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Nonlinear self-channeling and beam shaping of magnetostatic waves
in ferromagnetic films
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Self-channeling and nonlinear beam shaping of magnetostatic waves in thin in-plane magnetized yttrium-
iron-garnet films have been observed. Different power levels of a cw signal were launched into a magnetic film
using a short microstrip antenna. A Brillouin light scattering system was used to observe the profile of the
beams. Self-channeling of the magnetostatic wave beam occurred because of the interplay between the dif-
fraction of the beam and nonlinearity, which leads to self-focusing. This was observed as the input power
reached a threshold value equal to a few hundred milliwatts. A discussion of the observations is presented,
together with estimates of the parameter ran§©8163-18206)01418-X

I. INTRODUCTION Nonlinearity can cause the spin wave beam to focus
or defocus depending upon the type of wave. Since such
Yttrium-iron-garnet(Y1G) films, in an external magnetic focusing, or defocusing, is caused by the power of the
field, are very good test beds for investigating the nonlineawave itself, it is usually calledelf-focusingi.e., channeling,
properties of magnetostatic waves. For example, the last der self-defocusing Even in real YIG films, in which
cade has produced a series of experiments directed towardagnetic losses can influence strongly the conditions for
the observation of bright® and dark envelope solitons. In the appearance of any form of self-channeling, such an effect
the linear domain there has been a number of experimentahould occur. This paper provides experimental evidence
measuremenfs'® of the spatial characteristics of magneto- of it.
static waves that have used induction and light probing meth-
ods. There have even been measurements of nonlinear mag-
netostatic wave beam propagation at high power levels, in Il. THEORETICAL BACKGROUND
films magnetized perpendicular to the film pldiend in o i
films magnetized in plane when three-magnon decay pro- Of the three principal magnetostatic wave typéso
cesses are allowdd. of which are found in a ferromagnetic film magnetized
In this paper we report experimental observation of thd" Plang, the work of Zvezdin and PopkdY shows that
nonlinear beam evolution of magnetostatic waves prop®nly Packward volume wave modes have the necessary
agating in a ferromagnetic film magnetized in plane, atransverse properties to lead to self-focusing. Unfortunately,

frequencies where three-magnon decay is suppré4see the backward volume wave configuration can also lead to
possibility of magnetostatic wave self-channeling waslongitudinal modulational instability, which can cause any

predicted in the classic paper by Zvezdin and PopRov spatial soliton formed to become unstable. It is necessary,
in which the theory of magnetostatic wave solitons Wa'lstherefore, to decide whether these two effects, transverse in-

established. Explained briefly, nonlinear beam shaping?'tab”ity’ resulting in spatial solitons, and longitudinal ir!sta—
can be observed separately or whether experiment

which may lead to self-channeling, occurs when the naturaPiitys )
tendency of the magnetostatic wave beam to diffract iJorces both effects to be observed simultaneously. Recent

modified by the power level. For example, when diffractionWork by Chenet al* shows that if pulses of backward vol-

is opposed by nonlinearityspatial solitonsmay form, in ~ Ume waves are used, then longitudinal effects dominate over
principle. Since a YIG film must have an applied magneticself-focusing effects. It would be convenient if, by using
field in order to align the spins, it supports an anisotropicbeams, self-focusin¢ransversgeffects dominate over dis-
system of magnetostatic spin waves, which fall into thregpersion(longitudina) effects, but it is not self-evident, for
types. Two of these arise when the external magnetic field isackward volume waves, what will occur. In order to pro-
applied parallel to the plane of the film. Respectively, theseeed it is useful to add to the work of Zvezdin and Popkov a
are surface wavespropagating perpendicularly to the mag- formal discussion of the propagation of a magnetostatic
netic field, andbackward volume wavedhe details of the wave beam. First, although the beam as a whole may be
dispersion curves associated with these waves are readipropagating in a direction perpendicular, or parallel, to an
available in the literatufé and need not be discussed here.applied magnetic field, the partial plane waves, making up
Of all the possible types of magnetostatic waves that cathe beam, travel at various angles to this direction. For a
occur in a YIG film, only magnetostatic backward volume beam traveling principaliyalong the y directionin the (y2)
waves can exhibit self-channelitigand evolve into spatial plane, the magnetostatic potential associated wittbthradle
solitons. of waves is
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B(xy.z)= > U f C(k, k) (K, K, x)eltkytkiz-oto kotigy dk,+c.c,, 1)

wheref(k; ,k, ,x) is the modal profile. The guided mode is assumed to be confined i divection, and it will be assumed
here that the Fourier amplitude defined Gyk, ,k, ) is sufficiently well localized around the propagation directj&r K,
k, ~0] for f(k;,k, ,x) to be only weakly dependent updn andk, . By defining thesmall deviationsk; =k,—k and Aw
=w(k+k; ,k )—w(k0), ¢(x,y,z,t) may be approximated to

B(x,y,z,t) =3[ f(K,0)A(y,z,t) eV kOt cc], 2
where
A N , i(ky+k, z—Awt)[ _; '
E(y,z,t)= e C(k+k; k )e'tyTa [-iAw]dk, dk (3)
and
JAw(k/,0 JAw(0k PAw(k Kk
szAw(o,0)+<—(," )) ‘; (—w( L)) : (—( : ”) Kk,
k| -0 |, k] ok, ¢ ~oK, -0
PAw(k/,0) ., 1[dAw(0k)) ,
tol—r— Rl By KEt-oe 4
2 K| /=0 2 K2 o
|

Now Aw(0,0=0 andAw(k; ,k,) is an odd function ok, ; so

(aAw(O,kL)) 0
C?ki kl=0

and

=0.

(aZAw(k' ,kl))
KL o

Therefore,

KE+--- (5)

A w (K ,0) | 1[PAe(k],0 ., 1[A0(0k,)
w=|——7— i+3 +5
k'=0 k/=0 k, =0

k| 2\ k(2 ” aK?

Hence, up to orders d€/? andk?, and becausa w(k/,0)=w(k+k/,0)— (k,0), thelinear envelope equation is

_ aA(y,z,t)+ dw(k,0)\ JA(Y,z,t) +1 Pw(k,0)\ dAly,zt) 1[Pw(kk,) PA(y,zt) 5
N Ik ay 2\ oK? w? Y2 Al o 7 ©
L=
|
The magnetic nonlinearity will now be assumed to add a o dw K Jw
nonlinear frequency shift of-[dw/d|A|] a0l Al* to Eq. o szzm K., (8a)
(6). Equation(6), together with the nonlinear term, makes up + L PR L
the two-dimensionahonlinear Schrdinger equation )

J _|o J Jw K 42 w _s Jw
oA oAl 1 #PA 9?A AlZA=0. oE ), o LTk okt Tk, T akE
|E+UQW +§ﬁ2u ay2 +B2 ——7 972 —alA| L L (8b)

(7

For solitons to occur, Eq7) must be satisfied with coeffi-
where the group velocity is=dw(k,0)/0k, thedispersion  ¢jents that satisfy the Lighthill criteriol?:*®In a real experi-
coefficient is*w(k,0)/0k?, trad|t|onally referred t0 @y,  ment, wave damping must, necessarily, occur, and so some
and the diffraction coefficient is ¢°w(k,k.)/oki), —0,  quantitative assessment of how important this is must be
which shall be referred to ag,,. a=(dw/d|Al? )ia=0 is  made. This is usually done computationally by setting the
simply called the nonlinear coefficient. Contact with theright-hand side of Eq(7) equal to—iw,A. w,= yAH and is
Zvezdin and Popkov paper can be made by noting that  called the relaxation frequency,is the gyromagnetic ratio,
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and 2AH is the ferromagnetic resonance linewidth. Al- backward volume self-focused waves are going to be influ-
though the possibility of damping is acknowledged, the fol-enced by longitudinal modulational instability. The use of
lowing discussion omits théw, A term only for clarity of Eq.(11) as a description of the self-channeling of backward
development. Once-iw,A is added to Eq(7), it is no  volume wave beams is rather limited, therefore. Unfortu-
longer the Schrdinger equation; i.e., it is no longer inte- nately, a comprehensive theory of the two-dimensional non-
grable. The usual treatment is then to observe the solutiongear Schrdinger equation, appropriate for a description of
computationally to try and determine if damping can bethe properties of nonlinear magnetostatic waves, is not avail-
treated as a perturbation. In this way some information camble in the literature, and so some comments on the limits on
be fed into the interpretation of the experiments. Briefly,their observation will be presented later on in this section.
damping tends to broaden fundamental solitons and drive Even when the one-dimensional nonlinear Sdimger
them below threshold. equation is an appropriate description, the conditign,

The solution of Eq(7) may be unstable to longitudinal or «<0 is not sufficient for the existence of self-channeling.
transverse modulations, and it is these instabilities that lead,he peak power of the magnetostatic beam must also exceed
ultimately, to the formation of solitons. For diffraction to be a certain critical value. This can be appreciated by casting
balanced by self-focusing, the following Lighthill criterion the nonlinear Schidinger equation into a dimensionless
must be satisfied: form. The coordinate can be measured in terms of the beam

half-width D, and they coordinate can be measured in units
B2, a<0. 9 of Lp=|2v4D ¥ B,.|, so that(11) becomes

Equation(9) is a necessary condition for self-channeling of

the magnetostatic wave beam to occur, together with the ab- .U U
sence of longitudinaldispersion effects. If this condition is ! EJFSgr(ﬂZl) an?
strictly enforceable, then, experimentally, evolution of a

beam into a spatial soliton can occur. The sign of the diffracwhere y= éLp and z=7yD,. Lp is called thediffraction

tion coefficient,, is easily obtained from thénear mag-  length and herel is the distance over which diffraction
netostatic wave dispersion relation and is found to be posiwill cause a typical bearte.g., Gaussian shap® double its
tive for backward volume waves and negative for surfacayidth in a lossless medium. In this normalization, thag-
waves. The nonlinear coefficientis negative for both sur- npetostatic wave amplitude Ais written as A(y,2)
face waves and backward volume wavédherefore the =\TU(¢,7)=OP,, wherel is introduced to make di-
criterion (9) is satisfied for backward volume waves, but ”OtmensionlessLNL=|vg/a® P,| is called anonlinear length

for surface waves, which a”OWS, at |eaSt, the pOSSIbI|Ity Ofthe parameteﬁ) is S|mp|y a normalization factor’ which per-
SE|f-Channe|ing in backward volume waves. For solitons th“tS PO! the peak power, to be expressed in Wa|t_t§t is
exist, the magnetostatic wave must be unstable to perturbgalled a nonlinear length because it is the distance over
tions in one dimension only. If a wave is unstable to perturyhich the nonlinearity tends to become important. In a ma-
bations both parallel and transverse to the direction of propagrial without losses, this length is that over which the maxi-
gation, then the two-dimensional nonlinear Seinger  mum nonlinear phase shift in the beam is equal to unity.
equation applies and unstable solutions ensue. If this hagyhen a soliton is formedL p/L, )*? gives the order of the
pens, then self-channeling may not be seen, nor, indeed, widlpjiton, which will have an integer value for such a station-

L
—sgna) L_NDL lUj2u=0, (12

Spatial solitons. ary state.
A beam is cw with respect to time and is unstable t0 The parameteB,, is found from theinear magnetostatic
longitudinal (paralle) perturbations when wave dispersion relation, and hence the diffraction lehggh

can easily be calculated. Provided that E2). is satisfied,

B2a<0. (10 Eq. (6) has the lowest-order soliton solution when
In fact, a cw signal which obeys this condition should, afterLp/Ly =1 and the threshold peak power of this soliton is
some propagation distance, exhibit the kind of modulation

instability that, over a long period of time, leads to envelope 2B,

(tempora) solitons. This condition is certainly obeyed for Po= P . (13
backward volume waves, though it is not for surface waves. ® _2) Dg

When observing backward volume wave beams, therefore, in d|A|

an attempt to find self-channeling, it is important to operate ] ) o

under conditions where modulation instability due to longi-!" @losslessmedium, a beam, with an initial sech-type pro-
tudinal perturbations is negligible. If this can be arrangedfile, will formllzlnto a fundamental soliton if, initially,
then only diffraction and nonlinearity remain, and the ampli-0-9<(Lp/Ln)"*<1.5. In this case, the threshold power re-
tude of a backward volume wave beam is a solution of the&luired for formation of a fundamental soliton is a quarter of

one-dimensional nonlinear Sélaiager equatiol? the peak power implied by the stationary state condition, Eq.
(13). This power threshold relationship needs modification

A A for the experiment reported here because the initial beam

ivg WJrﬂu 2z alAl*A=0. (11)  shape should have more of a square profile. For example, if

a true square, or rectangular, input profile could be gener-
Now only diffraction and self-focusing possibilities are in- ated, then a first-order soliton forms when
cluded and stable stationafgolitor) states will exist. If this  0.57< (L /Ly, )" ?<1.57.2 Also, in reality, the beam propa-
cannot be arranged, then it must be accepted that nonlinegates in a mediunwith losses and so, although the above
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TABLE I. Parameters for backward volume waves. dw
2z W |U|2
Calculated Measured 1(2)=1, exp
f[GHZ k [em ] |vgl[ems™] |ugl[ems Y Lo [em] |vgl
5.82 56.3 3.6x10° 3.54x10° 0.43 Clearly, such modulation instability will only become impor-
5.80 91.3 3.5610° 3.50x10° 0.69 tant beyond a certain propagation distance. If losses are in-
5.75 181.0 3.4%10° 3.40x10° 1.34 cluded, the following conditichmust be satisfied in order to
observe modulational instability:
equations can still be used to make estimates of the power gl
levels involved, care must be taken to make an appropriate L> dw
allowance for these facts. W U[?—

Tables | and Il display estimated parameters that are ap-
propriate to the experiments on backward volume and surBeam profiles are measured up to a distance of 5.5 mm in
face waves that are reported here, calculated from the rethis experiment, and taking typical parameters calculated for
evant dispersion relations and assuming that the initial beamur backward volume wave experiment at 5.82 G(dee
width is equal to the length of the antenna generating th@ext section for details dw/d|U|?=—7.39x10° s! and
beam. The values of ; measured from linear pulse delay |v |=3.61x10° cm s L. It is clear that modulation instabil-
experiments are also shown. It was not possible expenmerrfy will be important only if|U]?>1.72<10"3. In a lossless
tally to measure the width and shape of the initial magnetomedium, assuming a sech-like initial beam profile, we may
static wave beam, using Brillouin light scattering, and thisexpect a soliton to form if, initiallyl 5/L, is roughly 0.25.
will be discussed later. For backward volume waves, it camAssuming an initial beam width of 0.14 cm, a soliton should
be seen that, as the frequency of the wave decreases, th@m when|U|?>>2.8x10 *. Thus, even allowing for the
diffraction lengthLp increases. This means that the diffrac- losses in such a YIG film, it is realistic to expect spatial
tion is weaker, and stess power is needed to reach the soliton formation without degradation from longitudinal
threshold condition as the frequency is reduced. Solitongnodulation instability. Obviously, there is always a danger
typically form over a distance equal kg, , and the propaga- of this, at higher powers, and the conditions must be care-
tion distance of spin waves is restricted by magnetic lossesully selected and each parameter range carefully assessed.
which means that, at a typical distance from the input an-
tenna, where self-channeling could occur, the intensity of the Il DISCUSSION OF THE EXPERIMENTAL RESULTS
wave is strongly reduced. The unfortunate consequence of
loss is that only thénitial stageof soliton formation may be Experimental beam profiles have been measured using a
seen, before losses reduce the power below the thresholdG single crystal film possessing a thickness of . To
required for soliton formation. avoid any nonuniformity of the internal magnetic field, a

Modulational instability>°is a description of what hap- wide piece of YIG(over 1 cm) was used. The full spin-wave
pens to a cw wave upon entering a nonlinear medium, wheresonance linewidth 2H, measured at 5 GHz was 0.7 Oe,
the Lighthill criterion is satisfied. If such an instability en- and other film parameters wefe=2.8 MHz/kOe and 4Ms
sues, it will filament, or break up, the wave. In the present=1750 G. A gold microstrip transducer 20n wide and 1.4
context, it is necessary to determine if beam breakup due tomm long, deposited on alumina, was used to generate the
such perturbations can occur. The perturbations are callddeam, and a second output transducer, 1.14 cm farther away,
longitudinal because they are associated with the propagatiomas used to monitor the signal transmitted between them. An
direction, and the main question is whether they can suppresdectromagnet provided a constant external magnetic field, in
the formation of backward volume wave spatial solitons. Ifthe plane of the YIG film. This external field was strictly
loss is ignored, for the moment, then the gain of this type oparallel to the input transducer when surface waves were
instability, for a wave of dimensionless amplitute is® generated and was perpendicular to the transducer when gen-

erating backward volume waves in order to avoid any energy
steering effecf. The magnetic field was carefully chosen to

Zm lu|? avoid the possibility of three-magnon decay processes,
gain= | ————/, which can occur at very low power levels. The experimental
Ug set up is shown in Fig. 1.

Light from an argon ion laser of wavelength 514 nm was
focused onto the YIG film with an estimated spot size of 25
pum. A proportion of this light will undergo Brillouin scat-
tering from the magnetostatic waves in the film and be
shifted in frequency from the incident light by an amount
equal to the frequency of the magnetostatic waves. Such
light is collected on the other side of the YIG film and is
steered to the interferometer using suitable optics. The
5.905 34.9 4.3%10° 4.7x10° 0.41 amount of light which is frequency shifted is proportional to
5.970 135.8 3.7410° 4.0X10° 1.36 the magnetostatic wave intensity. Therefore, by measuring
the Brillouin scattered light intensity, at a sufficiently large

wherev 4 is the group velocity. Hence the amplitutief the
instability, after a distance, will be given by

TABLE Il. Parameters for surface waves.

Calculated Measured
f[GHZl Kky[em™ |vgl[ems™]  Jugl [ems ™ Lp [em]
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argon ion laser

microwave

synthesiser
3+3 pass

tandem Fabry

Perot
_ interferometer
PMT L
] i I L | 1

Interferometer mirror spacing

Measureed light intensity ( arbitary units )

T AR L FIG. 2. Brillouin light scattering data obtained from backward
volume waves at 5.82 GHz. The measured light intensity is plotted
N multi against the interferometer mirror spacing. P€2kis that of pho-
polariser polariser channel tons shifted in frequency from the center pgdk which is at the
scalar frequency of the incident light. The height of peé® is propor-
> tional to the magnetostatic wave power. Since the actual value of

mirror spacing is unimportant, it is shown in arbitrary units.

\
7 £

microwave | MSW device ‘ at which the magnetostatic wave intensity was measured.
detector S The intensity of the magnetostatic wave in this figure is
given in arbitrary units. This is, in fact, the number of pho-
tons detected over a specific time length for a constant laser
power. Since the aim was to measure the shape of the mag-
from an argon ion laser is focused onto the magnetostatic wavgetostatic wave beam, reIat_lng th|§ photon count t9 the actual
device consisting of an in-plane magnetized YIG film and striplineMagnetostatic wave intensity, which would require a com-
antennae. Light passing through the film is analyzed using d@rehensive theoretical effort, is unnecessary at this stage. In

multiple-pass Fabry-Ret interferometer, and the results displayed Order to allow comparison of relative beam intensities, in all
on a multiple-channel analyzer. figures, the conditions under which Brillouin light scattering

intensities were measured, for each data point, were always

number of points, it is possible to define the shape of the
magnetostatic wave beam. In order to measure the cross sec-

FIG. 1. Details of experimental setup. Linearly polarized light

. . i 0

tion profile of a beam, measurements were taken in steps of [l e L i
250 um perpendicular to the direction of the beam. The YIG

film was mounted on a translation stage whose positions 6000

could be accurately measured using micrometer screw
gauges.

Figure 2 shows a typical Brillouin light scattering spectra
obtained, when light has been scattered from the backward
volume wave at a frequency of 5.82 GHz with input power
of 100 mW. Two peaks are visible, a large central pealof
Rayleigh scattered light at the frequency of the incident ra-
diation, and a much smaller peak on the rig®t caused by
Brillouin light scattering from magnetostatic waves. On the
vertical scale selected here, only the base of gépls seen.
The height of the peak due to Brillouin scattering is propor-
tional to the magnetostatic wave intensity at the position on
the YIG film where the light is focused. By measuring the
height of this peak at several positions, the beam cross sec-

4500

3000

Height of BLS peak (arbitary units)

1500

rT T TT T T T T T T T T T T T 7T TT

0 IIIII|IIIIIIIII]IIIIUIlI |II_
Omm 25mm S5mm 7.5mm 10mm

tion, shown in Fig. 3, was measured. This cross section is Distance across fim
measured at a propagation distance/ef1.5 mm. The hori-
zontal scale gives the positioz)(on the YIG film, in mm, FIG. 3. Shape of a backward volume wave beam recorded 1.5

simply measured from a point close to the film edge. Theémm from the input antenna: the frequency is 5.82 GHz and input

vertical scale is the number of photons counted, proportiongbower is of 100 mW. The horizontal scale shows the position on the

to the magnetostatic wave intensity at the poipizf. The film, and the vertical scale shows the measured scattered intensity,
graduation marks on the horizontal scale show each positiowhich is proportional to the magnetostatic wave intensity.
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20x10* Distance of beam propagation = 18mm FIG. 4. Beam profiles obtained from Brillouin
light scattering measurements, showing the
" change of backward volume wave beam shape
15x10 with power, 1.5 mm from the input antenna at a
frequency of 5.82 GHz and with an internal mag-
10x10* ] netic field of 1391 Oe. Each cross section is mea-

sured over a distance of 11 mm, at steps of 250
um. Scattered intensitgi.e., the number of pho-

0.5x10* i o . .
tons, which is proportional to magnetostatic wave

\/L L intensity is plotted on the vertical axis. The
21 pbeam profiles correspond to input powers of 10,

100, 200, 300, 400, 500, and 750 mW, with
power increasing from left to right.

BLS peak intensity (arbitary units)

Input powers:
OmW  100mW  200mW  300mW  400mW  500mW  750mW

identical. The beam shape in Fig. 3 is rather curious, havingyuite broad, considering that such a short 1.4-mm transducer
a peaked structure, and at this distance is fairly wide in comwas used, and multiple peaks can be seen. At 200 mW the
parison to the size of the 1.4-mm antenna used in its generdbeam has narrowed slightly. For powers of 300-500 mW, a
tion. It is observed, however, that the intensity is concennarrow channel has been formed. It is also interesting to
trated at the film center, and therefore it should be possible taotice that, for these powers, the peak intensity has saturated
demonstrate the influence of power on the beam shape. and that, finally, at 750 mW, the beam has broadened and
A series of such measurements for backward volumesplit.

waves under the same conditions as those used to generateln Fig. 5 it can be seen how these beams evolve, because
Fig. 3 is shown in Fig. 4 for various power levels and atbeam profiles for propagation distances equal to 3.5 and 5.5
y=1.5 mm from the input antenna. The internal magneticmm are also shown. The beam profiles are arranged into
field was estimated to be 1391 Oe. The diffraction lengthrows which contain results for theame propagation dis-
calculated for these beams is 0.43 cm, which is relativelytance and columns that contain results at teeme input
short. At low input powers, i.e., 10—100 mW, the beam ispower The propagation distance increases from the top to

Beam propagation distance = 1.5mm

2.0x10*
15x10*
a
2 10x10*
j3
€
0.5x10* J\NL
0
6000 Beam propagation distance = 3.5mm
FIG. 5. Evolution of backward volume
wave beams with frequency 5.82 GHz taken
2 4000 at three distances from the input antenna.
§ Each cross section is measured over 11 mm.
= 2000 Input beam power levels are 10, 100, 200,
300, 400, and 500 mW and increase from left
MM to right. Distances from input antenna are 1.5,
0 3.5, and 5.5 mm. The internal magnetic field
is 1391 Oe.
Beam propagation distance = 55mm
4000
3000
2
;f, 2000
=
1000
0

Input powers:
10mwW 100mw 200mW 300mW 400mW 500mW
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310* Beam propagation distance = 15mm Propagation distance = 15mm
08x10*
> 2t .. 06x10*
2 z
) & 04x10*
£ 110t =
0.2x10*
0 0
Beam propagation distance = 3.5mm Propagation distance = 3.5mm
20x10* 2500 pag
15x10* 2000
= 2
2 1oxi0t 2 1600
z \ £ 1000
0.5x10
A LA e
0 0
Beam propagation distance = 5.5mm input power.
6000 ) 100mW 200mW 300mW 400mW 500mw
2 4000 FIG. 7. Evolution of backward volume wave beams with a fre-
g quency 5.75 GHz taken at propagation distances of 1.5 and 3.5 mm.
o000 ’ Input beam power levels are 100, 200, 300, 400, and 500 mW.
Internal magnetic field is 1391 Oe.

Input powers at 5.5 mm. In Fig. 6, at input power levels of 300 and 400
100mw 200mW 300mW 400mw 500mW mWw, the beam width narrows to as low a value as 2 mm,
after propagation 3.5 mm.

FIG. 6. Evolution of backward volume wave beam with a fre- The last set of results for backward volume waves is
quency of 5.80 GHz. Input beam power levels are 100, 200, 300shown in Fig. 7. These results were obtained for propagation
400, and 500 mW. Beam profiles at propagation distances of 1.%jistances of 1.5 and 3.5 mm, under similar conditions as in
3.5, and 5.5 mm are shown. Internal magnetic field is 1391 Oe. the previous cases, but at a frequency of 5.75 GHz. Some

small change in beam profile is seen when power is in-
the bottom, and the power increases from left to right. ltcreased, but there is no self-channeling. Since the calculated
should be emphasized that the powers quoted are the powatifraction length is 1.34 cm, it is likely that the distance
coupled from the antennae, i.e., the difference in the poweover which the beam can propagate with high power is
delivered to the antenna and the power reflected from it. It ishorter than that required for soliton formation.
very difficult to estimate, accurately, how much of this Two frequencies were used to investigate surface waves,
power actually couples into the magnetostatic wave beamand Fig. 8 shows that self-defocusing of surface waves was
especially in the nonlinear regime, but it will be lower than observed at propagation distances of 1.5 mm for a frequency
these input powers. In Fig. 5, for input powers of 10 and 1000f 5.905 GHz and internal field of 1400 Oe. As the observa-
mW, it is seen that the intensity of beams weakens duringion distance increased, most of the beam energy was steered
propagation and no self-channeling can be seen. In fact, thieom the linear direction of propagation at high input powers.
beams are broad and multipeaked. As the initial power isThis surface wave beam behavior, when the energy is steered
increased, sharp, narrow, beams are formed, with a stabkway from the center of the beam, can be found for linear
propagation width. A point worth making here is that, for awaves! and is caused by the anisotropic properties of sur-
power of 200 mW, narrowing and formation a self-channeledace waves. Analysis of dispersion and group velocity of
beam were visible only at a distance of 5.5 mm. Anothersurface wave¥ gives the directions of dominant energy
feature which is easily visible in Fig. 5 is that the peak of thetransport, which, in the linear regime, do not always coincide
maximum intensity is slightly shifted to the left-hand side. with the expected direction of propagation of the beam. In-
This can be attributed to a small amount of beam ste€ringcreasing the power of surface waves actually assists defocus-
possibly due to the fact that the external magnetic field wasng so that, at higher powers, beams become even wider and
not exactly perpendicular to the input antenna. have much more irregular shape. When the frequency was

The next set of results is shown in Fig. 6 and was ob-4ncreased to 5.97 GHz, thereby increasing the diffraction
tained under the same conditions, but at a frequency of 5.8@ngth, a similar evolution was seen, shown in Fig. 9.

GHz. Here the diffraction length is calculated to be 0.69 cm, The calculated nonlinear lengths,, for backward vol-
which is longer than for the data given in Fig. 5, and so theume and surface waves are presented in Table Ill, assuming
evolution length for self-channeling is expected to be longerthat all the power input via the antenna coupled into magne-
The experimental evidence seems to confirm this, since, wittostatic waves. These values suggest that the condition
a power level of 300 mW, a narrow channel did not formLy, =L is easily fulfilled for backward volume waves when
until the beam had propagated 3.5 mm and it was still visiblehe initial power is 100 mW. In most cases the nonlinear
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FIG. 8. Evolution of surface wave beams when the internal field FIG. 9. Evolution of surface wave beams at a frequency 5.97
is 1400 Oe, and at a frequency of 5.905 GHz. Propagation distancésHz. Other parameters are as for Fig. 8.
are 1.5, 3.5, and 5.5 mm. Beam input power levels are 100, 200,
300, 400, and 500 mWw. claimed to be a soliton are rather strict. After some distance,
i ) . for high powers the channeled region is lost and the beam
lengthLy, is smaller, or much smaller, than the diffraction reqymes the multiple-peaked structure found at low power.

lengthLp . These values may only be a rough guide to therpis couid be due to losses reducing the beam power below
actual properties of the magnetostatic wave beam found ighe threshold for soliton formation or possibly due to the

these experiments. To accurately calculagerequires addi- — onget of modulational instability, making a soliton unstable.

tional knowledge such as the width and shape of the initiaf; i interesting to note that the peak height does not increase
beam gene_rated by the antenna. Unfortunately, since the _afi‘ﬁearly with input power in these beams, suggesting some
tenna requires the presence of a metal ground plane, whigtynjinear loss mechanism, possibly due to heating of the
blocks the laser light in its vicinity, we can only perform sample by the magnetostatic wave power or a coupling of
Brillouin light scattering experiments after the beam has,qer into spin-wave modes. It should be noted that at lower
propagated a short distance. Also, near the antenna, oth bwers, e.g., below 10 mW, not only did the measured beam
non-propagating spin waves, which might also be generateyensity increase linearly with input power, but the same

may be detected, giving a misleading idea of the initial beamy, siple-peaked structure was reproducible at different pow-
shape. It is likely that the beam width is similar to the length ¢

of the antenna and that these values pfare fairly accurate. Possible limitations on the use of the nonlinear Sehro
In estimating the value ok, it is necessary to know the inger equation to describe these beams should be noted.
power in the beam. Since not all the power in the antenna
will couple into the magnetostatic wave, actual valuek gf

. . . e TABLE lll. Estimated value of nonlinear length.
are likely to be longer. Despite such possible uncertainties in

theseT .valu.es, th'ey shogld gi\{e a feel for the experimenta\hput power L. [cm] Ly, [cm]
conditions in which spatial solitons can form. [mW] volume waves surface waves
Clearly, the results reported here show evidence of self
channeling of backward volume waves, as the input power is 10 1.244 2.146
increased, and an increase in diffraction with increasing in- 100 0.124 0.219
put power for surface waves, because of self-defocusing. 200 0.062 0.107
However, it is not altogether clear whether this self- 300 0.042 0.072
channeling is in fact a spatial soliton or merely the initial 400 0.032 0.054
stages of spatial soliton formation, since the conditions 500 0.024 0.043

which must be fulfilled before something can accurately be
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First, the nonlinear Schdinger equation is derived from a higher-order terms are also small. Therefore it is believed,
Taylor expansion, ignoring higher-order terms, and it is genfor these experiments, that the use of the nonlinear ‘Schro
erally assumed that the wave number sprédd satisfies dinger equation is valid for the beams investigated. How-
Ak<k, wherek is the carrier wave number. For low-power ever, exact modelingising the nonlinear Schdinger equa-
backward volume wave beams, at 5.82 GHz, the angle dfion will be difficult without knowing the initial change in
beam divergence, by careful examination of the results fronphase across the beam, that is probably generated using these
1.5 to 5.5 mm, is seen to be roughly 25°. This raises theshort striplines. It is also realistic to expect, at high powers,
guestion of whether this condition is truly satisfied. Twothat the antenna will generate beams with some kind of
things must be remembered, however. First, as mentionechirp, i.e., with curved wave fronts, as a result of the inten-
earlier, due to the anisotropic nature of the dispersiorsity distribution across the initially generated beam width,
branches for these waves, the directions of energy flow ariurther complicating analysis of such data.

generally not parallel to the direction of the wave vectbr. In conclusion, measurements of self-channeling and non-
In fact, in the cases considered here, for a backward volumknear beam formation obackward volumemagnetostatic
wave beam parallel to the applied magnetic field and for avaves have been reported. We also present the experimental
surface wave beam perpendicular to it, then for a wave vecconfirmation that magnetostatsurfacewaves do not give

tor, orientated at some angle to the direction of propagatiomise to self-channeling. Indeed, at low wave numbers they
of the beam, the direction of energy flow associated with thatjuickly defocus as they propagate. All features of nonlinear
wave vector will be at some larger angle with respect to thdbeam shaping can be discussed qualitatively in terms of the
beam direction. Therefore the value &k will be smaller nonlinear Schidinger equation.

than indicated by observing the divergence of energy in the

beam. Second, even yvhen this con(_jition is not ob_eyeq, sgch ACKNOWLEDGMENTS
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