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We demonstrate a hybrid nanocomposite combining mesoporous silica, pSiO2, as a host medium and 
guest lithium niobate LiNbO3 nanocrystals embedded into tubular silica nanochannels by calcination 
of the precursor mixed solution of lithium and niobium salts. High-resolution transmission electron 

LiNbO3 nanocrystals 
within the pSiO2 nanochannels, indicating their random texture morphology. Annealing at high 

◦C) during calcination also leads to partial crystallization of the pSiO2 matrix with 
the formation of trigonal α-SiO2 pSiO2:LiNbO3 
nanocomposite reveals three structural crystalline phases, α− SiO2, LiNbO3 and a mixed phase which 
involves the α-SiO2 phase of host membrane and LiNbO3 nanocrystals embedded into the membrane. 

LiNbO3

harmonic generation emission exhibits no Maker fringes and is characterized by a broad angular 

polarization direction of the incident pump light, thus indicating a spatial isotropy of the nonlinear 
optical conversion in the pSiO2:LiNbO3 composite, consistent with the randomly oriented textural 
morphology of the deposited LiNbO3 nanocrystals. The contribution of the guest LiNbO3 nanocrystals 

crystallized host pSiO2 matrix. The nanocomposite pSiO2:LiNbO3
◦ nonlinear 

generation emission from pSiO2:LiNbO3 nanocomposite membranes expands the prospects for their 
photonic and nonlinear optical applications.

�e design of hybrid nanocomposites represents a powerful synthetic approach that allows tuning and tailoring 
the optical and electronic properties of resultant composite materials in a desired manner, thus enabling their 
targeted applicability for advanced optoelectronic, nonlinear optical (NLO) and photonic applications1–13. 
Nanoporous silica, (pSiO2, herea�er PS), represents a good hosting material for hybrid composite technologies. 
Obtained by the oxidation of mesoporous silicon (pSi)14, mesoporous silica PS15 retains its tubular morphology 
resulting from the electrochemical etching procedure. Due to this feature, amorphous PS membranes exhibit 
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dielectric and optical anisotropy that can be tuned by combining them with suitable liquid, so�, or solid guest 
materials, such as e.g. liquid crystals6,10,11,16,17, amorphous organic compounds7 and a wide range of inorganic18,19 
or organic8,20 crystalline materials. In such a hybrid nanocomposite technology, a scaffold amorphous structure 
of PS matrix provides mechanical robustness, while the deposited guest material with specific physical and 
chemical properties ensures relevant functionality of the resulting composite material. A prominent example 
is the recently demonstrated silica-benzil nanocomposites8,20, in which a second-order optical nonlinearity 
originates from non-centrosymmetric organic nanocrystals embedded in cylindrical nanochannels of an optically 
inactive PS matrix. Spatial confinement and interfacial interactions were found to be crucial here significantly 
influencing both the textural morphology of organic guest crystals and the associated NLO performance along 
with its anisotropy, explored particularly in second harmonic generation (SHG) experiments. It turned out 
that the embedded benzil nanoclusters are not uniformly crystalline but are characterized by a more complex 
morphology consisting of a disordered SHG-inactive amorphous shell and a SHG-active crystalline core8. �e 
SHG response vanishes when spatial cylindrical confinement approaches the sizes of a few molecular layers.

Inorganic nanocrystals as a guest composite component can be considered as a robust alternative approach 
in the technology of advanced optical and photonic materials. Indeed, many inorganic crystalline materials 
are characterized by large NLO constants. Additionally, their main advantages are a wide window of optical 
transparency and a high optical damage threshold compared to their organic counterparts, as demonstrated 
by a number of inorganic crystalline materials. Lithium niobate (LiNbO3 or LNO) is a prominent example, 
the most versatile and widely used crystalline optical material. A large number of acousto-electronic and 
optoelectronics applications are based on this material which exhibits unique piezoelectric21–24, birefringent25–27, 
photorefractive28,29, electrooptic30–32, photoelastic33 and NLO34–38 properties combined with excellent mechanical 
and chemical stability and wide optical transparency in the UV-Vis-IR spectral region (320≤ λ ≤3400 nm39,40). 
Large electro-optic constants of LNO crystals make them applicable in electro-optical devices, such as e.g. 
Pockels cells for light modulation43,44 and laser Q-switches41,42. �in-film LNO emerges as a promising platform 
for photonic integrated circuits, particularly as high-speed electro-optic modulators45. Pure and especially 
metal-doped LNO crystals, due to their high photorefractivity, serve as efficient and high-capacity holographic 
storage materials46. Considerable second-order optical nonlinearity, on the other hand, allows to successfully 
use this crystalline material for laser frequency upconversion, i.e., the SHG or sum-frequency generation47, as 
well as spontaneous parametric down-conversion48 to produce frequency-tunable coherent emission. Relevant 
functionalities may be added to an amorphous PS-matrix which itself is macroscopically centrosymmetric, and 
the corresponding effects are symmetry forbidden.

In the present work we demonstrate silica-lithium niobate, pSiO2:LiNbO3 (herea�er PS:LNO) nanocomposites. 
A significant challenge in the fabrication of such hybrid materials is the deposition of LNO nanocrystals in a 
tubular PS network. LNO is characterized by a high melting point (Tm=1253oC49), which makes the capillary 
melt imbibition technique, usually used in the synthesis of organic-inorganic nanocomposites, inapplicable. 
Grigas and Kaskel50 have offered a breakthrough synthesis approach starting from a precursor mixture solution 
of lithium and niobium salts with its subsequent calcination in nanochannels of mesoporous silica powder 
SBA-15. However, SBA-15:LNO nanocomposites obtained in such a way are characterized by micro-powder 
morphology which evidently limits their optical application. �erefore, the synthesis of monolithic samples of 
centimeter size remains a priority. For this reason, the synthesis methodology developed in50 has been applied 
by using mesoporous PS membranes, synthesized by oxidation of electrochemically etched silicon, as host 
composite media. �e PS nanochannels play the role of tubular nanoreactors that stabilize the nanoparticles 
against sintering while the heat treatment promotes crystallization.

X-ray diffraction (XRD) is used here to evidence LNO nanocrystals inside nanochannels and characterize 
their textural morphology, whereas high-resolution transmission electron microscopy (HRTEM) provides 
direct imaging of the atomic structure of LNO nanocrystals embedded into PS-matrix. Raman microscopy, on 
the other hand, in combination with the group-theory analysis represents powerful tools in the exploration of 
lattice dynamics of LNO nanocrystals whereas comparison of PS:LNO Raman spectra with bulk LNO allows 
to conclude about the influence of spatial nanoconfinement on it. �e SHG experiments aim to explore the 
second order NLO properties of PS:LNO composites. Due to the specific features of PS:LNO membranes, namely 
their large diffuse light scattering, the NLO properties are investigated using both transmission and reflection 
geometry.

Synthesis of PS:LNO nanocomposites
.

�e PS:LNO composites were prepared in several consequent steps (see Figure 1). In the first step, the porous 
silicon pSi-membranes were obtained by electrochemical anodic etching (∼8 hours) of highly p-doped 〈100〉
-oriented silicon wafers (resistivity of 0.01 Ω·cm)) using an electrolyte mixture of HF:C2H5OH (2:3) and a DC 
current density of 12 mA/cm251. �e formed mesoporous layer was released from the underlying Si-wafer by a 
sudden increase in the etching current by about one order of magnitude at the end of the etching process. In the 
second step, the free-standing pSi membranes were thermally oxidized for 12 hours at T=800oC under standard 
atmosphere. �e synthesized flow-through (double-sided open) mesoporous silica membranes had a porosity 
of 46±2% and a thickness of about 250±5 µm. �e average channel diameter of the synthesized PS membranes 
equals 12.0±1.0 nm as verified from volumetric N2-sorption isotherm recorded at T = 77 K.

PS-membranes, annealed thermally at 180oC, were cooled down to the temperature of about 60oC and using 
a spontaneous capillary imbibition were filled with the precursor solution prepared in accordance with50, i.e., 
nearly saturated equimolar aqueous solution of LiNO3 (99.999%, Alfa Aesar) and NH4NbO(C2O4)2·xH2O 
(99.99%, Sigma Aldrich). �e filled PS-membranes were dried for ∼15 min and then twice refilled with precursor 
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solution to reach a larger amount of precursor salt components deposited in the nanochannels. �e calcination 
of the precursor content and its subsequent crystallization to LNO was carried out in air by placing impregnated 
PS-membranes in a furnace operated in the regime of heating ramp (∼3 - 5 oC/min) up to the temperature of 
950oC and then cooling down to room temperature. �e empty silica membranes were optically transparent, as 
shown in the photograph in Figure 1,(d). �erefore, the LNO nanocrystals randomly distributed in the silica 
nanochannels seem to be the only morphological factor determining the opacity of the PS:LNO composite, as 
shown in Fig. 1e. �e volume fraction of LNO nanocrystals inside the nanochannels, approximately estimated 
from the initial chemical reagents, is in the range of 8±2%.

Textural morphology of PS:LNO
transmission electron microscopy
.

XRD techniques (DRON-3, Cu-Kα radiation) was utilized for the characterization of the calcined crystal 
phases. Figure  2 shows conventional θ/2θ reflection XRD geometry (insert) along with the XRD patterns 
recorded from both sides of the nanocomposite PS:LNO. �e reference patterns of bulk trigonal LNO and 
α− SiO2 crystals are presented for comparison. �e XRD patterns were recorded at room temperature in the 
10◦ to 70◦ angular range with a step of 0.01◦ and scan rate of 3◦/min. As compared to JCPDS (card No. 020-
0631), the Bragg reflections that appeared at 23.75◦, 32.75◦, 34.87◦, 48.58◦, 53.29◦, 61.16◦ and 62.50◦, see indexed 
XRD peaks marked with arrows (green color online), correspond to the trigonal LNO phase. �e remaining 
peaks at 20.89◦, 36.56◦, 50.16◦ and 59.96◦, see indexed XRD peaks marked with arrows (gray color online), 
indicate the presence of the trigonal crystal α− SiO2 phase (JCPDS card No. 33-1161), apparently due to partial 
crystallization of the amorphous silica matrix as a side effect of composite calcination at high temperatures. 
�e ratios between the intensities of Bragg peaks are similar to that given in the relevant reference powder 
XRD patterns. Accordingly, one may conclude that both LNO and α− SiO2 nanocrystallites are oriented in 
PS:LNO composite almost randomly, i.e., one deals with a very weak texture, if any. By extracting the full widths 
at half maximum (FWHM) of XRD peaks and applying the Scherrer equation53, one obtains the size of the 
embedded LNO crystallites of about 22-23 nm along nanochannels, i.e., perpendicular to the silica membrane 
faces, whereas relevant evaluations for α− SiO2 phase give only a bit larger crystallite size, about 24-25 nm.

�e HRTEM techniques provides a direct imaging of the nanocrystalline particle embedded into the PS 
matrix. �e ultrathin lamella with the surface of 5×15 µm2 and thickness of around 70 nm has been prepared 
using a helium focused ion beam. �e initial sample was covered with a 50 nm thick gold layer to prevent the 
electron scattering while depositing a protective 3µm-carbon layer on the surface. Such a carbon layer protected 
the lamella from destruction by ions during its fabrication. An ion beam (30kV, 6.5nA) was then used to carve 

Fig. 1. Synthesis of PS:LNO nanocomposites. Mesoporous silica (pSiO2, PS) membranes (a), obtained by 
oxidation of electrochemically etched mesoporous silicon (SEM image, Sec.(a)), constitute the host matrix in 
the composite synthesis, whereas nearly saturated equimolar aqueous solution of LiNO3 and NH4NbO(C2O4

)2·xH2O represents precursor solution. �e PS nanochannels were filled by spontaneous capillary imbibition 
with the precursor solution (Sec.(b)). Calcination of precursor content in the regime of slow heating to 
a temperature of 950oC leads to the formation of randomly oriented LNO nanocrystals inside the silica 
nanochannels (Sec.(c)). Sec.(d) and (e) show several composite samples before and a�er their calcination, 
respectively. �e white, opaque color of calcined PS:LNO nanocomposite samples results from the large 
diffusive light scattering by the deposited LNO nanocrystals, which is typical of dispersively filled mesoporous 
PS substrates.
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the lamella from the bulk sample. In the final stage, the carved lamella was attached to the lamella-holder, 
and fine etching with very low beam energy (5 kV, 47 pA) was used to polish the lamella, i.e., to reach its 
appropriate thickness suitable for further HRTEM study. From the HRTEM images taken from different places 
of the lamella, it can be concluded that the diameter of the pores ranges from ∼5 to ∼35 nm. �e HRTEM 
image of the nanocrystalline particle embedded in smallest void of the silica matrix is shown in Fig. 3,(a). It 
manifests a round morphology, ∼5 nm in diameter, with a regular crystal structure characterized by the lattice 
spacing of d =2.708 Å which is close to d014̄ =2.735 Å lattice spacing determined for the trigonal crystal system 
(dhkl = [(4(h2 + hk + l2)/(3a2) + l2/c2]−1/2) with the lattice parameters for LNOa =5.14739 Å and c =13.85614 
Å taken from Ref.52. �e HRTEM technique allows, in particular, to distinguish the observed LNO nanocrystals 
from α− SiO2 crystallites, because the latter ones are characterized by much different lattice spacing values. �e 
fast Fourier transform (FFT) of the image presented in Fig. 3,(a), provides the representation of the observed 
periodical crystal structure in the reciprocal space, see Fig. 3,(b). �e FFT spots correspond to the atomic planes 
of LNO lattice identified by unique Miller indices (0 1 4̄), (0 1̄ 4̄) and (1 2̄ 0), as labeled here.

Fig. 3. Sec.(a): HRTEM of PS:LNO hybrid nanocomposite structure: An LNO nanocrystal embedded into the 
PS-matrix. �e lattice spacing of d =2.708 Å corresponds to atomic planes identified by unique Miller indices 
(0 1 4̄). Sec.(b): �e FFT of the image presented in Sec.(a): �e FFT spots correspond to atomic planes of LNO 
lattice identified by the unique Miller indices (0 1 4̄), (0 1̄ 4̄) and (1 2̄ 0), see labels.

 

Fig. 2. Background subtracted XRD patterns (θ/2θ-scans) recorded from the opposite sides of nanocomposite 
PS:LNO membranes (blue and red online colors). �e reference XRD powder patterns of LNO (JCPDS card 
No. 020-0631), green online color) and α− SiO2 (JCPDS card No. 33-1161, gray online color) are shown for 
comparison. �e insert describes the XRD geometry used in the characterization of textural morphology in 
nanocomposite PS:LNO membranes.
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Micro-Raman analysis was performed at room temperature in back-scattering geometry using two Raman 
spectrometers, a Witec 300 alpha R setup with a spectral resolution of ∼1.0 cm−1 and Renishaw inVia Reflex 
spectrometer with a spectral resolution of ∼1.6 cm−1. �e 532 nm laser was used as a source of illumination. 
A Zeiss LD EC Epiplan-Neofluar 50×/0.55 objective (Witec) and Leica N PLAN EPI 50×/0.75 objective 
(Renishaw) were utilized at measurements. �e lateral resolution of these objectives is ∼0.6 (Witec) and ∼
0.45 µm (Renishaw), respectively. �e laser power chosen at the back of the objective was ≤∼5 mW. �e edge 
filters with a cutoff of 90 (Witec) and 100 cm−1 (Renishaw) were utilized to separate the Raman signal from the 
excitation line. We used a Newton Andor EMCCD camera with 1600×200 pixels as a detector (for Witec set-up) 
and a Renishaw Centrus CCD detector with 1024×256 pixels (for Renishaw set-up).

Raman scattering mapping was performed on the PS:LNO sample surface with an area of 50×50 µm2 by using 
the 100×100 pixel scan. Two typical patterns of Raman scattering map are depicted in Figure  4,(a). As seen in 
this figure, there are three distinct uniform regions on the sample surface marked with different colors (online), 
blue, red and green, ranging in size from a few microns to several tens of microns. �ese regions reveal three 
different Raman scattering spectra presented in Figure  4,(b). It turns out that the Raman spectrum of “green 
region” of PS:LNO appears to be very similar to the Raman spectrum of LNO single crystal powder measured 
by us (see Figure  5,(a)), whereas the Raman spectrum of PS:LNO “blue region” resembles the corresponding 
spectrum of room temperature α structural phase of SiO2 single crystal (see Figure   5,(b)). Below we shall 
analyze in detail the Raman spectrum of LNO.

�e correlation between the Raman spectrum of “blue region” of nanocomposite and those of α− SiO2 
crystal deserves some attention. At room temperature, SiO2 crystal adopts the α phase with P3121 (No. 152) space 
group. According to the symmetry analysis56, the room temperature first-order Raman spectrum of α− SiO2 

Fig. 4. (a) Raman scattering mapping of two typical areas of PS:LNO nanocomposite. �e regions of the same 
colors (online), green, red and blue, reveal the same Raman spectra depicted in the section (b) of this figure by 
green, red and blue colors, respectively.
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should contain not more than 12 Raman active modes (4A1+8E), eight of which are two-fold degenerate owing 
to the two-dimensionality of E irreducible representation.

As seen in Figure  5,(b), the spectra taken from “blue region” of PS:LNO nanocomposite and α− SiO2 single 
crystal reveal seven same frequencies of phonon modes, i.e. at 126, 205, 394, 464, 696, 806 and 1160 cm−1. �ere 
is some frequency disagreement between the 341 cm−1 mode of “blue region” of PS:LNO and their counterpart 
at 353 cm−1 of α− SiO2 spectrum. However, the main difference between both spectra depicted in Figure  5,(b) 
is a broad band centered near 735 cm−1 detected in the “blue spectrum” of PS:LNO nanocomposite which 
is absent in the spectrum of α− SiO2 single crystal. Despite these two peculiar spectral features observed in 
the “blue spectrum” of PS:LNO and absent in α− SiO2 Raman spectrum, one may conclude that the “blue 
spectrum” of PS:LNO nanocomposite (Figure  5,(b)) mainly corresponds to the spectrum of α− SiO2 single 
crystal. Note that our XRD data described in the previous section also revealed the presence of α− SiO2 single 
crystal phase in PS:LNO nanocomposite (see Figure 2).

Nevertheless, the main intrigue of the proper interpretation of the PS:LNO Raman spectrum is the elucidation 
of the “red part” of its spectrum (see (Figure  4,(b))). A careful inspection of the “red spectrum” reveals that, to a 
great extent, it combines the main features of both Raman spectra taken from α− SiO2 (“blue region”) and LNO 
(“green region”) crystals. �e 127, 207, 340, 467, 810 and 1165 cm−1 modes are inherent to the “blue” α− SiO2 
Raman spectrum, whereas the lines near 156, 175, 243, 277, 373, 441 and 605 cm−1 are consistent with the 
corresponding vibrational modes of the “green” LNO Raman spectrum (see Figure  4,(b)). �is combination of 
spectroscopic features of different compounds, α− SiO2 and LNO, in Raman spectrum is not surprising since 
the optical lateral resolution of ∼0.6 µm in Raman mapping is more than one order of magnitude larger than 
the average pore diameter, ∼12.0±1.0 nm. �erefore, Raman scattering spectrum involves the information from 
both crystalline compounds, α− SiO2 and LNO. However, the “red spectrum” also contains the vibrational 
modes which have no direct counterparts either in LNO or in α− SiO2 Raman spectra. �is concerns the broad 
band centered near 735 cm−1 as well as the two other lines near 660 and 694 cm−1. Probably, these lines may be 
considered as a spectral response of the ballen silica microstructures and/or some new crystal phases that may 
arise during the structural phase transformation and recrystallization of amorphous silica during LNO crystal 
synthesis at 950 oC57,58.

�e performed Raman mapping gave us the information about the phase distribution on the PS:LNO sample 
surface. To shed some light on the phase morphology inside the composite sample, it is quite instructive to 
perform a similar Raman mapping of the freshly broken edge of PS:LNO membrane. �e 50×50 µm2 area (100×
100 pixel scan) of the membrane broken edge, Figure  6,(a), was chosen for Raman mapping (Figure  6,(b)). 
�e main characteristic feature of this picture is the sequence of straight strips several µm thick, directed along 
the membrane pores. Different colors, red and blue, correspond to the different Raman spectra, depicted in 
Figure  6,(c).

�e “red strips” prevail in Figure  6,(b). �e magenta regions are present when the weighting factor of two 
components, “red” and “blue”, are similar. A few “green areas” in Figure  6,(b) correspond to pure LNO micro-
crystal regions. As seen in Figure  6,(c), the Raman spectra from the “red” and “blue strips” are rather similar, 
but not the same. �ey are also similar to the “red region” of spectra recorded from the surface of our sample 
(see Figure  4,(c)) which corresponds to the mixed α− SiO2+LNO phase. �e main difference between the “red” 
and “blue” spectra in Figure  6,(c) is the various intensities of the similar lines in spectra. It is quite instructive to 
inspect the relation between the strongest line at 466 cm−1 which originates from the α− SiO2 phase and two 
strong lines at 240 and 604 cm−1 inherent to the LNO spectrum. Relations I(466)

I(240)  and I(466)
I(604)  are 1.2 and 5.7 for the 

“red spectrum” and 1.9 and 3.4 for the “blue spectrum” in Figure  6,(c), respectively.

Fig. 5. (a) Comparison between Raman spectrum taken from the “green region” (online) of PS:LNO 
nanocomposite (see Figure  4) and Raman spectrum of LNO single crystal powder. (b) Comparison between 
Raman spectrum taken from the “blue region” of PS:LNO nanocomposite (see Figure  4) and Raman spectrum 
of α− SiO2 single crystal.
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Summarizing the results of Raman mapping both from the surface and from the broken edge, it can be stated 
that the PS:LNO nanocomposite is mainly formed from the two crystalline α− SiO2 and LNO phases. On the 
PS:LNO membrane surface, we observed the Raman response of the pure LNO and α− SiO2 regions with sizes 
up to several tens of microns (Figure  4,(b)). Since we detected only a few ∼2 µm regions of pure LNO inside 
the host PS matrix (Figure  6,(b)), one can propose that such large areas of homogeneous LNO and α− SiO2 
appeared on the surface due to the residues of the salt mixture crystallized during the high-temperature synthesis 
of LNO at 950 ◦C. Moreover, the growth of pure LNO and α− SiO2 regions depends on the synthesis conditions, 
which are different on the surface and inside the host porous matrix, where the spatial confinement is relevant.

Fig. 7. Raman spectrum of the “green region” of PS:LNO nanocomposite approximated by the sum of 13 
Lorentzian constituents.

 

Fig. 6. (a) Optical microscope image (x50) of the freshly brocken edge of PS:LNO membrane. Red square 
indicates the area subjected to Raman scattering mapping presented in section (b). A�er stitching, square lines 
appear in the bright field image due to uneven illumination distribution, without effect on the Raman mapping. 
�e regions of the same colors (online), red and blue, correspond to the same Raman spectra depicted in the 
section (c) of this figure by red and blue colors, respectively. �e green dots in section (b) correspond to LNO 
regions with “green” Raman spectra depicted in Figure 4,(c)
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Let us inspect more carefully the Raman spectrum of the “green region” of PS:LNO nanocomposite (see 
Figure  4,(b)). At room temperature, LNO crystal adopts a rhombohedral symmetry with R3c (#161) space 
group (Z=6)52. Since the primitive cell contains two structural units, the 30 normal modes are classified in the 
Brillouin zone centre according to irreducible representations of the R3c group as follows,

Γ=5A1(R,IR)+5A2(inact.)+10E(R,IR),
where R and IR imply Raman and infrared activity, respectively. Normal modes of A2 symmetry are neither 

Raman nor IR active. �e E irreducible representation is two-dimensional, which implies that the modes of 
E symmetry are twice degenerate. Since three modes A1+E are acoustic modes, one may expect 13 different 
optic phonon modes in the Raman spectrum, i.e., 4 A1+ 9 E. �e experimental LNO Raman spectrum (“green” 
spectrum in Figure 4,(b)) may be fitted by the sum of 13 Lorentzian constituents. However, the 13 Raman modes 
observed by us do not necessarily correspond to 13 modes, symmetry allowed for LNO crystal, as it follows 
from the group-theoretical analysis of lattice dynamics. To perform a more rigorous assignment of Raman 
modes observed in PS:LNO, we compare our experimental data with those presented in Ref. 54, whose symmetry 
assignment was done based on ab initio calculations (see Table 1). As follows from this table, some modes 
detected in our PS:LNO spectrum correspond to

longitudinal modes, i.e., 175 (LO1, E symmetry), 304 (LO3, E) and 874 cm−1 (LO9, E). �e transverse TO1 
and longitudinal LO1 parts of the same optical mode O1 of E type are visible in our spectrum since we recorded 
the LNO spectrum from the powder material.

�e appearance of E symmetry LO9 mode near 874 cm−1 in Raman spectrum deserves a special attention. 
First of all, the transverse counterpart of this O9 mode is placed near 661 cm−1 (Ref.54), signifying more than 
200 cm−1 TO-LO splitting. �is huge splitting implies an existence of a strong macroscopic electric field in the 
dielectric LNO crystal. Secondly, closer inspection of the lattice dynamical nature of LO9 (E) mode based on the 
eigenvector information about this mode may shed some light on the broad low-frequency shoulder neighboring 
to this LO9 (E) mode of PS:LNO Raman spectrum (see Figure  7). According to the paper54, the TO9 (E) mode is 
a pure internal mode of the oxygen subsystem. Moreover, this TO9 (E) mode is very sensitive to the short-range 
crystal environment, which significantly changes its Raman intensity in LiTaO3 comparing to LNO. One may 
suppose that the observation of the broad shoulder within the 820-860 cm−1 in PS:LNO spectrum may be the 
consequence of spatial nanoconfinement effect which can distort the crystal field of LNO nanocrystals confined 
inside the silica nanochannels.

Second harmonic generation (SHG)
Because of a large diffusive light scattering by PS:LNO nanocomposite samples, the NLO optical properties 
have been studied by exploring the SHG response using both transmittance and reflectance geometries. �e 
experimental setups are sketched in Figures 8(a) and  9(a), respectively. �e SHG setup in the transmission 
geometry is similar to that used in our recent studies7,8. A picosecond Nd:YAG laser (λ = 1064 nm, Ep = 
100 µJ , τ  = 30 ps), repetition rate 10 Hz has been used as a fundamental pumping source. �e samples were 
placed on a rotating optical stage to make measurements at different (azimuthal) incident angles α, whereas a 
rotating half-wave plate (λ/2) was used to set the polarization direction of the pumping light, with the aim of 
examining the anisotropy of SHG conversion efficiency in PS:LNO nanocomposite samples. In both SHG setups, 
a long-focus lens L1 is used to adjust an appropriate (non-destructive) power density of the light incident on 
the nanocomposite sample, while a high-aperture short-focus lens L2 ensures efficient collection (solid angle 
of 1. 5 sr) of the diffusely transmitted or diffusely reflected SHG light, which is then filtered by an interference 
filter F (λ = 532 nm) and detected by a photomultiplier (PM) with a boxcar averager (integration time 0.1 s). 
Azimuthal scans were performed in one-degree steps by averaging over 20 light pulses for each angular position 
of the sample.

Our data Paper54 Mode assignment54

152 151 TO1, E

175 192 LO1, E

238 237 TO2, E

258 252 TO1, A1

276 275 TO2, A1

304 297 LO3, E

320 320 TO4, E

333 333 TO3, A1

368 367 TO5, TO6, E

432 432 TO7, E

584 580 TO8, E

622 633 TO4, A1

874 877 LO9, E

Table 1. Comparison between the phonon frequencies (in cm−1) obtained from the fit of PS:LNO Raman 
spectrum (Figure  7) and the experimental Raman frequencies of LNO single crystal detected in Ref. 54.
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To qualitatively characterize the SHG conversion efficiency, the measured SHG response of the PS:LNO 
composite membrane is compared to the SHG response of the reference sample, which in the case of the 
transmission geometry is a 1 mm thick crystal quartz (α-SiO2) plate set in ooo coupling geometry (χ(2)

111 component). 
�e setup presented in Figure 8,(a) actually corresponds to the Maker fringe scheme used in previous studies, 
see e.g.7,8. However, the azimuthal dependences of the SHG response (see polar plots in Figure 8(b)) do not 
show fringes, but reveal a broad angular pattern typical of diffusely scattered SHG emission, apparently caused 
by light dephasing and decoherence due to diffuse multiple scattering. Moreover, the angular dependences of 
the SHG response measured for different directions of pumping light polarization [0◦ (s-polarization), 30◦, 60◦

, 90◦ (p-polarization), 120◦ and 150◦] overlap within experimental accuracy and appear to be consistent with 
a practically circular shape of the light polarization dependences of the SHG response (Figure 8,(c)) recorded 
for different incident angles (α=0◦, 10◦, 20◦ and 30◦) of the pumping light beam. �e slight ellipticity, extended 
along the p-polarization direction, noticeable at larger incident angles (e.g. α=40◦), should be attributed to a 

Fig. 8. Second harmonic generation (SHG) from PS:LNO nanocomposite membranes in the straight diffuse 
transmission geometry. Sec.(a): Sketch of the SHG setup: Nd:YAG, laser (λ= 1064 nm, Ep = 100 µJ, τ= 30 
ps); λ/2, half-wave plate; GP, Glan polarizer; L1 and L2, lenses; Smp, measured sample; F, interference filter 
(532 nm); PD, photodiode; BS, beam splitter; PM, photomultiplier. �e rotating half-wave plate serves to set a 
light polarization direction. Sec.(b): Azimuthal dependences (polar plots) of the SHG response measured from 
the PS:LNO membrane for different directions of pumping light polarization: 0◦ (s-polarization), 30◦, 60◦, 90◦ 
(p-polarization), 120◦ and 150◦, see labels. Sec.(c): Light polarization dependences of SHG response from the 
PS:LNO membrane for five fixed incident angles α [0◦, 10◦, 20◦, 30◦ and 40◦], see labels.
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rising difference in the reflection from the sample surface between s and p components of the polarized pumping 
light when approaching the Brewster angle, i.e., in accordance with the Fresnel equations. Direct experimental 
examination indeed proves this statement: the angular polarization diagram does not change while rotating the 
tilted nanocomposite sample around the axis normal to it. Taken together, the SHG effect appears to exhibit 
spatial isotropy with respect to both the directions of light propagation and its polarization.

�is appears to be consistent with the specific textural morphology of PS:LNO nanocomposites, characterized 
by orientational disorder of the deposited LNO nanocrystals, as suggested by XRD studies. In the nanocomposite 

Fig. 9. Second harmonic generation (SHG) from PS:LNO nanocomposite membranes in the 90◦ diffuse 
reflectance/transmittance geometry. Sec.(a): Sketch of the SHG setup: Components (Nd:YAG, λ/2, GP, L1, L2

, Sp, F, PD, PM) are described in Fig. 8,(a). Sec.(b) and Sec.(d) present azimuthal dependences (polar plots) of 
SHG response measured in the 90◦-geometry from PS:LNO membrane and compressed microcrystalline layer 
of α-SiO2, respectively, for p and s directions of pumping light polarization, see labeled. Insets in Secs.(c) and 
(e) sketch the diffuse transmittance (DT) and diffuse reflectance (DR) SHG emissions, see also labeled as 2 and 
1 in Secs.(b) and (d), respectively. Unusually large, but azimuthally narrow DT SHG emission from PS:LNO, 
sketched in Sec.(c), is apparently assisted by lateral reflection from tubular channel network of PS-matrix. DR 
SHG emission intensity from micropowder α-SiO2-layer, measured at α=45◦, is taken as the reference value 
for characterization of the SHG conversion efficiency.
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PS:LNO media, the SHG light may be generated by the guest LNO nanocrystals as well as the partially crystallized 
silica matrix. Similarly to other opaque NLO composite materials, as e.g. silica-benzil nanocomposites8, the SHG 
intensity is proportional to the transmission factor kt accounting for reduction of the converted light due to its 
diffuse multiple scattering. Direct measurements on several nanocomposite samples gives the kt-value of 0.01÷
0.12. Accordingly, the expected performance of hypothetically transparent (i.e., uniformly filled) composite 
PS:LNO membranes in the normal transmission geometry is larger by a factor of k−1

t  than the measured one 
( 0.11·I2ω(χ

(2)
111(αSiO2), see Figure  8,(b)), which gives the hypothetical ratio I2ω(PS:LNO)/I2ω(χ

(2)
111(α-SiO2)) 

approximately equal to 9÷11.
A more precise characterization of the NLO conversion efficiency can be provided by relying on SHG 

measurements in the reflection geometry (Figure 9), using a ∼150µm thick layer of compressed microcrystalline 
α-SiO2 powder as a reference. �e photomultiplier (PM) is set in a stationary 90◦-geometry with respect to the 
incident laser beam (Figure 9,(a)). �e sample is rotated over 360◦ in one-degree angular step starting from its 
normal position (α=0◦). Here, it should be emphasized that the sample positions in angular quadrants 0◦-90◦ 
(180◦-270◦) and 90◦-180◦ (270◦-360◦) are associated with two different regimes of the emitted SHG light, i.e., 
the regimes of diffuse reflectance (DR) and diffuse transmittance (DT), respectively, as sketched in inserts in 
Figures 9(c) and 9(e), respectively. Figures 9(b) and 9(d) show the polar plots of the SHG response vs the incident 
angle α for the nanocomposite PS:LNO and the reference powder α-SiO2 samples, respectively, recorded for p and 
s polarizations of the incident light. �e DR SHG-response (α=45◦) of α-SiO2 powder serves here as a reference 
value for quantitative characterization of the NLO optical conversion efficiency. �e DR SHG response of the 
PS:LNO nanocomposite, characterized by ratio I2ω(PS:LNO)/I2ω(pwd-α-SiO2, α = 45

◦), reaches its maximum 
value of 9.4 at α=50◦, which is consistent with the SHG performance evaluated above for hypothetically 
transparent composite PS:LNO membranes based on SHG measurements in the normal transmitting geometry. 
�e strong drop in SHG response at approaching incident angles α = ±90◦ must be due to (i) an increase of 
reflectivity of the fundamental beam from the membrane surface and (ii) a decrease of the fundamental laser 
intensity in the sample due to the increase in the effective scattering path length. However, as one approaches 
normal incidence angles (α=0◦,180◦), the increasing scattering path length for the converted radiation directly 
causes a strong decrease in the output SHG response. Furthermore, since I2ω(PS:LNO) ≫ I2ω(pwd-α-SiO2), 
one can conclude that the contribution of guest LNO nanocrystals to the second-order macroscopic optical 
nonlinearity is highly dominant compared to the partially crystallized host PS matrix. However, one should 
admit that the conversion efficiency of the DR SHG response from the opposite membrane face (α=130◦) is 
much smaller, I2ω(PS:LNO)/I2ω(pwd-α-SiO2, α = 45

◦)=6. Apparently, this is caused by the conical shape of 
the nanochannels55 and, accordingly, by the inhomogeneous morphology of the LNO nanocrystals embedded 
into tubular PS-matrix. �e conicity of the pores results from the unidirectional pSi etching process. It turns out 
that the fundamental laser beam incident on the membrane side of conical channels with smaller inlet diameter 
causes a considerably stronger DR SHG response (marked as 1 in Figure 9,(e)) compared to the opposite side of 
the membrane, whereas for DT SHG (marked as 2 in Figure 9,(e)) it is vice versa. A more detailed description of 
such angular behaviour requires consideration of multiply scattering effects occurring in the case of nonuniform 
spatial distribution of nanocrystals along the conical nanochannels. �e development of an appropriate 
theoretical model is beyond the scope of this study and may be considered elsewhere.

Nanocomposite membranes PS:LNO show a NLO behavior unusual for conventional diffuse scattering 
(opaque) media. Because of multiple scattering and hence limited penetration depth of both fundamental and 
SHG converted light, the intensity of DT SHG light in such media is usually considerably smaller than that 
of DR SHG light. A prominent example is the compressed micropowder α-SiO2 layer, see labeled 2 and 1 in 
Figure 9,(e), respectively. PS:LNO, in contrast, reveals the intensity of DT SHG light even slightly higher than 
DR SHG light, wherein its directional diagram is twice as narrow compared to the DR SHG light, see labeled by 
2 and 1 in Figure 9,(c) for comparison. Such an amazing behavior, probably associated with the internal array 
of tubular nanochannels, will need a more detailed theoretical consideration. However, this is beyond the scope 
of the actual study and will be considered elsewhere. Despite the fundamental interest, such back-reflected SHG 
emission deserves special analysis in the context of its potential applications.

Conclusions
In conclusion, we demonstrate a hybrid nanocomposite combining PS as mesoporous host media and guest 
LNO nanocrystals embedded into tubular nanochannels. �e synthesis methodology is based on a precursor 
mixture solution of lithium and niobium salts with its subsequent calcination in nanochannels of mesoporous 
silica. In such a hybrid composition, the PS matrix provides a mechanically stiff scaffold, whereas the NLO 
optical functionality results from the specific properties of the embedded LNO nanocrystals. HRTEM and 
XRD techniques evidence trigonal LNO nanocrystals inside the PS nanochannels indicating their completely 
random texture morphology. Annealing at high temperatures ( 950◦C) during calcination also leads to partial 
crystallization of the PS-matrix with the formation of trigonal α-SiO2 nanocrystals.

�e Raman spectra of PS:LNO nanocomposite reveal the three structural crystalline phases of different sizes. 
Two of them, LNO and α-SiO2 phases are of µm-scale.�ese phases are clearly observable on the sample surface. 
However, the main part of PS:LNO volume consists of the combined phase which involves the α-SiO2 crystalline 
phase of host membrane and LNO nanocrystals embedded into the membrane. �is third phase also contains 
some amount of unknown phase or some new silica phases probably appearing during the high temperature 
recrystallization of amorphous silica during the synthesis of LNO nanocrystals. Despite a very close resemblance 
between the Raman spectra of LNO microsized regions of nanocomposite and that of the bulk LNO crystal, 
the Raman spectrum of PS:LNO composite exhibits specific features that are not characteristic of its bulk LNO 
counterpart. In particular, the broad low-frequency shoulder in the region of 820-860 cm−1, adjacent to the 
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Raman LO9(E) band, apparently indicates a spatial nanoconfinement effect resulting from the finite size of the 
LNO nanocrystals, which perturbs the macroscopic crystal field and, consequently, the LO-TO splitting.

In terms of overall optical characterization, the PS:LNO membranes are opaque and highly light-scattering 
materials, apparently due to the randomly distributed LNO nanocrystals acting as light scattering centers. Due 
to this, the SHG response has been studied using both transmittance and reflectance geometries. �e SHG 
reveals no Maker fringes in the transmittance geometry, apparently due to the light dephasing and decoherence 
associated with diffuse multiple scattering. Its azimuthal dependence exhibits a broad angular diagram of 
diffuse scattered SHG emission, which is independent of the polarization direction of the incident light 
indicating a spatial isotropy of SHG effect. It appears to be consistent with specific textural morphology of 
PS:LNO nanocomposites, i.e., orientationally disordered LNO nanocrystals deposited into silica nanochannels, 
as suggested by XRD studies.

LNO nanocrystals, randomly oriented and locally separated in PS nanochannels, cause a considerable 
multiple scattering of light, as well as its depolarization resulting thus in considerable reduction of macroscopic 
(bulk) conversion efficiency. Accordingly, mesoporous tubular host media uniformly filled with guest functional 
crystalline material remains a technological challenge and will require further efforts to find suitable solutions 
to improve their performance.

In PS:LNO nanocomposite, the SHG light may be generated by guest LNO nanocrystals as well as by 
partially crystallized silica matrix. To ascertain relevant contributions to the SHG effect, nanocomposite PS:LNO 
samples were measured in the 90◦-reflection geometry and compared with micropowder α-SiO2 sample as the 
reference. �e contribution of guest LNO nanocrystals to the second-order macroscopic optical nonlinearity 
was found to be strongly dominant compared to the partially crystallized host PS-matrix. Moreover, PS:LNO 
membranes reveal the NLO behavior unusual for conventional diffuse scattering (opaque) media. �e diffuse 
transmittance (DT) intensity of SHG light is extremely high, even slightly exceeding the intensity of diffused 
reflectance (DR) SHG light emitted in the opposite direction, whereas its directional diagram is twice as narrow 
compared to the DR SHG light. Such anomalous behavior, probably related to the internal reflection from the 
tubular nanochannel network, will require more detailed theoretical considerations aimed at shedding light on 
the specific physical mechanisms responsible for this effect. Despite the fundamental interest, the anomalous 
back-reflected SHG emission revealed in PS:LNO nanocomposite membranes expands new prospects for their 
photonic and NLO applications. Understanding and controlling the textural morphology in all-inorganic 
nanocrystalline composites as well as its relationships with material properties can lead to the development of 
novel efficient NLO materials for light energy conversion.
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