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The possibility of parametric wave front reversal that involves waves of different nature with substantially
different values of group velocity, wave number, and dissipation parameter is demonstrated. This phenomenon
takes place in the system of microwave spin waves having anisotropic spectrum and propagating in yttrium-
iron garnet films with defects. In our experiment fast input magnetostatic waves(MSW’s) having wave vector
k,102 rad/cm and frequency 4.7 GHz were elastically scattered on defects and inhomogeneities of the YIG
film and transformed into slow long-lifetime dipole-exchange spin waves(DESW’s) of the same frequency
having wave vector of the order ofk,104 rad/cm. Then, a short pulse of double-frequency parametric
pumping was applied to perform wave front reversal for these DESW’s. The reversed DESW’s were scattered
on the same defects, forming, as a result, an output delayed MSW signal. The dissipation parameter of DESW’s
was determined experimentally and turned out to be three times smaller than the dissipation parameter of the
MSW signal, thus creating a possibility of low-loss delay of microwave pulsed signals.
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INTRODUCTION

The phenomenon of wave front reversal(WFR) under the
influence of parametric pumping is well known in both op-
tics and acoustics.1 WFR was also observed for dipolar spin
waves in ferrite films.2,3 In all the above examples the WFR
process involved waves having almost equal magnitudes of
frequency, wave number, and velocity. For example, in the
experiments2,3 all the waves participating in the WFR pro-
cess were backward volume magnetostatic waves
(BVMSW’s) having wave numbersk,102 rad/cm.

In this paper we are considering a different situation when
the waves participating in the WFR process have equal fre-
quenciesv, but wave numbersk and velocities that could
differ by many orders of magnitude. This situation is impos-
sible for optic and acoustic waves since their spectra are
practically isotropic, but can be easily realized for spin
waves in tangentially magnetized magnetic films where the
wave spectrum is substantially anisotropic. The wave num-
ber of a spin wave propagating in a magnetic film strongly
depends on the direction of the wave propagation. The spin
wave spectrum in thev-k space forms a zone4 where every
frequencyv corresponds to wide range of wave numbersk
starting fromkø102 rad/cm[dipolar spin waves or magne-
tostatic waves(MSW’s)] and ending withk,106 rad/cm
(exchange spin waves). The group velocitiesvk of spin
waves corresponding to the same frequency in this case
could vary from vk=107 cm/s (BVMSW’s with
kø102 rad/cm) to zero at the inflection point of the disper-
sive curve in the regionk,104 rad/cm, where the negative
“dipolar” dispersion is compensated by the positive “ex-
change” dispersion. Thus, in this region of intermediate wave
number valuesk,104 rad/cm the spin wave dispersion is
influenced by both dipolar and exchange interactions and the
waves are called dipole-exchange spin waves(DESW’s).

Thus, when a spin wave propagating in a magnetic film
experiences elastic(when frequency is conserved) scattering

on defects and inhomogeneities that are always present in
even the best samples of ferrite[e.g., yttrium-iron garnet or
(YIG)] films, not only the direction of the wave propagation
is changed(as happens in optics), but the wave itself under-
goes a substantial change. As a result, the wave number,
group velocity, and dissipation parameter of a new wave cre-
ated in a scattering process depend on the size and nature of
the inhomogeneity. Of course, all these new waves will in-
teract with parametric pumping and will, therefore, substan-
tially change the character of WFR process in ferrite films in
comparison to the well known case of WFR involving only
similar waves known in optics and acoustics.1–3,5

Figure 1 demonstrates one of the possible situations of
WFR for spin waves in a magnetized ferrite film(1) with
inhomogeneities(2). Antenna (3) (see Fig. 1) at the time
t=0 excites an input MSW signal having wave number

FIG. 1. Propagation and scattering of spin waves in a ferrite film
with inhomogeneities:(1) ferrite film, (2) inhomogeneity,(3) strip-
line antenna that excites MSW signal(dashed lines), (4) shadowed
region of parametric pumping localization,(5) the arrow shows the
position of the MSW that did not scatter on inhomogeneities, and
(6) the arrow shows position of the DESW created as a result of
scattering of the MSW signal on the inhomogeneity 2.

PHYSICAL REVIEW B 70, 224407(2004)

1098-0121/2004/70(22)/224407(7)/$22.50 ©2004 The American Physical Society224407-1



k=ks,102 rad/cm and group velocityvs, which propagates
towards the region of parametric pumping localization(4) of
the width l situated at the distanceL from the antenna(3).

A certain part of the MSW signal is scattered on the in-
homogeneities(2) and, as a result of this scattering, their
wave numbers are changed by the amount,2p /a, wherea
is the linear size of the inhomogeneity.4,6 A typical size of
inhomogeneities in high-quality samples of YIG films is of
the order of 1mm, which means that in the scattering pro-
cess the spin waves havingk,104 rad/cm are created. As it
was mentioned above, these waves are slowsvk!vsd dipole-
exchange spin waves(or DESW’s) (6) (see Fig. 1). Since the
number of inhomogeneities in the YIG film sample is not
large, the main part of the MSW signal(5) does not interact
with them and continues to propagate with its original veloc-
ity vs.

Figure 1 demonstrates positions of the waves at the time
t. t0=sL+ ld /vs, when unscattered MSW(5) have already
passed the region of parametric pumping localization(4),
while the slow DESW formed as a result of scattering of a
part of the MSW on inhomogeneities are still inside this
region. If at the timet= tp. t0 a pumping pulse is supplied to
the region(4), the slow DESW will be reversed, will interact
again with the inhomogeneity at which they were created,
and will be converted in this interaction process into a MSW
having wave vector −ks, frequencyvs, and propagating to-
wards the input antenna(3). This reversed MSW will excite
a delayed electromagnetic signal in the antenna(3) at the
time 2tp. Note, that the input MSW signal will not be re-
versed, because at the timetp. t0 when the pumping is ap-
plied this MSW has already passed the region of pumping
localization(4). If the pumping is applied at the timetp, t0,
when the MSW signal(5) is still within the region of pump-
ing localization (4), the MSW signal will be reversed as
well—such a situation has been described in our previous
papers.2,3 It is clear that in such a situation the DESW’s
scattered on the inhomogeneities of the sample are also re-
versed, but their contribution to the total reversed signal is
negligible in comparison with the contribution of the re-
versed MSW signal, thus the DESW’s were not taken into
account in Refs. 2 and 3.

The elastic scattering of spin waves on inhomogeneities
which is necessary for the excitation and reversal of DESW’s
always takes place in real ferrite samples. In this scattering
process(named two-magnon scattering6) a primary magnon
having the wave vectork is scattered on an inhomogeneity
of the sizea, and forms a secondary magnon of the same
frequency and the wave vectork8. The probability of two-
magnon scattering processRkk8 has a maximum value when
k8=k±2p /a,4,6 and we took this fact into account while
evaluating the wave vector of scattered DESW’s. Two-
magnon scattering is one of the main relaxation processes for
spin waves, and very often it makes a largest contribution to
the experimentally observed linewidth of the ferromagnetic
resonance(FMR) and MSW DHs=2Gs/g, where g is the
gyromagnetic ratio for the electron spin andGs=Gs0+DGs is
the relaxation frequency of the MSW signal having the wave
numberk=ks,10−2 rad/cm and consisting of the contribu-
tion Gs0 determined by the eigen-processes of relaxation and
the contributionDGs determined by the two-magnon relax-

ation on defects and inhomogeneities.4,6–8As a result of two-
magnon relaxation a significant part of the energy of the
MSW signal is not immediately and irreversibly transferred
to the thermal bath, but is transferred into the short-
wavelength DESW’s instead. This energy in the form of
DESW’s continues to remain in the film long after the MSW
signal is gone from the film, because the group velocity of
DESW’s having the wave numberk,104 cm−1 is close to
zero, and the relaxation frequency of DESW(also consisting
of two partsGk=Gk0+DGk) is usually 2 to 5 times smaller
than the relaxation frequencyGs of the MSW signal. Since
all the parameters of the inhomogeneities in the film are sto-
chastic, the two-magnon scattering of the MSW signal hav-
ing k=ks on the inhomogeneities creates a packet of DESWs
having a wide range of wave numbersk,103−105 rad/cm
and propagation directions. The range of eigenfrequencies of
the excited DESWsDvk is inversely proportional to the du-
rationts of the MSW pulse that excited themDvk,ts

−1. Due
to the lack of temporal and spatial coherence between the
individual waves in the DESW packet, the macroscopic sig-
nal created by this packet vanishes very fast(during the time
interval that is significantly smaller thanGk

−1), although the
individual waves in the packet continue to have amplitudes
significantly exceeding the thermal level. This process of fast
vanishing of the macroscopic microwave signal created by a
packet of temporally and spatially incoherent DESW having
almost the same frequency we shall call “dephasing.” The
action of parametric pumping on the dephased DESW packet
leads to the reversal of the two-magnon relaxation process
and results in the restitution of the macroscopic signal from
these DESW’s. This restituted signal can further be used ei-
ther in physical experiments or in the microwave signal pro-
cessing. Indeed, under the influence of a pumping pulse ap-
plied at the timetp after the application of the input signal
pulse, all the DESW’s(having different wave vectorsk) start
to move with different velocitiesvk towards the scattering
centers where they were initially created. The slower
DESW’s will cover a smaller distance, while the faster
DESW’s will cover a larger distance, but all of them will
reach the corresponding scattering centers simultaneously.
As a result of the inverse scattering on these scattering cen-
ters (or inhomogeneities) the reversed MSW having wave
vector k =−ks and propagating towards the input antenna
will be created. After a time interval 2tp this reversed MSW
will create a coherent delayed microwave signal at the input
antenna.

The investigations of the wave front reversal of DESW’s
formed as a result of scattering of the MSW signal on the
film inhomogeneities is of great interest from both funda-
mental and practical points of view. It is obvious, that using
this process it is possible to study the properties and param-
eters of the spin waves withk,103−105 rad/cm. It turns out
that these spin waves(DESW’s) are the eigenexcitations of
microscales- and nanosized magnetic particles and that they
determine dynamic properties of magnetic storage devices
based on nanostructured magnetic media.9 From the practical
point of view, the transformation of fast signal microwave
MSW into slow and long-lifetime DESW’s in combination
with the possibility of parametric restitution of the MSW
signal, means that it is possible to develop a new class of
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dynamic microwave storage devices capable of storing short
microwave pulses and using them later for microwave signal
processing.

THEORY

The equations describing the reversal of a wave front of a
spin wave(MSW) pulse propagating in a nonideal(i.e., hav-
ing defects and inhomogeneities) ferrite film subjected to the
influence of double-frequency pulsed parametric pumping
can be written in the following form:4,5

]cs

]t
+ ivscs + Gs0cs = − ighse

−ivst − i o
kÞks

Rksk
ck

− iVks
hpe

−ivptc−s
* , s1d

]ck

]t
+ ivkck + Gk0ck = − i o

k8Þk

Rkk8ck8 − iVkhpe
−ivptc−k

* , s2d

wherecs,ck are the amplitudes of the MSW signal and the
scattered DESW’s with wave vectorsks,k and frequencies
vs,vk, respectively,hp is the amplitude of the pulsed micro-
wave magnetic field of the parametric parallel pumping(hp
is parallel to the bias magnetic fieldH0) having carrier fre-
quency twice as large as the carrier frequency of the input
MSW signal vp=2vs, Vk is the coupling coefficient of
DESW with pumping defined in Ref. 4, andhs is the ampli-
tude of the microwave magnetic field of the input antenna
which excites the primary MSW signal with frequencyvs
and wave numberk=ks,102 rad/cm.

We shall describe below only the main features of the
approximate solution of the infinite system of Eqs.(1) and
(2) obtained in Refs. 4–7, while concentrating on the original
results obtained for the particular case discussed in the cur-
rent paper. We shall assume that the probabilityuRkk8u of
two-magnon scattering is much smaller than the relaxation
frequencies of the wavesuRkk8u!Gs0,Gk0, and will use this
probability as a small parameter. This assumption is justified
for high-quality monocrystalline YIG films having very
small density of defects and inhomogeneities and ferromag-
netic resonance linewidth below 0.6 Oe(see Chap. 11 in Ref.
4 for details on relaxation processes in YIG films). Under
this assumption the amplitudecs of MSW excited by the
input antenna is considered to be much larger than the am-
plitudes of DESW’s havingkÞks and created in the process
of two-magnon scatteringcs@ck. Apart from that, we shall
omit from the right-hand side part of the Eq.(1) the last term
describing the influence of the parametric pumping on the
signal wave. This omission is justified if we want to describe
only the situation outlined in the Introduction when the
pumping is supplied to the film onlyafter the primary MSW
signal is gone from the region of pumping localization.

Using the above assumptions it is easy to find from Eqs.
(1), (2) a contribution of the process of two-magnon scatter-
ing to the relaxation frequency of the spin waves7

DGk = o
k8

uRk8ku2
Gk80

Gk80
2 + svk8 − vsd2

, s3d

and to rewrite Eqs.(1), (2) in a simplified form

]cs

]t
+ ivscs + Gscs = − ighse

−ivst, s4d

]ck

]t
+ ivkck + Gkck = − iRkks

cs − iVkhpe
−ivptc−k

* , s5d

where, as before,Gk=Gk0+DGk, Gs=Gs0+DGs, DGs;DGks
.

Equations(4), (5) reflect the fact that before the paramet-
ric pumping is switched on the amplitude of the primary
MSW signalcs (excited by the microwave signal supplied to
the input antenna) is much larger than the amplitudesck of
dipole-exchange spin waves created due to the two-magnon
scattering of this MSW signal on defects. The only influence
of the two-magnon scattering on the MSW signal is the
renormalization of its relaxation frequencyGs0→Gs=Gs0
+DGs [see Eq.(4)]. In contrast, the influence of the two-
magnon scattering on the DESW withkÞks manifest itself
not only as relaxation frequency renormalizationGk0→Gk
=Gk0+DGk, but also as the appearance in the right-hand side
of Eq. (5) of the driving term that is proportional to the
amplitudecs of the primary MSW signal. The amplitudecs of
this MSW signal is calculated using Eq.(4). For the practi-
cally important case of a pulsed input signalhsstd of the
durationts!Gs

−1 the amplitudecs of the primary MSW ex-
cited by this signal increases linearly with time and reaches
its maximum magnitudeA+ when t=ts:

A+ = igsts. s6d

After that, using Eq.(5) with vanishing coupling to the
pumpingVk=0 and taking into account only the resonance
terms withvk>vs that give the dominant contribution to the
result, it is easy to find the amplitudes of DESW’s created as
a result of two-magnon scattering of the MSW signal on the
inhomogeneities

ckst = tpd = − A+

Rkks

svk − vsd − iGk
e−ivktpe−Gktp. s7d

These newly created DESW’s before the timet= tp when the
pumping pulse is applied to the film will only dephase and
dissipate.

The DESW amplitudesckst= tpd defined by Eq.(7) can be
used as initial conditions for the solution of the Eq.(5) at the
time after the pumping pulse is applied at the timet= tp.
Solving Eq.(5) for tù tp with the initial conditions(7), we
find the expression for the DESW amplitude that is increas-
ing in time under the influence of a powerfulshpV@Gkd
parametric pumping pulse of the carrier frequencyvp=2vs:
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ck = − i
Rkks

2nk
H nk − isvk − vsd

Gk + isvk − vsd
A+e−ivktp

+ i
Vkhp

Gk − isvk − vsd
A+

* eivktpJe−ivkst−tpde−Gktenktp, s8d

wherenk=ÎuVkhpu2−svk−vsd2 and tp is the duration of the
pumping pulse.

The first term in the curly brackets in Eq.(8) describes
frequency-selective parametric amplification of the DESW’s
that are moving away from the scattering center(or inhomo-
geneity), while the second term in Eq.(8) describes the para-
metric front reversal of DESW’s that after the reversal are
moving towards the scattering centers. These reversed
DESW’s at the timet=2tp will form a phased macroscopic
signal: it is clear from Eq.(8) that att=2tp the phases of all
the reversed waves are the same independently of their
eigenfrequenciesvk. This phased macroscopic signal creates
a reversed MSW signalc−s=A−e−ivst that moves from the
scattering centers to the input antenna and induces in this
antenna a delayed output microwave signal. The ratio of the
absolute values of the reversedA− and inputA+ MSW at the
signal frequency will give us the coefficientK= uA−u / uA+u of
the parametric reversal of MSW in nonideal ferrite films
caused by the effect of two-magnon scattering on inhomoge-
neities.

The equation for the amplitude of the reversed MSW at
the signal frequency can be obtained from the Eq.(1). Since
this equation is essentially linear

]c−s

]t
+ ivsc−s + Gsc−s = − io

k

Rksk
ck, s9d

whereck are defined by Eq.(8). In Eq. (9) it was assumed
that the parameters of the primary and reversed MSW are the
samevs=v−s, Gs=G−s.

Solving Eq.(9) and taking into account only the second
term in the curly brackets of Eq.(8) responsible for the wave
front reversal we get the following expression for the maxi-
mum amplitudeA− of the reversed MSW signal at the time
t=2tp:

A− = iA+
* o

k

Vkhpe
nktp

2nk
e−2Gktp

3
uRksk

u2

fGk − isvk − vsdgfGk − Gs + isvk − vsdg
. s10d

We shall evaluate the sum in Eq.(10) approximately using a
series of reasonable assumptions. First of all, we shall as-
sume that the parametric pumping strongly amplifies only a
spectrally narrow packet of DESW’s having frequencies
close to the half of the pumping frequencyvp/2, so the main
contribution to the sum(10) is provided by the resonant
waves havinguvk−vp/2u,Gs,Gk. Second, we shall assume
that the DESW packet is reasonably narrow in the wave vec-
tor space, so that we can consider the DESW parametersVk,
nk,Gk to be independent of the wave vector. Third, based on
the data from parallel pumping experiments in YIG(see
Chap. 10 in Ref. 4), we shall assume that short-wavelength

DESW have substantially larger lifetimes compared to long-
wavelength MSWGk!Gs. Using these assumptions and the
previously made assumption of smallness of the probability
of two-magnon scattering, it is possible to derive a simple
approximate expression for the reversal coefficient of the
MSW signal in the nonideal ferrite film

K = UA−

A+
U =

1

2

DGs

Gs
eshpVktpdef−2sGk0+DGkdtpg. s11d

It is clear from Eq.(11) that to achieve a maximum value
of the reversal coefficientK it is necessary to have an opti-
mum amplitude of the two-magnon scattering(that is
roughly characterized by the magnitude of the additional re-
laxationDGs,k caused by two-magnon scattering). When the
scattering is extremely small(ideal film with no defects:
Rkks

→0, DGs→0) the front reversal effect is vanishing as the
efficiency of the DESW creation on defects is very small. In
the opposite limiting case(imperfect film with a large num-
ber of defects) the reversal coefficientK is exponentially
decreasing with the increase of the probability of two-
magnon scattering due to the increase of the DESW relax-
ation parameterDGk. It is also clear from Eq.(11) that the
reversal coefficientK exponentially increases with the in-
crease of the amplitude and duration of the pumping pulse,
and exponentially decreases with the increase of the time
interval tp between the application of the signal pulse and the
application of the pumping pulse that causes the reversal
process.

So far we have considered only the process of the output
signal formation due to the effect of parametric wave front
reversal caused by the second term in the curly bracket of
Eq. (8). The first term in the curly brackets in Eq.(8) is
responsible for the appearance of a macroscopic output de-
layed signal at theoutput antenna due to the effect of fre-
quency selective parametric amplification of the forward-
propagating DESW’s.5 This signal is observed in the case of
rather long pumping pulsesstp<Gk

−1d at a different delay
time tø tp+tp and at a different place(output rather than the
input antenna), and will not be considered below.

EXPERIMENTAL RESULTS AND DISCUSSION

The experimental investigation of the phenomenon of
parametric wave front reversal of waves having a strongly
anisotropic spectrum was performed on the system of spin
waves propagating in a yttrium-iron garnet(YIG) ferrite film
[see (1) in Fig. 2]. Our YIG film sample was epitaxially
grown on a gallium-gadolinium garnet(GGG) substrate(2),
had unpinned surface spins and the following sizes 1.5 mm
320 mm37.1 mm. The YIG film sample was tangentially
magnetized by a constant bias magnetic fieldH0 directed
along the long sides20 mmd of the sample and parallel to the
direction of propagation of the primary MSW signal
sH0iksd. The MSW signal[backward volume magnetostatic
wave4 (BVMSW)] was excited and received by a microstrip
antenna(3) of the widthW=50 mm. The input pulsed micro-
wave signal supplied to the input antenna to excite the MSW
signal had the following parameters: carrier frequency
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vs/2p>4.7 GHz, pulse durationts=30 ns, power Ps
,0.3 mW. This input electromagnetic pulse excited in the
film a packet of BVMSW signal having the carrier wave
number ks>102 rad/cm and group velocity vs>3
3106 cm/s.

To supply pulsed microwave pumping magnetic field(car-
rier frequencyvp>2vs) to the ferrite film, the film sample
was placed inside a rectangular opening in a pumping dielec-
tric resonator(4) (see Fig. 2) made of thermostable ceramics
having a dielectric constant«>80. The length of the resona-
tor [determining the size of the pumping localization region
along the direction of the MSW propagation(see Fig. 1)]
wasl =3.5 mm while the oscillation type in the resonator was
H11d (for details see Ref. 10). The microwave magnetic field
of this oscillation type is parallel to the axis of the resonator
opening and has a maximum magnitude in this opening.
Pumping pulses of durationtp=50 ns and power
Pp=4.5 W were supplied to the dielectric resonator(4) from
a magnetron generator via a standard rectangular waveguide.
The microwave pumping magnetic field of the dielectric
resonatorhp was parallel to the bias magnetic fieldH0, i.e.,
the case of parallel pumping(see Chap. 11 in Ref. 4) de-
scribed by Eqs.(1), (2) was realized in our experiment.

Under the influence of the input signal of the powerPs
and the pumping of the powerPp a reversed MSW signal of
the amplitudeA− (10) was formed in the YIG film. This
reversed MSW induced in the microstrip antenna(3) an out-
put signal of the powerPout (see Fig. 2) which was transmit-
ted via a circulator to a measurement circuit.

The results of the experimental measurements of the out-
put powerPout and the delay timetd of the output signal as
functions of the timetp at which the pumping pulse was
switched on are shown in Fig. 3. It is clear, that in accor-
dance with the theory presented in the previous section, we
see the exponential decrease of the output power with the
increase oftp. Three distinct regions I, II, and III having
different slopes can be clearly seen on the curvePoutstpd
shown in Fig. 3. According to the theoretical expression(11)
these slopes are determined by the relaxation frequencyGk of
waves making the dominant contribution to the output signal.
The region I in Fig. 3, wheretp, t0>100 ns is caused by a
well-known effect of wave front reversal of the MSW signal.

Similar effect was studied in detail in our previous paper.3

Although other waves(and, in particular, DESW’s created
due to the MSW scattering on inhomogeneities) also contrib-
ute to the output signal in the region Istp,100 nsd, the
contribution of the fast MSW signal is dominant due to the
high efficiency of MSW excitation by the input antenna.11

The MSW relaxation frequencyGs=gDHs/2, determined
from the slope of the curve in the region I in Fig. 3 is
Gs=5.53106 s−1 sDHs=0.65 Oed, which agrees very well
with the experimentally measured ferromagnetic resonance
linewidth sDH0=0.6 Oed of our YIG film sample.

Whentp. t0=100 ns, as it was mentioned in the Introduc-
tion, the parametric pumping cannot directly interact with the
MSW signal, as by the time when the pumping pulse is
switched on the MSW has already left the region of pumping
localization. Thus, the pumping can interact only with the
“trace” which the MSW signal left in the region of the YIG
film inside the dielectric resonator. As it was explained ear-
lier, we assume that this “trace” consists of slow secondary
DESW’s created in the process of two-magnon scattering of
the primary MSW signal on the defects and inhomogeneities
of the YIG film. The wave vectors and amplitudes of these
secondary DESW’s are determined by the parameters of the
defects and can vary in a wide rangek,103–105 rad/cm.
The same statement applies to the dissipation parameter of
secondary DESW’s, but, as a rule, the dissipation parameter
of short-wavelength DESW’s is still substantially smaller
than the similar parameter of the MSW signalDHk,DHs.

4

The region II in Fig. 3s100 ns, tp,500 nsd is caused by the
front reversal of the DESW’s havingDHk,0.3 Oe, while the
main contribution to the output signal in the region III is
caused by the DESW’s havingDHk,0.18 Oe. To the best of
our knowledge, this last value of the relaxation parameter in
the region III is the lowest of all experimentally measured
dissipation parameters of spin waves in YIG films. This
value is close to the value of the spin wave dissipation pa-
rameter measured in bulk YIG samples for spin waves
k,104 rad/cm by means of parallel pumping.4 It is safe to
assume that in our current experiment in a YIG film we also
deal with the similar DESW. The initial amplitudes of these
DESW’s are smaller than the amplitudes of other spin waves

FIG. 2. Experimental setup:(1) ferrite (YIG) film, (2) substrate,
(3) input antenna exciting and receiving spin wave signals, and(4)
pumping dielectric resonator.

FIG. 3. Dependence of the powerPout and the delay timetd of
the output signal on the timetp at which the pumping pulse was
supplied to the YIG film. The input/output antenna was situated in
the immediate vicinity of the dielectric resonator(L=0, see Fig. 1)
and the bias magnetic field wasH0=1092 Oe.

WAVE-FRONT REVERSAL IN A MEDIUM WITH… PHYSICAL REVIEW B 70, 224407(2004)

224407-5



creating the output signal in the regions I and II(see Fig. 3),
but due to their very small dissipation parameter they outlive
all the other waves and provide a dominant contribution to
the output signal at large values oftp (see region III in Fig.
3). The excitation of these weakly dissipative DESW’s al-
lowed us to obtain a large delay of the input microwave
pulsed signaltd=2.6 ms with total insertion loss of 47.5 dB
(see Fig. 3). These parameters are substantially better than all
the published characteristics of delayed signals obtained in
devices based on MSW propagation in YIG films.11,12

The dependence of the signal delay timetd on the timetp
when the pumping pulse is supplied in all the three above
described regions I, II, and III is a straight line with the slope
equal to 2. Moreover, it turned out that the signal delaytd
does not depend on the distanceL between the antenna and
the dielectric resonator(see Fig. 1). The increase ofL led
only to the decrease of the amplitude of the output signal
leaving the signal delay constant. This experimental fact sup-
ports our assumption, that the delay time is independent of
the group velocity of waves taking part in the wave front
reversal process. It also demonstrates that the pumping pulse
reverses fronts of all the waves(MSW’s and DESW’s) ex-
cited in the YIG film. The decrease of the output signal am-
plitude with the increase of separationL between the antenna
and the resonator is caused by the increase of the time inter-
val during which the signal propagates in the form of fast-
decaying MSW. Thus, the best characteristics of the signal
delay (shown in Fig. 3) were obtained when the dielectric
resonator was situated in the immediate vicinity of the input/
output antenna.

We also measured the dependence of the output signal
Pout on the magnitude of the bias magnetic fieldH0 in the
case when the time of pumping pulse applicationtp corre-
sponded to the boundary between regions II and III in Fig. 3
and the output pulse was mostly formed by reversed long-
lifetime DESW’s. This choice oftp allowed us to obtain a
reasonably large reversed signal in a wide range of bias mag-
netic field values. The dependencePoutsHd is shown in Fig.
4, and it can be seen, that this dependence demonstrates a
“resonance” behavior with the linewidth of only several oer-
steds and the maximum corresponding to the field of uniform

ferromagnetic resonanceHres. This quasiresonance behavior
of the output signal takes place, most probably, due to a
well-known property of two-magnon scattering in ferrites:
this process has maximum efficiency in the case when the
frequency of the scattered signal coincides with the upper
boundary of the spin wave spectrum in the experimental
sample.4,6 In our experimental case of a tangentially magne-
tized ferrite film the upper boundary of the spin wave spec-
trum coincides with the FMR frequency, and it is natural to
expect a maximum of two-magnon scattering at this point. In
contrast, in the experiments where wave front reversal of
propagating MSW takes place and the contribution from the
two-magnon scattering is insignificant(see Ref. 3 and regime
I in Fig. 3 of this paper) the dependencePoutsH0d has a non-
resonant character, and the maximum of the output signal
corresponds to the maximum of the transmission-loss char-
acteristic of the experimental setup.

The “resonance” behavior of the field dependence of the
output signal power shown in Fig. 4 clearly demonstrates the
important role of the two-magnon scattering in the formation
of the output signal. It is also known, that the efficiency of
two-magnon scattering could be significantly increased by
the roughening of the surface of the experimental sample.4 In
our experiments it turned out, however, that the surface
roughening leads to the increase of the output reversed signal
only in the case of relatively thick ferrite films having thick-
nessdù30 mm. For these “thick” films the roughening of
the film surface resulted in the increase of the output signal
of up to 10 dB and in the broadening of the field dependence
of the output power(see Fig. 4) to several tens of oersteds
around the FMR magnetic fieldHres. For the relatively thin
YIG films dø10 mm the roughening of the film surface led,
for the most part, to the decrease of the output signal. This
decrease in the output signal could be connected with the
fact that, according to Eq.(11), an optimum efficiency of the
two-magnon scattering is required to achieve the maximum
value of the wave front reversal coefficientK. When the
probability of two-magnon scatteringRkk8 increases above
this optimum, the output signal starts to decrease exponen-
tially due to the increase of the additional dissipation for
DESW’s caused by the two-magnon scatteringGk=Gk0
+DGk. For example, in a YIG film of the thickness 5.9mm
surface of which has been treated with the abrasive paste
having the grain size of 1mm for large values oftp corre-
sponding to the region III in Fig. 3 we observed the increase
of the slope of the dependence ofPoutstpd. This slope increase
corresponded to the increase of the effective dissipation pa-
rameter of the DESW’s from 0.34 to 0.41 Oe. Thus, it
seems that in relatively thin films the number of defects natu-
rally present in the volume and on the surface of the sample
is either close to optimum or exceeding it, so that the addi-
tional defects created by the surface roughening only de-
crease the amplitude of the reversed signal. The difference in
the behavior of thick and thin films could be understood if
we use analogy with the well-developed theory of two-
magnon scattering in ferrite spheres, where it was established
that the contribution of surface defects to the dissipation pa-
rameter is proportional to the ratio of the sample surface to
its volume.4 It is clear, that in the thick films this ratio is
smaller, and the contribution of two-magnon scattering at the

FIG. 4. Dependence of the relative magnitude of the output
signal powerPout/Pout

max on the bias magnetic fieldH0 in the case
when tp=500 ns andL=0.
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surface is also smaller, so that by roughening the sample
surface we could reach the optimum number of defects in the
sample.

CONCLUSION

The effect of parametric wave front reversal(WFR) for
spin waves propagating in YIG films with inhomogeneities
and defects has been studied both theoretically and experi-
mentally. In contrast with the previous studies of wave front
reversal in optics and acoustics, in our case the spin waves
with very different values of wave number(from purely
dipolar MSW having k=102 rad/cm to DESW’s having
k=104 rad/cm) take part in the reversal process. This wide
distribution of the spin wave wave numbers contributing to
the reversal process is possible due to the anisotropy of the
spin wave spectrum in ferrites.

In our experiment the input electromagnetic pulse of the
carrier frequency,4.7 GHz was supplied to a microstrip
antenna that converted it into a packet of propagating MSW
signal having the carrier wave numberk,102 rad/cm and
dissipation parameter of the order of 0.6 Oe. Due to the scat-
tering on the defects and inhomogeneities, present in the YIG
film, these MSW’s were transformed into slow and long-
lifetime DESW’s havingk,104 rad/cm and much smaller
dissipation parameter of the order of 0.1–0.2 Oe. Then, ap-
plication of a pulse of double-frequency parametric pumping
initiated a wave front reversal process in which the DESW’s
experienced inverse scattering on the same defects and cre-

ated a reversed MSW at the signal frequency propagating
towards the input antenna and exciting there a delayed output
microwave pulse. Due to the small group velocity and low
insertion loss of DESW’s we were able to obtain delay times
for microwave pulses(carrier frequency of 4.7 GHz), that
exceed 2.6ms with insertion loss lower than 47.5 dB.

The maximum output signal was observed when the ex-
ternal bias magnetic field was close to the characteristic field
of FMR in the sample because at this bias field the efficiency
of transformation of MSW’s into DESW’s and back has a
maximum. It was shown both theoretically and experimen-
tally, that the efficiency of two-magnon scattering in the YIG
film should have an optimum magnitude, because the exces-
sive two-magnon scattering leads to the increase of the dis-
sipation parameter for the created DESW’s which, in its turn,
leads to the exponential decrease of the efficiency of trans-
formation of the input signal into the output signal. It was
also shown, that our experiments allow us to measure the
dissipation parameter of spin waves participating in the wave
front reversal process and, in particular, the dissipation pa-
rameter of short-wavelength DESW’s.

ACKNOWLEDGMENTS

This work was supported in part by Ukrainian Foundation
for Fundamental Research, grant no. 2.07/16, the MURI
grant W911NF-04-1-0247 from the U.S. Army Research Of-
fice, the Oakland University Foundation, and Science and
Technology Center in Ukraine.

*Electronic address: slavin@oakland.edu
1B. Ya. Zel’dovich, R. F. Pilipetskii, and V. V. Shkunov,Principles

of Phase Conjugation(Springer, Berlin-Heidelberg, 1985); A.
Brysev, L. Krutyansky, and V. Preobrazhensky, Phys. Usp.41,
793 (1998).

2A. L. Gordon, G. A. Melkov, A. A. Serga, V. S. Tiberkevich, A.
V. Bagada, and A. N. Slavin, JETP Lett.67, 913 (1998).

3G. A. Melkov, A. A. Serga, V. S. Tiberkevich, A. N. Oliynyk, A.
V. Bagada, and A. N. Slavin, JETP89, 1189(1999).

4A. G. Gurevich and G. A. Melkov,Magnetization Oscillation and
Waves(CRC Press, New York, 1996).

5G. A. Melkov, Yu. V. Kobljanskyj, A. A. Serga, V. S.

Tiberkevich, and A. N. Slavin, Phys. Rev. Lett.86, 4918(2001).
6M. Sparks, Ferromagnetic Relaxation Theory(McGraw-Hill,

New York, 1964).
7E. Schlomann, J. J. Green, and U. Milano, J. Appl. Phys.31,

3865 (1966).
8M. J. Hurben and C. E. Patton, J. Appl. Phys.83, 4344(1998).
9K. Y. Guslienko, R. W. Chantrell, and A. N. Slavin, Phys. Rev. B

68, 024422(2003).
10A. Okaya and L. F. Barash, Proc. IRE50, 2081(1962).
11Yu. V. Kobljanskyj, G. A. Melkov, V. S. Tiberkevich, V. I.

Vasyuchka, and A. N. Slavin, J. Appl. Phys.93, 8594(2003).
12J. D. Adam. Proc. IEEE76, 159 (1988).

WAVE-FRONT REVERSAL IN A MEDIUM WITH… PHYSICAL REVIEW B 70, 224407(2004)

224407-7


