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Static and dynamic magnetic properties of Co-Fe(10 nm)/Ru(tg, = 0—3 nm)/Co-Fe(5 nm) asymmet-
ric trilayers are systematically investigated. The interlayer exchange coupling (IEC) strengths of bilinear
(J1), biquadratic (J>), and their equivalent (J) terms are determined; they show a weak nonmonotonic
behavior with #g,. Interestingly, the magnetic remanence ratio 1 of hard axis to easy axis has two distinct
peaks; this can reasonably be interpreted by taking the strong J, term into account. Various pump-laser
fluences are utilized to modulate the static IEC during the time-resolved magneto-optical Kerr effect mea-
surements, by which individual magnetization precessions of the two Co-Fe layers are achieved and the
effects of dynamic IEC through mutual spin currents are highlighted. With the increase in g, the magnetic
damping factors of both layers display the same nonmonotonic behavior, which has been mainly ascribed
to the spin pumping damping «sp associated with the dynamic IEC. Moreover, it is found that the variation
trend of damping difference Aagp between the two Co-Fe layers is similar to that of J.g, revealing that the
dynamic IEC effect is actually dominated by the static IEC and thereupon a theoretical formula is proposed
to describe the correlation between Aasp and Jeg. These results suggest the feasibility of efficient control
of spin pumping damping through controlled IEC, which has great significance for microwave spintronic

devices based on asymmetric trilayer structures.
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L. INTRODUCTION

After the discovery of the giant magnetoresistance
effect in the synthetic antiferromagnetic (SAF) struc-
ture of Fe/Cr/Fe [1,2], magnetic trilayer films, in which
the two ferromagnetic (FM) layers are ferromagneti-
cally coupled or antiferromagnetically (AFM) coupled
through a nonmagnetic (NM) spacer, have been exten-
sively investigated and applied as the pinned layer of
spin valves or magnetic tunnel junctions in modern
magnetic memories or logic devices [3—6]. In recent
years, SAF structures have attracted a greatly renewed
interest in line with the emerging field of antiferro-
magnetic spintronics [7], including tunnel magnetore-
sistance devices [8], magnetic racetrack memories [9,
10], three-dimensional logic units [11], robust field-free
spin-orbit-torque switching elements [12—14], and espe-
cially high frequency applications. Because of the ultra-
high frequency of the optical resonance mode [15—18],
the asymmetric FM/NM/FM sandwiched structure with
strong interlayer exchange coupling (IEC) has been con-
sidered as a potential solution to breaking through the
frequency limitation of micromagnetic inductors, filters,
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phase shifters, and monolithic microwave integration cir-
cuits [19-21]. All these applications require deep insights
into the physical nature of the synthetic trilalyers. Apart
from the magnetic precession mode and precession fre-
quency [22—24], much attention should also be paid to the
magnetic damping factor, since it describes not only the
energy dissipation rate of magnetization precession, but
also the magnitude of required driving source (e.g., charge
current or spin current). For the coupled trilayer SAF struc-
ture, besides the well-known oscillatory IEC mediated via
the conduction electrons and described by the Ruderman-
Kittel-Kasuya-Yosida (RKKY) theory [25], an observable
dynamic interlayer coupling mediated by the pumped spin
current would also be expected [26-28]. In order to accel-
erate the advanced applications of these asymmetric SAF
systems with ultrafast magnetization manipulation and low
energy consumption, the nonlocal spin pumping damp-
ing induced by dynamic IEC during persistent oscillation
procedures deserves to be systematically explored.

As is known to all, precessing magnetizations are capa-
ble of transferring spin angular momentum into an adjacent
NM layer. If the FM/NM bilayer has a large interfacial
spin-mixing conductance and the NM layer thickness is
much greater than the spin diffusion length, the pumped
spin current will diffuse across the FM/NM interface and
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dissipate completely within the NM layer, leading to a
rather high spin pumping damping contribution [29,30].
Otherwise, the spin current will be reflected back to the
FM layer, showing a negligible impact on the magne-
tization dynamics. However, for the trilayer system of
FM//NM/FM, with a thin NM layer, the spin current gen-
erated by magnetization precession of FM; (or FM;) will
pass through the NM spacer and enter the other FM,
(or FM,) layer, thereby making the two FM layers feel
each other through the spacer by exchanging nonequi-
librium spin currents. Such a dynamic coupling between
the two precessing magnetizations can also result in a
“spin-momentum brake” and further enhance the magnetic
damping of the two FM layers with different resonance fre-
quencies [27]. It has been shown that in addition to the
normal coherent precession (acoustic mode), an out-of-
phase precession mode (optic mode) can also be detected
for the trilayer samples [22,31]. The optical mode always
has a larger magnetic damping than the acoustic mode,
because the spin current and spin accumulation are greatly
enhanced for the out-of-phase precession [22,32,33]. Lenz
et al. observed an oscillatory damping behavior for both
the acoustic and optic modes with increasing Cu interlayer
thickness, illustrating that the dynamic and static parts of
the IEC contribute to the large nonlocal spin pumping
damping [34]. Nevertheless, Belmeguenai et al. showed a
clearly different behavior of the ferromagnetic resonance
linewidths for the two modes in the coupled Ni-Fe/Ru/Ni-
Fe thin films; i.e., the damping of the acoustic mode is
almost constant while that of the optic mode oscillates as a
function of the Ru layer thickness [35]. These results are
distinctly different, suggesting that the detailed effect of
IEC on the overall damping of trilayer structures and the
profound relations between the dynamic and static IEC are
still unclear, which limits the performance improvement of
spintronic devices.

Apparently, the magnetic dynamic behaviors rely not
only on the static RKKY coupling, but also on the dynamic
IEC. In order to achieve fast manipulation of magne-
tization orientation and low energy consumption, more
elaborate investigations should be performed to acquire
convincing experimental results and fully clarify the
underlying mechanism. Time-resolved magneto-optical
Kerr effect (TRMOKE) spectroscopy is an excellent tool
for investigating dynamic magnetic properties in the time
domain, which can simultaneously excite magnetization
precessions in the two magnetic layers, allowing us to
explore the influences of static and dynamic IEC on the
respective precessional behaviors of the coupled trilayer
system. In this work, we report a comprehensive study
on the static and dynamic magnetic properties of asym-
metric Co-Fe(10 nm)/Ru(0-2.9 nm)/Co-Fe(5 nm) films.
Considering that the Ru spacer has a long spin diffusion
length of Asp ~ 10 nm [36], the dynamic interlayer cou-
pling via spin current would exist during the laser-induced

magnetization precession dynamics [26,27]. To highlight
the role of dynamic IEC on the magnetization behaviors,
various pump-laser fluences are employed to modulate the
static IEC strength. An obvious nonmonotonic behavior is
found for the extracted damping factors of the two FM lay-
ers, which can be attributed to the mutual spin pumping
current based on the dynamic IEC. Further analyses illus-
trate a similar variation tendency between the difference
of spin pumping damping and the effective static coupling
strength, which suggest the feasibility of efficient control
of magnetic damping through controlled IEC.

II. EXPERIMENTAL SECTION

Samples with a structure of CogyoFez(10 nm)/Ru
(fru = 0-2.9 nm)/CogoFe,0(5 nm)/Al(5 nm) are fabricated
by dc magnetron sputtering under a base pressure better
than 3.0 x 1078 torr. Before film deposition, the single-
crystalline MgO(001) substrates are preheated at 600 °C
for 30 min to get a clean surface. The bottom 10-nm-Co-Fe
layer is found to be epitaxially grown while the top 5-nm-
Co-Fe layer is proved to be disordered due to the insertion
of the Ru spacer. The magnetic hysteresis loops and angu-
lar remanence magnetization (ARM) curves are measured
by a vibrating sample magnetometer (VSM). The mag-
netization dynamics are investigated by a femtosecond
laser pump-probe system with a central wavelength of
800 nm, a pulse duration of 150 fs, and a repetition rate
of 1000 Hz [37]. The dynamic behaviors are excited by
an intense pump pulse beam, and the transient MOKE sig-
nals are detected by a time-delayed weak probe beam in
a polar geometry. The TRMOKE signals are read out by
a lock-in amplifier with an optical chopper, which modu-
lates the pump beam at a frequency of 108 Hz. During the
TRMOKE measurements, various pump-laser beam flu-
ences in the range of 1.3-12.8 mJ/cm? are employed to
control the transient static IEC strength. A variable exter-
nal magnetic field with a maximum of 12.3 kOe is applied
at a field angle of 71° from the film normal. Note that all
the measurements are conducted at room temperature in
this work.

III. RESULTS AND DISCUSSION

A. Static magnetic measurements by VSM

In order to help interpret the static magnetic proper-
ties and the subsequent TRMOKE results quantitatively,
a polar coordinate system is established. As sketched in
Fig. 1(a), M, t; and M, t, represent the magnetizations
and thicknesses of the 10-nm Co-Fe (denoted as FM; ) and
5-nm Co-Fe (FM,), respectively. The azimuthal angle and
polar angle of magnetization M (applied field H) are
defined as ¢y (¢y) and 6y, (Og). Figure 1(b) displays
the in-plane M-H loops of MgO(001)/Co-Fe(10 nm) with
o =0° and 45°, and the inset shows the corresponding
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FIG. 1.

(a) The polar coordinate system established for the analyses of magnetic measurement results. (b) The in-plane (0 = 90°)

M-H loops of MgO(001)/Co-Fe(10 nm) for ¢ = 0° (easy axis) and 45° (hard axis). (c) The in-plane M-H loops of MgO(001)/Ru(0.5
nm)/Co-Fe(5 nm) for ¢ =0° and 45°, showing negligible magnetic anisotropy. The insets in (b) and (c) denote the corresponding

magnetic remanence ratios as a function of ¢.

curve of ARM. The saturation magnetization M is calcu-
lated to be 1380 emu/cm?. Clearly, the Co-Fe film shows
a definite biaxial anisotropy with easy axis along ¢ =0°
and hard axis along ¢y =45°, suggesting that the FM;
layer of Co-Fe(10 nm) is epitaxially grown and has a cubic
structure. The in-plane anisotropy field can be numeri-
cally determined to be approximately 700 Oe via fitting the
hard axis magnetization curves. Figure 1(c) depicts the in-
plane M-H loops of MgO(001) /Ru(0.5 nm)/Co-Fe(5 nm).
The M value here is only 1112 emu/cm?, which can be
attributed to the relatively large contribution of interfacial
magnetic dead layer for the thin Co-Fe layer as well as the
disordered crystalline structure. As shown in the inset, in
contrast to the epitaxially grown 10-nm Co-Fe with a four-
fold anisotropy, the 5-nm-Co-Fe layer on top of the Ru has
a negligible twofold anisotropy, demonstrating that the top
FM; layer is almost isotropic.

Figure 2(a) shows the representative in-plane M-H
loops of MgO(001)/Co-Fe(10 nm)/Ru(tg,)/Co-Fe(5 nm)
trilayers with the applied field along either the easy or hard
axis. The two FM layers are ferromagnetically coupled
for tg, < 0.4 nm; after that they become AFM coupled.
As tgy 18 further increased to more than 2.0 nm, the two
Co-Fe layers get decoupled due to the negligible IEC.
A typical AFM coupled M-H loop can be seen for the
case of tgy=1.1 nm, showing an obvious plateau at the
region close to zero field, which indicates the antiparal-
lel magnetization alignment between the two Co-Fe layers.
Interestingly, although the sample of g, = 0.5 nm also has
strong AFM coupling with a saturation field as high as
about 8.0 kOe (see the inset), no obvious plateau can be
observed. This can be ascribed to the larger biquadratic
coupling term of J,, which gives rise to the formation
of a spin-flop phase at the remanence state. In order to
explore the mechanism of the 7z, dependence of the spin-
flop phase, here we define the remanence ratio of hard
axis (¢y =45°) to easy axis (py =0°) as n. Figure 2(b)

denotes the value of 7 as a function of #gy. For tg, = 0 nm,
the two FM layers are directly coupled and behave as a
single layer. Obvious magnetic anisotropy can be observed
and the remanence ratio is extracted to be 0.71, as dis-
played in Fig. 2(b), which is consistent with the ideal value
for a perfect biaxially anisotropic structure. As for the tri-
layer samples with an intermediate #g, of 0.4-2.0 nm, the
two FM layers are AFM coupled via the indirect RKKY
interaction. Assuming the magnetization orientation of Co-
Fe(5 nm) is strictly antiparallel to that of Co-Fe(10 nm),
their net magnetization can be roughly regarded as a
5-nm-thick Co-Fe with the same biaxial magnetic
anisotropy as FM;, which will give rise to a constant n
value close to 0.71, as indicated by the blue dashed line
in Fig. 2(b). However, a nonmonotonic variation trend is
observed, with two distinct peaks occurring at g, = 0.5 nm
and 1.4 nm. This suggests that in addition to the RKKY-
type bilinear coupling (J), which tends to drive the mag-
netizations to be aligned parallel or antiparallel, there also
exists a non-negligible 90° biquadratic coupling term (J5).
Generally, the biquadratic coupling is much smaller than
the bilinear one [2,22], whereas in some IEC systems
with fourfold anisotropy a large J, may emerge that could
even dominate the static and dynamic properties [38—40].
It is worth noting that when J, is comparable to J, a
spin-flop phase would always be formed, resulting in an
increase in remanence ratio [35]. Therefore, we consider
that the observed complicated behavior of n arises from
the competition among the bilinear coupling, biquadratic
coupling, and magnetic biaxial anisotropy, which deter-
mines the equilibrium position of magnetization in the
absence of an external field. When g, is raised to more
than 2.0 nm, where the IEC disappears, an increase in 7
to approximately 0.77 is found, which can be attributed
to the simple superposition of the biaxial anisotropic Co-
Fe(10 nm) and the isotropic Co-Fe(5 nm) layers. Consid-
ering that the ideal n value is cos 45°~0.71 for films
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FIG. 2.

(a) The in-plane M -H loops of Co-Fe(10 nm)/Ru(#g,)/Co-Fe(5 nm) trilayers with various tg, for ¢ 7 = 0° and 45°; the inset

depicts the M-H loop of tg, = 0.5 nm in the field range of £8.0 kOe. (b) The remanence ratio n of hard axis (HA) to easy axis (EA) as
a function of g, and the corresponding theoretical values with J, or without J;. (c) The out-of-plane and in-plane magnetic hysteresis
loops with fr, = 1.1 nm and ¢y = 0°. The blue solid lines are the corresponding fittings. (d) The g, dependences of fitted J; and J,
values from the in-plane loops, and (e) J . values obtained by fitting the in-plane (IP) and out-of-plane (OP) loops.

with biaxial anisotropy and cos 0°=1 for isotropic ones,
the overall n of the decoupled trilayer can be theoretically
calculated to be about 0.78, according to the relation of
n=(0.707M; 1t; + M 21t,)/ (M 1t; + M 11).

To gain quantitative insights into the underlying mech-
anism of the abnormal variation trend for 7, the exchange
coupling constants of J; and J, should be extracted. The
IEC energy density E can be expressed phenomenologi-
cally as

where M| and M, are the magnetization vectors of the two
FM layers, and J| and J, are the bilinear and biquadratic
coupling parameters, respectively. When J; dominates,
M; and M, prefer to stay parallel for J; >0 or antipar-
allel for J; < 0. However, if J, dominates and J, < 0, M,
and M, favor a 90° alignment. In this study, for our con-
tinuous trilayer films with in-plane magnetic anisotropy,
only the uniform magnetization precessions are excited
in our TRMOKE experiments, so that both the self- and
mutual-dipolar fields associated to the nonuniform preces-
sion (k# 0, where k is the spin wave number) of the two
FMs are ignored [41]. Therefore, the areal density of free
energy E includes the Zeeman energy, magnetic anisotropy
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energy, demagnetization energy, and interlayer coupling
energy [42],

E = Ezceman + Eanis + Edem + Eex = Z ti{_MS,iH[Sin 9M,i sin On COS(@M,I‘ - (01—1) + cos QM,i Ccos QH]

i=12

1
— g +cos 4or)Kpsin*Or; + K1 isin®6y; — 2w M sin® Oy}

— J1[sinBOys,1 sin Oy 2 cos(@ar,1 — @ 2) + €0S Oy, €OS Oy 2]

— Jo[sin Oy sin Oy cos(@ar1 — ur2) + cos Oy cos Ou2]?, ()

where 1), M;.12), Kp.1(2) and K| (2 are the thickness,
saturation magnetization, and in-plane biaxial and out-
of-plane uniaxial magnetic anisotropy constant of FM;
(and FM;), respectively. We define Hp; =4Kp ;/M;; as
the in-plane biaxial anisotropy field and Hx ; =2K, ;/M; ;.
Considering the isotropic nature of FM;, we neglect the
Kp» term in the following analyses for simplicity. Accord-
ing to the Stoner-Wohlfarth coherent rotation model [43],
the equilibrium position equations of M; and M; can be
determined from the minimum of free energy density E.
When H is applied within the film plane (65 =90°), the
equilibrium equations are

H sin(og — om1) = %HB,I sin 4y
Jisin Ap +J,sin 2A¢
1M,
Jisin Ap 4 J;sin 2A¢
M, '

Hsin(gyrp — on) = 3)

When H is along the film normal (6 ;7 = 0°) with ¢y, ; =0°
and ¢y » = 180° (J; dominated), we have

1
2H sin QM,I = EHBJSiI’IZQM,l sin 29M,1 — erﬁ‘,l sin 29M,1

2sin 6
— (J1 +2J,c086)
1M,
. . 2sin 0
2H sin Oy = —Hyefr Sin 205 — (J1 + 2J5c0s0)

HM;»
4)

or for the case of 65 =0° ¢u,1=0° but @i 2,=90° (J>
dominated), we have

1
2H sin Oy = EHB,lsinzeM,1 sin 20ys.1 — Hiefr.1 Sin 20y

2sin QMJ COoS 9M,2
t1M

X (J1 + 2J,cos QMJCOS Or2)

2sin QMJCOS QMJ
M,

x (J1 + 2J5c08 6)r,1€08 6y 2) ®)

2H sin 0}\/[92 = —ermz sin 29M,2 —

with Ag = OM1— PMm2, 0 =9M’1 + 9M,2- The effective
perpendicular anisotropy field is defined as Hyes; = Hk
— 47 M, ;, which is about —1.824+0.02 T for Hyes; and
—1.50£0.05 T for Hyerp. The difference mainly arises
from the slightly different saturation magnetizations.
According to Egs. (3)H5), the Jyp) values can be
numerically deduced by fitting the magnetization curves
with an in-plane or out-of-plane external magnetic field,
see Fig. 2(c) for the case of fgy=1.1 nm. The fitted J;
and J, from the in-plane curves are illustrated in Fig. 2(d),
both of which show a second peak at #g, ~ 1.2 nm. Such
a variation trend was also reported in the Fe/Cr/Fe sys-
tem [44], which was interpreted as the intrinsic biquadratic
coupling mechanism with a loose-spin model [45-47].
Meanwhile, from Egs. (3)+5), we can recognize that in the
saturated state the equivalent coupling constant J ¢ can be
described as J.g=J + 2J5. The calculated effective cou-
pling constant J ¢ values are summarized in Fig. 2(e) as
a function of fg,. Apparently, the results obtained by fit-
ting the in-plane and out-of-plane magnetization curves
are identical, showing the same variation trend with fgy,.
Subsequently, we substitute J; and J, into Eq. (3) to cal-
culate the theoretical remanence ratio of 1. As expected,
without considering J,, the calculated remanence ratio
remains 0.71 until #,=2.0 nm, above which the IEC
disappears, see the blue dashed line in Fig. 2(b). After
taking J, into consideration, n exhibits two distinctive
peaks, verifying that the nonmonotonic behavior of 5
arises from the strong biquadratic coupling term. Quanti-
tatively, we define the bilinear coupling field as He ) =
1/ /M1t1) + (1/Ms2t,)] and the biquadratic cou-
pling field as Hexs = J[(1/Ms1t1) + (1/M;21)]  [48].
When |H | is larger than |He ), 1€, 2|J2| > |/, a
large n is induced because in this case M| and M, are
canted with an angle of ¢ = —cos(Hex 1/Hex2) Without
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considering the biaxial anisotropy field. As expected, the
experimental peak positions of 7 just fall in the region of
2|J3| > |J1], coinciding well with the theoretically calcu-
lated ones. Note that some expected deviations between
the experimental and theoretical 1 values in Fig. 2(b) arise
mainly from the single domain approximation used in the
Stoner-Wolfarth coherent rotation model. We treat each
layer as a single domain and calculate the theoretical val-
ues without considering the nucleation process influence
from unavoidable defects and imperfections. Nevertheless,
the main features of the two peaks are clearly described by
this simple model.

B. Dynamic magnetic measurements by TRMOKE

As we know, for a SAF system, the magnetizations of
the two FM layers will precess together coherently or in
an out-of-phase mode. The dynamic IEC always coexists
with the static coupling, making it difficult to differentiate
their effects on the magnetization dynamics and clarify the
profound relations between the static and dynamic parts.
To solve this issue, in earlier studies a sufficiently thick
NM layer was usually employed to suppress the static IEC

(a) I ! I ! | ! I ! I ! |
=
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FIG. 3.

[27,49]. Nevertheless, it has been demonstrated that the
static IEC can also be effectively modulated by varying
the pump-laser fluences [23,42,50], thus independent mag-
netization precession or switching of the two FM layers
can be realized. So, in this study, instead of increasing
the interlayer thickness, the dynamic IEC studies are per-
formed under various pump fluences. It is found that the
biaxial anisotropy makes little difference on the magneti-
zation dynamics in this study, so the following results are
presented only for the case of ¢ = 0°.

Figure 3(a) shows the TRMOKE curves measured at
different pump-laser fluences for the trilayer sample with
try= 1.7 nm and H = 12.3 kOe. For the sample pumped at
low fluences, we observe one coherent precession mode
resulting from the coupled FM; and FM,. As the laser
fluence rises, multiple precession modes can be clearly
identified; the collective mode is gradually divided into
two relatively independent modes [23]. A typical fast
Fourier transform (FFT) power spectrum is shown in the
inset of Fig. 3(a). Obviously, in addition to the main res-
onance peak (f ;) with a higher frequency, there exists an
additional peak with a relatively lower frequency (/). In
order to accurately determine the precession frequency and

52 F (b)
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(a) Laser-induced transient TRMOKE signals (open circles) and the fitting curves (solid lines) measured under various pump

fluences but the same applied field of 12.3 kOe for a trilayer sample with fg, = 1.7 nm. The inset is the FFT of frequency spectrum at
the pump fluence of 9.7 mJ/cm?. (b) and (c) The pump fluence dependences of the precession frequencies of f; and /|, as well as their
amplitude ratio of 4,/A4, for two representative samples with g, = 1.7 nm and 0.7 nm, respectively.
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amplitude, the oscillatory TRMOKE curves in Fig. 3(a) are
fitted by the sum of two harmonic damping functions [51],

2
Aby = ZAi exp(—t/ti) sin(2nfit + ¢i),
i=1

(6)

where the parameters of 4;, 7;, f;, and ¢; (i=1, 2) are the
precession amplitude, lifetime, frequency, and initial phase
of the two modes. The pump-laser fluence dependences of
precession frequencies are shown in Fig. 3(b) for the sam-
ples of tgy =0.7 and 1.7 nm. Owing to the reduced IEC
induced by laser heating, the /| value that arises from the
coherent precession shows a slight increase with increasing
pump fluence, which tends to saturate as the static IEC van-
ishes. By comparing with the precession frequencies for
the single Co-Fe(5 nm) and Co-Fe(10 nm) films, we rec-
ognize that /| is dominated by the thick FM; layer while
> is related to the thin FM; layer. The amplitude ratio of
A>/A; is summarized in Fig. 3(c). As expected, the A,/A4;
ratio increases gradually with the pump fluences, demon-
strating that the precession component of FM, increases
with decreasing IEC strength. Moreover, we can find that

Kerr signal (arb. units)

C ) | ltRu =2.3nm l—:
0 200 400 600
Delay time (ps)

FIG. 4.

the critical pump fluence required to realize separate mag-
netization precessions increases with the IEC strength. For
instance, noticeable precession of the ', mode emerges at
3.5 mJ/cm? for tg, = 1.7 nm while it significantly increases
up to 9.7 mJ/cm? for fg, = 0.7 nm with much stronger AFM
coupling. In the subsequent studies, a fixed pump-laser
fluence as high as 9.7 mJ/cm? is chosen to decouple the
trilayers with #g, > 0.5 nm. Under this pump condition, the
static IEC is severely suppressed and the dynamic IEC in
the asymmetric structure begins to play a dominant role in
the magnetic damping.

Figure 4(a) shows the representative TRMOKE signals
as a function of fg, under H=12.3 kOe. It can be seen
that, except for the directly coupled sample without a Ru
spacer, two precession modes can be distinguished upon
laser excitation with a fluence of 9.7 mlJ/cm?. All the
measured TRMOKE curves are fitted with Eq. (6), and
the obtained precession frequencies and lifetimes are dis-
played in Figs. 4(b) and 4(c) as a function of the external
field H. As previously discussed for Fig. 3, the high fre-
quency precession /| is dominated by the thick FM; layer
while the low frequency f, is related to the thin FM, layer.
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(a) Laser-induced transient TRMOKE signals (open circles) and the corresponding fitting curves (solid lines) measured at

H=12.3 kOe for the samples with various fg,. (b) and (c) The external field dependences of the precession frequencies and lifetimes.
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FIG. 5. (a) The calculated effective magnetic damping factor o.qr; versus H with various fry. (b) The saturated magnetic damping

factor of o} and «; as a function of #g, ; the blue dashed line denotes the intrinsic damping of single Co-Fe layer. (c) The #z, dependences

of damping factor difference A« and static IEC strength J .

Apparently, the precession frequency f* and lifetime t are
greatly dependent on the Ru layer thickness, showing a
strong nonmonotonic variation trend with increasing fgy.
In order to deeply understand the effects of the static and
dynamic IEC, we further calculate the effective magnetic
damping factor by utilizing the formula a.p=1/27f7)
[52]. Figure 5(a) displays the curves of .| versus H for
the FM, layer only, which first decreases with increas-
ing H and eventually remains nearly unchanged when
H is higher than 12 kOe, because the extrinsic damping
contributions from magnetic inhomogeneities get severely
suppressed.

For the convenience of analysis, we define the saturated
damping factors of FM; ) as a2, which are shown in
Fig. 5(b) as a function of f,. As compared to «, the
ay value is much larger than the intrinsic damping of
0.008 for the single Co-Fe layer. This is understandable
since the spin pumping damping contribution is inversely
proportional to the FM layer thickness [53]. Remarkably,
both curves exhibit a nonmonotonic behavior, showing
a maximum value at fg, = 1.4 nm. According to the g,
dependence of J.g, we would expect an IEC-related spin
pumping damping peak occurring at gy~ 1.2 nm. The
observed damping peak shift may arise from the overlap
of this peak with an additional peak located at a slightly
larger Ru thickness. The extra peak can be generated
from the superposition of the conventional spin pump-
ing damping and an abnormal damping contribution with
opposite dependences on the Ru interlayer thickness [54].
For try < Asp/2, it has been reported that with zz, increas-
ing, the former increases due to the increased absorp-
tion of spin current within the Ru layer, while the latter
decreases as the spin back current reduces. Nevertheless,
according to our experiments and the published results of
other researchers [55,56], the Co-Fe layer capped with Ru
cannot generate such a big enhancement in damping due

to its weak spin-orbit coupling interaction. There may
still exist some other extrinsic causes responsible for the
observed peak at around 1.4 nm. To address this issue, we
define the obtained magnetic damping factor «; (i =1 or 2)
as

O = Wip,; + 0sp,; + Olex - (7)
ain,; 18 the intrinsic damping of the FM; layer, which can be
taken as a constant. a; describes the extrinsic damping
contributions from magnetic inhomogeneities and two-
magnon scattering, which can be efficiently suppressed by
the large applied external field of 12.3 kOe. To remove
the disturbance of other factors and highlight the spin
pumping damping agp;, we define the damping difference
as Aa =oy — ;. According to the above analysis, Aa
should be proportional to Aagp, mostly arising from the
dynamic IEC between the two FM layers. As depicted in
Fig. 5(c), for our AFM coupled asymmetric trilayers, Aasp
exhibits a quite similar variation tendency to the calculated
Jefr, suggesting that the additional spin pumping damping
arising from the dynamic IEC is mainly determined by the
strength of static IEC. The damping factor peaks of «, and
o at frry = 1.4 nm are shifted towards fg, = 1.2 nm for A,
since most of the extrinsic contributions and partial spin
pumping damping have been canceled out. Based on these
results, we propose a modified approximate expression of
spin pumping damping that applies to the AFM coupled
trilayer system [30],

T
. geff,l

M1t

1
geff,2
Mq>t)

where wp is Bohr magneton, g;%l () are the effective inter-
facial spin mixing conductances of FM;)/Ru, and g is

_ gUB
4

AO[SP ) ,BJeffa (8)
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a coefficient. Equation (8) demonstrates that the stronger
the AFM coupling is, the larger the spin pumping damping
will be.

IV. CONCLUSION

In conclusion, we perform a comprehensive investi-
gation of the static and dynamic magnetic properties in
CogoFezo/Ru/CogoFeyy asymmetric trilayers. The rema-
nence ratio 1 of hard axis (¢ = 45°) to easy axis (¢ = 0°)
is found to be nonmonotonic with tg, due to the large
biquadratic coupling J,. The TRMOKE measurements
indicate two individual precessions are stimulated by
increasing the pump-laser fluence due to the reduction of
the static IEC strength. The damping factor « is found
to exhibit an obvious maximum value at fg, = 1.4 nm,
which is attributed to the key role of dynamic IEC via
the mutual spin currents induced in the asymmetric trilay-
ers. Furthermore, the difference of spin pumping damping
Auagp is found to show a similar g, dependence to that of
Jef, revealing a close relation between the dynamic and
static IEC. Our results provide insights into the effect of
dynamic IEC on the magnetization dynamics in exchange-
coupled SAF structures, which contribute to the engineer-
ing of microwave spintronic devices with tunable magnetic
damping and oscillation frequency.
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