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Brillouin light scattering from pumped uniform-precession
and low- k magnons in Ni 81Fe19
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A method is presented for performing Brillouin-light-scattering measurements on
uniform-precession and low-wave-numberslow-kd magnons excited by a microwave magnetic field
in opaque magnetic specimens. The optical configuration is similar to that employed in conventional
180° backscattering measurements, except that the incident and specularly reflected beams pass
through the collection lens along different parallel paths. Examples of spectra from a Ni81Fe19 film
are presented that include separate detection of light scattered from low-kmagnons with the same
frequency as the uniform precession.fDOI: 10.1063/1.1882754g
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Information on externally excited low-wave-numb
slow-kd magnetic excitations in thin magnetic films has b
of increasing interest in recent years, partly in relation
soliton propagation and interaction1,2 and applications tha
employ impulse techniques.3–5 Brillouin light scattering
sBLSd can provide information on the dispersion relation
magnons but has been used only rarely with microwave
citation in metallic films. This is because the traditional
proach for detecting uniform-precession or low-k magnons
has been in a forward-scattering configuration, which ca
employed only on specimens that transmit a significant
tion of the incident light. For example, Srinivasan, Pat
and Booth6 demonstrated that forward scattering fr
pumped uniform-precession magnons could be detect
films of Ni81Fe19 sPermalloydwith a thickness of 22–75 nm

To overcome the limitations of the forward-scatter
configuration, Wettling and Jantz7 pioneered a backscatteri
approach to BLS measurements of pumped unifo
precession magnons. They used this technique to stud
romagnetic resonancesFMRd in thin Fe films and bul
FeBO3 but did not present details of the meth
Demokritov8 developed a hybrid of backscattering a
forward-scattering configurations for studying FMR in m
tallic films, but this approach is relatively difficult to impl
ment. In this letter, we describe a simpler experimenta
proach that is more easily implemented with a standard
system.9 As a demonstration of the method, we present s
tra including peaks from low-k magnons that are degener
with the uniform-precession magnons in an electromag
cally excited ferromagnetic film.

The experimental system employs a solid-state di
pumped frequency-doubled Nd:VanadatesNd:YV04d laser
with a wavelength of 532 nm. The laser is operated at 2
W to maintain optimal performance. The beam is su
quently attenuated to a level suitable for BLS using a h
wave plate followed by a high-power Glan-Taylor calc
polarizer. The vertically polarized light then passes throu
2 mm diameter collimator and 20 mW is reflected by a 5 mm
polarizing beamsplitter cube through an aspherical f
camerascollectiond lens with a focal length of 50 mm. Th
surface of a specimen is located at the focal point an
perpendicular to the axis of the collection lens.
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Light that is specularly reflected or scattered from
specimen passes back through the collection lens
through a dichroic sheet polarizer that transmits the hor
tal polarizationsperpendicular to the light incident on t
specimend. Then, the light is focused with an aspherical
onto a 0.45 mm diameter pinhole that passes light
standard scanning s3+3d-pass tandem Fabry–Pe
interferometer.9

The polarizing beamsplitter cube is positioned 3.3
off the axis of the collection lens, so that the incident
specularly reflected beams pass along different paths pa
to the axis. This configuration overcomes problems in fo
ing that we encountered with the cube on-axis. The
introduces a slight angular shift of light, so that, when it is
the axis, the focal point of light scattered from unifor
precession magnons is displaced in the plane of the pi
relative to light from low-k magnons that does not pa
through the cube. A similar effect was observed with a l
pellicle beamsplitter, and this may be associated with he
of the pellicle by the specularly reflected light. The focus
problem might be avoided by using a polarizing be
splitter cube as large as the aperture of the collection le
measurements of only magnetic excitations are of intere
by using a nonpolarizing beam-splitter cube of sim
dimensions, if a 50% reduction in backscattered ligh
acceptable.

The scattering geometry is shown schematically in F
for the case where the backscattered wave vector is i
same plane as the incident and specularly reflected wave
tors. The wave vectors of the incident and reflected lig
the surface of the specimen arek0 andk1, respectively. Th

FIG. 1. Wave vectors of light incidentsk0d, specularly reflectedsk1d, and
inelastically scatteredsk2d from a specimenS, which is at the focus o

collection lensL.
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incident beam passes through the collection lens at a dis
d1 from the axis, and the specularly reflected beam is o
by the same distance on the other side of the axis. Th
certainty in the perpendicular components of the wave
tors of light in the specimen is inversely proportional to
penetration depth. The selection rule for the parallel com
nents is

±sqdi = sk2di − sk0di = sk2di − sk1di, s1d

where sqdi is the component of the magnon wave ve
parallel to the surface of the specimen, andsk0di, sk1di, sk2di

are, respectively, the components of wave vectors paral
the surface for light that is incident, specularly reflected,
scattered from magnons. For the geometry of Fig. 1, Eqs1d
can be written as

sqdi = ± uk0uF d2

sd0
2 + d2

2d1/2 −
d1

sd0
2 + d1

2d1/2G . s2d

The specimen was mounted on the inside surface
rectangular TE103 X band cavity, covering a 2 mm diame
hole that enabled simultaneous microwave and optical a
to the specimen. The cavity was placed between the po
an electromagnet that supplied a static magnetic field pe
dicular to the RF magnetic field. A diode detector with
attenuator was used to monitor the reflected power. The
nant frequency of the cavity was 8.8 GHz, theQ was,1200,
and the reflection coefficient at resonance was at
−16±3 dB level.

The cavity was driven by a traveling-wave-tubesTWTd
amplifier with continuous-wave input from an analog sig
generator. A feedback loop was used to automatically
the RF excitation to the resonant frequency of the ca
when the microwave power and/or magnetic field w
changed. This was accomplished by modulating the
quency of the source at a rate of 1 kHz around the ce
frequency. The output from the diode detector was pass
a lock-in amplifier, and the integrated output from the loc
controlled the offset of the frequency of the signal gener
The magnetic field necessary to bias the magnetic fil
FMR was manually adjusted to provide maximum po
absorption in the film.

The specimen was a 50 nm film of Ni81Fe19 sPermalloyd
sputtered on a glass substrate. Figure 2sadshows a BLS spec
trum with 813 mW of microwave power at 8.8 GHz, and F
2sbd shows a spectrum with no microwave excitation.
ordinates in this figure are the counts per unit time in
channel of the multichannel analyzer. The applied static
at FMR was 67.2 kA/ms845 Oed. The strongly enhanc
peaks in Fig. 2sadat the pumping frequency arise primar
from inelastic light scattering from the uniform-precess
magnons excited by the microwave field at FMR. The s
trum shown in Fig. 2sbdarises from inelastic scattering fro
thermal magnons that are present with the applied static
corresponding to the FMR resonant frequency of 8.8 G

Figure 3 shows the dependence of the count ratesthe
average of the Stokes and anti-Stokes peaks at ±8.8 GHd on
the pumping power. The slope of the linear fit in this figu
s7.0±0.2d3103 counts/J, can be used to estimate the s
tering cross section per magnon. Following from the exp
sion for dynamic magnetic energy density presented
Safonov,10 the numberNu of uniform-precession magno

excited in the volumeV probed by the laser is given
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Nu =
4Vvr

"
S hm

DH
D2 m0sHr + MdM

fm0gs2Hr + Mdg2 , s3d

where Hr is the static field,M is the effective saturatio
magnetization,vr is the FMR angular frequency,DH is the
FMR field linewidth, hm is the microwave magnetic fie
amplitude at the specimen, andg is the gyromagnetic ratio
Permalloy, 1.8431011 T−1 s−1.

For our measurements,hm is estimated to be 57 A/
with 1 W of absorbed microwave power.M is approximately
7.83105 A/m, based on the measuredHr, vr, and the Kitte
relation, vr =m0gfHrsHr +Mdg1/2. DH is determined to b
s3.9±0.4d3103 A/m from the measured field dependenc
BLS uniform-precession counts.V is approximately 3.
310−9 mm3, assuming a diffraction-limited diameter of
µm for the laser spot and an effective thickness equal t
skin depth of 16 nm. Using these values and the slope o
line in Fig. 3, the cross section per magnon is estimated
1.2310−2 counts/ss·Wd, where the units are of laser pow
and the time in a channel. Considering the assumption
diffraction-limited spot size, this cross section should be
sidered to be an approximate upper limit.

Selective detection of magnons with nonzero wave
tors was accomplished by blocking the light scattered
uniform-precession magnons with an annular aperture
ing an inner diameter of 4 mm and an outer diameter o

FIG. 2. BLS spectrasad with 813 mW microwave pumping at 8.8 GHz a
sbd without microwave pumping.

FIG. 3. Dependence of the count rate on the microwave power th

incident on the cavity.
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mm. The center of this annulus was centered on the spe
reflection. From Eq.s2d, the range of magnon wave vect
that can be detected in this configurationswith d1=3.3 mmd
is 4.73103 cm−1 to 2.43104 cm−1.

Figure 4 shows spectra with this aperture inserted.
crowave pumping greatly increases the counts at the p
ing frequency as a result of scattering from magnons tha
degenerate with the uniform precession. Such degen
magnons can be generated in pumped ferromagnetic ma
through two-magnon processes.11 In the absence of pumpin

FIG. 4. BLS spectra with a 4 mmi.d. 21 mm o.d. annular aperture in t
path of the backscattered light.sad With 813 mW microwave pumping.sbd
Without microwave pumping.
fFig. 4sbdg, the spectrum arising from thermally excited mag-
r

-
e
te
al

nons is similar to that obtained without the aperturefFig.
2sbdg. This indicates that most of the thermal magnons in
film have wave numbers greater than 4.73103 cm−1.

In this letter, we have presented a method for perform
backscattering BLS measurements on pumped unif
precession and low-kmagnons in opaque materials. O
demonstration of the method includes observation of pum
nonzero-wave-vector magnons in PermalloyfFig. 4sadg. This
extension of the backscattering BLS technique will su
important complementary information to standard FMR
time-domain techniques and will help in achieving an un
standing of magnetization dynamics under impulse ex
tion conditions.

We thank Professor John Cochran for suggesting
general approach that is presented here.
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