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Pulsed inductive microwave magnetometer (PIMM), conventional ferromagnetic resonance (FMR), and
vector network analyzer FMR (VNA-FMR) have been used for complementary studies of the various excited
modes in exchange-coupled NiFe(30 nm)/Ru(dg,)/NiFe(30 nm) films with variable Ru thicknesses dg,. For
antiferromagnetically coupled layers, two modes, which vary in their relative intensity as a function of the bias
field, are detected. These two modes, which are observable simultaneously over a limited range of the bias field
with PIMM, are identified as optic and acoustic modes. The mode frequencies and the interlayer exchange
coupling are found to oscillate as a function of the Ru layer thickness with a period of 8.5 A. The frequency
oscillations of the optic mode are coupling dependent, while those of the acoustic mode are indirectly related
to coupling via the canting angle of the layer magnetizations below the saturation. Comparison between PIMM
and VNA-FMR in terms of frequency of modes shows good agreement, but the optic mode is observed over a
wider field range with VNA-FMR. Furthermore, we clearly observed different behaviors of the FMR line-
widths as a function of the spacer thickness for the optic and acoustic modes. In addition, perpendicular
standing spin waves have been studied as a function of coupling. The FMR linewidth of the different modes
increases with the microwave frequency and typical damping constants of «=0.0073 have been measured. The
effect of the pulse field amplitudes on the properties of the various excited modes has been simulated and

studied experimentally.
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I. INTRODUCTION

Exchange interlayer coupling between the magnetizations
M, and M, of two ferromagnetic layers separated by a non-
magnetic spacer layer was demonstrated experimentally in
1986.!73 This coupling is parametrized by the bilinear J; and
biquadratic J, coupling parameters defined via the phenom-
enological energy density expression:

M, - M, (MI-M2>2
"M, T\ MM, )

E=-J (1)
The nature and the strength of the coupling are described by
the sign and the magnitude of J; and J,. When J; dominates,
and if it is positive, the energy is minimal when M; and M,
are parallel [ferromagnetic (FM) coupling], while if it is
negative, then the lowest energy is achieved when M, and
M, are antiparallel [antiferromagnetic (AF) coupling]. If, on
the other hand, J, dominates and is negative, then the mini-
mum energy occurs when the magnetizations are oriented
perpendicularly to each other (90°-type coupling).*

Later discoveries in such coupled structures including gi-
ant magnetoresistance>® led to an explosion in the interest on
these systems. Therefore, they are on the base of the devel-
opment of many components which are considered now as
potential candidates for magnetic recording devices and
toggled magnetic random access memories.” However, the
precessional dynamics at 1-10 GHz, which determines the
high-speed response, is a fundamental limit to increasing
data rates in magnetic information storage technology.?
Therefore, understanding the nature, the extent of exchange
interactions, and their effect on the damping in such struc-
tures at the nanosecond time scale is a technological key for
such applications.
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Great attention has been given in recent years to study
both experimentally and theoretically the effect of coupling
on spin waves in these layered systems.”!° Brillouin light
scattering!! and ferromagnetic resonance'? are usually used
to determine the coupling constants and to study the spin-
wave modes, but only methods using pulsed excitation can
reach the switching regime. At high excitation amplitudes,
the motion of the magnetization becomes enharmonic, and it
is best modeled by solving the Landau-Lifshitz-Gilbert
(LLG) equation numerically. In addition, a FMR experiment
is generally limited to a single frequency and high static
magnetic fields are used, so that the amount of information
obtained from a FMR measurement is rather limited and it is
difficult to study the dynamics at low fields below the satu-
ration. Therefore the aim of this paper is to use pulsed in-
ductive microwave magnetometer (PIMM) and vector net-
work analyzer FMR (VNA-FMR), besides a conventional
FMR, for full and complementary study of the dynamics of
interlayer-exchange-coupled systems both in time and fre-
quency domain over large static and pulse field ranges.
Moreover, and in contrast to the conventional FMR, VNA-
FMR and PIMM allow dynamic measurements over a large
frequency range. We focused our study particularly on low
applied bias fields not sufficient to saturate the specimens, so
that the magnetization was antiparallel or canted at a certain
angle with respect to the applied field. In such situation, we
show that not only the frequency of the optic mode depends
on the interlayer exchange coupling but also that of the
acoustic mode.

This paper is organized as follows: we first define our
macrospin model and explain how the static and dynamic
simulations are carried out (Sec. II). Section III introduces
the samples and the different experimental setups used for
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this study. Section IV starts by summarizing the main static
characteristics of the samples and then presents dynamic
measurements, the excited mode properties, and the compari-
son between time- and frequency-domain methods. This sec-
tion ends by presenting the effect of the coupling on the
linewidth of the different excited spin waves. The effect of
the pulse field amplitudes on the properties of the excited
spin-waves is studied in Sec. V, and comparison to mac-
rospin simulation is presented. In Sec. VI, conclusions are
drawn.

II. MACROSPIN CALCULATIONS

We consider two magnetic thin films, 1 and 2, of thick-
nesses d; and d, separated by a nonmagnetic spacer layer
with thickness d. We study only the situation where the ex-
ternal static magnetic field H is applied in the plane of the
films, at an arbitrary angle 6y with respect to the easy axis
direction. In this case, the directions of the magnetizations of
the two films, M and M,, also in the plane, are characterized
by the angles ¢, and ¥, with respect to the easy axis direc-
tion. The equilibrium directions of M, and M, are deter-
mined by the minima of the total free energy per unit area
given by

Eo(, ) = El,a('ffl)dl + Ez,a(lffz)dz +E, (1,4). (2)

The volume energy density E,, composed of the Zeeman and
anisotropy energies, and the exchange energy density E,, are
given by

E () =K, sin® y— oM H cos(0y — ), 3)

E,(1,4) == T, cos(ihy — ) = Jy cos* (¢ — ), (4)

where M, is the magnetization at saturation and K, is the
uniaxial anisotropy constant.

The equilibrium configuration (¢, ., and ¢, ,,,) are de-
termined numerically for each applied field, taking J, and J,
as parameters, and the normalized static hysteresis loops are
given by

M(H) _ Ml COS(%,eq - GH) + M2 Cos(lpZ,eq - gH)

)
M, M, +M,

The spatiotemporal evolution of magnetization of the film

i is given by the numerical solution of the equation of motion
written as'3

dm;(1) : Mol A

m(1) X H,;

dt 1+ a?

_ C:ﬁi_ol:j m(7) X [my(t) X H,z;1}, (©)

where vy is the gyromagnetic ratio, « is the phenomenologi-
cal damping parameter, and H,; is the effective field vector
acting on the layer i with a normalized magnetization vector
m,.
The effective field comprises the applied field H, the an-
isotropy field H,,;, the demagnetizing field H,,,,. the pulse
field H,,., and the bilinear and biquadratic exchange fields
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H; and H; . These exchange fields are given by

Ji
MOM sdi

Hy ;= m;(t)

and

2
27 m; m; , + mj,x(mi,ymj,y + mi,zmj,z)
2

H, .=
2 oM d,

2
m; i+ my(mg mj o+ m; m; )

mi mj+m; (m; ym; , +m; m; )

with i # j. (7)

For the simulations and in order to be as close as possible to
the real case, the real pulse field shape (as measured) is used.
Equation (6) is numerically integrated using the initial equi-
librium state obtained from the static simulation, a step size
of 1 ps, and a damping parameter o=0.017 which is in a
good agreement with the measured one using PIMM. More-
over, all the static and dynamic simulations which will be
presented below considered the case of symmetrical mag-
netic layers having the same thicknesses and magnetic char-
acteristics.

III. SAMPLES AND EXPERIMENTAL METHODS

A series of Nig;Fe;o/Ru(dg,)/Nig,Fe o trilayered samples
with a fixed Nig,Feo thickness of 300 A and variable Ru
thicknesses (1.6 A <dg, <28 A) was sequentially deposited
at room temperature by dc magnetron sputtering onto silicon
substrates with Ta seed and cover layers in a commercial
sputtering system at IPHT Jena. The Ru thickness gradient
(1.6-28 A) is spread over two 6 in. wafers, on which the
thickness changes from 1.6 to 9 A and from 6 to 28 A, re-
spectively. The base pressure of the sputtering system was
typically 1078 mbar. The deposition rates were about a frac-
tion of an angstrom per second. During the growth of the
Nig,Fe;q layers, a magnetic field of 100 Oe was applied,
which induced a uniaxial magnetic anisotropy with defined
easy axis. The easy axes are parallel for both NiFe layers.

Magneto-optical Kerr effect (MOKE) and vibrating
sample magnetometer (VSM) were used at room temperature
to obtain the hysteresis loops for each sample, both in easy
and hard axis directions. The measured hysteresis loops were
then fitted numerically by minimizing the total energy of the
system to determine the coupling constants J; and J,, as
described in Sec. II. For samples with FM coupling where
the determination of the interlayer exchange coupling con-
stants cannot be performed using static methods, FMR mea-
surements have been used to determine the total coupling
(effective coupling: J.). The maximum saturation fields
both in easy and hard axes are in the range of 0.8—1.4 kOe
for 4.6 A <dg,<6.4 A and they vary from 3 to 500 Oe oth-
erwise.

The dynamic measurements were carried out by FMR,
PIMM, and VNA-FMR. For PIMM and VNA-FMR, the
samples of 1 cm? are coupled to a coplanar waveguide and
the experimental setups are described in Refs. 14 and 15,
respectively. For both methods, the data at each bias field
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require the subtraction of two measurements: one with the
bias field switched on and a second measurement with a
1 kOe saturating field applied in the same direction as the
pulse or the rf field, which removes all magnetic response
from the measured quantity (transmission coefficient: S, in
decibel in the case of VNA-FMR and in voltage in PIMM).
By subtracting this saturated measurement from the bias field
measurement, all that remains is the effect of the oscillatory
response created by the precessing magnetization in the
sample. In our case, a maximal bias field of 1 kOe was ap-
plied before each bias field measurement in order to define
an initial state. This field was reduced to the target bias field
before the voltage pulse or rf field. The resonance frequen-
cies are obtained from the Fourier transform of the time-
domain magnetic response or from the Lorentzian fit of the
S,1 measured by VNA.

For the FMR measurements, the experimental setup is the
same as described in Ref. 15. The magnetic sample is
mounted inside a shorted waveguide. The microwave absorp-
tion is measured by monitoring the power reflected from the
sample using a mixer. The sample is swept through the reso-
nance condition by means of an external field. When the
magnetic sample undergoes a ferromagnetic resonance, the
microwave losses are increased and the reflected power
changes slightly. In addition, the external magnetic field is
modulated with an amplitude of 2 Oe at a frequency of
130 Hz. This modulation allows lock-in detection to be used
in order to increase the signal-to-noise ratio. The measured
FMR signal is proportional to the field derivative of the
imaginary part of the rf susceptibility. The FMR experiments
were carried out using 22 and 35 GHz systems.

IV. RESULTS AND DISCUSSION
A. Static characterization

VSM hysteresis loops for a NiFe/Ru/NiFe trilayer with a
4.9-A-thick Ru layer are shown in Fig. 1(a). The data corre-
spond to the field aligned along the easy and hard axes. The
hysteresis loop in the hard axis has been shifted horizontally
by 100 Oe for clarity. Comparison of the two curves indi-
cates that the anisotropies in the system are small. Note the
slow approach to saturation above 0.5 kOe for both cases.
This asymptotic behavior, regardless of field orientation, sug-
gests that a strong coupling exists across the Ru film. The
remanence is large, between 55% and 60% of saturation de-
pending on field orientation. It is possible to explain the re-
manence and approach to saturation with the presence of a
large biquadratic coupling between the ferromagnetic layers
across the Ru spacer. This is in good agreement with Fig.
1(b), where mean values of the interlayer coupling constants
J, and J,, determined by fitting the VSM and MOKE hyster-
esis loops as indicated in Sec. II, are plotted as a function of
the spacer thickness. For each Ru thickness, J, (J,) presented
here is the average between J; (J,) obtained from VSM and
that obtained from MOKE. Positive values of J; indicate FM
coupling and negative values indicate AF coupling (when J,
is neglected). One clearly recognizes an oscillatory behavior
of J, as a function of the spacer thickness, which is attenu-
ated for larger dg,. The coupling is purely FM and AF for
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FIG. 1. (a) Easy and hard axis hysteresis loops of
Si/Ta/NiFe(30 nm)/Ru(4.9 A)/NiFe(30 nm)/Ta obtained by vi-
brating sample magnetometer (VSM). Arrows indicate the magne-
tization states for different applied fields. (b) Mean values of the
bilinear (J;) and biquadratic (J,) interlayer coupling constants of
Si/Ta/NiFe(30 nm)/Ru(dg,)/NiFe(30 nm)/Ta as a function of the
Ru thickness. The coupling constants have been determined by fit-
ting the VSM and MOKE hysteresis loops numerically for antifer-
romagnetically coupled samples and by FMR for ferromagnetically
coupled ones (effective coupling). For each Ru thickness, J; (J5)
presented here is the average between J; (J,) obtained from VSM
and that obtained from MOKE. The corresponding error bar for J;
and J, is also given.

dry,<43 A and dg,>6.7 A, respectively, and a non-
negligible biquadratic coupling is present for samples of Ru
thicknesses between these two regimes. The oscillation pe-
riod is 8.5 A and slightly smaller than usually measured in
the Co/Ru systems (about 11 A).

B. Dynamic measurements by pulsed inductive microwave
magnetometer and vector network analyzer
ferromagnetic resonance

In analogy with coupled harmonic oscillators, the magnon
modes in two magnetic films coupled via a nonmagnetic in-
terlayer can be classified into acoustic and optic modes de-
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pending on whether the two film magnetizations precess in
phase or out of phase, respectively. This assignment is
straightforward when the film magnetizations are in parallel
alignment. For the antiparallel configuration, the two magne-
tizations precess in opposite directions, and hence, their rela-
tive phase changes continuously.

Behavior of the spin-wave frequencies as a function of
applied fields provides a great deal of information about the
magnitude and functional form of the coupling energy. Over
the whole range of the spacer thickness, the typical experi-
mental resonance frequencies as a function of the external
in-plane bias field (H), measured by PIMM and VNA-FMR,
are shown in Figs. 2(a) and 2(b) for two Ru thicknesses of
4.9 and 14.8 A. For dg,=4.9 A, both J, and J, are large and
the AF coupling is strong, while for dg,=14.8 A, the cou-
pling is weak and mainly J; exists. Our experimental results
have been fitted by the model presented in Ref. 10 using the
parameters indicated in the caption of Fig. 2. These two
samples show qualitatively similar behavior and will be dis-
cussed together. There are two different frequencies which
appear in different field regimes. The variation of the mode
frequencies with the external magnetic field relates to the
different magnetic states of the two NiFe magnetizations.
These modes are identified as the optic and acoustic spin-
wave modes of the coupled ferromagnetic films. This has
been confirmed by our simulations by comparing the phases
of the two modes after numerical solution of the LLG equa-
tion. It is also in good agreement with the model of Zivieri et
al.® which predicts that for AF coupled films and at low bias
fields, the acoustic mode has the lower frequency while the
optic mode has the higher frequency. However, above a criti-
cal applied field (H,,), which is coupling dependent [see Fig.
2(c)] a crossover between the two mode frequencies occurs
and the situation is reversed (i.e., the position of the acoustic
mode frequency switches with that of the optic one), as in-
dicated in Fig. 2. Thus, in AF coupled multilayers, the mag-
netic ground state develops as a function of the applied field
and the classification of “acoustic” and “optic” modes as
lower and higher frequency modes, respectively, is not gen-
erally valid. Therefore, the knowledge of the magnetization
state corresponding to the applied bias field is necessary
when identifying these modes.

We note that in order to resolve the optic mode over a
large field range and, in particular, at its intersection with the
acoustic mode, we used a different measurement configura-
tion similar to the longitudinal FMR, which is more sensitive
to the optical mode. Therefore, instead of applying the rf
field perpendicular to the bias field, both fields were parallel
to each other. We note that, in this case, both modes have a
stronger signal in VNA-FMR compared to PIMM, where
they can only be observed over a narrow field window (see
Fig. 2).

Figure 2(b) shows that at very low fields (0<H
<20 Oe) the magnetizations align antiparallel to each other
[see inset of Fig. 2(b)]. Therefore, the optic mode has the
higher frequency. The discontinuity in the frequencies seen
in the simulations'® at 20 Oe reflects the spin-flop transition.
In this spin-flop phase (H>20 Oe), the angle between the
magnetizations continuously decreases from 180° to 0°.
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FIG. 2. (Color online) Frequencies of the optic and acoustic
modes of Si/Ta/NiFe(30 nm)/Ru(dg,)/NiFe(30 nm)/Ta structure
as a function of the in-plane bias field and for (a) dg,=4.9 A and (b)
dr,=14.8 A. These frequencies are obtained by fitting the module
of the transmission coefficient S,; measured by VNA-FMR to a
Lorentzian and by the Fourier transform of the time-domain mag-
netic response measured by PIMM. Pulse field of 8.5 Oe is used for
PIMM measurements. The effective exchange field is given by the
field difference above the saturation between the corresponding
resonance fields at a fixed frequency, as indicated by the dotted
lines. The inset shows the VSM easy axis hysteresis loop (normal-
ized magnetization versus static field in Oe). The corresponding
simulations are obtained from the model of Ref. 10 using a uniaxial
anisotropy field H,,;=5 Oe with (a) J;,=—377 uJ/m? and J,=
—514 pJ/m?, and (b) J;=—140 uJ/m? and J,=—15 uJ/m>. (c) Ru
thickness dependence of the critical field (H,,), which is the value
of the bias field where the frequencies of the optic and acoustic
modes are equal (crossover). The corresponding frequency, called
critical frequency, is also represented here as a function of dg,.
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Above 20 Oe, the optic mode frequency and intensity start to
decrease before disappearing [Fig. 2(b)]. It should have a dip
when the sample saturates [see simulation'® in Fig. 2(b)].
The acoustic mode frequency increases continuously and
forms a kink around the saturation field. In the saturated state
beyond 140 Oe, both acoustic and optic mode frequencies
increase with the field. Therefore, at a fixed frequency, the
field difference between the optic and acoustic modes is
equal to the effective exchange field (2H,,). The obtained
value for effective coupling is in good agreement with that
obtained from the fit of the VSM and MOKE measurements.

In Fig. 2(a), similar behaviors to Fig. 2(b) are found, with
the difference that the optic frequency increases slowly until
it reaches a maximum around 600 Oe, where again it starts
to decrease. This behavior has also been reported by Kuanr
et al. for Fe/Al/Fe trilayer.'® We found this behavior for all
the samples with 4.3 A<dg,<11.2 A, where the estimated
J, is larger than or comparable to J;. The field, where the
maximum of the optic mode frequency occurs, scales with
the coupling strength. This behavior of the optic mode fre-
quency reported in Fig. 2(a) is a consequence of the contri-
bution of bilinear and biquadratic interlayer exchanges and
Zeeman energy to the effective stiffness of the magnetiza-
tions and can be reproduced with a simple single spin
model'? using the mean values of J; and J, obtained from the
fit of the VSM and the MOKE hysteresis loops [see Fig. 2(a)
for simulations]. The frequency offset of the optic mode in
the simulation is caused by the presence of a significant
twisting of the magnetization along the film normal in the
real sample. This additional effect can be treated by a
multilayer simulation as shown by Buchmeier et al.'’

The effect of the biquadratic coupling on the mode fre-
quency has been studied theoretically by Layadi.'” For anti-
ferromagnetic coupling, two situations can arise. When the
applied field is greater than the saturation field, the magneti-
zations are parallel and, for the same parameters, the reso-
nant frequency of the acoustic mode is constant while that of
the optic one decreases almost linearly as J, increases. On
the other hand, and for the same parameters, when the mag-
netizations are antiparallel, the mode behavior is different.
The resonant frequencies of the optic mode and the acoustic
mode decrease as J, increases, and the amplitudes of both
modes are nonzero and vary with J,. Moreover, the effective
coupling (/) defined as J,,=J,+2J, and J,4=J,-2J, in
the parallel and antiparallel states, respectively,!' increases
(decreases) with increasing J, (J,<0) for antiferromagnetic
coupling for parallel (antiparallel) states. Therefore, with in-
creasing AF coupling strength, the optic mode frequency
shifts up for antiparallel alignment and down for parallel
alignment because the AF coupling represents a restoring
force for the antiparallel alignment but not for the parallel
alignment.'!

For a fixed bias field value, the frequencies of the optic
and acoustic modes oscillate as a function of dg, with the
same period as J, (Fig. 3). The frequency of the optic mode
strongly depends on the interaction, i.e., the interlayer cou-
pling, whereas the acoustic modes (above saturation) are in-
dependent of the coupling strength, again in analogy to
coupled harmonic oscillators. However, the acoustic mode
frequency [Fig. 3(b)] depends on the alignment of the film
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FIG. 3. Mode frequencies of the Si/Ta/NiFe(30 nm)/
Ru(dg,)/NiFe(30 nm)/Ta coupled system as a function of the
spacer thickness dg,. (a) Optic mode frequencies measured by
PIMM and VNA-FMR at an easy axis applied bias field of 5 Oe
and (b) acoustic mode frequencies at the indicated easy axis applied
bias fields. The acoustic mode frequencies presented here are ob-
tained from VNA-FMR measurements.

magnetizations. This frequency is constant for strong FM
coupled (dg,=<3.7 A) and uncoupled NiFe (dg,=16.5 A)
layers, where the two magnetizations are collinear and par-
allel to the applied field. Therefore, we attribute these oscil-
lations of the acoustic mode as a function of dg,, which
vanish [Fig. 3(b)] when the bias field is above 1 kOe (field
where all the samples are mostly saturated), to the canting
angle of the two magnetizations which is coupling depen-
dent. Similar trends have been reported in Ref. 18.

C. Dynamic measurements by conventional ferromagnetic
resonance

The typical obtained FMR spectrum at 22 GHz is shown
in Fig. 4 for FM (dg,=3.7 A), AF coupled (dg,=4.9 A and
dr,=14.8 A), and uncoupled layers (dg,=18.3 A). The two
higher field modes (modes 3 and 4 in Fig. 4) are the usual
acoustic and optic modes, while the two other modes at
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FIG. 4. (Color online) FMR spectrum of

Si/Ta/NiFe(30 nm)/Ru(dg,)/NiFe(30 nm)/Ta  measured  at
22 GHz. FMR signal is proportional to the field derivative of the
imaginary part of the rf susceptibility. Each derivative is a mode
and is referenced by an integer number to identify [(1) and (2)] the
perpendicular standing spin waves (PSSW) corresponding to each
NiFe layer, (3) the acoustic mode, and (4) the optic mode. The
spectra have been shifted vertically with respect to that correspond-
ing to dg,=14.8 A for clarity. Inset shows a zoom in on the optic
mode corresponding to dg,=4.9 A.

lower fields (modes 1 and 2 in Fig. 4), which are observable
at this frequency only for strong AF coupling (4.6 A<dp,
<6.4 A), are supposed to be the first perpendicular standing
spin wave (PSSW) corresponding to the two NiFe layers.
The acoustic mode (mode 3 in Fig. 4) is independent of the
exchange energy and, therefore, is degenerate with the reso-
nance field of uncoupled system (Fig. 4). In the case of AF
(FM) coupling, the optic mode is at higher (lower) field with
respect to the acoustic mode. With increasing coupling, its
resonance field increases (decreases).

In the case of thin film layer of thickness d,,, assuming
long in-plane wavelengths and under the approximation of
unpinned spins at the film surfaces which is well justified for
NiFe due to the small anisotropies, the frequencies of the
PSSWs are given by!”

MoY 24 (P2 24 (P2 172
p=" H+ —| — H+ —— | + MEff .
2 Meff dm Meff dm

(8)

where A is the exchange stiffness constant, H is the external
magnetic field, vy is the gyromagnetic factor (y/2
=29.5 GHz/T for Permalloy), and P is the index of the
PSSW mode.

The three lowest modes corresponding to P=0, 1, and 2
are represented in Fig. 5 for a NiFe layer of 30 nm in thick-
ness for uoM,;=1.064 T and A=13X107"J/m.** There-
fore, in our finite-band PIMM and VNA-FMR setups, we
cannot observe PSSW modes (P=1). The FMR measure-
ments at 22 and 35 GHz show that as the AF coupling
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FIG. 5. (Color online) PSSW: P=1 and P=2, and uniform
(acoustic) mode: P=0 corresponding to a NiFe thin film of 30 nm
thickness obtained from Eq. (8) using uoM,;=1.064 T, A=13
x 107" J/m, and y/27w=29.5 GHz/T. Blue squares and cyan
circles indicate respectively the corresponding FMR and VNA-
FMR measurements of uniform mode (acoustic mode): P=0 and
the first PSSW: pP=1 for uncoupled layers
[Si/Ta/NiFe(30 nm)/Ru(1.83 nm)/NiFe(30 nm)/Ta].

strength decreases, the resonance field of the PSSW moves to
lower values in the same manner as the optic mode and in
good agreement with the theoretical models.?! Moreover, the
effect of the interlayer coupling on the PSSW can be ana-
lyzed through the simple model proposed by Wigen et al.?
This model assumes that each magnetic sublayer is resonat-
ing with a nearly uniform amplitude but different phase,
caused by interlayer coupling via the spacer. In other words,
different sublayers resonate at different amplitudes to give
rise to an overall spin wave. This model can only be applied
in the case that the interlayer coupling is much smaller than
the intralayer one (the exchange coupling A should be di-
vided by the lattice parameter to be compared to the inter-
layer coupling). Therefore, it is an extension of the spin-
wave model for single layer magnetic thin films expressed by
Eq. (8), and the exchange stiffness constant A can also be
replaced by an effective coupling constant A Using this
model, we calculated A,y corresponding to the measured
resonance fields of the PSSW modes at 22 GHz [Fig. 6(a)].
This plot shows clearly that AF interlayer coupling reduces
the stiffness constant A, and we converge to that of a single
layer in the case of zero coupling. A oscillates with the Ru
thickness in the same manner as the interlayer coupling.
The PSSWs (P=1) were also observed at microwave fre-
quency of 35 GHz, but their amplitudes were smaller com-
pared to those observed at 22 GHz due to the low signal-to-
noise ratio at this frequency. Therefore, in contrast to the
measurements at 22 GHz, we observed only one PSSW
(similar to mode 2 in Fig. 4). One should mention that in
contrast to mode 2 (Fig. 4), the resonance fields of mode 1 at
22 GHz (observed for 4.6 A<dy,<6.4 A) are below the
saturation fields in this Ru thickness range, suggesting that
this mode (mode 1) is due to the canted magnetizations.
Moreover, the PSSWs were not observed for the FM coupled
sample (dg,<4 A). The excellent agreement between FMR
results obtained at 22 and 35 GHz for uncoupled layers and
those calculated using Eq. (8) suggests that, as expected, the
uniform (acoustic) mode is well fitted by this model (P=0)
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FIG. 6. Dependence of (a) the effective exchange stiffness cou-
pling (As) and (b) the FMR linewidth of the PSSW and the optic
and acoustic modes on the spacer thickness dg, in
Si/Ta/NiFe(30 nm)/Ru(dg,)/NiFe(30 nm)/Ta coupled systems.
The measurements presented here were carried out at 22 GHz. A
was calculated by replacing A by Ay in Eq. (7) and using the
measured PSSW resonance fields.

and confirms that the lower field peaks (mode 2) are the first
PSSW modes.

Figure 6(b) shows the dependence of the FMR linewidth
of optic, acoustic, and PSSW modes on the spacer thickness
for the NiFe/Ru/NiFe trilayers. These linewidths repre-
sented here for FMR measurements at 22 GHz are defined as
the peak-to-peak linewidths of the derivative Lorentzian. The
key observation in Fig. 6(b) is that the linewidths of the
acoustic and optic modes behave significantly differently.
Like its resonance field, the linewidth of the acoustic mode is
almost constant as a function of dg,. Assuming a linear de-
pendence of the FMR linewidth (AH) on the microwave fre-
quency (f) and fitting the measured results at 22 and 35 GHz
to Eq. (9),%® we have determined the effective Gilbert damp-
ing « as a function of Ru thickness dg,. The obtained results
show that the damping is almost constant and fluctuate
around an average damping of =0.0073, which is in good
agreement with NiFe thin films?* (0.008 in Ref. 24). This can
be explained by the fact that the magnetization vector of
each FM layer is saturated at the resonance and the acoustic
mode is independent of the exchange energy and, thus, is
degenerate with the resonance mode of uncoupled system.
Therefore, the fluctuation of a with dy, is due to the varia-
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tions of the interface quality and to the inhomogeneities. This
is also in agreement with the theoretical models which pre-
dict a constant linewidth in symmetrical coupled trilayers,?

AH(f) = AH(0) + 1.16a2—zf,

©)
where AH(0) is the zero-frequency offset and is caused by
magnetic inhomogeneities and, therefore, its origin is extrin-
sic.

Due to the inhomogeneity of the exchange coupling, the
linewidth of the optic mode is usually larger than that of the
acoustic mode. Interestingly, the linewidth and the resonance
field of the optic mode oscillate as function of dg, in the
same manner as the coupling [see Figs. 1(b) and 6(b)]. This
correlation with the coupling oscillations supports the expla-
nation that the broadening of the linewidth is due to the
inhomogeneous exchange interlayer coupling. However, in
contrast to its resonance field, the linewidth of the PSSW
does not oscillate with the Ru thickness dg,. Its decrease
with dp, is drastically for small thickness, but it remains
higher than that of the acoustic mode and the uncoupled
layers. Moreover, this linewidth increases with the micro-
wave frequency.

V. EFFECT OF THE PULSE FIELD AMPLITUDES

In our PIMM setup, we are able to increase the exciting
pulse fields up to 150 Oe by applying voltage pulses of up to
200 V and 250 ps duration to the coplanar waveguide.
Therefore, large excitation angles in both layers can be ob-
tained. However, at such large precession angles, the fre-
quency spectrum gets rather complex, and micromagnetic or
at least macrospin (like in our case) simulations are helpful
for interpreting the obtained results.

To validate our macrospin model presented in Sec. II, let
us consider the case of the sample of 14.8 A studied above in
detail [Fig. 2(b)]. With increasing pulse fields, the PIMM
measurements (Fig. 7) show two significant effects. First, it
can be seen that the optic mode is observable over a larger
range of the bias field, while the threshold (the bias field
value where its intensity becomes significant) of the acoustic
mode increases with higher pulse fields. Second, we observe
at bias fields values around 100 Oe a higher harmonic of the
acoustic mode. This behavior is well reproduced by the mac-
rospin simulation (Fig. 7) despite the fact that the agreement
decreases at the highest excitations (not shown here). This is
an indication that at such high excitations, the macrospin
approximation is no longer valid due to inhomogeneous pre-
cession.

For the sample with 6.4 A of thickness and in addition to
the optic and acoustic modes, we observe a very intense third
mode for which the frequency varies strongly with the pulse
field amplitude (Fig. 8). This mode, only observable in anti-
parallel configuration at low bias fields, has been observed
for Ru thickness 6.1 A <dy,<6.7 A. As shown in Fig. 8, for
low excitation amplitudes, only the optical mode is visible.
With increasing pulse field amplitudes, a third mode appears
and the acoustical mode becomes more intense. For higher
excitation amplitudes, plenty of modes are present and only
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FIG. 7. (Color online) Comparison of PIMM results and mac-
rospin simulations corresponding to optic and acoustic mode fre-
quencies of Si/Ta/NiFe(30 nm)/Ru(14.8 A)/NiFe(30 nm)/Ta for
8.5 Oe pulse field (upper row) and 85 Oe pulse field (lower row).
The color scale indicates the mode intensities. The part of the graph
represented here is hatched in Fig. 2(b).

the optic mode can be identified clearly. The pulse field de-
pendence of this third mode frequency is most probably at-
tributed to the large change of the direction of H; ; and of
the strength and direction of H, ; as the magnetizations of
the two layers undergo large excitation angles during the first
nanosecond of the precession [compare Eq. (7)]. By this, the
direction and also the strength of the effective field vary
strongly in this time range. This is confirmed by the fact that
this third mode is not visible any more in the fast Fourier
transform spectrum when omitting the first 1.5 ns of the
time-domain data, whereas the optic mode remains visible.
However, this mode could not be reproduced by the mac-
rospin simulation, suggesting that its origin lies beyond the
macrospin model.

VI. CONCLUSION

The high frequency magnetization dynamics of interlayer
coupled NiFe/Ru/NiFe films has been studied by three dif-
ferent methods. We detected two modes that we identified as
optic and acoustic modes. The high frequency optic mode is
dominant at low bias, while in higher fields, the acoustic
mode has the largest intensity. The oscillatory nature of the
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FIG. 8. Different mode frequencies for a

Si/Ta/NiFe(30 nm)/Ru(6.4 A)/NiFe(30 nm)/Ta sample at 8 Oe
bias field where the magnetizations are in antiparallel configuration.

acoustic mode frequency, at low bias fields, with Ru thick-
ness was attributed to the canting angle of the magnetiza-
tions. Comparison between PIMM and VNA-FMR in terms
of frequency of modes shows good agreement, but the optic
mode is more observable with VNA-FMR. The first mode of
the perpendicular standing spin-waves has been observed
with FMR for AF and uncoupled layers. The analysis of the
obtained results via a simple model shows that the AF inter-
layer coupling reduces the effective exchange stiffness.
Moreover, the FMR measurements showed different behav-
iors of the linewidths as a function of the spacer thickness for
the optic and acoustic modes. The FMR linewidth of the
different modes increases with the microwave frequencies,
and typical damping constants of 0.0073 have been mea-
sured. The effect of the pulse field amplitudes on the prop-
erties of the different excited spin waves shows the existence
of additional modes at high pulse field amplitudes for some
samples. The macrospin simulations are in good agreement
with the measurements.
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