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Normal vibrational modes of the B3~ metaborate ring are obtained at the HartrEeck level byab

initio calculations. The Raman and IR spectra are predicted, and the former are compared with available
experimental results of molten crystal metaborates that contai@s][B rings, i.e.,f-BaB,0O, and CsBQ
crystals. The internal vibrations of the {Bg]®~ ring are dominant in the whole crystal lattice vibrations of
these nonlinear optical crystals. Also, the;@®]3~ ring accounts for the IR transparency cut-off in such
crystals. It is deduced from the predicted IR spectrum of:©fB™ ring that the transparency cut-off frequency

of the 3-BaB,O, crystal on the IR side is below 4000 ci(>2.5um), which agrees well with the measured

data. This study is also useful for understanding the vibrational contributions to nonlinear optical
polarizabilities.

1. Introduction spectral*17 Not all the known NLO materials, however, have
measured vibrational information available, but the theoretical
approach here is relevant to them. In practice, it is difficult to
calculate the vibrational property, e.g., IR spectrum, of a
material. A possible approach for a NLO material is to divide
the unit cell into independent bonds or molecular groups and
express the nuclei contribution in terms of the normal mode
vibrations of these entities, neglecting the overlap or any ground-
state interaction between these groups. Using this approach,
the study of normal mode vibrations of a BBO crystal is reduced
to the study of its structural units: §B]3~ anionic group and
Ba?t cation!® Ba?' is a heavy ion, and therfore, its vibrational
contribution is in thdar-IR range. If we confine our discussion
to the IR range, we can focus our study on the normal mode
vibrations of the [BOg]®~ metaborate ring.

Previous theoretical studies of the vibrations of the(J§3~
unit were based on a force-field calculation to fit the measured
frequencied® However, in this paperab initio methods are
adopted to investigate the normal modes and frequencies of the
[B3Og]®~ metaborate ring. The Raman and IR spectra are also
calculated. The former has been compared with experimental
results, and the latter can be used to predict the transparency
cut-off on the IR side. The computational details are given in
section 2, while the results and discussion are presented in
section 3.

Theoretical calculations on nonlinear optical (NLO) polar-
izabilities are an intensely active field because they are directly
related to the design of novel NLO materials at the molecular
level12 The linear and nonlinear polarizabilities are expressed
by the wave functions of electrons and nuclei. Invoking the
Born—Oppenheimer approximation, the contributions of elec-
trons and nuclei are calculated separately. Most of the efforts
have been focused on the electronic contributioridowever,
recent studi¢’s19 have pointed out that it is not always the case
that the vibrational contributions are negligible, especially for
observables in the IR range. The coupling between the
electronic and nuclear motions may result in electronic delo-
calization, and hence, vibrations can make contributions to the
optical polarizability. In fact, in some cases, the vibrational
contribution is dominant compared with its electronic counter-
part. Bishop and Kirtman have developed a metHddthe
BK method, for calculating dynamic vibrational polarizability.
This method depends on the accurate analysis of the normal
mode vibrations.

Another possible contribution of the normal mode vibrations
is to the transparency cut-off on the IR side of the NLO
materials. As we know, the transparency range is one of the
most important parameters of a NLO material in device
applications. According to the studies of Wu and Chethe
electronic transitions contribute to the transparency cut-off on
the UV side of most of the NLO materials. In this paper, we 2. Computational Details

demonstrate that the transparency cut-off on the IR side of the Ab initio calculations at the RHF/6-3g(d,p) level were

ﬁ'BaB?O“ Erystal ishma_it?ly_dettlelrmir}edfbg the v_ibratiolglz-ag performed on a Cray J916 supercomputer with the Gaussian-
transitions between the vibrational levels of the constituent " 94 packagé? A double&-valence (DZV) basis set 6-3%-

active groups, the [Dg]~ rings. This may be the first time
that the transparency range of the NLO materials is estimated
theoretically.

In this paper, we take the barium metaborate crystal,
B-BaB;04 (BBO), as an example to demonstrate the calculation

(d,p) was used in all the calculations with a total of 171 basis
functions. Diffusive functions in the basis set were used to
account for the [BOg]®~ ring being negatively charged. The
optimized equilibrium structure was determined by the simul-
Lo A taneous relaxation of all the geometric parameters (bond lengths,
of the n_ormal mode V|brat|o_ns of NLO. materials. The BBO bond angles, and dihedral angles) to obtain the energy minimum,
crystal is weI_I suited for_thls theoretical treatment t_)ecapse where a tight convergence threshold was utilized. Vibrational
several experimental studies have been made on its V|brat|onalfrequencies were calculated by the second derivatives of the
: : total energy with respect to atomic displacements about the

T Department of Computational Science. e . . .

+ Department of Chemistry. equilibrium geometry. Raw vibrational frequencies computed
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Figure 1. Optimized structure of the [®s]®~ metaborate ring.

TABLE 1: Optimized Structure Parameters and Energy?
for the [B30g]3~ Unit
Parameter RHF/6-316(d,p)
r(Bl—Oz) 1.314 3

r(B1—0s) 1.4165 w E

u
vy Ay

r(Bl—O7) 1.4165 vg A/l
00,—B;—0; 123.1 496
00s;—B1—0y 113.7 041
0B1—0;—Bsg 126.2 959
—(E + 523) 0.359 831
aBond lengths in A, bond angles in degrees, and energy in hartrees.

mations of about 1812% due to the neglect of the electron

! I E
correlation. Our calculated vibrational wavenumbers were thus o ® ny Ay '
scaled by a factor of 0.9 before being compared with experi-
mental results. The quantitative vibrational displacement
configurations of the [B0g]3~ metaborate ring were analyzed
with Unichemsoftware?° .

The Raman scattering cross sectiods;/0Q2, which are .

proportional to the Raman intensities, were calculated from the
Raman scattering activities and the predicted wavenumbers for

Figure 2. Calculated normal mode vibration of thes[B]3~ metaborate
ring. The relative length of each arrow denotes the vibrational
displacement.

each normal mode using the expresslon
90; 2\l (v — )"
8_52]: (%) 0—7h% h S Ten normal modes are Raman active,'2E 5E + 3A!.
1-e ™\ The calculated Raman spectrum of &(]*~ metaborate ring
) L is shown in Figure 3c and is compared with both the high-
wherev, is the excitation wavenumber. The calculated Raman temperature (Figure 3b) and ambient experimental Raman
spectrum usedo = 19 600 cni* (510.5 nm) to correspond 10 gpecira (Figure 3a) of the BBO crystal. It is known that the

the observed Raman spectra taken with an argon ion 1&ser. paman spectrum of the molten BBO crystal (at 1190 K) shows
The vibrational wavenumber of thith normal mode is denoted the characteristics of the internal vibrations of the structural

by v; § is the corresponding calculated Raman scattering \nits, [B;06]3" rings in this case. The results of the calculated
activities. The Raman scattering cross sections, IR Intensities, iprational frequencies of the [Bg]3~ ring and the experimental

and v_ibrational frt_equencies were used together with a Lorentzian o4, its for molten BBO and CsBQCBO, whose structural units
funct|on_ to ob_taln the _calculated Raman and IR spectra for 4.0 4150 [BOg]3~ rings) are shown in Table 2. The general
comparison with experiments. agreement of the calculated and experimental results indicates
the reliability of the theoretical calculations.
There are some minor differences between the calculated
The optimized structure of a B®g]®~ ring hasDap point Raman spectrum of the jBs]®~ ring and the observed molten
group symmetry, which is shown in Figure 1. The ring is a crystal spectra. We predict a low-frequency Raman maoge (
slightly distorted hexagon but planar (the angle of BOB is 95 cnt?) of medium intensity, which requires FT Raman
slightly larger than for OBO; the ring BO bond is longer than  spectroscopy for its measurement. A weak-to-medium Raman
the side B-O bond). The structural parameters are summarized peak of A symmetry at 540 cmt, as a shoulder tos on the
in Table 1. The total vibrational representation is as follows: low-frequency side, was observed in the molten spectra but is
not found in the calculation. This mode is believed to be due
I'=3A"; + 2A’, + 5E + 2A", + 2E' to the totally symmetriexternalvibrations among the [#e]3~
rings in the crystal, which is out of the range of our internal
All the 21 normal modes are illustrated in Figure 2, where each vibration calculation. The calculated weak Raman peak of mode
arrow length gives the relative calculated vibrational displace- v1; at 1140 cm! is barely observable in the crystal spectrum
ment of the corresponding atom. in Figure 3a. On heating, two Raman peaks appear in the range

3. Results and Discussion
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Figure 3. Calculated Raman spectrum of the,(B]>~ metaborate ring,
compared with the experimental results of Voromtal.®: Unpolar-
ized Raman spectrum of (a) thBaB,O, single crystal and (b) a
crystallized BaBO, melt at 1150K. (In the calculated curve; and
v13 are too weak to be seen.)

TABLE 2: Calculated Raman Frequencies for the [BOg]3~
Unit and Observed for the BBO and CBO Crystals

] Raman obg
ab fix Cross
vib initio* scaled sect BBO CBO  approx description
v1  106B' 95.5B' 2.13 out-of-plane bend
vz 361E 324E 0.15 400E,m 380E,m BO—-Bbend
vsa 481E 432E 1.00 476E,m 462E,m ©B-0 bend
540A;, m 544A, m
vs 608A; 547A 6.20 630A,s 606A,s B—O sym. stretch
vz 789E' 710E' 0.09 710E,w 713E,w out-of-plane bend
vg 814A 733A/ 2.02 751A,m 747A, m B—O-B bend
vio 996E 896E 0.79 939E,w 930E,w BO asym. stretch
viz 1267E 1140E 0.73 B—0O asym. stretch
viz 1476E 1328E 0.0001 1389E,w 1390E, w BO asym. stretch
via 15707 1413A' 11.20 1460A, s 1503A,s B—O sym. stretch

aCalculated using RHF/6-34g(d,p).? Calculated using scaling
factor of 0.9.¢ Calculated unpolarized Raman scattering sectieri©(®
m?). ¢BBO melt at 1190 K and CBO melt at 1055 K.

of 1000-1250 cnt? with increasing intensities as the temper-

ature rises above the melting point in the experiments (see Figur

3b and c in ref 16). Voronket al.l® assigned these modes to
the Raman lines of the broken §8¢]3~ ring, which cannot be
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Figure 4. Calculated IR spectrum of the §Bg]®>~ metaborate ring.

the crystal spectrum. These splittings can be attributed to the
correlation effect in the crystal which may reduce the symmetry
of some of the vibrational modes. For example, the strang
mode at about 600 cm which is due to the symmetrical stretch
of boron and outer oxygens (see Figure 2) splits into many lower
symmetry modes in the crystal spectrum because of the
correlation effect in the crystal. A difference is also found in
the relative intensity ofvi4. There are two reasons for the
discrepancy:vi4 is due to the symmetric stretch of boron and
oxygens, and this mode is restrained by the crystal field effect;
the other reason comes from our experience that it is usually
difficult to accurately measure the relative Raman intensity in
the short-wavelength region.

The IR-active modes consist of 2At 5E' (va, v3, V4, Ve,
110, V12, @ndvg). The calculated IR spectrum is shown in Figure
4. The highest IR-active frequency lying at 1329 ¢pwhich
is relevant to the absorption cut-off on the IR side, has a very
strong IR intensity &b initio result of 1710 kM/mol). Conse-
quently, the first and secoraertonesof this fundamental line,
corresponding to the vibrational transitions from the ground state
to the second and third excited states, at 2658 and 3987,cm
respectively, will be strong enough to make contributions to
the IR absorption of the BBO crystal. Typically, the intensity
of the first overtone line is about 20% that of the fundamental
line, and the intensity of the second overtone line is again 20%
that of the first one, and so on. Thus, the third overtone intensity
at 5316 cm? (1.88 um) is predicted to be less than 14 kM/
mol, which is almost undetectable. This means that the
transparency cut-off on the IR side of the BBO crystal is at the
second overtone line at 3987 ci(2.51 um), which agrees
well with the measured result of 246m.22

4 Conclusion

Ab initio calculations have been made on the normal mode
vibrations of the [BOg]3~ metaborate ring. The assignments

determined in our calculations. The predicted Raman peak of of the normal modes were presented in detail. The theoretical

viz at 1328 cm! is very weak, but there is a stronger peak at
1389 cnt! in the measured spectrum. This could be due to
the intensity of the measured peaksag (1329 cn1l) being
strengthened through the combination of measurgd432
cm 1) andvip (896 cntl), which is located at about the same
frequency.

results for the Raman spectrum compared well with experiments.
It has already been shown that the@®]3~ metaborate ring is
the origin of some NLO properties of the BBO crystal, like the
NLO susceptibilities in the UV and visible rang&the absorp-
tion cut-off on the UV sidé? and birefringencé® This study
reveals that the [BDg]3~ ring again plays a key role in the

It is not surprising to see that the ambient Raman spectrum vibrational properties of the BBO and CBO crystals. The

of the BBO crystal is clearly characterized by the Raman
spectrum of the [BOg]®~ ring (see Figure 3), which means that
the internal vibrations of the [f®g]3~ ring play a dominant role

in the whole crystal lattice vibrations. Peak splittings occur in

calculated IR spectrum is obtained, but no experimental data
are currently available for comparison. We estimated the
transparency cut-off on the IR side of such crystals from the
calculated IR spectrum. More studies on other NLO materials
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about their transparency cut-off on the IR side are in progress.
The theoretical predictions in this paper are sufficiently reliable,
and the method can be extended to the normal mode vibration
studies of other NLO materials where the anionic groups or
molecules govern the vibrational spectra. It also provides a
foundation for theoretical studies on the nuclei contributions to

the NLO susceptibility of the materials.
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