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Magnetodynamics of magnetic nanolayers is central to the emerging research field of magnonics. Here,
we demonstrate an effective tuning of the dynamic properties of permalloy (Py, response layer) thin films,
by capping with Cu/Fe-Co-Tb (spin-sink layer) layers with adjustable interlayer coupling and magnetic
configurations. The strategy enables a remarkably enhanced Gilbert damping of the response layer, by
about 10 times; this enhancement is higher than most of the results reported so far. More importantly,
dynamic damping is programmable between the two opposite configurations (parallel vs antiparallel) in
Py and Fe-Co-Tb and remains intact even in the form of nano- and microdevices. The interlayer cou-
pling between Py and Fe-Co-Tb is systematically studied by changing the thickness of the Cu spacer. It
is demonstrated that the dynamic interlayer coupling between ferromagnetic layers plays the key role
in increased damping. Our work provides a feasible route towards reconfigurable magnonic devices,
especially for logic and high-speed computing.
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I. INTRODUCTION

The field of magnonics, which aims to use spin waves
as carriers of information, has provided a paradigm
of computing technologies with low-power consump-
tion [1–3]. In this context, the Gilbert-damping constant,
α, becomes an important figure of merit, which deter-
mines the dynamic behavior of a given magnetic mate-
rial [4]. Commonly, a large value of such a constant is
expected to enable high-speed magnetization switching,
while a small value benefits a reduced threshold current
in devices operating with the spin-torque mechanism. In
addition, a tunable Gilbert damping is desired to fur-
ther control spin-wave propagation in a magnetic material,
which acts as the transport medium of a magnonic device
[5,6]. Therefore, Gilbert-damping control is significant
for striking a balance between the operating speed and
power consumption of reconfigurable magnonic devices.
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To manipulate Gilbert damping, various experimen-
tal strategies are adopted, including impurity doping [7],
electric field effect [8], spin-orbit torques [9], and spin
pumping [10,11]. Among these methods, impurity doping
is by far the most efficient. Our previous studies have, for
instance, reported a remarkably enhanced Gilbert damping
of permalloy (Ni80Fe20, Py) with dilute Tb doping [12].
However, the intrinsic soft magnetism of Py tends to be
interrupted by foreign dopants. The associated change of α

is also irreversible, thus failing to meet the requirements of
magnonic logic devices.

The spin-pumping effect, on the other hand, allows engi-
neering of the damping constant of a ferromagnetic film
(FM) by an adjacent normal-metal (NM) film. When a pure
spin current is generated from the precessing FM, it will be
relaxed in the NM resulting from the spin-pumping effect.
In this case, the Gilbert damping of the FM is enhanced,
while other magnetic properties of the FM remain largely
unaffected [10]. The efficiency of the spin-pumping effect
is usually proportional to spin-orbit coupling (SOC) of
the NM layer. This is an advantage for heavy metals,
such as Pt, W, and Ta, the spin-flip relaxation time of
which is short due to the large SOC, whereas, for light
metals, such as Al and Cu, the Gilbert damping of the
FM is hard to control due to the weak SOC. Therefore,
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additional relaxation channels for the pumped spin cur-
rent are needed to control the Gilbert damping of the FM.
Dynamic interlayer coupling is one such channel [13],
relying on the interaction of spin currents pumped from
the precessing magnetization of each magnetic layer in
a spin-valve structure (FM1/NM/FM2) [14]. In this kind
of structure, the FM2 layer acts as a sink for the trans-
verse spin current, which gives rise to effective control
of α of FM1, depending on the spin-valve config-
uration [15–17]. Despite the clear physical concept
involved, effective tuning of α associated with this type
of magnetic heterostructure remains largely unexplored,
however.

Here, combining the advantages of spin pumping and
impurity doping, this work demonstrates the effective tun-
ing of Gilbert damping in Py. This strategy is achieved
by adjustable interlayer coupling and magnetic configura-
tions in Py/Cu/(Fe50Co50)1−xTbx multilayered structures,
where Tb doping is used to increase the spin relax-
ation in Fe50Co50 (spin-sink layer). Our key results sug-
gest a programmable modulation of the Gilbert damping
of Py, via the parallel (P) and antiparallel (AP) mag-
netic configurations of Py and Fe-Co-Tb layers, in which
the dynamic interlayer coupling plays a highly crucial
role.

II. EXPERIMENTS

The main structure of our sample consists of
Py(10)/Cu(t)/(Fe50Co50)1−xTbx(30) (all thicknesses in
nm), as schematically depicted in Fig. 1(c). Py is cho-
sen as the response layer for its excellent soft magnetic
properties and high saturation magnetization (Ms), while
(Fe50Co50)1−xTbx acts as a spin-sink layer, the Ms, coer-
civity (Hc), and spin-scattering effect of which can be
controlled by the Tb content, x [12,18]. To determine the
optimized Tb content, x, in the heterostructure, a series of
(Fe50Co50)1−xTbx single layers with various Tb contents
are prepared and characterized, as elaborated in later para-
graphs. Cu spacers with thicknesses, t, ranging from 1 to
6 nm, are utilized to tune the interlayer coupling between
Py and Fe-Co-Tb. It is worth noting that, during the
precession of magnetic layers, spin current can transport
through Cu due to its weak SOC and long spin-diffusion
length [19]. For the thick Cu regime, any Ruderman-Kittel-
Kasuya-Yosida [20], pinhole [21], and magnetostatic [22]
interactions between Py and Fe-Co-Tb are expected to be
suppressed, but dynamic interlayer coupling can still exist.
In this case, both P and AP states of the two FM layers can
be steadily achieved. For comparison, bilayer samples of
Py(10)/Cu(t) are prepared as well.

The samples described above are deposited on sili-
con dioxide (Si/SiO2) substrates by magnetron sputter-
ing under a base pressure of 1.0 × 10−7 Torr. The Tb
concentration in (Fe50Co50)1−xTbx is determined and

quantified by energy-dispersive x-ray spectroscopy (EDX).
Static and dynamic magnetic properties of the samples
are detected by using a vibrating sampling magnetome-
ter (VSM) and the vector network analyzer ferromagnetic
resonance (VNA FMR) [7], respectively. During VNA
FMR measurements, the samples are subjected to a
microwave field, h, with a power of −10 dBm, and an
external magnetic field, H, is applied perpendicular to h.
Details of the VNA FMR measurements are presented in
Appendix A. Later, the multilayer film is further fabri-
cated into a microdevice, and the dynamic behavior of the
device is measured by spin-torque FMR (ST FMR) [23].
All measurements are carried out at room temperature.

III. RESULTS AND DISCUSSION

In-plane hysteresis loops of (Fe50Co50)1−xTbx single
layers are shown in Fig. 1(a), and the corresponding Ms
and Hc are listed in Fig. 1(b). With increasing Tb con-
tent x, Ms of the (Fe50Co50)1−xTbx film is monotonically
reduced, originating from the antiferromagnetic coupling
between Tb and transition metals [12,24]. For x = 14 at. %,
an out-of-plane loop is observed in the inset of Fig. 1(a),
indicative of a slightly oblique magnetic moment in
Fe-Co-Tb along the out-of-plane direction. We find that
Fe-Co-Tb films with x > 14 at. % are undesirable for the
present investigation, due to the further enhanced out-of-
plane magnetic anisotropy. Such an enhanced out-of-plane
anisotropy is induced by local chemical ordering, giving
rise to domains with alternating “up” and “down” mag-
netization [25]. Therefore, to achieve a large scattering
of spin current, while maintaining the in-plane magnetic
anisotropy of Fe-Co-Tb, x = 14 at. % is chosen for the
spin-sink layer. The main magnetic structure in this study
then takes the form of Py/Cu(t)/(Fe50Co50)86Tb14.

Figure 1(d) reveals the in-plane VSM loops associ-
ated with the Py/Cu(t)/(Fe50Co50)86Tb14 structure. For
t = 1 and 2 nm, the coercive field of Py (Hc,Py) in
Py/Cu(t)/(Fe50Co50)86Tb14 is about 50 Oe, larger than that
in the Py single layer (see Appendix B). This suggests a
static interlayer-exchange coupling between Py and Fe-
Co-Tb. In contrast, the static interlayer coupling becomes
negligible when t ≥ 3 nm. In this case, two-step switching
behavior can be observed, and Hc,Py is similar to that of the
Py single layer.

Figure 2(a) shows the VNA FMR spectra of the
Py/Cu/(Fe50Co50)86Tb14 structure and Py/Cu bilayers. It
is noted that the resonance intensity of (Fe50Co50)86Tb14
is quite weak compared with Py (see Appendix C), which
makes the obtained FMR signal come almost entirely
from Py. From the FMR spectra, we find two interesting
phenomena. On one hand, when magnetization switching
occurs, ferromagnetic resonances of Py/Cu(t)/Fe-Co-Tb
with t = 1 and 2 nm are suppressed. This behavior can
be understood from the M -H curves in Fig. 1(d). Due to
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(a) (b)

(c) (d)

FIG. 1. (a) In-plane hysteresis loops of (Fe50Co50)1−xTbx single layers with x changing from 0 to 25 at. %. Inset shows the out-
of-plane of hysteresis loops of (Fe50Co50)86Tb14 measured under vertical fields. (b) Ms and Hc of (Fe50Co50)1−xTbx. (c) Schematic
structure of Py/Cu/Fe-Co-Tb. (d) In-plane hysteresis loops of Py/Cu(t)/Fe-Co-Tb.

the static interlayer coupling between Py and Fe-Co-Tb,
the switching process of Py becomes complex. Therefore,
when the applied field is around the coercive field of the
Py layer, its magnetization can hardly reach saturation
conditions. In this case, no uniform precession of Py can
occur. FMR spectra of Py/Cu(1)/Fe-Co-Tb at different fre-
quencies are detailed in Appendix C, and the suppressed
resonance is further demonstrated by a frequency response
of the microwave transmission signal detected at a fixed
magnetic field. On the other hand, for Py/Cu(t)/Fe-Co-Tb
with t ≥ 3 nm, both the resonance field and linewidth of
the FMR peak show differences between P and AP states,
as will be discussed later. The resonance spectrum can be
accurately fit with a sum of symmetrical and antisymmet-
rical Lorentzian equations. Fitting details are discussed in
Appendix C. Figures 2(b) and 2(c) present the frequency-
dependent resonance field and linewidth extracted from
the FMR spectra, where Py and Fe-Co-Tb are parallel
to each other and no switching occurs. Resonance fields
of Py/Cu(t)/Fe-Co-Tb with t ≥ 3 nm are close to that of
Py/Cu(t), much larger than the case of t = 1 and 2 nm,
indicating that the static interlayer coupling between Py
and Fe-Co-Tb is dominant when t ≤ 2 nm and becomes
negligible when t ≥3 nm. This result is in line with the

VSM measurements. Kittel’s equation provides a quanti-
tative description of the resonance condition for in-plane
magnetization [26]:

(
2π f
γ

)2

= Heff(Heff + 4πMeff), (1)

where γ and 4πM eff are the gyromagnetic ratio and effec-
tive magnetization of Py, respectively, and H eff is the
effective field composed of the Zeeman field and equiv-
alent interlayer-coupling field, H IC. Extracted values of
M eff are comparable with the Ms measured by VSM, indi-
cating a negligible surface-perpendicular anisotropy of Py
films. Fitting results of H IC for different samples are listed
in Table I in Appendix C. H IC for Py/Cu(t)/Fe-Co-Tb
decreases from 56.6 to 2.0 Oe when t changes from 1 to
6 nm, and is close to zero when the two FM layers are
decoupled.

The frequency-dependent FMR linewidths, �H, shown
in Fig. 2(c) can be well fitted by �H = �H0 + (4πα/γ )f
[27], where �H 0 denotes inhomogeneous broadening of
the film. Exact values of α and �H 0 are listed and dis-
cussed in Table I in Appendix C. Results show that α

in Py/Cu(t)/Fe-Co-Tb increases slightly with t, and the
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FIG. 2. (a) Typical VNA FMR spectra of Py/Cu(t)/Fe-Co-Tb and Py/Cu(4) measured at 3 GHz. Trace of the scanning magnetic
field is represented by the dashed arrow, and magnetic configurations are shown by solid arrows. Suppressed ferromagnetic resonance
during the switching process is marked by dashed circles. Frequency dependence of (b) the resonance field and (c) the linewidth
extracted from the VNA FMR spectra when Py and Fe-Co-Tb are parallel to each other and no switching occurs.

average value is 0.0154, about 2 times larger than that in
Py/Cu(t) (0.0091). We attribute the enhancement of α to
dynamic interlayer coupling between Py and Fe-Co-Tb, by
which Fe-Co-Tb opens an additional relaxation channel for
the magnetization dynamics of Py [28].

We next focus on the configuration-dependent magnetic
dynamics by comparing the ferromagnetic resonance of
Py/Cu(t)/Fe-Co-Tb with t ≥ 3 nm in the P and AP states.
Figure 3(a) presents the FMR spectra of Py/Cu(6)/Fe-Co-
Tb at different microwave frequencies, and corresponding
magnetic configurations at different magnetic field regions
are marked with arrows. Compared with the P state, both
the resonance field and linewidth are smaller when the
resonance peak is located in the AP state, and their

extracted values are shown in Figs. 3(b) and 4(a), respec-
tively. In Fig. 3(b), the frequency-dependent resonance
field of the P and AP states are separately fitted with Eq.
(1), as denoted by the green and orange lines. Interest-
ingly, the fitting result of H IC in the AP state is 16.9 Oe,
which is much larger than the value achieved for the P state
(2.4 Oe), suggesting a larger interlayer effect for the AP
state than the P state. We note that such a configuration-
dependent resonance field is neither observed in the
Co/Cu/Py structure studied by Salikhov et al. [15] nor in
Py/Co/Cu/Co/Mn-Ir investigated by Joyeux et al. [17]. In
the Co2MnGe/V/Py structure, Salikhov et al. [16] reported
that the precession frequency of Py in the AP state was
smaller than that in the P state, which they interpreted

TABLE I. Extracted parameters of different samples (measured in the P state).

H IC (Oe) �H 0 (Oe) α (×10−2)

Py/Cu(4) 0 2.38 ± 0.42 0.90 ± 0.0003
Py/Cu(1)/Fe-Co-Tb 51.42 ± 0.14 9.52 ± 0.46 1.26 ± 0.0003
Py/Cu(2)/Fe-Co-Tb 56.54 ± 0.16 9.55 ± 0.39 1.29 ± 0.0002
Py/Cu(3)/Fe-Co-Tb 5.27 ± 0.96 25.61 ± 1.93 1.72 ± 0.0011
Py/Cu(4)/Fe-Co-Tb 5.20 ± 0.64 27.55 ± 1.21 1.65 ± 0.0007
Py/Cu(6)/Fe-Co-Tb 2.03 ± 0.51 35.54 ± 1.69 1.79 ± 0.0010
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(a) (b)

FIG. 3 (a) VNA FMR spectra of Py/Cu(6)/Fe-Co-Tb at different microwave frequencies. Arrows denote the magnetic configuration
in different magnetic field regions. (b) Corresponding resonance fields at different frequencies. Blue dots are detected when H scans
from negative to positive, while red triangles are detected when H scans in the opposite way. Green and orange lines represent the
fitting results in the P and AP states.

as resulting from domain-wall (DW) coupling between
two magnetic layers [29]. However, if DW coupling takes
effect, in the AP state, the magnetic domains in the Fe-
Co-Tb layer would be arranged in a manner that their
stray fields are mostly aligned opposite to the direction of
Py, which will reduce the external magnetic field in the
Py layer. As a result, a higher external field is needed
to fulfill the condition of ferromagnetic resonance at a
fixed frequency, which, however, is contrary to what we
have observed here. We speculate that the enhancement
of H IC in the AP state originates from the fieldlike spin
torque induced in the Fe-Co-Tb layer [30], as evidenced
by some previous pioneering works. For instance, it is
predicted [31] and experimentally proved [32] that the

anomalous Hall effect and anisotropic magnetoresistance
(AMR) in a ferromagnetic film can be used to generate
spin-orbit torques in a similar manner to the spin Hall
effect. Additionally, a large fieldlike spin torque can exist
in a FM/NM/FM multilayer with extremely low static
exchange coupling, just like our present structure [30].

We further study damping control by investigating the
configuration-dependent linewidth of Py/Cu/Fe-Co-Tb.
As shown in Fig. 4(a), at low frequencies, when the res-
onance peak is located in the AP state, the linewidth
of Py is smaller than that in the P state but increases
rapidly with increasing frequency. We suspect that the
reduced linewidth during switching between P and AP
states may arise from field-driven magnetization reversal.

(a) (b)
Py/Cu(t)
Py/Cu(t)Fe-Co-Tb in P state
Py/Cu(t)Fe-Co-Tb in AP state

fit in AP state
fit in P state

FIG. 4 (a) Frequency dependence of the linewidth of Py/Cu(6)/Fe-Co-Tb. Blue dots are detected when H scans from negative to
positive, and red triangles are detected when H scans in the opposite way. Green and orange lines represent the fitting results in the P
and AP states, respectively. (b) Gilbert-damping constant of Py/Cu(t) and Py/Cu(t)/Fe-Co-Tb films.
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(a)

(b)

(c)

(d)

FIG. 5. (a) Schematic structure of the Py/Cu/Fe-Co-Tb device and the circuit used for ST FMR measurements. (b) Magnetoresis-
tance of the device. (c) ST FMR results measured at different frequencies and fields. (d) Typical ST FMR spectra for different magnetic
configurations. Green circles are measured in the P state, and red dots are detected in the AP state [corresponding to the circles in (b)
and dashed lines in (c)].

During the reversal process, collective motions of mag-
netic moments are complicated, leading to weakened
microwave absorption. This process is determined by the
competition between the external field and internal fields,
which is frequency independent. Therefore, we can still
extract the value of Gilbert damping from the frequency
dependency of the linewidth. By fitting the frequency-
dependent linewidth in the AP state, the Gilbert damping
of Py is extracted as 0.0870, which is about 5 times
larger than the value obtained in the P state (0.0178) and
about 10 times larger than the average value of Py/Cu(t).
Similar results are also observed in Py/Cu(3)/Fe-Co-Tb
and Py/Cu(4)/Fe-Co-Tb, and corresponding values of α

are summarized in Fig. 4(b). Such an enhancement of α

in the AP state is higher than most of the experimen-
tal results observed for other methods. For example, the
multiple of damping enhancement is usually <2 times for
an electrical-field effect [8,33,34], <5 times for a spin-
pumping method [35–38] or a spin-orbit-torque method
[9,39]. Even for an impurity-doping method, 10 times
enhancement of damping is also difficult to implement
[7,12,40]. Since the magnetic configuration depends on
the external field, α of Py becomes switchable between
high and low values, and the switching ratio is 3–5. Such

a switchable Gilbert damping was also indicated in stud-
ies performed by Salikhov et al. [15,16] and Joyeux et
al. [17], which can be understood within the model of
spin-pumping-induced dynamic interlayer coupling [17].
In the Py/Cu/Fe-Co-Tb structure, the precessing magne-
tizations of the two magnetic layers interact with each
other through the spacer by exchanging nonequilibrium
spin currents. When the Py and Fe-Co-Tb magnetiza-
tions are parallel, two counterpropagating spin currents
with the same polarization direction are pumped into the
Cu layer, thus leading to partial cancellation of the spin
vector that damps magnetization motion. In contrast, for
the AP configuration, the dynamic magnetization of the
two layers rotates in the opposite way, such that the spin
currents emitted from the magnetic layers carry opposite-
spin orientations. In this case, the total spin vector varies
over time and never cancels. This then results in a strong
dynamic coupling between the two magnetic layers, with
an additional damping of precessional motion. It is noted
that the fitting result in Fig. 4(a) gives a negative �H0
for the AP state, which may also be associated with the
reduced FMR linewidth induced by the switching of Fe-
Co-Tb. Since the reduced linewidth is determined by the
competition between the external field and internal fields,
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it is frequency independent and is most likely embodied
in the reduction of �H0, which might cause an inaccurate
estimate of inhomogeneous broadening. During the actual
measurement, a negative linewidth can never be observed.
The negative �H0 is just a virtual physical quantity arising
from extrapolation (see Appendix C).

To verify programmable Gilbert damping in magnonic
applications, we further fabricate microstrips (40 × 10 µm2)
from our Py/Cu(6)/Fe-Co-Tb trilayers and characterize
their dynamic behavior by ST FMR [Fig. 5(a)]. The mea-
surement is performed with a magnetic field applied in the
film plane and 45° to the long axis of the strip. The magne-
toresistance of the device is shown in Fig. 5(b), from which
one observes steady P and AP states. We first perform
field-scanning ST FMR, as shown in Appendix D. The
detected rectified voltage proves the effect of spin torque
in this structure, which may be the microscopic origin of
dynamic interlayer coupling. However, it is found that the
intensity of the detected signal changes a lot during the
switching process, due to the variation of magnetoresis-
tance and the impedance of the device. This parasitic effect
makes it difficult to extract the exact value of the linewidth.
Alternatively, here, we perform frequency-scanning ST
FMR, and the results are shown in Figs. 5(c) and 5(d). The
expected FMR frequencies under different magnetic fields
are marked by black dashed lines in Fig. 5(c), which agree
well with the rectified signal detected by ST FMR, demon-
strating that the rectified signal is caused by the FMR. We
find it interesting that both the frequency linewidth and
the rectified voltage are controllably switchable between
the P and AP states. Commonly, the measured FMR fre-
quency linewidth is the sum of extrinsic inhomogeneous
line broadening and the Gilbert-damping contribution. As
discussed in detail in Appendix D, the calculated Gilbert
damping in the AP state is more than 3 times larger
than that in the P state. Such a magnetic-configuration-
dependent dynamic damping achieved by ST FMR is
consistent with the results obtained from the VNA FMR,
which can be utilized for reconfigurable magnonic devices
[5], and provides opportunities for broadband microwave
detection [41].

IV. CONCLUSION

We exploit an effective strategy to tune the dynamic
behavior and Gilbert damping of Py thin films, by capping
with Cu/Fe-Co-Tb layers with adjustable interlayer cou-
pling and magnetic configurations. Frequency-dependent
FMR measurements demonstrate that the Gilbert-damping
constant of Py/Cu/Fe-Co-Tb is enhanced up to 0.0870
when Py and Fe-Co-Tb are antiparallel to each other; this
value is about 5 times larger than the case in which the
two magnetic layers are parallel, and 10 times larger than
that of Py/Cu. By changing the thickness of the Cu spacer,
we systematically study the interlayer coupling between

Py and Fe-Co-Tb. It is demonstrated that dynamic inter-
layer coupling between ferromagnetic layers plays a key
role in increased damping. By ST FMR, we reveal that
such configuration-dependent dynamic behavior remains
intact in nano- and microdevices. Our studies might pro-
vide important information for future magnonic devices
toward logic and high-speed computing.
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APPENDIX A: DETAILS OF THE VNA FMR
MEASUREMENT

The VNA FMR measurements are performed with a
vector network analyzer (Keysight model N5234A). As
shown in Fig. 6, during the measurement, the film is placed
face down on a coplanar waveguide (CPW) and subjected
to a microwave field, h, with the power of −10 dBm (inset
of Fig. 1). An in-plane magnetic field, H, is applied per-
pendicular to h and swept between −800 and +800 Oe.
The process in which H scans from −800 to 800 Oe is
denoted by L1, and H scanning from 800 to −800 Oe is
denoted by L2. Time-varying magnetic fields produced by
the sample under FMR excitation will inductively couple
in the CPW, altering the total inductance of the microwave

FIG. 6. Schematic diagram of the VNA FMR measurement
setup.
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(a) (b)

FIG. 7. (a) X-ray diffraction pattern and (b) in-plane hysteresis loops of Py film with a thickness of 10 nm.

circuit. The microwave absorption is at a maximum when
the FMR condition is met, then a reduced transmission sig-
nal (S21) is detected by the VNA. As described in the main
text, field-swept FMR spectra are obtained by measuring
S21 at a fixed frequency. To achieve the uniform preces-
sion of Py, the frequency of the microwave changes from
2.3 to 6.0 GHz according to Kittel’s equation [26]. All
measurements are carried out at room temperature.

APPENDIX B: STRUCTURE AND MAGNETIC
PROPERTIES OF THE Py SINGLE-LAYER FILM

Structure and magnetic properties of the Py single-
layer film are characterized by x-ray diffraction (XRD)
and a VSM, respectively. Figure 7(a) is the XRD pat-
tern of the Py film, from which the diffraction peak of
the Ni − Fe(111) texture is clearly observed. According to

the well-known Debye-Scherrer formula, the average grain
size of Py is calculated to be 15 nm. In-plane hysteresis
loops of Py single layers are shown in Fig. 7(b). The coer-
cive field of the Py film is about 2 Oe, and the saturation
magnetization is about 865.5 emu/cm3.

APPENDIX C: DETAILED ANALYSIS OF THE
RESONANCE SPECTRA DETECTED BY VNA

FMR

The VNA FMR spectra of the (Fe50Co50)1−xTbx single
layer are shown in Fig. 8. With the increased Tb content,
the resonance intensity of Fe-Co-Tb is attenuated, which
becomes almost invisible for x = 4 at. %. Since the reso-
nance signal is much weaker compared with Py, we regard
that the observed FMR signal in our study comes almost
entirely from Py.

(a) (b)

FIG. 8. Typical FMR spectra of (a) Fe50Co50 and (b) (FeCo)96Tb4. Due to the large natural resonance field and linewidth of Co,
spectra in the lower-frequency region are almost invisible. With increasing Tb concentration in Fe-Co-Tb, the intensity of microwave
absorption is further reduced.
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FIG. 9. Full FMR spectra of Py/Cu(1)/(FeCo)86Tb14 at different frequencies. L1 means H scans from −800 to 800 Oe, and L2
means H scans from 800 to −800 Oe.

Figure 9 presents the full resonance spectra of
Py/Cu(1)/Fe-Co-Tb (including L1 and L2) detected by
VNA FMR at different frequencies. When magnetization
switching occurs (in the positive-field region of L1 and
negative-field region of L2), the FMR peak of Py/Cu/Fe-
Co-Tb is suppressed due to interlayer coupling, which is
almost independent of the microwave frequency.

To further demonstrate the suppressed resonance in
Py/Cu/Fe-Co-Tb with large interlayer coupling, a fre-
quency response of the microwave-transmission signal is
detected at a fixed magnetic field. As shown in Fig. 10,
when the magnetic field scans from positive to nega-
tive, the switching of Py in Py/Cu/Fe-Co-Tb with a thin

Py/Cu(1)/Fe-Co-Tb

FIG. 10. Frequency response of the microwave transmission
signal for Py/Cu(1)/Fe-Co-Tb detected at 120 and −120 Oe.
Magnetic field changes from positive to negative, resulting in a
complex switching process of Py around −120 Oe.

Cu spacer takes place at around −120 Oe. In this case,
the resonance peak at −120 Oe disappears; this can be
clearly seen in Fig. 10, in comparison with the case of
H = 120 Oe.

The resonance spectrum can be accurately fitted with
the sum of symmetrical and antisymmetrical Lorentzian
equations [7]:

|S21| = K1�H 2 + K2�H(H − HFMR)

�H 2 + 4(H − HFMR)2 ,

where H FMR and �H are the resonance field and linewidth
(full width at half maximum) of the resonance peak. K1
and K2 are coefficients of the symmetrical Lorentzian and
antisymmetrical Lorentzian functions, respectively. Figure
11 shows the fitting results of the FMR spectra at different
frequencies in the P and AP states. It is also important to
notice that, in our study, the frequency range we use starts
from 2.3 GHz, corresponding to a resonance field of about
60 Oe, which is close to the lower boundary of the steady
AP state. If the frequency is further reduced, the reso-
nance field of Py given by Kittel’s equation is not sufficient
to make its magnetization orientate strictly antiparallel to
Fe-Co-Tb. In another word, Kittel’s equation does not
work at lower frequencies. In this case, the magnetic
moment of Py is not in a uniform precession but a complex
spin-wave resonance. Therefore, the detected linewidth of
the FMR response at lower frequencies should be larger
than that extrapolated from the uniform precession model,
by which the linear variation of the linewidth is broken
down. To ensure the accuracy of Gilbert damping, we
focus on analyzing the linear variation of the frequency-
dependent linewidth.
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FIG. 11. Fitting results of the FMR spectra at different frequencies in the P and AP states. Gray dots are experimental data. Blue
lines represent the fitting results of the full FMR spectra. Orange and green lines denote symmetric and antisymmetric resonance
components, respectively. Linewidth (full width at half maximum) of the FMR spectra at different frequencies are marked in the
corresponding figures.

Table I lists the extracted parameters (the equivalent
interlayer coupling field, H IC; the inhomogeneous broad-
ening, �H 0; and the Gilbert damping, α) of Py/Cu(4)
and Py/Cu(t)/Fe-Co-Tb. With increasing Cu thickness,
�H 0 monotonously increases from 9.52 Oe (t = 1 nm) to
35.53 Oe (t = 6 nm); these values are much larger than
the value of Py/Cu(4) (2.38 Oe). This may be attributed
to the increased inhomogeneity of the film. A similar phe-
nomenon was reported previously in a Cu/Fe-Co-Gd/Cu
multilayer film by Zhang et al. [42]. In their study, the
interface roughness between the Cu seed layer and Fe-
Co-Gd layer is enhanced with the increased thickness
of the Cu seed layer, which leads to an increase of the
roughness and grain size at the surface of the Fe-Co-Gd
layer. The situation is similar here for Py/Cu/Fe-Co-Tb
structures. The induced interface roughness may increase

the inhomogeneity of the film, thus leading to a large �H 0
in Py/Cu/Fe-Co-Tb films.

APPENDIX D: DETAILS OF THE ST FMR
MEASUREMENT

Figure 12 presents the resonance spectra detected by
field-scanning ST FMR. The signal intensity detected
by ST FMR changes obviously before and after the
magnetic switching process, which is different from the
VNA FMR spectra. This difference can be explained by
the working principles of the two measurement tech-
niques. In conventional ST FMR, the ferromagnetic reso-
nance is induced through current-induced torque acting on
magnetization. The strength of the spin torque is deter-
mined by the input power of the signal source and the
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FIG. 12. Field-scanning ST FMR spectra of the Py/Cu(6)/Fe-
Co-Tb microdevice at different frequencies. Magnetic configura-
tions in different field regions are illustrated by arrows.

impedance of the device. Magnetic resonance can be
detected via a rectified longitudinal dc voltage caused
by mixing of the microwave current with resistance

oscillations produced by the precessing magnet via AMR
or spin Hall magnetoresistance. Therefore, the intensity of
the detected signal changes a lot, since the magnetoresis-
tance and impedance of the device become different during
the switching process. For the VNA FMR measurement,
a microwave field is applied to the film through a CPW.
The microwave absorption is at a maximum when the FMR
condition is met, then a reduced transmission signal can be
detected by the VNA. Since the resistance of the sample
has little influence on the microwave absorption intensity,
the signal intensity detected by VNA FMR does not change
dramatically in different magnetic states.

The measured FMR frequency linewidth is the sum of
extrinsic inhomogeneous line broadening and the Gilbert-
damping contribution, �f Gil. The latter is related to the
Gilbert-damping parameter by

�fGil = αγ (2H + 4πMeff),

where γ and M eff are the gyromagnetic ratio and effec-
tive magnetization of Py, respectively. In our study,
frequency-scanning FMR spectra in the P and AP states
[data are from Fig. 5(c)] are shown in Figs. 13(a) and

(a) (b)

(c) (d)

FIG. 13. Frequency-scanning FMR spectrum detected by ST FMR in the (a) P and (b) AP states. Corresponding field-dependent
linewidths in the (c) P and (d) AP states.
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13(b), and corresponding field-dependent linewidths are
shown in Figs. 13(c) and 13(d), respectively. As a com-
mon problem for frequency-scanning measurements, the
ST FMR spectrum is dominated by frequency-dependent
nonmagnetic background signals caused by nonlinearities
and impedance mismatches within the microwave circuit
[43]. Therefore, the value of Gilbert damping is hard to
accurately extract. Here, we roughly calculate the ratio
between α in the P and AP states by comparing the slope of
�fGil - H curves. Results show that Gilbert damping in the
AP state is more than 3 times larger than that in the P state.
Considering the difference between the microscale device
and the continuous film, as well as the background dis-
turbance in the frequency-scanning spectrum, we conclude
that such a magnetic-configuration-dependent dynamic
damping achieved by ST FMR is almost consistent with
the results obtained from the VNA FMR.
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