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ABSTRACT

We investigated interlayer exchange coupling through Pt/Ru/Pt and Pt/Ru multilayers as candidates of nonmagnetic spacer layers in the
synthetic antiferromagnetic (AF) layer, which is available for studying AF spintronics using current-induced spin–orbit torque (SOT) switch-
ing originating from the spin Hall effect. The AF interlayer exchange coupling with the oscillation period of K2� 1.05 nm was observed even
for the face-centered cubic (fcc) Pt (tPt)/hexagonal Ru/fcc Pt (tPt) nonmagnetic spacer layer structures in the wide range of both Pt and total
nonmagnetic spacer layer thicknesses (0� tPt � 0.8 nm, 1.0� ttotal � 2.3 nm), which would be useful for the systematic investigation of
the SOT on the AF structure. Moreover, we observed the disappearance of the one oscillation period (K1� 1.65 nm) in the case of
Pt(111)/Ru(0001) and Pt(111)/Ru(0001)/Pt(111) spacer layers, whereas the existence of two oscillation periods of AF interlayer exchange
coupling (K1� 1.65 nm and K2� 1.05 nm) in the case of Ru spacer layer was observed. We expect that the Pt/Ru/Pt spacer layer with the
oscillation period of K2� 1.05 nm will pave a way to the AF spintronics based on the multilayer systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0063317

Antiferromagnetic (AF) materials1–16 have attracted attention due
to their fast magnetization dynamics using current-induced spin–orbit
torque (SOT) originating from the spin Hall effect (SHE),17–36 low mag-
netic susceptibility, and lack of magnetic stray field. Up to now, several
works reported the manipulation of AF structures using electric cur-
rent.3,7–16 The manipulation of AF structures in the bulk AF materials,
such as CuMnAs, was demonstrated using current-induced internal
fields originating from its crystal structure with broken inversion sym-
metry.7 Nickel oxide (NiO) is another bulk AF material, and its antifer-
romagnetically coupled magnetic moments (N�eel vector) could be
switched by using SOT originating from SHE by utilizing the two Pt
layers adjacent to the outside of the NiO layer.8 Thus, most studies of AF
spintronics have focused on bulk AF materials.

On the other hand, a metallic superlattice having an AF structure,
in which the ferromagnetic layers separated by the nonmagnetic

spacer layer are antiferromagnetically coupled through interlayer
exchange coupling (synthetic AF coupling layers),37,38 was proposed
as another candidate system for studying AF spintronics using
current-induced SOT switching originating from the SHE.16,39,40 Ru is
the most popular spacer layer for the synthetic AF coupling and has
been usually used for many applications. However, because Ru has
small SHE (spin Hall angle: hSH� 0.6%),41 the use of two Pt layers
adjacent to the outside of the synthetic AF coupling layer and utiliza-
tion of the relatively large SHE of the two adjacent Pt layers
(hSH� 6%–10%)40,42–45 in Pt/Co/Ru/Co/Pt multilayers39 have been
proposed. However, in the case of the idea of Ref. 39, considering an
application of SOT-magnetic random-access memory (MRAM)
shown in Fig. 1(a), the Pt layer insertion between the synthetic AF
coupling layer and a read device, such as magnetic tunnel junction
(MTJ), is not preferable to control the magnetization direction of the
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storage layer in the read device by utilizing the exchange interaction
between the storage and the synthetic AF coupling layer. Masuda et al.
proposed the material of Ir-doped Cu alloy (Cu-Ir)16 for the nonmag-
netic spacer layer in the synthetic AF coupling layer of Co/Cu-Ir/Co
and observed the AF coupling through Cu95Ir5 alloy with a relatively
large SHE (hSH¼ 3%–4%) in the thickness (tCuIr) range of 0.6< tCuIr
< 1.0nm. These findings of Ref. 16 have advantages in terms of the
magnetization direction control of the storage layer; however, from
the viewpoint of passing most of the current through the spacer layer in
the synthetic AF coupling layer for SOT switching, the maximum

thickness of tCuIr, which shows AF coupling, is relatively thin (maximum
thickness is tCuIr¼ 1.0nm). If one can find an exhibiting AF interlayer
exchange coupling through a relatively thicker spacer layer in Co/Pt/Ru/
Pt/Co system, this Pt/Ru/Pt spacer layer would be one of promising
material for the systematic investigation of the SOT on the AF structure,
because one can use the large SHE in Pt layers (hSH� 6%–10%)40,42–45

and the exchange interaction between the storage layer and the synthetic
AF coupling layer for controlling the magnetization direction of the stor-
age layer in the read device shown in Fig. 1(a).

In this study, we try to investigate Pt/Ru/Pt and Pt/Ru nonmagnetic
spacer layers sandwiched by Co layers. The crystal structures of Ru and
Pt are hexagonal and face-centered-cubic (fcc), respectively; therefore, it
was not clear if there is interlayer exchange coupling through the Pt/Ru/
Pt spacer layer. We investigated detailed interlayer exchange coupling
through Pt/Ru/Pt and Pt/Ru multilayers as candidates of nonmagnetic
spacer layers in the synthetic AF layer and found the AF interlayer
exchange coupling through Pt/Ru/Pt and Pt/Ru multilayers.

We prepared many samples with various film stacks by rf magne-
tron sputtering on oxidized Si substrates. Base pressure of the sputter-
ing system is less than 1� 10�6 Pa. Details of sample structure (stack)
are shown in Table I. In order to confirm the magnetic and interlayer
exchange coupling properties, we prepared Ta/Pt(3)/[Co(tCo)/Pt(tPt)/
Ru(tRu)/Pt(tPt)]n/Co(tCo)/Ru(1)/Ta(2) (sample A) (n: repetition num-
ber) [Fig. 1(b) shows the case of n¼ 1], Ta/Pt(3)/[Co(tCo)/Ru(tRu)/
Pt(tPt)]n/Co(tCo)/Ru(1)/Ta(2) (sample B) with various Co, Ru, Pt, and
total thicknesses of the heavy metal (HM) (tCo, tRu, tPt, and ttotal, respec-
tively), where numbers in the parenthesis show the nominal thickness
in nm. Ta/Pt(3)/[Co(0.5)/Pt(0.26)]4/Co(0.5)/Ru(tRu)/Co(0.5)/[Pt(0.26)/
Co(0.5)]4/Pt(3) (sample C) films with various tRu were also prepared in
order to compare the oscillation period of interlayer exchange coupling
as a function of tRu with Ta/Pt(3)/[Co(tCo)/Ru(tRu)/Pt(tPt)]3/Co(tCo)/
Ru(1)/Ta(2) (sample D) films. Because interlayer exchange coupling is
largely related to the interface roughness between Co and Ru,46 and Co,
Pt, and Ru are solid-dissolved systems, the all films for studying the
interlayer exchange coupling were not post-annealed.

Structural characterization was carried out using out-of-plane
x-ray diffraction (XRD) with Cu-Ka radiation and cross-sectional
high-resolution transmission electron microscopy (HR-TEM).
Magnetic properties were measured using a vibrating sample magne-
tometer (VSM) at room temperature.

FIG. 1. (a) Schematic diagram for memory cell of spin–orbit torque (SOT)-MRAM
with metal-oxide-semiconductor (MOS) transistors and the synthetic antiferromag-
netic (AF) layer. The red arrow shows the current (I) direction. (b) The proposed
synthetic AF coupling layer structure with the Pt/Ru/Pt nonmagnetic spacer layer.
(c) Typical tRu dependence of out-of-plane XRD results for sample D (tRu¼ 0.9,
1.4, and 2.2 nm). (d) Cross-sectional transmission electron microscopy image for
sample A (n¼ 1, tCo¼ 1.1 nm, tPt¼ 0.8 nm, and tRu¼ 0.7 nm). The white dotted
lines in (d) are the positions of the grain boundary.

TABLE I. Sample structure (stack) prepared in this study.

Sample name Structure of prepared films tCo (nm) tPt (nm) tRu (nm) ttotal (nm)

A Ta(3)/Pt(3)/[Co(tCo)/Pt(tPt)/Ru(tRu)/Pt(tPt)]n/
Co(tCo)/Ru(1)/Ta(2) (n¼ 1 and n¼ 2)

1.1, 1.3 0.6, 0.7, 0.8 0.7 1.9, 2.1, 2.3

B Ta(3)/Pt(3)/[Co(tCo)/Ru(tRu)/Pt(tPt)]n/Co(tCo)/
Ru(1)/Ta(2) (n¼ 1 and n¼ 2)

0.9, 1.1, 1.3 0.3, 0.6, 1.0 0.7, 0.8 1.0, 1.3, 1.4, 1.7

Sample name Structure of prepared films tRu (nm)

C Ta(3)/Pt(3)/[Co(0.5)/
Pt(0.26)]4/Co(0.5)/Ru(tRu)/

Co(0.5)/[Pt(0.26)/Co(0.5)]4/Pt(3)

0.3, 0.35, 0.375, 0.4, 0.425, 0.45, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6

D Ta(3)/Pt(3)/[Co(0.9)/Ru(tRu)/Pt(0.6)]2/
Co(0.9)/Ru(1)/Ta(2)

0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6
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Figure 1(c) shows the typical tRu dependence of XRD results for
sample D (tRu¼ 0.9, 1.4, and 2.2nm). The main peak positions are
located between face-centered-cubic (fcc) Pt(111) and hexagonal
Ru(0002), and the magnitude of intensity of main peaks increases with
increasing tRu. Therefore, the crystal structure and the texture of Pt
and Ru would be fcc (111) and hexagonal (0001) texture, respectively.
The low angle peaks located at 2h position between 2h¼ 36� and 41�

have several satellite peaks as shown in Fig. 1(c). The observed satellite
peaks in Fig. 1(c) reminiscent the designed multilayer structure.
However, assuming the multilayer formation, the artificial thickness
period (kmultilayer) by using the 2h distance between XRD peaks is esti-
mated to be kmultilayer �9.1, 10.2, and 11.9 nm for the films with
tRu¼ 0.9, 1.4, and 2.2nm, respectively. These kmultilayer values are
larger than the designed value of kmultilayer� 2.4, 2.9, and 3.7nm for
[Co(0.9)/Ru(tRu)/Pt(0.6)] and close to the total thicknesses of Pt(3)/
[Co(0.9)/Ru(tRu)/Pt(0.6)]2/Co(0.9)/Ru(1.2) in sample D. Therefore,
the possible reason for observing the satellite peaks in Fig. 1(c) might
be flat and high-quality [Co(0.9)/Ru(tRu)/Pt(0.6)]2 multilayer HMs as
observed in a high-quality semiconductor multilayer system.47

However, these small diffraction peaks containing the satellite peaks
were not very well defined. In the cases of Ta/Pt(3)/[Ru(0.6)/Pt(0.6)]7
and Ta/Pt(3)/[Ru(1.1)/Pt(0.8)]5 multilayer films, only the main peak
located between fcc Pt(111) and hexagonal Ru(0002) is observed (not
shown). Therefore, in any case, the crystal structures and textures of Pt
and Ru in sample D with [Co(0.9)/Ru(tRu)/Pt(0.6)]2 multilayer HMs
would be fcc (111) and hexagonal (0001) texture, respectively. This
result is consistent with previous results.48 To confirm the crystal
structure and the texture of Pt and Ru, we observed a cross-sectional
HR-TEM image.

Figure 1(d) shows the cross-sectional HR-TEM result for sample
A (n¼ 1, tCo¼ 1.1 nm, tPt¼ 0.8 nm, and tRu¼ 0.7 nm). Flat and epi-
taxially grown Pt/Co/[Pt/Ru/Pt]/Co/Ru with highly fcc (111)-textured
Pt and hexagonal (0001)-textured Ru were observed. These results are
consistent with the out-of-plane XRD results. As described before, the
crystal structures of Ru and Pt are different (hexagonal and fcc,

respectively); therefore, it is not clear if there is interlayer exchange
coupling through Ru/Pt and Pt/Ru/Pt spacer layers. Therefore, we
detailly studied interlayer exchange coupling through Ru/Pt and Pt/
Ru/Pt spacer layers.

Figures 2(a)–2(c) and Figs. 2(d)–2(f) show the normalized out-
of-plane and in-plane magnetization vs field (M–H) curves for sample
C (tRu¼ 0.4, 0.8, and 1.2 nm) and sample D (tRu¼ 0.4, 0.8, and
1.2 nm), respectively. The red and blue arrows in the light pink color
boxes in Figs. 2(a)–2(f) indicate the corresponding magnetization
state; top and bottom arrows in Figs. 2(a)–2(c) represent the magneti-
zation direction of the top and bottom Co layers; and top, middle, and
bottom arrows in Figs. 2(d)–2(f) represent the magnetization direction
of the top, middle, and bottom Co layers. As shown in Figs. 2(a) and
2(d), the remanence values of the magnetization at H¼ 0 T are nearly
zero for both in-plane and out-of-plane magnetization directions for
sample C (tRu¼ 0.4nm); therefore, this indicates that the interlayer
exchange coupling between Co layers through Ru(tRu¼ 0.4) is antifer-
romagnetic, whereas the remanence value of the magnetization at
H¼ 0 T is not zero for out-of-plane magnetization direction for sam-
ple D (tRu¼ 0.4nm); therefore, this indicates that the interlayer
exchange coupling between Co layers through Pt(0.6)/Ru(tRu¼ 0.4) is
ferromagnetic. For other tRu, the interlayer exchange coupling between
Co layers through both Ru(tRu¼ 0.8) and Pt(0.6)/Ru(tRu¼ 0.8) is anti-
ferromagnetic as shown in Figs. 2(b) and 2(e), and the interlayer
exchange coupling between Co layers through both Ru(tRu¼ 1.2) and
Pt(0.6)/Ru(tRu¼ 1.2) is ferromagnetic as shown in Figs. 2(c) and 2(f).
In order to confirm the details of tRu dependence of the magnitude
and sign of interlayer exchange coupling between Co layers through
Ru and Pt/Ru spacer layers, we prepared the samples C and D with
various tRu as shown in Table I. Figure 2(g) shows the magnitude of
the interlayer exchange coupling (jJexj) as a function of tRu for samples
C and D. The magnitude of jJexj was evaluated using jJexj ¼Ms t
Hex,

48,49 where t and Hex are the thickness of the Co/Pt layers and the
exchange field described in Figs. 2(a), 2(b), and 2(e). TheHex is defined
as an intermediate value of the magnetic field in which the transition

FIG. 2. (a)–(c) and (d)–(f) are normalized
magnetization vs field (M–H) curves for
sample C (tRu¼ 0.4, 0.8, and 1.2 nm) and
sample D (tRu¼ 0.4, 0.8, and 1.2 nm),
respectively. The red and blue arrows in
the light pink color boxes in (a)–(f) indicate
the corresponding magnetization state
and the magnetization direction of each
Co layers. (g) Magnitude of the interlayer
exchange coupling (jJexj) as a function of
Ru thickness (tRu) measured at room tem-
perature in samples C and D. The one of
oscillation periods (K1¼1.65 nm) of AF
interlayer exchange coupling disappears
in the case of interlayer exchange cou-
pling through the Pt/Ru spacer layer (sam-
ple D).
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from antiparallel magnetization sate to parallel magnetization state
was observed. Transition field from antiparallel magnetization sate
to parallel magnetization state in sample C (tRu¼ 0.4 nm) shown in
Fig. 2(a) is not sharp compared to those in sample C (tRu¼ 0.8 nm)
[Fig. 2(b)] and sample D (tRu¼ 0.8nm) [Fig. 2(d)]. This would be
because when tRu is thin, the non-uniformity in tRu due to the interface
roughness between Co and Ru cannot be ignored. In the case of sam-
ple C (tRu¼ 0.4 nm), we deified the value of Hex using same definition
as described above. In the case of sample C, we can see that the tRu
positions of the first AF, second AF, and third AF peaks are about 0.4,
0.8, and 2.0nm, respectively. This result is consistent with the previous
reports.50–52 The reason for short period between the first and second
AF peaks has not been fully understood and has been thought some-
what irregular behavior.53 On the other hand, the tRu positions of the
first AF and second AF peaks for sample D are 0.8 and 1.85 nm,
respectively. Because the magnitude of jJexj is nearly same between the
second and third AF peaks in sample C, we think that the third AF
peak observed at around tRu¼ 2.0nm overlaps the third and fourth
AF peaks in this system. Therefore, taking into account the extended
Ruderman–Kittel–Kasuya–Yosida (RKKY) exchange model,47,54,55

there are two spanning wave vectors (qs) linking two points of Fermi
surface with antiparallel velocities in the case of noble-metal spacer for
sample C. On the other hand, there is only one qs for sample D.
According to the extended RKKY exchange model,47,54,55 the oscilla-
tion period of AF interlayer exchange coupling K is given by
K ¼ 2p=qs, where qs is the spanning wave vector linking two point of
Fermi surface with antiparallel velocities. The result of Fig. 2(g) shows
that two oscillation periods of AF interlayer exchange coupling K
would be about K1� 1.65 nm and K2� 1.05 nm for sample C, and
K2� 1.05 nm for sample D. We think that the reason for the short
period between the first and second AF peaks is due to the overlap of
the AF oscillations with K1� 1.65 nm and K2� 1.05 nm in this sys-
tem. The periods K1 andK2 are in good agreement with the periods of
(1.48 and 1.71 nm) and (1.12 and 1.16 nm) that have been derived
from the theoretical predicted extremal Fermi surface spanning vectors
of Ru(0001).53 Because the crystal structures of Pt and Ru are different
from each other, the topological characteristic of the Fermi surfaces of
Pt and Ru is different from each other, and Jex with the period of K1

cannot propagate through the Pt layer. On the other hand, we
observed that Jex with the period of K2 can propagate through the Pt
layer. In the case of interlayer exchange coupling through fcc spacer
layer, such as Cu, Rh, Ir, and Pt/Ir,40,56,57 the oscillation periods of
these fcc metals are Kfcc¼ 0.9� 1.0nm. The observed K2� 1.05 nm
in Ru/Pt and Pt/Ru/Pt systems is close to the value of Kfcc. Our result
may indicate that the spanning wave vector with similar values in the
different materials can propagate even between the materials with dif-
ferent crystal structures. More experimental and theoretical efforts
would necessary for clarifying the reason for why the spanning wave
vector of K2 does not disappear and that of K1 disappear in Ru/Pt and
Pt/Ru/Pt systems.

From the application point of view, the MTJs with the first AF
peak at tRu� 0.4 nm cannot use because the degradation of the AF
interlayer exchange coupling was observed with the increasing anneal-
ing temperature, and the MTJs with the second AF peak at
tRu� 0.8 nm have been usually used. Our result indicates that the rea-
sons for this degradation in tRu� 0.4 nm sample and not degradation
for tRu� 0.8 nm sample would be intrinsic. By increasing the

annealing temperature in MTJs with the [Co/Pt]n/Co/Ru/[Co/Pt]m
synthetic pinned layer, not only an increase in interface roughness
between Co and Ru but also an increase in interdiffusion between Pt
and Ru would be occurred. These two would be the reasons of the deg-
radation for the MTJs with the first AF peak. As shown in Fig. 2(g),
the shift in the oscillation in the case of period K2 was not observed.
Moreover, the sign and intensity of the Jex related to the period K2 do
not appear to oscillate with an increase in tPt. To confirm this interpre-
tation, we measured the AF interlayer exchange coupling through Pt/
Ru/Pt tri-layers in which this structure would be useful for the system-
atic investigation of the SOT on the AF structure shown in Figs. 1(a)
and 1(b).

Figures 3(a) and 3(b) and Figs. 3(c) and 3(d) show the typical
normalized out-of-plane and in-plane M–H curves for Ta/Pt(3)/
[Co(1.3)/Pt(tPt)/Ru(0.7)/Pt(tPt)]2/Co(1.3)/Ru(1)/Ta(2) (sample A,
n¼ 2, tCo¼ 1.3 nm, tRu¼ 0.7 nm, tPt¼ 0.6 and 0.7 nm) and Ta/Pt(3)/
Co(1.3)/Pt(tPt)/Ru(0.7)/Pt(tPt)/Co(1.1)/Ru(1)/Ta(2) (sample A, n¼ 1,
tCo¼ 1.3 nm, tRu¼ 0.7 nm, and tPt¼ 0.8 and 0.6 nm) with Pt/Ru/Pt
spacer tri-layers, respectively. As shown in Figs. 3(a) and 3(b), the
magnitudes of the remanent magnetization in out-of-plane and in-
plane M–H curves are almost 1/3 and zero, respectively, in the case of
sample A (n¼ 2, tCo¼ 1.3 nm, tRu¼ 0.7nm, and tPt¼ 0.6 and
0.7 nm), which have three Co layers. The magnitudes of the remanent
magnetization in out-of-plane and in-plane M–H curves are almost
zero in sample A (n¼ 1, tCo¼ 1.3 nm, tRu¼ 0.7 nm, and tPt¼ 0.8 and
0.6 nm) with two Co layers as shown in Figs. 3(c) and 3(d). Thus, we
observed the AF interlayer exchange coupling through Pt/Ru/Pt tri-
layers.

Figure 3(e) shows the log-log plot of �Jex as a function of
ttotal¼ tPt þ tRu for samples A and B (n¼ 1 and 2) with various tCo,
tRu, tPt, and ttotal as shown in Table I. The �Jex values of the first, sec-
ond, and third peak positions (tRu¼ 0.4, 0.8, and 2.0 nm) in sample C
are also plotted in Fig. 3(e). As shown in Fig. 3(e), monotonous
decrease in �Jex with an increase in ttotal was observed except for the
�Jex values of the third peak position (ttotal¼ tRu¼ 2.0nm) in sample
C. As discussed before, the third AF peak observed in this system at
around tRu¼ 2.0nm would overlap the third and fourth AF peaks,
which are related to the K2 and K1 oscillation periods, respectively.
Therefore, the magnitude of the �Jex of the third peak position
(tRu¼ 2.0nm) in sample C would be larger than the other �Jex values
observed in samples A and B (n¼ 1 and 2) with around ttotal� 2.0 nm.
As shown in Fig. 3(e), we observed AF interlayer exchange coupling
through both Pt/Ru and Pt/Ru/Pt between wide thickness range of
1.0 nm � ttotal � 2.3 nm. The observation of AF interlayer exchange
coupling through wide thickness range of ttotal and tPt (0 � tPt
� 0.8 nm for Pt/Ru/Pt spacer layer and 0 � tPt � 1.0nm for Pt/Ru
spacer layer) indicates that the sign of the interlayer exchange coupling
does not oscillate in Pt. The black solid line in Fig. 3(e) is the result of
least-square-fit using the equation �Jex / ttotal

�2. For the fitting, the
data of the third peak position (tRu¼ 2.0 nm) in sample C were not
used. The second power law of the ttotal is the result of fitting assuming
the RKKY interaction.55,58 As shown in Fig. 3(e), the data fit well
by using this equation except for the thicker ttotal region. The inset of
Fig. 3(e) shows the plot of �Jex as a function of total Pt thickness
(tPt total) (tPt total¼ 2 tPt for sample A and tPt total¼ tPt for sample B). The
�Jex value of the second peak position (tRu¼ 0.8nm) in sample C is
also plotted in inset of Fig. 3(e). The blue solid line in inset of Fig. 3(e) is
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the fitted result using the equation �Jex / exp(a � b tPt total), where a
and b are fitting parameters (a¼ 0.37, b¼ 2.05). The�Jex vs tPt total plot
in inset of Fig. 3(e) shows exponential decay rather than tPt total

�2 decay.
In the Pt layer, the decrease in the magnitude of jJexj does not seem to
follow the second power law. This might be the reason for the discrep-
ancy in the thicker ttotal region shown in Fig. 3(e). On the other hand,
Ref. 48 shows the same tendency (the decrease in the magnitude of jJexj
does not follow the second power law in the thicker tRu region). They
conclude that this discrepancy in the thicker tRu region would be related
to the temperature dependence of the magnitude of�Jex. Further exper-
imental and theoretical efforts are necessary to fully understand the
magnitude of interlayer exchange coupling through Pt/Ru/Pt and Pt/Ru
layers. In any way, we observed the relatively large magnitude of jJexj in
the wide thickness range of the nonmagnetic spacer of Pt/Ru/Pt and Pt/
Ru. These results would be useful for the SOT switching on the AF
structure.

In the synthetic AF coupling layer with completely compensated
magnetization, evaluation of the efficiency of SHE is difficult and
determination of SOT efficiencies in synthetic AF remains elusive.59,60

More recently reported papers show enhancement of SHE in the syn-
thetic AF coupling system.61,62 One of them62 uses Pt located outside
the synthetic AF coupling layer to evaluate SOT efficiency. Another
paper61 evaluates the SOT efficiency using the synthetic AF coupling
layer with uncompensated magnetization with three ferromagnetic
layers. Model calculations based on the Landau–Lifshitz Gilbert equa-
tion61 show that the presence of antiferromagnetic coupling can
increase the SOT due to the existence of the exchange coupling field
(Hex) defined in Fig. 2. However, the model could not explain the
experimentally observed magnitude of the SHE enhancement in the
synthetic AF coupling layer.61 They conclude that there are other sour-
ces of SOT besides Hex that may account for the highly efficient SOT

acting on the synthetic AF coupling layer. Particularly, for the ferro-
magnet/Pt/Ru/Pt/ferromagnet system we proposed in this study, the
magnitude ofHex changes depending on the film thicknesses of Pt and
Ru as shown in Fig. 3(e) and the efficiency of SHE would also change
because the observed AF thickness range of 0� tPt� 0.8 nm is shorter
than spin diffusion length (kPT) in Pt (kPT � 1nm).33,42–45,63,64

Therefore, it is expected that the result of tPt dependence of the SOT
efficiency in the ferromagnet/Pt/Ru/Pt/ferromagnet system will show
more complex result. Further experimental and theoretical efforts in
the synthetic AF coupling layer with completely compensated and
uncompensated magnetization and/or with various magnitudes of
exchange coupling strength and/or with in-plane and out-of-plane
magnetization are required to clarify the origin of the SOT in the syn-
thetic AF coupling layer.

In summary, we have investigated the interlayer exchange cou-
pling in Co/nonmagnetic spacer layer/Co systems with Pt/Ru and Pt/
Ru/Pt nonmagnetic spacer layers, and compared to that with the Ru
nonmagnetic spacer layer. The AF interlayer exchange coupling for
the Pt/Ru/Pt nonmagnetic spacer layer samples was observed in the
wide ranges of Pt thickness (0� tPt � 0.8 nm) and total thickness of
nonmagnetic spacer layer thickness (1.0� ttotal � 2.3 nm), which is
available for the studying AF spintronics using current-induced SOT
switching. Moreover, the existence of two oscillation periods of AF
interlayer exchange coupling (K1� 1.65 nm and K2� 1.05 nm) in the
case of the Ru spacer layer and the existence of the AF interlayer
exchange coupling with the oscillation period of K2� 1.05 nm and
disappearance of that with the oscillation period of K1� 1.65 nm in
the case of fcc Pt(111)/hexagonal Ru(0001) and fcc Pt(111)/hexagonal
Ru(0001)/fcc Pt(111) spacer layers were observed. We expect that the
Pt/Ru/Pt spacer layer with the oscillation period of K2� 1.05 nm will
pave a way to the AF spintronics based on the multilayer systems.

FIG. 3. (a) and (b) Normalized out-of-plane and in-plane M–H curves for Ta(3)/Pt(3)/[Co(1.3)/Pt(tPt)/Ru(0.7)/Pt(tPt)]2/Co(1.3)/Ru(1)/Ta(2) (sample A, n¼ 2, tCo¼ 1.3 nm,
tRu¼ 0.7 nm, and tPt¼ 0.6 and 0.7 nm, respectively). (c) and (d) Normalized out-of-plane and in-plane M–H curves for Ta(3)/Pt(3)/Co(1.3)/Pt(tPt)/Ru(0.7)/Pt(tPt)/Co(1.1)/Ru(1)/
Ta(2) (sample A, n¼ 1, tCo¼ 1.3 nm, tRu¼ 0.7 nm, and tPt¼ 0.8 and 0.6 nm, respectively). AF interlayer exchange coupling through Pt/Ru/Pt tri-layers was observed. (e)
Log –log plot of AF interlayer exchange coupling (�Jex) as a function of ttotal¼ tPt þ tRu for samples A and B (n¼ 1 and 2) with various tCo, tRu, tPt, and ttotal. The �Jex values
of the first, second, and third peak positions (tRu¼ 0.4, 0.8, 2.0 nm) in sample C are also plotted in (e). The black solid line is the result of least-square-fit using the equation
�Jex / ttotal

�2. Inset of (e) is the plot of �Jex as a function of total Pt thickness. The blue solid line in inset of (e) is the fitted result using the equation: �Jex / exp(a � b tPt total),
where a and b are fitting parameters (a¼ 0.37, b¼ 2.05).
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