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STANDH\IG SPIN WAVE RESO\IANCE iy MAGNETIC THIN FILUS

. Wllliam Charles Holzer

’fInorganic Meuerials Research Div1s1on, Lawrence Radiatlon Laboratory,

Department of Physics, University of California,
Berkeley, California

ABSTRACT

We have observed standlng spin wave resonance in evaporatea films |

":of 81-19 permalloy and pure nlckel .The permalloy measurements were-
5rwmaae in a roon temperature microwave transmlss1on spectrometer at
- lh o5 Gc/sec. In this system we observed not only excltatlon of unplnned
v%s'v_:spln wave modes but also a prev1ous1y unreported interference effect
:between the propagatlng electromavnetlc and snln wave modes in the film.
' 15 1 Gc/sec reflectlon snectrometer was used to measure the temperature

'depenaence OI tne exchange stiffness of nickel. We have extended the

cenperauure range ‘of these measurements up to 5h0 X, whlch is in excess
of 85p of the Curle temperature of nlckel T = 627°K. Above .8 {c the

exchange stlr:ness_appears to vary dlrectly as the magnetization,
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“wave interactions, which lead to the low temperature expression

B I; IN‘I’RODUCTION

At present, there is no, theoretical model which adequately describes

/';the magnetic behavior of the ferromegnetic 3d trensition metals. Usually |
:JfFiﬂone of two limiting cases is considered: either the Helsenberg model1
Hn; ?in which the 3d electrons are 1ocalized at each atomic site; or the band

' vvmodel2 where the electrons are itinerant and to first approximation are
(:kl,described by plene wave states.v In: finding ‘the true .description, which
‘kftlprobably lies somewhere between these two extreme cases, it 1s important.

‘ :ito-obtain precise,experimental data on model-sensitive phenomena,

- One source of such data is the direct measnrement of‘the~dispersion.

) relation for the low~lying elementary excitations of the magnetic system
' (spin waves) The Heisenberg m.odel3 predicts the well-known quadratic

”'75;"dispersion relation, w = w -+£?k., for long wavelength spin waves.

0

o Kittel and Herringh -6 “have shown by general arguments that this result
-should be independent of the model in the long wavelength limit (ka << 1,
o »»where "a" is a lattice constant), This has been independently confirmed

on a theoretical basis by Izuyama and Kubo7’8 for the 1tinerant model,

For this Teason, the measurement of the exchange stiffness, [33 at a
single temperature offers no fundamentally-interesting physical informs-

tion, . However} the temperature dependence:Of.Cris model dependent. For

| localized spins,-the exchange stiffness is reduced by spin wave-spin

-

9

(1) = Zﬂ(O)(lubT5/2). In the band plcture, interaction of spin waves

" with single particle excltations glves a leading term proportionsl to e

in the renormalization of ¢9; O1(r) = Zﬁj(d)(l~cT2).



.\

The two experimental techniques used to measure la’are standing '

spin wave resonance in evaporated thin filmslo

and inelastic scattering
of thermal neutrons.l; The techniques are complementary in the range
of k over which spin wvaves can be observed. The upper 1imlt for resonance,

l, is just the lower 1limit for neutrons.11 Although the resonance

k= ,03 A
exéerimente have much greater resolution (better than .l% for well re-
solved modes compared to‘2~3% for neutron experiments), the properties -
of evaporated films can deviate markedly from those of pure bulk semples.li"
Therefore, eareful analysis of film quality is mandatory in interpreting

' resonance;results.l |

Because 81«19 permalloy is particularly well suited'for evaporation~'

15

of magnetic films, many of the standing spin wave experiments have been

performed on this alloy. However, theoretical analysis i1s much simpler '
for pure netals than for alloys. For this reason, Phillips and Rosenberglh?16 '
have measured the exchange stiffness in‘thin £1lns of Fe, Ni, and Co from
ke to 295°K, In all three cases, the observed variation in B was much
| tooilarge to be explained on the basis of.a localized spin model, They
found that the predictions of Izuyama and Kub08 for the itinerant model
gave the right order of magnitude for the observed effect,

We have used the standing spin wave resonance technique to study
the temperature dependence of & in pure.nickel films over the extended
.temperature range 120° to 540°K.  The upperilimit is in excess of .85 T,
where the Curie temperature of nickel, T, 1is 627°K.‘ Below room temperature
our results are in qualitative agreement with those obtained by Phillips

and Rosenberg.16 Over the entire range we also find reasonable agreement
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’:}inith the results obtained by Stringfellowl7 using the 1ess accurate method .

- of small angle scattering of thermal neutrons.' We have found that above

;8~I; the "exchange stiffness appears to vary directly as the magnetizag

; tion. As discussed in Part III, this may indicate that at these elevated
-temperatures the effect of transverse apin correlation is negligible for

the long wavelength (k < .01 A ) spin waves which we excite.

We have also studied the room temperature resonance spectra of

”-; lpernnlloy films in a microwave transmission spectrometer. In this system,-'

in contras. to the standard reflection spectrometer,18 the exciting

{kffmicrowave field 1s not uniform in the film. We have confirmed that such
xSAa field will excite spin wave modes even in the absence of surface spin~
;iﬁ:pinning. :This is important in light of recent experiments which indicate
'ifvthdt_Surfacehpinning may be exceedingly smalliih high Quality single
.“dg;crystel films.l9. As mentioned above, ‘the ;eiiability of film meaSurements
'v_:depends ciiticallf upon film qualilty.. We'have alec'observed an_inter-

‘-: ference effect between the propagating electromagnetic and spin wave modes

in the film, Analysls shows that this effect can glve additional infor--

_: mation sbout the variation of internal field in the film, Such infofma—

tion 1s useful in determining what parameters must be varied during

' evaporation to improve film quality,



- II. MICROWAVE ‘I‘RAN_SMISS];ON
| A, Exgerimenf ‘
The samples studied by microwave transmission?o were vacﬁum evapora~
L ted permalloy films (81% Ni, 19% Fe) ranging in thickness from 10904 %o
| }OOOA. This particglar a;;oy composition is 1deally'suited for magnetic
. resonance Studies of evaporatéd filmsg Becéuse of its low aﬁisotropy and |

- zero magnetostription‘2l

The films were'dePOSitedvon unheated glass substrates at a pressure

of approximately 3x10“6 Tbrr. The substrates'were cut from mlcroscope

slides, cleaned with a liquid detergent, and rinsed in a distilled water .

:bath. The final cleaning was done in the bell jar by poéi@ive ion'bomF ff

bardment. The source was an 81-19 permalloy rod,'one end of which was
heated by bombardment withvelectrostatically fbcuﬁed h'xév electrons.
Best results'were obtéined.foi an eyaporation raﬁe qf approximately
| 183/sec. | | o
| Thé film thickness and the evaporatioﬁ rate were détermihed by.
measuring the frequency shift of a quartz oscillator placed near the
‘substrate. The fractional uncertainty in the values obtained by this
method is or the.order of ilo%. The.problems inhergnt ;n this technlque
A'ére discussed in Apped&ix I where thé entiré vacuum evaporation system
.is.described in more detail. |

Figuré 1l is a schematic diagram of the transmission spectrometer
used in this experimenf. The films were mounted across a circﬁlar iris~
cut in the common side-wall of the two cavities, as shown in Fig. 2.

The seal was made with conducting silver print to prevent power leakage
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. maximum at 1k. h85 Gc/sec.

e around the film.‘ In order to compensate for the loading effect 01 the
b 7i!fdielectric glass substrate, the resonance . frequency of the gecond cavity

"~ was adJusted by means of a capacitive tuning serev,

~ The coupled cavity system has two normal modes of oscillation.

"rfigure 3 shows the configuration of the microwave magnetic fleld, h,i'
-.for the two modes.l,Placing a:conducting Tilm across the iris virtually
',veiiminates any excitation of Mode 2, For Mode 1, the coupling was smali
, - enough that'the cavities could be treated as indeoendent resonant systemst B
‘This was experimentally verlfied by measuring both the reflected and |
."transmitted power as a function of both the applled frequency and the _
‘tr resonant frequency of Cavity 2, The maximum power abserption by Cavity i f
‘Wiffékfoccarred at 14.&85.Gc/sec and was independent Of;the tuning of Cavity72.'
";';The-peak-in tne power-transmitted from Cavity é varied in both frequency

:?f'and intensity a8 a function of tuning but alwayn exhibited an sbsolute

The fact that the resonant frequency of Cavity 1 was not pulled by

'.;'tuning Cavity 2 implies that there vas s negligible amount of power
" transmitted from Cav1ty'2 to Cavity 1. In this 1imit it 18 & good approxi- .
"mation to assume that the field transmitted tnrough the fllm couples

-to an outgoing wave propagating in’'s medium with a characteristic impedance

nearly equal to that of free space, This assumption is made in Section
C, and the results predicted there are in good agreement with experimental

spectra, Further experimental Justification was obtailned by removing the

second cavity and coupling the transmitted power directly into a wave gulde.

In this case the approximation is certainly valid. Apart from a poorer

signal~to<noise ratio, the spectrum was unchanged.



: ';l"o“obtain' ‘the ‘ei)in.weve".si‘)eetrum.ef a_‘ given f:i].m, ‘tli'xe”ﬁy;tror‘x:
wes loci(ed to Cavity 1 by an AFC system, and Cavity 2 was tuned .te giveA '
maximum ‘power transmission. Straight de detectlon was used to monitor
both’ the power reflected from Cavity 1 and that transmitted from Cavity'
2 as a function of the applied de magnetic field. '

The dc fileld, 3?, was ﬂupplied by an electromagnet, as shown in

‘Fig. 2. The magnet was rotatable about an axis parallel to the incoming ) Coe

wave gﬁides. In this configuration, H was normal to the microvave
_magnetic field at the film, R, for all magnet orientatiehs. Spectre.
were recorded for a serles of values of(c_b, 0<% Sg s vwhere ¢ is defined
as the angle between H and the film normal, The dec fleld was swept at

& rate of 10 Oe/sec, and its sbsolute value wag measured with a rotating |

coll gaussmeter,

Finally, we wished to compare our spectra with those obtained with

a uniform exclting field., This was easily accomplished by interchanging -

the cavities and blanking off the coupling iris in the side-wall with a
copper plug. 'I'he modified system 1s just a standard reflection spectro-

meter. Spectra were obtained with thls system for the same range of ¢,

All experiments were performed at room temperature ~which was usually

\

near 295°K,

O

&

PR S,




'1"-iw'B;» Results

By exercising great care to avoid contamination during evaporation, _

alwe were. able to prepare films comparable in quality to those produced

,tjfby Nisenoff and Tbrhuneaa using an "ultra high" vacuum evaporator. In

”7;13; the transmission spectra of these samples, we observed not only excita~

= ..'viti_ovn of unpinned spin wave modes but also an unexpected interference

- effect '_h'e_tween the photon and spln wave modes in the filmy In interpre- .'
| tingvour experimental "spect'ra we will find it helpful to compare our

reSu.lts with those predicted for an ideal film and those obtained in other_

O experiments.

In the absence of magneto-crystalline anisotropy, the dispersion

B rela.tion for & uniform film is given by23

O’ gy

“ﬁ' cos (¢- 9) - l”ﬂﬁl cost0 + 'OJ xe v:(l)'

k"]

ﬁhere ¢" 15 defined as above, and 0 is the angle between the magnetization,
ﬁ, and the ,i‘ilm normals, In general the magnetization 1s not parallel to
the ‘applied field, and 6 is a function of both H = |¥] and ¢. This can

: _ : 2L
be seen by considering the magnetic energy density, EM, in the system:

| . = oH o ﬁ*t (1+7T\42 cos e) - | ()

The second term on the right arises from the demaghetizing field in the
airection of. the Lilm norm'il. The equilibrium orientation oi‘ M, from
M/06 =0, is determined by the relation

H sin(¢-6) + 27M sin 20 = 0 . (3)
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The'neﬁlresult'ie thaﬁ the magnetization changes:direction asithefdg':;-;.a -

field isdewept; and the obseryed mode spaeing is not quadratic in k; | _
However, in the two limiting cases of ¢ = 0 and ¢ = n/2, the situation
is greatly simplified. |

At perpendicular field with H > 4mM, 6 = ¢ = O, Equation (l) reduces

to the familiar resonance relation of the Kittel model 2>

H=$+um-.é’k2 o
At parallel field, 6 = ¢ = /2, and the mode spacing has the same

quadratic dependence on kg

H = oM

~conditions on the transverse magnetization. If the surface spins are
completely pinned, the resonance condition 1g given by k = m/L where n
is an integer and L is the film thickness. Assuming the £1lm normal is

z directed, the tnansve}se magnetization varies as sin (mmz/L), and the
uniform (n = Q) mode cannot be excited. A uniform exciting‘field will
only couple to modes with & net transverse magnetization, which corre=-
sponds to odd values of n in this case. The mode intensity decreases as |
l/n?'and the spacing, H -H , is proportional to e for both ¢ = 0 and

0
¢ ="n’/2.25 Hn is defined as the resonance field for the nth mode.

If the surface spins are completely free the transvere magnetlzation

varies as cos nmz /T, and the predicted mode spacing is the same as for

the pinned case =- however, a uniform field will couple only to the unlform

' mode, Finally, in the case that the surface splns are neither completely

R T

The possibility of exclting & mode depends critically on the boundary o




Qp;hpedfnorieomplépely‘free,;thejtransversewmagnetizdtion‘varies ag

o sin;kz + B cos kz »_"T.dfr;f o (6)
o o Tert” . d
sh”The resonance condition sk = T and the boundary conditions. on

Vj'r7,the transverse magnetization, m, are. usually expresaed by

Al

"Where-n is the outward directed unit normai and the film surfaces'ere

at zZ = O and z = Iu The ratio a/ﬂ and the effective mode number, efés

are determined from (6) and (7) as a function of the pinning parameter

SRR

,‘?x.w“ The 1imits A - O and N - correspond to the unpinned and pinned

R A b}

cases respectively.

LR

- In a transmission spectrometer,lsueh as the one described in the

preVious section,-the'exciting field is'not nniform. In fact, in the

:t 1imit L << c/ it 1is easily shown that

h(z) z‘h(o){ 1. ( E’%"ﬁ)%i

where ¢ is the electrical conductivity; We have assumed that a microwave

.:kmagnetic field,ih(0)=hx is incident at the surface z=0 and that the field

"; h(L) couples to a propagating wave, For a'2000K permalloy film, e/hﬂoL is
of the order of 107 and to a good approximation h(z) = ﬁxo)(lnz/L). This
field »}111 couple to all pinned modes (n > o) with the intensity {fa1~ying
as“l/he. In the unpinned case, the nniform mode as well as hlgher modes

corresponding to odd values of n should be excited, The intensity will

fall off as l/nu, and it is probable that only a very few modes can be

[

5

S

™

3

[
1

1

=y

T N

_ detected experimentally.

-

e ek S
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| .. Spin wave spectra nearly always. show some,deviation from the:behéﬁior7'7i ;)

predietcd'nbovc.l5 The only consistently reproducible film property

. has been the variafion of the effective pinning as a functlon of the angle

¢e The perpendicular field spectrum is usually characteristic of strong

pinning., However, the epacing and intensity of the low order modes
often tend to vafy as n and 1/n, respectively, Aiso, modes assoclated
with even values of n can often be detecteds

As ® is rotated away from the normal direction, the higher order

“modes diminish rapidly in-intensity, Without exception, a critical angle

(o = ¢ ) is reached where only a single resonance is observed. This is

characteristic of a uniform £ilm in the absence of any pinning. Forv__-

"¢c. <¢< 1r/2, very wea.k higher order modes usually reappears The spectrum '

in this range is characteristic of weak pinning, and the deyiations from

quadratic spacing at parallel field are much less’pronounced than at .

“perpendicular field,

Two models have been propoged to account for the observed behavior,

the surface anisotropy model of Soohoo. and the volume inhomogeneity (vI)

.model originally proposed by Portisa7 and extended by Hi;ota, 28 Wigen

and Kiooi,l3 and others, The latter is based on the assumptions that the

su.rface spins are free a.nd that the interna.l field ve.ries in the film due

to a non-~uniform magnetization, While both qualitatively predict the

- observed features of experimental spectra, the VI model has been more

successful in quantitetively'explaining mode positions and intensities.

Nisenoff and Terhune22 (NT) have reported the first observation of

. standing spin wave spectra in permalloy.which showed no devlation from

the predicted quadratic spacing at elther parallel or perpendiculer field,

*/
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: _' la.yers ( 25A) of reduced magnetiza.tion at each surface. - We have obtained- '__'

a0

b,«t"

o Thcy i‘ound thnt their experimental results could be explained very ’well

'. by a simplii‘icd version of the VI model ~ i.e. a uniform i‘ilm with thin

similar results and we feel tha.t the model proposed by NT is also appro-

priate for our films.

The top traces in Figs. (%), (5) and (6) shov. spectra of a 12OOA

o film in a single reflection cavity for ¢ .= 0,9 = ¢, lh", and <1> = 71'/2.

At ¢ =0, the intensity decreases slightly more rapidly than l/n , con=

© - modes indicate slight asymmetry in the boundary conditions. A critical

silstent with .strong surface pinning. However, the weakly exclted even

" angle, vgbc » 18 observed at which there is apparently no pinning. At .

¢ = 7m/2, the high field mode is identified as n = O and the two weakly

at both'para,llel and perpendicular. Tield for this £ilm, ‘I‘he apparently

o "t‘* sma.ller excha.nge stiffness at perpendicular field was also observed by

. NT,. They showed that this was not inconsistent with thei_r model since

‘ extremely thin surfa.ce 1ayers of reduced magnetiza.tion can lead to a

' larger effective film thickness in the perpendicular field orientation.

For this reason we used the pa.ra.llel field slope and the real thickness, ;

_L, to calculate ﬁ.

The values of kM and g (g = Yh/uB) can be calculated from the ex-
perimentally determined values of Ho (n = O) and simultaneous solution
of Eqs. (L) andt(j). The line shapes at perpendicular field were very
nearly Lorentzian and the linewldths nea.rly constant for n > 1. In this
case it is appropriate to define a spln wave lifetime T 2/7AH where

AH is the full width at half-maximum,

. exclted modes as n =1 and n = 2, Figure T shows a plot of H.o - Hn’ vs na‘
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‘ 1-}:,A»§umméry-of-tﬁe experimentéll& déteiﬁiﬁedﬂﬁarémetéréiror the
12008 Film and a 20004 film which exhibited virtuaily identical spectral
' features is given in Table I, The values of %M and g are in reaéonably
good agreement with bulk'valueé, as they should be for high‘qualify films
of this alléy compositiqn.' Magnetostriction and.cryétalline anigotropy,
which can gausevuniform shifts .in spectra;29 are extremely sﬁall in 81-19
. ,pgrmalloy;‘ The Té’s ét this frequency are also'in good agreement with |
values determined frbm‘both standing spin wavé‘éﬁd"parallel pumping
experimen!:_s?o' The absolute falues of B ,!alth'ough reasonable , should not .
* be taken too serlously because of the unce;tainty in i. |
| The reflection and transmission spectra of the 12002 film, as mbasﬁred
‘in the tianshission ;bectrOmétei,'are shown in the two lower traces of
~ Figss 4, 5, and 6, There is no detectablé change in the mode spacing
or the linewidth from the single cgviﬁy resulﬁ, but- the qualitativeA
- change in more intensitiés are of éreat interestQ» As exbected the even
modes are stipﬂgiy excited ahd the intensity variation of all modes 1s
slightly faster than 1/n° for n > 1, At ¢ = ¢ , there 1s now clear evin
dence of an n = 1 mode, The identification is confirmed from Eqs. (1) vf
and (3)e Using ¢ = 14° and the~valués of WM end g glven above yields
" a spacing H, B Hi ~ 400 Oe, which is just the observed spacing witﬁin‘
'eiperimqntal error, Thus we have direct évidence of excltation of unpinned
modes in a transmission system.
Examination of the transmission spéétra glves a surprising result.
At resonance there 1s an alternating lncrease and decrease in the ﬁotal
power transmitted. This effect 1s not restricted to one fleld orlentation.

As the angle ¢ 18 varied, the high field mode, vhether plnned or unpinned,




-

A

;w?; always corresponds to a decrease in transmitted power.: The”next mode'is

o alWays observable and always corresponds to an increase in transmission.,

- ff”The alternation continues for all detectable modes.‘v

v The physical origin of this effect can be understood if one remembers

Jitthat there are two modes of propagation in the film, e spin wave mode and

e _a photon mode. " The rotating magnetization associated with the spin wave

- mode induces eddy currents

('v’xJ ":"“‘[BE BE]) .

I Eddy currents will couple to a propagating wave at the surface %z =Y. The

?‘-Q phase of the radiating eddy currents depend directly on the phase of the'

'H'Af_transverse_magnetization at z =1L, which changes by 180° for each successive

7 value, of n. Thus the spin wave contribution to the transmitted power

't'ﬂxeither edd to or subtract from the contribution of the electromagnetic

Co %'(photon) modes From the perpendicular and critical angle results we

] »ﬁfsee that modes of even symmetry about the center of the film always

>_‘correspOnd'to a decrease in transmitted powers This 1s confirmed in the

,_detailed calculations of the next section. It will also be seen that

"k observation of this interference effect can be used to obtain additional

.iinformation about mode symmetries and boundary conditions which cannot
be obtained from a single reflection cavity’ experiment.

The occurrence of this interference effect should only depend on
mode symmmtries and not on the specific eigenfunctions describing the
spatial variation of the modes, This was experimentally confirmed with '
films.which showed the usual deviation from quadratic spaclng. These

included ones we prepared and two that were kindly glven to us by Wigen
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and Xooi, . . |

Izi conélﬁsi§n :we wiéh- to mske a .l>:'rief”.¢;mr:1eln.t oﬁ film q;ue'tlity, i
: Nisenoff and Terhune®- prépa.red their" £ilms in an oil free, vec-ioﬁ o §
pumped system at a pressure of 10“7 I‘I'orr. The& sgggesfed that the devia;tions e
from quadratic behavior usua.liy observed are 1argely ciue to conta.minatiori_

from residual gasés presént 'during evapora‘tion.' j.hey specifically l.isted.
backstreaming of oil in cqnventiona;l. oil-pumined systems as a péssible |

' source of contamination. Our results indicate that this may be the most
critical _féét'or in detemining film quai_ity in this composition peﬁnélloj._ :

We took great pains to elimix'matev any backstre‘a;mitng from elther the . ‘
mechanical fore-purﬂp o_i' the oil diffusion pump, and 'althoxr.lgh our'évaporau
tion pressure was more than an order of magnitude higher than that ovi‘ KT, -

©  we produced comperable films, .
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,}‘C Transmission Theory

The qualitative behavior of the observed transmission spectra is

“o'fiieasily understood from the physical arguments of the previous section.-

f‘{ A detailed mathematical analy51s requires simultaneous solution of Max-v'

well's equations and the spin equations of motion in the film. The

' ':problem is greatly simplified if the film is uniform or if the variation
- -in the internal field is confined to thin surface layers and can be
R incorporated into the boundary conditions for the transverse magnetiza-
| tion. The films reported on here appear to fall into this category,
vit and the following calculation will be restricted;to this case. Furthermore,
only'the perpendieular field geometrv1v111 be considered. In the narallel
iﬁtfieid orientation, the appearance of a transverse demagnetizing field.-
§v?7;:gives risebto eliiptically polarized normai'nodes. The'dispersion rela-

| fi'tion has three branches, and the algebra,beoomes extremely tedious. -

Iet us noﬁ consider a film of infinite extent in the x and y

u‘"directions'with planar surfaces at z = 0 end z = L. The apnlied de.
'magnetic field'and the saturation magnetization are normal to the plene

‘~..of the film:» ﬁ% = Hs 2, ﬁ; = MS Ze Denoting tne microwave components’

‘of the.field and tne magnetization.by.lower case 1etters,.the equation

- of motion for the magnetization, in the limit that |Eﬂ << Hb and Jiﬂ << Ms,

' N2+ + '
i gE-' 5 : g - womf ¥ 1%5— + yM nto (8)
Z . I

N s _ _
*The rotating components m and h ere defined in the usual way, and

w, =-7(Ha-kwM ), where ¢y is the gyromagnetic ratio., A phenomonological
o : ;

Blocn damping term, Bmx’y/ot = ~mx,y/T2, has been introduced. This
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génefdtesfthe observed Lorentzian line shape which is chiracteristic of

relaxntion_bfoedening. In the present limit of Iﬁﬂ << Ms it ie'formalLy'~

equivalent o a Landau-Lifshitz32 damping term ﬁhich 1s proportional to
W(%H). In the notation of Landau and Liftshitz B = y(2a/My).
In describing the electromagnetic properties of the system, the

displacement current (which is important in a ferromgnetic insulator)

can be ignored. Eliminating the electric field from the Maxwell curl i'};

equations gives,

2 2 & * o o
o0°h oh o . '
]qEﬁG' N2 | ot + b 5% o (9)

Assyming m?.ahd ht vary as ei(mt-kz) and substituting into Eqs. (8) and

B (9), one obtains the dispersion relation

12 4
5

hny Mo - ‘i
+ : , (10)
2 1-318%° Lo

to= 2»0 + Nx
where 6 = c/(énom)ll 2 is the classical gkin depth and k% - are the pro'-_' B
) pagation‘veetors for the twe sensee of circular polarizatibn.. .
Forewo > 0;'m- is being driven far from fesonance, and its contri;e
. bution ie negligible. The propagation of h™ is that of an electromagnetic
| viave of freduency'w in a medium of conductivity}o. This is ea811y verlfied
by substithtioﬁ of -(w - i/Ta) for (o - i/Té) iﬁ'the following analysis
- which will be confined to nt and m'. However, if the driving field at

7z = 0 is linearly polarized, the contribution from h™ must be incorporated

in the final result.

hS

o b




‘ff?eurfeht’damping of the spin wave modes as diseuésed»by Pincus.

e

Rctnrninp to Lq. (lO) and considering only the r*ght circularly‘

' ;polwri‘vd eomponcnts, we see that there are two solutinns of k corre=-

sponding. to. the two modes of propagation in the systema Near the cross=

3 'ﬁﬁf_over of the spin wave end photon dispersion curves (o = @,), there is
3:7;'a:strong mixing,vand both solutions have both spin wave ‘and photon

..+ charactert

;’k-s( 2_ 2 )(li[li@nﬁ + ) ] )

o)
B As s> | R A RERE
" In'the reglon of strong ihteiaetioﬁiifhefmixing results in eddy

53

Equation (11) can be greatly simplified if we restrict our calcula— '

]ftion to the reglon for which w - @, >'5x10+9 ‘sec .. In evaluating the

terms in X we will use the typical parameter vglues I = 210" e

“_ 5 = 3x10 - cm, hﬂYMo = 2x10*11 sec"l, and fy==5x10'2 cm? sec“;. We then
find . o | )
- A\ c
B EK (1~i- ;;1:) | - ()
(o} - S
for the spin-wave~like mode, and we Tind v
. 0
2 .21 .
Ry =55 (1.~-~—~AZ | (23)
B 2k | |

for the photon-like mode, The restriction on o, limits the Validiﬁy

of these ex@ressions to spin wave modes for which n > 2, where n is a
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positivc' intcger defined by _the_resonance-'condition Re (.kl-)' ~ Re (k,é) = | o
j -n/L, The predicted. behavior for n = l._s'hould,‘ hoWeier, be qualitativeiy |
correct. | ‘v | .‘ 3 | _

Ve now»define' the"susceptibility of nxode o (a =1, 2) vy 'the."

relation m = Xah ' From (10}, (12), and ‘(13) we have

Xi 8“521‘2 SR
W o)
X, = il
e 3
.01{0 ,

At this point, we have sufficient ini‘ormation to explicitly evaluate o
microwave transmission through the film. |

Because experiments are performed in. resonant cavities, it is | -
‘appropriate to consider. the case of a linearly polarized incident fields
A microwave magnetic fleld of frequency w and amplitude h is applied in the
‘ x direction at z = 0. If the film is terminated at z = L by a medium |

with a characteristic impedance equal to that of free space ’ the ‘

boundary ‘conditions on ¥ = n ( Je :tiwt re
h (9) =h,
(15)
Pe) _
n* (L) -in_ ("E“‘ ~£—(E))
Because'there are two modes of propagation of h+ in the film, the. ¥

transmitted wave will be elliptically poiarized.- However, only the
component h = -2:-1- (Re[h+(L)eiw_t + h"(L)e'iwt]) will couple to a propagating
mode in the microwave system. In this case, the transmitted power is

propoztional to the quantity VW defi ned by the following relationt




Cags

={h(L)+ Rgfh (Liig: + (Im I (L)Jl R (15)  |

o .-

' ”f§1hrthé Ab;epéé of any wave spin'exéitgfion, Ed.R(lS)“reaﬁces to - :

| - I S ‘
- :.wO' <#ﬂ0L) B PR B (17)
"v:‘ In order td determine the'transmission“at'résonancé, we let
s Efit;f:;fl, Ky =_%? -1 L/2nmDT,, = %? - 1K and assume standing wave Bolutions for
, h and m s : o v S o
hl(z)va h (a cos klz.+ ﬁ sin ylz) .

h (z) = h_ (p cos kez + 9 sin kzz)“

L n'e) = n) @) +h2(z) .::ﬂ_ s

m (Z) = X)h (Z) +Xh (Z) -

i iSubst1tution of Eq. (18) into Eq. (15) gives ‘; :573

X (L) z ,WL 14 [+ (D) - 1(-1)® mekn) @ - (-1)" s} (19)
where the coefficients & and B are to be détérmined from the boundary '
conditions on the transverse magnetizgtidn.-

v B o ' ,The_:bserved perpendicular field spéctra indicaté'strong aurfacé

Spin'pinning so we choose the bqundary condifions

20 =w'z)e0 . (e0)
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~ The values of O and B are then given by

)

i.
,ﬁ.a

™
n

- As‘musﬁobe the,oase'for pinned eurface<spihe'the spefial.variation of -

1 1
to sin klz. Finally, from Egs. (16), (19), and (21) the fractional

. ) : + ot - : B : o
. the spin wave amplitudes h, and m, is dominated by the term proportional -

change 1n transmitted power at resonance is

L T T ¥ ' 2
vy = () 2, 2
o 8 (nr)“

L'This expression, however, 18 not complete. At resonance, the spin waves _

.. are absorbing pOWer, and the Q of both cavities is altered. The field-

. applied at z = O is not constant, and the effect of its variationvmust o

be included.
The most direct way of solving this problem is analysis of the -
' 34

equivalent circuit of. the trahsmission system,”. as’.shown in fig.~8.? It
~ 1is assumed that the film ie symmetrically piaced with respect to, the
two cavities and that the coupling of powef throggh the film can be
represented oy a'motual inductance M, At resonance the equivalent re-
sistance of each cavity is increased by an amount A ﬁ, and the moﬁual
inductance changes by AM. The total transmitted power, P, is Just
'iQRL, Making the simplifylng assumptiong that R = Ry-= R, My = M,

AR << R, AM << M, Ll = L2, the fractional chenge in tranemitted power

is given by | |

()

i
A

. - )
2 e e o b b, s e




'”Aj_.ﬁhefe the coupling.coefficient, Bl,'is’given‘byr’
2, 2 , o PR .
. w o ' . @ .
By ER s 2y =R Y el (2%)

1 1 o1

‘ The quantity v given by Eq. (22) is Just 2AM/M. Exact evaluation I
of the term proportional to AR is somewhat more difficult. One must
'know cavity Q's, coupling coefflcients, and filling factors. However,

~the qualitative behavior of this term can beﬂdetermined._ AR is propor-r o

11  tional toqARs, the change in the real part of the surféce impedance per

‘unit area of the £ilm.

4 : 16nyM LT
R = Re(-k.p) = o 2 (25)
8 . L 82(!177)2

-;( et S ' o

:bfe'It was found that amplitudes of the resonances 1n the transmission

o.spectra were described well by the relation |

AP n % %% 16mM LT, _ 26)
CFe ) g s —— (2
. n n 5w -

| for n=2. ' The values of T2 calculated from the experimentnlly determined
) parameter Cl are listed in the last column of Table I, The agreement
with the T2‘s determined from the resonance linewidths is quite satis-
 factory,'considering the uncertainty in the values of L and 8., Further-

more, the intensity of the modes in the reflection spectra, which vary
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'.directly as AR s decreased slightly faster than n ? for‘n”a'és. This
coupled with the fact that the even modes did not dieropear completely ‘
in a single reflection‘cavity experiment means that the pinning was not
'complete nor was it identical at the fwo surfaces. - However, these |
' ,effects are small, and the predlctions of the perfect surface pinning "
are in good overall agreement with our experimental results,

4 v
Recent experiments3 indicate that for high quality»epitaxial _

permalloy films the surface pinning is extremely weak, even in the per- Lo 'i

pendicular field orientation. In the absence of pinning, a uniform

" exciting field will couple only to the uniform (x = 0) mode. Ina

" transmission spectrometer, the non-uniform exciting field will couple to .

modes for which k ¥ Oe Because of the importance of film quality in

making a reliable determination of theabulk exchange stiffness, we vill

o extend ‘the previous analysis to the case of unpinned surface 391n3°

The boundary conditions on the transverse magnetization are

N+ + L : S ‘
liam zz . om zz | -0 - @7)
Z=o. 'Z:L: : o
'.From Egs. (15) and’(18)
| o ak
B=mr X

a= = (1-(-1)Mp

. The modes are predominantly cosine-like, and therejis significant
excitation only for the odd-numbered ones, The fractional change in

the transhitted pover at resonance is
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)
| The power absorption also varies as n':_": S
T n- L ';.;;féf"f[f o

"'7F°? lc@pﬂﬂl >.[AR/R(1+ﬂl)|, excitation of the“odd_modes ﬁill cause an i'ﬁ

"-ﬁ?”increase in transmitted power.

Our experimental data give a qualitative verification of this
~ behavior. As described_in the,previous section, there is an incre&se S

in transmittedhpdwer'for the n = 1 mode at the'"critical angle;f. Al-.

'b; though the mathematical analysis of this section is not valid except

>5'?_;1n the perpendicular field orientatlon for n =22, the sign of AM/M

i

jv depends only on the spatial varlation and symmetry of the transverse

"’f‘ifmagnetization, The surfaCe ‘spins are free at the' critical angle,

Vt:w'andvfor n=1, m (z) will be dominated by & term proportional to -

* cos S z
 Although unpinned modes can be excited in a transmission spectro-
. meter,vboth reflected and transmitted intensities fall off as n h. The

mode intensities can be increased by pinning the spins at one surface._

This can be achieved experimentally by evaporating an antiferromagnetic

layer onto the exposed surface of the film, as reported by Kool
35

~ and coworkers, In'this case the resonance condition isze'(kl) =
(n + 1/2) w/L , where n is & positive integer.
We first examine the configuration in which the first surface is

pinned and the second surface is freet



b

. : . + . . . - '.. ) .
+ ‘ " om (z B S R
m (0) = 0 % =0 ‘ | (30)
R z=L ) . » . o
' By straightforward algebra, we find _
. A _
oA - n 16mMMILT, o o
T = W= -(-l) . "'——‘-"'—"-‘—-—2 13 . : . (31)
. ()P I
- while - v _ |
Mo Sl ()

8 (n+l/2)2' |

The large power absdrption will ﬁroba.bly 'd..omina.te the_ transmission
spectrum and mask any alternation. | .

If the film is turned around,

+‘ L g
om (z
Z

z=0

- -&and we find -the same expression for o,

, o - ‘_
. ' Y | 161‘WML T2 o L
M.:Wn-(-l) ) 3 : (3)
| ) (n+1/b).n3 ‘ S
The power absorption -on the dther hand is very inuch weaker,
R oot o)
' | (nt1/2)" : -

Comparison of Egs. (31), (32), (33), and (3}4), suggests that the maximum

. number of spin wave modes can be observed when the boundary conditions

of Eq. (30) are satisfied. However, for a film with one surface pinnéd ‘

and one surface.free, e uniform exciting field wlll couple to all modes

Y | vm*(L):g'Q~;}.v v o ';'. (33) T
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R and the power absorption will fall off as- 1/(n+1/e) The?transmission ‘
'technique has no advantage over s standard reflection experiment unless -

‘g ;xif_one is interested in looking speciflcally at the interference effect,

B We‘have'shown here that the interference between 8 photon mode

nftffand a spin wave mode can lead to either an increase or & decrease in
1“Tr‘thevm1crowave transparency of & thin film, From the exact nature of the_i
' ;vtransnission spectrum,;one can obtain information about the symmetry, 7
‘t:of'and Boundary conditions for the spin wave modes in the film. Whiie o
':‘fﬂ'iithis.type'of information is helpful in understandiné'film properties;
Jfﬁn5:.it'offers nothing.new to our understanding of metallic ferromagnetism. _:
J'f;fTWe feel that the outstandlng feature of transmission spectrometry isA‘_
'its potential usefulness in measurlng the exchange stiffness in high

fiﬁif‘quality single crystal samples in which there is little or no surface B
‘.-:EI:spin pimning. It should be pointed out, however,_that the existence of"~
‘ainoneuniform exciting field is not'an enclusive:property of the trans-

: ﬁbi;"mission sistem,f'mhé origin of the field attenuation in the £ilm 1s the

_impedance mismatch at the surface % = IL, Excitation of unpinned modes

should be observed in the reflection spectrum of any film which 1s ter—

t minated by a non-conducting ‘medivm,
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"III, TEMPERATURE DEPENDENCE OF THE EXCHANGE STIFFNESS OF NICKEL

A-Emy_n_en_t

Nickel films ranging in thickness from 1600 X to 2800 X were deposited"

© on heated glass substrates at a pressure near 5x10 -6 Torr. The source was

& 99. 999% pure,. vertically oriented nickel rod 3/16" in diameter. Evapor-

.atlon took place from the top of the rod, which was heated by electron bom-ff

vardment, The melt was confined to a small region at the top by placing

_ the bottom. of the rod in thermal contact with a water cooled copper block. -

i

The substrates, vhich were held at a temperature of 290 C were shielded

T from the source by a manually operated shutter. The shutter was removed

when a uniform evaporation rate (~16 K/sec) was attained. _The thickness

_of 'a given film wasg determined within i50 A with ‘a multiple beam inter- t.

'ferometer.

Temmtw T

Resonance spectra were obtained at 15, 1 Gc/sec over the temperature,'

. range 77 K to 600PK. A standard field modulation and 1ock-in detection

scheme was used. The resulting experimental traces gave-the ‘derivative
of the pover absorption with respect to the applied dc field which was
swapt at 2 Oe/sec and monitored by a rotating coil gaussmeter.v Careful
calibration of the gaussmeter enabled determination of the center of well
resolved lines within 2 Oc. | |

Ooservation of spectra over such & w1de temperature range required .
the use of two separate resonant cavities. _For measurements above room
temperature (295°K), films were placed on aniend wall of a cylindrical

cavity resonant in a TE mode at 15.10 Gc/sec, as is ‘shown in Fig. 9.

111
. The coupling iris in the top of the cavity removes the infinite'degeneracy

of this mode. The end wall was separated from the rest of the cavity by
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,?:.temperature. | '_ o -
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:_n\_ R

. 51'0010": and the entire system was evacuated to a pressure of ~2X10 5 Torr. '
' \i_f“Microwave continuity was maintained at the break by a radial choke 301nt.7 -
vf}tA direct current resistance heater was used to raise the temperature of

. {1f'the end wall and sample while. the water cooled cavity remained at room

€

" In order to eliminate temperature drift, a simple servo control

'; ,system was used to regulate the heater current.v A thermistor, which _
-“f"{comprised one arm of an .ac bridge, was placed in direct‘contact with thequ

‘\3ff3heating coils. Thé bridge was driven at 86 cps and the bridge output fed

into a lock-in detector, The lock-in output drove a dc motor coupled to

fs'a helipot which in turn varied the heater current. With this system
f;-(shown schematically in Fig. lO) the sample temperature was stable to

'-f;;f.better than i 1 K over perlods as long as 2 hrs.

The low temperature cavity was identical with the one. Just described '

“'S:"except in two_respects. The water cooling Jacket was replaced by a brass
" can which was immersed in a liquid nitrogen (6r liquid helium) bath. Also,

g " ““this system was sufficiently stable that the temperature control unit was

not needed, Maximum temperature drifts did not exceed %,15°K over the

. entire range of TT7°K to 295°K. TFor both cavities a copper-constantan

‘-nthermocouple was used to monitor film temperaturet

Heating the films well above room;temperature in the cavity pre-

sented ‘significant experimental problems, Irreversible'changes, both

‘,physical and‘chemicaly_can take place, ' We found that annealing a.film

for 30 min at 300°C in the bell jar immediately after.evaporation was
helpfulou'Annealed films showed less deviation from the predicted-

quadratic mode spacing.than'unannealed films, Also, the spectra of



annealed filnm were‘qutte’reproducibie betweenté95°K'and,E659k. ~l:This;._:.i‘.:
;behavior'was not alwavs'observed for unanneaied films HOWever, drasticsrl
.changes in the room temperature spectra of £11ms vhich had been heated
well above: h65 K were observed independent of past annealing. These .
't‘changes included broadening of resonance 1ines and 8 dccrease in the
. exchange stiffness and were attributed to oxidation. Although the
| cavity was evacuated, the design required that the substrate be ce-"d:v;‘h
| mented to the cavity wall. We belleve that the apparent chemical
changes in the film were caused by reactions with outgassing components
from: the cement. v | . _

The upper limit of.the range of reproducibility'vas extended weli'
aboveA5OO°K by'evaporating aIEOOO& iayer'of‘gold over a_given‘film;i |
The gold was added after the film had been removed from the evaporation
‘system and its room temperature resonance spectrum.recorded. bExposuredw
to air always causes - some surface oxidation, and the function of the
gold was to prevent further oxidation. The . evaporation of the gold ‘onto-
a "dirty" surface probably prevented the fOrmatiOn of an alloy at the Ni-Au

interface¢ This was confirmed from the room temperature spectrum which

showed no detectable-change after the addition of the protective gold -~ - .

laye_r ° .




}1fB;LiResults;andmbiscussion_;fiF'

In all Ni films which we prepared, only a single resonance was detec-?

’ fted with the applled dc magnetic field parallel to’ the plane of the film. |
'i“As discussed in Part II, a spectrum consisting of‘a single line is charac-
. lmhzlteriStic of excmemely weak sdiface snin-pinning_end is commonly onserved.
;!in the parallel’field'orientation. ’Fom this reason, tne exchange'stiffnessA>
:;;fﬁwas determined only from the perpendicular field spectrum which consisted
'~.“\i?of several well resolved modes, However, the nesonance_spectra of the

N films, in contrast to the permalloy samples described above, always

deviated from the behavior predicted for an.ideal fiim?5 in two respects:

"iia:the apparent room-temperature magnetization of the films determined from S

resonance was from 10% to 40% smaller than the known'bulk velue; also, the

" low order modes in the perpendicular field spectrum always showed some

"'_"-deviation‘ from the predicted quadratic spacing.

The apparent-reduction in magnetization has been’obser#ed in previous

| studies of Ni films by both hose29 and Phillips and Rosenberg.16 Nose has

.suggested that the effect is probably'due largely to a strain-inducea anisotropJ

field.rather than an actual reduction in magnetization. In & material
such as nickel, where magneto-elastic effects are not negligible, the

respective perpendicular and parallel field resonance equations should be

modified in the following way:Bh

, 3o : E
(m)Q = (H_lmM_ Ao w + _.Q"ka). X
-:Y- M MY

o (H ,"hnM i §00+i{gfk?) (36)



- stress 1s usually small in evaporated films in which case (36) and (37)

™

N2 o . 3xut' TR .'vftrs .‘7i-‘ o,
(= (H + biM + éﬁg +— cos 9 + 12{22 X T
(a2 3 VR A
. " u 2y o o . .

' (H N ¢°s 29 ff'y.k )f' o S , SR

r’wherenk 1is the'saturation magnetostriction constant, o is ‘the isotropic
stress in the- plane of the film, and c is a uniaxial stress at an. angle

6 with respect to the magnetization. Nose points out that the uniax1al

. reduce to (h) and (5) with M replaced by

Myp =Mt g S | . \(.38) -
: Simply stated, an isotropic stress in the plane of the film causes a .
eluniaxial anisotropy in the direction of the film normal. The associated _:}.
. anisotropy field_uniformly shifts all" modes 1eaving the mode spacing ‘
unaffected; | | : .‘
If the film is not uniformly strained, :then the magneto-elastic

- coupling ﬁill contribute to the'non~nnifornity in the internal field. We‘
feel that this effect, in addition to: slight film contamination, was respon-
sible for the deviation of the low order modes. - When the variation in the

internal‘field is smali, a. simple perturbation calcu_lation16 shows'that the

- dispersion relation measured Trom'the'quadratically Spacédthigher order modes ¥

accurately gives the exchange stiffness of the material.
The films selected for the study of thé temperature dependence of the
exchange stiffness were those which showed the smallest deviation from

quadratic spacing and an apparent magnetization most nearly equal’ to ‘the
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'ffff“:buikfvalue;v The direct effect of strain on the exchange stiffness 15 ot

3determined from previous_thin film

”'7f;*known, and we felt that samples with the largest apparent magnetization
Jwaould most accurately reflect properties of strain free bulk materials
'1f;i{The results for two samples (which ve shall refer to as Film A and Film B)

.fii will bve presented here,

‘The room-temperature, perpendicular field resonance spectrum and

EflftcorrespOnding plot of the resonant field vs. n2 are shown in Figs. 11 and
12 for Film A (L = 26608) and in Figs. 13 and 1h for Film B (L = 2150A) :

"’p The measured values of the exchange stiffness are compared with values

16,29 1,17

and_neutron scattering experi— _

iﬁwi{ ments in Table II.i The agreement is satisfactory. The fractionaleuncer-
'ij.tainty invneutron measurements‘is at leasti2%~3% due to resolution problems
;Jf{_inherent.in the experimental techniques V&riation in film results is to
o Ei'be-expected even if all samples are of reasonahly high quality. -Standing
' ?;4 spin wave resonance is sensitive to small changes in the exchange stiffness,
‘- but determination of the absolute value depends on & knowledge of the film
_}vthickness, which is usually known only Within il% Also, the effective
,;zthickness for resonance, as we observed in permalloy, can differ from

| real thickness."

" The features of the resonance spectra of our two films are similar,

" Each shows only a 3light deviation from quadratic spacing for the low order

'modes. For n > 3, where the modes are quadratically spaced, the intensity

decreases somevhat more rapidly than l/he. In each case the highest order

mode which 1s well resolved corresponds to n = 7. In Film A an extremely

- weak mode identified as n = 9 is detected but is not well resolved. Its
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"'position indicates that there is no drastic deviation from quadratic
_spacing. In both films 8 weakly excited n= 6 mode is observed, indicative ~
of a slight asymmetry in the internal field.,
The rapid 1ntensity decrease of the high order modes, althougn un-
: desirable from & resonance point of view, was a consistently observed ,
. property of high quality films.. We prepared films in which modes as high
__as n = 11 were well resolved;: however, the deviation from quadratic.
spacing was much more drastic in these samples. we conclude from this
that the mode pinning in nickel is due principally to variations in the
. internal field rather than intrinsic surface effects. ‘
The line shapes at room temperature were nearly lorentzian and thee
linewidths nearly constant as a function of n. In Film B there was a
» slight (less than 10%) but noticeable broadening for n = 7. This was
undoubtedly due to surface irregularities which become increasingly morel
effective in scattering spin waves as,the waveléngth_decreases.35 TheA
~ peak to peak linewidths were ~265 Oe in A and ;-350 Qe in B. From -
-Rodbell's36 observation7of ferromagnetic resonance in thin single crystal
nickel vhiskers, we would expect a value of ~l90.0e at 15 Ge/sec. HoVever,
evaporated films are inlgeneral polycrystallines and any randomness in |
orientation of the crystallites will broaden the lines because of the
gneto-crystalline anisotropy.
This assumption appeared to be borne out by the temperature dependence

of the linewidths. Below room temperature the linewidths increased
rapidly and the line shapes became more nearly gaussian; Above room tempera-

ture the lines narrowed slowly in each case reaching an absolute minimum

near 450°K (~230 Oe in Film A and ~240 Oe in Film B). In addition it



'fi'was.found that the rate of change of linewidth belov room temperature".“
”j]scaled very nearly as dKi/dT, where Ki is the first anisotropy constant
v.;;fof nickel. Tt should also be pointed out, however, that non-uniform strain‘b
.ﬁ*vin the plane of the film will also contribute to inhomogeneous brOadening

::i‘and have a qualltatively similar temperature depenaence.. ,
The‘combination'of line broadening and the weak Intensity of the
.. higher order modes restricted our measurement'Of the exchange stiffness:
it to temperatures above 120°K; Below 120°K modes 5.and'7'were poorly
- resolved and below 100°K were unresolved. ‘. o
' fhe high temperature 1imit of resolution was ~540°K in both films, |
Above 450° K the lines broadened, but somewhat more slowly than at low
temperatures. Between h50 and 5h0° the relative increase was within 10%
_eof that observed by R.odbell,36 and the line ‘shapes remained very nearly
”1~ 1orentzian. In this region the exchange stiffness Was decreasing rapidly,

and the corresponding decrease 1n mode spacing vas the determining factor

4n "washing out" modes 5 and 7. In fact, the resolution was poor above

E 500 ’X. Between 500° K and 540°K mode positions, intensities, and linewldths

', had to be determined by making & least squares fit of & spectrum of
: ~ lorentzian lines -to the experimental data. |
| Although there was clear evidence of spin wave excitation up to

nearly 580 X, comnuter analysis was not helpful above 540°K. Tne overall

k. signal to noise ratio was falling off both with M and l/ﬁh (AH being

the peak to peak linewidth). The positions of the high order modes, as
determined by the least squares fit, were extremely sensitive to the

exact values of experimental points read from the strip chart recording.
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cd.‘Apparent line centers would shift by as much as 20-30 Oe if the experi- ;,»jfl
Jmental values fed into the computer were varied within the range of |
experimental error,
In an attempt to obtain some idee of the actﬁal.Curie temperature, vl ‘ '
.l. spectra fOr Film A were taken up.to 606° K; Above 550°K, where the effects'
".of crystalline anisotropy and magnetostriction should be negligible, we
. analyzed both parallel and perpendicular field spectra to»determlpe by
and g ﬁe fbuﬁd that if we assumed a Curie temperature of Tc;= 612°K =
| .976 TcNi, that M(T/Tc) scaled exactly with the magnetization of bulk
'~ nickel in the presence of an applied field, M(I/Tc' ), as measured by
; Weiss and For_rer.37 _This can be Eeen in Fig. 15. N;he g value in this,'
‘region was-2,l9 vhich is in fairly'good agreement with the-oulk value
of 2.22.36 We did not have sufficientdhlgh temperature data to unam-
biguously establish M(T) for Film B, However, it appeared that i
bTE ~ 602°K = .96-TN1,.as can also be seen in Fig. 154
Asvwe mentioned in the previous section, some care must-be exercised
in interpreting film resolts, particularly vhen the samples are heated -
well above room temperatures, We have used the reproducibillity of the
ioom temperature spectrum as a measure of the”?eliability of'high tenpera~
ture results. FYor this reason the sample was returned to room tempere—it
. ture perlodically; Even with the protective gold coating slight changes w’
were obse}ved vhen the samples had been heated up to ~540°K. Invboth |
- films, there were slight (less than 200 )e) but uniform shifts in the
spectra, In Film A, a broadening of approximatelv 40 Oe in the room
temperature linewldths was observed. These effects could easily arise
from slight change in the'infernal strain in the film, Because relatlve

. mode intensitles and the exchange stiffness were unchanged, we belileve
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t’that the results up to 5h0 K are reliable..fq ,;,'iv .

. After Film A had been heated to 606°K the changes in the room
temperature spectra were considerably more profbund.: Specifically,.k
.'1vthe_11newidth increased to nearly_hSO Oe. The broadening caused the
"}:same'resoiution problems encountered at both high‘and low temperatures.-_ﬂ
‘:_ Thefresultant uncertaint& in the determination of the exchange stiff-
ness was_ij%,iand within these limits &was unchanged. This fact by
Titself is not convincing proof that the film has not been contaminated frﬁi'

. at high.temperatures,'but the direct measurement of the magnetization

above 5506K tendé to confirm this assumption. .The temperature dependence '

e of M would certainly not scale with that of a pure bulk sample if oxi-

. dation of the filnlwere increasing at high temperatures.

In.Film B, which had only been taken to.58h°K, the roonm temperature
v.linewidth shoved a slight decrease, the higher order modes became rela~
tirely neaker,,and the exchange stiffness remalned unchanged within ilﬂ.e
‘;This behavior is characteristic of annealing.. It wouid seem therefore
that in‘hoth'samples the principal effect of raising the temperature.
v.waa to change the state of internal strain, although the reason for the
‘ﬁ, qualitative difference in results 1s not clear. |
| One other factor should be considered in analyzing the temperature
dependence of the exchange stiffness, Phillipslh has pointed out that
if the strength of surface pinning changes as a function of temperature,
the effectivelfilm thickness will also change, Since the mode spacing
is proportional to 1/1?, a spurlous term'will be introduced into the

measured variation of K?’. However, any significant change in plnning

conditions would cause a large change in'relative mode intensities.



B ~ agreement with that of Phillips and Rosenbergl6'(PR). PR, using a much

e

' T Within the limits of resolution, the relative mode intensities in our
 films remained constant below 540°K, _
Plots of D vs T are glven in Figs. 16 and 17 for Films A and B

VLrespectivelya " Below room temperature our data are in good qualitative

- thicker film (L ~ 50004 ), were able to resolve modes up to n = 15 and ':':7'

‘measure the exchange stiffness down to 15°K. Between TO°K and 295°K,

.. they found that the renormalization of vas very'well described by -

O = K?J (l—aTj/é )s We know of no theoretical Justification for a

'-a::' Tj/é variation in this region, and in fact it is probably not appropriate

- to try to fit Xj)to a single texrm expansion in a power of the absolute
temperature over, such wide temperature ranges However, to compare the
: functional dependence of-D in our films witn that observed by PR we'have.v.
attempted to fit our low temperature data to such a single term'expansion;':
We find that the most reasonsble £it is in’ fact O(T) « 1 - eP/2, Plots
of D vs ‘.133/2 are given in-figso 18 and l9 for the two films.

We do find a quantitative diecrepancy with PR, From 120°K to 295°K
ﬁe observe a reduction in D of about 13% in Film A and 14% in Filn B
compared with a reduction of approximately 17% observed by PR, Although
our resolution at low temperatures was substantially less than theirs,
the ooserved,difference is too large to be explained by experimental
€rrors Itiisvpossible that their film may have a lower Curile temperature
than ours, a fact which would lead to a more rapid reduction in &
over the éiven temperature range. However, we do not at present have
sufficient infbrmation about their film,to make such a Judgment with

any degree of certainty., In any case, the order of magnitude of the

N
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”*g:ffmagnitude of the reduction of Kalis much too large to be explained on-‘

‘ijthe basis of a Heisenberg model which predicts a change of ~l% over .
'ﬂflthis range. | | | o |

Over the entlre temperature range we find reasonable agreement with

'-ﬂ:lthe results of. Stringfellow,17 who observed small angle scattering (SAS)

Y of thermal neutrons from nickel powder.. From h°K to 560° K, he finds

W) (1 b( )2 6“'7) 'We definitely do n.ot find 8 singlé term
'expan51on which reasonably fits our data over our temperature range, but
l_the percentage reduction between 120°K and 540° K is very close to that
observed by Strlngfellow. ‘In Film A ve find ﬁ(5h0 K) ~e52X% ,O)(l20°K)

| 'USlng the best fit curve of the neutron data, l.e. A:ﬂz l-b(T/T )

2 gives 13)(5h0 K) ~ .56 19}(120 K). From 120°K to room temperature, the

'ﬁ'best fit glves a reduction of 9% compared to our value of 13%.

Although the difference in results can almost be accounted for by

"1ﬁ: the experlmental uncertalnty in the neutron data, it would appear that

mhfj-KjJis varying sllghtly'more slowly in the bulk sample. This is not '

» inconsistent with the fact that the Curie temperature in Film A is
v~2~1/2% less than in bulk. Also, in Film B where there is an apparent
kg reduction in the Curie temperaturve, we find ,(9’ (540°K) ~.b9 (F7(120°K).
The neutron measurements would appear to faror our‘film results over
thos of PR.. | | _

It is interesting to note that we find the greatest‘discrepancy with
Stringfellow below room temperature, where his experimental'technique
is least sensitive (except near TE where critical;Tluctuations and
lifetime broadening of spin waves cause considerable resolution problems).

" 8mall angle scattering involves the observation of neutrons scattered near
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‘thefforwardhdirection.» At;a criticalfanéie; 6 ; with respect to the ftff
. forward direction the neutron inten81ty urops off sharply, and analysiS»
) shows that 9 is proportional to l/ﬁ The origin of this lies in the
fact that long wavelength Spin waves and neutrons both have free particle
dispersion relations and that the effective mass for spin waves, j-
| ﬁ/(a ty), is much smaller’ than the neutron mass, M. Simultaneous
Af solution'of the‘energy and momentum conservation equations gives

‘Gc ~ p/M:é l/élifﬁ.' The result is independent‘of’incident neutron wavesle

length so that this experiment has the great advantage of being able to _'

.”-‘ use a thermally white neutron beam.

The difficulty at low temperatures arises fron the fact that
Gc < 2° in nickel, At such small angles the unscattered neutron beam.
L provides a strong background and interferes with resolution. Also, ‘the |
spin wave dispersion relation,cn ub + A93:, is not truly that of a
~ free particle. The gap frequency, Wy must be corrected for, and small
angle scattering affords no means of directly determining mb. This
causes particular problems beloW'roOm temperature’nhere the anisotropy -
(and therefore wb) increases rapidly., | A _

The range of k for which.the exchange stiffness is determined by
this method depends on the cutoff angle and the spread in k 0’ the wave-
vector of the incident neutrons, The cutoff wave vector, kc knec, is |
roughly .OhA at room temperature,v Ve see that‘the small angle scattering
technique is complementary in range of k to our thin film resonance
experiments for which k < .013‘1.

A great deal more information about the spin wave dispersion relation

can be obtained from inelastic neutron scattering by using the "constant Q"
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'f,“technique developed by Brockhouse.

- feel such a scaling is reasonable.

R c

38 This method has the distinct ad-

"Avantage of being able to measure the temperature dependence of the energy -

‘A

: of a spinwave of a given wave'vector k. The need for a high intensity
'~?.monochromatic neutron beam presents experimental problems' however,
' Nathans and coworkersl; at Brookhaven have recently extended the range

"‘of k for which spin wave energles can be measured by this technique to

.03A <k < SA The Brookhaven group is currently studying the tempera-.

"~ ture dependence of w(k) in a single crystal of Ni,39 and we shall find
it very interesting to compare their results w1th ours and those of

”lﬂi_i;strlngfellow, particularly for values of k near .03A

The most interesting physicalfproperty which we have observed was’

Lh_the variation of the exchange stiffness w1th respect to the magnetization.
: Flgure 20 is a plot of A?YIVT ) vs M(T/T ) for Film A. The value of T
t has been taken to be 612 K, and M(T/Tc) has been-appropriately scaled from
| f;gf,thé data_of Weiss and I‘orrez'.}7 On the.basisvof our direct measurement

| ha’of the high temperature magnetization as shown in Fig. 15, we definitely

LN

At low temperatures Kﬁais decreasing more rapidly than M. This

_ can be expressed mathematically by the relation d O7/am > A??WL, As

thevtemperature is increased the ratio;(d.ZT7dM)/(A5ﬁhw) gradually de-
creases and appears to approach a constant value of unity_for T } ;8Tc.
Above .8Tc the resolution is decreasing, and there is necessarily some
uncertainty in the value of (d {J7aM)/( O /M). However, it'appears that
the best fit to the experimental data in this region is In fact

d'A77dM = KZ%L In other words, the exchangevstiffness is varying

directly as the magnetization, and the physical implications of this:
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'~l?‘would appear to be significant.~= A S
| n',; The magnetization, M, is Just proportional to (S ) the average -'. ';f*',
z-component of the spin at each atomic slte, _Then for 4 L&7&M £77l§
“we have O «M« (S‘), which implies that trensverse spinvcomponents
do not contribute to the renormalization of [T lt would eppear lnitiellj
. that this effect could be understood on the basisrof e slmple_physical
‘gargument. ‘ R | |
The long wavelength standing spin waves.whlch we excite are belng
vdriven in a system where the spins are thermally exclted. For a ‘
'sufficiently high den31ty of short wavelength thermal excitations one |
' _might expect the contribution of transverse,spin components to the
renormalization oi‘Xﬁ/to average out, ThatﬁtheASitnation is not qpite'T
s0 simple cen be seen from the work of Hbrowitz end Mattisho who havel~
‘theoretically treated energy renormalliation'fbr'a system where the
moments are localized but the exchange is long range.
They find that 1f they define a thermal screening length
; =[ﬁ2ﬂ2 [ iR ey
o | 8&kT ) * " "2& 277
the effective long range“exchange JT(R)}ecales dlrectly with the

~ magnetization for R >R,

3 T(R)w(R)—H
K

From the above definition of R s We see that R ~ Tr-where AT is the
wavelength of & thermal magnon, In effect, the thermal excitations
ecreen out transverse spin components for excltations of wavelength

A> AT. In essence, this 1s what we have suggested wlth our physical
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The calculation of the point at which the thermal screening is.i”v

”:x complete andwlf« M should be observed is somewhat more complicated. The

k"venergy of 1ong vavelength spin waves is given byﬁo

fin = Rz JT(Ri)(l-cos kivRi)
L. =Bls g (R )R, z-’ "Ria 3(,
S ' R <R v . R>R Ce
i N N )

T-J}where Ri is a 1attice vector, Fbr nickel at T = 500 K, o~ 3A and the
o ?effective exchange coupling scales with the magnetization except fbr

nearest neighbor (and'perhaps next nearest neighbor) interactions. Since~"

we .are summing over the volume, the term proportional to M(T) is

weighted by a factor of the order of RE —Ros/Ro » where Rﬁ is the range

. of the exchange. Although JT(R)(R < Rb) and J(R) are not known exactly,

it is not unreasonable to expect that the second term on the right in

(40) will be dominant at and above 500°K where we have observed

; L (1) « M(T) It should be emphasized that this argument does not apply

to thermal renormalization. The rapidly varying short wavelength exci-

’-tations are much more sensitive to short range interactions. In fact,

the above expansion is not valid unless kRE << 1.
From these arguments we would draw the following conclusions.
The effectiveness of screening due to thermal excitations depends not

only on the density of excitations but also on the range of the exchange.,

Thne exchange stiffness will not scale with M until the mean thermal wave--

length 1s much smaller than theé range of the exchange. This not only

(P ,.J EPRI
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v,explains why the temperature at which we obserwe‘ﬁ7; M is so high but

would also imply that the effect might not occur at all in systems where S

i_ the exchange interaction is of short ranges Also, equation (40) suggests
that the effect wiil occur unifbrmly for ell spin-waves in the ware'
vector range k << l/RE Finally we arrive at the not too surprising .
'vconc1u51on that 1n nickel RE >> 3A. | 1.J | o
A question arises as to the applicability of this model to nickel.

~ We have seen that the reduction in‘CVEt low temperatures is much too

" large to be explained by a 51mple Heisenberg model. Howerer; resultg,

of paramagnetic resonance?experiments_abome the Curie temperaturehlf

" cannot be explained by a simple band model, As we mentioned in the |

- introduction, the true picture probably lies. somewhere between the two o

- limiting cases, and it is not clear that the model we have considered

1 here isAtotally inappropriate for nickel, In fact, we find that the
existence of and temperature at which'the Kﬁfc M effect is observed is.

| plausible in tenms of the theory of Horowitz and Mattis, |

Unfbrtunately the results from Film B above .8 T, are not suffi-

ciently precise to confirm this behavior, The fact that we have directly o

measured the high temperature magnetization et'only two'pointe raises

a further question as to the reliahility of the value Té’: 6026.v For
this reason we have compared.é}(T/Tc):with M(T/Tc) for velues of T,
from 590°K to €27°K. In this range the QSSumption that 4 O7an = O/
is consistent with the :results above..8?c within the experimental error,
At T = 590° the value of (d ,5’/&1»1)/( A/M) immediately below .8 T,
appears to be slightly less than in Film A, and at T, = 27° 1t is

N
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"ff“fsomewhat larger.‘ For T ~ 600°K the agreement with Film A is excellent

wf;itfrom 8T to the lowest temperature values., This can be seen in
...:l;iFig- 21 where (5-4?/5M)/(£37M) is plotted va. T/T for both films. That

t:iﬁ'the agreement iS good for T, (B) ~ 600 K is not unexpected. As mentioned
".’?"above, the slish’cly more rapld fall off of 0’(T) in Film B is consistent

gfpwith a. lower Curie temperature.

The results from Film A if not absolutely conclus1ve are stronaly

'suggestive that above .8T AKT varies directly'as LL The results from

" Film B are in such’ close agreement with those of A below 8T that it - N,lfl

seems probable the behavior above .8T is similar. In both films the

"5f!.physical properties which we could determine (e.g. Kj’ AH(h5O ), g)
" were in reasonably good agreement with bulk values, but the reduced

”ﬁ‘{?;Curle temperatures shows that the samples were not pure, While this

h fact indicates that the quantitative temperature depenaencevof E§ is

-i?dd probably not particularly reliable for pure bulk materiel, it would

o vnot appear to reduce the significance of the.high temperature results,

‘Our understanding of the observed I (T) « M(T)}effectbis predicated .

t'neither on the-fact that the sample is nickel nor.on the fact that‘it
is absolutely pure. If our argunents are'valid,.then this effect could,
presumably beiobserved'in othexr materials. | |

The only previously reported measurement of exchange st‘flness in
ffilms above room temperature is that of Noseag,who studied two Cu-Ni
sanples., One was 22% Cu with a Curie temperature of l}Odc and the other.
155 Cu with T, =‘210°C.V.In each case spin waves could not be resolved
| within 30° of-Tc. The magnetization of:the fllms was measured lndepen-

dently. In both films Nose noticed that Kﬁ'waS'decreasing more rapldly

o oppgoe o 2 n b o
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than M, However the uppvevr limit of xjeso;l.ﬁtion in the 22% Cu film vas
less than .8T  and in the 15% Cu sample was ~85T . In neither cése

was extensive data taken near the high temperature llmit nor a careful
_.8tudy of (d O’/dM)/(O’/M) mede, Nose's results, while rot encou.raging '
are not necessdrily inconsistent with ours, thpthermore » 8ince there
have beén no Qua.ntita.tive the'oret‘ical.predictions as to when the {3 « M
effect s_hould ‘oceur, it is possibié that in othé;' systems the onset’

would not appear at the same value of 'J.‘/’l‘c which we have observed. And -

in fact, if the range of exchange ls smaller in Cu-Ni than in Ni s We would

expect the effect to oceur at a higher value of T/T .

Finally it should‘be pointed out that assumed absence of transverse

' spin correlation is just the random phase approximation (RPA). Ve Wish 5

'to emphagsize that we are.not suggesting that the RPA :Ls valid to describe 3

the thennodyna.mic properties of the system. We do feel though that it .
. is valid over the limited region of the magnetic excite.tion spectrum

which we observes T . - ;
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IV. . CONCLUSIONS

We have found in our.study of the temperature dependence of the

| exchange stiffness of nickel that above «8 T, A}’appears to scale

 directly with M, This would seem to indicate that at these elevated

temperatures transverée spin‘correlations play a negligible role in the
~ energy renormalization'of the long wavelength ercitations which_ﬁe ob=-

. vaerve.. Our underetanding of this phenomenon 1s hased principally on

‘ physical arguments rather than a rigoroue theoreétical prediction. How- -

' ever, we see no reason why this effect shouldznot be observable 1n other s

- ferromagnetic systems where the exchange 1s of sufficiently long range..
High temperature measurements of the magnetization by resonance

1ndicated that the Curie temperature of these films was less than the

-bulk value. The precise quantitative variation of Aﬁ’with respect to T

1s therefore not to be taken as a reliable bulk measurement. However,
f - the fractional change in O between 120 X and 295 K.was an order of_p:
magnitude too large to be explained on the basis of a Heisenberg modei,
| even taking into account the reduced critical temperature. |

Detailed‘studies of the intensity variatién of etanding spin wave -

modes in sereral films led us to conclude that mode pinning in nickel
is primarily a volume inhcmogeneity effect, aa suggested previously
b&'NOSe.gg Tt 18 therefore likely that "bulk quality" fiinw-will enhibit
'little or no surface spin-pinning. Although unpinned modes cannot
be excited by a uniform microwave field, we have found that & non-uniform
exciting field will couple to such modes.

A non~uniform field can be obtained in & transmission spectrometer
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which we used to study room' temperature étanding spin wa;ve resonance
gpectra in 81-19 permalloy. We have observed an interference effect
between the propagating electromagnetic and photon modc_es in the film,
Analysis of the obsefved effect glves e.dditional..infomation about fhe
internal field in the film, | | |
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Table II.

295oK(cm?sec;l)

Inelastic neutron scatteringt

 Nathaens et al.l;' C S L o .0568

Stringfellowl7 S S ‘  . L0612

Spin Wave Resonance
Nose29 R __.: R Ll .0538 {.'f:“?".ﬁlf co
Phillipsl6 08T B
Holzer _ | _ o : o o ‘

Film A N o <5 I :

Film B = . : ' 0559 T
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- Perpendicular fleld resonance spectra for 1200A

film, The top trace was taken with the sample

B " in a single reflectlon cavity and the lower traces

with it in the transmission system, The high field

‘ mode is identified as n = l.
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Critiqaloéngle;(¢f é'1h°)'résonan¢e”spec£ra
- for 1200A film, CWith the sample in & single

‘cavity (top trace) only the n = 0 mode is

detected. In the transmission system (lower
traces) a second mode identified as n =1 is

- detected.
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Péraliel field resonance spectra for 1200A
f£ilm. ~The top trace was taken with the

‘sample in a single reflection cavity and the

lower traces with it in the transmission
systems The high field mode is identified

- as n = Oy In the transmission spectrum mode
n =2 '1s not resolved.
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R ',_ag perpendicular field was determined by

-H -is plotted against n2.' The value of Ho o

= .,"j extrapolation. The smaller slope at perpendicular
.. fleld indicates a larger effective film thickness.
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' Equivalent circuit for the two cavity .

transmission system. ' The coupling of .

. power through the film is represented
' _by the mutual inductance M.
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Experimental trace of bthe‘ derivative of
_ power absorption, dP/dH, as a function S
of the applied field, Hy for FilmA at .. . -

 295°K,
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Fig. 12 Experimental trace of the derivative of power

.absorption, ap/aH, as a function of the applied
“field, H, for Film B at 205°K.
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15 Plot of' resonance field, H_ va. n2 for spectrum

A 4 ~of Film A as given in Fig.nll. :
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Fig.lh Plot of resona.nce field, Hn va. n2 for spectrum e

of Film B as given in Fig. 12,






- Fig. 15

N

‘Plot of specific magnetization, o(T), in a
545 kOe_field as determined by Weiss and .
Forrer.5! Values obtained by resonance are

- ‘compared with o(T/,976) for Film A ~and

o(T/, 96) for Film B.
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:lFig’. 18 H -H7 ;
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for Film A.

S 1s. plotted i, 15/2 ('l' < 3oo x)
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" for Film B,
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"'_l'hvevvari'ationv of &withrespecttoM.M is L
- .~ 'normalized to M(T=O) and has been-scaled to .
R P 612°K." - RN 1s givenv_'__in_»'tv_erms:_Qf_'HS.}L?. ..
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Pige 21 (aD/aw)/(/K) va. T/Tc The values of To
-, .are 612°K for Film A and 600°K for Film B
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission'" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disséminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








