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An interlayer perpendicular standing spin wave mode is observed in the skyrmion-hosting [Pt/Co/Ta];¢ multilayer
by measuring the time-resolved magneto-optical Kerr effect. The observed interlayer mode depends on the interlayer
spin-pumping and spin transfer torque among the neighboring Co layers. This mode shows monotonically increasing
frequency-field dependence which is similar to the ferromagnetic resonance mode, but within higher frequency range.
Besides, the damping of the interlayer mode is found to be a relatively low constant value of 0.027 which is independent
of the external field. This work expounds the potential application of the [heavy-metal/ferromagnetic-metal], multilayers
to skyrmion-based magnonic devices which can provide multiple magnon modes, relatively low damping, and skyrmion

states, simultaneously.

Keywords: dynamic properties of magnetization, spin waves, domain structure, magnetic properties of inter-

faces
PACS: 75.40.Gb, 75.30.Ds, 75.70.Kw, 75.70.Cn

1. Introduction

With the development of conventional complementary
metal-oxide—semiconductor (CMOS) devices approaching to
the limit of the Moore’s law, people have paid much atten-
tion to beyond-CMOS devices which use other degrees of
freedom to code information instead of electron charge.!!™!
Since the 1990s, magnonics has been identified to be par-
ticularly promising in all approaches to developing beyond-
CMOS devices.[®-14] Magnonics is a new research field which
focuses on the characteristics of spin waves, and they are

(8,10.111 Magnonic de-

used to carry and process information.
vices are expected to possess significant advantages such as
high speed, low energy dissipation, broad frequency ranges
from gigahertz to terahertz, et al.!'%!!! Because of such advan-
tages, lots of magnonic devices have been designed, such as
magnon based nano-oscillators, interferometers, logic gates,
and transistors, [10-11:13.15-20]

Further studies of magnonics and magnonic devices re-
quire a platform to be able to excite different spin wave

modes. Thus, the concept of magnonic crystals (MCs) was
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put forward, in which spin waves can be modulated into
magnon bands via artificial periodical structures of magnetic

10,12,21-25

properties. ! I Among new magnetic media, skyrmion-

based MCs (SMCs) have attracted much attention in which
the periodical structures are constituted by skyrmions. 1226311
The SMCs show great potential applications in dynamic
and functional magnonic devices due to their dynamical

y.126.28]1 And in recent years, the topological nontrivial

tunabilit
magnon bands and the chiral edge magnon states were pre-
dicted to exist in SMCs, which provides a new kind of plat-
form for topological physics study and application of the chi-
ral edge magnon states with low energy dissipation.[?*=3!1 Tn
experimental studies, there are a variety of artificial thin-film
skyrmion systems with interfacial Dzyaloshinskii—-Moriya in-
teractions (iDMI) which can be the candidates for build-
ing SMCs, such as Pt/CoFeB/MgO, Pt/Co/Ta, Ir/Fe/Co/Pt,

[32-37

efc. I Additionally, the artificial systems with iDMI can

be providers of chiral spin waves, and show a potential appli-

S. [38—40

cation in functional chiral magnonic I However, there

are rare experimental researches of the dynamic properties
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of these skyrmion-hosting thin-film systems, and the SMCs
based on these platforms remains unrealized. The most signif-
icant factor to limit the study of their dynamic properties and
their applications in SMC:s is the large damping value which is

41421 In recent years, the skyrmion-hosting

mostly above 0.1.!
thin-films in the form of [heavy-metal (HM)/ferromagnetic-
metal (FM)/heavy-metal (HM)],, multilayers are reported to
show relatively low damping of less than 0.05.137*3] These
findings provide a promising platform for studying the dy-
namic spin wave modes of the skyrmion-hosting thin-film sys-
tems, and promotes the experimental realization of SMCs.

In this work, we experimentally study the dynamic prop-
erties of the skyrmion-hosting [Pt/Co/Ta];¢ multilayer by mea-
suring the time-resolved magneto-optical Kerr effect (TR-
MOKE). An interlayer perpendicular standing spin wave
(PSSW) mode in the multilayers is observed. We declare that
this interlayer PSSW mode depends on the spin pumping and
spin transfer torque among the neighboring Co layers. Further-
more, by comparing the effective damping of the interlayer
PSSW mode and the ferromagnetic resonance (FMR) mode,
we find that the damping of the interlayer PSSW mode keeps
a relatively low constant value of 0.027 and is independent of
the external magnetic field. Our results point out prospect of
obtaining multiple and tunable spin wave modes with specific
frequency and relatively low damping in skyrmion-hosting
[HM/FM/HM],, multilayer structures, thus can make the mul-
tilayers a potential platform for SMCs.

2. Experiments

The multilayer stack, Ta(3 nm)/[Pt(1.5 nm)/Co(2.1 nm)/
Ta(l nm)];g, is deposited on thermally oxidized Si substrate
by DC magnetron sputtering at room temperature. The pres-
sure of the Ar gas is 0.4 Pa. The base pressure is lower than
~ 2 x 1072 Pa. The in-plane and out-of-plane hysteresis loops
of the multilayer film are measured at room temperature by
vibrating sample magnetometry (VSM). And the anomalous
Hall resistance is measured by a custom-built system for mag-
netoelectronic transport measurements at room temperature.
In order to directly clarify the existence of the skyrmion state,
the multilayer film is also deposited on the Si3;N4 membrane
by the same method and structure. The Lorentz transmission
electron microscopy (L-TEM) imaging is carried out by us-
ing an FEI Titan Cs image TEM in Lorentz mode (the Fresnel
imaging mode) at 300 kV, and the out-of-plane field is set to be
at a tilt angle of 6 = 30° with respect to the normal direction
of the film.[3%*! The dynamic characteristics of the multilayer
stack are investigated via polar TR-MOKE measurements at
room temperature. The sketch of the multilayer stack and the
geometric configuration of the TR-MOKE measurements are
shown in Fig. 1(a). During the TR-MOKE measurements, the

pump laser is vertically injected on the surface of the film, and
the probe laser is nearly vertically injected at a small angle de-
viated from the normal direction. The wavelength, spot diam-
eter focused onto the film surface, and the fluence of the pump
(probe) laser are 800 nm (400 nm), 300 pm (180 wm), and
3.10 mJ/cm? (20.54 pJ/cm?), respectively. The pulse duration
of the pump laser and the probe laser are both ~ 50 fs. The
external magnetic fields are set to be in the x—z plane with the
azimuth angle 8 = 60°, 70°, 80°, and their magnitudes change
from 429.4 mT to 992.0 mT.

3. Results

In order to obtain the saturation field and magnetization
processes of the multilayer stack, VSM measurements are ex-
ecuted with the field along out-of-plane (6 = 0°) and in-plane
(6 = 90°) direction as shown in Fig. 1(b). It obviously ex-
hibits that the saturation fields are both ~ 300 mT for the above
two cases. The similar saturation fields along the in-plane di-
rection and the out-of-plane direction imply the presence of
a perpendicular magnetic anisotropy which has a magnitude
similar to the demagnetization energy in the Co layer of the
stack.[*] The saturated magnetization (M) of the Co layer is
also obtained to be ~ 378 kA/m (378 emu/cm?). This mag-
netization value is comparable to the values of Pt/Co/Ta multi-
layers in previous researches, but much lower than those of Co
monolayers.[%"”] The low magnetization of the [Pt/Co/Ta];g
multilayer stack is attributed to the intermixing at the inter-
face of the Co layers and the Ta(Pt) layers. Furthermore,
the minor loops can be found while tgH is around 180 mT
and —180 mT, whose irreversible characters can be attributed
to the skyrmion texture.[3%*! The inset of Fig. 1(b) shows a
zoom-in view of the minor loop with ypH around 180 mT,
serving as an example.

For confirming the existence of the skyrmion state, we
analyze the topological Hall effect by comparing the anoma-
lous Hall effect with the M—H curves.*8 Figure 1(c) shows
the normalized anomalous Hall resistance ratio (pj7**/pi,
where pji® and p{i" are the measured anomalous Hall re-
sistance ratio and the saturated anomalous Hall resistance ra-
tio, respectively) and the M—H curve while tgH is scanned
from 400 mT to —400 mT. The slight difference between the
two curves implies the existence of the topological Hall effect.
We define the normalized anomalous Hall resistance ratio as

p/pit = (pheo — pmeas) /psat - \where p is the topological

Hall resistance ratio, and pg‘e(’ is the theoretical anomalous

Hall resistance ratio which is proportional to the magnetiza-
tion M. Figure 1(d) shows the field dependence of p}/ Pt
while poH sweeps from 400 mT to —400 mT. It can be found
that there are two peaks in the py;/ pii'—H curve while poH
is around 180 mT and —180 mT. The two peaks are features
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of the skyrmion state, which means that the skyrmions should
exist in the same H ranges as the peaks.[*®!

To directly observe the domain structures of the multi-
layer, the L-TEM measurements are executed for the same
multilayer stack deposited on the Si3sN4 membrane with 8 =
30°. Figures 1(e) and 1(f) show the L-TEM image at uoH =
0 mT and the L-TEM image at yoH = 170 mT, respectively. It

is exhibited obviously that when poH = 0 mT, the multilayer

(c)

stack shows a stripe domain state; when ygH = 170 mT, the
disk patterns with dark—bright contrast demonstrate the pres-
ence of Néel-type skyrmions.[**! The existence of the stripe
domain state and the Néel-type skyrmion state observed by L-
TEM conform to the suggestion of the out-of-plane magneti-
zation hysteresis loop and the topological Hall effect, and are

also in agreement with previous observations on the L-TEM
[36,44]

image of [Pt/Co/Ta], multilayer stacks.
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Fig. 1. (a) Illustration of Ta/[Pt/Co/Ta];o multilayer stack, and geometric configuration of TR-MOKE measurements, where external field H (yellow arrow) is
set to be in x—z plane, 0 is angle between H and z axis. Red wavy line and blue wavy lines represent pump laser and probe laser, respectively. (b) Magnetization
hysteresis loop of multilayer with 6 = 0° and 90°, with inset showing zoom-in view of loop with 6 = 0° and upH around 180 mT. (c) plg /pift and M—H curve
with tpH scanning from 400 mT to —400 mT. (d) p; /Pt curve with H scanning from 400 mT to —400 mT. L-TEM images with a tilt angel 6 = 30°,
HoH =0 mT (e) and 170 mT (f), respectively. The unit “a.u.” in the inset of Fig. 1(b) is short for arb. units.

In order to investigate the dynamic processes of the stack,
TR-MOKE measurements are performed under the externally
applied fields at 6 = 60°, 70°, and 80°; as well as the mag-
nitudes of upH changing from 429.4 mT to 992.0 mT. It
should be noticed that the TR-MOKE measurements are per-
formed under the condition of saturated magnetization with
the external fields larger than 300 mT. Figure 2(a) shows a
representative result of the TR-MOKE measurements with
H =752.3 mT and 6 = 80°. The obvious nodes and antin-
odes of the damped oscillation curve demonstrate that there are
multiple dynamic modes in the multilayer stack which are ex-
cited simultaneously by the pump laser. The frequency spec-
trum obtained from the fast Fourier transform (FFT) result
of this curve [Fig. 2(b)] shows that there are two precession
modes in the multilayer stack with frequencies of 24.48 GHz
and 30.15 GHz, respectively. Figures 3(a)-3(c) show the TR-
MOKE curves with each 0 under different external fields and
Figs. 3(d)-3(f) display the corresponding frequency spectra

obtained from the FFT results. Like Figs. 2(a) and 2(b), it can
also be identified in Figs. 3 that there are two dynamic modes
under each external field with 6 = 60°, 70°, and 80°. From
the frequency spectra, it can also be found that for each 6, the
frequency—field (f—H) dependence of both the two dynamic
modes show similar monotonically increasing trends, which

conform to the Kittel model.[**]
= |(a) H=7523mT | £ [(b) H=752.3 mT
2 . g 0 =80°

=] 0 =80 .
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Fig. 2. (a) TR-MOKE curve with H = 7.523 kOe (1 Oe=79.5775 A-m~!)
and 6 = 80°, and (b) corresponding frequency spectrum obtained from FFT
result, respectively.
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Fig. 3. TR-MOKE curves with different external fields with 8 = 80° (a), 70° (b), and 60° (c), as well as the frequency spectra obtained from the

corresponding FFT results with 8 = 80° (d), 70° (e), and 60° (f).

4. Discussion

Since the [Pt/Co/Ta];o multilayer stack is an in-plane uni-
form medium, and the probe laser spot focused on the multi-
layer is overlapped with the pump laser spot with smaller di-
ameter, the probe laser cannot detect multiple in-plane spin
wave modes in the multilayer.l>*%] Considering the simi-
lar monotonically increasing f—H relations, the two dynamic
modes can be recognized as the FMR mode and the PSSW
mode. 493341 However, the PSSW mode in the single Co
layer cannot arise in the measurements due to its high fre-
quency which should be hundreds of gigahertz or near tera-
hertz. This high frequency is induced by the ultrathin film
with a thickness of 2.1 nm and the strong Heisenberg ex-

.[3361 Thus, it can be expected that the mul-

change couplin
tilayer structures can provide interlayer PSSW modes de-
pending on interlayer coupling. In previous researches, re-
searchers have investigated several interlayer couplings which
have an effect on spin wave propagation in a multilayer
structure, such as dipolar coupling,’’-%! interlayer exchange
coupling, [36-61-62] Ruderman—Kittel-Kasuya—Yosida (RKKY)
coupling,[%3%4 spin pumping, and spin transfer torque.[®3!
However, the first three factors can be excluded from the

[Pt/Co/Ta] o multilayer stack: the interlayer spin waves prop-

agating via interlayer dipolar coupling are demonstrated to be
degenerated with the FMR mode;"’! the interlayer exchange
coupling and the RKKY coupling among the Co layers can be
blocked by the Pt and Ta layers which possess a total thick-
ness of 2.5 nm. Thus, we declare that the two dynamic modes
excited in the [Pt/Co/Ta];q stack are the FMR mode and the
interlayer PSSW mode, which depend on spin pumping and
spin transfer torque, respectively.[%! Figures 4(a) and 4(b) il-
lustrate the moment precession of the FMR mode and the in-
terlayer PSSW mode, as well as the effect of the spin pumping
and spin transfer torque. While the moments of a single Co
layer are precessing, the layer will inject two spin currents into
neighboring nonmagnetic metal layers. The two spin currents
are attributed to spin pumping effect and spin accumulation
effect, respectively. And they will propagate through the non-
magnetic metal layer, and result in a damping-like torque (Tsp)
and a field-like torque (7sT) at the interface between the non-
magnetic metal layer and the nearest two Co layers. Owing
to the torques, spin waves can propagate through different Co
layers, resulting in the generation of interlayer PSSW modes
in the [Pt/Co/Ta]{p multilayers. The f—H dependence of the
interlayer PSSWs in such ferromagnetic/nonmagnetic multi-
layers can be written as follows: (]

117501-4
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_ Hoy 2Aex

T2z

f

LR

where f is the frequency of the spin wave, 7y is the gyro-
magnetic ratio, H is the magnitude of the external fields, Mg
is the saturation magnetization of the Co layers, A¢x is the
exchange coupling constant, K| is the perpendicular mag-
netic anisotropy constant, and k is the wave vector of the
PSSWs. When k& = 0, equation (1) will reduce to the FMR
form; and when k # 0, equation (1) can describe the charac-
teristics of PSSWs. For PSSWs in single ferromagnetic films,
k=2n/A = pr/d where A is the wavelength of the PSSW,
p is an integer number, and d is the thickness of the ferro-
magnetic films. Owing to the positive value of A¢x in Co lay-
ers, it can be noticed that under the same external field H, the
frequency of perpendicular spin waves is higher than that of
the FMR mode. Thus, the two dynamic modes observed in
the [Pt/Co/Ta]p multilayer stack can be identified to be that
the low frequency mode is FMR mode and the high frequency
mode is PSSW mode. The experimentally observed f—H rela-
tions with 8 = 60°, 70°, and 80° are shown in Figs. 4(c)—4(e).

2K
L ) COSZG:| <H+ kz),
M HoM;

"y (Ms —
HoMs Ho

2Aex
6]

By fitting the f—H relations of the FMR mode and the PSSW
mode via Eq. (1) with k = 0 and k # O respectively, it can be
obtained that y/27 = 28.3 GHz/T, K, =3.68x 10* J/m?, and
2Aexk? /oM = 143 mT. While we set Aex = 10 pJ/m,[66:67]
then we can obtain the wavelength A = 27t /k = 130 nm; while
we set Aex = 5 pJ/m, we can obtain A = 82 nm. These A4 val-
ues are much larger than the thickness of the single Co layer
(2.1 nm), and are comparable to the doubled total thickness
of the [Pt/Co/Ta] o multilayer stack, which also confirms that
the high-frequency mode is the interlayer PSSW mode. In the
above analysis, the effect of iDMI is not taken into account.
Since it has been demonstrated that if the in-plane wave vector
of the spin wave is zero, the iDMI will not affect the charac-
teristics of the spin waves, [4047-68.69]

Furthermore, we compare the effective damping of the
FMR mode and the interlayer PSSW mode. The effective

damping can be obtained by the following equations: 70711

(@) 3 (b) )
N S
™ (A
Sor! o
(3 &
Y] FM A~ FM
[ ([
\\,/_ \\‘II
TSPI TST NM TSPITST NM
= =
p FM =1 FM
(3 (X
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(3 1o
=20 et
(2 el
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Fig. 4. Tllustrations of the moment precession for (a) FMR mode and (b) interlayer PSSW mode in multilayers, respectively, with blue arrows with
double ends representing effect of spin pumping and spin transfer torque, and for [(c)—(e)] f—H dependence of FMR mode and PSSW mode with

6 = 60°, 70°, and 80°, with pink lines denoting fitting results with Eq. (1).
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1

. S 2
MR O fenr TR (22)
1
opssSW = 77—, (2b)
27 fpssw TpSSW

where ormr (Qpssw), fEMR (fessw), and Temr (Tpssw) are the
effective damping, frequency, relaxation time of the FMR (in-

terlayer PSSW) mode, respectively. The relaxation time Trmgr
and Tpssw can be obtained by fitting the TR-MOKE data via
the equation:

.
Okerr = ApMre MR sin (270 frmr? + QFMR)

+Apsswe PSSW sin (27 fpssw? + Ppssw)

caren, G)

where Okerr is the Kerr rotation, Apmr (Apssw) and QMR
(ppssw) are the amplitude and phase of the FMR (interlayer
PSSW) mode, respectively, and A; e "/ is the exponential
decay background. The first term on the right-hand side of
Eq. (3) corresponds to the precession of the FMR mode, and
the second term corresponds to the interlayer PSSW mode.
Figures 5(a)-5(c) show the curves of effective damping versus
external field with 8 = 60°, 70°, and 80°.
seen that apyr reduces and approaches to 0.03 with external

It can be clearly

field increasing. It is a normal rule for opyr because OEMR
is mainly determined by the extrinsic factors such as the in-
homogeneous magnetization which is attributed to the inho-
mogeneous magnetic anisotropic field. The increasing H will
suppress the contribution of the inhomogeneous magnetiza-
tion, and makes oppRr approach to the intrinsic Gilbert damp-
ing value.’%7!1 However, it can be found that apssw always
maintains a relatively low value around 0.027 which is inde-
pendent of the magnitudes and the directions of the external
fields.
attributed to the weak inhomogeneity of the exchange field.

The stable opssw with a relatively low value can be

Unlike opmR, the opssw is mainly determined by the inhomo-
geneity of the exchange field which is generally weaker than
the inhomogeneity of the magnetic anisotropic field. Thus,
the apssw is lower than opvr and closer to the intrinsic value

of the Gilbert damping of the magnetic films.[”?!

And more
importantly, it suggests that the [Pt/Co/Ta];¢p multilayer stack
possesses a relatively low intrinsic damping, which is much
lower than the intrinsic damping of most of skyrmion-hosting
thin-film systems (mostly above 0.1).1*%3% This low damping
means that the [Pt/Co/Ta];¢p multilayers are also the potential
platforms for studying the dynamic properties of the thin-film

skyrmion systems and experimentally realizing SMCs.

oorh @ 0—60° | (b) o= 700 | () o s0-

1a ;??ff s |y
) 0.04 | /\ - \+ \+ \++§ L \/ﬁﬁ
U IR MH%
4(30 6}?0% (nfr(;)j(; 1060 400 5(?[(—]1 (mSTO)O 1000 400 /6;3?{ (m8’;)§) 1000

Fig. 5. Effective damping of the FMR mode and the PSSW mode with 6 = 60° (a), 70° (b), and 80° (c).

5. Conclusions

In this work, we have experimentally studied the dy-
namic properties of the skyrmion-hosting [Pt/Co/Ta];op mul-
An interlayer PSSW
mode is observed. This interlayer dynamic mode is attributed

tilayers by TR-MOKE measurements.

to the spin pumping and spin transfer torque, and shows sim-
ilar monotonically-increasing f—H relationships to that from
the FMR mode. Furthermore, the damping of the interlayer
PSSW mode is observed to be independent of the magnitudes
and the directions of the external fields, and show a relatively
low valuecompared with that of FMR mode. Our findings pro-
vide a new approach to obtaining the multiple and tunable spin

wave modes, relatively low damping, and skyrmion states via
building [HM/FM/HM],, multilayer structures with iDMI, thus
can expand the scope of applications of the [HM/FM/HM],,
multilayers as potential platforms for the experimental real-
ization of SMCs.
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