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Antiferromagnetic interlayer exchange coupling and large spin Hall effect in multilayer systems
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We investigated Pt/Ir/Pt and Pt/Ir multilayers as candidates of nonmagnetic spacer layers in synthetic antifer-
romagnetic (AF) layers, which are available for the systematic study on AF spintronics. In these systems, we
observed (i) AF interlayer exchange coupling in Pt/Ir/Pt and Pt/Ir nonmagnetic spacer layers sandwiched by Co
layers and (ii) large spin Hall conductivity in Pt/Ir multilayer heavy-metal systems which is essential to achieve
low power consumption spin-orbit torque switching. We found that total nonmagnetic spacer layer thickness
[fiora = tpi (Pt thickness) + #;, (Ir thickness)] range in which AF interlayer exchange coupling is observed is wide
in Co/nonmagnetic spacer layer/Co with Pt/Ir/Pt and Pt/Ir nonmagnetic spacer layers. Moreover, the large spin
Hall angle of sy = 10.3% and low resistivity of p,, = 35 ©€2 cm in Pt/Ir multilayer heavy metal are observed.
These results indicate that Pt/Ir/Pt and Pt/Ir are nonmagnetic spacer layers allowing us to achieve the AF
interlayer exchange coupling and generation of large spin-orbit torque via spin Hall effect in synthetic AF

coupling layer system.
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I. INTRODUCTION

Antiferromagnetic (AF) materials [1-16] have attracted
attention due to their fast magnetization dynamics using
current-induced spin-orbit torque (SOT) originating from the
spin Hall effect (SHE) [17-34], low magnetic 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 CuMnAs,
which is one of the bulk AF materials, was demonstrated us-
ing current-induced internal fields originating from its crystal
structure with broken inversion symmetry [7]. Nickel oxide
(NiO) is also a bulk AF material, and its antiferromagnetically
coupled magnetic moments (Néel vector) could be switched
by SOT originating from SHE by using 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. For the
bulk AF materials, the complicated AF domain structures are
often observed [10,14,15], and intrinsic AF-coupling strength
is uncontrollable.

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
layer) [35,36], was proposed as another candidate system for
studying AF spintronics using current-induced SOT switch-
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ing originating from the SHE [16,37]. Because nonmagnetic
spacer layers such as Ru, Cu, and Ir, which are representative
materials of nonmagnetic spacer layers in the synthetic AF
coupling layer, have small SHE (spin Hall angle: 6syy ~ 0.6%,
~0.3%, and ~ 2%, respectively) [38—40], Dai et al. proposed
the use of two Pt layers adjacent to the outside of the synthetic
AF coupling layer and utilization of the relatively large SHE
of the two adjacent Pt layers (6sg ~ 6-10%) [33,39,41-43]
in Pt/Co/Ru/Co/Pt multilayers [37]. Masuda et al. proposed
the material of Ir-doped Cu alloy (Cu-Ir) for nonmagnetic
spacer layer in the synthetic AF coupling layer of Co/Cu-Ir/Co
and observed the AF coupling through Cugslrs alloy with
a relatively large SHE (6sy = 3—4%) in the thickness (fcyrr)
range of 0.6 < fcyr < 1.0 [16]. However, in the case of the
idea of Ref. [37], considering an application of SOT-magnetic
random-access memory (MRAM) shown in Fig. 1(a), the Pt
layer insertion between synthetic AF coupling layer and a
read device such as magnetic tunnel junction (MTJ) is not
preferable to control the magnetization direction of storage
layer in the read device by utilizing the exchange interaction
between the storage and the synthetic AF coupling layer. On
the other hand, the idea and the findings of Ref. [16] have
advantages in terms of the magnetization direction control of
the storage layer; however, resistivity (py,) of Cugslrs alloy
is relatively large (92.42 u2 cm) [16]. In the case of the
memory cell we proposed in Figs. 1(a) and 1(b), the spacer
layer should have large |fsyl|, low py,, and a thickness suf-
ficiently thicker than the spin-diffusion length, because we
would like to pass most of the current through the spacer

©2021 American Physical Society
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FIG. 1. (a) Schematic diagram for memory cell of spin-orbit torque (SOT)-MRAM with metal-oxide-semiconductor (MOS) transistors and
synthetic antiferromagnetic (AF) layer. The red arrow shows the current (/) direction. (b) Proposed synthetic AF coupling layer structure with
Pt/Ir/Pt nonmagnetic spacer layer. (c) An example of sputtered film stacks for measurement of SHE and resistivity of Pt/Ir multilayer HM. (d)
Out-of-plane XRD profiles for the stacks with Pt 7 nm (sample E), [Pt(1.2)/Ir(0.8)]4 (sample J), and [Pt(0.6)/Ir(0.6)]s (sample K) multilayer
HMs on Ta (0.5)/CoFeB (1.5) layers. Cross-sectional transmission electron microscopy images in (e) Ta(0.5)/CoFeB(1.5)/Pt(3.5)/Ta(1) and (f)
Ta(0.5)/CoFeB(1.5)/[Pt(1.0)/Ir(0.8)],/Ta(1). The top Ta layers are completely oxidized.

layer in synthetic AF coupling layer. Therefore, if one can
find a nonmagnetic spacer layer simultaneously exhibiting AF
interlayer exchange coupling and having large |Osy|, low o,
and the thickness sufficiently thicker than the spin-diffusion
length, synthetic AF coupling layer is one of the promising
systems for the systematic investigation of the SOT on the AF
structure.

Here, we try to study the multilayer systems for the inves-
tigation of the heavy-metal (HM) material, because we found
the large SHE and low p,, in [W/Hf]-multilayer HM com-
pared to those in S-phase W [34,44]. This result suggests that
artificially synthesized multilayer system is one of the avenues
for realizing large |fsy| and low p,,. Considering the four
facts that (i) MTJs with perpendicular magnetic anisotropy
(perpendicular MTJs) are the mainstream in current MRAM,
(ii) compatibility with crystal growth, (iii) independence of
damping factor on the magnitude of switching current in the
SOT-MRAM with perpendicular MTJs, and (iv) large SHE
in Pt and W [17,20,22,26,28,32-34], Pt/Co and W/CoFeB-
related systems would be two of the promising candidates
for the application to the large-scale integration (LSI). As the
candidate of Pt/Co-related system, we chose the material of
the [Pt/Ir]-multilayer HM.

This study focuses on the Pt/Ir/Pt and Pt/Ir nonmagnetic
spacer layers sandwiched by Co ferromagnetic layers and
investigates the interlayer exchange coupling through Pt/Ir/Pt
and Pt/Ir nonmagnetic spacer layers and the magnitude of
|Osul, osg, and py, in [Pt/Ir]-multilayer HM, where ogsy is
spin Hall conductivity. We chose to study the Pt/It/Pt and Pt/Ir
nonmagnetic spacer layers, because Co/Ir/Co is well known

to have a strong AF interlayer exchange coupling [45] and the
combination of Pt and Ir is insoluble and same face-centered-
cubic (fcc) structure. The same structure of Ir and Pt suggests
that topological characteristic of the Fermi surface of Ir and
Pt are nearly the same, which would be closely related to
the spanning wave vectors (g;) linking two points of Fermi
surface with antiparallel velocities in the case of noble-metal
spacer, considering the extended Ruderman-Kittel-Kasuya-
Yosida (RKKY) exchange model [46,47]. Therefore, we
thought that the Co/Pt/Ir/Pt/Co synthetic AF coupling layer
structure shown in Fig. 1(b) might be a candidate simultane-
ously exhibiting AF interlayer exchange coupling and large
SHE.

II. EXPERIMENTAL PROCEDURE

We prepared many samples with various film stacks
by rf magnetron sputtering on oxidized Si substrates.
Base pressure of the sputtering system is less than
1 x 107° 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(3)/Pt(3)/
[Co(0.9)/Ir(#;)/Pt(0.6)]3/Co(0.9)/Ir(1)/Ta(2) (sample A)
films, Ta(3)/Pt(3)/[Co(0.5)/Pt(0.26)]4/Co(0.5)/Ir(#)/
Co(0.5)/[Pt(0.26)/C0(0.5)]4/Pt(3) films (sample B) with
various fi, Ta(3)/Pt(3)/[Colico)/Ir(ty)/Ptite)]n/Colico)/
Ir(1)/Ta(2) (sample C), and Ta(3)/Pt(3)/[Co(tc,)/Pt(tp)/
Tr(# ) /Pt(tpe)] /Co(tco) /I (1) /Ta(2) (sample D) (n: repetition
number) [Fig. 1(b) shows the case of n = 1], where numbers
in the parentheses show the nominal thickness in nm.
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TABLE I. Sample structure (stack) prepared in this study.

Sample name Structure of prepared films

Iy (nm)

A Ta(3)/Pt(3)/[Co(0.9)/Ir(z1, ) /Pt(0.6)]2/Co(0.9) /Ir(1) /Ta(2) 04,0.5,0.6,0.7,0.8,0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6
B Ta(3)/Pt(3)/[Co(0.5)/Pt(0.26)]4/Co(0.5) /Ir (1, ) /Co(0.5)/[Pt(0.26) /Co(0.5)14 /Pt(3) 0.4,0.5,0.6,0.7,0.8,0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6
Sample name Structure of prepared films tco (nm)  tpe (NM) fir (nm) total (NM)

C Ta(3)/Pt(3)/[Co(tco)/Ir (1) /Pt(tp )] /Co(tco ) /Ir(1)/Ta(2) (n = 1 and n = 2) 1.3 0.6,1.0 0.5,05506,14,15 1.1,1.15,1.5,1.6,2,2,1
D Ta(3)/Pt(3)/[Co(tco ) /Pttp)/Ir(ty ) /Pt(tp )], /Co(tco)/Ir(1)/Ta(2) (n = 1 and n =2) 1.1,1.3 0.6,0.8, 1.0 0.5 1.6,1.7,2.1,2.5

Sample name Structure of prepared films

Repetition number tiotal = tpe + tir (NmM)

Ta(0.5)/CoFeB(1.5)/Pt(tp;)/Ta(1)
Ta(0.5)/CoFeB(1.5)/[Pt(0.4)/1Ir(0.4)], multilayer/Ta(1)
Ta(0.5)/CoFeB(1.5)/[Pt(0.6/Ir(0.6)], multilayer/Ta(1)
Ta(0.5)/CoFeB(1.5)/[Pt(0.8)/1Ir(0.8)], multilayer/Ta(1)
Ta(0.5)/CoFeB(1.5)/[Pt(1.0)/Ir(0.8)], multilayer/Ta(1)
Ta(0.5)/CoFeB(1.5)/[Pt(1.2)/1r(0.8)],, multilayer/Ta(1)
Ta(0.5)/CoFeB(1.5)/[Pt(0.6)/1Ir(0.6)], multilayer/Ta(1)
Ta(0.5)/CoFeB(1.5)/[Pt(0.8)/Ir(0.6)], multilayer/Ta(1)
Ta(0.5)/CoFeB(1.5)/[Pt(1.0)/1r(0.6)],, multilayer/Ta(1)
Ta(0.5)/CoFeB(1.5)/[Pt(1.2)/1r(0.6)], multilayer/Ta(1)

ZzCOR=—"TZamH

1.5,2.0,25,3.0,3.5,4.0,45,5.0,7.0

n=1~8 1.6,2.4,3.2,4.0,4.8,5.6,6.4,7.2
n=1~6 1.2,2.4,3.6,4.8,6.0,7.2
n=1~5 1.6,3.2,4.8,6.4,8.0
n=1~5 1.8,3.6,54,7.2,9.0
n=1~35 2.0,4.0,6.0, 8.0, 10.0
n=1~6 1.2,2.4,3.6,4.8,6.0,7.2
n=1~5 1.4,2.8,4.2,5.6,7.0,8.4
n=1~5 1.6,3.2,4.8,64,8.0
n=1~5 1.8,3.6,54,7.2,9.0

The films of Ta(0.5)/CoFeB(1.5)/Pt(tp;)/Ta(l) (sample
E) and Ta(0.5)/CoFeB(1.5)/[Pt(tp)/Ir(ty)], multilayer
(tiota)/Ta(1) (samples F—N) systems shown in Figs. 1(c),
1(e), and 1(f) with various Co, Ir, Pt, and total thickness
of the HM (tco, tir, pt, total T€Spectively) are also prepared
for measurement of electrical properties. Samples E-N with
various fy, tp, and fr Were patterned into the microscale
Hall bar by photolithography and Ar ion milling. Detailed
fabrication process was described elsewhere [32]. All films
and the processed devices were then annealed at 573 K in
vacuum less than 1 x 10 Pa for 1 h.

Magnetic properties were measured using a vibrating sam-
ple magnetometer (VSM) at room temperature. Structural
characterization was carried out using cross-sectional high-
resolution transmission electron microscopy (HR-TEM) and
out-of-plane x-ray diffraction (XRD) with Cu-K« radiation
at room temperature. The transport properties were character-
ized using four terminal configurations in a physical property
measurement system (PPMS, Quantum Design). The prepared
devices with various f, were used for measuring p,, and
SHE by spin Hall magnetoresistance (SMR) method at 305
K. For the measurements of SMR, the current, which is less
than equal to 5 1A, is passed through the devices and external
magnetic field between —4 and 44 T is applied to the devices.

III. RESULTS AND DISCUSSION
A. Structural feature of (Pt/Ir) multilayer

Figure 1(d) shows the typical results of out-of-plane XRD
measurements for samples E (tpy = 7nm), J (n = 4, tiora =
8nm) and K (n = 6, tiotq1 = 7.2nm). The results show that
the Pt and [Pt/Ir], HMs have a fcc structure with the (111)
texture. As shown in Fig. 1(d), the peak 26 positions of Pt
and [Pt/Ir],, HMs are consistent with peak 26 position of bulk
Pt (111) and that between bulk Pt (111) and bulk Ir (111).
The observed satellite peaks in Fig. 1(d) are reminiscent of
the designed multilayer structure. However, the satellite peaks

were also observed in Pt monolayer as shown in Fig. 1(d).
In addition, assuming the multilayer formation, the artificial
thickness period (Anurilayer) by using the 26 distance between
the XRD main peak and first satellite peak is estimated to
be Amutiitayer ~ 3 1m, which is much larger than the designed
value of Amyiilayer = 1.2 ~ 2.0nm. Therefore, the possible
reason for observing the satellite peaks in Fig. 1(d) could
originate from flat and high-quality Pt and [Pt/Ir], multilayer
HMs as observed in high-quality semiconductor multilayer
system [48].

Figures 1(e) and 1(f) show the cross-sectional HR-TEM
results for samples E (fpy = 3.5nm) and [ (n =2, to =
3.6nm), respectively. Flat and (111)-textured Pt and [Pt/Ir]-
multilayer HMs were observed. The averaged grain sizes
are ~8 and ~12 nm for Pt(3.5) and [Pt(1.0)/Ir(0.8)],, re-
spectively. From the results of the cross-sectional HR-TEM
results, there is no noticeable difference in terms of the texture
and surface roughness between Pt(3.5) and [Pt(1.0)/Ir(0.8)],
films. We also found that top Ta layers are completely oxi-
dized as shown in Figs 1(e) and 1(f).

B. Magnetic properties and interlayer exchange coupling

Figures 2(a)-2(c) and Figs. 2(d)-2(f) show the normalized
out-of-plane and in-plane magnetization versus field (M-H)
curves for samples A (1, = 0.5, 1.0, 1.4) and B (#, = 0.5,
1.0, 1.4), respectively. The film structures (stacks) of samples
A and B are shown in Figs. 2(g) and 2(h), respectively. The
arrows in the light-pink color boxes in Figs. 2(a)-2(f) indi-
cate the corresponding magnetization state: top, middle, and
bottom arrows in Figs. 2(a)-2(c) represent the magnetization
direction of the top, middle, and bottom Co layers, and top
and bottom arrows in Figs. 2(d)-2(f) represent the magneti-
zation direction of the top and bottom Co layers. The M-H
curves in Figs. 2(a), 2(c), 2(d), and 2(f) show AF interlayer
exchange coupling between Co layers through Ir/Pt and Ir
layers, and those in Figs. 2(b) and 2(e) show ferromagnetic (F)
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FIG. 2. Normalized magnetization vs field (M-H) curves for (a)—(c) sample A (#, = 0.5, 1.0, 1.4 nm) and (d)—(f) sample B (#, = 0.5, 1.0,
1.4 nm). 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 layer. (g) (h) Film structures (stacks) of samples A and B.

interlayer exchange coupling between Co layers through Ir/Pt
and Ir layers. These M-H curves are consistent with previous
results [45,49]. Thus, we observed the oscillation of interlayer
exchange coupling as a function of #. Figure 3 shows the plot
of magnitude of the interlayer exchange coupling (|Je|) as a
function of #;, for samples A and B. The magnitude of |/ | was
evaluated using |Jex| = Mt Hex [50,51], where Mg, , and Hex
are the saturation magnetization of Co, thickness of the Co/Pt
layers, and the exchange field (H.x) defined in Figs. 2(a), 2(c),
2(d), and 2(f). The values of ¢+ and M; for samples A and B
aret = 1.5nm, M, =0.87T, and t = 3.54nm, M, = 1.27T,
respectively. As shown in Fig. 3, we observed first and second
peaks of |J| as a function of #,. Magnitude of |Jex| for sample
B (direct interlayer exchange through Ir layer) is consistent
with previous report [45] and is larger than the magnitude
of |Jx| through Pt/Ir bilayers observed in sample A. The
oscillation period of AF interlayer exchange coupling A is
about 0.95 nm for both samples A and B. According to the

extended RKKY exchange model [46,47], the A is given by
A = 21 /qq, where g, is the spanning wave vector linking two
points of Fermi surface with antiparallel velocities. Therefore,
the same A values for samples A and B and no shift in
the oscillation observed in Fig. 3 indicate that the sign and
intensity of the Jex do not oscillate with increasing fp,. If this
interpretation is correct, we could observe the AF interlayer
exchange coupling through Pt/It/Pt trilayers in which this
structure would be useful for the systematic investigation of
the SOT on the AF structure shown in Figs. 1(a) and 1(b),
because we utilize large SHE in Pt.

In order to confirm this interpretation, we prepared sam-
ple C with various fp; and #, and sample D with various tp
and f#c,. Figures 4(a) and 4(b) show the typical normalized
out-of-plane and in-plane M-H curves for samples D (n = 2,
tco = 1.3nm,tpy = 0.8 nm)and D (n = 1, ¢, = 1.1 nm, tp, =
0.8 nm), respectively. As shown in Fig. 4(a), for sample D
(n =2, tco = 1.3nm, tpy = 0.8 nm), the magnitudes of the
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FIG. 3. Magnitude of the interlayer exchange coupling (|Jex|) as
a function of Ir thickness (#,) measured at room temperature in sam-
ples A and B. The oscillation period (A) of AF interlayer exchange
coupling is about 0.95 nm for both films.

remanent magnetization in out-of-plane and in-plane M-H
curves are almost 1/3 and zero, respectively. For sample D
(n=1, tco = 1.1 nm, tp, = 0.8 nm), the magnitudes of the
remanent magnetization in out-of-plane and in-plane M-H
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FIG. 4. Normalized M-H curves for (a) Ta(3)/Pt(3)/
[Co(1.3)/Pt(0.8)/Ir(0.5)/Pt(0.8)],/Co(1.3)/Ir(1)/Ta(2) [sample D
(n = 2, tco, = 1.3nm)] and (b) Ta(3)/Pt(3)/Co(1.1)/Pt(0.8)/1r(0.5)/
Pt(0.8)/Co(1.1)/Ir(1)/Ta(2) [sample D (n=1, fc, = 1.1nm)].
AF interlayer exchange coupling through Pt/Ir/Pt trilayers was
observed. (c) AF interlayer exchange coupling (—Je) as a function
of fior1 = tpy + 11 for sample C with various tp, and #;, and sample
D with various #p, and #c,. The —J. values of first and second peak
positions (f; = 0.5, 1.4 nm) in sample B are also plotted in (c).
The black solid line and blue dotted line in (c) are the results of
least-square fit using the equation —Jex X exp(a—btio), Where a
and b are fitting parameters (a = 1.5, b = 1.856), and —J., o fioa .
The —2nd power law of the 7,4 is the result of fitting assuming the
RKKY interaction [72,73].

curves shown in Fig. 4(b) are almost zero. Thus, we observed
the AF interlayer exchange coupling through Pt/Ir/Pt trilayers.
Figure 4(c) shows the —Jex as a function of #,, = tp; + #1; for
sample C with various fp; and #; and sample D with various
tpe and fc,. The —Jex values of first and second peak positions
(try = 0.5, 1.4 nm) in sample B are also plotted in Fig. 4(c).
As shown in Fig. 4(c), monotonous decrease in —Jex with in-
creasing o, Was observed. Thus, we observed AF interlayer
exchange coupling through both Pt/Ir and Pt/Ir/Pt between
1.0nm < fip < 2.5nm. The observation of AF interlayer
exchange coupling through a wide thickness range of #y, and
tpe (Onm < #p¢ < 1.0nm) indicates that the sign of the inter-
layer exchange coupling does not oscillate in Pt. The observed
relatively large magnitude of AF interlayer exchange coupling
through relatively thick nonmagnetic spacer of Pt/Ir/Pt would
useful for the SOT on the AF structure.

C. Electrical properties

As shown before, we observed relatively large magnitude
of AF interlayer exchange coupling through thick nonmag-
netic spacer of 1.5nm <ty < 2.5nm in Co/Pt/Ir/Pt/Co
system. Next, we show the estimated results of electrical prop-
erties such as pyy, Osy, and ogy in [Pt/Ir]-multilayer HM. We
evaluate the SHE using the SMR measurement, because we
can evaluate p,, fsg, and osy simultaneously and correctly.
In a nonmagnetic layer/ferromagnetic layer system, the elec-
trical resistance difference that occurs when the ferromagnetic
magnetization direction is changed in a plane orthogonal to
the current flow direction is called SMR. The origin of the
SMR is related to that a spin absorption of spin current in a
nonmagnetic layer generated by the SHE differs depending
on the relative angle of the spin directions between the spin
current and a ferromagnetic layer. Since it is known [52]
that the fsy can be measured correctly by using a magnetic
insulator [53] or a magnetic layer with high resistance such as
CoFeB [32-34,52,54,55] for SMR measurement, we decided
to use CoFeB instead of Co for the SHE evaluation in [Pt/Ir]-
multilayer HM.

Figures 5(a) and 5(b) show the film stacks in prepared Hall
bar devices. Figures 5(c) and 5(d) show the schematic diagram
of the Hall bar device and an example of the typical device
photography, respectively. We measured the p,, and SMR
by using the devices shown in Figs. 5(c) and 5(d). For the
measurements of SMR, the current, which is less than equal
to 5 nA, is passed through the devices in the x-axis direction
in Fig. 5(c) and external magnetic field between —4 and +-4 T
is applied in both y- and z-axis directions at 305 K.

Figure 5(e) shows the inverse of the device longitudinal
resistance (1/R,,) multiplied by a geometrical factor (L/w),
the sheet conductance, G, = L/(wR,,) values are plotted as
a function of the total thickness of the HM layer (fi) for
typical devices of sample E and sample 1. The lengths L and
w are L =205 um and w = 5.0 um as shown in Fig. 5(c).
There is no anomaly in the Gy, VS tiora plot for the device
for sample I, indicating no significant change in resistivity
with increasing for as shown in Fig. 5(e). On the other hand,
for the devices with Pt (sample E), the slope significantly
increases in the thicker thickness region and there is anomaly
at around ti = fpr ~ 3.5 nm. This result indicates that the
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FIG. 5. (a), (b) Film stacks in prepared Hall bar devices.
Schematic diagram of (c) prepared device and (d) photograph of
the typical device. (e) Sheet conductance (G,,) as a function of HM
thickness (#1). The solid lines in (e) are linear fits to the data and
the dotted line in (e) is the least-square fit using Eq. (1). (f) Esti-
mated resistivity (p,,) for Pt, [Pt(0.4)/Ir(0.4)],, [Pt(0.6)/Ir(0.6)],,
[Pt(0.8)/Ir(0.8)],, and [Pt(1.2)/Ir(0.8)], HMs for samples E-J.

Py 18 large in the thin #p region and becomes much smaller at
the thicker #p; region. Solid lines in Fig. 5(e) are fitting results
by least-squares method. For Pt, we used the data for the
fitting in the region of f# = fpy < 3.5 nm, because a recent
report [56] shows that efficiency of SHE depends on the p,,
in the case of Pt HM. Since the slope of the solid lines in
Fig. 5(e) is the inverse of the resistivity of HM (1/p.,), we
determined the p,, values by fitting the slope of the solid lines
of G,, Vversus f plots as shown in Fig. 5(e). Figure 5(e)
indicates that the resistivity p,, value for [Pt(1.0)/Ir(0.8)],-
multilayer HM is smaller than that for Pt in the region of
total < 7nm. Figure 5(f) shows resistivity p,, values fitted
by least-squares method for Pt and [Pt/Ir],-multilayer HMs.
Thus, we found that the p,, values in [Pt/Ir],-multilayer HMs
are low compared to that in Pt. In the case of Pt layer, grain
size increases with increasing fp;, leading to decrease of scat-
tering by grain boundary. The dotted line in Fig. 5(e) shows
the calculated resistivity of Pt, considering the scattering by
both grain boundaries and film surfaces given by [57,58]

1 3Amfp CtPt
Gu=|1-(>+> 1 - -
|: (2 + 4 tPt >< pexp( Amfp))
1
X exp (— i )]/poo, 1)
)\mfp

where the values p = 1.0 fraction of carriers secularly scat-
tered at the surface of Pt layer, bulk resistivity poo = 9 ©2 cm,
mean-free path Apnf, = 26 nm, and the grain-boundary pene-
tration parameter ¢ = 1.34, using the resistivity value (ocopes)
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FIG. 6. Typical longitudinal resistance R,, vs external magnetic
field H oriented along the y axis (red squares) and z axis (black
circles) measured at 305 K for the device with (a) [Pt(1.0)/Ir(0.8)],-
multilayer HM and (b) [Pt(0.6)/1Ir(0.6)],-multilayer HM. Typical
SMR AR,/ Rffo plotted against the HM layer thickness (f,r,) for Pt
and [Pt/Ir]-multilayer HM systems (samples E, I, and K). The solid
lines show the fitting results using drift diffusion model.

for CoygFegoBoo 1S pcores = 260.5 u2cm, which is the
obtained vertical intercept value by the fit shown in Fig. 5(e)
(solid lines). As shown in Fig. 5(e), the experimental results
can be well fitted by Eq. (1), indicating that anomaly in Pt
system would be related to the scattering from grain bound-
aries [57,58]. As described in the part of Figs. 1(e) and 1(f),
the cross-sectional HR-TEM results for sample E and sample
I show smaller grain size of Pt than that of [Pt(1.0)/Ir(0.8)],-
multilayer HM. These cross-sectional HR-TEM results are
qualitatively consistent with the resistivity result shown in
Fig. 5(e).

Figures 6(a) and 6(b) show the typical R,, versus exter-
nal magnetic field H for the devices for sample I (n =1,
total = 1.8nm) and sample K (n = 2, tiqq = 2.4nm). Black
closed circles and red closed squares are the R,, data applying
external magnetic field to H//z and H//y directions, respec-
tively. Because the saturation field (H) measured by VSM is
around |Hg| = 1.5 ~ 2.0T, we plotted the magnitude of SMR
(AR, /R1=0) values at H = 2T [AR,./RI=0(H = 2T)] (av-
erage value of AR,,/RI="at H = —2T and +2 T) as a func-
tion of #, in Fig. 6(c). As shown in Fig. 6(c), the thickness
tiotal at Which the maximum values of AR,, /RZZO(H =2T)
in AR, /Rf;fo (H = 2T) Vs tiora plot decrease with increasing
inserting #; in [Pt/Ir]-multilayer HM, which indicates the de-
crease in spin-diffusion length (Ag) with increasing inserting
tir. The solid lines in Fig. 6(c) are the results fitted to the
measured data by using the equations [54,55]

SMR = AR, /R =°(H =2T)

~ QZH)‘_S tanh (ttota]/Z)\S)[ _ 1 :| )
Mhow 1+ cosh (ot /4s)
1
£ = PHMICoFeB ’ 3)
PCoFeBltotal

where pcores = 260.5 12 cm and pyy are the resistivities of
CoFeB and HM estimated by the least-square fitting shown in
Fig. 5(d), respectively. As shown in Figs. 1(e) and 1(f), since
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FIG. 7. (a) Estimated magnitude of the spin Hall angle (6sy), (b) spin-diffusion length (Xs), and (c) spin Hall conductivity (osy) for Pt and
[Pt/Ir]-multilayer HM for samples E-J. The solid black lines in (a)—(c) are guides for the eyes.

the cross-sectional HR-TEM results show that the top Ta layer
is fully oxidized, the SOT contribution from the top Ta layer
is ignored in this evaluation. As shown in Fig. 6(c), the data
are well fitted by using these equations (2) and (3).

Figures 7(a)-7(c) show the results of sy, As, and osy
obtained from the fit shown in Fig. 6(c). Figure 7(a) shows
that the magnitude of fsy in [Pt(0.4)/Ir(0.4)],, HM is smaller
than that of Pt and those in [Pt(1.0)/Ir(0.8)], HM and
[Pt(1.2)/1r(0.8)], HM are slightly larger than that in Pt.
This result would indicate that SHE in [Pt/Ir]-multilayer HM
is large compared to that of Pt, whereas SHE in [Pt/Ir]-
multilayer HM with a large percentage of volume at the
interface between Pt and Ir is small compared to that of Pt,
because [Pt(0.4)/Ir(0.4)], HM would have larger percent-
age of volume at the interface between Pt and Ir than those
for [Pt(1.0)/Ir(0.8)], HM and [Pt(1.2)/Ir(0.8)], HM. The
maximum magnitude of Osy is 10.3% for [Pt(1.2)/1r(0.8)],
HM. Figure 7(b) shows that the magnitude of Ag in [Pt/Ir]-
multilayer HM is shorter than that in Pt. This would be
related to the increase in the interfacial scattering of mul-
tilayer system. Figure 7(c) shows the plot of ogy for Pt
and [Pt/Ir],-multilayer HMs. As shown in Fig. 7(c), the
magnitude of ogy in [Pt(0.8)/Ir(0.8)],, [Pt(1.0)/Ir(0.8)],
and [Pt(1.2)/Ir(0.8)],-multilayer HMs is larger than that in

Pt system. The ogy is defined as osy = |fsul/pxxr = gsifﬁ —

[assilpfxo + ass P)_cxo] / ,ofx, where the Usi'ﬁ is intrinsic spin Hall
conductivity, ogj; is spin Hall conductivity due to the side-

jump mechanism, ags is the skew scattering angle, and pyyo
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FIG. 8. SMR AR,, /Rf:0 plotted against the HM layer thickness
(tiora) for (a) samples L-N and (b) samples H-J with 7 = 0.8,
1.0, and 1.2 nm. The solid lines show the fitting results using drift
diffusion model.

is the residual resistivity of heavy metal [41,42,59]. This
equation and many experimental results [41-43,60] show that
monotonous increase in |fsy| with increasing p,, in relatively
low py, region (o, < 70 w2 cm). Therefore, large osy indi-
cates that HM has large |0sy| and low py,. This result is good
from the application point of view.

Figures 8(a) and 8(b) show AR,,/R=(H = 2 T) (average
value of ARxx/Rng at H=—-2T and +2 T) as a function
of # for samples L-N and samples H-J. We investigated
tp, dependence of pyy, Osy, osg, and Ag for [Pt(tp)/Ir(ty)],-
multilayer HM systems with #, = 0.6nm and #;, = 0.8 nm
at which AF interlayer exchange coupling and F interlayer
exchange coupling are observed, respectively (see Fig. 3).
As shown in Figs. 8(a) and 8(b), monotonous increase of
magnitude of AR,,/RE=0(H =2 T) with increasing tp, was
observed for both [Pt(tp)/Ir(0.6)], and [Pt(tp)/Ir(0.8)],-
multilayer HM systems. The solid lines in Figs. 8(a) and 8(b)
are the results fitted to the measured data by using Eqs. (2)
and (3). The data are well fitted by using these equations.

Figures 9(a)-9(d) show the #p; dependence of p,y, Osy, osH,
and Xg for [Pt(tp;)/Ir(#;)],-multilayer HM systems with #, =
0.6 nm and #;, = 0.8 nm (samples L-N and samples H-J). As
shown in Figs. 9(a)-9(d), the tp; dependence of p.,, Osy, OsH,
and Ag shows the same tendency between [Pt(tp;)/Ir(#)],-
multilayer HM systems with 7, = 0.6 nm and #, = 0.8 nm.
As shown in Fig. 9(a), the magnitude of p,, for both
[Pt(tp,)/Ir(f1;)],,-multilayer HM systems with #;, = 0.6 nm and
tir = 0.8 nm decreases with increasing fp;. All the magnitudes
of Bsy, osy, and Ag for both [Pt(¢p;)/Ir(t;:)],-multilayer HM
systems with #;; = 0.6nm and #, = 0.8 nm increase with in-
creasing tp; as shown in Figs. 9(b)-9(d). The value of ogy of Pt
HM is 1.56 x 10° Q~' m~! as shown in Fig. 7(c). So, we ob-
served large magnitude of ogy in [Pt(#p,)/Ir (1 )],-multilayer
HM systems compared to that in Pt as shown in Fig. 9(c). The
observed value of Osy is 10.0% for Pt HM as shown in Fig.
7(a). Therefore, all the data values of Osy in [Pt(zp)/Ir(f)],-
multilayer HM systems shown in Fig. 9(b) are nearly the
same with that for Pt. Therefore, large magnitude of osy in
[Pt(tp,)/Ir(f1:)],-multilayer HM systems is originating from
the lower magnitude of p,, in [Pt(¢p,)/Ir (1, )],-multilayer HM
systems compared to that in Pt HM system. All values of
Osy and osy in [Pt(tp;)/1r(0.8)],-multilayer HM systems are
larger than those in [Pt(¢p;)/1r(0.6)],,-multilayer HM systems.
This indicates that the magnitudes of 6sy and ogy increase
with increasing #; and that enhancement of SHE is related
to the artificial multilayer structure. The length of all the Ag
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FIG. 9. Pt thickness (#p;) dependence of (a) estimated magnitude
of the resistivity (p,.), (b) spin Hall angle (6sy), (c) spin Hall conduc-
tivity (osn), and (d) spin-diffusion length (As) for [Pt(zp)/Ir(0.6)]
HMs (samples L-N) (red solid squares) and [Pt(#p,)/Ir(0.8)] HMs
(samples H-J) (blue solid circles). The solid red and blue lines in
(a)—(d) are guides for the eyes.

in [Pt(tp)/Ir(f1;)],,-multilayer HM systems is shorter than that
in Pt. This would be related to the increase in the interfacial
scattering of multilayer system as discussed before. All val-
ues of Ag in [Pt(tp;)/Ir(0.8)],-multilayer HM systems (¢, =
0.8 nm) are shorter than those in [Pt(¢p;)/Ir(0.6)],-multilayer
HM systems (f; = 0.6 nm). This indicates that the interfacial
scattering related to the artificial multilayer structure would be
larger in [Pt(tp)/Ir(0.8)],-multilayer HM systems compared
to that in [Pt(#p,)/Ir(0.6)],-multilayer HM systems.

IV. DISCUSSION

First, let us discuss the reasons for the small magnitude
of p., and short length of Ag observed in [Pt(tp)/Ir(ty)],-
multilayer HM systems compared to those in Pt system.
One of the reasons why the magnitude of p,, is small in
[Pt(tp;)/Ir(#y;)],-multilayer HM system is related to that the
grain size of [Pt(tp)/Ir(#;)],,-multilayer HM system observed
in the cross-sectional HR-TEM [Figs. 1(e) and 1(f)] is larger
than that in Pt system as discussed before. Another reason
for the small magnitude of p,, would be related to having the
same topology of Fermi surface between Pt and Ir. In Fig. 3,
we observed the same AF oscillation period A in Co/Ir/Pt/Co
system and Co/Pt/Co system. As discussed before, we also
observed AF interlayer exchange coupling is maintained even
through the thick Pt layer and monotonous decrease of mag-
nitude of AF interlayer exchange coupling through fp; [see
Fig. 4(c)]. This indicates that the spanning wave vector ¢
in Fermi surface exists even through thick #p;; therefore, this
would indicate that electrons could move freely to some ex-
tent at the Pt/Ir interface. This would be another reason for
the small magnitude of p,, in [Pt(tp,)/Ir(#;)],-multilayer HM

system. On the other hand, as shown in Figs. 7(b) and 9(d), we
observed short length of Ag in [Pt(¢p,)/Ir (1, )],-multilayer HM
systems compared to that in Pt system. These experimental
results indicate that spins feel the difference between Pt and
Ir; however, electrons do not feel the difference between Pt
and Ir. Spins would feel the difference through the spin-orbit
interaction due to the difference of the magnitude of orbital
angular momentum between Pt and Ir.

Next, we would like to discuss the reason for the en-
hancement of efficiency of osy observed in [Pt(tp)/Ir(ty)],-
multilayer HM systems compared to that in Pt system.
As described before, enhancements of Osy and osy in
[Pt(tpe) /Ir (#;)],-multilayer HM systems could not be ob-
served for the thin 7p, and #; as shown in Figs. 7(a) and
7(c). This indicates that the reason for the enhancements is
not related to the scattering originating from the interface
mixing phase of Pt-Ir but the scattering originating from the
artificial multilayer system of Pt/Ir. Therefore, these results
seem to indicate that the reason for the enhancements of Osy
and ogy is correlated to that of decrease of the Ag observed in
[Pt(tp,)/Ir (1 )],-multilayer HM systems. Spins would feel the
difference of Pt and Ir through the spin-orbit interaction due to
the difference of the magnitude of orbital angular momentum
between Pt and Ir as described before. We think that there
might exist a tradeoff between the magnitudes of fsy and As.
However, several previous papers [33,39,41-43,61,62] have
suggested that the values of Ag for Pt vary from 1 to 11 nm.
The Ag would be also related to the crystalline of the sample,
spin memory loss at ferromagnet/HM interface [56], so, more
experimental and theoretical efforts would be necessary for
clarifying the absolute value of Ag and the correlation between
Osu and Ag. Recently, there has been an interesting report [56]
that the Elliott-Yafet scattering mechanism [63,64] provides
the relation between 6sy and As.

From the application point of view, the discovery of the
material with large magnitude of osy (large |6sy| and low py,)
is important. In this study, we observed the large magnitude
of osy in [Pt(tp,)/Ir (¢ )],-multilayer HM systems compared
to that in Pt. The reasons for the enhancement of osy ob-
served in [Pt(tp)/Ir(#)],,-multilayer HM systems are related
to the enhancement of |6sy| due to the scattering originating
from the artificial multilayer system and decrease of o,
which would be originating from the same topology of Fermi
surface between Pt and Ir. Thus, we could find a nonmag-
netic spacer layer simultaneously exhibiting AF interlayer
exchange coupling and having large |fsyl|, low p,,, and the
thickness sufficiently thicker than the spin-diffusion length.
Since the Pt has already been utilized as a spin-current source
for SOT switching [8,37], the observed synthetic AF coupling
layer would be one of the promising systems for the sys-
tematic investigation of the SOT on the AF structure. Table
II shows comparison of dampinglike SOT efficiency (6sy,
&pL = Tint Osn), Pxx, and osy for various nonmagnetic metals
which reported as nonmagnetic spacer of synthetic AF struc-
ture and for recently reported various heavy metals having
Pt-based alloys [65-68], where Ty (< 1) is the interfacial
spin transparency. As shown in Table II, the Pt alloys result
in much improved SOT efficiency. Because these Pt alloys
have a fcc structure, the same structure of Ir and Pt alloys
(such as Pto75Auq.25, Pto.75Pdo.2s5, Pto.s7Cuo.43, PtogsHf 15,

064439-8



ANTIFERROMAGNETIC INTERLAYER EXCHANGE ...

PHYSICAL REVIEW B 104, 064439 (2021)

TABLE II. Comparison of dampinglike SOT efficiency (6su, &€pL), pxr, and osy for various nonmagnetic metals reported as nonmagnetic
spacer of synthetic AF structure, and for various heavy metals having Pt-based alloys.

Osu, &pL Poxx OSH

Heavy metals (%) [ cm] (10° h/2eQ'm™) AF coupling Ref.
Pt/Ir/Pt, (Pt/Ir), 8.5~10.3 35~41 2.1~2.95 Yes This work
Cugslrs 3~4 92.4 0.3~0.43 Yes [16]
Ru 0.6 No data No data Yes [38]

Ir 2 25 0.8 Yes [39]
Cu 0.3 6.3 0.48 Yes [40]

Pt (3.5 nm) 10 64.8 1.56 No This work
Pt 6~10 24.5~40 2~3.1 No [33,39,41-43]
Pty 75Auq 25 30 83 3.6 No data [65]
Pt0A75Pd()A25 26 57.5 4.5 No data [66]
Pt0‘57Cu0'43 44 82.5 5.3 No data [67]

Pt gsHf 15 16 110 1.45 No data [68]
PtOAgAl()Az 14 75 1.87 No data [68]

and Pty gAlp,) suggests that topological characteristic of the
Fermi surface of Ir and Pt alloys are nearly the same, which
would be closely related to the g, linking two points of Fermi
surface with antiparallel velocities in the case of noble-metal
spacer [46,47]. Therefore, if the technology we proposed
in this study and Pt alloy technology can be fused, the fu-
sion technology of Co/Pt alloy/Ir/Pt alloy/Co synthetic AF
coupling layer structure (Pt alloys: Pty 75Aug.2s, Pto75Pdg.2s,
Pto.57Cuq.43, Pto.gsHf .15, and Pty gAlg») might be an excellent
candidate simultaneously exhibiting AF interlayer exchange
coupling and huge SHE. Further experimental efforts in the
synthetic AF coupling layer would be necessary.

Finally, we would like to discuss the possibility of the
further increase of ogy in the synthetic AF coupling layer
structure of ferromagnet/Pt/Ir/Pt/ferromagnet structure by us-
ing another approach. As shown in Figs. 9(b) and 9(c), we
could not observe the enhancements of osy and |fsy| in
the ferromagnet/[Pt(tp;)/Ir(#)], HM system with one fer-
romagnetic layer and with #; in which AF coupling has
been observed compared to those with F coupling. This
result is consistent with the previous result [16] which stud-
ied the SHE using ferromagnet/Cugslrs alloy HM system
with one ferromagnetic layer. In 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 [69,70]. More
recently reported papers show enhancement of SHE in syn-
thetic AF coupling system [49,71]. One of them [71] using Pt
located outside the synthetic AF coupling layer for evaluation
of SOT efficiency and another paper [49] evaluates the SOT
efficiency using synthetic AF coupling layer with uncompen-
sated magnetization with three ferromagnetic layers. Model
calculations based on the Landau-Lifshitz-Gilbert equation
[49] show that the presence of antiferromagnetic coupling
can increase the SOT due to the existence of the exchange
coupling field (He) defined in Fig. 2. However, the model
could not explain the experimentally observed magnitude of
the SHE enhancement in synthetic AF coupling layer [49].
They conclude that there are other sources of SOT besides
H,, that may account for the highly efficient SOT acting on
synthetic AF coupling layer. Particularly, for the ferromag-

net/Pt/Ir/Pt/ferromagnet system we proposed in this study, the
efficiency of SHE changes depending on the film thicknesses
of Pt and Ir as shown in Figs. 7(a), 7(c), 9(b), and 9(c);
therefore, it is expected that the result of the SOT efficiency in
the ferromagnet/Pt/Ir/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 mag-
nitude of exchange coupling strength, and/or with in-plane
and out-of-plane magnetization, are required to clarify the
origin of the SOT in synthetic AF coupling layer.

V. SUMMARY

We have investigated the interlayer exchange coupling
in Co/nonmagnetic spacer layer/Co systems with multilayer
structure of Pt/Ir and Pt/Ir/Pt for the nonmagnetic spacer
layer, and compared to that with Ir nonmagnetic spacer layer.
The AF interlayer exchange coupling was observed even for
the Pt/Ir/Pt nonmagnetic spacer layer samples. The AF inter-
layer exchange coupling in the wide range of Pt thickness
(0 < tp < 1.0nm) and in the wide range of total thickness
of nonmagnetic spacer layer (1.0 < #o1 < 2.5nm) was also
observed. Moreover, we have evaluated the SHE for Pt/Ir
multilayer systems, and observed the enhancement of spin
Hall conductivity and spin Hall angle compared to those in
Pt system. This study has clarified that Pt/Ir/Pt is a promis-
ing nonmagnetic spacer layer simultaneously exhibiting AF
interlayer exchange coupling and having large |6sy|, low p,,,
and the thickness sufficiently thicker than the spin-diffusion
length. We expect the Pt/Ir/Pt spacer layer to pave a way
to the antiferromagnetic spintronics based on the multilayer
systems.
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