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Nonlinear Ferromagnetic Resonance and
Foldover Iin Yttrium Iron Garnet Thin
Films—Inadequacy of the Classical Model

Yuri K. Fetisov, Senior Member, IEEECarl E. PattonfFellow, IEEE,and Valeri T. Synogach

Abstract—A thin-film resonator structure has been used for application in optical computers [1]. The simplest passive
quantitative measurements of ferromagnetic resonance foldover optical bistable system is an optical resonator containing a
and the associated bistable power response for yitrium iron nqnjinear material with a refraction or absorption coefficient

garnet (YIG) thin films. The resonator consisted of a 1-mm by . . . . . .
1-mm-square, 4.9um-thick epitaxial YIG film on top of a 50- which depends on the light intensity. A suitably designed

pm-wide, 3-mm-long microstrip transducer. A static magnetic resonator would have a hysteretic power response with two
field of 3200 Oe was applied perpendicular to the film. Low- different levels of transmitted or reflected light over some

order magnetostatic forward volume wave standing modes were gyijtable range of input power.

excited at low power levels in the—20-dBm range and detected —nqer gyjtable conditions, ferromagnetic resonance (FMR)

as resonance dips in reflected power versus frequency spectra .
over the range 4'85 (IBHz. At powgrswin ﬂ\{e O?twlg-ljijyrar?ge and the closely related magnetostatic wave (MSW) resonances

these dips showed foldover and bistable response characteristicsin magnetic films offer the possibility of a similar bistable re-
for increasing and decreasing frequency or power sweeps. The sponse in the microwave frequency regime. These microwave
use of 1-10us-wide pulses instead of continuous-wave (CW) resonances can be set up to satisfy the two conditions which
excitation resulted in the consistent disappearance of the foldover are needed for bistability: 1) a transmission or reflection

and bistability characteristics. The frequency sweep pulse data - - -
at fixed power reproduced the down-sweep CW results, and coefficient which depends on the signal frequency and 2)

the pulse data for both increasing and decreasing power at Some kind of feedback response such as a power dependent
fixed frequency reproduced the increasing-power CW results. resonance frequency or absorption coefficient.

A quantitative theoretical analysis demonstrates that observed  These power dependent microwave effects in magnetic
foldover and bistable response characteristics are much weaker films are closely related to so-called “foldover” phenomena

than predicted from the classical precession foldover mechanism . . -
proposed by Anderson and Suhl, in which the decrease in the I ferromagnetic resonance. Foldover in the FMR response

static component of the magnetization drives the response. The at high power levels was first proposed by Anderson and
up-sweep and down-sweep foldover frequency jumps both occur Suhl [2] for perpendicularly magnetized magnetic films or
sooner than predicted by this classical mechanism and the cal- glabs. The basic effect is a bistable absorption curve which
culated foldover profiles are much more severe than the data depends on the direction of the frequency or magnetic field
show. sweep. The bistable response is driven by the change in the
Index Terms—Magnetic films, magnetic resonance, magneto- static component of the precessing magnetization with either

static waves, magnetostatic volume waves. frequency or power. This change shifts the FMR frequency
and produces a bistable response. The term “foldover” derives
|. INTRODUCTION from the schematic form of the FMR response at high power

ISTABLE phenomena based on the interaction of eIeEc:'—rSt depicted by Weiss [3]. .
Two schematic foldover FMR response curves are shown in

tromagnetic radiation with different nonlinear resonanclg.g 1. Both diagrams show absorbed podRras a function

systems are of interest for both the basic elucidation 8 frequencyf for the FMR response. The diagram in Fig. 1(a)

nonlinear effects and for device applications. Most studies in . Cs )
: . P ) . shows the multivalued FMR response which is obtained for an
this area have been carried out in the optical regime wi S . .
: . . . R frequency which increases with the power absorption.
the aim to elaborate optically controlled bistable devices f . ; . .
he diagram in Fig. 1(b) shows the corresponding power
Manuscript received May 28, 1999. This work was supported in part lbsorption versus frequency profile which would be found

the National Science Foundation under Grant DMR-9801649, the U.S. A”@X(perimentally. Data which resemble the profile in Fig. 1(b)
Research Office by Grants DAAH04-95-1-0325 and DAAG55-98-1-0430, and.

the Office of Naval Research by Grant NO0014-94-1-0096. will be presented in Section IIl. The details of the classical
Y. K. Fetisov is with the Moscow Institute of Radio Engineering, ElectronFMR response analysis which leads to such curves will be
ics, and Automation (MIREA), Moscow, 117454 Russia. considered in Section IV.

C. E. Patton is with the Department of Physics, Colorado State University, . L _ .
Fort Collins, CO 80523 USA (e-mail: patton@lamar.colostate.edu). Followmg the initial pred|Ct'on of foldover in [2] and the

V. T. Synogach is with the Department of Physics, Colorado State Univdirst experimental report of foldover by Weiss [3], a number of
sity, I_:Ol't CO”lnS, CO 80523 USA, On leave from the Institute of Solid Statauthors have publlshed results on foldover effects due to Spln
Physics, Russian Academy of Sciences, Chernogolovka 142432, Moscow . L . .

District, Russia. Wave instability, magnetocrystalline anisotropy, and sample

Publisher Item Identifier S 0018-9464(99)09378-4. heating [4]-[16]. However, as aptly pointed out by Seagle

0018-9464/99$10.001 1999 IEEE



4512 IEEE TRANSACTIONS ON MAGNETICS, VOL. 35, NO. 6, NOVEMBER 1999

circulator

microwave
transition
analyzer

microwave
source

field
GGG substrate
YIG film dielectric spacer
ground plane “alumina substrate
transducer

magnetic T

>
»

(b) microstrip short

ABSORBED POWERP,

Fig. 2. Schematic view of a thin film YIG resonator structure and the
microwave measurement system.

Py P MHz at powers up to several watts [17], [18], as well as the

fa f, observation of a nonlinear dependence of MSW propagation
FREQUENCY f losses on power [19].
Fig. 1. Schematic high power ferromagnetic resonance curves of absorbedechnical bistable device effects in the microwave regime
power P, versus frequencyf under conditions which produce a foldoverhaye also been considered explicitly. Recent work includes a
response. Diagram (a) shows the multivalued FMR profile and the fOIdOVegreoretical analysis of the bistable response characteristics of
character. Diagram (b) shows the corresponding profile which would lg - y p - -
realized experimentally, with the up-sweep junip at frequencyf.., and Mmagnetostatic surface wave (MSSW) YIG film resonators with
the down-sweep jump; at frequencyf, as indicated. distributed feedback [20], an experimental study of bistability
for an MSW oscillator with a nonlinear MSSW element in

et al. [10], “no clear evidence of this effecsi¢ the classical the feedback circuit [21], and an MSSW interferometer with

foldover effect of [2]) has been produced.” The authors of [1GXternal magnetic field feedback [22]. _ o

also point out, quite correctly, that “Problems resulting from 1he above device effects aside, the present investigation
spin wave instabilities and thermal effects have left vague tFepresents the first fundamental investigation of FMR foldover
interpretation of experiments.” and bistability based on a simple microstrip MSW resonator

The purpose of this paper is to describe new results glyucture. Section Il describes the thin film YIG resonator and
foldover and bistability observed through the nonlinear rdhe experimental setup used for the foldover and bistability

sponse of a microstrip transmission line coupled to a Sing?pe_riments. Section Ill presents the experimental results.
crystal yttrium iron garnet (YIG) thin film which is biased ection IV Ssummar:jzels th; theoretical anaIy_S|s basfe;jh on the
close to ferromagnetic resonance. These new results contrilﬁ]ﬂgerson_ uhl model and presents comparisens of the mea-

to the ongoing saga of ferromagnetic resonance foldo Lrl;ed frti]qliﬁncy ar;:i p;pwe\rljump points fro:n the foldo_\sr
in several ways. First, the use of a nonresonant microst a wi eory. section V. gives comments on possible

line and a resonator structure with a small area (111) YI plications.

film avoids the problems of magnetocrystalline anisotropy,

sample heating, and higfp cavity interactions which have Il. THE EXPERIMENT

complicated some of the work cited above. Second, the US&ig. 2 shows the schematic view of the thin film YIG

of a perpendicular geometry, with the film magnetized pefasonator used in the experiments and a block diagram of the
pendicular to the film plane, eliminates the possibility Ofyeasurement system. The basic element of the resonator was
degenerate spin waves and parametric spin wave processes) 1) single crystal 4.8m thick YIG film grown by liquid-
which have complicated some of the work cited above. Thirghase-epitaxy method on a 0.5 mm thick gallium-gadolinium-
careful measurements of the jump frequencies and powgimet (GGG) substrate. The actual resonator element was a 1
levels associated with the observed foldover make posgim x 1 mm square which was cut from the as grown film.
ble quantitative comparisons with the Anderson-Suhl modeihe film square was centered on top of a narrow microstrip
Fourth, measurements under pulsed as well as CW excitatipghsducer section, and was separated from the microstrip by
conditions provide a further check on the influence of heatirg 100 ym thick dielectric spacer, as indicated. This spacer
effects on the observed foldover profiles. served to decrease the coupling between the microstrip line
The necessary frequency selective absorption associaggd the YIG film. Some data were also obtained on a 4 mm
with the FMR or MSW excitations in high quality YIG films x 1 mm 25, m thick film.
is manifested by extremely sharp resonances with widths inThe microstrip circuit in Fig. 2 was fabricated from a 0.5
the one MHz range and absorption coefficients which caam thick alumina support slab which was metallized on
approach unity. Moreover, the change in the FMR frequeng@ye back side. The circuit was evaporated on the top side
and the absorption with power have been studied extensively the alumina. The microstrip transducer under the YIG
in YIG disks [3], YIG spheres [9], and thin YIG films [10], element was 50:m wide and 3 mm long. This line was
[11], [13], [14]. Of direct relevance to the present work are theonnected to standard S0 microstrip sections, one shorted
measurements of an explicit microwave power dependent shitthe microstrip ground plane and the other connected to
in the frequency of thin YIG film MSW resonators by 2—23he microwave source and the microwave transition analyzer

\ 4
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through a circulator. The entire structure was placed between 0 A
the poles of a permanent magnet to provide a nominally
uniform static external magnetic field of 3200 Oe directed
perpendicular to the plane of the YIG film and the microstrip
structure. This configuration corresponds to a rejection filter
arrangement such that the reflected power shows a drop at
ferromagnetic resonance. A Hewlett Packard model 83 650A
synthesized sweeper was used as a source for CW or pulsed
microwave power at 4-5 GHz and power levels upH2a0
dBm. The microwave signal reflected from the resonator was
processed with a Hewlett Packard model 70 820A microwave
transition analyzer. All data were collected and analyzed
through a personal computer. Y o

The system in Fig. 2 was used in two measurement modes. -8 ,‘ 1
First, the reflected power from the resonator was measured 4165 4170 4175
versus frequency for both increasing and decreasing frequency FREQUENCY f (MHz)
scans at various fixed microwave power levels. Second, tAg 3. Reflection los<, in dB, as a function of frequency for the YIG
resonator response was measured as a function of increasesgnator structure at a CW input power-620 dBm. The solid cu_rvein graph
or decreasing power at fixed frequency. Both series of méALofiovs e man essnance bsapion dp senerag TN
surements were made with both CW and pulse microwayghigher frequencies. The solid line in graph (b) showsfihe resonance on
excitation. The pulse measurements were made for puksesxpanded scale. The solid points in (b) show a fitted Lorentzian absorption

fro | foo

T T
4100 4150 4200 4250 4300

REFLECTION LOSS L (dB)

widths of 1-10us at a pulse repetition period of 1 ms. response.
Ill. EXPERIMENTAL RESULTS perpendicular to the microstrip line, corresponding to2, 4,
etc., have odd symmetry relative to the symmetric microwave
A. Low Power Response field produced by the microstrip and would not be strongly
The CW low power frequency response characteristics %¥C|ted.

the YIG resonator are shown in Fig. 3. The input power to One would expect to find strongest coupling for= 1

the resonator element for the data shown w#€ dBm. The and! = 1, which corresponds to a standing mode with a half
solid curves in both graphs show the reflection Iaissi‘ the wavelength across each side of the film. This mode is identified

structure, expressed in dB, as a function of the frequeficy as thefy,, dip in Fig. 3. One might also expect to see a slightly

The 200 MHz scale of the graph in Fig. 3(a) is sufficient tgveaker mode fom = 1 and! = 3, which corresponds to a

show the main resonance absorption dip centeredl,at— standing mode with a three half wavelengths across the side

4170.3 MHz, a second strong peak Af, = 4207.8 MHz, and of the film. This mode is identified as thg, dip in Fig. 3.

a number of smaller modes at higher frequencies. These moge-ls—he MSFVW standing mode frequencies may be obtained

are related to the various standing wave resonances excite 9 (1) and the lowest order branch of the frequency versus

o ° lowe . 1en
the 1 mm square YIG film element. The graph in Fig. 3(b:xave number dispersion relation for MSFVW excitations. The
shows the main resonance dip on an expanded scale. The sgrf:il(i

e numbers from (1) for low value and! indices are
points show a fitted Lorentzian response. The fit will serve a5 dr:it:rc\j/ar}eorf;i(s)_tﬁgofiIrr?*ndt/r?ir:kr?engsthaerecwéﬁsk?;ggvm[?r?it
a basis for the classical foldover analysis in Section IV. The ' ' Y.

profiles shown in Fig. 3 are typical of the low power responsen the ki, (@ < 1 limit, one may write the MSFVW dispersion

Similar profiles were found for input power levels fros60 €quation in the form

up to —20 dBm. f(°>l
The resonances shown in Fig. 3 are associated with the |""| = (Hepr + Hogj — 47 M,)
microstrip excitation of magnetostatic forward volume wave 7
(MSFVW) modes [23] in the YIG film. If one assumes a fully + 47 M, <2_d + @) (2)
pinned dynamic magnetization at the film edges, one may write a 4

the standing mode in-plane wave numbers for the aIIowrﬁ(]j

MSEVW resonances as (2) fff% denotes the frequency of the, /) mode in the

limit of low power. || is the absolute value of the YIG
gyromagnetic ratio, taken to have the nominal free electron
kn1= E«/n2+12 (1) value of 2.8 MHz/Oe,H.x; is the applied external static

@ magnetic field,H,q; is a small adjustment field to account
where a is the side length for the square film amdand! for anisotropy, etc., and#\/, is the saturation induction. The
are integers. For the excitation geometry in Fig. 2, one mapminal value of 444, for YIG is 1750 G.
assume that the MSFVW modes which are strongly excitedThe first term on the right-hand side of (2) corresponds to
correspond only to odd integer values foandi. Modes with the usual uniform mode ferromagnetic resonance frequency
an even number of half wavelengths cross the film directidar a perpendicularly magnetized thin film in the large area
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limit. The 2d/a term represents the first order demagnetizing
factor correction for a film of thicknesg and lateral size:
[24]. The dk/4 term is thek-dependent MSFVW dispersion
term to lowest order.

Based on the numerical values for the experimental and
material parameters given above, the frequef@/ from (2)
may be matched to the observgéd, resonance peak at 4170.3
MHz with an adjustmentd,q; value of +12.7 Oe. ArH y4;
value in the 10 Oe range is reasonable to take into account
small deviations ofy and 4r M from the nominal values cited
above, small errors in the measured value of the static field and
the nominal film thickness, etc., as well as small anisotropy
effects. Precise determinations of these effects are not needed
for the present study, anH,q; is used here simply to match
the calculated mode position to experiment and serve as a
check on the mode identification. These same numerical data
yield a calculatedfff:),, of 4203.3 MHz. This is reasonable
agreement with the observef], point at 4207.8 MHz. The | (d) +10 dBm
spacing of thef{”) and thef\°, modes would also be affected 2 M
by deviations in the magneiization, film thickness, and lateral -3 i _J
film dimensions from the nominal values cited above, so the I fd| | fu
match here may also be considered to be adequate. The focus ' '
of this study was on the high power response of the main 4160 4170 4180 4190 4200 4210
resonance aff,.,. FREQUENCY f (MHz)
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Fig. 4. Reflection lossL, in dB, as a function of frequency for the
iah resonator structure at various levels of CW input pov&r, as indicated.
B. High Power Response The double arrows labelefl indicate reversible responses. The single arrows

; ; ; indicate the response for the indicated sweep direction. The vertical dashed
For CW input microwave powers hlgher thar20 dBm or line shows the position of the resonance peak absorption at 4170.3 MHz for

so, the resonator response became power dependent. Fige 4, , mode in the low power limit. The, andf, frequency points indicate
shows a typical series of response curves of the reflectitha up-sweep and down-sweep jump frequencies, respectively.

loss L versus frequency for values of the input powef,

from _.20 dBm up FOJ.Flo dBm. The data shown are forseverely distorted but still reversible profile in Fig. 4(b), and
CW microwave excitation at a slow frequency sweep raffan 1o the hysteretic foldover responses in Fig. 4(c) and (d).
of 20 MHz/s. This rate was low eljough fo avoid transient Second, the general shift in the resonance is always toward
gffects. The da_ta shown were obtained in 1 MHz.frequgnther frequency. This shift is directly related to the opening
!ncremgnts. This rather coarse .scalc'e causes the d|scont|nq9b|sbf the precession cone angle of the magnetization as the
jumps in power at thef,,q points in the figure to show ower is increased, the corresponding decrease in the static

up with finite slopes. Th_e arrows indicate the (_ji_rection omponent of the magnetization perpendicular to the film
the frequency sSweep which produced the specm_c reSPOnsifne, and the resulting increase in the mode frequency from
curves shown in each of the graphs. For graphs in Fig. 4

"’Lnd (b), the double arrows and th;é labels im;ilcate that * Thirg there is a threshold power level for foldover. Graph
F € response curves were more or 1ess reversivie. For 9raQlS shows a severe distortion in the FMR absorption but
in Fig. (c) and (d), the arrows show the responses for in-

) q ing f . i 4. Th no foldover. Graphs (c) and (d), on the other hand, exhibit
creasing or decreasing frequencies, as indicated. The vertigab - o qover effects of the sort depicted schematically in

d.a.shed reference line gt = 4170'3. MHz shows the po- Fig. 1. The power threshold for foldover will be an important
sition of the f,,, resonance mode in the low power limit.. . <iiaration for the analysis to follow.

The ffeq,“er‘FV parameteyé,, and fq denotg the frgquency The overall foldover response will be considered in
jump points in graphs Fig. 4(b)~(d) associated with the URsycion |v. However, in order to elucidate the nature of

sweep _and down-sweep se_.\gm_ents of the foldqver responfg response at the very outset, it is useful to consider the
respectively. For th,e, graph in Fig. 4(b,)’ these points CO'nc'dt‘?asic frequency shift with power shown by the data in Fig. 4.
There was no significant foldover for input powers of 0 dBrFfhis effect can be made more evident by rewriting the mode

or lower. .
frequency forn = 1 and! = 1 in the form
The data in Fig. 4 show the typical foldover response first g y form

described by Weiss in 1958, and subsequently studied by fis

numerous workers as summarized in the introduction. There ﬁ = (Hext + Hagj)
are several noteworthy features of the data in Fig. 4. First, the v

four graphs trace the full evolution of the main mode MSW — 47rMZ(pa)<1 _2d_ @) (3)
resonance from the low power response in Fig. 4(a), to the
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(o)

The “(0)" frequency superscript iff;”;, which denoted the 105 ,_
e : . f=f,+15MHz
low power limit, has now been removed and the saturation 0 - m
magnetizationM, has been replaced by its static component (a)

perpendicular to the filmdZ,. The P, parameter in (3) denotes
the power absorbed by the YIG film. The power dependent
M., factor is shown explicitly as\.(F,) to emphasize the
precession cone effect. Ti¥//a anddk, 1/4 terms are both
well below unity. This means that the decreaseMp with
increasingF, will result in a shift in the mode position to
higher frequencies.

There is a clear upward shift in the frequency position of
the main resonance peak froifa,, = 4170.3 MHz in the
graph in Fig. 4(a) as the input power is increased. Careful
measurements of this shift as the power is increased @M
dBm to about—5 dBm, and before the strong asymmetry of
the graph in Fig. 4(b) or the hysteresis evident in the graphs in
Fig. 4(c) and (d) develop, give an initial frequency shift with
input powerg of about 8.5 MHz/mW. This response will be
discussed in Section IV. Equation (2) gives a corresponding
rate of decrease in\{. of about 3 G/mW. If one assumes
that the total magnetizatiof/, remains constant at the satu- 5 0 5 10 15 20
ration value indicated above, the precession cone afigée INPUT POWER (dBm)
connected to the component of the magnetization through

the conditionM. = M, cos 6. For the values given above Fig. 5. Characteristic reflected power versus input power response curves
# 8 ) 'for the YIG film resonator at different operating point frequencies relative to

the opening of the precession cone angle at an incident pOWgrow power main resonance frequencyfat, = 4170.3 MHz. For the
of 1 mW, or 0 dBm, is on the order of a few degrees. Thigstable response curves in (b)—(d), the arrows show the directions of the input

level of response for the onset of foldover is consistent wiffpwer variation for the up-sweep and down-sweep segments of the response.
the results of Tsankoet al. in [18] for propagating MSFVW
pulses in a YIG film delay line structure. powers when the input power is increasing, and a jump to
It will be shown below, however, that the foldover effecthigher reflected powers when the input power is decreasing.
calculated solely on the basis of classical uniform mode The size of the bistable output power response is small,
precession cone and frequency shift arguments come inoat the order of 1-2 dB. As the frequency operating point
lower powers and are much larger than the data show. Theseves away fromf,,.., the bistable response shifts to higher
effects will be analyzed in Section IV. input powers and the width of the bistable region also in-
Fig. 4 demonstrates the development of a foldover ferroreases. Negativg shifts produced no nonlinear response
magnetic resonance response for measurements of absodbedacteristics.
power versus frequency at a sequence of increasing power
levels. Fig. 5 shows the same basic response, but for m&a-Pulse Response
surements of the reflected power versus incident power at avMleasurements similar to those shown in Figs. 3-5 were
sequence of fixed operating point frequencies which are shifteldo carried out under the pulse excitation conditions specified
by increasing amounts from the low power lowest order modi@ Section Il. The intent of these pulse measurements was to
FMR frequencyf,,.. Note the change in the horizontal inpuinsure that sample heating was not an important consideration
power scales from the graphs in Fig. 5(a) and (b) to the grapfios the CW measurements. As noted in the introduction,
in Fig. 5(c) and (d). sample heating can be an important consideration for FMR
Fig. 5 shows that the frequency operating pofnserves at high power levels for bulk ferrite samples with narrow
as a control parameter for bistability. As shown in the gragmewidth, and such heating can sometimes produce a response
in Fig. 5(a), a relatively smali+1.5 MHz shift in the oper- which has the same appearance as foldover.
ating point frequency fromy,,., produces a small nonlinear For an FMR linewidth of 2 MHz or so, as found for the low
notch in the power response but no bistability. Fig. 5(b)-(ghower FMR profile of Fig. 1(b), the response time for the FMR
shows that larger frequency changes produce bistable respgneeession response is well belowu&. The relatively wide
characteristics. 1-10pus pulses which were available for these measurements
The bistable response develops for frequency operatingre sufficiently long, therefore, to achieve a near steady state
points about 3 MHz abové,,,. The initial effect for operating FMR response. In combination with the 1 kHz repetition rate,
points closer tof,,,, is an increase in the steepness of the lothese pulses give duty cycles in the 0.1-1% range. A duty
power side of the nonlinear notch response shown in Fig. 5@)cle of one percent or smaller is sufficient to avoid heating
and the development of a small but distinct downward jump &ffects in YIG film FMR [11], [13], [14]. The present pulse
output power. This jump then separates into two jump pointsxperiments provide access to the steady state FMR response
As shown in Fig. 5(b)-(d), there is a jump to lower reflectednd, at the same time, avoid heating effects.

-20 T T T T 1
T} fF=f,+46MHz

REFLECTED POWER (dBm)
X
o
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As with the pulse measurements in [12]-[16], the use A key test of the importance of Suhl processes would be to
of pulses eliminated a foldover response. For the profiferform pulse measurements as a function of pulse width in
measurements versus frequency at different fixed input povtbe 100 ns to s range. While the FMR relaxation rate is on
levels, that is, pulse data which corresponded to the CW datdte order of hundreds of nanoseconds, the relaxation rate for
Fig. 4, the profiles obtained both for increasing frequency atite parametrically driven spin waves can be somewhat larger.
for decreasing frequency were the same as the CW profilEsis is related to the fact that typical spin wave linewidths are
for decreasing frequency. In other words, the profiles wesenaller than the ferromagnetic resonance linewidths for the
identical for both frequency sweep directions and matched te@me material. For just the right pulse width, one should see
down-sweep profiles in Fig. 4. The down-sweep distortiortdassical foldover without the complication of spin wave in-
and jumps shown in Fig. 4 were reproduced, but hysteresisstability processes. Further comments on spin wave processes
foldover was not found. will be provided in the next section.

The pulse measurements of peak output power versus input
power profiles at fixed frequency, following the format of the
CW data in Fig. 5, also showed no hysteresis or bistability
character. The output power versus input power responge
profiles both for increasing input power and decreasing input
power were identical. These profiles closely matched the CWThis section will review the basic tenets of the classical
power response profiles for increasing input power. nonlinear precession analysis which leads to the foldover

These pulse data confirm the conclusion of Seag.[10] €effects originally proposed in [2]. The simplest approach
that the high power FMR response for small area YIG filmi§ to use a standard linear FMR response analysis as in
is unrelated to heating effects. This follows from the expef25] as a starting point. One can then evaluate the dynamic
imental observation that the pulse data follow the frequen&yagnetizationm response to a transverse microwave field,
down-sweep and the increasing power profiles obtained wifite AL. to lowest order as
CW microwave power. ME

The match between the pulse data and the CW profiles M, =M, -
for increasing input power at fixed frequency is physically 2M,
reasonable. The application of each pulse corresponds t@r@l obtain operational equations for the-dependent FMR
turning on, or increase, of the microwave power. The matcirequency shift and the nonlinear power response which results
up also confirms that 1-10s pulses are sufficient to achievefrom this shift.

a steady state response. Other measurements on the £ mm For the analysis, it is important to include both the disper-

4 mm film for a wide range of pulse widths and instantaneogse, or in-phase, as well as the absorptive, or out-of-phase
measurement times relative to the start of the pulse confirmgghamic magnetization response to the applied microwave
that pulses in the range from 2-1Q& yield a steady state field. While the out-of-phase response is responsible for the
response with no heating effects. FMR loss and the absorbed power, the in-phase response

The match between the pulse data and the CW data tntributes significantly tam, and hence tod, and the
decreasing frequency at fixed power is consistent with tieerresponding frequency shift. From Figs. 3 and 4, it is clear
power profile results described above. If one assumes thiat the shifted profiles are moved up in frequency frém
each pulse acts independently and corresponds to a turnb§namounts which exceed significantly the low power mode
of the microwave power, one may easily take the data at sofitfeewidth. This is one experimental indication that dispersive
fixed power level from the increasing power response curvggms in the response are important.
in Fig. 5 and construct the corresponding profiles one wouldThe above analysis yields two operational equations, one for
obtain as a function of frequency. The frequency respongg resonance response and one for the shift in the resonance
profiles so constructed correspond to the down-sweep profifasquency with power. The resonance response takes the
in Fig. 4. The fact that the pulse data match the down-sweggmiliar Lorentzian form specified from the low power FMR
frequency profiles is consistent, therefore, with the powessponse [25]. This response may be written in the form
profile results.

IV. FOLDOVER ANALYSIS

Classical Foldover Response

(4)

It is clear, however, that additional pulse measurements P =P A . 5
L o _ (f) = P 5 (5)
will likely provide important clues to the physical processes 1 Af
responsible for these foldover effects. The analysis of the next + (= fm) 2

section will show that a classical precession model, in itself,

cannot explain the foldover response, and that the frequenidlye A parameter represents the absorption coefficient
jumps on both up-sweep and down-sweep occur sooner thy{f,,)/ P, at resonance. For the 5 dB or so change in
the model predicts. This implies that spin wave instabilityeflection loss at resonance in Fig. 3, theparameter is about
processes may be important, even for the perpendicular FMR for the YIG film resonator structure described above.
configuration. As pointed out by Suhl in 1960 [4], if suchlhe resonance frequendgy, in (5) is taken to be the power
processes were active, the jumps would occur sooner, at®pendent main mode frequency. Thef parameter in (5)
would therefore produce a foldover response which morepresents the width of the Lorentzian resonance response.
closely matches the data. From the data in Fig. 3, this width is 2 MHz. The frequency
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fm may be written as respectively. The numerators for these new parameters have
units of frequency, and the commayy /2 divisors produce di-
fm = fmo+ Blq (6) mensionless parameters with the frequency numerators scaled

to the low power FMR linewidths.
In terms of these new parameters, the nonlinear FMR

In the limit of very low power, one may ignore thBP, .
frequency shift term in (6). The main mode frequenty response l_Jased on (5) and (6) takes the form of a cubic
equation given by

then goes over td,,,, and (5) becomes a simple Lorentzian.
In this limit, one can adjusi and A f to fit (5) to the data of W2 —20W? + (1+¢* )W —g=0. (11)

Fig. 3(b). The solid points in Fig. 3(b) show such a fit based ) . ]
on the equation For any given field and input power level, the roots fgras a

function of frequency define the resonance response. Formally,
L(f) = Ly + 10 log [Pin - Pa(f)} 7 the transition from a single valued absorption to a foldover
& response is related to the change in the number of unequal

with P,(f) given by (5) and the numerical parameter valuegal roots to (11) from one to three. From the well-known root
@ ) ) lysis fi i ions, = 2
A =0.66 andAf = 1 MHz. The fit shown includes also a alysis for cubic equations, one may wiité = w + 2¢/3

third parameter, reflection loss away from resonance takena:géj reduce (11) to the form’ +aw+b = 0, with thea andb
H ’ I — — 2 = 3 —
L, = —1.9 dB. As the fit shows, (5) provides a very goo ameters given by = 1 —¢"/3 andb = 2¢"/27+2¢/3—g.

i he character of the roots to (11) is determined by the sign of
match to the low power main mode FMR responsefoe 0. EEe discriminantD = 4a® + 27b%. For D < 0, there are three

At higher powers, the power dependent frequency sh al roots. ForD > 0, there is only one real root. Fdp = 0,

introduced through (6) will serve first to shift and then distoti 0 real roots exist ifz and b are nonzero and there is only
the FMR response. Recall from Section Il that the observ% e real root ifa and b are both zero. For — b — 0. one

oo o 2oy o s e "o th power reshldfor oldovert- 1, = 5
. ; T F . theD =0 dit Id licit I I
MHz/mW. The frequency shift term in (6) is in terms of org > g, e condition yields an explicit analytica

_ __relation between the two jump point frequencies and power.
the absorbed poweP, rather than the input power. This Equation (11) may be solved explicitly for the frequency
means that thé3 parameter should be of the order ®fA = parameter
8.5/0.66 ~13 MHz/mW.

At higher powers, (5) and (6) may be solved to obtain re-
sponse curves which are qualitatively similar to the schematic
profile in Fig. 1 or the measured profiles in F|gs: 4 and 5 O?fquation (12) provides an explicit analytical function for the
may also use (5) and (6) to evaluate frequency jump points |%rsponse. For a given value of the input powey, and
up-sweep and down-sweep frequency traces at fixed powerat .o tor a specific value of, the maximum value,of the
power jump points for increasing and decreasing power tr"’_lcr%%uced loss parametdV at t’he resonance peak is simply

at fixed frequency. Such calculated profiles and jump p0|n‘t/§ _ — ¢ and the position of this peak is &t= ¢, =

provide a quantitative way to compare theory with experimer};vres — g. If W is used as the control parameter and stepped

since the jump points may be measured explicitly from da&%wn from the peak value a¥,.. = g to zero, thet signs

of the sort shown in Flg.s. 4 and 5. Such comparisons will tﬁ’? (12) serve to trace out the two sides of the nonlinear FMR
shown at the end of this section. response

) If the reduced power parametgris sufficiently small, one

B. Reduced Parameter Analysis obtains a near Lorentzian response profile ¥r versusg,

Although results from the classical foldover analysis basedad the corresponding’, versusf profile as well. Asg is
on the FMR response at large precession angles are shdmareased, théV versus¢ profile first distorts and becomes
in many of the references cited above, it will prove usefasymmetric. Whery exceedsg,;, = 8v/3/9, the W versus
to summarize some of the basic response equations inp @rofile folds over and takes on the appearance shown in
convenient reduced parameter format. The three experimeritay. 1. Highg values, therefore, lead to the hysteretic foldover
parameters are the frequengythe input powerP,,, and the response discussed above. From (9), this threshold valge of
absorbed powel’,. Useful reduced frequency, input powergcorresponds to a threshold power for foldover given by
and absorbed power parameters may be defined by 8v3 Af/2

where B is a power response coefficient.

b=W+ %_1. (12)

P.thresh _ ) 1
¢ _ f B fmo (8) w 9 AB ( 3)
Af/2 For the parameters given abov&*es! is 0.179 mW or-7.46
g= AB P 9) dBm. This result illustrates a critical failing of the simple
Af/2 classical precession model, a threshold for foldover which
and is well below the observed experimental power threshold for
foldover. From the graph in Fig. 4(b), the resonance response
BF, (10) at P, = 0dBm =1 mW, while highly distorted, shows no

Af/2 foldover whatsoever.
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Fig. 7. Calculated and measured frequency jump points and shifts for the
Fig. 6. Reflection lossl, in dB, as a function of frequency for the main mode profiles as a function of the input power. The solid lines show the
resonator structure at various levels of CW input powgr as indicated. The calculated frequency jump pointg, and f,; based on the fitted parameters
solid lines show the calculated foldover response based on fitted parameterhie main mode profile at20 dBm input power. The dashed line in graph
to the data at-20 dBm input power. The dashed foldover response curvgs) shows the shift in the main mode frequenfy versus input power from
show the data from Fig. 4. The vertical dashed linesf at 4170.3 MHz  (5) with B = 13 MHz/mW. The solid circles in graph (a) show the measured
indicate the low power main FMR mode position. Directions of the frequendyequency shift for the main mode. In (b), the solid and open circles show the
sweep are not shown, but correspond to those in Fig. 4. fu and fy jump point data, respectively.

For power levels above threshold, one may also solve (Idgmputed high frequency up-sweep jump point frequency, for
for the theoretical jump point frequencigfs and f; indicated example, moves up substantially as the power is increased.
in Fig. 1. From theV” values at these jump frequencies fromyt P = 46 dBm, this jump point is 20 MHz above the
(13) and the profile solutions from (12), one may construglperimental jump point. AtP,, = +10 dBm, this jump
response profiles which correspond to the data in Fig. 4. Th?ﬁﬁm is 55 MHz above the corresponding experimental jump
computed profiles and jump point frequencies will only be gojnt.
function of theA, B, and Af parameters used to fit the low  As will be discussed shortly, the calculated high frequency
power FMR response in Fig. 3 and the input powky. These jump point response shown in Fig. 6 corresponds almost
computed FMR profiles and jump point frequencies may th@ixactly to the mode frequency shift with power contained in

be compared with the results of the measurements. (5), with the numericalB value of 13 MHz/mW which is
_ _ _ obtained from the observed shift in the FMR peak position
C. Comparisons with Experiment with power at very low powers. The large detuning which

Fig. 6 shows comparisons of computed FMR profiles withould be needed to produce the extremely large computed
the measurements shown in the graphs in Fig. 4(b)—(d) ®@hifts and high frequency jump points in Fig. 6 would have to
input powers of 0,46, and +10 dBm, as indicated. The come from a substantial changel. in (4), and hence, from
computed profiles were based on the B, and A f parameter a very large dynamic responsa.
values from the fit of the low power Lorentzian response of (6) The data show, however, that such a large dynamic response
to the data in Fig. 3(b). Conversion from reduced parameters$onot realized experimentally. One possible explanation of the
profiles of reflection loss versus frequency was made throutgtilure of the classical model is the parametric excitation of
(8)-(10). The format follows Fig. 4. The solid lines showspin waves. Suhl suggested such a process many years ago
the computed profiles and the dashed lines reproduce f#and produced computed response curves which showed
experimental profiles from Fig. 4. foldover effects. Comments on Suhl processes are given below.

It is clear from the computed profiles in Fig. 6 and the Fig. 7 shows comparisons between the computed frequency
overlay of the measured profiles on these results, that tlenp points as a function of the input power with the jump
classical FMR foldover model based on a linear shift ipoints found from the experimental profiles. Fig. 7(a) shows
the FMR frequency with power falls far short of explaininghe computed response and the low power data points on an
the YIG film experimental results. Even the profiles at thexpanded scale. The solid lines in Fig. 7(a) show the com-
lowest power shown, 0 dBm, reveal a basic discrepanqyted jump point frequencies, based on the above mentioned
The data at this power level show about the right overaibnditionD = 0. The dashed line shows the main mode peak
shift, but exhibit no foldover. The computed profiles exhibitrequency shift from (5) forB = 13 MHz/mW. Fig. 7(b)
substantial foldover. As one moves to higher input powershows the computed and measured low and high frequency
one finds a foldover response for both the calculated profilgsnp points as a function of the input power fé}, values
and the data, but the actual profiles are very different. Tloeit to 10 mW.
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Fig. 7(a) shows three important results. First, the dashedrrow linewidth YIG films. The pulse data presented above
line starts at the low power main mode frequency of 4170show that extraneous effects, such as heating, are not present.
MHz and extends upward through the first few data point$he frequency and power sweep data taken under pulse
These are single data points for low power and no foldoveonditions also demonstrate that the measured effects represent
which correspond only to the shift in the peak of the maia true foldover response for the steady state FMR signal.
mode position. The slope of the dashed line correspondsRorther work is needed to clarify the possible effect of
the already cited valug = BA ~ 8.5 mW / Oe. parametric spin waves for perpendicular FMR, quantify any

Second, the calculated jump frequency points have a copessible foldover response driven by parametric spin waves,
mon point of convergence at the power threshold for foldoveand make accurate comparisons with experiment in the same
P, = Piwesh — 0,179 mW. The frequency at this commonspirit as the comparisons in Fig. 6.
point corresponds to the frequency at which the main modeln the case of YIG film FMR with the static magnetic field
FMR profile has a vertical slope. For larger powers, the profile the plane of the film, Zhangt al. [11], [13] did show that
will fold over as shown schematically in Fig. 1. This frequenciow duty cycle pulsed measurements at high power lead to the
value is slightly above the linear main mode frequency versalaracteristic resonance linebroadening which results from the
power response line by about 0.1 MHz. This is because at fh@ametric excitation of spin waves as predicted by Suhl [26].
threshold for foldover, the position of the vertical slope regiolm addition, Cheret al. [14] showed that the classical foldover
of the profile is slightly above the peak position. analysis could explain such data only if the linewidth was

Third, and this is the most interesting result from Fig. 7(ajorced to increase with power as is found for Suhl processes. In
as the input power increases frof, = Pt the high the case of in-plane static fields, however, one has spin waves
frequency jump point rapidly merges with the dashed line maat the FMR frequency which are available for such excitation.
mode frequency shift response. One can see, therefore, thathen the static field is perpendicular to the film plane, as in
the limit of high power, the high frequency jump point in thehe present experiments, such spin waves are not available,
classical model simply corresponds to the power dependeamid it is not clear how parametric spin wave processes could
frequency shift of the FMR peak. be operative to ameliorate the dynamic response.

Turn now to Fig. 7(b). As in Fig. 6, these results show It was not considered productive to embark on an involved
the wide disparity between the predictions of the classicfitting procedure based on additional power dependences for
precession foldover model and the YIG film data. First, and #% A and Af parameters in (5), nevertheless, a few simple
has been emphasized previously, the development of foldoneimerical evaluations do indicate that dnparameter which
actually occurs for input power levels somewhat above 1 m\Wecreases with increasing power and\@ parameter which
This is 7-8 dB higher than predicted by the precession modelcreases with power lend some improvement to the match
Second, the calculated high frequency jump point frequgicy between the calculations and experiment. Such changes are
increases linearly witl®,,, and moves well above the measuredonsistent with what one finds for resonance saturation due to
jump points. This major discrepancy is also apparent froBuhl parametric processes [11], [13], [14]. Additional terms in
the extended up-sweep part of the calculated profile showre power dependence of the main mode frequency in (6) also
in Fig. 6(c). Third, the calculated down-sweep jump poirend improvement to the calculated response.
frequency f, seems to be displaced down from the data by Further pulse measurements could provide clues to the
a relatively constant amount of 5 MHz or so. processes responsible for FMR foldover in YIG films. The

From the results in Figs. 6 and 7, it is clear that thpulse measurements described above were for low duty cycles,
frequency jumps associated with foldover occur sooner @m order to avoid sample heating effects. The pulse widths
both the up-sweep and the down-sweep segments of the FMBre set at one microsecond and above to ensure that one was
profile. Some mechanism other than a simple shift in thabserving the steady state FMR response. It would be useful
main mode frequency with power because of a wider and make similar measurements for shorter pulses which extend
wider classical precession cone must be responsible for theséow the typical microwave relaxation times of 100-500 ns or
properties. so for YIG films. If spin wave processes are important, it will

also be important to consider the spin wave relaxation time.
This relaxation time can be somewhat smaller than the FMR
D. Possible Theoretical Directions relaxation time under certain circumstances. In any event,

No attempt has been made to develop a new nonling¥te might project that measurements as a function of pulse
theory for foldover. The beginning points for such a theoryidth down to approximately 10-20 ns or so could serve to
based on the parametric excitation of spin waves are cdfolate spin wave processes, transient FMR response effects,
tained in the brief comment by Suhl cited above [4] an@nd steady state precession considerations.
the keynote papers on spin wave instability processes and
the steady state response above threshold by Suhl [26] and
Schbmann [27]. Such processes could, in effect, result in a
more rapid decrease in thecomponent of the magnetization. Apart from the unresolved theoretical issues, the above
The present results demonstrate clearly that the classimgults make possible some comments about applications of
precession model does not account for the observed foldogelYIG film based bistable resonator for microwave signal
response in high power FMR for perpendicular magnetizgulocessing. As shown in Fig. 5, the YIG film resonator can

V. COMMENT ON APPLICATIONS
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provide a low or high power output state when operated mas taken to increase linearly with power. The results of these
time bistable input power region. One could envision a deviceglculations were not in accordance with the measurements.
for example, in which the resonator is switched from thEirst, the predicted power threshold for foldover was 7-8
low power to the high power state simply by the applicatiodB lower than found experimentally. Second, the frequency
of an additional microwave pulse of the right power. Thigvidth of the foldover regions far exceeded the widths found
means that the YIG film based bistable resonator could bgperimentally. At+10 dBm input power, for example, the
used as a microwave modulator which is controlled directlyalculated profile had a frequency width of 75 MHz, compared
by microwave power. to the experimental width of less than 20 MHz. The high
Microwave limiter applications are also possible. This coulftequency up-sweep jump point was always well above the
be accomplished, for example, through the dependence of ttaa. The low frequency down-sweep jump point was typically
resonator frequency on power. This frequency could be tunéd5 MHz below the data.
by the application of an additional microwave pulse and drive Possible avenues for theoretical work are suggested. These
the response from a high loss state to a low loss state. ftlude an examination of spin wave instability processes
array of such devices could form the basis for microwaves an additional mechanism to produce a decrease irx the
power logic. component of the static magnetization with increasing power
One should note also that there are different ways &md, hence, promote a foldover response more consistent with
configure the resonator in microwave circuits. For the set@xperiment. Potential problems with such a mechanism are
shown in Fig. 2, the resonator is configured as a rejectiafso pointed out. Additional pulse measurements are suggested
filter. As has been demonstrated, this configuration providas a way to separate various contributions to the foldover
a difference between high and low reflected power levels m¥sponse. Finally, a brief perspective on device applications

several dB. If this device was reconfigured as a passband filtefr foldover and bistability in YIG film resonator structures is

for example, it could provide a difference in the high and lowiven. Possibilities include microwave modulators and lim-
level transmitted power states by 10 dB or more. In a passbatets which are controlled directly through the application
configuration, the resonator could be used as a very effici@itmicrowave pulse signals. There are also possibilities for

microwave power limiter.

VI. SUMMARY

The microwave foldover and bistability response charac-
teristics of a YIG film resonator have been examined exper-FMR
imentally and modeled in terms of the classical precessionMSW
response. The resonator was configured as a rejection filtel |G
and utilized a narrow linewidth single crystal yttrium iron F,
garnet film magnetized to saturation perpendicular to the film f
plane by an applied magnetic field which was held at a fixed MSSW
value for all of the measurements. As a function of increasing L
microwave power, the frequency swept FMR profiles first fmo
distort and become highly asymmetric, and then develop afs.

foldover characteristic which is qualitatively consistent with MSFVW

classical precession considerations. Profiles of output powetn,
versus input power at fixed frequency also exhibit a foldover 7, {
or bistable response for frequencies somewhat above the lowex
power FMR frequency point. Pulse measurements were used
to confirm that heating effects were not responsible for thef,(,f%
observed effects and thabna fidefoldover processes were -y
obtained in the experiments. The foldover or bistable responsedex:
amounted to a change in output power in the range of 1 dB, aH.q;
hysteresis width in frequency up to 20 MHz at an input power
of +10 dBm, and a hysteresis width in power of about 5 dB 47 M,
for an operating point frequency detuned from the low power &
FMR frequency by 14 MHz. 7
The low power FMR response could be accurately modeled
in terms of a Lorentzian response function consistent with fl(‘):),;
small signal theory. This parametrized response was used as
the starting point in a classical precession model to calculateF;,
power thresholds for foldover, actual foldover profiles, and fre- f,,, f4
guency jump points for the bistable responses which produce
foldover. In accord with classical theory, the FMR frequency

microwave logic.

APPENDIX

DEFINITIONS OF SYMBOLS AND ACRONYMS

Ferromagnetic resonance.

Magnetostatic wave.

Yttrium iron garnet.

Absorbed power.

Frequency.

Magnetostatic surface wave.

Reflection loss.

Main resonance mode frequency.

Secondary resonance mode frequency.
Magnetostatic forward volume wave.

Allowed in-plane MSFVW wave numbers.
Integer mode indices.

Side length for square YIG film.

YIG film thickness.

Frequency of thén, [) mode.

Absolute value of the gyromagnetic ratio.
Applied external static magnetic field.
Adjustment field to account for anisotropy and
other small neglected field terms.

YIG saturation induction.

Generic wave number.

Calculated MSFVW frequency for the main
mode at low power.

Calculated MSFVW frequency for the secondary
mode at low power.

Input power.

Frequency jump points associated with the up-
sweep and down-sweep segments of the foldover
response.
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R Reversible frequency sweep traces. [5]
Ji1 Main mode MSFVW frequency in terms of the
z component of the magnetization. (6]
J5] Main mode frequency shift per unit change in[7]
input power.
M. Static magnetizatior-component. 8]
C] Precession cone angle for the main mode.
m Dynamic magnetization response.
A Main mode absorption coefficient at resonance. ¥
Im Power dependent main mode frequency.
Af Width at half power of the model main mode[10]
Lorentzian resonance response.
. . . . [11]
B Main mode frequency shift per unit change in
absorbed power.
Ly Nominal return loss dB value off resonance. [12]
¢ Reduced frequency parameter for foldover anal-
ysis. [13]
g Reduced input power for foldover analysis.
W Reduced absorbed power parameter for foldover
analysis. [14]
w Shifted cubic equation absorbed power parame-
ter. [15]
a Shifted cubic equation linear term coefficient.
b Shifted cubic equation constant term.
D Cubic equation discriminant. (16]
Gth Threshold value of reduced input power param-
eter g for foldover.
Wies Value of W at the main mode resonance peak.[17]
Pres Value of ¢ for the main mode resonance peak.
Pwesh  Theoretical threshold power for foldover for thej1s]

classical precession model.
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