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Wave Front Reversal of a Dipolar Spin Wave Pulse in a Nonstationary Three-Wave
Parametric I nteraction
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The effects of wave front reversal and inversion of the time profile are observed experimentally for a
dipolar spin wave pulse (carrier frequency w;) interacting in a yttrium-iron garnet film with a weakly
localized nonstationary parametric pumping (carrier frequency w, = 2w;) in a three-wave process with
conservation law w, = w; + w,, where w, is the carrier frequency of the reversed pulse. Theoretical
analysis based on the solution of the system of equations for envelopes of interacting wave packets by
means of a Green's function formalism gives a quantitative description of the observed phenomena.

PACS numbers: 75.30.Ds, 76.50.+g, 85.70.Ge

Dipolar spin waves at microwave frequencies propagat-
ing in yttrium-iron garnet (Y IG) films provide a superb op-
portunity to study nonlinear wave processes in dispersive,
diffractive media with weak dissipation. For example, in-
teresting novel effects like formation [1] and collisions [2]
of strongly self-focused two-dimensional dipolar spin wave
packets (spin wave “bullets’), and self-generation of spin
wave envelope solitons [3] have been observed recently in
YIG films.

Here we report the observation of another new non-
linear effect—wave front reversal (or phase conjugation)
and inversion of time profile of a dipolar spin wave pulse
at microwave frequency happening as a result of a non-
stationary three-wave parametric interaction with spatially
localized electromagnetic pumping.

The carrier frequencies and wave vectors of the incident
(signa) pulse (w1, k), reversed pulse (w», k»), and pump-
ing pulse (w,, k) satisfy the conservation laws

k, =k, + k. (1)

In this process the frequency of electromagnetic pump-
ing w, must be almost 2 times larger than the carrier
frequencies of the incident (signal) and reversed pulses
(wp, = 2w = 2w,). Since the wave number k, of the
electromagnetic pumping is much smaller than the carrier
wave numbers of the dipolar spin waves (k, < ki, k), it
ispossible to obtain front reversal (k, = —k;) of theinci-
dent pulsein the process (1). At least two properties make
the process of wave front reversal (or phase conjugation)
different from a usual wave reflection (see, e.g., [4,5]).
First of all, while the direction of the reflected wave is
determined by the Snell’s law, the reversed wave aways
propagates in the direction opposite to that of the incident
wave. Second, under certain conditions the leading front
in the incident wave pulse might become the trailing front
of the reversed wave pulsg, i.e, the time profile of the
reversed pulse might be inverted relative to the incident
pulse.

w, = w T w2,
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In our present work we have found and practically real-
ized the conditions under which the inversion of the time
profile of the incident pulse can be observed experimen-
tally in the parametric process (1). It turned out that the
inversion of the time profile could happen only if the para-
metric interaction (1) is nonstationary (see [6]), i.e., when
the pumping is pulsed, and the duration of the pumping
pulse 7, is small compared to al the other characteristic
time scales of the problem

T, L1 <7TL, )]

where 7; is the duration of the incident pulsed signal, and
7. = L/v isthe time necessary for the incident signal to
passthe region of pumping localization (L isthe size of the
pumping localization region, and v isthe group velocity of
the incident pulse).

The phenomenon of a wave front reversal (or phase
conjugation) has been studied previously for light waves
in nonlinear optics [4,5]. In optics, however, the wave
front reversal (k, = —k;) was realized in a second-order
four-wave parametric process with the conservation laws

Za)p=a)1 +a)2, kpl +kp2=k1 +k2, (3)
when pumping was done by a pair of oppositely directed
light waves (k,; = —k ) having frequency close to that
of the incident and reversed signals w, = w; = w». The
wave front reversal caused by a three-wave interaction (1)
was never observed in optics due to the difficulties in ful-
filling the conservation laws (1) in the spectrum of light
waves in optical fibers.

Thus, our present experiments performed on microwave
spin waves in magnetic films provide the first experimental
evidence of the wave front reversal effect, caused by the
first-order three-wave parametric process (1). In contrast
with optics, it is easy to realize the three-wave process
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(2) for dipolar spin waves at microwave frequencies, and
this process has been used for the amplification of linear
spin wave pulses and spin wave envelope solitons [6—8].
We aso note, that in a media with dissipation the power
threshold of the three-wave parametric process (1) is much
lower than the threshold of the four-wave process (3) (see
pp. 23-28 in [9]).

Preliminary attempts to observe the wave front reversal
process for dipolar spin waves in a three-wave interaction
inaYIG films have been reported in [10]. A Green’sfunc-
tion formalism for the solution of the problem of paramet-
ric three-wave interaction was aso proposed there. The
experiments in [10] were performed, however, in a sta-
tionary regime of parametric interaction, when pumping
pulse duration was relatively long 7, > 7. Therefore, it
was not possible to observe theinversion of the time profile
of the incident pulse in [10].

In this Letter, we elucidate the conditions under which
the inversion of the time profile of the incident pulse be-
comes possiblein the process of wave front reversal caused
by the three-wave interaction (1). To do this, we analyze
theoretically the interaction (1) using the system of re-
duced parametric equations for the wave packet envelopes
a12(z,t) dependent on time ¢ and spatial coordinate z
along the direction of wave propagation [10—12]

Jd Jd "
(E + vy & + F1>a1(z,t) = Va,,(z,t)az(z, l), (48.)

(5 — Uy & + F2>a2(z,t) =V ap(z,t)al(z,t),
(4b)

where vi = v, =v, and I'' =1, =T = gAH are
group velocities and dissipation parameters of the in-
cident and reversed pulses, correspondingly, g is the
gyromagnetic ratio (g/27 = 2.8 MHz/Oe), AH is the
half-linewidth of the ferromagnetic resonance in a YIG
film, a,(z, 1) is the amplitude of the nonstationary local-
ized pumping, V is the coupling coefficient between spin
waves and parallel pumping defined in [8] (in our experi-
ment V /27 = 0.67 MHz/Qe), and the asterisk denotes
complex conjugation. Equations (4) are correct in the case
when the interacting wave packets are spectrally narrow
27 /7112 <K w1, (Where 7 and 7, are the durations of the
input and reversed pulses correspondingly), and when the
parametric parallel pumping is localized weakly, so that
Akp == 27T/L < kip.

In some particular cases the system of Egs. (4) can
be solved analytically using the Green's function for-
malism described in [10]. In particular, in the case of a
nonstationary locally homogeneous pulsed pumping in
the form of a rectangular pulse of duration 7, < 7,
which has constant amplitude «, in the localization
region 0 =z = L and is vanishing everywhere else,
it is possible to obtain an explicit expression for the

time profile a>(z = 0,1) of the reversed pulse at the
left boundary (z = 0) of the pumping localization
region

ay(z = 0,1)=sinh(Va,t,)

X |:a1(2tp + 7, — 1)

N < Vaymp, ) 1 62a1] 5
tanh(Va,7,) 2(Vap)? or?
wherea;(z =0, r) isthe profile of theincident pulse at z =
0, and ¢, isthe moment when the pumping is switched on.
The expression (5), obtained in the case when the pump-
ing pulse duration has afinite value 7, is a generalization
of the classical expression for the time profile of areversed
signal obtained in nonlinear optics (see, e.g., [5]) for the
case when pumping has the form of the Dirac’s 6 function

[ap(t) < 8(r — t,),1.e, 7, — 0]

ay(z = 0,1) = Ca)(2t, — 1), (6)

where C isthe constant coefficient dependent on the pump-
ing power. Equation (6) describestheideal inversion of the
incident signal time profile.

It is clear from Eq. (5), that in the case of finite pump-
ing pulse duration 7, > 0 the time profile of the reversed
pulseisdistorted. These distortions are proportional to the
second derivative of the incident signal time profile a;(z),
and become larger with the increase of 7,.

Thiseffectisillustrated by Fig. 1 wherethetime profiles
of the reversed pulse a; (1) are calculated numerically using
Egs. (4) for a triangular-shaped incident pulse (with base
duration 74) and different durations 7, of a rectangular
pumping pulse. It is clear from Fig. 1, that distortions of
the reversed pulse shape increase sharply with the increase
of the pumping pulse duration. Clear inversion of the
incident pulse time profile takes place only when 7, <
0.175. For the incident pulse of an arbitrary shape this
condition can be written as 7, < 7. It is aso necessary
for the incident pulse not to leave the region of pumping
localization during the action of the pumping pulse, so that
71 + 7, < 1. Thus, if we wish to observe the inversion
in time of the input pulse profile in areal experiment, the
regime of parametric interaction (1) must be nonstationary,
so that the characteristic time scales of the problem obey
the inequality (2) (for details, see [6]).

Our experiments on the front reversal of dipolar spin
waves were performed using a standard delay-line struc-
ture [8,10] shown in Fig. 2. This structure consists of
input (1) and output (2) microstrip transducers of the width
50 uwm separated by the distance [ = 5 mm. To create a
spatially extended region of parallel pumping localization
(L = 3.3 mm in our experiment) the pumping pulse was
supplied to an open dielectric resonator situated between
the microstrip transducers and made of a thermostable
ceramics (dielectric permeability € = 80). A YIG film
sample (in-plane sizes 1.6 mm X 18 mm, thickness

3439



VOLUME 84, NUMBER 15

PHYSICAL REVIEW LETTERS

10 ApriL 2000

al/al max a2/a2 max
o e o
BN @) oo

1 tp 3 4 Z/TAS

FIG. 1. Time profiles of areversed pulse (right) created by the
triangular input pulse of base duration 7, (left) interacting with
rectangular pumping pulses of different duration 7, (middle).
The pumping pulse is switched on at the moment ¢ = 7, = 27,4,
and its duration is expressed in the units of & = 7,/74. L
E—0,2 £=01;3 £€=03;4 &£ =05.

4.9 um, saturation magnetization 47 M, = 1750 Oe,
ferromagnetic resonance linewidth measured at 5 GHz
2AH = 0.4 Oe) was placed on top of the microstrip
transducers, while the central part of it was inside the
pumping dielectric resonator (see Fig. 2). The YIG film
was magnetized tangentialy to its surface by the external
magnetic field of 1020 Oe. The effective bias magnetic
field, which accounts for the combined effects of cubic
and uniaxial anisotropies, was Hy = 1042 Oe. This ge-
ometry corresponds to the excitation of backward volume

P20ut
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FIG. 2. Diagram of the experimental delay-line structure: 1
and 2 are the input and output microstrip transducers. The
dielectric resonator in the middle is used to supply a pumping
pulse.
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magnetostatic waves (BVMSW) propagating along the di-
rection of the bias magnetic field Hy. The calculated value
for the upper boundary of the BVMSW spectrum was
w, = g\JHo(Hy + 4mMy) = 27 X 4775 MHz, which
turned out to be in good agreement with experiment.

The carrier frequency w; of the incident (signal) pulse
was chosen to be w; = 27 X 4720 MHz which corre-
sponds to the carrier wave number of k; = 155 cm~! and
group velocity v = —2.21 em/us, 7, = L/v = 150 ns.
This position of the frequency w; in the BVMSW spec-
trum allows us to work with rectangular signal pulses
of duration 7y = 20 ns without large distortions in their
spectrum.  The maximum power of the input pulse was
smaller than 5 mW, which guaranteed a linear regime of
signal pulse propagation when pumping was switched off.
The carrier frequency of the pumping pulse was chosen
tobe w, = 2w, = 27 X 9440 MHz, and the maximum
pumping power was (P,)max = 5 W.

The experimental curves demonstrating the effect of
wave front reversal for a BVMSW pulse in a nonstation-
ary regime of parametric interaction (7, < 71 < 7.) are
presented in Fig. 3. To observe explicitly the reversal of
the time profile of theincident signal, we used the incident
signal in the form of two successive rectangular pulses of
duration 25 ns separated by theinterval of 40 ns (see curves
1 and 2intheleft side of Fig. 3), so the full duration of the
input signal was 7 = 90 ns. The pumping pulse duration
was 7, = 20 ns as shown in the middle of Fig. 3.

In the case when two rectangular pulses in the incident
signal had equal amplitudes, two maxima in the reversed
signal were exactly equal, and it was not possible to de-
termine in which order the pulses arrive at the input trans-
ducer (see dotted curves 2 and 2’ in Fig. 3). In contrast,
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FIG. 3. Reversa of the time profile of the incident signal. 1,2:
Signals reflected from the input transducer before interaction
with pumping (amplitudes reduced by 20 dB); 1/, 2': Signas
at the input transducer created by the reversed wave formed in
a first-order parametric interaction with pumping. Dotted lines
show the case of input signal pulses of equal amplitudes, solid
lines show the case when input pul ses have different amplitudes.
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FIG. 4. Comparison of theoretical (dotted curves) and experi-
mental (solid curves) profiles of the reversed signa correspond-
ing to different values of the pumping pulse duration 7,, and
different values of the pumping power P,. The time profile
of the incident signal is the same as in the left side of Fig. 3.
(Pp)max =5W.

when the amplitudes of the incident pulses were different
(solid curvesin Fig. 3) itisclear that the order in which the
reversed pulses arrive at the input transducer is opposite to
the order of these pulses in the incident signal. In other
words, the time profile of the incident signal is inverted.

It can be seen that the bell-like shapes of maxima 1/, 2/
inthereversed signal in Fig. 3 aredifferent from the almost
rectangular shapes of the pulses 1, 2 in the incident signal.
These distortions are caused by the effect of the finite
duration of the pumping pulse, qualitatively described by
Eqg. (5) and illustrated in Fig. 1.

To make a quantitative comparison of our experimental
results with theory, we solved the system of equations (4)
numerically for the incident signal profile consisting of
two successive rectangular pulses (as shown in the left
side of Fig. 3), and for different durations of the pumping
pulse 7,. The results of this solution (dotted curves) are
shown in Fig. 4 in comparison with experimentally mea-
sured profiles of the reversed signal at the input microstrip
transducer.

It is clear from Fig. 4, that for the largest value of
the pumping pulse duration 7, = 66 ns the distortions of
the reversed pulse profile are so substantial, that the two
maximain the reversed signal are not resolved. For smaller
values of 7, (7, = 29.5 ns and 7, = 20 ns), when the
regime of parametric interaction can be considered non-
stationary (7, < 7.), the maxima in the reversed signal
are clearly resolved, although the distorsions of their fronts

are still present. It is worth noting that in all three cases
presented in Fig. 4 the numerical solution of the system (4)
gives good quantitative description of the observed effect.

In conclusion, we have observed for the first time the
inversion of the time profile of adipolar spin wave pulsein
the wave front reversal process caused by the nonstation-
ary three-wave parametric interaction (1) with spatialy
localized parallel pumping. We have also formulated con-
ditions under which the experimental observation of the
this phenomenon is possible. The most important of these
conditions is the nonstationary character of parametric in-
teraction (1), when the duration of the pumping pulse 7,
is much smaller than the time 7, necessary for the in-
cident signal to pass the region of pumping localization
(7p < 7). Our experimental results are in quantitative
agreement with the theory based on the solution of the
system of the reduced parametric equations (4) for the en-
velopes of interacting wave packets.

The authors are grateful to Dr. C.E. Patton and Dr.
B. Hillebrands for helpful discussions. Thiswork was sup-
ported by the Ukrainian Fund for Fundamental Research,
by the National Science Foundation of the U.S.A. (Grant
No. DMR-9701640), and by the Oakland University
Foundation.

[1] M. Bauer, O. Buttner, S.O. Demokritov, B. Hillebrands,
V. Grimalsky, Yu. Rapoport, and A.N. Slavin, Phys. Rev.
Lett. 81, 3769 (1998).

[2] O. Buttner, M. Bauer, S.O. Demokritov, B. Hillebrands,
M.P. Kostylev, B.A. Kalinikos, and A.N. Slavin, Phys.
Rev. Lett. 82, 4320 (1999).

[3] B.A. Kdinikos, N. G. Kovshikov, and C. E. Patton, Phys.
Rev. Lett. 80, 4301 (1998).

[4] A.YarivandP. Yeh, Optical Waves in Crystals (John Wiley
and Sons, New York, 1984).

[5] B.Ya Ze'dovich, R.F. Pilipetskii, and V.V. Shkunov,
Principles of Phase Conjugation (Springer, Berlin, 1985).

[6] G.A. Mekov, A.A. Serga, V.S. Tiberkevich, A.N.
Oliynyk, A.V. Bagada, and A.N. Slavin, “Parametric
Interactions of a Spin Wave Pulse with Localized Non-
Stationary Pumping: Amplification and Phase Conjuga-
tion,” |EEE Trans. Magn. 35, 3157 (1999).

[7] A.V.Bagada, G.A. Melkov, A.A. Serga, and A.N. Slavin,
Phys. Rev. Lett. 79, 2137 (1997).

[8] P.A.Kolodin, P. Kabos, C.E. Patton, B. A. Kalinikos, N. G.
Kovshikov, and M. P. Kostylev, Phys. Rev. Lett. 80, 1976
(1998).

[9] V.S. L'vov, Wave Turbulence Under Parametric Excitation
(Springer, Berlin-Heidelberg, 1994).

[10] A.L. Gordon, G.A. Méelkov, A. A. Serga, V. S. Tiberkevich,
A.V. Bagada, and A.N. Slavin, JETP Lett. 67, 913 (1998).

[11] S.A. Akhmanov, A.P. Sukhorukov, and R.V. Khokhlov,
Sov. Phys. Usp. 93, 609 (1968).

[12] N. Bloembergen, Nonlinear Optics (W.A. Benjamen, Inc.,
New York, 1965).

3441



