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Antiferromagnetically coupled ferromagnetic thin films have recently attracted significant attention in
magnonics because of the possibility to tune the spin-wave dispersion by altering the interlayer exchange
coupling. To implement such coupled films in magnonic devices, a detailed understanding of the precessional
dynamics of magnetization in such systems is required. Here, we present a systematic characterization of
the precessional dynamics for systems with the layer magnetization going from nearly antiparallel to parallel
alignment in a magnetic field. Experimentally, we have measured the ultrafast-laser-induced magnetization
precession in samples with different interlayer exchange coupling strengths using the time-resolved magneto-
optical Kerr effect. In our measurements, in addition to the acoustic and optical modes, an extra mode is
observed that is due to the laser-induced decoupling of the two ferromagnetic layers. The observed precessional
dynamics is in good agreement with our theoretical model based on the Landau-Lifshitz-Gilbert equation, and
can be separated into three different field regions determined by the relationship between the Zeeman energy
and the energy associated with the interlayer exchange coupling. This systematic paper, which gives a detailed
description of how the interlayer exchange coupling and Zeeman energy influence the precessional dynamics,
provides an important guide to implement antiferromagnetically coupled films in functional magnonic devices.
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I. INTRODUCTION

Magnetic trilayer films, in which two ferromagnetic (FM)
layers can couple antiferromagnetically via a nonmagnetic
spacer layer, led to the discovery of the giant magnetoresis-
tance effect [1,2]. Since then, these systems have attracted
significant attention because of their potential applications
such as magnetic-field sensors [3,4] and magnetic random
access memory [5]. These trilayer films are also referred to
as synthetic antiferromagnets [6], where the large tunability
of the interlayer coupling in these systems has been important
for many related research areas such as the motion of domain
walls [7], solitons [8], skyrmions [9], and the use of syn-
thetic antiferromagnets for flexible spintronics and biotech-
nology applications [10,11]. The tunability of trilayer films
arises from the oscillatory nature of the Ruderman-Kittel-
Kasuya-Yosida interlayer exchange coupling (IEC) [12,13],
which means that not only an antiferromagnetic coupling
but also a ferromagnetic coupling can be achieved by tuning
the thickness of the spacer layer [14-16]. In addition, with
an antiferromagnetic IEC, the precessional dynamics of the
magnetization involves more modes, which is more complex
than in a single FM layer [17,18]. Accordingly, the spin-
wave dispersion relations in these systems are also modified
[19,20], which are important for their potential applications
in magnonics. For example, the antiferromagnetic IEC has
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been proposed to give a nonreciprocal spin-wave dispersion in
the Damon-Eshbach geometry [21-23]. This nonreciprocity
could be exploited to build nonreciprocal magnonic devices
that function in a similar manner to isolators and circulators
that are widely used in electronics or photonics [24-26].

Due to the presence of the IEC, the precessional dynamics
of the trilayer films can be described as a coupled precession
of the two FM layers. The coupled dynamics has two char-
acteristic modes; the acoustic mode where the magnetization
in the two layers precess in phase and the optical mode
where the magnetization in the two layers precess m out of
phase [27]. Theoretically, one can describe the precessional
dynamics using the formalism of statistical thermodynamics,
as described by Liu et al. [17], or using the Landau-Lifshitz-
Gilbert (LLG) equation [28]. Experimentally, one can mea-
sure the frequencies of both the acoustic and optical modes
in the frequency and time domains using broadband ferro-
magnetic resonance (FMR) [17,18,27,29,30] and the time-
resolved magneto-optical Kerr effect (TRMOKE) [31-34],
respectively.

In this paper, we exploit the competition between the
Zeeman energy and the energy associated with the IEC to
provide a comprehensive understanding of different preces-
sional modes in the trilayer films. To do so, we measure the
precessional dynamics of three samples with different IEC
strengths in the same range of applied magnetic field. We
find that the observed precessional dynamics can be divided
into three field regions, depending on the relationship between
the Zeeman energy and the energy associated with the IEC.
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TABLE 1. Layer thicknesses for the three samples
CoFeB(t;)/Ru(tr,)/CoFeB(t;)/Al.
Sample t;(nm) tp(nm) tru(NmM)
1 5.0 2.5 1.0
5.0 2.5 0.5
3 5.0 5.0 0.4

To quantitatively verify the experimental results, we have
calculated both the frequency and phase of the acoustic and
optical modes for our systems using the LLG equation. We
find that the experimental and theoretical results are in good
agreement and, in addition to the acoustic and optical modes,
we have observed another mode at relatively small applied
magnetic fields with a high laser excitation fluence. This mode
behaves in a similar manner to the FMR mode in a single
FM film and is due to laser-induced decoupling between
the two FM layers. The existence of this additional mode
indicates that we have a further degree of freedom to control
the precessional dynamics in antiferromagnetically coupled
trilayer films. In particular, by changing the laser fluence, we
can switch this additional mode on and off.

This paper is organized as follows: In Sec. II, we present
experimental details of the sample fabrication, magnetization
characterization, and TRMOKE measurements. In Sec. III, we
introduce the theoretical formalism to calculate the frequency
and phase of the precessional dynamics. We then present
our experimental results in Sec. IV, where we find the three
precessional modes. Finally, we summarize our results in
Sec. V, where we interpret the different precessional dynamics
in the three field regions in terms of the competition between
the Zeeman energy and the energy associated with the IEC. In
the Appendix, we present the detailed formalism used to solve
the precessional dynamics.

II. EXPERIMENTAL DETAILS

A. Sample manufacture and characterization

Three different CoFeB/Ru/CoFeB trilayer films were de-
posited using DC magnetron sputtering at a base pressure of
~2 — 3 x 10~ mbar. The layer thicknesses for the trilayer
samples are listed in Table I. Samples 1 and 2 incorporate two
FM layers with different thicknesses where #; = 2#,, which
are referred to as asymmetric samples. Sample 3 includes two
FM layers with the same thickness, which is referred to as the
symmetric sample. Going from sample 1 to 3, the thickness
of the Ru layer, tg,, is varied to give a different IEC strength
for the three samples. All samples were coated with a 2-nm
Al layer to prevent oxidization.

The magnetic properties of the samples were characterized
at room temperature with an MPMS3 Superconducting Quan-
tum Interference Device—Vibrating Sample Magnetometer.
The in-plane hysteresis loops for all samples are shown in
Fig. 1(a). Because of the antiferromagnetic IEC, the magneti-
zations of the two FM layers prefer to align antiparallel, which
leads to a reduction of the net magnetization at zero field
compared with the saturation magnetization. For samples 1
and 2, since the thicknesses of the two FM layers are different,

(@)

T 1.0} ' ' ' ' '
2 1.0
2 05 [0.5
2 00} — Sample 1
5 o5l 00 Sample 2
£ Sample 3
2 -1.0 : : . . )
-1.5 -1.0 -0.5 0.0 0.5 1.0 15
Applied Magnetic Field (T)
Z (b) . . . . ©_ . . '
-§ 10} 1 E 05k, 4
% ool 138 o.oﬂuftag,. .
: N® M W AAAe
$ 04f 155 USEY
N 0.2 S m_05 i $ * T
(_U . B 56 L.
EO0OM . . dZ -10}k¢ ) ) g
2 0 500 1000 1500 0 500 1000 1500

Time (ps) Time (ps)

FIG. 1. (a) In-plane hysteresis loops of the three samples
recorded in a magnetic field range of —1.5 to +1.5 T. Inset: Mag-
nified view of the hysteresis loops between 0 and 0.2 T. The two
magnetization plateaus for samples 1 and 2 are indicated with arrows.
Normalized time-resolved (b) reflectivity and (c) Kerr rotation data
of sample 2 measured at a magnetic field of 150 mT.

there is a net magnetization close to zero magnetic field, which
is observed as a magnetization plateau in Fig. 1(a) indicated
with arrows in the inset. For sample 3, the two FM layers have
the same thickness. Therefore, there is no net magnetization
close to zero magnetic field. With increasing applied magnetic
field, the magnetizations of the two FM layers start to align
along the direction of the applied field, which results in the
recovery of the net magnetization for all three samples.

B. TRMOKE measurement

The precessional dynamics of the samples was measured
using TRMOKE based on an all-optical pump-probe tech-
nique. The laser light is produced with an optical fiber laser
source, which has a central wavelength of 1030 nm, pulse
width of ~ 150 fs, and repetition rate of 200 kHz. To perform
the pump-probe experiment, the laser beam is divided into
two paths. One is guided through a barium borate crystal
to generate second-harmonic laser light (515 nm), which is
used to excite the magnetization dynamics. The other beam
is used to probe the magnetization dynamics. Both of the
beams are focused onto the sample using a microscope ob-
jective with a numerical aperture of 0.65. With different time
delays between the pump and probe beams, the magnetization
dynamics over time can be measured. The reflectivity and the
out-of-plane component of the magnetization are measured
using a balanced photodetector. The signals are retrieved
using a lock-in amplifier, with an optical chopper modulating
the pump beam close to 1000 Hz. The external magnetic field
is applied to the sample with a permanent magnet. For the
induced precessional dynamics, we consider only the in-plane
component of the external applied magnetic field, which we
refer to as H™.
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FIG. 2. (a) Schematic of the magnetization configuration of the
trilayer film and the coordinate system. (b) Magnetization orientation
in the two layers, 8, and 6,, of sample 2 as a function of applied
magnetic field.

Typical measurements of time-resolved reflectivity and
Kerr rotation from sample 2 are shown in Figs. 1(b) and 1(c),
respectively. From the reflectivity measurements, the time
zero is determined, where the pump and probe pulses have no
time delay with respect to each other. An exponential decay
is observed in the reflectivity signal and, for the Kerr rotation
signal, there is a damped sinusoidal oscillation, which corre-
sponds to a damped precessional motion of the magnetization.

III. THEORETICAL DESCRIPTION OF PRECESSIONAL
DYNAMICS

In this section, we present the theoretical description of
the precessional dynamics in trilayer films. We first solve the
static magnetization configuration. Then the obtained static
magnetization is used to solve the LLG equation, which gives
the frequency and phase of the precessional dynamics. In our
model, we consider uniformly magnetized FM layers with the
following energy terms:

E=E" 1Y (Ef +E}), M
j=1,2

where EC, EZ and EP are the IEC, Zeeman, and demagneti-
zation energies, respectively. Since the sputtered CoFeB layer
is amorphous, we do not consider any crystalline anisotropy
here. The detailed expressions for each of the terms are as
follows:

M, - M, ext 1 5)2

E _J|Ml||M2| ;I;ZWJ[H M, +5(M; - 2) ] )
According to the schematic of the magnetizations in the
trilayer films shown in Fig. 2(a), M| and M, (or M, where
Jj =1, 2) are the magnetizations of the top and bottom FM
layers, both of which are in plane with the saturation value of
M. H*™ is also in plane, with the absolute value of H. The
antiferromagnetic IEC is quantified by the exchange constant
J, with J > 0. t; is the thickness of each FM layer, o is
the vacuum permeability, and Z is the unit vector along the
z axis. In this model, we neglect the dipole-dipole interaction
between the two FM layers, since we consider the magnetiza-
tion dynamics inside each FM layer to be uniform.

A. Static magnetization configuration

To determine the static magnetization configuration, the
total energy given in Eq. (2) is minimized with respect to the
orientation of M; and M. As illustrated in Fig. 2(a), the static
magnetization configuration is described by angles 6; and 6,
which are between the x axis and M; and M;, respectively.
Here, E? vanishes, and only the energy terms related to E'EC
and EZ need to be considered, as the magnetizations are in
plane. For the symmetric sample (t; = #, = t), the following
analytic expression of the static magnetization configuration
can be obtained, given that 6; = —6, = 6:

mwoHMt

2J ©)

cosf =
For the asymmetric sample (¢; = 2f, = 2¢), only numerical
values of 6 and 6, can be obtained. These are plotted against
the magnetic field for sample 2 in Fig. 2(b), using the satura-
tion magnetization M = 1042kA/m and J = 0.5mJ/m?.
Two important pieces of information can be obtained from
considering the static magnetization configuration. The first
is the strength of the IEC, which can be estimated from the
H required to align both magnetizations parallel, which is
the saturation field of the sample. From the hysteresis loops
in Fig. 1(a), it can be deduced that J; < J, < J3, where the
subscripts correspond to the different samples. The second
piece of information is that there is a significant difference
between asymmetric and symmetric samples in terms of the
static magnetization configuration. Since the Zeeman energy
E? is proportional to the film thickness, |6;| # |6,| for the
asymmetric sample, whereas |6;| = |6,| for the symmetric
sample.

B. Precessional dynamics

To determine the precessional dynamics of the trilayer film,
we consider the differential equations involving the two FM
layers based on the LLG equation,

dM;
dt

= —yuoM; x He", )

where ijf is the total effective magnetic field that drives the
magnetization precession and y is the gyromagnetic ratio.
The effective field in the two FM layers can then be obtained
from [35]

Hif = —— 5)
J Mot 3MJ
To solve Eq. (4), the following ansatz is used [21]:
M;(t) = M} + m;e'. (6)

Here, Mf’ is the static magnetization, which is obtained by
minimizing Eq. (2), m;e™" is the dynamic magnetization, and
w is the precession frequency. For convenience, we give the
final expression of the precession frequency f in Hz, with f =
/27, and the detailed calculations are given in the Appendix.

For the symmetric sample, the precession frequency and
the phase of the dynamic m, components for the acoustic and
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optical modes are

fa= M\/H(H + M cos6),

2
(miz, my;) = ke (1, 1), (7a)
fo = %[H2 + 2A’M? + HM cos 6 — 4AHM cos 0
T
— 2AM? c0s(20) + 2A2M? cos(20)]2,
(miz, my;) = k'™ (—1, 1), (7b)

with A = J/(otM?). Here f, and f, are the frequencies for
the acoustic and optical modes, and k; and k;, are related to the
amplitude of precession. From the expressions of m;;, it can
be seen that m;, and m,, are in phase for the acoustic mode,
whereas they have a 7 -phase shift for the optical mode.

For the asymmetric samples with #; =2¢ and 1, =1, a
general analytic solution of the precessional dynamics cannot
be obtained (details given in the Appendix). It is only in the
saturated state, with M; and M, aligned with the applied
magnetic field, that there are analytic expressions for both the
precession frequency and phase as follows:

fuo= 22 S ),

2
(myz, my;) = ke (1, 1), (8a)

£ = ”2_’;0/(}1 —3AM/2)(H + M — 3AM/2),

; 1
(my;, ma;) = kye'™' <—§, 1>. (8b)

In the unsaturated state, only numerical values of the
precession frequency can be obtained, which will be presented
in Sec. IV. Expressions for m;, cannot be determined in this
case.

IV. RESULTS AND DISCUSSION

A. Precessional dynamics of the samples

The precessional dynamics of the samples is measured
using TRMOKE on varying the applied magnetic field (uoH)
from 100 to 300 mT. Representative time domain data of
the three samples for three different applied magnetic fields
of 110, 160, and 290 mT are shown in Figs. 3(a)-3(c). The
ultrafast laser pulse first induces an ultrafast demagnetization,
which is followed by a fast remagnetization process [36,37].
After these two processes, the magnetization starts to precess
around the equilibrium magnetic field [38]. For the case of
multilayer films, the initial excitation caused by the laser pulse
can be different for different layers, resulting in a nonuniform
excitation [39]. For our experiments, since the time domain
data is taken following the ultrafast demagnetization and
remagnetization, which is several tens of picosecond after the
excitation, this nonuniform excitation for the multilayers does
not need to be considered when describing the precessional
dynamics. The fast Fourier transform for each set of time do-
main data provides the frequency spectra shown in Figs. 3(d)—
3(f). Each peak in the frequency spectra corresponds to a
specific mode of the precessional dynamics.

From both the time domain data and frequency spectra
in Fig. 3, it can be seen that the precessional dynamics is
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FIG. 3. Precessional dynamics induced by ultrafast laser excita-
tion measured with TRMOKE for three samples at different applied
magnetic fields. Samples 1 and 2 were measured at a laser excitation
fluence of 10.0mJ/cm?, and sample 3 was measured at a laser exci-
tation fluence of 13.4mJ/cm?. (a)—(c) Time-resolved Kerr rotation
and (d)—(f) the corresponding frequency spectra, with each mode
indicated with an arrow. Lines connecting the points are guides to
the eye.

significantly different for the three different samples. For each
sample, the precessional dynamics is also modified by varying
the applied magnetic field. For sample 1, two modes are
present at all applied fields. For sample 2, only one mode is
present at woH = 290 mT, whereas three modes appear when
the field is decreased to 160 mT and continue to be present as
the magnetic field is further reduced to 110 mT. For sample 3,
two modes are observed at 110 and 290 mT, whereas a single
mode is observed at an intermediate field of uoH = 160 mT.
To determine the origin of each mode, it is important to
consider the frequency dependence of the different modes as a
function of applied magnetic field for each sample [Figs. 4(a)—
4(c)]. In addition to the measurements, the frequency depen-
dence of the characteristic modes of each sample is calcu-
lated [Figs. 4(d)—4(f)] using the equations given in Sec. III
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FIG. 4. Dependence of the frequency on the applied magnetic
field for the different modes. (a)—(c) Experimental data: The differ-
ent precessional modes are indicated with Roman numbers. (d)—(f)
Theoretical data: f,, f,, and fx are the frequencies of the acoustic
mode, optical mode, and the FMR mode for a 7.5 nm CoFeB film.
The three different background colors indicate the three field regions
given in the inset of (d). The error for each data point is on the order
of 1-2 GHz, as shown in the Supplemental Material [40].

and the Appendix, with M = 1042kA/m and y = 1.76 x
10" rad/(s - T). The IEC constant J is estimated to be 0.1,
0.5 and 2.7 mJ/m? for samples 1, 2, and 3, respectively. We
also determine a reference frequency fx = 5-/H(H + M),
which is the frequency of the FMR mode of a single CoFeB
film of 7.5 nm. By comparing the experimental and theoretical
data, the origin of each mode can be identified.

For sample 1, as shown in Fig. 4(a), modes I and II are
present for magnetic fields in the range of 100 to 300 mT, and
the frequencies of both the modes increase with increasing
the applied magnetic field, which is in agreement with our
calculations for this sample [Fig. 4(d)]. By comparing the
experimental and theoretical results in Figs. 4(a) and 4(d),
we can therefore associate mode I with the optical mode, and
mode II with the acoustic mode.

For sample 2, the observed and calculated frequency de-
pendence is not linear, and two field regions can be identified
that are separated by a discontinuity in the frequency depen-
dence of the characteristic modes. Experimentally, a different
number of modes are present in the two field regions. First, we
discuss the field region with small magnetic field, where three
modes are observed, and the calculations and experiments are
in a qualitative good agreement, as shown in the red shaded
area in Figs. 4(b) and 4(e). Through comparison, mode I can
be identified as the acoustic mode and mode III as the optical
mode. Mode II, which has a frequency similar to the FMR
mode in a single layer CoFeB film, is neither an acoustic

nor an optical mode, and we refer it to as a transient mode.
As explained in Sec. IV B, the transient mode is due to the
laser-induced decoupling between the two FM layers. We can
now turn our attention to the higher magnetic field region
of 190-300 mT. While the theoretical data [Fig. 4(e), blue
region], in addition to the FMR mode fx, exhibits two modes,
experimentally the three modes are first reduced to two modes,
and eventually only a single mode is observed with further
increase of the field. Around 190 mT, there are discontinuities
in the frequencies of the acoustic and optical modes, with
mode I (IIT) changing to the optical (acoustic) mode.

Finally, for sample 3 the theoretical calculations [Fig. 4(f)]
exhibit almost linear dependence of all the modes as a func-
tion of the applied magnetic field. However, the experimental
data looks, at first glance, quite different. To reconcile our
measurements with the calculations, first we note that the
net MOKE signal of the optical mode (m;;, = —mj;) from
the two equally thick FM layers is zero and therefore cannot
be observed experimentally. Therefore, for uoH > 175 mT,
mode I, having a lower frequency than fx, is the acoustic
mode and mode II is the transient mode. At magnetic fields
noH < 175 mT, two modes are also observed, but with a
smaller frequency difference. As their frequencies are smaller
than fx, they cannot be attributed to the transient mode and
they might be the result of the splitting of the acoustic mode
due to domain formation, as reported for a similar system [41].

To summarize, the three samples exhibit significantly dif-
ferent precessional dynamics, which are in good agreement
with the theoretical model except for the so-called transient
mode. To elucidate its origin, we have performed fluence-
dependent TRMOKE measurements on samples 2 and 3,
illustrated in the next section, which reveals how the tran-
sient mode evolves with varying the laser excitation fluence.
Finally, in Sec. III C, we explain the relationship between the
frequencies of the different modes in the three field regions
[Fig. 4], i.e., which mode has a higher frequency, considering
the competition between EZ and E'EC,

B. Origin of transient mode

In this section, we present further measurements on sam-
ples 2 and 3 with varying laser fluence to support our claims
that the presence of the transient mode is due to laser-induced
decoupling of the FM layers due the suppression of the IEC.

The first hint for the presence of a laser-induced IEC
suppression is the existence of a threshold in the laser fluence,
which is not expected for characteristic modes of the trilayers.
Indeed, as illustrated in Fig. 5, in both the samples, the
transient mode (mode II) only appears above a laser fluence
threshold of 8.2 mJ/cm? for sample 2, and 13.4 mJ/cm?
for sample 3. The intensity of this mode increases further
with the increase of the laser fluence (see the Supplemental
Material [42] for more measurements). If we consider the
energy deposited by the laser excitation, the first effect would
be an increase in the temperature of the sample, which leads to
a reduction of the IEC strength that is known to be dependent
on temperature [18,30]. As a result, above a certain threshold
level, the two FM layers become decoupled. In this case,
the magnetization precession is only driven by the applied
and the demagnetization fields. Hence, the frequency of the
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FIG. 5. Evolution of the transient mode (mode II) with increasing
fluence of the pump laser beam. Time-resolved Kerr rotation and
the corresponding frequency spectra are shown in the left and right
columns, respectively, for (a) sample 2 at uoH = 130 mT and
(b) sample 3 at uoH = 270 mT. Lines connecting the data points
are guides to the eye.

transient mode should be the same as the FMR mode of a
single-layer FM film, as observed experimentally. By fitting
the time-resolved data with

}:Am‘#mnmmﬁa—nn, ©)

where A;, t1;, f;, and t; are the amplitude, time constant,
frequency, and initial time for the corresponding mode (see

the Supplemental Material [43]). For sample 2, at the fluence
of 8.2 mJ/ cm?, the time constant for the acoustic, optical, and
transient modes are 253, 150, and 104 ps, respectively. For
sample 3, at the fluence of 13.4 mJ/cm?, the time constant for
the acoustic and transient mode are 936 and 317 ps. In both
cases, the time constant of the transient mode is shorter than
the other characteristic modes, which is due to the recovery of
the IEC when the heat dissipates away. A further confirmation
of the extrinsic nature of the transient mode is that a higher
fluence is required to excite the transient mode in sample 3
compared with sample 2. This is because the IEC in sample 3
is stronger than sample 2, and more energy must be deposited
into the sample to decouple the two FM layers.

C. Dependence of the precessional dynamics on the Zeeman
energy and IEC

In Sec. IV B, we clarified that the three modes observed are
the acoustic, optical, and transient modes. We now explain in
detail the relationship between the frequencies of the different
modes as a function of the applied magnetic field.

We first determine how the IEC modifies the frequencies of
the acoustic and optical modes, compared with the reference
frequency fx. For the acoustic mode, its frequency f, is
modified by the IEC only because the IEC affects the static
magnetization configuration, which is given by the M cos 6
term in Egs. (7). In fact, this implies that any features present
in the hysteresis loops will affect the precessional dynamics.
In contrast, the frequency of the optical mode f, depends
on both the effective field from the IEC H'EC, given several
terms in Egs. (7b) contain the constant A that is related to the
IEC, and the static magnetization configuration. Here it should
be noted that, although Egs. (7) are the analytic solution for
sample 3, it can still provide some qualitative information for
samples 1 and 2.

Knowing how the IEC modifies the frequency of acoustic
and optical modes, we can now analyze the frequency depen-
dence of different modes as a function of the applied magnetic
field. In particular, we can explain the relationship between the
frequencies of different modes. For this purpose, we divide
the experimental data into three field regions that differ in the
relative contributions from the Zeeman energy and IEC, and
are indicated by different background colors in Fig. 4. The
first field region (in gray) is for a saturated sample, where
the Zeeman energy dominates. The second field region (in
blue) is for a field below the saturation field but where the
field is strong enough to have an almost parallel alignment of
the layer magnetizations, with |0, — 6,| < 7 /2. The third field
region (in red) is where the field is no longer strong enough to
overcome the antiparallel alignment, with |6; — 6, > 7 /2.

We begin with the precessional dynamics in the first field
region [Fig. 4(a), gray region]. As can be seen for sample 1,
in the first field region where the Zeeman energy dominates,
the frequency relationship between different modes is f, <
fa = fx. For the acoustic mode, as previously stated, the IEC
can only modify f, if the static magnetization configuration is
different from the saturated state. Since in this field region the
sample is saturated, the acoustic mode has the same frequency
as the FMR mode of a single layer CoFeB film. For the optical
mode, the additional contribution from the effective field of
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the IEC H'®C needs to be considered. For a saturated sample,
H'C [corresponding to the terms including A in Egs. (8b)]
counteracts H*®, so f, < fx. This can be explained by the
phase difference between the precessing magnetizations in
the two layers in the optical mode. For the optical mode, an
antiparallel alignment of the dynamic m, components in the
two layers is favored by the antiferromagnetic IEC. In con-
trast, for the acoustic mode, the parallel alignment of the two
dynamic m, components is not favored by the IEC. Therefore,
less energy is required to excite the optical mode and, hence,
the optical mode has a lower precession frequency than the
acoustic mode. It should be mentioned that this argument is
only valid for saturated samples, since the w-phase shift for
the dynamic components is the only difference between the
acoustic and optical modes.

Next, we explain the frequency relationship between differ-
ent modes in the second field region [Fig. 4(b), blue region].
This field region extends for sample 2 from 200 to 300 mT.
In this field region, the alignment of the magnetizations is
not completely parallel because the Zeeman energy starts to
exceed the energy associated with the IEC. Since the effect of
H counteracts H'E® for the optical mode [Eqgs. (7b)], in this
field region the frequency of the optical mode should decrease
with increasing the applied magnetic field. At the same time,
since the the two layer magnetizations are close to parallel
alignment, the frequency of the acoustic mode is almost the
same as fx. These trends in the optical and acoustic modes
are reflected by the theoretical results in Fig. 4(e). As for the
experimental data [Fig. 4(b)], the acoustic mode is in good
agreement with the calculations, although the optical mode
is only observed around 200 mT. We speculate that this is
because the decrease of the frequency of the optical mode
towards zero results in a gradual decrease of the intensity
of this mode. As the optical mode already has quite a low
intensity, it was therefore not possible to detect it on further
increase of the applied magnetic field.

Finally, we explain the phenomena behind the dynamics in
the third field region [Figs. 4(b) and 4(c), red regions]. This
field region extends for sample 3 from 175 to 300 mT, and
for sample 2 from 100 to 200 mT. In this field region, the
static magnetization configuration is close to an antiparallel
alignment of the layer magnetizations, because the energy
associated with the IEC is greater than the Zeeman energy.
For the acoustic mode, the nonparallel alignment between the
two layer magnetizations makes f, smaller than fx [Eqgs. (7)].
For the optical mode, since the energy associated with IEC
is stronger than the Zeeman energy, the effective field from
the IEC makes the frequency of the optical mode higher
than fx. As a result, these give the frequency relationship
fa < fx for sample 3 and f, < fx < f, for sample 2. For
the small quantitative mismatch between the experimental
and theoretical data, there could be various causes, such as
a nonuniformity in the Ru layer.

V. CONCLUSION

We have used TRMOKE to characterize the ultrafast-
laser-induced precessional dynamics in antiferromagnetically
coupled trilayer films with different IEC strength. The pre-
cessional dynamics measured by TRMOKE depends on the

relative thicknesses of the two FM layers. In asymmetric
samples (f; = 2¢,), both the acoustic and optical modes are
observed, whereas in the symmetric sample (¢, = t,) only the
acoustic mode is observed. In addition to the two characteris-
tic modes, a transient mode is also observed, which is due to
the laser-induced decoupling of the two FM layers. Accord-
ingly, the transient mode has the same precession frequency
as the FMR mode in a single FM film, and is only present
above a certain threshold of the laser excitation fluence.

We interpret the precessional dynamics in terms of a com-
petition between the energy associated with the IEC and the
Zeeman energy, and divide the precessional dynamics into
three field regions depending on which energy term domi-
nates. The first field region is for a saturated sample where
the Zeeman energy dominates, and the frequency relationship
between the modes is f, < fa = fk. The second field region
is below the saturation field of the sample with |6 — 6;] <
7 /2, and the relationship between the frequencies of different
modes is f, < fo = fk. The third field region is again below
the saturation field of the sample but with |6; — 6| > /2,
and the frequency relationship is f; < fx < fo.

With this detailed understanding of how the IEC and
Zeeman energy affect the precessional dynamics, we provide
a foundation for further investigations of propagating spin
waves in such systems and for using them to implement
functional magnonic devices.

The data that support this study are available via the
Zenodo repository [44].

ACKNOWLEDGMENTS

We thank Dr. S. Wintz and Dr. P. Derlet for fruitful discus-
sions. This project is funded by the Swiss National Science
Foundation (Project No. 200020_172774). S.S. acknowledges
an ETH Zurich postdoctoral fellowship and Marie Curie ac-
tions for People COFUND program.

APPENDIX: CALCULATION OF PRECESSIONAL
DYNAMICS

We present here the detailed formalism to determine the
precessional dynamics based on the coupled LLG equations.
We solve the dynamics for the asymmetric sample with ¢, =
2t, = 2t, where the solutions are presented in Sec. III.

First, the precession part of the LLG equation [Eq. (4)] is
rearranged to give

dM;

d—t’ +yuoM; x HS" = 0.
To solve this, we need to find the expressions for M; and
H;?ff. The three vector components of M in terms of 6; are
expressed as follows:

(AD)

M;(t) = M§ +m;(1)
= (M cos8;, Msin8;, 0) + e (m;,, mj,, mj,).
(A2)

Here, the magnetization is divided into the static and dynamic
parts, with the dynamic part having a time dependence of ¢'".
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For the total effective field, we consider the contribution from the applied magnetic field, the demagnetization field, and the
effective field from the IEC as follows:

H;ff = HJZ. + H'j) + H}EC, where
HjZ == (Ha 07 0)7
D
HJ = (09 O’ _ij)7
IEC A A A A A
H™ = —EWZQX — EM cos 6y, —Emzy — EM sin 6, _EmZZ )
leEC = (—Amyy — AM cos 0, —Am;, — AM sin 6;, —Am,;), (A3)

Here, A = J/(uotM?) and H;EC corresponds to the effective field of the IEC for two FM layers of different thicknesses.
By linearizing Eq. (A1) with the expressions from Egs. (A2) and (A3), we obtain a system of linear equations with the
following form:

yuoLm' = c,
m = (my,, miy, Miz, Moy, Nyy, ma;), (A4)

where c¢ is a constant vector and L is a 6 x 6 matrix expressed as follows:

iw/y o 0 —M sin6; 4+ §M sin 6, 0 0 —4M sin 6,
0 iw/y o H + Mcos6, — %M cos 6 0 0 %‘M cos 6,
—%M sin6, —H + %M cos 6, iw/y ko %M sin 6, —‘%M cos 6, 0
0 0 —AM sin 6, iw/y o AM sin6; — M sin 6, 0
0 0 AM cos 6, 0 iw/y Ko H — AM cos 8y + M cos 6,
AM sin 6, —AM cos 6, 0 —AM sin 6, —H + AM cos 6, iw/y 1o

(AS5)

For Eq. (A4), to have a nonzero solution of m, we set the determinant of L to zero and solve for w. For the case where w
can be solved analytically, solutions of w are inserted back into matrix L to obtain the solution of m, given by Eqs. (8). From
the expression of m, the phase information of the two m, components can be obtained. For the case where w has to be solved
numerically, the general solution for m cannot be obtained. This is because any numerical values of w are not the exact solutions
for det|L| = 0. Therefore, if the numerical values of w are inserted back into the matrix, det|L| will become zero, which cannot

provide a nonzero solution of m.
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