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1. INTRODUCTION

Compound BiB3O6 (BBO) belongs to a family of
borates that have attracted attention of researchers due
to their high nonlinear optical properties [1]. Most of
crystals of the family exist in several structural modifi�
cations depending on the conditions of their growth or
external actions. In particular, bismuth triborate has
six structural modifications [2, 3]. The structural basis
of this compound is the boron–oxygen framework
consisting of BO4 tetrahedra or BO4 tetrahedra and
BO3 triangles connected by their vertices [2, 3]. Bis�
muth atoms are arranged in the framework cavities
(voids). It is known that only γ and δ modifications,
among all bismuth triborate modifications, have struc�
tural frameworks consisting only of BO4 tetrahedra
(other modifications contain BO4 tetrahedra and BO3

triangles in proportion of 1 : 2 or 2 : 1 [2, 3]), and, as a
result, these two modifications have highest densities
which differ insignificantly in the γ and δ structures
(6.177 and 6.378 g/cm3, respectively). In [2], the con�
structed temperature/pressure BBO phase diagram
demonstrates that the γ�BBO and δ�BBO modifica�
tions occupy the largest regions of the diagram. At zero
pressure, δ�BBO exists in the range from low temper�
atures to 953 K and γ�BBO exists in the range from
953 K to 983 K; the melting temperatures of both
modifications are the same (983 K). It was noted in [2]
that the kinetics of phase transitions between the bis�
muth triborate modifications is very slow. For exam�
ple, the γ�BBO phase is not formed in the sample bulk
as the δ�BBO phase is annealed at temperatures of
923–973 K for 50 h. However, as a γ�BBO grain is
added in the initial δ�BBO sample and the sample is
subjected to annealing at temperatures of 953–983 K

for 50 h, the γ�BBO phase occupies to 81% of the sam�
ple bulk.

The physical properties of bismuth triborate in the
α modification [1, 2, 4, 5] have been studied exten�
sively using experimental and theoretical methods. As
for other modifications, most attention of researchers
has been concentrated on the study of their optical
properties. At the same time, for example, to reveal the
physical cause of a large nonlinear optical coefficient
in δ�BBO or its high mechanical strength, it is very
important to know the phonon spectra, the elastic
moduli, and the piezoelectric response. In [6], the
limiting crystal lattice vibration frequencies of δ�BBO
were determined experimentally by Raman and IR
spectroscopy and these frequencies were calculated in
a model using the interatomic potentials, whose
parameters were fit using the experimental data. Sev�
eral values of the limiting vibration frequencies of
γ�BBO, which were obtained experimentally using
Raman spectroscopy, are given in [3].

This work is devoted to the ab initio calculation of
the phonon spectra, dielectric and elastic properties of
the γ and δ modifications of the BiB3O6 crystal.

2. RESULTS OF CALCULATIONS

The spectra of the crystal lattice vibration frequen�
cies, the high�frequency permittivity, the dynamic
Born charges, and the elastic moduli were calculated
in the framework of the ab initio model of an ionic
crystal with inclusion of the dipole and quadrupole
polarizabilities of the ions. The model was described in
detail in [7]. 
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The δ�BBO modification has a polar structure with
symmetry space group Pca21 with four molecules in
the unit cell [8] (the lattice parameters and fractional
atomic coordinates are given in Table 1). The γ�BBO
modification has the centrosymmetric structure with
symmetry space group P21/n and also with four mole�
cules in the unit cell [9]. Note that the γ�BBO struc�
ture is described in [9] using a nonstandard installation
for the monoclinic symmetry group, in which the
angle of monoclinicity is 121.141°. We use the stan�
dard installation with symmetry space group P21/c.
The lattice parameters and the fractional atomic coor�
dinates in this installation obtained using the FIND�
SYM program [10] are given in Table 2. In this instal�
lation, the angle of monoclinicity is 91.0689°, i.e., it is
very close to the right angle. We calculated the vibra�
tion frequency spectrum over the Brillouin zone in γ�
BBO, using for convenience angle 90°, which leads to
insignificant (less than 1%) differences of the frequen�
cies, according to the comparison with the vibration

frequencies in the Brillouin zone center calculated for
the angles of monoclinicity 91.0689° and 90°.

The calculation of the vibration frequency spec�
trum for the γ�BBO and δ�BBO crystal lattices using
the experimental values of the lattice parameters and
the atomic coordinates shows the existence of instable
vibrational modes.

To eliminate the instable modes, we perform the
relaxation of the structures of both the modifications
with respect to the lattice parameters and the atomic
coordinates. The lattice parameters and the fractional
atomic coordinates obtained as a result of the relax�
ation are listed in Tables 1 and 2. As is seen from the
Tables, the calculated lattice parameters differ from
the experimental parameters by not larger than 3%,
and the largest difference between the relaxed and
experimental fractional atomic coordinates is 1%.

The expansion of the total oscillation representa�
tion in the Brillouin zone center for the γ phase has the
following view: Γ = 30Ag + 30Bg + 30Au + 30Bu, where

Table 1. Lattice parameters and fractional atomic coordi�
nates of δ�BBO with symmetry space group Pca21 according
to the experimental data [8] and the theoretical calculation
(given in the parentheses)

Atom Wyckoff 
position x y z

Bi 4a
0.8379 0.1574 0.2024

(0.830) (0.168) (0.196)

O(1) 4a
0.7883 0.3102 0.1578

(0.787) (0.313) (0.196)

O(2) 4a
0.9394 0.3611 0.0695

(0.940) (0.362) (0.073)

O(3) 4a
0.8543 0.7600 0.0338

(0.854) (0.762) (0.036)

O(4) 4a
0.7242 0.7487 –0.0133

(0.724) (0.752) (–0.011)

O(5) 4a
0.0679 0.2639 –0.0247

(0.068) (0.263) (–0.022)

O(6) 4a
0.9821 0.8710 –0.0274

(0.983) (0.871) (–0.024)

B(1) 4a
0.7871 0.6369 0.1678

(0.787) (0.639) (0.169)

B(2) 4a
0.9277 0.6730 0.1456

(0.928) (0.674) (0.148)

B(3) 4a
0.0023 0.1759 0.1144

(0.003) (0.176) (0.117)

V a b c

Lattice 
parameters

351.37 Å3 18.4480 Å 4.4495 Å 4.2806 Å

(333.91 Å) (18.3034 Å) (4.3378 Å) (4.2056 Å)

Table 2. Lattice parameters and fractional atomic coordi�
nates of γ�BBO with symmetry space group P21/c according
to the experimental data [8] and the theoretical calculation
(given in parentheses)

Atom Wyckoff 
position x y z

Bi 4e
0.1563 0.615 0.3702

(0.167) (0.598) (0.361)

O(1) 4e
0.846 0.624 0.879

(0.847) (0.624) (0.880)

O(2) 4e
0.778 0.578 0.554

(0.780) (0.577) (0.555)

O(3) 4e
0.792 0.772 0.670

(0.793) (0.773) (0.671)

O(4) 4e
0.335 0.658 0.717

(0.337) (0.659) (0.719)

O(5) 4e
0.346 0.879 0.546

(0.347) (0.880) (0.548)

O(6) 4e
0.809 0.967 0.685

(0.809) (0.968) (0.686)

B(1) 4e
0.702 0.658 0.693

(0.674) (0.659) (0.693)

B(2) 4e
0.713 0.868 0.564

(0.694) (0.869) (0.564)

B(3) 4e
0.181 0.583 0.867

(0.202) (0.584) (0.868)

β a b c

Lattice 
parameters,
V = 362.83 Å3

91.0689° 4.2596 Å 11.7093 Å 7.2757 Å

90° (4.1421 Å) (11.5587 Å) (7.2209 Å)
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the acoustic modes are Au + 2Bu modes. Modes Ag and
Bg are Raman�active, and modes Au and Bu are IR�
active. The calculated limiting vibration frequencies
for γ�BBO are given in Table 3.

The expansion of the total oscillation representa�
tion in the Brillouin zone center for the δ phase has the
following view: Γ = 30A1 + 30A2 + 30B1 + 30B2,
including acoustic modes A1 + B1 + B2. Optical modes
A1, B1, and B2 are active in the Raman spectra and IR
spectra. Modes A2 are Raman�active.

The limiting vibration frequencies of δ�BBO calcu�
lated in this work are given in Tables 4 and 5; the Tables
also contain, for comparison, the limiting frequencies
obtained in [6], where the frequencies obtained from
the Raman spectra are classified by irreducible repre�

sentations, and the IR�active modes are given without
classification.

In this work, we calculated the moduli of elasticity
(GPa)

for γ�BBO 

(1)Cγ

328.2 83.3 155.5 0 6.3 0

83.3 411.4 83.4 0 3.0– 0

155.5 83.4 313.1 0 0.1 0

0 0 0 76.9 0 3.0–

6.3 3.0– 0.1 0 151.7 0

0 0 0 3.0– 0 79.5

,=

Table 3. Vibration frequencies (cm–1) in the Brillouin zone center of the γ�BBO crystal and oscillator strengths S of the
corresponding IR�active modes according to the calculation performed in this work

Ag Bg Au (LO) Au (TO) S Bu (LOx) Bu (LOz) Bu (TO) Sx Sy

1093 1121 1111 1089 0.136 1178 1087 1087 0.623 0.000

1024 1066 1075 1072 0.019 1038 1063 1035 0.021 0.187

946 1029 1023 982 0.293 1006 1009 1006 0.000 0.018

928 926 982 936 0.350 957 965 948 0.070 0.123

887 904 931 891 0.319 899 886 871 0.234 0.122

774 839 886 794 0.848 857 867 855 0.019 0.104

715 748 763 752 0.102 728 855 709 0.191 1.564

687 682 700 696 0.034 702 703 698 0.047 0.049

670 656 641 636 0.064 671 659 656 0.158 0.029

589 590 584 584 0.000 624 597 593 0.370 0.048

539 571 561 558 0.045 591 578 569 0.378 0.116

525 520 550 543 0.091 534 525 517 0.242 0.112

507 499 508 503 0.068 508 507 506 0.029 0.020

484 474 492 490 0.028 503 485 480 0.340 0.076

444 448 486 479 0.104 467 466 466 0.014 0.011

423 429 438 438 0.003 451 451 448 0.052 0.039

422 415 421 421 0.000 411 408 407 0.074 0.006

379 385 399 399 0.006 399 400 399 0.003 0.014

351 333 369 369 0.005 368 372 361 0.139 0.216

337 319 348 347 0.014 352 351 351 0.036 0.007

305 314 320 320 0.001 330 330 329 0.021 0.023

285 288 300 299 0.005 304 303 301 0.079 0.053

265 262 257 254 0.078 274 272 272 0.058 0.002

231 257 214 214 0.000 223 225 222 0.014 0.093

207 209 188 183 0.177 196 205 194 0.094 0.430

149 183 164 164 0.013 159 162 134 1.438 1.625

123 174 127 100 2.083 98 119 93 0.352 2.110

93 120 56 55 0.054 24 47 24 0.143 10.227

66 78 48 45 0.384

53 39
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and for δ�BBO 

(2)

The calculated values of the high�frequency per�
mittivity and the moduli of dilatation of both consid�
ered bismuth triborate modifications are listed in
Table 6. 

Figure 1 shows the calculated total and partial den�
sities of phonon states of bismuth, boron, and oxygen
atoms for γ�BBO and δ�BBO.

3. DISCUSSION OF THE RESULTS

As is seen from Eqs. (1), (2), and Table 6, the values
of elastic moduli Cij and the bulk modulus in γ�BBO
and δ�BBO differ insignificantly; it is not surprise,
because both the structures have the same structural
frameworks and close interatomic distances (the max�
imum difference of the interatomic distances in these
structures is 3%). We did not find available experimen�
tal data on elastic moduli for neither γ�BBO nor δ�
BBO, and, because of this, did not compare the calcu�
lated and experimental values. It is seen from Table 6
that the values of the high�frequency permittivity ten�
sor components also differ insignificantly, and the
refractive indices agree adequately with the measured
values [11, 12]. 

Unfortunately, we had not possibility to compare
the calculated limiting vibration frequencies for γ�
BBO (Table 3) with experimental data, because there
are no available detailed experimental data on the
phonon spectra of γ�BBO. In [3], the authors present
the Raman spectrum of γ�BBO, indicating only the
frequencies 430, 473, 548, 602, 701, and 1055 cm–1

without their classification.

It is seen from Tables 4 and 5 that the limiting fre�
quencies of δ�BBO calculated in this work agree well
with the experimental data; the main difference can be
observed at low frequencies, but the frequencies lower
than 100 cm–1 were not likely to be observed experi�
mentally. Among the calculated vibrational modes,
there are two modes with highest frequencies: the B1�
type mode with a frequency of 1203/1157 cm–1

(LO/TO) and the B2�type mode with a frequency of
1204/1203 cm–1 (LO/TO). There are no modes with
such frequencies in the experimental Raman spectra;
however, there are two modes with highest frequencies
1263 cm–1 and 1120 cm–1 among the IR�active modes.

Cδ

363.9 127.0 120.7 0 0 0

127.0 361.3 111.5 0 0 0

120.7 111.5 365.5 0 0 0

0 0 0 108.2 0 0

0 0 0 0 117.7 0

0 0 0 0 0 124.1

.=

 
Table 4. Vibration frequencies (cm–1) of the IR� and
Raman�active modes in the Brillouin zone center of the δ�
BBO crystal according to the measurements in [6] and the
theoretical calculation in this work (the oscillator strengths
S of the A1�type modes are calculated in this work)

A1 A1 A1 A1 A1 A2 A2 IR

calc. calc. calc. exper. exper. calc. exper. exper.

LO TO S LO TO TO TO

1112 1105 0.047 1113 1105 1075 1263

1063 1031 0.237 1075 1075 1031 1031 1120

1022 1004 0.135 1031 1030 1015 1008 1085

986 986 0.000 1006 996 986 975 1044

945 923 0.182 974 954 926 935 1006

908 881 0.235 935 895 880 863 960

792 772 0.198 784 863 866 783 937

765 727 0.394 727 783 792 727 928

642 636 0.071 647 753 714 708 887

584 582 0.030 607 726 632 648 818

582 536 0.666 530 639 544 607 791

512 511 0.015 515 607 524 530 770

500 498 0.040 501 530 498 514 744

489 475 0.218 467 515 478 501 726

458 453 0.083 417 499 456 467 703

434 431 0.042 402 467 435 417 644

394 392 0.044 395 415 406 401 627

375 374 0.011 329 395 401 394 607

366 366 0.000 314 327 373 329 578

330 330 0.000 256 304 357 314 568

309 305 0.085 247 246 326 255 531

283 283 0.000 228 228 301 246 499

268 268 0.000 206 206 294 228 488

230 230 0.008 195 185 252 205 467

188 166 1.066 170 177 247 196 416

144 139 0.255 150 124 227 170 403

115 114 0.023 124 115 86 124 393

87 48 8.327 116 99 71 115 367

26 23 1.194 109 63 108 328

57 311

257

242

205

190

173

154

127

119
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We estimated the oscillator strength of the mode [13]

(3)

for the calculated frequencies of the A1, B1, and B2

types in δ�BBO and Au and Bu in γ�BBO. The oscilla�
tor strengths calculated by Eq. (3) are given in
Tables 3, 4, and 5.

In the γ�BBO crystal, the modes with frequencies
(LO/TO) 47/24, 119/93, 127/100, 162/134, 855/709,
159/134, 886/794, 1178/1087 cm–1 have the highest
oscillator strengths 10.227, 2.110, 2.083, 1.625, 1.564,
1.438, 0.848, and 0.623, respectively. In the δ�BBO
crystal, modes with frequencies (LO/TO) 87/48,
126/80, 92/61, 63/43, 209/177, 26/23, 188/166,
1136/1045, and 582/536 cm–1 have the highest oscil�
lation strengths 8.327, 5.221, 4.507, 3.940, 1.430,
1.194, 1.066, 0.655, and 0.666, respectively. The high
oscillator strengths of the low�frequency modes (lower
than 200 cm–1) correspond to polar oscillation modes,
in eigenvectors of which positively charged bismuth
ions are displaced in one direction and negatively
charged oxygen ions are displaced in the opposite
direction. At high frequencies, bismuth ions do not
almost participate in the lattice vibrations, and high
oscillator strengths correspond to the modes, in eigen�
vectors of which most of boron ions are displaced in
one direction and most of oxygen ions are displaced in
the opposite direction. In [6], the oscillator strengths
were estimated for the measured A1�type modes; the
largest of them 0.09, 0.22, 0.12, 0.29, 0.54, 1.257 cor�
respond to frequencies 996, 954, 639, 304, 185, and
99 cm–1, respectively; the estimation shows that low�
frequency modes have the largest oscillator strengths.

Let us discuss the stability of the δ�BBO and
γ�BBO phases as temperature varies. As was already
noted in Section 1, the experimental studies showed
that the δ phase is most stable at low temperatures, and
the γ phase becomes more stable at temperatures
higher than 950 K [2]. Our calculations show that, at
T = 0 K, the δ phase is more energetically favorable as
compared to the γ phase; however, the total energies of
these phases are close, as is seen from Table 7 that gives
the total energy (less the ion intrinsic energy) and indi�
vidual contributions in these energies for δ�BBO and
γ�BBO. The proximity of the energies of the δ and γ
phases at zero temperature allow us to suppose that, at
a finite temperature, the γ phase becomes more stable
as compared to the δ phase due to the phonon contri�
bution to the free energy. In this work, we used the
expression for the free energy in the harmonic approx�
imation [14], assuming that anharmonic contribu�
tions of the γ and δ phases to F(T) are the same:

(4)

Si ε∞
ωLO i,

2 ωTO i,
2–

ωTO i,
2

�������������������������.=

F T( ) Estatic Fvibr T( ),+=

Table 5. Vibration frequencies (cm–1) of the IR� and
Raman�active modes in the Brillouin zone center of the δ�
BBO crystal according to the measurements in [6] and the
theoretical calculation in this work (the oscillator strengths
S of the B1� and B2�type modes are calculated in this work)

B1 B1 B1 B1 B2 B2 B2 B2 IR

calc. calc. calc. exper. calc. calc. calc. exper. exper.

LO TO S TO LO TO S TO

1203 1157 0.287 1079 1204 1203 0.009 1263

1045 1042 0.015 1032 1136 1045 0.655 1082 1120

1025 1019 0.040 998 1024 1014 0.069 1028 1085

988 961 0.205 934 1007 990 0.126 996 1044

924 915 0.068 919 925 920 0.038 962 1006

888 867 0.170 862 896 886 0.082 933 960

865 832 0.292 812 840 816 0.219 919 937

816 811 0.043 785 784 757 0.259 863 928

773 746 0.257 727 728 728 0.005 784 887

719 687 0.329 711 628 610 0.216 727 818

603 602 0.009 607 587 579 0.103 607 791

564 561 0.035 580 575 563 0.150 578 770

538 522 0.212 531 521 521 0.000 530 744

503 502 0.003 514 503 503 0.000 514 726

470 470 0.007 499 467 463 0.064 498 703

440 440 0.004 467 442 439 0.033 467 644

425 424 0.014 416 411 410 0.019 416 627

408 406 0.032 403 392 385 0.000 395 607

385 385 0.003 394 385 384 0.141 328 578

369 369 0.000 328 338 337 0.025 313 568

316 315 0.026 313 311 310 0.019 304 531

310 305 0.123 305 287 285 0.046 247 499

282 275 0.178 247 253 252 0.027 227 488

272 269 0.059 228 209 177 1.430 206 467

254 254 0.000 207 140 140 0.004 185 416

126 80 5.221 187 127 127 0.013 177 403

78 76 0.197 176 111 109 0.083 124 393

68 67 0.096 125 92 61 4.507 115 367

63 43 3.940 116 25 24 0.227 99 328

100 311

257

242

205

190

173

154

127

119
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 (5)

where Estatic is the total energy, Evibr(T) is the vibra�
tional energy consisting of the zero�oscillation energy
(first term), and the thermal oscillation energy (sec�
ond term); and g(ω) is the density of phonon states.

As is seen from Fig. 1, the densities of phonon
states of δ�BBO and γ�BBO demonstrate some differ�
ences which are most clearly observed in the partial
densities of states. Namely, the partial density of state
of bismuth monoclinic phase has a peak near 120 cm–1,
while the bismuth vibrations at this frequency are
absent in the orthorhombic phase. In high�frequency
spectral region, where predominantly boron atoms
take part in the vibrations, the differences in the den�
sities of states are insignificant; we can only note that a
great number of the vibration frequencies exist in the
orthorhombic phase in the range of 800 cm–1–1200
cm–1.

These differences in the densities of phonon states
are observed in temperature dependences Fvibr(T) for
δ�BBO and γ�BBO shown in Fig. 2. It is seen that the
vibrational energy of the γ phase is more favorable than
that of the δ phase and has a “stepper” temperature
dependence. The inset in Fig. 2 shows the temperature

Fvibr T( ) ωg ω( ) �ω
2

������d∫=

+ kBT 1 �ω
kBT
�������–⎝ ⎠

⎛ ⎞exp–⎝ ⎠
⎛ ⎞ ,ln

dependence of the difference of the free energies of δ�
BBO and γ�BBO; it is seen that the δ�BBO structure is
stable below 1100 K, and the γ�BBO structure
becomes stable at temperatures higher than 1100 K.
The phase transition temperature between the two
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Fig. 1. Densities of phonon states of δ�BBO (at the left) and γ�BBO (at the right): (from top to bottom) the total density of states
(DOS) and the partial densities of states (PDOS) of bismuth, oxygen, and boron ions.

0 200 400 600 800 1000 1200
T, K

−200

−150

−50

−100

0

50

100

E
n

er
gy

, 
m

eV

E
n

er
gy

, 
m

eV 2
0

−2
−4

0 400 800 1200
T, K

Fig. 2. Temperature dependences of the vibrational energy
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ence between the free energies (Eq. (4)) of δ�BBO and
γ�BBO.
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structural modifications calculated in this work agrees
well with the experimental value T = 950 K [2].

Now, we consider the estimation of the polarization
magnitude in δ�BBO. The δ phase of this compound is
usually assigned to pyroelectrics, because the phase
has no domain structure, and there are no experimen�
tal data on the possible polarization switching of the
sample when external electric field is applied. As is
known, it is impossible to estimate the polarization
magnitude of a pyroelectric using the structural data
on atomic coordinates in the unit cell, since there is
infinite number of variants of choosing the origin of
atomic displacements. The estimation can be per�
formed if the structure with the inversion center could

be obtained using relatively small displacements of the
initial structure ions. In δ�BBO, we can displace bis�
muth and oxygen atoms (Table 1) parallel to crystal
axis c, so that they will arranged in plane z = 0 (coor�
dinates z of a bismuth ion and each of six oxygen ions
will take the value 0). The obtained structure remains
polar with the same symmetry space group Pca21 and
also with four molecules in the unit cell. An important
specific feature of the structure is the fact that it is pos�
sible to finish building of each tetrahedron of the
structure to a triangular bipyramid consisting of two
tetrahedrons connected by a face perpendicular to axis
c of the crystal. The difference between the tetrahedra
is that one of them contains a boron ion in its interior,
and another does not contain it. Thus, one can be
imagined that the basis of this structure is a framework
from bipyramids, not tetrahedra, connected to each
other by edges or vertices. However, the transfer of
each boron ion in the bipyramid from one tetrahedron
to another does not change translation and point sym�
metry of the structure, and only the crystal polariza�
tion vector direction is changed to the opposite direc�
tion.

It would appear natural to assume that the γ�BBO
praphase is a structure, in which boron ion equally
probably occupy to positions in the bipyramids
(Fig. 3). This structure belongs to nonpolar orthor�
hombic space group Pbcm with four molecules in the
unit cell; i.e., the translation symmetry of the crystal is
not changed when disordering boron ions over two
positions.

The polarization was calculated by formulas

(6)

(7)

Here, N is the number of atoms in the unit cell; V is the

unit cell volume;  is the nominal charge of the ith
ion; ui is the displacement distance of the ith ion along
axis z from the praphase to the polar phase observed
experimentally (boron ions were displaced from their
mean positions, i.e., from the bipyramid bases); Pel is
the polarization due to dipole distortions of the elec�
tron density of ions. The polarization magnitude was

P Pion Pel,+=

Pion
1
V
�� Zi

ionui.

i 1=

N

∑=

Zi
ion

Table 6. Calculated values of bulk modulus B (GPa), high�

frequency permittivity , and refractive indices ni for δ�

BBO and γ�BBO (the refractive indices obtained in [11, 12]
are given in the parentheses)

γ�BBO δ�BBO

B, GPa 188.5 201.0

3.55 3.55

3.47 3.62

3.47 3.73

nx 1.88(2.14) 1.88(2.09)

ny 1.86(2.06) 1.90(2.11)

nz 1.86(2.06) 1.93(2.20)

ε∞
ii

ε∞
xx

ε∞
yy

ε∞
zz
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b

a B
O
Bi

(a)

(b)

Fig. 3. (a) Structure of δ�BBO with symmetry space group
Pca21 and (b) the structure of the centrosymmetric
praphase of δ�BBO with symmetry space group Pbcm (in
each of tetrahedra, the boron ion occupies its own position
with probability of 1/2).

Table 7. Total energies and individual contributions to the
energy (eV/at) for δ�BBO and γ�BBO

δ�BBO γ�BBO ΔE

Efull –36.214559 –36.206352 –0.008207

Eshort 6.818838 6.635765 0.183073

Ecoulomb –42.578558 –42.242114 –0.336444

Edipole –0.305630 –0.429230 0.123600

Equadrupole –0.149245 –0.170775 0.021530
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131 μC/cm2 with the ionic and electronic contribu�
tions 117 μC/cm2 and 14 μC/cm2, respectively.

4. CONCLUSIONS

The main results of this study can be summarized
as follows.

The total crystal lattice vibration spectrum, the
elastic constants, and the high�frequency permittivity
of two bismuth triborate modifications δ�BBO and γ�
BBO were calculated in terms of the ab initio model of
an ionic crystal. The calculated vibration frequencies
of the IR� and Raman�active modes in the Brillouin
zone center for δ�BBO, and the refractive indices of δ�
BBO and γ�BBO agree well with the experimental
data.

The calculations showed that the difference
between the energies of the γ�BBO and δ�BBO phases
at T = 0 is 8 meV, and the vibrational contribution to
the free energy at all finite temperatures in γ�BBO is
energetically more favorable than that in δ�BBO. The
calculated temperature of the phase transition from δ�
BBO to γ�BBO of 1100 K agrees adequately with the
experimental value of 950 K.

We proposed the structure of the nonpolar δ�BBO
praphase with disordering of boron ions over two
equally probable positions. The polarization of δ�BBO
was estimated to be 131 μC/cm2.
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