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STOP BANDS IN MAGNETO-PHOTONIC CRYSTAL IN MILLIMETER WAVEBAND
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One-dimensional (/D) magneto-photonic crystal (MPC) with tri-layer cell (vacuum-ferrite-quartz) interfaced with wire me-
dium (WM) was investigated at microwave band. The appearance of two stopbands associated correspondingly with wave interference in
the MPC and with ferromagnetic resonance absorption in ferrite layer was demonstrated. The occurrence of surface waves for the
MPC+WM system in the MPC stop band frequency range was shown theoretically and experimentally. The surface wave peak allows the
tuning of its position with applied magnetic field. It was shown that the steepness of the curve describing the dependence of surface
wave peak position on magnetic field is less than the steepness of the corresponding curve for the left edge of the MPC stop band. The
considered effects will make it possible to develop new magneto tunable microwave devices on basis of magneto-photonic crystals for

GHz and THz band. Figs. 5. Ref.: 27 titles.
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During the last decade, structures with peri-
odic refraction index (known also as photonic crys-
tals (PCs) or photonic band gap materials [1]) have
been a subject of experimental and theoretical re-
search due to their prominent spectral properties and
possibilities of promising applications in microwave
and optoelectronics [2—6]. The PCs possess band
gaps in which electromagnetic wave propagation is
prohibited in any direction. Characteristics of band
gap can be described by energy band structure or stop
band (forbidden band) in transmission spectrum.
Substantially, PCs are artificially made from dielec-
tric (organic) or metallic materials for band gap elec-
tronic control [7-8]. Up to the present, magnetic ma-
terials for PCs have not attracted much attention be-
cause permeability of magnetic materials in the opti-
cal frequency range equals to unity. But for ferrites,
yttrium iron garnets, granular magnetic films and
other magnetic materials the permeability differs
from unity at microwave frequencies because of fer-
romagnetic resonance (FMR) [9]. So, ferrites can be
exploited for microwave magnetic photonic crystals
(MPCs) [10]. The ferrites in saturation state have a
tensor permeability tuned by a static magnetic field.
Therefore, magnetic materials included in MPCs
make it possible to design the magneto-tunable mi-
crowave devices on basis of MPCs [11]. Recently,
some papers have been devoted to the MPCs investi-
gation. Sigalas et al. [12] have studied theoretically
the effect of permeability on the photonic band gaps
of MPCs. A. Saib et al. [13] have studied experimen-
tally magnetic photonic band-gap material based on
ferromagnetic nanowires at microwaves. S. Cher-
novtsev et al. [14, 15] have experimentally and theo-
retically studied the tuning of frequency stop bands
for 1D MPC on basis of ferrite in K and Ka frequen-
cy band. Jie Xu et al. [16] have experimentally and
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theoretically investigated the transmission characte-
ristics of 2D MPC in X frequency band. However, in
all these works, it has not considered the possibility
of appearance of two stopbands: the stop band asso-
ciated with wave interference in MPC (further let’s
call it as MPC stopband) and the stop band associated
with resonance absorption in magnetic layer con-
nected with FMR (further let’s call it as FMR zone).

The origin of the usual PC stop bands is the
same as in the solid state periodical lattice, where the
diffraction of electron wave on periodical potential
make it impossible for electron with certain energy to
move through the crystal. If we proceed with this
analogy further we can anticipate the existence of
some surface waves (SW), (analogous to so named
«Tamm states» (7S) in solid state physics) [17] on
the interface between the PC and the medium, where
electromagnetic wave cannot propagate (ideally con-
ducting metals, medium with negative permittivity
and permeability, another PC or MPC). The frequen-
cy of such surface wave should lie in a forbidden gap
of PC. The electromagnetic wave vector is directed
along the crystal axis, the field being uniform in
transversal direction and do not transfer energy. The
surface wave can be detected by studying transmis-
sion and reflection spectra of the system — a narrow
peak appears in the transmission spectrum together
with a dip in the reflection spectrum. These surface
waves have been theoretically and experimentally
studied by Vinogradov et all. for PC as well as MPC
with bi-layered cell in optical frequency range
[18—19]. The research of these waves in the micro-
wave band has a very short history is started only
recently [20, 21].

In this paper we have experimentally studied
appearance of two stopbands with various physical
origins in the MPC transmission spectrum and occur-
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rence of the surface waves in these stopbands in mi-
crowave band (22-40 GHz). This frequency band
displays certain advantage over the optical band be-
cause we can experimentally observe the field distri-
bution near the PC interface. Experimental results are
in good agreement with theoretical results.

1. Theory. Let us consider the finite struc-
ture consisting of MPC and WM, loaded in a rectan-
gular waveguide (Fig. 1).

1D MPC consisted of tri-layer primitive
cells (vacuum-ferrite-quartz). The MPCs is restricted
by a rectangular waveguide along the y and x axes.
A static magnetic field is applied along the y axis.

yvacuum

Fig. 1. Schema of structure consisting of the MPC and WM,
loaded in a rectangular waveguide

It is well known that the ferrite layers, mag-
netized under the external magnetic field have a ten-
sor permeability derived from the Landau-Lifshitz
equations [22]:

uo j, 0
a=|=ju, # 0| 6]
0 0 1

For saturated ferrite with dissipation we

have
2
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where wy, =yH, + jaw is the ferromagnetic reso-

nance frequency; y is the gyromagnetic ratio; H is
the dc magnetic field in ferrite layers; w = 27f is the

circular frequency of the alternating electromagnetic
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field; o 1is the damping coefficient of ferrites;
W) =y47M ¢ is the characteristic frequency of fer-

rite; My is the ferrite saturation magnetization.

Let us consider the propagation of a plane
wave through ferrite. The wave vector is normal to
the applied static magnetic field H, (this case is
called transverse magnetization), the tensor of effec-
tive permeability can reduce to a scalar as [22]:

22
H —H, ) (4)
U

The midgap frequencies of usual MPC stop

bands are defined as [23]:

Cc

where ¢ is the speed of light; m is the number of
MPC stop band; d,, dj; d, are thicknesses of vacuum,
ferrite and quartz layers correspondingly; n,, ns; n,
are refraction indexes of vacuum, ferrite and quartz
layers correspondingly which are evaluated as

n, =1 nf:,/gf,ueﬂ; nq:\/g, (6)

wheree,, &, are the permittivity of quartz and fer-

;ueﬂ =

rite layers correspondingly.

The MPC is adjacent through the quartz
layer to WM. WM represents the arrays of thin copper
wires on polystyrene substrate. The metallic wires
were structured on a scale much less than the wave-
length of radiation. When the wavelength of the inci-
dent radiation is much larger than the size and spac-
ing of scatterers, the response of the scatterers to the
incident fields can be treated by way of the effective
medium theory. Therefore, an effective permittivity
oy can be used to define the permittivity of the me-

dium. Negative permittivity of WM can be achieved
at microwave frequencies (permittivity is negative
below plasma frequency ,). The WM effective

permittivity and the plasma frequency are given by
formula [24]:
2
Dp . 2
gejj’ =Ehost — 7 a)p
0]

27’
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where a is the lattice parameter (the distance between
the nearest wires); r is the radius of the wires; &, —

host medium.

To obtain the surface wave (analogous to
so-called Tamm state) it is necessary that a MPC stop
band overlaps the frequency range where effective
permittivity of WM has negative sign.

The well-known transfer matrix technique
[15, 23] was used to find the transmission (reflection)
coefficient for periodical MPC structure (Fig. 1). The
finite-difference-time-domain method (FDTD) well-
described anywhere [25-27] was used to calculate
the transmission (reflection) spectra of WM and
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MPC+WM and to evaluate the field profile of the
surface wave as well.

2. Experiment. To carry out the experimen-
tal investigations, the MPC and the WM were de-
signed and fabricated. The ferrite layer (brand
ISCH4) has complex permittivity of about
&, =111+ j0,0008, saturation magnetization of

M ¢ =382Gs, damping coefficient of o = 0,024 and
thickness of d =(0,5+0,02) mm. The quartz layer
has permittivity of about &, =4,5and thickness of

d =(1%0,02) mm. The vacuum layer has thickness
of d=(1,5£0,02) mm. The MPC has 4 tri-layered

cells and interfaced with WM by quartz layer. Ac-
cording to equations (5), (6) for given parameters the
midgap frequency of the first MPC stop band asso-
ciated with wave interference in MPC is about of
28,37 GHz at zero applied magnetic field (z,; =1).

The WM consists of polystyrene substrate (thickness
of 2,1 mm, permittivity &,,,, = 2,53) with thin cop-

per wires on one side. The gap between the polysty-
rene substrates is 0,5 mm. The polystyrene substrate
has wires with length of 3,3 mm and diameter of
0,15 mm. The distance between two nearest wires is
of 1 mm along x axis. The WM has 6 polystyrene
substrates with 8, 8, 8, 6, 5, 3 wires accordingly. Ac-
cording to equations (7) such WM has negative effec-
tive permittivity till plasma frequency of 74,36 GHz.

The experimental setup includes mainly the
vector network analyzer (VNA), waveguide transmis-
sion line, waveguide segment with structure under
study and electromagnet controlled by power supply
unit (the magnetic field range is about of 0—7000 Oe)
[14, 15]. The composite structure was loaded in a
rectangular waveguide segment with cross-section of
7,2x3.4 mm>. The segment with structure under
study was placed between poles of electromagnet
where a uniform static magnetic field was provided.
An EM wave propagates along the z axis with an
electric field along the y axis and magnetic field
along the x axis (Fig. 1). The static magnetic field
was applied normally to alternating magnetic field.
The transmission spectra were automatically meas-
ured by the VNA in the frequency range of
22-40 GHz.

3. Results and discussions. Let’s consider
transmission spectra for various structures namely:
for MPC; for WM, for MPC+WM.

The transmission spectra of the MPC have
been measured and calculated using transfer matrix
technique [15,23] and effective permeability has
been calculated using the equation (4). The results
are shown in Fig. 2, a—c. For small applied magnetic
field: Re(u,y) € (0,1) the transmission spectra of the

MPC have a shape of smooth upturned dome and
represent stop-band associated with Bragg interfe-
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rence in periodical MPC (MPC stop band). The bot-
tom value of stop-bands depth (the difference be-
tween transmission coefficient in pass-band and one
in stop-band) equals approximately to —40 dB. As the
magnetic field increases the position of stop band
edges shifts weakly to higher frequencies. The simu-
lation corroborates the experimental results, though
with some discrepancy, associated with an error in
the simulation parameters choice: the module of
transmission coefficient is defined by imaginary part
of both constitutive parameters (&, £&) of each MPC

layer while the positions of MPC stop-band edges are
defined by real part of parameters.
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Fig. 2. Transmission spectrum of the MPC for various applied
magnetic fields at Re(uqy) € (0,1), theory: £, — H=1130 Oe, £, —
H=12290 Oe, t; — H=13370 Oe; experiment: e; — H=1130 Oe,
e, — H=12290 Oe, e; — H=13370 Oe (a); frequency dispersion of
effective permeability of ferrite at H = 6840 Oe (b); experimental
(black line) and simulated (grey line) transmission spectrum of the
MPC for H=6840 Oe at Re( tey) € (=6,8) correspondingly (c)

For large magnetic field (H = 6840 Oe) the
permeability becomes negative Re(u,;) € (—6,8)in

the investigated frequency range. The depth of expe-
rimental MPC transmission spectrum drops down to
—70 dB see Fig. 2, c. The frequency position of the
valley coincides with ferromagnetic resonance fre-
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quency. We can conclude that a new absorption
process connected with FMR in ferrite was engaged.
Hence we have two deep valleys and correspondingly
two stop-bands with various origins. The first band
(the FMR zone) in the range from 23 to 31 GHz cor-
responds to the FMR absorption (Fig. 2, b). In this
frequency range the real part of effective permeabili-
ty of the ferrite is negative and imaginary part is dif-
ferent from zero, therefore electromagnetic wave can
not propagate in ferrite. The position of mid-gap fre-
quency in this band is defined by ferromagnetic re-
sonance frequency and varies linearly with the static
magnetic field. The second band (MPC stop band) in
the range from 31 to 41 GHz corresponds to known
Bragg interference in MPC. In this frequency range
the electromagnetic power is not absorbed. The posi-
tion of mid-gap frequency in this band is defined by
the equation (5) and remains almost unchanged at
variations of the magnetic field. This behavior is due
to small variation (from 0 to 1 at 32 GHz) of the ef-
fective magnetic permeability throughout the whole
interval of static magnetic field change (0—7000 Oe).

Next we consider the transmission spectra
for the WM (experimental (solid line) and simulated
(dash line)) (Fig. 3, a).
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Fig. 3. Transmission spectrum of the wire medium: 1 — experi-
ment; 2 — simulation (a); frequency dispersion of effective wire
medium permittivity for following parameters: a =1 mm;
= 0,075 mm; &, = 2,53 (polystyren) (b)
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The deep valley with the bottom level of the
order of —70 dB shows the frequency band where the
electromagnetic wave can not propagate through the
WM. Naturally this is connected with negative effec-
tive permittivity of the WM. The experimental and
theoretical curve coincide well within 21-28 GHz.
Within higher frequency range (28—40 GHz) the dis-
crepancy between experimental and simulated trans-
mission spectra is associated with the shortcomings
of calculation method and wire spacing inaccuracy in
the experiment. The effective permittivity of WM is
negative in the frequency range under study
(21-40 GHz) see in Fig. 3, b.

It was shown in [18] that at interface be-
tween MPC and medium with negative permittivity
surface wave could exist. To study surface wave we
use the composite system MPC+WM in the frequen-
cy band where effective permittivity of the WM is
negative. The surface wave appears as a sharp peak
in the transmission (reflection) spectra in the MPC
stop-band and is detected experimentally (Fig. 4, a).
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Fig. 4. 1 — Simulation of reflection spectrum of the MPC+WM at
H = 4560 Oe, 2 — Simulation of reflection spectrum of the MPC at
H=4560 Oe, 3 — Frequency dependence of permeability of ferrite at
H= 4560 Oe (a); Calculated Ey field profile along z axis of the SW
peak in MPC stopband at /= 27,04 GHz (b) and SW peak in FMR
zone at f=23,31 GHz (c) for MPC+WM case at H= 4560 Oe
(1 — ferrite, 2 — quartz, 3 — vaccum, 4 — polystyrene with wires)
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It worth noting here that we detected one
more peak in the FMR zone as well. This peak may
correspond also to surface wave (SW). The calculated
Ey field profiles along z axis of both surface waves
are shown in Fig. 4, b, ¢ at H = 4560 Oe. The reflec-
tion spectrum of the MPC+WM structure with sur-
face waves in the MPC and FMR stop bands at mag-
netic field of 4560 Oe are shown in the Fig. 4, a.
To study the «three layer» MPC it is necessary to
derive the corresponding dispersion equation for this
periodical structure and calculate the frequency posi-
tion of the surface wave peak. As can be seen from
the Fig. 4, a the little quasi-pass band occurs between
the MPC and FMR stop band. Indeed it’s the strongly
changed at the left edge of MPC band due to close
neighborhood to the FMR absorption band.

To demonstrate the possibility of magnetic
field to tune of SW peak position, the corresponding
experiment and calculation were carried out. The
experimental and simulated evolution of the SW peak
position in the MPC stop band with variation of the
magnetic field are shown in the Fig. 5.
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Fig. 5. Experimental frequency dependence of MPC stop band
edges (1, 2) and surface wave peak (3) position on applied magne-
tic field (a); calculated frequency dependence of MPC stop band
edges (1, 2) and surface wave peak (3) position on the magnetic
field (b)
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Experimental results are in good agreement
with the results of simulation. The tuning of SW peak
position is about 1 GHz on 3 kOe. It should be noted,
the calculated frequency dependence of surface wave
peak position on magnetic field is shown in the
Fig. 5, b only for corresponding experimental data. It
should be noted that the steepness of the curve describ-
ing the dependence of the SW peak position in change
on magnetic field (&g /O0H., =0,42 GHz/kOe,

 sw |OH yeor, = 0,7 GHz/kOe) is less than the cor-

responding steepness of the left edge of the MPC
stop band (Ofefieage /OH teory = 1,39 GHz/kOe). The

range of magnetic field is 1880-3370 Oe. Such beha-
vior can be explained by the strong dependence of
SW peak position on the impedance of bounding
medium which is not sensitive in the case of wire
media without magnetic inclusions to the applied
magnetic field.

Conclusions. The transmission and reflec-
tion spectra of one-dimensional MPC with tri-layer
cell interfaced with WM were investigated at micro-
wave band.

The appearance of two stopbands: stopband
connected with wave interference in MPC and one
connected with ferromagnetic resonance absorption
in ferrite layer was demonstrated.

For MPC+WM structure it is shown expe-
rimentally and theoretically the occurrence of surface
waves (analogous to «Tamm states») in the frequen-
cy range corresponding to the MPC stop band.

The tuning of the surface wave peak posi-
tion by magnetic field was demonstrated. The steep-
ness of the curve describing the dependence of the
surface wave peak position on the magnetic field is
less than the corresponding steepness of the left edge
of MPC stop band.

The studied effects make it possible to de-
sign the new magnetotunable devices on basis of
MPCs for GHz and THz bands.
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30HbI HEITPOITY CKAHMA
B MATHUTO®OTOHHOM KPUCTAJUIE
B MUJJIMMETPOBOM JIUAITA3OHE
JJINH BOJIH

M. K. Xom3uukuit

Bbul uccnenoBaH OAXHOMEPHBIH MarHUTO(GOTOHHBIH
xpuctamn (M®K) ¢ tpexcuoifHolf sueiikol (Bo3gyX-(eppur-
KBapll), OTPaHUYCHHBIII IPOBOJIOYHON CpeJ0if B MHJIIIMETPOBOM
JQuanasoHe JUIMH BosH. Iloka3aHo mosiBlIeHME ABYX 30H HENpPO-
ITyCKaHMUs, CBA3aHHBIX COOTBETCTBEHHO C HHTep(epeHnnell BOIH
B MOK u ¢ ¢eppoMarHUTHO-PE30HAHCHBIM IIOTJIOIICHHEM B
(deppurtoBoM cioe. [Toka3zaHO TEOPETHYECKH U SKCHEPUMEHTAb-
HO TOSBIEHHE  IOBEPXHOCTHBIX BOJXH OIS CHCTEMBI
M®K +npoBosiouHas cpejia B 4aCTOTHOM JIMaNa3oHe 30HbI HENpO-
nyckanust MOK. ITokazaHa BO3MOXHOCTb YIPABIECHUS I0JIOXKE-
HHEM ITHKa MIPOITyCKAHUs, CBI3aHHOTO C IIOBEPXHOCTHOH BOIHOHU B
CIIEKTpe ¢ NOMOIIBI0 MarHUTHOro nouist. [loka3aHo, 94To KpyTH3HA
KpUBOii, ONHUCHIBAIOIIAs 3aBUCHMOCTb IOJIOKEHHUs IHKa HPOIyc-
KaHHS, CBS3aHHOIO C IIOBEPXHOCTHOM BOJHOH OT MAarHUTHOTO
1oJIsl, MEHbIIe, YeM KPYTH3Ha KPHBOM, OIMCHIBAIONIAs 3aBHCH-
MOCTb TOJIO’KEHHsI HHU3KOYACTOTHOI'O Kpasi 30HBI HEHMPOILyCKaHUs
M®K ot marHutHoro mnoiisi. PaccmatpuBaembie 3¢ dexTsl mo3Bo-
JAT pa3paboTaTh HOBBIE MarHHTOYIPABJISIEMble MHKPOBOJIHOBBIC
ycrpoiictBa Ha ocHoBe M®K B rurarepreBoM U TepareplueBoM
JHama3oHax.

KiroueBble c¢0Ba: MarHUTO(GOTOHHBIH KPHCTAILI,
HPOBOJIOYHAs CPEZla, 30HA HENPOITyCKaHHs, IOBEPXHOCTHAs BOJIHA,
TaMMOBCKO€ COCTOSIHUE, (PepPOMATHUTHBIN PE30HAHC.

30HU HEITPOITYCKAHHA
B MATHITO®OTOHHOMY KPUCTAJII
B MUIIMETPOBOMY JIAITA30HI
JOBXXHWH XBWJIb

M. K. Xoa3uupkuii

Byno nocnimkeHo OJHOBHMIpHHIT MarHiTohOTOHHMI
kpuctan (M®K) i3 TpumapoBo KOMipKoio (BO31yx-(hepput-
KBapl[) OOMEXCHUH IPOTOBHM CEpENOBHUIIEM y MiTIMETPOBOMY
niana3oHi JOBKHMH XBWIIb. 110Ka3aHO MOSIBY ABOX 30H HEMpOITY-
CKaHHS 3B'sI3aHKUX BIAMOBIIHO 3 iHTepdepeHuicto xBuiab y MOK i 3
(heppOMarHiTHO-pe30HAHCHUM IOTIMHAHHAM y (eppUTOBOM IIapi.
TlokazaHO TEOPETHYHO i €KCIEPUMEHTAIBHO TOSBY ITOBEPXHEBUX
xBWIb 1 cuctemu M®K+ 1poToBe cepenoBuIlie y 4aCTOTHOMY
nianmazoni 3oHM HempomyckanHs M®K. IToka3aHo MOXIMBICTH
KepyBaHHS TOJI0XKEHHAM ITiKa MPOITYCKAHHS OB’ I3aHOTO 3 IOBEp-
XHEBOIO XBUJICIO B CIIEKTPi 3a JIOMOMOror0 MarHitHoro noss. [lo-
Ka3aHo, [0 KPYTHU3HA KPUBOI, IO OMHUCYE 3AICKHICTh ITOJOKCHHS
mika TMPOIYCKaHHS, IIOB’SI3aHOTO C IIOBEPXHEBOIO XBHIICIO BiJ
MarHiTHOTO MOJIsI, MEHIIE, HiXK KPyTH3HA KPHBOI, IO ONKCYE 3a-
JICKHICTD IIOJIOXKCHHS HH3bKOYACTOTHOTO KPAH0 30HH HEMpOILy-
menHs M@K Big MaraitHOro mostst. Po3risiyTi eekt 103BOIATH
PO3pOOUTH HOBI MarHiTOKEpOBaHi MIKpPOXBHJIBbOBI HPHCTPOi Ha
ocHOBi M@K y rurarepueBomy i TepareprieBoMy Jiana3oHax.

KutiouoBi ci10Ba: MarHiTopoTOHHBII KpUCTAJ, IPOTOBE
CepeloBHUIIle, 30HA HEMpPOITyCKAHHs, ITOBEPXHEBA XBHJA, TaM-
MOBCBKHII CTaH, (hepOMArHiTHHIl PEe30HAHC.
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