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Surface Wave Propagation Through a Small Gap
Between Oppositely Magnetized Ferrite Substrates

N. C. SRIVASTAVA

Abstract—This paper presents an investigation of electromagnetic
wave propagation in a thin dielectric slab sandwiched between
oppositely magnetized ferrite substrates. It is found that this
configuration supports forward surface wave modes with a lower
cutoff frequency o, = 7H,, which is smaller than the lower cutoff
frequency ) = y[H(H, + 4nMo)]" 2, for the surface waves in
previously examined structures. Backward surface waves propagate
in a broad band in the high frequency region. When the saturation
magnetizations of the substrates are the same, the group delay time
varies linearly with the wave frequency as well as the biasing field
throughout the range of allowed modes, except near the cutoffs.

I. INTRODUCTION

N RECENT YEARS, theoretical and experimental in-
Ivestigations have been reported on the propagation of
magnetostatic surface waves in a variety of planar struc-
tures, e.g., unbacked slab [1]. [2], metal-backed slab [3], [4].
magnetically anisotropic slab [5], dielectric layered struc-
ture [6], layered magnetic structure [7], [8], etc. The charac-
teristics of the surface waves are different in different
structures; the waves may be highly dispersive or relatively
nondispersive [6], forward or backward [7], reciprocal [1] or
nonreciprocal [3], and may be allowed in narrow or broad
frequency band. However, a common feature is that the
lower cutoff frequency for the surface waves in all these
configurations is the same [9] and is given by
oy, = [Ho(Hy + 4nM)]*'%. Tt follows that magnetostatic
surface waves of arbitrarily small frequency can be pro-
pagated by applying a sufficiently small biasing field.
However, in practice. the domain structure comes into the
picture at low biasing field strengths which. in turn, leads to
the absorption of the wave [10]. In fact, it is difficult to
propagate low-loss magnetostatic waves below about 3
GHz [11}].

Tsutsumi [7] investigated the behavior of magnetostatic
surface waves propagating through an air gap between two
adjacent ferrite substrates which are similarly magnetized.
The dispersion relation for the surface waves propagating
through a gap between oppositely magnetized ferrite sub-
strates (Fig. 1) can be obtained, under the magnetostatic
approximation, from Tsutsumi’s dispersion relation [7] by
making appropriate changes in the signs of the off-diagonal
elements of the permeability tensors for the ferrites. Such an
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Fig. 1. The structure investigated in the problem. The substrates extend

to nfinity along the Y- and Z-axes

analysis reveals that the lower cutoff frequency is reduced to
wy, = yH,. However, the magnetostatic approximation is
known to be invalid near the cutoff [12], [13], and hence a
rigorous electromagnetic analysis is required to confirm this
result. In what follows, the propagation of electromagnetic
waves (transverse to dc magnetization) in a thin dielectric
slab sandwiched between oppositely magnetized, semi-
infinite ferrite substrates (Fig. 1) has been investigated.

II. THEORY

Maxwell’s equations are separable [13] into two sets: one
for E,, E,, and h, (TM mode) and the otherfor E,, h,,and h,
(TE mode). The TM mode is of no interest as it does not
interact with the magnetic nature of the medium [14]. The
relevant components of the electric and magnetic fields, for
the TE mode, in the gap and magnetic substrate regions may
be written from Maxwell’s equations as follows:

EY = exp (5,x) exp (—jBy)
EYW = [A exp (Kox) + Bexp (—Kox)] exp (—jBy)
E? = D exp (—6,x) exp (—jBy)

(1)

and

hg)l) = #(1) (ﬁ’cl/,ul -0 )E(l}
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where Y
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Here w, Hg, y, 4nM,, ¢, e, and C represent the wave
frequency, biasing field, gyromagnetic ratio, saturation mag-
netization of ith substrate (i = 1,2), dielectric constant of ith
substrate, dielectric constant of the gap material, and the
speed of light in vacuum, respectively. The matching of E.
and h, at x = +d/2, followed by elimination of constants,
leads to the following dispersion relation for wave propaga-
tion in the + Y direction.

exp (2K, d)
_ (UR Ko + Prey /iy — 0, W Ko + Pry /1ty = 65) @)
(/“t(elft)'KO — By /g + 51)(#&%2K0 — By /uy + 52)

The signs of k, and x, should be reversed in order to obtain
the dispersion relation for propagation in — Y direction. In
the case of identical substrates (M; = M,), (4) reduces to

_ Heet Ko + rc/p — 6\?
xp (2Kod) = Hese Ko — Pr/u+9) ©)

IT1. DisPERSION CHARACTERISTICS

Surface wave modes correspond to real and positive
values of 6 and real K, in (4) and (5). In the case of identical
substrates, Fig. 2 shows the dispersion curves for the surface
waves propagating in the + Y direction, as obtained from
magnetostatic analysis as well as from (5) for d = 0.025 cm
(Case D ) and d = 0.1 cm (Case (2)). The biasing field
strength has been shown alongside each curve. According to
the magnetostatic analysis, the range of allowed surface
modes is @y < w < (w, + w,,); the two limits correspond to
the cutoffs while resonance occurs when = w,, + 1w, The
surface waves are forward (backward) waves in the region
below (above) the resonance. The lower cutoff frequency
obtained from the rigorous analysis is w; = w,, ie., in
accordance with the magnetostatic analysis. Near the lower
cutoff frequency, the departure from magnetostatic analysis
is less pronounced for smaller gap widths and lower biasing
field strengths; the curves almost coincide for H, = 0. The
dispersion curves in the backward wave region also coincide
with magnetostdtic curves but are bounded by the straight
line K, = 0. Consequently, the cutoff frequency for the
backward waves is less than the magnetostatic limit given by
w = Wg + w,,. The higher the dielectric constant of the gap
material; the lower is the cutoff frequency for backward
waves. The most significant departure from the magneto-
static analysis, as revealed by the rigorous analysis, is the
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Fig. 2. Variation of the surface wave propagation constant f with

frequency o (expressed 1n GHz) for various biasing field strengths for
d = 0.025 cm (Case(D ) and d = 0.1 cm (Case (2)). Other parameters are
4nM, = 175 kg, y = 2.8 MHz/Gauss and ¢, = ¢, = 12 The curves for
gg=1(——-—)and ¢, =12 ( ) overlap except near the upper
cutoff

occurrence of a “forbidden band” when o is slightly smaller
than wf, in which case u.q becomes so large that & cannot
remain real without being inconsistent with (5). This band is
absent for H, = 0 for obvious reasons and is broader for
larger gap widths, implying that the novel surface wave
branch in the range w; < w < w} is significant only for
sufficiently small gap widths. Itis also noteworthy that when
d is small and H, is large, the forbidden band is obtained in
the high wave number region, thereby invalidating the
magnetostatic approximation in this region. This is in
contrast with most other situations where the magnetostatic
approximation leads to correct (qualitatively, if not quanti-
tatively) results in the high wave number region.

In the region slightly away from cutoffs, where the
magnetostatic approximation is valid, the group velocity is
found to be

(6)

ie., the group velocity is linearly dependent on the wave
frequency and biasing field: this is important from the view
point of signal processing [15].

When the two substrates have different magnetizations.
the forward and backward wave regions separate out and a
forbidden band is created in the range g, + 3, <
W < Wo + 30, (assuming M, > M,). In this case. the gen-
eral characteristics of the surface waves are similar to those
for identical substrates. However, the dependence of the

Vga = (wo + 30, — ©)
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group delay time on o or Hj is no longer strictly linear
(results not shown).

The analysis for the case of propagation in the —Y
direction requires numerical investigations of (4) and (5).
with the signs of x,; and «, reversed. It is found that no
surface wave modes propagate in the — Y direction whether
the magnetizations of the substrates are same or different.
This can be understood in terms of the field displacement
effect because of which the surface wave propagates in the
direction of H, x 71[9] where 7 is the outward normal at the
surface. Tt follows that in the present configuration (Fig. 1),
the surface wave can propagate only in one direction, the
+ Y direction, since both H and 7 have opposite signs for
the two substrates.

The unidirectionality of the surface waves is not inconsist-
ent with thermodynamics, since modes other than the
surface modes do propagate in the —7Y direction. For
instance, (5) 1is identically satisfied for K,=0 or
p= v"g w/C. This “optical mode” is reciprocal and propa-
gates only when ¢, > & uee; this condition is ordinarily
satisfied when « > w}. The transverse field distribution for
this mode is evanescent in the substrates and uniform within
the gap, where it resembles a plane wave. Bulk or volume
modes are also allowed when ¢ is real and positive while K,
is purely imaginary, which is possible only when
B < w/;'; w/C. Under this condition, (5)is satisfied provided
that ¢, > &,y 1.e., for o > w). These bidirectional bulk
modes are fast and nonreciprocal. Even when w; < o < w,
the propagation of energy in the — Y direction would occur
in a realistic (finite) structure, in the form of a surface wave at
outer edges or as an attenuated wave with heat loss.

IV. CONCLUSION

It has been found that the configuration involving a thin
dielectric slab sandwiched between oppositely magnetized,
semi-infinite ferrite substrates can support magnetic surface
waves for which the lower cutoff frequency is w,; = yHy,
which is smaller than that in any other configuration
investigated so far. The surface waves are forward (back-
ward) waves in the low (high) frequency region. The group
delay time varies linearly with the wave frequency and
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biasing field, except near the cutoff. The rigorous electro-
magnetic analysis reveals a small forbidden band (not
obtained in the magnetostatic analysis) in the forward wave
region when o is slightly smaller than oy ; this is a unique
situation where the magnetostatic approximation turns out
to be invalid even in the high wave number region.
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