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Magnetic-field-tunable photonic stop band in a three-dimensional array of conducting spheres
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We explore the possibility of tuning photonic crystal properties via order-disorder transition. We fabricated
a photonic bandgap material consisting of a three-dimensional array of conducting magnetizable spheres. The
spheres self-assemble into ordered state under external magnetic field, in such a way that the crystalline order
can be continuously controlled. We study mm-wave transmission through the array as a function of magnetic
field, i.e., for different degrees of order. This was done for the regular crystal, as well for the crystal with the
planar defect which demonstrates resonance transmission at a certain frequency. We observe that in the or-
dered, “crystalline” state there is a well-defined stop band, while in the completely disordered, glassy or
“amorphous” state, the stop band nearly disappears. We relate the disappearance of the stop band in the
disordered state to the fluctuations in the particle area density. We develop a model which predicts how these
fluctuations depend on magnetic field and how they affect electrodynamic properties of the whole sample. The
model describes our results fairly well.
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I. INTRODUCTION Reference 21 studied microwave propagation through the

Photonic bandgap materials are ordered arrays of scattefvo-dimensional arrays of rods and found bandgap smearing
ers that do not allow electromagnetic wave propagation i/POn increasing positional disorder, while Ref. 30 studied
some frequency ranges named ghpEhe important chal- Microwave transmission through random assemblies of
lenge in the field of photonic crystals is tunability, in other Spheres and observed wave localization and stop band result-
words, the possibility to control the depth, width, and posi-ing from disorder. Introduction of small controlled disorder
tion of these frequency gaps. This can be achieved by varidn fact, “quasicrystalline” ordgrinto two-dimensional pho-
ous means such as liquid crystal infiltrattemperaturé,  tonic bandgap material yields a full photonic stop band in the
elastic strairf, and magnetic fiel§-24We explore here a very near infrarec3?
special route to achieve tunable photonic bandgap materials: In this work we explore possibility of tuning of photonic
magnetic-field-inducedrder-disordertransition. bandgap materials bgontinuousvariation of the degree of

Since the gaps in photonic bandgap materials arise frorgisorder. This is done in the mm-wave range with a model
their periodically ordered structure, we wouddgriori expect — system of metallic magnetizable spheres whose lateral posi-
that disorder destroys the gaps. However, it is well knowrtion is controlled by external magnetic field. This resembles
that disorder by itself may result in wave localization, i.e., itthe polymer-dispersed liquid crystals where fluctuations in
may create the gald.Hence the effect of disorder on photo- the optical birefringerence are controlled by electric fi&ld.
nic bandgap materials may be multidirectional and it come#\ similar idea (although based on particle reorientation
to no surprise that it has been studied so intensively recentlyather than motion in magnetic figldhas been suggested
Numerous analytical and numerical studies showed that thwith respect to photonic bandgap materfals.
gaps in photonic crystals are robd&t!®i.e., they do not
disappear under weak and moderate disorder. More specifi- Il. EXPERIMENTAL SETUP
cally, it was found that under weak disorder the gap edges
become smearéd;?® the higher-order gaps become more
shallow?® while the depth of the first stop band remains al- We build our photonic crystal from the 2 mm diameter
most unaffected?1820-22242ynder moderate disorder the steel spheres. In the presence of magnetic field each sphere
first stop band becomes more shallt%°> Under strong dis- acquires magnetic moment proportional to the fiéWl
order there appear localized states in the gaps, which are3yVH/2, whereH is external magnetic field/ is the vol-
characterized by enhanced transmisgfbtt:?* Theoretical ume of the sphere, angd is the magnetic susceptibility. We
predictions indicate that the effect of disorder is most pro-used SQUID magnetometer to measure particle magnetiza-
nounced at the gap edges and is minimal in the passbands,tain in the fields up to 500 Oe and found coercive force of 5
the frequencies corresponding to the so-called Bragg rem®e and volume susceptibility=0.15.
nant or antigap®2° Various kinds of disordeKpositional We put 397 spheres into a 0.67-mm-thick plexiglas con-
disorder, size disorder, fluctuations in refraction index,)etc. tainer(Figs. 1 and 2and mounted several such containers in
produce almost the same qualitative effect. The only excepthe stack. The interlayer spacing is 3.5-4.5 mm, while the
tion is sliding disorder(or stacking faults which can in- nearest-neighbor distance in a single layer is 3 mm. The
crease the depth of the g&p?® stack is mounted inside the Helmholtz coils. In the presence

There are only a few experimental studies of the waveof external magnetic field the spheres become magnetized in
propagation in photonic bandgap materials with disorderthe direction perpendicular to the layers, in such a way that

A. Photonic crystal with tunable disorder
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FIG. 1. Particle arrangement in a container at different values of antenna
magnetic field. The container is made of a 0.67-mm thin plexiglas
plate with the hexagonally shaped walls. The side of a hexagon is
30 mm and there are 397 steel spheres of 2 mm diameter. The left FIG. 2. Measurement setup. A stack of 6-10 layers with steel
panel shows grey scale images of the particle configuration as ofspheres is mounted inside Helmholtz coils which produce magnetic
tained by the CCD camerdThe illumination was from above, field perpendicular to the layers. The mm-wave transmission
therefore the actual diameter of the spheres exceeds the diametertbfough the stack is measured using standard gain microwave horns
the small white circles in the real space images. In reality, theconnected to HP 8510C Vector Network Analyzer. The antennas are
spheres irc) touch one anothdrNote gradual transition from the €equipped with collimating teflon lenses.
ordered to disordered state upon decreasing magnetic field. The
right panel shows corresponding Fourier transform image. Noteg| Fourier-transform of the images. In the strong field we
gradual dis_appeargnce_of sharp peaks and appearance of diffuggserye sharp Bragg peak&ig. 1(a), right pane] indicating
rings upon increasing disorder. on crystalline order; at the intermediate field the intensity of

these peaks decreases and the diffuse background appears
the spheres in each layer repel each other. The out-of-plarj€ig. 1(b)]; in the weak magnetic field the Bragg peaks dis-
attraction between the spheres is small compared to the imppear, indicating on the absence of the crystalline order
plane repulsion. [Fig. 1(0)].

The static particle configuration in each layer is deter- The images of our array@ig. 1) are very similar to the
mined by the interplay betwee(n) magnetic forces andi)  snapshot of the particle configuration in the system of inter-
static friction forces between the spheres and the substratacting magnetic dipoles at finite temperatétéiowever, in-
Understrongmagnetic field, magnetic forces exceed friction stead of temperature, the disordering agent in our case is
forces and the particles self-assemble into hexagonally ostatic friction between the particles and the substrate.
dered crystalline lattice whose orientation is determined by
the container shape. Since we use the hexagonally shaped
container, and the total number of particles corresponds to
the perfect hexagonal packing, the resulting lattice is almost We measured mm-wave transmission through our device
perfect at strong magnetic fiel&Fig. 1(a)]. At the intermedi- at normal incidence and in the range of 2050 GHz. We used
ate magnetic fieldFig. 1(b)], the friction forces deform this a HP850C Vector Network Analyzer as a source and two
crystalline lattice, in such a way that it splits on several crys-standard gain horn antennae to which we attached home-
talline grains separated by grain boundaries. In the weaknade collimating teflon lensd§ig. 2). The inner curvature
magnetic field, the friction forces dominate, the particles areof the lens is 15 cm, the outer curvature is 30 cm, the dis-
in the disorderedamorphous or glassstate[Fig. 1(c)] and  tance between antennas is 28 cm, and the beam diameter is 6
may touch one another. cm. The height of the device is 4-5 cm. To prevent diffrac-

To characterize disorder we took images of the particldion at the edges of the stack, we put two apertures above and
configuration using a CCD camera and then performed digibelow the stack. The aperture size is slightly smaller than the

B. mm-wave transmission measurements
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container diameter. The receiving antenna accepts radiation ' '
in the angle of 25°, hence it measures forward transmission 0
and small angle scattering as well. The noise floor of our
setup is—50 dB (measured by replacing a sample with a
conducting foil of the same diamejeCalibration was per-
formed without a sample. The size of the particles, the dis-
tance between them and the distance between the layers was
carefully chosen in such a way as to achieve a wide and deep -
stop band in the accessible frequency range. This was done
by computer simulations usingNSoOFT software.

We studied transmission through the stack of 6—10 layers
as a function of magnetic field, i.e., at different degrees of
in-plane disorder. The measurements were performed as fol-
lows. We applied a certain magnetic field to initially disor- -50
dered array and either gently vibrated it or sent a short cur-
rent pulse (“magnetic stirring) to achieve equilibration. Frequency (GHz)
Then we measured mm-wave transmission through the stack.
At the next step we SWItChe.d off the magn.et.lc.: fleld. and Vi yer stack for different values of magnetic field. The interlayer
brated the stack once again to recover initial, disordere eparation ii=3.5 mm. Note stop band at 25-44 GHz and-at
state. The.n we repeated the m('easurement' for another ,VaIL—“%QO Oe (ordered stateand its disappearance in the disordered
of magnetic field and so on. While there exist many partiCu-giate(H=0).
lar configurations corresponding to a certain value of the
external magnetic field, the mm-wave transmission throughvhere it achieves 30 dB; while inside the stop band the mag-
these metastable configurations differ only in minor detailsnetic field effect is negligible. Magnetic field effect in the
Therefore, we performed 3—-10 vector transmission measurgass band is also quite pronounced. To study it in more detail
ments at the same value of magnetic field and for differentve prepared a similar stack but with increased interlayer
particle configurations; and vectorially averaged the resultsseparation. Here, the stop band is shifted to lower frequen-
We also checked experimentally that the transmissiorties in such a way that the frequency range above the first
through the stack is almost independent of the polarization oftop band becomes “visible.” Figure 4 shows the effect of
the incident wave. A small lateral shift of one of the layersmagnetic field on the mm-wave transmission in this crystal.
with respect to anothgsliding disorder was also found to The magnetic field effect in the stop band may achieve 15
be unimportant. dB. Note the broad transmission peak between the first and

the second stop band in the disordered state, in the frequency
IIl. EXPERIMENTAL RESULTS range corresponding to the pass band in the ordered state.

This peak of enhanced transmission is known as Bragg rem-
A. Magnetic field dependence of the mm-wave transmission nant or antigag’—2°
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FIG. 3. (Color onling Mm-wave transmission through the six-

Figure 3 shows mm-wave transmission through the six- . . . . . .
layer stack at two extreme values of magnetic field: one cor- 0 2"gap edge |
responding to completely ordered state, and another corre- /
sponding to completely disordered state. In the ordered state H=290 Oe
there is a well-defined stop band at 24—44 GHz. For the stack
with only six layers, the transmission in the stop band is very
small, T=35 dB. Reflectivity in the stop band is close to
unity (not shown herg3* Transmission in the pass band can )
be as high as-1-2 dB, indicating on negligible absorption midgap H=0
losses. This is not surprising since the losses are determined 30 L "‘ ! 11 ) ,Y
by the ratio of the skin depth in the material of the sphere ' "h ' ‘
to its radiusr. For the mm-wave frequencies this ratio is so f “.'
{

1%gap edge
antigap

Transmission (dB)

small ~10°3, that the spheres can be considered ideally con- -40 -
ducting, i.e., lossless. The spikes in the stop band in the Fig. ! !
3 do not arise from the noise of the measurement system. 20 25 30 3 40 45 50 55
They are related to the finite number of layers and to the Frequency (GHz)

resonant transmission. The spikes in the magnitude of trans-
mission are accompanied with the similar features in the FiG. 4. (Color onling Mm-wave transmission for the similar

phase(not shown here stack but with increased interlayer distan@=4.5 mm. In the

Upon decreasing magnetic field, the stop band becomesidered statéH=290 O@ note first stop band at 21-36 GHz and
smeared and eventually disappears. Transmission monotehe edge of the second stop band at 46 GHz. Note smearing of the
nously decreases with decreasing field at all frequencies. Th&op band in the disordered state and broad transmission peak at 39
strongest effect of magnetic field is at the stop band edgeSHz (antigap.
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way that the distance between two central layers is increased
0} R . as compared to other interlayer distances. This results in a
sharp transmission peak inside the stop band at 34.7 GHz.
Upon decreasing magnetic field this peak decreases and com-
pletely disappears ati=0. The effect of magnetic field on
transmission at the resonance frequency amounts to 30 dB.
Therefore, magnetic field can strongly affect transmission in

— 27 Gl the stop band provided this transmission is resonant.

—~—34.75 GHz
—0O—39.16 GHz
—@— 46.3 GHz

Transmission (dB)

B. Dispersion relations in the ordered and disordered states

Magnetic field affects not only the magnitude of the trans-
mission (Figs. 3—6 but the phase as well. This means that
the phase and group velocity can be magnetically tuned.
0 50 100 150 200 250 300 These velocities are determined from the dispersion relation

H(Oe) k(f), wherek is the wave vector anfl is the frequency. To
determinek(f) we performed vector transmission measure-

_FIG. 5. Magnetic field dependence of the mm-wave ransmis; o o ot fixed field and for the stack with varying number of
sion through the sample of Fig. 4 and at fixed frequencfes.

=34.7 GHz corresponds to the high-frequency edge of the first stol%yerSN' The real and 'ma.gmary parts of .the wave vec_tor
band, f=39.1 GHz corresponds to the antigap, ae46.3 GHz ere found from the experimental data using the following
corresponds to the low-frequency edge of the second stop band. relations:

deb 1dinT
Figure 5 shows magnetic field dependence of the mm- Re(k) = ———, Im(k) = —

wave transmission for the sample of Fig. 4 and at few dif- ddN 2d; dN
ferent frequencies, corresponding to the midgap, gap edg#hereT is the power transmission coefficieft,is the phase
and antigap. Although the overall variation of transmissionshift upon transmission, ard, is the unit cell period in the
strongly depends on frequency, the field dependence is mudirection of propagation. FiguregaJ and 1b) show our re-
more the same: strong linear increase below 60 Oe followedults. In the ordered state, the(khis very small beyond the
by saturation at higher field. The only exception is the mid-stop band, as expected in the lossless material. This is in
gap frequency where the overall change in transmission is spontrast to the disordered state where théklnis more or
small that its functional dependence cannot be reliably deteiess the same at all frequencies. Note the gap itkHe the
mined. ordered state and the absence of the gap in the disordered
This can produce a false impression that the mm-wavetate. The group velocity is,=dk/df. In the disordered state
transmission is totally insensitive to magnetic field for theit is fairly frequency independent, while in the ordered state
frequencies corresponding to the midgap. However, this it demonstrates strong frequency dependence, in particular,

not exactly so. Figure 6 shows mm-wave transmissiorvg_>o at the stop band edges. Therefore, group velocity can
through the stack in which we introduced a planar defectbe continuously tuned by magnetic field.
i.e., we displaced two halves of the stagkg. 1) in such a

(1)

" tiobang . IV. MODELING
L stopban |
° - 180 0e Although particle configuration in each layer strongly de-
- 10r resonance 1004] pends on magnetic field, to understand how the changes in
% 200 i configuration affect the mm-wave transmission through the
‘c’ 30 ” Mﬁ 4500 whole sample is not an easy task. Indeed, .to e_xplgin the
K] i iy gw ] appearance of the stop band for the certain direction of
g -40L “}“ ! _ propagation in a three-dimensional photonic bandgap mate-
E 27 0e rial, it is usually enough to represent it as a multilayer with
2 i | k i periodicity only in the direction of propagation. In this rep-
S 60l M - resentation the layers are assumed spatially uniform and the
. 700 \' 0 ] details of the particle arrangement in each layer are of little
' M importance. Our idea is that any deviation from the in-plane
'3020 — 3 T, E— crystalline order leads to fluctuations in the area density of
Frequency (GHz) pﬁrf'[:)(:rlris. Therefore, the layer can be no more considered as
uni .

FIG. 6. (Color online Mm-wave transmission for the same The purpose of our modeling is to find how the in-layer
stack as in Fig. 3 but with planar defethe stack shown in Fig. 1 disorder affects the electromagnetic wave propagation per-
was split in two parts separated by 6 mmote a sharp peak at 34 pendicular to the layers. We attribute the effect of lateral
GHz inside the stop band which corresponds to the resonant tranglisorder to the area density fluctuations. The modeling is
mission. The curves are displaced for clarity. performed in three steps. First we estimate fluctuations of the
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magnetic forces. The potential energy of induced magnetic
dipole-dipole repulsion is
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% ordered state
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wherer; is the particle position ani; is the particle mag-
netic moment. Magnetic force,,,==;(dU;;/ar;) drive
particles into equilibrium hexagonally ordered state where
"""""""""" magnetic repulsion energy is minimized aRfj,,=0. The
lattice constant of this array is determined by the number of

/ particles and the size and shape of contatA&ince mag-
4 netic susceptibility of our spheres is not high, we assume
10 L p Mo« H whereH is externalfield (rather than the sum of the

/ external field and the induced field of other partitles
4 To achieve equilibrium, the particles should move later-
ally. Here, static friction forces become important. Indeed, to
push a hard sphere on flat substrate out of equilibrium re-
quires application of some mimimal force, exceeding static
friction force Fq, = u;, P, whereP is normal force on a particle
50 : : : : : : and uy, is the rolling friction coefficient which depends on
the radius of the sphere and on the nature of contacting sur-
faces. In the presence of static friction the particles start to
move only whenF,q,>F¢ and come to rest wheRy,q,
<F. To characterize the interplay between magnetic and
friction forces we introduce “magnetic length?, 2that rep-
resents a minimal distance between two isolated magnetized
spheres on substrate with friction. We find it from the rela-
tion Fragd2ly) =Fy. Equation(2) yields

3M2 )1/4
Iy = . 3
H (16Ffr 3

8
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\

0 | | | | | |
0 2 4 6 8 10 12 14

(a) Wavevector (cm'1)

disordered state

%

n
o
T
2Pt
3
—~
=
~

N

w
o
T
e
Py
]
—~
X
~

b3
&
N\
.

Frequency (GHz)
e

/ In this work we are interested in the magnetizable particles
p (M=H), hencely>HY2 The magnetic length should be
7 compared to the average distance between the particles. The
L 7 . . . . . . latter is conveniently characterized by the Wigner-Seitz ra-
0 0 A 4 6 s 10 12 14 diusa=(mp) Y2 wherep is the area density of the particles.
(b) Wavevector (cm") Note thgtIH is controlled by magnetic fieltEq. (3_)] whllg a
is field independent. In what follows we consider different
FIG. 7. (Color onlin® Dispersion relations for the ten-layer r€gimes, defined by the relation betwdgranda.
stack (331 sphere in each layer, interlayer distance is 4.3).mm
Filled symbols show R&) and open symbols show [k), wherek 1. Strong magnetic field (crystalline state)
is the wave vector. The dashed line shdyysthe wave vector in the Here I,;>a. Magnetic repulsion tends to keep the par-
uniform medium with the same refraction index_ as our photonicticles at equal distances. For confined array and at high
;rxsgaklgem: ordet:ed statél =160 Oe.(b) The disordered state %pough field this results in the hexagonally ordered “crystal-
Lo e gap between 24 and 36 GHz in the ordered state #ine” state. The whole array is a single crystalliteith prob-
Its absence in the disordered state. ably few point defectswhich is deformed by friction forces.
) ) ) L In the absence of point defects such as dislocations and
particle area density as a function of magnetic field. Secyisclinations®3” we estimate the area density fluctuations
ondly, we calculate refraction index and reflectivity of a 5yising from elastic deformations as follows. The condition

single layer of spheres with fluctuating area density. Thirdly,¢ siatic equilibrium of the elastically deformed planar crys-
we consider wave propagation through the stack of such layg)iine Iattice is

ers.

S
T
\

— + Pf| =0. (4)
A. Magnetic-field-dependent disorder in a layer of IXk

magnetizable spheres Here oy, is the stress tensor anfd is the density of bulk
Particle configuration in our array is determined by theexternal forces which in our case are friction forces. The
interplay between magnetic and friction forces. Consider firsmagnitude of these forces ks,. We assume that their corre-
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lation radius is the Wigner-Seitz radias By integrating Eq.
(4) over unit cell, we find/o|= pF; a. The compressional 52 AZ2 1 +f vdS
deformations areu,|~ pF;, a/K, while the shear deforma- iz = —25 = (10)
tions are|u|~ pFy a/u, (i #k). Here,K is the bulk com- p Zs Zs
pression modulus and is the shear modulus. For the planar \yhere » is the pair correlation function. Following Ref. 40,
hexagonal lattice of parallel magnetic dipdfes we assume that the correlation function for the dense disor-
2 1472 dered planar array of impenetrable spheres of radissuch
pw=—7p—, K=10u. (5)  thatfvdS~-mpr2. We substitute by |, p by 1/7a?, intro-
a duce these values into E(LO) and find
Equations(3) and (5) yield fluctuations of the deforma- 2
tions |uy|=2.75x103%a/ly)* |uw/=10Qu,|. The corre- — 1-4
sponding density fluctuations are very small: op° - a (12)
5_p2 o a 8 p2 ZS
2 Ui (m) cH™. (6)  Sincely=H2 the Eq.(11) yields density fluctuations lin-

early decreasing witld. Note, that ifl,<r, wherer is the
radius of the sphere, the magnetic forces are too small as

compared to friction forces, and magnetic field is inopera-
Herel,, > a. In this regime, the friction forces between the tive.

particles and the substrate are strong enough to split the crys-

talline lattice onto separate grains with well-defined grain B. Electrodynamic parameters of a planar array of
boundaries. To estimate the grain sRewe follow Larkin- conducting spheres

Ovchinnikov treatment of the pinned vortex lattice in super-  \ye consider first an ordered planar array of ideally con-
conducting films®® The maximum energy, associated with ducting spheres of radius such thatr <\/2m, where\ is

one particle in the lattice pinned by friction force,-d a. the wavelength of the incident wavsuch spheres can be
Since the friction forces are randomly oriented, the averagg@gnsidered as Rayleigh scattejer¥he average nearest-
pinning energy for the grain of areaR?, containingZ;  neighbor distance is smaller thari2. When the planar elec-
=(R/a)* particles, is~Fq aZy“=F;R. These pinning forces omagnetic wave is incident on such a layer, it is not ab-
lead to displacement of the grain boundary-bg. The elas-  sorbed but scattered. The scattering occurs mostly in the
tic energy associated with this displacementiga®. The  packward and forward directions, while the scattering in ob-

2. Intermediate field (polycrystalline state)

excess energy per unit area of such lattice is lique directions is strongly suppressed. Therefore, for the
SE  pa®-F,R norn_1a||y incident pla_ne wave this Iayer can be considered as
ST R (7 a uniform nonabsorbing medium with thicknebs2r, effec-
v

tive refraction indexh and admittanceéy.** For dilute arrays
SinceK > u we neglect here the elastic energy due to com-Of scatterers the Refs. 42 and 43 yield
pressional deformations. Minimization of E(y) yields the

equilibrium grain sizeR=2ua?/Fy. Using Egs.(3) and (5) n=1 _izprS(O), (12)
we find the grain size k’d
I 180
Rz22.4¥0<H2. (8) Yzl—i27r—ps|((3d ). (13

To estimate density fluctuations we note that the lattice irHere,p is the area density of particles; and admittaivcs
the grains is almost perfect, while the particle configuration,ormalized to the admittance of free space. T@) and
at grain boundaries is distorted and strong deformatigns  g1g0) are the forward and backward scattering amplitude of

oc(cjur thelre[Flg. ;(bg]' Indother V_l\fﬁrds*f‘kél in the grains A single particle, correspondingly, which are related to their
andu ~1 at grain boundaries. The relative concentration ol o ctric o and magnetiay, susceptibilities as follow$243

grain boundary particles iz~ 2a/R. The average fluctua-
tion of the deformations in the are® containingZs=pS S0) =ik (g + o), (180 =ik (ag—ay). (14

articles, is o . :
P The susceptibilities depend on particle concentration due to

Lorentz field. Indeed, the susceptibility of a polarizable di-
© pole in the array of identical dipoles is

Iy
L Ao
3. Weak magnetic field (amorphous state) a= (15
. . %o
Herely<a. The particle arrangement reminds a glass or 1 ‘Ag

amorphous solid consisting of impenetrable spheres with the
radiusly. The area density fluctuation in the arf®aontain-  Here ag is the susceptibility of an isolated particléor a
ing Zg particles i$° small isolated ideally conducting sphetg,=r3, ayy=-13/2);
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a=(mp) Y2 is the Wigner-Seitz radius, anilis a local field  period in the direction of propagation andis the wave-
factor®* To find refraction index and admittance of a planarlength. In what follows we consider the effect of area density
ordered array of ideally conducting spheres, we substitutefluctuations in different frequency ranges.

Eqg. (15) into Egs.(12—(14) and find

) 1. Antigap
n=1+ X(1 +2A) , (16) The antigap is the narrow frequency range in the passband
(1-AX)(2 +AX) where the layer of spheres may be represented as a half-
wavelength plate, i.e., the phase shift on propagation through
Ve 3x2 (17) this layer is a muliple ofr. Transmission through such layer

1+ (1-A)(2+A%)’ is close to unity due to destructive interference of the waves
_ reflected from both interfaces and is almost independent on
wherex=r/a. Note thatn, Y depend on densitthroughx  the layer admittance. Transmission at the antigap frequency
anda). is, therefore, determined mostly by refraction index fluctua-
To find refraction index and admittance of the planar dis-tjons across the layerEq. (18)]. The latter result in the
ordered array of ideally conducting spheres we represent fhase shift fluctuationg/=y;,+ 8. The power transmission
by the ordered array with the spatially varying density through the multilayer decreases by the Debye-Waller factor
=po* dp. The Taylor expansion of Eq¢16) and (17) with /1 o5/ 47\what is important here is the relative

respect tq yields deviation of the phase shift when going from one layer to
d?n 5p? another. Hence, the averaging in the exponent is for different

n(p) = n(pg) + d—5p+ a2 2 (18) layers, i.e. for different realizations of the disordered state.
P p Since y=kgnd, wherek, is the free space wave vector, then
dv Y 50 Sy=koddn=kyd(dn/dp)Sp. Hence, the ratio of transmit-
0 i .
Y(p) = Y(po) + d_pﬁp + d_p27‘ . (19) tances for theN-layer stack is
. ) ) Tdisorder _ ﬂ] 2_2
To findn, Y in the disordered state we use the same Eif. In—="= =~ Nikod ] 2" (20
order / antigap P

and(19) and substitutep? by area density fluctuations. Then
we average over the ar&which scatters coherently. Its size Note that the ratio of transmittances qek% i.e., increases
is S=2\ wherez is the distance to the observation point andwith frequency. Therefore the effect of disorder is more pro-
\ is the wavelength(When the averaging is performed over nounced in the higher-order passbands.
whole array{p)=0, but{sp? #0.) .

The above approach reduces the effect of disorder, &h 2. Midgap
to the area density fluctuations. When the array of particles is In the midgap the reflected waves from all interfaces sum
ordered, this corresponds to compressional deformationsip in phase, hence the reflectivity is maximal and transmis-
However, disorder introduces shear deformations as welkion is minimal. For simplicity, we restrict ourselves to the
These deformations change local crystalline symmetry an€rst stop band and to the quarter-wavelength stack. Trans-
this affects refraction index and admittance through the locamission through such stack B~ 1/Y?N %6 whereN is the
field factor A.#%44n principle, the effect of shear deforma- number of layers. The average admittance of each layer in
tions may be treated along the same lines by considerinthe disordered state M¥gsorger Yordert (02Y/dp?) 8p> where

Taylor expansion of Eqg16) and(17) with respect toA. the averaging is performed over the whole layer. This results
in
C. Electrodynamic parameters of the multilayer with Tdisorder N d2Y—2
. . In—— =— - 50p". (21)
in-plane disorder Torder / midgap Y dp

We represent our sample as a multilayer consisting of
alternating layers of conducting spheres and air spacings be- 3. Stop band edges
tween them. Wave transmission through multilayers is most
easily accounted for by the matrix methtsd'® Here, each
layer is characterized by two matricg$} the phase matrix

To account for the effect of disorder on the transmission
at gap edges we draw analogy to the optical properties of
gisordered semiconductors. Upon increasing disorder, the

representing the phase shift upon transmission through th -0 in semiconductors becomes smeared and there appear
layer and(ii) the reflectivity matrix which is determined by gap ; o . € app
exponential transmission tails at gap edgdsbach tails.

the ratio of admittances at the reflecting interface and is inz he f d d f optical t ission th h
dependent of the layer thickness. Transmission through th-g € frequency dependence ot optical transmission throug
multilayer is the product of all these matrices. We relate thesemmonductors and at the gap eddé is
effect of disorder on transmission through our multilayer to ainT 5

the area density fluctuations in the layers of conducting of * da, (22
spheres. We assume that the lateral size of important fluctua- o

tions corresponds to the area that radiates coherently, as seehere daf is the lattice constant variation which can arise

from the next interface, i.eS~ \d, whered, is the unit cell  from structural or temperature fluctuations. We rewrite Eq.
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(22) for a single frequency, and note théa, /a, =p/2p. glassy | crystalline ' —
Then Eq.(22) yields the ratio of the transmissions in the 0 [ state state ©q10 %
ordered and disordered states at any frequency correspondir | ' N , -~
to the gap edge as 1 {10 §
E 04 ‘»
Ta — - 4
(In__ltilsorder) e 5p2. (23) ® Transmission 120 'E
order / edge < disorder ]
130 &
0.8 E
4. Scattering -
L. . . 1 L L L -40
In addition to the frequency-selective effects considered 0 100 200 300
in previous subsections, there is also scattering that decreasc _ H (Oe)

transmission at all frequencié?® These extinction losses

are also proportional to density fluctuatiéhs FIG. 8. (Color online Mm-wave transmission at 46.3 GHz for

the sample of Fig. Sfilled circles and the intensity of diffuse

Taisorder J— background (open rhombk I estimated from the Fourier-
In T e op°. ( transform images of Fig. 1. Straight solid line shows linear depen-
order / scattering dence as predicted by EL1) for the glassy state; the thin curved

We observe that Eq$20), (21), (23), and(24)—all yield line shows 1H? dependence as predicted by E8) for the poly-
exponential dependence of the transmission on density flusrystalline state. The vertical line delineates the strong field region
tuations (where Fourier transform image of Fig. 1 shows sharp Bragg peaks,
indicating on crystalline statefrom the weak field regiorthere
Fourier transform image of Fig. 1 shows sharp diffuse rings indi-
cating on amorphous or glassy state

sp°(f,H)

LGS S e (25

ord

WhereTor_d is the transmission in the completely ordered statgjeeqd proportional tb; and to the density fluctuations, as
andB(f) is the frequency-dependent prefactor. Equat®®  predicted by Eq(25). This is the central result of our paper.
assumes monotonous dependence of transmission on disor-The absolute value of the fluctuations in the completely

for the strong disorder this dependence can be nonmonotyedicts that atH=0, 5p2/p?~1/Zs Since Zg=pd\, we

nous in certain frequency rangés. substitutep=0.17 mm?, d,=4.5 mm,\=6-15 mm, and find
Zs=~5-11 depending on frequency. This corresponds to
V. COMPARISON TO EXPERIMENT 8p°l p®>=0.1-0.2.

Since our model accounts fairly well for the magnetic
field dependence of the mm-wave transmission, in what fol-

We explore magnetic field dependence of the in-plane distows we only estimate the prefactBtf) in Eq. (25). To this
order. We quantify disorder through the intensity of diffuseend we compare the ratio of transmittances in the completely
rings in the Fourier transform imagésig. 1). As it is well-  ordered and in the completely disordered states and for cer-
known from the x-ray structure analysig; is directly re-
lated to the lattice constant fluctuations, which are closely ope7—or—7r—+—7———7—0
related to the density fluctuations, i.&y; = 5p?/ p?. At Figs. ]
8 and 9 we plot 4 in dependence of magnetic field. Here, . ® ]
we setlys=1 in the completely disordered state, i.e.,Ht .
=0. In the weak field the data can be well approximated by 0.2 - ]
the linear dependendg;;=1-8H as predicted by Eq11)
for the amorphous state. At higher field, the data are fairly
well approximated by the H? dependencésee also Fig. 9
as predicted by Eq(9) for the polycrystalline staté® The 04|
crossover between these two regimes occurs Hat ® Transmission -
=50-60 Oe. This corresponds to the field when the Bragg 1 . & ]
peaks in the Fourier transform image are replaced by diffuse ©  disorder
rings (Fig. 1) and is suggestive of some kind of melting or o6l .
glass transitio9->4 0 1 2 3

100/H? (Oe?)

A. Magnetic-field dependent order-disorder transition

)
a

Idlff
& 3
Transmission (dB)

XY
<)

B. mm-wave transmission through the regular crystal ) ) ) .
FIG. 9. (Color online A different representation of the high-

To verify relation between transmission and area densityield data of Fig. 8. Filled circles show mm-wave transmission at
fluctuations, as predicted by E@®5), we plot them together  46.3 GHz for the sample of Fig. 5, open rhombs show the magni-
versus magnetic fielgFigs. 8 and 9 Bothlg(H) andT(H)  tude of area density fluctuatiohg. Straight solid line shows linear
dependences collapse on one curve. This meand thgtis dependence on H? as predicted by Eq9).
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tain frequencies. In particular, for the antigap, we substitutepproaching the critical point. Indeed, the optical transmis-
into Eq. (20) N=6, f=46 GHz, 8p°/p?=0.2, a=1.37 mm, sion at the critical point is very small due to enhanced den-
x=0.73, A=0.5, n=14, pdn/dp=0.7 and find sity fluctuations. According to Einstein’s theory, the density
IN Tyisorded Torde=—24 dB. This should be compared to the fluctuations inversely depend on compressibility which goes
experimentally observed value ef10-15 dB(Fig. 4). For  to zero at the critical poirft/ The compressibility of our ar-
the midgap we substitute into Eq(21), N=6, f=27 GHz, ray of magnetizable spherei; 1~ 1/H? [Eq. (5)], also di-
dp®1p?=0.12,x=0.73, A=0.5, Y=1.9, p?d?Y/dp?=0.4 and verges wherH— 0. The density fluctuations, as it is shown
find In Tyisorgel Torder=—2-5 dB. This should be compared to by Eq.(9), increase accordingly.
the observed value of -5 dB (Figs. 3 and 4 Our experiments bear some resemblance to the studies of
We conclude that our model qualitatively predicts field electromagnetic wave propagation through ferroflGfefs.
dependence of the transmission through disordered photonindeed, in the absence of magnetic field the particles in fer-
crystal. To achieve better quantitative agreement, there isofluid are in the disordered state, while in the presence of
need in a more advanced model of the kind suggested byagnetic field they self-assemble into chains. This results in
Ref. 55. This model should go further than E¢k2), (13), field-induced anisotropy which strongly affects the polariza-
(16), and(17) which assume low concentration of scattererstion of the electromagnetic wave propagating through such a
and Rayleigh scattering regime. The model should also aanedia. However, in 3D, magnetic field does not induce the
count for the quadrupole interactions between magnetizetbng-range order in ferrofluids, hence the field-induced an-
particles. isotropy is frequency independent. This is very different
from our present experiment where magnetic field drives the
C. mm-wave transmission through the crystal with a particle array into crystalline state with a long-range order,
planar defect and this has a strong frequency-selective effect on the micro-
) o ) wave transmission. However, two-dimensional ferrofluid
The microwave transmission thro_ugh the crysta_l with Aayerd®S? hear strong resemblance to our system.
planar defect can be treated following the same lines. We " symmary, we demonstrate a metallodielectric photonic
conS|d9r the photonic crystal split on two halves, as tWOcrystaI exhibiting stop band in the mm-wave range. Mm-
photonic crystals coupled through the Fabry-Perot resonatofyaye transmission through this crystal can be controlled by

Transmission through this device*ts external magnetic field through magnetic field-induced
ei(Zﬂ-fA/c)§2 ord_er—disordgr transition. .We develop a physical model

Tep= @A) § , (26)  which describes our experimental data fairly well. Our con-

TR cepts may be useful in interpretation of the effect of disorder

whereA is the spacing between the mirrors aBd and S, in photonic bandgap materials. Our results can be useful for
are complex transmission and the reflection coefficients fof€ fabrication of tunable planar photonic crystals, based on
each of the halvegote thatS;; and Sy, are interrelated and surface waves, in particular surface plasmons. If the surface
both are affected by disorderThe resonant transmission IS cqvered with t_he liquid Iayer containing movable magnetic
through such a crystal is possible provided the denominatdparticles, (especially when this layer represents a photonic
of Eq. (26) is small, i.e., 14S,,2<1. Even small disorder crystal with a tunable lattice constauhe propagation of the
strongly affects this condition, hence the transmissiorsurface waves can be effectively monitored.
Er;rlgu%? the defect drops dramatically in the disordered state ACKNOWLEDGMENTS
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