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Anomalous Gilbert damping induced by the coexisting static and dynamic
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Although the magnetic relaxation mechanism in ferromagnetic/nonmagnetic (FM/NM) bilayers has been com-
mendably established, the nonlocal Gilbert damping has been much less addressed in spin valve configurations
of FM/NM/FM associated with both the static interlayer exchange coupling and the dynamic coupling. Here,
we report the dimensional crossover role of the Pd layer on magnetic relaxation in Fe/Pd/Fe trilayer structures.
We identify a pronounced jump of Gilbert damping across the characteristic static interlayer exchange coupling
length of Fe/Pd/Fe. The significant enhancement and suppression of Gilbert damping values are ascribed to the
entanglement of the dynamics of the two Fe layers mediated by the static exchange coupling and the dynamic
exchange coupling. Our work deepens the understanding to manipulate the spin transport and magnetic relaxation
via the coherence of spin current.
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I. INTRODUCTION

The Gilbert damping determining the magnon lifetime, the
speed of the magnetic switching, and the threshold current in
spin-torque devices inspires intense research interest in funda-
mental magnetic relaxation mechanism [1–3]. Generally, the
local Gilbert damping in ferromagnetic metals is interpreted
by the dissipation of energy and angular momentum from the
localized d electrons mediated by the itinerant s electrons, as
exemplified by the breathing Fermi surface model, the scat-
tering theory, and the linear response model [4–6]. According
to the spin pumping effect in ferromagnet (FM)/normal metal
(NM) heterostructures, the nonlocal Gilbert damping arises
from the spin torques related to the reflection and absorption
of spin current across the FM/NM interface, which is increas-
ingly important with the rapid progress in spintronics [7–9].

Remarkably, spin/magnon valve structures FM/NM/FM,
in which the information transmission and computing can
be encoded and mediated by the pure spin current with
lower power dissipation rather than by charge current in con-
ventional electronic devices, show intriguing characteristics
associated with the spin current and spin transfer torque in
spintronic devices [10–12]. The interlayer exchange interac-
tion in FM/NM/FM structures entangles the dynamics of the
two FM layers, and trigger collective spin excitations accom-
panying with the transmission of spin current [13–15]. Such a
FM/NM/FM structure with the interlayer exchange interaction
can be regarded as one of hybrid quantum systems exploit-
ing quantum magnon information processing [16–18]. It is
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noteworthy that the magnon or quasiparticles lifetime in such
a versatile structure heavily relies on the system’s damping,
whereas the dissipation of spin current is strongly affected
by the static interlayer exchange coupling and the dynamic
exchange coupling (i.e., spin current-induced spin torque) be-
tween two FM layers [19–23]. For instance, it was stated that
the coherent spin pumping can increase or suppress the non-
local damping in the coupling yttrium iron garnet/permalloy
heterostructure [18]. Subsequently, an emerging question is
how to distinguish the entanglement and role of the two cou-
plings on magnetic relaxation in FM/NM/FM multilayers. In
this work, we concentrate on the nonlocal Gilbert damping in
the Fe/Pd/Fe trilayers. Instead of the commonly used normal
metal Pt or Cu, we use Pd hosting the static interlayer ex-
change coupling length ∼2 nm and the spin diffusion length
∼7 nm [23–28], in which the damping contributions from the
static exchange coupling and the dynamic coupling could be
easily disentangled via tuning the Pd thickness. Herein, we
observed a drastic steplike Gilbert damping feature nearby
the static interlayer exchange coupling length. The underlying
physical mechanism is carefully addressed by separated and
mutual precession modes.

II. EXPERIMENTS

Fe (top, 7.5 nm)/Pd(tPd)/Fe (bottom, 6 nm) trilayers
and Pd(tPd)/Fe(6 nm) bilayers (tPd indicates thicknesses in
nanometer) were prepared on MgO(001) substrates by molec-
ular beam epitaxy (MBE) with a base pressure of 3×10−10

mbar, where tPd = 1, 3, 5, 7, 9, and 11 nm. The MgO sub-
strates were annealed at 700 °C for 2 h in a vacuum chamber,
and then held at room temperature during deposition. All
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FIG. 1. Illustrations of the stacked bilayers Pd/Fe (a) and trilay-
ers Fe/Pd/Fe (b). Real part of S21 vs magnetic field at 14 GHz for
Pd(7 nm)/Fe(6 nm) and Fe(7.5 nm)/Pd(7 nm)/Fe (c) at ferromagnetic
resonance.

Fe/Pd/Fe films were also covered by a Cu layer (3.5 nm)
to avoid oxidization. The simplified schematic diagrams of
the sample structures are shown in Figs. 1(a) and 1(b).
The dynamic properties are measured by a broadband vec-
tor network analyzer ferromagnetic resonance (VNA-FMR)
setup involving a coplanar waveguide for microwave exci-
tation. During the measurement, the frequency and input
power (0 dBm) of the microwave source were fixed while
the external magnetic field was swept. The transmission

coefficients (S21) were recorded as a function of the in-
plane applied magnetic field H. The sample preparation and
VNA-FMR measurement were similar to our previous exper-
iments [29–31].

III. RESULTS AND DISCUSSION

Figure 1(c) shows the typical FMR spectra signed by
the transmission coefficient S21 for the Pd(7 nm)/Fe(6 nm)
bilayers and Fe(7.5 nm)/Pd(7 nm)/Fe(6 nm) trilayers. The
corresponding resonant field Hr and linewidth �H can be well
fitted by using the following expression:

ReS21(H ) = S0+L
(�H/2)2

(H − Hr )2 + (�H/2)2

− D
(�H/2)(H − Hr )

(H − Hr )2 + (�H/2)2 . (1)

Here, Re S21, S0, H, L, and D are the real part of transmission
parameter S21, the offset, the applied magnetic field, and the
symmetric and antisymmetric magnitude, respectively [29].
Compared with the single peak of FMR spectrum for Fe/Pd
bilayer, the two well-separated peaks appear for Fe/Pd/Fe
trilayers, which reveal two resonance modes.

To further verify the dynamic properties of the films,
we carried out the in-plane angular dependent FMR mea-
surements. Figure 2(a) shows the measured FMR spectra as
a function of the magnetic field azimuth ϕH at the fixed

FIG. 2. (a) In-plane angular dependent FMR spectra for Fe(7.5 nm)/Pd(7 nm)/Fe(6 nm) at the fixed frequency 14 GHz. (b) In-plane angular
dependence of resonance field Hr for Pd(7 nm)/Fe(6 nm) bilayers. (c) The extracted resonance field Hr vs magnetic field angle ϕH from (a). (d)
The obtained magnetic anisotropy parameters via fitting the two kinds of the angular relations for Fe(7.5 nm)/Pd(tPd nm)/Fe(6 nm) trilayers.
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frequency 14 GHz. It is clear that two peaks are well separated
at various ϕH . The extracted angular dependent resonance
field Hr is plotted in Fig. 2(c). In comparison with a four-
fold angular dependent Hr curve for Pd(7 nm)/Fe [Fig. 2(b)],
two fourfold angular dependent Hr curves are plotted for
Fe(7.5 nm)/Pd(7 nm)/Fe(6 nm) trilayers [Fig. 2(c)], which
corresponds to the dispersion relations of the two resonance
modes mentioned in Figs. 1(c) and 2(a). The dispersion re-
lation marked by the index i, j (i, j = 1, 2, i �= j) can be
followed via adding the interlayer exchange coupling term
into the Kittel formula [32],

f i = γμ0

2π

√
Hi

aHi
b, (2)

with Hi
a = Hi

r cos(ϕi
M − ϕH ) + Hi

d + Hi
4(3 + cos 4ϕi

M )/4 +
Hi

ex cos(ϕi
M−ϕ

j
M ) and Hi

b = Hi
r cos(ϕi

M − ϕH ) + Hi
4 cos 4ϕi

M +
Hi

ex cos(ϕi
M−ϕ

j
M ). Here, γ , μ0, Hi

4, and ϕi
M are the

gyromagnetic ratio, the vacuum permeability, the fourfold
magnetocrystalline anisotropy field, and the azimuthal angle

of magnetization in layer i, respectively. Hi
d = Mi

s − 2Ki
out

μ0Mi
s

indicates the effective demagnetizing field with the saturation
magnetization Mi

s and the out-of-plane uniaxial magnetic
anisotropy constant Ki

out. Hi
ex = Aex

μ0Mi
st

i represents the effective
interlayer exchange coupling field with the exchange coupling
constant Aex and the FM layer thickness t i. The fitted magnetic
anisotropy parameters are plotted in Fig. 2(d). It can be found
that H2

d has a slight increase, and H1
4 and H2

4 decrease slightly
when tPd < nm for the Fe/Pd/Fe trilayers. The effective
demagnetizing field μ0H1

d for the index 1 of the trilayers and
μ0Hd for Pd/Fe bilayer nearly host the same value of 2 T.
Moreover, the value of μ0H4 is 62.5 mT for Pd/Fe bilayer,
which approximates to μ0H1

4 in the trilayers. Considering
the almost identical magnetocrystalline anisotropy field
between the index 1 of the trilayers and the bilayers, it is quite
understandable to regard the index 1 as the bottom Fe layer
of the trilayers. This means that the mode signed by the index
1 is equivalent to the resonant mode of the Pd/Fe bilayers
perturbed by an exchange coupling term. Correspondingly,
the mode signed by the index 2 represents the excitation of
the top Fe layer modulated by the exchange coupling term.
Furthermore, the magnetocrystalline anisotropy fields of the
two Fe layers are different. It was owing to the difference of
lattice mismatch, 3.8% for Fe films grown on the MgO(001)
and 5.1% on Pd(001), respectively [33].

The obtained exchange coupling constant Aex as a func-
tion of the Pd thickness for Fe/Pd/Fe trilayers is plotted in
Fig. 4(a). The coupling is ferromagnetic and its strength is
decreased when increasing the Pd thickness. The ferromag-
netic coupling nearly vanishes in the range of Pd thickness
larger than 3 nm. Here, the interlayer exchange coupling is
ascribed to the Ruderman-Kittel-Kasuya-Yosida interaction
(RKKY) and magnetic dipolar interaction, known as Néel
coupling [34]. There are two points to be emphasized. First,
as shown in Fig. 4(a), the oscillatory behavior of RKKY
with alternating ferromagnetic coupling and antiferromag-
netic coupling is suppressed, which is ascribed to the weak
induced moment in Pd [33,35]. Second, magnetic dipolar
interaction between two Fe layers originates from the morpho-
logical corrugation or Pd/Fe interface roughness [29,34,36].

FIG. 3. Hr vs f (a) and �H vs f (b) for Fe(7.5 nm)/Pd(2 nm)/
Fe(6 nm). Hr vs f (c) and �H vs f (d) for Fe(7.5 nm)/Pd(5 nm)/
Fe(6 nm).

Therefore, the 3-nm critical thickness is slightly larger than
the reported values (∼2 nm) [35].

Figure 3(a) shows the frequency dependence of the reso-
nant field Hr for the Fe/Pd(2 nm)/Fe trilayers with the applied
magnetic field H along Fe[110]. Two resonance branches are
observed. Both branches can be well reproduced by Eq. (2)
based on the magnetic anisotropy parameters extracted from
Fig. 2(b), thereby signed by the index 1 and 2. The cor-
responding linewidth scales linearly with the frequency, as
shown in Fig. 3(b). The Gilbert damping constant was ob-
tained using the relation

�H = 4πα f

μ0γ
+ �H0, (3)

where �H0 is the inhomogeneous broadening [37]. Similar
resonant field and linewidth behaviors are also seen between
Fe/Pd (2 nm)/Fe and Fe/Pd (5 nm)/Fe trilayers, as shown
in Figs. 3(c) and 3(d). However, it is worth noting that the
damping values of the index 1 and 2 in Fig. 3(b) reverse
compared with those in Fig. 3(d).

Before discussing the damping of Fe/Pd/Fe trilayers in
detail, we first display the Gilbert damping of the bilayers
Pd/Fe as a function of Pd thickness, as shown in Fig. 4(b). The
damping constants increase with increasing Pd thickness and
approach a saturated value, which accords with the spin pump-
ing model. In the spin-pumping model, the magnetization
precession results in the nonequilibrium chemical potential
imbalance of spin at FM/NM interfaces and thereby leads the
angular momentum flow between FM and NM layers, i.e.,
spin current. With regard to the Pd/Fe bilayers, the heavy
metal Pd absorbs the pumped spin current jpump

s via the Elliott-
Yafet spin relaxation to enhance the Gilbert damping of Fe
films [38]. Partial spin current jback

s flows back to the Fe films
to suppress the Gilbert damping via spin transfer torque. As
a result, the additional damping depends on the effective spin
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FIG. 4. (a) Interlayer exchange coupling parameter Aex vs Pd
thickness tPd in Fe/Pd/Fe (red lines and squares). The interlayer
exchange coupling region is denoted by color code. Spin current
density as a function of Pd thickness (Black line). (b) The Gilbert
damping vs Pd thickness for the Pd/Fe bilayers and Fe/Pd/Fe trilay-
ers. Sketches of the magnetization precession represent the different
excitation modes. The red line is an eye guide.

current jeff [7],

jeff = jpump
s − jback

s = h̄

4π
g↑↓m × ∂m

∂t
. (4)

Here, m and g↑↓ are the unit vector of magnetization and ef-
fective spin mixing conductance, respectively. In comparison
with the short-range interlayer exchange coupling ∼3 nm in
Fe/Pd/Fe, the long-range dynamic coupling signed by spin
current density of the Pd layer is calculated using Eq. (4)
in the Pd/Fe bilayers, as shown in Fig. 4(a), which indicates
the nonequilibrium spin accumulated in a larger scale. In our
previous work [29], we have determined the spin diffusion
length of Pd ∼ (6.2 ± 1.4) nm for the Pd/Fe bilayers based
on the spin pumping model [29,36]. However, after another
Fe layer covers the Pd/Fe bilayers to construct the Fe/Pd/Fe
trilayers, a distinct damping tendency is observed. Figure 4(b)
summarizes the Pd thickness dependence of the Gilbert damp-
ing for the index 1 and 2 of the Fe/Pd/Fe trilayers. It is
obviously found that the damping constants of the index 1
and 2 are very different with increasing Pd thickness. When
the thickness of Pd is lower than 3 nm, the damping decreases
with the increase of Pd thickness for the index 2, while it

keeps unchanged for the index 1. However, in the range of Pd
thickness larger than 3 nm, their Gilbert damping constants
increase as the thickness of Pd increases. Strikingly, although
the resonance mode of the index 1 is in analogy to the Pd/Fe
bilayers, it displays a characteristic steplike damping features
at tPd = 3 nm, where the damping markedly jumps to a satura-
tion valve. Meanwhile, the damping of the index 2 decreases
to an almost saturation valve nearby the 3-nm Pd thickness.
Intriguingly, the characteristic length tPd = 3 nm matches well
with the coupling one in Fig. 4(a).

We first exclude the spurious mechanism behind the ob-
servation of Fig. 4(b). The inhomogeneous magnetization
distribution from the top Fe layers overlaps the bottom Fe lay-
ers to possibly yield a spurious effect on magnetic relaxation.
However, the spurious effect just results in the inhomoge-
neous linewidth broaden [39]. Note that both the resonance
linewidth �H for the index 1 and 2 scale linearly with the
resonance frequency f , as shown in Figs. 3(b) and 3(d), man-
ifesting that the Gilbert damping plays dominant roles rather
than the inhomogeneous contribution in magnetic relaxation
process. Moreover, even though there is an existing spurious
effect, its dominant effect is on the top Fe layers rather than
resulting in the steplike damping feature of the index 1.

Our observation can be fully explained by considering the
dynamic coupling mediated by the spin pumping-induced spin
current in the separated and collective precession modes. The
sketches of the precessing magnetizations in Fig. 4(b) repre-
sent the underlying relaxation mechanism. We categorize the
Pd thickness dependent damping into two regions. First, the
static interlayer exchange coupling exits within less than 3-nm
Pd thickness, and results in the entanglement of the dynamics
of the two Fe layers. That is, there is no separated magne-
tization precession, in which the precession in one Fe layer
drags the magnetization in another Fe layer [40]. Meanwhile,
the dynamic coupling mediated by spin current involves in
the entanglement of the precession of the two Fe layers ac-
cording to spin pumping effect. The temporal magnetization
mi evolutions are determined by the Landau-Lifshitz-Gilbert
(LLG) equation modified by the static interlayer coupling and
dynamic coupling [9],

∂mi

∂t
= −γμ0mi × (

H i
eff + JexM j

) + (
α0

i + α
sp
ii

)
mi

× ∂mi

∂t
− α

sp
i j m j × ∂m j

∂t
. (5)

Here, Jex and H i
eff are the static exchange coupling strength

and effective magnetic field, respectively. α0
i , α

sp
ii , and α

sp
i j

are the local damping, the enhanced damping due to the spin
current pumped out of layer i, and the antidamping due to the
spin current pumped into layer i from layer j, respectively.
The eigenmodes of the collective magnetization precession,
treated as acousticlike and optical-like modes, can be given
via solving the modified LLG equation [41–44]. In a sim-
plified view, magnetization precessions of two coupled Fe
layers are mutually triggered into the acousticlike and optical-
like modes. In any collective modes, two Fe layers mutually
launch spin current. The effective spin current jeff is given by

jeff =
∑

i

h̄

4π
gi

↑↓mi × ∂mi

∂t
. (6)
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Here, gi
↑↓ is the effective spin mixing conductance across the

Fe/Pd interface of layer i. Note that the phase of the launched
spin current depends on that of the oscillating magnetization
mi [15,45,46]. Considering the spin coherence, the effective
spin current is largely enhanced due to the out-of-phase mu-
tual precessions of two Fe layers for acousticlike mode, while
it is suppressed due to the in-phase mutual precessions in the
acousticlike mode. The index 1 and 2 of the trilayers corre-
spond to the acousticlike and optical-like modes, respectively.
Therefore, the additional damping is suppressed in the index
1, while the index 2 shows the giant damping enhancement, as
shown in Fig. 4(b). Our experimental results and analysis are
supported by the theoretical prediction based on the coherence
of spin current [47–49]. Remarkably, the relevant concepts
were also proposed in some previous experiments, which also
strongly suggest the validity of the mechanism based on the
coherent spin current. For example, the oscillation of Gilbert
damping of Fe/Au/Pd systems is described by the quantum
well state induced spin currents [50]. The phase of spin current
can be tuned across NM [51,52].

As shown in Fig. 4(a), the magnitude of interlayer ex-
change coupling between two Fe layers hinges on the Pd
insertion layer thickness. The magnetization precessions are
separated when the two Fe layers magnetically decouple by
the thicker Pd spacer. The separated precession modes can be
described by the following equation:

∂mi

∂t
= −γμ0mi × H i

eff + (
α0

i + α
sp
ii

)
mi × ∂mi

∂t
. (7)

In this case, the magnetization precession of one Fe layer is
excited by microwave, while another Fe layer is off resonant.
The spin current is launched by the precession of Fe layer i.
The effective spin current jeff can be written by

jeff = h̄

4π
gi

↑↓mi × ∂mi

∂t
. (8)

The pumped spin current is absorbed by the Pd and another
Fe layer, which brings about the damping enhancement. The
off-resonant Fe layer is a more efficient spin sink with the spin
diffusion length of ∼1 nm compared to Pd [53], resulting in
the coherent spin current being dissipated quickly. Therefore,
we observe a drastic increase of the damping α

sp
ii for the index

1 nearby 3-nm Pd, even though the Pd thickness is thinner

than the spin diffusion length of Pd ∼ (6.2 ± 1.4) nm. In ad-
dition, we also note that the damping of the acoustic (optical)
mode monotonously increases (decreases) with increasing the
Pt thickness in Py/Pt/Py trilayers in Ref. [23]. Distinct from
our study, the damping values of the two modes in Ref. [23]
approach equivalence near the static interlayer exchange cou-
pling length ∼3.5 nm. It is hard to observe a steplike damping
tendency in Py/Pt/Py trilayers because the short-range static
interlayer exchange coupling length ∼3.5 nm is even larger
than the long-range spin diffusion length of Pt ∼1.1 nm due
to the magnetic proximity effect.

IV. CONCLUSION

We have explored the relaxation process of the Fe/Pd/Fe
trilayers. In comparison with Pd/Fe bilayers, Pd layer thick-
ness dependence of Gilbert damping indicates a pronounced
jump feature at ∼3 nm, which is the characteristic static in-
terlayer exchange coupling length of Fe/Pd/Fe. The steplike
damping feature is ascribed to the entanglement of the two
Fe layers mediated by the static exchange coupling and the
dynamic exchange coupling. The interlocked magnetization
precession by the static coupling leads to the pronounced
enhancement or suppression of the Gilbert damping via spin
current in trilayers. When the two Fe layers magnetically
decouple via inserting thick Pd layer, the pumped spin current
from the resonant Fe layer is efficiently absorbed by both
the off-resonant Fe layer and the Pd layer, giving rise to
the significant enhancement of the nonlocal Gilbert damping.
The observation of the anomalous damping features provides
insight into manipulating the spin transport and magnetic
relaxation through tuning the static interlayer exchange cou-
pling and the dynamic coupling based on the coherence of the
spin current.
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