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The structural and magnetic properties of nickel inverse opal photonic crystal have been studied by comple-
mentary experimental techniques, including scanning electron microscopy, wide-angle and small-angle diffrac-
tion of synchrotron radiation, and polarized neutrons. The sample was fabricated by electrochemical deposition
of nickel in voids in a colloidal crystal film made of 450 nm polystyrene microspheres followed by their
dissolving in toluene. The microradian small-angle diffraction of synchrotron radiation was used to reveal the
opal-like large-scale ordering proving its tendency to the face-centered-cubic �fcc� structure with the lattice
constant of 650�10 nm. The wide-angle x-ray powder diffraction has shown that nanosize fcc nickel crys-
tallites, which form an inverse opal framework, have some texture prescribed by principal directions in inverse
opal on a macroscale, thus showing that the atomic and macroscopic structures are correlated. The polarized
small-angle neutron scattering is used on the extreme limit of its ability to detect the transformation of the
magnetic structure under applied field. Different contributions to the neutron scattering have been analyzed: the
nonmagnetic �nuclear� one, the pure magnetic one, and the nuclear-magnetic interference. The latter in the
diffraction pattern shows the degree of the spatial correlation between the magnetic and nuclear reflecting
planes and gives the pattern behavior of the reversal magnetization process for these planes. The field depen-
dence of pure magnetic contribution shows that the three-dimensional geometrical shape of the structure
presumably leads to a complex distribution of the magnetization in the sample.
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I. INTRODUCTION

Magnetic microstructured and nanostructured materials
attract a growing attention, providing an immense field for
fundamental physical experiments and a cornucopia of rap-
idly emerging applications, including magnetic tomography,
magnetic hyperthermia, high-density magnetic data storage,
magnetic logic elements, etc.1,2 This general statement is also
applicable to a very specific class of such materials—
magnetic photonic crystals �PhCs�. In general, PhCs are or-
dered structures with a periodic modulation of dielectric con-
stant possessing photonic band gaps �PBGs�.3,4 If made of
materials with magnetic properties, PhCs could gain tunable
magneto-optical properties and thus become promising for
optical switching.5 A periodicity on a microscale can also
make magnetic PhCs a unique test bench for the study of
unusual magnetic phenomena, such as frustrated magnetism6

or giant magnetoresistance,7,8 discovered in ordered mag-
netic microstructures and nanostructures. However, routine
fabrication of highly ordered three-dimensional �3D� mag-
netic PhCs with submicron periodicity remains a challenge.

A possible way toward magnetic PhCs employs self-
assembly of monodisperse colloidal particles. Self-
assembled colloidal crystals often referred to as artificial
opals can act as magnetic PhCs with tunable optical proper-
ties if made of superparamagnetic particles9,10 or serve as
templates for fabrication of magnetic inverse opals. In the

latter case, the voids in colloidal crystals are filled with a
targeted material and then colloidal particles are removed.11

Notorious examples of thus fabricated magnetic PhCs are
inverse opals based on magnetic metals such as Ni, Co, Fe,
and their alloys.12–17 Besides, according to theoretical calcu-
lations, periodic metallic structures are of great interest as
possible candidates for PhCs with complete PBGs in a vis-
ible range.18,19

Apparently, to observe microstructure-related magnetic
and optical phenomena in metallic inverse opals, high-
quality samples are required. However, self-assembled mate-
rials typically possess numerous structural defects of differ-
ent types, which is an important limiting factor to their use in
optical devices. The local ordering in self-assembled PhCs is
usually verified by scanning electron microscopy �SEM�. Re-
cently, laser diffraction was demonstrated to be effective for
characterization of the structural quality of PhCs on a scale
of up to several millimeters.20–22 However, the significant
limitation of this method is that the diffraction can be ob-
served only if the laser wavelength is less than PhC lattice
period. Meanwhile, important PhCs for visible region pos-
sess a periodicity in a range of 400–500 nm, making laser
diffraction method not applicable for their study. A possible
way to overcome this limitation relies on using different
types of radiation with a wavelength short enough for record-
ing diffraction patterns from PhCs of any periodicity. As we
demonstrate in this work, x-ray and neutron radiations can be
successfully used for this purpose.
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We report on the synthesis and study of nickel inverse
opal PhC. Despite the promising properties, which could be
expected for metallic and magnetic PhCs, we primarily con-
sidered nickel inverse opal as a complex structure exhibiting
a unique interplay of structural and magnetic properties. The
sample has been studied on the macroscopic and microscopic
levels by complementary experimental techniques, including
SEM, small- and wide-angle diffractions of synchrotron ra-
diation, and small-angle neutron scattering �SANS�. Interest-
ingly, although SANS is extensively used for the study of
spatially ordered materials,23 to the best of our knowledge, it
was never applied to the characterization of inverse opal
PhCs. Furthermore, we used polarized SANS to study
microstructure-dependent magnetic properties of Ni inverse
opal, since this method is sensitive both to the nuclear and
magnetic structures.

The paper is organized in the following way. Section II
gives the essence of the sample preparation procedure and
description of the experimental techniques. Section III de-
scribes the microradian and wide-angle synchrotron diffrac-
tion giving the structural features of PhC on different levels.
The results of the polarized SANS experiments are presented
in Sec. IV. Section V gives short concluding remarks.

II. SAMPLE AND EXPERIMENTAL

The Ni PhC films with an inverse opal structure were
prepared using a templating technique. Colloidal crystal
films made of 450 nm polystyrene microspheres were grown
onto polished Cu substrates by the vertical deposition
method. Electrochemical crystallization of nickel in the
voids between the spheres was carried out in three-electrode
cell at room temperature. The counter electrode was a Pt
wire and the reference electrode-saturated Ag/AgCl electrode
connected to the cell via a Luggin capillary; 0.1 M NiCl2, 0.6
M NiSO4, 0.3 M H3BO3, and 3.5 M C2H5OH solution was
used for potentiostatic Ni deposition at Ed=−0.85 V versus
reference electrode. In order to obtain free-standing Ni struc-
ture onto Cu substrate, the polystyrene microspheres were
dissolved in toluene. Finally the sample was a film with an
area of 5�10 mm2 and a thickness of 12 �m.

Examples of the SEM images of the sample �recorded by
LEO Supra 50 VP instrument� are shown in Figs. 1�a� and
1�b�. The image shown in Fig. 1�a� can be attributed to either
the �111� plane of the face-centered-cubic �fcc� structure with
hexagonal layers interchanging as �ABCABC� or to the base
plane of the random hexagonal-close-packing �RHCP� struc-
ture, which is often observed in colloid self-assembly.24–28,31

The cross-section image in Fig. 1�b� made after rotation of
the sample by 55° shows that at this particular place in the
sample, the structure is cubically ordered and the image can
be attributed to the �200� plane. However, the SEM method
is suffering from its locality and the surface image does not
allow one to make a conclusion on the internal structure of
the sample.

To address different aspects of the sample structure and its
magnetic ordering, we used the different radiation sources
�neutron or synchrotron� and changed the distance between
the sample and the detector to get the appropriate values of

the scattering angles: small angles for the large scale struc-
ture and wide angles for the atomic structure.

The mesoscopic structure of the sample is studied with
synchrotron radiation using the microradian setup �Fig. 2�a��,
similar to the one described in Refs. 29 and 30, at the Dutch-
Belgian beam line �“DUBBLE”� BM26 �ESRF, Grenoble,
France�. The sample has been mounted on a goniometer,
which allows for sample translation and for careful sample
orientation around two axes orthogonal to the beam. Particu-
larly, the rotation around the vertical axis can be done for the
wide range of angles � �Fig. 2�. Diffraction of a 13 keV
x-ray beam �wavelength �=0.95 Å, bandpass �� /�=2
�10−4, and size at the sample about 0.5�0.5 mm2� is reg-
istered at 8 m distance by a two-dimensional charge-coupled
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FIG. 1. SEM images of �a� the top and �b� side views of Ni
inverse opal. Small-angle synchrotron diffraction patterns measured
at �c� the normal incidence and after �d� the sample rotation by 55°.
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FIG. 2. �Color online� Schematic drawing of the diffraction ex-
periments with �a� the use of synchrotron radiation and �b� the use
of polarized neutrons.
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device detector �Photonic Science, 4008�2671 pixels of 22
micronsquare�. To improve the resolution, the beam was fo-
cused by a set of compound refractive lenses installed in
front of the sample. This setup allows achieving angular res-
olution of the order of a few microradians, which is sufficient
for collecting detailed information on the structure of large-
period photonic crystals.29,30

The polarized SANS experiments were carried out at the
SANS-2 scattering facility of the FRG-1 research reactor in
Geesthacht �Germany�. Figure 2�b� presents the schematic
outline of SAS experiment. A polarized beam of neutrons
with an initial polarization P0=0.95, a neutron wavelength
�=1.2 nm, a bandwidth �� /�=0.1, and a divergence �
=1.5 mrad was used. The scattered neutrons were detected
by a position sensitive detector with a resolution of 256
�256 pixels; each of 2.2�2.2 mm2 size. The detector-
sample distance was set at its maximum of 21.5 m such that
the q range was covered from 0.005 to 0.07 nm−1 with a step
of 0.0005 nm−1. The external magnetic field H from 1 to
150 mT was applied perpendicular to the incident beam and

along the crystallographic �24̄2� axis of the PhC or by angle

90° inclined to the incident beam and along the �111̄� crys-
tallographic axis of the PhC. The neutron polarization always
followed the direction of the external magnetic field. The
scattered intensity can be measured in the experiments
with the incident beam whose polarization is parallel �+P0
= +P0h� or antiparallel �−P0=−P0h� to the external magnetic
field h. The orientation of the polarization with respect to the
magnetic field can be automatically changed by the spin flip-
per �Fig. 2�b��.

III. STRUCTURE OF THE INVERSE OPAL
PHOTONIC CRYSTAL

A. Mesoscopic periodic structure

The microradian x-ray diffraction �XRD� with synchro-
tron radiation is known to be powerful in determining the
structure and long-range ordering of photonic
crystals.27,28,31–33 Figure 1�c� displays the x-ray small-angle
diffraction pattern measured with the beam orthogonal to
sample surface. The hexagonal arrangement of the Bragg
reflections reveals the hexagonal ordering within the planes
parallel to the surface. The strongest reflections can be un-
derstood assuming a fcc structure with the lattice constant of
650�10 nm. In Fig. 1�c� we give the hkl assignment to
some of them within the fcc basis frame. However, one can
also see a few additional weaker reflections, which are not
allowed for an fcc structure. Their origin can be related
rather to the finite thickness than to an RHCP structure of the
crystal.

To prove that fcc is the dominating crystal structure on the
macroscopic scale, diffraction patterns were recorded at vari-
ous spots on the sample surface and at various sample orien-

tation. We varied the angle � around the �202̄� axis from
�=−60° to �= +60° �Fig. 2�a��. Figure 1�d� presents a pat-
tern measured at �=54.7°. In this case the x-ray beam propa-
gates along the �020� axis of the fcc structure. The pattern,
indeed, reveals the fourfold symmetry of the �020� crystallo-

graphic planes. The � scans for the various reflections �202�,
�22̄0�, and �11̄1� during sample rotation are summarized in

Fig. 3. The intensity of the �22̄0� reflection is maximal at

�=0. The maxima of the �11̄1� reflection and �202� reflec-
tion arise at �= �19.5° and at �= �54.7°, respectively. The
mosaic of the structure taken over these reflections is of or-
der 5° –7°. Interestingly that the maxima of almost equal
intensities are recorded at both positive and negative sides of
the � scan. This observation signifies the disorder of the fcc
structure attributed to the twinning of the domains with the
. . .ABCABC. . . and . . .ACBACB. . . stacking type. The ratio
between their volumes is estimated as 4:5.

B. Atomic periodic structure

The wide-angle powder x-ray diffraction experiment was
performed on the same PhC using the MAR diffractometer at
the BM01A beam line �SNBL� at ESRF with wavelength �
=0.716 68 Å. At the incident beam normal to the surface of
the PhC, the scattering pattern gives an example of typical
powder diffraction, i.e., a system of concentrated rings of an
equal intensity. It, therefore, shows no presence of any tex-
ture in the plane of the PhC film. The positions of the re-
flexes can be prescribed to the fcc atomic structure of Ni
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FIG. 3. The � dependence of the intensity of the �202�, �22̄0�,
and �11̄1� reflections.
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FIG. 4. X-ray powder-diffraction data for the Ni inverse opal
photonic crystal. The inset shows the comparison of the intensities
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with lattice constant a0=3.52 Å �Fig. 4�. The intensities of
diffraction peaks normalized to that of the �111� peak are
presented in the inset in Fig. 4. The relative intensities of the
randomly oriented crystallites of Ni powder are shown in the
same figure for comparison. As can be seen from the figure
for a given orientation of the PhC, the scattering intensities
from the planes �200�, �220�, �311�, and �222� are close to
those of the corresponding peaks for the randomly oriented
powder sample. The preliminary conclusion is that the Ni
crystallites of the fcc structure are randomly oriented in the
plane of the PhC but they may have some out-plane texture.

The intensities of the �111� and �200� reflections taken in
the � scan are shown in Fig. 5. They give the distribution of
the �111� and �200� atomic Ni planes. Here the axis with �
=0° corresponds to the direction normal to the PhC film �the
�111� axis of the PhC� and the axis with �=90° lies in the
plane of the PhC film. The experimental points at � close to
90° are excluded from the data set because of the large ab-
sorption of the beam transmitting through the film in this
geometry. As is well seen, the curve for the �111� planes has
two maxima at ��55° and ��20°. The curve for the �200�
planes has its maxima at ��20° and, presumably, at �
�90°. The more pronounced maxima at 90° for the �200�
planes and at 55° for the �111� planes are obviously intercon-
nected. They stem from the same atomic Ni crystallites,
which are disposed by their faces on the PhC plane. The less
pronounced maxima at 20° both for �111� and �200� planes
show that they prefer equally the orientation parallel to the
system of �111� axes of the PhC, which are 20° inclined to
the sample plane. The considerable amount of the crystallites
is randomly oriented over the inverse PhC. From the ratio
between two integral intensities for the randomly oriented
crystallites and the crystallites with the preferable orienta-
tion, one can estimate that most of the Ni crystallites are
randomly oriented but from 10 to 15% of its amount prefer
�200� planes of Ni crystallites parallel to the PhC surface.

IV. MESOSCOPIC MAGNETIC STRUCTURE

In SANS measurements, we recorded the neutron-
diffraction patterns consisted of several clearly resolved sets
of hexagonally arranged reflexes as shown in Fig. 6. The
neutron-scattering intensities I�q , + P0� and I�q ,−P0� were
measured in the experiments with the neutron beam whose
polarization was parallel and antiparallel to the external mag-
netic field, respectively. Further on, it is supposed that the
nuclear and magnetic structures with a very large period are
characterized by the same structure factor S�q� and the same
form factor F�q� as a result of scattering from the same base
element of this structure. Polarization-independent part of
the scattering �I�q�= I�q , + P0�+ I�q ,−P0�� represents the
sum of the nuclear and magnetic scattering,

I�q� = IN + IM � 	AnS�q�F�q�	2 + 	Amm�qS�q�F�q�	2.

�1�

The nuclear contribution IN to the peak intensity is obtained
for nonmagnetized sample ��m�=0�; in that case the mag-
netic coherent scattering vanishes and the diffuse small-angle
scattering arises. For the pure magnetic coherent part one
gets

IM�q� = I�q,m�H�� − I�q,0� � 	Amm�qS�q�F�q�	2. �2�

The polarization-dependent part of the scattering ��I�q�
= I�q , + P0�− I�q ,−P0�� is attributed to the nuclear-magnetic
interference indicating the correlation between the magnetic
and nuclear structures,

�I�q� � 2�P0�m��q�AnAm	S�q�F�q�	2, �3�

where m and q̂ are the unit vectors of magnetization M and
the momentum transfer q, respectively, and m�q=m
− �q̂m�q̂. To analyze the interference scattering, it is conve-
nient to define “polarization” in the form

Ps =
�I�q�
I�q�

= 2��P0��m��q�
Am

An
� 2P0

pNi

bNi
sin2 	 . �4�

Two important features should be noted. First, the inten-
sity of different contributions is determined by the ampli-
tudes of the nuclear An=bNiN0 and magnetic Am= pNiN0 scat-
terings. Here bNi=1.03�10−12 cm is the coherent scattering
length of Ni nuclei, pNi=0.16�10−12 cm is the coherent
magnetic scattering length of Ni atom in the small-angle
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FIG. 5. �Color online� � scan of the �111� and �200� reflections
of fcc Ni structure, revealing the out-plane texture of the PhC. The
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range, and N0 is the atom density. One estimates from these
numbers �IM / IN= �pNi /bNi�2=0.024� that the intensity of
nuclear scattering is 2 orders of magnitude bigger than that
of the magnetic scattering for the sample under study. The
estimated polarization can be much larger: Ps�0.3. Taking
into account the scattering volume of the sample and the
high requirements to the resolution leading to low intensity
of the incident beam, one can predict that the interference
contribution is well recordable while the pure magnetic con-
tribution is hard to distinguish on the background of the
nuclear one. Second, the small-angle diffuse scattering
should be added to the diffraction reflections due to structure
imperfection and particle size dispersion. It appears also
when a magnetic structure is broken up into domains at H
�Hc.

To adequately take into consideration the magnetic and
interference scattering, we perform the analysis of intensities
as a function of the azimuth angle 	, where 	 is the angle
between the direction of the scattering vector q and the ho-
rizon in the detector plane �Fig. 6�. Figure 7�a� shows the
dependence of the intensity I�q ,	� at q=q202̄ on the angle 	

for a magnetized sample �H=150 mT�. Six clearly pro-
nounced maxima at 60° intervals can be seen; they corre-
spond to six �202̄� reflections. Figures 7�b� and 7�c� show the
	 dependence of the polarization Ps at q=q202̄, i.e., for the
family of the �202̄� reflections and for two orientations of the
external magnetic field.

As can be seen Ps is adequately described by a function of
the form sin2 	 with an estimated value of pNi /bNi=0.14,
which is consistent with a value of 0.155 predicted from the
theory of scattering. The function of this form suggests that
the family of the planes �202� was equally magnetized along
the external field direction at this value of the field H
=150 mT. In case the field is directed in the plane of the

sample �H 
 �24̄2��, the polarization is zero at q 
 �24̄2�. If the

field is directed along the �111̄� axis then the polarization is

positive at q 
 �24̄2�. The variations in the polarization with
the azimuth angle 	 for the two different orientations of the
magnetic field can be well interpreted taking into account the
geometry of the experiment, i.e., mutual orientation of three
vectors: the field and polarization axes �H 
P�, the average
magnetization vector �m�, and scattering vector q. The oc-
currence of the polarization �interference scattering� at the
same values of q, as for nuclear scattering, suggests that the
magnetic and nuclear structures coincide.

The magnetic field dependence of the polarization PS for

q 
 �202̄� is shown in Figs. 8�a� and 8�b� for the field directed

along �24̄2� and �111̄� axes, respectively. It should be men-
tioned that the observed polarization Ps is proportional to the
average magnetization �Ps��m�� projected onto the mag-
netic field direction �Eq. �4��. As can be seen from Fig. 8 the
saturation of the magnetization �m� takes place at 60 mT for

H 
 �24̄2� and at 40 mT for H 
 �111̄�. The magnetization

0 60 120 180 240 300 360

0.0

0.1

0.2

0.3

P
S

ϕ (degree)

c

0 60 120 180 240 300 360

0.0

0.1

0.2

0.3

P
S

b

0 60 120 180 240 300 360

20

40

60

80

100

120

140

160

In
te

ns
ity

(c
ps

)
a

FIG. 7. �a� The 	 dependence of the intensity and polarization
for the family of �202� reflections for the external magnetic field

applied along �b� the �24̄2� axis and �c� the �111̄� axis at H
=150 mT.

0 40 80 120 160
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

P
S

H (mT)

Hc

0 40 80 120 160
-0.05

0.00

0.05

0.10

0.15

0.20

0.25

P
S

H ( mT)

Hc

b

a

FIG. 8. The field dependence of the polarization Ps at the scat-

tering vector q 
 �202̄� for �a� the field H 
 �24̄2� and �b� the field

H 
 �111̄�.

STRUCTURAL AND MAGNETIC PROPERTIES OF INVERSE… PHYSICAL REVIEW B 79, 045123 �2009�

045123-5



curve shows also the hysteretic behavior with the coercive

force Hc=15�2 mT for H 
 �24̄2� and Hc=20�2 mT for

H 
 �111̄�. The remnant magnetization �m� is twice higher for

H 
 �111̄� than for H 
 �24̄2�. Thus, for H 
 �111̄� the hysteresis

loop is much more rectangular than for H 
 �24̄2�. This ob-

servation implies that the �111̄� direction is the axis easier

for magnetization as compared with the �24̄2� axis that is
related to the geometrical shape of the inverse opal photonic
crystal. The field dependence of the polarization Ps for other
reflections �202� shows the similar behavior as described
above.

The pure magnetic scattering IH�q� has been analyzed at

different scattering vectors q 
 �202̄� and q 
 �22̄0�. We sug-
gested in Eq. �2� that the magnetic scattering IH�q� is a dif-
ference between the magnetic cross sections of the sample in
two principally different states: partially magnetized in the
finite field H and fully demagnetized at H=Hc. The main
component of the magnetic cross section at large fields is a
system of the magnetic reflections described as the sum of
Gaussians with positions corresponding to the nuclear
maxima. On contrary, the major component of the cross sec-
tion at H=Hc is the diffuse scattering from the domains,
which can be described by the squared Lorenzian in the ab-
sence of any contribution of the reflections. The experimen-
tal data were treated in accord to this model. The amplitude
of the diffuse scattering A1, describing the scattering from
magnetic domains, is shown in Fig. 9. It is maximal at H

Hc upon descending field and decreases with the field,

while it does not vanish at H=80 mT for H 
 �24̄2� and at

H=40 mT for H 
 �111̄�. Thus, domains disappear at smaller

values of H for H 
 �111̄� than for H 
 �24̄2�, again demon-

strating that the sample is easier to magnetize in the �111̄�
direction than in the �24̄2� direction.

All reflections of �202� type visible in Fig. 6 can be di-

vided into two subgroups: reflections �202̄� and �2̄02� with

the angle of 90° between q and H and reflections �022̄�,
�02̄2�, �22̄0�, and �2̄20� with the angle of about 30° between
q and H. To improve the statistics, the intensities of these
magnetic reflections were averaged over the subgroup. Fig-

ure 10 shows the intensity of the �202̄� reflection as a func-

tion of the applied magnetic field for H 
 �24̄2� �a� and for

H 
 �111̄� �b�, respectively. The intensity of the reflection is
zero at H�Hc then it increases and reaches the saturation

values at H=60 mT for H 
 �24̄2� and at H=40 mT for

H 
 �111̄�. The dependence for H 
 �24̄2� shows no hysteretic

behavior within error bars, but for H 
 �111̄� the hysteresis is
observed in the field range from 35 to 80 mT; although it can
be also related to the poor statistics of the pure magnetic
scattering.

An interesting behavior of the scattering intensities is ob-

served at the reflection �022̄�. They are shown in Fig. 11 as a

function of the field for H 
 �24̄2� �a� and for H 
 �111̄� �b�,
respectively. As for the previous case, the scattering intensity
is zero at Hc and saturates at large fields H�100 mT. On
the other hand, the curves show several features. For

H 
 �24̄2� �i� there are two critical fields. The first one at
HC1=20 mT, below this value the intensity is zero. It means

that the corresponding planes �022̄� are not magnetized.
Above HC2=60 mT the intensity is saturated showing full
magnetization alignment along the field inside these planes.
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�ii� There is a small hysteresis loop inside the field range
between two critical fields HC1
H
HC2. For H 
 �111̄�
there are two critical fields as well. The H dependence looks
a steplike function with HC1=20 mT and HC2=90 mT. A
small hysteresis loop is seen at H
HC1.

Concluding this section, we have analyzed three contribu-
tions to the neutron scattering: nuclear one, magnetic one,
and interference between them. The nuclear contribution is
the biggest one. It gives the information about the structure
of the inversed PhC and should be compared to the results
obtained from microradian small-angle x-ray scattering ex-
periment. It appears that the ultrasmall-angle diffraction of
the synchrotron radiation is a much more effective tool for
studying the structure of the opal-like structures due to its
high brilliance and high resolution. On the other hand, al-
though the magnetic and nuclear-magnetic interference con-
tributions to the scattering are weak with a poor statistics, the
polarized small-angle neutron diffraction remains irreplace-
able in the study of the magnetic structures. Interference
scattering in the recorded reflections gives the pattern behav-
ior of the reversal magnetization process for the correspond-
ing reflecting planes. The pure magnetic scattering of the
corresponding Bragg peaks can be related to the complex
distribution of the magnetic-flux lines in the geometrical net-
work of the octahedral and tetrahedral particles; a certain set
of which is the base of the structure element of the inverse
opal photonic crystal. In this sense, the polarized small-angle

neutron diffraction is a direct method for measuring this
complex magnetic network that appeared in the course of the
magnetization process of such inverse PhC. Yet, a detailed
analysis of these data is not a trivial task and lies beyond the
scope of this paper.

V. CONCLUDING REMARKS

In conclusion, the structural and magnetic properties of
nickel inverse opal photonic crystal have been studied on the
mesoscopic and microscopic levels by different experimental
techniques—XRD, SEM, microradian x-rays scattering, and
polarized SANS methods.

�1� It is established from the microradian small-angle
x-ray diffraction that nickel inverse opal photonic crystal re-
peats completely the structure of a matrix of a photonic crys-
tal with minor alteration of a lattice constant, which is equal
to 650�10 nm. From the analysis of defects of the struc-
ture, it became obvious that inverted opal has divided into
blocks of the face-centered-cubic structures with twinning
planes �ratio between ABCABC and ACBACB phases is 4/5�.

�2� From the results of the wide-angle powder-diffraction
experiment, one can conclude that the inverse PhC consists
of Ni crystallites of the fcc structure with the lattice constant
3.52 Å. Most of the Ni crystallites are randomly oriented but
up to 10% of its amount prefer �200� planes parallel to the
PhC surface.

�3� The polarized SANS was used to detect the transfor-
mation of the magnetic structure under the applied field. The
interference term gives the pattern behavior of the average
magnetization projected onto the field axis. The patterns of
hysteresis loops of the magnetization are different for differ-
ent orientations of the magnetic field applied along two prin-

cipal axes of the PhC: along the �24̄2� and �111̄� axes. This
is related to the geometrical shape of the inverse opal pho-
tonic crystal. The picture of the magnetization process can be
studied in more details in the analysis of changes in the pure
magnetic contribution of the corresponding Bragg peaks. In
general, the experiment has demonstrated that the 3D geo-
metrical shape of the structure leads to a complex distribu-
tion of the magnetization in the sample, which is far from
being simple uniform.
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