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The spin pumping effect in magnetic heterostructures and multilayers is a highly effective method for the generation
and transmission of spin currents. In the increasingly prominent synthetic antiferromagnetic structures, the two ferromag-
netic layers demonstrate in-phase and out-of-phase states, corresponding to acoustic and optical precession modes. Within
this context, our study explores the spin pumping effect in Py/Ru/Py synthetic antiferromagnetic structures across different
modes. The heightened magnetic damping resulting from the spin pumping effect in the in-phase state initially decreases
with increasing Py thickness before stabilizing. Conversely, in the out-of-phase state, the amplified damping exceeds that
of the in-phase state, suggesting a greater spin relaxation within this configuration, which demonstrates sensitivity to alter-
ations in static exchange interactions. These findings contribute to advancing the application of synthetic antiferromagnetic

structures in magnonic devices.

Keywords: spin pumping, spin transmission, synthetic antiferromagnetic structures , spin dynamics
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1. Introduction

Synthetic antiferromagnetic (SAF) structures have re-
cently garnered significant attention due to their low stray
fields, high thermal stability, and high intrinsic frequencies,
which are key factors in enhancing magnetic storage density
and operational speeds.!!=3] Consisting of two ferromagnetic
layers (FM) coupled antiferromagnetically through a nonmag-
netic spacer (NM), SAFs are characterized by complex magne-
todynamics processes involving spin pumping at the FM/NM
interface, 4% spin transmission in the NM, "= and interlayer
dynamic coupling between the two FMs.[>10:11]

The magnetic states of the two FM layers in a magnetic
trilayer structure play a crucial role in determining the spin
current transmission and dynamic coupling within the system.
Based on the different magnetic ground states, parallel and an-

tiparallel FMs, magnon valves!!>!3 (141

I and magnon junctions
with different spin transmission properties have been devel-
oped. In the magnetic excited state, acoustic and optical modes
can be achieved, depending on the phase difference in the pre-

§.[15-20] The pumped spin current

cession of the two FM layer
and the associated spin transmission and dynamic coupling ef-
fects differ under different precession states. Prior research
has established that the dynamic characteristics of these pre-
cession modes can be influenced by the thickness of the spacer
layer?!! and the spin—orbit torque within the system.!??! Be-

sides, the Gilbert damping of both modes have been theoreti-
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cally elucidated in relation to the dynamic exchange coupling
induced by the spin current.[>3! Nevertheless, experimental in-
vestigations of spin pumping effects in the in-phase and out-
of-phase precession states within SAF structures with varying
thicknesses of the ferromagnetic layers are demanded.

In this study, we explore the spin pumping effects in
Py/Ru/Py synthetic antiferromagnetic structures under both in-
phase and out-of-phase spin precession states. Through ferro-
magnetic resonance experiments, we investigate the spin re-
laxation processes under different precession modes. By con-
sidering the variations in the thickness of the ferromagnetic
layers and the interlayer static magnetic exchange interactions,
we reveal that the spin current pumped from the out-of-phase
spin precession state experiences more pronounced spin re-
laxation and shows greater sensitivity to changes in static ex-
change interactions. This study contributes to the understand-
ing of the potential applications of SAF structures in magnonic
devices.

2. Experiments

The primary structure of our samples consists of
Py(d)/Ru(0.5)/Py(d) with all thicknesses specified in nanome-
ters. Additionally, a series of Py(5)/Ru(dr,) samples are pre-
pared for comparison. These samples are deposited onto sil-
icon dioxide (Si/SiO,) substrates using magnetron sputtering
with a 3-nm tantalum (Ta) buffer layer. To prevent oxidation,
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a protective 2-nm Al cap is applied in situ to all films. Prior
to the sputtering process, the base pressure is maintained be-
low 7.5 x 1078 Torr (1 Torr=1.33322x10? Pa). The argon
working pressure is carefully set at 2.25 mTorr with a 30-sccm
gas flow during deposition, while the deposition powers for
Py and Ru are controlled at 20 W and 5 W, respectively. To
ensure the quality of the films, x-ray diffraction (XRD) char-
acterization is carried out on the Py and Ru films individually,
as shown in Fig. 1(a). The observation of Py (111) diffraction
peaks and Ru (002) and (101) diffraction peaks indicates that
the prepared Py and Ru films are in a polycrystalline state. To
accurately control the thickness of the Py and Ru films, x-ray
reflectometry (XRR) testing is conducted on the Py and Ru
films. Based on the XRR results shown in Fig. 1(b) and the
sputtering time, the sputtering rates for Py and Ru are deter-
mined separately to be 0.95 A/s and 0.16 A/s.

The static and dynamic magnetic properties of the sam-
ples are characterized using a vibrating sample magnetome-
ter (VSM) and a vector network analyzer ferromagnetic res-
onance (VNA-FMR), respectively. During VNA-FMR mea-
surements, the samples are placed face down on a coplanar
waveguide and subjected to a microwave field 4. The power
of h is maintained at O dBm, and an external magnetic field H
is applied perpendicular to #. The microwave signal Sy trans-
mission is measured at different fixed magnetic fields H while
sweeping the frequency from 1 GHz to 20 GHz. By extract-
ing the S signal at different H and a specific frequency, we
are able to obtain the field-sweeping spectrum of FMR. All
measurements are conducted at room temperature.

3. Results and discussion

Figure 1(c) shows the hysteresis loops obtained from
VSM measurements of a single layer Py film, with the mag-
netic field parallel to the in-plane easy and hard axes of
magnetization. The sample exhibits a uniaxial magnetic
anisotropy in the film plan. The saturation magnetization
is about 1200 emu/cm’ and the coercivity is close to 4 Oe
(1 0e=79.5775 A-m~'), demonstrating excellent soft mag-
netic properties.

To determine the spin diffusion length!>*! Ag, of Ru and
the spin mixing conductance!>>~27! ngif at the Py/Ru inter-
face, we carry out FMR measurements on Py/Ru samples.
These two factors (gléf and Agry) are crucial for our subse-
quent study of dynamic coupling in the Py/Ru/Py structures.
Field-sweeping FMR spectra of Py(5)/Ru(0.5) are depicted in
Fig. 1(c), which can be fitted by symmetric and antisymmetric

Lorentzian lineshapes!?®!

K{AH? + KyAH (H — Hiyeg)
AH? +4(H — Hyes)?

where H,. is the resonance field, AH is the linewidth of the

S$o1 =

Y

FMR spectrum, K; and K, are the coefficients of the symmet-

ric and antisymmetric Lorentzian components respectively.
By examining the frequency dependence of AH, as shown in
Fig. 1(d), we extract the magnetodynamic damping ¢ of the

sample according to!?®!

4o
AH:AH0+—7; 1, )

where AH) is the inhomogeneous broadening, and y = gug /%
is the gyromagnetic ratio (g is the Lande factor and up is
the Bohr magneton). The deduced relationship between the
damping factor and the thickness of Ru in Py/Ru structure is
illustrated in Fig. 1(e). According to the conventional spin-
pumping model, the incremental damping induced by spin

pumping can be expressed as[2>2%-301
N
SHBEoff —2dRu
o= 1— . 2
AnMd [ exp ( A @

Through fitting, we determine the spin mixing conductance
gll- at Py/Ru interface to be 1.15x10'5 cm™2, and the spin dif-
fusion length Ag, in Ru is found to be 8.68 +2.08 nm. Hence,
by opting for a 0.5-nm thickness of Ru spacer in constructing
the Py/Ru/Py structure, the spin current can seamlessly tra-
verse from one Py film through the Ru spacer to the adjacent
Py layer, enabling the establishment of dynamic coupling in-
teractions.

After delineating the spin pumping process at the Py/Ru
interface, we conduct further investigations into spin pump-
ing effect in Py/Ru/Py synthetic antiferromagnetic structures.
First, we analyze the spin dynamics modes in samples with
different thicknesses d of Py. Figures 2(a)-2(c) depict the
FMR results at different frequencies and magnetic fields ob-
tained from frequency-sweep FMR measurement, with col-
ors representing the microwave transmission signal Sp;. From
these results, we clearly distinguish at least two distinct collec-
tive excitation modes of the magnetic moments, specifically
the acoustic mode (AM) and optical mode (OM). Here, the
AM signifies the in-phase motion of the two Py layers, while
the OM denotes the out-of-phase motion.!'®!8] The acoustic
and optical modes are discerned based on their respective res-
onance positions. Typically, the resonance field of the acoustic
mode across different frequencies is close to the Kittel mode
of the Py/Ru, as depicted in Fig. 1(d), while the resonance
field of the optical mode is different.>!) Hence, we infer that
in the acquired frequency-sweep FMR spectra (Figs. 2(a)—(c)),
modes positioned at higher frequencies correspond to acoustic
modes, while those at lower frequencies correspond to optical
modes, which are depicted by green circles and yellow pen-
tagons, respectively. Moreover, upon reaching a Py thickness
of 30 nm, in addition to the AM and OM modes, an extra exci-
tation mode at higher frequencies is observed, as highlighted
by the blue triangles in Fig. 2(c), corresponding to the first-
order perpendicular standing spin wave (PSSW) mode.
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Fig. 1. (a) X-ray diffraction (XRD) spectra and (b) x-ray reflectometry (XRR) results of Py and Ru films. (c) In-plane hysteresis loops obtained from VSM
measurements of Py film. (d) Field-sweeping FMR spectra of Py(5)/Ru(0.5) at different frequencies. (e) Frequency dependency of the FMR linewidth of
Py(5)/Ru(dry). (f) The deduced relationship between the damping factor and the thickness of Ru in Py(5)/Ru(dg,) structures.
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Fig. 2. (a) The FMR results at different frequencies and magnetic fields obtained from frequency-sweep FMR measurements on Py(d)/Ru(0.5)/Py(d) with
(a) d =12 nm, (b) d =20 nm, (c) d = 30 nm. (d) The field-sweeping FMR spectra of Py(d)/Ru(0.5)/Py(d) with different d at 14 GHz. The data on the right
of the dashed line has been magnified tenfold on the vertical axis. (¢) Variation of Hex with increasing thickness of Py(d)/Ru(0.5)/Py(d) structures.

31]

Figure 2(d) shows the field-sweeping ferromagnetic reso-  following equations: !
nance spectra of Py(d)/Ru(0.5)/Py(d) with different d at pres- 27 fAM 2
T
sure 14 GHz. At the same frequency, the resonance field of (T) = (HM) (HM +47Mr)

the acoustic mode is consistently smaller than that of the op- oM 2

tical mode, indicating a negative interlayer exchange coupling ( %) — ( HrOM + Hex) ( HrOM 4 Hy 447 Meff) ,
between the two Py layers.[!®) The interlayer exchange cou- 4

pling field, Hy, can be determined through the fitting of the ~ where fAM and fOM represent the frequencies corresponding
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to the resonance fields HAM and HM of the acoustic and op-
tical modes, respectively. Certainly, the value of Hex can also
be approximated by the magnetic field difference between the
resonance fields of the AM and OM modes at the same high
frequency,®?! and the results are consistent. As illustrated in
Fig. 2(e), with an increase in the Py thickness, the magnitude
of |Hex| shows a decreasing trend, gradually approaching 0,
and Hx remains negative within 30 nm. The negative Hex ob-
served in this study confirms the synthetic antiferromagnetic
structure of Py/Ru(0.5)/Py. According to the theory of the
Ruderman—Kittel-Kasuya—Yosida (RKKY) interaction, [33-35]
antiferromagnetic coupling only occurs within a limited range
of nonmagnetic layer thickness. With the increase in the thick-
ness of the ferromagnetic layer, the interlayer interactions ex-
perienced by the magnetic moments far from the Py/Ru in-
terface may extend beyond the window of antiferromagnetic
coupling, leading to a competition between direct exchange
interaction and interlayer interaction. Therefore, in the con-
text of antiferromagnetic coupling systems, the absolute value
of the exchange interaction manifests a declining trend as the
thickness of the ferromagnetic layer increases. However, it
is worth noting that in the vicinity of a 20-nm ferromagnetic
layer, there is a slight fluctuation in the variation of Hex, which
may be attributed to the competition between direct exchange
interaction and RKKY interaction within the system.
Furthermore, we investigate the spin pumping effects at
different precession states. Due to the spin pumping effects
manifesting as the transfer of spin angular momentum, it di-
rectly impacts the magnitude of the magnetic damping factor
of the ferromagnetic layer. In systems with significant spin
pumping, the increment in magnetic damping is larger, and
spin backflow may potentially lead to a decrease in magnetic
damping. Therefore, we primarily focus on the resonance
linewidth variations with frequency in the Py/Ru/Py structures
with different Py thicknesses, concerning acoustic and optical
modes, as illustrated in Figs. 3(a) and 3(b). It is observed that
the linewidth of the magnetic moment FMR under the out-
of-phase optical mode increases significantly with frequency
compared to the in-phase acoustic mode. Due to the weaker
signal of the optical mode, the linewidth obtained from fitting
exhibits a larger error compared to the acoustic mode. The fre-
quency dependency of the acoustic mode shows a pronounced
linear variation. For the optical mode, the frequency depen-
dence of the linewidth generally demonstrates a linear rising
trend, as depicted in the shaded region of Fig. 3(b). While
some data points deviate from linearity, we can still fit them
using Eq. (1) to derive the magnetic damping factor with cer-
tain uncertainties, and analyze it within the error range. When
the thickness of the ferromagnetic layer reaches 30 nm, the
linewidth of the optical mode shows a clear linear increase

with frequency. Moreover, as the thickness of the ferromag-
netic layer increases, there is a slight decrease in the amplitude
of the resonance linewidth variations with frequency.
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50
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8 10 12 11 16
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Fig. 3. Frequency dependency of the FMR linewidth of (a) in-phase
(AM) and (b) out-of-phase (OM) states.

We fitted the frequency dependency of the resonance
linewidth of the AM and OM using Eq. (1), with the results
shown in Fig. 4 with a dual-y axis representation. It is ob-
served that the magnetic damping extracted from the out-of-
phase state is generally higher than that extracted from the
in-phase state, indicating more spin relaxations occur on the
pumped spin currents from Py layers under the out-of-phase

(29301 When the Py thickness increases from

precession state.
12 nm to 16 nm, the magnetic damping extracted from the
in-phase state decreases from 0.0086 £ 0.0002 to 0.0078 +
0.0001, while the magnetic damping extracted from the out-
of-phase state decreases from 0.016 £0.003 to 0.011 +0.002.
With further increase in Py thickness, the magnetic damping
extracted from the in-phase state remains around 0.0078, while
the magnetic damping extracted from the out-of-phase state
initially increases, then gradually decreases after d exceeds
20 nm. This fluctuation trend of the OM magnetic damping
is similar to the fluctuation trend of Hex with d. Therefore,
we speculate that static magnetic exchange interactions, en-
compassing the interplay between direct exchange interaction
and RKKY interaction within the system, could impact dy-
namic coupling. The out-of-phase spin precession state seems
to exhibit heightened sensitivity to this effect associated with
dynamic coupling.

097202-4



Chin. Phys. B 33, 097202 (2024)

og L —-o— AM
0.0088 + o oM {0.020
0.0084 \ \% " 10.016
2 \+ e 2
= 3

0.0080

\& , Y 10.012

0.0076 o 10.008
10 15 20 25 30

Fig. 4. Magnetic damping extracted from the in-phase (AM) and out-of-
phase (OM) states as functions of the Py thickness in Py(d)/Ru(0.5)/Py(d)
structures.

4. Conclusion

In conclusion, our study uncovers the spin pumping ef-
fect in Py/Ru/Py synthetic antiferromagnetic structures, de-
lineating the influence of in-phase and out-of-phase spin pre-
cession states associated with the acoustic and optical modes,
respectively. The determined spin mixing constant at the
Py/Ru interface is 1.15 x 10" cm™2, while a spin diffusion
length of 8.68 nm is established in Py/Ru structures, show-
casing the efficient transmission of spin currents and inter-
layer dynamic coupling facilitated by the 0.5-nm Ru spacer in
the Py/Ru/Py structure. The negative Hex derived from FMR
analysis confirms the synthetic antiferromagnetic characteris-
tics of the Py/Ru(0.5)/Py structures and exhibits a diminish-
ing trend with increasing Py thickness. Notably, our results
indicate a higher magnetic damping in the out-of-phase state
compared to the in-phase state, suggestive of the larger spin
relaxation of the pumped spin currents from Py layers under
the out-of-phase precession state. The variation behavior of
magnetic damping with Py thickness in the out-of-phase state
mirrors the trends observed in He, implying a potential im-
pact of interlayer static magnetic exchange interactions on dy-
namic coupling, particularly accentuated in the out-of-phase
precession state. Our findings not only provide valuable in-
sights into the dynamic behavior of synthetic antiferromag-
netic structures, but also highlight their potential significance
for the development of advanced magnonic devices.
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