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Parametric Interaction of Dipolar Spin Wave Solitons with Localized Electromagnetic Pumping
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Parametric interaction of a propagating dipolar spin wave envelope soliton (carrier freqwency
duration 7,, and velocity »,) with electromagnetic pumping (frequeney, = 2w,), localized in a
spatial region of widthL, has been observed in magnetic films for the first time. The necessary
frequency bandwidth of interaction was guaranteed by chodsirg|v,|7,. The interaction results in
soliton amplification if the soliton arrives at the pumping region not more thans after the pumping
has been switched on. Otherwise, the soliton is scattered by short-exchange-dominated spin waves of
frequencyw, parametrically excited by the localized pumping. [S0031-9007(97)04025-8]

PACS numbers: 75.30.Ds, 76.50.+9, 85.70.Ge

Envelope solitons are stable nonlinear wave packets that This Letter reports the first experimental demonstration
preserve their shape when propagating in a nonlinear disf effective parametric interaction between propagating
persive medium. When the medium is weakly dissipativeenvelope soliton and a spatially localized monochromatic
the soliton profile broadens, and its amplitude decreasgaumping, leading either to partial compensation of soli-
twice as fast as the amplitude of a sinusoidal signal. Inon’s dissipative losses and soliton amplification, or to
fiber optic communication lines, where optical envelopesoliton attenuation. The pumping localization in a spatial
solitons are used as information carriers, the adverse efegion of the width
fects of dissipation are compensated by optical pumping
of a higher frequency, and the optical pumping wave and L < |y, )

the optical soliton are copropagating in the fiber [1]. along the path of soliton propagation plays a critical role
_ The problem of d|SS|pat|on compensation Is even morey, thjs interaction, as it guarantees that the whole spectrum
important for dipolar spin wave (SW) envelope solitons alof the soliton pulse (full widtl2Aw, ~ 47/7,) interacts
microwave frequencies propagating in yttrium-iron garnefffectively with the quasimonochromatic EM pumping
(YIG) films, as dissipation per unit propagation lengthfig|q.

in YIG films is much higher than in fibers [2,3]. One |y our experiments we used a conventional delay-line
can try to solve this problem using parametric interactionsyyycture [2,3] (Fig. 1) consisting of input and output
of a SW soliton (of carrier frequency; and carrier transducers separated by= 8 mm, to which we added
wave numberk;) with an external electromagnetic (EM) 5 third (pumping) transducer placed in the middie. All
pumping field of the frequency», = 2w, and wave three transducers were short-circuited copper wires of the
numberk, (k, ~ 27 /L, whereL is the spatial size of \igth 50 m, and were separated from the copper screen
the pumping localization region). This process satisfiegy 5 dielectric layer of the thickness= 50 uwm and di-

the conservation laws electric permeabilitys ~ 6. A tangentially magnetized
w, = w; + k, =k, +k;, Q) p
where w; and k; are the frequency and wave number L

of the “idle” spin wave. This parametric process is
substantially different from the analogous parametric
processes in nonlinear optics. First of all, the effective
wave number of localized pumping is usually smaller
than the wave number of the dipolar S < k,, so

that the signal and idle SW are propagating in opposite
directions. Second, because of the multimode character
of the SW spectrum in magnetic films the EM pumping
will not only interact with the propagating SW soliton, "

but may also equte °‘h‘?r SW modes ha\_/lng fr'equenC|eE|G- 1. Diagram of the experimental delay-line structure: 1
close tow,. The interaction of the SW soliton with these and 2 are the input and output transducers, 3 is the pumping

parametrically excited SW modes can significantly affectransducer, and the dark region of the widitfis the region of
the process of soliton propagation. pumping localization.
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(H =998 O¢ YIG film (thickness 6.4 um, saturation

magnetizatiord7M, = 1750 Oe, cubic anisotropy field 0.5 }—— P,=0

H, = —40 Oe, ferromagnetic resonance linewidth mea- 04— P,=TW

sured at 5 GHZ2AH = 0.5 Oe) was placed on top of the

delay-line structure. The input rectangular pulse of dura- z 0.31

tion 7;, = 30 ns, carrier frequency, /27 = 4630 MHz, £

carrier wave numbek, = 90 cm~!, and varying power 5 0.2 Tp=38
0 < Py, < 0.5W, was supplied to the input transducer. & 014 i

When the input power was approximatdty, = 0.25 W,
this pulse created a well-developed single envelope soli- 0.0
ton of dipole-dominated SW (backward volume magne- . . . .
tostatic waves or BVMSW [3]). The soliton propagated 00 01 02 03 04 05
along the direction of the bias magnetic fiédd Pins W

Under the conditions of our experiment the maxi-FiG. 2. Amplitude characteristics of the experimental delay

mum frequency of BVMSW (corresponding to= 0) line obtained with and without pumping. Dotted line shows
was wo/27 = 4671 MHz.  The theoretical value amplitude characteristic in the linear regime. The inset shows

of the BVMSW group velocity at the carrier fre- relative positions.in time of the pumpir]g pulse_ and the output
quency w,/27 = 4630 MHz in the linear regime was SW envelope solitonXr = 260 ns for this experiment).

v, = —2.9 X 10% cm/s, corresponding to a delay

time between input and output transducers Bf = peak power increases 1.3 times, and delay time decreases
I/lv,]l =275 ns. The experimentally measured delayby another 5 ns, while its shape and duration£ 22 ns,

time in the linear regime wag," = 290 ns. This value defined as full width at half power) remain practically

is in a reasonable agreement with theory, taking intd/nchanged.

account slight inhomogeneity of the bias magnetic field ~ Our experiments have shown that the process of soli-

To create an active region under the middle transton interaction with localized pumping depends critically
ducer, a microwave pumping of the frequensy /27 = on the value of the time intervals between the moment
2w,/2m = 9260 MHz and power 0.3-10 W was sup- When the pumping is switched on, and the moment when
plied. The pumping was supplied in pulses of durationthe leading front of the soliton pulse arrives at the out-
7, = 3-5 us with repetition frequency’z = 4 kHz to  put transducer (see inset in Fig. 2). The data presented in
avoid overheating the sample. The magnetic field of thd-igs. 2 and 3 were obtained fdrr = 260 ns. Figure 4
pumping h(z) was nonhomogeneous, mostly parallel toshows the dependence of the soliton amplification coef-
the bias magneti#i, and, according to our estimations, at ficient K = Phei (P,)/Phet " (0) (defined as the ratio of
P, = 10 W the average pumping field af = 30 Oe was the output peak powers with and without pumping) on the
localized in the region of the width = 150 um around magnitude of the time intervalz. WhenAt is in the range
the middle transducer. 90 ns < Ar < 1 us the propagating soliton impli-

The amplitude characteristics (i.e., the dependencies dfed through the parametric interaction with localized EM
the peak power of the output pulsed sigial,; on the pumping, and the maximum amplification is observed for
input powerP;,) obtained with and without pumping are Ar = 260 ns. WhenAr > 1 us the soliton amplification
presented in Fig. 2. Both curves clearly show deviation of
P, from the linear trend, which is a characteristic feature
of soliton formation (see, e.g., [3,4]), and a small increase
in the output power under the influence of pumping.
These curves also show that the power threshold of soliton
formation (i.e., the value of the input power at which
the output power starts to deviate from the linear trend)
decreases under the influence of pumping frafil =
0.1 Wfor P, = 0to Pjy' = 0.06 W for P, =7 W.

The experimental profiles of the output soliton obtained
with and without pumping forP;, = 250 mW are pre-
sented in Fig. 3. Two important facts can be seen in
Fig. 3: (i) Even without pumping the soliton delay time . ‘ — . .
T = 1/|vg| = 270 ns is roughly 20 ns shorter than the 230 250 270 290 310 330
delay time of a linear puls&}™ = 1/lvel = 290 ns, so t(ns)
that|v;| > |ve|. Thisis an additional proof ,(,)f the soli- £ 3. Pprofiles of output pulses (power vs time) obtained
ton nature of the observed phenomena. (i) Under thyith and without pumping forP, = 0.25 W, and Ar =
influence of pumping the soliton is amplified, so that its260 ns.
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affect the propagation of the dipolar SW soliton. This
growth time depends on the pumping amplitidand can
range from several microseconds to several hundreds of
nanoseconds [7].

[} I\
5 . . . .
a 12 / N\ If the soliton enters the region of pumping localization

/ " later thanr, after the pumping has been switched on, the
R AN soliton suffers intensive scattering on the parametrically
10 o e excited exchange SW propagating along the axis of
—, pumping localization. This conclusion is supported by
8 — Fig. 5 where the soliton amplification coefficient is shown
0200 02 04 06 08 10 1.2 14 16 as a function of the pumping powet, for two values
At, ps of At : Atp = 260 ns andAr, = 3 us. Itis clear from
FIG. 4. Soliton amplification coefficienk, vs time delay Fig: 5 that forAr = Az, < 7, the soliton is amplified,
At between pumping pulse and the output soliton (see inand the amplification grows wittP,, while for Ar =
set in Fig. 2) obtained forP, = 025W, P, =7W, and Az, > 7, the soliton is scattered, and its attenuation
T, =3 ps. increases with the increase Bf,.

Let us now consider the process of soliton amplification
coefficient become®» < 1, and the soliton interaction by localized parallel pumping foddr < 7, when the
with localized pumping leads tattenuation influence of the exchange-dominated SW is negligible.

This attenuation of the propagating solitdm > 1 us, The soliton is propagating perpendicular to the axis of
in our opinion, is caused from the scattering of thethe pumping localization region. Therefore, pumping
dipolar SW soliton by short exchange-dominated spiriocalization plays an important role in the process of
waves(k = ke, ~ 10° cm™!), parametrically excited by interaction with the soliton.
the pumping in the process Parametric excitation of SW, propagating perpendicular

to the axis of pumping localization, has been studied
ki =-ky=k. 3 [8]. The threshold of this process for the case of a
For the process (3), involving short SW with> k,,  constant-amplitude pumping field, localized in the region
pumping can be considered quasihomogeneous. In @f the widthL, is given by [8]
dissipative medium this process has the threshold [5,6] 5
S, o2 hy? = l\/1 + <a77 ) : (6)
ox _ Yk H(u), @) Vi
Vi Yk wherey = gAH is the dissipation parameter for dipolar
whereV is the coupling coefficient of SW with pumping S, anda is the dimensionless coefficient which depends
— 2 _ 2 on the ratio ofL and the mean free pathi? = |v,|/y
_ Ve _g[(wp/z) wil/20p0n ®) of a dipolar SW. In our experimenadr > L,gand
(in our experiment V; /2w = 0.67 MHz/Oe), y« = 4 = 1/2. Using (6) it is easy to estimate that even for
gAH; is the dissipation parameter for the exchange
SW, AH; is the half-width of the resonance curve for
the exchange SW (in our experimefAtH, = AH), ¢

w, = w,ff + wa = 2wy,

\dip
L

is the gyromagnetic ratidg/27= = 2.8 MHz/QOe), and —e—At=3ps
oy = gH. 1.2 {—=—At=260ns
It is well known [5,6], that exchange-dominated spin ~ [j=e theory

waves at half pumping frequency, propagating in the

direction perpendicular to the bias field, have the o 1.0 Jo—e—eeesesmugm A

lowest threshold, and will be excited by parallel pumping. x

The power threshold of the process (3) was measured Pp L’l’im__

in our experiments to give the value &f; = 10 mW. 0.8 1 o i "
Thus, for all the values of pumping power in our outy o | .
0.6 - L t ™~

When strong pumpindhV, > v,) is switched on, a 0.01 0.1 B
SW packet of the spectral widthw, ~ 1V, is excited, Py W
and the amplitudes of these parametrically excited ex-

soliton amplification experimentsPf, = 0.3-10 W) this
threshold was substantially exceeded.

. FIG. 5. Soliton amplification coefficientkp, vs pumping
change SW start to grow exponentially from the ther—pOWer P, measured forP,, — 025 W and two values of

mal level. A finite time 7, is necessary for them t0 A;: As; =260 ns andA#, = 3 us. Dotted line shows the
grow to the magnitudes at which they can significantlytheoretical curve calculated from Eq. (12).
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the highest value of the pumping field in our experi- K, = [coshViL/v,)] 2. (12)

ment ¢ = 30 Oe, corresponding to the pumping power

of P, = 10 W) this threshold was not exceeded. Thus, Assuming that the squared amplitude of magnetic field

the soliton amplification takes place below the thresh.of the parallel pumping? is proportional to the pumping

old for parametric excitation of dipole-dominated SW power P,(h? = CP,) with coefficientC = 90 Oe?/W,

(BVMSW). and using Eg. (12), we calculated the theoretical depen-
Another important feature of our experiment is thatdence of the soliton amplification coefficieAt, on the

the timeTi,, = L/|v,|, during which the localized quasi- pumping powerP,. This theoretical curve is shown as a

monochromatic pumping interacts with each part of thedotted line in Fig. 5. Itis clear from Fig. 5 that Eq. (12)

propagating soliton profile, is much smaller than the duragives a good quantitative explanation for the observed

tions of both the soliton and the pumping pulse values of soliton amplification by localized parallel EM
pumping.
T <75 K 7). (7) In conclusion, we have shown experimentally that EM

Thus, inside the region of pumping localization both thePumping localized in a spatial region of widthinteracts
EM pumping and the amplified signal (soliton) can be€ffectively with a propagating dipolar SW soliton if <
considered quasistationary, and we can use the theory t#s/7s. The character of this interaction depends on the
stationary parametric amplification of SW (see, e.g., [9])time delay Az between the moment when the pumping
to calculate the soliton amplification coefficiekg . is switched on and the moment when soliton arrives

The System of equations describing the process (]gt the OUtpUt transducer. We have also shown that the
of interaction of localized parallel EM pumping with Power threshold of soliton formation is reduced under the
the signal and idle SW has been obtained in [8] [sednfluence of localized pumping.

Eq. (6.5.10) in [8]]. In the stationary cage/or = 0) The authors are grateful to Dr. C.E. Patton and

whenw, = w; = w,/2 this system has the form [9] Dr. B. A. Kalinikos for many helpful discussions. This
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Fundamental Research, Grant No. 2.4/707, International
VsAL, — v0AT, /dz — ih(z)VI Ay =0, (8b)  Science Foundation, Grant No. SPU-062034, Research
where A, and A*, are the amplitudes of the signal Corporation, Grant No. CC-3401, and by the Oakland

SW (BVMSW soliton) and the idle SW correspondingly, University Foundation.

vy = 2y is the dissipation parameter for the soliton

(which dissipates twice as fast as the linear signal in

the same medium)y, is the soliton velocity, andi(z)
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