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Magnetism and spin transport at permalloy/Cu1−xTbx interfaces
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The significance of spin transport over an interface in energy-efficient spintronic devices has stimulated
interest in the spintronic society during the last few decades. Here, interfaces of permalloy/Cu1−xTbx (Py/Cu-Tb)
were investigated in depth. As the Cu-Tb thickness increases, we found that the saturation magnetization of the
bilayers falls and then plateaus. Element-specific x-ray magnetic circular dichroism studies suggest that the Tb
moment aligns opposite to the Fe and Ni moments, forming a self-assembled antiferromagnetic interface. As
a result, the Cu-Tb adjacent layer to Py and the interface have a significant impact on spin transport. Relevant
parameters, such as spin mixing conductance, spin diffusion length, and damping, can be tuned by inserting a
thin Cu layer between Py and Tb or varying the compositions of Cu-Tb alloys. Using rare-earth Tb, we provide
an effective method for controlling the spin transport and magnetism of ferromagnet/normal-metal interfaces.
This approach is expected to have a great deal of potential in spintronic applications.
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I. INTRODUCTION

Efficiently generating and transmitting spin currents is
critical for applications in novel spintronic devices. For in-
stance, generated spin current can be utilized as a torque
[1,2] to switch magnetization or maintain a steady magnetic
precession. This mechanism of spin-transfer torque (STT)
has been applied to STT magnetic random access memory
[3,4] and STT nano-oscillators [5,6]. In general, there are
several ways to generate spin currents: (1) spin-polarized
currents, which use the exchange interaction between conduc-
tion electrons and local spins in magnets [7], and (2) pure
spin currents, which use spin-orbit interaction, such as spin
pumping effect [8], spin Hall effect [9], Rashba-Edelstein
effect [10], and spin Seebeck effect [11]. The interface is
key for the capability of generating and transmitting highly
efficient spin currents, which, in turn, can tailor magnetic
dynamics [7,11,12]. It thus expands the scope of spintronics
applications [13,14]. To effectively utilize the spin currents,
one has to minimize the loss of spin currents during the
transport. Therefore, interfaces with low spin memory loss
(SML) [11] and high spin transparency [15] are required
for highly efficient spin current transportation. Heavy metals
(HMs), such as Pt, Pd, W, and Ta, have strong spin-orbit
couplings, making them suitable for spin generation and trans-
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portation. Interfacial engineering of ferromagnet/heavy metal
(FM/HM) has thus received a lot of attention [16–18]. Re-
cently, both theoretical [19] and experimental [20] studies
suggest that antiferromagnetic (AFM) materials (IrMn, PtMn,
and so on) show large spin-orbit torque and spin Hall angle
[21]. Spins can pass through AFM layers as well. Rare-earth
(RE) materials, on the other hand, are known to have a
strong spin-orbit coupling as well and tend to pair antiferro-
magnetically with transition metals and their alloys, forming
ferrimagnets [21–24]. Similarly, the RE magnetic moment in
FM/RE bilayers could self-assemble to be antiferromagnet-
ically coupled with FM near the interface, forming an AFM
monolayer [25–29]. So far, the magnetism and spin trans-
port at such FM/RE interfaces have yet to be thoroughly
investigated.

In this paper, we investigate magnetism and spin dynamics
of permalloy/Cu1−xTbx (Py/Cu-Tb) films, where the mo-
ments of Py and Tb exhibit AFM interaction on interfaces,
as evidenced by x-ray magnetic circular dichroism (XMCD)
and vibrating sample magnetometer (VSM) results. For the
Py/Tb films with x = 100%, we observe their damping val-
ues show strong dependencies on the Py and Tb thicknesses.
Furthermore, by inserting a thin Cu layer between Py and Tb,
the magnetism and spin dynamics can be effectively tuned.
The Cu insertion layer reduces the damping enhancement in
Py/Tb, implying that Cu destroys the interfacial AFM cou-
pling. In addition, we found the compositions of Tb in the
Cu-Tb alloys can be used to tune not only the damping but
also the spin transport parameters such as spin diffusion length
and spin mixing conductance. We, therefore, provide an
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effective way toward tuning the magnetism and spin transport
in FM/normal metal (NM) bilayers.

II. MATERIALS AND METHODS

The multilayer films, consisting of Ta(5 nm)/Py(dPy)/
Cu(dCu)/Cu1−xTbx(dCu−Tb)/Ta(2 nm) with varying layer
thicknesses and Cu1−xTbx compositions, were deposited by
magnetron sputtering on silicon substrates. The 5- and 2-nm
Ta layers serve as buffer and capping layers, respectively.
During the deposition, Ar pressure is 0.5 Pa and the DC power
is 30 W, and a 5-mT magnetic field was applied to induce a
small in-plane uniaxial anisotropy. Cu-Tb alloys were sput-
tered from a Cu target with Tb chips located symmetrically
in a ring on top of the Cu target, except for the Tb layer
(x = 100%), which was sputtered from a pure Tb target. The
Tb concentration x was adjusted by varying the number of Tb
chips.

The compositions of the films were determined by energy-
dispersive x-ray diffraction spectroscopy, and the structures
were investigated by x-ray diffraction (XRD) and trans-
mission electron microscopy (TEM). The measurements of
magnetostatic properties were carried out by the VSM tech-
nique. X-ray absorption spectroscopy (XAS) and XMCD at
the Fe L2,3, the Ni L2,3, and the Tb M4,5 absorption edges were
performed on beamline I10 at the Diamond Light Source,
UK. Circularly polarized x rays with 100% degree of po-
larization were used to resolve XMCD signals from each of
the magnetic elements. The light helicity was switched in a
saturating magnetic field of 6 T, which was applied in normal
incidence to the film plane and parallel to the beam. Total
electron yield (TEY) and total fluorescence yield (TFY) were
detected. The magnetodynamic properties were investigated
using a cavity ferromagnetic resonance (FMR) technique at a
fixed frequency of 9.78 GHz, with the angle between the field
and the sample surface normal (θH) ranging 0–90◦. All of the
measurements were performed at room temperature.

III. RESULTS AND DISCUSSION

A. Structure and static magnetic properties

In Fig. 1(a), the XRD spectra of Py(10 nm)/
Cu1−xTbx(32 nm) films with 0 < x � 100% shows clear
crystalline diffraction peaks of Py(111) texture, except for
x = 2% where a Cu (111) peak is presented. The Tb peak
only appears at pure Tb (x = 100%). The disappearance
of the Cu (111) peak for x > 5% could be due to the
signal being too weak to be detected, or attributed to the
Cu-Tb alloy undergoing a transition from a polycrystalline
to an amorphous phase. The cross-section TEM image of
Py(10 nm)/Cu1−xTbx(32 nm) film with x = 22% in Fig. 1(b)
confirms that the Cu-Tb alloy turns to amorphous when
x = 22% and the structure of Py remains polycrystalline. In
addition, it shows clear interfaces of Ta/Py and Py/Cu-Tb,
and the interfacial alloying or diffusion seems negligibly
small (<1 nm roughness at the Py/Cu-Tb interface).

In-plane magnetic hysteresis loops were measured by ap-
plying a magnetic field perpendicular (hard axis) and parallel
(easy axis) to the direction of the induced uniaxial anisotropy
by the 5-mT field, as shown in the typical hysteresis loops
of Py (10 nm)/Tb (4 nm) plotted in the inset of Fig. 1(c).

From the hysteresis loops, the saturation magnetizations (MS)
with different thicknesses of the Tb layer are extracted and
presented in Fig. 1(c). In Fig. 1(c), we see that MS decreases
with increasing Tb (x = 100%) thickness from 820 emu/cm3

(dTb = 1 nm) to 650 emu/cm3 (dTb = 16 nm), and then re-
mains at the same value at dTb = 32 nm, which implies that
a Tb magnetic moment near the interface might be induced by
the Py layer and is antiparallel to that of Py. Figure 1(d) shows
the trends of MS with different thicknesses of Cu-Tb layers
upon dilution of Tb from Cu. As the Tb concentration de-
creases, the magnetitude of MS variation becomes weaker, and
finally, MS does not change obviously for x = 0% (pure Cu)
in Fig. 1(d). This indicates that the Tb atoms play a key role
in the decrease of the total magnetization of thin films, which
is further proven in Fig. 1(e). By inserting a Cu layer between
Py and Tb, we find that 1-nm-thick Cu can largely destroy this
Ms decrease and a 4-nm-thick Cu interlayer totally surpresses
this decrease. These observations suggest that the decrease
of MS could be due to the direct AFM coupling of Py and
Tb. More specifically, one possible minor contribution is the
interfacial Py-Tb alloying which forms a ferrimagnet, while
another possible contribution is the magnetic proximity effect
that orders the Tb moments in the vicinity of the interface,
where the Tb atoms are antiferromagnetically coupled to Py
[27,28].

To better understand the mechanism behind the MS vari-
ation in Py/Cu-Tb films, we performed element-specific
XAS/XMCD measurements, which are effective tools for
analyzing the magnetic moment of one particular element
[30,31]. The measurements were carried out at the Fe (Ni) L2,3

and Tb M4,5 absorption edges, with application of a 6-T mag-
netic field at room temperature. Figure 2 shows the spectra of
the Py(10 nm)/Tb(4 nm) and Py(10 nm)/Cu(1 nm)/Tb(4 nm)
thin films, which are similar to those in previous studies
[30,31]. The XMCD was obtained by taking the difference of
the XAS at right (I+) and left (I−) circularly polarized x rays,
achieved by flipping the x-ray helicity. The XMCD signals
of Tb [Fig. 2(c)] and Fe (Ni) [Figs. 2(a) and 2(b)] are oppo-
site, thus indicating the AFM nature of the Py/Tb bilayers
[32]. Similar behavior is observed when a 1-nm-thick Cu is
inserted between the Py and Tb layers in Figs. 2(d). The Curie
temperature of bulk Tb is lower than room temperature, and
thus the weak XMCD signal here should be induced by the
Py layer. For thicker Cu insertion layers (dCu = 2 and 4 nm),
we did not obtain a detectable XMCD signal of Tb, which
could be due to the signal being too weak to be detected or the
breaking of Py/Tb AFM coupling. According to the sum rules
[33,34], we calculate the spin moments mS = 2.2μB (0.7μB)
and orbital moments mL = 0.2μB (0.1μB) for Fe (Ni) atoms
which is consistent with the literature [35,36].

B. Dynamic magnetic properties

After confirming the AFM coupling on the Py/Tb inter-
face, we start to study the mangetodynamics of Py/Cu-Tb
films. We first study the effect of the Py/Tb (x = 100%)
interface. Figure 3(a) shows the representative FMR spectra
of Py (10 nm)/Tb (2 nm) with different out-of-plane angle
θH . Resonance fields Hres, extracted from FMR spectra, are
plotted as a function of θH with respect to the z axis in
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FIG. 1. (a) XRD curves for Py(10 nm)/Cu1−xTbx (32 nm) films, with the Tb composition x = 2%, 5%, 12%, 16%, 22%, 48%, 66%, and
100%, respectively. A 32-nm-thick Cu film on a silicon substrate is used as a reference sample. (b) TEM image of Py(10 nm)/Cu1−xTbx (32 nm)
film with x = 22%. Thickness dependence of saturation magnetization MS for (c) Py/Cu-Tb bilayer (x = 100%), (d) Py/Cu-Tb bilayer with
different Tb compositions, and (e) Py/Cu/Cu-Tb trilayer (x = 100%). The inset in (c) is typical hysteresis loops of Py (10 nm)/Tb (4 nm) by
applying the magnetic field perpendicular (hard axis) and parallel (easy axis) to the direction of the induced uniaxial anisotropy in the film
plane.

Fig. 3(b). It shows a minimum at θH = 90◦—that is, the
field is applied in the film plane—and reaches a maximum at
θH = 0◦, which is expected for the Py film with easy in-plane
anisotropy. The peak-to-peak linewidth �H is also extracted
in Fig. 3(c). By analyzing the Hres and �H , we extract the
magnetization dynamic damping and other relevant parame-
ters.

It is known that the magnetization dynamics can be de-
scribed by the Landau-Lifshitz-Gilbert (LLG) equation

dM
dt

= −γ M × Heff + α

MS
M × dM

dt
. (1)

The first term is the magnetization precession torque, and
the second term is the damping torque. Heff is the effective
field, α is the damping constant. γ is the gyromagnetic ratio,
M is the magnetization vector, and MS is the saturation mag-
netization. To fit the experimental data of FMR linewidth, we
first need to fit the data of the angular dependence of Hres. The

free energy density of a polycrystalline film system is given as

F = −MSH[cosθ cos θH + sinθsinθH]

+ 2πM2
S cos2θ − K⊥cos2θ + Kucos2θ, (2)

where θ and θH are the angle of the magnetization vector
and applied field with respect to the film normal, respectively
[see the inset of Fig. 3(b)]. The first term is the Zeeman
energy, the second term is the demagnetizing energy, the
third term represents the second-order surface perpendicular
anisotropy energy, and the fourth term stands for in-plane
uniaxial anisotropy energy. By minimizing the free energy
density,

∂F

∂θ
= Hsin(θ − θH) − 4πMeff sin (2θ ) = 0, (3)

and then solving the LLG equation, the dispersion relation for
the resonance field Hres as a function of field orientation θH is
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FIG. 2. XAS and XMCD spectra for (a) Ni L2,3 edges, (b) Fe L2,3 edges, and (c) Tb M4,5 edges in the Py (10 nm)/Tb (4 nm) film. For
comparison, (d) Tb M4,5 edges in the Py (10 nm)/Cu (1 nm)/Tb (4 nm) film are also shown.

obtained,

f = γ

2π

√
[H cos (θ − θH) − 4πMeff cos (2θ )] × [H cos (θ − θH ) − 4πMeff cos2θ ], (4)

where 4πMeff = 4πMS − HK is the effective magnetization,
HK = 2K⊥−2Ku

MS
represents the magnetic anisotropy field. f =

9.78 GHz is the frequency of microwave. H refers to the reso-
nance field Hres. Using Eqs. (3) and (4) to fit the experimental
data (Hres as a function of θH) in Fig. 3(b), we are able to
extract the free parameters of 4πMeff , γ , and θ . Here, θ is a
function of θH.

The FMR linewidth �H mainly consists of intrinsic
Gilbert contribution �HG, spin pumping �HSP [12], inho-
mogeneous �Hinhom [29], and two-magnon scattering �HTMS

[30], i.e.,

�H = �HG + �HSP + �Hinhom + �HTMS. (5)

Both Gilbert and spin pumping contributions have the same
angular dependencies on applied fields, which we define as
�Hα = �HG + �HSP. Then �Hα can be determined by the
following equation [31]:

�Hα = γα√
3MS

dH

dω
Fθθ , (6)

where ω is the microwave frequency. Fθθ is the second partial
derivatives of the free energy density F . The inhomogeneous

linewidth �Hinhom consists of two components,

�Hinhom = �Hθ
inhom + �HM

inhom

=
∣∣∣∣
∂H

∂θH

∣∣∣∣�θH +
∣∣∣∣

∂H

∂4πMeff

∣∣∣∣�4πMeff (7)

where �θH is the spread in the orientations of the magne-
tization mostly due to the inhomogeneity of the FM thin
film, and �4πMeff represents the magnitude of the inho-
mogeneity of the local demagnetizing field. In our case,
the interfacial Tb moments could cause fluctuating inter-
nal magnetic fields acting on the adjacent Py layer, which
could also contribute to this inhomogeneous broadening. As
for the contribution of two-magnon scattering �HTMS, it is
known to disappear at perpendicular fields (θH = 0◦) [30].
If there exists a significant two-magnon scattering, the total
linewidth should show �H (θH = 0◦) < �H (θH = 90◦). In
Fig. 3(c), the total linewidth �H (θH = 0◦) ≈ �H (θH = 90◦),
so we claim that the two-magnon scattering is negligible as
well in our samples. Equations (1)–(7) can be used to fit
the angular dependencies of Hres and �H . Detailed methods
can also be found in Refs. [24,35]. As shown in Fig. 3(c),
in the various contributions to an extracted linewidth, we
found that the �Hinhom is negligible in comparison with
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FIG. 3. (a) FMR spectra of Py (10 nm)/Tb (2 nm) at at 9.78 GHz,
with the sample rotating from in-plane (θH = 90◦) to the normal
direction (θH = 0◦). (b) Resonance field as a function of out-of-plane
angle θH extracted from the FMR spectra. The dots are experimental
results, and the solid line is the fitting result. (d) FMR linewidth
as a function of θH . The solid lines are fitting results with different
contributions.

�Hα = �HG + �HSP, in agreement with other studies [33],
indicating the excellent homogeneity of Py film. Conse-
quently, the damping α = αG + αSP resulting from Gilbert
and spin pumping linewidth can then be determined.

To investigate the effect of the Tb layer on the magnetic
dynamics of the system, we conducted FMR measurements.
Figure 4(a) shows the in-plane (θH = 90◦) FMR spectra of Py
(10 nm)/Tb(dTb) with various Tb thicknesses. Peak-to-peak
FMR linewidth, �H , increases dramatically by one order of
magnitude, from 41 Oe (dTb = 0) to 475 Oe (dTb = 16 nm),
implying a dramatic damping enhancement. Note that the
resonance fields also vary with the Tb thickness in Fig. 4(a),
which could be caused by the following reasons: (1) the
AFM coupling probably generates effective fields from the
ordered Tb layer; (2) the in-plane magnetic anisotropy varies
as Tb thickness increases, which contributes to the shifts;
(3) a perpendicular magnetic anisotropy field of the Py/Tb
bilayer could exist as it is known that FM/RE multilayers
can exhibit PMA. To figure out the reason causing this giant
enhancement in damping, we extract the angular dependent
FMR linewidths for different dTb and dPy, respectively, as
shown in Figs. 4(b) and 4(d). The linewidths were again fitted
by using Eqs. (1)–(7), and the damping constant of the Py/Tb
bilayers with varying thicknesses of dTb and dPy was extracted,
which increases from 0.0083 (dTb = 0) to 0.10 (dTb = 8 nm)
before stabilizing at 0.118 (dTb > 8 nm). We, here, define a
variable 4πMSαG and plot it in Figs. 4(c) and 4(e) for the
convenience of fits later on. By inserting a Cu layer between
Py and Tb, we observe a similar damping rise followed by
saturation at some points. On the other hand, increasing the
Cu insertion thickness reduces the amplitude of this damping
enhancement. Finally, with a 4-nm Cu insertion layer, the
damping shows a weak dTb dependence.

We try to explain the damping behavior with the spin
pumping theory. As we mentioned, the extracted damping
α = αG + αSP results from intrinsic Gilbert and spin pumping
linewidths. The spin pumping effect is known as one of the
main sources of the damping increase for FM/NM bilayers.
Based on the spin pumping theory, spin-polarized current is
generated by FMR, and then crosses the Py/Tb interface and
diffuses into the Tb layer. When it reaches the next inter-
face, the reflection will occur, and the reflected spin current
will partially counteract the pumped spin current. The thicker
the Tb layer, the weaker the reflected spin current, and the
stronger the pumped spin current. However, when the Tb layer
thickness exceeds the spin diffusion length λSD, the spin cur-
rent is relaxed before reaching the next interface. The effective
spin mixing conductance is also known to be influenced by
both the SML at the interface and the momentum loss in
the NM layer. The SML occurs at the interface, causing the
damping to increase. Using spin pumping and SML theory,
the phenomenological expression of the overall damping can
be given as [34]

α = αG + αSP = αG + gμBg↑↓
eff

4πMSdFM
{� + (1 − �)

×
[
1 − (1 − �)e

−2(dNM−dint )
λSD

]}
, (8)

where g = 2.1, μB = 9.274 × 10−21 erg/G is Bohr mag-
netron, MS is measured by VSM (see Fig. 1), g↑↓

eff is the
interface effective spin mixing conductance, and λSD stands
for the spin diffusion length of the NM layer. dFM and dNM

represent the thickness of Py and Tb layers, respectively.
� is the SML-induced damping increase, representing the
percentage of spin current loss at the Py/Cu-Tb interface.
� = 0 means that the SML at the interface is negligible.
dint is the parameter indicating the thickness of the interfacial
roughness. The possible interfacial alloy at the interface leads
to a decrease in the effective thickness of the Cu-Tb layers.
The first term in Eq. (8) is the Gilbert damping αG = 0.0083,
including the contribution of the Ta seed layer. The second
term is the damping enhancement due to the spin momentum
absorbed in the NM layer.

We perform a two-step fit for the Py/Tb data as there are
two sets of results with different Tb and Py thicknesses in
Figs. 4(c) and 4(e), respectively. It is also worth noting that
the MS is dependent on the thickness of both Py and Cu-Tb.
The equation can be rewritten to include the measured MS as

4πMSαSP = gμBg↑↓
eff{� + (1 − �)

×
[
1 − (1 − �)e

−2(dNM−dint )
λSD

]} 1

dFM
. (9)

First, 4πMSαSP is inversely proportional to the dFM. The
experimental data in Fig. 4(e) can be first fitted to obtain

the slope S = gμBg↑↓
eff{� + (1−�)[1 − (1−�)e

−2(dNM−dint )
λSD ]},

where dNM = 4 nm. Then, the slope can be implemented into
Eq. (9) for fitting the data in Fig. 4(c). The blue solid lines in
Figs. 4(c) and 4(e) show the fitting result using Eq. (9). We
can determine the g↑↓

Py/Tb = (4.8 ± 0.4) × 1016 cm−2, λSD =
12 ± 2 nm, dint = 1.0 ± 0.3 nm, and � = 3.9 ± 0.6%. The
thickness of the interfacial roughness is about 1.0 nm, which
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FIG. 4. (a) In-plane FMR spectra of Ta (5 nm)/Py (10 nm)/Tb (dTb)/Ta (2 nm) with dTb = 0–16 nm. (b) (d) Out-of-plane angular
dependence of linewidths �H with various Tb thicknesses (0–16 nm) and Py thicknesses (3–32 nm), respectively. (c) 4πMSαSP as a function of
Tb thickness with inserting Cu layer (dCu = 0, 1, 2, 4 nm) in Ta (5 nm)/Py (10 nm)/Cu (dCu)/Tb (4 nm)/Ta (2 nm). (e) 4πMSαSP as a function
of reciprocal of Py thickness in Ta(5 nm)/Py (10 nm)/Tb (dTb)/Ta(2 nm). The dots are experimental data and the solid lines are fitting results.

is consistent with the results of the TEM image. The SML
contributes 3.9% of the degrade of spin currents, thus giving a
minor contribution to the damping enhacement. Interestingly,
g↑↓

Py/Tb is one order of magnitude larger than that of Pt (g↑↓
Py/Pt =

0.26 × 1016 cm−2) [8] and Pd (g↑↓
Py/Pd = 0.15 × 1016cm−2)

[35]. Furthermore, by inserting a Cu layer between Py and
Tb, the damping enhancement is dramatically surpressed by
increasing the Cu thickness in Fig. 4(c). The effective interfa-
cial spin mixing conductances are considerably reduced from
1.8 ×1016 cm−2 to ∼0.01 × 1016 cm−2 when the Cu spacer
increases from 1 to 4 nm. The interfacial alloying thickness
dint is less than 1.5 nm, and the SML parameter � = 3.3 ±
0.7%, 1.1 ± 0.4%, 1.5 ± 0.5%. The fitting results again con-
firm the importance of the AFM interface.

For spintronic device applications, damping, spin diffusion
length, and spin mixing conductance are important factors.
It is advantageous to engineer these factors effectively. The
adjacent Tb layer has been shown to significantly increase
the damping of the FM layer, and the interface between Py

and Tb exhibits a high spin mixing conductance. A Cu layer,
on the other hand, has a minor effect on the FM magnetism.
By alloying these two metals with Cu and Tb, we aim to
engineer their magnetic properties. Cu1−xTbx compositions
vary from 22%, 48%, and 66% to 100%. Again, their FMR
linewidths were extracted and presented in Fig. 5(a). For Py
(10 nm)/Cu-Tb (4 nm), their overall linewidths rise as the Tb
composition increases. Similarly, the thickness dependence of
the damping was obtained in Fig. 5(b). The damping follows
the same trend, with damping increasing as Cu-Tb thickness
increases and eventually plateauing. Fitting the damping with
Eq. (9) yields the spin mixing conductance and spin diffusion
length, as summarized in Table I. We found that g↑↓

Py/Cu−Tb is
tailored from 0.4 × 1016 cm−2 to 4.8 × 1016 cm−2, and the
spin diffusion length λSD decreases from 19 to 12 nm as x
increases. The interfacial alloying thickness dint remains less
than 1.5 nm, and the SML parameter � (< 6.2%) remains
low. The findings imply that the compositions of Cu-Tb alloys
can efficiently tune the spin transport properties.
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FIG. 5. (a) Out-of-plane angular dependence of the linewidth
�H in the Py (10 nm)/Cu1−xTbx (4 nm) thin films. (b) Damping as
a function of Cu1−xTbx thickness with various Tb compositions x.

According to the experimental results, the AFM coupling
at the Py/Tb interface plays a vital role in the damping en-
hancement. At ambient temperature, bulk Tb is a paramagnet;
due to the magnetic proximity effect or the possible forma-
tion of Fe-Ni-Tb alloys at the interface, the Tb moments are
ordered in the area of the interface. The VSM and XMCD
results show that the Tb moments are antiparallel to the Ni
and Fe moments (i.e., antiferromagnetically coupled). An-
other effect of the AFM interface is the generation of spin
fluctuation at the interface. The spin fluctuation is supposed to
increase the spin pumping efficiency [36–38], as the damping
is greatly increased while the SML remains low. In addition,
the thickness-dependent damping in the Py/Cu-Tb films is
due to the degradation of the generated transverse spin current
during the spin transport in the Cu-Tb layer. This effect is
reflected in the calculated spin diffusion lengths. The spin
diffusion length can be further tailored by alloying different
materials such as Cu-Tb alloys. The spin mixing conductance
is also well engineered.

IV. CONCLUSIONS

In conclusion, we have studied the static and dynamic
magnetic properties of Py/Cu-Tb films. Both the XMCD and

TABLE I. Spin transport parameters.

x g↑↓ (1016 cm–2) λSD (nm) dint (nm) �

22% 0.4 19 1.49 6.2%
48% 1.9 15 1.49 5.5%
66% 2.5 13 1.28 5.1%
100% 4.8 12 1.02 3.9%

VSM results provide direct evidence that Py and Tb atoms
are antiferromagnetically coupled at the interface. Thanks to
this AFM coupling, the damping can be largely tailored by
varying the thickness of Py, Cu, and Tb layers as well as
the compositions of the Cu-Tb alloys. Using spin pumping
theory, we have illustrated the damping increase and extracted
the spin mixing conductance and spin diffusion length in
Py/Cu-Tb films. Compared to the widely used Py/Pt (Pd),
the spin pumping efficiency has been enhanced by one order
of magnitude by the interface spin mixing conductance in
our Py/Cu-Tb systems. Their spin transport properties, such
as spin mixing conductance and spin diffusion length, are
engineered effectively by the interfaces. This type of AFM
coupling at the interface could be important in generating a
massive spin pumping effect, and is expected to stimulate a
lot of applications in next-generation AFM spintronics.
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