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Effect of large magnetocrystalline anisotropy on the spin wave linewidth
in Zn–Y hexagonal ferrite

Alexey V. Nazarova) and Carl E. Patton
Department of Physics, Colorado State University, Fort Collins, Colorado 80523

~Received 5 December 2002; accepted 15 March 2003!

The oblique pumping spin wave instability threshold microwave field amplitudehcrit was measured
as a function of the static field for both in-plane and out-of-plane static fields for a thin disk of Mn
substituted Zn–Y (Ba2Zn2Fe12O22) easy plane hexagonal ferrite at 16.7 GHz. Theoretical fits to the
in-plane static field data gave a single value of 12.8 Oe for the spin wave linewidthDHk . The best
overall fits were for a critical spin wave mode wave numberk close to zero and there was no
correlation with the critical mode propagation directions. The fittedDHk for the out-of-plane static
field geometry was found to increase with the out-of-plane magnetization angle, but showed no
correlation with the critical mode propagation directions. These critical modes hadk'0 as well.
The fitted DHk increased from the in-plane field value of 12.8 Oe to a value of 21 Oe at the
maximum accessible magnetization angle of 70° relative to the disk plane. This increase in spin
wave damping with the out-of-plane angle is attributed to spin orbit coupling. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1572971#
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I. INTRODUCTION

Hexagonal ferrite materials offer advantages for mi
meter wave applications because of the large anisotro1

High power microwave applications require an understa
ing of the spin wave instability threshold power levels a
the corresponding spin wave linewidthDHk which is a mea-
sure of the spin wave damping. Up to now, high pow
analyses for Zn–Y materials have generally takenDHk to be
isotropic.2–5

Recent high power Zn–Y measurements for static fie
out of the easy plane indicated an increase in the spin w
linewidth relative to the in-plane field case. The objective
this work was to perform a series of first order spin wa
instability threshold fieldhcrit measurements for obliqu
pumping with both in-plane and out-of-plane static field
and determine the spin wave linewidth for all of these co
figurations. Oblique pumping corresponds to field geome
for which the linearly polarized microwave field and th
static magnetization have a relative angle between zero
90°.6 In these experiments, the pumping angle causes l
changes in the half frequency critical modes responsible
the instability. The results indicate that whileDHk is rela-
tively insensitive to the particular critical mode for the inst
bility, it is very sensitive to movements of the static magn
tization from in plane to out of plane.

II. EXPERIMENT

The samples for the measurements consisted of
disks fabricated from bulk single crystal platelets of Zn–
hexagonal ferrite with Mn substitutions. The specific comp
sition was Ba2Zn1.82Fe11.83Mn0.68O21.2. The saturation induc-

a!Author to whom correspondence should be addressed. Present ad
National Institute of Standards and Technology, Boulder, CO 80303; e
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tion 4pMs was 2.33 kG and the effective anisotropy fie
HA was29.4 kOe.5 The data in this article are presented f
a representative easyc-plane disk sample with a diameter o
2.32 mm and a thickness of 0.19 mm. The disk had a fe
magnetic resonance~FMR! linewidth of 13 Oe at 9.5 GHz,
as measured for an in-plane static field. This value is reas
ably small for this material.4,7

The high power measurements were made with a pu
reflection cavity spectrometer at a nominal frequency of 1
GHz. The high power thresholds were obtained from
power at which the reflected pulses showed a discern
nonlinear response. The measurements were made with
sample in the center of the standard TE102 rectangular cavity.
The power thresholds were converted to threshold mic
wave field amplitudes under the assumption of an unp
turbed cavity mode applicable to small samples. Details
the method are given in Refs. 5 and 8.

The spin wave instability threshold fields were measu
versus static field for two different oblique pumping arrang
ments with the static field in plane and out of plane, resp
tively. Plots of hcrit vs H are typically called ‘‘butterfly
curves.’’ The microwave magnetic fieldh was kept in plane
for both cases. Figures 1 and 2 show the field arrangeme
For the in-plane field oblique pumping~IPFOP! geometry of
Fig. 1, the static fieldH is in plane at an anglefh relative to
the in-planeh. In this case, the static magnetizationM is
parallel to H. For the out-of-plane field oblique pumpin
~OPFOP! geometry of Fig. 2,H is rotated out of the disk
plane but maintained in the plane defined by the disk nor
and the microwave fieldh, thex-z plane in the figure. In this
case, the fieldH is set at some out-of-plane angle, taken
uH , relative to the disk normal. The magnetization vectorM
is pulled out of the disk plane. For purposes of this analy
M is taken to be in thex-z plane in Fig. 2 and at an angleuM

relative to the disk normal. At static equilibrium,uM may be
obtained from the static equilibrium condition

ess:
c-
5 © 2003 American Institute of Physics
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2H sin~uH2uM !5@4pMs~3Nip21!1HA#sin~2uM !,
~1!

whereNip is the in-plane demagnetizing factor for the dis
The two oblique pumping geometries described ab

allow one to access different instability processes. In the
FOP case, the oblique pumping anglefh is a direct control
parameter in the experiment. The critical mode polar a
azimuthal spin wave propagation angles both change w
fh . In the OPFOP case, the situation is more complica
WhenuH is nonzero,H, h, andM are in thex-z plane and
the pumping geometry is well defined. However, atuH50
for any applied field belowuHAu14pMs , any small mis-
alignment will affect the actual pumping angle betweenh
and M . Since such small misalignments cannot be c
trolled, any theoretical fits must take this variability in th
pumping angle into consideration. These considerations
be used below for the data analysis in the OPFOP case.

III. RESULTS AND DISCUSION

A. Butterfly curves for an in-plane static field

Figure 3 shows the in-plane field oblique pumping
sults forhcrit as a function of the external static fieldH. Data
and theoretical fits are shown for threefh values, zero, 45°,
and 90°, as indicated. The symbols show the data. The s
lines show curves obtained from the theory of Ref. 9 fo

FIG. 1. Geometry for the in-plane field oblique pumping~IPFOP! case. The
disk is in they-z plane of the (x,y,z) coordinate frame. The external stat
field H is alongz. The linearly polarized microwave fieldh(t) is in they-z
plane at an anglefh relative toH.

FIG. 2. Geometry for the out-of-plane field oblique pumping~OPFOP! case.
The external static fieldH is in thex-z plane at an angleuH relative to the
disk normal. The static magnetizationM is in thex-z plane at an angleuM

relative to the disk normal. The linearly polarized microwave fieldh(t) is in
the x-z plane and in the disk plane.
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constant spin wave linewidthDHk value of 12.8 Oe. The
lower limit fields for the calculated butterfly curves we
determined from the onset of demagnetizing effects appa
from the data atH5Hd;300 Oe for all three sets of data
This Hd value indicates anNip demagnetizing factor of abou
0.13. This empiricalNip value is about a factor of 2 large
than estimates based on the Osborn formulas for ellipso
The model calculations for the data analysis discussed be
use this empirical value.

The important results in Fig. 3 concern the mid-range
static fields between about 300 and 1000 Oe. One can
that for this middle range of fields, the average thresh
values from the measurements and the computed curves
low the same trend. The thresholds atfh50 andfh590°
are both larger than the thresholds forfh545°. The quali-
tative tracking between the data and the theory for a sin
value of the spin wave linewidth is significant. This trackin
and the critical modes implicit in the computed curves in F
3 will be discussed in more detail shortly.

It is worth noting that thehcrit data in Fig. 3 extend to
somewhat higher fields than indicated by the calcula
curves. This is an effect of nonuniform demagnetizing fiel
The theoretical curves diverge or truncate at the high fi
limit for which there are no available spin waves at one-h
the pumping frequency. As noted above, the compu
curves were obtained under the assumption of a uniform
magnetizing field of about 300 Oe. However, the sample
an aspect ratio of nearly 10:1 and a corresponding inho
geneous internal field, especially at the edges. If one assu
that this inhomogeneity is on the order of the demagnetiz
field itself, one can qualitatively explain the extension of t
threshold data to the fields indicated. This field extension
about 300 Oe. These estimates are in a good agreement
the data on thin plate samples with different dimensions.8

The effect of the demagnetizing fields in Zn–Y materia
or other easy plane hexagonal ferrites has not been tre
theoretically. The spin wave instability theory implies a un
formly magnetized sample which is valid for ellipsoid
shapes only. The spin wave instability processes occur in
local regions of the sample and the regions with the inhom

FIG. 3. In-plane field oblique pumping~IPFOP! thresholdhcrit as a function
of the external static fieldH for the Zn–Y disk with microwave excitation a
16.7 GHz. The graphs show results for values of the in-plane oblique pu
ing anglefh , as indicated. The symbols show the data. The solid lines sh
computed results for a constant spin wave linewidth of 12.8 Oe.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



,
er
-
.
ty
inh

p
th
s
p

th
th
th

ic
A
e
f.
h
om
ll

,
ke
ly

ov
re

d

re
k

e

ge
a

pi

a
s
tio
re

re

ly

m
g

d in

ata

the
ad

ata,
tions
e

ith

the
ated

evi-
sed

or a

al
ing

ese
or
d

ts,
in

al

e.
ne.

c
id
e
r
uted

9197J. Appl. Phys., Vol. 93, No. 11, 1 June 2003 A. V. Nazarov and C. E. Patton
geneous fields may have lower threshold. In these regionsM
is declined from the in-plane direction. It will be shown lat
in Sec. III B that whenM deviates from the in-plane direc
tion anduM decreases thehcrit data extend to higher fields
The actual measured extension depends on the sensitivi
the measurement system because the regions with the
mogeneous fields are quite small compared to the sam
volume. Therefore, one can only estimate the effect of
nonuniform demagnetizing fields in a disk sample. This i
technological difference between a model and a real sam
Note that nonuniform demagnetizing fields do not affect
FMR linewidth significantly because the total volume wi
the inhomogeneous fields is much smaller that the rest of
sample.5,10

Further comments are needed at this point on the crit
modes associated with the theoretical curves in Fig. 3.
noted above, all of the theoretical curves were obtain
through the usual minimization procedure described in Re
to obtain the lowest threshold at a given static field. T
fh50 case corresponds to parallel pumping. Here, the c
puted curve is flat belowH51000 Oe and there is a sma
truncated linear segment for 1000 Oe,H,1200 Oe. The
critical modek values range from zero atH51000 Oe to
about 3.53105 rad/cm atH5300 Oe. Over this full range
critical mode polar and azimuthal propagation angles, ta
asuk andfk , remain constant at 90° and zero, respective
Note that these angles are measured relative to the (x,y,z)
coordinate system in Fig. 1. Critical modes atuk590° and
fk50 correspond to a wave vectork which is normal to the
disk plane.

The situation forfh545° andfh590° is quite differ-
ent. Here, both computed curves are concave upward
the entire range of fields for the evaluations. Furthermo
the minimum threshold critical modes havek50 over the
300–1000 Oe field range of interest, but the critical mo
polar propagation angleuk changes with field. For thefh

590° case,uk decreases from 15° to 40° asH decreases
from 1000 to 300 Oe. The azimuthal propagation anglefk

remains constant, but is now at 90°. The propagation di
tions for these lowk modes are in the plane of the dis
sample. The critical mode response forfh545° is similar.
Note that zerok in the context of Ref. 9 really means that th
critical mode wave number is in the range of 104 rad/cm.
These lowk modes are available in the entire field ran
because the separation between top and bottom spin w
dispersion branches in Zn–Y is much larger than in isotro
ferrites.5

There are two crucial points from the above critic
mode results. First, in-plane oblique pumping produce
wide range of critical mode wave numbers and propaga
angles. Second, one can use the theory with these diffe
critical mode properties taken into account and obtain a
sonable match to the data forone and the sameDHk value of
12.8 Oe.

Further comments and analyses are in order for thefh

50 results in Fig. 3. It is worth noting that for this case on
the computed butterfly curve for the 300 Oe,H,1000 Oe
field range shows a completely flat response. At the sa
time, the data show anhcrit which increases with decreasin
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field over this field range. This same result was presente
Fig. 2 of Ref. 5, and it was suggested that ak-dependent
DHk was responsible for the discrepancy between the d
and the theory.11 However, the new data forfh545° and
fh590° suggest an alternative explanation. Recall that
minimum threshold critical modes for these two cases h
k50 and the trend of the calculated curves match the d
more or less. Based on these results, additional computa
were done for thefh50 parallel pumping case, but with th
wave number constrained tok50. It was found that this
constraint actually yielded a better fit to the data, even w
the sameDHk512.8 Oe used for the curves in Fig. 3.

Figure 4 shows the data from Fig. 3 forfh50 only and
a new computed curve subject to thek50 constraint. The
format is the same as for Fig. 3. The solid squares show
same data as in Fig. 3. The solid curve shows the calcul
butterfly curve with thek50 constraint for the minimum
threshold critical mode. The dashed curve shows the pr
ous calculated curve without this constraint and as discus
above. As before, the computed curves were obtained f
k-independentDHk value of 12.8 Oe.

Figure 4 clearly shows that thek50 constraint gives a
nearly perfect fit to the data over the central field interv
from 300 to 1000 Oe. As discussed above, demagnetiz
effects become important for fields below and above th
limits. This fit has several ramifications. First, the good fit f
k50 modes compared to the poor fit for an unconstrainek,
suggests that the usual explanation for the increase inhcrit

with decreasing field in terms of ak-dependentDHk is not
correct in the current situation. Second, the critical mode fi
even withk constrained to be zero, still yield a variation
direction of the vectork.

Keep in mind that, as noted above, thek50 constraint
only means that the magnitude ofk is in the range of
104 rad/cm. The solid line in Fig. 4 corresponds to a critic
mode polar angleuk of 90° and an azimuthal anglefk which
increases from 0 to 40° asH decreases from 1000 to 300 O
The corresponding propagation directions are out of pla
Considered as a whole, the fits to thefh50 data in Fig. 4

FIG. 4. Parallel pumping thresholdhcrit as a function of the external stati
field H for the Zn–Y disk with microwave excitation at 16.7 GHz. The sol
squares show the samefh50 data as in Fig. 3. The solid line shows th
results of the numerical calculations with the critical mode wave numbek
constrained to zero. The dotted line shows the corresponding comp
curve from Fig. 3.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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and the results in Fig. 3 forfh545° andfh590° show that
one value ofDHk gives a reasonable butterfly curve mat
between theory and experiment for a wide range of criti
mode propagation directions.

There is one further implication of the results in Fig.
The fact that one obtains a good fit to the data forfh50
with k constrained to zero suggests that there must b
strongk dependence forDHk . Keep in mind that the mini-
mum threshold critical modes for ak-independent spin wave
linewidth have a nonzerok. Why would the system ‘‘prefer’’
to havek50 critical modes for thefh50 parallel pumping
case? A stronglyk-dependentDHk provides a plausible an
swer to this question. This effect is not accessible for
fh545° or fh590° configurations because the critic
modes are atk50 in the first place.

Figure 5 shows additional results for the perpendicu
pumping case with the microwave field perpendicular to
slab plane. The format is the same as for Figs. 3 and 4.
upper data set and theoretical curve, labeled as~a!, show the
results for a microwave field direction which is perpendic
lar to the slab plane, as indicated. The lower data set
theoretical curve, labeled~b!, show the result from Fig. 3 fo
fh590° and in-plane perpendicular pumping. As before,
theoretical curve in~a! was obtained forDHk512.8 Oe. The
minimum threshold critical modes were identical with tho
obtained with thefh590° in-plane pump. These resul
show that the same kind of match-up shown in Figs. 3 an
can be obtained for out-of-plane perpendicular pumping
well, andall for the same value of the spin wave linewidthas
used before.

B. Butterfly curves for an out-of-plane static field

Turn now to the OPFOP results. As noted above, t
pumping configuration with the static field out of plane
much more complicated than in the IPFOP case. In refere
to the OPFOP configuration in Fig. 2, consider the effect
the fieldH on the orientation of the vector magnetizationM .
The figure shows the ideal situation for whichH, M , and the

FIG. 5. Perpendicular pumping thresholdhcrit as a function of the in-plane
external static fieldH for the Zn–Y disk with microwave excitation at 16.
GHz. The graphs show results~a! for out-of-plane and~b! for in-plane
perpendicular pumping, as indicated by the diagrams. The symbols sho
data. The solid lines show computed results for a constant spin wave
width of 12.8 Oe.
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in-plane microwave fieldh are all in thex-z plane. WhenH
is small anduH is larger than about 10°, the vectorM will be
nearly in plane and the pumping configuration will be ess
tially the same as in the IPFOP case with parallel pumping
fh50. If H is then increased,M will gradually be pulled out
of the film plane and the pumping configuration will chan
from pure parallel pumping to oblique pumping. This evol
tion in the pumping configuration results in significa
changes in the critical modes and the shape of the butte
curve, especially at high field.9

For smalluH , however, the change in the pumping co
figuration with a change inH is more involved. In order to
show the problem, consider the limit of a smallH at uH

50. For a smallH, M will be in plane. However, the actua
in-plane direction forM will be controlled by whatever smal
deviation of the actual field direction from the disk norma
In reference to Fig. 2, thisH will be along the indicated
vertical reference line atuH50. If the film happens to be
tilted by some small angle so that the film normal points o
of the page by some small angle, for example, then the
planeM will be perpendicular to the in-planeh. Since any
such small misorientation of the film cannot be known, t
actual pumping configuration in the low field limit coul
range from parallel to perpendicular, or any angle in b
tween. One may define a misorinetation anglefH as the
angle between the projection ofH onto the film plane and the
in-plane microwave fieldh. In the low field limit with M in
plane, this angle will also correspond to the angle betweenM
and h. As H is increased andM is pulled out of the disk
plane, the angle betweenM and h and the corresponding
pumping configuration will move uniformly fromfH to an
angle close to 90°2uH .

The practical implications of the above misorientati
effect for fits to experiment in the OPFOP case are clear. O
cannot assume a particular orientation between the in-p
M and the in-planeh in the limit of low fields whenH is
close to uH50. In order to compare theoretical butterfl
curves with data, it will be necessary to examine the
sponses for a range offH values. The effect offH on the
theoretical curves and the correlation with the data will
clear from the results below.

Figure 6 shows representative OPFOP butterfly cu
data along with three computed curves. These particular
sults are for a static field direction close to the perpendicu
orientation at an experimentaluH setting of 5°. The solid
circles show the data. The dashed and solid lines show
computed results. The upper limit of the data at aboutH
510.3 kOe corresponds to a truncation point. At high
fields, there are no available half frequency spin waves
there is no first orderhcrit threshold. The abrupt jump inhcrit

for H,2 kOe and low field peak atH'1 kOe are due to
demagnetizing effects. Thehcrit value of 10 Oe atH50
matches the IPFOP thresholds at zero field for all three d
sets in Fig. 3.

As in Sec. III A, the computed curves in Fig. 6 we
obtained from the formalism of Ref. 9 for a constant sp
wave linewidthDHk value of 12.8 Oe. The solid curve wa
obtained in two steps. First, the angleuH was treated as an
adjustable parameter and used to force the computedhcrit

the
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9199J. Appl. Phys., Vol. 93, No. 11, 1 June 2003 A. V. Nazarov and C. E. Patton
curve to truncate at the same high fieldH value as the data
This fitteduH-Fit value was 6.7°. Second, the misorientati
anglefH defined above was adjusted to force the low fie
hcrit values to match the data. This fittedfH value was 75°.
Figure 6 also shows two dashed curves. These curves
computed forfH values of zero and 90° in order to brack
the full range of possible misorientation angles as discus
above.

The data and the calculated curves in Fig. 6 indicat
very different result for the OPFOP geometry than for t
IPFOP case. First of all, one can see that as the field g
above about 7 kOe, the measured thresholds rise abov
highest computed curve forDHk512.8 Oe. At the same
time, one can see that the solid line computed curve
fH575° is matched nicely to the low field data below abo
4 kOe, whereM is essentially in plane. Note also that th
fitted uH-Fit value of 6.7° allows the computed truncatio
points atH510.4 kOe to fall right at data truncation fiel
limits. These consistent fits indicate that the model is ess
tially correct. One is left, therefore, with a problem of how
explain the clear and rapid increase inhcrit when the out-of-
plane fieldH increases andM moves out of plane as well.

One obvious strategy to resolve this problem would
to consider a wave vector or critical mode dependence
DHk . One can check this approach empirically by consid
ing data similar to those shown in Fig. 6, but for a range
experimentaluH values. For each set of data, one can use
increase in the measuredhcrit above the computed curve fo
DHk512.8 Oe to estimate the needed increase in the
wave linewidth asH is increased andM is pulled out of
plane. One can then look for correlations between th
changes and the changes in the critical mode wave ve
parametersk, uk , andfk .

This analysis was done for three experimentaluH values,
zero, 5°, and 10°. The 5° data were the same as discu
above. The two-step fit procedure to determine the actuauH

andfH values for comparison with theory was the same
given above. It was found that theDHk vs H response was
essentially the same for all of the data. At the same tim

FIG. 6. Out-of-plane field oblique pumping~OPFOP! thresholdhcrit as a
function of the external static fieldH for the Zn–Y disk with in-plane mi-
crowave excitation at 16.7 GHz. The solid circles show the data for a fi
angleuH55° relative to the disk normal. The solid and dashed lines sh
computed results for a constant spin wave linewidth of 12.8 Oe, an adju
uH value of 6.7°, and in-plane misorientation anglefH values, as indicated
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however, the critical mode response was quite different
the threeuH values examined. The fittedfH values were all
nonzero. The critical modek values were all zero, as in th
IPFOP case. However, the calculated critical mode angleuk

and fk varied significantly withuH and with field. These
results appear to exclude ak-dependentDHk as the origin of
the hcrit response shown in Fig. 6. This conclusion is a
consistent with the IPFOP results of the previous section

It is important to keep in mind that thek50 critical
mode condition makes it impossible to draw any conclusio
about the actualk dependence ofDHk . Recall that the IP-
FOPfh50 results suggested a strongk-dependent spin wave
linewidth. But these are the only data which allow for a
such suggestion.

However, the fact that theDHk vs H response from all of
thehcrit data for all threeuH values falls on a common curv
does provide a clue to explain the problematichcrit increase
asM is pulled out of plane. The important physical param
eter here is, in fact, the magnetization angleuM and not the
external field. The commonDHk vs H response converts to
commonDHk vs uM response. It is this response which pr
vides an indication of the new physical results for the O
FOP case. ADHk vs uM display was obtained from theDHk

fit data discussed above anduM was calculated from the
static equilibrium condition of Eq.~1! for the applicable
uH-Fit values. TheseuM values were verified from vibrating
sample magnetometer measurements of the vector mag
moment for the given Zn–Y disk.

The full DHk vs uM results are shown in Fig. 7. Th
solid squares, solid circles, and open squares show the re
for the three experimentaluH values of zero, 5°, and 10°, a
indicated. The single solid diamond point atuM590° corre-
sponds to the parallel pumping result atH51 kOe, taken
from Fig. 4. The horizontal dashed line forDHk512.8 Oe is
included to show a point of reference for the constant s
wave linewidth from the IPFOP analysis.

One can see from Fig. 7 that the spin wave linewid
increases significantly as the magnetizationM is pulled out
of the easy plane. ForuM values above 70° or so,DHk is at

ld

ed

FIG. 7. Spin wave linewidthDHk vs the static magnetization equilibrium
angleuM for the Zn–Y disk at 8.35 GHz. The symbols showDHk values
extracted from thehcrit data for experimentaluH values, as indicated. The
horizontal dashed reference line corresponds to a constantDHk at 12.8 Oe.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



O
se
e

ac

te
he

ow

ve
o
ic

al
s
a

w
e

h

1

3
o

ite
a

p
t

ne
e
t
n
rb
la
gi
rs
bit
an
as
p
ee
ax
x-
ne

ig
n

e

h an
The
for
y
ct,
n-

eri-
t the
tor

ing

ve
Y

e

the

IP-
ane
OP
to

pin
ve

fly
ned

be
ne-
on

ere
if-

tical

en
that

of
d
r.

o.
E.

zer,

9200 J. Appl. Phys., Vol. 93, No. 11, 1 June 2003 A. V. Nazarov and C. E. Patton
its minimum value which has been matched to the IPF
value of 12.8 Oe according to the fitting procedure discus
above. AsuM falls below 70°,DHk is seen to increase. Th
spin wave linewidth then shows a broad peak atuM;40°
and a maximumDHk of about 19 Oe. AsuM is further re-
duced, this peak is followed by a local minimum atuM

;25° with DHk;16.5 Oe. ForuM,20°, DHk increases
rapidly. The smallest out-of-plane magnetization angle
cessible in the experiments was atuM;20°. At this point,
the fittedDHk value was about 21 Oe. It is important to no
that the full response evident in Fig. 7 is derived from t
data foruH50 only. The accessibleuM values from theuH

55° anduH510° data show only the increase asM is ini-
tially pulled out of plane. These data are too limited to sh
the full profile.

While initially unexpected, the fact that the spin wa
linewidth changes as the magnetization vector is pulled
of plane is not surprising. The relaxation processes wh
give rise toDHk in the first place derive from fundament
magnon–magnon and magnon–phonon interaction12

Magnon–phonon processes derive from spin orbit inter
tions which change as the direction ofM changes relative to
the crystallographic axes. Magnon–magnon processes
also change withuM because of the shift in the spin wav
band position.13 Any linewidth contribution associated wit
these processes would change asM is pulled out of the easy
crystallographic plane for the Zn–Y disk.

Specific connections are possible. Figure 5 of Ref.
shows a FMR linewidthDH0 vs uM profile which has the
same basic shape as the response in Fig. 7. Reference 1
forth qualitative explanations for this response in terms
two magnon processes. There was, however, very lim
quantitative agreement between the two magnon analysis
the data. The match-up in theDHk vs uM profiles in Fig. 7
and the Fig. 5 data in Ref. 13 suggests an alternative ex
nation. Two magnon processes shouldnot have a large effec
on the spin wave linewidth,10 especially in single crystals.

If the DHk vs uM profile in Fig. 7 and theDH0 vs uM

result from Ref. 13 do, in fact, have a common origin, o
could argue that two magnon processes are not involv
Rather, the common mechanism should be related to
large magnetocrystalline anisotropy, spin orbit coupling, a
magnon–phonon processes. A connection with spin o
processes and magnon–phonon relaxation is certainly p
sible here. The large anisotropy for the Zn–Y material ori
nates from a very strong spin orbit interaction in the fi
place. Moreover, it is well known that a strong spin or
interaction causes an increase in both the FMR linewidth
the spin wave linewidth. In order to understand the incre
in DHk one has to know the influence of the large anisotro
on spin wave and FMR damping. This influence has not b
established yet quantitatively for easy plane and easy
hexagonal ferrites. Even for well known uniaxial Ba–M he
agonal ferrite, the large values of the experimental FMR li
width have not been quantitatively explained.14 Therefore,
we can only speculate about the origin of theDHk increase.

It is important to emphasize here that the results in F
7 constitute the first observation of an angular depende
for thespin wave linewidthin anymagnetic materials. Ther
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have also been no previous theoretical predictions of suc
effect and the exact mechanism has yet to be elucidated.
impact of this effect may be far reaching. One can expect,
example, a similarDHk response in other high anisotrop
materials such as uniaxial Ba–M hexagonal ferrite. In fa
the FMR linewidth in Ba–M disks shows an angular depe
dence which is similar to that found for Zn–Y.13 This discov-
ery may also be relevant to large angle switching exp
ments in anisotropic materials. The data here suggest tha
applicable damping will change as the magnetization vec
changes its direction relative to the crystal axes dur
switching.

IV. SUMMARY AND CONCLUSION

The objective of this work was to examine the spin wa
linewidth DHk in thin disk samples of high anisotropy Zn–
hexagonal ferrite and determine ifDHk is isotropic and wave
vectork independent, or ifDHk depends on the critical mod
spin wave propagation direction or wave numberk. Two
classes of pumping configurations were used, one with
slab magnetized in plane~IPFOP case! and one with the
magnetization pulled out of the disk plane~OPFOP case!.
Detailed measurements and analyses were made in the
FOP case for a full range of angles between the in-pl
magnetization and the microwave field, and in the OPF
case for a full range of static field angles from in plane
perpendicular to plane.

For all of these geometries, experimental first order s
wave instability butterfly curves of the threshold microwa
field amplitudehcrit versus the static fieldH were obtained
for a pumping frequency of 16.7 GHz. Computed butter
curves based on the formalism of Ref. 9 were then obtai
for comparison with the data.

It was found that all of the IPFOP case data could
modeled in terms of a constant value of the spin wave li
width DHk512.8 Oe. There was no systematic correlati
between thehcrit data and the critical mode wave vectork
directions. It was found that the best fits to the data w
always fork'0. The OPFOP data showed a somewhat d
ferent result. In this case, the analysis gives good theore
fits only if DHk is increased as the magnetizationM is pulled
out of plane. However, there was still no correlation betwe
DHk and the computed critical modes. The data suggest
the increase inDHk as M is pulled out of plane can be
related to spin orbit coupling.
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