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The suggestion and observation that ·standing spin waves can be directly excited in 
magnetic films by microwave resonance have led to a number of measurements significant 
to magnetism. Certain questions crucial to the interpretation of spin wave resonance 
spectra are discussed. The principal results obtainable by the spin wave resonance 
method are pointed out. New experiments are discussed which offer the possibility of 
studying second.order exchange effects and spin wave-phonon interactions. Finally the 
question of observing spin wave resonance in antiferromagnetic systems is taken up. 

Introduction 

The background for spin wave resonance 
was laid when it was realized that exchange 
effects might play a role in ferromagnetic 
resonance1 •2l. Subsequently, the series of ex· 
periments carried out by Rado and co-work· 
ers8 ·• ·sl demonstrated that the exchange field 
played an important and measurable part, 
even at room temperature, in ferromagnetic 
resonance in bulk metals. In later ferro· 
magnetic resonance experiments in thin mag· 
netic films, subsidiary resonances were ob· 
served, and it was pointed out that these 
might be the result of standing waves due 
to exchange modes6l. On three different oc
casions an essentially similar problem was 
solved- the Bloch equation of motion with 
exchange plus Maxwell's equations with 
boundary conditions- each calculation suiting 
the purposes of the particular experiment1 · • · 6 l. 
In the third instance, where the magnetic 
field and the propagation vector were taken 
to be perpendicular to the film surface, the 
calculations led to entirely too small effects6l. 
The breakthrough was provided by Kitteln 
when he pointed out that standing spin waves 
could be excited by a uniform r . f. field if 
the spins at the surface of thin films were 
considered as fixed or pinned. From that 
point on, observation of spin wave resonance 
became prevalent, useful results were ob
tained on the magnitude of the exchange 
constant, and the electromagnetic calculations 

* Operated with support from the U. S. Army, 
Navy, and Air Force. 

were repeated with appropriate bouqdary 
conditions. 

The purposes to which spin wave reso· 
nance has been applied are the following: 
measurement of exchange constant, measure· 
ment of surface anisotropy, measurement of 
second-order exchange interactions, and study 
of spin wave-phonon interactions. (Second· 
order exchange interactions refers to the 
correction terms in the energy of spin waves 
due to their mutual interaction.) 

Spin wave resonance phenomenon 
The crucial concept in the occurrence of 

spin wave resonance is the existence of some 
kind of boundary condition which makes the 
excitation of spin waves by a uniform r.f. 
field-that is, higher order modes in addition 
to the uniform mode-possible7l. The subject 
has progressed in spite of the fact that under· 
standing of conditions at the boundary devel· 
oped slowly beyond Kittel's original sug· 
gestion that pinning might be due to a Neel· 
type surface anisotropy or Meiklejohn-Bean 
oxide layer, in magnitude of the order of 
one tenth to one hundredth of the exchange 
field. Clarification of the matter has been 
provided by an analysis of boundary con
ditions5l , by an estimate of the surface an· 
isotropy8l, and by experimental work physi· 
cally altering the boundary state*9l. 

1. Excitation 
As far as pinning at the boundaries is 

* Kindly communicated by the authors prior 

to publication. 
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concerned, there are three extreme cases pos
sible. If the spins on both sides of the film 
are pinned, the film thickness must be an 
integral number of half-wavelengths, i.e . , L 
= n(J. /2). One pinned and one free surface 
leads to L= (2n+1/2) (J. /2); and both surfaces 
free gives L=n(J. /2). Since in the third case 
the excursions of the spins just balance out, 
no net energy transfer can take place, and 
this case is ruled out theoretically. Experi
mentally only an odd number of half-wave
lengths is predominantly excited. This elimi
nates case two, leaving case one-both sides 
pinned-as the common situation.** 

2. Boundary Conditions 
A quantitative discussion can be based on 

the Rado-Weertman general boundary con
ditions> 

2A M x oM +T =O 
M,2 on ' ' 

where Ts is the surface torque density, n a 
unit vector normal to the surface. For small 
excitation this becomes 

2A om 
M, n x on +T,=O. 

If now Ts is along n, and the external d.c. 
field along n (z coordinate), 2A (omfoz)-K,m 
=0 , where K , is the surface anisotropy 
energy density. Since experiments show that 
pinning does indeed predominate, kmf(omfoz) 
<t 1, or K.~ 2Ak. Soohoo8> has used this re
lation to estimate that the normal surface 
anisotropy must be greater than 

2Ak~2 X 10-s erg/em x 6 x 105 cm- 1 

~1.2 erg/cm2 • 

Let us briefly mention the situation in 
which the surface anisotropy is normal but 
the external field is applied along the sur
face. The general boundary condition leads 
to om./on=O, resulting in no net excitation. 
This explains why spin wave resonances are 
not generally excited in the parallel case. In 
actuality, the surface anisotropy might be 
different for spins lined up parallel or per
pendicular to the surface. 

3. Electromagnetic problem 
In order to understand details of the spin 

wave spectrum and account for deviations 
from the simple dispersion relation, the 
exact electromagnetic problem has to be ex
amined. Various aspects of this problem 

** For controlled exceptions, see ref. 9. 

have been treated on different occasions in 
addition to references already cited10 · 11 >, the 
most complete treatment for spin waves 
propagating parallel to the applied d.c. field 
having been given by Seavey12 >. Neverthe
less the electromagnetic theory of spin wave 
resonance has only been used as a guide to 
qualitative understanding and has not been 
applied to a detailed comparison with ex
periment. 

An electromagnetic theory treatment of 
spin wave resonance involves the calculation 
of (a) propagation constants, (b) modes, (c) 
field strengths, and (d) power absorbed. In
clusion of the exchange term in the equation 
of motion, solved together with Maxwell's 
equation, produces a dispersion relation quad
ratic in k2 • Each circular mode is split into 
two, having different propagation constants; 
of the two resonant modes, one is an electro
magnetic mode the other a spin wave mode. 

Seavey has derived the following conclu
sions:12l 

1. A correction to the standing wave condi
tion due to spin wave attenuation results 
predominantly from relaxation(1/r T, Bloch
Bloembergen type) and not eddy current 
damping. However, the resultant shift 
of spin wave peaks toward higher mag
netic field values is insignificant unless 
1/r T were so large that the peaks would 
be unresolved anyway. 

2. For some typical 1/rT values, as encoun
tered in insulators, peaks up to n=3 or 5 
can be shown to be unresolved . 

3. In general, when power is incident even
ly on both sides of the film, even modes 
due to the skin depth effect are not ex
cited from the symmetry of the geometry. 
Usually experimental conditions represent 
some sort of intermediate case, with some 
power incident on the sample from both 
sides. 

4. Depending on the r.f. field configuration 
as determined by the geometry of the ex
periment, odd peaks always retain the 
same field position; even peaks can vary. 
The main peak is an integral n number 
when power is incident from one side, but 
not otherwise. 

Exchange constant 

The first and principal result obtained by 
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the spin wave resonance method is the deter
mination of exchange constant, which has 
been done in permalloyl3l , nickel 14 l , cobalt15·16l, 
and Cu-Ni17l and Pd- Ni18l alloys. In effect 
the measurement has been reduced to a prob
lem of magnetic spectroscopy, while other 
methods involve a fairly indirect procedure 
of extracting the exchange constant from 
the temperature variation of magnetization 
or specific heat measurement. While there 
is no doubt that the exchange constant A is 
of fundamental significance to ferromagnet
ism19l , there exist serious theoretical diffi
culties of how to relate this constant to 
quantities calculable from first principles-a 
problem which has beset ferromagnetism 
from the very beginning. 

No detailed discussion of exchange con
stant measurements will be taken up here 
because the past and current literature, as 
cited in the references and in this Conference, 
deals with this subject for specific cases. 
However, it is obviously of great importance 
-both for calculation of the exchange con
stant as well as establishment of the spin 
wave dispersion relation- that the wcx k2 rela
tion can be demonstrated to be valid. Devi
ations from the k2 law that can not be ac
counted for by the electromagnetic calcula
tions occur commonly, but only for the first 
few spin wave peaks near the main resonance 
line. Since these deviations near the main 
resonance line appear randomly in different 
films, they should not be associated with 
any fundamental property of the spin 
wave dispersion relation. When a sufficient
ly large number of spin wave peaks is ob
servable, the peaks invariably follow a k2 

dependence. 

Second-order exchange interactions 

By second-order exchange interactions it 
is meant that the exchange field or exchange 
integral is no longer assumed constant with 
respect to temperature. A straightforward, 
but not self-consistent, approach is to use 
the localized electron model in a semi -classi
cal spin wave picture-one that is frequent
ly employed in ferromagnetism in metals 
and is justified only because more complicat
ed theoretical analysis do not necessarily 
lead to a more discriminate fitting of exper
imental data. On such a simple basis, the 

exchange integral ] has been shown15l by a 
spin wave resonance experiment in cobalt to 
be independent of temperature between 4°K 
and 293°K. 

A more satisfactory approach conceptually 
is provided by a physical model of spin wave 
interactions20l, which specifically predicts a 
temperature variation of the exchange param
eter D on the basis of the same model of 
ferromagnetism assumed above. The ex
change parameter D is related to the better 
known exchange constant A through the re
lation D!rh=2A/M. The essence of this 
analysis is that, as the temperature is raised 
and additional spin waves are excited, the 
exchange field will decrease, not as the angle 
between a particular spin and the average 
magnetization, but as the angle between a 
particular spin and its neighbor. The result 
yields the conclusion that D cx T 512 • When 
this is re-inserted into the first-order Bloch 
law M cx T 31 2 , it leads to a magnetization law 
previously derived by Dyson by a more com
plicated treatment: M = M o[l-AoT 312 -A8 T'], 
plus other structure dependent terms. It is 
clearly better to attempt a verification of the 
spin wave interaction term, not by a meas
urement of the temperature variation of the 
magnetization, but through a measurement 
of the temperature variation of D itself. 

In spin wave resonance experiments, the 
magnetic field separation between odd peaks 
is given by 

4D ( rr )
2 

H,.-Hn+l=rn ,I [n + l]. 

If it is assumed that the g- factor is temper
ature independent and that no other temper
ature dependent corrections enter into the 
spin wave dispersion relation, then a straight
forward measurement of the separation of 
two spin wave peaks as a function of tem
perature would yield the temperature varia
tion of D. Nevertheless such an experiment 
does not give unequivocal results without 
some difficulty. Samples were selected which 
have a series of well-defined spin wave peaks. 
The peaks occur around 10,000 gauss with a 
separation of about 500 gauss and a change 
in separation between 4 ~K and room temper
ature of only about 50 gauss. Experimentally 
then, the small temperature variation of the 
difference between two large quantities must 
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be measured. The resultant uncertainty 
precludes an unambiguous interpretation (at 
the time of this writing) other than that 
the data can be fitted satisfactorily by a T 512 

-dependence. In one experimental run, T 512 

gave a slightly better fit than T 312 , and the 
results on another sample could not be fitted 
well on a log-log plot with a slope less than 
.5/2. 

Although good agreement cannot really be 
·expected because of the idealized nature of 
the model compared to the complex situation 
prevailing in a ferromagnetic metal, one can 
nevertheless compute the theoretical coeffi
cient in the second-order exchange relation20

> 

D= Do[l - 7rp 2 g~ ~(~)(__!!I___)
0

'
2

] 
M. 2 47r:Do 

:and compare it with the coefficient when the 
data is forced to fit a T 512 dependence. The 
·experimental result gives D = Do[l- 7 
X 10-8 T 512

] from one set of measurements, 
while the computed relation is D = Do[l - 0.2 
X 10-s T'l 2

]. The discrepancy is obviously 
"large. Evidently the state of affairs leaves 
.something to be desired, with the burden at 
the moment falling on the experimenter to 
provide more accurate data to establish the 
-uniqueness of the T 5 12 unambiguously. Work 
is in progress to measure the temperature 
-variation of D more accurately, possibly to 
.an order of magnitude improvement. 

Spin wave-phonon interactions 

At various times it has been suggested 
i:hat ferromagnetic spin precession is coupled 
to the crystal lattice by way of magneto
striction and, in fact, damping of the preces
.sion and thus line width of the resonance 
.has been considered to be due to such a 
mechanism. More recently the energy trans
fer between spin waves and phonons has 
oeen considered21

• 7 •
22

•
23

)' giving rise to the 
·theoretical prediction that a strong coupling 
·exists between spin waves and phonons pro
vided that both their wavelengths and fre
-quencies are equal. A further study of this 
-cross-over point (equal ,{ and equal m) has 
shown that the normal modes in the strongly 
-coupled region are a mixture of spin wave 
and phonon modes and has led to a dispersion 
-relation characteristic of two coupled sys-
-tems. Experimentally the excitation of pho-

nons by ferromagnetic resonance, and the 
inverse, has been demonstrated2•>, but not 
specifically at the cross-over point. 

In order to examine spin wave-phonon inter
actions in a spin wave resonance experiment, 
a new problem is solved in which a magneto
elastic term is added to the equation of mo
tion containing exchange. The result con
sists of three circular rotating resonant modes 
-an electromagnetic, a spin wave and a 
phonon mode. Since the subject is treated 
in detail in the references we will state for 
brevity's sake only the physical results. 
Spin waves will be strongly coupled to 
phonons when their wavelengths and fre
quencies are equal. This intersection of the 
respective dispersion relations happens to 
fall into the upper microwave region. As a 
first consequence one would expect that, de
pending on the strength of the coupling, 
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Fig. 1. Magneto-acoustic modes in the region 
where spin waves and phonons have equal w 

and k, and the possible effect on the spin wave 
resonance spectrum. 

mixed magnetoelastic modes will occur in 
the cross-over region. This could cause a 
deviation from the monotonic sequence of 
the spin wave peaks, as shown in Fig. 1 on a 
frequency vs. wave number plot. To detect 
such a deviation experimentally, a suitable 
operating temperature region has to be 
selected since the generally large attenuation 
of acoustic waves at microwave frequencies 
reduces the magnitude of the spin wave
phonon interaction. On the other hand, the 
sharpness of interaction probably depends on 
the difference of awjak between spin waves 
and phonons at the cross-over region25>. 

A second possible method of studying spin 
wave-phonon interactions in a spin wave reso-
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nance experiment involves the use of suffi
ciently large r. f. driving fields so that 
phonons of detectably large amplitudes are 
generated on spin wave resonance. The films 
are evaporated onto single crystal quartz 
plates, the latter being polished to optical 
flatness and parallelism. Phonons generated 
through magnetostriction during an r.f. mag
netic field pulse driving the spin precession 
are propagated down the quartz rod and are 
reflected from the far end. In contrast to 
other experiments26 >, the quartz rod does not 
extend into a second cavity where phonons 
might be detected by the inverse piezo-elec
tric effect; rather, the reflected phonon echo, 
in the relatively short quartz plate re-gener
ates an r. f. magnetic field pulse in the 
same cavity, which is then detected by 
means of standard heterodyne techniques. 
Actually, a series of pulses is observed due 
to multiple reflections from the ends of the 
quartz plate. Of necessity, this experiment 
has to be conducted at a temperature of 4 °K 
or lower because of the otherwise prohibitive 
phonon attenuation. Strong echoes have been 
received when the d.c. magnetic field was 
set on each of four spin wave resonance 
peaks as well as on the main resonance line*. 
The separation between echoes, 8.2 p. sec., 
yields a phonon velocity in quartz of 3. 7 x 105 

em/sec. An unexpected result was that the 
n=8 peak, representing an even number of 
half-wavelengths, was larger than the n = 7 
and 9 peaks. This effect is not under
stood. For the film used, wfr-Her~90 Oe, 
where Her is the calculated field at cross-over. 
Thus the expected Her fell on the tail of the 
main line where the excitation of spin waves 
with proper k-number is not sufficiently 
strong to couple to phonons. It is evidently 
desirable to repeat this experiment under 
circumstances where Her is well-separated 
from the main resonance and where appro
priate frequency changes move the cross-over 
region through a spin wave peak. 

Spin wave resonance in antiferromagnets 

It is natural to consider extension of spin 
wave resonance experiments to antiferro
magnetic systems. The pertinent resonance 
relations were first given by Orbach and 

* The experiment was carried out by M. H. 
Seavey, Jr. 

Pincus27
> and Cofta28

> 

w/r= ± H,. +[HA (HA + 2Ha)+Ha2k,.2a2
]

112 
• 

For purposes of resolution-especially if the 
antiferromagnetic resonance line width is 
broad-it is desirable to have the spacings 
of the spin wave peaks as large as possible. 
The separation between odd peaks is given by 
v H 8 /2HA2HN(rra/L)2 (n + 1) , where a is the 
distance between spins. This relation can 
be contrasted with the separation between 
odd peaks in the ferromagnetic case, i.e., 
2H8 (rra/L)2(n+l). It is seen that the separa
tion is more favorable in antiferromagnets 
by a factor v HB!2H4 , which can be as large 
as 10. This circumstance contributes to a 
hopeful outlook for the observation of anti
ferromagnetic spin wave resonance since up 
to the present time it has been difficult 
either to obtain antiferromagnetic materials 
having line widths as narrow as ferromagnets 
or to prepare single crystal antiferromagnets 
sufficiently thin. In any event, one can 
expect that antiferromagnetic spin wave re
sonance will be observed in the millimeter 
wavelength region because the spin wave, 
term makes an additional contribution to the 
already large effective field (2HBHA.) 1/

2
, thus. 

raising the resonance frequency even higher. 
We can speculate how the spin wave reso

nance frequency might be raised in a ferro
magnet. It is evident from the dispersion 
relation that either a higher wave order 
number or a thinner sample would result in. 
a larger contribution from the exchange· 
field. One is restricted to relatively low 
wave order numbers because of the net ex-
citation requirement. On the other hand,. 
ferromagnetic resonance can be readily ob-
served in films as thin as 100 A. Thus, as
suming the usual boundary conditions were· 
satisfied, spin wave resonance in such thin 
films could conceivably be observed up to-
1000 kMcps. The separation between peaks. 
would of course be enormous, and it is ques
tionable whether a given spectroscopy tech
nique would even be applicable to two ad
jacent peaks. However, the nature of the
spin wave dispersion relation, and its likely 
deviation from the small angle approximation 
would be most interesting. For completeness 
sake, let us point out that the high-frequen
cy limit of spin wave resonance would be 
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the case J. f2=a, the separation· between ad
jacent spins. As far as is known, such an 
"exchange" resonance, which would fall in 
the infrared, does not exist for a single sublat
tice system consisting of identical spins. By 
way of contrast, there is no difficulty in ex
citing antiferromagnetic resonance by a uni
form r.f. field because the oppositely direct
ed spins on the two sublattices are driven 
in the same direction. 

One other approach should be mentioned 
that has yielded the spin wave dispersion 
relation from a different viewpoint. Apply
ing the equations of motions to Valenta's 
.sublattice model of a thin film, Fraitova29 1 

bas obtained a system of n Bloch equations 
for a film composed of n atomic planes, giv
ing the resonance conditions as the charac· 
teristic roots of a determinant of the n- th 
degree. The usual spin wave dispersion re
lation, having been derived from a continu
um hypothesis, results in a continuous k
-vector spectrum. 
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DISCUSSION 

D. 0. SMITH: How do the values of the exchange constants determined from spin
wave resonance compare with the values found by measuring temperature dependence 
·Of the magnetization? 

P. E. TANNENWALD: For permalloy, I can only recall the results of Kondorski and 
Fedotov approximately, and would say about 20%. For cobalt, the nuclear magnetic 
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resonance measurement of the temperature dependence of the magnetization of Jac
carino agreed with SWR to about 15%. For Ni the results agree to 10%. For details 
of this comparison see the paper of Kimura and Nose. 

C. KITTEL: The temperature dependence of Do oc ]a2 because of thermal expansion. 
should be considered, as this would appear to give effects of the order of these 
observed. If, for example, t1]!]~10tla/a, then 

t1Do ~10~ + 2~. 
Do a a 

In the region below the Debye temperature the variation of a would not be linear 
in T. 

It is also possible that a long-range indirect exchange interaction would enhance 
the temperature dependence of D because of the effective range factor p2 in the 
theory. It would be valuable to correlate ] as deduced from the Curie temperature 
with ]p2 from Do and p2 from Do-D. 

P. E. TANNENWALD: Thermal expansion should be considered. tla/a is probably not 
much larger than 0.1% over the temperature range considered, while tlD/Do changed 
by about 10%. In any case tla/a could be measured experimentally, or the effect of 
lattice expansion on Do could be appropriately incorporated into the theory. 

A long-range indirect exchange interaction would increase the effective range factor 
and bring the calculated result into closer agreement with the experimental one. 

I do not see how the correlations mentioned would be sufficiently accurate to be 
of much significance. 

R. D. LowDE: At Harwell, J. F. Mattett has made a careful search for the neutron. 
scattering from spin waves in nickel, and finds that it is absent. (More accurately he 
can say that it is a factor of at least 50 below what is predicted on the single ex
change-coupled model). The spin-wave wavelengths to which his experiment is most 
sensitive are of the order of 200-300 A., and thus are right in the region where they 
have been observed by ferromagnetic resonance. A similar situation is true for perm
alloys of approximately the composition you have studied particularly. We have 
recently searched for the spin-wave scattering as a function of composition across. 
the Fe-Ni constitution diagram, and find that it decreases gradually to zero as nickel 
is added to iron. These results seem on present ideas to be in flat contradiction 
with the work on SWR, and we can think of only two explanations. One is that 
due to the "Van Vleck" character of the magnetism in nickel, the spin waves have 
a short coherence length, too short to give the appropriate neutron diffraction pat
tern; this explanation however is inconsistent with the line widths observed in SWR. 
The other explanation is that perhaps there are normally no spin waves in bulk 
nickel, and that in SWR experiment you create the spin waves. The idea would be 
that spin waves in nickel-rich alloys have a very short relaxation time, about w-u 
sec, but that there exists some bottleneck impeding their relaxation so that with RF 
you can drive spin system into the observed mode of oscillation. In any event, one 
may imagine that the true state of affairs is more complicated than is assumed in 
the simple models of SWR. 

P. E. TANNENWALD: First, without taking account of the neutron scattering results, 
I would say that the coherence length for spin waves which we observe is approxi
mately 

l=v x t = 10' em/sec x 10- 9 sec~1Q-4 em ; 

that is, an order of magnitude larger than the size of our samples. Second, there 
does not appear to be anything unusual happening to the SWR spectra in passing 
through the iron-nickel composition range of one Bohr magneton. Third, I would 
agree that the nature of SWR experiments is different from neutron scattering in 
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that absorption of energy by spin waves of a particular k-number can take place 
even though their thermal excitation is very small. 

D. 0. SMITH: One may ask whether the disappearance of neutron spin wave scat
tering for Ni-Fe alloys containing more than 85% Ni is related to the negative 
magnetostriction of these alloys. 
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Surface Spin Pinning in Permalloy by an Oxide Layer 

C. F. Kom, W. R. HoLMQUIST* AND P. E. WIGEN 
Lockheed Missiles and Space Company Research Laboratories 

Palo Alto, California U.S.A. 

AND 

J. T. DoHERTY 
National Cash Register Company, Electronics Division 

Hawthorne, California U.S.A. 

Standing spin waves in thin magnetic films can be excited by uniform microwave fields 
if the surface spins are pinned. Observation of spin wave resonances by uniform 
microwave fields in thin permalloy (80% Ni-20% Fe) films in the oxidized and reduced 
state indicates that the major portion of the surface spin pinning is due to the oxide 
layer on the surface of the film. The oxidized films show strong resonances of odd 
numbered spin wave modes with even numbered spin wave modes almost totally absent. 
This indicates strong pinning at both surfaces. The reduced films show weak resonances 
of both odd and even spin waves. This is interpreted as indicating a strong pinning at 
the substrate surface of the film and a weak pinning at the free, reduced surface of the 
film. 

We conclude that surface spin pinning in our permalloy films is due mainly to the 
effects of an oxide layer on the surface of the film, probably by the "exchange aniso
tropy" of Meiklejohn and Bean, rather than to the "surface anisotropy" proposed by 
Nee!. 

Introduction 

Ferromagnetic resonance experiments in 
ferromagnetic films of certain thicknesses 
(generally in the range 3000 to 6000 A) 
reveal a number of microwave power absorp
tion peaks attributable to standing spin 
waves. 1 •21 These are caused by pinning of 
the surface spins and excitation of the magne
tization in simple sinusoidal modes analogous 
to the vibration of a string with fixed ends31 • 

The propagation vector, k, must satisfy the 
relation k = nrr/L where n is an integer and 
L is the thickness of the film. In a uniform 
microwave field only the odd numbered spin 

* Now at the California Institute of Technology, 
Pasadena, California. 

wave modes are excited. However, as shown 
below, if the spin pinning is relaxed at one 
surface the even modes appear. This is the 
basis of the present experiment. We look 
for the amplitude of the even modes as a 
function of surface treatment in order to 
determine the mechanism of surface spin 
pinning. 

The pinning of the surface spins has been 
attributed to a) an antiferromagnetic surface 
layer presumably an oxide of nickel or iron 
and b) a surface anisotropy due to the lower 
symmetry in which a surface spin is located 
as compared to an interior spin3 •4 •51 • By ferro
magnetic resonance experiments on oxidized 
and reduced permalloy films we have found 




