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The lattice dynamics of preferentially aligned nanocrystals formed upon drying of aqueous
Ba(NOg3)2 solutions in a mesoporous silica glass traversed by tubular pores of approximately 12
nm are explored by Raman scattering. To interpret the experiments on the confined nanocrystals
polarized Raman spectra of bulk single crystals and X-ray diffraction experiments are also per-
formed. Since a cubic symmetry is inherent to Ba(NO3)2, a special Raman scattering geometry
was utilized to separate the phonon modes of A; and E, species. Combining group-theory analysis
and ab initio lattice dynamics calculations a full interpretation of all Raman lines of the bulk single
crystal is achieved. Apart from a small confinement-induced line broadening, the peak positions
and normalized peak intensities of the Raman spectra of the nanoconfined and macroscopic crystals
are identical. Interestingly, the Raman scattering experiment indicates the existence of compara-
tively large, ~10-20 pm, single-crystalline regions of Ba(NOg3)2 embedded in the porous host, near
three orders of magnitude larger than the average size of single nanopores. This is contrast to the
initial assumption of non-interconnected pores. It rather indicates an inter-pore propagation of the

crystallization front, presumably via microporosity in the pore walls.

I. INTRODUCTION

Crystallization in nanoconfined geometries plays an
important role in many natural and technological phe-
nomena ranging from biomineralization and frost heave
via protein crystallization and geological mineralization
to nanomaterial fabrication with artificial porous scaffold
structures [IH5]. The spatial restriction along with the
interaction with the surfaces and geometrical disorder of-
ten results in peculiar crystalline textures [5] [6], the ab-
sence of phases or completely novel phase behavior, when
compared to the unconfined, bulk systems [1I [7HI2]

Experimentally, it is quite challenging to scrutinize
crystallization processes in nanoporous media. X-ray and
neutron diffraction are arguably the most powerful tech-
niques to study confinement-induced formation of pre-
ferred oriented crystals in pore space and to scrutinize
confinement effects on the static structure [9] [10, [13].
Theoretically, it was shown, e.g., that energy band spec-
trum and consequently electrical transport, thermoelec-
tric and optical properties undergo substantial transfor-
mations at decreasing the sample dimensionality from 3D
to periodic 1D one [14HIS].
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Raman spectroscopy has been widely used for decades
to determine vibrational spectra of molecular systems
and bulk crystals. Over the last decade, this experimen-
tal technique has also been actively used for probing the
nanoscale structures such as thin films [19], nanofiberrs
and nanowires [20, 21], quantum dots [22], nanoparti-
cles [23]. In context of nanocomposite materials, Raman
scattering is a very efficient method for structural iden-
tification and characterization of nanocrystals confined
into nanochannels of host inorganic matrices. Recently
we studied silica nanopore-confined KHyPOy crystals by
Raman scattering [24] and could show that this technique
is particularly suitable to explore the static structure
(crystal symmetry) in confinement. It was found that
the bulk tetragonal symmetry of KHy;POy is mainly pre-
served within nanopores approximately 12 nm across at
room temperature. Although a certain redistribution of
Raman line intensities in nanoconfined KHyPOy4 crystals
was observed, the overall changes in the Raman spectrum
of nanoconfined KH>PO, are rather small compared to
the bulk crystal. Such conserved character of the lattice
dynamics should be attributed to a complexity of the
phonon spectrum of this tetragonal crystal and hence to
the various types of crystal bonding.

By contrast a crystal of higher symmetry, e.g. of cubic
symmetry, with simpler type of bonding for which a de-
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generation of phonon frequencies is inherent, confinement
effects could result in the eventual lift of degenerated
phonon mode frequencies. Therefore, we selected barium
nitrate Ba(NQOg3)s, hereafter denoted BNO, for this study.
It can be embedded in nanoporous media from saturated
water solutions. Note that a peculiarity of the BNO
Raman spectrum is a very strong line at ~1050 cm™*
with a very small line width of 1.2-2.5 cm™!. It turned
out that the usage of the stimulated Raman scattering
(SRS) effect and multipass optical resonator scheme may
significantly amplify the Raman Stokes (or anti-Stokes)
component at ~1050 cm™!'to a level sufficient for laser
source radiation (Raman shifter) [25H27]. Application of
the stimulated Raman scattering for A=1.318 pm pump
laser line enables near 50 % efficiency of Stokes energy
conversion into A=1.535 um line [26] and near 26 % en-
ergy conversion efficiency for the transformation of the
A=0.532 pm laser radiation to the A=0.56 pm first Stokes
component [28].

Here, we explore nanconfined BNO crystals. We mea-
sure polarized Raman spectra of both pSiO2:BNO com-
posites and X-ray diffraction oriented bulk single BNO
crystals. To classify and interpret the experimental Ra-
man data we perform a rigorous group-theory analysis
and ab initio lattice dynamics calculation of the cubic
BNO crystals.

II. EXPERIMENTAL DETAILS

The mesoporous matrices used for the nanocomposite
fabrication represent mesoporous membranes of pSiOs of
thickness L=0.3-0.33 mm with a laterally disordered ar-
ray of parallel tubular channels of about 12 nm mean di-
ameter, see scanning electron microscopy (SEM) images
in Fig.[I] They were synthesized by thermal oxidation of
electrochemically etched mesoporous silicon.

BNO nanocrystals were deposited into the nanochan-
nels from saturated water solutions prepared at ~318 K.
Subsequent evaporation of water from the pores resulted
in crystal formation in pore space.

100 nm

FIG. 1. Scanning electron top-view micrographs of meso-
porous pSiO2 membranes with a mean pore diameter of ~12
nm.

X-ray diffraction (XRD) patterns were recorded on the
diffractometer DRON-3 with a copper anode (K« -line,
X-ray wavelength A\ =1.5406 A).

Confocal Raman microscopy was performed at room
temperature in backscattering geometry using a Witec
300 alpha R setup with a spectral resolution of ~2 cm™!.
The samples were illuminated with 532 nm radiation
excited with a single-mode frequency doubled Nd:YAG
laser via a 100 pum single-mode glass fibre. We used a
Zeiss LD EC Epiplan-Neofluar x50/0.55 objective and
the laser power at the back of the objective was 12 mW.
An edge filter was utilized to separate the Raman sig-
nal from the excitation line. Confocality of the Ra-
man signal was achieved via a 50 pgm multi-mode fibre
glass between microscope and the Raman spectrometer,
where the fibre serves as a pin-hole. The Raman spec-
trometer was equipped with a holographic grating of 600
lines/mm. As detector a Newton Andor EMCCD cam-
era with 1600x200 pixels was used. Owing to the setup
limitations we were able to measure Raman spectra only
above 100 cm~!. In the experiments presented here, we
typically applied an integration time of ~0.1 sec per spec-
trum and pixel to improve the signal-to-noise ratio (S/N).
To map the surface of pSiO2:BNO composite we used
100x 100 pixel Raman scans covering an area of 100x100
pm. All the data sets were analyzed using Cluster Analy-
sis and Non-Negative Matrix Factorization to demix the
measured Raman spectrum in a linear combination of
Raman spectra of individual components at each point
in a spatial array, namely

Sr(v,y) = sz‘(%y)su

where Sr(x,y) is the measured Raman spectrum at the
point with spatial coordinates (x,y), S; is the Raman
spectrum of each component, and w;(x,y) is the weight-
ing factor of the i-th Raman spectrum at the point (x,y).

Polarized Raman spectra were measured from X-ray
diffraction oriented BNO single crystals. The BNO sam-
ples display a cubic habit with natural well defined iso-
metric (1 00) and (1 1 1) planes and small (2 1 0) planes.
The samples were several millimeters in size, see Figure[2]

A calculation of the phonon spectrum was performed
at the Brillouin zone centre within the density functional
perturbation theory (DFPT) using two approaches.
Firstly, we used the generalized gradient approxima-
tion (GGA) in Perdew-Burke-Ernzerhof parameteriza-
tion [29]. In the second attempt, we took into con-
sideration the long-range dispersion effects as suggested
by Grimme et al. (GGA+DFT-D3 method) [30]. All
calculations were carried out by the ab-initio package
ABINIT [31},[32]. The norm-conserving ONCVPSP pseu-
dopotentials were utilised with Ba(5s25p®6s?), N(2s22p?)
and O(2s?2p?) valence states. The convergence analysis
was performed concerning both the sampling of the Bril-
louin zone using the Monkhorst-Pack scheme [33] and
the kinetic energy cut-off for plane-wave calculations.
The experimental lattice parameters and atom coordi-



FIG. 2. BNO single crystals used for polarized Raman scat-
tering measurements.

nates resolved at room temperature [34] were relaxed
during structural optimization which was done within the
Broyden-Fletcher-Goldfarb-Shanno algorithm [35]. The
maximal forces acting on each atom were lower than
1.5x1078 eV/A for both GGA and GGA+DFT-D3 ap-
proaches. The 4x4x4 grid for Brillouin zone sampling was
used and the cut-off energy, E.,:, was set to 1632 eV with
a cut-off smearing of 13.6 eV.

ITI. RESULTS AND DISCUSSION
A. X-ray diffraction

In Figure [3| the 6/260 reflection XRD geometry is
presented along with XRD patterns recorded on both
sides of the nanocomposite membrane and a bulk ref-
erence pattern. The relative Bragg intensities indicate
a strong texture with a dominating (100)-orientation
((200)-reflection in XRD pattern) of BNO nanocrystals
along the long channel axis. A quantitative compari-
son of the XRD peak heights recorded for both sides
of pSiO2:BNO and the reference powder XRD pattern
(see Figure [3(b)), respectively, indicates that a fraction
of about 87% of BNO nanoncrystals is preferentially in
(100)-orientation along the long channel axis. For com-
parison, the nanocrystals of two other crystallographic
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FIG. 3. (a) X-ray diffraction patterns (6/26-scan) recorded
from opposite sides of pSiO2:BNO membranes (b) reference
bulk X-ray diffraction powder pattern of BNO.

orientations present in the XRD patterns, i.e. (111) and
(311), enter into the texture with a fraction of about 8%
and 5%, respectively.

By extracting the full widths at half maximum
(FWHM) of XRD peak (200) (Figure [3) and applying
the Scherrer equation [36] one obtains the size of embed-
ded BNO crystallites of about 30 nm along nanochannels,
i.e. perpendicular to the silica membrane faces. This
value, on the other hand, contrasts with their micromet-
ric lateral size, which is about the lengths of the dendrites
spreading between the different channels observed, par-
ticularly, by means of polarized and Raman microscopy.

Note that the XRD patterns of the distinct membrane
sides differ somewhat, which indicates that the BNO tex-
ture is inhomogeneous along the nanochannels. This
could be related to a conical shape of the nanochannels
that is known to occur during the electrochemical etching
process of the mesoporous silicon matrix [37].

B. Lattice dynamics of BNO: symmetry
considerations

BNO crystallizes in the cubic Pa3 (No. 205) space
group. There are four structural units (Z=4) in the unit
cell (see Fig. E[) The main structural characteristic fea-
ture of this crystal is planar covalently bonded NOg tri-
angles linked with Ba ions via ionic electrostatic forces.
108 normal vibrational modes are classified according to
the irreducible representations of the Pa3 group in Bril-
louin zone center as follows,



I'(108)=4A,(R)+4E,(R)+12T,(R)+5A,+5E,+15T, (IR)

R and IR imply the Raman or IR activity of the corre-
sponding irreducible representations (irreps). The modes
of both A, and E, symmetry should not be visible in
Raman and IR spectra. Note that the pairs Eg, E, and
Tg4, T, are two- and three-dimensional irreps, therefore
all modes transformed according to these irreps are two-
and three-fold degenerated ones.

Iy % e ®
4R L4T4
¢ ¢\ Ta €
ek U ‘\;" ‘
v ¢
s

7

FIG. 4. Crystal structure of BNO at room temperature [34]
(space group Pa3 , No. 205).

Four Ba atoms create 12 translational modes. Eight
covalently bonded planar NO3 molecular groups are in-
volved in 96 normal modes, namely: 24 translations, 24
librations (rotations) and 48 internal N-O vibrations. Us-
ing the atomic coordinates, corresponding Wickoff posi-
tions [34] and group-theory methods [38, B9] one may
find the contribution of every kind of atoms to the total
normal vibrations classified according to the following ir-
reps

Ba(4a): A,+E,+3T,

N(8c): Ag+E4+3T;+A,+E,+3T,

0(24d): 3A,+3E,+9T;+3A,+3E,+9T,,.

All internal vibrations of the free NOgs covalently
bonded groups are very well known. According to
Nakamoto’s textbook [39], they are as follows, v1= 1068
em™! (R), o= 832 cm™! (IR), v3= 1385-1405 cm~* (R,
IR), v4= 692-724 cm~! (R, IR). Applying the group-
theory methods one may construct the correlation di-
agram for internal modes of the NOj3 group (v, ve, vs,
v4) which manifests the relation between the factor group
of the BNO crystal and the free NO3 ion symmetry (see
Figure . Using this figure, one may easily predict the
number and type of internal modes transformed accord-
ing to each irrep.

Summarizing the available group-theory information
we come to the final symmetry classification of phonon
modes of BNO crystals (see Table . The frequencies
of all phonon modes may be approximately distributed
over four ranges. The lowest frequency range, less than
200 ecm ™!, corresponds to external vibrations (acoustic,
translations and librations). The region of 700 to 800
cm~! comprises internal vy, v4 vibrations of NO3 groups,
whereas the two high frequency ranges near 1050 and

Ba(NO3)2 NO; NO;
factor group site free ion
symmetry Th symmetry C3 symmetry D3p
Vi, V2 (R) Ag A’l(R), Vi
vi, v4 (R) Eg A <
Vi, V2, 2V3, 2V4 (R) Tg A”z(IR), A%}
Vi, V2 (ia) Au E E’(R, IR), V3, V4

v3,vs4 (ia) Ey

Vi, V2, 2V3, 2\/4 (IR) Tu

FIG. 5. Correlation diagram for internal modes of the NO3
group (v1, va, v3, va) in a BNO crystal. The abbreviation
ia implies that the modes of A, and E, species are inactive
both in Raman and IR spectra.

1380 cm ™! correspond to v; and vs internal NO3 modes,
respectively. In Table [[] we also indicate the total num-
ber of Raman active modes that may be expected for
observation in polarized Raman spectra in each peculiar
range.

C. Raman scattering of a BNO single crystal

How can we use the Table [[] for interpreting the Ra-
man spectra of an oriented single crystal recorded in
back-ward scattering geometry? According to the sym-
metry of the Raman polarizability tensor (see Table [I)
all geometries of Raman scattering experiments with a
parallel orientation of both incident and scattered beam,
namely Y (XX)-Y, Z(XX)-Z, X(YY)-X, Z(YY)-Z, X(ZZ)-
X, Y(ZZ)-Y correspond simultaneously to A, and E,; ir-
reps. All experimental geometries with perpendicular po-
larization of incident and scattered beam, namely Y (XZ)-
Y, Z(XY)-Z, X(YZ)-X correspond to T irrep. Note that
in a cubic crystal the X, Y, Z notation of crystallographic
axes is provisional since all these axes are identical. In
other words, the use of a standard polarized Raman scat-
tering technique cannot discern the phonons of A, and E,
species in the cubic crystal of Pa3 symmetry. However,
the application of some experimental trick suggested by
Lockwood [40] with a rotation of the incident beam po-
larization by 45° around Z axis to X’ direction (angle
between X and X’ axes is 45°, X’||[110]) and observation
of scattered light polarized along Y’ axis orthogonal to
X’ one (Y’||[1-10]) allows the transformation of the Ra-
man polarizability tensor from the form written in X, Y,
7 coordinate system

_\/gb

Ag:| o | E,=| , V3b |,



TABLE I. Normal mode classification of BNO, sp. gr. Pa3. The components of Raman polarizability tensor are indicated near

Raman active irreps.

Trreps <200 cm ™! 700-800 cm~T ~1060 cm~ ' >1360 cm ™!
4A 4, (XZ+Y2+72) 2 (1 transl.+1 libr.) V2 V1
4E4(27%-X2-Y?, X2-Y2) 2 (1 transl.+1 libr.) V4 v3
12T ¢ (XY, YZ, XZ) 6 (3 transl.+3 libr.) V2, 2v4 V1 2v3
5A. 3 (2 transl.+1 libr.) Vo vy
5E. 3 (2 transl.+1 libr.) V4 V3
15T, 9 (1 acoust. +5 transl.+ Vo, 2v4 V1 2us3
3 libr.)
>~ Raman 10 5 2 3
active modes
Ag+Eqg 4 2 1 1
T, 6 3 1 2
in SRS lasers as the radiation source. According to Table
[ this internal stretching vy vibration of the NO3 group
d d should manifest itself as Raman activity in both A, and
Ty : p dl, p 1 d T, spectra and, in fact, it is clearly observable in both

to another form set in X’, Y’, Z coordinate system:

a b V3b

Ay a JEy = b , | V36 ,
a —2b
_d_ d_
V2 V2 d
Ty : % , —% , —d
d d d __d
V2 V2 V2 V2

Therefore the usage of any parallel back-ward Raman
scattering geometry, e.g. Z(XX)-Z or Z(YY)-Z, and di-
agonal Z(X’Y’)-Z geometry with the subsequent subtrac-
tion of two experimental Raman spectra allows a separa-
tion of A, and E4 constituents.

Figure @(a) presents Raman spectra of a BNO crys-
tal recorded at room temperature in Z(YY)-Z geometry.
This spectrum contains the phonon modes of both A,
and E, symmetries. The E4 spectrum obtained in the ro-
tated Z(X'Y’)-Z geometry is depicted in Figure [6b). In
the same figure we present the low- and high-frequency
constituents revealed after the line shape fitting using
the Lorentzian profile. The result of subsequent subtrac-
tion of Z(YY)-Z and Z(X’Y’)-Z spectra yields the totally
symmetric Ay spectrum (see Figure[6[c)). The modes of
T, symmetry become visible in Z(XY)-Z geometry (Fig-
ure @(d)) The eye-catching feature of these spectra is
their comparative poorness. This especially concerns to
Ay and T, spectra, Figures @(c, d), in which, instead of
four and twelve theoretically allowed modes, we experi-
mentally detected one and six lines, respectively. Note
that a few low intensity modes visible below 200 cm~! in
A, spectrum (Figure [6]c)) may be the result of a leak-
age effect which becomes apparent after subtraction of
Z(YY)-Z and Z(X’Y’)-Z spectra. The single narrow high-
intensity A, mode at 1052 cm ™! is exactly the line used

spectra. However, the line intensity of the corresponding
Ty v line is almost five times smaller compared with its
A, counterpart (see Figure @(C, d)). All four theoretically
predicted modes of E, symmetry are clearly discernible in
our Z(X'Y")-Z spectrum (Figure[6b)). Note that accord-
ing to Table [l the highest frequency NOj internal modes
v3 should be observable in E, and T spectra above 1360
cm~!. Our experimental observation nicely corroborates
this general symmetry demand. As seen in Figures @(b,d)
one and two low-intensity modes are detected near 1400
cm~lin E4 and T, geometries, respectively. The medium
intensity mode detected near ~1053 cm™! in Z(X'Y’)-Z
spectrum (Figure[6|b)), most probably, is not the intrin-
sic E; mode but should be treated as the leakage of the
very strong mode of A, symmetry. To prove this ob-
servation and to achieve a rigorous understanding of all
vibrational modes we have undertaken a first-principles
analysis of BNO lattice dynamics.

D. Lattice dynamics: Ab initio calculation

The comparison between phonon frequencies calcu-
lated in the Brillouin zone center within two approaches,
GGA and GGA+DFT-D3, and experimental ones de-
tected by us in polarized Raman scattering on the bulk
BNO single crystal are presented in Table[[T} In this table
the experimental frequency of A, symmetry corresponds
to that obtained after subtraction of two Raman spectra,
Z(YY)-Z and Z(X’Y’)-Z. IR active phonon modes trans-
formed according to T, irrep are compared with previ-
ously published IR data [41]. For all T,, symmetry modes
we indicate the frequencies of both transverse TO and
longitudinal LO types of polar optical vibrations. As seen
in this table, the long-range dispersion corrections used
in GGA+DFT-D3 method [30] change little the phonon
frequencies calculated in the Brillouin zone center reveal-
ing practically the same total deviation between calcu-
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FIG. 6. Polarized Raman spectra of a BNO single crystal. (a) The Z(YY)-Z (A4+Eg, black curve) and Z(X’Y’)-Z (Eg, red
curve) Raman spectra; (b) the E; spectrum recorded in rotated Z(X’Y’)-Z geometry. Insets show some parts of this spectrum
with line shape fitted assuming a Lorentzian profile of constituent Raman lines (blue curves); (c¢) the Ay spectrum obtained
as the result of simple subtraction between Z(YY)-Z and Z(X'Y’)-Z spectra depicted in Figure [6(a); (d) the Z(XY)-Z (Ty)
spectrum, inset shows low intensity high frequency part with two Lorentzian constituents.

lated and experimentally detected frequencies, i.e., 3.3
% for GGA+DFT-D3 against 3.2 % for GGA method.
Based on the analysis of calculated eigenvectors we per-
formed the mode assignment at the I' point. It turned
out that the classification of calculated modes perfectly
agrees with general symmetry requirements presented in
Table [l This concerns both the number of external and
internal modes redistributed over irreps and the precise
type of internal vibrations, vy, vo, 3, vy4, transformed
according to peculiar irrep. There is practically no mix-
ing of different type modes, in contrast to the case of
recently investigated nanocrystals of KHoPO4 [24] and
other representatives of KHyPOy type crystals [42H45).
All phonon modes with frequencies lower than 170 cm ™!
are external lattice vibrations. The bending v, and v, vi-
brations of NOg planar groups are located near 712 and
790 cm ™!, respectively, whereas the stretching v; and v
modes have frequencies near 1037 and 1328-1377 cm ™!,

respectively. As follows from the calculated phonon fre-
quencies (Table no phonon mode of E, symmetry
is expected between 711 and 1329 cm~!. This means
the medium intensity line visible near ~1053 cm™! in
Z(X’Y’)-Z spectrum (Figure [6[b)) should be treated as
the leakage of the very strong totally symmetric mode of
A, symmetry, as was supposed in previous section based

on the general symmetry consideration.

It is worth noting that the internal NO3 mode frequen-
cies observed in our Raman experiment appeared to be
somewhat smaller than the corresponding frequencies of
V1, Vo, v3, V4 modes indicated in Nakamoto’s textbook
[39]. A similar phenomenon was observed for internal
modes of planar BOjs groups in the Raman spectrum
of BigTeBOg crystal [46]. The calculated frequencies
of most of the internal NO3 modes are also underesti-
mated regarding the experimentally detected ones. This
conclusion becomes obvious after careful examination of



TABLE II. Comparison between the phonon frequencies calculated at the I' point (sp. gr. Pa3) and the experimental Raman
frequencies detected in the bulk BNO single crystal. RS corresponds to Raman scattering. D3 refers to GGA+DFT-D3 method.

All frequencies are indicated in cm™?.

11, V2, vs, va refer the NOg internal modes. All modes of frequencies below ~184 cm™

1

are external lattice vibrations. TO and LO correspond to transverse and longitudinal optic modes, respectively.

4A4 5A, 4E4 5E,, 12T, 15T, (TO-LO)
calcul. RS  calcul. calcul. RS  calcul. calcul. RS calcul. IR
GGA D3 D3 GGA D3 D3 GGA D3 GGA D3 Ref.[41]
48.9 41.8 80.9 111.6 119.4 132 48.2 85.3 82.3 acoust. acoust.
169.9 183.5 116.0 145.6 146.3 146 115.3 94.9 96.6 50.9-51.0 52.2-52.3
v 792.3 791.8 165.0 vg 711.4 712.6 736 138.4 129.7 131.9 81.3-85.3 78.5-80.9 82-90
v1 1037.2 1037.6 1052 v 789.2 v3 1328.7 1329.8 1361 vy 710.7 140.3 143.4 137 93.3-94.6 94.0-95.5 92-94
v1 1036.9 v3 1365.5 150.8 157.4 147 106.4-106.5 113.0-113.1 98-101
165.2 175.9 126.4-129.7 134.3-138.4
vq 712.5 713.9 134.7-140.3 140.2-143.4
vy 714.9 716.4 737 155.2-163.2 165.7-168.1  150-174
v 791.3 790.9 166.5-169.9 169.8-175.9  180-192
v 1036.3 1036.4 1051 w4 709.9-710.1  711.1-711.2
v3 1356.5 1358.4 1392 w4 710.9-711.4  712.0-712.6 731-734
v3 1374.9 1376.1 1407 wvo 790.1-790.8  789.5-790.2  818-822

v1 1036.4-1036.4 1036.6-1036.6
vz 1319.0-1328.7 1320.1-1329.8 1349-1358
v3 1375.5-1394.9 1377.8-1397.4 1426-1432

Table [[Il Another peculiar feature of our calculation is
the rather small values of the calculated LO-TO split-
ting of the T,, mode frequencies as compared with those
detected in IR reflection spectra [41]. Both calculation
methods, GGA and GGA+DFT-D3, give much smaller
values of LO-TO splitting. This especially concerns the
lattice modes near 106(113), 711 and 790 cm ™! for which
the calculated LO-TO splitting is of one order of mag-
nitude smaller than their experimental counterparts (see
Table. Since the physical phenomenon of LO-TO split-
ting is directly related to macroscopic long range electric
fields created by charged ions displaced in long-wave LO
phonons, one may generally conclude that the current
ab initio treatment within both GGA and GGA+DFT-
D3 methods underestimates the long range dipole-dipole
interactions.

E. Polarization microscopy and Raman scattering
of nanoconfined BNO

Surprisingly, the formation of nanocrystals is quite in-
homogeneous on macroscopic scales, as evidenced in po-
larization microscopy, see images in Figure The crys-
tallization in the nanochannels results in micron-scale
segregated regions consisting of clustered nanocrystals
with identical orientation. These local formations appear
deep in the pSiOs matrix. They range in size from a few
tens to about one hundred of microns and are charac-
terized by dendritic-like structure. These crystal growth
patterns hint towards propagation of the crystallization
front between the tubular nanopores via microporosity
in the silica pore walls. This finding is reminiscent of the
propagation of cavitation events and of diffusion mea-
surements [47] in mesoporous silicon that indicate a size-
able porosity of the pore walls. The oxidized version em-

1000 pm

FIG. 7. Polarization microscopy images of pSiO2:BNO at
different magnifications.

ployed here as confining matrix obviously is therefore also
rather properly described as an anisotropic 3-D porous
medium than as a set of independent tubular nanopores.

We have carried out a careful Raman scattering map-
ping of pSiO5:BNO sample at different points of its sur-
face with polarized light. Typical patterns of recorded
Raman scattering map obtained at parallel (00) and per-
pendicular (090) polarizations of incident and reflected
beams in backscattering geometry are presented in Fig.[8
There is an impressive similarity between Figures[7]and[8
Raman scattering mapping well reproduces the dendrite-
like structure of the newly synthesized compound em-
bedded into pSiOs host matrix. A second prominent fea-
ture of our observation is the large homogeneous regions
of this dendrite-type structure with the uniform Raman
spectra which are depicted in Figure|8] This figure shows
the weighting factors for the two demixed spectra of BNO
(one in blue and the other in red) and the one corre-
sponding to the SiOy matrix (gray). The magenta pixels



FIG. 8. Raman scattering mapping of the surface of pSiO2:BNO in polarized light for parallel (left) and perpendicular (right)

polarizations of incident and reflected beams.

are present when the weighting factor of the two BNO
components, red and blue, are similar.

Figure [0] presents a comparison between some typical
patterns of polarized Raman spectra recorded from com-
paratively large red and blue regions of nanocomposite
shown in Figure |8 and the polarized spectra taken from
the single BNO crystal. All spectra are normalized to
the most intensive line which is the same for BNO and
pSiO2:BNO samples in the spectra depicted in Figure [J]
(a, b and c), respectively. As seen in this figure, there
is a very close resemblance between the polarized Ra-
man spectra taken from both the BNO single crystal and
the pSiO2:BNO composite. This similarity is especially
prominent for the following pairs of spectra, XY and 090
red, XY’ and 090 blue, YY and 00 red, respectively.
Based on these Raman data one may conclude that the
compound synthesized within the pSiOs pores is, with
very high probability, a nanoscale BNO single crystal.

To analyze Raman spectra quantitatively we fitted the
line shape of all spectra by using the Lorentz function
for constituent spectral lines. A comparison of fitted
parameters obtained for a BNO single crystal and for
the pSiO2:BNO composite is presented in Table[[II] Note
that the Raman data listed in "BNO YY” column cor-
respond to spectra measured in single crystal using the
Z(YY)-Z experimental geometry, i.e. they contain the
information about normal modes of both A, and E,
species.

There is a very close correlation not only between peak
positions of the single crystal and nanocomposite Raman
spectra but between their peak intensities and FWHMs
as well. Thereby one may infer that the regions indi-
cated by red and blue color in Figure [§] mainly contain
the single crystal parts of BNO crystal of ~10-20 pm di-
mensions. This is a rather unexpected statement keeping
in mind the non-homogeneous nature of ~10-12 nm sized
pores inherent for porous host pSiO, matrix and conse-
quently the ~10-12 nm dimensionality of BNO nanoscale
crystals inserted in pSiOs.

It is quite instructive to look closer at the FWHMs of
Raman lines since they may be influenced by the spatial

TABLE III. Parameters of Lorentzian fit of polarized Raman
spectra recorded of BNO single crystal and of the red and
blue regions of pSiO2:BNO composite. Peak intensity was
normalized to the strongest line in each spectrum. FWHM
implies the full width at half maximum.

Peak position (cm™1)

BNO composite BNO composite BNO composite
XY 090red XY’ 090 blue YY 00 red
137 138 132 132 132 131
147 148 146 146 145 145
737 737 736 735 736 735
1051 1051 1051 1052 1052 1051
1392 1391 1361 1360
1407 1409

Normalized peak intensity
BNO composite BNO composite BNO composite

XY 090red XY’ 090 blue YY 00 red

0.90 0.81 0.54 0.54 0.29 0.29

0.41 0.14 1 1 0.55 0.60

0.35 0.30 0.12 0.11 0.06 0.08
1 1 0.12 0.14 1 1

0.03 0.03 0.01 0.01

0.05 0.04

FWHM (cm™1)
BNO composite BNO composite BNO composite
XY 090red XY’ 090 blue YY 00 red
14.4 17.1 13.5 15.0 12.7 16.3
12.4 11.1 11.7 12.3 12.7 12.9
7.5 7.0 7.1 7.39 7.4 7.7
6.4 6.2 6.4 6.77 6.7 6.6
10.0 9.5 13.0 9.80
16.3 15.0

confinement. An increase of the Raman line’s FWHM
with decrease of nanoscale grain size is a known phe-
nomenon in Raman spectroscopy of nanomaterials [48-
[50]. A confinement effect should have smaller impact
on the high-frequency internal NOgs vibrations owing to
their strong covalent bonding. It is only slightly depen-
dent on the crystal morphology, i.e., it is barely sensitive
to the surrounding crystalline medium. The investigation
of Raman spectra of ZnO nanoparticles of 4.6-12 nm size
corroborates this assumption [50]. ZnO is a crystal of
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FIG. 9. Comparison of polarized Raman spectra taken from a single BNO crystal and from the pSiO2:BNO composite. Black
straight lines correspond to spectra recorded from a single BNO crystal, red/blue dashed lines present spectra reflected from
the red/blue regions of SiO2:BNO composite depicted in Figure All spectra are normalized to the highest intensity mode in

each scattering geometry, namely to 1053 cm™* in (a) and (c), to 146 cm™* in (b).

wurtzite structure with a strong short-range zinc-oxygen
covalent bonding. According to the paper [50], the Ra-
man active high-frequency mode near ~440 cm ™' shows
practically no nanograin size dependence within the 4.6-
12 nm. The low-frequency mode of ZnO near ~100 cm ™!
demonstrates a slight increase of Raman line’s FWHM
only for the smallest nanoparticles of 4.6 nm. However,
the most significant size dependence manifest the local-
ized acoustic phonon modes placed below 40 cm ™~ owing
to the large frequency dispersion of acoustic modes [50].

Two types of crystal bonding, ionic and covalent, are
inherent for BNO crystal. Strong covalent type of bond-
ing is characteristic for the high-frequency internal vibra-
tions of NOg groups, whereas the ionic crystal bonding
is mainly typical for the low-frequency interactions be-
tween Ba?T and (NO3)~ ions. The comparatively weaker
long-range ionic interactions should be more susceptible
to distinctive changes of the internal crystal field result-
ing from the final crystal size and the interaction with
the confining porous matrix. These considerations are
corroborated by the data presented in Table [T} In the
previous section we have shown by ab initio calculation
that the external lattice modes should not exceed 184
cm™ !, see Table The FWHMs of low-frequency lattice
modes of the pSiO2:BNO composite located below ~150
cm™! are larger, with one exception, than the FWHMSs
values of the macroscopic crystal, see the first and sec-
ond rows in Table[II] For higher phonon frequencies this
tendency is not observable. One may deduce that in
the pSiO2:BNO composite the spatial confinement effect
has small, but quite distinctive impact on the FWHMSs
of lattice vibrations. However, almost no influence on
the frequencies and peak intensities of phonon modes of
nanoscale BNO crystals are detectable.

IV. CONCLUSIONS

We have performed an exhaustive lattice dynamics
study of BNO crystals embedded in a mesoporous pSiO2
matrix. In order to accomplish the symmetry classifica-
tion of phonon modes, the separation of A, and E, type
vibrations has been carried out by the use of a special Ra-
man scattering geometry. The rigorous group symmetry
analysis of lattice dynamics and ab initio calculation of
phonon frequencies and eigenvectors allowed us to inter-
pret in detail the BNO Raman spectrum. Nevertheless,
the ab initio calculations performed within both GGA
and GGA + DFT-D3 methods give much less LO-TO
splitting of T, polar modes than found in the experi-
mental data [41].

Based on the Raman scattering of the composite
pSiO2:BNO material one can conclude that BNO crystals
of cubic symmetry form in pore space. The observation
of dendritic single-crystal structures extending well be-
yond the size of the single nanopores indicates a propa-
gation of the crystallization front through microporosity
in the pore walls towards neighbouring pores. Despite
the ~10-12 nm pores of pSiOs matrix, the much larger
single crystalline regions of ~10-20 pum spacing of nearly
uniform single BNO crystal appear within the pSiOs host
compound. We have detected almost no impact of spatial
confinement both on the position and the intensity of the
Raman lines of the pSiO2:BNO composite as compared
to the bulk BNO single crystal. However, there is a small
but recordable increase of FWHMs of low-frequency lat-
tice vibrations located below ~150 cm™'. We explain
this selective low-frequency impact on the FWHMs by
a larger sensitivity of the ionic interatomic interactions
to nanoconfinement in comparison to the strong cova-
lent interactions dominating the high-frequency Raman
response.

Overall, our study shows the power of combining
Raman scattering, X-ray diffraction experiments with
group-theory analysis and lattice dynamics calculation to



study solution crystallization in monolithic nanoporous
media. For the future we envisage analogous experiments
on NaCl solutions and other mineral forming systems in
confinement.
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