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The existence of uniaxial magnetic surface anisotropy in Permalloy films has been deduced by
comparing the theoretical and experimental spin-wave-resonance spectra of several films with different
thicknesses. The anisotropy decreases as the film thickness decreases and, for the thinnest film, becomes
comparable to that given by Néel’s theory (40.08 erg/cm?).

INTRODUCTION

Although a number of recent!~* (as well as not so
recent) papers have dealt with the problem of sur-
face magnetic anisotropy of thin films, there have
been no direct definitive experimental measure-
ments of the phenomenon in metal films since Néel
first postulated the existence of such an effect many
years ago. There are two factors which make pos-
sible the present description of magnetic surface
effects: (i) The films studied here are of good qual-
ity with narrow ferromagnetic-resonance (FMR)
linewidths and are evaporated in very high vacuum®
with the result that the film surfaces are relatively
clean. (ii) The macroscopic calculations’ of the
FMR field, linewidth, and intensity of magnetic
metals are complete to the point where surface
effects are included in the calculations. Films
with poor surface “quality ” can mask intrinsic
surface effects and therefore cannot be readily de-
scribed theoretically.

Recently, ® it has been shown that, by assuming
a surface uniaxial anisotropy K, a good fit to an
observed perpendicular spin-wave-resonance spec-
trum could be obtained. However, to critically
test the hypothesis of a surface anisotropy and to
substantiate the uniaxial nature of the anisotropy,
another independent experiment is needed. One
crucial test of our hypothesis is to use the same
values of K, obtained from perpendicular resonance
to fit the parallel-resonance spectrum completely.
We choose to study the parallel-resonance spec-
trum instead of a perpendicular spectrum at a dif-
ferent frequency, say, because the parallel spec-
trum is quite different from the perpendicular
spectrum both from the point of view of line inten-
sity as well as line position (see Fig. 1). In the
present paper we show that (i) the parallel spectrum
of a given film can be fitted very well using the
same parameters and the same value of K; which
are used to fit the perpendicular spectrum of that
film, (ii) both perpendicular- and parallel-reso-
nance fits for a number of films with various thick-
nesses show that K, is a function of film thickness,
in direct contrast to work by others, * and (iii) for
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the thinnest film, K, approaches the value given by
the Néel surface-anisotropy theory. °

THEORY

The spin boundary conditions used previously®
were those appropriate to a uniaxial surface anisot-
ropy with the anisotropy axis perpendicular to the
film plane, namely,

A%"—n&s--xsm,,ﬁo, (1)
where A is the exchange stiffness parameter, m,
and m, are the transverse planar components of
the rf magnetization, and » is the direction of the
outward normal to the film plane, along the y axis.
For parallel resonance, a uniaxial surface anisot-
ropy requires that the spin boundary conditions be
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where m, is the rf magnetization normal to the
film plane. Comparing Eq. (1) and Eqs. (2) and
(3), it is readily seen that for perpendicular reso-
nance both of the planar components of m “feel ” a
constraint on their motion, ! while for parallel
resonance, only the normal component is con-
strained. Furthermore, if the anisotropy axis
were in the film plane, m, and m, would be pinned
for parallel resonance, '! but only 7, would be
pinned (and m, would be free) for perpendicular
resonance.

The detailed boundary conditions with the hard
axis normal to the film plane at the two surfaces
of the film and for the case of parallel resonance
are
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FIG. 1. (a) Spin-wave-resonance absorption derivative
for a 2700-A-thick 75-at.%-Ni—-25-at.%-Fe film with the
de magnetic field perpendicular to the plane of the film
(from Ref. 8). The numbers above the lines are the
gain settings used. (b) Same as (a) except that the dc mag-
netic field is parallel to the film plane.

3 (d)
279, #,(I—{f( (A, e %% 4 B, ¢™7*i%)
i=1

kAo B, M) =0, (6)

3 KO

423 Qi“’i(—AL (A{+Bl)+jki(Ai"Bi))=0y )
3

20 Q,jki(A, e*i¢ _ B, i) =0, (8)
i=1

3

423 Qi jki(A;-B;)=0, (9)
where

_ H+M/Q, -2AK/M
K= 5oy + \H/M +am) ]y

and Q,; =1 — 5 j6%k?%.

Equations (4) and (5) state that the tangential
component of the rf magnetic field is continuous
across the film surfaces; Eqs. (8)-(9) describe the
pinning conditions of the rf magnetization at the
surfaces [see Egs. (2) and (3)]. The quantities %,,
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ks, and k;, which are the propagation constants of
the linearly polarized magnetic fields, can be ob-
tained from the secular equation.” The six un-
knowns A; and B, (i=1, 2, 3) represent the field
strengths of the resonant linearly polarized waves;
ho and hy, K and K9 are the magnetic rf fields
and the surface-anisotropy constants, respectively,
at the two surfaces; 8 is the classical skin depth
¢/(2m0w)'”2, and d is the film thickness. Finally,
H is the internal static field and ¥ =ge/2mc. The
FMR field H and linewidth AH are obtained by the
same procedure as outlined in Ref. 8 with the ex-
ception that here three % values’ must be used in-
stead of two.

RESULTS

The experiments were carried out at room tem-
perature and at 9. 44 GHz using 400-Hz field modu-
lation. Other experimental details and film-prep-
aration techniques have already been described. ®

The experimental and calculated parallel-reso-
nance results are compared in Table I for the
2700-A film. It is to be noted that exactly the
same parameters, K.” =0.435 erg/cm?® and K'¥
=0.55 erg/cm?, were used to obtain the parallel-
resonance spectrum as were used to fit the per-
pendicular-resonance spectrum previously re-
ported. 2 The calculated resonance data were ob-
tained using both positive and negative values of
K for each of two choices of the spin boundary
conditions. That is, taking m, free and m, partial-
ly pinned corresponds to the uniaxial-surface-
anisotropy case considered in Eqs. (2)—(9) with the
anisotropy axis normal to the film plane and with
the hard axis either normal to (K, positive) or in
the plane of the film (K, negative). In addition,
both normal and transverse components were taken
as partially pinned corresponding to uniaxial anisot-
ropy, but with the anisotropy axis in the film plane.
It is seen that the calculated data for K positive
and with the anisotropy axis normal to the film
plane agree remarkably well with the observed
resonance fields, linewidths, and intensities.
Moreover, no good over-all agreement is obtained
with any other choice of boundary conditions or
signs of K,. Specifically, the line positions and the
intensities calculated for the case of the anisotropy
axis in the film plane (C and D of Table I) show
large disagreement with the experimental values.
Although the intensities which are calculated using
a negative value of K with the axis normal to the
film plane (B of Table I) agree moderately well
with experiment, the calculated line positions are
not as close to the experimental ones as are those
which are obtained using K, positive. Further-
more, using a negative value of K, for the perpen-
dicular spectrum of Ref. 8 gives results which are
in strong disagreement with the experimental
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TABLE I. Parameters for in-plane resonance (d=2707 &).
H,(Oe) AH, (Oe) I?
Expt. Theory Expt. Theory Expt. Theory
A B C D A B C D A B C D
837 835 824 780 804 48 48 51 55 56 100 100 100 100 100
692 687 700 424 604 24 25 b 20 21 0.35 0.58 0.17°¢ 18 22
307 306 292 132 415 26 19 b b b 0.05 0.08 0.05¢ 0.05° 0.02°
171 18 6.1
K (erg/cm? K® (erg/cm? Spin boundary conditions
A 0.435 0.55 om, _ om _
B -0.435 -0.55} =0 and A X — Ky my=0
c 0.435 0.55 Bm, ~ am ~
D -0.435 —0.55} A g ~Kemx=0and A 52— K my=0

*All intensities are normalized to the main line intensity and are multiplied by AH,/AH,.
®The line intensities were too small to give reliable values of AH,,.

¢ Assuming AH= 20 Oe.

values (see Table II).
is uniaxial and has a hard axis normal to the film
plane.

Similar results are shown in Table III for films
with thicknesses of 2020, 1300, and 790 A. Inview
of the results for the 2700-A film, the fit for all
cases listed in Table III was obtained by taking K,
positive and the uniaxial axis normal to the film
plane. In addition the values of X (7.5%10” Hz),

0 (0.7%X10° @'em™), g (2.10), A (1.143x10° erg/
cm), and &, /hy (1) were assumed to be thickness
independent. For each case, K, and M, were
varied to obtain the fit of both the parallel- and
perpendicular-resonance spectrum. The agree-
ment between theory and experiment for the line
position, which is the parameter which can be
measured quite accurately, is quite good. The
linewidth and intensity comparison cannot be made
in some cases because of the nonresolution of the
calculated lines. Nevertheless, where compari-

TABLE II. Parameters for perpendicular resonance
@=2707 R).
H, (Oe) AH, (Oe) I,
Expt. Theory Expt. Theory Expt. Theory
A B A B A B
14780 14780 14757 52 59 57 100 100 100
14569 14580 22 21 24 23
14390 14392 14400 21 18 20 0.03 0.02 19
14151 14147 22 16 5.2 6.8
a 13840 13747 a 14 14 a 0.03 6.3
13481 13466 13317 21 13 12 1.3 3.3 0.04
a 13028 12820 a 12 10 a 0.03 4.14
12536 12525 12254 21 9 9 0.44 2.7 0.04
a 11955 11620 a 707 a 0.06 9.7
K (erg/cm? K® (erg/cm?)
A 0.435 0.55
B -0.435 -0.55

“The line intensities were too small to give reliable
values for this parameter.

Thus, the surface anisotropy

sons can be made of I, and AH, the agreement is
good. The calculated and observed perpendicular-
resonance parameters for the films considered in
Table III show agreement which is as good as or
better than that given previously for the 2700-A
film (see Table IV). The cause of the apparent dis-
agreement between theory and experiment for the
higher-order linewidths can be ascribed to a small
thickness variation across the plane of the film as
discussed before.® The values of K, obtained for
the films are shown in Fig. 2 as a function of film

TABLE III. Parameters for in-plane resonance.

d=2023 A
H, (Oe) AH, (Oe) I,
Expt. Theory Expt. Theory Expt. Theory
865 863 32 35 100 100
617 607 23 a 0.13 0.12°
316 308 24 a 0.007 0.007°
K®=0.15, K#=0.4, M=887.4
d=1299 A
857 855 26 25 100 100
709 710 a a ~ 0,016 a
280 264 25 19 0.07 0.045
K®=0.2, K¥=0.35, M=899.1
d=1790 A
865 862 25 21 100 100
480 468 24 18 0.018 0.05

K§0)= 0. 075’ K;d)= 0. 325, M=892.6

2 The line intensities were too small to give reliable
values for I, or AH,. Note: The units for K, and M are
erg/cm? and Oe, respectively.

b Assuming AH =20 Oe.
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FIG. 2. Magnetic surface anisotropy as a function of

film thickness.

thickness. It is seen that K!* decreases much
more rapidly with thickness than does K¥’. Our
results are in marked contrast to previous work, *
which implied that K was thickness independent.

DISCUSSION

We now discuss some general features of the
magnetic surface anisotropy of these films. There
are at least five possible sources for the surface
anisotropy, three of which may lead to a thickness
dependence for K,. (i) It has often been suggested
that an antiferromagnetic layer on the film surface
could effectively pin the spins at the surface. How-
ever, the exchange coupling at the surface between
ferromagnetic and antiferromagnetic spins should
not be thickness dependent (at least, in the range of
thicknesses studied here). Furthermore, it is un-
likely that an antiferromagnetic layer would give
the correct spin-pinning dependence on angle as
required by a uniaxial surface anisotropy (that is,
an anisotropy energy E, varying as K, cos?f, where
0 is the angle measured from film normal). (ii)
Surface roughness may give rise to a surface field
as well as a bulk field.!® For a film with d = 2700
A and a 200-A crystallite size, '* we estimate the
effective surface-anisotropy constant from this
source to be 0. 05 erg/cm?® but proportional to 1/d,
which is contrary to our observations. (iii) Non-
uniformities of the demagnetizing field near the
surface may give rise to a uniaxial-surface-anisot-
ropy constant of the order K,~4nrMAMI, where AM
is the change in the magnetization M over the dis-
tance I. It has been shown that as the film thick-
ness is decreased below 20 Z\, the magnetization
changes from its bulk value.! If we assume that M
decreases from its bulk value to 25% of its bulk
value within 20 A of the film surface, we obtain
K. =0.6 erg/cm?. This value is in very good agree-
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ment with the observed value for the thickest film.
(iv) The qualitative difference in the thickness de-
pendence of K, on the two sides of the film may be
a result of one side of the film being on a substrate
and consequently strained differently than the other,
free side. The uniaxial -surface-anisotropy con-
stant arising from a stress acting over a distance
Ad from the surface of the film is K,~3orAd. If
typical values of o and A (namely, o=5X%10° dyn/
cm? and A =5X10"%) are assumed, K, is approxi-
mately 0.1 erg/cm? if Ad =200 A.5 This estimated
value is of the same order as the observed values
of K - K!® between 0.1 and 0.3 erg/cm?. Al-
though both of the two previous sources [items (iii)
and (iv)] give reasonable values for K., a necessary
consequence of the observed thickness dependence
of K, would be a thickness dependence of I or Ad.
Certainly, the variety of reported stress distribu-
tion across the thickness of a thin film are so nu-
merous®® that such a variation of Ad is imaginable.
On the other hand, it is unlikely that I should
change drastically with thickness. Furthermore,
both Ad and I could remain constant and K, could
change with thickness as a result of a possible de-

TABLE IV. Parameters for perpendicular resonance.

d=2023 A
H, (Oe) AH, (Oe) I,
Expt. Theory  Expt. Theory Expt. Theory
14331 14331 33 39 100 100
14224 14220 26 a 0.72 0.63°
14018 14018 21 20 7.1 8.0
13687 13695 a 17 ~0.08 0.50
13260 13255 22 15 1.4 1.75
a 12692 a 12 a 0.23
12004 12006 24 9 0.31 1.13
K®=0.15, K&=0.4, M;=887.4

d=1299 A
14450 14449 24 26 100 100
14216 14222 19 18 0.49 0.57
13761 13747 20 16 4.0 4.5

a 12993 a 12 a 0.11
11947 11947 24 8 0.46 2,22
K®=0.2, kK#=0.35, M;=899.1

d=1790 A
14346 14347 24 21 100 100
13804 13830 24 16 2.9 3.3
12596 12592 30 11 2.6 1.6

K®=0.075, k¥’=0.325, M=892.6

%The line intensities were too small to give reliable
values for this parameter. Note: The units for K, and
M are erg/cm? and Oe, respectively.

® Assuming AH= 20 Oe.
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pendence of K, on the scattering of the spin waves
at the sample surface. For example, as the thick-
ness decreases and the spin-wave wavelength de-
creases, the scattering from surface inhomogenei-
ties may be quite different, and hence K,, which
reflects the scattering, may change. (v) An esti-
mation of the surface-anisotropy constant from
Néel’s model gives

K, == (V/2N@)[c4yt1y — (€11 = C120M100] 5

where V is the molar volume, N is Avogadro’s
number, a=3.54 A, c,=1.1%x10 dyn/cm?, Ay,
=4X10°%, ¢y -c12=0.92X10" dyn/cm?, and A
=17%X10"%. Assuming a random distribution of
(100) and (111) crystallite planes at the film sur-
faces, we obtain K,=+0.08 erg/cm? for our poly-
crystalline films as compared to the value observed
for K of +0.075 erg/cm? for the thinnest films.!"
It is to be expected that the thinnest film may show
the intrinsic surface anisotropy.! It is difficult to
estimate from the other® theoretical calculation of
surface anisotropy what K should be for our films,
because the calculations were concerned with film
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thickness only up to 17 atomic layers.

In conclusion, one can reasonably ascribe the
bulk of the magnetic surface anisotropy in the
thicker films to a nonuniformity of the demagnetiz-
ing field near the surface. The difference in K|
at the two surfaces, for any thickness, may be
due to an enhanced magnetic surface field induced
on one side of the film magnetostrictively by
evaporating the film on a substrate. Although the
observed thickness dependence of K, is not ex-
plained well at the present time, certainly with
additional experiments, this point may be cleared
up. For example, it would be quite useful to study
spin-wave spectra on very thin films (100 or 200
.3.) at higher frequencies in order to observe more
lines. A study of single-crystal films with spin-
wave resonance would be helpful for a direct com-
parison with Néel’s model. Finally, studies of
films with different nickel-iron composition and on
different substrates in order to check the magneto-
striction effect at the surfaces would be helpful.

We thank Professor A. Yelon for helpful dis-
cussions.

'U. Gradmann and J. Miiller, Phys. Status Solidi 27, 313
(1968).

L. Martinova, Z. Frait, and M. Vesela, Czech. J. Phys.
B21, 1106 (1971).

’A. J. Bennett and B. R. Cooper, Phys. Rev. B 3, 1642 (1971).

‘C. H. Bajorek and C. H. Wilts, J. Appl. Phys. 42, 4324
(1971).

H. Puzkarski, Phys. Status Solidi B 50, 87 (1972).

$G. C. Bailey, J. Appl. Phys. 41, 1012 (1970).

’C. Vittoria, G. C. Bailey, R. C. Barker, and A. Yelon, Phys.
Rev. B 7, 2112 (1973).

8G. C. Bailey and C. Vittoria, Phys. Rev. Lett. 28, 100 (1972).

L. Néel, J. Phys. Radium 15, 225 (1954).

!R. F. Soohoo, in Magnetic Thin Films (Harper and Row,
New York, 1965), p. 230ff.

'G. T. Rado and J. R. Weertman, J. Phys. Chem. Solids
11, 315 (1959).

In Ref. 8, although K@’ was positive, it was written as
negative because of the way the computer program was

written. The convention used here is that positive (or
negative) values for K@ or K’ mean that the hard axis is
perpendicular (or parallel) to the plane of the film. In addition,
we have rewritten the boundary conditions in Egs. (1)~9) so
that the previous values of K, must be divided by two to be
consistent with the usual definition of K.

3E. Schlémann and R. I. Joseph, J. Appl. Phys. 41, 1336
(1970).

"“The crystallite size was determined from electron microscopy
of replicas of the film surfaces.

The quantity Ad is not necessarily equal to /. We used a
reasonable value of Ad obtained from E. Klokholm and B. S.
Berry [J. Electrochem. Soc. 115, 823 (1968)] for iron films.

K. L. Chopra, in Thin Film Phenomena (McGraw-Hill, New
York, 1969), p. 266fF.

"The very close agreement may be partially fortuitous
particularly in light of the value of the observed anisotropy
(0.3 erg/cm?) on the other side of this film.



