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Near theoretical microwave loss in hot isostatic pressed „hipped …

polycrystalline yttrium iron garnet
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The ferromagnetic resonance~FMR! linewidth, the field dependent effective linewidth, and the
parallel pump spin wave linewidth were measured for spheres and disks prepared from a block of
hot isostatic pressed~hipped! polycrystalline yttrium iron garnet~YIG!. All linewidths as well as
static magnetization data indicate close to 100% density. Vibrating sample magnetometer
measurements give an average saturation induction 4pMs of 1825 G. The FMR half-power
linewidths for the spheres at 9.5 GHz were 13 Oe. Linewidths measured over the 9.5–18 GHz
frequency range show a small but distinct drop and agree with Schlo¨mann’s theory of
anisotropy-dominated two-magnon scattering for polycrystalline ferrites. The effective linewidth
versus field data at 10 GHz show a region of strong absorption that corresponds to the width of the
spin wave manifold for low wave numbers and a high field value of about 2 Oe. Parallel pumping
measurements give minimum spin wave linewidths of 1.2 and 0.6 Oe at 9 and 16.7 GHz,
respectively. The 16.7 GHz spin wave linewidths correspond to half-frequency spin waves at 8.35
GHz. The extrapolated linewidths at zero wave number are about 0.5 Oe and match the established
intrinsic linewidths expected for YIG single crystals at 8–9 GHz. The spin wave linewidths increase
linearly with wave number and are consistent with a transit time scattering process with scattering
lengths that are about ten times greater than the average grain size. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1622996#
uc
ite
ot
tte

en
gh
is
al
ed
s
ifi

x
s

o

er
ent

est
if
ring
amic
en-

g
r
IG
he

ties.
ths
ing
tal
e-
ec-
ler
us

tion
ction
,
ly,

in
ea-

dre
gto

ue
I. INTRODUCTION

The ferromagnetic resonance~FMR! losses in polycrys-
talline ferrites are generally associated with the microstr
ture of the material. For typical coarse-grain sintered ferr
with a small porosity and a low magnetocrystalline anis
ropy, the dominant loss mechanism is two-magnon sca
ing. The two sources of the scattering are~1! the anisotropy
of the randomly oriented crystalline grains and~2! pores,
grain boundaries, and residual second phase compon
Even after four decades of work in this field, a thorou
understanding of these losses remains elusive. The an
ropy and porosity mechanisms were first treated theoretic
by Schlömann.1,2 Sparks and co-workers have also provid
detailed analyses of porosity and pit scattering processe3,4

The anisotropy and porosity processes have been ver
through FMR linewidth and effective linewidth
measurements.5–8 These references also show that it is e
tremely difficult to isolate the anisotropy scattering proce
because of the residual porosity.9 In polycrystalline yttrium
iron garnet~YIG!, for example, the porosity contribution t
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the FMR linewidth at 10 GHz is approximately 23 Oe p
percent porosity.5 Porosities as small as a few tenths perc
can make a significant contribution to the linewidth.

From the above, it is clear that one can obtain the low
possible linewidth in a given polycrystalline ferrite only
the material is extremely dense and anisotropy scatte
processes are dominant. There are two established cer
processes which may be used to achieve a high ferrite d
sity, namely, hot pressing10 and hot isostatic pressin
~hipping!.11,12This work reports on FMR linewidth and othe
microwave measurements on ultradense polycrystalline Y
materials which were produced by the hipping process. T
measured densities were very close to theoretical densi
The measured linewidths closely match computed linewid
from the anisotropy-dominated two-magnon scatter
theory of Schlo¨mann.2 These data represent experimen
linewidth results on polycrystalline ferrite materials corr
sponding to pure anisotropy scattering. The high-field eff
tive linewidth and spin wave linewidths are much smal
than the FMR linewidths and are consistent with previo
work on microwave loss and microstructure.

Section II describes the materials and the prepara
techniques, and discusses static magnetic properties. Se
III gives a brief overview of the microwave loss problem
identifies the key linewidth parameters of interest, name
the FMR linewidth, the effective linewidth, and the sp
wave linewidth, and summarizes the various linewidth m
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surement techniques. The FMR linewidth data and analy
as well as effective linewidth results, are given in Sec.
Section V presents the high-power spin wave instability p
allel pumping data and a spin wave linewidth analysis ba
on these data. Section VI gives a summary and conclus

II. MATERIALS AND STATIC MAGNETIC PROPERTIES

The starting material was a conventionally sintered po
crystalline YIG material from Pacific Ceramics, Inc. Th
material was prepared from starting yttrium oxide powd
with a rare earth impurity content below 0.01%. The resid
porosity was less than 1% and the half-power FMR linewi
was about 27 Oe at 10 GHz.

Small blocks of these materials were then subjected
hipping process in an argon atmosphere. The starting a
pressure in the chamber was 470 bar. The temperature
pressure were gradually increased to 1400 °C and 1000
respectively, over 10 h and then held at this soak point fo
h. The system was then cooled and vented back to ro
temperature and pressure over about 20 h. The meas
density of the hipped YIG material was 5.172 g/cm3. This
matches the theoretical YIG density. The average grain
was 8 mm. Disks and spheres in the millimeter size ran
were fabricated from the interior regions of the hipp
blocks in order to avoid possible problems with oxyge
deficient surface regions. The nearly complete elimination
porosity for these hipped samples was confirmed from st
magnetization and FMR linewidth measurements. Repre
tative results are given below. The specific data shown
for a 2.04 mm diam sphere and a 3.0 mm diam, 0.46 m
thick disk.

FIG. 1. Magnetic induction 4pM versus the external static fieldH for the
hipped yttrium iron garnet 2.04 mm diam sphere sample. The solid po
show the data and the lines connect the points.
Downloaded 13 Nov 2003 to 192.55.4.36. Redistribution subject to AIP
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A commercial vibrating sample magnetometer syst
was used for magnetic moment versus field measureme
Calibrated curves of the magnetic induction 4pM as a func-
tion of the static external fieldH and values of the saturatio
induction 4pMs were obtained from these data, the sam
mass, and the measured density noted above. The experi
tal error in the 4pM values was about620 G.

Figure 1 shows a representative hysteresis loop of 4pM
versusH for the 2.04 mm diam sphere sample. The loop h
the expected appearance for a dense polycrystalline fe
with a linear low-field response and very little hysteresis
distinct break at the saturation field, and a flat respons
higher field. The data give a saturation induction 4pMs

value of 1.825 kG. The fitted slope of the linear low fie
response is 2.99 kG/kOe. There was a very small amoun
hysteresis. Further measurements on an expanded field
gave a coercive force of 0.2 Oe.

The hysteresis data in Fig. 1 match those expected
dense polycrystalline YIG. The saturation induction is in t
same range as reported literature values for single crys
The 4pMs value of 1825 G is somewhat high but withi
experimental error, relative to published values.13 The slope
of the low field matches the demagnetizing response o
kG/kOe expected for spherical samples. The microwave li
width data provide a more sensitive measure of the sam
density. These data are discussed in detail in the next sec

Table I gives a summary of the results from the sta
measurements, along with a listing of the 9.5 GHz FM
fields and linewidths for the sphere and the disk. The d
was measured with the static field in plane or normal to
disk plane, as indicated. The table lists the saturation ind
tion 4pMs and the saturation fieldHs obtained for these
three sample geometries. The saturation fieldHs also corre-
sponds to the maximum demagnetizing field for the sam
The linewidth and threshold field results are discussed
Secs. IV and V.

The static data in Table I support the conclusions o
tained from Fig. 1. The sphere and disk data show consis
values of 4pMs . The matching up of these data within e
perimental error is noteworthy, since the samples were
from different regions of the hipped block. The measur
saturation fields are consistent with the 4pMs determina-
tions and the different shapes and field directions. TheHs for
the sphere is within a few oersteds of the expected valu
4pMs/3. From the estimated error of620 G for the 4pMs

determinations, one can place only an upper bound of 1%
the porosity of the hipped materials. The microwave d

ts
ow the
e

TABLE I. Selected data for the hipped yttrium iron garnet sphere and disk samples. The columns sh
sample and field direction, the saturation induction 4pMs , the saturation fieldHs , the ferromagnetic resonanc
~FMR! field H0 at 9.5 GHz, and the half-power FMR linewidthDH0 at 9.5 GHz.

Sample
~field direction!

Saturation
induction 4pMs ~G!

Saturation
field Hs ~Oe!

FMR field H0 at
9.5 GHz~kOe!

FMR linewidth DH0

at 9.5 GHz~Oe!

Sphere 1825 610 3.47 13
Disk

~in plane!
1825 170 2.89 22

Disk
~normal to plane!

1820 1480 4.64 14
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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will show that the actual porosity is much lower, and has
upper bound of about 0.02%.

III. MICROWAVE LINEWIDTH PARAMETERS AND
MEASUREMENT OVERVIEW

The microwave relaxation processes in magnetic mat
als are generally described by three linewidth parameters
FMR linewidth, the field-dependent effective linewidth, a
the spin wave linewidth. The FMR linewidthDH0 corre-
sponds to the width in field at half maximum of the res
nance power absorption profile. The effective linewidth d
scribes the off-resonance loss and corresponds to
relaxation of the uniform precession for fields away from t
resonance peak. The spin wave linewidth is a measure o
actual relaxation rate of parametric spin waves genera
through nonlinear processes. In general, this linewidth
pends on the wave number and the direction of propaga
for the relevant spin waves. In high-quality single crysta
the spin wave linewidth for low wave numbers is the same
the FMR linewidth for modes at the same frequency. If t
single crystal specimen has macroscopic defects suc
cracks or a rough surface, for example, the FMR linewi
may increase while the spin wave linewidth remains
same.3 Up to now, the effective linewidth has not been me
sured in single crystals due to the measurement difficul
caused by high order magnetostatic modes and the very
loss away from resonance.

Linewidths in polycrystals are generally much larg
than in single crystals. In polycrystalline materials, the th
types of linewidths are generally associated with differ
relaxation mechanisms. The FMR linewidth, for example
affected by inhomogeneities and two-magnon scattering
cesses. In polycrystals, this linewidth can be quite large.
increase is generally attributed to some aspects of the m
structure, such as porosity, grain size, grain size distribut
or anisotropy in the randomly oriented crystallites.9,14 On the
other hand, the off-resonance effective linewidth, especi
at high field, is not affected by two-magnon scattering a
can be much smaller. The spin wave linewidth represents
relaxation rate of the renormalized spin wave modes
exhibit a threshold loss effect under parametric excitati
This linewidth can be extremely small. The measuremen
all three types can give a much clear picture of the applica
loss mechanisms than any single linewidth alone.

Ferromagnetic resonance linewidths were measu
from 9.5 to 18 GHz. Standard shorted waveguide techniq
were used.15 For each measurement frequency, the sam
was carefully positioned in the center of the waveguide o
half wavelength from the shorted end. The half-power FM
linewidth DH0 was then obtained as the difference betwe
the values of the static field for which the negative imagin
part of the susceptibility is equal to one-half its maximu
value. The measured linewidths were accurate to ab
60.2 Oe.

The effective linewidth was determined as a function
field for a single excitation frequency of 10 GHz. For the
measurements, the sample was placed in the center of a
Q TE011 cylindrical transmission cavity. The cavityQ factor
and the resonance frequencyf c were measured as a functio
Downloaded 13 Nov 2003 to 192.55.4.36. Redistribution subject to AIP
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of the applied field based on procedures similar to th
given in Ref. 16. From theseQ and f c versus field data, the
complex susceptibility and the corresponding effective lin
width DHeff were obtained. Due to the small change in theQ
factor far from resonance, the error in the effective linewid
DHeff measurements was60.5 Oe. Complete details of th
technique may be found in Ref. 9 and other referen
therein.

The spin wave linewidthDHk does not correspond to a
actual linewidth. Rather,DHk simply expresses the relax
ation rate of parametrically excited spin waves in linewid
units. One measures this relaxation rate and obtains the
respondingDHk from the spin wave instability threshol
fieldshcrit . In general, the determination of theDHk value at
a given field is done in three steps. First, one makes a
crowave threshold field measurement. Second, one perfo
a theoretical analysis to determine the particular spin w
pair out of all available spin waves at one-half the pum
frequency that has the lowest threshold.17 Third, one equates
the theoretical minimum threshold to the measured one
computes the spin wave linewidth. The spin wave linewid
analysis for the parallel pumping case in isotropic polycr
talline ferrite spheres will be given in Sec. V B.

A high-power microwave pulse spectrometer system w
used to measure the spin wave instability threshold fieldhcrit

as a function of the applied static field.18,19The input micro-
wave pulses were 50ms wide and the nominal repetition rat
was 40 Hz. Peak input powers were in the 1–2 kW ran
Separate waveguide setups were used for measurement
and 16.7 GHz. At 9.0 GHz, a high-Q TE011 cylindrical cavity
was used. At 16.7 GHz, a standard TE102 rectangular cavity
was used. The experimentalhcrit results were obtained di
rectly from the values of the incident power at the po
where the trailing edge of the pulse showed a visible non
ear response. The low-duty cycle pulse basedhcrit determi-
nation technique eliminated problems with sample heati
For both frequencies, the measurements were made with
sample in the center of the cavity. The error in these m
surements was about 5%. Spin wave linewidth values w
then obtained from thehcrit data and the standard parall
pumping analysis of Schlo¨mannet al.20

IV. FERROMAGNETIC RESONANCE LINEWIDTH AND
OFF-RESONANCE EFFECTIVE LINEWIDTH

A. Ferromagnetic resonance linewidth

The nominal 9.5 GHz FMR results for the sphere and
disk sample are summarized in Table I. The data show
the lowest linewidth of 13 Oe is obtained for the sphere. T
normal to plane field configuration for the disk gives a lin
width which is about 1 Oe larger, while the linewidth for th
in-plane configuration is almost double these values. The
tremely low linewidth for the sphere is an important indic
tor of a near zero porosity for the hipped polycrystalli
material. The increase in the linewidth for the in-plane ma
netized disk is consistent with this indicator. These poi
will be considered shortly. The FMR field for the sphere
consistent with a Lande´ g factor for the hipped YIG of abou
1.95, or slightly less than the free electron value of 2.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The linewidth data in Table I provide a clear indicatio
that the losses are predominantly due to two-magnon sca
ing. The 13 Oe linewidth for the sphere is almost exac
what one would expect for a two-magnon process due to
magnetocrystalline anisotropy in the randomly oriented cr
talline grains in the dense polycrystalline material.2 The
small value of the sphere linewidth and the match with
isotropy theory shows that the porosity is extremely sm
Typically, porosity gives an additional two-magnon lin
width which is about 23 Oe per percent for YIG sphere5

The matching places an upper limit on the porosity of ab
0.02%. Further details of this process are given below. T
large increase in the linewidth as one goes to the in-pl
magnetized disk case also supports a two-magnon proc
This is because the density of states for the scattering
creases substantially for this configuration and gives a la
two-magnon linewidth.

Additional linewidth versus frequency measurements
described in Sec. II were made in order to check the ap
cability of the two-magnon anisotropy scattering process
the data. For a sphere shaped sample, there is a well de
change in the density of low-wave-number states as the F
frequency is changed. This variation in the density of sta
can appear as a characteristic change in the linewidth
frequency. For samples in which the grains or other sca
ing centers are in the 1–10mm size range, the scattering
confined to relatively low wave numbersk below about
103 rad/cm. The initial evidence for a two-magnon scatter
FMR relaxation process in YIG single crystals came fro
direct observations of a peak in the linewidth at about 4 G
for spheres with rough surfaces. This peak corresponds to
frequency at which the FMR frequency moves through
top of the spin wave band in thek50 limit and for which the
density of states goes through a maximum. As the freque
is increased above 4 GHz, the linewidth decreases as
density of states decreases. Details of this density of st
effect may be found in Refs. 3 and 9 and the original sour
cited therein.

Figure 2 shows the results of the sphere linewidth ver
frequency measurements and the corresponding anisot
scattering two-magnon analysis. The graph shows the h
power linewidthDH0 as a function of frequencyf from 8 to
19 GHz. Note the suppressed zero for the vertical linewi

FIG. 2. Ferromagnetic resonance~FMR! half-power linewidth as a function
of frequencyf for the hipped yttrium iron garnet 2.04 mm diam sphere. T
solid circles show the data. The solid line shows the calculated linewidth
the two-magnon anisotropy scattering~TMAS! process. The dashed lin
shows the TMAS response shifted upward by 0.03f to account for the in-
trinsic linewidth.
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axis. The solid circles show the data. The solid line show
computed two-magnon anisotropy scattering~TMAS! line-
width versus frequency response based on the theory
Schlömann in Ref. 2. The dashed line shows a slightly u
shifted theoretical curve based on the additional frequen
dependent linewidth contribution expected for single cr
tals. Both curves are considered in more detail below.

The match between the data and the theory will be c
sidered shortly. The data alone, even without the theory,
dicate that these materials are very close to theoretical d
sity. This conclusion is based on two observations. First,
11–13 Oe linewidths are all small. As noted above, eve
small porosity would lead to a substantial linewidth increa
in the range of 23 Oe per percent of porosity. Second, i
noteworthy that the linewidth is found to decrease sligh
with increasing frequency. Porosity line broadening is kno
to produce a linewidth whichincreaseswith frequency.5,6

The decrease in linewidth with frequency as well as
11–13 Oe values are connected with the change in the
sity of states and scattering solely due to anisotropy,with no
porosity effects.

In Ref. 2, Schlo¨mann outlined a basic theory for th
FMR linewidth associated with two-magnon scattering fro
the grains in a polycrystalline ferrite due to the random
oriented magnetocrystalline anisotropy in the individu
grains. The theory was done in the so-called ‘‘coarse-gra
approximation for which the scattering is strong only f
small spin wave wave numbers. The Schloemann the
gives a convenient closed form expression for the TM
linewidth which may be written as

DHTMAS52.07~4HA
2/4pMs!G~v/ugu4pMs!. ~1!

The HA parameter denotes an effective anisotropy fi
K1 /Ms , whereK1 is the first order cubic anisotropy energ
constant. For YIG,HA is approximately245 Oe.13 The G
function is given by

G~x!5
x22x/3119/360

A~x21/3!3~x22/3!
. ~2!

In theG function argument in Eq.~1!, v denotes the angula
frequency andg is the applicable gyromagnetic ratio for th
ferrite. For YIG, ugu/2p is close to the free electron value o
2.8 MHz/Oe.

Apart from the numerical factors in Eq.~1!, the form of
the response may be easily understood from physical con
erations. First, the basic inhomogeneous line broadening
to the variation in the anisotropy axes from grain to gra
would give a linewidth proportional toHA . One must then
multiply this simple line broadening term by the rat
HA/4pMs in order to account for dipole narrowing, that i
the tendency of the individual moments to precess toge
in phase in order to minimize the dipole-dipole energy of t
system. Finally, theG function gives the frequency depen
dence of the density of the low-k spin wave states degenera
with the signal frequencyv. The function as given is valid
only in the coarse-grain limit noted above, for which th

r
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scattering is limited to low-k modes. In this limit,G( f )
gives a slightly decreasing function of frequency as indica
by the lines in Fig. 2.

The solid line in Fig. 2 shows the computed TMAS lin
width as a function of the frequencyf , based on the numeri
cal parameters cited above and the sphere 4pMs value from
Sec. II and Table I. Note that the solid curve is obtained w
no adjustable parameters. The dashed curve shows
TMAS result with an added upshift by (0.03 Oe/GHz)f to
account for the intrinsic linewidth which would still b
present for a YIG crystal. The intrinsic linewidth varies lin
early with frequency and is about 0.3 Oe at 9 GHz.3 One can
see that the matching of the computed response, with
without the small intrinsic correction, with the data is e
tremely good. Keep in mind that the error in the measu
linewidths is about60.2 Oe. The matching, well within ex
perimental error, provides further support for the presenc
an extremely low porosity and a dominant TMAS linewid
process.

B. Off-resonance effective linewidth

Figure 3 shows the results of the sphere off-resona
effective linewidthDHeff measurements as a function of th
external static fieldH. The solid squares show the data. T
vertical dashed lines indicate the field boundaries of the s
wave manifold at zero wave number. The lines connect
the data points outside the manifold region are intended
guide to the eye only. The data show a flat response at fi
below the low-field manifold edge and above the high-fie
manifold edge. The low-field level of about 3 Oe is som
what larger than the high-field level of about 2 Oe. The d
between 5 and 8 kOe give aDHeff of 1.760.5 Oe. The data
also show that there is a rapid increase inDHeff as one enters
the manifold region. The increases shown, as well as
apparent structure in the manifold region, are accompan
by very large degradations in the cavityQ, from about
22 000 down to below 5000. Since the effective linewid
measurement is based on a small perturbation of the ca
Q, the high losses in the manifold region cannot be taken

FIG. 3. Effective linewidthDHeff as a function of the external static fieldH
at 10 GHz for the hipped YIG 2.04 mm diam sphere. The vertical das
lines indicate the upper and lower field boundaries of the spin wave m
fold in the zero wave number limit. The data points inside the manif
region correspond to large degradations in the cavityQ and do not represen
the true losses. Some of these data points are not shown due to the sc
the vertical axis.
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accurate measures of the actual losses. Accurate mea
ments of the in-manifold effective linewidth are in progres

The data in Fig. 3 are typical of the effective linewid
versus field response which is found for dense polycrys
line ferrites.8,21 ~1! Both the high-field and low-fieldDHeff

values are quite small compared to the FMR linewidth. T
high-field DHeff of 1.760.5 Oe compares to the results fo
dense polycrystalline ultra pure YIG.10 ~2! The slightly larger
DHeff for fields below the manifold region is attributed t
residual two-magnon scattering to high-k spin waves.~3!
The rapid increase inDHeff as one approaches the manifo
region from either side is due to the onset of two-magn
scattering to low-k modes. Patton has shown that the effe
tive linewidth in the manifold region can be accurately mo
eled in terms of the TMAS process,8 based on the effective
linewidth analysis of Schlo¨mann.22

V. BUTTERFLY CURVES AND SPIN WAVE LINEWIDTH

As outlined in Sec. III, detailed measurements of t
spin wave instability thresholdhcrit versus the static externa
field H were obtained for the sphere and disk samples a
and 16.7 GHz. This section will focus on the data and ana
sis for the 2.04 mm diam sphere. The other samples
other geometries gave similar results.

A. Parallel pumping butterfly curve data

Figures 4 and 5 show the results of the high-power p
allel pumping measurements for the 2.04 mm diam sph
sample at 9 and 16.7 GHz, respectively. The main gra
show the fullhcrit versusH butterfly curve responses from
zero field up to the high-field limit for half-frequency spi
waves. The insets show the low-threshold data at the
called bottom of the butterfly curve on an expanded sc
The vertical lines in the insets indicate calculated static fi
values for whichhcrit would be minimum for independen
single crystal grains with@111# or @100# crystallographic axes
parallel toH. The static field points for the lower and upp
field boundaries are labeled asHc@111# and Hc@100#, re-
spectively.

While the overall butterfly curve profiles are typical o
those found in dense polycrystals, the inset data represe
different effect. First consider the expected features.

d
i-

e of

FIG. 4. Spin wave instability threshold microwave field amplitudehcrit as a
function of the static external fieldH for parallel pumping at 9.0 GHz for
the hipped yttrium iron garnet 2.04 mm diam sphere. The inset show
detailed view of the flat minimumhcrit region. The vertical lines in the inse
indicate calculated static fieldHc values for whichhcrit would be minimum
for independent grains with@111# or @100# crystallographic axes parallel to
H, as indicated.
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~1! The measuredhcrit values are relatively small. The min
mum threshold values of 2 Oe or so for the 9 GHz da
for example, give spin wave linewidthDHk values of
about 1 Oe. These values are of the same order as fo
in hot pressed dense polycrystalline YIG10 and are larger
than in single crystals.23 Note that the minimumhcrit

value at 16.7 GHz is about the same as at 9 GHz. T
implies a lower spin wave linewidth at 16.7 GHz than
9 GHz. This comparison will be an important conside
ation in the next section.

~2! These minimum threshold values occur forH values
close to 1.5 kOe for pumping at 9 GHz and 2.75 kOe
pumping at 16.7 GHz. These minimum threshold fie
regions correspond to the point where the wave num
k values for the critical modes are close to zero. Th
k'0 modes actually have wave numbers on the orde
104 rad/cm.

~3! As one moves down in a static field from the minimu
hcrit regions in~2!, the increase inhcrit corresponds to an
increase in the critical mode wave number and a s
wave linewidthDHk which increases withk The DHk

versusk analysis and interpretation is considered belo
~4! Finally, the small but distinct change in thehcrit versusH

response as the field drops below the saturation fi
limit at Hs'0.6 kOe indicates the onset of demagnet
ing effects as the sphere drops below magnetic sat
tion. The fields at which these changes occur are con
tent with the hysteresis data in Fig. 1 and the sph
saturation fields noted in Table I.

As noted above, the unexpected features in thehcrit ver-
susH responses shown in Figs. 4 and 5 are in the dist
regions close to the bottom of the butterfly curves. As sho
in the Fig. 4 inset, the 9 GHz data give a perfectly flathcrit

versusH response for fields between the indicatedHc@111#
andHc@100# field limits. The 16.7 GHz data show a simila
effect, except that the linearhcrit versusH response betwee
these two field limits has a small tilt. TheHc@111# and
Hc@100# field boundaries represent the theoretical points
static external field for the parallel pump minimum thresho
for single crystal spheres with the field oriented in these
rections. The corresponding external static fields for a m
mumhcrit for other orientations fall between these two limit

FIG. 5. Spin wave instability threshold microwave field amplitudehcrit as a
function of the static external fieldH for parallel pumping at 16.7 GHz for
the hipped yttrium iron garnet 2.04 mm diam sphere. The inset show
detailed view of the minimumhcrit region. The vertical lines in the inse
indicate calculated static fieldHc values for whichhcrit would be minimum
for independent grains with@111# or @100# crystallographic axes parallel to
H, as indicated.
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The flat hcrit versusH response betweenHc@111# and
Hc@100#, as at 9 GHz, or with a small tilt, as at 16.7 GHz,
an indication that the nonlinear spin wave instability pr
cesses occurindependentlywithin individual grains. There
are a large number of grains and the random angular di
bution leads to the uniform responses shown in the Fig
and Fig. 5 insets. The almost perfect matching of the lin
or tilted response interval with theHc@111# and Hc@100#
fields makes a clear and quantitative connection with
magnetocrystalline anisotropy in the hipped polycrystal.

B. Spin wave linewidth analysis

The high-power data in Figs. 4 and 5 for fields below t
Hc@111# boundary were further analyzed in order to ma
quantitative determinations of the spin wave linewidth a
function of wave number. The analysis was based on
standard Schlo¨mann theory of parallel pumping in saturate
isotropic ferrites.9,22 This theory gives the spin wave insta
bility thresholdhc for a given mode at a frequencyvk equal
to one-half the pump frequencyv and with a wave vectork
as

hc5
v

ugu4pMs

DHk~v,k!

sin2 uk
, ~3!

whereuk is the angle betweenk and the static fieldH. As
discussed in Sec. III, the spin wave linewidth parameterDHk

is related to the relaxation rate of the corresponding s
wave mode. ThisDHk can be, and usually is, a function o
the frequency and the wave vectork.

The observed thresholdhcrit will correspond to the mini-
mum possible value ofhc over all available modes atvk

5v/2. The spin wave modek anduk values at this minimum
threshold point define the critical mode. These values
determined from the applicable spin wave dispersion rela

vk5uguA~Hi1Dk2!~Hi1Dk214pMs sin2 uk!, ~4!

where Hi denotes the internal static field andD is an ex-
change stiffness parameter. For the sphere geometry of i
est and isotropic material, one hasHi5H24pMs/3. For cu-
bic anisotropy andH along the@111# axis, one hasHi5H
24pMs/324HA/3. For H along the @100# axis, one has
Hi5H24pMs/312HA . For YIG materials,D is equal to
5.1931029 Oe cm2/rad.3,23

The minimum threshold regions betweenHc@111# and
Hc@100# in Figs. 4 and 5 correspond to anH5Hc point in
the isotropic theory at which the minimum threshold critic
modes havek50 and uk5p/2. As one moves belowH
5Hc , the minimum threshold critical modes haveuk5p/2
and k5@(Hc2H)/D#1/2. The actual shape of the compute
butterfly curve will depend on the frequency andk depen-
dence ofDHk . In general, one does not know,a priori,
either the frequency or the wave vector dependencies
DHk . Because of this problem, an empirical approach
usually adopted. In this approach, measured values ofhcrit

versusH are used in combination with the theory to extra
empirical frequency andk dependences forDHk .9 This ap-
proach will be followed here.

a
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Figure 6 shows the result of such an analysis, based
the data of Figs. 4 and 5, and with theHc@111# boundaries
indicated in the figure insets taken as thek50 cutoff field
Hc . Only data forH above the 600 Oe limit for magneti
saturation were used for theDHk determinations. The grap
shows the spin wave linewidthDHk as a function of the
critical mode wave numberk as extracted from the data. Th
solid circles and squares show the empiricalDHk values so
obtained. The data shown by the squares are broken o
demonstrate special effects which are considered below.
lines show linear fits to the solid circle points. The applica
spin wave frequency is indicated for each set of results. K
in mind that the indicated spin wave critical mode freque
cies of 4.5 and 8.35 GHz correspond to one-half of the ac
pump frequencies of 9 and 16.7 GHz, respectively, in Fig
and 5.

The 8.35 GHz solid square data points in Fig. 6 sh
two effects that push the empiricalDHk values off the linear
response defined by the circle data points. First, the depa
from the linear fit for k values above abou
5.83105 rad/cm is related to the onset of intrinsic thre
magnon splitting processes.23 For parallel pumping at
8.35 GHz, such processes are allowed fork values above
about 63105 rad/cm. This increase isnot due to sample de
magnetization. Second, the apparent dip inDHk centered at
aboutk'3.53105 rad/cm is attributed to some type of m
crostructure effect.

Apart from the effects shown by the solid square poi
in Fig. 6, theDHk versusk results show that the response
both frequencies is approximately linear. If the indicated
are taken to have the formDHk5DHk→01Bk, the corre-
sponding DHk→0 and B values are 0.97 Oe an
3.431026 Oe cm/rad, respectively, for the critical mode sp
waves at vk/2p54.5 GHz and 0.45 Oe an
2.631026 Oe cm/rad for the spin waves atvk/2p
58.35 GHz. TheDHk→0 parameter is a measure of the r
laxation rate for critical modes atk'0, and the correspond
ing DHk→0 values may be compared with FMR and effecti
linewidths extrapolated to these same frequencies. TheB pa-
rameter provides a measure of the increase in the spin w
linewidth with wave number atuk5p/2.

TheDHk→0 value of 0.45 Oe for 16.7 GHz pumping an
vk/2p58.35 GHz is the lowestDHk→0 ever reported for

FIG. 6. Spin wave linewidthDHk as a function of spin wave critical mod
wave numberk, based on the threshold data in Figs. 4 and 5. The s
circles and squares show theDHk values extracted from the data. The sol
lines show linear fits to the solid circle data points. The applicable spin w
frequencies are indicated and are equal to one-half of the correspon
pumping frequencies in Figs. 4 and 5.
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polycrystalline YIG. Moreover, it is very close to the typic
FMR linewidth value of 0.5 Oe at 9 GHz for single cryst
YIG.3 TheDHk→0 value of 0.97 Oe for 9 GHz pumping an
vk/2p54.5 GHz, when scaled up tovk/2p59 GHz, will
doubleto almost 2 Oe. When scaled to a common frequen
then, one can see that there is afactor of 4 discrepancy
between theDHk→0 values from the two sets of data. Th
discrepancy is suggestive of different mechanisms at the
frequencies.

Both of the aboveB values are about a factor of 5 large
than found for parallel pumping in YIG single crystal
where B is about 0.531026 Oe cm/rad and approximatel
constant with frequency.23,24

How can these spin wave linewidth results be explaine
One possibility is related to microstructure-limited spin wa
lifetimes. It has been established that the parallel pumpDHk

scales with the inverse of the average grain size in polyc
talline ferrites.9 This type of response has been explained
terms of a transit time~TT! model.10 In this model, the spin
waves are taken to have lifetimes that are limited by
microstructure-related scattering length. In Refs. 9 and
this scattering length was taken to scale with the grain s
The flat minimum threshold data in Figs. 4 and 5 indica
that the parallel pumping processes at lowk in these hipped
materials do indeed occur grain by grain.

One can make the TT analysis quantitative. From
dispersion relation of Eq.~4!, critical modes with a nonzero
k anduk5p/2 will have a group velocityvg given by

vg5
]vk

]k
5

2ugu2Dk

vk
~Hc24HA/312pMs/3!. ~5!

The spin wave linewidth and the spin wave lifetimeTk are
related throughDHk52/uguTk . The TT constraint is given
by L5vgTk , whereL is some scattering length related to th
microstructure. The TT-limited spin wave linewidth is the
given by

DHkTT5F4uguD~Hc24HA/312pMs/3!

Lvk
Gk. ~6!

One can see that the TT-limited spin wave linewidth is
linear function ofk. If the TT model is indeed applicable
here, the term in square brackets in Eq.~6! will correspond to
the B value obtained experimentally. From theB values
given above, the factor in square brackets in Eq.~6! givesL
values of '70mm for vk/2p54.5 GHz and 80mm for
vk/2p58.35 GHz. These values are in the same range
qualitatively consistent with a TT process.

While a TT process gives a spin wave linewidth whi
scales with the critical mode wave number and gives con
tent scattering lengths for the two sets of data shown, i
noteworthy that the inferred scattering length is an order
magnitude larger than the average grain size of 8mm for
these hipped YIG materials. If a TT mechanism is indeed
origin of the measuredB values, the further implication her
is that the scattering lengths in these very dense polycrys
line YIG materialsare much greaterthan the actual grain
size. This means that the parametric spin waves are no
ways scattered at the grain boundaries. Based on the fact
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10 difference betweenL and the average grain size, one c
set the probability of scattering at a given grain boundary
about 10%.

A reduced grain boundary scattering and an increa
scattering length are consistent with the ultra dense natur
the hipped materials. Work by Scotter25 indicates that the
predominant scattering is related to the pores between
grains. All of the actual FMR linewidth data given abov
moreover, point to an extremely small porosity.

From the above discussion, it appears that the obse
k dependence ofDHk is consistent with a TT process. O
course, more work is needed to clarify the details of
scattering processes, the rather large scattering lengths
definite connections with the microstructure. What about
DHk→0 values? As noted above, theDHk→0 value of 0.45
Oe for 16.7 GHz pumping is nearly identical with corr
sponding intrinsic linewidths in single crystals. On the oth
hand, the largeDHk→0 for 9 GHz pumping and the factor o
4 increase after frequency scaling are inconsistent with
intrinsic process implicit in the higher-frequency data. The
are, however, several nonintrinsic processes which can
tribute to an increase in the relaxation rate at frequencie
the 3–5 GHz range. For YIG sphere samples, for exam
the density of degenerate states goes through a maximum
ferromagnetic resonance at about 4 GHz.

Further work is needed to clarify and define these
sponses. One obvious problem is in the implication of sin
grain response from the flat butterfly curve minima in Figs
and 5, juxtaposed with the large scattering lengths from
TT model. An important part of this work would be to dete
mine vg for low-k modes in particular sized single cryst
grains. If the modes are constrained to individual grains,
spin wave dispersion may be different from that found fo
large 2 mm diam spherical sample.

VI. SUMMARY AND CONCLUSION

The static magnetic and microwave properties of po
crystalline hipped YIG have been measured for disk a
sphere samples. The measurements included~1! static mag-
netization,~2! half-power FMR linewidthDH0 , ~3! effective
linewidth DHeff , and~4! parallel pump spin wave linewidth
DHk . A reliable 4pMs value of 1825 G was obtained fo
this material. This value is higher than generally accep
catalog values, but the 100% density of the material due
complete elimination of the porosity and high material pur
make a value of 4pMs51825620 G reasonable. The com
plete elimination of porosity was evident from the FMR lin
width data as well as direct density measurements.

The FMR linewidth measurements yielded an all tim
low DH0 value of 13 Oe for pure polycrystalline YIG at th
X band. This value agrees with calculated values of the t
magnon anisotropy scattering linewidth in large grain s
YIG. The same theory also gives excellent quantitat
agreement with the measured linewidths versus freque
from 9.5 to 18 GHz. The effective linewidth measurements
10 GHz gave high-field values of 1.760.5 Oe, slightly
higher low-field values, and a characteristic increase in
Downloaded 13 Nov 2003 to 192.55.4.36. Redistribution subject to AIP
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manifold region due to two-magnon processes. These
are consistent with previous results on dense coarse-g
YIG. The high-fieldDHeff value of 1.7 Oe is about a facto
of 3 larger than the corresponding intrinsic linewidth f
single crystal YIG.

The parallel pumping data show, among other thin
that the spin wave linewidthDHk decreases in going from 9
GHz pumping to 16.7 GHz pumping. The data indicate
transit time effect and scattering lengths that are abou
factor of 10 greater than the average grain size. For 1
GHz pumping, the extrapolated zero wave number spin w
linewidth of 0.45 Oe for critical mode spin waves at 8.3
GHz represents another all time low for aDHk determination
in polycrystalline YIG materials.
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