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Ferromagnet,/nonmagnetic metal/ferromagnet, (FM;/NM/FM,) trilayers have garnered considerable atten-
tion because of their potential in spintronic applications. A thorough investigation of the spin transport properties
of these trilayers is therefore important. Asymmetric trilayers, particularly those including platinum (Pt) as a
spacer, are less explored. Pt mediates exchange coupling between the two FM layers and thus offers a unique
platform to investigate the spin transport properties under indirect exchange coupling conditions through the
spin-pumping mechanism. We study the static and dynamic magnetic properties of a NigyFe,o/Pt(¢)/Co trilayer
system through vibrating sample magnetometry and spin pumping based on ferromagnetic resonance (FMR)
spectroscopy by varying the Pt spacer thickness. Though a powerful method for characterizing the dynamic
magnetic properties of FM layers, FMR is seldom the only technique used for investigating spin transport
characteristics of asymmetric trilayers. Our analytical focus on the acoustic mode, facilitated by the distinct
magnetizations of the NigyFe,y and Co layers, allows for the isolation of individual layer resonances. The derived
spin pumping induced damping (o) of the NigyFesy and Co layers reveals a direct dependence on the Pt spacer
thickness. Furthermore, fitting of the weighted average of the damping parameters to the oy, of the acoustic
mode reveals that the observed FMR spectra are indeed a result of the in-phase precession of the magnetizations
in two FM layers. The extracted effective spin-mixing conductance (glfﬁ) varies with the FM/NM interface,
specifically 1.72 x 10" m~2 at the NigyFe,,/Pt interface and 4.07 x 10" m~2 at the Co/Pt interface, indicating
a strong correlation with interfacial characteristics. Additionally, we deduce the spin diffusion length in Pt to
be between 1.02 and 1.55 nm and calculate the interfacial spin transparency (7;,) and spin current densities,
highlighting significant disparities between the NigoFe, /Pt and Co/Pt interfaces. This detailed analysis enhances
our understanding of the spin transport in NigoFe,y/Pt/Co trilayers. It offers insights important for advancing
spintronic device design and lays the groundwork for future theoretical investigations of asymmetric trilayer

systems.
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I. INTRODUCTION

Trilayer systems consisting of two ferromagnetic (FM)
layers separated by a nonmagnetic (NM) layer have attracted
the interest of the magnetism and spintronics research com-
munity since the discovery of the giant magnetoresistance
(GMR) effect in the 1990s. Traditionally, trilayers have been
studied for applications in magnetic recording and random
memories. In recent years, a renewed interest in these trilayers
has been seen in emerging areas of spintronics studies such
as field-free spin-orbit torque switching [1], spin-torque mi-
crowave nanodevices [2—4], and synthetic antiferromagnetic
devices [5,6]. Understanding the transfer of pure spin current
[7,8] in the trilayers, in other words the “spin transport,” is
important for the development of low-power and high-speed
spintronic devices. Investigating the magnetization dynamics
of the FM layer makes it possible to gain direct insight into
important spin transport properties such as the spin-diffusion
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length (Asq) and the spin-mixing conductance (g4 ). Agq is the
characteristic length which the pure spin current traverses in
the NM layer before dissipating via spin-flip processes while
g4, parametrizes the efficiency of spin transport across the
FM/NM interface [9].

In the case of a symmetric coupled trilayer, i.e., when
both the FM layers are of the same material (FM/NM/FM),
it is straightforward to obtain the value of spin-mixing con-
ductance (g4+,) at the FM/NM interface by studying the
collective magnetization dynamics of the coupled FMs, such
as Fe/Ag/Fe [10], NiFe/Pt/NiFe [11], etc. However, complex-
ity arises when the trilayer system is asymmetric, i.e., when
the two FM layers are different (FM{/NM/FM,), because the
two different FM/NM interfaces result in two different values
of g4, . The differing values of g4, in turn result in directional
asymmetry in the spin current pumped from FM; and FM,
and transported into the NM spacer layer. Therefore, to cor-
rectly describe the spin transport in asymmetric trilayers it is
important to quantify the g4, at each FM/NM interface.

To date, various approaches including nonlocal
magnetotransport [12], inverse spin Hall effect (ISHE)

©2024 American Physical Society
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[13], and spin-torque ferromagnetic resonance (STFMR)
[14] have been wused to investigate spin transport
properties. Lithography-free approaches such as broadband
ferromagnetic resonance (FMR) and x-ray detected
FMR (XFMR) based spin pumping and time resolved
magneto-optical Kerr effect (TRMOKE) offer an easier
route to investigate the pure spin current transport.
Hitherto, reports on the investigation of spin transport in
asymmetric trilayers by such approaches are rather scarce;
they include systems such as synthetic antiferromagnetic
(SAF) heterostructures, for example, FeCoV/Ru/NiFe
[15] and [Co/Pd/Colpy,/[Ru/Ta]lym/CoFeBry, [16], spin
transfer torque—magnetic tunnel junctions (STTMTIs)
CoFeB/Ta/NiFe [17], spin-valve Co/Cu/CoFeB [18], CoFe/
Cr/NiFe [19], and novel heterostructures CoFe/Bi,Ses;/NiFe
[20]. We note that, though FMR is a powerful technique
that allows extraction of dynamic magnetic properties such
as the effective demagnetizing field, interfacial magnetic
anisotropy, and the damping parameter, it is rare to find
studies where broadband FMR is exclusively utilized to
probe spin transport in trilayer configurations. Typically, it
is combined with XFMR for a detailed examination of each
FM layer’s resonant properties independently. However, the
distinct bulk magnetizations of the two different FM layers
in an asymmetrical trilayer system provide an opportunity
for resonance deconvolution through line shape analysis.
Furthermore, there are very few reports on the spin pumping
in platinum (Pt) in asymmetric trilayer systems, making the
FM, /Pt/FM, heterostructure a novel and compelling system
for investigation.

At the FM/Pt interface a finite magnetic moment emerges
due to direct exchange coupling, affecting up to few atomic
layers of Pt [21]. Additionally, in FM/Pt/FM trilayers there
exists a static indirect exchange coupling (IEC) between the
FMs. The strength of this coupling diminishes exponentially
with the increase in the thickness of the Pt layer [22-25]. The
presence of IEC fosters the hybridization of the magnetization
precession in the two FM layers resulting in two distinct
modes: an in-phase (or acoustic) mode and an out of phase
(or optical) mode. It is observed that damping of the optical
mode is higher than the acoustic mode [11,26-28] rendering
it challenging to observe the optical mode in experiments
[29,30]. In coupled FM;/NM/FM, systems, spin pumping
induces dynamic coupling between the FM layers. This hap-
pens as a result of the spin currents being simultaneously
ejected from both the FMs and being nonlocally dampened
[31]. The absorption of the incoming spin current balances the
loss of angular momentum when the magnetizations precess
in phase, but this loss is amplified when the precession is out
of phase. Consequently, the spin pumping induced damping
is dependent on the precessing magnetizations’ phase and
amplitude [32].

We present a comprehensive study of the static and dy-
namic magnetic properties alongside the spin transport char-
acteristics within an asymmetric trilayer NigoFe,o/Pt(z)/Co
system employing broadband FMR spectroscopy and vibrat-
ing sample magnetometry (VSM). By varying the thickness
of the Pt spacer layer, we aim to modulate and examine the
IEC between the FM layers and its subsequent effect on the
magnetization dynamics of the two FM layers. The focal

point of our investigation is the acoustic mode of the trilayer
system, which, due to the differing bulk magnetizations of
the two FM layers, enables the deconvolution and individ-
ual resonance analysis of each FM layer through line-shape
analysis. Our methodological approach is similar to that of
Omelchenko et al. [11], the distinguishing factor being that we
study an asymmetric trilayer system and subsequently extend
the analysis to isolate the separate spin-mixing conductances
of the two interfaces. Through FMR and VSM, we extracted
key parameters such as the damping coefficient and coupling
strength, respectively. Our analysis reveals the dependency of
spin pumping induced damping of the specific FM layers and
g+, on the respective FM/Pt interface. Additionally, we quan-
tified the interfacial spin transparency and spin current density
at each FM/Pt interface. The interfacial spin transparency of
the trilayer is found to match the FM/Pt bilayer and the spin
current density is observed to be dependent on the Pt spacer
thickness.

II. EXPERIMENTAL DETAILS

Thin films were deposited at ambient temperature on
thermally oxidized single-crystalline Si substrates utilizing
magnetron sputtering. The deposition was carried out in Ar
atmosphere at a chamber base pressure greater than 4 x 107’
Torr. The deposited multilayer sequence was as follows:
Si substrate//Ta(2)/NiggFe,o (6 nm)/Pt(tny )/Co(6 nm)/Ta
(2nm), where the thickness of the Pt layer (fxy) was varied
across samples—specifically, 0, 0.5, 1.5, 3.5, and 7 nm.
To simplify discussions, samples are henceforth designated
based on their Pt layer thickness as Pt(0), Pt(1.5), Pt(3.5), and
Pt(7), respectively. An underlayer and capping layer of Ta
were deposited to promote uniform film growth of NiggFey
and prevent the oxidation of the Co layer, respectively.
Additionally, a control sample using a spacer layer of Cu(7)
was fabricated and analyzed to underscore the distinctive
effects attributable to Pt. The samples are polycrystalline;
x-ray characterization of Pt(0.5) and Pt(1.5) is shown in the
Supplemental Material, Sec. S-1 [33].

Broadband, field-swept, in-plane magnetic field, ferromag-
netic resonance (FMR) measurements were conducted using
a Quantum Design Versalab system with a coplanar waveg-
uide and NanoOsc Phase FMR lock-in detection. Experiments
spanned a frequency range of 5-20 GHz, with an external
dc magnetic field oriented parallel to the sample plane. Sam-
ples were saturated at 15 kOe, well above the magnetic field
sweep used, to ensure full saturation during measurements.
Static magnetic properties were characterized using vibrat-
ing sample magnetometry (VSM) on the Quantum Design
VersaLab system. These measurements were performed at
room temperature, applying fields up to 6 kOe in an in-plane
configuration. For samples comprising multiple ferromagnetic
(FM) layers, such as the FM|/NM/FM, structures discussed
in this study, the observed hysteresis loops are derived
from the collective magnetic responses of both the involved
FM layers.

II1. STATIC MAGNETIC PROPERTIES

Figure 1(a) displays the in-plane hysteresis loops that
demonstrate the magnetization reorientation transition for
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FIG. 1. (a) In-plane hysteresis loops of NigoFeyo(6 nm)/NM
(t nm)/Co(6 nm) trilayers with NM spacers—Pt(0, 0.5, 1.5, 3.5, and
7 nm) and Cu(7 nm), and (b) the variation in coupling strength, J;,
as a function of the Pt spacer thickness.

a series of NiggFey(6)/Pt()/Co(6) trilayer samples. The
thickness, v, of the Pt spacer varies from 0 to 7 nm.
The Pt(0) sample exhibits a square loop with a unique
switching field, suggesting that the two ferromagnetic layers
are acting synergistically as a single composite entity. This
observation is indicative of strong coupling between the FM
layers, primarily through direct exchange interactions. The

J

dl %(H - Hres,l)

(%)2 - (H - Hres,l)

phenomena of IEC in samples with ultrathin NM spacers,
such as for Pt(0.5) and Pt(1.5) samples, can be attributed
to one or a combination of phenomena, including the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [34],
direct exchange coupling via pinholes in the spacer layer
[35] and the magnetic proximity effect in Pt [36]. An early
magnetization reversal in Pt(3.5), Pt(7), and Cu(7) samples
also hints at the presence of magnetostatic (dipole-dipole)
coupling [37], prompting a premature reorientation of
magnetic moments in the softer FM layer in response to the
external magnetic field’s directional shifts. The Supplemental
Material, Sec. S-I [33], provides a detailed analysis of how the
thickness of the Pt spacer layer affects the intrinsic coercive
field (H;.) and the saturation magnetization (M;).

The coupling strength (J;) obtained from the macrospin
simulations—refer to the Supplemental Material, Sec. S-II
[33]—is shown in Fig. 1(b). It can be modeled as expo-
nentially changing with Pt thickness, with J; diminishing
to nearly zero for fp, 2> 1.5 nm. This relationship between
coupling strength and spacer thickness is consistent with find-
ings in other coupled trilayer systems such as Co/Pt/Co [24],
FeNi/Cu/FeCo [38], and Fe/Pd/Fe [39], suggesting a universal
trend across various material compositions. Specifics regard-
ing the energy equation and simulated M-H loops values are
provided in the Supplemental Material, Sec. S-1I [33].

IV. DYNAMIC MAGNETIC PROPERTIES

Broadband FMR spectroscopy is a widely used technique
for investigating spin current, enabling the indirect quantifi-
cation of spin current by analyzing the enhancement in the
Gilbert damping parameter [40,41]. This technique reveals
how the IEC influences the effective magnetic field of the
coupled FM layers in a trilayer system, manifesting as a shift
in the resonance peak position as seen later in Fig. 3(a).

To elucidate the effect of interlayer coupling on the spin
pumping in our trilayer system, we investigated the dynamic
properties of the magnetization by measuring the derivative
(dIl/dH) of the FMR spectra. Figure 2(a) shows a schematic
of flip-chip FMR measurement configuration. The in-phase
precession of the magnetizations of Co and NigyFe,y when
FMs are coupled, and the independent precession in the case
of decoupled FMs, alongside the simultaneous spin pumping
into Pt, are represented schematically in Figs. 2(b)-2(d). The
acquired signal is fitted to the derivative of the Lorentzian
function.

The fitting equation applied in our study is structured as
follows.
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precessing bulk magnetization. The electron spins in Co (cyan) and
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spacer represent the spin current transport in the Pt spacer. The spin
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current undergoes either ballistic (tp, < A¢q) or diffusive (tp, > Asq)
transport.

where AH; and AH, represent the resonance linewidths
and H,s and Hgy represent the resonance magnetic
fields of the FM; and FM, layers, respectively; m is the
slope; and S and A are amplitudes of the Lorentzian fitting
function. Figure 3(a) shows the typical field-swept FMR
spectra for the various samples, NiggFe,0(6)/Pt(z)/Co(6)
and  NiggFey(6)/Cu(7)/Co(6), all measured at 20
GHz. The experimental data are well fitted to Eq. (1)
facilitating the precise determination of the resonance

Frequency (GHz)

FIG. 3. (a) FMR spectra measured at 20 GHz for all the sam-
ples, (b) rf excitation frequency vs resonance field (H,s); solid
lines are fits using the Kittel equation using Eq. (2). For decoupled
trilayers, data for both NiFe and Co layers are shown, and (c) fer-
romagnetic resonance linewidth, AH, as a function of frequency for
varying thickness of Pt spacer; hollow and solid squares represent
the linewidth of Co and NigoFe,, layers, respectively. Solid lines
represent fit using Eq. (3) to extract the effective Gilbert damping
parameter.
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field (Hys) and linewidth (AH). When the FM layers are
strongly coupled (tpy = 0, 0.5, 1.5 nm) a single FMR peak
is observed. This peak exhibits a decrease in intensity and
an increase in linewidth, alongside a shift to higher magnetic
fields as the spacer layer thickness increases. Conversely,
for weakly coupled or decoupled FMs, exemplified by
tpe = 3.5 nm, 7 nm and ¢{c, = 7 nm, two distinct resonance
peaks emerge, each representing the independent precession
of magnetization within the two FM layers. These findings
corroborate the insights related to coupling of the two FM
layers, gained from examining the static magnetization
characteristic in the preceding analysis.

The effective magnetization (4mwM.) was calculated
by fitting the frequency vs H,. data, shown in Fig. 3(b),
to the Kittel’'s equation for in-plane configuration
of FMR as described by Eq. (2). This equation
is obtained by solving the Landau-Lifshitz-Gilbert
(LLG) equation in the small-angle precession limit of
magnetization.

f = %[(Hres + Hk)(Hres + Hk + 47TMeff)]1/2’ (2)

where f represents the resonance frequency, y the gyro-
magnetic ratio with y = gug/h = g x 87.94 Hz/T, H,s the
resonance field, and Hy is the in-plane anisotropy field. Given
typical values for Co and NiFe g factors as 2.18 and 2.1,
respectively, we observed that in weakly coupled or decoupled
samples (tpy =3 and 7 nm and tc, = 7 nm) the effective
magnetization (4w Mg ) for the initial peak at lower magnetic
field and the subsequent peak at higher magnetic field mea-
sure approximately 12-13.5 kOe and 8.1 kOe, respectively.
These findings distinctly attribute the initial and subsequent
peaks to the ferromagnetic resonances of Co and NiFe,
respectively.

Figure 3(c) shows the dependence of the linewidths (AH)
of the Co and NigyFe;o resonance peaks on the FMR excita-
tion frequency across different Pt spacer thicknesses; hollow
and solid squares represent the linewidth of Co and NigoFeyq
layers, respectively. The linear variation in linewidth as a
function of frequency for all the samples indicates the intrinsic
origin of damping. From the linear correlation between the
AH and frequency, we deduce the effective damping parame-
ter (aefr ) and the linewidth broadening due to inhomogeneities
in the film (AH)y) [42,43]:

AH — 47Taeff

[+ AH,. 3

AH, is also referred to as the zero-frequency broadening is
the lowest for NiggFeyo in Pt(7) sample at ~6 Oe. It increases
with tp, while the reverse trend is seen in the AHy Co peak
as in the trilayer with Pt(7) ~194 Oe, and 30 Oe for the Pt(0)
sample. These values are on the higher side as compared to
other reports of a NiggFe,o symmetric trilayer system with a Pt
spacer [11]. The solid lines in Fig. 3(b) represent linear fits to
the data. From the slope of Eq. (3) we determine the effective
Gilbert damping parameter, which subsequently allows us to
extract the spin pumping induced damping as shown later
in Fig. 4.

Further analysis of the FMR spectra concerning the ef-
fective magnetization and interfacial anisotropy is discussed
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FIG. 4. (a) Spin pumping induced damping at NigyFe,/Pt and
Co/Pt interfaces as a function of spacer thickness; solid line rep-
resents the fit by spin-pumping model using Eq. (4) to extract the
spin-diffusion length (Ay) and intrinsic spin-mixing conductance
(gMh), (b) Effective spin-mixing conductance as a function of Pt
spacer thickness calculated using Eq. (5). Dashed line is a guide to
the eye.

in the Supplemental Material, Sec. S-III [33]. We have thus
investigated the features and origin of the obtained FMR
spectra. We now discuss the main results related to the dy-
namic magnetic properties of each FM layer and spin transport
across each FM/NM interface, starting with the relaxation
dynamics at each FM/Pt interface.

V. SPIN PUMPING AND SPIN TRANSPORT

Spin pumping refers to the phenomenon of the transfer of
spin current by a precessing magnetization to the neighboring
NM layer because of the nonequilibrium spin accumulation in
the FM layer. This process is an outcome of the dynamic and
coherent precession of the magnetization around the effective
magnetic field (Herr) in a FM layer. Heir includes the external
magnetic field, crystal anisotropy, and demagnetizing fields.
The enhancement in the damping of the amplitude of preces-
sion of magnetization in the FM layer is understood to be a
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direct consequence of this spin-pumping phenomenon [40].
The damping of the precessing magnetization is enhanced
when the spin current that leaks out of the FM layer dissi-
pates via spin-flip processes in the NM layer after traveling
a distance greater than the spin-diffusion length (As4) of the
NM layer. However, when fxy < Agg, Spin accumulation at
the FM/NM interface leads to a backflow of the spin current
in the FM. Thus the total spin current at the FM/NM interface
can be described as a sum of spin current due to spin pumping
from FM (I’"™) into the NM and backflow spin current
from NM into the FM (I°*%). In coupled trilayer systems,
FM, /NM/FM,;, the backflow spin current at the FM;/NM
interface also includes spin currents pumped out of FM, and
vice versa. Furthermore, the damping of the precessing mag-
netization in FM; (FM;) also depends on the phase of the spin
current pumped out of FM, (FM)). We reserve further discus-
sion on the phase difference of precessing magnetization and
its effect on damping until Sec. VI.

The intrinsic spin-mixing conductance (giTnlt) of a FM/NM
interface is a measure of the inherent efficiency of the FM/NM
interface in facilitating the transfer of spin angular momen-
tum from the FM to the NM layer, independent of the spin
backflow. g?nf is determined from the variation of spin pump-
ing induced damping (os,) as a function of NM thickness
(t~m)- Spin-mixing conductance correlates spin pumping to
the intrinsic properties of the FM and the experimentally
measurable effective Gilbert damping parameter, which as
outlined earlier, is directly affected by the phenomenon of spin
pumping. It is given as follows [44]:

N gup(l — e(*tNM)/}»m)
= Bint A7 M tem

“

Qsp

where all symbols hold their usual meaning. In FM/NM sys-
tems the exponential term in the above equation describes the
spin diffusion in NM and accounts for the attenuation of spin
current as it diffuses through the NM material. To realistically
model the spin transport phenomena, the exponential decay
term for fym < Agq 1S typically multiplied by a factor of 2 that
signifies the distance traversed by the spins after reflection
from the NM/air interface, which is assumed to be a perfect
spin reflector [45]. However, considering the earlier provided
physical explanation of the spin dynamics at the interface in
a trilayer, we exclude the factor of 2 from our analysis of the
FM,/NM/FM, system, operating under the assumption that
the FM layers act as a perfect spin sink. This assumption has
certain limitations. Firstly it is important to note that when
the thickness of the NM spacer is comparable to or less than
the Aqq, though spins can transit through the interlayer, the
transport is only partly ballistic as diffused scattering and
backflow occurs at the NM/FM interfaces [10]. Additionally,
the uniform spin diffusion does not account for the mi-
crostructural inhomogeneities in the NM layer, spin lifetime,
and mean free path which may also lead to nonuniform spin
diffusion across its thickness. Ignoring these factors may lead
to overestimation of the spin current reaching the NM/FM,
interface and Agq.

Furthermore, the perfect spin sink behavior attributed to
FM,, does not consider factors such as magnetic alignment,
interface quality, and FM layer thickness which may cause

deviations in the ideal spin sink behavior when the FM layers
are decoupled and contribute to backflow of spins in FM; or
scattering in the spacer layer.

On the other hand, when accounting for the spin back-
flow, the efficiency of spin pumping across the FM/NM
interface is given by the effective complex spin-mixing con-
ductance (glé) per unit area of the interface. It is expressed
as glfif = Re(glfif) + Im(glé). In the nonmagnetic metal layer,
the imaginary component of the complex effective spin-
mixing conductance is significantly smaller than the real part
[40,46]. The real part, which primarily influences the effi-
ciency of spin transfer across the FM/NM interfaces, is closely
associated with the intrinsic spin-mixing conductance in the
following manner [44,45]:

Suif = 8 (1 — &™), §)

As the effective spin-mixing conductance offers valuable
insights into the interfacial spin transfer characteristics it is an
important parameter to consider when developing spintronic
devices with one or more FM/NM layers.

In Eq. (4), the term oy, is derived from a.g which encap-
sulates all the contributions to the experimentally measured
damping such as the intrinsic damping (o) of the FM layer
and the additional damping resulting from spin pumping. oes
can be given as follows [47]:

Oeff = it + Osp. (6)

We note that in addition to the spin pumping in Pt the seed
and capping NM layers also contribute to the spin pumping.
Therefore, to extract the spin-pumping damping in Pt we must
separate these additional contributions. Accordingly, Eq. (6)
can be rewritten for the NigygFe,y and Co layers as the follow-
ing Egs. (7) and (8), respectively.

Oleff, NiFe = ONiFe T Qsp,seed T Usp,Pt, @)

Oeff, Co = OCo + Usp,cap + Usp,Pts (8)

where anjpe and o, represent the intrinsic damping of
NiggFeso and Co layers, respectively; op seed and otgp cap T€P-
resent the damping in seed and capping layers, respectively;
and ap p; is the damping due to spin pumping in Pt.

The general form can be written as follows:

Oleff = Olref + Qsp,Pt- )

o 18 the reference damping due to both the intrinsic
and extrinsic sources. This equation thus accounts for the
diverse sources of damping. We separately found o for
the Ta(2)/NigygFe;0(6)/Cu(3) and Co(6)/Ta(2) layers to be
8.21 x 1073 and 5.7 x 1073, respectively. The linewidth as
a function of frequency for the isolated layers of the Co and
NiFe reference layers is shown in the Supplemental Material,
Sec. S-IV [33].

The variation of ap p; as a function of Pt spacer thickness
for NiggFezo and Co is shown in Fig. 4(a). The value of agp p
increases with #p; and reaches different values of saturation
for the two FM layers; 7.8 x 1073 for NiggFeyo and up to
12 x 1072 for Co. A higher value of damping for Co indi-
cates a larger transfer of spin angular momentum out of the
precessing FM through its interface with the adjacent NM
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TABLE I. Estimated effective spin-mixing conductance and spin
diffusion length at NiggFe,o/Pt and Co/Pt, in the context of the

literature.

gli(m™2)

gli(m=2)

(NigoFCzo/Pt

interface) (Co/Pt interface) Asq(m)

1.72 x 10" 4.07 x 10" 1.02 x 107 +
1.4 x 10710
(NigoFea/Pt)
1.55 x 107
(Co/Pt)

This work This work This work

1.08 x 10% [49] 3.96 x 10" + 1.1 x 107 +

3.9 x 108 [50] 6.0 x 10719 11]
1.52 x 10" + 4.5 x 10" [51] 1.4 x 107°
3.4 x 10'® [50] [14,52]

2.1 x 10" [53]
2.4 % 10" [55]

1.5 x 1070 [54]
2.4 x 107 [56]

4.0 x 10" [51]
43 x 10" +
4% 10" [11]

[40] and a faster relaxation of precession in Co as compared
to NiggFey in the decoupled regime. A mutual transfer of
spin angular momentum between the two FM layers results in
nearly equal relaxation rates in the coupled regime [17]. With
a Cu(7) spacer, o, p, measured 4.3 x 107 and 4.7 x 107°
for Co and NiggFey, respectively, are lower than the val-
ues obtained for Pt. This difference can be attributed to the
magnetic proximity effect at the FM/Pt interface [48]. The
magnetic proximity effect refers to the induction of magnetic
order by the FM layer in the neighboring NM layer at their
interface. Its effect at the FM/Pt interface is significantly
higher than that at the FM/Cu interface because firstly Pt
has stronger SOC than Cu and secondly the Pt has partially
filled d orbitals, compared to a fully filled d orbital for
Cu, which allows greater interaction with d-orbital electrons
of the FM layer. This result suggests that by considering
the magnetic proximity effects at the FM/NM interface we
can design spacer layers to tune the transfer of spin current
in devices.

The solid lines in Fig. 4 show the curve fitting of
agppe using Eq. (4) for NiggFezp and Co. The derived val-
ues of g?nit at the NigoFey/Pt and Co/Pt interfaces are
1.73 x 10"°(£4.5 x 10'7) and 4.12 x 10"(£5.3 x 10'®), re-
spectively, while the Ay values of Pt are found to be 1.02 x
1072(£1.4 x 10719 and 1.55 x 1072(£6.0 x 107'%) from
the fitting of the NiggFeyyp and Co data, respectively. These
values lie in the range reported for bilayer and trilayer het-
erostructures of Pt as seen in Table I.

Figure 4(b) shows the variation in the effective spin-
mixing conductance (gyf) of the trilayers, calculated using
Eq. (5), as a function of Pt spacer thickness for NiggFe,/Pt
and Co/Pt interfaces. It indicates change in the efficiency
of spin current transfer with respect to the spacer thickness.
As expected from Eq. (5), glfif increases with Pt thickness

and for fnm > Ay, its value saturates at g?nﬁ. This result

shows how the spacer material approaches ideal interface
characteristics as the spin backflow is compensated by the spin
scattering in Pt.

Using Eq. (5), we determined glflf; the values that we obtain
are tabulated in Table I and are found to be consistent with
those reported in the literature. The slight variation in the val-
ues of the spin-mixing conductance and spin-diffusion length,
in comparison with cited references, can stem from several
sources such as the interface quality, due to the difference in
the deposition conditions, that may affect the interfacial spin
scattering and transmission efficiency and even the measure-
ment technique employed, such as FMR, ISHE, and STFMR
which on account of the different sources of errors and exper-
imental sensitivity can affect the estimated values.

Consistent with our findings, the phenomenon of non-
reciprocal spin-pumping damping characterized by varying
spin-mixing conductance values and their dependency on
spacer thickness has been identified in FeCoV/Ru/NiFe asym-
metric trilayers as well, with higher spin-mixing conductance
values reported for NiFe/Ru interface in trilayers ranging
from (11.7—7.7) x 10 m~2 compared to the NiFe/Ru bilayer
~ (3.94+0.3) x 10" m~2 [15]. This variation indicates the
significant role of trilayer configurations in modulating the
spin-mixing conductance. While a recent work in the literature
has touched upon reciprocal spin pumping induced damp-
ing in asymmetric trilayers [16], however, our observations
distinctly demonstrate the nonreciprocal nature of ay, across
different FM layers, further emphasizing the complexity of
spin interactions in such engineered heterostructures.

From the point of view of generation, manipulation, and
detection of spin currents for different spintronic applications,
it is important to quantify the interfacial spin transparency
(Trmypy) for the FM/Pt interface. For example, in mag-
netic memories, spin filter, and spin valves understanding
Temype can significantly enhance the efficiency, maximize the
spin polarized current, etc. Trv/p; essentially measures the
impedance to spin current flow at the interface, influenced
by electronic state mismatch and lattice imperfections. It is
directly related to the effective spin-mixing conductance (g;ff)
as follows [45,50]:

glytanh(5;)

N t h
geffCOth(m) + 5,

Temype = ) (10)

where p (= 20 u2cm) [50]; ¢ and X are the resistivity, thick-
ness, and spin-diffusion length of Pt. T¢,/p; is found to be
~62% and Tyipe/pe ~ 25%. Both values are in agreement with
the reported values for Co/Pt and NigyFe, /Pt interfaces [50].
The higher Trv/pc observed at the Co/Pt interface suggests a
more conducive pathway for spin current flow in comparison
to the NiggFe,( /Pt interface.

Based on phenomenological model of spin pumping, the
interfacial spin current density (j™/) has been related to the
effective Gilbert damping parameter, aef, and NM material
dependent spin-mixing conductance glflf(Pt) [44,57]:

gLy (PO Hl4m My +/ (A M)*y? + 40?]

jFM/Pt —
s 8maZ (4 M)’ y? + 40?]

an
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FIG. 5. Spin current density at (a) NigyFeyo/Pt and (b) Co/Pt in-
terface as a function of Pt spacer thickness, for different rf excitation
frequencies, calculated using (12).

Here,

gkt = glt(1 + [2y/e/Btanh(tp /)] ) . (12)

where ggf is the effective spin-mixing conductance calculated

using (5) and € = (Zpi€? /hc)4 = 0.1. Note that glfif does not
account for the material properties of NM, in contrast to the
g1k (Pt), calculated using Eq. (12). The estimated j™/™" at the
Co/Pt and NigyFe,( /Pt interfaces is shown in Fig. 5.

We see that the spin current density j™/P! increases with
decreasing Pt thickness for both the interfaces, following the
inverse dependence on «.g. This trend is indicative of the
enhanced backflow of spins that occurs when the NigyFe,o and
Co layers are strongly coupled. These results can be related to
the spin-pumping model discussed earlier, in that the back-
flow of spins is enhanced at the FM/NM interface because
of the spin current pumped out of the opposing FM layer.
This explains the observed increase in spin current density
at the FM/Pt interface with decreasing Pt thickness. Further,

the higher value of spin current density at the Co/Pt interface
can be attributed to its greater interfacial spin transparency of
~62% as compared to that of ~25% for NigyFe,( /Pt interface,
estimated earlier. The ability to modulate the spin current
density by adjusting spacer thickness and material properties
thus offers a dynamic control mechanism for spin interactions
for an asymmetrical trilayer system.

We observe a consistently weaker response of NiFe/Pt
interface as compared to the Co/Pt interface that can be ex-
plained by considering the spin memory loss (SML) at the
interface. Magnetoresistance experiments in metallic multi-
layers have established that spin current transfer across 3d
FM/Pt interface is not 100% efficient and is subjected to SML
that causes the spin current to dissipate [58,59]. The higher
SML at NiFe/Pt interface can be attributed to several material
and interfacial factors such as the disorder at NiFe/Pt interface
because of lattice mismatch and alloying effects that enhance
spin scattering [60—62], the bulk spin-orbit coupling of Pt that
enhances SML even when the interfacial spin-orbit coupling
is weak such as at NiFe/Pt interface [63]. Thus, the higher
spin-flip scattering degrades the interfaces ability to preserve
the spin-polarization of the spin current passing through it
lowering the interfaces ability to transmit spin current result-
ing in the observed lower spin-pumping induced damping of
NiFe/Pt in Fig. 4(a), in the decoupled FMs regime.

In addition to SML, spin-backflow (SBF) also governs the
transfer of spin current across the interface and its contribu-
tion to spin transfer efficiency is dictated by the spin-mixing
conductance of the interface [64,65].

The higher SML and lower SBF at the NiFe/Pt interface
thus contributes towards lowering the interfaces spin transfer
efficiency compared to Co/Pt interface which explains the
consistently weaker response in the spin-pumping induced
damping, interfacial spin transparency and consequently the
spin current density.

VI. PHASE OF PRECESSING MAGNETIZATIONS

We further elucidate our understanding of the spin-
pumping mechanism in the trilayer by analyzing it as a
composite of coupled FM layers that interact through both
dynamic coupling via spin pumping and static coupling via
Pt-mediated exchange interactions.

To facilitate this analysis, we compute the average spin
pumping induced damping (&) within the trilayer system,
using the experimentally obtained saturation magnetizations
(M) and the previously derived effective interfacial spin-
mixing conductance of the two FM layers as the weighting
factors, as considered in Eq. (13) below,

1 1
0co X My,co X 8eff, coppy T ONiFe X My NiFe X 8eff. NiFe,Pt

Ogp =

El

N ™
M;.co X &egt, cospe + Ms.NiFe X &eff, NiFe/pt
(13)

with M c, = 1459 emu/cm3 and M, nipe = 825 emu/cm3,
alongside the experimentally determined Gilbert damping pa-
rameters, ac, and anire. The variation of the computed &, as
a function of #p; is shown in Fig. 6.

The data are found to fit reasonably well to the following
equation for spin pumping induced damping of the acoustic
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FIG. 6. Average spin pumping induced damping of the acoustic
mode as a function of Pt spacer thickness. Solid red line represents
fit to the data using Eq. (14).

mode [11]:
—1

~_ &UB &1y I+ gnR (14)

Ogp = ——— —
e | (£

where R = 2% Ay, py(= 34+ 1 uQcm) [11] s the single
spin channel resistivity, fgy is the thickness of the FM, and
8= M“(‘"i,,gfg:jfﬁ;”;f;:g“‘*‘ = 2.15, where gc, and gnipe repre-
sent the g factors of Co and NigyFey, respectively. One
may note the use of the weighted average of the g factor
which is necessitated by the asymmetric nature of the tri-
layer and the different magnetic properties of Co and NiFe.
The weighted average allows us to incorporate the propor-
tional contributions of each layer’s magnetic saturation and
intrinsic g factor. Consistency with the Kittel equation de-
rived g factors for the trilayer samples, which range from
2.15 to 2.19, supports the validity of our weighted aver-
age calculation. The “‘composite” spin-mixing conductance
and spin-diffusion length given by g4, and Ay, respectively,
are the fitting parameters. The data show a good fit to the
model, suggesting that the coupled FM layers undergo in-
phase acoustic mode precession. Unlike similar analyses for
symmetric NiFe/Pt/NiFe trilayers [11], our asymmetric inter-
faces exhibit distinct behavior with a composite spin-mixing
conductance, gy, = 1.00 x 100 £2.9 x 10”m~2 and spin
-diffusion length, iy = 2.35 x 107 £ 1.3 x 107! m, indi-
cating the complex magnetization dynamics at play in an
asymmetrical trilayer system.

As outlined in the Introduction, magnetization precession
in the coupled FM layers emits spin current out of the FM
layers with parallel or opposite spin polarization, contingent
upon the phase of the precessing magnetization. For NM
spacer thicknesses below Ay, the emitted spin current tra-
verses the conducting Pt spacer layer via ballistic transport
and is absorbed by the other FM layer [10]. Notably, for
in-phase precession and fp; < Ay, the loss of angular mo-
mentum is mitigated by the absorption of incoming spin

angular momentum, resulting in reduced spin pumping in-
duced damping as the spacer thickness diminishes [11]. This
mechanism facilitates spin pumping induced dynamic cou-
pling between the two layers, alongside the Pt-mediated
static exchange coupling. The combination of dynamic and
static coupling between the FMs contributes to the ob-
served enhancement in linewidth and shifts in the resonance
field of the coupled FM layers as a function of Pt spacer
thickness.

Furthermore it is important to note that, for all thick-
nesses of the NM layer, there is some spin backflow into
the source FM that results in partial spin current scattering
back into the first FM layer [66]. At the low thicknesses of
the Pt spacer, when the FM layers are coupled, the loss of
angular momentum is only partially mitigated, as depend-
ing on the damping and transit characteristics of all layers
and interfaces in the system some losses can occur due to
spin-scattering events.

VII. CONCLUSION

In summary, our systematic study of THE Nig
Fe,o/Pt(z)/Co trilayer system demonstrates that variation
in the Pt NM spacer thickness significantly influences the
coupling of FM layers, as analyzed through VSM and
macrospin simulations. An exponential decrease in the
coupling strength with increasing Pt thickness is observed.
Subsequently, the trilayer system with strongly coupled FM
layers, with a 0.5 and 1.5 nm Pt spacer layer, exhibits a
single resonance peak whereas in the systems with decoupled
FM layers, for a thicker Pt spacer layer (3 and 7 nm), two
well separated resonance peaks emerge, corresponding to
decoupled resonances in NiggFe,y and Co, respectively. Spin
pumping in NigoFey/Pt(t)/Co studied by FMR reveals a
nuanced dependency of spin pumping induced damping
(asp) on the Pt spacer thickness, highlighting distinctive
nonreciprocal behaviors at the NiggFey/Pt and Co/Pt
interfaces. The observed variation in the saturation levels
of o, for NiggFey and Co is indicative of the differential spin
transport characteristics inherent to each FM/Pt interface.
The effective o, is found to decrease with decreasing
Pt thickness, indicating a dynamic compensation of the
spin current achieved through the in-phase precession of
magnetizations in NigygFe,y and Co, because of the in-phase
spin current pumped by the other FM layer across the thin
NM spacer layer. This observation, coupled with the different
values of spin-mixing conductances at the two interfaces,
underscores the substantial difference in the spin current
density present at two interfaces in the asymmetric trilayer
system. The derived interfacial spin transparency, ~62%
for Co/Pt and ~25% for NiggFe,y/Pt interfaces, alongside
the measured spin current densities of 10.5 nJ/m~? and
3.2 nJ/m~2, respectively, points out the differential spin
transport efficacy across these interfaces.

This investigation establishes the foundation for addressing
the theoretical integration of coupling strength and dynamic
spin pumping between the FM layers for the analysis of g in
an asymmetric trilayer system. By developing a fundamental
understanding of spin pumping in an asymmetric trilayer and
elucidating the function of Pt in regulating the spin transfer
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dynamics this study provides a framework for future research
into the mechanism of spin transport and targeted advance-
ments in spintronic device design to improve the efficiency
and performance of future applications.
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