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Auto-oscillation thresholds at the main resonance in ferrimagnetic films
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The propagation of large-amplitude forward-volume magnetostatic w@W88V's) is studied in Y3Fe0;,
and[ BiLu]3Fe;045 thin films. The onset of auto-oscillations beyond the second Suhl instability influences the
transmission characteristics of a MSW delay line. Global variations in transmitted power over a frequency-
power input parameter space are monitored using density plots. There is a shift in the MSW passband with
increasing input power that is explained by a decrease in demagnetizing field with an increase in dynamic
magnetization. As the input power increases beyond a threshold value, we observe an increase in signal
amplitude, heralding the onset of auto-oscillations. Fingers of auto-oscillation spanning an input range of 200
MHz and 10 dB are formed. The locations of these fingers are correlated with the locations of spin-wave
resonance notches in the MSW passband. The auto-oscillation thresholds in the vicinity of a spin-wave reso-
nance notch are 4-8 dB lower than elsewhere in the passband. A heuristic model based on a reduced group
velocity near a notch can explain the lower threshold val[®8163-182@8)02018-9

I. INTRODUCTION an exchange term leads to the formation of spin-wave reso-
nance notches or dipole gaps. For spin waves pinned to the
The study of parametrically excited spin waves has besurface of the film, the spacing between dipole gaps deter-
come the subject of active research over the last fewnines the mode numbers associated with the interacting spin
years! ™ Ferrimagnetic materials, particularly garnets, havewaves!’ The lowest-order thickness mode is the predomi-
been extensively used to probe the dynamic properties of theantly excited mode and a dipole gap is a characteristic of an
spin-wave manifold. The spin-wave system allows us to calinteraction between the lowest mode and a higher-order
culate Lyapunov exponents and fractal dimensions and tmode. Using a density plot, we correlate the existence of
observe multiple routes to chad®.Hopf bifurcations] pe-  dipole gaps with the formation of fingers of auto-oscillation.
riod doubling® formation and destruction of overlapping at-  The group velocity for spin waves within a dipole gap is
tractor basing, intermittency'® mode locking, and synchro- smaller than that of the lowest-order modeA lower group
nization of chaos''? are some of the demonstrated velocity also implies a longer propagation time between
behavioral patterns in a spin-wave system. transducers and thus less transmitted power. The dipole gaps
A forward-volume magnetostatic wayMSW) delay line  break up a density plot 08;, into alternating peaks and
is a commonly used experimental device. The normalizedralleys. With the inclusion of higher-order demagnetizing
transmission characteristic§,p) of the delay line are usu- effects in the MSW dispersion relation, the location of the
ally described as a passband in the frequency domain medSW passband becomes dependent on the spin-wave ampli-
sured at low values of input power. However, the high-powertudes. An increase in input microwave power causes a shift
characteristics are significantly different. This article illus-in the passband to a higher frequency. A density plot easily
trates the use of a density or contour plot$ as an inves- captures this phenomenon, and the valleys formed by the
tigative tool. Such a plot gives a researcher the ability todipole gaps appear shifted towards higher frequencies at
pinpoint regions where chaotic phenomena are most prevdigher-power levels.
lent in a two-dimensional input parameter space consisting Density plots ofS;, using MSW delay line also reveal the
of frequency and power. Considering the vastness of the paeculiar formation of fingers of low transmissibh.This
rameter space, approximately 400 M¥20 dB, this in itself =~ phenomenon shall be explored in greater detail using three
proves valuable. At high-power levels, we witness the colferrimagnetic thin film samples having different material and
lective oscillation of the spin-wave system at a frequency ofgjeometrical properties. The threshold input power associated
10*~1¢° Hz. This phenomenon is commonly referred to aswith the formation of these fingers approximately coincides
auto-oscillations. Interestingly enough, a density plot alsowith a predicted value for the auto-oscillation threshold in an
allows us to draw general conclusions about the onset anidfinite medium. The standard procedure of exciting spin
the formation of fingers of auto-oscillation. This phenom-waves using well-characterized resonators is not employed.
enon was previously studied in a nondegenerate spin-wawhile resonators are easier to characterize, delay lines using
manifold on circular fim$3'* We investigate the case of propagating modes in thin films are also of great practical
propagating forward-volume MSW's, where the degeneracynterest. Due caution is necessary when comparing experi-
between thickness modes is lifted with the inclusion of amental observations on a thin film delay line with theoretical
spin-wave exchange interaction enetgy® The inclusion of  predictions for spin waves in an infinite medium. Sample
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FIG. _1. Schematic of a MSW delay line. Typical dimensions fo_r 44 Fregiﬁency (GH2) 48 5
the device are shown, although some experiments were run using
films with arbitrary shapes and with a wider separation between FIG. 2. MSW passband for sample YIG1 in the presence of a
transducers. The transducers are mfh wide, and the film is 270 kA/m (3.40 kOg¢ external magnetic field. The passband was
pressed into physical contact with them. measured using a network analyzer while sweeping the input fre-
quency in steps of 1 MHz. The arrows mark the approximate loca-
calculations that facilitate such a comparison are presenteigbns of notches identified as dipole gaps.
with a clear demarkation of the various approximations at
each step. acteristics. However, the larger propagation length for the
A finger of auto-oscillation can be interpreted as a smallMSW's caused a strong attenuation of the signal. Since non-
range of input frequencies over which the threshold powetinear excitations decay rapidly with propagation distance,
required to observe auto-oscillations is lower than elsewherthe separation between transducers was reduced to either 3 or
in the passband. Assuming a uniform coupling of power into4 mm for a high-power experiment. The use of rectangular
spin-wave modes at all frequencies, a lower group velocitffilms whose width was comparable to the spacing between
for a wave causes the magnetic energy density in the film téransducers raises the possibility of multipath interference.
be larger within a dipole gap. Consequently, we expect & his issue shall be addressed in Sec. Il B. Low-power experi-
lower auto-oscillation threshold in the vicinity of a gap. The ments were conducted using a network analyzer. However,
existence of multiple regions of lower group velocity com- the instrument had a large insertion loss of approximately 17
bined with a shift in the passband leads to the formation ofiB. Hence, for high-power experiments, the network ana-
fingers of auto-oscillation. The decrease in threshold powelyzer was replaced by a diode detector whose output was fed
values for observing auto-oscillations is estimated based onta a digital oscilloscope. Results from both the low- and
heuristic model of a higher energy density inside a dipoleéhigh-power experiments are presented below.
gap. The estimates compare favorably with our experimental

observations. A. MSW passband

Figure 2 is a typical low-power forward-volume MSW
Il EXPERIMENTAL RESULTS passband, using transducers that were 1 cm apart and exter-
nal field Hy.=270 kA/m. The rapid oscillations at the low
nd high ends of the passband are an indication of stray

gamet(YIG) and bismuth-lutetium-iron garnéBLIG) films electromagnetic fields. The irregular _shape of the sample, its
that were used in our experiments are listed in Table I. Al oggh Zd%es, f?nd thefz Iarglg_e sip_aratlfon betweecrj] transdtljcers
external fieldH 4. was applied perpendicular to the plane of [e uce tt_e N ecl'gs obmtl\Janat thmt;ar er%nce an Tﬁtray de ec-f
the film and forward-volume MSW'’s were excited by a mi- Lomagnilc (cj:oup m&; € .eeg b € hrans uceLs. f he edge OI
crostrip transducer in contact with the film surface. Aseconot € passband was determined by the strength of the interna

transducer acted as a receiver. A large separation betwe@ﬁa.‘gnet'c f|e_ld. We use the da_ta N F|g: 2 10 estimate the
transducers, of 1 cm, was initially used to minimize the ef-anisotropy fieldH while assuming a typical value for the

f " | ic fiel h e hasaturation magnetizationy =140 kA/m. Identifying the
ects of stray electromagnetic fields on the transmission c aedge of the passband as,— 27 (4.35 GHa, we find the

nisotropy field to be

A schematic of the experimental device is shown in Fig.
1. The properties and physical dimensions of the yttrium-iro

TABLE |. Physical dimensions and ferromagnetic resonance®
(FMR) linewidth of the films used. The rectangular films had pol-

. w
ished edges. He~ ——— —Hge+ M= —6.4 kA/m, 1
[ vl o
AHFMR _ . . .

Film Shape Dimensions (at 9.1 GHz wherey=—2m(28 GHz/T) is the gyromagnetic ratio andy

is the permeability of free space. Thus anisotropic effects
YIG1 Quadrant 1.0 inradiug x5.9 um 0.6 Oe account for less than 5% of a change in the internal magnetic
YIG2  Rectangle  1&5mnPXx7.4 um 0.87 Oe field.
BLIG Rectangle 1%5mn?Xx 6.3 wm 3.0 Oe The presence of notches in Fig. 2, marked by the arrows,

indicates a coupling to exchange-dominated spin-wave
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resonance$’ A smooth passband, without any notches, isa 55 - -
characteristic of a lowest-order excitation. Neglecting anisot- )
ropy while retaining exchange and dipolar interactions gives S0y T
the dispersion relatidf b l ,,,,,,,,, -

“| -t

w’=(oy+ wM)\eX|<2)[wH+wM()\exk2+ sirfe)], (2

wherek is the MSW wave numbeiwy,, = — yuoMs, and @

is the propagation angle with respecthig.. The value of

the exchange constant,, can be determined from micro-
wave frequency measuremeftExperimentally, it was ob-
served that the spin waves behaved as if they were pinned to ™ 5, . . . :
the surfaces of the film. Reflections at the top and bottom 1 3 5 7 9

. . Data point number
surfaces caused a spin-wave resonance notch when the film

thickne.ss equaled_ an integral number of half wavelengths. F|G. 3. Increasing frequency separation between the dipole gaps
Assuming 6—0, since the tangential wave numblgr<k,  seen in Fig. 2. The solid line is a least squares fit given by

25 ¢

Separation between dipole gaps (MHz)

the resonant frequencies are obtained from Bpas Af(MHz)=2.83n+26.8 with y?=3.2. The mode number that
identifies a gap is merely 2+ny, where ny=2(26.8/2.83>-1
) ~18.
mn
wn=wH+wM)\ex(T) , n=123.... (3
1

The subscriph is chosen to represent the number of zeros in
the magnetostatic potential for a mode through the thickness 2T wpN ey
of the film. The mode number associated with each gap is = T
determined by assuming uniform pinning of spin waves on

both surfaces of the film and then measuring the increase iMhus a plot ofAf versusn should be linear with a definite
frequency separation between gapsidacreases. The rela- relation between the slope and the intercept. Likewise,
tive coupling strength of the external magnetic field to theversus o —ny) is linear, wheran, is the mode number of the
even and odd modes must be accounted for to ensure propfist observable gap. If this data fits a line having the form
mode enumeration. The external field varies slowly on thg/=am+b, m=0,1,2 ..., then the mode number associ-

scale of the film thickness, and the strongest excited mode igted with the first gap is uniquely determined by making the
the n=0 mode whose magnetostatic potential is describeggentifications

(n+1), n=024.... (6)

by
2m=n-ng, (7)
z/;(F)= U e*i'zt'r.co Tz —d/2>z>d/2 (4) b
0 d ) ’ noza — 1, (8)
with ny being defined as an even integer. Given the thickness
| 2P () of the film and the saturation magnetization, it is also pos-
0 AYR sible to determine the exchange constant as
. L . a/ d?
whereP is the power per unit width coupled into the wave. Ne=2 ) (9)
This mode is usually orthogonal to modes with higher-order 2\ 21wy

thickness variations. However, in the presence of surfacgigure 3is a plot ofAf versusm. Using a least squares fit

pinning, coupling to other modes can occur when the fréy e getermined that the dipole gap at 4.421 GHz has a mode
guencies are degenerate. The coupling is stronger for mOd‘?l%mbernoz 18. With d=5.9 um andM =140 kA/m, \,
. . ) X

having the same even symmetryJdnHence it is reasonable _5 51026 m2. This value is in good agreement with a
to conclude that the notches in Fig. 2 correspond to eVeRnical value of\ o,~3x 10716 m? for YIG.2
ex .

modE nudmbe_rs. Evidence of a w(;aaker cobuplmg tob 0dd-"" 5 3 practical note, the spin-wave resonance absorption
numbered spin-wave resonant modes can be seen betweglhg are undesirable for many device applications. However,

the deep notches in Fig. 2. The spin-wave spectrum Withy,oir nresence can be minimized by properly orienting the
mixed exchange boundary conditions was studied by Kalinig;, in the external magnetic fieRf2

kos and Slavin using perturbation thedfySome of their
results are utilized in Sec. Ill to estimate the MSW group B. Fi ¢ auto-oscillati
velocity in the vicinity of a dipole gap. - Fingers ot auto-osciflation

Having established that the dipole gaps seen in Fig. 2 are Figure 4 shows a density plot &, using transducers that
primarily due to a spin-wave resonance phenomenon assoadivere 4 mm apart and the sample, YIG1, whose passband was
ated with even modes, E) is rewritten as shown in Fig. 2. The dipole gaps appear as dark bands that
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FIG. 4. (Color) Density plot ofS;, over input parameter space
using sample YIGL1.
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FIG. 5. (Color) Top: magnified view 05,, from Fig. 4, with red
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FIG. 6. (Color Density plot ofS;, for sample YIG2. Note the
formation of fingerlike regions of low transmissigdark regions
extending down from aboyeround 15 dBm.

show the characteristic increasing separation with higher
mode numbers. Measurements of the reflected power indi-
cated that the waviness in the pattern visible at high power is
related to the length of the connecting coaxial cables. The
appearance of the pattern helps us make a comparison be-
tween different density plots, and it shall be used to our
advantage.

We now select a small region of our input parameter
space. At the top of Fig. 5 is a magnified view of the density
plot over the selected region. Interestingly enough, the spin-
wave resonances corresponding to odd mode numbers,
which were suppressed at low-input-power levels, were also
strongly excited. The dipole gaps corresponding to the odd
modes, visible as small dips between the even gaps in Fig. 2,
became as strong as their even counterparts and caused the
passband to break up into alternate regions of strong and
weak transmission. In the density plot,-at.2 dBm, the odd
dipole gaps appear as faint streaks between the darker bands
that correspond to the even gaps. An increase in power to
~18 dBm causes what appears to be a further splitting of the
passband into equally wide regions of strong and weak trans-
mission. We believe that this apparent splitting at 18 dBm is
an artifact of the interference between the spin-wave signal
and the low-level electromagnetic feedthrough. Beyond the
auto-oscillation threshold, the output of the diode detector
began to oscillate with a frequency of 0’ Hz. Regions
of strong auto-oscillations were located by measuring the
peak-to-peak voltag¥, , of the output signal. While density
plots of S;, were obtained by sweeping the input frequency
at a fixed input powery, , was measured by sampling the
output signal for 5Qus while the input parameters were kept
constant. For the purpose of these measurements, the crite-
rion used to establish the existence of auto-oscillations was
whenV, , exceeded 4 mV. At the bottom of Fig. 5 is a
density plot ofV,, over the selected region of our input
parameter space. As is clearly evident, there appears to be a

regions corresponding to strong transmission. Bottom: density pIo@!Ose corr_espondence b.etween regions of Bw and re-
of peak-to-peak voltage from a time series measurement at a fixe@ions of highV, , . At an input power of about 19 dBm, we
input power and input frequency, with red regions corresponding tdnote strong auto-oscillations at all frequencies. A careful ex-

strong nonlinear excitations.

amination reveals that the auto-oscillation threshold in the
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FIG. 8. Microwave frequency spectrum measured on a
125 HP8529D spectrum analyzer. The input frequency was 5.3 GHz,
while the input power was stepped between 14.75 and 19.25 dBm.
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515 52 525 53 Vpp., thus establishing that the auto-oscillation thresholds

Frequency(GHz) are subject to the same demagnetizing effects as the trans-

. mission characteristics.
FIG. 7. Three-level contour plot &,, using sample YIG2. The

curved dark spots are the calculated locations for the edge of thteruﬁu;c;_fé%g?‘g%?; Sggssarae%&géhtigl;tﬁr%ta];;e?gse::gnigeﬁ é_
passband. The vertical dark spots at 5.3 GHz are the locations . . . .
where samples of the output microwave frequency spectrum werdUency. As before, the f'”gef“"e regions .Of l.OW transmission
obtained. These spectra are shown in Fig. 8 and qualitatively dem?ereé closely associated with regions in input parameter

onstrate the correlation between a fingerlike region of weak transSPace Whe,re the output signal oscillated. _For gxample, the
mission and the onset of auto-oscillations. dark spots in Fig. 7 at 5.3 GHz are the locations in parameter

space where the output frequency spectrum was monitored.
As shown in Fig. 8, the onset of auto-oscillations occurs as a
finger of low transmitted power is crossed. The broad white

. o o trstegions reveal very complex routes to chaos, while their
and theoretical predictions for a lower threshold |nS|deaga%dgeS approximately mark the thresholds for the auto-
is undertaken in Sec. Il C. oscillations

Experiments were also conducted on the two rectangular
samples listed in Table I. Multipath interference resulting
from reflections off the edge of these samples made it diffi- lll. THEORETICAL DISCUSSION

cult to uniquely identify the dipole gaps in the passband. The The density and contour plots &, capture not only a
density plots did successfully capture the saturatiolBjf  shift in the passband, a low-order nonlinear effect, but also
and the formation of fingers of low transmission. Figure 6 ishelp us locate the onset of auto-oscillations, a phenomenon
a density plot ofS,,, taken on sample YIG2, using 1-cm- that has its origins in a nonlinear four-magnon interaction.
long bidirectional transducers spaced 3 mm apart. Figure 7 ig shift in the passband lends itself to a quantitative compari-
a three-level contour plot of the same data. A coarse contowon with a theory based on an increasing precession angle for
plot emphasizes some global features while reducing the lothe magnetizatio” However, the formation of fingers of

cal variations that complicate the interpretation of a ten-levehuto-oscillation makes a comparison between theory and ex-
density plot. Figure 7 highlights the formation of fingerlike perimental observations for the auto-oscillation thresholds
regions around 15 dBriwhite regions extending down from difficult. We explore the possibility that a finger of auto-
above. The bottom of the passband shifted by approximatelybscillation is formed by a lower auto-oscillation threshold for
10 MHz as the input microwave power was increased by 1%pin waves with a lower group velocity. This phenomenon is
dB. This shift is reminiscent of previously established resultseasy to characterize in the vicinity of a dipole gap.

on a shift in the passband at high-power le8£°A reduc-
tion in the demagnetizing field inside the film due to an

increase in the cone angle of the precessing magnetization o )
causes a shift that is given By A transmission line model for a MSW delay line sheds

some light on the energy transferred into spin-wave modes in
the vicinity of a dipole gap. Neglecting reactive impedance

vicinity of a dipole gap is 4—8 dB lower than that outside the
gap. A quantitative comparison between experimental resul

A. Transmission line model

—4yP components, the fraction of power coupled into spin-wave
Aw= oM 2 (10 modes is written &8
o . Psw_ _4RRy (12)
The shift is emphasized by the dotted curve on the left, P, (Rr+Rg)2'

which was calculated using E@LO) after alignment with the

passband edge at low-power levels. Such effects were alsehereP;, is the power fed into the devic&;=50 () is the
observed on théBiLu]sFe.0;, sample?® Note how Figs. 4 characteristic impedance of the transmission line, Bpis
and 5 reveal a similar shift in the density plots ®f, and the radiation resistance of the excited spin wa¥gsis esti-
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mated for the case of spin waves pinned on both surfaces of 1 Ao [ nmy
the film using the method espoused by Dmitriev and
Kalinikos 28 Their calculations indicate that the radiation re-
sistance in the vicinity of a dipole gap changes by a factor ofynere y is defined as

order unity. We reevaluate their expressions for our device

geometry and focus on the power coupled into spin-wave Oy OH

modes within an even-numbered dipole gap. For a ferromag- X=—3 5. (20
netic film, the linear radiative resistance is given by WpT

U_gn:(l)H(l)Md[ B 8 ’ (19)

As the pumping frequency— w,, Egs.(3), (17), (19), and

2
R(w)= 20MS %“k(km”z, (12  (20) are combined to yield
4 T vgn
_ 2
with a summation over all excited modes &g represent- X _ d
. ; . . €n : (21)
ing the tangential wave number associated withritiemode 8n 16\ g3
at frequencyw. Assumingk,,d<<1 and a negligible separa-
tion between transducer and film, Based on the previously described experiments on sample
YIG1, for n=20, e,~0.4 and the fraction of power coupled
) ) , [nm 2 ) into the spin-wave system is largely constant over the entire
Kn-1=Kzentkin=| 57| +kin. (13 passband. In our experiments, moving into the dipole gap

caused a decrease in the power coupled into the device of

Q.= o+ ook (14) less than 10%, qualitatively supporting the above theoretical
no TR EMBexn calculation.
1 k;, I
Y~— . (15) B. Auto-oscillation thresholds
Vd ke K,

Consider the spin-wave instability of forward-volume
waves when the pumping field is perpendicular to the static
external magnetic field, often called the second Suhl insta-
bility. Suhl recognized that the spin-wave amplitude at the
main resonance begins to increase exponentially once the
mAmplitude of the uniform modéay|, satisfies the conditiéh

vgn Is the group velocity of thenth mode andj,(k;,) de-
scribes the surface current distribution in the microstrip
transducerj(ki,) can be approximated by the zeroth-order
Bessel functiody(k;,w/2), wherew is the width of the film.
In this approximation, the dominant contributions to the su
in Eq. (12) come from modes that have lower valueskgf. 2 14 _
Consider exciting modes at the center of tith dipole gap &l ao*> (0= wy)*+ 7, (22
such thatw~Q,, andk;,=k,. Thickness modes with mode
numbersm<n will have wave number,,>k;, and will
thus be weakly excited, while higher-order modes with
>n will not be excited. Consequently, the radiation resis-
tance for thenth mode interacting with the lowest-order
mode =0) becomes a sum of just two terms. Defining the
resistance of the lowest-order modeRys the resistance in
the vicinity of thenth dipole gap is given by

7 being the damping constant. For small valueskpf,

~wy and w,— oy . As before,oy defines the edge of the
passband. Suhl predicted a saturation of the main resonance
beyond the critical value, with the excess energy being
coupled into other spin waves via a nonlinear mechartsm.
The damping constantgy(wy) and 7 (w,) are related to

the FMR linewidth AH measured at a frequenay’) as®

Yn\2vg0 _|7|,U~0wH AH
R~Ri 1+ — 2 2| =R(1+€.). 16 =% |\ 7| (23

0 QO YO) Ugn} O( En) ( ) 2 w

Under the approximationis,,<k,, andQ,~Q,, 70| Wi+ w?
=" (29)

oyl 2wy
- (@) (17)
T2 Ugn/ The linear solution fol, in the presence of a pumping field

For the case of a transducer that is well matched to thg 'S
lowest-order modeRR,=R,. Neglecting the small change in

k; as we move just outside the gap, the ratio of the power
coupled into spin-wave modes inside a gdpL() to that
coupled just outside the gaf§,) is calculated as

|‘Y|M0h

" lon—w)+im’ 2

For a pumping frequencw= wy, the critical value of the
pumping field at the second Suhl instabil{) is estimated

P’SW:<P_{n 4(1+ep,) (1g ‘tobe

Psw \Pin/ (2+€)"

The ratio of the group velocities is estimated using the h5,~iw /ﬂ_ (26)
equatio® |Ylro V o



57 AUTO-OSCILLATION THRESHOLDS AT THE MAN . .. 11 489
These are the results associated with a stationary solution to TABLE Il. Experimental and theoretical values for the critical
the nonlinear Hamiltonian equations of motidfihe nonsta- power corresponding to the threshold for auto-oscillations. The the-
tionary process leading to auto-oscillations has a threshol@retical value was calculated using E82), while the experimental

field value of values were obtained by studying density plotsSef.
hao~4hg . (27 wy/(2m) 7o(X 106) Piheory Pexpt
Film (GH2 (rad/9 (dBm) (dBm)

To calculate the magnetic field associated with the lowest=

order MSW'’s, we return to the description of the magneto-Y Gl 4.4 25 12.8 1319
static potential given in Eq4). The magnetic field is defined Y!G2 5.1 4.3 17.7 14-18
as—Vy, and asw— wy, its amplitude at the center of the BLIG 7.3 21.2 24.9 24-28

film is given by

approximate power level at which a saturationSg, was
. (28)  observed in a density plot.

. -2
im [l =| - V| = kool ~|—5 v

z—0

Using Egs.(5) and (28), the input power required to reach C. Formation of fingers

the critical ﬁeldhAO for our thin film geometry is found to be A finger Of auto_osci”ation iS mere'y a Sma” set of pump_
ing frequencies at which auto-oscillations occur at a lower

(29) threshold than at neighboring frequencies. Without a com-
plete characterization of all the interacting spin waves, a

L guantitative calculation of the thresholds is quéd hoc

At the edge of the passbarkl—0 and|x|—, resultingin  \j,ever the following dimensional analysis reveals that the

a divergence of the critical power. The smgula.nty at Fh.e_ edgeauto-oscillation threshold will be lower at frequencies within
of the passband is a consequence of our earlier definition fg

X, in Eq. (20), where we neglected the lossy characteristic 4 dipole gap. The average power per unit widtfcan be

S .
; ; expressed in terms of the average energy der&ly the
of the film. Introducing a loss parameter, thickness of the film, and the group velocity as

P [mW/mm]zEw hzod?| x|?
AO 8 Mollaoli x| -

O K/ YD)
_ {en—Indom (30 P=(E)vyd, (39
(op—in) o _ .
_ _ _ where (E)e|h|2. Consider the frequencies’ and » such
This form fory is analytic at the lower edge of the passband.tnat |w—w'|<w and 7~ 7., with the primed variables

Typically, no<wy, and asw— wy, representing quantities within a dipole gap and the unprimed
ones just outside the gap. With the understanding ¢&at

lx|~ w_'\"_ (31) must thus have the same value at the auto-oscillation thresh-
27 old both inside and outside a gap, Eq$8) and (33) are

- ) combined and rewritten as
Combining Eqs(26), (27), (29), and(31), the expression

for the critical power in the limik— 0 is written as ﬁ: vg 4(1+e,) )
oy oy 7od? P, vg (2+ )’
Pao= 2| |2 . (32
YT Ho wheren is the mode number associated with the dipole gap

Assuming well-matched transducers, iRy~R, =Ry in Eq. under consideration and, is related to the ratio of the

(12), P;,~P 4o defines the threshold input power required to@symptotic values of the group velocity as defined in Eq.

observe auto-oscillations. (17). However, the raticvg/véa& n26n and must be deter-
Words of caution are necessary at this juncture. In thénined after accounting for a change in the dispersion relation

spirit of the calculation, the effects of a ground plane on theén the vicinity of a dipole gap.

excitation of MSW’s have been neglected. Outside the film, Following the analysis by Kalinikos and Slavin, the split-

the magnetostatic potentiat~e %?. For a spacings be- ting of the MSW dispersion relation is quantified using a

tween the film and ground plane, the effects of the groundperturbation serie¥ (Note that owing to a different number-

plane become important whetkg)<1. Neglecting the ef- ing scheme, symmetric modes with totally pinned surface

fects of the ground plane is merely a good starting approxispins have even numbers in our calculations, but have odd

mation. numbers in the theory of Kalinikos and SlayifThe secular
Density plots ofS;, were also obtained for the other two €quation that describes an interaction between even modes

sample$:?® Using Eq.(32), the input power required to ob- takes the form

serve auto-oscillations is estimated for each of the samples.

The calculation accounts for the fact that the device consists (03— w2 (02— w2 )=0yQ.0.F2 (39

of a bidirectional transducer, but assumes that the reflected

power from the device is negligible. The calculated criticalWhere

power for the three films used, in thg— wy limit, is given 5

in Table Il. The experimental value is determined as the 0 =Qn(Qn+onFan), (36)
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FIG. 9. MSW dispersion relation showing the interaction be- e . .
tween then=0 andn’ =20 thickness modes as a function of tan- FIG. 10. Group velocity in the vicinity of a dipole gap. The data

gential wave numbek, , calculated using=1 andn’ =21 in Eqs.  Were obtained by numerically differentiating,,, andw,, in Fig.
(35) and (36). 9

(@) ~6.1. (40)

max

—ktd) .

k2 ksznkzn,[ 2 @7

= —5" ’ - +
an 2 %nn kﬁki, ktd(l e

n’

k,,andQ,, are as defined in Eq13) and(14), respectively, A.m|n|mum value forvg/vé can be determined directly from
and 8, is a Kronecker delta function. Note that E@6)  Fig- 10. Ata frequency at the edge of the gap, marked by an
reduces to Eq(3) when wyF,,<,. The dispersion rela- &TOW,vg IS smaller by a factor of about 2.2 compared to its
tion for the case1=0, n’ =20 is shown in Fig. 9. The width Maximum value. The range of values, 2.2,/v,<6.1, de-

of the dipole gapSw is determined by the splitting between termines the approximate range for the auto-oscillation

the two branches of the dispersion relatiop, andw,, as threshold. When translated into power levels using B¢),
shown in the figure. the auto-oscillation threshold observed within a dipole gap

The group Ve|ocity of a Spin wave decreases in the Vicin_should be 3-8 dB lower than the threshold value outside the
ity of a dipole gap.v, is calculated numerically from the 9@p- AS seen in Fig. 5, this range of values compares favor-
curves in Fig. 9 and is shown in Fig. 10. The width of the ably with the experimentally observed decrease in thresholds
arrows in Fig. 9. Although it appears that the group velocitythe shift in the passband causes the formation of a finger of
decreases to its asymptotic value as given by the slope @uto-oscillation.
wh=20, the effects of such a low value are not observed in
our experiments. Ay decreases, the propagation loss for IV. CONCLUSIONS
the spin waves between transducers increases. Assuming that
the amplitude of the auto-oscillations decays at the same rate Large-amplitude spin waves often undergo nonlinear in-

as that of the spin waves, a threshold value\igy, sets @ (o ractions. As a result of these interactions, the output from a
minimum detectable value fary . Let the decay in the am-  ¢ynyard-volume MSW delay line develops an amplitude
plitude of auto-oscillations between transducers spaced a dis5oqulation with multiple frequency components. This phe-
tancel. apart be described by nomenon is commonly referred to as auto-oscillation and is
oL accompanied by a drop in the dc value of the output signal.
e T, (38 The S, transmission characteristics of a delay line were
. . . ) studied using three different samples over a two-dimensional
In thg experiment descrlped in Sec. Il B, with a transducerinput parameter space comprising of input power and fre-
spacing of 4 mm’VP-P- varied from the threshol_d V"’?'“e of 4 quency. Density and contour plots were useful tools in this
mV to a maX|m_um.of 20 mV. As was seen in F'g' 5 the yenture. A shift in the MSW passband at high input powers
lowest auto-oscillation thresholds were observed inside thg o easily captured by the plots. This shift has been attrib-
gap. Attributing the different auto-oscillation amplitudes to uted to a decrease in the demagnetizing field as the dynamic
attenuation resulting from variation in group velocity, & COM- 5 gnetization was increased. The shift was of the same order
parison qf the decay in auto-oscillations at locations insideas that predicted by other researcHé. Furthermore, a
and outside a gap yields comparison of a density plot &, with a similar plot for the
) amplitude of auto-oscillations revealed a close correlation
Vop._ 4" _ 1~ L(i— 1y 1 between the formation of fingers of low transmission and the
Vop. ¢ 7 vg Vg

5 (39 formation of fingers of auto-oscillation.
The threshold power levels required to observe auto-
For the sample YIG1y~ n,=2.4 us ! and, as seen from oscillations in thin films, when extrapolated to thke-0
Fig. 10,v4~32 km/s. Hence, limit, seemed to agree with the theoretical predictions for
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auto-oscillations in an infinite mediumPrevious models in the vicinity of a dipole gap was comparable to that ob-
have explained the formation of fingers of auto-oscillationserved experimentally.

for the case of standing-wave modésn the case of pinned-
surface spin waves propagating between two transducers, the
simultaneous excitation of two thickness modes causes a re- We are grateful to A. Slavin for some very illuminating
duction in the group velocity of the waves and the formation_discuss_ions on the theore?ical aspects of n_onlinear spin-wave
of a dipole gap. Consequently, there is a decrease in thlgteractlons. By sharing with us their experimental results on

. Lo . .. Spin-wave solitons, P. Kabos and C. E. Patton have given us
power levels required to maintain a critical energy densityy o assistance. We also thank J. D. Adam and J. Peruyero

inside the film. A heuristic model that used this argumentio providing us with the samples used. This work was sup-
described the formation of a finger of auto-oscillation. Theported in part by the National Science Foundation under
predicted decrease in auto-oscillation threshold power level&rant No. ECS-9206817.
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