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An advanced space- and time-resolved Brillouin light-scattering technique is used to study diffraction of
two-dimensional beams and pulses of dipolar spin waves excited by strip-line antennas in tangentially mag-
netized garnet films. The technique is an effective tool for investigation of two-dimensional spin-wave propa-
gation with high spatial and temporal resolution. Linear effects, such as the unidirectional excitation of mag-
netostatic surface waves and the propagation of backward volume magnetostatic(BMMSW) in two
preferential directions due to the noncollinearity of their phase and group velocities, are investigated in detail.
In the nonlinear regime, stationary and nonstationary self-focusing effects are studied. It is shown that non-
linear evolution of a stationary BVMSW beam, having a finite transverse aperture, leads to self-focusing of the
beam at one spatial point. Evolution of a finite-duratioonstationary BVMSW pulse leads to space-time
self-focusing and formation of a strongly localized two-dimensional wave pédsget-wave bullet Theoret-
ical modeling of the self-focusing and diffraction processes by using a variational approach and direct numeri-
cal integration of the two-dimensional nonlinear Satinger equation provides a good qualitative description
of the observed phenomena.

[. INTRODUCTION In this paper we present the results our investigations of
. . . . . linear and nonlinear diffraction of dipolar spin waves propa-
Magnetostatic spin waves in yttrium iron gam@fiG) Ogating in tangentially magnetized YIG films. First we dem-

f||m§ provide a superb tesyng_groun_d 0 .study. linear an onstrate an excellent applicability of our method to the ob-
nonlinear wave processes in dispersive, diffractive, and an-

: i N ; issipatidr? . servation of well-known linear properties of magnetostatic
isotropic media with relatively low dissipatiort. Nonlinear . . . :

. . . ) . waves like nonreciprocity of magnetostatic surface wave
properties of magnetostatic waves in YIG films are amso_(MSSV\b and reciprocity of backward volume magnetostatic
tropic in the film plane. The threshold of nonlinearity deter- o . ; :
mined by the dissipation parameter is so low that a wideVaVe (BVMSW) excitations. We discuss noncollinearity of

. y . P b . . She phase and the group velocity for waves propagating at an
variety of nonlinear wave effects, like formation of envelope _ . . : o
solitons® modulational* decay, and kinetiinstabilities, can arbitrary angle to the in-plane bias magnetic field, and we
be obsérved for in ut,micrOV\;ave owers below 1 W show the existence of two preferential directions of the wave
P P ' ropagation for the wave beams radiated in a wide angle in

In films the wave process is easily accessible from th T
. . he transverse direction. Next we show that our method al-
surface. Inductive probés, thermo-optical method$,and . ) ; o )
lows one to observe and investigate in detail interesting non-

Faraday rotation measuremehtgere used to study magne- . . : :
y y mag linear effects such as thstationary one-dimensional self-

tostatic wave processes in YIG films. It is, however, the ref . fect of mi ited BYMSW b
cently developed method of space- and time-resolved Bril0CUSINg €fleCt -of microwave  excite eams

louin light scattering(BLS), %32 which provided a major leading to .the formaf[ion of spatial spin-vyave solitons, and
leap in this field due to its high resolution, sensitivity, dy- the non_statlonaryspatu_)temporal self-focusmg effect of two-
namic range, and stability. Using this method it is now pos-dimensional propagating wave packets leading to the forma-
sible not only to reproduce all the results obtained previouslyion of highly localized quasistable wave pulsespia-wave

for stationary wave processes, but also to investigatesta-  bullets The latter effect was predicted in optit’sbut the
tionary nonlinearwave processes like propagation of inten-first experimental observation of this effect has been reported
sive wave packets of finite duration and finite transverse apfor the system of magnetostatic spin waves propagating in a
erture (pulse beamsthat are simultaneously affected by YIG film.* Very recently, optical light bullets have been
dispersion, diffraction, nonlinearity, and dissipatidn. also observed in quadratic nonlinear matertals.
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Il. THEORETICAL BACKGROUND l\y

A
The dispersion equation for purely dipol@onexchange N
magnetostatic waves propagating in a tangentially magne- 0 / \\
tized ferromagnetic slab of a finite thicknelssvas derived " Vu\<
by Damon and Eshbach in 1961 The explicit dispersion
equation in the formw=f(k), where w is the wave fre- //
guency andk is the wave vector, was obtained in Ref. 16 0, L,
only for the case of magnetostatic surface waldSSW) ) ’
propagating perpendicularly to the direction of the bias mag- 7/ -
netic field[see Eq(23) in Ref. 16. For other directions of the ]
wave propagation the dispersion equation has an implicit o
form. Therefore for the spectral calculations in this paper we " 'C- 1. Geometry of the excitation of a backward volume mag-
use the approximate explicit dispersion equation obtained iff€iostatic wavdBVMSW) by a microwave antenna. The dashed
Ref. 17 for the lowesthomogeneousthickness mode r{ bar in the middle shows the position of the antenna of the lelgth

a - . . . extended along thgdirection. The bias magnetic field is parallel to
I;(-:(‘)f) 1nﬂeg|ectlng the exchange interactipsee Eq.(45) in the positivez direction. The anglep indicates the direction of the

. . . wave vector(or phase velocityof the radiated wave relative to the
In the following we assume a Cartesian coordinate SYStefirection of the bias field. The angled indicates the direction of

oriented such that the film normal is along thaxis, and the 6 group velocityyy. Dashed lines show the two preferential di-

external field is aligrlled along the axis. In the long-  rections ¢ 6,,) of the group velocity in a wide wave beam radiated
wavelength limit(kL< 3, whereL is the film thicknessthe  py the antenngsee also Fig. 2

dispersion equation obtained from Eg5) in Ref. 17 gives
r(aw/aky
=arcta .
w

antenna

N~

reasonably accurate results for all directions of the in-plane
. v
wave vectork, and it has the form 0= arctar(—gy
Ugz

®

wg(K) = wplop+ ouF(ky k)], (D)

. _ The excitation of dipolar spin waves in a magnetic film is

\Zhjprze—ktzhi m-pl;me ;/vavfe vector.k—kyy0+kzzo(k usually made.by a microstrip antenna. The direction of the
y+k;) forms the angle of propagation wave vector is chosen by the orientation of the antenna,

K while the initial in-plane width of the wave beam is deter-
o= arctarE—y 2) mined by the antenna apertdggand the carrier wave vector

ke ko,. The typical geometry of excitation of a BVMSW wave

with the direction of the in-plane bias magnetic fieil packet i_s shown in Fig. 1. The transyerse angular wiqth of

=Hz,. The external field and the magnetization are exthe excited wave packet, characterized by the maximum

pressed in units of frequencywy=yH, wy=y47M, angle of propagation,,., is determined by the antenna ap-

~y4mM,, with M, the magnitude of the component of ~ erturel,:

the static magnetization, and, the saturation magnetiza-

tion in the medium when no waves are excitedis the k;“a 2

magnitude of the gyromagnetic ratio for the electron spin Pmax= arctan - %arctarék | )

(y/2m=2.8 MHz/O€e). The matrix elemeri describes the 0z oza

dipole—djpc>7le interaction in Eq(1). It is determined by the ity k"™ the maximum transverse wave vector. The value of
expressioft the carrier BVMSW wave vectok,, for a given excitation
oy K2 K2 frequencywg is determineql from_ the dispersion E(q_)._
F(ky k) =1+P(k)[1- p(k)](_> (k_32’> — p(k)( ) _ _When the wave bearr_l is excited by the antenna in a suf-
WH ficiently narrow angle in the transverdg) direction, it
©) propagates perpendicular to the antenna apefitutais case

(6

4
k2

with along thez direction which is parallel to the bias magnetic
field H). Using Egs.(1)—(5) for given values of the excita-
1—exp(—kL) tion frequencyw= w, (determined by the frequency of the
P(k)=1- kL (4 external microwave signal, the bias magnetic fididand the

saturation magnetization of the materhl,), it is easy to

It is clear from Eqs(1)—(4) that the spectrum of dipolar calculate the dependence of the direction of the group veloc-
spin waves in a tangentially magnetized filmaisisotropic ity on the direction of the phase velocity in the excited wave
and the dispersion properties of waves depend significantipeamé=1f(¢). This dependence, calculated for the param-
on the angle of propagation. In such an anisotropic spec- eters of our experiment described below, is presented in Fig.
trum the direction of the wave phase velocity,, 2. Itis clear that for a sufficiently wide initial wave packet
=w(k)k/k?, which is collinear with the direction of the (kg‘ax/koﬁl, ¢>35°), excited by a short antenna or a point-
wave vectork, does not, in general, coincide with the direc- like source, there are two preferential directions of the group
tion of the group velocity,=dw(k)/dk of a wave packet. velocity 6= 7= 6, which do not coincide with the direc-
The angled between the direction ofy and the bias fieldH tion normal to the antenna. These directions are shown in
is determined by the expression Fig. 1 by broken lines.
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60 45 -30 -15 15 30 45 80 Using the “method of envelopes” developed in Ref. 20, it is
| s possible to obtain from the expansion E§) an equation,
which describes the space and time evolution of the slowly
- 150 varying envelope functiorlJ(y,z,t) of the excited wave
0, s packetU(y,z,t) = (y,z,t) - exdi(wot—ko,2)]. We obtain the

so-called (2+1)-dimensional nonlinear Schiimger equa-
FIG. 2. Dependence of the direction of the group velodign  tion (NSE) (see, e.g., Ref. 19

the direction of the phase velocity in a beam of magnetostatic

waves excited in a tangentially magnetized B(Bi substituted s du 5 .

YIG) film (film thicknessL=1.5um, saturation magnetization ' gt +Ug§ + 2 D 972 + S&_yz_ NJU[U=—iwU,

47M¢=1750 Oe, bias magnetic field =2298 O¢. The value of 9

6, in this case is 42°.

1 95U 9U

where ug=(9w/¢~7kzlkoz is the group velocity, D

This linear diffraction effect, typical for anisotropic me- =02w/<9k§|k andS= 5w/0k§|k are the dispersion and dif-
dia, has been studied in early diffraction experiments Pert o ction coeof?icientsNzaw/alLOJZ|2|k is the nonlinear coef-
formed in YIG films using inductive prob€sUpon increas- . . . oz

ficient, andw,=yAH is the dissipation parameter propor-

ing the carrier wave vectdt,, or/and the antenna aperture . | he 1 : R) half li idth
[,, the initial angular widthp ., Of the excited wave beam tional to the erro_ma_\gne_nc reson_an(i_éd ) at finewl t
. The weak dissipation contribution, which is neverthe-

decreases, and the excited beam becomes narrower in t@g . ) flme: has b introduced i
transverse direction. For such a narrow beam the dependent&sS important in YIG films; has been introduced in E®)
9=1(o) is almost linearsee the central part in Fig),2and  Phenomenologically. The coefficientg, D, S andN in Eq.
the wave beam energy is radiated mainly perpendicular tég) have been calculated for different directions of spin wave
the antenna aperture. propagation in Chap. 9 of Ref. 1. A more rigorous calcula-
So far only stationary beams of dipolar spin waves extion of the nonlinear coefficienN is reported in Ref. 22
cited by a continuous external microwave power were disYSing @ classical Hamiltonian formalism for spin waves in
cussed. If the excitation is made by a microwave pulse of &1@gnetic films. The.(%ll)—d|men3|9nal nor;lmea}r Sc_:Fr:ro
finite durationT, the excited wave packet has also a finitedinger equationtwo in-plane coordinates plus timevith
length along the direction of propagatibn=uv,,T. Thus the dissipation, Eq(9), \_NlII be our main model used to descrlbe
excited wave packet is two dimensional gand has a finitdh€ observed nonlinear diffraction effects for dipolar spin

spectral width ink space along both in-plane directions: ~ Waves in this paper.

2 o Modulational instabilities

Vgal The most interesting case to study two-dimensional non-
. ) linear spin-wave processes is a case of a tangentially magne-
_ Itis well-known that, due to the strong exchange interac+jzed YIG film. Here the properties of waves propagating in
tion between spin magnetic moments in a ferromagnet, thgjfferent in-plane directions are dramatically different.
total length of the magnetization vectir is conservedsee, For backward-volume magnetostatic wau@VMSW),
e.g., Ref. 18 Thus, when the variable magnetizationin  propagating along the direction of the bias magnetic field,
the plane perpendicular to tizexis increases, the magnitude the nonlinear coefficieril is negative, while the coefficients
of the constant magnetization along thexis is reduced, and p and S describing dispersion and diffraction are both posi-
which yields a value for the component of the magnetiza- tjye (see Chap. 9 in Ref.)1Thus the Lighthill criterio?® for
tion of M,=MgyV1—(m/Mg)% The nonlinearity(i.e., the  modulational instability is fulfilled in both in-plane direc-
dependence of the wave frequency on the wave amplitudejons (SN<0,DN<0) and the BVMSW are susceptible to
can be introduced in the dispersion law Efj) through the  poth self-modulation in the direction of propagatitm and
parameteroy =4myM,, since it depends on the value of to self-focusing in the transverse directity.
the variable magnetizatiom. By expanding the square root  |n the case of a sinusoidal input signal supplied to a rela-
we obtainM,=M[1—3(mM/Mg)?]=Mg(1—[#|%) with ¢*  tively short input antenna situated on a wide YIG film
=m?/2M} the dimensionless amplitude of the variable mag-sample the excited dipolar spin waves are monochromatic,
netization in the excited microwave spin-wave pacigge and they propagate in a relatively wide angle in the trans-
Ref. 19 and Chap. 9 in Ref).1 verse(y) direction. These monochromatic waves are not af-
When the excited wave packet is spectrally narrow alondgected by dispersion, but due to the presence of different
the both in-plane directionsik, ,Ak,<kg,), and the ampli-  directions of wave vectors in the excited beam they are
tude of the wave packet is smally?<1), it is possible to  strongly affected by diffraction. Due to the competition be-
expand the dispersion E@l) in a Taylor series near the tween diffraction and nonlinearity, transverse modulational
working point(w=wgy, k=Kq,Zg, |#/]?>=0): instability develops, and this leads to stationary self-focusing

2
Aky% kg]axw E, Akzw
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of the wave beam and to the formation of spatial spin-waveand it limits the catastrophic spatiotemporal self-focusing
envelope soliton§®?* This effect can be described by a one- and collapse of two-dimensional nonstationary wave packets
dimensional reduction of the NSE E¢) with ¢U/dt=0 of BVMSW modes!? see below.
andD=0. Most of the experiments on nonlinear spin waves in YIG
In the opposite case, when a pulsed input signal propafilms reported in the literature were made by means of mi-
gates in a narrow strip of a YIG filrtspin-wave waveguide  crowave spectroscopy. In these experiments spin waves in
where the strip width is smaller than the wavelength of thehe GHz frequency range are excited by a microstrip antenna.
transverse modulational instability, the signal is not affectedrpe propagating spin waves are detected by a second micros-
by diffraction, but, du_e to the presence of many differenttrip antenna that is connected to a microwave detéd@y
spectral components in the pulse, the signal is strongly afgonstruction, the receiving antenna integrates the spin-wave
fected by dispersion. The competition between dispersiofhiensity along its length, and therefore all the information
and nonlinearity leads to a longitudinal self-modulation of 3oyt the transverse distribution of the intensity in the propa-
the signal ang to the formation of temporal spin-wave enveyating spin-wave packet is lost. Thus the processes of forma-
lope solitons™> Formation of temporal envelope solitons can tion and propagation of temporal spin-wave envelope soli-

also be described by a one-dimensional reduction of the NSgys in all these studies were treated in the past as essentially
Eqg. (9); only in this case we should assume tB8at0. being one dimensional.

Both these effects can be observed simultaneously if a
pulsed input signal excites a two-dimensional wave packet of
BVMSW modes in a wide YIG film sample. In this case ; e spACE- AND TIME-RESOLVED BRILLOUIN
modulauonal instability takes place in both |n—plane direc- LIGHT-SCATTERING TECHNIQUE
tions and leads to a spatiotemporal self-focusing of the wave
packet and to initial stages of the wave collapse, when the The first attempts to study the two-dimensional character
whole energy of the packet is concentrated in a small spatiaf linear and nonlinear spin-wave processes in YIG films
region?? The full (2+ 1)-dimensional NSE is necessary for were made by using the method of inductive probe scanning,
the theoretical description of this effect. where a small wire loop was used to scan the sample and to
The behavior of magnetostatic surface wayRESSW), measure the magnetic field of the spin wa%és.other ex-
propagating perpendicular to the direction of the bias magperiments the Faraday rotation or a thermal method that mea-
netic field, is very different. MSSW modes are modulation-sures the heating of the sample caused by the waves were
ally stable and can only form dark spin-wave solitéhs. used to measure the spin-wave inten§isll these methods
These waves, however, demonstrate nonreciprocal propeprovide a reasonable spatial resolution in measurements of
ties, and a microstrip antenna effectively radiates thesspin-wave intensity, but they do not provide temporal reso-
waves in only one directiofY. lution, and therefore they are not suitable to study fast non-
It is worth noting that dissipation in YIG films, although stationary spin-wave processes.
weak, plays an important qualitative role in all the nonlinear To investigate both the spatial and the temporal properties
spin-wave processes. It determines the power thregujgﬁi of spin-wave packets, we have developed an experimental

of temporal soliton formation and spatial self-focusfig®  technique based on a standard Brillouin light-scattering
(BLS) setup. It is schematically shown in Fig. 3. Spin waves

are generated by a microwave input antenna. If microwaves
with a frequencyw, are applied to the input antenna, a spin

Wy

|U|t2h:|N|v

(10
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wave is launched with a wave vector determined by the distLu, o4Bi, o/ €0;, BIG) films. All samples were epitaxially
persion relationwy(k) of the spin wave. The spatial distri- grown onto(111)-oriented gadolinium-gallium garnet sub-
bution is now measured by scanning the laser beam acrosgrates. All BIG films have a thickness df=1.5um
the sample, which is performed by a motorized samplayhereas the YIG films have a thickness of 2&7. Although
mount. In our experiment the spin waves were effectivelythe dissipation parametes, is larger in BIG, this material
excited in a wave vector intervak|<200cm* (with the  generates a much higher BLS signal due to its higher
upper bound imposed by the width of the anteniiéaus we  magneto-optical activity at the 514-nm laser line. Thin garnet
investigate the light scattered in forward direction to achieveiims show a higher spatial attenuation for spin waves due to
a high sensitivity in this low wave-vector regime. the lower group velocity of spin waves in these films. The
Temporal resolution is added by using a time correlatedpatial attenuation parametat’ is given by K'=wlvg.
single photon counting method similar to time-of-flight mea-Sincev L [see Eqs(1)—(4)], we find k"« 1/L. Although
surements in, e.g., mass spectroscopy. The complete setuptie attenuation might seem to be significant, the high dy-
shown in Fig. 3. As the frequency selecting device we use @amic range of our setup allows us to observe the propaga-
tandem Fabry-Perot interferometer in multipass configuration of spin waves over a large enough distance in the range
tion (for a detailed description see Ref.)18 pulse genera-  of up to 10 mm. For the presentation of the data obtained in
tor generates pulses of typically 10-30 ns duration with ghin BIG films with large spatial attenuation we use a con-
repetition rate of 1 MHz. The pulse is sent to a microwavetrast enhancement procedure: We find that, averaged over the
switching device to create a pulsed microwave field and tg, axis, i.e., perpendicular to the mean direction of propaga-
generate a spin-wave pulse. The output signal from the pulsgon, the decay in intensity as a function of the distance from
generator is also used to start a 24-bit reference countg@he antenna is exponential, and it is given by expg’z)
counting the output pulses of a 1.2-GHz time base. If theyith z the distance from the antenna. By determinifgand
spin-wave pulse crosses the laser spot, light is inelasticallmu|tip|ying the original data by expz) we transform the
scattered, and the output signal of the photon detector is useghta into a representation with compensated attenuation. The

to stop the reference counter. The counter content is now grocedure is described in detail in Ref. 28. In thicker YIG
measure of the elapsed time between the launch of the spifitms this procedure is not necessary.

wave pulse and the arrival at the position of the laser spot. A
memory cell of a memory array addressed by the content of
the counter is incremented by one and the procedure is reA. Reciprocity and nonreciprocity of bulk and surface waves

peated. After accumulating a large number of events the con- |+ is well known that magnetostatic surface waves

tent of the memory array represents the temporal variation O(fMSSV\b exhibit a nonreciprocal spectrum and nonreciprocal
the spin-wave intensity at the current position of the laser ropagation propertie€. The nonreciprocal origin of surface
spot. By repeating the procedure for different positions of th, yes manifests itself in an asymmetrical excitation of these
laser spot on the sample, a two-dimensional map of the spiRyayes by microwave antennas. This leads to a high, up to 10
wave intensity is constructed for each value of delay timeyp asymmetry in the excitation efficiency between two op-

We arrange the data in a digital video animation with each,,gjte directions of the wave vectors perpendicular to the
frame representing the spatial distribution of the spin-waveytenna apertur. The excitation asymmetry is inverted, if
intensity for a given delay tim& Thus the entire system is a the applied magnetic field is reversed.

digital signal processing device which interacts with a per- Contrary to that, the volume waves, i.e., BVMSW modes
sonal computer via an RS232 interface. The device capqnagating along the direction of the bias magnetic field are

handle up to 2.510° events per second continuously. A completely reciprocal. Therefore these modes show a sym-

lower limit of about 2 ns on the time resolution is imposed netrica| pattern of excitation and propagation along the both
by the intrinsic time resolution of the etalons and the multi-;, plane directions normal to the antenna.

pass arrangement in the BLS spectrometer. Typical acCumu- These very fundamental properties are easily visualized
lation times ae 5 s per position of the laser spot. A complete ging space resolving Brillouin light scattering. Measure-
measurement of a two-dimensional spin-wave intensity patyents of intensities of spin waves excited by a microstrip
tern in a YIG film with a sampling area of>26 mn? and @ antenna for different orientations of the bias magnetic field
mesh size of 0.1 mm takes a little more than two hourSyere performed in a YIG filnfthickness 7um, width 2 mm,
including dead times caused by sample positioning. length 10 mn. The results of the experiments are shown in
Fig. 4 where the spin-wave intensity distribution is dis-
played. Figures @) and (b) demonstrate the excitation and
propagation of MSSW modes. Here the field direction as
The samples were mounted on a standard microstripshown on the left side of the panels is aligned parallel to the
transducer structure with an input antenna of width/68  antenna. The position of the antenna is marked by the black
and length 2.5 mm. The antenna is connected to a high-speddr in each panel. The working frequency i,
switcher for the pulsed measurements which allows micro=8446 MHz, the field isH=2238 Oe, resulting in a spin-
wave pulses of a time duratidaes 10 ns. The switcher in turn wave vector ok,=76 cmi 1; the microwave input power is
is connected to a generator/network analyzer/amplifier unitP;,=10 mW, ensuring the linear regime of wave propaga-
which provides a microwave input power of up to 1 W. tion. Figures 4a) and(b) clearly demonstrate the character-
The experiments were performed on two different typesstic asymmetry in the MSSW modes excitation and propa-
of ferrimagnetic garnet films: yttrium iron garn@tsFe;0;5, gation. As it is also seen from the comparison of Figs) 4
YIG) and Bismuth substituted iron garnet and (b), the propagation direction of the MSSW modes is

IV. EXPERIMENTAL RESULTS
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a) b)

z z

FIG. 5. Two-dimensional plots of spin-wave intensity distribu-
tion in a large BIG sample for two different values of the carrier
wave vectork,, of the excited BVMSW:(a) shows the case of
relatively small carrier wave vectokg,=44 cm '~27/1,). Here
the waves are exited in a large-angle range and two preferential
directions of wave group velocity correspondingt@,, are clearly
seen. Theoretical values 6f,= = 42° are shown by white linegbh)
shows the case of relatively large carrier wave vect&p, (
=300cm >27/l,). In this case waves are mostly radiated per-
pendicular to the antenna aperture.

parallel to the antenna that could cause interference patterns.
The static magnetic field is 2090 Oe and the input power is
FIG. 4. Three-dimensional plots of the spin-wave intensity dis-10 mw \.Nh'Ch guarantees the Iln_ear regime .Of spin-wave
tribution in a narrow =2 mm) YIG film sample, when different propag.atlon. Thg mea,‘s,’ured two'd'm(_ans'onal d'Str'bUt'ons_ of
types of waves are excited by the anteifslaown as a black bar in the spln-wgve IntenS.|t|e3 f‘?f two d'_ﬁerent C,ases are dis-
each framg (a) and (b) show the excitation of MSSW modes with Played in Fig. 5. The intensities are displayed in a gray scale
two opposite orientations of the bias figt} (c) shows the excita- With white/black indicating high/low intensities. The attenu-
tion of BYMSW mode. ation is corrected as described above to show clearly the
details of the spin-wave distribution. The position of the in-
reversed, if the applied field direction is reversed. Figym 4 Put antenna is marked by the dashed bar on the left. Figure
shows the propagation of the BVMSW modes with the field>(@ corresponds to a smalkg,=44.cm ) and Fig. $b) to
applied perpendicular to the antenna. The working frequenc$ 1arge ko, =300 cm™) value of the carrier wave vector. For
here isf,=8622 MHz, the field isH = 2330 Oe, and the car- 'OW values ofko, the spin waves are radiated in a large
rier wave vector is 88 cfit. In this case the spin waves are @ngular range, and two preferential directions of the wave
obviously radiated symmetrically in both directions from the P&am propagation are clearly visible. They agree very well

antenna as it is expected for reciprocal volume modes.  With the theoretically calculated values of the andlg
~43° (see Fig. 2 for the conditions of our experiment.

These theoretically calculated directions are shown by white
lines. For a large wave-vector value the beam is mostly ra-
As we discussed above, the properties of BYMSW modesgliated in the direction perpendicular to the antefRa.
propagating along the direction of the bias magnetic fieldb(b)]. These results are in good agreement with theoretical
depend on the wave vector of the excited spin waves and oresults that were discussed in the introduction and with the
the aperture of the antenna. Experiments on the effect adxperimental results described in Ref. 31.
different wave vectors on the shape of the wave beam propa- The performed experiments also demonstrate the influ-
gating from an antenna were performed by Vashkovskiience of the size of the antenna aperture on the direction of
et al® using an inductive probe on YIG discs. It was found, the propagation profile of excited spin waves. The antenna
in agreement with theory, that for low wave vectors twoused for the measurements has a length of 2.5 nm, and for
symmetrical beams are radiated at the angles determined Isyfficiently large carrier wave vectokg, >k, ma it Creates a
the aperture of the antenna, whereas for the higher wavspin-wave beam in a small-angle perpendicular to the an-
vectors the spin-wave beam is radiated perpendicular to thenna, as it was shown above. This is illustrated in more
direction of the antenna. detail in Fig. 6 where the intensity distribution of linearly
These effects are easily demonstrated by space-resolvirexcited BVMSW modes in a large YIG filngthickness 7
Brillouin light scattering. For our experiments we used a thinum, width 18 mm, length 26 njris shown. The static mag-
BIG film (thickness 1.5um, width 8 mm, length 10 min  netic field is 2109 Oe, the working frequency is 7.98 GHz,
which has a high enough spatial attenuation so that there isnd the calculated value &, is 80 cmi X. The position of
no significant mode energy reflected from the film edgeghe antenna is shown by the dashed bar on the left. An im-

B. Effect of the antenna aperture
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FIG. 6. Two-dimensional spin-wave intensity distribution in a
large YIG sample. Here dark areas correspond to low and light 2
areas to high spin-wave amplitudes. The antenna is shown as =
dashed bar on the left side. A part of the propagating wave beamis o
scattered by a pointlike defect which can be seen in the lower right
part of the figure. This region in a magnified scale is shown in the

inset. White lines show the calculated directionéyf for our ex- ) _ _
perimental condition. FIG. 7. Stationary self-focusing of BVMSW beams in a large

BIG sample:(a and (b) show experimental distributions of the
portant effect can be seen in the magnified region of Fig. gSpin-wave normalized .intensity in the film p!ane for the linear
Here the film has a defect, and the wave is scattered from thgin=10 mW) and nonlinearR;,=600 mW) regime. A clear self-
defect, which acts as a pointlike antenna. The directions oP€USing maximum is seen at the poi@t=2.5mm,y=3 mm in
the radiated two sharp shadow beams with the angle betwedfl noninear regimeb); (c) and (d) show results of numerical
them of 29,,=85° are in good agreement with the theoreticalcalcmat'ons'
value of the angled,,~42° calculated for the conditions of which the sample in Ref. 28 was made. In this experiment
this experiment as described in the introductisee also Fig. the static magnetic field was 2090 Oe, the carrier frequency
2). was f,=8450 MHz, and the resulting carrier wave vector

The above experiments performed on linear waves reprovas ko,=300cm L. The input power was;,=10mW in
duced in detail well-known properties of dipolar spin wavesthe linear and up td;,=600 mW in the nonlinear case. In
in tangentially magnetized films and therefore confirmed therigs. 7a) and (b) the experimentally measured spin-wave
reliability, sensitivity, and resolution of the developed BLS intensity distribution is shown for different values of the in-
setup. Next stationary and nonstationary nonlinear diffracput power. The intensity maps are corrected for attenuation,
tion processes of spin waves in tangentially magnetized Yi@nd the data are normalized to the maximum power in each

film, and the effect of self-focusing of these waves will be Map. The antenna is oriented along thelirection and lo-
discussed. cated on the left at=0. In the linear case, displayed in Fig.

7(a) the spin-wave amplitude slightly changes due to the
effect of the diffraction which causes a beam divergence dur-
ing propagation, so that the spin-wave intensity is distributed

Stationary self-channeling and initial stages of self-over a wider range with increasing distance from the an-
focusing of dipolar spin waves in garnet films were studiedtenna. In the nonlinear case the propagation of the spin
earlier by Boyleet al,?* who examined the case of spectrally Waves is very differenfFig. 7(b)]. The beam no longer di-
wide beams of both MSSW and BVMSW modes. In theirVverges. It converges to a small diameter while the spin-wave
experiments they observed nonlinear beam shaping and sorgé'Plitude increases and a clear focus of spin-wave intensity
evidence of self-channeling for BVMSW beams, while theis observed at the poit=2 mm, y=2 mm. This is the re-
MSSW beam(as it is expected from theorglid not demon- sult of the unbalanced competition between diffraction and
strate any significant nonlinear diffraction effects. The evi-nonlinearity, and it can be qualitatively interpreted as the
dence of nonlinear self-focusing of dipolar spin-wave beamdormation of a spatial soliton of a higher ord€rin the non-
was presented in our previous short pa?ﬁgﬂhere Spectra"y linear regime, the formation of a narrow wave channel of
narrow BVMSW beams in a narrow waveguideidth 2 ~ constant amplitude parallel to the propagation direction
mm) were studied. One of the results was the appearance §fas not observed in these experiments, probably due to the
a shakelike structure in the data which is caused by the infact that the spatial attenuation in the film is large and can
teraction of transverse waveguide mod@%his structure is  Play a significant role in the beam shaping process. Since the
caused by the influence of the lateral boundaries of the wavesPin-wave beam looses energy due to dissipation during
guide. Different width modes of the waveguide, excited byPropagation, the beam finally diverges when its amplitude
the microwave antenna, propagate with different phase veé?ecomes so small, that the diffraction effect dominates, as is
locities, and interfere with each other creating a snakelikéhe case foz>2.6 mm in Fig. Tb)
pattern in the spin-wave intensity in the waveguide. ) _ _

To exclude the effect of boundaries in current measure- D. Nonlinear spin-wave pulses—spin-wave bullets
ments of self-focusing, a wide BIG sampleidth 18 mm) In the experiments discussed above only stationary effects
was used. The sample was cut out of the same BIG disc frorof the spin-wave propagation were studied. In this case dis-

roax |

o

18]

0.5

C. Nonlinear stationary wave beams
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a) b) tion direction, while its amplitude decreases due to dissipa-
tion. Here diffraction is considerably larger than dispersion,
so that the broadening of the wave packet in the transverse
direction is much more pronounced than that in the direction
of propagation.

The behavior of the wave packets in the nonlinear case is
quite different[Figs. 8c) and (d)]. Here the initial high-
amplitude wave packet starts to converge, and its amplitude
is increasing. Theorysee, e.g., Ref. 34predicts that in the
two-dimensional case a stable equilibrium between disper-
sion, diffraction, and nonlinearity is not possible, and non-
linear self-focusing of the wave packets with high enough
initial energy should lead to a wave collapse, i.e., all the
energy of the packet will be concentrated at one spatial point.
In a real medium with dissipation, the complete wave col-
lapse is, of course, avoided, as the wave packet looses its
energy. Therefore in a certain interval of propagation dis-
tances nonlinear collapse is stabilized by dissipation, and a
quasistable strongly localized two-dimensional wave packet,
a spin-wave bulletis formed. The existence of stable two-
and three-dimensional wave packets in a focusing media,

N max

2

max‘
2
maxl

uAnu
R

= » where collapse is stabilized by saturation of nonlinearity, has
0 6 been earlier predicted for optical wave packets in Ref. 14.
Zlm‘,‘hje o 2\!\«\“‘\ This effect has not been observed experimentally in optical

Kerr-like materials so far, probably due to the fact that in

FIG. 8. Nonstationary self-focusing of a two-dimensional optical waveguides, where most of the optical experiments
BVMSW packet. The upper parts of the pictures show the spinare performed, dispersion is several orders of magnitude
wave intensity distribution in the film created by the propagatingsmaller than diffraction, and it is not possible to observe the
pulse of the duration 29 ns at five successive moments after thefluence of both effects on a propagating wave packet si-
moment of a pulse launch from the antenna as indicated in thenultaneously. However, spatiotemporal self-focusing has
figure. The lower parts of the panels each show the cross sections pken recently reported due to the cascading of quadratic non-
the propagating pulse at half maximum power. Pa@lsand (b)  linear processes. In a YIG film diffraction is still substan-
show experimental data for lineaP{=10 mW) and nonlinear tjglly |arger than dispersion, but the difference is much
(Pin=460mW) regimes. Spatiotemporal self-focusing is clearly smaller than in optical waveguides. Therefore here it is pos-
seen forT=65ns in the nonlinear regime. Panét$ and(d) show  gjple to observe real spatiotemporal two-dimensional self-
the results of numerical calculations for corresponding parametersfocusing of the propagating BVMSW packet.

It is clear from Fig. 8b) that the point of the spatiotem-
persion played no role. If, however, the propagation of shorporal focus(i.e., the point where the amplitude of the packet
pulses is considered, the dispersion causing the spreading b&s a maximumis located neaz=2-2.5mn{50-60 n$.

a wave packet in the propagation direction in the linear casé&he transverse width of the pack@tiong the axigy) at this
might influence the mode propagation significantly. To meafoint has a minimum. Behind this point the packet moves for
sure the real two-dimensional spatiotemporal self-focusingsome time without a significant change in its shape (
we used a large YIG sampléhickness 7um, width 18 mm, =50-100ns), only its amplitude decays due to dissipation.
length 26 mm with a FMR linewidth of 2AH=0.6 Oe. The This is the region of existence of the quasistadn-wave
static magnetic field wasl =2098 Oe, and the carrier fre- bullet Finally the energy in the wave packet is so small that
quency was chosen to g= 7970 MHz which results in a the influence of the nonlinearity vanishes and the packet di-
carrier wave vectok,,=50cni 1. The coefficients of the verges as in the linear case110ns).

NLS for these parameters awg= —4.0X 10°cm/s,D=1.6 This effect is further illustrated in Figs.(&® and (b),
X 10°cmls, S=1.1x10°cms, N=—1.1x10s™!, and where the width of the packet perpendicular 1o)X and
w,=yAH=5.2x10P°s1, along the [,) propagation direction, and its peak amplitude

Figures 8a) and (b) show the distribution of the spin- of the wave packets are shown as functions of the propaga-
wave intensities for the above parameters and for two differtion time in both lineafFig. 9a)] and nonlineafFig. Ab)]
ent input powersP;,=10mW in the lineafFig. 8@a)] and cases. For 28t<40ns the packet enters the range of mea-
P,,=460 mW in the nonlinear reginéig. 8b)]. The upper surement. In the linear cag€ig. Aa)] the packet behaves
part of each panel shows the spin-wave intensity in a threemonotonously, and the width of the packet is continuously
dimensional plot for five different propagation times as indi-increasing while the amplitude is decreasing. Figu(b) 9
cated in the figure. The data are normalized to the maximurshows the nonlinear regime where the packets evolution is
power in each graph. The lower parts show the cross sectiorgifferent. After the packet entered the measurement region
of the wave packets at half maximum power. In the linearL, andL, rapidly decrease (40t<50ns), while simulta-
case, diffraction and dispersion cause the broadening of theeously the peak intensify.cincreases with a minimum in
initial wave packet perpendicular to and along the propagawidth and a maximum in intensity &t 70 ns, where apin-
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1‘2 the boundary amplitude in the transverse direction, Rtd
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is the temporal dependence of the input spin-wave ampli-

Time [ns] tude. In the case of two-dimensional modeliRt) is cho-

sen to be a rectangular pulse of duratigrwhile in the case

FIG. 9. Time evolution of the transversdl) and the longitu- f a stati i HOR(L) | dtob
dinal (L,) width of the spin-wave packet and the packets amplitude:0 a stationary nonlinear propagatid(t) is assumed to be

(a) shows the linear antb) shows the nonlinear regime. The sym- constant. The initial transverse distribution of the signal is
bols show the result of the experiment, the straight line shows th@SSumed o be  cosinusoidab(y) =Uecos  [7(2y
result of a simulation based on a variational approach, and the line W)/2W], with the width at base equal t/. The initial
with symbols shows the result of a simulation based on the numericondition for th? two.-dlmensmnal mpde“ng_ is the absence of
cal solution of the nonlinear Schiimger equation. wave perturbations in the propagation region.

When solving the stationary nonlinear diffraction prob-

2

wave bulletis formed. Fort>70ns the amplitude of the €M, we calculate the dependerité(z,y)|” for >0 when
bullet decays due to the dissipation whilg and L, stay the valueU(z=0.y) is given at the boundary. When solving
constant. At>100 ns the amplitude is so small that the spa-tN€ nonstationary problem of a two-d|m(3n5|onal pulse dif-
tiotemporal focusing effect vanishes and the bullet starts tdfaction, it is necessary to obtalb)(z,t,y)|* for all propa-

Figure 10 shows the evolution of the spin-wave bullet _1h€ most popular method for solving the NSE E6)
sizes with increasing input power. It is clear that both in-With homogeneous boundary conditions is the method of
plane sizes of the bullet decrease with increasing power angP/iting by physical factors within the framework of a fast
become closer to each other. This is a typical behavior of &ourier transform(FFT).™ In our case, however, the bound-

two-dimensional wave packet approaching the collapse poirft’y conditions az=0 are not homogeneous. Therefore, un-
i i ics, irect u i
(see, e.g., Ref. 34 like the case of nonlinear optics, the direct use of FFT is not

convenient, and the finite difference methods are used.
In the one-dimensional case of stationary wave diffrac-
V. NUMERICAL MODELING OF NONLINEAR SPIN- tion, the two-layer Crank-Nicolson implicit numerical
WAVE DIFFRACTION AND PROPAGATION scheme is used. To investigate nonstationary two-
dimensional wave propagation and diffraction, the alterna-
tive directions (ADI) (or Peaceman-Rachfordnethod is
used®® In this method, the first half step in the calculation
We model the dynamics of nonlinear spin waves in YIGuses an approximation at the upper temporal layer along the
films numerically using the model of a (21)-dimensional  z direction, while the second half step uses the analogous
nonlinear Schrdinger equatioNSE) written in the labora-  approximation along thg direction. The numerical realiza-
tory frame Eq.(9). We use the “magnetic wall” boundary tion of such a numerical scheme is made by a sweep method
conditions at the lateral edges of the filld{z,t;y=0,Y) along thez andy direction for each fractional step. Since the
=0. The boundary value of the dimensionless spin-wave amaonlinear term must be evaluated at an unknown temporal

A. Direct numerical simulation using the (2+1)-dimensional
nonlinear Schrodinger equation
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step, and in order to achieve a better approximation, we ustire of the collapsing wave beams was previously noted in

several iterations, which converge very quickly. Three iteranonlinear opticysee, e.g., Refs. 34 and )37

tions are sufficient for a full convergence in most cases. The

control of accuracy of the calculations is made by means of B. Variational approach

checking the quadratic conservation integral of E), and . .

by subdividing the temporary and the spatial steps of the Another apprpach to the nume'ncal modelmg_of thg ob-
Served nonstationary self-focusing of two-dimensional

difference scheme. Also, other methods of numerical simug, 1o\ packets is the so-called variational metiBth the

lations like ?p”“‘”_g by physical factors are used t(_) check theLramework of this method it is possible, to achieve a better
results of simulations, and a good agreement with the AD, jitative understanding of the process under investigation
method is obtained. _ _ since semianalytical results can be obtained easily by this
~ The modeling of stationary wave propagation and diffrac-method. Because our problem involves higher dimensions
tion was made for the following parameters of the film: the g dissipation, one common technique to obtain these ana-
length of the film isYo=10mm, the width of the filmZ, |ytical results is based on the collective-coordinate method
=8 mm, and the initial width of the input wave packet at which assumes that the main effect of the perturbation is the
base isW=5 mm. The parameters of the NSE model for the(generally speakingadiabatic modulation of the parameters
stationary nonlinear diffraction in a BIG filifsee Fig. Tare:  of the solution. The collective-coordinate method is based on
diffraction coefficientS=3.7x 10° cn¥/s, and wave dissipa- the variational approach previously applied to one-
tion w,=7.9x10°s™ 1. The wave group velocity P = dimensional solitary waves by Anders$hand then ex-
—8.6x10°cm/s, while the nonlinear coefficient isl=  tended to higher dimensioris.g., Ref. 39 Similar but less
—1.2x10s %, The results of the calculation are presentedrigorous and detailed methods are the ray-optics méthod
in Fig. 7(c) for the linear regimgU2=6.2x10"* or 0.9 of and the moment theof{}.Here, we develop a rather general

the nonlinearity threshold defined by EQ0)], and in Fig. aPproach based on the variational technique that is the very
7(d) for the nonlinear regimeéUS=2.4>< 10-2 or 35 times  Suitable for our problem. The main advantage of our formal-

ism compared to other variants of the variational technique is
that it does not require to employ any specific ansatz for the
wave packet shape, and allows us to treat the dynamics in an

theory and in experiment, the only observed effect is a Weakmiversal form. Thus all the coefficients of the model can be
diffraction of the BVMSW’beam. In the nonlinear regime the ea_sily calculated for any i_nitial profiles of the wave packet
nonlinear self-focusing of the beam is clearly seen both irt'SINg the general expressions E(ES) and (18) below.

the experimental and in numerical data, and the position ofh We considler.Eq(g) ir(ljthe reference Lrame .m(_)vin? fWith
the focal point is very well described by the numerical N 9roup velocityq and present it in the variational form
model. oL=46[Ldt=0, where

The nonstationary (two-dimensiongl modeling of )
BVMSW pulse propagation and' diffraction in a YIG film L:eiw,tfw [I—(qu—u* U+ ED|UZ|2+S|U 2
sample was done for the following parameters: film length 2 2 y
Zy=26 mm, film width Yo=18 mm, and the initial trans-
verse width of the input wave packéf=5 mm. The NSE _ E|N||U|4
coefficients arev,=—3.9X 10° cm/s, dispersion coefficient 2
D=1.6x10°cn?s, diffraction  coefficient S=1.1 . _ _ .
X 10° cé/s, wave dissipatiom, =5.2x 10° s%, and nonlin- where we have assumed that the dispersion and diffraction
earity coefficientN=—1.1x 10%s™%. In this case, the total coefficients are positivel{,S>0) and the nonlinear coeffi-
width of the film is large enough for the input pulse not to Cient is negative N <0), which corresponds to the situation
reach the boundaries of the film. The duration of the inputf self-focusing along both in-plane directions. Following
pulse is chosen to bE=29ns, as in the experiment. the basic strategy of the variational technique, we seek the

The results of this numerical modeling are presented irfdeneral solution of the forff
Fig. 8(c) for the linear caséU%zl.ZX 10 4 or 0.25 of the
nonlinearity threshold defined by the EQ.0)] and in Fig.
8(d) for the nonlinear case§U§=2.8>< 102 or six times
higher than the nonlinearity threshaldt is clear that the )
calculated results are qualitatively similar to the experimenWhere the parametess, w;, «;, and g are slowly varying
tal results presented in Figs(a8 and (b) and in Fig. 9. We functions of time. The important feature of our analysis is the
also calculated the dependence of the focused beam sizes @¢t that the functiond; are not specifiea priori, allowing
the initial amplitude of the input wave packet. This depen-generally different shapes of the pulse and much better
dence is presented in Fig. 10. In close agreement with thagreement with direct simulations and experimental data. To
experiment both sizes of the focused wave packet are dé@btain the system of equations for the slowly varying param-
creasing with the increase of the input amplitude. Also it carfters, we substitute the solution in the form Etp) into the
be clearly seen that with the increase of the input power botgffective Lagrangian Eq(11) and integrate over the trans-
sizes of the wave packet become closer to each other. I¥erse variabley andz. Then, the equation of motion can be
other words, an initially elliptic wave packet becomes morefound as the Lagrangian equation of motion with the aver-
and more circular when it is approaching collapse. This feaaged Lagrangiah as follows:

higher than the nonlinearity threshpldrhe numerical data
are corrected for attenuation.
It is clear from Fig. 8 that in the linear regime, both in

—o0

dzdy; (1)

pA ) ) )
U(t,z,y) =A(t)f1<le) fz(v\%) ela122+|a2yze|[3’ (12)
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T Sys_tem(19) is signilar_ to that deriveq by means of the ray-
— = (13 optics approach® which generally gives wrong results for
dt a'gj 9 the coefficients. In the symmetric case, we should impose the
conditionsS=D/2, a1=a,, W;=W,, andf;=f,, so that
the systen(19) reduces to a single equation for the common
width parametem, that can be easily investigated with and
without dissipation(see, e.g., the analysis of the similar
dpP equation derived by the moment meth84In our case, the
at 20.P, (14) width parameters are not equal, and the initial wave packet is
. ot elliptic, so we need to solve the systdfd) numerically.
that2 gives P=P(0)e ““, where the value P The results of this solution are compared with the experi-
=A"W;1W,Coido, is the total power of the spatio-temporal mental results and the results of direct numerical modeling.
structure, and the numerical parameters are defined by th|aney are displayed in Figs.(& and (b) for the linear and

whereé;={A,w;,W,,aq,a,,B} stands for the whole set of
variables. First of all, the equation for the paramgean be
written in a simple form:

expression nonlinear regimes. We use Gaussian pulse profiles along
o both in-plane directions and the parametarg=—4.0
— 2ng2m
(Cnm:dnm)_JlooZ fia(z)dz (19 x1Pcmis, D=1.6x1CcnPls, S=1.1x10°cnéls, N=
_ _ -1.1x10%!, w,=yAH=5.2x10Fs! Ly =1.5mm,
By varying the parameters; anda, we obtain Lo,=0.85mm, andA3=5x10"2. It is clear that the varia-
42w2 tional approach provides a picture of the initial wave packet
1_ 4D aw?, evolution that is qualitatively correct, but less accurate than
dt the direct numerical experiment using the NSE model, Eq.
y 2 (9). It is worth noting, that in order to achieve a qualitative
d“w; agreement with experiment we had to use in the variational

T 8Sar,W5, (16)

which describe the evolution of the beam diameters. Thes
equations should be combined with the equationsfpand

approach a value of the initial packet amplitude that is 20
times larger than in the direct numerical simulation using
RisE Eqg.(9). This shows that, apart from the deeper physical
insight the method provides, the variational method has only

2, limited quantitative applicability in this case.

dal DC* 2 1 |N|A2 C02d02

—— = 2D’ — ,

dt  2cyw) Y4 wi cpdo VI. CONCLUSIONS

2
%: Sd*4_ w2 E |N|’2°‘ Coztoz (17) In conclusion, a space- and time-resolved BLS technique
dt  dyw; Y4 wi codyy was applied for the investigations of linear and nonlinear

Where propagation, self-focusing, and diffraction of different spin

wave modes in garnet films. The nonreciprocal excitation
= (dfy )2 and propagation of magnetostatic surface spin wave as well
(c, ,d*)=f (E) dz (19 as the formation of two narrow beams of backward volume
magnetostatic wave$BVMSW) from an initially excited
Combining Egs.(16) and (17), we finally obtain a closed broad beam were demonstrated and investigated in detail
system of coupled equations for the pulse widths in the formwith high spatial resolution. Both effects, which were sepa-
rately observed before, are connected with the peculiarities

— oo

dw, a of the linear spectrum of the corresponding mode. The sta-
= — — P(t) tionary and nonstationarynonlinear self-focusing of

dt Wi WIW, 19 BVMSW was studied. The formation of highly localized

d®w, b = ’ (19 guasistable two-dimensional packets of spin wassn-

2w wwt wave bullets has been observed and investigated. The ex-
2 T2 perimental observations are in a good agreement with results
whereP(t) is defined by Eq(14), and the numerical coeffi- of numerical simulations based on the nonlinear Sdimger

cients are equation and with those obtained by a variational approach.
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