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Measurement of Spin Wave Instability Magnon Distributions for Subsidiary
Absorption in Yttrium Iron Garnet Films by Brillouin Light Scattering
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The first evidence for a wide distribution in the critical mode wave vectors above the spin wave insta-

bility threshold for subsidiary absorption is reported. The Brillouin light scattering (BLS) measure-

ments were done on 4.15 pm thick yttrium iron garnet films with the static. field and the 8.47 GHz
linearly polarized microwave field in plane. The distribution in the critical mode. wave number is broad,
with widths of about 0.5x10 -2x10 cm ' and shapes which change with field. and po~er. These re-
sults cast doubts on the validity of simple two mode models for the analysis of self-oscillation, chaos, and

related eA'ects above threshold.

PACS numbers: 75.30.Ds, 75.50.Gg, 78.35.+c, 78.70.Gq

Spin wave instability at microwave frequencies and
powers above the Suhl [1] or parallel pumping [2] thresh-
old leads to a variety of nonlinear effects which are
representative of the general class of parametric, self-
oscillation, and chaotic phenomena. The main microwave
effect is the threshold itself, along with so-called butterfly
curves of the instability threshold microwave field ampli-
tude h„;, vs the static magnetic field H and explanations
based on a wave vector k-dependent spin wave linewidth
[3] and special modifications of the Suhl theory for thin
films [4,5]. The specific situation of interest here is subsi-
diary absorption [3,4] in single crystal yttrium iron gar-
net (YIG) films. The corresponding butterfly curve has a
range of static fields for which lt„;, vs H is relatively flat,
the critical modes have low wave number k values, and
the critical mode polar propagation angle Ht, ranges from
near 90' to zero. Brillouin light scattering (BLS) has
been used to confirm these dependences by direct mea-
surement of the critical mode k vector at threshold vs

static field [6,7].
There are additional effects above threshold, most

based on a self-oscillation in the microwave power at kHz
or MHz frequencies [8], with changes in these frequen-
cies as a function of power which lead to multistability,
period multiplication, intermittency, chaos, and different
routes to chaos [9-15]. Different models have been in-
voked to explain these efl'ects. The simplest model is in

terms of two spin wave modes sufficiently close in fre-
quency to produce the observed beat in the kHz-MHz
range [16-19]. The above threshold problem has also
been approached more generally, in terms of renormal-
ized modes [18,19] or the full continuum of spin wave
modes [20].

In the above, BLS measurements of k distributions for
the critical modes at threshold provided a key test of the
basic instability theory. Measurements for the above
threshold situation could provide key information for the
interpretation and modeling of the self-oscillation, chaos,
and related effects for magnetic systems in particular and
for nonlinear collective excitations in general. This paper

reports the first Brillouin light scattering measurements
of such k distributions for the critical spin wave modes
excited above the spin wave instability threshold. The ex-
periments were done on 4.15 pm thick single crystal
(111) YIG films. The static and linearly polarized mi-
crowave magnetic fields were both in plane and mutually
perpendicular. The BLS spin wave measurements were
obtained in a forward scattering configuration by the
technique described by Wettling et al. [6] and Wilber et
al. [7,21]. This technique allows determination of the
distribution of both the in-plane component of k and the
angle Hp between this k component and the static field H.
From the work of Wiese, Kabos, and Patton [4], the criti-
cal mode wave vector k at threshold is in plane, so that
the measured in-plane component of k is the wave num-

ber k and 8p is the usual polar spin wave propagation an-
gle. These k and Hq distributions were measured as a
function of the microwave power above the threshold for
various values of the static field H in the low k region of
the butterfly curve.

The experiments were done by placing the film on an
inside wall of a rectangular TE|02 reflection microwave
cavity, modified for optical access. Continuous wave mi-
crowave power was applied at the cavity frequency of
8.47 GHz. The power levels were kept low enough to
avoid heating effects, while still high enough to examine
the nonlinear response above threshold. Calibrations
were based on an assumed minimum value of the spin
wave instability threshold microwave field amplitude of
0.3 Oe, typical for subsidiary absorption in single crystal
YIG films at 9 GHz [6,7,21]. Light of 488 nm wave-
length was incident perpendicular to the surface of the
film. The forward scattered light was collected by a lens
and directed into a Sandercock type high contrast mul-
tipass Fabry-Perot interferometer (FPI) [22]. The wave
number k of the observed spin wave excitation is deter-
mined by the forward scattering geometry. For first or-
der spin wave instability, the frequency of the excitation
is at one-half the microwave pump frequency. A gate
pulse arrangement [21] was used to sample the BLS sig-
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FIG. l. Representative measurement of the BLS intensity at
one-half the pump frequency as a function of the micro~ave
power incident on the cavity for a 4. 15 pm thick YIG film in
the subsidiary absorption configuration with both the static and
linear polarized microwave fields in plane. The static magnetic
field was 1290 Oe and the pump frequency was 8.47 GHz. The
break point at P jt indicates the spin wave instability threshold.

nal for this half-frequency point only. Propagation angle
Hi, and wave number k selection was accomplished by
means of a circular diaphragm with a 200 pm wide slit
across the diameter. For eq selection, the diaphragm was
centered on the collection optics axis and rotated. For k
selection, the diaphragm was displaced off axis and then
rotated. The accuracy of the angle determinations was
about +'2' and the resolution in k was about 0.01x10
cm '. The range of accessible k values was (0-4) x10
cm '. Measurements of the critical mode BLS scatter-
ing intensity vs microwave power, propagation angle OI„
or wave number k were obtained by changing either the
input microwave attenuator, the centered diaphragm
orientation, or the displaced diaphragm orientation while

monitoring the gated FPI output signal.
Typical results on BLS intensity vs incident microwave

power are shown in Fig. 1. The static magnetic field was
1290 Oe, close to the center of the low threshold, and low

k flat part of the subsidiary absorption butterfly curve.
The results parallel the usual microwave data on loss vs

power for spin wave instability [231. At low power, the
scattering signal is essentially zero because no half-
frequency spin waves are excited. At some critical power,
noted as P,„;, in Fig. I, the scattered signal increases
abruptly. The onset point in Fig. 1 corresponds to h„;,
=0.3 Oe, typical for low linewidth single crystal YIG
materials [7].

Figure 2 shows representative data on BLS intensity vs

in-plane propagation angle 8I, for an external static field
of 1350 Oe, also in the middle region of the butterAy
curve. The solid line is for a power 5.9 dB above the in-

stability threshold but still below the threshold for self-
oscillations. The dotted line is for a slightly higher power
in the self-oscillation region. Both curves indicate a very
narrow single peak centered at a critical mode propaga-
tion angle @"'=46'. The peak width is a few degrees
and is independent of the power above threshold.

Figures 3(a) and 3(b) show the results of measure-

FIG. 2. Representative measurement of the gated BLS in-
tensity at one-half the pump frequency as a function of the in-
plane wave propagation angle Hp. The static magnetic field was
1350 Oe and the pump frequency was 8.47 GHz. The solid line
is for a power level 5.9 dB above the spin wave instability
threshold but still low enough to preclude self-oscillation in the
reAected power from the cavity. The dashed line is for a power
level 8.3 dB above threshold, a level for which there is self-
oscillation.

ments of h«, & and g"' vs static field H, respectively, over
the low wave number region of the butterAy curve. The
light scattering limitation to k values below 4x 10 cm
from the size of the collection lens precluded measure-
ments for static fields below the kink point at H = 1050
Oe. The data show the basic features of the butterfly
curve, with the flat h„;i region from the kink point to the
butterfly curve minimum at H = 1650 Oe, and the corre-
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FIG. 3. Summary of results on (a) the spin wave instability
threshold microwave field amplitude h„;& and (b) the critical
mode in-plane propagation angle eg"' as a function of the static
in-plane magnetic field H over the low wave number minimum
threshold region of the subsidiary absorption butterfly curve.
The measurements are shown by the solid circles. The
minimum h„;i point was taken to be at 0.3 Oe. The solid lines
show theoretical curves based on the Suhl formalism and pa-
rameters from Ref. 171. The kink point at H = l050 Oe is indi-
cated by the arrow on the lower H axis.
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sponding variation in the critical mode propagation angle
()P' from about 80' down to zero over this region. The
solid lines in Figs. 3(a) and 3(b) show calculated values
of h„;I and Op" vs H based on the procedure of Refs. [3]
and [7]. These curves contain an ad hoc static field shift
of —140 Oe to match the kink point to the data and to
accommodate anisotropy effects and differences in the
YIG film saturation induction from the literature value of
1750 G.

The sharp 8P" distributions made possible a simple and
direct measurement of the light scattering intensity as a
function of the wave number k. This was done by first
displacing the selection diaphragm ofl' the optic axis and
then rotating the diaphragm by means of a slow motor
drive. Properly calibrated, scans of BLS intensity vs an-

gle yielded profiles of critical mode intensity vs k. Such
profiles for different values of the static field H and as a
function of power level above the instability threshold at
a given H value constitute the central results of this work.

Representative sets of such profiles of scattering inten-
sity vs k for three different field values are shown in Fig.
4. The power levels for the traces are given in dB above
threshold. Profile set (a) is for a static field of 1050 Oe
and a measured field ef"' value of 76', close to the kink
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FIG. 4. Experimental profiles of BLS intensity vs in-plane
wave number component k for three diN'erent values of the stat-
ic magnetic field H in the low It.

. region of the subsidiary absorp-
tion butterAy curve. The microwave pump frequency was 8.47
6Hz. Profile set (a) is for H = l 050 Oe and eg"' 76'. Profile
set (b) is for H = l290 Oe and Hg"' 50'. Profile set (c) is for
H = l565 Oe and Hf'" 23 . The power level for each profile is
given in dB above threshold.

point on the butterfly curve. Profile set (b) is for a static
field of 1290 Oe and a measured field g"' value of 50',
in the middle of the low k part of the butterfly curve.
Profile set (c) is for a static field of 1565 Oe and a mea-
sured field g"' value of 23', close to the butterfly curve
minimum. All the profiles show that the critical mode k

values have broad distributions over the entire low k re-

gion of the butterfly curve, and for powers from just
above to well above threshold. For profile set (a), the dis-
tributions are about 1 x10 cm ' in width and show con-
siderable structure. While the width does not change ap-
preciably with increasing power, the structure in the indi-
vidual profiles changes quite a lot. The numerous small
peaks in the profiles for profile set (a) are distinct and
reproducible. Most likely, these peaks correspond to vari-
ous magnetostatic modes which are involved in the non-
linear response [5]. Profile set (b) shows much narrower
distributions with widths of about 0.5&10 cm ' as well

as quite a different evolution with increasing power com-
pared to the lower field data. Here, one starts out with a
single peak centered at about 2.7x10 cm '. As the
power increases, this peak drops in intensity, and, at the
same time, a second peak at about 2x10 cm ' grows in

intensity. At very high powers, a third peak begins to
develop at I.5x10 -1.7&10 cm '. Profile set (c), rep-
resentative of fields near the butterfly curve minimum, is

qualitatively the same as for fields near the kink, except
that the distributions are about twice as broad.

It is important to note that the results in Fig. 4 give
magnon distributions vs wave number at fixed static field.
The work in Ref. [6] for parallel pumping in YIG films
concerned parametric magnon distributions vs static field
at fixed wave number. The focus in that early result was
on the direct determination of the properties of the criti-
cal modes associated with first order instability for the
specific case of parallel pumping. The focus here is on

unexpectedly broad magnon distributions above thresh-
old.

As already mentioned, instability processes above
threshold can lead to additional effects such as a spon-
taneous self-oscillation in the reflected microwave power
in the kHz or MHz range, chaos, etc. While these effects
are not the focus of this work, one simple experiment was
done to explore possible connections between the k distri-
butions obtained above and these higher order nonlinear
phenomena. This experiment was to measure eq and k
distributions of the half-frequency spin waves above
threshold but with and without the occurrence of self-
oscillations. The onset of self-oscillations was determined
by monitoring the reflected microwave signal from the
cavity on an oscilloscope. The solid and dashed lines in

Fig. 2, already discussed, show the measured Op distribu-
tions 5.9 dB above the threshold point, with no self-
oscillation, and at a higher power 8.3 dB above threshold
in the self-oscillation regime. These data show essentially
no change in the Og distribution with microwave power,
with or without self-oscillations. Measurements were also
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made of k distributions just below and just above the
self-oscillation threshold. These data also show little
change for the distributions without and in the presence
of self-oscillations.

In summary, Brillouin light scattering has been used to
determine experimentally the distributions in magnon
wave vector for the critical spin wave modes excited
above threshold in spin wave instability experiments.
These distributions are quite broad and indicate that
many modes are involved. These results have important
implications for the theoretical modeling of nonlinear
spin wave processes in magnetic systems and nonlinear
processes for collective excitations in general.
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