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Inorganic lI~terials Research Division, Lawrence Radiation Laboratory, 
'Department 'of Physics, University of California, 

Berkeley, California 

ABSTRACT 

,We have observed standing spin wave resonance in evaporated films 

of 81-19 permalloy and pure nickel. The permalloy measurements were' 

made in a room 1;emperature microwave transmission spe<?trometer at 

14.5 Gc/sec. ' In this system we observed not only excitation of unpinned 

"spin wave modes but also a previously unreported interference effect 

between the propagating electromagnetic and spin wave modes in the film. 

A 15.1 Gc/sec reflection spectrometer was used to measure the temperature 

dependence of the exchange stiffness of nickel. We have extended the 

te~erature range of these measurements~p to 540oK, which is in excess 

of 87% of the Curie temperature of nickel, 'T = 621°K. Above.8 T the c ,c 

exchange stiffness appears to vary directly as the magnetization. 
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,I. INTRODUCTION 
.. ":' 

.,.,.". . At'presentl there, is no theoretical model which' adequately describes 

~he magnetic behavior ot the ferromagnetic 3d transition metals. Usually 

one of two limiting cases is consideredt either the Heisenberg modell 

in which the 3d electrons are localized at each atomic site, or the band 
, 2" " , . ' 

model where the electrons are itinerant and to first approximation are 

, described by plane wave states. In: finding the true description, which 

probably lies somewhere between these two extreme cases, it is important' 

to obtain precise experimental data on model-sensitive phenomena. 

, One source of such data is the direct measurement of the dispersion 

relation for the low-lying elementary excitations of the magnetic system· 

(spin waves). The Heisenberg mode13 predicts the well-known quadratic 
, 2 
dispersion relation, (1) = (1)0 + /)' k , for long wavelength spin waves. 
'4-6 '.-..... .. " ,,-' , 

Kittel and Herring 'have shown by general'argumentsthat this result 

should be independent of the model in the long wavelength limit (ka « 1; 

where "a" is a lattice.constant). This has been independently confirmed 

on a theoretical basis by Izuyama and Kub07,8 for the itinerant model. 

For this reason, the measurement of the exchange stiffness, lJ, at a 

single temperature offers no fundamentally interesting physical informa­

tion. However, the temperature dependence ofLYis model dependent. For 

localized spins, the exchange stiffnes's is reduced by spin wave-spin 

wave in~eractions, "'hich lead to ~the 10,.,' temperature expression9 

b-'"(T) = LJ(O)(1-bT5/ 2). In the band picture, interaction of spin ""8.ves 

, with sin&le particle excitations gives a leading term proportional to .f­
in the renormalization of lr; LrtT) ... h'(o)(l-cl). 
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The two experimental· techniques used to measure· fJ are, a.tandine; 
.' .'~ '. 

spin wave resonance in evaporated thin films and inelastic scattering 
.... '. 

II . . . 
of thermal neutrons. . The techniques are complementary in the range 

12 ,", 
of k over which spin vmves can be observed. The upper limit for resonance, 

°_1 11 k ~ .03 A , is just the lower limit for neutrons. Although the resonance 

experiments 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 samples.13 

Therefore, careful analysis of film quality is mandatory in interpretirig 

14 resonance_results. 

Because 81-19 permalloy is particularly well suited for evaporation . 

of magnetic films,15 many of the standing spin wave experiments have been 

performed on this alloy. However, theoretical analysis is much simpler 

14 16 
for pure metals than for alloys. Fbr this reason, Phillips and Rosenberg , 

have measured the exchange stiffness in thin films of Fe, Ni, and Co from 

4° to 295°K. In all three cases, the observed variation in if ~a:s much 

too large to be explained on the basis of a localized spin model. They 

found that the predictions of Izuyama and Kubo8 for the itinerant model 

gave the right order of magnitUde for the observed effect. 

We hav~ used the standing spin wave resonance technique to study 

the temperature dependence of £r in pure nickel films over the extended 

. temperature range 120 ° to 540oK. lJ.~e upper limit is in excess of .85 Te , 

where the Curie temperature of nickel, T , is 627°K. Below room temperature . c 

our results are in qualitative agreement 'with' those obtained by: Phillips 

16 . 
and Rosenberg.' Over the entire range we alao find reasonable agreereent 

" I ," 
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with ,the"~~sults obtained by St:rinBfellow17UBi~g the less accurate, method 

of small angle scattering of thermal neutrons. We have foWld that above 

, .8: Tc the' exchange stiffness appears to vary directly as the magnetiza-

tiono As discussed in Part III, this may indicate that at these elevated 

, temperatures the effect of transverse spin correlation is negligible for 
, 0 1 " -

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

We have also studied the room temperature resonance spectra of 

permalloy films in a microwave transmission spectrometer. In this system, 
, 18 

in contras~ to the standard reflection spectrometer, the exciting 

microwave field is not Wliform in the film. We have confirmed that such 

, a field will excite spin wave modes even in the absence of surface spin-

pinning. This is important in light of recent experiments which indicate 

that surface pinning may be exceedingly small in high quality single 

crystal filma. 19 , As mentioned above, 'the reliability of film measurements 

depends critically upon film quality_, We have also observed a'n inter-

ference effect betrTeen the propagating electromagnetic and spj n wave modes 

in the fi~ Analysis shows that this effect can give additional infor-

mation about the variation of internal field in the fi~ Such informa-

tion is useful in determining what parameters must be varied during 

. evaporation to improve film quality_ 

'" 
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!I. MICROWAVE TRANSMISSION 

A. E?Cperiment 

The samples studied by microwave transmission20 were vacuum evapora­

ted permalloy films (8i~ Ni, 19~ Fe) ranging in thickness from l000A to 
o 

3000A. This particular ~loy composition is ideally suited for magnetic 

resonance studies of evaporated films because of its low anisotropy and 

21 zero magnetostriction. 

The films were deposited on unheated glass substrates at a pressure 
, -6 

of approximately 3xlO Tbrr. The substrates were cut from microscope 

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

. bath. The final cleaning was done in the bell jar by pos~tive ion bom­

bardment. The source wa.s an ~1-19 pennalloy rod, one end of which was 

heated by bombardment with electrostatically fbcused 4 KeV electrons • 
.......... . ' 

Best results were obtained for an evaporation rate of approximately 
o 

l8A/sec. 

The film thickness' and the evaporation rate were determined by 

measuring the frequency shift of a quartz oscillator placed near the 

. substrate. The fractional uncertainty in the values obtained by this 

method is of the order of ±l~. The problems inherent in this technique 

, are discussed in Appendix I where the entire vacuum evaporation system 

. is described in more detail. 

Figure 1 is a schematic diagram of the transmission spectrometer 

used in this experllfient. ~be films were mounted across a circular iris 

cut in the common side-i'Tall of the triO cavities, as shown in Fig. 2. 

The seal was made with conducting silver print to prevent power leakage 

, " ) 
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aroundtqe film. In order to compensate for the loading 'effect of the 

'dielectric glasBBubstrate, the resonance frequency of the second cavity, 

was adjusted by means of a capacitive tuning screw. 

The coupled cavity system has two normal modes of oscillation. 

Figure 3 shows the configuration of the microwave magnetic field, hi ' 

,for the two modes. Placing a conducting film acrOBS the iris virtually 
, , 

eliminates any excitation of Mode 2. For Mode 1, the coupling was small 

enough that the cavities could be treated as independent resonant systems. 

This was experimentally verified by measuring both the reflected and 

transmitted power as a fUnction of both the applied frequency and the 

resonant frequency of Cavity 2. 'lhe maximwn pow'er abs,_,rption by Cavity 1 

C ' " ", " ,occurred at 14.485 Gc/sec and was independent of ' the tuning of Cavity 2. 

'. ' 

" , The peak in the power transmitted :f'rom Cavity 2 varied in both frequency 

and intensity as a fUnction of tuning but alwaYB exhibited an absolute 

maximum at 14.485 Gc/sec. 

The fact that the resonant :f'requency of Cavity 1 was not pulled by 

tuning Cavity 2 implies that there was a negligible amount of power 

transmitted from Cavity 2 to Cavity 1. In this limit it is a good approxi-

, mation to assume that the field transmitted through the film couples 

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

nearly equal to that of :f'ree space. ~~is assumption is made in Section 

C, and the results predicted there are in good agreement with experimental 

.spectra. Further experimenta'i justification was obtained by removing the 

, . 

Becond cavity and coupling the transmitted power directly into a wave guide. 

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

s:lgnal .. to,:"noise ratio, the spectrum was unchanged. 
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To obtain 'the spin wave'sp~'dtrum of a given film, the klystron 

was locked ~oCavity 1 by anAFC system, and Cavity 2 was tuned ,to give 

maximum power transmission. Straight de detection was used to monitor' 

both'the pOiver reflected from Cavity 1 and that transmitted !'rom Cavity 

2 as a :function of the applied de magnetic field. 

The dc field, H, was supplied by an electromagnet, as shown in 

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

wave guides. In this configuration, H was normal to the microwave' 
, :4 

magnetic field at the film, h, for all magnet orientations. Spectra 

were recorded for a series of v,uues of <1>, O:S <1>:S~ 1 where <1> is defined 

as the angle between H and the film normal. The dc field was swept at 

a rate of ~~o Oe/sec, and its ~bsolute value was measured with a rotating 

coil gaussmeter. 

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

a uniform exciting field. This was easily accomplished by interchanging 

the cavities and blanking off the coupling iris in the side-wall with a , 

copper plug. The mod'ified system is just a standard reflection spectro .. 

meter. Spectra were obtained with this system for the same range of <1>. 

All experiments were performed at room temperature which 'was usually 
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D.' Results 

·.By exercising great care to avoid contamination during evaI>0r~tion, 

.. ,'W'e .were . able to prepare films comparable in quality to those produced 
. ' 22 

. '.,,'. ':by Nisenoff and Terhune ul;ling an "ultra .. high" vacuum evaporator. In 

;. , 

'. 

the transmission spectra of these samples, we observed not only excita-

. tion of unpinned spin wave modes but also an unexpected interference, 

effectb'etween the photon and spin wave modes in the fiJ..n4 In interpre ... 

ting our experimental spectra we will find it helpful to compare our 

resul.ts with those predicted for an ideal film and those obtained in other 

, experiments. 

In the absence of magneto-crystalline anisotropy, th~ .dispersion~ 

. 23 
relation for a uniform film i~ given by 

, '. 2 ' tf -2···· '.' 
= [Iitl cos (<1>.,9) - 4rr\M1 cos 9 + - k ) X 

'Y 
~ . rl 2 1Y 2 [\ HI cos (</>-9) - 47f.\ fill cos e' + -:y. k ~. 

(1) 

'Wher~ <Pis defined as above, and 9 is the angle between the magnetization, 

, M, and the .film normaL In general the magnetization is not parallel to 

the' applied field, and e is a function of both II = IKI and </>. This ,can 

24 
be seen by considering the magnetic energy density, EM' in the system: 

(2) 

'l'he second term on the. right arises from the demagnetizing field in the 

direction of the film normal.. The equilibrium orientation of X, fro~ 

dE11CE= 0, is determined by the relation 

H sin(</>-e) + 2rrM sin 29 = 0 

.. .. 
,'~ . 
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The net result is that the magnetization changes' direction as thed9, 
.~ ;,". 

field is swept, and the observed mode spacing is not quadratic in k. 

However, in the two limiting cases of ¢ = 0 and ¢ = TI/2, the situation 

is greatly simplified. 

At perpendicular field with H > 4TIM, e= ¢ = O. Equation (1) reduces 
. 25 

.to the familiar resonance relation of the Kittel model t . 

(4) 

At par8.llel field, e = ¢ = rr/2, and the mode spacing has the same 

quadratic dependence on kt 

The possibility of exciting a mode depends critically on the boundary 

.' conditions on the transverse magnetization. If the surface spins are 
, , 

completely pinned, the resonance condition is given bY' k = m/L where·n 

is an integer and L is the film thickness. Assuming the film normal is 

Z directed, the transve~se magn~tization varies as sin (nrrz/L), and the 

uniform en = ¢) mode cannot be ·excited. A uniform exciting field will 

only couple to modes with a net transverse magnetiZation, which corre­

sponds to odd values of n in this case. The mode intensitY' decreases as 
2 ' 2 

~/n ·and the spacing, HO ... Hn, is proportional to n for both ¢ = 0 and 

¢ =rr/2.25 H is defined as the resonance field for the nth mode. n 

If the surface spins are completely free the transvere magne.tiza.tlon 

~aries as cos nrrz/L, and the predicted mode spacing is the arune as for 

the pinned case ... hOrrever J a uniform field will couple only to the uniform 

lllOde. Finally, in the case that the surface spins are neither completely 

".' . 
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,,',p~nned,nor ',completelY .free, . the, transverse magn~tiza:tion varies as 

a sin kz + p cos kz (6) 

n
eff

1T 
The re~onance condition is k = L ,and the boundary conditions, on 

"the transverse magnetization, m, are usually exPressed by 

Oml + ~I 0 dr} O,L O,L =. , 

" where'11 is the outward directed unit normal. and the" film surfaces are 

at z = 0 and z = ~ The ratio alp and the effective mode number, neff' 

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

A. , !I.he· limits A -. 0 and A -. 00 correspond to the unpinned and pinned 

cases respectively. 

·In a transmission spectrometer, such as the one described 'in the 

previous section" the exciting field is, notunifo~ In fact, in the 

limit :L ~< c/ .JZTr(J(J), it is easily shown that ..... 

where a is the electrical conductivity. We have assumed that a m!crc>i'1ave 

magnetic field" R(o)=~ is incident at 'the surface z=O and that the fiel~ 

h(L) couples to a propagating "rave. For a 20001 permalloy filJn, c/4rraL is , 

of the order of 10 .. 3 and to a good approximation R(z) = it(O)(l ... Z/L). This 

field will couple to all pinned modes (n > 0) with the intensity varying 

aSl/n2• In the unpinned ease, the uniform mode as w'ell as higher modes 

corresponding to odd values of n shOQld be excited. The intensity will 

fall off as 1/n4, and it is probable that only a very few modes can be 

detected experimentally. 
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'. Spin wave spectra nearly always· show Borne. deviati9ti from the .behttV1or> ... :,: .. 

prcdicl;cunhovc.1} i'he only consiatentlyreproducible·film property .~ 

has been the variation of the effective pinning as a function of the angle 

¢. The perpendicular field spectrum is usually characteristic -of strong 

pinning. However, the spacing and intensity of the low order modes 

often tend to va~y as n and lIn, respectively.· Also, modes associated 

with even values of n can often be detected. 

As H is rotated away from the normal .direction, the higher order 
26 

Without. exception, a critical angle 

(¢ = ¢c) is reached where only a single resonance· is observed •. T'nis is 

characteristic of a uniform film in the absence of any pinning. For 

.¢ . < ¢ < n/2, very weak bigher order modes usually reappear. The spectrum 
c -

in this range is characteristic of weak pinning, .and the deyiatic~ms from 

quadratic spacing at parallel field are much less pronounced than at 

perpe,ndicular field • 

. . Two models have been proposed to account for the observed behavior; 

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

model originatiy proposed by Portis27 and extended by Hi!ota,28 Wtgen 

and KOOi,l} and others. The latter is based on the assumptions that the 

surface spins are free and that the internal field varies in the film due 

to a non-uniform magnetization. lt1hile both qualitatively predict the 

observed features of experlinental spectra, the VI model has been more 

successful in quantitatively explaining mode positions and intensities. 

22 Nisenoff and Terhune (NT) have reported the first Qbservation of 

stancling spin rrave spectra in permalloy which showed no deviation :!'rom 

the predicted quadratic spacing at either poxallcl or perpendicular field. 
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Thcy found tlint th~ir experimentaJ. results could be explained veri ~ell ' 

, by a simplified version of the VI ~de'l-.. i.e~ a uniform film. with thin 
" 0 

layers (- 25A) of reduced magnetization at each surface. We have obtained 

,similar results and we feel that the model proposed by NT is also appro-

priate for our films. 

o 
The top traces in Figse (4), (5) and (6) show spectra of a l200A 

film. in a single reflection cavity for ¢ = O,.'¢ = ¢c = 14 ci I and ¢ = rr/2e 
, ';2 At ¢ = 0, the intensity decreases slightly more rapidly than 1 n , con-

'sistent with strong surface pinning. However, the weakly excited even 

" modes indicate slight asyrumetry in the boundary conditions. A critical 

angle, ¢c' is observed at "Thich there is apparently no pinning.. At 

, ¢ = rr/2 , the high field mode is identified as n = ° and the tyro weakly 

excited modes as n = 1 and n= 2. 
2 

Figure 7 shows a plot of Ho - HnVB n , 

at bpth parall.el and perpendicu1ar field for this filJn. The apparently 

smaller exchange stiffness at perpendicular field was also observed by 

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

extremely thin surface layers of reduced magnetization can lead to a 

larger effective film thickness in the perpendicular field orientation. 

For this reason w'e used the paralJ.el field slope and the real thickness, 

L, to calc,ulat~ IJ. 
The ,values of 4TIM and g (g = "Itl/IlB) ,can be calculated from the ex­

perimentally de~erIllined values of H (n =- 0) and simultaneous solution 
o 

of Eqs. (4) and (5). The line shapes at perpendicular field were very 

nearly Lorentzian and the linewidths nearly constant for n > 1. In this 

case it is appropriate to define a spin wave lifetime T2 = 2/~6H where 

M is the full width at half-maximum. 

". 
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.' ' ,A . summary· of :the experimentally determin.ed'parameters· for the· 
. ~ . 0 .' 

l20~ film and,a 2000A film which exhibited virtually identical spectral 

. feature's is given in Table I. The values of 471M and g are in reasonably 

good agreement with bulk values, as they should be for high ,quality filmB 

of this a1l~y compositi~n. Magnetostriction and crystalline anisotropy, 

which can cause uniform shifts ,in spectra,29 are extremeiy small in 81 .. 19 

permaD:oy. The T2 's at this frequency are also in good agreement with 

values deterinined i'rom both standing spin wave' and .' parallel pumping 

experimen~~?O' The absolute values of /YJ' although :reasonable" should not 

be taken too seriously because of the uncertainty in L • 
• «) 

The reflection and transmission spectra of the 12·00A film, as zneaBured 

in the transmission spectrometer, are shown in the two lower.traces of. 

Figs. 41 5, and 6. There is no detectable change in the mode spacing 

or the linewidth from the single cavity result, but the qualitative 

change in more intensities are of great interest. As expected the even 

modes are strongly excited and the intensity variation of all modes is 
. 2 

slightly faster than. lIn for n > 1. At ¢ = ¢ there is now clear evi" . c 

dence of an n = 1 mode. The identification is confirmed from Eqs. (1) 

and (3). Using ¢ = 14~ and the' values of 4nM and g given above yields 

a npacing HO ~ 11. ~ 400 Oe, which is just the observed spacing within 

experim~nta1 error. Thus we have direct evidence of excitation of unpinned 

modes in a transmission system. 

Examination of the translnission spectra gives a Burprising result. 

At resonance there :i,s an alternating increase and decrease in the total 

power transmitted. This effect is not restricted to one field orientation. 

As the angle ¢ is varied, the high :field mode, lrhether pinned or unpinned" 
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always 'corr~~pondst~ a
l 

de~rease'in ,tranE?mittedpower." The next mod~,J~ 

"I';. 

.. ' 

., 1 .. _ 

'" .'~ ,.'. 

· .. r 

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

The alternation continues for all detectable modes. 

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

:that there are two modes of propagation in the film, a spin wave mode and 

a photon mode. The rotating magnetization associated with the spin wave 

, mode induces eddy currents 
'-: .. 

Eddy currents w'ill couple to a propagating wave at the surface ,Z = L. The 

phase, ,of the radiating eddy currents depend directly on the, phase of the 

t~ansversemagnetization at z =L, which changes by 1800 for each successive 

value of n. Thus the spin wave contribution to the transmitted p01{er 

,either add to or subtract from the contribution of the electromagnetic 

, (photon) modeo From the perpendicular and critical angle resUlts we 

,see that modes of even symmetry about the center of the film always 

correspond to a decrease in transmitted power. This is confir.med in the 

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

observation of this interference effect can be used to obtain additional 

information about mode symmetries and boundary conditions which cannot 

beob~ained from a single reflection cavity"experimento 

The occurrence of this interference effect Ehould only depend on 

mode symmetries and not on the specific eigenfunctions describing the 

spatial variation of the modes. ~'hiB "TaS experimentally confirmed ,dth 

films r:hich show'ed the usual deviation from quadratic spacing. T'.nese 

included ones "Te prepared and two that were kindly given to us by l'TiBen 
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and Kooi. . 
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.',. 

In conclusion we wish to make a brief comment on film quality. 
, ,~ , 

Nisenoff and Terhune prepared their'films in an oil free, vac-ion, 

.... 

pumped system at a pressure of 10 ... 7 Torr. They suggested that the deviations' .j 

from quadratic behavior usually observed are largely due to contamination 

from residual gases present during evaporationo They specifically listed 

backstreaming'of oil in conventional oil-pumped systems as a possible 

source of contamination. Our results indicate that this may be the most 

critical factor in determining film quality in this composition permaD.oy. 

We took great pains to eliminate any backstreaming from either the 

mechanical fore-pump or the oil diffusion pump, and although our evapora­

tionpressure was mOre than an order of magnitude higher than that of liT, 

, we produced comparable filmB. . 
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Th~quaiitative .behavior of the observedtrans~issionspeCtra is 

easily understood from the physical arguments of the previous section. 

A detailed lMthematical analysis requires simultaneous solution of 1I..a.x-

well t S equations and the spin eql,lations 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 surfa.ce layers and can be 

incorporated in~o the boundary conditions for the tr~nsverse:magnetiza­

tion. The films reported on here appear to fall into this category, 
( 

. , 

and the following calculation wili be restricted,to this case. Furthermore, 

only the perpendicular field geometry will be considered. In the parallel 

.. :' field orientation, the appearance of a transverse demagnetizing field 

gives rise to elliptically polarized normal modes. Thed1spersion rela-
; . .. 

' .. tion has three branches, and the algebra becomes extremely tedious. 

Let us now consider a film of infinite extent in the x and y 

· directions with planar surfaces at z = 0 and z = L. The applied dc 

magnetic field and the saturation magnetization are nor~al to the plane 

· of the film: It, = H~, z M = M z 
00' 0 o· Denoting the microwave components' 

'. 
of the field and the magnetization by lower case letters, the equation 

of motion for the magnetization, in the limit that I~ « Ho and 1m'! « M· 
0' 

is 
+ '0'2 ± + ± 

± ·om-. ~ m - + .!!!L + I'M h± (8) i dt = - - rom 
oz'2 0 T2 0 

± ± in the · The rotating components m and h are defined usual way, and 

ro = ')'( II ,_lmM ), where I' is the gyromagnetic ratio. A phenomonological 
000 . 

Bloch damping term, ~m /CIt = "fiX y/T2' has been introduced. This x,y 1 

I 
1 

I 
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equations gives. 

, :t '± i(oot~kz) 
Assuming m and h' vary as e and substitut1nginto Eqa. (8) and' ,', 

, (9), one obtains ~he dispersion relation 
. _ ... nl.":.- ,.:, .-~ 

where 6 ,;. C/(~(J(J)l/2 is 'the classical Eldn depth and k± are the pro.;.. 

pagation vectors for the two senses of circular polarization. 

For 00 > 0, m- is being driven far from resonance, and its contri-' o 

"', 

bution is negligible. The propagation of h- is that of an electromagnetic 

~Tave of frequency 00 in a medium of conductivity, C1. This is easily verified 

by sUbstitution of -(00 - i/T2) for (00" i/T2) in the following analysis 
+ + 

'which will be confined to hand m. Hm~ever, if·the driving field at 

1. = 0 is linearly polarized, the contribution from h- must be incol~orated 

in the final result. 
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Rctlt-rning'to Eq. (10) 'and co~sidering,oniy the right. circUlarly: 
. ' , . .' 

, "l-'ol::\.\'h\r.\tllOllipOllCl1tB, we Bce that there are two solutinna of k+ corre .. 
,", 

sponding to the two modes of propagation in the system.. Near the cross­

oyer of the spin wave and photon dispersion curves (w ~ w ), there is 
, 0 

',- . 

, .' 

".-', .. 

.••. :. I-

., ;"". 

a strong mixing, and both solutions have both spin wave and photon 

, character:' 

, k2' &::I ( .. ....L + ko 
2) (1 ±[l ... i' . A ",", ' 

. " 62 . 2 , (2i/'02 + k 2)2 
, ' , 0, 

... ~ 

\', . 

81ryMo 
A ~ d

6
2 

ID-w
o
-i/T2 

J9" 

ell) 

;, .,C, In' the ~egion of strong interactiort,the,mixing results in eddy 
. ' , 

" :, .curre'ntdamping of the spin wave modes as dis~usBed by Pincus.33 
, " 

Equation (ll) can be greatly smplified if we restrict our calcuJ.a-' 

'i ' ~, ~ , t on to the region for which w - (1)0 > 5xlO , ·sec.. In evaluating the 

terms ink2 we will use the typical parameter values L = 2xlO"5 cm" 

, .. 4 4 *ll -1 ff -2 2 -1 , 6 = 3><10' cm, 7\)'Mo = 2><10" sec I and &::I 5><10 em sec • We then 

find 

(12) 

for the Bpin-wave ... like mode" and we find 

for the photon-like mode o 

(13) 

The restriction on ID-ro limits the validity 
o 

of these expressions to spin "rave modes for "Thich n ~ 2" where n is a 

. ; . 



p~s.it1vc integer defined by the resonance condition Re (k1' : .Re (k
O

) = 
·nrr/L. The predicted behavior for n = 1 should, however, be qualitatively 

correct. 

_ We now-define the' susceptibility of mode 0 (0 = 1, 2) by the 

relation ma+ = XJta+~ From (10), .:(:1;2), arid ~(l;) we have 

-'YM ., 0 
=-

/}k 2 
o 

,-

At this point, we have sufficient information to explicitly evaluate 

microwave transmission through the film. 

. Because experiments are performed in. resonant cavities, it is 

-appropriate to consider .. the case of a linearly polarized incident fiel<L. 

- .' 

A microwave magnetic field of frequency m and amplitude h is applied in the 
. . 0 

x direction at z = O. If the film is terminated at z = L by a medium 

with a characteristic impedance equal to that of tree space, the 

boundary conditions on'h± = h±(z)e±twt are 

h±(o) = h o 

+ Because there are two modes of propagation of h in the film, the. 
I 

transmitted 'wave will be elliptically polarized. However, only the 

1 ( [+() trot ... () -wt ) c~mponent hx = 2" Re h L e . t h L e ) will couple to a propagating 

mode in the microwave system. In this case, the transmitted power is 

propol'tional to the quantity W defi.ned by the following relation I 
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' ... 

"~In ;'theab~e~ce of any wave spin excitation" ·Eq., (16) red~ces to : 
'J' 

W 'W c 
( )

2 

r::, o' = 47roL 

" ," 

,In order to determine the transmission atresonanceJ we let 

. m1' I mT' ., kl ... ,r;- - 1 ~ 2mrDT2 =r;- -1K and assume standing wave solu:tions for 

+ + 
h ,and m .' 

h~(Z) ... ho (a cos ~z+ f3sin k:t z) 

:' .' 
, . 

.: ": 

h;(~) d ho (pcos k2z + q ~in k2z) 
, . 

.. ":' " .: ~. 
','r 

, ~ ... \ . 
.. :, ... '" ~ 

.' ' 

+ '+ + . 
,,';, ',w, L' ,h (z) = hl ~Z) + hi z) 

. i'" . ~ , 

,(18)· ' . ~ -, 
,... ," ", 

" 

,', ". 

. ,~. .. '.", . .." 

. --............ :~-~ ~' -' 
,', < '.' ~ • 

. .. . . . ," r 
.. " J. 

, ~: 
" :,'" 

" "': ,", 

": SUbstitution of Eq. (18) into Eq. (15) gives .' 

.: ." 
',~ .' 

, : 

~ " where the coefficients a and f3 are to be determined from the boundary 

conditions on the transverse magnetization • 

. The .,:,,_bserved perpendicular field spectra indicate strong surface 

spin pinning so we choose the boundary conditions 

(20) 
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,The values of a and ~ are then given by 

- ~ a = -x< ' 
1 

i ' 
~;;--a 

KL 

.... ","" 

, ' 

'.," " 

.1,', 

. .' ~ .,' 

( 'f" 

. ' ,~ 

As must be the ,'case' for pinned surface spins the spatial variation of 

, " 

, + + 
, the spin wave amplitudes hl and ml is dominated by the term proportional 

to s~n klZ. Finally, from Eqs. (lb),'(19.),and"(21)'thefractionaJ. 

change in transmitted power at resonance is 

2 
W-Wo _ ( )n ' 16rryMoL T2 

w = -W-' == -1 • 2 2 
o 8 (mr) 

This expression, however, is not complete. At resonance, the spin waves 

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

applied at z = 0 is not 'constant, and the effect of its variation must 

be included. 

The most direct way of solving this problem is analysis of the ' 

equivalent circuit of, the transmission system,3~ as',sh01m ,in Fig •. 8. : It 

is assumed that the film is symmetrically placed with respect tO,the 

two cavities and that the coupling of power through the film can be 

represented by a mutual inductance M. At resonance the equivalent re-
I ' 

sistance of each cavity is increased by an amount 6 R, and the mutual 

inductance changes by bM. The total transmitted power; P, is just 

'2 
i 2R

L
, Making the simplifying assumptions that R = R ' = R, ~ :t M2, " x Y -J. 

till « R, 61-1 «M, L1 '" L2, the fractional change in transmitted p01ier 

is given by 
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where the coupling coefficient, 131, is given by ."" 
~ , .:: 

.':,.', ',' 

, " ,~';; . 

: . 

,0 , 

" t ";. .' "'.: , 

t,'.' 

' .. , " 

, " " 

, ~~ ",. 

(24) 

, "'.' 

know cavity Q' B,coupling coefficients, and filling factors. However, 

,the qualitative behavior of this term can be. determined. ~ is propor-

tiona~ tO~sl the change in the real part of the surface impedance per 

unit area of the film. 

-R = s 

167ryMoLT2 

82(mr)2 

, ( 

It was found that' amplitudes of the resonances in the transmission 

spectra were described well by the relation 

/SP -= p 
C

l 
C2 '. 

( _l)n - -' C = "2 -, 2' 1 
n n 

(26) 

for n ~ '2" The values of T2 calculated from the experimentally determined 

parameter Cl are listed in the last column of Table I. The agreement 

with the T2 ' S. determined from the resona.nce linelddths is quite satis­

factory, 'considering the ullcerta.inty in the values of Land B. Further-

more, the intensity of the modes in the reflection spectra, which va.ry 
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. ~irectly as &:ts ' d~creasE!d slightly faster t~n~: n -2, for: n ,,~ 2.. This' 

coupled with the fact that the even modes did not'disr,?pear cO!llpletely 
'.,./ 

in a single reflection cavity experiment means that the pinning was not 

complete nor was it identical at the two surfaces. However, these 

effects are small, and the predictions of the perfect surface pinning 

are in good overall agreement with our experimental results. 

, 34 , '. ' ial Recent experiments indicate that for high quality epitax 

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

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

exciting field will couple on;t.y to the uniform (k = 0) mode. In a 

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

modes for which k {O. Because of,the importance of film quality in 

making a reliable determination ~f the bulk exchange stiffness, we Will 

extend .the previous analysis to the cas.e of unpinned surface spins. 

The boundary conditions on the transverse ~g~etization are 

om;<z), "= om;z(z) I I:f 0 (27) 
, z. z=O . z=L 

From Eqs. (1" and'~ (18) 

. The modes are predominantly cosine-like, and there-is significant 

excitation only for the odd-numbered ones. The fractional change in 

the transmitted power at resonance is 
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(28) 
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-4 n' : , The power absorption also varies as 

. "'" l\R « 1-(4lt 
,s ' n ..... 

: .. 
, ., . 

-.,', 

, -.., 

, For I~/MI >IM/R(l+f\) I, excitation of the odd modes will cause an 

.'" increase in transmitted power. 

Our experimental data give a qualitative verification of this 

behavior. As described in the previous section, there is an increase 

in transmitted power for the n = 1 mode at the "critical angle." Al-, 

though the mathematical analysis of this section is not valid except, 

,in the perpendicular field orientation for n ~ 2, the sign of 6M/M 
.................. ". ,. 

depends only on the spatial variation and symmetry of the transverse 

, magnetization. The surface spins are' free at the "critical angle," 

and for n = 1, m +(z) will be domina.ted by a term proportional to, 

11"' 
cos L z. 

Although unpinned modes can be excited in a transmission spectro-

, , , ~ 
meter" both reflected and transmitted intensities falloff as n • 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 Kooi 

and cO'VTorkers. 35: In 'this case the r~s,onance condition is :Re'(k~) = 

(n + 1/2), n/L " where n is a. positive integer. 

\-Ie first examine the configuration in which the first surface is 

pinned and the second surface is free. 

'. J 

-.- .,'. 
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'+ m (0) = 0' 
+ . 

am'(z) I iii 0 
.~ L Z= 

'(36)' 

· By straightforward algebra, we find 

(31) 

while 

The large power absorption will probably dominate the transmission 

spectrum and mask any alternation. 

If the·film is turned around, 

+ .: .. 

dmd~Z) 1"'0 = 0 +. 
m (L) 1:1 0 (33) 

· and we find the same expression for (I), 

. (34) 

The power absorption on the other hand is very much weaker, 

Comparison of 'Egs. (31), _(32), (33), and t~4)J suggests . that the maximum 

· number of spin 'Wave mod.es can be observed )Then the boundary conditions 

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

and one surface free, a uniform exci~lng field will couple to all m~1es 
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" and t,he power, absorption will fall off a's 1/(p+l/2).' The:' transmission 

: . .. . . 

, , 

technique has no advantage over a standard reflection experiment unless 

one is interested in looking specifically at the interference effect. 

We have shown here that the interference between a photon mode 

and a spin wave mode can lead to either an increase or a decrease in 

'. , .... the microwave transparency of a ,thin film. From the exact nature of the 
, . 
"., ,', transmission sp~ctrum, one can obtain information about the synnnetry , 

of and boundary conditions for the spin wave modes in the film. While 

this type' of information is helpful in understanding film properties" 

,', it offers nothing new to our understanding of metallic ferromagrietism. 

. , 

We feel that the outstanding feature of transmission spectrometry is 

its potentiai usefuln·ess in measuring the exchange stiffness in high . . . 

" quality single crystal samples in which there is little or no surface 

spin pinning. It should be pointed out, however, that the existence of 

a non-uniform exciting field is not an exclusive property of the trans­

mission system. The origin of the field attenuation in the fUm is the 

,impedance mismatch at the surface z = L. Excitation of unpiIllled modes 

should be Observed in the reflection spectrum of any film which is terM 

minated by anon-c9nducting mediun4 
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III. TEMPERATURE DEPENDENCE OF THE EXCHANGE. STIFFNESS OF NICKEL' 

A. E?cperiment 

" Nickel tllmsranging in thickness from 1600 X to 2800 X. were deposited 
, ' .. 6 

on heated glass substrates at a pressure near 3xlO Torr. The source was 

a 99.99g/J pure, verticallyori~nted ,nickel rod 3/16" in diameter •. Evapor­

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

bardment. The melt was confined to a small region at the top by placing 

the bottom of the ro~ in thermal contact with a water cooled copper block. 

The substr~tes, which were held at a temperature of 290°C, were shielded 

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

when a uniform evaporation rate (-16 A/sec) was attained. The thickness 

,of'a given film was determined within ±50 A with 'a multiple beam inter-

ferometer. 
.. __ ........ ; ~ .. -.-' 

Resonance spectra were obtained at 15.1 Gc/sec over the temperature.' 

. range 77°K to ~OOoK. A standard field m~dul.at~on and lock-in detection 

scheme was used. The resulting experimental traces gave the"derivative 

of the power absorption with respect to the applied dc field which was 
j 

swept at 2 Oe/sec and monitored by a rotating coil gaussmeter. Careful 

calibration of th~ gaussmeter enabled determination of the center of well 

resolved lines within ±2 Oeo 

Observa'tion of spectra, over such a wide, temperature range required 

the use of two separate resonant cavities. For measurements above room 

temperature (295°K), films were placed on an end wall of a cylindrical 

cav.ity re~onant in a TElllmod~ at 15.10 Gc/sec, as is shown in Fig. 9. 

The coupling iris in the top or 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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'.OlO",and the entire system was ,evacuated toa pressure of -2 XlO-5 Torr. 

"Micr6w8.ve continuity was mairitained a't the break by a radi~l chOke'joi~i~ 

, A direct current resistance heater was used to raise the' temperature of 

the end wall and sample while the water cooled cavity remained at room 

, ,temperature. ,r 

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

system was used to regulate the heater current. A thermistor, which 

: comprised one arm of an ac bridge, was placed in direct contact with the 

heating coils. The bridge was driven at 86 cps and the bridg~ output fed 

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

, a helipot which in, turn varied the heater current. With this system 

(shown schematically in Fig. 10) the sample temperature was stable to 

better than ±~loK over periods as long as 2 hrs. 

The low temperature cavity was identical with the one,·justdescribed 

-, except in two respects. The water cooling jacket was replaced by a brass 

" can which wasinunersed in a liquid nitrogen (or liquid heliut.n) bath. Also, 

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 77°K to 295°K. For both cavities a copper-constantan, 

thermocouple was used to monitor film temperature. 

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

sented 'significant experimental problems. Irreversible changes, both 

physical and chemical, can take placeo , We found that annealing a film 

for 30 min at 300°C in the bell jar immediately after evaporation was 

helpfulo Annealed films showed less deviation from the predicted 

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



'. 

annealed films were quite reproducibi~ between 295°Kand. 465°K. This, 

'behavior was not always observed for unannealed films •. However, drastic, 

changes in the room temperature spectra of films which had been heated 

well above 465°Kwere observed independent of past annealing. These 

, changes inclUded broadening of resonance lines and a~'!crease in the 

exchange stiffness and were attributed to oxidation. Although the 

cavity was evacuated, the design required that the substrate be ce-

mented to the cavity wall. We believe that the apparent chemical 

changes in the f.ilm were caused by reactions with outgassing components 

from: the cemeXlt. 

The upper limit of the range of reproducibility was extended well' 

above 5000 K by evaporating a2000A layer of gold over a given film. 

The gold was added after the film had been removed from the evaporation 

,system and its room temperature resonance spectrum recorded. Exposure 

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 "dirtyll st.trface probably prevented the formatiOn of an alloy at the Ni-Au 

, interface. This was confirmed from the room temperature spectrum which 

shcrvled no detectable change after the addition of the protective gold ,~ : 

layer. 
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. B • . Results 'and Discussion 
•... 

. In all Ni filmswhi~h we prepared., onlJ' a f!ingle resonance was detec-· 

. ted\.lith the 8pplie~ dcmagnetic field parallel to th~ plane of the film •. 

, As discussed in Part II, a spectrum consisting of a single line is charac-

.. teristic of extremely weak surface spin-pinning and is commonly observed 

.in the parallel field orientation. For this reason" the exchange stiffness 

., was determined only from the perpendicular field· spectrum which consisted 

of seVeral well resolved modes. However., the resonance spectra of the 

Ni films., in contrast to the permalloy samples described above, always 

deviated from the behavior predicted for an.ideal film25 in two respects: 

the apparent room-temperature magnetization of the films determined from 

resonance was from 10% to 40% smaller than the known bulk value; 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 observed in previous 
2 . ~ 16 

studies of Ni films by both Nose. 9 and Phillipa'and Rosenberg. Nose has 

suggested that the ~ffect is probably ,due, 1arge1y. to a strain-.induced, anisotropy 

field rather than an actual reduction in magnetization. In a 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:34 

(~)2 = (H-1mM- }~a _ ~~au + rk2) X 

'(H ..47TM .. 3 >-.0 cr' + J!. k2) 
M ,'Y 

(36) 
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.. 30 .. 

=: Ii + 47iM + 3>..0-(_~')2 (" 
. M 

( 
3>..0-

H+ ---.!!. 
M 

cos 

" , 

.... .... .': '; 

where,A is the saturation magne~ostriction constant, 0- is 'the isotropic 
" 

stress in the' plane of the film, and 0- is a uniaxial stress a't an, angle .u 

e with respect to the magnetization. Nose points out that the uniaxial 

stress is usually small in evaporated films in which case (36) and '(37) 

reduce to (4) and (5) with M replaced by 

Simply stated, an isotropic stress in the plane of the film causes a ' 

uniaxial anisotropy in the directio~ of the film normal. The associated 

anisotropy field uniformly shifts all 'modes leaving the mode spacing 

unaffected. 

If the film is not uniformly strained, then the magneto-elastic 

coupling will contribute to the non-uniformity in the internal fieldo We 

feel,that this effect, in ~dditi0I?- tO~,slight,fi~ contamination, ,:was respon .. 

sible for the deviation of the low order modes. When the variation in the 

internal, field is small, a. simple pertl1rbation calculationl6 shovrs that the 

. dispersion'relation measured from the quadratically spaced higher order modes 

accurately gives the exchange stiffness of the material o 

quadratic spacing and an apparent magnetization most nearly equal,'to.'the 
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bulk "value •. The" direct effect of· strain ,on the" e:~changestiffness is not 

.. . 

known, and w~felt.that samples with the largest apparent magnetization· 

, 'Would most accurately reflect propert:les of strain free bulk material. 

',The results for two samples (which 'We shall refer to as Film A and, FilIil B) 

will be presented here. 

The room-temperature, perpendicular field resonance spectrum and 
2' 

.. corresponding plot of the resonant field vsn are shown in Figs. 11 and 

'., 

o . 0 

12 for Film A (L = 266oA) and in Figs. 13 and 14 for Film B (L = 2150A). 

The measured values of the exchange stiffness are compared with values 

determined from previous thin film16,29 and neutron scatteringll,17 experi-

ments in Table II. The agreeme~t is satisfactory. The fractionaluncer­

tainty in neutron measurements is at least 2i-3i due to resolution problems 

inherent in the experimental technique. Variation in film.results is to 

be expected even if all samples are of reasonably high qualityo Standing 

spin wave resonance is sensitive to small "changes in the exchange stiffness, 

but determination of the absolute" value depends on a knowledge of the film 

thickness, w~ich is usually known only within ±l% •. Also, the effective 

" .. thickness for resonance, as we observed in permalloy, can differ !':rom 

real thickness.' 

The features of the resonance spectra of our two films are similar. 

Each shows o~y a Blight deviation from quadratic spacing for the low order 

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

2 decreases somewhat more rapidly than lin. In each case the highest order 

IT:ode which is vTell 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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-po~i'1:,ion'indicates that there is rio drast.ic deviation fromquaclratic 

spacing. In both films a weakly excited n = 6 mode is observed, indicative 

of a slight· asy.mmetry in the internal field. , 

The rapid intensity decrease of the high order modes, although un-

, desirable from a resonance point of view, was a consistently observed 

property of high quality films. We prepared 'filIDs 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 the' 

linewidths nearly constant as a fUnction of n. In Film B there was a 

slight (less than 10%) but noticeable broadening for n -1. This was 

undoubtedly due to surface irregularities which become increasingly more 

effective in scattering spin waves as ,~he wavelength decreases. 35 The 

peak to peak linewidths were ~65 Oe in A and H350 Oe in B. From 

36 . . Rodbell' s observation of ferromagnetic resonance in thin single crystal 

nickel whiskers, we would exp~ct a value of H190 Oe at 15 Gc/sec. However, 

evaporated films are in gene-ral polycrystallines and any randomness in 

orientation of the crystall~tes will broaden the lines because of the 

magneto-crystalline anisotropy. 

This assumption appeared to be borne out by the temperature dependence 

of thelinewidths. Below room temperature the linewldths increased 

rapidly and the line shapes becalne more nearly gaussian'. Above room tempera­

ture the linea narrowed slowly in ea.ch case reaching an absolute minimum 

near h~OoK ,( -230 Oe in Fihl A and ~40 Oe in Film B). In addition it 

i 
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WB;S, .found that. the ~ate of change of linewidth.below roon:ttemperature " 

.' scaled very nearly as ~/dT, where 1). is the first anisotropy constant 

of nickel. It should also be pointed out, however,. that non-uniform strain 

in the plane ,of the film will also contribute to inhomogeneous broa:dening 

", and have a qualitatively similar temperature dependence. 

The combination of line broadening and the weak intensity of the 

higher order modes restricted our measurement'of the exchange stiffness 

to temper~tures above 120o~ Below 1200 K modes 5 ana 7 were poorly 

, ° resolved and below 100 K were unresolved. 

The high temperature limit of resolution was _540oK in both films. 

Above 4500K the lines broadened, but somewhat more slowly than at low 
, 

temperatures. Between 4500 and 5400 the relative increase was within l(JjJ 

of that observed by ROdbell,,6 and the line shapes remained very nearly 

lorentzian. In this region the exchange stiffness was decreasing rapidly, 

and the corresponding decrease in mode spacing was the determining factor 

in '~ashing out" modes 5 and 7. In fact, the resolution was poor above 

500°X. Between 5000K and 5400K mode positions, intensities, and linewidths 

had to be determined by making a least squares fit of a spectrum of 

lorentzian linea ·to the experimental data. 

Although there was clear evidence of spin wave excitation up to 

nearly 580oK, computer analysis was not helpful above 540°K. ~ae overall 
t • 

signal to noise ratio was falling off both with M and l/~ (6H being 

the peak to peak linewidth). Tne positions of the high order modes , as 

determined by the least squares fit, "Tere extremely sensitive to the 

exact values of experimental points read from the strip chart recording. 
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Apparent lille centers would shift by as. much as 20-30 Oe_ if the experi~ 

mental values fed into the computer were varied Within the range of 

experimental error. 

In an attempt to obtain some idea of the actual Curie temperature, 

spectra for Film A were taken up .. to 606°x. Above 550oK, where the effects 

.of crystalline anisot~opy andmagnetostriction should be negligible, we 

analyzed both parallel and perpendicular field spectra to determine 4TIM 

and g. We found that if we assumed a Curie temperature of T = 612°X = . c-

.916 T ,that M(T/T ) scaled exactly with the magnetization of bulk _ cNi c 

nickel in the presence of an applied field, M(T/T ), as measured by 
. . cNi 

Weiss and Forrer. 31 This can be seen in Fig. 15. The g value in this. 

reg~on was 2.19 Vhich is in fairly good agreement with the bulk value 
6 ' 

of 2.22.3 We did not have sufficient high temperature data to unam-

biguously<establish M(T) for Film B. However, it appeared that 

Tc ~ 6oeox = .96 TNi' as can also be seen in Fig. 150 

As we mentioned in the previous section, some care must 'be exercised 

in interpreting film results, particularly when the samples are heated 

well above room temperature. - We have used the reproducibility of the 

room temperature spectrum as a measure of the reliability of high tempera-
"~-, 

ture results. For this reason the .sample was returned to room tempera-'_ ' 

ture periodically. ,Even with the protective gold coating slight changes 

were observed when the s~~ples had been heated up to -540°x. In both 

films, there were slight (less than 200 )e) but uniform shifts in the 

spectra. In Film A, a broadening of approximately 40 Oe in the room 

temperature linevridths was observed. These effects could easily arise 

from slight change in the internal strain in the til.Ill. Because relative 

. u~de intensities and the exchange stiffness were unchanged, we believe 

'-;" 

"" -t! 



that the' re-sults upto'540oX are reliable. 

A:f't~r,: Film A had been heated to 606°x the changes in the room 

temperature spectra were considerably more profound. Specifically" 

the linewidth increased to nearly 450 Oe. The broadening caused the 

, same resolution problems encountered at both high and low temperatures. 

The resultant uncertainty in the determination of the exchange stiff­

ness 'Was±y/o" and within these limits e/was unchanged. This fact by 

, itself is not convincing proof that the film has ~ been contaminated 

, at high temperatures, but the direct me~surement of the magnetization 

above 550 0X tend~ to confirm this assumption. The temperature dependence 

of M 'WOuld certainly not scale with that of a pure bulk sample if rod-

dation of the f~lm ~exe increasing at high temperatures. 

In Film B, which had only been taken to, 584ciX, the room temperature 

linewidth showed a slight decrease" the higher order modes became rela­

tively weaker" ,and the exchange stiffness remained unchanged within ±l~. 

This behavior is characteristic of annealing. It 'W'ould seem therefore 

that in both samples the principal effect of raising the temperature 

was to change the state of internal strain" although the reason for the 

qualitative:'.,,· difference in results is not clear. . .", 

'One other factor should be considered in analYzing the temperature 

dependence of the e~change stiffness. PhilliPs14 has pointed out that 

if the strength of surface pinning changes as a function of temperature, 

the effective film thickness will also change. Since the mode spacing 
? 

is proportional to l/L- , a spurious term 'Will be introduced into the 

measured variation of fJ". Hovrever I any significapt change in pinning 

conditions v/ould cause a large change in' relative mode intensities. 
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Within theliJidtaof resolution, the relative niocie,1ntenaities in our 

films remai~ed constant below 540o~ 

Plots of P vs T are given in Figs. 16 and 17 for Films A and B 

respectively. Below room temperatUre our data are in good qualitative 
, ," ~ 

, agreement 'With that of Phillips and Rosenberg '(PR). PR, using a much 
o " 

thicker film (L - 5000A), were able to resolve modes up to n = 15 and 

measure the exchange stiffness down to ~5°~ Between 700K and 295°K, 

" they found that the renormalization of vTaS' very well described by 

, fr = ,(J (1_arfJ/2 ). We knor' of no theoretical justification for a 
. 0 ' 

rfJ/2 variation in this region, and in fact it is probably not appropriate 

to try to fit If to a single term expansion in a power of the absolute 

temperature ove~ suc~ wide temperature range. However, to compare the 

\ 

functional dependence of D in o,ur films, with that observed by PR we have, 

attempted to fit our low temperature' data to such a single term expansio~ 

We find that the most reasonable fit i~ in' factfJ(T) ex: 1 - arfJ/2• Plots 

ofD vs ';/2 are given in Figso 18 and 19 for the tyTO films. 

We do find a quantitative discrepancy with PR. From 1200K to 295°K 

'We observe a reduction in D of about 13% in ~ilm A and 14% in Film,B 

compared with a reduction of approximately 17% observed by PR. Although 

our resolution at low temperatures was subBtantially less than theirs, 

the observed ,difference is too large to be explained by experirr~ntal 

error. It ,is possible that their film may have a lower Curie temperature 

than ours, a fact which would lead to a more rapid reduction in I:l 

over the given temperature range. However, we do not ~t present have 

sufficient infonaation about their film:to make such a judgment with 

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

.. ' 
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. maS~itudeOf' ~he redUC:iOn of tf i~ mU~htoOl.riie ~O beexpi. inedon .. 

the basis of a Heisenberg model ~hich predicts a change· of -1"P over, 

. this range., 

Over the entire temperature range we find reasonable agreement with 

the 'results ofStringfellowj17 who observed small angle scattering (SAS) 

of thermal, .leutrons from nickel powder. From 4 OK to 560oK, he finds 

fr' - ~o, ('l-b (Trrnc )2. 6±. 7)_ ... .<.J _ J. ' We definitely do not find a single term 

expanslon which reasonably fits our data over our temperature range, but 

the percentage reduction between 1200K and 5400Kis very close to that 

, observed by Stringfellow. In Film A ~e find U(5400K) -.52X d (1200K). 

, JbI (/ )2.6' , Using the best fit curve of the neutron data, i.e. /Va: I-b T Tc' 

gives d (5400K) -' .~6 d (1200K). From 1200K to room temperature, the 

best fit gives a reduction of 9~ compared to our value of 13~. 

Although the difference in results can almost be accounted for by 

the experimentaluricertainty in the neutron data, it would appear that 

·AJI is varying slightly more slowl~ in the bulk sample. This is not 

inconsistent with the fact that the Curie temperature in Film A is 

-2-1/2~ less than in bulk. Also, in Film B where there is an apparent 

. 4'/0 reduction in the Curie temperature, ~'e find b-'(5400K) -.49 tr(1200K). 

The neutron measurements would appear to favor our film results over 

tho a of PRo 

It is interesting to note that ~e find the greatest discrepancy with 

Stringfellow below room temperature, where his experimental technique 

is least sensitive (except near T where critical: fluctuations and c ' 

lifetime broadening of spin waves cause considerable resolution problems). 

Small angle scattering involves the observation of neutrons s'cattered near 

", 
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,the forward',direction. At'a criticalangfe:, "Be' ~ithr,e,spect,to the ','<,' 

forward direction the neutron intensity drops off sharply, and analysis 

shows that B is proportional to 1/ Ar. The origin of this lies in the " c. 

fact that long wavelength spin 'W'aves and neutrons both have free particle 

dispersion relations and that the effective mass for spin waves, 

'J.l = 'fl/(2lJ)" is much smaller'than the neutron mass, M. Simultaneous 

solution of the energy and momentum conservation equations gives 

B ~ !lIM = 1/2lfM. The result is independent of incident neutron wave­c 

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

use a thermally white neutron beam. 

The difficulty at low temperatures arfses from the fact that 

B $2° in nick~l. At such small angles the unscattered neutron beam 
c 

provides a strong background and interferes with resolution. Als~" 'the 

spin wave dispersion relation, ID = IDo +fY'k2, is not truly that of a 

free particle. The gap frequency, (1)0' must be corrected for, and small 

angle ~cattering affords no means of directly de~ermining (1)0' This 

causes particular problems below roOm temperature where the anisotropy 

(and therefore (1)0) increases rapidly. 

The range of k for which the exchange stiffness is ,determined by 

this method depends on the cutoff angle and the spread in k , the wave­.n 

vector ,of the incident neutrons. The cutoff wave vector, kc ~ knBc' is 

°_1 
roughly .04A at room temperatureo We see that the small angle scattering 

technique is comp.lementary i'n range of k to our'thin film resonance 

0-1 experiments for which k < .OlA • 

A great deal more information about the spin wave dispersion relation 

can be obtained from inelast:i,c neutron scat'tering by using the "constant Q" 

< ••• 
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. technique deyeloped'bY B~~khouse.3BThiS .method has the distinct .~~-
" ", "'", ",""'. 

vantage of being able to mea'sure the temperature dependence of the energy 
.~. 

of a spinwave o.f a given wave,vector k. The need fOr a high intensity 

monochromatic neutron beam presents experimental problems; however, 
11 . 

Nathans and coworkers at BrooY~aven have recently extended the range 

of k for which spin wave energies can be measured by this technique to 
0_1 0_1 

.03A < k < .5A • The Brookhaven group is currently studying the tempera-- -. . . 

ture dependence of ruCk) in a single crystal of Ni,39 and we shall find 

. it very interesting to compare their results with ours and those of 
. .. ° .. 1 

Stringfellow, particularly for values of knear .03A. 

The most interesting physical property which we have observed was 

the variation of the exchange stiffness with respect to the magnetization. 

Figure 20 is a plot of ~(T/Tc)VS M(T/Tc) for Film A. The value of T c 

has been taken to be 612°K, and M(T/T ) has been appropriately scaled from - c 

the data of Weiss a~d Forrer. 37 On the basis of our direct measurement 

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

feel such a' scaling is reasonable. 

-At low temperatures ~is decreasing more rapidly than ~ This 

can be expressed mathematically by the relationd ~/dM > iJ1~~. As 

the temperature is increased the ratio '(d~/dM)/( ~/M) gradually de­

creases 'and appears to approach a constant value of unity for T > ~8Tc. 

Above .8T the re'solution is decreasing, and there is necessarily some c 

uncertainty in the value of Cd b'/dM)/( .trIM). However, it appears that 

the best fit to the experirrental data in this region is in fact 

d' /J'llliV. = IJ/M. In other words, the exchange stiffness is varying 

directly as the magnetization, and the physical implications of this' 
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~u).d appear. to be. significant.· ... 

The magnetization, M, is just proportional to (8 ), the average z 

z-component of the spin at each atomic site. ,Then for d U/OM = d/M," 

we have tf a: M a: (8'.), which implies that transverse spin components' 
z \' . . 

do not contribute to the renormalization of LY. It would appear ~nitial1y .' .' 

" that this effect could be understood on the basis of a simple physical 

" 

argument. 

The long wavelength standing spin waves which we excite are being 

driven In. a system where the spins are thermally excited. For a 

sufficiently high density of short wavelength thermal excitations one 

might expect the contribution of transverse spin components to the 
, 

re~ormalization of 11 to average out. That:. the.:Situation is not quite 
, . ~ '. 

so simple can be. seen from the work of Horowitz and Mattis who have 

theoretically treated energy renormalization for a system where.the 

moments are localized but the exchange is long range. 

They find that if they define a thermal screening length 

the effective long range exchange JT(R) scales directly with the 

magnetization for R > R • . o· 

I , 

hT 
From the above definition of ROI we see that Ro'- ~where hT is the 

wavelength of ~ thermal magnon. In eff~ct, the thermal excitations 

screen out transyerse spin components for excitations of wavelength 

h > h'l'. In essence, this is 'What we have suggested with our physical 

.. 
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The, calculation o'f the point. at which the.' th~nnal screening is 

, ',' co~plete and if cc M should be obse~ed is, somewhat more complicated. The 
. 40 . , 

energy of long wavelength spin waves.is given by 

.' 

j ~' , " 

~ = RZ JT(Ri)(l-cOSki-Ri ) 
, i 

s::;s k2 \ ,': ~ J (R )R 2 + ZR 2 
R <R T ii', R >R i 

i 0 " i 0 

(40) .' 

". whe,re Riia a lattice vector. 
o 

Fbr nickel at T = 5OOoK, Ro - 3A and the 

, .' 

'effective exchange coupling scales with the magnetization except fo'r 

nearest neighbor (and perhaps next nearest neighbor) inte~~ctions. Since, 

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

weighted by a ~actor of the order of ' ~5_R 5/R 5, where·-R.:, -'is' the range 
-E 0 0 lS 

of the exchange. Although JT(R)(R < Ro) 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 5000 K where we have observed 

fY (T) cc M(T). It should be emphasized that this ,argument does not apply 
, ,l 

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 ~ « 1. 
I . 

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. 

T"ne exchange stiffness will not scale with M until the mean thermal wave-' 

length is much smaller than the range of the exchange. ~11s not only 
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exp~a,ins wl?-y the temperatll!e at which'we observe tY« M iSBo, highbu~:" : 

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

the exchange interaction is of short range. Also, equation (40) suggests 

that the effect will occur uniformly for all spin-waves in the wave 

vector range k «l/~. ~inally w'e arrive at the not too Buiprisin,g 
I) 

conclusion that in nickel ~ » 3~ 
," 

A question arises as to the applicability of this model to nickel., 

We have seen tha~ ,~he reduction iniYat low temperatures is much too' 

, large to be explained by a simple Heisenberg model. HOl-rever, results .. 
, 41 of paramagnetic resonance: experiments above the Curie temperature ' 

cannot be explained by a simple band mOdel. As we mentioned in the 

introduction, the trUe picture probably lies somewhere between the two 

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

here iS,totally inappropriate for nickel. In fact, we find that the, 

existence of and temperature at which the Lr« M effect is observed is 

plausible in terms of the theory of Horowitz and Mattis. 

Unfortunately' the results from Film B above .8 T are not suffi-, c 

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

measured the high temperature magnetization at only two points raises 

a further question as to the reliability of the value T = 602°. For c 

this re~son we have compared /Y(T/Tc) '!lith M(T/Tc ) for values of Tc 

from 590 0 K to 621 oK., In this range the assumption that d IYjdlt. = lYJM 

is consistent with the :res'ults above .• BT within the experimental error. 
, ,c 

At Tc =590° the'value of (d iY/dN)/( !:Y/N) irmnediately below .B Tc 

appears to be slightly less than in Film A, and at Tc = 621° it is 
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, ,from. 8T
c

' to'th~l~wes't temperat~re values. This can be' seen in 
, 1 

i 

Fig. ~l where(d ty /dM)/( b'/M) is plotted vs TIT for both films. That . .' ., , . c, 
I 

" ' the''''agreement is good for T (B) ~ 600 ciKis riot unexpected. As mentioned , . c 
. '.. ..' ' 

: ,:':,' above, the slightly more rapid faJ.;!. off of U(T) in Film B is consistent 
. . '.,. 

-.. " 

, ' . with a lower Curie temperature. 
'. '". 

". 

.. '.' 

" 

The results from Film A if not absolutely conclusive are strongly 

, suggestive that above .8Tc l1 varies directly as M. The results from 

. Film B are in such close agreement with those of A.below .8T that it . c 

seems probable the behavior above .8T is siinilar. In both films the 
. . '. c 

physical properties which we could determine (e.g. ~ 6H(4500), g) 

were in reasonably good agreement with bulk values, but the reduced 

Curie temperatures .shows that the samples were not pure. While this 

fact indicates that the quantitative temperature dependence of ~ is 

probably not particularly reliable for pure bulk material, it would 

not appear to reduce the significance of the ,high temperature results. 

Our understanding of the observed lJ(T) 0:: M(T) , effect is predicated 

, neither on the fact that the sample is nickel nor on the fact that it 

is absolutely pure. If our arguments are valid, then this effect could 

presurr~bly be observed in other materials. 

The only previously reported measurement of exchange stiffness in 
29 . 

films above room temperature is that of Nose who studied tyro Cu-Ni 

samples. One was 22% Cu witl1 a Curie temperature of l30ciC and the other. 

15% Cu with T = 210°C. In each case spin waves could not be resolved 
c 

within 30° ofT. The magnetization of the films was measured indepen .. 
c 

dentlyo In both films Nose noticed that ~was decreasing more rapidly 
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than M. However the upper limit of resolution in the 22% Cu film was 

less than .8T and in the 15% Cu sample was ~.85T. In neither case , . c c 

was extensive data taken near the high temperature limit nor a careful 

-,_a.tudy of (d tr/dM)/(lf/M) made. Nose t s results, while rot encouraging 

are not necessarily inconsistent with ourSo Furthermore, since there 

have been no quantitative theoretical predictions as to when the 1S'a:. M 

effect should'occur, it is possible that in other systems the onset 

would not appear at the same value of TIT which we have observed. And , c , 

in fact, if the, range of exchange is smaller in Cu-Ni than in Ni, we would 

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

Finally it should be pointed out that assumed absence of transverse 

spin corre}ation is, just the random phase approximation (RPA). , We wish '" 

to emphasize that we are· not suggesting that the RPA is valid to describe 

the thermodynamic properties of the system. We do feel thOUgh that ,it 

is valid over the limited region of the magnetic excitation spectrum 

which we observe. 
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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 ~appears to scale 
c 

directly with ~ This would seem to indicate that at these elevated 

temperatures transverse spin ,correlations playa negligible role in the 

energy renormalization of the long wavelength excitations which we ob-

serve. Our understanding of this phenomenon is based principally on 

physical arguments rather than a rigorous theoretical prediction. How­

ever, we see no reason why this effect shouldinot be observable in other 

-ferromagnetic systems where the exchange is of sufficiently long range., 

High temperature measurements of the magnetization by resonance 

indicated that the Curie temperature of these films was less than the 

. bulk value. The precise quantitative variation of f1 with respect to T 

is therefore not to be taken as a reliable bulk measurement. However, 

,the fractional change in lY between 120 K and 295 K was an order of 

magnitude too large to be e~plained on the basis of a Heisenberg model, 

even taking into account the reduced critical temperature. 

Detailed studies of the intensity variation of standing spin wave 

modeS in several films led us to conclude that mode pinning in nickel 

is primarily a volume inhomogeneity effect, as suggested previously 

by Nose. g9 It is therefore likely that ''bulk quality" films will exhibit 

little or no surface spin-pinning. Although unpinned modes cannot 

be excited by a uniform microwave field, we have found that a non-uniform 

exciting field will couple to such modes. 

A non-uniform field can be obtained in a transmission spectrometer 
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which we used to study room temperature standing spin wave resonance 

spectra in 81-19 permallpy. We have observed an interference effect 

between the propagating electromagnetic and photon modes in the fi1n4 

Analysis of the observed effect gives additional information about the 

internal field in the f~ 
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Table I. 

L .. 41TM g J)" 2/-y6H 
T2 

(transmission) 

0 
10.8xl03 gauss 2 -1 1.8xl0-9sec 1.4 xl0-9sec -1200A 2.12 .046cm sec 

0 
10.4xl03 gauss 2 -1 1.2XI0 -9 sec .8x 10-9sec -200OA 2.09 .042cm sec 
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Inelastic neutron scattering: 

Nathans et al. ll 

Stringfellow17 

Spin Wave Resonance 
'2 

Nose 9 

PhilliPs16 

Holzer' 

Film A 

Film B 

Table II. 

'" 

, ,; -I',. f! ',' •• ' " .:. 1 • ,_ •••.••• 

? . ." .. • . ~ " ••. .. .. :' 
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". 

.•.. ' 

·,Fig •. 2, Cross section of two cavity system showing 
sample placement and microwave magnetic 
field configuration. Cavity 2 is cut along 
a current node to allow sample insertion 
and removal. 
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o 
PerpendicUl.ar field resonance spectra for 1200A 
f1ln4 The top trace was taken with the sample 
in a single reflection cavity and the lower traces 
with it in the transmission syste~ The high field 
mode is identified as n ... 1. 
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'transmissionsystem. The coupling of 

power through the film is represented' 
by the mutual inductanceM. ' 
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295°K. 



-74-

n'" 8 7 , b 5 ., 
.' f ; • 

-." 

.:- . 

. , 

I • a i 

I.e) 8.0 ~.o '. 

,3 r. 
+t· 

',- . 
) ,.' 

... . ... '" 

.. : ' 

. . - '. . 
,. ~.. 

.. " 

, ' . . ' .,-' ~, 

", 

, '. 

10.0 

~ '. ..- ~ . '. 

. i: 
. . ~ " . 

i~ ,. 

. ..... , 

'. , " .' -", . .-
'. 

. -.\ .', 

. .. ~", 

:: ", 

" ' 

' . 

i "Il f 

n.D 

H (i<Oe.\ 



.•... 

.;. 

" ~ , 

'. 

. ".' ;. "; ~ 

... J . 

. ,.' 
," 

.', 

Fig. 12 

-75-

, " ;".~ 

'l.: •• ~ I '.~. .' 

:: ..... 

Experimental trace of the derivative of power 
absorption, cfP/dJI, as a function of the applied 
field, H, tor Film B at 295°K. 



'. 

V\= .., 
y 

, " 

. , '.~~, 

5 
... 

, ,". , ,.' ~., ,+GsQlWdO)t , 

~/.",,' , 

7.0 B.o "l.O 

, " 

;";,' ) . 

.," ~. 'i-1 . . ~ .", 

' .. ". 

.!. 

" 

'0.0 , 1.0 

H (kOc) 

", , 

•. 1, 

. , 

" ... ' ',', 

" - -,' 

( , 

, , . ' 
i , I 

'[: 

i, 

i' 

" 

,: 
I, 
I, 

i 
,1,1 

i ~ 

" 
.,: 

l' 

" I 

r, t 
I 

I 
t· 
\ , 
I , 
\ 
I 
1 

r 
t' 
!, 
I' 

, 
1, 

! 
i 
I 

I 

I' 



" 
:. , 

, .\ .. ,:' .:' .. 
" 

.," .' 

; .' 

., , 

':;', 
.,' •... .:: 

" 

,. 
, .. : 

'", 

'. . , . 
,";;' .", 

. .". . 

; Fig. , J.,3 

-77-

:l···· ". . , 

"I 

',." 

,'" 

.': .. 

',i 

J: ' 

Plot of resonance field, H vs. 
of Film A as given in Fig.nll. 

i , 

..... ' .. 

.. -,' 

" ,", 

2' . '. 
nfor spectrum 



'. 

:l; l 

' . . , 

. -~ " 

,. 
.! 

.' 

•... 
:., ':~ , 

" ' .. 
',' 

., 
-.. - ~ " 

.:',' 

.... 
" " .. 

'" ... 

--;~~~;/~--3~.~----~----'-----------~------------~----------~--------~--~Q 
o ~ 

~ 
-r -

.. 

"', 

." 

! , 
I 
I 
I r 
I 
t 
I 
! 

t 
! 

! 
f 

I 
! 
i 
! , 

~ I 
.. 

I 

I 
I 
} 

I 
i 
; 
t 
! 
r 
I 
I 



'. 

~ " .. 

-79-
, , 

" 

, 
" 

. ... 

" 

Fig. 14 ,Plot of resonance field,Hn VB. n2 , for spectrum 
of Film B as given in Fig. 12. 
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Fig. 15. Plot of specific magnetization,' aCT), in a 
3.5 kOe field as determined by Weiss and 
Forrer.37 Values obtained by resonance are 
compared with a(T/,976) for Film A and 
a(T/ ~96) 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, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his e~ployment with such contractor. 






