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We report theoretical results for iron films prepared by the molecular beam epitaxy technique
which give further evidence for the existence of magnetic parameter variations near the film-
substrate interface. The ferromagnetic resonance experiments reported earlier complement recent

magnetometer measurements.

The calculations consist of determining both volume and surface

spin-wave dispersions as a function of various assumed variations of magnetic parameters near the
interface. This allowed us to predict the excitation of surface modes in addition to the usual volume
spin-wave modes. Experimentally, surface modes are excited for thickness ¢ > 1000 A and are dis-
placed about 500—1000 Oe above the main line. In addition, we are able to predict the observed de-
viation from quadratic behavior for low-order-number spin-wave excitations.

INTRODUCTION

Spin-wave resonance (SWR) data which show evidence
for surface-mode excitation in magnetic thin films have
been accumulating over the past ten years. These surface
spin-wave excitations are localized at the interface be-
tween the film and substrate and are contrasted with
standing-wave modes or volume spin-wave excitations in
which the SWR propagation wave vector is quantized
with respect to film thickness. - The possibility of such ex-
citations was predicted on theoretical grounds by Wolf in
1965! and later by Puszkarski in 1967.2 Their calcula-
tions were based upon a model which assumed a uniform
magnetization within the sample, but with a surface an-
isotropy K arising from the interface. The first actual
observation of surface waves was reported in 1972 by
Brown et al.? in their work on yttrium iron garnet (YIG)
films grown by liquid-phase epitaxy on gadolinium galli-
um garnet (GGG). They explained their results on the
basis of the surface amsotropy model of Puszkarski. The
following year Guenzer et al.* suggested that these results
could also arise from a gradient in the magnetization near
the interface. Finally, in 1977 a definitive study by Vit-
toria and Schelleng® showed that the surface states located
at the YIG/GGG interface arose from a gradient in the
magnetization in the YIG due to interfacial diffusion of
the constituents.

Previous work on the molecular beam expitaxy (MBE)
iron films has indicated that they too have gradients in
both the magnetlzatlon and magnetic properties near the
Fe/Ge interface.®” In this case, however, the gradients are
believed to arise from strain at the interface due to lattice
mismatch, rather than interfacial interdiffusion, since the
MBE iron films are grown at such low temperatures.®
This paper will concern itself with the development of a
theoretical model based upon these interfacial gradients,
to explain both the volume and surface-mode SWR excita-
tions observed in these MBE-grown iron films.

We shall consider in turn a step,’ a linear,!° and an ex-
ponential variation of the magnetization near the inter-
face. Although all three assumptions give rise to qualita-
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tively similar results for the magnetic field dependence of
the SWR modes, the exponential variation is easier to jus-
tify physically. For example, the linear and step varia-
tions introduce artificially abrupt boundary conditions
within the film itself, in addition to boundary conditions
at the two surfaces. We note that only the exponential
variation gives rise to a VM term in the equation of
motion used for the analysis. The step and linear varia-
tions of M are useful pedagogical exercises, however, in
that they reveal the essence of the results in simple
mathematical form and allow one to anticipate the nu-
merical results for an exponential variation, since comput-
er numerical analysis was necessary to generate the SWR
spectra for that case. We find that the model calculations
successfully predict volume and surface-mode excitations,
as well as the observed dependence of the resonance posi-
tion on n} for the high-mode-order index n; and the
departure from n? for low n;, without the need for intro-
ducing a surface anisotropy term Kj.

MODELS AND RESULTS

The dynamic equation of motion for a ferromagnet
may be written

l}‘,"—m_<Mo+m)>< H; +———v (Mo + 1) 1

where A is the exchange-stiffness constant, M, the static
component of the magnetization, m the dynamic com-
ponent of the magnetization, @ the angular frequency of
applied radiation, y=g(e/2mc), and H; is the effective
static internal magnetic field. For the case of a thin mag-
netic film saturated normal to the film plane (i.e., parallel
to z), V?=09?/3z2. For circularly polarized radiation
propagating along z, Eq. (1) reduces to the scalar form

24 d’m
M, . dz?

Q _Hi(z) ]m =0. (2)

The internal field H; is now assumed to be composed of
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an applied field normal to the film plane H,, the demag-
netizing field from surface poles 47M,, an effective aniso-
tropy field H,, and an effective field arising from gra-
dients in M, Since z=0 -corresponds to the
substrate/film interface, the variations in M|, are assumed
to arise from this point and hence will be a maximum
there. As z— L, the free surface of the film, it is assumed
that the interfacial effects decrease and the film will ap-
proach the properties of bulk material. In the case of a
uniform material there is no z dependence, H;(z)
=H,—47M,+H,, and the separation of the SWR modes
in applied field away from the uniform mode obey the
well-known 72 law.!! One recognizes that Eq. (2) is
analogous to Schrodinger’s equation and hence we have a
one-to-one correspondence to the one-dimensional prob-
lem of a particle under the influence of a scalar potential.

The boundary condition on the dynamic magnetization
m at the surfaces is'?

A9 Lk m—0. &)

oz

Clearly, if K;>> | Ak |, then m~0 at the boundary, the
well-known result of surface anisotropy pinning. For ex-
ample, in a film of d=1000 A the lowest-order mode
n =1 yields k=3%10° cm~!. Then the measured value
of A=2%107% erg/cm yields | Ak | =0.6 erg/cm> This
can be compared to estimated values for K,~1—10
erg/cm?, 314
be estimated to be comparable. Since calculations have al-
ready been done on iron assuming K;m >>A43m /3z,'* in
this paper we shall consider the opposite case of K;=0,
the totally unpinned surface condition. A subsequent pa-
per will treat the general solution for K;+0.

The simplest case to consider’ is illustrated in Fig. 1
where we assume a step in H;(z). Here H;(0<z
<L,)=H;(0) and H{(L,<z<L)=H;(L). We then cal-
culate the separation in applied magnetic field between the
two lowest-order (highest-field) SWR, i.e.,

SH=H,(n;=0)—H,(n;=1),

as a function of the depth of the surface potential well
[H;(0)—H;(L)] for various choices of well width, L;. As
can be seen from the figure, significant 6H values only
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FIG. 1. Difference in magnetic field between the first two
(highest-field) excited SWR modes is plotted as a function of
H;(0)—H;(L;). The parameter L; is the width of the step vari-
ation. L is the film thickness and is equal to 1500 A.

and one sees that these two contributions can -
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occur if the potential does indeed form a well, which is
represented on the right-hand side of the figure for which
H;(L)>H;(0). This may be interpreted by envisioning
the well as having a trapped surface state which gradually
becomes identical to the uniform SWR mode as the sur-
face potential well disappears. Furthermore, inspection of
the form of m for the n;=0 or surface excitation shows
that the amplitude is a maximum for z=0 and decays as
one proceeds into the film and the spin-wave propagation
constant k obeys k*(z) <0 for L, <z <L. This describes
a.nonpropagating spin-wave mode confined to the inter-
face region. For H;(L) < H;(0), the well becomes a bar-
rier. There are then no bound surface states and we are
on the left-hand side of the figure where we see §H ~O.
Similar results are obtained!® for the case of a linear
variation in H;(z). This case is physically more realistic,
but the calculation is more tedious. In order to obtain
analytical solutions one must actually assume two linear
dependences, as illustrated in Fig. 2, where H;(z)
=H;(0)+az for 0<z<L, and H;(z)=H;(L,)+Bz for
L, <z<L with H;(z) smoothly varying at z=L; such
that d2H;/dz? is finite. Again one obtains bound surface
states only for H;(L)> H;(0), so only the potential-well
solutions are displayed in Fig. 2. The solutions in the well
are the familiar Airy functions and again one gets a
nonpropagating spin-wave mode confined to the surface
region. Since all of the other parameters were kept the
same in the two cases, comparison of Figs. 1 and 2 shows

. that the linear gradient must extend much more deeply
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FIG. 2. Difference in magnetic field between the first two ex-
cited SWR modes is plotted as a function of H;(0)—H;(L,).
The parameter L, is the width of the first linear variation, and
L—L, is the width of the second linear variation.
H;(L)—H;(L{)=100 Oe for all the calculations shown in the
plot. The film thickness is 1500 A.
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into the film (or be larger) to get comparable separations
in the first two SWR modes. Or equivalently, for a given
depth and width of the potential well, a linear gradient
gives several times smaller separation of the first two
modes as compared to a step variation.

With these two examples as background, we now as-

sume an exponential dependence of the magnetic proper-
ties on the distance from the interface.

Specifically,
M(z)=My—AMe %, (4a)
H,(z)=H,—AH,e . (4b)
Then,

H;(z)=H,—47M(z)+ H , (z)+ H (z)
=H,—4rmMy,+H,

24
M,

AM

FZ
M,

+e 7 |4rAM — AH, — (5

The H.(z) term in Eq. (5) arises from the (24 /M,)V’M
term of Eq. (1), the equation of motion. It appears when
one has an exponential variation in M, but not for the step
or linear variations considered previously.

Equation (1) for the exponential case may be put in the
form

2d’m 9™ (@ +by)m =0, 6)

de dy

where

,y=e_rz ,

-;%-—H,-(oo)]/

b=—[H,-(0)——H,(oo)]/ 24 1o
0

24

FZ
M,

a=

The solution to Eq. (6) is
m(y)=aF  (y)+BF_(y), @)

where F ., F_, a, and B3 are all complex quantities:

Fi.(y)zyif‘/; 2 cniyn , )
n=0
where
i= (—l)nb”
nn+2jVa)n—1+2jva)--- (1+2jva) ’
cO=1) jz‘/——l

and a and B are determined from the boundary conditions
and by requiring m (y) to be real. The secular equation is,
obtained by imposing the free pinning boundary condi-
tions (K; =0) at the two surfaces. Then

F'y 9o)F"_(p)—F' (yp )F'_(y0) =0, )

where
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FIG. 3. Difference in magnetic field between the first two ex-
cited SWR modes is plotted as a function of H;(L)—H;(0). The
exponential variation is of the form H;(0)+ AH;exp(—TI'z). The
film thickness is 1500 A.

y0=1 ’

yL=e_rL, (10)
4

Fi="p

The SWR field positions may be calculated by varying
a or H, so that Eq. (9) is satisfied. In Fig. 3 the differ-
ence in the first two excited SWR-mode field positions are
plotted as a function of H;(0)—H;(L). The exponential
decay parameter 1/T" is varied between 50 and 250 A.
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FIG. 4. Solutions of ‘m for both the surface and volume
spin-wave excitations for the exponential case with M=1500 G,
H,(0)—H;(L)=—2kOe, L=1500 A, 1/T=100 A.
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FIG. 5. Surface-mode solutions of m are plotted as a func-
tion of distance. For the three curves 1/T is fixed (=100 A),
H;(0)=6 kOe, and H;(0)—H;(L)=—0.1, —0.5, and —2.0 kOe
with H;(L) as the parameter.

The measured’ value of 24 /M, is 2.55X10~° Oecm?
and was used in the calculation. The film thickness is
1500 A. The curves exhibit the same characteristics as
Figs. 1 and 2. Again the first (highest-field) mode of exci-
tation is a surface SWR mode localized near z=0, as
shown in Figs. 4 and 5.

Any one of the curves in Fig. 3 can give rise to a
reasonable fit to experiment. However, we take M =1500
G, 1/T=50 A, and AM /M,=0.5, since previous fer-
romagnetic resonance (FMR) and magnetic measure-
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FIG. 6. Comparison between calculated and measured
SWR-mode field positions for a 1500- A-thick film of MBE iron.

ments” !> give us reasonable estimates of these magnetic
parameters. Only AH, is taken as adjustable when we fit
the calculated SWR spectra to the measured one of Ref. 7
for a 1500-A film. In Fig. 6 we plot the difference be-
tween H; (surface SWR mode) and successive SWR field
positions as a function of an index number squared, n}?
taking n; =0 for the surface SWR mode, and n;=1 for
the first bulk mode. For high index number, n; may be
regarded as the ordinary spin-wave order number, n. For
low n; the index number merely indicates the progression
or the order in which each calculated SWR mode occurs
in the spectra. In the absence of any gradients in the ma-
terial properties and of surface pinning of the magnetiza-
tion, n =0 corresponds to the uniform mode. Symmetric
pinning at both surfaces would allow only the odd bulk
modes to be excited, and the lowest of these (n =1) corre-
sponds closely to the lowest bulk mode seen here. The
agreement between theory and experiment is reasonable.
In fitting to the experimental data’ we flnd that the best
result is obtained for

H;(0)—H;(L)=—2000 Oe,
which implies AH, =6.3 kOe.

DISCUSSION

Variations in M have been implied and measured in
MBE iron films.®*”!> We now suggest, in addition, that
there are variations in H, in these films. This is not
surprising in view of the fact that these MBE iron films
may be strained from the lattice mismatch between sub-
strate and film. Furthermore, the strain relaxation length
of 50 A is in reasonable agreement with stress-release
mechanisms applicable to metal films evaporated on
GaAs.! Since the specific values used for T’ and AM /M,
are from iron films grown epitaxially on GaAs, rather
than on Ge, the numerical results for AH, are only
representative.

It may be possible to improve the fit between theory
and experiment by invoking!? surface anisotropy parame-
ters at the two surfaces other than the K;=0 we have as-
sumed in this calculation. Nevertheless, it is clear that
previous' work which analyzed FMR data on MBE Fe
films in terms of only surface parameters may be subject
to numerical error, since it ignores the large contributions
to the FMR which we show can arise from gradient ef-
fects. This study shows that in order to understand the
resonance results for magnetic metal films grown by
MBE, as for YIG films® grown by Liquid-phase epitaxy,
the static magnetic properties must first be determined
and their effect upon the resonance modes calculated.
Only after this is done can one determine the magnitude
of any effects arising from K. Future work will include
effects of K as well as gradients of M on the FMR prop-
erties of iron films prepared by the MBE technique.

In summary, we have carried out spin-wave calcula-
tions for thin-film magnetic materials which have a z-
dependent magnetization and/or uniaxial anisotropy near
the substrate interface. The calculation for an exponential

“ variation in the material parameters with distance, the
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physically most relevant case, was accomplished for the
first time and the results were shown to be in qualitative
agreement with the cases involving a step or a linear pa-
rameter variation. With an increasingly strong variation

near the interface one sees an evolution of the lowest-
order spin-wave mode into a surface mode if the variation
has the proper sign. The calculated spectrum of spin-
wave modes is in good agreement with experiment.
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