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The Raman spectra investigations have been reported at room temperature in the
100-1200 cm™! range for Li,B,O; single crystals with natural Li and B isotopic distribu-
tion and for 4 types of single crystals enriched maximally in ’Li, 6Li, "°B and ''B isotopes.
It has been found that in spectra of Li,B,O; single crystals with natural isotopic distribu-
tion, no isotopic splitting takes place; this fact confirms the essentially single-mode
behavior of those crystals. The specific modes are subdivided into 5 groups according to
their frequency changes: (1) "regular” modes, where the frequency increases at decreasing
isotope atomic mass, and vice versa; (2) modes, where the frequency remains insensitive to
substitution of isotope; (3) the modes with anomalous behavior, where the frequency
decreases at decreasing isotope mass, and vice versa; (4) the modes with frequency chang-
ing chaotically at substitution of isotopes; (5) "random”™ modes observed only in some
samples. The origin of the vibrational modes in the Raman spectra of Li,B,O; single
crystals is defined in more detail.

Coobijaerca 0 pe3yabTaTax MCCIAEIOBAHMUN IIPM KOMHATHOHW TeMIIEpaType CIEeKTPOB
KOMOMHAIIMOHHOTO pacceasHus MoHoKpucrapros Li,B,O, B o6ractu 100-1200 em! ¢ ecrecrt-
BEHHBIM paclipefiejienneM us3oTomoB Li m B m 4-X TUIIOB MOHOKpPMCTAJIIOB, MaKCHUMAaJbHO
oGoramenusix msoromamu Li, OLi, 1B u 1'B. Veranosueno, uto B cmexkTpax Li,B,O; msoromn-
HOe pacllellieHre He IIPOMCXOAUT, YTO CBUIETEJLCTBYET IIPO MX IPAKTUYECKHU OJHOMOJOBOM
nosegenur. II0 MBOTONHBIM M3MEHEHMAM YACTOT KoJsebaTeJbHble MOAbLI PasgeNeHbl Ha D
rpynm: (1) "npaBunbHbBIE” MOJBI, 4ACTOTA KOTOPBLIX pacTeT 00 yMEHbIIEHWH ATOMHON MAacCChHI
u3oTrorna M Haobopor; (2) MOABI, YACTOTA KOTOPBIX HE M3MEHSEeTCS CO CMEeHOH m30TomoB; (3)
MOJBI C AHOMAJbHBIM IIOBEIEHHEM, 4YaCTOTA KOTOPBIX HM3MEHMAETCS C yMEHbIIEHHEeM MAacCChl
usorona u HaobGopor; (4) MOALI ¢ XAOTHUYECKUM H3MEHEHHEeM YacTOT IIPU 3aMeHe H30TOIIOB;
(5) "cayuaiinbie” MOABI, KOTOPBLIE HAGIIOZAJNCH TOJBKO B OTHEJbHBIX o0pasmax. IIpemiosxe-
HBl YTOYHEHHs MPOMCXOMKJEHNs BHOPAIMOHHBIX MOJX B Kpmcramaax Li,B,0-.
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Many publications are devoted to investi-
gations of the Raman spectra of lithium
tetraborate (Li,B4O7) single crystal, includ-
ing 8 references cited in [1] published in
2005 and the works [2-9]. Nevertheless,
there is no general concept up to date. First
of all, it is to note some discrepancies in
positions of the Raman peaks on the fre-
quency scale. Among other problems, there
is the identification of the Raman peaks: in
this case, some supplements introduced by
other authors (see Table 4 in [1]) are added
to identification of vibrational modes for
this crystal performed in [10] by comparing
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with spectra of another borate compounds.
The mentioned problems are connected both
with technological peculiarities in prepara-
tion of Li,B,O; single crystals and with very
complex structure of Li,B,O; crystal lattice:
eight formula units (104 atoms) in the unit
cell (space group I4;cd, a =b=9.479 A,
c=10.290 A), where the voluminous boron-
oxygen complexes [B409]6‘ (formed by two
planar triangles [BO3] and two tetrahedrons
[BO,] with strong covalent bond) are joined
together (by oxygen atoms being common
for neighboring complexes) into spirals with
the axes parallel to the crystal axis c; these,
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in turn, form rigid three-dimensional frame
by means of common oxygen atoms. Li* ions
are located in the voids of this frame and,
in general, act as the charge compensators
[11, 12]. An assumption from [10] can be
added that some modes can be caused by the
isotopic splitting, i.e. by isotopic effect. In
Li;B4O; single crystals with natural isotope
distribution, the stable lithium and boron
isotopes are in the following proportion: °Li
— 7.42 %, Li — 92.58 %, 0B — 19 %,
and "B — 81 %. Taking into account that
both elements — lithium and boron — be-
long to light elements, a significant influ-
ence on frequencies of some vibrational
modes connected with different Li or B iso-
topes can be expected, that was confirmed
by simple theoretical calculations. That is
why this work is aimed at investigation of
Raman spectra of Li,B4O single crystals en-
riched in stable isotopes of SLi, 7Li, 1B and
11B, that will provide to establish the origin
of vibrational modes in this crystal more
precisely.

The Li;B4O; single crystals have been
grown from the melt in air using the Czo-
chralsky technique. To synthesize of
Li;B4O; compound enriched in stable iso-
topes, the following raw materials were
used: 6L|2CO3 with 95 % of 6|_|, 7|_|2CO3
with 96 % of 7Li, H3'0BO; with 97.83 % of
0B, and H3''BO; with 99.2 % of "B (all
percentages are expressed as atomic frac-
tions). In such a way, the Li,B,O; single
crystals of four isotopic compositions were
11 — 7Li21OB4O7, and IV — 6Li211B407. From
the grown single crystals, 6x6x7 mm3 size
samples of two types were prepared: 1) with
faces oriented along the principal crystal-
lographic axes X, Y, and Z; 2) with side
facets turned by 45° about axis Z (axes X’
and Y’). The orientation accuracy relatively
to the crystallographic axe is not worse
than 1°. This permitted to record the
Raman spectra in the following geometries:
X(ZZ)Y — A(TO), X(YY)Z - A,(IO) + By,
X'(Y’X)Z -By, X(YX)Z-B,, Z(YZ)X -
E(TO), and X(ZX)Y — E(LO + TO). The
Raman spectra were taken at room tempera-
ture (293 K) in the 100-1200 cm™! range at
the accuracy of 1 em™!. A LGN-402 argon
laser (A = 488.0 nm, P = 150 mW) was used
as the excitation source.

As it was expected judging from theo-
retical calculations, substitution of 6Li iso-
tope by ’Li and '°B by "B in the Li,B,O;
single crystal has influenced significantly
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Fig. 1. Raman spectra in X(ZZ)Y — A, geome-
try for single crystals: 7Li211B4O7 (a),
6Li,'%B,0, (b), "Li,'°B,O; (c), SLi,''B,O; (d)
Li,B,O; (natural isotope distribution) (e).

the Raman spectra. As an example,
Fig. 1(a—d) presents the Raman spectra for
4 variants of the isotope composition, re-
corded in X(ZZ)Y geometry (mode A,). For
comparison, Fig. 1(e) shows the Raman
spectrum of Li;B,O; single crystal with
natural isotopic distribution recorded in the
same conditions and in the same geometry.
All observed Raman peaks for the above-
mentioned geometries and 4 isotopic compo-
sition variants are tabulated in our previous
work [9].

As it is seen from Fig. 1(e), in the
Raman spectra of the Li,B,O; single crys-
tals with natural isotopic distribution, some
peaks connected with different isotopes Li
or B are absent. In other words, explanation
of some band pairs as those caused by iso-
topic splitting proposed in [10] is not con-
firmed by our results. This fact can be an
evidence for purely single-mode behavior of
vibrational spectra for the isotopically
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Table. Frequencies (cm 1) and origin of vibrational modes active in Raman spectra for Li,B,O,
single crystal (the frequency values are given for natural isotope distribution)

A,(TO) | A,(I0) B, B, E(LO + | E(TO) Interpretation
+ B; TO)
Group 1| a 725 667 247 512 511 200 Modes sensitive to changes
781 697 420 666 659 318 1OB(—)11B connected with
980 724 491 782 685 516 vibrations in (BOz) and (BO,)
1034 968 552 1032 723 663 boron-oxygen complexes
1166 1032 673 1162 929 729
1165 731 968 933
790 1142 975
932 1038
977 1148
1039
1087
1172
b 173 263 350 358 Modes sensitive to changes
378 885 | ®Lic>7Li connected with vibrations
in (LiO4) and (LiOg) complexes
Group 2 349 102 106 109 Modes connected with plasmons
241 143 148 and vibrations of oxygen atoms
349 194
319
Group 3 197 378 214 482 456 Superposition of internal
256 518 and librational modes
Group 4 258 165 268 166 254 Superposition of different
298 201 306 411 779 another modes
351 262 358
493 491
507

mixed Li,B407 single crystals, when the fre-
quencies of vibrational modes for crystals of
mixed isotopic composition wvary continu-
ously from frequency of one pure isotope
composition to frequency of another one de-
pending on concentration of isotopes [13].
Consideration of all obtained Raman
spectra has shown that various vibrational
modes of the Li,B4O; single crystal behave
differently at substitution of SLi by “Li and
108 by '""B. Conditionally, the vibrational
modes in these spectra can be subdivided
into following groups depending on the fre-
quency changes (Table): (1) "regular”™ modes
where sharply defined and theoretically pre-
dictable frequency shifts are observed at
substitution of 9B by ''B (Subgroup a), or
6Li by 7Li (Subgroup b), the frequency of
vibrational mode decreasing at substitution
by a heavier isotope; (2) the modes practi-
cally insensitive (within the experimental
accuracy) to substitution of any isotope; (3)
the modes with anomalous behavior (the fre-
quency decreases at decreasing isotope
mass); (4) the modes where the frequency
changes chaotically at substitution of iso-
topes; (5) "random”™ modes observed only
for some samples (not included into Table).
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The first group (1) consists in part of
fundamental modes connected with vibra-
tions in components (triangle [BO3] and tet-
rahedron [B409]6‘) of the boron-oxygen com-
plex, as it was proposed in many works, in
particular [10]. It is logically to assume
that the modes with large frequency shifts
at transition from '°B to ''B, reaching 3 %,
in particular, 1166 cm™! A(TO) for [BO,],
and 980 cm™! A;(TO) for [BO;], are con-
nected just with stretching or bending vi-
brations in these complexes. The calcula-
tions have shown that at such mass change
of vibrational atoms in the mentioned com-
plexes, the frequency shifts of fundamental
vibrations must be of the same order of
magnitude. An intense peak near 725 cm™1,
observed in all geometries practically at the
same isotopic shift about 1.5 % at 19B sub-
stitution by ''B, requires additional expla-
nation. The fact that it is connected with
[BOs] group is without doubt because a
similar intense Raman peak is observed in
LiBO, crystals [14] where the only [BOj]
boron-oxygen groups are present. Neverthe-
less, such frequency shift may be caused by
a certain vibration type where the influence
of boron atom mass on the vibration fre-
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quency is weaker. For example, "oblique” pho-
nons can be responsible for this mode [6, 7],
the presence thereof becomes quite natural
if we look how the [BO3] groups are ori-
ented in Li,B,O; crystal lattice [11, 12].
Similarly, the other modes from Subgroup
(a) of Group (1) with weak isotopic fre-
quency shifts are connected obviously with
"oblique” phonons or with libration vibra-
tions of the boron-oxygen complex as a
whole. As to Subgroup (a) of Group (1), the
frequency shifts of all modes at ‘Li substi-
tution by 6Li vary from 2.8 % for 214 cm~
1 mode to 1.1 % for 858 cm™! one that is
several times smaller than the calculated
values for [LiO4] and [LiOg] clusters. Such a
behavior can be explained under assumption
that these modes possess the librational
character, and the libration axis passes al-
most through the Li atom.

To explain the origin of modes included
into Group (2), the following models can be
proposed: 1) 349 cm™! modes of A,(IO0) +
B;type, 349 and 241 cm™! ones of B, type,
319 em™1 of E(LO + TO) type, 143 em™! of
E(TO) type can be caused by vibrations of
the oxygen atoms located in different posi-
tions of Li;B4O; crystal lattice [11, 12]; 2)
lower intensity modes in the range
<200 ecm™!, in particular 102 ecm™1 of B,
type, 106 and 194 cm ! of E(LO + TO) type
and 109 ecm ™! of E(TO) type can be referred
to collective excitations — plasmons (simi-
larly to the low-frequency modes in LiBO,
Raman spectra [14]) that can be confirmed
by negative values of real part of permittiv-
ity €1(v) in this region [15]. Both these mod-
els agree well with independence of the fre-
quency peak on the lithium or boron isotope
type. Although the existence of purely oxy-
gen vibrational modes in Li,B,0; crystals
had not been considered till today, their
existence can be assumed in this case owing
to the frame structure of Li;,B,O; crystal
lattice where oxygen atoms occupy 4 non-
equivalent positions with different bond
ionicity [11, 12].

As to group (3) with anomalous fre-
quency shifts under interchange of Li and B
stable isotopes, similar cases had been ob-
served in organic crystals at hydrogen sub-
stitution by deuterium and were explained
in such a way that internal vibrations of
CH; group in these crystals mix with libra-
tions of whole molecules, resulting in en-
ergy redistribution between the vibrations
which causes the frequency “repelling” to-
wards higher frequencies, although the vi-
brational atom mass increases [16]. Similar
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frequency mixing for the modes of different
types and origins, including acoustic ones,
occurring in Li,B,O5 crystal, is no doubt the
reason for appearing of modes referred to
group (4). But at the present investigation
stage, it can hardly be said how a specific
mode is connected with such anomalous be-
havior-overtones, mixing of modes, or some
other mechanisms, as considered, for exam-
ple, in [17, 18]. For this purpose, it is nec-
essary to examine precisely the temperature
dependences of intensity and half-width for
all Raman peaks together with detailed
theoretical calculations of wvarious cluster
models and with accounting for their spa-
tial orientation in the Li,B,O- unit cell. For
example, taking the results [19] for the
temperature dependences of some Raman
peaks for Li,B4,O; and ignoring the fre-
quency difference, the peaks 350 cm ™! E(LO
+ TO) and 358 cm™! E(TO) can be inter-
preted as manifestation of the same E(TO)
type mode, because these disappear simulta-
neously at temperatures above 400 K.

The situation is more complicated with
the modes of Group (5), because these ap-
pear only in some crystals and are of low or
very low intensity independent on the ob-
served sample. Local vibrations within lim-
its of isolated crystal lattice defects, in par-
ticular impurities, might be a reason for
appearance of such random peaks in indi-
vidual Raman spectra for some samples.
Such model is quite valid for low intensity
peaks, for example, 531 and 562 em™! ones
of A;(TO) type observed only in the Li,B,O-
single crystals of two isotopic compositions:
7Li211B4O7 and 7Li21OB4O7. But single peaks
of moderate intensity, for example, 1028
and 1043 cm™! of E(LO + TO) type ones for
the same isotopic compositions, had been
observed, too. Those may originate from
resonance effects.

The main conclusion of this work is that
the assignment of vibrational modes in
Li,B4O; crystal is much more complex as it
had been considered before. That is why in
Table 4 [1], the identification of vibrational
modes needs a more detailed study. For ex-
ample, vibrational modes 378 cm™! of E(LO
+ TO) type and 3885 cm™! of E(TO) type
must be connected unambiguously with the
lithium atoms but not the boron ones, as it
had been considered previously, while the
mode 780 ecm™! of B, type is to be ascribed
to boron atoms but not to complexes [LiO4].
Similarly, the modes 194 cm™1 of E(LO +
TO) type, 197 em™1 of A(TO) type,
493 ecm™! of A4(TO) type, and 201 em™! of
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A,(IO) + B; type, as well as 205, 702 and
856 modes of B, type, and all other belong-
ing to the 5th Group must be excluded from
the group of fundamental vibrations. These
modes cannot obviously belong to funda-
mental ones, both translational and libra-
tional, judging from their frequency behav-
ior at the isotopic substitution, and it is
necessary to use more complex models to
identify those modes. Therefore, it should
be stated that almost a half of the modes
observed in the Li,B,O; single crystal
Raman spectra belong to mixed vibrations,
and it is necessary to take this into account
when determining the origin of any specific
mode. The consideration of the results ob-
tained has shown also that in the Raman
spectra of Li;B4,O;, no isotopic splitting
takes place that confirms their purely sin-
gle-mode behavior.
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Ilo moxomskeHHA BiOpamiitEux moa y PamaHiBCBKHX
CIIeKTPaxX KOMOiIHAI[iHHOT0 PO3CiIOBAHHA MOHOKPHCTAJIB

A.B.Bypax, B.T.Adamie, I.M.Tecnioxk

IToBigmomiasieTrbcsi PO pe3yJbTaTH [OOCHiMKEeHb IIPKM KiMHATHIN Temmeparypi CIEKTpiB

rkombinaniitHoro posciroBamna momokpucranis Li,B,O; B obmacri 100-1200 cm~

1 3 mpu-

poxuimM posmogisom isoromie Li i B i 4-x TumiB MoHOKpUCTaIiB MakCUMaJbHO 30araueHux
isoromamu ’Li, 8Li, 1°B i 'B. Beranosieno, mo y cruekTpax Li,B,O; izoromHoro posmemnieHas
He BiOyBaeThCsd, IO CBIIUUTH IO IX IPaKTUYHO UMCTO OJHOMOJIOBY IOBeAiHKY. 3a isoTomH-
VMU 3MiHAMM YacTOT KOJWBHI Moxu posmineHi ma 5 rpym: (1) "mpaBuabui” momgm, uacTora
AKUX 3POCTa€ IPU 3MEeHIIIeHHI aToOMHOI Macu isoromy i HaBmaku; (2) MOAM, HACTOTA AKUX He
MiHdeTbesA i3 3MiHOIO idoTomiB; (3) MOAM 3 aHOMAJbHOIO IMOBEIHKOIO, YACTOTA SAKUX 3MEH-
mIyeThCsA 18 3MEHIIIeHHAM Macu isoTomy i HaBmakwy; (4) MOAM 3 XaOTUYHUMU 3MiHaAMU YACTOT
npu 3amini isoromis; (5) "BumagKoBi” Moau, AKi crmocTepirasucs TIIBKM B OKPEMHUX 3Das-
KaX. 3aIIpOIIOHOBAHO YTOUYHEHHHA IIOXOJKeHHs Bibpamifimmx mox y kpumcranax Li,B,O;.
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