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Functional dependence and quasiperiodicity in the spatiotemporal dynamics
of yttrium iron garnet films
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When thin films of yttrium iron garnetYlG) are placed in a magnetic field and driven at microwé¥de
frequencies, nonlinear interactions within the material cause the normal microwave spin precession to be
modulated at lower frequencies. We measure these lower frequlkHey signals at two spatially separated
locations on the YIG film and use linear and nonlinear analysis to study the functional dependence of the spin
dynamics at one location on the spin dynamics at the other location. We see dynamical states where nonlinear
analysis can detect a functional dependence that the linear analysis fails to reveal.

DOI: 10.1103/PhysRevE.64.016210 PACS nuni)er05.45.Tp, 75.30.Ds

[. INTRODUCTION gain power at the expense of the linear modes. Nonlinearities
begin to dominate the dynamics as these half-frequency
The tools and techniques of nonlinear dynamics havenodes grow in amplitude, causing low frequency modula-
gained wider utility with new applications occurring in fields tions of the spin precession amplitude at kHz frequencies.
from medicine to computer networks to condensed mattefhese periodic oscillations are called autooscillations and
physics. Recent advances in nonlinear analysis techniquédgpically occur at powers just beyond the Suhl instability. As
also allow researchers to gain new insight into previouslythe applied rf power is increased, these oscillations may ex-
studied systems. Yttrium iron garneX1G) is a technologi- hibit quasiperiodic and/or chaotic dynamics.
cally useful ferrimagnetic material with applications in de- We detect spin precession in the YIG film by using probes
vices such as microwave limiters, resonators, and fiftefs  consisting of small wire loops perpendicular to the plane of
Although the nonlinear properties of the dynamics of YIG the film. The out-of-plane component of the magnetic pre-
have been studied and exploited for over fifty years, a comeession produces a time-varying magnetic flux through the
plete understanding of the physics of this system has ndbop, which induces a varying voltage, which is the signal
been availablg2]. Nonetheless, the nonlinear dynamics of that we measure. Previous researchers have studied these dy-
chaotic low frequency oscillations in the ferromagnetic reso-namics in both sphergsvhich have an attractive symmetry
nances of YIG films have been examined in detail by severalvhich simplifies analysis and are readily availalded thin
groups[3—-11]. films of YIG. Chaotic transients and attractors as well as
When single crystal YIG films are placed in a saturatingsolitons have been described and analyggd6]. Aspects
dc magnetic field, the electron spins align and precess aroursich as control and synchronization of chaotic oscillations in
the direction of the dc field until damped out. An rf magnetic YIG films have also been experimentally stud[&f10]. Re-
field at the precession frequentd2] applied perpendicular cent experiments have investigated mode interactions in
to the dc field will counteract the damping and maintain thethese films such as how the application of two driving fre-
precession13—-14 (Fig. 1). Since the spins are coupled, quencies affects the Suhl instability,8]. These earlier ex-
modulations in the phase of the individual spins produce spiperiments concentrated on the global response of YIG
waves traveling across the film surface. Standing surfaceamples and analyzed the temporal dynamics of the entire
waves corresponding to the modes of the film result whersample. Few aspects of the spatial dynamics of this system
the spin waves are reflected at the film bounddri&s. Ini- have been previously studied and characterized except in the
tially these magnetostatic modes can be approximated as litinear regime and near the Suhl instability. In the experi-
ear modes, but they are in fact coupled to a manifold ofments described here, we explore the local dynamics of YIG
half-frequency modes of initially negligible amplitude. Thesefilms experiencing global driving with the goal of character-
modes can be derived from the Maxwell equations and thézing the spatial dynamics across the film surfét8]. The
Landau-Lifshitz equation of motion for the magnetization magnetic resonance in a YIG film is monitored using a pair
of probes placed at two spatially separated positions on the
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where y is the gyromagnetic ratiayl is the magnetization,
andH is the effective magnetic fieltH is a function of the
applied dc field, the microwave drive field, as well as dipole /

fields due to the magnetization of the sample. It is this term DC

that makes the Landau-Lifshitz equation nonlinear. A damp-

ing term is often included as well. Above a threshold rf  FIG. 1. The YIG film is subjected to perpendicular dc and rf
power (the Suhl instability [2], the half-frequency modes magnetic fields to produce spin waves dynamics.
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FIG. 2. Coaxial probes detect the magnetic moment of the YIG
film at two positions. The probes are aligned as shown to maximize

signal strength while minimizing interference between the probes
and pickup from the excitation field.

film. Our measurements indicate that it is possible to create Preamplifiers
guasiperiodic states with two noncommensurate frequencies
that vary in intensity at each probe.

Computer

Il. EXPERIMENT
) ] ) FIG. 3. The YIG film and probes are mounted at the bottom of
Our sample is a rectangular film cut from a single crystaly wave guide and an rf field provided by an rf synthesized sweeper
of YIG grown by liquid-phase epitaxy on a gadolinium- excites spin waves. The resulting voltage signals are processed by a
gallium-garnet(GGG) substrate. The film has dimensions series of amplifiers and diode detectors.
0.85x0.72 cnf and is 37um thick. The spin wave modula-

tions are detected by mounting two probes adjacent to thghen varying the rf power and consist of two simultaneously
film surface. These probes are constructed by connecting tlﬂgﬁmmed time series, corresponding to the voltage signals
inner conductor of 0OS-80 coaxial cable to the outer conducfrom the individual probes. An initial rf power intensity that
tor, forming a small pickup loop. The probes are aligned aproduced a periodic signal from both probes was selected as

shown in Fig. 2. _ _ ~__the starting point and then the power was increased in small
A diagram of the experimental system is shown in Fig. 3.increments.

The GHz spin wave signals were amplified using low noise
Miteq AFS3 microwave amplifiergproviding 35—36 dBm
amplification. The kHz modulations are detected using IIl. RESULTS AND ANALYSIS

Schottky diode detectors. The signals then are amplified us- The goal of our analysis is to investigate the functional

ing a Stanford Research Systems 560 analog amplifier and g ,engence between the two time series to better describe

EG&G PARC 113 analog amplifier and digitized using a,q gpatial aspects of the film dynamics using both linear and
National Instruments 1/O board. The dc field was controlled

to within 0.01 Oe by a varian fieldial regulator and measured

with a Lakeshore 450 Gaussmeter. A HP 8341 SynthesizeﬁieI

Sweeper supplied the rf excitation power.
The detected auto-oscillations varied in frequency from 2

TABLE I. Experimental parameters. The rf field frequency, rf
d power, and dc field strength determine the states studied.

) e AR Parameter Range
to 12 kHz. Setting three parameters specified each individual
state: the dc magnetic field, the resonant rf field frequencyf Frequencies 2.9747 Ghz
and the rf field power. Table | summarizes the experimentailf (Source Power 3-10 dBm
parameters. The resonance spectrum of this film is shown idc Field 449.9 Oe
Fig. 4. We excite the spin waves at 2.9747 GHz, which corNumber of samples 65536 Points
responds to th&5,0) surface mode of the film. Data were sampling rate 625000 Samples/s

gathered by fixing the dc intensity and the rf frequency and
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FIG. 4. The resonant spectrum of a 0:88.72 cnf YIG film of _0_1 1
thickness 37um subjected to a 2.9747 GHz rf field. The arrow 00004 00008 0.0012

points to the mode we excite in these experiments, which is the 03 (c)
(5,0 surface mode. '

nonlinear techniques. We determine the power spectra and
use these results to find the strongest frequencies present in
each time series. We used the cross-correlafipto inves-
tigate the linear relationship between the two signals as well
as two nonlinear statistid® .o and® .o beyond linear, devel-
oped by the authors. These statistics allow for the character-
ization of several nonlinear properties of the relationship be-
tween the two time seridd9-21. Both of these nonlinear
statistics quantify the functional dependence from the first FiG. 5. Three plots of the time series produced in these experi-
time series to the second time series. A brief description ofnents. The top trace corresponds to the signal from probe 2; the
this technique is outlined in the appendix and a completéottom trace corresponds to the signal from probe 1. The rf power
description can be found in Goodridge al. [22]. for each state i¢a) 4.4 dBm,(b) 6.0 dBm, andc) 9.2 dBm. States
The spin wave states produced at the parameters listed {®) and(c) exhibit identical dominant frequencies, 2.2 and 4.9 kHz,
Table | exhibited two transitions as the rf power is increasedrespectively. Statéb) produced quasiperiodic time series with two
Throughout the entire power sweep, the detected signaloncommensurate frequencies, 3.3 and 11.1 kHz, which dominate
were predominately periodic in nature with frequencies bethe dynamics at probe 2 and probe 1, respectively. Scaled voltage is
tween 2 and 12 kHz. However, there is a region of rf powersplotted against acquisition time and the traces are offset to facilitate
between 5.4 and 7.4 dBm, where the dynamics become qu¥i€wing.
siperiodic. The two frequencies present in each of these
states are noncommensurate. The linear functional depehigh frequencies in the power spectrum from each time se-
dence and the cross-correlation between these time serigis. This gives us two values for each time series, the power
decreases in this range but there is still some functional ddevel of the low frequency and that of the higher frequency.
pendence present. Above 7.4 dBm, the states become peflihe ratio is then calculated by dividing the power level of
odic again with more broadband dynamics present at highghe low frequency by that of the higher frequency. In most of
powers. these time series, the power at one frequency is several or-
Three examples of the time series measured in these exlers of magnitude larger than the power at the other fre-
periments are shown in Fig. 5. The individual time seriesquency, indicating that one frequency plays a stronger roll in
measured at 4.4 and 7.6 dBm are periodic with similar powethe dynamics than does the other. In this power range, probe
spectra. This is contrasted with the data from the state prot consistently sees stronger signals from the higher frequen-
duced at 6.0 dBm, where the time series are quasiperiodicies; the reverse is true for probe 2.
There are two strong frequencies present in this state, 3.3 and Several other states deserve additional discussion. In gen-
11.1 kHz. In the time series measured at probe 1, the 11.¢ral, spin wave states in YIG will evolve from periodic to
peak is much more intense than the 3.3 kHz peak. At probehaotic dynamics as the applied rf power is increased. How-
2, the 3.3 kHz signal is dominant. This behavior occurs inever, under certain parametric conditidds field strength, rf
nearly all of the states between 5.4—7.4 dBm. This is showirequency, and rf amplitudeperiodic and chaotic windows
in Fig. 6, where the ratios of the spectral powers of the noncan be observed as power is increased. The state at 3.4 dBm
commensurate frequencies are plotted. The values are calcwhere neither probe detected periodic or quasiperiodic be-
lated by first measuring the power level of both the low andhavior is an example of such a window. Both time series

| 1 1 1 1
0 0.0004 0.0008 0.0012
Time(sec)
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statistic ¢, and the function statistic beyond linclirfor the power
FIG. 6. A plot of the ratios of the spectral powers for the two sweep performed at 2.9747 GHz and 449.9 Oe. The quasiperiodic
strongest frequencies in each of the quasiperiodic states. These vaggion is indicated by the shading. Periodic states with matching
ues are determined by dividing the measured spectral power of th@ominant frequencies are much more strongly linearly correlated
lower of the two noncommensurate frequencies by the spectrdhan the quasiperiodic power states but high values for the function
power of the higher frequency. The symbelsandO correspond to  Statistic beyond linear indicate that there is a nonlinear relationship
the ratios from time series 1 and time series 2, respectively. present across the entire power range. The three statistics are unit-
less and range from (ho correlation to 1 (total correlation.
produced broadband power spectra, possibly indicating high-
dimensional chaotic behavior. More interesting are the stateg, o series(determined during the calculation of the nonlin-
prqduced at 5'3 dBm adnd at 9.6 a.ng'9.8 dBrF' Both t'.mo(laear function statistic # is the variance of the residues from
serldes m_ea;:dureh at 5'5 BT are perio ('jc.:’ 'revle;{;\ ml? a pErIOh ¥least squares linear fit model between the time seriesyand
window inside the region of quasiperiodicity. Finally at both is 5 \heagyre of the stochastic noise and is determined using

9.6 and 9.8 dBm, one probe is detecting a periodic sign h g ;
. . : o e gamma tesf24]. The values for they statistic remain
while the other is detecting a broadband or chaotic S|gnalroughly the same size over the range of powers indicating

Concurrent chaotic and periodic regions may be present 'that the noise levels in the different states are roughly the

these states, perhaps similar to phenomena observed in F%Eime relative to the signal strength. The differences between
aday wave$23].

: . . .. the three correlation statistics are not caused by changin
The dynamics of this system require us to use statistics y ging

other than the cross-correlation to adequately characterize
the functional dependence between film positions. Figure 7
shows three statisticécross correlation, function statistic,
and function statistic beyond lineafior the states produced 0.8 o—r
in this power sweep. The cross correlation between the sig- ) /

A y

nals from the two probes is initially high and then drops off
L\/
N eV
ot
S~

in the quasiperiodic region and then increases when the 0.6
SR Nzl

states become periodic again. This result implies that there is <~
only weaklinear functional dependence in the 5.4-7.4 dBm ¢
range. Note the high value for the periodic state at 5.6 dBm. =
The function statistic is a nonlinear measure of the functional
dependence from time series 1 to time series 2. The high
values for this statistic indicate that there is functional de- 02
pendence even in the region of low cross-correlation values.
The high values for the function statistic beyond linéaso
a measure of the functional dependence from time series 1 to 0
time series Rindicate that some nonlinear functional depen-
dence exists for all of these states, even those with little or no
linear correlation. These high values also indicate that non- giG. g. Plots of two different noise levels: (a measure of the
linearities dominate the relationship between the time seriegtochastic noise level of the time series dlaao (found during the
in the 5.4-7.4 dBm range. calculation of functional significang&l, and » (the variance of the

In order to verify that this phenomenon is due to the dy-residues from a least squares linear mpd@®l| The relative close-
namics of the system and not due to an increase in the st@ess of the three statistics demonstrates that the observed variations
chastic noise level, we plot values for three different noisédn the correlation statistics are not due to an increase in the stochas-
measures in Fig. 8r is a meaningful length scale for a given tic noise level experienced by the system.

6.5 7 75 8
Power (dBm)
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noise levels and the observed changes in periodicity are du¢ (the sourceé and Y (the targel, such that x;
to the dynamics of the system and not due to an increase i& (h; ,hi, ,,....hi xg—1)) X and Yy =(9i,Gi+r---,

the stochastic noise level experienced by the system. Ui+ +(d-1)) € Y by time delay embedding with dimensiah
and time delay. x andy are defined as corresponding points
IV. CONCLUSIONS if the indices of the first coordinates are eq(ia., simulta-

neous in timg Any set of embedding parameterd, ¢) that

We have observed and described a set of quasiperiod dequately characterizes the system dynamics will produce

spin wave states produced in a YIG film that exhibits spatia seful results and we usk=5 andr= 10 here. We assume
variation of the observed frequency spectra. These Stal§Rat there is a continuous functidh relating the two time

have minimal linear functional dependence but even as thesg, jeq g ch that,=F(x;). SinceF may be difficult to deter-
auto-oscillations lose their periodic structure and linear cor-

. oo . ) mine explicitly, we instead calculate a function statihi
relation, there is still some nonlinear functional dependenc pretty e

Shat guantifies the strength &fand therefore describes how

as illustrated by the high values for the nonlinear funcnon.accurately we can make predictions between the two time

statistics. Our results indicate that there is some relationshlgeries
between the magnetic dynamics of surface wave modes In order to calculate the function statistic, we divide the

si??rl]e? tﬁ% Srpelmgllx sh(?pz?rat(rad dpcr)nsilrglotnT onn :I]ii f":ni;uﬁafgource attractor into clusters of points and calculate a value
ther ?I'he nggn%es offjn?:tﬁnnc;\l d: ili/de?me (E)thegnat for the function statisti@® .o for each cluster. This value is a

o i P . ; easure of the local predictability between points in that
time series matches our expectations that the time series d fuster and the corresponding points on the other attractor
should be related because the data are measured at two '

sitions on a sinale spatially extended svstem. A more thors 1is calculation is then repeated for a number of other clus-
. | SINgIe Sp y naed sy ' ters and the resulting values are averaged to find an attractor
ough investigation of these quasiperiodic states could be a

complished by using additional brobes placed across th%de value for the function statistic. These values are calcu-
P y 9 P P fated using the significance of the variance for the points in

2”2{;{‘?%%22%&25mﬁ Ldfﬁ‘rl:?\gnfgr g‘r\;]?t'sgg'rotzgzgirgach cluster. We calculate the variances and quantify the
patial dy . P P . strength of the predictability using the significance of the
mination of any correlation length scales that may exist.

variance with reference length scale The significance of
the variance is defined as the probability that the actual vari-
ACKNOWLEDGMENTS ance is larger than a given value, using as the mean
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This analysis can be modified to test for nonlinearity in
the functional relationship between two time series and pro-
duces a function statistic that is a measure of how much

This analysis calculates a pair of statistics that measurenore accurate a nonlinear prediction is than a strictly linear
the degree of functional dependence between two simulteprediction. The procedure is simple to implement. First, we
neously sampled time series and builds on previous worfit the attractors to a linear model such as a least squares fit
that described techniques to quantify continuity betweerand determine the variance of the residugsfrom this
functions relating time serig20-22. High values for these model, then use this; for the scales in the significance
statistics indicate that strong functional dependence existsalculation and follow the procedure outlined above. If there
between the time series. One statistic is a measure of the a strong linear relationship; and o are on the same order
functional dependence between the time series; the other isamd the values for the function statistic are low. If there are
measure of the strength of the nonlinear component of thaonlinear components to the relationship between the time
relationship between the time series. series, thenp> o (implying that the error is high from a

Given two simultaneous time seri€g;,02,d3,...; and  strictly linear model and the values for the function statistic
{hy,h,,h3,...}, we construct vectors; andy; and attractors are high.

APPENDIX: NONLINEAR ANALYSIS
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