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Parametric Generation of Forward and Phase-Conjugated Spin-Wave Bullets in Magnetic Films
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We show experimentally as well as by numerical simulation that interaction of a linear two-dimensional
spin-wave packet with quasiuniform pulsed pumping leads to the formation of strongly self-focused
nonlinear spin-wave bullets propagating in both forward and reversed directions. The focusing of the
reversed, phase-conjugated wave bullet is stronger than that of the forward one, because not only the
nonlinear four-wave self-focusing effect but also linear focusing due to two-dimensional phase con-
jugation contributes to the focusing of the reversed bullet.
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The possibility of the existence of light wave bullets—
stable two- or three-dimensional nonlinear light wave
packets self-focused in space and time—has been sug-
gested by Silberberg [1]. Although predicted for light,
wave bullets were first experimentally observed in the
system of spin waves in yttrium-iron garnet (YIG) films
[2]. Then, light bullets were observed in an optical medium
with quadratic nonlinearity [3] and in nonlinear plasmas
[4]. In our recent experiment [5] we were able to show that
spin-wave bullets can be self-generated from noise in an
active ring containing a magnetic film and an external
microwave amplifier. This experiment proves that wave
bullets are intrinsic nonlinear multidimensional excitations
of the nonlinear medium with dispersion, diffraction, and
dissipation.

The main advantage of the experimental investigation of
spin-wave bullets in magnetic films compared to the stud-
ies of light wave bullets [3,4] is the low group velocity of
spin-wave packets compared to the speed of light. This
property allows us to follow the spin-wave bullet formation
and propagation in real time using the space- and time-
resolved Brillouin light scattering technique [6].

An additional advantage of magnetic films as a medium
for nonlinear wave studies is the fact that in these films it is
possible to realize an effective parametric interaction of a
propagating wave packet (having a carrier wave vector k
and frequency w) with nonstationary (pulsed) electromag-
netic pumping [7]. The conservation laws for such a para-
metric interaction process have the form

w+o=w k +k' =k, (1

I))
where w,, , o’ and k,, k, k' are the carrier angular
frequencies and carrier wave numbers of the electromag-
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netic pumping pulse, initial spin-wave packet, and the
“idle” spin-wave packet formed in the interaction process,
respectively.

It is known [8-10] that in a quasi-one-dimensional
spin-wave waveguide the parametric interaction (1) may
result in a substantial amplification of the initial spin-wave
packet and, in the case of quasiuniform pumping (k, = 0),
to the parametric generation of a phase-conjugated idle
wave packet with the reversed wave front k/ = —k
propagating in the opposite direction.

The goal of this Letter was to study both experi-
mentally and theoretically parametric interaction of two-
dimensional spin-wave packets with quasiuniform pulsed
pumping. Although parametric interactions and wave-front
reversal of quasi-one-dimensional spin-wave packets have
been studied previously (see [8—10]), the generalization of
these results to the two-dimensional case is nontrivial, as in
a tangentially magnetized magnetic film the spin-wave
spectrum is strongly anisotropic, i.e., the directions of
phase and group velocity do not coincide for many orien-
tations of the spin-wave vector [for details see Egs. (5) and
(6) in [11]]. In the experiments described below we dem-
onstrate that, in spite of the anisotropy of the spin-wave
spectrum, parametric interaction of a two-dimensional
spin-wave packet with pumping leads to the following
two effects: (i) two-dimensional phase conjugation and
wave-front reversal of the incident wave packet; (ii) for-
mation of well-pronounced nonlinear spin-wave bullets
from both forward-propagating and phase-conjugated re-
versed wave packets.

A waveguide (size 4.1 X 30 mm?) was cut out of a
single crystal YIG(111) film of 5 m thickness grown on
a gallium-gadolinium garnet substrate. The saturation
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FIG. 1 (color). Experimental setup. Leads feeding the antenna
and the resonator with microwave power are not shown.

magnetization of the film 47M, is 1750 G, and its full
ferromagnetic resonance linewidth is 2AH = 0.6 Oe at
/27 = 7 GHz. For excitation of spin waves a microstrip
antenna of 25 um width and 2 mm length was used. The
width of the waveguide was chosen to be twice the length
of the antenna and several times larger than the character-
istic transverse size of a spin-wave bullet (0.2—0.8 mm)
(see, e.g., [2]) to guarantee a truly two-dimensional regime
of spin-wave packet propagation. The magnetic field H,,
was applied in the film plane along the long side of the
waveguide (z axis in Fig. 1). This geometry corresponds to
the excitation of backward volume magnetostatic waves
(BVMSW) (see, e.g., [2,12]).

The input BVMSW packets were excited by rectangular
electromagnetic pulses of 30 ns duration with carrier fre-
quency of w/27 = 3.9660 GHz. For the applied field
H, = 800 Oe this frequency corresponds to the BVMSW
with a carrier wave number of k, = 95 rad/cm. The mea-
sured value of the group velocity of |v,| =1.95 X 10% cm/s
coincides well with the calculated value of 2.07 X
10° cm/s. The calculated values of the dispersion D, dif-
fraction S, and nonlinear coefficient N are 520 cm? /s rad,
1.18 X 10° cm?/srad, and —5.66 X 10° rad/s, respec-
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tively (see [13] for details). The coefficient of parametric
coupling for the above experimental conditions was found
to be V/27 = 0.84 MHz/Oe [see Eq. (2) below], while
the parameter of linear dissipation w, = yAH was equal
to @, = 5.4 X 10° rad/s, where y/27 = 2.8 MHz/Oe.

A rectangular dielectric (e = 80) resonator having the
size 1 X 9.45 X 5.85 mm? with a 0.8 X 4.5 mm? rectan-
gular opening in the middle was used to create a pumping
magnetic field inside the YIG film. The waveguide went
through the opening, and the resonator was placed at a
distance of 2.5 mm from the antenna (see Fig. 1). The
pumping microwave field was parallel to the applied mag-
netic field. The resonator created a rather long zone of
pumping area along the z axis (s = 3 mm), giving k, =
/s = 10 rad/cm and indicating that the condition k, <
k, formulated above was fulfilled. The loaded quality
factor of the resonator was 184, and the resonance fre-
quency was equal to a)p/277' = 7.9322 GHz, ie., w, =
2w and ' = w in Eq. (1).

The pumping pulse having a duration of 39 ns and a peak
power P, = 30 W was supplied to the dielectric resonator
at the time when the propagating input pulse was close to
the center of the resonator. As a result of the parametric
interaction the forward-propagating amplified and the
backward-propagating amplified, reversed, and phase-
conjugated spin-wave packets were formed. The maximum
amplification of the forward-propagating packet reached
27 dB.

Monitoring the formation and propagation of spin-wave
packets was made using the space- and time-resolved
Brillouin light scattering technique described in detail in
[11]. Two-dimensional maps of the spin-wave intensities
I(z,y) proportional to the local values of the squared
dynamic magnetization in the film were recorded with spa-
tial resolution of 0.1 mm and temporal resolution of 2 ns.

A series of such maps is shown in Fig. 2. The upper
panel of Fig. 2 demonstrates the evolution of a two-
dimensional wave packet of duration 7= 30 ns after it
has been launched from the antenna and until it reaches
the pumping area. The initial width of the packet (deter-

FIG. 2 (color). The spatial distribu-
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mined by the antenna length and the carrier wave number)
was L,g = 0.4 mm, the power of the initial microwave
pulse defining the intensity of the packet was P,, =
146 mW. As seen in Fig. 2 the packet spreads along the
transverse (y) direction during propagation due to the
strong diffraction in the film. The spreading of the packet
is illustrated by Fig. 3(a) showing its width versus the
propagation distance. The three curves correspond to dif-
ferent values of the input power.

The lower panel of Fig. 2 demonstrates the propagation
and evolution of the reversed (k/ = —k) wave packet
formed as a result of the parametric interaction. It is clear
that the amplified wave packet experiences a strong non-
linear two-dimensional self-focusing, which leads to the
formation of a well-pronounced spin-wave bullet (see
frames corresponding to 191, 200, and 208 ns). The evo-
lution of the bullet width L, in this reverse propagation is
shown by curves (1) and (2) in Fig. 3(c). Curve (3) shows
the linear case for reference. Curve (1) in Fig. 3(c) obtained
in a strongly nonlinear regime (P;, = 226 mW) demon-
strates the formation of a wave bullet in the reversed wave
packet for a large region of propagation distances (from 1.7
to 1.1 mm) where L, is almost constant.

One can see from Fig. 2 that the reversed packet under-
goes a wave-front reversal (phase conjugation). The wave
front of the incident pulse that is slightly concave imme-
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FIG. 3. Behavior of the spin-wave packet characteristics with
propagation distance z and time 7. (a),(b) The evolution of the
transversal width L, of the spin-wave packet before its interac-
tion with pumping and after its parametric amplification, respec-
tively. (c) The evolution of the width L, of the reversed spin-
wave packet. Curves (1), (2), and (3) correspond to the input
powers P;, of 226, 146, and 22 mW, respectively. (d) A spin-
wave packet at given instants as indicated illustrating the two-
dimensional phase conjugation and front reversal process of a
linear (22 mW) pulse due to interaction with the pumping.

diately before the interaction with pumping (frame corre-
sponding to 78 ns) becomes clearly convex after the
interaction (156 ns) (note the change of direction of propa-
gation between these two frames). As it is seen from
Fig. 3(d), the effect of two-dimensional wave-front rever-
sal is even more pronounced for a linear, low-power input
wave packet.

Figure 3(b) demonstrates that formation of a spin-wave
bullet takes place also in the forward-propagating packet
amplified by pumping. In this case, however, the bullet is
formed at a larger distance from the pumping resonator
(1.5 mm compared to 0.8 mm for the reversed packet) and
it exists in a larger range of propagation distances (from 1.5
to 3.1 mm).

These differences can be attributed to the fact that two
mechanisms contribute to the bullet formation from the
reversed packet. The first mechanism is the same nonlinear
four-wave self-focusing effect that is responsible for the
bullet formation from the forward-propagating packet, as
discussed in our previous work [2]. The second mechanism
is the linear focusing effect characteristic for the process of
two-dimensional phase conjugation [10,14]. This linear
focusing effect can be observed separately if the power
of the input signal is low enough [see Fig. 3(d) and
curve (3) for P;, = 22 mW in Fig. 3(c)].

Thus, due to the combined action of linear and nonlinear
effects, the focusing and compression of the reversed wave
packet is more pronounced than that of the forward-
propagating amplified wave packet, although the ampli-
tude of the forward packet is larger.

It has been demonstrated previously [2,11] that forma-
tion and propagation of a two-dimensional spin-wave bul-
let can be described by a two-dimensional parabolic (or
nonlinear Schrodinger) equation with dissipation [see,
e.g., Eq. (1) in [2] ]. To describe the parametric interaction
of a two-dimensional spin-wave packet with pumping, we
shall use a system of two coupled parabolic equations for
the envelopes of forward-propagating and reversed wave
packets,

(20U U, LD 02U,
+ U —+t w Ul 3
at 9z 2 9z
S 9*U . )
5 ay21 = N(U,? + 21U, U,y = iVh,(z, U5, (2a)
U, _ aUz D 9*U;
+ o,Us )+ =
( 2) 2 972
S 9?U; . .
+3 8y22 — N(U,I> + 2|U P)U; = —iV* i (z, U,

(2b)

where U, and U; are the amplitudes of the forward-
propagating and reversed spin-wave packet envelopes,

= dw/dky, is the group velocity, D = 02w /dk2|;,
and S =0w/ ak2|k are the dispersion and diffraction
coefficients, respectwely, = 0w/d|U |2|ka is the non-
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FIG. 4. Numerical modeling of bullet formation by parametri-
cally amplified and conjugated spin-wave packets. (a) The initial
spin-wave packet. (b) The amplified and conjugated spin-wave
packets just after their parametric interaction with an electro-
magnetic pumping. (c) A pronounced two-dimensional compres-
sion of both spin-wave packets.

linear coefficient, w, is the relaxation parameter, ky = ko,
is the carrier wave number, w(ky, k, |U |2) is the nonlinear
wave dispersion law, and V is the coupling coefficient
between the parametric waves and the pumping field of
the amplitude £,,.

The above described processes of spin-wave packet
propagation and interaction with parametric pumping
were modeled numerically using the system (2). It was
assumed that the input linear wave packet has the follow-
ing profile:

2(z — _
U%(Y; 1= O) = U%COSh_Z[Q}COSZ[M},

20 Yo
(3)

where Ly, and L, were the same as in the experiment
Fig. 3. We used the above determined values of v,, D, S, N,
w,, and V as coefficients. The pumping field of A, =
60 Oe was assumed to be uniform in space and was acting
for 40 ns starting at the time when the maximum of the
input propagating pulse was at a distance of 3 mm from the
antenna.

The two-dimensional distributions of the normalized
spin-wave intensity |U(y, z)/Ul|? calculated for three dif-
ferent times (before, immediately after, and 30 ns after the
end of the pumping pulse) are shown in Fig. 4. The nu-
merical model correctly reproduces all the qualitative fea-
tures of the observed parametric interaction process:
immediately after the interaction with pumping two coun-
terpropagating wave packets [Fig. 4(b)] are formed from
the initial linear wave packet [Fig. 4(a)]. This is followed

by the formation of bullets in both forward-propagating
and reversed wave packets [Fig. 4(c)]. We note that the
numerical results also show that self-focusing of the re-
versed spin-wave bullet is stronger than that of the
forward-propagating packet. Thus, the model successfully
describes the above observed effect of linear focusing due
to the two-dimensional parametric front reversal and phase
conjugation.

In conclusion, we have shown that spin-wave bullets
being two-dimensional intrinsic excitations of a nonlinear
diffractive and dispersive medium with dissipation can be
generated parametrically in magnetic films from linear
input wave packets. They are formed from both the
forward-propagating and reversed wave packets, and their
properties are similar to the properties of wave bullets
generated by other means [2,5].
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