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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 frequencyvs,
duration ts, and velocity ns) with electromagnetic pumping (frequencyvp  2vs), 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 choosingL , jnsjts. The interaction results in
soliton amplification if the soliton arrives at the pumping region not more than1 ms after the pumping
has been switched on. Otherwise, the soliton is scattered by short-exchange-dominated spin waves of
frequencyvs parametrically excited by the localized pumping. [S0031-9007(97)04025-8]

PACS numbers: 75.30.Ds, 76.50.+g, 85.70.Ge
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Envelope solitons are stable nonlinear wave packets t
preserve their shape when propagating in a nonlinear d
persive medium. When the medium is weakly dissipati
the soliton profile broadens, and its amplitude decrea
twice as fast as the amplitude of a sinusoidal signal.
fiber optic communication lines, where optical envelop
solitons are used as information carriers, the adverse
fects of dissipation are compensated by optical pumpi
of a higher frequency, and the optical pumping wave a
the optical soliton are copropagating in the fiber [1].

The problem of dissipation compensation is even mo
important for dipolar spin wave (SW) envelope solitons
microwave frequencies propagating in yttrium-iron garn
(YIG) films, as dissipation per unit propagation lengt
in YIG films is much higher than in fibers [2,3]. One
can try to solve this problem using parametric interactio
of a SW soliton (of carrier frequencyvs and carrier
wave numberks) with an external electromagnetic (EM)
pumping field of the frequencyvp  2vs and wave
numberkp (kp , 2pyL, where L is the spatial size of
the pumping localization region). This process satisfi
the conservation laws

vp  vs 1 vi , kp  ks 1 ki , (1)

where vi and ki are the frequency and wave numbe
of the “idle” spin wave. This parametric process i
substantially different from the analogous parametr
processes in nonlinear optics. First of all, the effectiv
wave number of localized pumping is usually smalle
than the wave number of the dipolar SWkp , ks, so
that the signal and idle SW are propagating in oppos
directions. Second, because of the multimode charac
of the SW spectrum in magnetic films the EM pumpin
will not only interact with the propagating SW soliton
but may also excite other SW modes having frequenc
close tovs. The interaction of the SW soliton with these
parametrically excited SW modes can significantly affe
the process of soliton propagation.
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This Letter reports the first experimental demonstratio
of effective parametric interaction between propagatin
envelope soliton and a spatially localized monochroma
pumping, leading either to partial compensation of so
ton’s dissipative losses and soliton amplification, or
soliton attenuation. The pumping localization in a spati
region of the width

L , jnsjts , (2)

along the path of soliton propagation plays a critical ro
in this interaction, as it guarantees that the whole spectr
of the soliton pulse (full width2Dvs , 4pyts) interacts
effectively with the quasimonochromatic EM pumpin
field.

In our experiments we used a conventional delay-lin
structure [2,3] (Fig. 1) consisting of input and outpu
transducers separated byl  8 mm, to which we added
a third (pumping) transducer placed in the middle. A
three transducers were short-circuited copper wires of
width 50 mm, and were separated from the copper scre
by a dielectric layer of the thicknessd  50 mm and di-
electric permeabilitý , 6. A tangentially magnetized

FIG. 1. Diagram of the experimental delay-line structure:
and 2 are the input and output transducers, 3 is the pump
transducer, and the dark region of the widthL is the region of
pumping localization.
© 1997 The American Physical Society 2137
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sH  998 Oed YIG film (thickness 6.4 mm, saturation
magnetization4pM0  1750 Oe, cubic anisotropy field
Ha  240 Oe, ferromagnetic resonance linewidth me
sured at 5 GHz,2DH  0.5 Oe) was placed on top of the
delay-line structure. The input rectangular pulse of dur
tion tin  30 ns, carrier frequencyvsy2p  4630 MHz,
carrier wave numberks  90 cm21, and varying power
0 , Pin , 0.5 W, was supplied to the input transduce
When the input power was approximatelyPin  0.25 W,
this pulse created a well-developed single envelope s
ton of dipole-dominated SW (backward volume magn
tostatic waves or BVMSW [3]). The soliton propagate
along the direction of the bias magnetic fieldH.

Under the conditions of our experiment the max
mum frequency of BVMSW (corresponding tok  0)
was v0y2p  4671 MHz. The theoretical value
of the BVMSW group velocity at the carrier fre-
quency vsy2p  4630 MHz in the linear regime was
ng > 22.9 3 106 cmys, corresponding to a delay
time between input and output transducers ofTd 
lyjngj  275 ns. The experimentally measured dela
time in the linear regime wasT lin

d  290 ns. This value
is in a reasonable agreement with theory, taking in
account slight inhomogeneity of the bias magnetic fieldH.

To create an active region under the middle tran
ducer, a microwave pumping of the frequencyvpy2p 
2vsy2p  9260 MHz and power 0.3–10 W was sup
plied. The pumping was supplied in pulses of duratio
tp  3 5 ms with repetition frequencyfR  4 kHz to
avoid overheating the sample. The magnetic field of t
pumping hszd was nonhomogeneous, mostly parallel
the bias magneticH, and, according to our estimations, a
Pp  10 W the average pumping field ofh  30 Oe was
localized in the region of the widthL  150 mm around
the middle transducer.

The amplitude characteristics (i.e., the dependencies
the peak power of the output pulsed signalPout on the
input powerPin) obtained with and without pumping are
presented in Fig. 2. Both curves clearly show deviation
Pout from the linear trend, which is a characteristic featu
of soliton formation (see, e.g., [3,4]), and a small increa
in the output power under the influence of pumpin
These curves also show that the power threshold of soli
formation (i.e., the value of the input power at whic
the output power starts to deviate from the linear tren
decreases under the influence of pumping fromPsol

th 
0.1 W for Pp  0 to Psol

th  0.06 W for Pp  7 W.
The experimental profiles of the output soliton obtaine

with and without pumping forPin  250 mW are pre-
sented in Fig. 3. Two important facts can be seen
Fig. 3: (i) Even without pumping the soliton delay tim
T sol

d  lyjnsj  270 ns is roughly 20 ns shorter than th
delay time of a linear pulseT lin

d  lyjngj  290 ns, so
that jnsj . jngj. This is an additional proof of the soli-
ton nature of the observed phenomena. (ii) Under t
influence of pumping the soliton is amplified, so that i
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FIG. 2. Amplitude characteristics of the experimental dela
line obtained with and without pumping. Dotted line show
amplitude characteristic in the linear regime. The inset show
relative positions in time of the pumping pulse and the outp
SW envelope soliton (Dt  260 ns for this experiment).

peak power increases 1.3 times, and delay time decrea
by another 5 ns, while its shape and duration (ts  22 ns,
defined as full width at half power) remain practically
unchanged.

Our experiments have shown that the process of so
ton interaction with localized pumping depends criticall
on the value of the time intervalDt between the moment
when the pumping is switched on, and the moment whe
the leading front of the soliton pulse arrives at the ou
put transducer (see inset in Fig. 2). The data presented
Figs. 2 and 3 were obtained forDt  260 ns. Figure 4
shows the dependence of the soliton amplification coe
ficient KP  P

peak
out sPpdyP

peak
out s0d (defined as the ratio of

the output peak powers with and without pumping) on th
magnitude of the time intervalDt. WhenDt is in the range
90 ns , Dt , 1 ms the propagating soliton isampli-
fied through the parametric interaction with localized EM
pumping, and the maximum amplification is observed fo
Dt  260 ns. WhenDt . 1 ms the soliton amplification

FIG. 3. Profiles of output pulses (power vs time) obtaine
with and without pumping forPin  0.25 W, and Dt 
260 ns.
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FIG. 4. Soliton amplification coefficientKp vs time delay
Dt between pumping pulse and the output soliton (see
set in Fig. 2) obtained forPin  0.25 W, Pp  7 W, and
Tp  3 ms.

coefficient becomesKP , 1, and the soliton interaction
with localized pumping leads toattenuation.

This attenuation of the propagating solitonDt . 1 ms,
in our opinion, is caused from the scattering of th
dipolar SW soliton by short exchange-dominated sp
wavessk  kex , 105 cm21d, parametrically excited by
the pumping in the process

vp  v
ex
k1

1 v
ex
k2

 2v
ex
k , k1 > 2k2  k . (3)

For the process (3), involving short SW withk ¿ kp,
pumping can be considered quasihomogeneous. In
dissipative medium this process has the threshold [5,6]

hex
th 

gk

Vk

s
1 1

µ
v

ex
k 2 vpy2

gk

∂2

, (4)

whereVk is the coupling coefficient of SW with pumping

Vk  gfsvpy2d2 2 v2
H gy2vpvH (5)

(in our experiment Vky2p  0.67 MHzyOe), gk 
gDHk is the dissipation parameter for the exchan
SW, DHk is the half-width of the resonance curve fo
the exchange SW (in our experimentDHk > DH), g
is the gyromagnetic ratiosgy2p  2.8 MHzyOed, and
vH  gH.

It is well known [5,6], that exchange-dominated sp
waves at half pumping frequency, propagating in th
direction perpendicular to the bias fieldH, have the
lowest threshold, and will be excited by parallel pumpin
The power threshold of the process (3) was measu
in our experiments to give the value ofPex

th  10 mW.
Thus, for all the values of pumping power in ou
soliton amplification experiments (Pp  0.3 10 W) this
threshold was substantially exceeded.

When strong pumpingshVk ¿ gkd is switched on, a
SW packet of the spectral widthDvk , hVk is excited,
and the amplitudes of these parametrically excited e
change SW start to grow exponentially from the the
mal level. A finite time tg is necessary for them to
grow to the magnitudes at which they can significant
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affect the propagation of the dipolar SW soliton. Th
growth time depends on the pumping amplitudeh, and can
range from several microseconds to several hundreds
nanoseconds [7].

If the soliton enters the region of pumping localizatio
later thantg after the pumping has been switched on, t
soliton suffers intensive scattering on the parametrica
excited exchange SW propagating along the axis
pumping localization. This conclusion is supported b
Fig. 5 where the soliton amplification coefficient is show
as a function of the pumping powerPp for two values
of Dt : Dt1  260 ns andDt2  3 ms. It is clear from
Fig. 5 that for Dt  Dt1 , tg the soliton is amplified,
and the amplification grows withPp , while for Dt 
Dt2 . tg the soliton is scattered, and its attenuatio
increases with the increase ofPp .

Let us now consider the process of soliton amplificati
by localized parallel pumping forDt , tg when the
influence of the exchange-dominated SW is negligib
The soliton is propagating perpendicular to the axis
the pumping localization region. Therefore, pumpin
localization plays an important role in the process
interaction with the soliton.

Parametric excitation of SW, propagating perpendicu
to the axis of pumping localization, has been studi
in [8]. The threshold of this process for the case of
constant-amplitude pumping field, localized in the regi
of the widthL, is given by [8]

h
dip
th 

g

Vk

s
1 1

µ
ap

ldip

L

∂2

, (6)

whereg  gDH is the dissipation parameter for dipola
SW, anda is the dimensionless coefficient which depen
on the ratio ofL and the mean free pathldip  jngjyg

of a dipolar SW. In our experimentldip ¿ L, and
a  1y2. Using (6) it is easy to estimate that even fo

FIG. 5. Soliton amplification coefficientKP vs pumping
power Pp measured forPin  0.25 W and two values of
Dt : Dt1  260 ns and Dt2  3 ms. Dotted line shows the
theoretical curve calculated from Eq. (12).
2139



VOLUME 79, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 15 SEPTEMBER1997

d

n-

d

e

s
e

e

-

al
ch

,
,

.

the highest value of the pumping field in our exper
ment (h  30 Oe, corresponding to the pumping powe
of Pp  10 W) this threshold was not exceeded. Thus
the soliton amplification takes place below the thres
old for parametric excitation of dipole-dominated SW
(BVMSW).

Another important feature of our experiment is tha
the timeTint  Lyjnsj, during which the localized quasi-
monochromatic pumping interacts with each part of th
propagating soliton profile, is much smaller than the dur
tions of both the soliton and the pumping pulse

Tint ø ts ø tp . (7)

Thus, inside the region of pumping localization both th
EM pumping and the amplified signal (soliton) can b
considered quasistationary, and we can use the theory
stationary parametric amplification of SW (see, e.g., [9
to calculate the soliton amplification coefficientKp .

The system of equations describing the process (
of interaction of localized parallel EM pumping with
the signal and idle SW has been obtained in [8] [se
Eq. (6.5.10) in [8] ]. In the stationary cases≠y≠t ; 0d
whenvs > vi > vpy2 this system has the form [9]

gsAk 1 ns≠Aky≠z 1 ihszdVkAp
2k  0 , (8a)

gsAp
2k 2 ns≠Ap

2ky≠z 2 ihszdV p
2kAk  0 , (8b)

where Ak and Ap
2k are the amplitudes of the signa

SW (BVMSW soliton) and the idle SW correspondingly
gs  2g is the dissipation parameter for the soliton
(which dissipates twice as fast as the linear signal
the same medium),ns is the soliton velocity, andhszd
is the pumping amplitude which is constantfhszd  hg
in the region of pumping localization0 , z , L, and is
vanishing everywhere else. For the problem of solito
amplification, when the propagating soliton arrives at th
point z  0 having amplitudeA0, the boundary conditions
are

Aks0d  A0 , Ap
2ksLd  0 . (9)

The coefficient of signal power amplification by localized
pumping, defined asKp  fAksLdyAks0dg2, can be found
using (8) and (9) in the form [9]

Kp  hnsxyfgssinhsxLd 1 nsxcoshsxLdgj2, (10)

where

x 
q

g2
s 2 shVkd2yns . (11)

Under the conditions of our experimenthVk ¿ gs, and
the expression (10) can be simplified to
2140
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Kp  fcosshVkLynsdg22. (12)

Assuming that the squared amplitude of magnetic fiel
of the parallel pumpingh2 is proportional to the pumping
power Ppsh2  CPpd with coefficient C  90 Oe2yW ,
and using Eq. (12), we calculated the theoretical depe
dence of the soliton amplification coefficientKp on the
pumping powerPp . This theoretical curve is shown as a
dotted line in Fig. 5. It is clear from Fig. 5 that Eq. (12)
gives a good quantitative explanation for the observe
values of soliton amplification by localized parallel EM
pumping.

In conclusion, we have shown experimentally that EM
pumping localized in a spatial region of widthL interacts
effectively with a propagating dipolar SW soliton ifL ,

jnsjts. The character of this interaction depends on th
time delayDt between the moment when the pumping
is switched on and the moment when soliton arrive
at the output transducer. We have also shown that th
power threshold of soliton formation is reduced under th
influence of localized pumping.
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