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Abstract—A method has been proposed for the fabrication of three-dimensional photonic crystals based on
ordered opal matrices (OMs), with pores containing iron group metal (M = Ni, Co, Fe) nanoparticles. The
core of the method is the reduction of salts and oxides of these metals with supercritical isopropanol. The
phase composition of OM/M composites depends on the composition of the starting salts (nitrates or chlo-
rides): the use of ferric chloride leads to the formation of nanoparticles of solid solutions based on nickel
metal, a.-cobalt, or B-cobalt (Ni—Fe and Co—Fe systems) in opal pores; with the corresponding nitrates, we
obtain OM/NiCo (cubic solid solution), OM/Fe, OM/NisFe, OM/NiFe, OM/CoFe, and OM/NiCoFe
nanocomposites. We have measured broadband reflection spectra of the (111) surface of the photonic crystals
using a fiber-optic technique for taking reflection spectra. The intensity peak in the reflection (band gap)
spectrum of the OM/M (M = Fe, Co, Ni) nanocomposites is shown to be shifted to longer wavelengths.

DOI: 10.1134/S0020168515070080

INTRODUCTION

Recent years have seen rapid growth of nanotech-
nologies related to the fabrication and practical appli-
cation of ordered three-dimensional nanostruc-
tures—three-dimensional photonic crystals [1—5].
Typical examples of such nanostructures are opal
matrices (synthetic opal) built up of close-packed
amorphous quarts (silica) spheres 200 to 600 nm in
size. The crystal structure of such opal photonic crys-
tals has a face-centered cubic lattice. Between the
close-packed nanospheres in opal, there are tetrahe-
dral and octahedral pores (voids). The volume fraction
of the pores in opal is about 0.26. The relative radii
(relative to the radius of the SiO, spheres) of spherical
nanoparticles that can be embedded in the opal pores
are 0.23 and 0.41 for the tetrahedral and octahedral
pores, respectively.

The opal pores can be filled with a variety of sub-
stances. The simplest approach is to impregnate syn-
thetic opal with liquids that wet quartz: water, alco-
hols, acetone, and others. Filling the opal pores with
saturated solutions of salts or aromatic compounds in
such liquids, followed by evaporation of the solvent in
the opal pores, leads to the precipitation of the respec-
tive compounds: salts, aromatic substances, etc. [6].
Attempts to fill opal pores with metals or oxides pose
more serious problems [7]. Iron-group metal nano-
particles can be prepared by a variety of methods: ther-
molysis of metalorganic compounds [8—10], electro-
chemical [11] and chemical deposition [12, 13], and

in colloidal chemical systems with reverse micelles as
micro- and nanoreactors [14, 15] that can be used for
embedding in mesoporous silica. In particular, nickel
nanoparticles can be embedded in mesoporous silica
using inorganic and organic salts (nickel nitrates, sul-
fates, chlorides, bromides, amine chlorides, and
amine nitrates, as well as nickel acetate, acetylaceto-
nate, and citrate) [16]. Ni nanowires in channels of
anodized aluminum oxide can be produced by metal
electrocrystallization at a constant potential [17].
Cobalt-containing nanocomposites can be prepared
using cobalt carbonyl and various salts: Co,(CO)s,
Co(NOs;),, and Co(Ac),. Cobalt is introduced in the
form of cobalt-containing compounds or preprepared
metal nanoparticles during the synthesis of a mesopo-
rous matrix, by impregnating it with salt solutions, fol-
lowed by reduction in the liquid phase [18]. Magnetic
nanocomposites containing filamentary iron and iron
oxide nanoparticles in a mesoporous silica matrix are
commonly prepared by embedding iron pentacarbo-
nyl, acetylacetonate, or citrate into the hydrophobic
or hydrophilic part of SiO,/template composite
micelles, followed by crystallization in flowing hydro-
gen at temperatures from 250 to 700°C [19]. Fe—Co
and Fe—Ni solid solution nanoparticles can be pre-
pared by reducing solutions of their salts with hydra-
zine hydrate in an alkaline medium [12, 20, 21]. FeNi,
nanoparticles were prepared by a hydrothermal pro-
cess [22]. There are also reports on the preparation of
monodisperse spherical iron particles [23], Co
dendrites [20], magnetite tetrapods [24], multi-
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layer FeCo structures [25], and core/shell bimetal-
lic particles [26].

Liquid metals can be infiltrated into synthetic opal
pores at high pressures and temperatures by magne-
tron sputtering [27], ultrasonic processing [28], laser
ablation [29], chemical deposition [8, 30], and elec-
trolysis [31]. With these techniques, however, sub-
stances are only incorporated into a thin surface layer
of opal crystals.

Refractory metals and oxides can be incorporated
into opal pores by reducing appropriate salts in opal
with alcohols in a supercritical state [32—35]. As
shown in experimental studies [32—35], reactions of
supercritical alcohols with salts and oxides have a
reducing character, ensuring the formation of refrac-
tory metal or oxide nanoparticles in opal pores.

It is known that the key property of photonic crys-
tals is the presence of band gaps, which are responsible
for the anomalous reflection of electromagnetic radia-
tion from the surface of a three-dimensional photonic
crystal in the spectral region corresponding to the
position of a band gap. At typical sizes of spheres in
synthetic opal (200—400 nm), the band gaps of opal
crystals fall into the visible range.

Gorelik [5, 36] and Voinov et al. [37] developed an
effective technique for obtaining the spectrum of the
band gaps of photonic crystals with high spatial reso-
lution using fiber optics. It involves a local analysis of
broadband reflection spectra of the (111) surface of a
three-dimensional photonic crystal at normal inci-
dence of light on this surface and in backscattering
geometry. Such experiments, with the use of a halogen
or deuterium lamp as a broadband light source, allow
one to determine characteristics of the first and second
band gaps in the [111] crystallographic direction of the
photonic crystal.

The objectives of this study were to produce new
types of opal-matrix (OM) nanocomposites contain-
ing iron-group refractory metal (M = Ni, Co, Fe)
nanoparticles prepared by reducing appropriate salts
or oxides with supercritical alcohols [32—35] and to
obtain broadband reflection spectra of the (111) sur-
face of the photonic crystals using a fiber-optic tech-
nique developed previously [5, 36, 37] for measuring
reflection spectra, in order to find characteristics of
the band gaps of the nanocomposites.

EXPERIMENTAL

Fabrication of opal-matrix composites containing
iron group metal nanoparticles. The starting chemicals
used to prepare the solutions to be infiltrated into opal
were the crystalline hydrates Ni(NO;), - 6H,O (ana-
Iytical grade), Co(NO;), - 6H,O (analytical grade),
Fe(NOs); - 9H,0 (analytical grade), and FeCl, - 6H,O
(analytical grade). Opal/metal nanocomposites had
the form of opal matrices consisting of SiO, spheres,
with opal pores containing 3d transition metal nano-
particles (Fe, Co, Ni, and their binary and ternary
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combinations: alloys and solid solutions) synthesized
as described previously [32—35]. Opal crystals con-
taining nanoparticles of various metals were prepared
as described elsewhere [38]. Opal consisting of mono-
disperse silica spheres 270—280 nm in size was infil-
trated with concentrated (50%) water—alcohol solu-
tions of Co, Ni, and Fe(IIl) salts (nitrates and chlo-
rides) and with mixed solutions of iron group metal
salts in various proportions for the Co:Ni, Co:Fe, and
Ni:Fe binary systems and in the Co:Ni:Fe (1 :1:1)
ternary system. The samples thus prepared were dried
at room temperature (fz) and then heat-treated at
450°C to a preset schedule. Next, the samples were
exposed to supercritical isopropanol at temperatures
from 250 to 300°C and a pressure on the order of
10 MPa in 200-cm? steel autoclaves.

The phase composition of the unfilled opal and
nanocomposites was determined after each processing
step by X-ray diffraction on a Shimadzu XRD 6000
diffractometer (Ao,= 1.54184 A). The crystallite size
(D,,) of crystalline phases in the X-ray amorphous opal
was evaluated from X-ray diffraction data using the
Scherrer formula. Unit-cell parameters were deter-
mined by least squares extrapolation. The phases
present were identified using JCPDS—ICDD PDF
data (release 2003) [39].

The morphology and size of the nanoparticles in
the opal matrix were assessed by scanning electron
microscopy (SEM) on a Carl Zeiss Model NVision 40
and a JEOL JSM-7001F electron microscope
equipped with Oxford Instruments X-ray microanaly-
Sis systems.

Fiber-optic technique for local analysis of the spec-
trum of band gaps in the nanocomposites. In this study,
we used as-prepared opal consisting of monodisperse
spheres about 270 nm in diameter. The opal had the
form of 2- to 4-mm-thick plane-parallel plates =1 cm?
in area, with (111)-oriented faces. Figure 1 shows a
block diagram of the experimental setup used. Spectra
were analyzed in backscattering (180°) geometry.
Broadband radiation from a radiation source (/)
(halogen lamp) was delivered by an optical fiber (2)
secured in a probe (4) to the (111) surface of a sample
under study (5). A diaphragm (6) ensured localization
of the radiation under study on a small surface area of
the nanocomposites being investigated. Another opti-
cal fiber (3) was used to deliver the reflected light to an
FSDS8 minispectrometer, which was connected to a
computer (). From the minispectrometer, reflection
spectra in digital form were fed to the computer
through a USB cable. The optical and spectral charac-
teristics of the spectrometer ensured high sensitivity in
spectral measurements. The spectra were obtained at
exposure times from 100 ps to 32 s.

The fiber-optic setup built for measurements of
local reflection spectra enabled parameters of the band
gaps of opal crystals to be determined with a 0.2-mm
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Fig. 1. Block diagram of the experimental setup used to measure local reflection spectra of the (111) surface of opal: (/) light
source, (2, 3) optical fibers, (4) Y-shaped probe, (5) photonic crystal under study, (6) diaphragm, (7) minispectrometer, (&) com-

puter, (9) transparent transition layer.

spatial resolution on the surface of the nanocomposite
photonic crystals and a spectral resolution of =1 nm.

RESULTS AND DISCUSSION

Treatment of opal with supercritical isopropanol
after a single cycle of filling the opal pores with 50%
solutions of Co, Ni, and Fe salts (or solutions of two or
three components in certain ratios) and subsequent
thermal decomposition of the salts allowed us to
obtain nanocomposites with the following phase com-
positions: OM/Co (a-Co (89-4308), B-Co (89-
4307)), OM/Ni (Ni (87-0712)), OM/Fe(Cl) (Fe;0,
magnetite  (19-0629), y-Fe,O;  (39-1346)?),
OM/Fe(N) (Fe (6-0696), Fe (1-1252), Fe;0, magne-
tite (19-0629)), OM/Ni:Co (1 : 1) (NiCo solid solu-
tion); OM/Ni:Co (1 : 2) (NiCo solid solution, a.-Co
(89-4308) hex), OM/Ni:Fe(Cl) (1 : 1) (Fe;O, (19-
0629), Ni (87-0712)), OM/Ni:Fe(N) (1 : 1) (FeNi,
(65-3244), Fe;0,(19-0629)), OM/Co:Fe(N) (1: 1) (B-
Co (15-0816), Fe;0, (19-0629)), OM/Co:Fe(N) (1 :
2) (B-Co (15-0816), Fe (6-0696), Fe;0,4 (19-0629)),
OM/Ni:Co:Fe(Cl) (1:1:1) (FeNi; (65-3244) or a [3-
Co-based solid solution (15-0806), residual
Ni(Co)Fe,0, solid solution), and OM/Ni:Co:Fe(N)
(1:1:1) (CoFe (44-1433), FeNi, (38-0419), (Fe,Ni)
(47-1417)). (Fe(Cl): the solution was prepared using
ferric chloride; Fe(N): the solution was prepared using
ferric nitrate).

Figures 2 and 3 show TEM micrographs of the
OM/Co (Fig. 2a), OM/Ni (Fig. 2b), and OM/Fe;0,
(Figs. 2c, 2d) nanocomposites and SEM micrographs
of the unfilled opal (Fig. 3a) and OM/Ni nanocom-
posite (Fig. 3b). The electron micrographs of the OM
nanocomposites illustrate the morphology of the iron
group metal nanoparticles both on the surface of the
silica spheres and in the opal pores. The cobalt metal
nanoparticles are present not only as isometric crystals
ranging in size from 10 to 70 nm but also as highly dis-
persed filamentary structures resembling pyrophoric
cobalt. The reduction of the nickel compounds in opal
pores leads to the formation of crystalline Ni nanopar-
ticles (10 to 20 nm in size) with a face-centered cubic
cell (a=0.3523 nm, sp. gr. Fm3m).

The magnetic properties of the three-dimensional
OM composites containing Ni, Co, and Fe;O, nano-
particles were studied previously [40, 41]. Microstruc-
tural analysis of the opal samples demonstrates that all
of the magnetic particles reside in opal pores and on
the surface of the monodisperse spherical silica parti-
cles. The distance between the magnetic particles is
determined by the amount of the magnetic phase
embedded in the composite, the structural perfection
of the opal, and the diameter of the SiO, particles. All
of the composites studied here exhibit ferromagnetic
behavior with rather high coercivity. This means that,
at room temperature, the particles are in a blocked
state, as would be expected for particles tens to hun-
dreds nanometers in size. To evaluate the magnetic
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Fig. 2. TEM micrographs of the (a) OM/Co, (b) OM/Ni, and (c, d) OM/Fe;04 nanocomposites.

moment of the nanoparticles, the experimental mag-
netization versus external field, M(H), data for our
samples at magnetic fields above 320 kA/m were fit-
ted by the high-field limit of the Langevin function
of the form

M(H) = M(1 — kT/mp, H), (1)

where M, is the saturation magnetization, 7 is the
absolute temperature, m is the magnetic moment of
the particles, k is Boltzmann’s constant, and L, is the
permeability of vacuum. Figure 4 shows the M(H)
curves of the composites, normalized to the saturation
magnetization. In the range 10—300 K, the tempera-
ture dependences of magnetic susceptibility for the
OM:Fe, OM:Fe;0,, OM:Co(hex), OM:Co(cub),
OM:Ni + NiO(cub), and OM:Ni(cub) composites do
not have any anomalies.

The saturation magnetization (M,), coercive force
(H,), and effective magnetic moment of the particles
(m) are 6—-10 A m?/kg, 44 960 A/m, and 5075 pg in
the OM/Co nanocomposite and 3—4 A m?/kg,
19890 A/m, and 19 400 pg in the OM/Ni nanocom-
posite. The low specific magnetic moments are due to
the low concentrations of the metallic phase (several
percent) in our samples, prepared by reducing thermal
decomposition products with supercritical alcohols
after a single cycle of filling the opal pores with 10 to
20% salt solutions. The highest coercive force was
offered by the Co-containing samples, which corre-
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lates with the high magnetic anisotropy energy of
metallic cobalt. The high coercive force and low effec-
tive magnetic moment of the particles may be caused
by the considerable oxidation of the cobalt particles in
the sample studied.

The composite samples containing Ni metal parti-
cles showed the highest saturation rate. The effective
magnetic moment of the particles as determined using
relation (1) has the maximum value. This is in perfect
agreement with micrographs, which demonstrate that
the size of the nickel particles markedly exceeds that of
the nanoparticles in the other samples.

Figure 5a shows the reflection spectra of the as-
prepared opal, with a sphere diameter near 270 nm,
filled with air (spectrum /) or ethanol (spectrum 2).
Figures Sb—5f present the reflection spectra of the opal
samples filled with nickel and air (Fig. 5b); cobalt and
air (Fig. 5¢); iron and air (Fig. 5d); nickel, cobalt, and
air (Fig. 5e); and nickel, cobalt, iron, and air (Fig. 5f).

The presence of observed bands in the visible range
in the broadband reflection spectra of the (111) sur-
face of the OM composites is attributable to the for-
mation of so-called band gaps in the photonic crystals.
As a result, the spectrum of the dispersion curves of
electromagnetic waves propagating in the [111] direc-
tion has a “gap,” at which an electromagnetic wave
cannot penetrate the material and reflects from its sur-
face. For this crystallographic direction, we can use a
one-dimensional model for a bilayer photonic crystal
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Fig. 3. SEM micrographs of thin cleaved specimens of the
nanocomposites: (a) unfilled opal, (b) OM/Ni.

M, Am*/kg (a)

[42], in which the dispersion law w(k) in implicit form
is given by the relation

cos(ka;) cos(kya,) - %(% + %]
> M

(2)
x sin(ka, )sin(k,a,) = cos(ka).
Here, k= (®/c)n,, ky= (®/c)n,, n, and n, are the cor-
responding refractive indices of the two kinds of layers,
a, and a, are the thicknesses of the layers, and a = a, +
a, is the lattice parameter of the one-dimensional
photonic crystal. The broadband reflection spectrum
of the surface of the photonic crystals under consider-
ation can be calculated using the formula
2
k(@) ==
R(@) =|—¢ . 3)
k(w) + =]

c
Here, the function k(w) can be calculated using (2)
and the refractive indices n; and n, of the layers. In
accordance with the volume fraction of pores in the
three-dimensional photonic crystal under consider-
ation, we take @, = 0.74a and a, = 0.26a. The refractive
index of the SiO, spheres is taken to be n, = 1.36 [43].
It follows from relations (2) and (3) that the spec-
tral width of the band gap can be evaluated using
the formula

Ak _mAn (4)
Ao zneff‘

Here, An = |n1 —m,|; AN is the spectral width of the
band gap; A, is the center wavelength of the band gap,

Ao = 2an.; and nesz = n120.74 + n220.26. The incorpo-
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Fig. 4. Room-temperature M(H) curves of the magnetic photonic crystals: (a) Ni/OM, (b) mixture of cubic and hexagonal

Co/OM, (c) cubic Co/OM, (d) NiCo/OM.
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Fig. 5. Normalized broadband reflection spectra of the (111) surface of synthetic opal samples with a sphere diameter near 270 nm
(measurements with a halogen lamp): (/) as-prepared, air-filled sample; (2) samples filled with (a) ethanol, (b) nickel + air,
(c) cobalt + air, (d) iron + air, (e) nickel + cobalt + air, and (f) nickel + cobalt + iron + air.

ration of dielectric and metallic particles into opal
pores changes n, and, accordingly, the effective refrac-
tive index n.g, leading to a spectral shift of the experi-
mentally observed maximum in the spectral intensity
of the reflected light (Fig. 5). Note that the spectral
width of the observed bands depends on the refractive
index contrast An = |n, — n,|. As seen from the spectra
presented in Fig. 5, the index contrast is highest in the
iron-filled opal and lowest in the cobalt-filled opal.
The reflection spectra of some of our samples have a
complex shape (Figs. 5b, Se, 5f), suggesting nonuni-
form filling of the opal pores. According to experi-
mental data, the observed spectra of a particular sam-
ple varied significantly from point to point, which also
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suggests that the opal-based nanocomposites were
inhomogeneous.

Note also that, in contrast to the short-wavelength
shift of the reflection peaks of opal crystals filled with
gold and silver [7], in our OM/M (M = Fe, Co, Ni)
samples, as seen in Fig. 5, the band gap exhibits an
“anomalous” shift to longer wavelengths (like in opal
filled with dielectrics, which have dielectric permittiv-
ity with a positive real part). It is reasonable to assume
that the observed anomalous shift of the band gap in
the opal crystals filled with 3d transition metal parti-
cles is due to the resonance dielectric permittivity dis-
persion in the visible range in the ferromagnets con-
taining d electrons.
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CONCLUSIONS

The present results demonstrate that, by reducing
salts and oxides with supercritical isopropanol at tem-
peratures no higher than 270°C and pressures under
10 MPa, one-, two-, and three-component iron group
metal (Fe, Co, Ni) nanoparticles ranging in size from
10 to 60 nm can be produced in opal pores.

The composition of the starting salts (nitrates and
chlorides) is shown to influence the phase composi-
tion of the OM/M composites. In the binary system of
Ni and Co nitrates (1 : 1), exposure of opal to super-
critical isopropanol leads to the formation of particles
of a cubic solid solution with the composition NiCo.
In the Ni—Fe and Co—Fe systems, the infiltration of
opal with ferric chloride leads to the formation of
nanoparticles of solid solutions based on nickel metal,
a.-cobalt, or B-cobalt and oxides or an MFe,0, spinel
phase. After the supercritical isopropanol reduction of
the composites filled with Fe, Ni—Fe, and Co—Fe
nitrates, we identified for the first time, in addition to
spinel phases, iron metal and intermetallic nanoparti-
cles with a regular metal atom distribution: Ni;Fe,
NiFe, and CoFe. The supercritical isopropanol reduc-
tion of the composites produced by heat-treating a ter-
nary mixture of nickel nitrate, cobalt nitrate, and ferric
chloride leads to the formation of nanoparticles of a
NiCoFe solid solution with an fcc structure and an
oxide phase with the spinel structure in the opal pores.
In the case of the OM composite filled with a ternary
system of Ni—Co—Fe nitrates (1 : 1 : 1), we found
almost complete reduction of the spinel phases to the
intermetallic compounds Ni;Fe, NiFe, and CoFe.

Analysis of the reflection spectra of the (111) sur-
face of the magnetic nanocomposites produced in this
study demonstrates that the incorporation of iron
group metal nanoparticles into opal pores changes the
shape and spectral position of the reflection band of
the as-prepared (air-filled) opal. Analysis of the reflec-
tion spectra of different areas on the (111) surface of
the photonic crystals studied here indicated nonuni-
form filling of the opal pores. The procedure for incor-
porating metallic nanoparticles into opal pores can be
improved further by optimizing filling conditions and
analyzing the homogeneity of the material using the
proposed fiber-optic technique for local evaluation of
the spectral position of band gaps. The photonic crys-
tals produced in this study, containing magnetic
metallic nanoparticles, can be used for controlling the
reflection spectrum of magnetic photonic crystals by
an external magnetic field by virtue of the magneto-
optical effect.
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