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X-RAY AND OPTICAL SPECTROSCOPY STUDY OF SYNTHETIC OPALS
SUFFERED THE MELTING-IN OF LITHIUM TETRABORATE

A possibility of the fabrication of new composites based on synthetic opals and lithium
tetraborate Li,B,O; is investigated. An embedding of the nonlinear-optical material into opal matrix
pores is performed by soaking initial opal into the Li,B,O; melt at temperature slightly higher than
lithium tetraborate melting temperature (7,, = 1190 K) with the following cooling of sample to the
room temperature. The duration of soaking is varied from 0.5 to 15 minutes. The characterization of
the samples is made by using the X-ray analysis, reflection, and Raman spectroscopy methods. In
Raman spectrum of opal with a shortest duration of soaking, the shift and broadening of bands
compared to the Li,B,O; single crystal spectrum and appearance of a new band, typical for the a-
quartz spectrum, are observed. No indications of any lithium borate phase in Raman spectra of opals
placed into the Li,B,0; melt during more than two minutes are found. The structure of these samples
is the a-quartz phase together with amorphous SiO, phase of initial opal. It is suggested that formation
of crystalline phases is possible by melting of amorphous SiO, globules of initial opal due to the energy
appeared at the reaction between lithium in Li,B,O; melt and oxygen in air.

Keywords: synthetic opal, a.-quartz, X-ray analysis, Raman scattering.

JlociizkeHO MOK/IMBICTH OTPMMAHHS HOBUX KOMIIO3MTIB HAa OCHOBiI CHHTETHYHHX ONAJNIB i
TeTpadoparty Jirtiro Li,B,0,;. BeeneHns HeliniiiHO-onTHYHOro MaTepiajgy a0 mop omnajoBoi mMaTpuui
3ailiCHIOBAJIOCH HIISIXOM NMPOCOYEHHsI BHXiAHOro omajy B po3miasi Li,B4O; npu temmneparypi aeuro
BUIIII 3a TemmepaTypy miaBjeHHsi Terpadopary Jjirtio (7, = 1190 K) 3 HaCTyIHUM OXO0JIOZKEHHAM
3pa3ka 10 kiMHaTHOI Temmepatypu. TpuBaidicTs nmpocouyeHHsi BapiloBanack Big 0.5 go 15 xBuiamH.
Xapakrepuzaliss 3pa3skiB NPOBOAWJIACH i3 BHKOPHUCTAHHAM MeTOAIB PeHTreHiBCHKOI0 aHali3y,
creKTpockomii BiA0MBaHHA Ta paMaHiBCbKOr0 pO3CisiHHA. Y paMaHiBCbKOMY CHEKTpi omajiay 3
HaliMeHIIOI) TPUBAJICTIO NMPOCOYEHHS CHOCTepirajucs 3cyB i po3LIMpeHHS CMYTr MNOPiBHAHO 3i
cnekTpoM MoHOKpucTana Li;B,0;, a Tako:k nosiBa HOBOI CMYI'H, XapaKTepHOI /Il CIIEKTPY O.-KBapuy.
Y pamaHiBCbKOMY CHEeKTpi omajiB, BUTpUMaHuX y po3miaasi Li;B,O; 6inbie 2 XBHWIMHH, 03HAKH
icHyBaHHs OyAb-sikoi ¢a3m Goparty aitito BincyTni. CTpykTypa nux 3paskiB siBjsie codoio ¢asy o-
KBapuy pasom i3 amopdHoo d¢a3zow SiO, BuxigHoro omaay. € npunmymeHHsi, mo ¢(OpMyBaHHHA
KpucTATiYHUX (a3 cTae MOXKJIMBUM NpH po3TomvieHHi amopdHux SiO, riodyn BHXiIHOro omaay 3a
PaxyHOK eHeprii, ika BUHHKA€ NP peakuil Jitiio B po3niasi Li,B,0, 3 kucHem y nosirtpi.

KurodoBi ciioBa: cuHTeTHYHUI OMal, o-KBapll, pEHTTCHIBCHKUH aHali3, paMaHiBCbKe PO3CISHHSI.

H3yyeHa BO3MOKHOCTH IOJIy4eHHsI HOBBIX KOMIIO3HTOB HA OCHOBEe CHHTETHYECKHX ONAJOB M
Terpabopara gautusa Li,B,O,. BBegeHne HeIMHeliHO-ONTHYECKOro0 MaTepHania B NOPbI ONAJ0BOI
MaTpHIbI POU3BOAWIOCH MyTeM NPONHMTKH HCXOAHOro onaja B pacmiase Li;B,O,; npu Temneparype
HECKOJIbKO BbILe TeMmepaTypsl IuiaBiaenusi terpadopara jgutus (7, = 1190 K) ¢ nmociaexyomum
oxJ1aK/IeHHeM 00pa3ia 10 KOMHATHOH TeMnepaTypbl. JJIMTeJILHOCTH MPONUTKH BapsupoBajach ot 0.5
10 15 munyT. Xapakrepusanusi 00pa3inoB NPOBOAMJIACH ¢ HCIOJIb30BAHHEM METOJ0B PEHTI€HOBCKOIO
aHAJIN3a, CHEKTPOCKONMHH OTPa’keHHsT M PaMaHOBCKOro paccessHHsi. B cmexkTpe paMaHOBCKOTro
paccesiHUs OaJia ¢ HAMMeHbUIeH JUIMTeJbHOCTHI0 NPONUTKH HA0II0ANUCh CMellleHHe W YIIHpeHue
MOJIOC 10 CPABHEHHIO €O CMIEKTPOM MOHOKpHUcTawLIoB Li,B40; a Takike mosiBjieHHe HOBOI I0JIOCHI,
XapaKTepHo# 1JIf CIeKTpa o-KBapua. B pamMaHoBCKOM cneKTpe OnaJIOB, BbIIEP:KAHHBIX B paciiaBe
Li,B,0; 0oJiee ABYX MHHYT, IPU3HAKH CYLECTBOBAHMA KaKOW-1100 ¢a3pl 6opaTa JINTHA OTCYTCTBYIOT.
CTpykTypa 3THX 00pa3unoB mHpeicTaBjseT coloii ¢ady a-kBapua Bmecte ¢ amopdHoii ¢asoii SiO,
ucxoaHoro omnana. Ilpeamonaraercs, 4ro (opmupoBaHMe KpHCTALIHYECKHX (a3 BO3MOKHO TNpH
njaaBjaeHun aMmop@HbIX SiO, r100y;a HCXOJHOr0 omaja 3a c4eT JHEPruH, BbIAeIAsIeMOl NPH peaKnuH
autuda B paciase Li,B,0; ¢ kuciiopoaom B Bo3ayxe.

KiloueBble ci0Ba: CHHTETMYECKMH ONal, O-KBapl, PEHTTEHOBCKHM aHalu3, pPaMaHOBCKOE
paccesHue.
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1. Introduction

The search for new materials with managed optical properties is in progress now. In
this sense, one of the prospective directions is a creation of photonic crystals, a new class
of materials characterized by the 3D modulation of dielectric susceptibility with the
period close to the visible light wavelength [1]. In case of the proper values of dielectric
contrast in such structures with definite space symmetry, an energy gap in the photonic
spectrum appears in all space directions, similar to the gap in the electron spectrum in
semiconductor [2].

Among all possible structures considered as photonic crystals, the globular photonic
crystals created on the base of synthetic opals is of a special interest [3, 4]. Regular
arrangement of cavities and channels in initial opals allows getting 3D periodical
structures for a wide range of organic and inorganic compounds. A typical embedding
procedure is a soaking of initial opal into the compound solution at temperatures close to
room temperature or into the melt of compound with the following crystallization by
cooling. The latter procedure is applied to fill the opal pores with active dielectrics. An
interest in such structures is due to the fact that crystallization conditions into opal pores
are quite different from those as usual. It may result in forming the other crystalline
phases if the embedded substance is polymorph [5 - 7]. Besides, new features of the
known nonlinear optical phenomena may be expected for opals filled with nonlinear
optical dielectrics because of the regular space arrangement of nano-sized objects with
nonlinear susceptibility [8].

This work is devoted to the obtaining and characterization of new composite based
on opal and lithium tetraborate Li,B,O; (LB4). A choice of lithium tetraborate among
other borates (LiB3;0s, BaB,0,4, CsLiBsOyy etc.) is due to its wide transparency region,
high laser damage power, and strongly pronounced nonlinear optical properties [9, 10].

2. Samples and methods

Bulk synthetic opals were grown by natural sedimentation of a colloidal solution of
monodisperse SiO, globules synthesized by modified Stober method. To extract water
and organic residuals from the obtained precipitates they were dried in air and then
annealed at 400 K and 1025 K for one and two hours, respectively.

The filling of opal pores was carried out by melting-in a fine dispersive
polycrystalline LB4 powder. For this purpose, a thin uniform layer of the powder was
placed on (or under) the surface of initial opal and the whole system on various (diffuse
silica or silicon) substrates was held in the air resistance furnace at temperatures above
the melting temperature (7,, = 1190 K) for 0.5 — 15 min. After this the samples were
cooled down to the room temperature with an average cooling rate of 3 K/min.

The structure and chemical composition of initial opals and opals subjected to the
procedure of LB4 melting-in were characterized by X-ray diffraction (Cu K, radiation),
optical reflection and Raman spectroscopy methods.

3. Results and discussion

The X-ray diffraction pattern and Raman spectrum of initial opal indicate its
amorphous structure (Fig. 1). A broad diffusive halo in the X-ray diffraction pattern and
wide bands in Raman spectrum are inherent features of disordered structures. The
obtained Raman spectrum of initial opal is quite similar to the one presented in paper
[11], where it coincides with the Raman spectrum of fused quartz. The size of coherently
diffracting domains estimated from the X-ray data is 3 nm. This value is well
correspondent to the diameter of SiO, nuclei which appear at the first stage of globule
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growth as a result of the polymerization of silicon acid monomers. After aggregation,
these nuclei form the opal structural unit, the SiO, globule with a mean diameter D of
about 300 nm [12].
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Fig. 1. Cu K, X-ray diffraction pattern (a) and Raman spectrum (b) of initial synthetic opal.

As known from earlier investigations [13], SiO, globules are placed in hexagonal
close-packed layers which are perpendicular to the sedimentation direction. These layers
form a face-centered cubic lattice structure with a preferred [111] direction. The fact, that
period of these structures is close to the visible light wavelength, allow us to use optical
diffraction technique in determining the diameter D and distance A between planes
formed by globules. The value of A is estimated from the Bragg diffraction spectra by
defining a spectral position A, of the reflection peak (Fig. 2, a). In our case the

connection between these parameters is as follows

Do (0) = 2A\[e 5 — sin’a (1)

where a is an incident angle of light beam on system of the {111} planes, D= A+/3/2,
& 1s an effective dielectric constant. The latter is determined by the dielectric constants

g; of substances forming composite and the volume part of substance f; as follows
gr =0.74 850, 2 fi-&;, Xf; =0.26. )
1 i

For opals in study the values of D and A are within the range of 250 — 270 nm and
204 — 220 nm, respectively. An average linear size of pores is about of 70 nm.

As refraction index of LB4 crystal (n = 1.58) is higher than that of SiO, globules
(nsio2 = 1.47) the filling of opal pores with LB4 should result in shifting the reflection
peak towards the longer wavelengths, in accordance with expression (2). At higher
concentration of embedded substance f; the shift may be even to the infrared region [6].

This is why the reflection spectrum of opal suffered the melting-in was measured at two
different incident angles (oo = 15°, 55°). However, there are not any Bragg reflection
peaks in both cases (Fig. 2, b). It means that optical contrast in the composite is vanished,
and the possible reason for it is the changes in structure of composite compounds.
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Fig. 2. Reflection spectra of initial opal at o = 15° (a) and of the same opal after the LB4 melting-in
procedure (b) at o= 15° (1) and 55° (2).

The Raman spectrum of opal
soaked into the melt for a shortest
time (0.5 min) contains bands
which are broadened (up to 20 cm™)
and shifted to the low-frequency
region (up to 70 cm™, depending on
the spectral region) compared with
those in Raman spectrum of LB4
single crystal (curves 1, 2 in Fig. 3).
The smallest broadening (less than
5 cm™) is observed for the 469 cm’™
band in the opal-LB4 spectrum. Its
spectral position is well correlated
with a position of very intensive band
of the a-quartz at 464 cm™ [14].

In Raman spectra of opals with
a soaking duration longer than 0.5
min the bands assigned as the shifted
LB4 ones, except for the 469 cm™
band, disappear. The spectrum
becomes absolutely identical to the
o-quartz Raman spectrum with a
weak background formed by the
spectrum of amorphous phase of
initial opal (curves 3, 4 in Fig. 3).

The X-ray diffraction pattern
proves the formation of some
crystalline phase together with resi-
dual of amorphous state of initial
opal (Fig. 4). The values of inter-
planar distances d..,, calculated from

angular positions 20 of the X-ray
diffraction peaks by using the Bragg
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Fig. 3. Raman spectra of LB4 single crystal (1), opals
with the soaking duration for 0.5 min (2) and for 3 min
(3), and a - quartz (4).
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Fig. 4. Cu K, X-ray diffraction pattern of opal with the 3
min soaking duration.



X-ray and optical spectroscopy study of synthetic opals suffered the melting-in of lithium tetraborate

law (dsin® = kA, A is the X-ray radiation wavelength, £ is the diffraction order, k£ = 1),
together with distances d,,, for different phases of SiO, and lithium borates in ASTM
PDF2 and in [15] are shown in the Table 1.

Table 1
Identification of the X-ray diffraction pattern of opal with the 3 min soaking duration
No. deé?f’:es dz”’ d’g}’l’ Phase No. deé?ées d"A"’” d’g}’l’ Phase

1 20.8 427 | 4.26 o-quartz 9 45.9 1.979 | 1.980 o-quartz
2 22.0 4.05 | 4.04 |o-crystobalite| 10 50.2 1.817 | 1.817 o-quartz
3 24.1 3.70 | 3.68 B-LiBO, 11 55.0 1.670 | 1.672 o-quartz
4 26.7 3.345 | 3.343 o-quartz 12 60.0 1.542 | 1.541 o-quartz
5 36.6 2.458 | 2.458 o-quartz 13 64.1 1.453 | 1.453 o-quartz
6 39.6 2.282 | 2.282 o-quartz 14 68.3 1.374 | 1.375 o-quartz
7 40.3 2.242 | 2.237 o-quartz 15 73.6 1.287 | 1.288 o-quartz
8 42.5 2.130 | 2.128 o-quartz 16 75.7 1.256 | 1.256 o-quartz

As can be seen from the Table 1, there is a well coincidence between d,., and d.
for the a-quartz phase within the accuracy of data. Two peaks may be assigned to o-
crystobalite and (-LiBO, phases. However, the appearance of the only peak, typical for
some phase, is not enough to prove the presence of this phase. It may indicate the
residuals of the phase, but it may be caused by the impurity presence, too. Thus, the a-
quartz phase formation in the studied samples is no doubt only.

The following model for explanation of the obtained results may be proposed. When
lithium tetraborate is melted, some part of lithium may contact with oxygen in air. It
results in the known exothermic reaction between lithium and oxygen (4Li + 20, = Li,0)
with the heat reaction effect AH = - 1198 kJ. Due to the low thermal conductivity of
synthetic opals [5] this heat is accumulated into a small volume near by (or inside) opal,
and cause its local heating up to temperatures at which the melting of amorphous silica
dioxide is possible with the further transition to the a-quartz phase under cooling. (Our
previous estimations of the local temperature of globules in the vicinity of exothermic
reaction source give the value up to several thousands of K.)

On the basis of obtained data one can suggest that the main factor in such
mechanism is the value of temperature at which exothermic reaction starts. Similar
procedure of embedding LiKB4O; into opal matrix in such a way did not result in the o-
quartz phase formation, as the Raman spectrum of obtained sample evidenced. The
probable reason for it is the lower temperature of LiKB4O; melting (953 K). The
dominant role of lithium in the proposed mechanism is proved by the absence of similar
transformations by embedding non-lithium borate BaB,0O, into opal in such a way at
temperatures higher than the LB4 melting temperature.

4. Conclusions

Characterization of opals contacted with the LB4 melt was made by X-ray and
optical spectroscopy methods. The obtained results indicate the decomposition of lithium
borate during the procedure and the a-quartz phase formation. For time of soaking opals
into the LB4 melt shorter than 0.5 min the existence of the LB4 phase in opal matrix is
proved by Raman spectrum. The structure of opals subjected to the procedure of LB4
melting-in for a longer time is the mixture of a-quartz with amorphous SiO, phase of
initial opal. The existence of a-crystobalite and B-LiBO, phases in a very small quantity
is not excluded. The mechanism of the a-quartz phase formation due to the local heating
of opal matrix which is caused by exothermic lithium-oxygen reaction is proposed.
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