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ABSTRACT: Selective tuning of the Gilbert damping constant,
α, in a NiFe/Cu/FeCo spin-valve trilayer has been achieved by
inserting different rare-earth nanolayers adjacent to the
ferromagnetic layers. Frequency dependent analysis of the
ferromagnetic resonances shows that the initially small magnitude
of α in the NiFe and FeCo layers is improved by Tb and Gd
insertions to various amounts. Using the element-specific
technique of X-ray magnetic circular dichroism, we find that the
observed increase in α can be attributed primarily to the orbital
moment enhancement of Ni and Co, rather than that of Fe. The
amplitude of the enhancement depends on the specific rare-earth
element, as well as on the lattice and electronic band structure of
the transition metals. Our results demonstrate an effective way for
individual control of the magnetization dynamics in the different layers of the spin-valve sandwich structures, which will be
important for practical applications in high-frequency spintronic devices.
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■ INTRODUCTION

As an essential building block to spin-valves, ferromagnet/
normal-metal/ferromagnet hybrid structures have received
tremendous attention over the last two decades.1,2 In such
trilayer structures, the magnetizations in the two ferromagnetic
layers are effectively decoupled by a normal-metal spacer, which
in turn can be switched individually by an external magnetic
field.3,4 As a result, the electrical resistance of the trilayers
depends on the relative alignment of the static magnetizations
in the ferromagnetic layers. This well-documented phenomen-
on is referred to as the spin-valve effect.5−7 One of the present-
day major research efforts of the spintronics community has
been focusing on more advanced applications of these spin-
valve trilayers in high-frequency spintronic devices, such as
spin-torque oscillators (STO),8 spin-torque transistors,9 micro-
wave generators,10 etc. These devices take advantage of the
dynamic interplay between the local magnetization and the
spin-polarized current,11 which is fundamentally governed by
the Gilbert damping in the trilayer. The Gilbert damping
constant α is an intrinsic parameter that has been
experimentally related to the orbital magnetic moment12 and
characterizes the magnetization dynamics,13 such as the
magnetic relaxation and switching behavior in ferromagnetic

materials. In the aforementioned applications that are based on
spin-valves, the relative strength of α in each ferromagnetic
layer becomes highly critical, due to their mutual influ-
ence.14−16 A distinct example in this regard is a new type of
STO, composed of two perpendicular polarizers at the two
poles and two in-plane free layers with a normal-metal spacer in
between, which is expected to enable the generation of an
extraordinary large microwave power at frequencies higher than
those attainable in STOs with a single polarizer and single free
layer.17 The spin-valve trilayer structure, containing the two free
layers and the spacer, constitutes the crucial part in this type of
STO, and more importantly, precise manipulation over the
dynamic damping in the spin-valve structure plays a key role in
the overall performance of such a device.17 Motivated by this,
our present work focuses on realizing the effective tuning of the
individual Gilbert damping in each ferromagnetic layer of the
spin-valve trilayers,18−20 which could be applicable to a broader
range of high-frequency spintronic devices as well, e.g., the
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proposed spin batteries with pure spin transport in the spin-
valve trilayer driven by ferromagnetic resonance.21

Although conceptually intriguing, a realistic control of the
individual damping in each ferromagnetic layer is challenging.
This is partly because α in 3d transition-metal (TM)
ferromagnets is usually quite small, due to the quenched
orbital magnetic moments and therefore small effective spin−
orbit coupling in the materials.22 There exists some
experimental studies, showing a considerable enhancement in
α by incorporating unusual dopants with a large orbital
moment, such as rare-earth (RE) atoms with localized 4f
electrons.23−28 However, several undesirable issues for device
application, apart from distortion or alteration of the crystal
structure of the ferromagnets, may be caused by the dopants:
For instance, soft magnetism is preferred in magnetic domain
wall devices to allow to tailor their behavior via shape
anisotropy, whereas the RE dopants may result in a
deterioration of the soft magnetic properties of the
ferromagnets under investigation.29−31 On the other hand,
RE dopants may lead to a strong perpendicular magnetic
anisotropy in some specific situations,32−34 which excludes such
a doping method to be used in the context of STOs with dual
in-plane free layers17 as well as some lateral spintronic devices.
Alternatively, other reports have suggested to utilize RE
capping layers grown on top of ferromagnets, in which case
not only could the magnetic moments of the ferromagnets
mostly be maintained but the adverse effects of the RE dopants
on the magnetoresistance of the ferromagnets could also be
avoided.35,36 This has stimulated our idea of inserting RE
nanolayers adjacent to the ferromagnets, as presented in this
work.
Here, we report a major step forward by exploiting the

insertion of RE nanolayers in a NiFe/Cu/FeCo spin-valve
trilayer. We demonstrate, by means of ferromagnetic resonance
(FMR) and X-ray magnetic circular dichroism (XMCD), that
selective adjustment of α in each ferromagnetic layer of the
spin-valve is practically realizable by using various combinations
of RE and 3d ferromagnetic layers, and also present for the first
time a rule, at the atomic level, for how to obtain a desired or
required Gilbert damping in spin-valve trilayers.

■ EXPERIMENTAL SECTION
Two stacks of spin-valve multilayers were deposited on silicon
substrates at room temperature by magnetron sputtering under a base
pressure of 1.0 × 10−5 Pa. The structures are schematically displayed in
Figure 1a, where stack A is composed of Ta(5)/Ni80Fe20(3)/Cu(1.4)/
Fe50Co50(2.5)/Ta(1) and stack B is Ta(5)/Tb(0.5)/Ni80Fe20(3)/
Cu(1.4)/Fe50Co50(2.5)/Gd(0.5)/Ta(1) (all thicknesses in nm). NiFe
and FeCo are among the most commonly used ferromagnetic layers
for spin-valve structures, and Cu is adopted as the intermediate
nonmagnetic interlayer to decouple the two ferromagnetic layers. In
stack B, RE nanolayers of Tb and Gd were deposited adjacent to the
NiFe and FeCo layers, respectively. Such a structural design enables
XMCD studies of the effects of each of the magnetic layers, which
possess at least one unique element distinguished from those in the
other layers. Ta was used both as buffer and capping layer, where the
latter was kept as thin as 1 nm in order to enable the XMCD detection
of the layers underneath. During growth, a magnetic field of 50 Oe was
applied to induce a small in-plane uniaxial anisotropy in the stacks.
Static magnetic properties were characterized using vibrating

sampling magnetometry (VSM), whereas dynamical magnetic proper-
ties were investigated by FMR measurements. FMR spectra were
obtained by recording the relative susceptibility as a function of the
applied magnetic field, in a microwave frequency range of 4−9 GHz.
The damping parameter of each ferromagnetic layer in the stacks was

extracted using the frequency dependence of the FMR linewidth. X-ray
absorption spectroscopy (XAS) and XMCD were carried out utilizing
90% circularly polarized X-rays on beamline I1011 at MAX-Laboratory
in Lund, Sweden. The spectra were collected in total-electron-yield
mode, in which the sample drain current is recorded as a function of
the photon energy. The angle of incidence of the X-ray beam was set
to 60° relative to the sample surface normal, as shown in Figure 1a. All
measurements were taken at room temperature.

■ RESULTS AND DISCUSSION
Figure 1b shows the hysteresis loops of both stacks taken by
VSM, with the magnetic field applied in the film plane, along
the easy axis of the small induced uniaxial anisotropy. All loops
display a two-step-switching behavior, suggesting a magnetic
decoupling of the two TM layers by the Cu spacer. Two
coercivity (HC) values of each loop are obtained, corresponding
to the NiFe (lower, HC,NiFe) and FeCo (higher, HC,FeCo) layers.
By comparing the loops of stacks A and B, we found that upon
insertion of the Tb and Gd layers, the magnitudes of HC,NiFe
and HC,FeCo both increase but to a different extent, as
summarized in Table 1, accompanied by a decrease in
saturation magnetization (MS). More precisely, the increase in
HC,NiFe is ∼36%, which is much lower than that in HC,FeCo of
125%. This leads to an enhanced difference between the two

Figure 1. (a) Schematic structure for stacks A and B, and the XMCD
measurement geometry. (b) Hysteresis loops of stack A (black dashed
line) and stack B (black solid line) taken by VSM, with the applied
magnetic field along the easy axis of the induced uniaxial anisotropy in
the film plane. (c, d) Element-specific hysteresis loops for Co (green),
Gd (red), Ni (purple), and Tb (firebrick) taken by XMCD, for stack A
(dashed lines) and stack B (solid lines).

Table 1. Saturation Magnetization (MS) and Coercivity (HC)
of Stack A (NiFe/Cu/FeCo) and stack B (Tb/NiFe/Cu/
FeCo/Gd), Respectively

stack A stack B

MS (emu/cm3) 800 559
HC,NiFe (Oe) 11 15
HC,FeCo (Oe) 20 45
αNiFe ( × 10−2) 0.68 2.95
αFeCo ( × 10−2) 0.71 1.48
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coercivity values and consequently a much more distinct
character of the two-step switching.
Element-specific hysteresis loops, monitored by XMCD,

reveal the magnetization process of each layer, as shown in
Figure 1c, d. In agreement with the results of the VSM loops,
the coercivities for Co and Ni are very close to the values of
HC,FeCo and HC,NiFe. Most importantly, it was found that in stack
B, the Gd aligns opposite to the Co moment, and so does the
Tb to the Ni moment. This demonstrates an antiferromagnetic
coupling between the TM and RE nanolayers, and
consequently explains the reduction in MS and enhancement
in HC, suggesting that the very thin layers of RE have
sufficiently modified the magnetic properties of the system.
Note that due to the finite probe depth of XMCD, the Tb/
NiFe layers underneath show a lower signal-to-noise ratio
compared to the top layers of FeCo/Gd, as is also seen from
the XMCD spectra.
To obtain the Gilbert damping constants, α, we carried out

FMR measurements over a microwave frequency range of 4−9
GHz. These frequency dependent measurements allow us to
assess the FMR linewidth (ΔH) as a function of frequency ( f)
and thus to distinguish the Gilbert damping from other
contributions, such as two-magnon scattering and sample
inhomogeneity.37 Figure 2a shows the typical FMR spectra for

both stacks at 6 GHz. The spectra exhibit two resonance peaks
corresponding to the FeCo and NiFe layers, respectively, as
marked by arrows. Comparing the resonances of stack A and B,
we notice that upon RE insertion, the separation between the
resonance fields is increased, together with the peak broad-
ening, which implies increased linewidths for both FeCo and
NiFe.
The frequency dependence of the linewidths is plotted in

Figure 2b-c, showing a linear behavior for both FeCo and NiFe
in each stack. Therefore, the relationship between ΔH and f can
be simply expressed as ΔH( f) = ΔH(0) + (2πf/γ)α,38 where
ΔH(0) is the zero-frequency intercept caused by structural
imperfections39,40 and γ is the gyromagnetic ratio. The Gilbert
damping constants, α, extracted from the slope of the linear
fitting of ΔH( f) are summarized in Table 1. From this table we
see that after Tb and Gd insertion the Gilbert damping
constants αNiFe and αFeCo are separately improved to about four
and two times their original values, respectively. The present
result shows that the Gilbert damping in the NiFe and FeCo
layers has been individually modified by Tb and Gd nanolayers,
and their values, initially small and similar to each other in stack

A, have been adjusted to a relationship of αNiFe ≈ 2αFeCo in
stack B. This demonstrates the possibility of selectively
engineering the Gilbert damping in different layers by inserting
various types of RE, wherever needed, into the spin-valve
trilayers.
To find out the mechanism behind the improved Gilbert

damping and in turn a rule for obtaining controllable damping
in different layers, we performed element-specific XMCD,
which is an ideal tool to study the influence of the spin−orbit
coupling because of its unique capability to separate the orbital
and spin moments.41,42 Figure 3a−c shows the normalized

XMCD spectra for the TM (Co, Ni, and Fe) L2,3 edges, taken
in the remnant state of the samples after magnetic saturation,
from which the orbital (mL) and spin (mS) moments of the
TMs can be evaluated using the sum rules analysis.43,44 The
spectra at the RE (Gd and Tb) M4,5 edges in stack B are also
examined, and shown in Figure 3d, e, exhibiting an
antiferromagnetic coupling to the TMs, as was already
demonstrated by the XMCD loops in Figure 1c, d.
Table 2 summarizes the results for the mL and mS values

extracted from the TM spectra, together with their ratios (mL/
mS) and the total magnetic moments (mL+mS). As an important
factor to evidence the influence of the spin−orbit coupling, the
mL/mS ratio displays an interesting variation upon RE insertion.
Namely, the mL/mS ratios for Co and Ni show an apparent
increase of 37.5% and 123%, respectively, after inserting the Gd
and Tb nanolayers, while for Fe this ratio shows nearly no
change. This suggests that the improved Gilbert damping in
stack B mainly arises from the enhanced orbital moments of Co

Figure 2. (a) Typical FMR absorption for stacks A and B, measured at
a microwave frequency f = 6 GHz, as a function of the applied
magnetic field in the film plane. (b, c) FMR linewidth ΔH for each of
the two resonances of stack A (open symbols) and stack B (closed
symbols), respectively, as a function of f. The straight lines are linear
fits to the data points.

Figure 3. (a−c) XMCD spectra taken at the Co, Ni, and Fe L2,3 edges,
respectively, for stack A (dashed line) and stack B (solid line). (d−e)
XMCD spectra taken at the Gd and Tb M4,5 edges, respectively, for
stack B. (f) Schematic picture of the spin contributions of the TM 3d
and RE 5d states without 4f states (top panel) and with 4f states
(bottom panel).
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and Ni, whereas Fe shows little response to the RE and
consequently only gives a tiny effect in damping improvement.
Concerning the spin moments of Co, Ni, and Fe, all of them

were found to increase with RE insertion, although the
augmentation is very small. The underlying mechanism for
this is illustrated in Figure 3f.45 In RE-TM compounds, the TM
3d orbitals are hybridized with the RE 5d orbitals with an
antiferromagnetic coupling between the spins. The localized RE
4f electrons couple parallel to the RE 5d spins, so that the
resulting indirect 4f−3d exchange coupling is antiferromag-
netic.46 This mechanism also holds for RE-TM interface layers,
such as the Tb/NiFe and FeCo/Gd interfaces, but here it
results in a damped oscillatory behavior of the moments as a
function of distance, as has been demonstrated by X-ray
resonant reflectivity measurements47 and ab initio calculations
using relativistic local spin density theory.48 In Figure 3f, the
top panel illustrates the antiparallel alignment between TM 3d
and RE 5d spins (in the absence of 4f states) resulting from the
hybridization between both states. When there is a localized 4f
spin, the conduction electron spins between the RE and TM
sites are redistributed, leading to an increase in 3d spin-down
holes. Correspondingly, the 3d spin moment, which is equal to
the numbers of spin-down minus spin-up holes, is increased as
well. As shown in Figure 3f, in the presence of the localized 4f
spin, both the 3d and 5d spin moments increase, whereas the
total moment remains constant, which explains the observed
increase in the 3d spin moments of Co, Fe, and Ni.
Remarkably, the observed increase of mL is much more

pronounced than that of mS. Upon the RE insertions, the mL of
Co and Ni increase by 52.6% and 129%, respectively, which
corresponds to a large enhancement in their mL/mS ratios.
Compared to Co, the higher increase in mL for Ni is consistent
with the greater improvement for αNiFe than for αFeCo. In Tb
this effect is reinforced by an orbital 4f contribution parallel to
the spin, because the 4f shell is more than half-filled, while Gd
lacks a 4f orbital moment, so that Tb has a more profound
effect on facilitating the spin−orbit coupling in the adjacent
NiFe.49−51 In contrast, the mL of Fe shows a very modest
increase of 5.5%. The drastic difference between Fe and the
other two (Co and Ni) suggests that in addition to the
influence of the RE nanolayer, the orbital moment of the TM
also depends on the lattice structure and the electronic band

structure. Specifically, the orbital moment depends strongly on
the details of the occupied and unoccupied states near the
Fermi level.52 If the position of the Fermi level shifts, as
happens when the spin moment changes, then also the orbital
moment will change. Although mL strongly depends on the
electronic structure, some general trends can be noted. Because
mL = 0 for completely filled and empty spin bands, mL should
reach a maximum value for a half-filled spin-down band. This
means that the change in mL would be the largest for one-
quarter and three-quarter filled spin bands. Fe with mS = 1.76
μB is approaching a half filled spin-down band and is in a region
where the orbital moment is rather constant, hence the change
in mL with increasing number of 3d spin-down holes will be
small. This is opposite to Ni, with mS = 0.53 μB, where
increasing the number of 3d holes results in a large change in
mL. Co is a more special case as Fe50Co50 has a large magnetic
anisotropy, which is the reason that its mL is enhanced
compared to that of Fe or Ni metal. For the three-quarter filled
spin band of Co, with mS = 1.21 μB, a large increase in mL can
be expected when the number of 3d holes increases.
From the above, a simple rule can be formulated for selective

control of the damping in a trilayer: To acquire a large
magnitude of α, RE metals with relatively large orbital moment
should be selected, e.g., Dy, Ho, Er, or Tm. At the same time,
TMs with nearly three-quarter filled spin bands are promising,
which can give a strong response to the RE insertion in their
orbital moment and therefore tend to have a strong
enhancement in the damping, such as Ni- and Co-rich alloys.
On the other hand, if a relatively moderate Gilbert damping is
desirable, RE with small or no orbital moment (Gd) and Fe or
Fe-rich alloys might be suitable candidates. In other words,
various combinations of RE and TM layers offer different kinds
of possibilities to engineer the Gilbert damping for diverse
demands. Finally, because of the increase in both mL and mS of
the TMs after RE insertion, the total magnetic moment also
increases, indicating that the magnetic moments in the TM
layers have not been diluted but are actually improved by the
RE.

■ CONCLUSIONS
In summary, we have provided an effective method to
selectively engineer the Gilbert damping constants in a NiFe/
Cu/FeCo spin-valve trilayer, by inserting nanolayers of Tb and
Gd adjacent to the NiFe and FeCo layers, respectively.
Exploiting the antiferromagnetic coupling between the RE
and TM layers, the small magnitudes of the damping, α, in the
NiFe and FeCo layers, which initially are extremely close to
each other, are evidently improved, resulting in a large
difference between both values, namely αNiFe ≈ 2αFeCo. The
underlying mechanism of the observed increases in α has been
unraveled, and can be chiefly ascribed to the enhanced orbital
moments of Ni and Co, the spin and orbital moments of the
RE, the lattice structure, and the electronic band structure of
the TMs. In contrast, as a shared element in both NiFe and
FeCo, the Fe shows little response to the RE insertions and
thus gives only a tiny improvement in α. A practical method
how to obtain the desired Gilbert damping in spin-valve
trilayers has also been suggested, which would offer the
opportunity toward realizing completely independent control
of the magnetic damping, with a further systematic test and
verification on more combinations of different RE and TM
layers supplied. The present work will have clear significance
for improving the performance of the aforementioned dual free-

Table 2. Orbital (mL) and Spin (mS) Moments (in units of
μB/atom) of Co, Ni, and Fe in Stack A and Stack B,
Respectively, Extracted from the XMCD Spectra Using the
Sum Rulesa

element moments stack A stack B relative increase (%)

Co mL 0.19 ± 0.03 0.29 ± 0.04 52.6
mS 1.21 ± 0.18 1.32 ± 0.20 9.1
mL+mS 1.40 ± 0.18 1.61 ± 0.20 15
mL/mS 0.16 ± 0.03 0.22 ± 0.05 37.5

Ni mL 0.07 ± 0.01 0.16 ± 0.02 129
mS 0.53 ± 0.08 0.55 ± 0.08 3.8
mL+mS 0.60 ± 0.08 0.71 ± 0.08 18.3
mL/mS 0.13 ± 0.03 0.29 ± 0.06 123

Fe mL 0.18 ± 0.03 0.19 ± 0.03 5.5
mS 1.76 ± 0.26 1.78 ± 0.27 1.1
mL+mS 1.94 ± 0.26 1.97 ± 0.27 1.5
mL/mS 0.10 ± 0.02 0.11 ± 0.02 10

aThe last column gives the relative increase of the values after RE
nanolayer insertions.
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layer STOs by independently tuning the damping of the free
layers. Different from some traditional STOs, where one TM
layer serves as a free layer and the other as a fixed layer pinned
by an antiferromagnetic layer, here both TM layers serve as free
layers with two corresponding perpendicular polarizers, which
are expected to offer a great improvement in microwave power
emission.17 Wider applications could be in devices based on the
control of magnetization dynamics and their interplay with spin
currents.
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