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ABSTRACT

Magnonic devices are promising alternatives to conventional charge-current-driven spintronic devices. As the basic unit of spintronic
devices, the spin valve is of limited use in magnonics because its dynamics is rarely studied. Here, we investigate the interlayer transmission
of magnons in dynamic spin valve structures using the time-resolved magneto-optical Kerr effect. Interaction between magnons and the
interfacial dissipation are studied by comparing three samples with different spin valve structures. Magnons with different intrinsic frequen-
cies have strong interactions. In contrast, magnons with similar intrinsic frequencies have relatively weak interactions. Interfacial dissipations
of magnons are increased by rare earth insertion, which can reduce the interactions between magnons indirectly. This work extends the
application of spin valve structures to magnonic devices beyond their conventional use.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5145182

The spin valve (SV) structure, consisting of one layer of a non-
magnetic material sandwiched between two magnetic layers, has been
widely used in spintronic devices because of its giant magnetoresis-
tance (GMR).'™ The parallel magnetization orientation of the two
magnetic layers corresponds to the low-resistance state, while the anti-
parallel orientation represents the high-resistance state. However,
dynamic properties of such a structure are rarely studied.”” When one
of the magnetic layers in the SV structure is in a dynamic state, spin
current is pumped into the nonmagnetic material, and consequently,
it interacts with the other magnetic layer.”” During this process, mag-
nons, the quanta of spin waves, will be excited, spread, and dissipated
between layers. Recently, a new concept, magnon valve, was initially
put forward by Wu et al.,'’ in which the magnon current transmission
coefficient could be controlled by the relative orientation of two ferro-
magnetic layers. In their study, magnon-spin interconversion is used
to control angular momentum transport in yttrium iron garnet (YIG)/
AW/YIG magnon valves. Later, Guo et al.'' achieved the pure magnon
valve with YIG/NiO/YIG sandwiches, in which pure magnon current
can be controlled by magnetic states of the two magnetic insulating

layers. A similar phenomenon was also reported by Cramer et al'” in
YIG/CoO/Co structures, which was regarded as the magnon spin valve
effect determined by the different effective spin Hall angles of Co
when the magnetization direction of Co changes. These findings are
considered as the focus in spintronics, which may lead to a new type
of circuitry that is faster and more efficient than traditional electronics.
Very recently, magnon-torque-induced magnetization switching
through an antiferromagnetic insulator was archived by Wang et al."”’
and Wang et al.'* They demonstrated that the magnon torque is
sufficient to control the magnetization, which is comparable with tra-
ditional electrical spin torque ratios. Also, pioneering works on spin
orbit torque (SOT) switching for TmIG/Pt"> and YIG/Pt'® indicated
that spin torque inside the magnetic insulator can only be magnon-
mediate. These studies inspire us to explore the interlayer transmission
of magnons in dynamic SV structures.

In this manuscript, we study the transmission of magnons
between layers in SV structures. Magnons with different intrinsic fre-
quencies are excited in different magnetic layers by the time-resolved
magneto-optical Kerr effect (TR-MOKE)." ™" Tt is found that the
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interactions between magnons and interfacial dissipation should be
taken into account in this type of structure. Interactions between
magnons are strong when intrinsic frequencies of magnons show a
large difference. For magnons with similar intrinsic frequencies, their
interactions are relatively weak. In addition, the effect of interfacial dis-
sipation can be increased by rare earth (RE) insertion, and the
increased interfacial dissipation will consequently result in the decrease
of magnon interactions.

Three stacks of spin-valve multilayers are deposited on silicon
dioxide substrates at room temperature by magnetron sputtering
under a base pressure of 1.5 x 10~ > Pa. The structures are schemati-
cally displayed in Figs. 1(a), 3(a), and 4(a), where sample A is com-
posed of Ta(3)/Py(4)/Cu(2)/FesoCoso(4)/Ta(l), sample B is Ta(3)/
Py(4)/Cu(2)/Py(4)/Ta(1), and sample C is Ta(3)/Py(4)/Tb(1)/Cu(2)/
FesoCoso (4)/Gd(1)/Ta(1) (all thicknesses in nm). Two ferromagnetic
materials Py and FeCo are selected here because the saturation
magnetization of FeCo is nearly double that of Py, leading to a visible
difference in their intrinsic frequencies. Cu is the most commonly
used nonmagnetic layer for spin-valve structures, and Ta is used as a
buffer and capping layer. Such a structural design enables TR-MOKE
studies on the effects of each of the magnetic layers. Magnetic hystere-
sis loops of sample A and sample C are measured using a vibrating
sample magnetometer. Both hysteresis loops display a two-step-
switching behavior, suggesting a magnetic decoupling of the two TM
layers by the Cu spacer, which is consistent with previous studies.”’
Two coercivity values Hc py and H peco of the loops are obtained, cor-
responding to the Py and FeCo layers. Comparing the loops of samples
A and C, we find that upon insertion of the Tb and Gd layers, the
magnitudes of both He,py and He pec, increase, from 5 Oe to 10 Oe for
the Py layer and from 9 to 48 for FeCo layers, indicating the effect of
RE insertions. During the TR-MOKE detection, laser pulses of ~50 fs
from a Tisapphire regenerative amplifier with a repetition rate of
1kHz at a central wavelength of 800 nm are split into a stronger pump
and weaker probe. The pump pulse is focused on a spot of ~500 um
in diameter on the sample surface, while the focused spot of the probe
is ~200 um in diameter and is located at the center of the pump spot.
The polar Kerr rotation of the probe reflected from the sample surface
is detected by a balanced optical bridge and measured using a lock-in
amplifier, which is synchronized to an optical chopper that modulates
the pump beam. The external magnetic field H generated by an
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FIG. 1. () Schematic structure of sample A and the TR-MOKE measurement
geometry. (b) Laser-induced magnetization dynamics of sample A under different
values of external magnetic fields. (c) FFT spectrum for the oscillatory components
in (b). The portion of the spectrum to the left of the dashed line is amplified by three
times.
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electromagnet is applied at ¢ = 50° with respect to the surface nor-
mal. The strength of H is controlled by electrical current and calibrated
by a Gauss meter. All the measurements are performed at room
temperature.

In response to the laser pulses, the magnetization is triggered to a
state of free precession. Due to the combination of the exchange inter-
action and the spin-orbit interaction in ferromagnetic materials,
the laser-induced magnetization dynamics results in an oscillatory
TR-MOKE signal. Kerr signals of Sample A under different values of
external magnetic fields are shown in Fig. 1(b), where we can see that
the damped oscillations last for about hundreds of picoseconds.
Obvious oscillations occur in all transient traces, indicating the effi-
cient excitation of magnons. At each field, the time-dependent Kerr
signal is converted into the frequency domain using a fast Fourier
transformation (FFT) algorithm, as shown in Fig. 1(c). In each spec-
trum, two modes occur, and both shift to higher frequency with
increasing external field. The mode in the lower frequency domain
with weaker intensity represents magnons excited in Py layer under-
neath, while the mode in the higher frequency domain with stronger
intensity represents magnons excited in FeCo. To analyze the data
quantitatively, the oscillatory components in the magnetization
dynamics are fitted by using the following damped harmonic sum
function:”'

Okerr = Apyexp(—t/tpy)sin (27fpyt + @p,)
+ AFCCOeXP(_t/TFCCO)Sin(zanECOt + (pFeCo) + B(t)’ (1)

where Apy, Tpy, fpy, and Ppy (AfeCo, TreCos freCo, and @pec,) are the
amplitude, lifetime, frequency, and initial phase of magnons in Py
(FeCo), respectively. The background term B(f) accounting for the
slower demagnetization recovery is generally a summation of one or
two exponential functions.

The field dependence of frequencies fp,(H) and freco(H) given
by the best fitting of sample A is shown in Fig. 2. The extracted results
are almost identical to that obtained by FFT spectrum. Dashed lines in
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FIG. 2. Field dependence of frequencies fp, (filled squares) and frc, (filled circles)
of sample A. Dashed lines denote the calculated values of the Kittel mode with
Eq. (2). Red and blue solid lines are best dispersion fittings of Py and FeCo
magnon with Eq. (4).
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Fig. 2 denote the calculated values of the Kittel mode derived from the

Landau-Lifshitz-Gilbert (LLG) equation, and the formula is expressed
21-24

as

okine’ = o (0n + opysin?(0)), (2)

where wy = yHsing/sinf and wpy = 41pMeg. 7 and Mg are the
gyromagnetic ratio and the effective magnetization of corresponding
ferromagnetic layer. 0 is the angle of the equilibrium magnetization
with respect to the normal of film plane, which meets the following
equation of minimum free energy:

2Hsin(0 — @) — 4nM.gsin20 = 0. (3)

From Fig. 2, we can see that the detected frequencies of Py and FeCo are
much smaller than the calculated results of Kittel modes. We hypothesize
that such a decay of frequency may come from two factors: the dissipa-
tion of interfaces and the interactions between magnons. Here, the inter-
facial dissipation factors of the two ferromagnetic layers FM1 and FM2
in SV structure are introduced as dgy; and Opy2 (0 < 6 < 1), and the
interaction between magnons from FM1 and FM2 can be equivalent to
wr=4ny(1—0pn)Mpn X (1= 0mn)Meva/ (1= 0ma ) M
+(1—dmv2) Mea2), where Mpyr and Mgy, are the effective magneti-
zation of FM1 and FM2, respectively. Considering these effects,
Eq. (2) can be revised as

opn’ = oy [C')H + (1 = Span ) 0 sin®(0) + wIsinz(G)}, @

w2’ = oy [on + (1 = pn) wpasin?(0) + wrsin®(0)].

Best fittings are plotted in Fig. 2 by solid lines which agree very well
with the experimental results. It gives dp, = 0.575 and Jgec, = 0.002,
denoting that the interfacial dissipation effect for magnons excited
from the underneath Py layer is relatively strong, while that for mag-
nons excited from the upper FeCo layer is almost negligible. This is
reasonable because during the interlayer transmission of Py magnon,
three interfaces Py/Cu, Cu/FeCo, and FeCo/Ta take effect; nevertheless
for FeCo magnon, the main effect is the FeCo/Ta interface. The equiv-
alent interactions between magnons can be calculated as 78.8 GHz for
Py magnon and 65.9 GHz for FeCo magnon. According to the above
formulas, interactions between magnons are related to their intrinsic
frequencies, which are mainly determined by the effective magnetiza-
tion of FM layers, and will also be affected by interfacial dissipations.
When there is a large difference between intrinsic frequencies of mag-
nons, the interaction is large. When the intrinsic frequencies of mag-
nons are close (or the same), their interactions become weak. To
further demonstrate this theory, we design sample B (Ta/Py/Cu/Py/
Ta) and sample C (Ta/Py/Tb/Cu/FeCo/Gd/Ta) for comparison.

The schematic structure of sample B and typical TR-MOKE spec-
tra are illustrated in Figs. 3(a) and 3(b). The Kerr signal of sample B is
weaker than sample A because the satisfied magnetization of Py is
much smaller than FeCo. Although two Py layers in sample B at differ-
ent locations experience different interfacial dissipations, their intrinsic
frequencies are similar. Therefore, it is difficult to separate them from
each other by neither nonlinear fitting nor FFT. Here, we fit the Kerr
signal of sample B by one branch of the damped harmonic function as
shown in Eq. (1). As plotted by solid lines in Fig. 3(b), the fitted curves
agree well with experiments, and the extracted frequencies and lifetime
of Py magnons at various external fields are shown in Figs. 3(c) and
3(d). Frequencies extracted from sample B are larger than those
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FIG. 3. (a) Schematic structure of sample B. (b) TR-MOKE spectra of sample A
and sample B measured at 3961 Oe. Solid lines are best fittings. (c) Frequencies of
Py in sample B (filled squares) compared with sample A (hollow squares). The
dashed line denotes the calculated values of the Kittel mode of Py. The red solid
line is the best dispersion fitting of Py in sample B. (d) Lifetime of Py magnon in
sample B (filled squares) and sample A (hollow squares).

extracted from sample A and close to the Kittel mode of Py.
The lifetime of Py magnon in sample A at each field is always smaller
than that in sample B and close to the values obtained in Pt/Py (2 nm)/
Pt by Mizukami e al.,”” where spin current is damped in Pt because of
spin pumping. It suggests that dissipation of spin current also occurs in
our structures and is more serious in sample A than sample B. By fit-
ting the field dependence of the extracted frequencies with Eqs. (3) and
(4), we obtain the interfacial dissipation factors of the upper and lower
Py layers, which are 0.001 and 0.640, respectively. The equivalent inter-
action between magnons is about 54.9 GHz, which is much smaller
than that obtained in sample A and consists with our speculation.
Figure 4(a) shows the schematic structure of sample C. In this
structure, we try to change the interfacial dissipation by capping RE
layers on ferromagnetic layers. Here, we choose RE elements, Tb and
Gd as insert layers because a similar structure has been studied in our
previous study,”” in which an antiferromagnetic coupling between the
ferromagnetic and RE nanolayers was found and an antiferromagnetic
interface can be induced. We speculate that such an antiferromagnetic
interface may lead to an increasing of the interfacial dissipation.
Typical TR-MOKE spectra are shown in Fig. 4(b). The Kerr signal of
sample C is weaker than that of sample A, suggesting a stronger dissi-
pation of magnons in sample C. Figure 4(c) shows the field depen-
dence of extracted frequencies of Py and FeCo in sample C. It is
interesting that the frequency of Py magnon decreases a lot compared
with sample A, while the frequency of FeCo is increased and almost
overlaps with its Kittel mode. The reason probably is that as the inter-
facial dissipation increases, the interactions between Py and FeCo
magnons are suppressed. For Py magnons, the dominant effect is the
increased interfacial dissipation. But for FeCo magnons in the upper
layer, the effect of the decreased interaction is stronger than the effect
of increased interfacial dissipation. In order to verify this, we fit the
experimental results by Eq. (4) as illustrated by solid lines in Fig. 4(c).
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TABLE . The interfacial dissipation factors o and the equivalent interactions REFERENCES

between magnons , for the three types of spin valve structures. Py here in sample
B refers to the lower layer.

Sample w; (GHz) o

FeCo Sample A 65.9 0.002
Sample C 20.0 0.110

Py Sample A 78.7 0.575
Sample B 54.9 0.640
Sample C 215 0.900

We obtain dp, = 0.900 and Jpec, = 0.110, which are both larger than
that in sample A. The equivalent interactions between magnons are
21.5GHz for Py and 20.0 GHz for FeCo; both are much smaller than
sample A as shown in Table 1. These results demonstrate an increased
interfacial dissipation caused by RE insertion and a consequent reduc-
tion of interactions between magnons.

To summarize, we have studied the effects of the magnon inter-
actions and the interfacial dissipation in dynamic SV structures. The
interfacial dissipation factors ¢ and the equivalent interactions between
magnons @; are obtained in three types of SV structures, and the
results are summarized in Table I. Comparing sample B with sample
A, we demonstrate that the interactions between magnons are related
to their intrinsic frequencies. When intrinsic frequencies of magnons
show a large difference, interactions between magnons are strong.
When the intrinsic frequencies of magnons are similar, their interac-
tions are relatively weak. Comparing sample C with sample A, we find
that interfacial dissipation of magnons can be increased by RE inser-
tion; as a result, interactions between Py and FeCo magnons are
reduced. Our research extends the application of SV structures in
magnonics.
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