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Delay line modelling on exchange spin waves
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A new innovative device has been proposed — a miniature controlled microwave signal delay line based on
short-wave exchange spin waves (ESW). The delay line is based on a three-layer dielectric—ferrite—dielectric epitaxial
structure. The conversion of the electromagnetic signal into ESW is carried out in a thin transition layer at the
dielectric—ferrite boundary. ESW propagates in the transverse direction of the ferrite layer and is again converted
into an electromagnetic signal in the transition layer at the opposite ferrite-dielectric boundary. The duration of the
delay of the passed signal is determined by the thickness of the ferrite layer and can be controlled by an external
magnetic field. It has been shown that in a three-layer structure based on epitaxial films of gadolinium gallium
garnet grown on a substrate of yttrium iron garnet (YIG), the delay duration of the microwave signal can reach
several tens of nanoseconds with a YIG layer thickness of 100 mm.
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Introduction

In modern micro- and nanoelectronics, quantum phe-
nomena in solids are widely used, which served as the
basis for research in the field of micromagnetism and
nanomagnetism. Of particular interest were studies of
spin-wave excitations in magnetically ordered ferrite media.
Applied research using short-wave dipole spin waves (in
the literature they are more often called ,magnetostatic
waves“ (MCB)). Based on the MSW, design options for
controlled microwave signal delay lines were VHF pro-
posed [1-4]. Including dispersive [1,2] and non-dispersive
delay lines [3,4], which were distinguished by their small
dimensions and planar structure. In addition, many other
microwave devices have been proposed (frequency filters,
phase shifters, convolvers and much more). Based on these
studies, new scientific directions were formed — spin-wave
electronics [5], spintronics [6] and magnonics [7,8]. Further
development of these areas was associated with the practical
development of ultrashort exchanged spin waves (ESW)
with wavelengths of about 100 nm and less 100 nm.

Exchange spin waves were predicted by Bloch back
in 1930 [9]. However, until recently, their use was
problematic due to the difficulty its generating. The first
confirmation of the existence of ESW was obtained only in
1957 [10]. Waves were observed in the form of parametric
decay products. Shortly thereafter, spin-wave resonances
(SWR) were identified, which were initially observed in
thin permalloy films [11,12], and then in epitaxial films of
yttrium iron garnet (YIG) [13,14]. The excitation of SWR
did not require high localization of magnetic fields. They
could be excited even in a uniform UHF magnetic field, but
this required ,,spins pinning on the surface film [15].
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In papers [16,17] another mechanism of ESW excitation
was proposed, based on the transformation of electromag-
netic and exchange spin waves in heterogeneous magnetic
fields. The field nonuniformity could be induced by
demagnetization fields in bulk ferrite samples or by the
nonuniformity of magnetic properties of ferrite films. In
the works [18,19], the excitation of traveling OSWs was
discovered, which was observed in YIG films pre-implanted
with helium ions. The waves were excited in the implanted
layer, propagated deep into the YIG film, and reflected
from its opposite surface. In the pulse mode, they could
be observed as a regular series of delayed ESW echo
pulses. In this case, the conversion efficiency of ESW
reached 80%, and the temporary attenuation did not exceed
the attenuation of magnetostatic waves. Similar results were
obtained in specially made YIG films with a smoothly
varying magnetization over the entire thickness of the
film [20,21].

At the same time, it was known that epitaxial YIG
films grown on gadolinium gallium garnet (GGG) substrates
have their own magnetic inhomogeneity22-24. At the film-
substrate interface, a thin transition layer (TS) is always
formed, in which the magnetization of the film smoothly
increases from zero to the magnetization of pure YIG. The
existence of a transition layer made it possible to detect
effective excitation of ESW in serial samples of YIG films
without any additional influences [25,26].

The high efficiency of ESW conversion in the transition
layer of the YIG film opened up broad opportunities for the
creation of fundamentally new spin-wave devices. However,
this required spatial separation of the points of excitation
and reception of OSW. This requirement was satisfied by
using a three-layer film structure GGG-YIG-GGGQG, as, for
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example, in the delay line at OSW [27]. The GGG film
on the outer surface of the YIG film was only necessary
to create the second transition layer; its thickness was not
significant. The time delay of the transmitted signal was
determined by the propagation speed and the path length
of the ESW in the transverse direction of the YIG film.
However, in the case of a thin YIG film, this circumstance
significantly limited the possibility of achieving a long delay
of the microwave signal.

In this work, the possibility of a multiple increase
in the delay time was investigated. For this purpose,
a modernized three-layer GGG-YIG-GGG structure was
studied, consisting of a YIG substrate on the opposite
surfaces of which GGG epitaxial films were located.

1. Delay Line Simulation

It was believed that during the epitaxial growth of GGG
films, thin transition layers are formed on the surfaces
of the YIG substrate, caused by the diffusion of non-
magnetic ions Gd** from the Ga** GGG film (Gd3;GasO15),
partially replacing the Y3* and Fe3* in the YIG substrate
(Y3FesOy2). Since GGG films are needed only for creating
transition layers, the simplest epitaxy methods can be used
for their formation, for example, the magnetron sputtering
method [24].

According to the theory of diffusion in solids, the distribu-
tion of the concentration of doping ions in the YIG substrate
is described by the Gaussian function N(z)  exp(—2z%/5?),
where o is the phenomenological distribution parameter, zis
the coordinate in the transverse direction of the YIG layer.
Taking this into account, the distribution of spontaneous
magnetization over the thickness of the YIG layer is
described by the function

M(z) = Mo{l —exp(—oz_—22> — exp {— z ;20')2] } (1)

where My is the magnetization of the substrate outside the
transition layer, d is the thickness of the YIG layer.

Fig. 1 shows the geometry for the problem of simulating
of delay line, including the processes of excitation, propaga-
tion and reception of ESW.
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Figure 1. Geometry for the problem of simulating of delay line
at ESW.
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The case of normal incidence of a plane elec-
tromagnetic wave (EMW) on the surface of a nor-
mally magnetized YIG layer Hy || ko || z was consid-
ered. The dynamics of the magnetization vectors
M(t, z) = M(z) + m(t, z), electric field E(t, z) =e(t, z)
and magnetic field H(t, z) = H; (z) + h(t, z) were described
by the linearized Landau-Lifshitz equation taking into
account inhomogeneous exchange

om
5t + pHi(z)(m x z) + yM(z)(m x h) +n(z x V*m) = 0
(2)
and Maxwell’s system of equations
10
Vxe= ~c a(h+4ﬂm),
€ de
h=-—,
v X c at
V-e=0,
V- (h+4mm) =0, (3)

where Hi(z) = Hy —47M(z) is internal field of the
YIG layer, y = 1.76 - 107 Oe ™' - 5! is gyromagnetic ratio,
n=8.62-10°cm?-s~! is inhomogeneous exchange con-
stant, ¢ = 14E is relative dielectric constant of YIG.

The solution was sought in the form of plane monochro-
matic waves e, h, m  expli (wt — kz)], where w =2 f is
circular frequency, K -is propagation number. In coordinate
form, equations (2), (3) split into two independent systems
of equations for waves with right-handed a;, =ay +iay

and left-handed circular polarization Ia_ = ax —iay
[ F (0n + nk?)ms = —yMhy., (4)
. dakok 4grek?3
e, =i——my, hy = ——9% m,, 5
+ K ek £, Ny kel = (5)

where kg = w/c is wave number for EMW in vacuum. The
longitudinal components of the vectors e, h, m were turned
to zero (e, h,, m, =0).

Subsequently, we were only interested in right-hand po-
larized waves that coincided with the direction precession of
the magnetization vector. By substituting the expression h..
from (5) into (4), one obtained the dispersion equation

(=)0 ) e 2 ()

had a simple analytical solution

kse(Ho, f,z,0) =

WM (Z)

+ . (7

N —

1
(kg + ko) + \/1('(%1) +kgo)? + kgo

wherekgy(f, z) = and kgo(f) = /eko are
partial laws of dispersion of ESW and EMW,
wh(2) = y[Ho — 47M(2)], wm(z) = 4ayM(z).

[0—wn(2)]
n
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Figure 2. Magnetization distribution in TS1 (@) and TS2 (b), dispersion of hybridized ESW in TSI (c¢) and TS2 (d).

Expression (7) described two branches of the dispersion
of hybrid electromagnetic spin waves. The sign (+) under
the radical corresponded to the dispersion of hybridized
ESWks(Ho, f,z,0), and the sign (—) corresponded the
dispersion of hybridized EMV Ikg(Hy, f, z, 0).

The processes of hybridization and transformation of
wave types occurred within the thickness of the transition
layers, as shown in Fig. 2. Fig. 2,a, b shows graphs of
the distribution function M(z) in transition layer 1 (TS1)
and transition layer 2 (TS2). Similarly, Fig. 2,¢ d shows
3d graphs of hybridized ks(f, z) ESWs in TS1 and TS2.
Calculations were carried out at a given value of o = 107>
and a fixed field Hy = 5kOe.

It can be seen that in the TS1 layer the EMV was
converted into short-wave ESW. In the TS2 layer, the reverse
transformation of ESW into EMW occurred. In both
cases, the directions of the wave vectors of electromagnetic
and exchange spin waves strictly coincided, which meant
collinear interaction of coupled waves, providing the most

intense energy conversion at hybridization frequencies. In
the region of homogeneous magnetization of the YIG layer,
the connection between electromagnetic and exchange spin
waves ceased, and the waves propagated independently of
each other.

It should be noted that a smooth change in magnetization
in the transition layers practically eliminates the reflection of
waves at the film-substrate boundaries. In this case, the loss
of the useful signal due to wave type conversion is reduced
to almost zero.

Using expression (7), it was not difficult to calculate the
time delay of the transmitted signal over the ESW path
length equal to the thickness of the YIG layer

(8)

d

1 0

T(H(), f) = % / ﬁ kS(HO, f, Z)dZ,
0
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Figure 3. Frequency dependence of the delay time and phase incursion of the ESW at a given field value Hy = 5kOe (@) and field
dependence of the delay time and phase incursion of the ESW at a given frequency value f = 12GHz (b).
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Figure 4. Controlled delay line design at ESW.

as well as the phase shift of the transmitted VHF signal

d

gD(H(), f) = /ks(Ho, f, Z)dZ. (9)
0

The calculations results are presented in Fig. 3. The
graphs in Fig. 3,a show the frequency dependence of the
delay time 7(f) and the phase shiftp(f)m for a given
YIG layer thickness d = 100um and a fixed field value
Ho = 5kOe. Fig. 3,b shows the field dependences of
7(Ho)and ¢@(Hy), calculated at a fixed frequency value
f =12GHz.

The frequency dependences in Fig. 3,a display the
dispersion properties of the delay line, which, obviously, will
manifest themselves in the form of distortions of the delayed
radio pulse. The field dependences in Fig. 3,5 demonstrate
the adjustments of the delay time and the phase shift of the
transmitted signal.
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2. Delay line construction

Fig. 4 shows a variant of the design of a controlled delay
line based on exchange spin waves.

The design includes a three-layer GGG-YIG-GGG I
structure, an input and output microstrip transmission line
(MSL) 2 and a portable controlled magnetic system. A
sample of the GGG-YIG-GGG structure is installed in the
MPL discontinuity so that the flat surfaces of the three-layer
structure are closely adjacent to the end surfaces of the
input and output MPL (Fig. 5). A sample structure along
with the input and output MPL is installed in the working
gap of a portable controlled magnetic system.

The magnetic system includes two NdFe35 neodymium
magnets with dimensions 8 x 4 x 10mm 3, two pole-
pieces made of steel Grade St.1008 with dimensions
6 x 10 x 10mm 4 and two control coils 5. For given
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Figure 5. Field topology in the working gap of the magnetization system (@) and the pattern of field lines inside and outside the working

gap of the magnetic system (b).

dimensions of the elements of the magnetic system, the
topology of the magnetizing fields was calculated.

Calculations were carried out using numerical methods
using the Maxwell SV software package. The calculation
results are presented in Fig. 5. The graph in Fig. 5,a shows
the topology of the magnetizing field in the working gap
of the magnetic system. The graph in Fig. 5,5 shows
calculations of field lines inside and outside the working
gap.

It can be seen that with sufficiently small dimensions of
the magnetic system, the field strength in the working gap
exceeded 4kOe. In this case, the field was almost uniform,
which is especially important for reducing the phase losses
of the delayed VHF signal. Additional fields created by
control coils do not change the field topology.

Conclusion

Thus, it has been shown that a delay line on an ESW,
made on the basis of a modernized GGG-YIG-GGG film
structure grown on a single-crystal YIG substrate, multiplies
the delay time of the VHF signal. With the thickness of the
100 um substrate, the delay duration can reach several tens
of nanoseconds.

Important advantages of ESW devices are their miniature
size, simplicity of design, and manufacturability.

The proposed delay line design can be used in systems
for generating and processing radio signals, as well as
an electronically variable phase shifter in phased antenna
arrays.
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