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ABSTRACT

We report on an all-optical investigation of coupled spin excitation modes in a series of magnetic trilayer structures. Using time-resolved
magneto-optic Kerr effect (tr-MOKE) magnetometry, we observe multi-mode coherent spin excitations in Nig; Fe;9/Ru/Coy9FesoV, multi-
layers even though the tr-MOKE optical detection is sensitive only to the CosFesoV, magnetization dynamics. Frequency shifts of the dif-
ferent modes indicate that the coupling between the Nig;Fej9 and CoyoFesoV, layers varies from anti-ferromagnetic to ferromagnetic to
uncoupled as the Ru spacer layer thickness is increased from 8 A to 200 A. The lifetime of the high frequency coherent oscillations in the
CoygFeq9V; layer increases by over 200%-300% even in the case of uncoupled Nig; Fe;9 and CosgFes9V, layers with a 200 A thick Ru spacer.
The results suggest an additional method to decrease the damping of high-moment alloys in layered magnetic nanostructures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0093827

INTRODUCTION

Magnetic multilayers are the foundation of advanced spintronic
phenomena and technology, including giant magnetoresistance,”
magnetic tunnel junctions,”® and other applications.”'' The
GHz-scale and higher frequency excitation modes of such multilayer
structures are of paramount importance in diverse applications, such
as magnetic field sensors,’” spin-torque oscillators,®™” and mag-
nonic circuit elements.'® For such applications, resonance modes
with large amplitude and long spin coherence lifetimes are desirable.

The collective resonance modes of magnetic trilayers, where two
magnetic layers (A and B) are separated by a non-magnetic (NM)
layer, offer additional approaches to modify the resonance character-
istics, particularly as material selection and the thickness of the NM
layer can alter the coupling between the two magnetic layers.'”’
When the interlayer exchange coupling (IEC) is ferromagnetic, the
collective resonance modes of the trilayer are the low energy acoustic
mode and the higher energy optical mode.” ™’ In the acoustic mode,
the magnetization of the two layers is excited into an oscillatory pre-
cession orbits with identical amplitude and phase. The resonant
frequency of the mode is governed by the standard ferromagnetic res-

onance (FMR) mode: @45 = ¥ (4.5 Ho \/ H (H + M, (a5))» where y

is the gyromagnetic ratio, M,y is the effective magnetization (includ-
ing volume magnetization, anisotropy, and dipolar fields), and p,H is
the applied external field. For the optical mode excitation, the magne-
tization precesses out of phase, changing the angle between the mag-
netization of the layers throughout the precession orbit, leading to an
additional energy contribution and, hence, a higher precession fre-
quency. However, for identical magnetic layers, the contributions of
the layers cancel throughout the precession orbit, leading to a mode
with vanishing intensity.”>*’

Quasi-optical modes in  asymmetric  trilayers, where
M4 # Mep, can exhibit an appreciable intensity as the resonant
response of the individual layers do not cancel completely. In asym-
metric trilayers, the quasi-acoustic and quasi-optic modes, which we
refer to as optical and acoustic modes for simplicity, have their reso-
nant modes modified by the interlayer exchange coupling constant J4p,
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where we assume that Myrp < Mgz and we assume negligible
anisotropy in the samples.”® @, (wyp) is the frequency of the acoustic
(optical) mode, w4 (wp) is the single layer FMR frequency for layer A
(B), 4 (yp) is the gyromagnetic ratio for A (B), ds (dp) is the layer
thickness, and 64 (6p) is the equilibrium angle of the magnetization.
Hgy, is the applied field, and in our geometry [Fig. 1(a)], this term
dominates over the demagnetization energy. In this formulation, J4p is
expressed as energy per unit area.

Our samples consist of two magnetic layers separated by a
non-magnetic coupling layer. We use the high-moment
CoygFeq9V; alloy (Permendur or Pmd) and the lower moment but
also lower damping Nig;Fej9 (Permalloy or Py) for the magnetic
layers. Ru is used for the coupling layer as it enables strong IEC
that oscillates from ferromagnetic Jap > 0 to anti-ferromagnetic
Jap < 0 with a decaying amplitude as a function of Ru thickness.”’
In Fig. 1(b), we calculate the effects of J4p on the resonant modes
of the structure. The solid lines (red for Pmd, blue for Py) depict
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the frequency vs applied field relation for uncoupled layers (that is,
Jag = 0) for our experimental geometry; in the zero coupling case,
the dynamics of the layers are independent. When Jap # 0, the
individual resonant modes become coupled, and we refer to the
higher (lower) energy response as the optical (acoustic) mode. For
FM coupling, Eq. (1) indicates the resonant frequency shifts
upward while the opposite occurs for AF coupling and the fre-
quency shift for the Pmd/Ru/Py system is larger for the acoustic
mode. In magnetic multilayers, the acoustic and optic modes are
often resolved using fixed-frequency FMR, where a single frequency
is used to excite precession and the resonant response is monitored
as a function of an applied external field. In our measurements, we
detect these oscillation modes using the time-resolved magneto-
optic Kerr (tr-MOKE) effect with fs-time resolution at a fixed
external field.”"””” This method reveals the interplay between the
two resonant modes, which occur at a fixed field but different
frequencies.
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FIG. 1. (a) Coordinate system. The applied field H lies in the x, z plane and makes an angle 6y with respect to the z axis. My g depicts the magnetization of layer A
(Pmd) or B (Py). (b) Evolution of single layer resonance curves into collective quasi-optical and quasi-acoustic excitations. The Pmd (red) and Py (blue) single layer oscilla-
tions are coupled by the exchange interaction Jsg. The quasi-optical mode (red) shifts to higher (lower) frequency from the Pmd single layer resonance for Jag > 0
(Jag < 0) indicating FM (AFM) coupling. (c) FMR oscillations at 1zgH = 0.6 T in the tr-MOKE signal for single layer Pmd and Py, and a Pmd/Ru 14 APy trilayer. In the
main panel, the t-MOKE signal from the dg, = 14 A trilayer sample exhibits a beating pattern indicating an oscillation mode with multiple frequencies. Inset: the full
tr-MOKE signal (blue) and exponential decay (red). Following the initial ultrafast demagnetization, the FMR oscillations are superimposed on the exponential background.
(d) Fast Fourier Transform of the time delay data in panel (). The dg, = 14 A trilayer sample (green) shows the bi-modal frequency distribution for coupled layers.
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SAMPLES AND METHODS

The thin film magnetic multilayers were prepared using room
temperature DC magnetron sputtering onto oxidized Si substrates.
The structure of the samples is: substrate/Ta [30 A]/Py [80 A]/Ru
[dr,)/Pmd [80 A]/Ta [30 A]. The Ru spacer layer thickness (dg,)
was varied between 8 A up to 200 A to modify the IEC from favor-
ing anti-parallel (dg, = 8 A and 11 A) and parallel (dg, = 14 A)
ground state coupling; the thickest sample measured (dg, = 200 A)
is expected to have negligible coupling. Samples consisting of single
magnetic layers (Pmd or Py) with the same seed and cap layers
were also grown. Static magnetic properties are measured with both
a vibrating sample magnetometer (VSM) and static MOKE in an
in-plane configuration 8y = 90°. Static MOKE scans acquired at
the tr-MOKE measurement angle of 0y = 70° indicate that all
samples are at or very close to saturation for an applied field of
HoH > 03T.

Figure 1(a) presents the geometry of our tr-MOKE measure-
ments; for clarity, in the figure, the seed and cap layers are omitted.
The thin film samples are aligned along the x, y-plane with Z as the
surface normal. The variable external magnetic field H is applied at
an angle 6y = 70° with respect to z and we define the equilibrium
polar angle of the magnetization of the layers (Mag) by 043
(A=Pmd and B=Py). In our measurements, the applied field
strength u,H varies between 0.3 and 0.8 T and, hence, the magneti-
zation is nearly in-plane. Even at the highest applied field, we esti-
mate that the static equilibrium angle 64 (05) is 86° (88°), where
90° is in-plane, and that the contribution to the total energy from
demagnetization is less than 10%. Following the ultrafast pump
pulse, the system rapidly demagnetizes, reducing |[M4| and |[Mp| and
also modifying the anisotropy; the reduction of both the magnetiza-
tion and anisotropy establishes a new equilibrium angle (¢, or 8}).
After ~10 ps, the system cools sufficiently to reestablish the magni-
tude of the magnetization, which now points along the modified
angles @, and 8}, leading to precession of the magnetization of the
different layers about their original equilibrium angles 84 and 65.”

The tr-MOKE apparatus consists of a pulsed Ti-sapphire
regenerative amplifier with a central wavelength of 800 nm and a
pulse duration of 100 fs. The linearly polarized 800 nm light was
split into pump and probe beams and the pump beam was fre-
quency doubled to 400 nm to facilitate unique detection of the
probe. The pump and probe fluences were measured to be ~0.4
and ~0.075 mJ/cm?, respectively, and the pump beam is ~ 3x the
size of the probe. The beams overlap on the sample at near-normal
incidence. The Kerr rotation was measured by passing the reflected
probe beam through a A/2 plate and then onto a Wollaston prism,
which directed the s and p components of the polarization onto a
balanced Si photodetector. Timing scans were generated with a
mechanical stage that varies the time delay between the 400 nm
pump and 800 nm probe beams.

Figure 1(c) displays tr-MOKE delay scans for the single layer
Pmd (red), Py (blue) and a trilayer with dg, = 14 A (green) for
1oH = 0.6 T. The inset to the figure displays the full tr-MOKE
time delay scan in blue. At a delay t, = 0 ps, the ultrafast demag-
netization process is apparent in the sharp rise of the tr-MOKE
signal. The magneto-optical response at larger values of tp is char-
acterized by rapid oscillations superimposed upon an exponential
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return to the pre-pump equilibrium value. To generate the timing
scans in the main panel of Fig. 1(c), we restrict the data to tp > 10
ps and then subtract the exponential background (red) from the
raw tr-MOKE signal (blue). The resulting timing scans exhibit
exponentially decaying oscillations characterized by one or more
frequencies.

Panel (d) presents the fast Fourier transform (FFT) of the data
in Fig. 1(c). The magnetization dynamics of the Py and Pmd single
layer samples display a single frequency, 26 GHz for Py and
35.8 GHz for Pmd. The Py linewidth is considerably narrower,
reflecting the longer decay time (lower damping) of Py; oscillations
for Py extend out to at least tp = 800 ps while the higher frequency
Pmd oscillations are damped out by ~270 ps. The trilayer sample
with dg, = 14 A ( green) exhibits a clear beating pattern characteris-
tic of two oscillation modes, as can be seen in the FFT for the
sample in Fig. 1(d). The origin of the mixed mode detected in the
magneto-optical response could originate from (1) optical detection
of the precession of not only the top metallic layer (Pmd) but also
the bottom Py layer and/or (2) excitation of acoustic and optical
modes in both layers but detected only from the Pmd layer. The
first option can be discounted as the 800 nm probe beam must pass
through the Ta cap, Pmd layer, and Ru spacer before reflecting off
the Ru/Py interface and then pass through the Ta, Pmd, and Ru
layers again prior to detection outside the sample. We estimate that
the two way transmission through the layers on top of the Py layer
attenuates the 800 nm probe beam by 95% in the case of dg, = 8 A
and essentially 100% for dg, = 200 A% This is a conservative
estimate which assumes that the intensity losses of the probe beam
arise only from absorption; inclusion of the reflection losses would
increase the attenuation of the optical signal from the Py even
further. Moreover, neither frequency corresponds to the eigen-
modes of single layer samples. Both modes present in the
dr, = 14 A sample are shifted to higher frequencies and the line-
width of the higher frequency mode is considerably narrower than
observed in the single layer Pmd sample.

RESULTS AND DISCUSSION

We collected tr-MOKE scans from the samples as a function
of applied field uyH while keeping 6y fixed at 70°. Results are pre-
sented in Fig. 2 for the trilayer samples with varying dg, (green) as
well as the single layer Py (blue) and Pmd (red) reference samples.
The precession mode excited in the Py sample has a very long
decay time with oscillations clearly detectable out to 800 ps after
the pump pulse. At an equivalent field, the Pmd sample displays
not only a higher frequency response but also a much shorter
decay time.

We model the time-varying component of the Kerr rotation
for the Py and Pmd single layers [Fig. 2, panels (e) and (f)] as
exponentially damped sinusoidal functions to determine the fre-
quency, decay time and amplitude of the mode:
Ox(t) = Ae /™ sin(wt 4 ¢); here, A is the initial amplitude, 7p is
the decay time of the oscillatory mode, w is the angular frequency
of the resonant excitation, and ¢ is an arbitrary phase angle. The
resulting fits to the model are shown as blue (Py) and red (Pmd)
traces; black traces are the tr-MOKE data. The oscillatory response
of the trilayer samples is slightly more complicated as the coupled
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FIG. 2. Representative time delay scans for all samples, offset vertically for clarity. Field values (uoH) are indicated. Panel (a) Ru 8A, (b) Ru11A, (c) Ru 14 A, (d) Ru
200 A, (e) Py, single layer, (f) Pmd, single layer. t-MOKE data are the light black traces while the symbols in color (green for tri-layer samples, blue for Py single layer,
red for Pmd single layer) are fits to the data using Eq. (2).

layers have two eigenmodes corresponding to the acoustic (ac) and model capture the dynamics in 8k quite well. We note that we do
optical (op) excitations, not observe evidence of a temporal chirp in the data, which is con-
sistent with the low fluences used for the pump and probe beams
Ox(t) = Ay et/ e sin(@act + d,) in our measurement.”’
Figure 3(a) presents the resonant frequencies of the higher fre-
+Agp et/ sin (wupt + ¢’op)' @ quency optical (circles) and lower frequency acoustic (squares)
modes for the different trilayer samples. The frequencies presented
Fits for the trilayer samples are also shown in Fig. 2 as green in 3(a) are extracted from Eq. (2); these are very close, but not

symbols while the light black lines are the data. The fits to the identical, to the frequencies of peaks in the FFT spectrum of the
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FIG. 3. (a) Resonant fields extracted from the full t-MOKE data set, along with a fit Eq. (1). Red (Blue) dashed line is for the Pmd (Py) single layer. Shifts to lower
(higher) frequency indicate anti-ferromagnetic (ferromagnetic) coupling between the layers. (b) FFT of t-MOKE data in Fig. 2 at uoH = 0.8 T. The bi-modal response of
the trilayer samples with dg, = 14 A or less can be seen. (c) Decay time (zp,q) of the high frequency modes, along with zp for the single layer Pmd (red filled circle) and
Py (open blue circles). Only the dg, = 11 A and 200 A frilayer samples are shown; others have a similar response. (d) Damping (c#) calculated from Eq. (3). The lower
damping of the dr, = 11 A (green diamonds) and dr, = 200 A (brown triangles) samples relative to the Pmd single layer (red circles) is evident.
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time delay data. We also include fits to the single layer Kittel rela-
tionship (heavy dashed lines in red and blue for Pmd and Py,
respectively) from which we extract the gyromagnetic ratios
(ya/27 = 26.8 GHz/T, yy/2m = 26.0 GHz/T) and effective mag-
netization (uyMega = 2.24 T, uyMesp = 1.09T) for the individual
Pmd (A) and Py (B) layers; the saturation magnetization values are
within 8% of tabulated values.”’ The high frequency optical mode
can be resolved in all four samples with dg, ranging from 8 A to
200 A while the lower frequency acoustic mode is detected only in
the dg, = 8, 11, and 14 A samples. J,5 can be estimated from the
shifts away from the single layer resonance frequency vs field
curves [Eq. (1)]. Jap = —0.7 (AF), —1.0 (AF), and +0.25 (weak
FM) mJ/m? for the dg, = 8, 11, and 14 A samples. Interlayer cou-
pling of similar magnitude has been reported in samples with Ru
spacer layers, albeit with different growth order and capping
layers.”

For the trilayers, both modes are present in all samples except
for dp, = 200 A. In all cases where both modes are present, the
optical mode has significantly higher amplitude than the acoustic
mode [cf. Fig. 3(b)] and the ratio of the optical to acoustic mode
amplitudes is high, ranging from about unity at low fields to ~2 at
0.8 T. Most interestingly, the coherence of the optical mode, as
reflected in the decay times of the optical mode [Fig. 3(c)], is
enhanced by ~200% or more.

For pure Pmd, the tr-MOKE data in Fig. 2(f) decays rapidly
following the initial excitation and the 1/e decay time (zp) for all
fields is ~150 ps [Fig. 3(c), red filled circles]. However, for all the
trilayer samples, the precession oscillations corresponding to the
high frequency optical mode persist out to 800ps or longer
[Figs. 2(a) through 2(d)]. 7p,, for a subset of the samples is also
displayed in Fig. 3(c) along with the decay of the single layer Py
(blue open circles). We also present in Fig. 3(d) an estimate of the
effective damping (ay) for the optical modes and the single layer
films derived from the decay times,

Ms,i -
Ao = |Tpi ¥i| Happ + 2 > (3)

where the subscript 7 labels either the layer (in the case of the Py or
Pmd single layers) or the collective optical mode. The description
of ay is adapted from Ref. *, assuming negligible out-of-plane
anisotropy, as is the case in our films. Also, for the optical mode,
we have made the simplifying assumption that the gyromagnetic
ratio and saturation magnetization of Pmd are reasonable approxi-
mations of similar parameters for the collective optical mode. The
effective damping of the optical mode in the dg, = 11 A and
dp, = 200 A samples is seen to be largely independent of the
applied field and, hence, largely independent of frequency. The
data show that the optical mode in the trilayer samples oscillates
with a large amplitude, high frequency and long decay time, or
equivalently, low damping. The oscillatory Kerr rotation can
neither originate from reflection off of the Ru/Py interface nor
deeper into the Py layer. Hence, the tr-MOKE signal reflects the
magnetization dynamics of the Pmd layer alone.

Several features of the study stand out. First, in trilayer struc-
tures where the two magnetic layers are even weakly coupled,

ARTICLE scitation.org/journalljap

following an ultrafast optical excitation the precession modes of the
system deviate from that of a single layer and can be considered as
a collective response of the system: that is, the optical and acoustic
modes. Second, in our system with magnetic layers where the effec-
tive magnetization differs by over a factor of 2 (Pmd to Py), weak
ferromagnetic coupling increases the frequencies of the optical and
acoustic modes, but only by a few GHz; the higher frequency
optical mode remains close to the precession mode of a single Pmd
layer. However, the most salient aspect of the study is the enhance-
ment of the decay time in the higher frequency optical mode from
~150 ps for pure Pmd to ~400 ps at f = 40 GHz and even longer
at lower frequencies. Indeed, the effective damping of the optical
mode in the trilayer samples is lower than Py, under the assump-
tion that the gyromagnetic ratio and the saturation magnetization
of Pmd are appropriate surrogate values for the collective optical
mode of the trilayers.

The results indicate that the magnetization dynamics of the
Pmd layer may be influenced by the dynamics of the underlying Py
layer in our tri-layer structures. While the origin of this effect is not
firmly established, we point to a few considerations that may be rel-
evant to the reduced damping in the Pmd layer. The crystallinity
and film texture of the Pmd layer may play a role in the dynamic
behavior as the single layer Pmd film was grown on a Ta seed while
in the trilayer samples, the Pmd layers were grown on top of the
Ru spacer. While our Pmd layers had a thickness of only 80 A,
studies of thick (1000 A) films of the closely related FegsCoss alloy
grown on Ta exhibit a considerably larger fixed-frequency FMR
linewidth compared to films grown on Ru.”* However, Ru has a
long spin diffusion length®>*® and spin transport from one mag-
netic layer through the Ru spacer can influence the dynamics of a
second magnetic layer.”” In similar Py/Ru/Pmd structures studied
with fixed-frequency excitations, the non-resonant layer experiences
an appreciable precession amplitude when the other layer is driven
through its resonance.”® Also, in the trilayer structures, the top and
bottom interfaces of the Pmd are Ta and Ru, respectively, which
have opposite spin Hall conductivities.””" The asymmetric nature
of the spin-active interfaces may help stabilize the lower damping
of Pmd observed in the trilayer structures. Additional factors that
may affect the spin dynamics of the layers include chiral magnon
pumping,*’ strong magnon-magnon coupling between the layers,"”
spin pumping,”’ and an anti-damping torque due to the spin Hall
effect.”**

Regardless of the origin, our results suggest an additional
method for modifying the damping in a heterogeneous magnetic
structure. As the design of spintronic devices frequently involves
optimization of competing materials parameters, for example,
achieving high spin polarization or layer magnetization while main-
taining acceptably low damping, the ability to considerably reduce
the damping in a selected layer by off-resonant excitation of a
coupled layer could expand the design options for spintronic field
sensors, oscillators, magnetic tunnel junctions, and related devices.
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