of
coercive field He as a function of Tb concentration (x)
is shown in the bottom panel of Fig. 1(b), which reaches
its maximum at x = 0.25. Thus, a compositional compen-
sation point at x, = 0.25 can be determined, at which the
magnetic moments of Fe (mg.) and Tb (mry,) sublattices
are fully compensated. Below x. (x < 0.25), magnetic
properties are Fe-dominated, in which the net magnetiza-
tion orientation (mpetp) 1S along Fe sublattice (mp.) and
antiparallel to Tb sublattice (mty). Above x. (x > 0.25),
magnetic properties are Tb-dominated, in which the net
magnetization orientation (mgery,) is along Tb sublattice
(mTp) and antiparallel to Fe sublattice (mg.). Note that
a compositional compensation point x. = 0.47 has been
determined in 20-nm-thick Fe,_,Tb, single layers [32].
This can be attributed to the thickness-dependent magnetic
properties of Fe-Tb, which has been suggested in earlier
studies [15].

The results of AHE measurement are shown in Fig. 1(c).
The polarity of the AHE loops reverses its sign at the
opposite sides of x. = 0.25, which is similar to the case
of Co;_,Gd, and Co;_,Tb, films [9—12]. This can be
explained by the dominance of spin-dependent transport
properties from the outer shell 3d magnetism of Fe sub-
lattice, as compared with the inner shell 4/ magnetism
of Tb element [36—38]. This also explains the sign rever-
sal of the AHE resistances between the Fe-dominated
(x=0.18-0.25) and the Tb-dominated (x =0.25-0.37)
samples, as shown in Fig. 1(d). Note that the amplitude of
the AHE resistance (|AR,,|) shows a monotonic decrease
following the increase of Tb concentration (x), implying a
monotonic reduction of the magnetization of Fe sublattice.

The element-specific XMCD measurement probes
directly the relative changes of perpendicular magneti-
zation of Fe (mf,) and Tb (m7,) elements. The XMCD
hysteresis loops for Feg76Tbg 24 and Feg¢sTbg 3, films are
shown in Figs. 2(a) and 2(b), respectively. In both samples,
the switching polarity of Fe element (mg.—/1.) is oppo-
site to that of Tb element (m7,—H;), which confirms the
AFM coupling between Fe and Tb elements. Moreover,
the switching polarity of Fe element in the Feg3Tby 32
film is opposite to that of Fe element in the Fej76Tbg 24
film, which is consistent with the reversed sign of the
AHE loops across x., as shown in Fig. 1(c). Thus, AFM
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(a) Magnetic hysteresis loops of Pt/Fe;_,Tb,/Ta multilayers with increasing Tb concentration (x). The brown and blue

arrows denote the magnetization orientations of Fe and Tb sublattices, respectively. (b) The evolution of the net saturation magneti-
zation My, the magnetic anisotropy field Hk, and coercive field H¢ as a function of Tb concentration (x). (c) The corresponding AHE
loops. (d) The AHE resistance difference AR, as a function of Tb concentration (x). The compositional compensation point x, = 0.25

is marked as the dashed line.

coupling between Fe and Tb elements, together with their
sign reversal across the compositional compensation point
(x. = 0.25), are observed in Fej76Tbg24 (Fe-dominated)
and Fe( ¢gTbg 3, (Tb-dominated) films.

B. Spin-torque switching of compensated Fe;_, Th,
ferrimagnets

In a Pt/Fe,_,Tb,/Ta multilayer, the bottom Pt and the
top Ta layers, which exhibit opposite spin Hall angles [28,
29,39,40], can afford complementary SOTs, as schemat-
ically shown in Fig. 3(a). An optical image of the Hall
bar device is given in Fig. 3(b). During the SOT switch-
ing measurements, varied amplitudes of current pulses, but
with a fixed duration of 2 ms, are applied. Simultaneously,
a longitudinal in-plane magnetic field (H,) is applied along
the current direction (the x axis). Between two consecutive
pulses, the magnetization states can be inferred from the
AHE resistance (R,,). Current densities flowing in HMs
(J¢) are estimated based on a parallel resistor model.

Under H, = 4100 mT, the polarity of the SOT
switching reverses its sign, as shown in Fig. 3(c). Mean-
while, under the same direction of H,., the switching polari-
ties reverse their signs across the compositional compensa-
tion point (x.). To qualitatively verify the dominant role of
interfacial SOT, inverted multilayers, Ta/Feg76Tbg24/Pt
(Fe-dominated) and Ta/Feg¢5Tbg3s5/Pt (Tb-dominated),
are examined. In these inverted multilayers, SOT switch-
ing is from the opposite spin polarization (—o) of Ta and
Pt layers, which should result in an opposite direction of
dampinglike effective field (HpL ~ —0 X migtp). In this
case, an opposite polarity of SOT switching is observed,
which strongly suggests the dominant role of interfacial
SOTs, as shown in part 3 of the Supplemental Material
[34].

A control sample of stacking order SiO;/Feg ¢3Tbg 37/
Si3Ny is also studied, which exhibits no switching events
with current density up to 10® Acm™2 (see part 4
of the Supplemental Material [34]). This affirmatively
excludes the appreciable contribution of bulk self-torque in
Fe-Tb single layer, which has been frequently identified
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FIG. 2. XMCD hysteresis loops of Fe and Tb elements in Fe-dominated Feg 76Tbg 4 (a) and Tb-dominated FeggsTbg 3, (b). The
brown and blue arrows denote the magnetization orientations of Fe and Tb sublattices, respectively.

in RE-TM compounds [32,41—43]. For the thin (6.5 nm)
Fe,_,Tb, layers in the present work, the bulk self-torque
can be quite weak, as compared with interfacial SOT asso-
ciated with Pt and Ta layers. Note that Zhu et al. have
also suggested a negligible bulk self-torque in single-layer
Fe,_,Tb, of thickness of 8 nm [44].

Near the compositional compensation point (x.), an
anomalous switching behavior is observed in the Tb-
dominated samples (x = 0.27, 0.32). Specifically, the field-
driven AHE loop exhibits a Tb-dominated feature, whereas
the SOT switching exhibits characteristics as those of
the Fe-dominated films. This anomalous SOT switch-
ing phenomenon can be attributed to the current-induced
Joule heating that raises the device temperature during the
switching measurement [9,45]. This can also be under-
stood by invoking the characteristic magnetization com-
pensation temperature (7)) in RE-TM compounds. Below
and above T, the dominant magnetization is from either
the RE or TM sublattices, which exhibit an opposite sign of
AHE loops. Thus, the elevated temperature alters the dom-
inant magnetization from Tb sublattice to Fe sublattice,
which causes such an anomalous behavior. To show the
influence of Joule heating on compensated magnetisms,
the AHE measurements under different electrical currents
are performed for Pt/Feq s Tbg 32/ Ta multilayers. Follow-
ing the increased current densities, a sign reversal of the
AHE loops can be observed at large electrical density as
shown in Fig. S6 of the Supplemental Material [34].

The evolution of critical switching current density (Jg‘)
as a function of H, is summarized in Figs. 4(a) and 4(b),

in which stable SOT switching is evident for the Fe-
dominated and Tb-dominated samples, respectively. The
amplitude of Jg‘ reduces with increased H,, which occurs
as a result of the reduced energy barrier [27-29]. Specifi-
cally, the magnetization orientation of Fe sublattices in the
Fe-dominated (Tb-dominated) samples is switched from
the down state (up state) to the up state (down state) under
the positive H, and positive J¢, respectively. A variation
of Jéh with Tb concentration (x) together with a maximized
Jg‘ at x. = 0.25 are observed, as shown in Fig. 4(c). A fur-
ther increase of Tb concentration (x) above x. leads to a
decreased J2I.

To quantify the SOT efficiency, harmonic Hall voltage
measurements are carried out [46—50]. The dampinglike
effective fields (Hpr) can be determined by sweeping
H, [28,29]. Figures 5(a) and 5(b) [5(c) and 5(d)] cor-
respond to the first-harmonic V7, and second-harmonic
V>, signals as a function of H, for the Fe-dominated
Feg.s0Tbg2o [Tb-dominated Fejg5Tbg35] samples at Jo =
0.3 x 107 A cm™2, respectively. In particular, Hp; can be
calculated:

(1)

For the upward (net) magnetization states [brown curves
in Figs. 5(a)-5(d)], both reversed V', and V5, signals can
be observed, implying the same sign of Hpy for both the
Fe-dominated and the Tb-dominated samples. Since the
PHE resistance (Rpyg) is much smaller than the AHE
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(a) Schematic illustration of SOT switching in Pt/Fe;_,Tb,/Ta multilayers. The red and green arrows correspond to the

orientation of spin polarizations. (b) An optical image of the Hall bar devices and the measurement configuration. (c) The current-
induced SOT switching under opposite in-plane fields of Ay = £100 mT for samples with various Tb concentrations (x). The dashed

arrows depict the switching polarities.

resistance (R,,) in Fe;_,Tb, films (Rpue/R,, ~ 0.05),
the contribution from Rpyg is neglected. In addition, the
temperature rise from Joule heating and the resulting
anomalous Nernst effect are estimated in part 6 and part
7 of the Supplemental Material, respectively [34].
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summarized in Fig. 5(e). Through a linear fitting, the
SOT efficiency xsor (xsor = Hpr/Jc) for FeggoTbo 2o
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current densities (Jéh) are acquired under various in-plane fields H,. (c) The dependence of Jg‘ as a function of Tb concentration (x).
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Fe-dominated Fe g0 Tbg 29 sample. (c¢) The first-harmonic 7, and (d) second-harmonic V,,, Hall signals as a function of H, for the Tb-
dominated Feg ¢5Tbg 35 sample. (¢) The dependence of dampinglike effective field Hpy, on the current density J¢ for Pt/Fe;_, Tb,/Ta
and SiO,/Fe;_,Tb, /Si3N,4 samples. (f) The evolution of SOT efficiency xsor (left panel) and the inverse magnetization 1/Mj (right
panel) as a function of Tb concentration (x). The brown and blue arrows denote the magnetization orientations of Fe and Tb sublattices,

respectively.

identify the contribution from bulk self-torque in Fe;_, Tb,
single layers, harmonic Hall voltage measurements are
also conducted for SiO, /Fe;_,Tb, /SizN4. Compared with
the SOT generated in Pt/Fe;_,Tb,/Ta multilayers, the
bulk self-torque in various Fe;_,Tb, single layers is neg-
ligible, as shown in Fig. 5(e). Figure 5(f) shows the
evolution of ysor as a function of the Tb concentration
(x) for Pt/Fe;_,Tb,/Ta. Upon approaching x., xsor can
reach 3.0 x 107® mT cm? A~'. Note that a similar trend for
Xsot Vs 1/M; can also be identified in the right-hand panel
of Fig. 5(f). This is due to the fact that the SOT efficiency
(xsor =~ Hpr /Jc ~ h@ff /2eM;t) is inversely proportional
to Mg, with A, 9:}? , and ¢ being the reduced Planck constant,
the spin Hall angle, and the thickness of magnetic layer,
respectively [28,29]. Since My exhibits a minimum value
at x., the enhanced SOT efficiency xsor can be attributed
to the reduction of Mg, as suggested by earlier studies
[9,10,12].

The evolution of the effective spin Hall angle (Qselff)
is also calculated, as shown in Fig. S10 of the Supple-
mental Material [34]. A value of Os'ff ~ 0.35 and a slight
reduction around x, are observed. Notably, the nearly same

values of Oselff crossing x, are also reported in similar com-
pensated FIMs [51,52]. Meanwhile, Zhu et al. reported a
reduction of 65T in Pty 75Tig2s5(5.6 nm)/Fe;_,Tb,(8 nm)
bilayers upon approaching x. [44], which is attributed to
the reduced rate of spin transfer to the magnetization, as
compared with the rate of spin relaxation. This could likely
explain the results of our experiments.

A larger critical switching current density Jéh close to
X, is observed, as shown in Fig. 4(c). When approaching
X¢, the enhancement of anisotropy field Hx (approximately
7 times) is stronger than that of ysor (approximately 3
times). Based on the macrospin model [53,54], the con-
tributing factors of Jg‘ are given by

2e Mt (H K H, )

hog \ 2 V2J
where the in-plane field (H,) is much smaller than H.
According to the measured xsor, Jg‘ can be estimated by
Hy /xsor. The enhanced Jéh can be attributed to the sub-
stantially increased Hg, when approaching x.. With Tb
concentration (x) being varied from x., Hg is reduced

th __
Jo =

)
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and Jg‘ decreases with a further increase of Tb concen-
tration (x), as shown in Fig. 4(c). Note that ng based on
the macrospin model could be overestimated due to the
presence of multidomain structures in micrometer-sized
samples [55].

C. Endurance test and temperature dependence

Stability is of vital importance for practical applications
of SOT devices. An endurance test of the Fe-dominated
and the Tb-dominated samples is conducted. During this
test, we first apply a positive writing pulse (4+/puise) 0f 2 ms
in width and then record the corresponding AHE resis-
tance (R,,) with a small ac sensing current (/,c = 0.5 mA).
A negative writing current pulse (—/pus) is subsequently
applied, and the corresponding values of R,, are recorded,
as shown in Fig. 6(a). Figure 6(b) shows the time trace
of Ry, for > 10* “write +read” processes. Nearly the
same level of R,, (degradation <3%) after applying >10*

current pulses (lasting for 24 hours) is observed, which
demonstrates a good stability of the Fe-Tb-based SOT
devices. Meanwhile, SOT switching is repeated on the
same devices for over 10* cycles, which witnesses nearly
the same level of R, as shown in part 9 of the Supplemen-
tal Material [34].

Magnetic properties of the RE-TM FIMs are reported to
be sensitive to environmental temperature, since the mag-
netization of the RE and TM sublattices exhibits different
temperature dependency. Note that the magnetization com-
pensation temperature (7,) can be found well below and
above 300 K for the Fe-dominated and Tb-dominated sam-
ples, which can be found in part 10 of the Supplemental
Material [34]. We consequently examine the temperature-
dependent SOT switching in Pt/Fe¢sTbgss/Ta (Tb-
dominated) multilayers. In the temperature range between
100 and 325 K, a deterministic SOT switching can
be consistently obtained, as shown in Fig. 6(c). The
increased JI with decreased temperature can be due to the
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enhancement of both the magnetic anisotropy and the net
saturation magnetization with the decreased temperature,
as shown in Fig. 6(d).

IV. CONCLUSIONS

In summary, Fe,_, Tb, ferrimagnetic films of varied Tb
concentrations (x), and of a fixed thickness 6.5 nm, are fab-
ricated. The compensated magnetism in Fe;_,Tb, alloys
is studied through magnetometry and anomalous Hall
effect measurements, which are verified via XMCD mea-
surements. The compositional compensation point can be
determined to be x, = 0.25. Subsequently, current-induced
SOTs are employed to manipulate the magnetization vec-
tors in Pt/Fe;_,Tb,/Ta multilayers. The SOT efficiency
xsot 1s significantly enhanced near x. = 0.25 and can
reach 3.0 x 107 mT cm? A~!, which occurs as a result
of the reduced net magnetization My at the compensated
point. The endurance test demonstrates a good stability
of Fe;_,Tb,-based SOT devices. Since Fe;_,Tb, exhibits
a much larger magnetic anisotropy than standard ferro-
magnets such as Co and Co-Fe-B, or ferrimagnets such
as Co-Gd and Gd-Fe-Co, our results suggest that Fe-Tb
could serve as another promising building block for scaling
down spintronic devices, while maintaining a high thermal
stability.
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