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Effect of large magnetocrystalline anisotropy on the spin wave linewidth
in Zn-Y hexagonal ferrite
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The oblique pumping spin wave instability threshold microwave field amplibigevas 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 (B#&n,Fe;,0,,) 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 lineiidith The best
overall fits were for a critical spin wave mode wave numkerlose to zero and there was no
correlation with the critical mode propagation directions. The fittét}, 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 mode&4f&das well.

The fitted AH, 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 coupling20@3 American
Institute of Physics.[DOI: 10.1063/1.1572971

I. INTRODUCTION tion 47Mg was 2.33 kG and the effective anisotropy field
H, was —9.4 kOe® The data in this article are presented for

Hexagonal fe_rrite_ materials offer advantages f(_)r mill- a representative easyplane disk sample with a diameter of
meter wave applications because of the large anlsofropy2 32 mm and a thickness of 0.19 mm. The disk had a ferro-

High power microwave applications require an understand- . . .
ing of the spin wave instability threshold power levels andmagnetlc re;c])cnano(eEMFT) Ilnevtvutj_thf_ofldl3ﬂ(])_e at|9.5_ GHz,
the corresponding spin wave linewidH, which is a mea- as measured for an In-plane stafic field. This vaiue Is reason-

. . 17
sure of the spin wave damping. Up to now, high powerably_l_shm?:! fﬁr this matericf: " de with lsed
analyses for Zn—Y materials have generally také, to be € Nigh power measurements were made with a puise

. 2.5 reflection cavity spectrometer at a nominal frequency of 16.7
Isotropict GHz. The high power thresholds were obtained from the
Recent high power Zn-Y measurements for static fields w.r twhighl?h reflected oul howed a discernabl
out of the easy plane indicated an increase in the spin wa OWer & ¢ € refiected puises showed a discernable
nonlinear response. The measurements were made with the

linewidth relative to the in-plane field case. The objective of : .
this work was to perform a series of first order spin WaveSample in the center of the standard, Jiectangular cawty.
instability threshold fieldh,; measurements for oblique The power thresholds were converted to threshold micro-

pumping with both in-plane and out-of-plane static fields,Wave field amplitudes under the assumption of an unper-

and determine the spin wave linewidth for all of these con—turbed cavity mo<_je apphcable to small samples. Details of
method are given in Refs. 5 and 8.

. . . . . he

figurations. Oblique pumping corresponds to field geometr : . - .

fc?r which the Iiﬂearﬁl pglargi]zed micF:)rowave field gnd the>} The spin wave |nstab|I|Fy thresholq fields were measured

static magnetization have a relative angle between zero ang ous s@atlc field fqr t\.NO d'|fferent oblique pumping arrange-

90°8 In these experiments, the pumping angle causes lar ents with the static field in plane_ and out of pl?ne, respec-

changes in the half frequency critical modes responsible fo vely. I?IOtS Of.hc'“ vs H are typlc_ally called putterfly
curves.” The microwave magnetic fieldwas kept in plane

the instability. The results indicate that whikeH, is rela- . _
tively insensitive to the particular critical mode for the insta- . both_cases. Fl_gures 1 and 2 Sh(_)W the field arrangements.
bility, it is very sensitive to movements of the static magne-':.or the m—plan.e f!eld o.b||.que pumpirigeFOR geome_try of
tization from in plane to out of plane. Fig. .1, the static flelc_H is in plane at an angle,, r.elatllve _to
the in-planeh. In this case, the static magnetizatidh is
parallel toH. For the out-of-plane field oblique pumping
Il EXPERIMENT (OPFOB geometry of Fig. 2H is rotated out of the disk
The samples for the measurements consisted of thiplane but maintained in the plane defined by the disk normal
disks fabricated from bulk single crystal platelets of Zn—Y and the microwave field, thex-z plane in the figure. In this
hexagonal ferrite with Mn substitutions. The specific compo-case, the fieldd is set at some out-of-plane angle, taken as
sition was BazZn, gFe 1 sdMng g80,1 2. The saturation induc- 0y, relative to the disk normal. The magnetization vedtbr
is pulled out of the disk plane. For purposes of this analysis,
dAuthor to whom correspondence should be addressed. Present addre's\é: |s_taken to be. in thet-2 plane in Flg. 2 and atan angtg
National Institute of Standards and Technology, Boulder, CO 80303; elecl€lative to the disk normal. At static equilibriurti,, may be
tronic mail: nazarov@boulder.nist.gov obtained from the static equilibrium condition
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FIG. 1. Geometry for the in-plane field oblique pumpiigFOP case. The h T T T
disk is in they-z plane of the k,y,z) coordinate frame. The external static 0 500 1000 1500

field H is alongz The linearly polarized microwave fieh(t) is in they-z
plane at an anglé,, relative toH.

External static field H (Oe)

FIG. 3. In-plane field oblique pumpingPFOB thresholdh;; as a function
of the external static fielth for the Zn—Y disk with microwave excitation at
2H sin( Oq— Oy) = [47T|\/| 3(3Nip_ 1)+ HA]sin(2 ), 16.7 GHz. The graphs show results for values of the in-plane oblique pump-
(1) ing anglegy, , as indicated. The symbols show the data. The solid lines show

] ) o ] computed results for a constant spin wave linewidth of 12.8 Oe.
whereN;; is the in-plane demagnetizing factor for the disk.

The two obligue pumping geometries described above
allow one to access different instability processes. In the IPconstant spin wave linewidtAH, value of 12.8 Oe. The
FOP case, the Ob"que pump|ng an@ﬁ is a direct control lower limit fields for the calculated butterﬂy curves were
parameter in the experiment. The critical mode polar andletermined from the onset of demagnetizing effects apparent
azimuthal spin wave propagation angles both change witffom the data aH=H4~300 Oe for all three sets of data.
én. In the OPFOP case, the situation is more complicated!his Hgy value indicates ahlj, demagnetizing factor of about
When HH is nonzeroH, h, andM are in thex-z p|ane and 0.13. This empiricaNip value is about a factor of 2 Iarger
the pumping geometry is well defined. However,6gt=0  than estimates based on the Osborn formulas for ellipsoids.
for any applied field belowH | +47Mg, any small mis- The model calculations for the data analysis discussed below
alignment will affect the actual pumping angle between Uuse this empirical value.
and M. Since such small misalignments cannot be con-  The important results in Fig. 3 concern the mid-range of
trolled, any theoretical fits must take this variability in the static fields between about 300 and 1000 Oe. One can see
pumping angle into consideration. These considerations wilthat for this middle range of fields, the average threshold
be used below for the data analysis in the OPFOP case. Values from the measurements and the computed curves fol-

low the same trend. The thresholds#i{=0 and ¢,,=90°

IIl. RESULTS AND DISCUSION are both larger than the thresholds tf=45°. The quali-
tative tracking between the data and the theory for a single
value of the spin wave linewidth is significant. This tracking

Figure 3 shows the in-plane field oblique pumping re_and_the crif[ical modgs implicit in t_he computed curves in Fig.
sults forh,; as a function of the external static figtl Data 3 Will be discussed in more detail shortly.
and theoretical fits are shown for threg values, zero, 45°, It is worth noting that then,;; data in Fig. 3 extend to
and 90°, as indicated. The symbols show the data. The soligomewhat higher fields than indicated by the calculated
lines show curves obtained from the theory of Ref. 9 for acurves. This is an effect of nonuniform demagnetizing fields.
The theoretical curves diverge or truncate at the high field
limit for which there are no available spin waves at one-half
the pumping frequency. As noted above, the computed
curves were obtained under the assumption of a uniform de-
magnetizing field of about 300 Oe. However, the sample had
an aspect ratio of nearly 10:1 and a corresponding inhomo-
geneous internal field, especially at the edges. If one assumes
that this inhomogeneity is on the order of the demagnetizing
field itself, one can qualitatively explain the extension of the
threshold data to the fields indicated. This field extension is
about 300 Oe. These estimates are in a good agreement with
the data on thin plate samples with different dimensfons.

The effect of the demagnetizing fields in Zn-Y materials

or other easy plane hexagonal ferrites has not been treated

FIG. 2. Geometry for the out-of-plane field oblique pumpi@PFOR case.  thepretically. The spin wave instability theory implies a uni-
The external static fle_ld-l is in thex-_z p_Iar_le at an angléy, relative to the formly magnetized sample which is valid for ellipsoidal
disk normal. The static magnetizatidh is in thex-z plane at an angléy, . . - .
relative to the disk normal. The linearly polarized microwave ftegt) isin ~~ Shapes only. The spin wave instability processes occur in the
the x-z plane and in the disk plane. local regions of the sample and the regions with the inhomo-

A. Butterfly curves for an in-plane static field
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geneous fields may have lower threshold. In these regins, 104

is declined from the in-plane direction. It will be shown later . .

in Sec. Il B that wherM deviates from the in-plane direc- 8 9 @"’

tion and 6y, decreases thi; data extend to higher fields. ~ .

The actual measured extension depends on the sensitivity of =° 8- . . .
the measurement system because the regions with the inho- % S k=0

mogeneous fields are quite small compared to the sample = 7 o
volume. Therefore, one can only estimate the effect of the @ CEL ke
nonuniform demagnetizing fields in a disk sample. This is a ;E 6 k>0

technological difference between a model and a real sample.

Note that nonuniform demagnetizing fields do not affect the 5 v T y y
FMR linewidth significantly because the total volume with 0 500 1000 1500
the inhomogeneous fields is much smaller that the rest of the External static field H (Oe)

sample>1°
: . . ... FIG. 4. Parallel pumping threshohi,; as a function of the external static
Further comments are needed at this point on the CrItIC'5\“eld H for the Zn-Y disk with microwave excitation at 16.7 GHz. The solid

modes associated with the theoretical curves in Fig. 3. Asquares show the sam,=0 data as in Fig. 3. The solid line shows the

noted above, all of the theoretical curves were obtainedesults of the numerical calculations with the critical mode wave nurkber
R : : onstrained to zero. The dotted line shows the corresponding computed

through. the usual minimization procedu_re descrl.beo_l in Ref. Qéurve from Fig. 3.

to obtain the lowest threshold at a given static field. The

¢,,=0 case corresponds to parallel pumping. Here, the com-

puted curve is flat belowd =1000 Oe and there is a small field over this field range. This same result was presented in
truncated linear segment for 1000-©E<12000e. The F|g 2 of Ref. 5, and it was Suggested that(.dependent
critical modek values range from zero & =10000e to AH, was responsible for the discrepancy between the data
about 3.5<10° rad/cm atH =300 Oe. Over this full range, and the theory! However, the new data fop,=45° and
critical mode polar and azimuthal propagation angles, takeip, =90° suggest an alternative explanation. Recall that the
as 6 and ¢, remain constant at 90° and zero, respectivelyminimum threshold critical modes for these two cases had
Note that these angles are measured relative toxhe#) k=0 and the trend of the calculated curves match the data,
coordinate system in Fig. 1. Critical modes@t=90° and  more or less. Based on these results, additional computations
¢=0 correspond to a wave vecthrwhich is normal to the  were done for thep,=0 parallel pumping case, but with the
disk plane. wave number constrained to=0. It was found that this
The situation forg,=45° and¢,=90° is quite differ-  constraint actually yielded a better fit to the data, even with
ent. Here, both computed curves are concave upward oveie sameAH,=12.8 Oe used for the curves in Fig. 3.
the entire range of fields for the evaluations. Furthermore, Figure 4 shows the data from Fig. 3 féf,=0 only and
the minimum threshold critical modes hake=-0 over the a new computed curve subject to tke-0 constraint. The
300-1000 Oe field range of interest, but the critical modeformat is the same as for Fig. 3. The solid squares show the
polar propagation anglé, changes with field. For thes, = same data as in Fig. 3. The solid curve shows the calculated
=90° case,f decreases from 15° to 40° &$ decreases butterfly curve with thek=0 constraint for the minimum
from 1000 to 300 Oe. The azimuthal propagation angle threshold critical mode. The dashed curve shows the previ-
remains constant, but is now at 90°. The propagation direceus calculated curve without this constraint and as discussed
tions for these lowk modes are in the plane of the disk above. As before, the computed curves were obtained for a
sample. The critical mode response #§=45° is similar.  k-independeniAH, value of 12.8 Oe.
Note that zerd in the context of Ref. 9 really means that the Figure 4 clearly shows that the=0 constraint gives a
critical mode wave number is in the range of*t@d/cm. nearly perfect fit to the data over the central field interval
These lowk modes are available in the entire field rangefrom 300 to 1000 Oe. As discussed above, demagnetizing
because the separation between top and bottom spin waedfects become important for fields below and above these
dispersion branches in Zn-Y is much larger than in isotropidimits. This fit has several ramifications. First, the good fit for
ferrites® k=0 modes compared to the poor fit for an unconstraiged
There are two crucial points from the above critical suggests that the usual explanation for the increade,jn
mode results. First, in-plane oblique pumping produces avith decreasing field in terms of ledependentAH, is not
wide range of critical mode wave numbers and propagatiororrect in the current situation. Second, the critical mode fits,
angles. Second, one can use the theory with these differeeven withk constrained to be zero, still yield a variation in
critical mode properties taken into account and obtain a readirection of the vectok.
sonable match to the data fone and the sam&H, value of Keep in mind that, as noted above, tke 0 constraint
12.8 Oe. only means that the magnitude &fis in the range of
Further comments and analyses are in order forghe 10*rad/cm. The solid line in Fig. 4 corresponds to a critical
=0 results in Fig. 3. It is worth noting that for this case only, mode polar angl®, of 90° and an azimuthal anglg, which
the computed butterfly curve for the 3000©kE <10000e increases from 0 to 40° &$ decreases from 1000 to 300 Oe.
field range shows a completely flat response. At the sam&he corresponding propagation directions are out of plane.
time, the data show an,;; which increases with decreasing Considered as a whole, the fits to tig=0 data in Fig. 4
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in-plane microwave fieldh are all in thex-z plane. WherH
is small anddy is larger than about 10°, the vectdr will be
nearly in plane and the pumping configuration will be essen-
tially the same as in the IPFOP case with parallel pumping at
¢n,=0. If H is then increasedyl will gradually be pulled out
of the film plane and the pumping configuration will change
from pure parallel pumping to oblique pumping. This evolu-
tion in the pumping configuration results in significant
changes in the critical modes and the shape of the butterfly
curve, especially at high fiefd.

r r y For smallé, , however, the change in the pumping con-
0 500 1000 1500 figuration with a change it is more involved. In order to

External static field H (Oe) show the problem, consider the limit of a smalil at 6,

FIG. 5. Perpendicular pumping threshdig; as a function of the in-plane ,:0' For a, SmfalH’ M WII! be in plane. However, the actual
external static fieldH for the Zn—Y disk with microwave excitation at 16.7 IN-plane direction foM will be controlled by whatever small
GHz. The graphs show results) for out-of-plane and(b) for in-plane  deviation of the actual field direction from the disk normal.
perpendicular_ pu_mping, as indicated by the diagrams. The symt_)ols shovytr]eh reference to Fig. 2, thidl will be a|ong the indicated
\c/iv?;?h g?izs.cghgg.nes show computed results for a constant spin wave Ime\?el’tical reference line af,=0. If the ﬁllm happens t.O be
tilted by some small angle so that the film normal points out
of the page by some small angle, for example, then the in-

and the results in Fig. 3 fop,=45° andg,=90° show that planeM will be perpendicular to the in-plane. Since any
one value ofAH, gives a reasonable butterfly curve match such small misorientation of the film cannot be known, the
between theory and experiment for a wide range of criticactual pumping configuration in the low field limit could
mode propagation directions. range from parallel to perpendicular, or any angle in be-
There is one further implication of the results in Fig. 4. tween. One may define a misorinetation anglg as the
The fact that one obtains a good fit to the data dge=0  angle between the projection bfonto the film plane and the
with k constrained to zero suggests that there must be &-plane microwave fieldh. In the low field limit with M in
strongk dependence foAH,. Keep in mind that the mini- Plane, this angle will also correspond to the angle betwéen
mum threshold critical modes forkaindependent spin wave andh. As H is increased and/ is pulled out of the disk
linewidth have a nonzerk Why would the system “prefer” plane, the angle betweed andh and the corresponding
to havek=0 critical modes for thep,=0 parallel pumping Pumping configuration will move uniformly frongy to an
case? A stronglk-dependent\H, provides a plausible an- angle close to 90% 6y .
swer to this question. This effect is not accessible for the The practical implications of the above misorientation
dn,=45° or ¢,=90° configurations because the critical effect for fits to experiment in the OPFOP case are clear. One
modes are ak=0 in the first place. cannot assume a particular orientation between the in-plane
Figure 5 shows additional results for the perpendiculaM and the in-plané in the limit of low fields whenH is
pumping case with the microwave field perpendicular to theclose to #;=0. In order to compare theoretical butterfly
slab plane. The format is the same as for Figs. 3 and 4. Theurves with data, it will be necessary to examine the re-
upper data set and theoretical curve, labelethashow the  sponses for a range @by values. The effect oty on the
results for a microwave field direction which is perpendicu-theoretical curves and the correlation with the data will be
lar to the slab plane, as indicated. The lower data set andlear from the results below.
theoretical curve, labele@), show the result from Fig. 3 for Figure 6 shows representative OPFOP butterfly curve
¢=90° and in-plane perpendicular pumping. As before, thedata along with three computed curves. These particular re-
theoretical curve irfa) was obtained foAH,=12.8 Oe. The sults are for a static field direction close to the perpendicular
minimum threshold critical modes were identical with thoseorientation at an experimental, setting of 5°. The solid
obtained with the¢,=90° in-plane pump. These results circles show the data. The dashed and solid lines show the
show that the same kind of match-up shown in Figs. 3 and 4omputed results. The upper limit of the data at abdut
can be obtained for out-of-plane perpendicular pumping as=10.3kOe corresponds to a truncation point. At higher
well, andall for the same value of the spin wave linewiash fields, there are no available half frequency spin waves and
used before. there is no first ordeh,;; threshold. The abrupt jump img;
for H<2 kOe and low field peak atl~1 kOe are due to
demagnetizing effects. The.,; value of 10 Oe atH=0
matches the IPFOP thresholds at zero field for all three data
Turn now to the OPFOP results. As noted above, thisets in Fig. 3.
pumping configuration with the static field out of plane is As in Sec. Il A, the computed curves in Fig. 6 were
much more complicated than in the IPFOP case. In referenaabtained from the formalism of Ref. 9 for a constant spin
to the OPFOP configuration in Fig. 2, consider the effect ofwave linewidthAH, value of 12.8 Oe. The solid curve was
the fieldH on the orientation of the vector magnetizatidn  obtained in two steps. First, the anglg was treated as an
The figure shows the ideal situation for whieh M, and the  adjustable parameter and used to force the comphigd

crit

Threshold h_ (Oe)

B. Butterfly curves for an out-of-plane static field
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FIG. 6. Out-of-plane field obligue pumpin@®@PFOBR thresholdh; as a

function of the external static field for the Zn-Y disk with in-plane mi-  F|G. 7. Spin wave linewidthAH, vs the static magnetization equilibrium
crowave excitation at 16.7 GHz. The solid circles show the data for a fieldang|e 0y for the Zn—Y disk at 8.35 GHz. The symbols sha, values

angle 6;=5° relative to the disk normal. The solid and dashed lines showexiracted from théh,; data for experimenta, values, as indicated. The
computed results for a constant spin wave linewidth of 12.8 Oe, an adjustefyrizontal dashed reference line corresponds to a conAtdptat 12.8 Oe.
0y value of 6.7°, and in-plane misorientation anglg values, as indicated.

curve to truncate at the same high fiéldvalue as the data. however, the critical mode response was quite different for
This fitted 64_r;; value was 6.7°. Second, the misorientationthe threedy values examined. The fittegl,, values were all
angle ¢y defined above was adjusted to force the low fieldnonzero. The critical modk values were all zero, as in the
heit values to match the data. This fitteld, value was 75°. IPFOP case. However, the calculated critical mode angles
Figure 6 also shows two dashed curves. These curves weead ¢, varied significantly withd, and with field. These
computed forg values of zero and 90° in order to bracket results appear to excludekadependentH, as the origin of
the full range of possible misorientation angles as discussetthe h,;; response shown in Fig. 6. This conclusion is also
above. consistent with the IPFOP results of the previous section.
The data and the calculated curves in Fig. 6 indicate a It is important to keep in mind that the=0 critical
very different result for the OPFOP geometry than for themode condition makes it impossible to draw any conclusions
IPFOP case. First of all, one can see that as the field goesbout the actuak dependence oAH,. Recall that the IP-
above about 7 kOe, the measured thresholds rise above tR©OP ¢,=0 results suggested a strokglependent spin wave
highest computed curve foAH,=12.80e. At the same linewidth. But these are the only data which allow for any
time, one can see that the solid line computed curve fosuch suggestion.
¢ =T75° is matched nicely to the low field data below about ~ However, the fact that th&H, vs H response from all of
4 kOe, whereM is essentially in plane. Note also that the theh,;; data for all threed values falls on a common curve
fitted 6y.g; value of 6.7° allows the computed truncation does provide a clue to explain the problemdtig; increase
points atH=10.4kOe to fall right at data truncation field asM is pulled out of plane. The important physical param-
limits. These consistent fits indicate that the model is essereter here is, in fact, the magnetization anglg and not the
tially correct. One is left, therefore, with a problem of how to external field. The commoAH, vs H response converts to a
explain the clear and rapid increasehg;; when the out-of- commonAH, vs 6y, response. It is this response which pro-
plane fieldH increases ant moves out of plane as well. vides an indication of the new physical results for the OP-
One obvious strategy to resolve this problem would be=OP case. AAH, vs 6,, display was obtained from th&H,
to consider a wave vector or critical mode dependence fofit data discussed above arfl, was calculated from the
AHy. One can check this approach empirically by considerstatic equilibrium condition of Eq(1) for the applicable
ing data similar to those shown in Fig. 6, but for a range off,,_g; values. Thesd),, values were verified from vibrating
experimentab,, values. For each set of data, one can use theample magnetometer measurements of the vector magnetic
increase in the measuréd,; above the computed curve for moment for the given Zn-Y disk.
AH,=12.80e to estimate the needed increase in the spin The full AH, vs 6y results are shown in Fig. 7. The
wave linewidth asH is increased andM is pulled out of solid squares, solid circles, and open squares show the results
plane. One can then look for correlations between theséor the three experimentdl,, values of zero, 5°, and 10°, as
changes and the changes in the critical mode wave vectandicated. The single solid diamond point &y =90° corre-
parameterk, 6,, and ¢y. sponds to the parallel pumping result ldt=1 kOe, taken
This analysis was done for three experimemalvalues, from Fig. 4. The horizontal dashed line faH,=12.8 Oe is
zero, 5° and 10°. The 5° data were the same as discusséttluded to show a point of reference for the constant spin
above. The two-step fit procedure to determine the agiyal wave linewidth from the IPFOP analysis.
and ¢y values for comparison with theory was the same as  One can see from Fig. 7 that the spin wave linewidth
given above. It was found that th®eH, vs H response was increases significantly as the magnetizatdnis pulled out
essentially the same for all of the data. At the same timeof the easy plane. Faf, values above 70° or s&yH, is at

Downloaded 03 Jul 2003 to 129.82.31.230. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



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 IPFOMave also been no previous theoretical predictions of such an
value of 12.8 Oe according to the fitting procedure discussedffect and the exact mechanism has yet to be elucidated. The
above. Asd), falls below 70°,AH, is seen to increase. The impact of this effect may be far reaching. One can expect, for
spin wave linewidth then shows a broad peakfgt-40°  example, a similaAH, response in other high anisotropy
and a maximumAH, of about 19 Oe. A9, is further re- materials such as uniaxial Ba—M hexagonal ferrite. In fact,
duced, this peak is followed by a local minimum &y the FMR linewidth in Ba—M disks shows an angular depen-
~25° with AH,~16.50e. For6,<20°, AH, increases dence which is similar to that found for Zn-Y¥This discov-
rapidly. The smallest out-of-plane magnetization angle acery may also be relevant to large angle switching experi-
cessible in the experiments was &j~20°. At this point, ments in anisotropic materials. The data here suggest that the
the fittedAH, value was about 21 Oe. It is important to note applicable damping will change as the magnetization vector
that the full response evident in Fig. 7 is derived from thechanges its direction relative to the crystal axes during
data for#,=0 only. The accessiblé,, values from theg,;  switching.

=5° and 6= 10° data show only the increase [sis ini-

tially pulled out of plane. These data are too limited to showlV. SUMMARY AND CONCLUSION

the wrl].?rqﬁl.?' I d the f hat th . The objective of this work was to examine the spin wave
lle nitially unexpected, the fact that the spin Wave j,q,\iqth AH, in thin disk samples of high anisotropy Zn—Y

linewidth changes as the magnetization vector is pulled ou}tnexagonal ferrite and determineAiH, is isotropic and wave

of plane is not surprising. The relaxation processes whiclye oy independent, or i\ H, depends on the critical mode
give rise toAH, in the first place derive from fundamental

: P spin wave propagation direction or wave numikerTwo
magnon-magnon  and magnpn—phonon_ mte_ra_c NS classes of pumping configurations were used, one with the
Magnon—phonon processes derive from spin orbit interacg|,p magnetized in plandPFOP caseand one with the
tions which change as the direction Mf changes relative to magnetization pulled out of the disk plat®@PFOP case

the crystallographic axes. Magnon-magnon processes Withetajled measurements and analyses were made in the IP-
also change witl9y, because of the shift in the spin wave pop case for a full range of angles between the in-plane

band positiort? Any linewidth contribution associated with magnetization and the microwave field, and in the OPFOP
these processes would changeVass pulled out of the easy  case for a full range of static field angles from in plane to
crystallographic plane for the Zn-Y disk. 3perpendicular to plane.

Specific connections are possible. Figure 5 of Ref. 13 '£qr 41 of these geometries, experimental first order spin
shows a FMR linewidthAH, vs 6y profile which has the aye instability butterfly curves of the threshold microwave
same basic shape as the response in Fig. 7. Reference 13 ggly amplitudeh,,; versus the static fiel#i were obtained
forth qualitative explanations for this response in terms ofy,, 4 pumping frequency of 16.7 GHz. Computed butterfly
two magnon processes. There was, however, very limitedyyes based on the formalism of Ref. 9 were then obtained
quantitative agreement between the two magnon analysis anRg, comparison with the data.
the data. The match-up in theH, vs 6,, profiles in Fig. 7 It was found that all of the IPFOP case data could be
and the Fig. 5 data in Ref. 13 suggests an alternative explgnodeled in terms of a constant value of the spin wave line-
nation. Two magnon processes shomtr have a large effect igth AH,=12.80e. There was no systematic correlation
on the spin wave linewidtf} especially in single crystals.  petween theh,; data and the critical mode wave vector

If the AH,  vs 6 profile in Fig. 7 and the\Ho vs 6y directions. It was found that the best fits to the data were
result from Ref. 13 do, in fact, have a common origin, Oneglways fork~0. The OPFOP data showed a somewhat dif-
could argue that two magnon processes are not involvederent result. In this case, the analysis gives good theoretical
Rather, the common mechanism should be related to thgs only if AH, is increased as the magnetizatidnis pulled
large magnetocrystalline anisotropy, spin orbit coupling, angyt of plane. However, there was still no correlation between
magnon—phonon processes. A connection with spin orbihH, and the computed critical modes. The data suggest that

processes and magnon—phonon relaxation is certainly plaghe increase inAH, as M is pulled out of plane can be
sible here. The large anisotropy for_thg Zn—Y_ ma_terial Or?gi'related to spin orbit coupling.
nates from a very strong spin orbit interaction in the first
place. Moreover, it is well known that a strong spin orbit ACKNOWLEDGMENTS
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