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Photonic band structure of bcc colloidal crystals

Ranjit D. Pradhan, John A. Bloodgood, and George H. Watson
Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716
(Received 10 October 1996

Self-ordering colloidal systems are being recognized as possible candidates for optical photonic crystals.
Such structures exhibit three-dimensional periodicity in refractive index, and possess lattice dimensions com-
parable to optical wavelengths. Recently, fcc colloidal crystals of water-suspended polystyrene microspheres
were investigated in the context of photonic band structure. At lower polystyrene volume fractions, these
colloidal suspensions crystallize in the bcc crystal lattice. This work extends our investigation of this system to
cover the bcc phase and reiterates the use of Kossel lines in mapping the underlying photonic band structure.
Along certain crystal directions, numerous Kossel lines intersect, giving rise to unusually large optical stop
bands[S0163-182€07)00216-4

Periodicity of a dielectric medium can have a profound The colloidal crystals for this study were prepared by di-
effect on the electromagnetic waves which propagatduting suspensions of charged polystyrene microspheres with
through it. Such a medium, the so-called photonic crystala diameter of 0.110 nm to obtain a volume fraction of 1.0-
can forbid photon transport for a certain band of frequencied-2 %- The phase diagram for this systésuggests that for

irrespective of polarization or propagation direction, Ieadingo'hllo'rf‘m milcrospperr-tz_s on%efpe%t; ca/stallizaticf)n in the Ibcc
to a complete photonic band gdpPBG).12 In the optical ~P1aS€ for VOIUME Traclions below 57. MOWEVer, Tor samples

redime such a structure is proiected to have a deep impact with volume fractions just under 3%, Kossel lines indicate
gn Is projecte P 1mp Oé?gniﬁcant patches of fcc crystallites in a bcc background.
a wide range of photonic applications, many relying on th

" ATS, N Mealso, while samples with volume fractions under 1% are
suppression of spontaneous emission in a PBG maferial. purely bce, the optical stop bands of these samples are some-
In principle, one can produce a structure with a completgyhat shallow. The best compromise between obtaining ad-
PBG in the optical regime by scaling lattice parameters okquate stop bands and avoiding fcc crystallites occurs at vol-
known PBG structures to optical wavelengths. Howeverume fractions near those chosen for this study. The crystals
technological constraints have impeded the realization of thigvere prepared in specially fabricated cells using a procedure
goal. To our knowledge, the smallest wavelength at which glescribed elsewher8. Shear annealirtg*® facilitates the
complete three-dimensional PBG has been demonstrated f@rmation of mm-sized single crystals which preferentially
date is roughly 50Qem. orient with their bcc(110 planes parallel to the glass win-

. o - ; ows of the crystal cell. Kossel lines were observed for
Self-organizing colloidal crystal systems provide a meanévjvavelengths between 465 and 615 nm using a R6G-based

of generating perio_dic dielectric structures with fe_ature §izea?ye laser. The Kossel lines shown in this paper were simu-
comparable to optical wavelengths. Ful! three-dimensionaf;iaq using a program obtained from Weber, Schetelich, and
PBG'’s have not yet been demonstrated in these systems bgrejst!* The transmission spectra through these crystals
cause of the high contrast demanded in the index of refragyere obtained along a number of symmetry directions using
tion. Nevertheless, they serve as a suitable platform for thg modified UV/visible/near-IR spectrophotometer. We esti-
study of photonic band-structure effects from the infrared tomate the wavelength uncertainty in our spectrophotometer
the visible regime~1° The photonic band structure of fcc transmission measurements to be withi®.5 nm.
polystyrene colloidal crystals has been studied extensively In this work we map the photonic band structure of bcc
along a number of symmetry directioh$ At lower polysty-  colloidal crystals from theN point to the P point. These
rene volume fractions, the colloidal suspension crystallizesymmetry points are shown in Fig(dl, which shows the
in the bcc phase, which is the subject of this paper. first Brillouin zone (FBZ) of the bcc lattice. TheN point
Kossel line patterns can reveal the underlying photoniccorresponds to thgl10] direction, while thel” point is at the
band structure of colloidal crystalsThese patterns can be center of the FBZ. For a bcc crystal the 12 faces of the FBZ
generated by passing a monochromatic laser beam throughcarrespond to the 12 planes of #ELCG; family. TheP point
single colloidal crystal. Disorder, which is present in colloi- is located at the intersection of three faces of the FBZ, cor-
dal crystals in the form of dispersion in polystyrene micro-responding to three of th€110 planes. Similarly, theH
sphere diameter, vacancies, and other lattice imperfectionppint is located at the intersection of four faces of the FBZ,
helps generate diffuse light which Bragg diffracts from thecorresponding to four of the11Q planes. The incident beam
crystal planes. This diffraction leads to the formation of Ko-must pass at an angle of 35° in the crystal (50° in agfa-
ssel line patterns, both in transmission and reflection. Thestve to the[110] direction to access thB point and at an
patterns aid in locating and identifying the symmetry direc-angle of 45° in the crystal (78° in aito access thél point.
tions of the crystal. In this work, we reinforce the close con-The large incidence angle of 78° in air presents experimental
nection between the optical stop bands in colloidal crystalglifficulties in accessing thel point; however, the® point is
and their associated Kossel lines. readily accessible.
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FIG. 2. Transmission spectra near fi40] direction (N point).
The first spectrunfa) shows thg110] transmission through a crys-
tal with a lattice parameter of 476.4 nm. Notice the significantly
wider and deeper optical stop band at 337.4 nm. The second spec-
trum (b) is taken at an incidence direction of 3.7° relative to the
[110] direction. The 337.4-nm stop band separates into its constitu-
ent stop bands with the slightest departure from[t&)] direction.
The solid lines correspond to the case of vertical polarizafjpmi
larization perpendicular to the-P direction, while the dotted lines
correspond to the case of horizontal polarization.

accessed by rotating the crystal 50° in air from M@oint.
(b) Figure 2a) shows the experimental transmission spectrum
along the[110] direction of a crystal with a lattice parameter
FIG. 1. The bcc first Brillouin zonéFB2): The bee FBZ(@) is ~ Of 476.4 nm. The wavelength in the crystal is expressed in
shown along with a Kossel line simulation at 555 nm in the crystalunits of the lattice parametar. Unavoidably, the lattice pa-
(b). The pattern shown is a 180° stereographic projection of theéameter of each crystal varied from sample to sample. Our
hemispherical Kossel line image. The Kossel lines shown are for &rystals possessed lattice parameters between 476.4 and
bcc crystal with a lattice parameter of 480 nm. The symmetry of the484.8 nm. To reduce the effect of this variation on our re-
FBZ is reflected in the Kossel line projection. sults, the lattice parameter was extracted from the wave-
length of the first-order stop band along {i€.0] direction,
Figure Ib) shows the Kossel line simulation for a bcc as described in Ref. 10. The wavelength was then normalized
crystal along thg110] direction at a crystal wavelength of with the extracted lattice parameter. The scale invariance of
555 nm(741 nm in aij. The lattice parameter was chosen to Maxwell’s equations allows for such a normalization, which
be 480 nm. An incident beam along tti#10] direction is convenient for comparing crystals of slightly different lat-
would pass through the centeN (point) of the Kossel line tice parameter. However, this does not remove the effect of
simulation. The rings shown in the Kossel line simulationvariation in the volume fraction, which is expected to result
shrink in diameter with increasing wavelength. When a Ko-in a small variation in the widths of optical stop bands.
ssel line is located at the center of the pattern, the incident In Fig. 2(a) the optical stop band at 670.8 nn+ 893 nm
beam Bragg diffracts, forming an optical stop band in thein air) is due to first-order Bragg diffraction of the incident
transmission spectrum. The 741-nm wavelength being out dieam from the(110) planes. This stop band can be inter-
the range of our dye laser, this pattern was not observegreted in terms of the Kossel line pattern shown in Fidp).1
directly. However, at shorter wavelengths the rhombusThe central(110 ring reduces in diameter with increasing
shaped symmetry of th@10) face of the FBZ can be seen in wavelength, and finally collapses onto the incident beam at
the Kossel line pattern. This symmetry was used to identifithe (110 stop-band wavelengtf670.8 nm in the crystal
the orientation of thd'-N-P plane. TheP point can then be Second-order Bragg diffraction, expected at about half the
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FIG. 3. Multiple Kossel lines intersecting to produce the unusu- N +22.0°
ally large optical stop band seen in FigaR The Kossel line simu- )
lation shown here is a 90° stereographic projection for a crystal
with a lattice parameter of 480 nm at a wavelength of 339 nm in the p |
crystal. The Kossel rings intersecting at the center of the frame are (e , _N+31.9
due to the following planes(011), (101), (101), (011, (211, PN
(121), (121), (211), (200), and(020. This results in the unusually et : (;1?)
deep and wide optical stop band seen along [ttE)] direction 10 112 2101; P (35.0%
(N point) at 337.4 nnFig. 2a)]. o:é ) o 72 T

A in crystal (in units of a)
wavelength of the first-order diffraction, is usually weaker.
Therefore, at first glance, it is surprising that the stop band FIG. 4. Transmission scans from thé point to theP point.
seen at 337.4 nm~453 nm in aif is considerably deeper Going from tEeN point to theP point involves rotating the incident
and wider than the first-order stop band. However, an examwave vectork inside the crystal through an angle of 35.0°. This
nation of the expected Kossel lines at this wavelen(ih. necessitates rotating the crystal by an angle of 50° in air relative to
3) reveals that this stop band owes its depth to Bragg diffracthe [110] Qirection. The transmission curves are shovyn for the
tion from several sets of crystal planes. In addition to thel-0° (N poiny, 11.2°, 22.0°, 31.9° and 35.0P(poin{) incidence
second-order diffraction from th€L10) planes, a multitude angoles in othe crystal. These corres_pon_d to incidence angles of
of other planes contribute to the diffraction of the incident%-0", 15.0°, 30.0°, 45.0° ‘”?md 50.0% in air (oo. qureSponds o the
beam at this wavelength. These include four sets of plandd1¢l direction. The solid lines are the transmission scans for the
from the {110} family, four sets from thg211} family and (I;azg of_vertlcal_ polarlzatlo(pc_)larlzatlon perpendicular to tH@-
. - irection), while the dotted lines represent the case of horizontal

two sets from thg 200 family. This demonstrates that even polarization
in low dielectric contrast crystals, significant reduction in the '
transmission coefficient can result from the intersection of
multiple Kossel lines at the incidence axis. By rotating thefourth rows of Fig. 5 correspond to the 11.2°, 22.0°, 31.9°,
crystal away from thg110] direction by a small angle, the and 35.0° spectra in Fig. 4, respectively. The arrows in Fig.
individual contributions to the 337.4-nm stop band may be5 start from theN point and point in the direction of the
resolved. Figure ®) shows the transmission spectrum whenpoint. The short segment intersecting each arrow indicates
the beam is incident at an angle of 3.7° in the crystal (5.0° irthe point where the incident beam passes the screen. The
air). The 337.4-nm stop band has separated into multiple stojntersection of a Kossel line and the incident beam results in
bands. As shown in Fig. 3, many Kossel lines intersect théhe formation of a stop band in the transmission spectrum.
incident beam at 337.4 nm along thELQ| direction. Along  The first row of Fig. 5 contains four frames, which corre-
any other direction, the symmetry of thi#10] direction is  spond to the four stop bands shown in the 11.2° transmission
broken, regardless of wavelength. That is, as the Kossel ringscan of Fig. 4. The last row contains only two frames, which
shrink in diameter with increasing wavelength, they sepacorrespond to the two stop bands in the 35.0° scan of Fig. 4.
rately cross any point slightly displaced from thepoint.  The small feature which appears between the two major stop
Therefore it is possible to resolve the individual contribu-bands in the 35.0° scan is believed to be an artifact. The
tions by taking transmission scans along an[&ffd] direc-  feature grows with increasing angle beyond 50.0° in air. We
tion, as shown in Fig. (®). believe that at such large angles the incident beam trans-

Figure 4 shows transmission spectra along several diregresses into a neighboring crystallite which has a different
tions between thél and P points. Each of the stop bands orientation from the one being investigated. In the rightmost
corresponds to the intersection of a Kossel line and the incieolumn of Fig. 5, the wavelength inside the crystal succes-
dent beam, as shown in Fig. 5. The first, second, third, andively increases from 558owermost framgto 665 nm(up-
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FIG. 5. 90° stereographic pro-
jections of the Kossel line patterns
at wavelengths ranging from 328
to 665 nm. The four rows of
(121),(211)  374nm (112)  328nm  (011),(101) 494nm  (110) 634nm frames correspond to the four
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lowermost transmission spectra of
Fig. 4. The wavelength in the
crystal for each pattern is indi-
cated above the corresponding
frame. The arrow in each frame

A

ﬂ’ ‘\" originates at thé\ point and indi-
cates the direction from thé\

point to theP point. The intersec-
tion of the short segment and the
N-P line (cross-haiy indicates the
direction of the probe beam used
to obtain the transmission spectra
in Fig. 4. The crossing of a Kossel
line over the direction of inci-
dence generates a stop band in the
corresponding transmission spec-
trum. The planés) indicated
above each frame are those which
correspond to the Kossel lines in-
tersecting at the cross-hairs.
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permost framg The [110] circle can be seen to shrink in
diameter with increasing wavelength and is expected to re- 12— - — — .
duce to a point which intersects the incident beam at 679 nm : "‘:g:.::«@“‘“
in the [110] direction. In the first and second columns, the 2 M
Kossel lines are considerably dense owing to the presence of
second Brillouin-zone Kossel lines in addition to those from
the FBZ. The FBZ of the bcc lattice, shown in Figa)l is
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the separations between the stop bands of the first and sec- §°~6 ...... - v¥Y 1 ]
ond Brillouin zones, producing intricate Kossel line patterns. g e A M P 1
Figure 6 shows a mapping of the photonic band structure ' . . .
for bce polystyrene colloidal crystals from tiNepoint to the 20 30 40

Incidence angle 0 in crystal (degrees)

P point. Merging of the(110), (011), and(101) stop bands
occurs at thé® point. In addition, the121), (211, and(112) FIG. 6. Photonic band structure of bcc colloidal crystals ob-

stop bands merge at this propagation direction, but at @ineqd from the transmission measurements shown in Fig. 4. The
shorter wavelength. The dotted curves indicate the photonig,cijent photon energy is expressed in unitdofa. This is com-

band structure obtained from the Kossel line simulationspared with the photon energy calculatédbtted lines from the

which represents a band-structure mapping based purely Qtpssel line simulations, which are based purely on the Bragg law.
the Bragg law. The hollow and filled symbols show our re-The hollow symbols correspond to the planes indicated in the figure
sults for vertically and horizontally polarized spectrophotom-for the case of vertical polarization, and the corresponding solid
eter beams. The horizontally polarized beam is polarized pagsymbols refer to the case of horizontal polarization. The inset shows
alled to theN-P direction. In the case of photonic crystals, the cross section of the bcc FBZ, indicating the angle of incidence
the Bragg law is only an approximatidh However signifi- 6 in the crystal.



55 PHOTONIC BAND STRUCTURE OF bcc COLLOIDAL CRYSTALS 9507

cant departures from the Bragg law are not expected in aroducing unusually large optical stop bands in a system
crystal with such a low contrast in the index of refraction. Aswith a relatively low contrast in refractive index. Since the
seen in Fig. 6, the experimental data closely follows thédcc FBZ is highly nonspherical, Kossel lines arising from the
curves predicted by the Bragg law. The two bands of lowessecond Brillouin zone appear in the same wavelength range
energy correspond to diffraction from families of planes ofas the FBZ Kossel lines along certain directions. This in-
the FBZ. The bands corresponding to diffraction from thecreases the probability for the multiple intersection of Kossel
{121 and{200; families of planes are not sufficiently sepa- lines, which can produce large optical stop bands.

rated in energy from the FBZ bands, leading to a crowding e acknowledge helpful discussions with Dr. lhanc
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