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Wave-front reversal in a medium with inhomogeneities and an anisotropic wave spectrum
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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 wdM®¥/'s) having wave vector
k~10? 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 wadsSW'’s) of the same frequency
having wave vector of the order dé~10* 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 on defects and inhomogeneities that are always present in

The phenomenon of wave front reveralFR) under the ~ €VeN thg best samples of ferr[tg.g., yttrium-iron garnet or
influence of parametric pumping is well known in both op- (YIG)] films, not only the direction of the wave propagation
tics and acousticsWFR was also observed for dipolar spin iS changedas happens in optigsbut the wave itself under-
waves in ferrite flmg:3 In all the above examples the WFR goes a substantial change. As a result, the wave number,
process involved waves having almost equal magnitudes djroup velocity, and dissipation parameter of a new wave cre-
frequency, wave number, and velocity. For example, in theated in a scattering process depend on the size and nature of
experimentd® all the waves participating in the WFR pro- the inhomogeneity. Of course, all these new waves will in-
cess were backward volume magnetostatic waveseract with parametric pumping and will, therefore, substan-
(BVMSW'’s) having wave numberk~ 107 rad/cm. tially change the character of WFR process in ferrite films in

In this paper we are considering a different situation whercomparison to the well known case of WFR involving only
the waves participating in the WFR process have equal fresimilar waves known in optics and acoustlc?
quenciesw, but wave number& and velocities that could  Figure 1 demonstrates one of the possible situations of
differ by many orders of magnitude. This situation is impos-wFR for spin waves in a magnetized ferrite filh) with
sible for optic and acoustic waves since their spectra argynomogeneitieg2). Antenna(3) (see Fig. 1 at the time

practica_llly isotropic, but can be easily rea!ized for spini=g excites an input MSW signal having wave number
waves in tangentially magnetized magnetic films where the

wave spectrum is substantially anisotropic. The wave num- 1
ber of a spin wave propagating in a magnetic film strongly /
depends on the direction of the wave propagation. The spin /
wave spectrum in the-k space forms a zoAavhere every 4 5
frequencyw corresponds to wide range of wave numblers | [TTTTTTTTTTTTTTTTTTTTR T >
starting fromk= 10° rad/cm{dipolar spin waves or magne-

10

tostatic waves(MSW’s)] and ending withk~ 10° rad/cm
(exchange spin wavgsThe group velocitiesy, of spin | [=="7==="""1 N
waves corresponding to the same frequency in this case
could vary from u,=10"cm/s (BVMSW's with
k=10? rad/cm to zero at the inflection point of the disper- 3 L l
sive curve in the regiok~ 10* rad/cm, where the negative

“dipolar” dispersion is compensated by the positive “ex- kG, 1. propagation and scattering of spin waves in a ferrite film
change” dispersion. Thus, in this region of intermediate waveith inhomogeneitiest1) ferrite film, (2) inhomogeneity(3) strip-
number valuek~ 10* rad/cm the spin wave dispersion is |ine antenna that excites MSW sign@ashed lineg (4) shadowed
influenced by both dipolar and exchange interactions and thggion of parametric pumping localizatiofs) the arrow shows the
waves are called dipole-exchange spin wai(i2&8SW’s). position of the MSW that did not scatter on inhomogeneities, and
Thus, when a spin wave propagating in a magnetic film) the arrow shows position of the DESW created as a result of
experiences elastigvhen frequency is conservescattering  scattering of the MSW signal on the inhomogeneity 2.
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k=ks~ 10° rad/cm and group velocity,, which propagates ation on defects and inhomogeneitf€s8As a result of two-
towards the region of parametric pumping localizatighof = magnon relaxation a significant part of the energy of the
the width| situated at the distandefrom the antenn&3). MSW signal is not immediately and irreversibly transferred
A certain part of the MSW signal is scattered on the in-to the thermal bath, but is transferred into the short-
homogeneitieg2) and, as a result of this scattering, their wavelength DESW's instead. This energy in the form of
wave numbers are changed by the amou@tr/a, wherea  DESW's continues to remain in the film long after the MSW
is the linear size of the inhomogenet§.A typical size of  signal is gone from the film, because the group velocity of
inhomogeneities in high-quality samples of YIG films is of DESW's having the wave numbde~10* cm™t is close to
the order of 1um, which means that in the scattering pro- zero, and the relaxation frequency of DES¥so consisting
cess the spin waves havikg- 10* rad/cm are created. As it of two partsI',=I'yo+ATl',) is usually 2 to 5 times smaller
was mentioned above, these waves are glow€vg) dipole-  than the relaxation frequendys of the MSW signal. Since
exchange spin wavesr DESW'’Y (6) (see Fig. 1 Since the all the parameters of the inhomogeneities in the film are sto-
number of inhomogeneities in the YIG film sample is notchastic, the two-magnon scattering of the MSW signal hav-
large, the main part of the MSW sign@) does not interact ing k=ks on the inhomogeneities creates a packet of DESWs
with them and continues to propagate with its original veloc-having a wide range of wave numbeks- 10°-1C° rad/cm
ity ve. and propagation directions. The range of eigenfrequencies of
Figure 1 demonstrates positions of the waves at the timéhe excited DESWa wy is inversely proportional to the du-
t>to=(L+l)/vs, when unscattered MSW5) have already ration 7, of the MSW pulse that excited thefo,~ 7.*. Due
passed the region of parametric pumping localizatidyy  to the lack of temporal and spatial coherence between the
while the slow DESW formed as a result of scattering of aindividual waves in the DESW packet, the macroscopic sig-
part of the MSW on inhomogeneities are still inside thisnal created by this packet vanishes very fastring the time
region. If at the timeé=t,>t, a pumping pulse is supplied to interval that is significantly smaller thalﬁ;l), although the
the region(4), the slow DESW will be reversed, will interact individual waves in the packet continue to have amplitudes
again with the inhomogeneity at which they were createdsignificantly exceeding the thermal level. This process of fast
and will be converted in this interaction process into a MSWvanishing of the macroscopic microwave signal created by a
having wave vector k;, frequencyws, and propagating to- packet of temporally and spatially incoherent DESW having
wards the input antenn@®). This reversed MSW will excite almost the same frequency we shall call “dephasing.” The
a delayed electromagnetic signal in the ante(@jaat the action of parametric pumping on the dephased DESW packet
time 2t,. Note, that the input MSW signal will not be re- leads to the reversal of the two-magnon relaxation process
versed, because at the timyg>t, when the pumping is ap- and results in the restitution of the macroscopic signal from
plied this MSW has already passed the region of pumpinghese DESW's. This restituted signal can further be used ei-
localization(4). If the pumping is applied at the tinmg<t,, ther in physical experiments or in the microwave signal pro-
when the MSW signa(5) is still within the region of pump- cessing. Indeed, under the influence of a pumping pulse ap-
ing localization (4), the MSW signal will be reversed as plied at the timet, after the application of the input signal
well—such a situation has been described in our previoupulse, all the DESW'shaving different wave vectots) start
papers:? It is clear that in such a situation the DESW’s to move with different velocities,, towards the scattering
scattered on the inhomogeneities of the sample are also reenters where they were initially created. The slower
versed, but their contribution to the total reversed signal iDESW's will cover a smaller distance, while the faster
negligible in comparison with the contribution of the re- DESW'’s will cover a larger distance, but all of them will
versed MSW signal, thus the DESW’s were not taken intoreach the corresponding scattering centers simultaneously.
account in Refs. 2 and 3. As a result of the inverse scattering on these scattering cen-
The elastic scattering of spin waves on inhomogeneitiesers (or inhomogeneitigsthe reversed MSW having wave
which is necessary for the excitation and reversal of DESW'vector k=-k and propagating towards the input antenna
always takes place in real ferrite samples. In this scatteringvill be created. After a time intervaltgthis reversed MSW
procesgnamed two-magnon scatterfica primary magnon  will create a coherent delayed microwave signal at the input
having the wave vectdk is scattered on an inhomogeneity antenna.
of the sizea, and forms a secondary magnon of the same The investigations of the wave front reversal of DESW'’s
frequency and the wave vectlr. The probability of two- formed as a result of scattering of the MSW signal on the
magnon scattering proce&g,, has a maximum value when film inhomogeneities is of great interest from both funda-
k'=k+2m/a,*® and we took this fact into account while mental and practical points of view. It is obvious, that using
evaluating the wave vector of scattered DESW'’s. Two-this process it is possible to study the properties and param-
magnon scattering is one of the main relaxation processes faters of the spin waves wittr~ 10— 10° rad/cm. It turns out
spin waves, and very often it makes a largest contribution tdhat these spin wava®ESW'’s) are the eigenexcitations of
the experimentally observed linewidth of the ferromagneticmicroscales- and nanosized magnetic particles and that they
resonancgFMR) and MSW AH=2I"s/y, where y is the  determine dynamic properties of magnetic storage devices
gyromagnetic ratio for the electron spin ahigkI'+Al'sis  based on nanostructured magnetic médiaom the practical
the relaxation frequency of the MSW signal having the wavepoint of view, the transformation of fast signal microwave
numberk=Kks~ 1072 rad/cm and consisting of the contribu- MSW into slow and long-lifetime DESW's in combination
tion I'yy determined by the eigen-processes of relaxation andith the possibility of parametric restitution of the MSW
the contributionAl's determined by the two-magnon relax- signal, means that it is possible to develop a new class of
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dynamic microwave storage devices capable of storing short Two
microwave pulses and using them later for microwave signal ATy =2 |Rk’k|2r IPNYL 3
processing. K wo + (@ —
and to rewrite Eqs(1), (2) in a simplified form
THEORY
. - dCq . . _j
The equations describing the reversal of a wave front of a T i+ T o= —iyhgiod, (4)

spin wave(MSW) pulse propagating in a nonide@lke., hav-
ing defects and inhomogeneit)derrite film subjected to the
influence of double-frequency pulsed parametric pumping

i i i S JdC . . . ot
can be written in the following forr: Ek G+ Ty8= — IRy Com V0, (5)

s . o ih ariod
o T lolst PgCe=—ivhe 'g; RigCi where, as beforel=Tyo+ AT}, [=T+Al'y, AT;=AT
_ I ° Equationg4), (5) reflect the fact that before the paramet-
=iVi he" e, (1) ric pumping is switched on the amplitude of the primary

MSW signalc, (excited by the microwave signal supplied to
the input antennais much larger than the amplitudeg 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 frequendyy—1I's=I'g
where ¢, are the amplitudes of the MSW signal and the+AT'; [see Eq.(4)]. In contrast, the influence of the two-
scattered DESW's with wave vectokg,k and frequencies magnon scattering on the DESW wikh= k, manifest itself
ws,wy, respectivelyh, is the amplitude of the pulsed micro- not only as relaxation frequency renormalizatibyy— I'
wave magnetic field of the parametric parallel pumpihg =T ,+AT,, but also as the appearance in the right-hand side
is parallel to the bias magnetic fieldy) having carrier fre-  of Eq. (5) of the driving term that is proportional to the
quency twice as large as the carrier frequency of the inpuamplitudec of the primary MSW signal. The amplituasg of
MSW signal w,=2ws, Vi is the coupling coefficient of this MSW signal is calculated using E@}). For the practi-
DESW with pumping defined in Ref. 4, amg is the ampli-  cally important case of a pulsed input sigralt) of the
tude of the microwave magnetic field of the input antennaduration 7,< r;l the amplitudecs of the primary MSW ex-
which excites the primary MSW signal with frequenay  cited by this signal increases linearly with time and reaches
and wave numbek=k,~ 10” rad/cm. its maximum magnitudé\, whent=rg
We shall describe below only the main features of the
approximate solution of the infinite system of E@%) 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 probabiRy,| of  After that, using Eq.(5 with vanishing coupling to the
two-magnon scattering is much smaller than the relaxatio®umping V=0 and taking into account only the resonance
frequencies of the wavelRy|<T'g. Ty, and will use this terms \l_VIt.hwkE [OR th_at give the dpmlnant contribution to the
probability as a small parameter. This assumption is justifiedesult, it is easy to find the amplitudes of DESW's created as
for high-quality monocrystalline YIG films having very & result of two-magnon scattering of the MSW signal on the
small density of defects and inhomogeneities and ferromaghhomogeneities
netic resonance linewidth below 0.6 @=e Chap. 11 in Ref.
4 for details on relaxation processes in YIG film&nder
this assumption the amplitude, of MSW excited by the clt=ty)=-A,
input antenna is considered to be much larger than the am-
plitudes of DESW's havindg # ks and created in the process
of two-magnon scatterings> c,. Apart from that, we shall These newly created DESW's before the titw, when the
omit from the right-hand side part of the Eq) the last term  pumping pulse is applied to the film will only dephase and
describing the influence of the parametric pumping on thelissipate.
signal wave. This omission is justified if we want to describe  The DESW amplitudes,(t=t,) defined by Eq(7) can be
only the situation outlined in the Introduction when the used as initial conditions for the solution of the E5) at the
pumping is supplied to the film onlgfter the primary MSW  time after the pumping pulse is applied at the tit,.
signal is gone from the region of pumping localization. Solving Eq.(5) for t=t, with the initial conditions(7), we
Using the above assumptions it is easy to find from Eqsfind the expression for the DESW amplitude that is increas-
(1), (2) a contribution of the process of two-magnon scattering in time under the influence of a powerflh,V>T')
ing to the relaxation frequency of the spin wales parametric pumping pulse of the carrier frequengy 2w

JdC . . . L
Ek + 1wy Cy + rkoCk =-1 E Rkk’ck’ - |thpe prtC_k, (2)
k' #k

A=yt (6)

- e—iwktpe—Fktp_ 7
(wk - ws) - IFk ( )
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,Rklg{ ve—i(og- w9 DESW have substantially larger lifetimes compared to long-
=i oAb wavelength MSWI' <T's. Using these assumptions and the
2nc [ Tt io - o) previously made assumption of smallness of the probability
. Vih o ot oot T of two-magnon scattering, it is possible to derive a simple
+|Fk—i(wk—wS)A+e Kpre e ke, (8)  approximate expression for the reversal coefficient of the
MSW signal in the nonideal ferrite film
where .= |V >~ (0= w9)? and 7, is the duration of the
pumping pulse. K = A = }&e(hpvkrp)e[—Z(Fko+AFk)tp]. (11
The first term in the curly brackets in E(B) describes A s

frequency-selective parametric amplification of the DESW’s

that are moving away from the scattering certarinhomo- of the reversal coefficier it is necessary to have an opti-

geneity, while the second term in E@8) describes the para- : ) : .
metric front reversal of DESW's that after the reversal aremum amplitude of the two-magnon scatterinthat is

moving towards the scattering centers. These reverselré)ughly characterized by the magnitude of the additional re-
DESW's at the timet=2t, will form a phased macroscopic xation AT caused by two-magnon scattengvhen the

. o — scattering is extremely smalideal film with no defects:
signal: it is clear from Eq(8) that att—2_tp the phases of all Rk, — 0, AT'— 0) the front reversal effect is vanishing as the
the reversed waves are the same independently of their

eigenfrequencies,. This phased macroscopic signal Createseff|C|ency of the DESW creation on defects is very small. In

a reversed MSW signat_;=A e that moves from the the opposite limiting casémperfect film with a large num-

scattering centers to the input antenna and induces in thger of d_efect};t';]hethrev_ersal coeff:cmtehnl( IS Exgﬁ.rt]em'?"ty
antenna a delayed output microwave signal. The ratio of th ecreasing with the increase of the probability ot two-
absolute values of the reversad and inputA, MSW at the magnon scattering due to the increase of the DESW relax-

signal frequency will give us the coefficiekt=|A_|/|A,| of ation parameteArl’,. It is also clear from Eq(1D) that the
the parametric reversal of MSW in nonideal ferrite films reversal coefficienK exponentially increases with the in-

caused by the effect of two-magnon scattering on inhomoge‘Erease of the amplitude and duration of the pumping pulse,

neities and exponentially decreases with the increase of the time
The equation for the amplitude of the reversed MSW aﬂnteryalgp between the ap.pllcanon of the signal pulse and the
the signal frequency can be obtained from the @, Since application of the pumping pulse that causes the reversal

hi jon i ntially linear process. .
this equation Is essentially inea So far we have considered only the process of the output

Cs .. ) signal formation due to the effect of parametric wave front
T locs+ '€= _'% RigCro (9 reversal caused by the second term in the curly bracket of
Eqg. (8). The first term in the curly brackets in E¢B) is
wherec, are defined by Eq(8). In Eqg. (9) it was assumed responsible for the appearance of a macroscopic output de-
that the parameters of the primary and reversed MSW are tHayed signal at theutputantenna due to the effect of fre-
samews=w_g, I's=I"_. quency selective parametric amplification of the forward-
Solving Eq.(9) and taking into account only the second propagating DESWS.This signal is observed in the case of
term in the curly brackets of E@8) responsible for the wave rather long pumping pulse(szrpzl"gl) at a different delay
front reversal we get the following expression for the maxi-time t<t,+ 7, and at a different placeutput rather than the
mum amplitudeA_ of the reversed MSW signal at the time input antenng and will not be considered below.
t=2t,

It is clear from Eq(11) that to achieve a maximum value

e Vih, e
A = iA+E K'p e 2y EXPERIMENTAL RESULTS AND DISCUSSION
K Yk The experimental investigation of the phenomenon of
IR parametric wave front reversal of waves having a strongly
S . . M
, - . (10 anisotropic spectrum was performed on the system of spin
[P (o= o) [Tk~ s+ i(ax— w)] waves propagating in a yttrium-iron garn@iG) ferrite film

We shall evaluate the sum in E{.0) approximately using a [see (1) in Fig. 2]. Our YIG film sample was epitaxially
series of reasonable assumptions. First of all, we shall agrown on a gallium-gadolinium garnéBGG) substratg2),
sume that the parametric pumping strongly amplifies only &ad unpinned surface spins and the following sizes 1.5 mm
spectrally narrow packet of DESW’s having frequenciesX 20 mmx7.1 um. The YIG film sample was tangentially
close to the half of the pumping frequeney/2, so the main magnetized by a constant bias magnetic fielgl directed
contribution to the sum(10) is provided by the resonant along the long sidé20 mm of the sample and parallel to the
waves havingw,—w,/2|<T'sI'y. Second, we shall assume direction of propagation of the primary MSW signal
that the DESW packet is reasonably narrow in the wave vectHollkg). The MSW signal[backward volume magnetostatic
tor space, so that we can consider the DESW param¥fers wave' (BVMSW)] was excited and received by a microstrip
.l'k to be independent of the wave vector. Third, based ormntenng3) of the widthW=50 um. The input pulsed micro-
the data from parallel pumping experiments in Y(Gee wave signal supplied to the input antenna to excite the MSW
Chap. 10 in Ref. %# we shall assume that short-wavelengthsignal had the following parameters: carrier frequency
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FIG. 3. Dependence of the powBg, and the delay timey of
FIG. 2. Experimental setupl) ferrite (YIG) film, (2) substrate, ~the output signal on the timg, at which the pumping pulse was
(3) input antenna exciting and receiving spin wave signals,(@nd supplied to the YIG film. The input/output antenna was situated in
pumping dielectric resonator. the immediate vicinity of the dielectric resonatar=0, see Fig. L
and the bias magnetic field waky=1092 Oe.

wg/2m=4.7 GHz, pulse duration7s=30 ns, power Pg

<0.3 mW. This input electromagnetic pulse excited in theSimilar effect was studied in detail in our previous paper.
film a packet of BVMSW signal having the carrier wave Although other wavegand, in particular, DESW'’s created
number k,=1C%rad/cm and group velocity vs=3 due to the MSW scattering on inhomogeneitialso contrib-
X100 cm/s. ute to the output signal in the region(1,<100 ng, the

To supply pulsed microwave pumping magnetic figdr-  contribution of the fast MSW signal is dominant due to the
rier frequencyw,=2w,) to the ferrite film, the film sample high efficiency of MSW excitation by the input antenta.
was placed inside a rectangular opening in a pumping dielecthe MSW relaxation frequency’s=yAH/2, determined
tric resonatox4) (see Fig. 2 made of thermostable ceramics from the slope of the curve in the region | in Fig. 3 is
having a dielectric constagt=80. The length of the resona- 's=5.5X10° s™* (AH.=0.65 O¢, which agrees very well
tor [determining the size of the pumping localization regionwith the experimentally measured ferromagnetic resonance
along the direction of the MSW propagatigeee Fig. 1]  linewidth (AHy,=0.6 O¢ of our YIG film sample.
wasl=3.5 mm while the oscillation type in the resonator was  Whent,>1,=100 ns, as it was mentioned in the Introduc-
H45 (for details see Ref. J0The microwave magnetic field tion, the parametric pumping cannot directly interact with the
of this oscillation type is parallel to the axis of the resonatorMSW signal, as by the time when the pumping pulse is
opening and has a maximum magnitude in this openingswitched on the MSW has already left the region of pumping
Pumping pulses of duration7,=50 ns and power localization. Thus, the pumping can interact only with the
P,=4.5 W were supplied to the dielectric resonairfrom  “trace” which the MSW signal left in the region of the YIG
a magnetron generator via a standard rectangular waveguid@m inside the dielectric resonator. As it was explained ear-
The microwave pumping magnetic field of the dielectriclier, we assume that this “trace” consists of slow secondary
resonatoh, was parallel to the bias magnetic fietth, i.e., DESW'’s created in the process of two-magnon scattering of
the case of parallel pumpingee Chap. 11 in Ref.)4dde- the primary MSW signal on the defects and inhomogeneities
scribed by Eqs(1), (2) was realized in our experiment. of the YIG film. The wave vectors and amplitudes of these

Under the influence of the input signal of the powr secondary DESW'’s are determined by the parameters of the
and the pumping of the powé?, a reversed MSW signal of defects and can vary in a wide range- 10°-1C° rad/cm.
the amplitudeA_ (10) was formed in the YIG film. This The same statement applies to the dissipation parameter of
reversed MSW induced in the microstrip anteri@aan out- secondary DESW's, but, as a rule, the dissipation parameter
put signal of the poweP,,; (see Fig. 2which was transmit- of short-wavelength DESW'’s is still substantially smaller
ted via a circulator to a measurement circuit. than the similar parameter of the MSW signgH, < AH.*

The results of the experimental measurements of the outrhe region Il in Fig. 3100 ns<t, <500 ng is caused by the
put powerP,, and the delay timéy of the output signal as front reversal of the DESW's havingH, ~ 0.3 Oe, while the
functions of the timet, at which the pumping pulse was main contribution to the output signal in the region Ill is
switched on are shown in Fig. 3. It is clear, that in accor-caused by the DESW'’s havingH,~0.18 Oe. To the best of
dance with the theory presented in the previous section, weur knowledge, this last value of the relaxation parameter in
see the exponential decrease of the output power with ththe region Il is the lowest of all experimentally measured
increase oft,. Three distinct regions |, I, and lll having dissipation parameters of spin waves in YIG films. This
different slopes can be clearly seen on the cuPyg(t,) value is close to the value of the spin wave dissipation pa-
shown in Fig. 3. According to the theoretical expresgibh) rameter measured in bulk YIG samples for spin waves
these slopes are determined by the relaxation frequEpoy  k~ 10% rad/cm by means of parallel pumpifidt is safe to
waves making the dominant contribution to the output signalassume that in our current experiment in a YIG film we also
The region | in Fig. 3, wheré¢,<t,=100 ns is caused by a deal with the similar DESW. The initial amplitudes of these
well-known effect of wave front reversal of the MSW signal. DESW'’s are smaller than the amplitudes of other spin waves
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p_/P" ferromagnetic resonande,.s This quasiresonance behavior
of the output signal takes place, most probably, due to a
LOr /'\ well-known property of two-magnon scattering in ferrites:
JA this process has maximum efficiency in the case when the
/ 5 frequency of the scattered signal coincides with the upper
. \\ boundary of the spin wave spectrum in the experimental
/ ) samplet® In our experimental case of a tangentially magne-
0.5r / - 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
J - propagating MSW takes place and the contribution from the
two-magnon scattering is insignificaisiee Ref. 3 and regime
I in Fig. 3 of this paperthe dependenck,,(Hy) has a non-
resonant character, and the maximum of the output signal
FIG. 4. Dependence of the relative magnitude of the outpuicorresponds to the maximum of the transmission-loss char-
signal powerP,,/ Pomuix on the bias magnetic fieltly in the case  gcteristic of the experimenta| setup.
whent,=500 ns and.=0. The “resonance” behavior of the field dependence of the
output signal power shown in Fig. 4 clearly demonstrates the
creating the output signal in the regions | andsée Fig. 3,  important role of the two-magnon scattering in the formation
but due to their very small dissipation parameter they outliveof the output signal. It is also known, that the efficiency of
all the other waves and provide a dominant contribution tawo-magnon scattering could be significantly increased by
the output signal at large values ©f(see region Ill in Fig.  the roughening of the surface of the experimental sarhple.
3). The excitation of these weakly dissipative DESW'’s al-our experiments it turned out, however, that the surface
lowed us to obtain a large delay of the input microwaveroughening leads to the increase of the output reversed signal
pulsed signaty=2.6 us with total insertion loss of 47.5 dB only in the case of relatively thick ferrite films having thick-
(see Fig. 3 These parameters are substantially better than allessd=30 um. For these “thick” films the roughening of
the published characteristics of delayed signals obtained ithe film surface resulted in the increase of the output signal
devices based on MSW propagation in YIG filfis? of up to 10 dB and in the broadening of the field dependence
The dependence of the signal delay titg@n the timet,  of the output powelsee Fig. 4 to several tens of oersteds
when the pumping pulse is supplied in all the three abovaround the FMR magnetic field,.s For the relatively thin
described regions |, Il, and Ill is a straight line with the slopeYIG films d=<10 um the roughening of the film surface led,
equal to 2. Moreover, it turned out that the signal deigy for the most part, to the decrease of the output signal. This
does not depend on the distaricdetween the antenna and decrease in the output signal could be connected with the
the dielectric resonatofsee Fig. 1. The increase of led fact that, according to Eq11), an optimum efficiency of the
only to the decrease of the amplitude of the output signatwo-magnon scattering is required to achieve the maximum
leaving the signal delay constant. This experimental fact supvalue of the wave front reversal coefficiekt When the
ports our assumption, that the delay time is independent gbrobability of two-magnon scatterinB,,, increases above
the group velocity of waves taking part in the wave frontthis optimum, the output signal starts to decrease exponen-
reversal process. It also demonstrates that the pumping pulsi@lly due to the increase of the additional dissipation for
reverses fronts of all the wavgMSW'’s and DESW’'$ ex- DESW's caused by the two-magnon scatterihg=I",,
cited in the YIG film. The decrease of the output signal am-+ATI',. For example, in a YIG film of the thickness 5.8n
plitude with the increase of separatibrbetween the antenna surface of which has been treated with the abrasive paste
and the resonator is caused by the increase of the time inteltaving the grain size of Lm for large values of, corre-
val during which the signal propagates in the form of fast-sponding to the region Ill in Fig. 3 we observed the increase
decaying MSW. Thus, the best characteristics of the signadf the slope of the dependenceRy(t,). This slope increase
delay (shown in Fig. 3 were obtained when the dielectric corresponded to the increase of the effective dissipation pa-
resonator was situated in the immediate vicinity of the inputframeter of the DESW's from 0.34 to 0.41 Oe. Thus, it
output antenna. seems that in relatively thin films the number of defects natu-
We also measured the dependence of the output signghlly present in the volume and on the surface of the sample
Pout ON the magnitude of the bias magnetic fiéld in the s either close to optimum or exceeding it, so that the addi-
case when the time of pumping pulse applicatigreorre-  tional defects created by the surface roughening only de-
sponded to the boundary between regions Il and Ill in Fig. &rease the amplitude of the reversed signal. The difference in
and the output pulse was mostly formed by reversed longthe behavior of thick and thin films could be understood if
lifetime DESW's. This choice of, allowed us to obtain a we use analogy with the well-developed theory of two-
reasonably large reversed signal in a wide range of bias magnagnon scattering in ferrite spheres, where it was established
netic field values. The dependenig,(H) is shown in Fig. that the contribution of surface defects to the dissipation pa-
4, and it can be seen, that this dependence demonstratesameter is proportional to the ratio of the sample surface to
“resonance” behavior with the linewidth of only several oer-its volume? It is clear, that in the thick films this ratio is
steds and the maximum corresponding to the field of unifornsmaller, and the contribution of two-magnon scattering at the
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surface is also smaller, so that by roughening the samplated a reversed MSW at the signal frequency propagating
surface we could reach the optimum number of defects in theowards the input antenna and exciting there a delayed output

sample. microwave pulse. Due to the small group velocity and low
insertion loss of DESW's we were able to obtain delay times
CONCLUSION for microwave pulsegcarrier frequency of 4.7 GHz that
) exceed 2.6us with insertion loss lower than 47.5 dB.
The effect of parametric wave front reversaVFR) for The maximum output signal was observed when the ex-

spin waves propagating in YIG films with inhomogeneitiesternal bias magnetic field was close to the characteristic field
and defects has been studied both theoretically and experyf FMR in the sample because at this bias field the efficiency
mentally. In contrast with the previous studies of wave fronts¢ transformation of MSW'’s into DESW's and back has a
reversal in optics and acoustics, in our case the spin wavegaximum. It was shown both theoretically and experimen-
with very different values of wave numbgfrom purely a1y, that the efficiency of two-magnon scattering in the YIG
dipolar MSW having k=10% rad/cm to DESW's having film should have an optimum magnitude, because the exces-
k=10" rad/cm take part in the reversal process. This widesjye two-magnon scattering leads to the increase of the dis-
distribution of the spin wave wave numbers contributing tOgjpation parameter for the created DESW's which, in its turn,
the reversal process is possible due to the anisotropy of thgads to the exponential decrease of the efficiency of trans-
spin wave spectrum in ferrites. . formation of the input signal into the output signal. It was
In our experiment the input electromagnetic pulse of theajso shown, that our experiments allow us to measure the
carrier frequency~4.7 GHz was supplied to a microstrip gissipation parameter of spin waves participating in the wave
antenna that converted it into a packet of propagating MSWont reversal process and, in particular, the dissipation pa-
signal having the carrier wave numbler-10? rad/cm and  gmeter of short-wavelength DESW's.
dissipation parameter of the order of 0.6 Oe. Due to the scat-
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