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This paper reports a detailed measurement ofMz, the component parallel to the effective field direction,
when ferromagnets are excited by microwave fields at high power levels. It is found thatMz drops dramatically
at the saturation of the main resonance. Simultaneous measurements ofMz and absorption power show that this
drop corresponds to a diminution of the spin-lattice relaxation rate. These changes are interpreted as reflecting
the properties of longitudinal spin waves excited above Suhl’s instability.
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The high power dynamics of magnetic structures is re-
ceiving much attention owing to the potential application to
spin electronic devices. In this regime, the nonlinearsNLd
contributions contained in the torque term of the gyroscopic
equation become important as soon as the precession angle
exceeds a couple of degrees. Although these effects were
discovered in the ferromagnetic resonancesFMRd response
of insulators,1 they apply to every magnets. The same phys-
ics also occurs in metallic samples, as shown recently by An
et al.2 While the consequences of these nonlinearities on the
microwave susceptibility have been thoroughly
investigated,3 their effects onMz were not established.

This paper reports a measurement ofMz at the resonance
saturation. We will present our data obtained at room tem-
perature on an yttrium iron garnetsYIGd sample, shaped into
a disk of diameterD=160mm and thickness of 4.75mm and
uniformly magnetized by a static magnetic inductionBext ap-
plied along the normal axisz of the disk.4 It is found thatMz
drops dramatically at the saturation of the main resonance.
These findings indicate that the spin-lattice relaxation rate of
the system decreases with increasing power. The change is
interpreted as reflecting the properties of longitudinal spin
waves sSWd excited above Suhl’s instability. Because the
butterfly curves of the nonlinear threshold in metallic
samples also show a diminution of the damping for longitu-
dinal spin waves,2 it suggests that this diminution of the
damping with increasing power is not specific to ferrites.

We exploit the exquisite sensitivity of magnetic resonance
force microscopysMRFMd to follow the changes inMz with
a resolution better than 1 ppm. A schematic of the setup is
shown in Fig. 1sad. A cylindrical permanent magnet is glued
at the free end of a clamped cantilever and then aligned with
the axis of the YIG disk. The distance between the sample
and the probe is fixed at 100mm so that their coupling is in
the weak interaction regime.5 The inhomogeneous dipolar
field generated by the sample creates a point load on the tip
and thus an elastic deformation of the cantilever. Since the
flexural modes of the cantilever are well below the Larmor
frequency, the mechanical probe is insensitive to the preces-
sion of the transverse magnetization and it only couples to
the longitudinal componentMz.

The measured quantity isDMz=Ms−Mz when the micro-
wave field is turned on.Ms is the saturation magnetization at
the lattice temperature. The microwave is generated by a
synthesizer and fed into an impedance matched stripline

resonator tuned atv0/2p=10.47 GHz. We callh the circu-
larly polarized amplitude of the microwave driving field at
the sample position. Ifh is much lower than Suhl’s threshold
ssee belowd then the response is proportional to the excita-
tion power. Figure 1sbd shows the FMR spectrum of our disk
in the linear regime. A multiplicity ofDMz maxima are de-
tected during a sweep ofBext. The spectrum illustrates the
quantized energy levels of magnetostatic wavessnear-zero
wave vectord confined by the sample diameter.

Simultaneously, we measure the imaginary part of the
transverse susceptibilityx9 through a standard setup. The
power reflected off the half-wavelength resonator is detected
by a microwave crystal diode whose signal is proportional to
the absorbed powerPabs=v0x9h2.

Although the discussion below can be extended to any of
the magnetostatic modes above, we concentrate on the high
power behavior of the main resonance atB0=5324.5 Gfsee
Fig. 1sbdg. This mode has a transverse wave vectork0
<p /D and is called hereof the uniform precession because it
has no precessional nodes. We plot in Fig. 2 the microwave
field dependence ofx9 sclosed circlesd and DMz/h

2 sopen
circlesd evaluated at resonance. Both quantities are normal-

FIG. 1. sColor onlined sad Schematic of the experimental setup.
A magnetic resonance force microscope is used to measureDMz

while a standard microwave setup measuresx9. sbd The linear FMR
spectrum of the micron-size YIG disk detected mechanically. The
main resonance occurs atB0.
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ized by their low power values. Thex9 data shows the well-
known premature saturation behavior above Suhl’s threshold,
hc=5 mOe. Surprisingly, the power dependence ofDMz/h

2

exhibits a peak at the threshold. Evidence of a behavior
whereDMz/h

2 increases with power has never been estab-
lished before in any magnetic resonance experiment.

To gain further insight, we plot in Fig. 3 the ratio between
the two measured quantitiessthe transverse and longitudinal
component of the magnetizationd. We know from energy
conservation arguments, that the power absorbed during the
spin-lattice relaxation time,t1Pabs, must be equal to the en-
ergy stored in the sample,"v0DMz/ sg"d. It implies that the
ratio x9h2/DMz=1/sgt1d and Fig. 3 reveals the power de-
pendence of the damping parameter. We find that the ob-

served correlation betweenx9 andDMz/h
2 corresponds to a

monotonic diminution of the damping with increasing power.
This ratio starts to decrease belowhc and the drop extends to
the h.hc region.

The physics behind is best understood by decomposing
the dynamics among the normal modes of the system. In
particular, we consider the occupation of modes having iden-
tical energies svk=v0d but different wave vectors
sk@k0d than the uniform mode. Degenerate modes exist be-
cause of the possible balance between exchange and demag-
netizing energies. Figure 4sad is the magnon manifold for our
finite aspect ratio disk.6 The exchange energy can increase by
increasingk, while the demagnetizing energy of the SW
mode can diminish by decreasing the angleuk betweenk sthe
propagation wave vectord andM s sthe magnetization vectord.
The shaded area represents the possible range of azimuthal
angle 0øukøp /2. The modes that are degenerate with the
uniform precession lay on the horizontal line. We definenk as
the magnons’ occupation number of the mode of wave vector
k. Here we only count the magnons created by the micro-
wave excitation. Thermal magnons’ occupation numbers are
accounted for inMs and remain constant in all the measure-
ments below. Assuming that each normal mode has a differ-
ent energy decay rate to the thermodynamic equilibrium,hk,
then it is easy to show that 1/t1, the spin-lattice relaxation
rate of the pumped system, equals to

1

t1
= o

hkj
hk

nk

nt
, s1d

wherent=ohkjnk. So the change in 1/t1 observed in Fig. 3
suggests that the relative weightnk/nt of the modes varies
with power sNL effectsd and that the high power regime fa-
vors modes having low relaxation rates. In our experiment,
the transverse and longitudinal components of the magneti-
zation reveal a different picture of the occupation of these
modes. Short wavelength SW do not couple tox9 because
their transverse projection averages to zero. However, each
magnon excitation diminishes the longitudinal component by
g". In other words, while the transverse data measures the
number of uniform magnonsn0= 1

2x92h2/ sMsg"d, soccupa-
tion of thek0 moded, the longitudinal data is proportional to

FIG. 2. sColor onlined Microwave field strength dependence of
the transversesclosed circlesd and longitudinalsopen circlesd com-
ponents of the magnetization atB0. The quantities are normalized
by their low power value. The solid lines are the analytical predic-
tions ssee textd. The dashed line is the behavior corrected by finite-
size effects.

FIG. 3. sColor onlined Power dependence of the ratio ofx9 over
DMz/h

2. It measures the energy decay rate of the pumped spin-
wave system. The solid line is the analytical prediction.

FIG. 4. sColor onlined sad SW dispersion: the shaded area is the
magnon manifold explained in Ref. 6sA is the exchange constantd.
sbd The power dependence ofn0 andnt−n0 for our sample.
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the total number of magnonsnt=DMz/ sg"d. The NL terms
that destroy the independence between degenerate modes
were described by Suhl.3 He found that, above a critical
power shc

2d, n0 saturates atnc as shown in Fig. 4sbd and this
saturation is associated with a surge of parametric magnons
propagating atuk=0.

Before proceeding further, we need to look more specifi-
cally at the different relaxation channels in our sample.
These damping forces are necessary to stabilize the SW ex-
cited by the nonlinearities.3 Figure 5 establishes a schematic
of the coupling between the various degrees of freedom in
the system. Atv0 andB0, the uniform microwave field pref-
erentially couples to the uniform mode, the longest wave-
length mode available inside the degenerate band. Its energy
relaxation rate directly to the lattice will be writtenh0 sour
definition is twice as large as the amplitude relaxation rate
used in Suhl’s paper3d. The linewidth of the peaks in Fig.
1sbd, however, is the sumsh0+hspd /g, wherehsp is the decay
constant of the uniform precession to degenerate SW due to
scattering on the sample inhomogeneities. We definehk as
the average decay rate to the thermodynamic equilibrium of
the degenerate magnons. Translated into Bloch’s notation,
the linear part of the diagram in Fig. 5 corresponds7 to T2
=2/sh0+hspd andt1sh!hcd=T1=sT2/2ds1+hsp/hkd, respec-
tively, the transverse and longitudinal relaxation times in the
linear regime. These relaxation times, in the limit of infini-
tesimal excitations, have been completely characterized in a
previous paper.8 Their values are summarized in Table I.

The NL terms in the gyroscopic equation3 couple coher-
ently degenerate SW of equal and opposite wave vectorss
+k ,−kd. The coupling to the uniform motion,jkn0, depends
on uk and it is maximumsjkumax/g=2pMs<900 Gd for lon-

gitudinal SWsuk=0d. We use Suhl’s notation forjk so that
the reader can refer to Ref. 3 for a complete treatment. In our
disk, these SW have a wave-vectorkmax<6.33104 cm−1

fsee Fig. 4sadg. A critical threshold is reached whenjkn0
becomes comparable tohz, the relaxation rate to the lattice
of the longitudinal SW. Two quanta of the uniform preces-
sion then break down in a parametric magnon pair propagat-
ing alongM s. The instability corresponds to a spatial distor-
tion of the instantaneous axis of precession, which
diminishes the transverse demagnetizing energy. The critical
number of uniform magnons isnc= 1

2sgMsT2
2hc

2/"d with hc
2

=hz/ s2g2T2
2jkd, the saturation power. In FMR, the alteration

of the energy flow between the modes can be summarized as
shown in Fig. 5.

]

]t
n0 =

Pabs

"v0
− hh0 + hspfsn0djn0 s2ad

]

]t
snt − n0 − nzd = hspn0 − hksnt − n0 − nzd s2bd

]

]t
nz = hsphfsn0d − 1jn0 − hznz, s2cd

where fsn0d=1/Î1−n0
2/nc

2 sRef. 9d and nz is the number of
parametric magnons.

In the stationary regime, Eq.s2ad leads to an implicit
equation for the susceptibility derived by Suhl9

x9̃ =
h0 + hsp

h0 + hsp/Î1 − x9̃4sh/hcd4
, s3d

wherex9̃=x9 / sgT2Msd is the susceptibility normalized by its
low power value. We try to compare quantitatively our data
to the profile predicted by Eq.s3d. We use the measured
value of the threshold,hc=5 mOe, in the formula. It corre-
sponds tohz/g=0.15 G, a value consistent with previous
measurements in spheres and thin plates,10 where it was
found that the decay rate becomes smaller asuk
diminishes.7,10 We have displayed in Fig. 2 the predicted
behavior, with no fitting parameters. The model properly pre-
dicts the shape and the smearing out of the singularity athc.

Solving the set of Eq.s2d in the steady state gives a new
analytical relationship betweenx9 andDMz/h

2

DMz̃

h2 = x9̃ + S 1

T1hz
− 1Dhx9̃ − x9̃2j, s4d

whereDMz̃=DMz/ sg2T1T2Msd is normalized by the slope of
DMz/h

2 at low power. The above equality is equivalent to an
energy balance between the absorbed power and the dissi-
pated power in the samplePabs=Pdiss="v0ohkjhknk.

7,11 The
solid line in Fig. 2 is the bell-shape behavior inferred from
Eq. s4d with values ofh’s of Table I. Experimentally we find
that the raise ofDMz/h

2 begins at powers lower thanhc. We
have omitted in our model the finite-size effects in order to
keep the discussion simple. But the so-called uniform mode
has a spatially dependent precession amplitude.DMz at the
center of the disk is about three times larger than its spatial

FIG. 5. sColor onlined Block diagram of the energy transfers
between the various degrees of freedom of the system. Transfers
between the upper reservoirs conserve the total energy. The linear
regime corresponds tofsn0d=1. The shaded area and doubled line
are the alterations by NL effects.

TABLE I. Relaxation rates of degenerate magnonssin
gaussd.

spin-spin
process

uniform
precession

kth
magnons

longitudinal
magnons

hsp/g h0/g hk/g hz/g

0.2 1.07 0.65 0.15
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average.4 Changes in the profile are expected when different
locations of the sample hit the saturation threshold. While the
raise ofDMz/h

2 coincides with the saturation of the central
part of the disk, the spatially averaged transverse susceptibil-
ity x9 drops at higher power, approximately when the periph-
ery saturatesszone with the highest spatial weightd. The
dashed line in Fig. 2 is the predicted behavior when Eq.s4d
is weighted by the spatial profile ofDMz. Such good agree-
ment with the data suggests that the shift of the peak towards
h,hc is due to these finite-size effects. We note that these
spatial dependences are further magnified by the MRFM
technique, which provides a local measurementshere the me-
chanical probe is above the disk centerd.

Our model explains also simply the results in Fig. 3. The
relaxation rate 1/t1 in Eq. s1d is simply equal to 1/T1 when
fsn0d=1 slinear regimed and then it reduces tohz when
fsn0d@1. The two limits correlate respectively tont<n0 and
nt<nz. The solid line in Fig. 3 is the drop inferred from the
analytical expression showing how thehz value is ap-
proached asymptotically. We find that the agreement with the
data extends well abovehc and the asymptotic value is in
agreement with thehz inferred from the threshold value,hc.
We recall that our model only considers the NL coupling
between the uniform and the longitudinal magnons. A proper
analysis, however, should also account for the NL coupling
between all the degenerate modes, which become important
at much higher powers. They correspond to a different redis-
tribution of the degenerate magnons’ occupation number in
the flow diagram of Fig. 5.

In conclusion, this paper studies the changes of properties
of excited SW due to NL effects. If the excitation mechanism
favors a particular mode, then a four-magnon process starts
at high power levels to redistribute the magnons’ occupation
number between degenerate modes. During the redistribu-
tion, the coupling to the excitation usually decreases: less
energy is absorbed for the same excitation energy. The effi-
ciency, however, increases because the newly filled modes
sthe longitudinal ones6d have lower energy relaxation rates:
more SW are emitted for the same absorbed energy. Recent
measurements in metallic samples also show a diminution of
the damping for longitudinal spin waves,2 which suggests
that this diminution of 1/t1 with increasing power is not
specific to ferrites. These results are important because they
challenge some of the assumptions used in the Landau-
Lifshitz-Gilbert equation to simulate the high power dynam-
ics. Finally, we emphasize the importance of doing a direct
measurement of the damping. It is known that linewidth in-
creases in the NL regime because of foldover effects.4 These
high power effects are thus an illustration of a case where an
increased linewidth coincides with a diminution of the damp-
ing.
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