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INTRODUCTION

Opal is one of the widely known jewellery stones,
which attracts attention owing to playing of colors and
striking colorblends. Its name descends from the
Greek word opállios (precious stone) [1]. It is accepted
that opal has been known since 250 BC, but its struc�
ture was determined using light diffraction [2–4] and
electron microscopy [5] not too long ago, less than
50 years ago. The interest in the investigation of opals
and methods of their artificial formation has been
refreshed in the last two decades. This interest is stim�
ulated by the appearance and development of photon�
ics, which is a scientific field studying the possibility of
controlling flow of light. Photonic crystals are among
materials promising for photonics; their structure is
characterized by a strictly periodic variation of the
refractive index at scales comparable with the wave�
length of electromagnetic radiation [6, 7]. The main
property of photonic crystals is that the spectra of their
electromagnetic eigenstates include photonic band
gaps within which the propagation of electromagnetic
radiation is suppressed in all of the crystallographic
directions or in some of them [8]. Photonic crystals are

often considered as optical analogs of semiconductor
materials. Photonic crystals are of applied interest for
creating optical filters, ultrafast switchers, amplifiers,
and high�efficiency emitters.

Natural opals are formed in the Earth’s interior
from spherical silicon oxide particles close in size
under the conditions of not too high temperatures and
pressures in the presence of gravity. Artificial opals,
which are colloidal crystals, are most often obtained
by the methods of self�assembly of submicron spheri�
cal particles of silicon oxide, polystyrene, or polyme�
thyl methacrylate under the action of gravitational,
capillary, convective, and electrostatic forces [9–12].

It is convenient to consider colloidal crystals con�
sisting of spherical particles in terms of the closest
packed structures consisting of hexagonal close
packed layers; each of them can occupy one of three
nonequivalent positions A, B, or C. The structure of a
colloidal crystal is determined by the sequence of the
packing of such layers. The three�layer stacking
ABCABC (or ACBACB) corresponds to the fcc lattice.
The sequence ABABAB corresponds to the hexagonal
close�packed structure. The arbitrary alternation of

Determination of the Real Structure of Artificial 
and Natural Opals on the Basis of Three�Dimensional 

Reconstructions of Reciprocal Space
A. A. Eliseeva, D. F. Gorozhankina, K. S. Napolskiia, *, A. V. Petukhovb, N. A. Sapoletovaa,

A. V. Vasilievac, N. A. Grigoryevad, A. A. Mistonovd, D. V. Byelovb, W. G. Bouwmane, 
K. O. Kvashninaf, D. Yu. Chernyshovd, g, A. A. Bosakf, and S. V. Grigorievc

a Faculty of Materials Science, Moscow State University, Moscow, 119991 Russia
* e�mail: napolsky@inorg.chem.msu.ru

b Debye Institute for Nanomaterials, University of Utrecht, 3584 CH Utrecht, The Netherlands
c Petersburg Nuclear Physics Institute, Russian Academy of Sciences, Gatchina, 188308 Russia

d St. Petersburg State University, St. Petersburg, 198504 Russia
e Delft University of Technology, 2629 JB Delft, The Netherlands

f European Synchrotron Radiation Facility, BP220, F�38043 Grenoble Cedex, France
g Swiss–Norwegian Beam Lines at the European Synchrotron Radiation Facility, 

BP220, F�38043 Grenoble Cedex, France
Received June 25, 2009

The distribution of the scattering intensity in the reciprocal space for natural and artificial opals has been
reconstructed from a set of small�angle X�ray diffraction patterns. The resulting three�dimensional intensity
maps are used to analyze the defect structure of opals. The structure of artificial opals can be satisfactorily
described in the Wilson probability model with the prevalence of layers in the fcc environment. The diffrac�
tion patterns observed for a natural opal confirm the presence of sufficiently long unequally occupied fcc
domains.

PACS numbers: 61.05.Cf, 61.72.Dd, 64.75.Yz

DOI: 10.1134/S0021364009160103



JETP LETTERS  Vol. 90  No. 4  2009

DETERMINATION OF THE REAL STRUCTURE 273

layers is considered in terms of the formation of a ran�
dom hexagonal close�packed structure. When film
samples of artificial opals are formed, hexagonal layers
of microspheres are arranged in parallel to the sub�
strate. It is commonly accepted that the vertical depo�
sition method often leads to the formation of photonic
crystals with the fcc structure [13, 14], although infor�
mation on their imperfection is incomplete. The aim
of this work is to reveal differences and similarities in
the structures of artificial and natural opals. This
information is necessary both for the efficient synthe�
sis of photonic crystals and for the reconstruction of
geophysical processes accompanying the formation of
natural opals.

The methods of scanning electron and scanning
probe microscopies [12, 13, 15] and confocal micros�
copy [13, 16, 17] are widely used for investigating
materials ordered at the nano and submicron levels. In
addition to obvious advantages such as availability and
high resolution, these methods have a serious disad�
vantage—locality and, therefore, very limited statis�
tics of the obtained information. At the qualitative
level, the structure of photonic crystals can be studied
using optical spectroscopy. In [18, 19], it was noted
that the characteristic minimum in the transmission
spectra or the maximum in the absorption spectra cor�
responding to the stopband along the 〈111〉 direction
becomes less pronounced and wider with an increase
in the number of defects in a colloidal crystal with the
fcc structure. A quantitative investigation of the long�
range order of the spatially ordered materials is possi�
ble only with diffraction methods, which provide
information averaged over the sample volume [20, 21].
In this work, a complex investigation of a natural Aus�
tralian opal and a film sample of a synthetic photonic
crystal consisting of monodisperse polystyrene micro�
spheres was performed using small�angle X�ray dif�
fraction. To determine the real structure of the objects
for small�angle diffraction experiments, we carried out
the three�dimensional reconstruction of the recipro�
cal space. This approach is universal and applicable for
a quantitative analysis of the structure of many spa�
tially ordered materials. The methods based on the
three�dimensional reconstruction of the reciprocal
space from the diffraction data for analyzing the defect
structure of crystalline materials were described well in
[22, 23].

EXPERIMENTAL PROCEDURE

A commercially available Australian opal was used
as a natural photonic crystal. The plate sample had a
size of ~5 × 7 mm and a thickness of ~200 μm.

The vertical deposition method [10, 11, 13] was
used to form an artificial opal. The synthesis of mono�
disperse microspheres is the first step of this method
for obtaining photonic crystals. Their size determines
the periodicity of the structure of the colloidal crystal
and, as a result, the position of the photonic band gap

in the energy spectrum, whereas the monodispersivity
of the particles is one of the key factors determining
the possibility of the self�assembly of particles into
ordered clusters. A suspension of monodisperse
microspheres was obtained by the polymerization of
styrene in the presence of potassium persulfate as an
initiator [24]. Immediately before the synthesis, sty�
rene was purified from a polymerization inhibitor by
vacuum distillation. The reaction mixture consisting
of styrene, potassium persulfate, and distilled water in
the molar ratio 1 C8H8 : 0.003 K2S2O8 : 58 H2O was
vigorously stirred on a magnetic stirrer for 24 h at a
temperature of 70°C. Then, the suspension was cen�
trifuged and the obtained white sediment was dis�
persed in distilled water under sonication. According
to the dynamic light scattering and scanning electron
microscopy, the mean diameter of the obtained parti�
cles was 530 nm and the standard deviation was no
more than 5%.

The deposition of polystyrene microspheres on
vertically mounted substrates of mica plates with a
deposited 100� to 200�nm gold layer was performed
from a ~0.2 vol % aqueous suspension at a temperature
of (60 ± 3)°C. The width of the resulting photonic
crystal is determined by a substrate width of 1.5 cm,
whereas the film length under the assumption of a
constant rate of solvent evaporation from the reaction
mixture is proportional to the thermostating time. The
duration of the deposition of microspheres was ~24 h,
which corresponded to the formation of films 2 cm in
length.

The experiments on the small�angle X�ray diffrac�
tion were carried out at the BM26B DUBBLE
Dutch–Belgian beamline at the European Synchro�
tron Radiation Facility (Grenoble Cedex, France). We
used a setup for small�angle diffraction with focusing
elements, which is similar to that described in [21].
This scheme is well applicable for the diffraction anal�
ysis of periodic structures with a large period and
makes it possible to reach an angular resolution of ~5–
10 μrad.

In this work, the wavelength of X�rays was λ =
1.01 Å, monochromaticity was Δλ/λ = 2 × 10–4, and
the beam cross section on the sample was 0.5 ×
0.5 mm. The X�ray beam was focused by means of
beryllium refractive optics [25]. The lenses were
mounted immediately in front of the sample and
focused the X�rays on a luminescent screen of a two�
coordinate CCD detector (Photonic Science, resolu�
tion of 4000 × 2700 points with a size of 22 × 22 μm),
which was placed at a distance of 8 m behind the
sample.

The samples were mounted on a goniometer and
were adjusted so that the X�ray beam was incident on
the same part of a crystal rotating about the vertical
axis (angle ω). To reconstruct the three�dimensional
pattern of the reciprocal space, series of diffraction
patterns were recorded with a step of 1° in the ranges
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–75° < ω < 75° and –85° < ω < 85° for the natural and
artificial opals, respectively. Zero angle ω corresponds
to the normal incidence of X rays on the plane of the
samples. The exposition time was 30 s for each diffrac�
tion map. The three�dimensional reconstruction of
the reciprocal space from the set of diffraction patterns
obtained for various angles of the incidence of X rays
on the sample was performed using a specially devel�
oped module 3D�RRS for MathCad.

RESULTS AND DISCUSSION

Figure 1 shows the diffraction patterns of an artifi�
cial opal for the characteristic angles of incidence of X
rays on the sample plane: 0°, 19.5°, –35.3°, and 54.7°
(corresponding to the 〈111〉, 〈121〉, 〈101〉, and 〈010〉
zones for the fcc structure, the rotation axis coincides

with the  axis of the sample). The majority of the
observed reflections can be attributed to one of the
twins of the fcc packing: sequences ABCABC or
ACBACB.

Note that in addition to the reflections correspond�
ing to the integer indices of the fcc lattice with a period
of a0 = 750 nm, the X�ray diffraction patterns contain
reflections (marked as hex in Figs. 1a, 1b) that cannot
appear in the ideal fcc structure. These reflections can
be real Bragg reflections (e.g., corresponding to the
other coexisting types of the structures) or the cross
sections of long diffuse objects in the reciprocal space.
The scattering pattern indicates the existence of, in the
former case, some amount of the hexagonal phase in
the sample and, in the latter case, stacking faults
and/or a finite thickness of the samples under investi�
gation.

When a defective structure is formed with the vio�
lation of the alternation of planar layers consisting of
close�packed spheres, long rods should be observed in
the reciprocal space; the intensity distribution along
such diffuse objects characterizes the implemented
structure [26]. Note that several cross sections of the
reciprocal space are generally insufficient for the com�

101〈 〉

plete description of the intensity distribution along
such diffuse rods.

In this work, we performed the three�dimensional
reconstruction of the reciprocal space for small�angle
diffraction experiments. To reconstruct the total
reciprocal space, a program for the three�dimensional
reconstruction of an object from a set of its two�
dimensional cross sections was developed in the
MathCad worksheet. The Ewald sphere in the recon�
struction region can be considered as planar for the
case of small�angle scattering.

The set of the initial data consists of (i) diffraction
maxima located at the sites of the reciprocal lattice,
(ii) diffuse rods due to the stacking faults of micro�
spheres, and (iii) small�angle diffuse background with
a maximum at q = 0, which is determined by the scat�
tering of X rays on the imperfections of the sample
structures and on the elements of the optical scheme.
Since the intensity of the diffuse rods is low, the correct
subtraction of the background is an important task
determining the possibility of the correct quantitative
reconstruction of the reciprocal space pattern. The
background scattering is well described by the function
1/(q2 + ζ2), where q is the scattering vector and 1/ζ is
the correlation length, which generally depends on the
radiation coherence length, the size of the coherent
scattering region of the crystal, and the form factor of
the object under investigation [27]. Since the opals
under investigation were plates, the spherical symme�
try of the background signal was broken. The desired
signal was separated from the experimental data by the
subtraction of the diffuse background function (sepa�
rately for each of the diffraction images). It was found
that the best approximation of the background is pro�
vided by a power law of q (Ibg(q)), which depends on
the polar angle and has elliptic contours. The model of
the background signal was constructed in sectors of
each of the diffraction images with an angular width of
5° in the polar coordinates.

The function Ibg(q) for each sector had the form

(1)Ibg q( ) kq n– Idetector,+=

Fig. 1. Data of the small�angle X�ray diffraction for an artificial opal for the angles of incidence (a) 0°, (b) 19.5°, (c) –35.3°, and
(d) 54.7°. The reflections are classified for the fcc structure. The reflections that cannot be attributed to the fcc structure are
marked as hex.

(d)
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where n = 2 + δ (δ � 1), k and n are constants in each
sector, and Idetector is the background signal of the
detector, which is a constant. When determining
Ibg(q), the points belonging to the diffraction reflec�
tions were temporarily removed from the diffraction
data (the maxima were found automatically by the
extrema of the derivative ∂(Iq2)/∂q, because the back�
ground is characterized by the relation ∂((Ibg –
Idetector)q2)/∂q ≈ 0). After the construction of the back�
ground signal matrix, the two�dimensional smoothing
of the diffuse background function was performed.

Owing to this algorithm, not only diffraction max�
ima, but also diffuse objects responsible for the stack�
ing faults of microspheres were separated from the
experimental data with the almost complete exclusion
of the small�angle diffuse component. The results were
used to determine the total intensity distribution along
the Bragg rods.

The patterns of the reconstructed reciprocal space
for the natural opal and synthetic photonic crystal are
shown in Fig. 2 in the hexagonal basis specified by the

vectors b1, b2, and b3, where |b1| = |b2 | = 4π/( D),

|b3 | = π /D, and D is the diameter of the micro�
spheres. First, we point to the presence of six suffi�
ciently intense long diffuse rods of the {10ξ} type,
which are parallel to 〈001〉. The cross section of these
rods by the Ewald sphere was observed in the form of
additional spots, which do not correspond to the fcc
structure and are marked as hex in Fig. 1.

3

6

As mentioned above, the appearance of diffuse rods
indicates the presence of planar stacking faults of the
hexagonal layers in the structure of the studied photo�
nic crystals and/or is attributed to the finite thickness
of the samples. As expected, the violations of the alter�
nation of the layers are manifested only for the reflec�
tions with (h – k) = 3n ± 1 [26, 28]. The reflections of
the (h – k) = 3n family, which are independent of the
presence of stacking faults, do not exhibit noticeable
broadening associated with the form factor of the sam�
ple (see Fig. 2). Thus, the structure of the natural opal,
as well as the synthetic photonic crystal obtained by
the vertical deposition method, cannot be described in
terms of the perfect fcc or hexagonal close packings.
Note that diffuse scattering along other directions is
observed in both cases in addition to rods located
along the vector b3. This diffuse scattering component
is naturally attributed to planar faults oriented at an
angle of 70.5° with respect to the stacking faults dis�
cussed in detail above.

To quantitatively describe opal�like defective struc�
tures, it is convenient to use the Wilson model [26, 29],
which allows for the determination of the probability
of finding a layer in the fcc or hcp environment from
the analysis of the intensity distribution along the dif�
fuse rods. The main parameter in this theory is the
probability α that the nth and (n + 2)th layers of the
close�packed microspheres are not identical. The
extreme α values 0 and 1 correspond to the hcp and
twinned fcc structures, respectively. Intermediate val�
ues correspond to a random hexagonal close�packed
structure.

Fig. 2. Three�dimensional reconstruction of the reciprocal space for the (a) artificial and (b) natural opal samples. The basis vec�
tors b1, b2, and b3 are shown in the figure. The insets show the plan view (along the vector b3) of the reciprocal space.
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The intensity distribution along the first�order rods
was determined by the numerical integration of the
experimental data (see Fig. 3). For the synthetic pho�
tonic crystal, the intensity is symmetrically distributed
with respect to zero and the maxima at l = ±0.37 and
±1.37 are pronounced. The theoretical calculation of
the intensity in the Wilson model with α = 0.65 taking
into account the form factor of spherical particles is
shown by the solid line in Fig. 3a. The satisfactory
agreement between the experimental data and theo�
retical calculation allows for the statement that each
layer of microspheres in the artificial opal under inves�
tigation is in the fcc environment with a probability of
~65%.

Analyzing the intensity distribution along the dif�
fuse rods for the natural opal, we first point to the pres�
ence of the intense maxima at l ≈ –1.3, –0.3, and 0.7
in agreement with the presence of sufficiently long
unequally occupied fcc domains. It is known that the
prevalence of one type of the fcc packing of the layers
for any initial layer configuration can be achieved due
to the uniaxial plastic deformation of the shift, leading
to the slip of the layers [30–33]. Therefore, shear

strains appear in the process of the formation of the
natural opal. On the contrary, the mechanical strains
of the crystal are excluded when the artificial opal is
synthesized by the vertical deposition method and we
observed the formation of the random hexagonal clos�
est packing in which the blocks with two equivalent
configurations of the fcc structure are formed with the
same probability. The asphericity of the natural opal
particles [2] significantly affects the intensity distribu�
tion along the diffuse rods and should be necessarily
taken into account in a quantitative analysis. A
detailed pattern of the spatial distribution of the layers
in the natural opal can be obtained only when simulat�
ing packings corresponding to the experimentally
observed diffuse scattering. However, such calcula�
tions are beyond the scope of this work.

CONCLUSIONS

The method proposed for analyzing the data of the
small�angle X�ray diffraction provides a number of
conclusions on the structure of natural and artificial
opals. In both cases, the structure is the random hex�
agonal closest packing of microspheres. The structure
of the synthetic photonic crystals obtained by the ver�
tical deposition method can be satisfactorily described
in the Wilson probability model with the prevalence of
layers in the fcc environment. The diffraction pattern
observed for the natural opal is consistent with the
presence of sufficiently long unequally occupied fcc
domains, which is apparently caused by the external
forces in the crystal formation process.

The above three�dimensional reconstruction of the
reciprocal space is likely the most complete character�
istic of the structure of colloidal crystals. This method
is universal and can be used, e.g., to investigate the
structure of the superlattices of nanoparticles and
arrays of quantum dots or heterostructures.
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Facility and to D. Detollenaere and A.A. Snigirev for
assistance and technical support in the experiment, as
well as to the Swiss–Norwegian Beam Lines (SNBL)
at the European Synchrotron Radiation Facility for
the possibility of the measurements within the frame�
work of the DUBBLE–SNBL internal agreement.
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