PHYSICAL REVIEW APPLIED 18, 054051 (2022)

Editors’ Suggestion

Systematic Control of the Interlayer Exchange Coupling in Perpendicularly
Magnetized Synthetic Antiferromagnets

Teng Xu®,'? Jiahao Liu,"? Xichao Zhang®,*> Qihan Zhang,'> Heng-An Zhou,'? Yiging Dong,'*
Pierluigi Gargiani,* Manuel Valvidares®,* Yan Zhou,’ and Wanjun Jiang® 2"
'State Key Laboratory of Low-Dimensional Quantum Physics and Department of Physics, Tsinghua University,
Beijing 100084, China
? Frontier Science Center for Quantum Information, Tsinghua University, Beijing 100084, China

3Department of Electrical and Computer Engineering, Shinshu University, 4-17-1 Wakasato, Nagano 380-8553,
Japan
*ALBA Synchrotron Light Source, Cerdanyola del Vallés, 08290 Barcelona, Spain

*School of Science and Engineering, The Chinese University of Hong Kong, Shenzhen, Guangdong 518172, China

® (Received 12 June 2022; revised 17 August 2022; accepted 28 September 2022; published 16 November 2022)

The interlayer exchange coupling (IEC) in synthetic antiferromagnets (SAFs) is attracting consider-
able attention in the spintronics community. While exciting physics is revealed, systematic control of
the IEC via tuning the thickness of the magnetic layer is yet to be adequately addressed in SAFs with
perpendicular magnetic anisotropy (PMA). In this work, we experimentally investigate this aspect in
Pt/Co/Ru/Fe(s5Tbg 45 [ferromagnet (FM)/Ru/ferrimagnet (FIM)] multilayers with PMA, which possess
a broader material-parameter space beyond what can be achieved with traditional SAFs. More impor-
tantly, the incorporation of the Fe-Tb FIM layer into the SAF multilayers allows us to directly probe the
layer-resolved magnetization reversal by utilizing the anomalous Hall effect and standard magnetometry
measurements. Our findings are further verified by x-ray magnetic circular dichroism measurements by
providing element-resolved magnetic behaviors. Moreover, through systematic control of the IEC, IEC-
modulated SAFs with different magnetization reversal behaviors can be acquired, which is further studied
by performing magnetic simulations. Our results suggest that systematic control of the IEC through tun-
ing the thickness of FIM layers can be achieved in FM/Ru/FIM multilayers, which could be useful for

designing SAF-based magnetic memory and sensing devices.
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I. INTRODUCTION

Understanding and implementing the interlayer
exchange coupling (IEC) in magnetic multilayers have
led to the discovery of many exciting opportunities for
realizing spintronic phenomena and devices [1]. For exam-
ple, the observation of giant magnetoresistance and syn-
thetic antiferromagnets (SAFs) is closely correlated to
the IEC, which typically occurs between two ferromag-
netic layers that are separated by a nonmagnetic spacer
[2-5]. In the standard ferromagnetz/nonmagnet/
ferromagnet; (FMp/NM/FM7) SAFs, the IEC is in the
form of the oscillatory Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction, which originates from the spatial
oscillations of spin density in the NM spacer [6—8]. The
oscillating spin density leads to an IEC that oscillates with
the thickness of the NM spacer, which results in FM and
antiferromagnetic (AFM) couplings [9—11]. SAFs possess
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a reduced stray field and high thermal stability due to
strong IEC and can be electrically manipulated as standard
FM layers [4]. Towards a functional spin-orbitronic device,
SAFs with perpendicular magnetic anisotropy (PMA) are
widely employed in spin valves and magnetic tunneling
junctions [12—20] and demonstrate the accommodation of
rich innovative phenomena [21-27].

In standard SAFs with PMA, such as Co/Ru/Co and
Co/Ir/Co, the thickness of the NM spacer (Ru and Ir) is
generally limited (in the range of 1-2 nm) [28-31]. Its abil-
ity to control the IEC is thus reduced to a relatively narrow
thickness range. On the other hand, theoretical calcula-
tions show that the thickness of the FM layer can equiv-
alently modulate the strength of the RKKY interaction
[32-40]. This modulation can be attributed to the multi-
ple reflections of electrons in the FM layers [32—36]. Thus,
it affects the resultant electronic density in the NM spacers
caused by the adjacent ferromagnets [41-43]. Specifically,
by varying the thickness of the FM layer, both the strength
and sign of the RKKY interaction can be further tuned,
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which can serve as another tuning knob for controlling
both the sign and amplitude of the IEC [44,45].

The thickness of the FM layer can influence the
IEC, which has been previously investigated in standard
SAF structures (such as Co-Fe-B/Pt/Ru/Pt/Co-Fe-B and
Co-Fe-B/Ta/Co-Fe-B) with PMA [46,47]. The thickness
range in these studies is, however, rather limited due to
the interfacial origin of PMA in the involved multilayers
[48,49]. Note that the reduced interfacial PMA and AFM
IEC generally lead to canted magnetizations in both FM
layers [46,47]. Therefore, implementing a magnetic film
with a bulk PMA over a wide thickness range is not only
important for designing versatile SAF structures but also
can largely advance SAF-based spintronics.
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FIG. 1. (a) Schematic illustration of Pt/Co/Ru/Fe-Tb SAF
multilayer. (b)~(d) Simulated magnetic hysteresis loops of three
typical SAFs (SAF;, SAFy;, SAFy;) by engineering the effective
field of the interlayer exchange coupling, Higc. Dark and light
colors represent the ascending and descending branches of the
whole sweeping loop, respectively. Directions of the dotted-line
arrows indicate the direction of sweeping. (e) Four typical mag-
netization configurations of parallel ((I) and 3)) and antiparallel
(@ and (@) alignments of (net) magnetic moments of the Co and
Fe-Tb magnetic layers. Blue arrows denote magnetization of the
Co layer. Dark- and light-pink arrows represent magnetizations
of the Tb and Fe sublattices, respectively.

Here, we study the evolution of the IEC in the
Pt/Co/Ru/Fe-Tb multilayer by replacing the FM layer
with a FegssTbg4s FIM layer of different thicknesses,
while maintaining PMA [shown in the Fig. 1(a)]. Fur-
thermore, by comparing the effective field of IEC (Hgc)
with the coercive field (H¢) of the involved magnetic
layers, various SAFs with different magnetization rever-
sal behaviors are present. In particular, a rich phase
diagram of SAFs is established. It should be empha-
sized that the layer-resolved magnetization configurations
in the present system can be studied by performing
anomalous Hall effect (AHE), magnetometry, and element-
specific x-ray magnetic circular dichroism (XMCD) mea-
surements, while in the fully compensated magnetiza-
tion state (M, = 0). This aspect cannot be easily done
in standard SAFs, such as Co/Ru/Co and Co/Ir/Co
multilayers [50].

II. EXPERIMENTS

Magnetic multilayers Ta(1)/Pt(3)/Co(tco)/Ru(try)/
Feg.55Tbg 45 (tpe-Tb) /SiN, (5) (number denotes the thickness
in nanometers) are fabricated on thermally oxidized sili-
con substrates by using an ultrahigh vacuum magnetron
sputtering system (AJA Orion 8). The base pressure of the
main chamber is better than 1 x 10~® Torr and the Ar pres-
sure is 3 mTorr. A 1-nm-thick Ta is used as an adhesive
layer and a SiN,(5) layer is used to prevent oxidization.
The Fe-Tb FIM layers are synthesized by cosputtering
of the Fe and Tb targets, in which the atomic ratio can
be adjusted by fixing the growth power of the Fe tar-
get while changing the growth power of the Tb target.
Note that the composition of Feg 55Tbg 45 (atomic ratio) is
fixed throughout the present work. Five series of samples:
Ta(1)/Pt(3)/Co(1.2) /Ru(try) / Feo 55 Tho 45 (6.0) / SN, (5),
Ta(1) /Pt(3) /Co(1.2) /Ru(1.1) / Feq.55Tbo 45 (fre-1b) / SiNy
(5), Ta(1)/Pt(3)/Co(tco)/Ru(l.1)/Feqs5Tbo45(6.0) /SiN,
(5), Ta(1)/Pt(3)/Co(tco) /Ru(l.1)/Feq 55 Tbo.45(3.6) /SiNy
(5),and Ta(1) /Pt(3)/Co(0.5)/Ru(1.1) /Feq.55Tbg 45 (tre-1b)
/SiN,(5) are synthesized. Magnetometry measurements
are performed by utilizing a superconducting quantum
interference device magnetometer, together with a vibrat-
ing sample magnetometer. The AHE measurements are
carried out by using a home-built electrical transport mea-
surement system. The element-specific x-ray absorption
spectroscopy (XAS) and XMCD magnetometry measure-
ments are conducted at the Co L, 3, Fe L3, and Tb My s
edges at the BOREAS beamline of the ALBA Synchrotron
Light Source [51]. All measurements are performed at
room temperature.

In the rare-earth—transition-metal (RE-TM) FIM with
a composition of FegssTbgss, the 4f electrons of the
RE (Tb) elements are localized; hence, electrical trans-
port behavior is dominated by the TM (Fe) spin sublattice
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[52—54]. In Tb-dominated Feys5Tbg 45 layers, magnetiza-
tion of the Tb element () is parallel with the external

perpendicular field (H.), while that of the Fe element (mp)
is antiparallel with the H.. The AHE loop thus exhibits an
opposite sign compared to the results from magnetometry
measurements, since the latter measures the net magneti-
zation (M) between the Tb and Fe sublattices. Thus, the
AHE measurements can be utilized to directly distinguish
the order of magnetization reversal of the Co and Fe-Tb
layers [50].

ITI. RESULTS AND DISCUSSION

A. Microscopic understanding of the magnetization
configuration in SAFs

In the standard FMp/NM/FMr trilayer, where FMp 1
denotes the bottom (top) FM layer, the sign of IEC can
be tuned from the FM (positive) to AFM coupling (neg-
ative) by varying the thicknesses of the FM and/or NM
layers [33,45]. In particular, the magnetization configura-
tions of SAFs can be studied by minimizing the Zeeman,
anisotropy, IEC energy, and intralayer exchange energy
[47,55], which reads as

Eiot = —MO(MS, Tfrﬁz -mr+ Ms, BfBFIz . ;13)
— Ky tr(mr - éz)z — Kptg(mp - éz)z
+ Jigc(mr - mp) — Aintra, T(V”?ZT)z

- Aintra,B(V;lB)z- (1)

Here, po is the vacuum permeability. Mg @), Kirs),
Aintra, T(8), and f7(p) are the saturation magnetization, mag-
netic anisotropy, intralayer exchange constant, and thick-
ness of the top (bottom) FM layer, respectively. Here,
mr)y and &, are the normalized net magnetization vectors
of the top (bottom) FM layer and the unit vector nor-
mal to the film plane, respectively. The negative (positive)
IEC energy constant (Jigc) determines the occurrence of
the antiparallel (AFM) [parallel (FM)] magnetization con-
figuration. A micromagnetic study of the FMg/Ru/FMp
trilayer is conducted by using the Mumax3 software, with
the aim of examining the role of the IEC strength in tuning
the magnetization dynamics. The micromagnetic simula-
tions are performed by numerically integrating the Landau-
Lifshitz-Gilbert equation. Detailed descriptions can be
found in part 1 of the Supplemental Material [56]. Specif-
ically, the out-of-plane magnetic anisotropy, K, , adopted
in the simulations is 350 kJ m—> for FMp and 200 kJ m—3
for FMy [57-61].

Through systematically examining the strength of the
IEC fields (Higc) and the coercive fields of the top (HCT)

and bottom (Hg) FM layers, various SAFs with differ-
ent magnetization reversal behaviors are first categorized.
Specifically, if the value of Higc is smaller than both HCT
and H (Hiec < HL < HE or Hige < HE < HT), we iden-
tify this as SAFy, which exhibits a two-step magnetization
reversal. The simulated M-H, loop (red curve) is shown in
Fig. 1(b). It can be seen that a fully compensated magneti-
zation is absent at zero field (H, = 0) in SAF; with a small
IEC. Note that the SAF] is quite different from the mag-
netically decoupled bilayers where the top and bottom FM
layers exhibit an independent response to H..

When the exchange field, Higc, is larger than the
coercive field of the bottom FM layer (which exhibits
a smaller HZ), but smaller than the top FM layer
(HE < Hiee < HY), a two-step magnetization reversal
(green curve), shown in Fig. 1(c), can also be observed.
Through sweeping —H. to +H., the magnetization ()
of the bottom FM layer switches first (before H, = 0), and
that of the top FM layer (171T) flips subsequently follow-
ing the increase of H,. Note that another type-II SAFy; can
be identified if Hgc is larger than the coercive field of the
top FM layer (H?) but smaller than that of the bottom FM
layer (Hg). In this case (HCT < Hige < Hg), magnetiza-
tion of the top FM layer (m7) reverses before H. = 0. For
comparison, SAFs with the above magnetization reversal
behaviors are marked as SAFy;.

Following a continuous increase of Higc, the strength
of Higc can be larger than coercive fields of both FM lay-
ers (Hg < HCT < Higc or HCT < Hg < Higc). In this case,
a three-step magnetization reversal (blue curve) can be
observed, which is labeled as SAFyy, as shown in Fig. 1(d).
In the ascending branch of the hysteresis loop, the bottom
(or top) FM layer flips first before H, = 0. An increase of
H leads to the simultaneous switching of the top and bot-
tom FM layers, as a result of the strong AFM coupling
(Higc). A further increase of H, (larger than Higc) results
in an alignment of both FM layers along the direction of
H. It should be emphasized here that an antiparallel state
(M, = 0) can only be achieved in SAFy and SAFy at H, =
0 due to the onset of strong AFM exchange coupling. Thus,
through increasing the strengths of IEC, SAFy iy with dif-
ferent magnetization reversal behaviors can be resolved.
The corresponding four typical magnetization configura-
tions, including parallel and antiparallel alignments, are
schematically illustrated in Fig. 1(e). Considering the vari-
ation of magnetic anisotropy, K, additional micromag-
netic simulations are conducted and listed in part 1 of the
Supplemental Material [56]. It is found that the variation of
K, alone cannot substantially alter the dynamics of SAFs,
implying the important role of IEC. Note that these IEC-
modulated SAFs (SAFy ;) were previously observed in
FM/NM/FM SAFs via tuning the thickness of the NM
spacer layer [30,62], but not by the thickness of the FM
layer, which is studied in the present work.
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B. Experimental realization of SAFs with tunable IEC

In the following part, we experimentally realize sys-
tematic control of the IEC in Pt/Co/Ru/Fe-Tb multi-
layers, via tuning the thickness of the Co and Fe-Tb
layers. Through optimizing the thickness of the Ru
spacer (1.1 nm in our case), we have previously stud-
ied the fully compensated SAF Pt/Co/Ru/Fe-Tb/SiN,
multilayers with a pronounced AHE and magneto-optical
responses [50]. Systematic control of the IEC via tun-
ing the thickness of magnetic layers was, however,
not demonstrated in that work, but is studied here. In
Ta(1)/Pt(3)/Co(1.2) /Ru(tr,)/Fe-Tb(6.0)/SiN,(5) multi-
layers, the RKKY-mediated IEC can be easily tuned
from FM (Jigc > 0) to AFM (Jigc < 0) coupling through
changing the Ru spacer thickness, fg,. The effective field
of the AFM IEC, Higc, can be determined by minor-loop
measurements [50].

To realize SAF| with a small IEC, systems with a vari-
able thickness of Ru spacer (fg,) are studied, while fixing
the thicknesses of the Co and Fe-Tb layers. When the Ru
spacer is 2.0 nm, a two-step magnetization reversal can
be observed in the Pt/Co(1.2) /Ru(2.0)/Fe-Tb(6.0) multi-
layer, as shown in part 2 of the Supplemental Material [56].
The strength of the IEC is estimated from a small shift of
the minor loops of the Co layers from the origin (H, = 0).
This indicates the presence of a small IEC coupling, which

Co(1.2)/Ru(1.1)/Fey 5sTbo 4s(fre1v)
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leads to an independent switching of the top and bottom
layers. Note that an antiparallel state cannot be realized at
H, = 0 in SAF; due to the weak IEC.

In the range of 1.0 nm < #g, < 1.4 nm, different magne-
tization behaviors, which are similar to SAFy;, can be real-
ized in Pt/Co(1.2)/Ru(tr,)/Fe-Tb(6.0) multilayers [50].
With g, fixed at 1.1 nm, we investigate SAFy and SAFyy;
by changing the thicknesses of the Co and Fe-Tb layers
(tco and tpe.1p). The evolution of coercive fields with vary-
ing thicknesses of Co and Fe-Tb layers can be found in part
3 of the Supplemental Material [56]. As shown in Fig. 2(a),
a two-step magnetization reversal can be observed with
the Fe-Tb thickness in the range of 4.5 nm < fp..1p <
6.0 nm. This is qualitatively consistent with the simu-
lated SAFy; with a larger IEC. The low remanent moments
at the synthetic AFM states are determined by the (net)
magnetic moments of the Co (mc,) and Fe-Tb (mpe.v)
layers. Note that SAFy; can also be realized by varying
the thickness of the Co layer (0.8 nm < ¢, < 1.2 nm)
in the Pt/Co(fc,)/Ru(1.1)/Fe-Tb(6.0) multilayers with
a fixed thickness of the Fe-Tb layer, as shown in
Fig. 2(b).

Utilizing magnetometry measurements, the IEC can be
successfully controlled in SAF; by choosing different Co
and Fe-Tb layers, in which two different cases, HCC" <
Hipe < HES™ or HES™ < Hipe < HE®, can be realized.
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FIG. 2. Experimental realization of SAF); by changing the thickness of Fe-Tb and Co layers. (a),(b) M-H, loops of SAFy,
Pt/Co(1.2)/Ru(1.1)/Fe-Tb(tge-1p) /SiN, and Pt/Co(tc,)/Ru(1.1)/Fe-Tb(6.0)/SiN,, with different thicknesses of Fe-Tb and Co lay-
ers. Scale bar is 300 kA/m. (c),(d) Corresponding AHE loops. Dark and light colors represent ascending and descending branches,
which are indicated by the dotted arrows in (c), respectively. Scale bar is 1.0 2. Numbers represent the magnetization configurations

in Fig. 1(e).
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However, the order of layer-dependent reversal cannot be
directly identified from magnetometry data, as shown in
Figs. 2(a) and 2(b), respectively. In the following, we
reveal the order of layer-dependent magnetization reversal
by performing AHE measurements.

Shown in Figs. 2(c) and 2(d) are the AHE loops of
the Pt/Co(1.2)/Ru(1.1) /Fe-Tb(tge-1p) and Pt/Co(tc,)/Ru
(1.1)/Fe-Tb(6.0) multilayers, respectively. In the case
of the thick Fe-Tb and Co layers (4.5 nm < fgemp <
6.0 nm or 0.8 nm < tc, < 1.2 nm), the presence of a
two-step magnetization reversal is confirmed. The oppo-
site sign of the AHE loops is expected between
the Co layer and the Tb-rich Fe-Tb layers. Thus,
in Pt/Co(1.2)/Ru(1.1)/Fe-Tb(6.0) SAFy;, the ascending
branch of the AHE loop [dark-red line in Fig. 2(c)]
demonstrates that magnetization of the bottom Co layer
(r?zc(,) first reverses at H, = —30 mT (before zero field).
With a further increase of H, to +50 mT, magnetiza-
tion of the top Fe-Tb FIM layers (%Fe_Tb) subsequently
flips. In SAFy, the AFM IEC field, Higc, is smaller than
the coercive field, HEC'T", of Fe-Tb but larger than that
of the Co layer (HS® < Hige < HES™). Similar behav-
ior of magnetization reversal is also identified in the
Pt/Co(0.8 nm < ¢, < 1.2 nm)/Ru(1.1)/Fe-Tb(6.0) multi-
layer, as shown in Fig. 2(d).

Co(1.2)/Ru(1.1)/Fe 5sThy 4s(tre )

With the thickness of the Fe-Tb layer fixed at 4.5 nm,
magnetization of the top Fe-Tb (fgetp =4.5 nm) layer
(%Fe_Tb) first reverses at H, = —31 mT (before zero field),

and magnetization of the bottom Co layer (r7z(;0) flips
at H, = +40 mT [dark-blue line in Fig. 2(c)]. In this
case, Higc is smaller than the coercive field, HS°, of
the Co layer but larger than that of the Fe-Tb layer
(ng'Tb < Hige < Hg"). Note that R,, is dominated by

the magnetic moments (mc,) of the Co layer and Fe (mp.)
sublattice of the Fe-Tb layer in the current SAF struc-
tures [50]. As a result, additive AHE resistances (R,,)
can be achieved at the remanent states (2) and Q)),
while reduced R,, can be observed at the saturated states
(D and @). Thus, SAFy exhibits a pronounced AHE
response, even at the fully compensated AFM state, which
is due to the incorporation of Tb-dominated FIM Fe-Tb
layers.

Through continuously reducing the thickness of
the Fe-Tb and Co layers, a three-step magnetiza-
tion reversal is observed. This is consistent with
the predicted behavior of SAFy; with a boosted
IEC. Shown in Figs. 3(a) and 3(b) are hysteresis
loops of Pt/Co(1.2)/Ru(l.1)/Fe-Tb (tpetob =4.0, 3.2)
and Pt/Co(fc, =0.6, 0.5)/Ru(1.1)/Fe-Tb(6.0) multilay-
ers, respectively. In this case, the strength of the AFM
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FIG. 3.
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Experimental realization of SAFy; by changing the thickness of the Fe-Tb and Co layers. (a),(b) M-H, loops of SAFyy,

Co(1.2)/Ru(1.1) /Fe-Tb(tge-1v) and Co(Zc,)/Ru(1.1)/Fe-Tb(6.0), with tge.1, = 4.0, 3.2 and 7c, = 0.6, 0.5, respectively. Scale bar is
300 kA/m. (c),(d) Corresponding AHE loops. Dark and light colors represent the ascending and descending branches of the whole
sweeping loop, which are indicated by arrows in (c) and (d), respectively. Scale bar is 0.8 2. Numbers represent the magnetization

configurations in Fig. 1(e).
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IEC (Higc) is much greater than that of Hp~'>

(HEE™ < HE® < Hipcor HE® < HES™ < Hipc). We note
that the fully compensated SAFy; at zero field can be
achieved through tuning the chemical composition of
Fe;_,Tb, FIM layers. The order of magnetization rever-
sal in these SAFy; is subsequently revealed from AHE
measurements.

Figures 3(c) and 3(d) display the corresponding AHE
loops of Pt/Co(1.2)/Ru(1.1)/Fe-Tb (tpetob =4.0, 3.2)
and Pt/Co(fc, =0.6, 0.5)/Ru(l1.1)/Fe-Tb(6.0) multilay-
ers, respectively. The expected three-step magnetization
reversal, together with the layer-resolved magnetization
reversion in SAFy;, are further verified. For instance,
in Pt/Co(1.2)/Ru(1.1)/Fe-Tb(4.0) SAFyy, the magnetiza-
tion, mge.1h, of the Fe-Tb layer reverses at H, = —60 mT
in the ascending branches [dark-red line in Fig. 3(c)].
A continuous increase of H. enables mc, and mpery to
be simultaneously flipped at A, = +40 mT. This can be
attributed to the strong Higc of SAFy;. At higher exter-
nal fields (H. > +80 mT) larger than both Hgo’ FeTo and

Higc, the directions of mc, and mpe.p are aligned along
with H,. In Pt/Co(1.2)/Ru(1.1)/Fe-Tb(4.0) SAF, Higc
is larger than both coercive fields (HS>""™). In this
multilayer, HS® is larger than HE®™, which gives rise
to HE™ < HE® < Hige. The other case of the type-III
SAF (Hg0 < ng'Tb < Higc), in which the Co layer
first reverses before zero field, is also identified in
Pt/Co(tco = 0.6, 0.5)/Ru(1.1)/Fe-Tb(6.0) SAFy, as shown
in Fig. 3(d).

Since the Fe-Tb FIM film exhibits a bulk PMA, we
examine the influence of the Fe-Tb thickness on the
strength of IEC. Note that this aspect cannot be deter-
mined in traditional Co-based SAFs that exhibit an inter-
facial PMA. Additional Pt/Co(1.2) /Ru(1.1)/Fe-Tb(tge-p)
SAFy; with various thicknesses (fge.to =3.7, 3.5, 3.0,
2.7 nm) can be found in the Part 4 of the Supplemen-
tal Material [56]. In Fig. S4(b) within the Supplemen-
tal Material, minor loops are measured, which enables
the estimation of Higc of the SAFy; to be made [56].
Figure 4 summarizes the evolution of Hgc as a func-
tion of the thickness of the FIM Fe-Tb and FM Co
layers (fpe.tb) in Pt/Co(1.2)/Ru(1.1)/Fe-Tb(#ge-1o) and
Pt/Co(tco)/Ru(1.1)/Fe-Tb(6.0) SAFs, respectively. Com-
pared with the case of the Co layer, a substantial mod-
ulation of the IEC field (Higc) can be achieved by
changing the thickness of the Fe-Tb layer. In particular,
Higc =320 mT is observed at fpe.tp = 2.7 nm. This value
is much larger than those reported in other multilayers,
including Co-Fe-B/Pt/Ru/Pt/Co-Fe-B (Higc =200 mT)
[63], Co/Pd/Co/Ru/Co/Pd/Co (Hgc =200 mT) [29],
Co/Pt/Ru/Pt/Co (Hgc=100 mT) [64], Co/Ir/Co
(Higc =50 mT) [65], and Co-Fe-B/Ta/Co-Fe-B (Hgc=
20 mT) [47]. The IEC energy constant can be subsequently
estimated [10,66,67]:

lJiec| = moHiEcMstco(Fe-To).- (2)

Here, Mg and fcore-h) are the saturation magnetization
determined by magnetometry measurements and the layer
thickness of the biased Co (Fe-Tb) layer, respectively. The
evolution of the IEC energy constant is shown in Fig. 4,
which increases from 0.038 to 0.079 mJ/m? following
variation of the IEC field, Hgc.

The properties of the Pt/Co(0.5)/Ru(1.1)/Fe-Tb(tge.1p)
and Pt/Co(tc,)/Ru(1.1)/Fe-Tb(3.6) multilayers are also
investigated. Their corresponding magnetization con-
figurations are directly obtained from the AHE mea-
surements, as shown in Figs. 5(a) and 5(b). In
Pt/Co(0.5)/Ru(1.1) /Fe-Tb(tge.1v), AHE loops with three-
step jumps can be observed when the Fe-Tb layer thickness
ranges from 6.0 to 3.2 nm, which is consistent with the sim-
ulated SAFy; with a much larger IEC. The evolution of the
IEC field, Hgc, and energy constant, Jgc, as a function
of the thickness of the Co (#c,) and Fe-Tb (tpe.1v) layers is
summarized in Fig. 5(c).

Following the increased thickness of Fe-Tb layers
(fpe-Tb), the value of Higc also increases. The IEC energy
constant, Jgc, also increases following the increased AFM
IEC fields, Hgc. In Pt/Co(tco)/Ru(1.1)/Fe-Tb(3.6) mul-
tilayers, the SAFy; with a much larger IEC (HES™ < HE°
< Higc) can be resolved in the case of ¢, > 0.6 nm. At
tco = 0.6 nm, we observe a magnetization reversal behav-
ior that is consistent with SAFy, in which the top Fe-Tb
layer first reverses at H, = —67 mT (HL™ < Hipc <
HSO). At tco = 0.5 nm, SAFyy reappears, in which the Co
layer first flips at H, = —75 mT (Hg" < ng'Tb < Hige).
It is found from Fig. 5(b) that SAFj is achieved by

tCo (nm)
06 08 10 12
360
—A— Higcpey —80
i Higeyco 1 -~
270+ = Jigc/Fe-o §
[ - g
E T %0 “
2180 i =
T <
I —40 £
90+
I ——
O 1 | 1 | 1 | 1 | ] 20
3.0 4.0 5.0 6.0
fe-p (NM)

FIG. 4. Evolution of antiferromagnetic interlayer exchange

field, Higc, and energy constant, Jgc, as a function
of the thickness of Fe-Tb (fpe1b) and ferromagnetic
Co (tco) layers in Co(1.2)/Ru(1.1)/Fe-Tb(tge-1r) and

Co(tco)/Ru(1.1) /Fe-Tb(6.0) SAFs.
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FIG. 5.

AHE loops of Co(0.5)/Ru(1.1)/Fe-Tb(fge-1b) () and Co(#c,)/Ru(l1.1)/Fe-Tb(3.6) SAFs (b). Scale bar is 1.0 2. Numbers

represent the magnetization configurations in Fig. 1(e). (c) Effective field of IEC, Hgc, and energy constant, Jgc, as a function of the
thickness of Fe-Tb (fp..1») and Co (#c,) layers. (d) Summarized phase diagram for SAFs with different thicknesses of Fe-Tb (¢getp)

can Co (f¢,) layers. Dashed black lines are for guidance only.

changing the thickness of the Co layer, which results in
a smaller Hgc (~77 mT) than that of SAFyy;. This is con-
sistent with the simulations shown in Fig. 1. Summarized
in Fig. 5(d) is the phase diagram of SAFy;j; with the tun-
able IEC, which is realized by tuning the thickness of the
Co (tco) and Fe-Tb (fge.p) layers.

Magnetization and transport measurements are used
to indirectly infer the relative magnetization configura-
tions of the Co and Fe-Tb layers. Below, we exploit the
element-specific XMCD technique to directly study the
magnetization orientation of the Co, Fe, and Tb magnetic
lattices. Magnetic fields are generated by a supercon-
ducting vector cryomagnet (Scientific Magnetics), in a
direction collinear with the incoming x-ray direction and
normal to the sample plane. This measurement geometry
enables the perpendicular magnetization (i.e., projection
along the beam direction) to be probed. To obtain the spin-
averaged XAS and XMCD spectra, the absorption signals

are measured as a function of the photon energy with direc-
tions of photon spin parallel . (£) and antiparallel pu_ ()
to the perpendicular magnetization of Pt/Co/Ru/Fe-Tb
SAF multilayers.

Figure 6(a) shows the element-specific XMCD hystere-
sis loops of the Co, Fe, and Tb elements that are obtained
in Pt/Co(1.2)/Ru(1.1)/Fe-Tb(5.0) SAFy;. The ascending-
field branches of the hysteresis loop for the Co element
[top panel of Fig. 6(a)] indicate that the Co moment, nc,,
reverses before H, = 0 due to the onset of the AFM IEC.
Under increased applied field, H;, the Tb and Fe moments
(%Tb and mge) flip simultaneously, as shown in the mid-
dle and bottom panels of Fig. 6(a). The element-specific
XMCD results are consistent with the corresponding AHE
and magnetometry measurements shown in Fig. 6(b). Note
that the strong antiparallel alignment between the Fe and
Tb elements in the Fe-Tb film is verified by revealing
the absence of the spin-flop transition in the measured
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FIG. 6. Normalized element-specific XMCD magnetic

hysteresis loops of Co, Fe, and Tb elements in Co(1.2)/
Ru(1.1)/Fe-Tb(5.0) SAFy; (a) and Co(1.2)/Ru(l.1)/
Fe-Tb(3.5) SAFy; (c), which are acquired at Co L3, Fe Ls,
and Tb M5 edges, respectively. Dotted arrows denote the
sweeping order of H,. Blue arrows denote magnetization of the
Co layer. Dark- and light-pink arrows represent magnetization
of Tb and Fe sublattices, respectively. Corresponding M-H.
and AHE loops for Co(1.2)/Ru(1.1)/Fe-Tb(5.0) SAFy (b)
and Co(1.2)/Ru(1.1)/Fe-Tb(3.5) SAFy; (d). Scale bar is
150 kA/m and 0.8 2. Numbers represent typical magnetization
configurations in Fig. 1(e).

field range (< 200 mT). Since the signs of XMCD signals
directly probe the direction of magnetization, one can con-
clude that magnetization of the Co layer is antiparallel to
that of the Tb spin sublattice but parallel to that of the Fe
spin sublattice at the SAF states.

Corresponding XMCD measurements for the case of
Pt/Co(1.2)/Ru(1.1)/Fe-Tb(3.5) SAFy; with a much larger
IEC are shown in Fig. 6(c). The XMCD hysteresis loops of
the Fe and Tb sublattices exhibit similar three-step char-
acteristics to the AHE and magnetometry measurements

shown in Fig. 6(d). The Fe-Tb and Co layers simultane-
ously reverse at H, = £45 mT because of the stronger
AFM IEC between the Fe-Tb and Co layers, which is
consistent with the electrical transport measurements.

IV. CONCLUSIONS

By varying the thickness of the Co and Fegs5Tbg4s
layers, we systematically study the evolution of the IEC
in Pt/Co/Ru/Fe-Tb multilayers with perpendicular mag-
netic anisotropy. The IEC can be systematically controlled
by tuning the thickness of magnetic layers in the present
material system. Through comparing the coercive fields
of the Co and Fe-Tb layers, versatile SAFs with differ-
ent magnetization reversal behaviors, together with a rich
phase diagram of SAFs, are successfully demonstrated.
The choice of Fe-Tb (Tb-dominated) ferrimagnet allows
us to directly identify layer-resolved magnetization rever-
sals in these SAFs by utilizing conventional anomalous
Hall effect measurements. Our results are further confirmed
by performing XMCD magnetometry measurements. Mul-
tilevel magnetic states and controllable IECs are estab-
lished in the proposed perpendicular Pt/Co/Ru/Fe-Tb
SAFs, which can be desirable for magnetic memory and
sensing applications. Additionally, comparable spin-orbit
torques (SOTs) are revealed in single FIM layers, and thus,
more efficient magnetization switching of perpendicular
Pt/Co/Ru/Fe-Tb SAFs is expected through intermixing
the bulk SOT in a single FIM and interfacial SOT from
heavy metals [54,68—70]. Furthermore, the occurrence of
interlayer Dzyaloshinskii-Moriya interactions is demon-
strated in perpendicularly magnetized SAF systems and the
orthogonally magnetized Co/Pt/Fe-Tb trilayer [25,26,71].
In the present Pt/Co/Ru/Fe-Tb SAFs, the correlation of
the (possible) interlayer DMI and the tunable interlayer
coupling strength could also be a valuable direction for
future investigations.
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