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sion" in Nb-Mo revealed Kohn anomalies in

those concentrated alloys, but ours is perhaps
the first observation on Fermi-surface effects
where the mass disparity is large. Our results
are also consistent with a very long-range oscil-
latory potential for Cu-Au and, if our compari-
son with Walker and Keating is more than coinci-
dence, for P-CuZn as well.
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THEORY OF SURFACE-SPIN PINNING IN FERROMAGNETIC RESONANCE
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A theory is presented which, in conjunction with previous theories, explains for the
first time all notable experimental results on exchange and magnetostatic modes in thin
films, including surface and bulk modes. Roughly speaking, a surface inhomogeneity
thinner than (gA)~ gives little pinning, while one thicker than -(2A)~ pins the low-
order modes. The results, obtained by considering the change of Mz in the surface re-
gion, reconcile the different boundary conditions used for thin-film exchange modes and
for magnetostatic modes.

Since Kittel's suggestion' in 1958 that the ex-
change integral in ferromagnetic materials could
be obtained by ferromagnetic-resonance mea-
surements in thin films, interest in this field has
increased steadily. ' ' Interpretation of experi-

mental results ha.s been obscured by a. la,ck of un-
derstanding of the bounda, ry conditions' a.t the
film surfaces. The theories of Wigen and Kooi'
(saturation magnetization Mz of surface layer
different from that of the bulk) and Portis' (para-
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bolic M ) explain the positions and critical-angle
depinning, but not the intensities, of exchange
modes.

A theory of surface-spin pinning is presented
which explains the intensities as well as the posi-
tions in metallic and insulator films. It applies
to exchange and magnetostatic modes, both bulk
and surface types. Consider a saturation magne-
tization Mz which varies across the thickness of
the film as illustrated in Fig. 1.7 In the surface
region of thickness e, Mz drops from its bulk
value to zero. In the bulk region Mz is some
function of z' such as' M, -(2z'/S)'hM.

In & resonance, ' the ferromagnetic normal
modes having exchange energy &2z8! y! ~M are
pinned in the bulk region according to the theory
of Port:is. 3 For c = 0 and b, M= 0 the modes are
unpinned' since all spins must precess at the
same frequency in a normal mode and a nonzero
slope would give an extra torque on the surface
spins because of the missing neighbors. For bM
=0 and e & 0, the modes will remain unpinned for
&' «&cr', where acr'=—&A and A is the exchange
constant. For "80-20" Permalloy, vA =160 A,
and for yttrium iron garnet (YIG), vA = 568 A.

If ~ (& E'cr is not satisfied, the surface ex-
change cannot hold dm/dz' =0 at the surface.
Since the spins in the surface region are "off res-
onance*' when the spins in the bulk are "on reso-
nance" and the surface spins are exchange and
dipole coupled to the bulk spins, the low-order
modes are pinned. However, the higher order
modes are only partially pinned, as will be
shown.

Consider the equation of motion dM/Ck = -!y!M
& H, where the total effective field is H= H;+ AV'M

+Q, where H&+Happ —2 47lMz cos&~ Happ is the
applied field, hd=z'4wM~sin8~ is the microwave
demagnetization field, and 6) ~ and the coordinate
axes are shown in Fig. 2. With M=zMz+m and
with exp(i~t) time dependence, the linearized
equations of motion of m& and rn& can be diagona-

lized to give AMzd'm/dz'+ lc+'m = 0, where m is
the linear combination of mz and my (e.g. , m = mx
+im& in the circular precession approximation')
obtained from the diagonalization and

-H .-2' sin'9 Ad'-M /dz ". (1)
z rn z

In the surface region, the term Ad'Mz/dz" is
of the order of D(w/&') Fi.rst consider the sharp-
boundary case in which D(w/&') is much larger
than the sum of the other terms on the right-hand
side of (1). For perpendicular resonance this
means D(n/e') ))2wM0+ (A&a~/! y! ), or

C1J

where &&d~= (d-!p!(Happ —47TM0) = h!Dkpp for the
nth exchange mode. Since modes with Dk„'»2mM0
are seldom observed in practice, (2) gives acr&
= (-,A)"'. When (2) is satisfied, the equation
above (1) for m reduces to Mzd'm/«" =md'Mz/
dz" in the surface region. Integrating once with
m =Mz =0 at z' =+2S gives Mzdm/dz' =mdMz/dz'.
Since m and Mz are continuous at z' = +(&S-e),
the equation above (1) for m can be solved in the
bulk region!z'! & —,'S-e with the boundary condi-
tion (I/m)dm/dz'= (1/M-)dMz/dz' at z' =+(—,'S-e).

Thus the effect of the sharp surface region is
to establish this boundary condition for the bulk
region. This result can also be obtained quite
simply by requiring that the net additional torque
on a surface spin caused by the missing neighbor-
ing spins be equal to zero for a perfectly sharp
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FIG. 1. Variation of the saturation magnetization
Mz across the thickness (z' axis) of the film.

FIG. 2. Schematic illustration showing fields, an-
gles, and coordiante systems used in the text. The ax-
is of quantization is z, and the z' axis is normal to the
film surface.
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boundary (e = 0). The equation-of-motion method
shows that the result is also valid for e 0 as
long as (2) is satisfied. It is not difficult to
show' &" that this boundary condition gives only a
small amount of pinning for the small values of
~M observed to date. 4

For e'«ecr2 not satisfied, which we call the
thick-boundary case, consider the simple step
model of Mz =My in the bulk region and Mz ——Mg
in the su, rface regions, as illustrated by the
dashed lines in Fig. 1. Since the gross features
of the pinning do not depend strongly on the shape
of Mz in the surface region, this model is appro-
priate for a smoothly decreasing Mz of thickness
&, as well as for a sharp surface layer of thick-

1ness pE'.

It can be shown from the equation of motion or
by considering the torques on the spins at the
sharp boundary at z' = --,'(S-e) between MS and

MB that mB'/mB (MS/MB) (MS /MS) ~h~~e the
prime denotes derivative with respect to z' and
8 and S denote

z' = lim [-z(S-e)+ 6],
5-0

respectively. Solving for m in & resonance with
this continuity condition and with MS&M~ gives
m =nzp cosknz', where kn are the roots of tanP
= z(MS/MB} Ik+slStanh(zlk+sl~)/P. Here 0= zk„S
and k+s' =—[4w(MB-MS)-Dk„')/AMS is the magni-
tude of z+'/AMz from (1) in the surface region.
From this result with e ~ 2/lk+sl, MS = zMB, and
Dkn'-2wMg, it is easy to show that

4

I =—,Gtanh' e „n&n; (4)
n lr' n n-1

k =(np )v/S, n= 1 2 3 ~ ~ ~ 0&/ &1, (5)

where G -=l1—Dk„'/2vMpl. The present pinning
mechanism gives the same value of critical angle
for depinning as predicted by the previous theo-
ry', the spins are unpinned when k+ -=z+/AMz has
the same value in the bulk and surface regions.

For J. resonance, (3) and (4) are the central re
suits. For very high-order modes, the Dkn' term
in G dominates and I~ (n-1) '-, otherwise (4)
gives I~- (n-1) '. The value nP of n below which
the modes are pinned by the Portis mechanism is
determined by the relation DAn'=—2mbM, with An

given by (5). If the linewidths AII„are not the
same for all modes, the values of I„given in (3)
and (4) [which are normalized as I„=S 'l Jdz m (z)l'

with fdz m(z)'=1] must be multiplied by 1/AII„.
The experimental intensities and spacing of the

& resonance lines in the classic sample PK-23 of
Kooi, Wigen, and co-workers' agree well with

the theoretical results (3) and (4). For this sam-
ple, n, 4=—13 and np=—10. The first five even
modes, which have n &n~, have large intensities
and nearly linear spacings, in agreement with
Portis's theory. ' For the modes with n & 13 (so
that n ~ n, ~ is satisfied) the experimental (in
square brackets) and normalized theoretical (in
parentheses} values I„-(n-1) 4 are as follows:

, [3.5p], (3.71); I„, [1.90], (1.86); I,7, [1], (1);
I,~, [P.60], (0.56); I„, [0.34], (0.32); I», [0.17],
(0.18). The orders of magnitude are also cor-
rect: I»/1„[(2-3)xlp '], (1.4xlp '}.

The agreement with the theory for the thick-
boundary case is excellent. Nisenoff and Ter-
hune' also found that their data for Permalloy
films could be explained by a surface layer (cor-
responding to the thick-boundary case in the
present theory). These results and others'~' are
reasonable for metallic films, which are well
known to have quite inhomogeneous Mz in gener-
al; there should be sufficient rounding of Mz at
the surfaces such that e' «acr' —=(110 A)' is not

satisfied. This appears to be the case in all me-
tallic-film results in the literature with only one
exception, "where Mz was purposely made as
nearly constant as possible.

For extremely homogeneous films it is appar-
ently possible to have E' «acr' so that there is
very little pinning. Waksmann, Massenet, Escu-
dier, and Kooi~' found that for expitaxial 81@-Ni,
19%-Fe films deposited on silver on freshly
cleaved mica at 330'C and less than 10 ' Torr,
the intensities of all higher order modes were
less than 10 ~ times the intensity of the principal
mode. For single-crystal YIG thin films grown
by Mee and co-workers, "Mz is expected to be
much more homogeneous than in metallic films,
and &cr' is -13 times larger than in Permalloy.
Thus the theory predicts very little pinning at the
large surfaces of these films, as verified by pre-
liminary measurements (I~/I~ = 0.7x 10 z). 'o

For ll resonance, the central experimental re-
sult for a large number of measurements in me-
tallic films is that fewer lines are observed in ll

resonance than in & resonance, there being typi-
cally two or three strong lines in ll resonance.
There are several reasons for this, the most im-
portant one being that n, , is usually less than 4.
For example, for S = 0.3 p and XA = 160 A, (n, ,)~~—= 2.7. Thus, only the first two even modes (n
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=1,3) are strongly excited. Second, the potential
well is "negative"4 in

~~ resonance; thus there is
no Portis-type pinning. Third, &cr' is larger in

I resonance than in & resonance (typically -6
times larger in Permalloy films). Fourth, the
intensities are smaller in

~~
resonance than in &

resonance even when &' «acr'. " Finally, if a
two-magnon process controls the linewidth ~,
then hH is usually larger in ~~ resonance than in
~ resonance. This last factor should be more im-
portant in YIG films than in metallic films.

The pinning at the large surfaces of single-
crystal YIG films is small for the exchange and
magnetostatic bulk and surface modes, as dis-
cussed above. The spins within a distance -S
from the small edges of the film have internal
fields and microwave demagnetization fields
which are different from those of the bulk spins.
This pins the edge spins in much the same man-
ner as does a surface layer of MS. ' The results
are" that the modes with A~ &3w~y~M, {where A~
—= &o-~y~H; for & resonance and b &u

=—&u-y[Happ
x (IIapp+ 47IM0)]"' for

~~
resonance] are Pinned

and those with b&a &3njy~M, have I„l/n'. -Since
the largest value of &&a/~yt observed to date is
=—500 Oe, and 3mM, =—1310 Oe in YIG at room tem-
perature, the theory predicts that all these modes
should be pinned at the film edges, in agreement
with experiments. "

Since the experiments and theory indicate that
dm le —=0 at the large surfaces of the YIG films,
it would appear that the Damon and Eshbach '
(DE) surface modes, which have nonzero slopes
at these surfaces, would not exist. Fortunately
this is not the case. The slope of m is small at
the surface, but m bends down and rapidly ap-
proaches the exponentially decaying m of DE.~
In particular, mDE- exp( —k~x) is a good approxi-
mate solution as long as Dkz' «~/[y~. " For YIG
at & band in

~~ resonance with kz = 0 (so that k~
= +k~), the DE solutions should be valid for ~k&~
-6&&10 cm '. This result is consistent with the
observations of surface waves with ~ky' ,

=0-700
cm ' in thin single-crystal YIG films. "

The present theory affects the interpretation of
experiments to determine D and the spin-wave
dispersion relation: Phillips 's' assumption of
temperature-independent pinning is supported by
the theory. Kooi, Shanabarger, and Wigen"
showed that the spacing of the Portis-pinned
modes should decrease as Ts" and suggested that
the same might be true for the modes pinned at
the sample surface. The present theory indi-
cates that this is not the case. The temperature

independence of the roots kn= nw/S of the tang
equation for n- n, 4 shows that the pinning of
these modes is independent of temperature. In-
deed, the n' spacings and I/n' amplitudes indi-
cate that the modes are pinned at the surfaces.
The theoretical values of n, 4=—5 and 9 for S
=1800 and 4200 A, respectively, are consistent
with I„-I/n'.

The experimental and theoretical agreement of
the mode intensities of the beautiful experimental
data of +eber and Tannenwald' is excellent: I»,
[2.25], (2.33); I,~, [1.5], (1.49); I,~, [1], (1); I23,
[0.80], (0.70); I„, [0.49], (0.50); I27, [0.32],
(0.36); I29, [0.125], (0.125); I~„[0.09], (0.073);
I», [data missing]; I~„[0.28], (0.28); I», [0.016],
(0.018); Is~, [0.011], (0.012); I4„[0.0071], (0.0078);
I~, [0.0037], (0.0053). The theoretical values,
which are normalized at I,z and I», are In- (n-I)
for n = 17-27 (for n & n, ~ and b to~/~y ~

=—Dkn' & 2mM0
—= 5kOe) and I„(n-I)-' for n=29-43 (for Dk~'

'Mo)
The deviation from linearity of In(II„-H0) vs

inn, which Weber and Tannenwald attributed to a
long-range exchange interaction, is eliminated
when the pinning of the present theory is used.
The modes with n ~15 are nearly unpinned and
have kz ——(n-1)m/S, rather than nw/S. The experi-
mental intensities verify that the modes cannot be
pinned, as previously assumed, since I„-(n-I)
and (n-I) ' rather than I/n'. Replotting the
points in their Fig. 1 one unit to the left entirely
eliminates the deviation of ln(II+ —Hp) vs Inn from
linearity, thus removing the disagreement with
the neutron results of Menzinger and co-work-
ers."
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