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The angular dependence of the intensities, linewidth, and resonance-field locations of
standing spin-wave modes in thin permalloy films is precisely investigated. It is shown that
each mode disappears at a specific angle. The value of this angle (measured between the nor-
mal of the film and the direction of the external magnetic field) decreases as the mode number
increases. This behavior is not connected with the broadening of the linewidth and is well
explained by assuming a weak inhomogeneity in the internal field. Theoretical analysis shows
that the inhomogeneity is due to weak variations in the dc demagnetizing field rather than to

the magnetization as generally assumed.

INTRODUCTION

A large number of papers’ % have dealt with the
problem of explaining the intensity and resonance-
field variations of standing spin-wave modes
(SSWM) in thin ferromagnetic films with the angle
between the normal of the film and the applied dc
magnetic field. Most of these papers! reported
that for a given value of the angle (the “critical
angle”), none of the high-order spin-wave modes
were observable. A more recent paper? reports
that each mode disappears for a different angle,
and concludes that this disappearance is closely
connected with the broadening of the linewidth.

In the present work, the angular dependence of
the intensity and linewidth, as well as resonance-
field locations of the spin-wave modes, is pre-
cisely investigated in permalloy films.

EXPERIMENTAL RESULTS

The permalloy films (nominally 81% Ni, 19%
Fe) were prepared by evaporation onto glass slides
at a pressure of 10°® Torr. The resonance mea~-
surements were made using a very sensitive mi-
crowave spectrometer operating at 17. 2 GHz.

The samples were placed against the bottom of a
TE,; cylindrical cavity so that, as the magnet is
rotated, the static and the microwave field remain
mutually perpendicular.

For SSWM excited in an uniformly magnetized
film, theory® predicts that the locations of the
modes should obey a dispersion relationship of
the form

(w/7)%= [H opp cOs(® — 6) — 4nM cos %0 + AME?]

X[H ypp cOS(® — 6) — 47M cos 26 + AME?] ,
(1)

where w, y, and M have their usual meaning, A
is the exchange constant, ® and 6 are the angles
that the applied field H,,, and the magnetization

M, respectively, make with the normal of the

| v

film. The wave number % is limited to the values
k=nn/d, where d is the film thickness and » is the
mode number.

In perpendicular orientation (®=0), the spin-
wave modes are very weakly excited. The in-
tensities of the modes are observed to alternate
with mode number. The odd-numbered modes
are typically about 1/50 as intense as the neigh-
boring even-numbered modes. These facts sug-
gest that the spins are nearly unpinned at the
boundaries (in the Kittel sense?) and indicate a
good even symmetry about the central plane of
the film. The linewidth of about 40 Oe is nearly
constant as a function of the mode number.® The
resonance fields fit quite well with the quadratic
law predicted by Eq. (1) except for the first modes
(typically the two first modes for a film of 3730-A
thickness, see Fig. 4).

A careful analysis of the position data shows
that, for the main resonance, the & dependence
of the applied field is very close to that predicted
for a uniform resonance for 4nM =10590 G and
g=2.08. To fit the data of the high-order modes
with Eq. (1) however, it is necessary to assume
a dependence of the wave number versus the angle
®.

As the linewidth AH, varies with the angle &,
the measured amplitudes must be multiplied by
the linewidth in order to obtain the intensity of
excitation of the modes. Figure 1 shows these
excitations versus the angle & for the modes 6,

8, and 10 of a typical film of thickness about

3730 A. The modes of order 2 and 4 overlap with
the main resonance mode and cannot provide a
precise measurement of the intensities. The modes
of order higher than 10 cannot be observed for
large 6 because of the weakness of their resonance
fields.

Each mode disappears at a given angle and this
angle, called the critical angle, decreases as the
wave number increases. This behavior is not con-
nected with the broadening in the linewidth; in
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FIG. 1. Intensity I, of the modes 6, 8, and 10 of a
typical film vs the angle ¢ between the applied field and
the normal to the film. The value of the critical angle
increases as the mode number decreases.

fact the linewidth increases and reaches a maxi-
mum for an angle larger than the critical angle.
As an example, Fig. 2 shows that for =10 the
critical angle is ® = 8. 2° when the maximum of
the linewidth occurs at ® ~11.8°.

THEORETICAL INTERPRETATION

The experimental results are interpreted by
assuming a weak inhomogeneity in the internal
dc magnetic field. An inhomogeneous internal
field could arise either from an inhomogeneous
magnetization or from an inhomogeneous demag-
netizing field due to the surface roughness. A
variation in the magnetization can be due to oxide
inclusions whose density increases as the sur-
faces are approached.® Changing the composition
of the alloy across the thickness also gives an in-
homogeneous M,.” On the other hand, surface
structural irregularities produce weaker demag-
netizing field near the surfaces of the film and the
long-range nature of the dipole interaction will
give rise to a change in the field at large distances
from the surface. %°

An approximate calculation based on the WKB
methods gives the locations of the modes and a
very simple expression for the mode intensities.

After linearization and diagonalization, the equa-

tion of motion of the magnetization can be written
10
as

8%m

-522 +Heem =0,
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where m =m, +imy/a is the linear combination
of m, and m, obtained from the diagonalization
and

Hoge = (1/MA){ [(27M sin%)2+ (0 /7) 1/ 2

- Hyyycos(0 — &) +hp +AVM - 2aM sin®9 }. (2)

In this expression for Hgy, kp is the component of
the dc demagnetizing field along the direction of
the internal field (i.e., %p=47M cos® for perfect
films). The z axis is in the direction perpendicular
to the film surfaces.

To estimate the effect of the variation of Hgyy,
it is convenient to write the effective field as fol-
lows:

Hetf(z) = <Hotf> - 6Hait(z) ’

where (H,y,) is the mean value and 0H,(z) de-
scribes the fluctuations of the effective field.

For small 0Hee/(Hee), and with unpinned
boundary conditions, the locations of the modes
are shown to be

(Heu>=n2772/d2 . (3)

In the circular-precession approximation, the
mode excitation I, is evaluated in increasing power
of the inhomogeneity 8Hyyy /(Hes;). The first-
order term is proportional to

a4 2
GHg" nnz
o cog = dz| . (4)
l f (Helf > d

1)

AH_1 (ARBITRARY UNIT)

FIG. 2. Intensity I,, indicated by the symbol O, and
linewidth AH, indicated by the symbol +, are shown for
mode 10 vs angle ®. The positions of the critical angle
and maximum linewidth are different.
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FIG. 3. Calculated angular dependence of the quantities 8Hg/8M, indicated by the symbol V, and 8H,e/0hp, indicated

by the symbol O, vs angle & for the film used in Figs. 1 and 2.

For the calculation, H,y, and & are the experimental

values; the values 47M =10590 G and g =2.08 are obtained from the variation of the main resonance location versus &.
The arrows indicate the values of the experimental critical angles.

The influence of the ellipticity of the precession
on this expression is discussed in the Appendix.
The nth-mode intensity vanishes with the nth
Fourier component of dHe. The value of the
angle & at which this phenomenon occurs is gen-
erally dependent on the shape and magnitude of
the inhomogeneity. However for a weak inhomo-
geneity with a characteristic length of variation
of the order or larger than the film thickness, the
Fourier component vanishes only if 6H g, vanishes
and the critical angles are no longer dependent

on the particular shape of the inhomogeneity.
With these hypotheses, the critical angles can be
found by differentiating the effective field and
solving for 8H ., /8M=0 in the case of an inhomo-
geneous magnetization, or 8Hg,/9hp =0 in the case
of a demagnetizing-field inhomogeneity.

Figure 3 shows the quantities proportional to
8H o0y /M and 8H o, /8hy calculated with the experi-
mental values of ® and H,,,. For both cases the
calculated values of the critical angles decrease
as the mode number increases. The experimental
values are very close to the calculated one with
the assumption of an inhomogeneous demagnetizing
field.

The shape of H, is dependent on the angle and
on the magnetic field strength, so that for any
angle the location of the modes cannot be calculated
without supplementary assumptions on the inhomo-
geneity.

In the perpendicular orientation, Eq. (3) re-
duces to

(w/7)+hp m> nzﬂ"’

and with the assumption that only the demagnetizing
field is varying, to

Hapy = 2 +(hp) - M—%’;—— .
Y

Thus an upper limiting value of the magnitude of
the inhomogeneity is given by the difference be-
tween the main peak field and the field where
deviation from the quadratic spacing behavior oc-
curs. As can be seen in Fig. 4, this value is
typically of the order of a few hundred QOersteds.

At the critical angles, the effective fields are
independent of small change in the demagnetizing
field so that the quantities MAn3%r%/d? can be direct-
ly evaluated. The quantities so determinated fit
the quadratic law extremely well, and the data
plotted versus the square of the mode number in-
tercept the axis at the origin (Fig. 4). Itis
noticeable that the linear part of Hy—H, and the
MAn®r®/d® line exhibit rigorously the same slope.
The separation between the two lines is 140 Oe.
The fact that the two lines in Fig. 4 are parallel
also supports the evidence that the variation in
the internal field is due to a variation in the de-
magnetization field rather than in the magnetiza-
tion itself, for Sparks has shown that for a varia-
tion® in the magnetization, the slope would be dif-
ferent from that for the case of an inhomogeneous
demagnetization. At the critical angle the internal
field is homogeneous and a “true” dispersion law
should be obeyed. At perpendicular resonance,
the inhomogeneous demagnetization field will give
a “true” dispersion law while an inhomogeneous
magnetization gives a “dressed” dispersion law
where the slope in Fig. 4 would be increased
slightly.

CONCLUSION

Several series of permalloy films of different
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FIG. 4. Magnetic field difference,
~ Hy,—H,, between the main peak and the
high-order mode vs the square of the
mode number in perpendicular reso-
nance represented by open circles.
The data deviate from the quadratic
_J law for the first two modes. The
dels (A) represent the quantities
MAn®m?/d® deduced for the loca-

tion of the modes at the critical
angles. This line is parallel to

the linear part of the H,— H,

curve. The separation between

the lines is 140 Oe.
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thicknesses have been used for this rotation ex-
periment. Without exception, every film exhibits
the same behavior. The observed values for the
critical angles suggest that the main source of in-
homogeneity is the imperfections of the surfaces
rather than a variation in the magnetization.

As pointed out by Sparks, ® the amount of surface
roughness depends on the size of the crystallites,
the surface being quite smooth over a large frac-
tion of the area of the film when the cross-section
sizes of the crystallites are larger than the film
thickness. For the films studied in the present
work, the cross-sectional dimensions of the
crystallites are typically of the order of 500 A.

It would be interesting to repeat these experi-
ments for films having larger crystallite sizes.
This work, to be performed on epitaxial films,
is in progress.
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APPENDIX

In the experimental arrangements, the micro-
wave field used to excite the modes is linearly
polarized, so that the relative intensities of the

modes for constant w are given by the expression!?

I,= l{amydzl 2/f0d |m | 2dz .

In the perpendicular configuration, or in the
circular-precession approximation, the ratio of
my,, to m is the same for every mode; however,
that is not generally the case.

Taking into account the ellipticity, formula (4)
is modified as follows:

Ly| [ a(1+8Huy /(Her)) cosnnzdz|? .
0

The correction on the critical angles is very small
and can be neglected in the present analysis.
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