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Time-resolved study of nonlinear three-magnon processes in yttrium iron garnet films
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In this work, the temporal aspects of two nonlinear spin-wave processes, i.e., three-magnon splitting and
confluence, were investigated in a yttrium iron garnet film. Three-magnon splitting involves the conversion of
a magnon at the microwave pumping frequency f, into two magnons, each with a frequency near f,/2, while
confluence refers to the subsequent combination of two of the split magnons into one with frequency f, < f,.
Time-resolved Brillouin scattering measurements confirm that these processes occur close to the driving antenna
(<1.7mm away), which is expected. The data indicate, however, that magnons with larger group velocities are
more likely to undergo confluence, which is not predicted by existing theory. Understanding the details of the
splitting and confluence processes may have important implications for the use of short-wavelength spin waves

for spintronic devices.
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The dynamics of a wide range of physical systems includ-
ing fluids, climate, and weather are intrinsically nonlinear.
Magnetic materials, especially low-loss yttrium iron garnet
(YIG) films, provide an accessible model system for the study
of these processes. The study of nonlinear magnetization
dynamics dates back to the early 1950s when experiments
showed that resonances of the electrons in ferromagnetic ma-
terials are considerably more complex than those of nuclear
spins [1]. Subsequent work has uncovered a rich array of
phenomena that includes foldover, instabilities and chaotic
behaviors [2], solitary waves, and nonlinear processes have
also been exploited to create and study Bose-Einstein con-
densates of magnons [3]. Three-magnon processes, a type of
first-order Suhl instability [4—6], are presently of considerable
interest because recent work shows that short-wavelength spin
waves generated by parametric pumping can be used to effec-
tively generate spin currents for nanoscale spintronic devices
[7-14].

Splitting and confluences are both three-magnon processes,
where the former involves the splitting of a magnon at the
pumping frequency f, into two, both with frequencies near
f»/2, while the latter is the inverse process where two split or
f»/2 magnons combine into a magnon with frequency f,. For
both processes, energy and momentum must be conserved.
Experiments conducted in the 1970s on single-crystal YIG
spheres showed that both three- and four-magnon processes,
where three-magnon splitting and confluence were both con-
sidered, must be accounted for to explain experimental mea-
surements of spin-wave linewidths made for a range of wave
vectors [15,16]. More recent studies done using Brillouin light
scattering (BLS) have shown that the wave-vector range of
the split magnons as a function of power [17] and angle [18]

“Kristen.Buchanan @colostate.edu

2469-9950/2019/99(2)/024429(6)

024429-1

agrees well with predictions based on the linear dispersion
relations. Direct observation of the confluence signal was first
reported in Ref. [18], where BLS measurements showed that
the confluence magnons have small wave vectors, which also
agrees with dispersion theory. Time- and space-resolved BLS
measurements made in a surface wave configuration [17] pro-
vided some insight into the spatial characteristics of the f,/2
signal, but open questions remain, especially regarding the
details of the timing of the splitting and confluence processes.

In this work, time- and space-resolved BLS was used to in-
vestigate the three-magnon splitting and confluence processes
in a YIG film. Analysis of the time-resolved signals provides
insight into when and where these processes occur, and which
magnons participate in the confluence process.

Spin waves were excited in a YIG film with a width, length,
and thickness of 2.2 mm, 37 mm, and 11.6 um, respectively,
using a 50-pum-wide microwave stripline antenna. The YIG
film is single crystal, prepared by liquid phase epitaxy. A
static magnetic field of H = 337 Oe was applied parallel to
the long axis of the YIG film (Fig. 1). Magnons were driven
at a pumping frequency of f, = 2.5 GHz (referred to as f),
magnons). This is expected to generate split ( f,/2) magnons
near 1.25 GHz, which is just above the low-frequency cutoff
of the dispersion relations [Fig. 2(a)]. A microwave pulse with
a5 pus duration, 40 kHz repetition rate, and power of 575 mW
was used. This is above the nonlinear power threshold of
200 uW for this field-frequency combination, which was
determined by network analyzer measurements (not shown).
This pumping power, which is considerably larger than the
threshold power, was chosen to increase the confluence signal
so that it could be more easily observed in the time-resolved
measurements; a low repetition rate was used to minimize
heating effects. The generated magnons were detected using
time- and space-resolved BLS in a forward-scattering con-
figuration [19]. The incident light (532 nm, ~80 mW) was
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FIG. 1. Illustration of the BLS setup. The external magnetic field
H was applied along the long axis of the YIG film and the BLS probe
spot was centered on the film width and scanned along x.

focused down to ~60 pum onto the surface of the YIG film
a distance x from the antenna (Fig. 1). This distance was
varied from 2.75 to 4.00 mm, where 2.75 mm was the closest
x that could be measured without partially blocking the beam
with the sample holder. The scattered light was analyzed using
a six-pass tandem Fabry-Perot interferometer with time-of-
flight tagging to obtain a measure of the magnon populations
vs frequency with a temporal resolution of 2 ns.

The splitting and confluence processes can be understood
by examining the spin-wave dispersion relations. Disper-
sion relations, calculated following the method outlined in
Ref. [20], which uses a dipole-exchange formulation of the
theory that allows for solutions for all spin-wave propagation
angles, are shown in Fig. 2(a). Material parameters typical
for YIG [21] were used: gyromagnetic ratio of 2.8 MHz/Oe,
saturation magnetization of 1830 G, and exchange constant
of 3 x 107!2 cm?. The dispersion relations shown here are for
a thin film of infinite extent, which is a good approximation
for the millimeter-sized YIG strip used here. To conserve
energy, the frequencies of the split magnons must sum to
fp and hence can range from the lowest possible available
state in the dispersion relation, 0.98 GHz, up to 1.52 GHz
[cross-hatched region in Fig. 2(a)]. To conserved momentum,
the split magnons will have antiparallel wave vectors. Ex-
perimentally, confluence magnons have been observed with
fe < fp and with small but nonzero wave vectors [18].
Figure 2(a) shows projections of the dispersion relations along
x, but other magnons allowed by the full spin-wave manifold
may also participate in these processes.

Figure 2(b) shows a time-integrated BLS spectrum for x =
2.75 mm, where the peaks observed at 2.5, 1.25, and 2.2 GHz
correspond to the f,, f,/2, and f. magnons, respectively,
and agree well with the frequencies reported in Ref. [18].
The data shown here were extracted from the anti-Stokes side
of the spectrum since the anti-Stokes scattering signals were
stronger than the Stokes, which is typical for magnon BLS
spectra in YIG [22]. The f,/2 signal is large compared to
that observed at f}, because the majority of the f, magnons
undergo splitting. The corresponding time-resolved BLS data
[Fig. 2(c)] show that the f, signal arrives first and has a siz-
able amplitude for the first 30 ns and a much weaker amplitude
for the remainder of the microwave pulse, which is typical for
a nonlinear spin-wave process [23]. The strong initial peak
corresponds to a period where the magnon population grows
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FIG. 2. (a) Dispersion relations for the first five spin-wave modes
calculated along the x direction. Dashed lines show f,, f,/2, and
f. and the cross-hatched region represents the frequency range for
magnons that can form by splitting. An f,, magnon (red up-triangle)
will split into two magnons with antiparallel wave vectors and
frequencies that sum to f, (each pair of symbols represents a possible
split pair). The dashed rectangular box shows a magnon pair that
can undergo confluence to f. < f, (red square and circle). The (b)
time-integrated and (c) time-resolved BLS spectra at x = 2.75 mm
show signals at each f),, f,/2, and f,.

and eventually reaches the nonlinear threshold. The f),/2 and
the f, signals arrive later and show a more gradual increase in
intensity and a slower decay after the pulse ends.

Figure 3 shows the integrated BLS intensities as a function
of time ¢ for selected x, where the intensities were integrated
from 2.3-2.7, 1.0-1.5, and 2.1-2.3 GHz for the f,,, f,/2, and
fc magnon populations, respectively. The f, signal [Fig. 3(a)]
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FIG. 3. Integrated (a) f,, (b) f,/2, and (c) f. magnon signals
vs time ¢ at selected x. The intensities are normalized and vertical
offsets were added. The inset to (a) shows an expanded view of the
leading edge of the signal at 3.75 mm. The vertical dashed lines show
the start and end of the f), signal at x = 2.75 mm. The black arrow
in (b) points out the secondary rise feature of the signal.

is strong near the rising edge of the pulse for the first ~30 ns
for all x and then drops abruptly. There is a weaker peak
of similar duration (20 ns) at the trailing edge of the pulse
that corresponds to a drop in the magnon population below
the nonlinear threshold. The initial f, peak in Fig. 3(a)
evolves as a function of x. At small x, the initial peak is a
single, sharp peak, but at farther distances, three distinct peaks
are observed. The first and strongest peak corresponds to
the lowest-order thickness mode, the most efficiently excited
mode that also has the highest group velocity, and the addi-
tional peaks are most likely slower, higher-order thickness or

width-quantized modes. In Fig. 2(a), each solid line represents
the dispersion curve for a different thickness mode and each
mode has a slightly different group velocity. All of the excited
modes undergo splitting, as evidenced by the short duration of
the peaks. Aside from the initial peak(s), the temporal profile
is otherwise preserved at all distances, indicating that splitting
occurs close to the antenna (x < 2.75 mm, the closest BLS
measurement).

The f},/2 signal [Fig. 3(b)] exhibits a more complex shape
evolution as a function of ¢. Like the f, signal, an initial
~30-ns-long peak is observed that is indicative of the time
needed to build a sufficient magnon population to support
confluence. At x = 2.75 mm, this is followed by a slow rise
over the course of 400 ns, a relatively flat response, and then
a gradual decay (120 ns) followed by an extended tail that
persists for >500ns. At larger x, the initial peak becomes
more pronounced and is separated in time from the slow rise
by a flat, lower-amplitude section. The origin of this feature
will be discussed later. The mid and falling edge features
are similar for all x and the slow trailing edge is attributed
to the slower magnons that occur near the minimum in the
dispersion relation [Fig. 2(a)].

The f, pulse shape [Fig. 3(c)] remains the same within the
noise level for all x aside from an overall delay that increases
with x. The signal builds gradually for 290 £ 50 ns, stays flat
for the remainder of the microwave pulse, and then diminishes
down to the background level over the next 250 ns. There
may be a distribution of group velocities but since the pulse
shape does not change appreciably with x, the gradual nature
of the pulse rise and fall is more likely a reflection of the time
it takes to achieve a steady-state population of f. magnons.
The constant pulse shape vs x indicates that the confluence
process must also occur close to the antenna (x < 2.75 mm).
The f, pulse does show an initial spike, but this is due to
bleedthrough from the initially strong f), signal [see Fig. 2(c)]
and the f, magnons do not appear to undergo further splitting.
At later times, the f. and f), signals are distinguishable.

To better understand the splitting and confluence processes,
the arrival times of key features of the f,, f,/2, and f,
magnon signals were tracked (Fig. 4). Figure 4(a) shows the
arrival times of the initial peak of the f, magnon signal
[Fig. 3(a)] and the initial f),/2 magnons [Fig 3(b)], the time
at 10% of the maximum signal along the rising edge. These
represent the times at which f,, magnons begin to convert into
f»/2 magnons and the arrival time of the first/fastest f,/2
magnons, respectively. Similarly, Fig. 4(b) shows the 10% rise
time of the f. magnons, also along with the initial f, magnon
peak. The uncertainties in the f, and f,/2 magnon arrival
times are taken as the resolution of the time-of-flight analyzer,
2 ns; the uncertainties of the f. magnon arrival times are
larger due to the lower signal to noise [Fig. 3(c)]. Linear fits
yield group velocities of v, , = 80 & 10 and 16 & 3 um/ns
for the f, and f,/2, magnons, respectively, which represent
the speeds of the fastest magnons in each case. For the f,/2
magnons, a broad distribution of speeds is expected, which
leads to the long signal tail in Fig. 3(b). The intersection of
the f, and f,/2 arrival times in Fig. 4(a) can be used to
determine the approximate position where the f,/2 magnons
form: xg < 1.7£0.2mn. The f, line [Fig. 4(b)] is always
delayed with respect to the f, signal, suggesting that f,/2
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FIG. 4. (a) The arrival times of the maximum f, signal (black
squares), which occur just before the splitting process begins, are
shown as a function of x along with the onset (10% rise time) of the
f»/2 signal (red circles). Linear fit lines, used to obtain the magnon
group velocities, intersect at xo = 1.7 £0.2mm. (b) The arrival
times of the f, and f. magnons, with corresponding linear fits. The
two lines intersect at xo when a time shift of 7y = 90 & 170ns is
applied. The insets show the leading edges of the time-resolved BLS
signals at x = 2.75 mm.

magnons may persist for some period of time, 7y & 90ns,
before the f,. magnons begin to form, although there is a large
uncertainty in this parameter.

Maximum velocities along the x direction, v, ,, were
obtained from the gradients of the full spin-wave dispersion
surfaces (Fig. 5). These calculations were also done using
the dipole-exchange theory [20] and the same parameters
as for Fig. 2(a). Isofrequency cuts show the distribution of
allowed wave vectors at f,, f,/2, and f. as well as the
associated group velocities. The predicted maximum v, , are
107, 4.4, and 52 um/ns for the f,, f,/2, and f. magnons,
respectively. The agreement with the measured values is not
perfect, but v, , is appreciably smaller for the f,/2 magnons
as compared to the f, magnons, which qualitatively agrees
with the experiment. For the f,/2 magnons, although the
zero-velocity magnons will not propagate, many of the slower
magnons will, which explains the extended tail observed in
the f),/2 signal [Fig. 3(b)]. The BLS is not sensitive to the

H H
-0.1 : ;
0 0.05 01 0 0.05 0.1
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FIG. 5. Calculations of the full dispersion manifold. (a) Sur-
face plots of the magnon frequency vs wave vector along the x
and y directions, the backward volume, and surface wave direc-
tions in the low-wave-vector magnetostatic regime, respectively,
are shown for the first six thickness modes. The red, green, and
blue planes in (a) represent f,, f., and f,/2, respectively. The
corresponding isofrequency plots are shown in (b)—(d). The solid
lines show the permitted wave vectors and the arrows show the group
velocities, where the arrow lengths represent the group-velocity
magnitudes.
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high-wave-vector exchange magnons so the fastest observed
velocities are due to the low-wave-vector magnons.

One of the features in the time-resolved BLS signals that
is not explained by the dispersion relations alone is the flat
section on the rising edge of the f,/2 signal that directly
follows the initial peak [Fig. 3(b)]. A simple model was em-
ployed to understand the effects of the range of excited veloc-
ities and the confluence process on the pulse shape. Magnon
pulses with velocities of 0 — 16 um/ns were propagated as a
function of x and summed assuming that a fraction n, of the
f»/2 magnons is lost to the confluence process after the first
30 ns, the approximate duration of the first peaks of both the
fp and f,/2 signals. Confluence was assumed to occur close
to the antenna because this is where the population of f,/2
magnons is high enough to lead to significant confluence. As
previously mentioned, the fact that the shape of the f,. signal
[Fig. 3(c)] does not change as a function of x supports this
assumption. Damping appropriate for YIG was also included.
Various models for the conversion efficiency as a function
of v,  were considered that involved (i) uniform confluence
efficiencies with n. ranging from 0 to 0.95, and (ii) a two-step
model, with n.(v, ) = n¢ for v, < v, and ne(vg x) = ne2
for vg x > v;, where transition speeds v, of between 0 and
16 um/ns were considered and each of n.; and n., was varied
from 0 to 0.95. Two representative results are shown in Fig. 6.
A uniform confluence efficiency, for any n,. > 0, produces a
pulse with an initial peak followed by a flat region [Fig. 6(a)],
but there is no secondary rise. A nonuniform confluence
efficiency where the faster magnons have a higher probability
of undergoing confluence [n., > n,, Fig. 6(b)] is required to
reproduce the initial peak, flat region, and secondary rise that
is observed experimentally [Fig. 3(b)]. The exact shape of the
output signal varies depending on the choices of n,, n.1, and
vy, but the flat region and secondary rise are always present
when n > n.; and are not present for n., < n.;. The effect
of the initial velocity distribution was also considered, where
flat, Gaussian, and bimodal velocity distributions were used.
Changes to the initial velocity distribution lead to modifica-
tions of the rising and falling edge shapes, and high confluence
probabilities produce a two-step decay feature on the falling
edge, similar to what is seen in Fig. 3(b). In all cases, however,
a velocity-dependent efficiency with n. > n.; is needed to
produce the secondary rise. This model is overly simplistic;
nevertheless, it provides insight into the origin of this feature
of the f,/2 signal.

Based on the fact that f. < f,, it would be natural to
assume that the lowest-energy magnons are more likely to
recombine with each other, but these are also the magnons
with the lowest group velocities and the data indicate that the
probability of confluence is, in fact, higher for the magnons
with the higher v,,. This may indicate that the lowest-velocity
fp/2 magnons have a higher probability of relaxing into a
condensate than undergoing confluence, and that the magnons
that do combine also undergo additional processes that involve
energy loss while they are part of the split magnon popula-
tion. Since the splitting and confluence cross sections should
depend on temperature [15], temperature-dependent measure-
ments could yield additional insight into these processes.

In summary, time-resolved BLS measurements of the non-
linear magnon splitting and confluence processes show that
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FIG. 6. Models of the expected f,/2 signal shape calculated for
(a) a velocity-independent conversion efficiency from f,/2 to f,.
(95%) and (b) a velocity-dependent conversion efficiency with a 95%
efficiency for v, , of 5 to 16 um/ns and 25% for lower v, .. The
black arrow in (b) points out the secondary rise feature of the pulse
that is absent in (a).

both of these processes occur close to the microwave antenna.
The data show that the f, magnons undergo splitting with a
high efficiency after a delay of ~30ns and within a distance
of 1.7 £ 0.2 mm of the antenna, the f),/2 magnons commence
confluence on a similar timescale, and the f. magnons do not
undergo further splitting once created. Furthermore, the shape
of the f,/2 signal suggests that the confluence efficiency
is higher for the magnons that have faster group velocities,
which raises new questions. Further theoretical work in this
area is needed to develop a complete picture of the splitting
and confluence processes, and to answer the question of why
the confluence efficiency varies with group velocity.
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