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Yong-Nian Xu and W. Y. Ching
Department of Physics, University of Missouri—Kansas City, Kansas City, Missouri 64110

R. H. French

E. I. Dupont de Nemours and Company, Inc., Central Research and Development Department, E356/323 Experimental Station,

Wilmington, Delaware 19830
(Received 12 July 1993)

The electronic structure and the linear-optical properties of the nonlinear-optical crystal 5-BaB,0,
(BBO) have been calculated using a first-principles band-structure method with the local-density approx-
imation. The results are compared with those of another nonlinear-optical crystal LiB;O5 (LBO). An in-
direct band gap of 5.52 eV and a direct gap of 5.61 eV at I" for BBO are obtained, which are to be com-
pared with the measured optical gap of 6.43 eV. It is shown that the electronic structure of the BBO is
dominated by the characteristic ionic (B;O¢) ™ group in which the two different O sites show markedly
different bonding structures. Comparison of charge-density distributions in BBO and LBO shows that
the ionic groups are linked together in forming a networklike structure. The Ba atom in the BBO crystal
is found to be bonded to the O ions in the adjacent layers in a partly covalent, partly ionic manner due to
the presence of large semi-core-like 5p orbitals. The calculated optical properties for both BBO and
LBO crystals are in good agreement with the measured vacuum ultraviolet spectrum especially in the re-
gion of absorption threshold. The agreements between theory and experiment near the absorption edges
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are much closer than that refiected by the gap values alone.

I. INTRODUCTION

In the late 1970s, Chen proposed an anionic-group
theory to describe the nonlinear-optical susceptibilities of
borate crystals.! The theory asserts that the second-
harmonic generation (SHG) of a nonlinear inorganic
crystal can be considered as the superposition of anion
groups in the crystal which can be estimated from quan-
tum molecular calculations. Subsequently, Chen and co-
workers succeeded in growing many new inorganic crys-
tals in the borate family with excellent optical properties
and material qualities.'”™> Among them, B-BaB,O,
(BBO) and LiB;Os (LBO) are the most outstanding. The
SHG coefficient of BBO is reported to be three to six
times larger than that of KH,PO, (KDP). It has also a
wide transparent and phase matchable region, good opti-
cal quality, and a high damage threshold.! The funda-
mental electronic structure and optical properties of this
new nonlinear optical crystal are still not well under-
stood, and rigorous theoretical investigation is of obvious
interest.

We have previously reported the electronic structure
and optical properties calculations of LBO (Ref. 6) and
KTiOPO, (KTP) (Ref. 7) using the first-principles or-
thogonalized linear combination of atomic orbitals
method (OLCAQ) in the local-density approximation.
KTP is another excellent nonlinear-optical crystal that
has been widely studied.® In this paper, we report a de-
tailed calculation for the BBO crystal and compare the
result with recent experimental data using vacuum ultra-
violet (VUY) spectroscopy and x-ray photoemission spec-
troscopy (XPS).° We also compare and contrast with the
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result for the LBO crystal.®

BBO crystalizes in both high- («-BaB,0,) (Ref. 10) and
low-temperature (8-BaB,0,) phases.!! The crystal struc-
ture of the low-temperature phase has been determined
by several groups.*127!# It has a space group of C$,-
R;,.. The trigonal unit cell contains six formula units for
a total of 42 atoms. The ionic group (B;O4)~* contains
planar conjugated 7 orbitals perpendicular to the ¢ axis
which are believed to be the source of large SHG
coefficients. There are two types of O atoms in the
(B;O4)™ complex: the O(1) atom has two nearest-
neighbor (NN) B atoms, while O(2) has only one NN B
atom. The crystal structure can be viewed as consisting
of alternating and closely spaced layers of (B;O) > and
Ba®? jons. The structure of LBO is quite different.'’
The orthorhombic cell contains four formula units with
three nonequivalent B and five nonequivalent O sites.
Two of the B atoms form threefold bonding with O, simi-
lar to that in BBO. The other B site is fourfold bonded to

. O in the form of a distorted tetrahedron.

We used the crystal structure determined by Frohlich!®
for our calculation of BBO. The siructure is very close to
that determined earlier by Chen, Wu, and Li,* which has
a slightly larger reported R value. The lattice structure
and the interatomic distances for both the BBO and LBO
crystals are summarized in Table I.

The electronic structure of S-BaB,0, crystal is calcu-
lated using the first-principles self-consistent OLCAOQO
method within the local-density approximation. The
method has been applied to study the electronic proper-
ties of many complex crystals.!® In the present calcula-
tion, the basis functions for BBO consist of atomic orbit-
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als of Ba ([Xe] core plus 6s, 6p, and 5d, with the Ba 5p
treated as the valence orbital), B (1s, 2s, 2p, 3s, and 3p),
and O (1s, 2s, 2p, 3s, and 3p). Each atomic orbital was ex-
pressed as combinations of sixteen Gaussian-type orbitals
(GTQ’s) with decaying exponents ranging from 50000 to
0.15. The inclusion of excited atomic state orbitals in the
basis expansion is necessary for an accurate determina-
tion of high conduction-band states involved in the opti-
cal transitions at high photon energies. Spin-orbit in-
teractions are ignored in the present calculation. For the
Ba atom, this can have some effect on the energy levels
with significant Ba mixing. The crystal potential and the
charge density were linearly fitted to superpositions of
atom-centered functions.!® The O(1) and O(2) atoms
were treated as different atoms. We used three special k
points in the Brillouin zone (BZ) for self-consistent itera-
tions, and achieved a final fitting accuracy of less than
0.003 electron per valence electron in the cell. For the
density of states (DOS) and linear optical calculations, 30
k points in the irreducible portion of the BZ were em-
ployed. Because of the large unit cell, this number of k
points is more than adequate for a high-resolution result.
The experimental VUV spectra were taken using a
laser plasma sourced vacuum ultraviolet spectrophotome-
ter'” 18 operating from 28 to 700 nm (44-2 eV) with a
resolution of 0.2—0.6 nm. The experimental reflectivities
were Kramers-Kronig analyzed! to yield the reflected
phase, and then used to calculate the complex dielectric

TABLE 1. Comparison of structures and properties of B-i?aBgQg and LiB;0s.
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constant. The samples were single crystals of good opti-
cal quality, and were polished using a colloidal ceria pol-
ishing method. Optical reflectivity measurements above
the band gap probe a depth on the order of 50 nm, and
therefore the samples were lightly polished prior to mea-
surement to avoid any thin hydroxide or carbonate sur-
face layers which appeared to form after long exposure to
room air.

II. RESULTS

A. Band structures

The calculated band structure of BBO is shown in Fig.
1. Both the valence bands (VB’s) and conduction bands
(CB’s) are very flat, similar to other nonlinear optical
crystals such as LBO (Ref. 6) and KTP.” The top of the
VB is at I', and the bottom of the CB is at X, with an in-
direct gap of 5.52 eV. However, the direct gaps are only
slightly larger (5.57 eV at X, 5.61 ¢V at I, and 5.55 eV at
a point along I'-A4). These values are to be compared
with the measured optical gap of 6.43 eV.? For the LBO
crystal, the calculated band gap of 7.37 eV is direct at T, ®
compared to the measured value of 7.75 eV.? In BBO,
the upper VB region consists of five narrow bands. The
topmost one has a width of about 1.4 eV which is
separated from the next one by a gap of about 0.4 eV. In
LBO, the upper VB region has several minigaps.® The

LiBOs

_ Crystal L .. B-BaB,0, ) .
Crystal structure V trigonal orthorhombic
Lattice const. (A) a=8.38 a=8.46
£=96.65" b=5.13
c=7.38
Formula unit/cell 6 4
Space group C§,-R;,  Pn21a(CY,)

Structural units

B-O dist. (A)

Band gap (eV)

Expt. gap (eV)

Effective Mulliken charges (electrons):
Ba (or Li)
B
o

... 6.70_(02))

Planer (B;O4)~? Planar threefold

Tetrahedral fourfold
1.329-1.415 1.368 [average for B(1)]
1.373 [average for B(3)]
1.476 [average for B(2)]

5.52 (indir.)
5.61 (dir. at I
5.57 (dir. at X)

7.37 (dir. at )

6.43 7.78
6.06 0.94
2.46 2.34
6.51 (0(1))
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FIG. 1. Calculated band structures of 5-BaB,0,. Inset at top
shows the Brillouin zone.

bottoms of the CB’s in BBO and LBO are quite different.
In the BBO crystal, the CB minimum is at X with a very
large electron effective mass. The CB minimum in LBO
is at T', and has a reasonable electron effective mass of
about 0.8.°

Hsu and Kasowski reported the calculation of the elec-
tronic and optical properties of BBO and LBO crystals
using an ab initio pseudofunction energy-band method. 20
They obtained band gaps of 4.56 eV for BBO and 6.9 eV
for LBO, both smaller than our calculated values.

B. Density of states

In Fig. 2, we display the total density of states (DOS) of
both LBO and BBO crystals. Also shown are the experi-
mental XPS data for the VB.? Since the resolution for
the XPS spectra (0.7 eV) is quite low, only the gross
features in the DOS can be compared. As can be seen
from Fig. 2, the agreement between general profiles of the
spectra is quite good. The major difference seems to be
that the measured semi-core-like Ba 5p peak centered at
—12 eV is a doublet. The doublet is related either to a
surface effect or is due to spin-orbit splitting, which has
not been taken into account in the calculation. Also, the
calculated O 2s levels are at lower binding energy (closer
to the VB top) than the measured ones in both crystals.
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FIG. 2. Total DOS of (a) LBO and (b) BBO. The dashed
lines are the experimental XPS data from Ref. 8.

This is also true for most of the oxides, and is related to
the correlation effect of the localized nature of the O 2s
states which are not well described by the LDA theory.
In the upper VB region between 0 and —9.0 eV, XPS
data show three broad peaks which are well reproduced
by the calculation. The calculation actually suggests that
the first broad peak may consist of three narrower peaks.
In Figs. 3 and 4, we show the orbital-projected partial
DOS (PDOS) for Ba, B, and the two types of O, O(1) and

- O(2), in the BBO crystal. Since the PDOS were obtained

using the Mulliken partitioning scheme,?! which is not
accurate if the basis functions involve extended orbitals
such as in the present calculation, the PDOS presented
here are for illustrative purpose only. Nevertheless, we
can still see a substantial difference in the PDOS of O(1)
and O(2) because of their different local bonding environ-
ment. The total O 2s peaks have three structures roughly
at —17.0, —19.0, and —20.7 eV. The two lower peaks
derive mainly from the O(1) atom, while the higher one
originates exclusively from the O(2) atom. This is simply
a reflection of the fact that O(1) has two B atoms as
NN’s, and thus a stronger interaction, and O(2) has only
one B atom as a NN. For the same reason, the VB peaks
at —8 and —7 eV are the result of strong hybridization
between the 2p states of O(1) and a hybrid of 2s and 2p
orbitals of B. For the upper three peaks in the VB at
—3.8, —2.1, and —0.9 eV, the lower one at —3.8 €V can
be traced to the bonding between O(2) 2p and B 2p. The
other two correspond to the nonbonding orbitals of O(2)
and O(1). It is not surprising to see that the strong top
peak at ~0.9 eV originates from O(2). O(2) has only one
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B atom as 2 NN and therefore has a stronger nonbonding

peak.

The semi-core-like Ba 5p peak at —11.7 eV appears to
have little interaction with other orbitals. On the other
hand, the two Ba 6s electrons are almost completely ion-
ized since their PDOS are high in the CB region. This
unique feature is important in elucidating the role played
by the Ba atom in the overall bonding picture of the BBO
crystal, and will be further discussed below. We also note
that the bottom of the CB is mainly from the Ba 5d orbit-
als with some admixture from B 2p. This fact is impor-
tant in the discussion of optical absorption near the
threshold.

C. Charge distribution

The bonding picture in the BBO and LBO crystals can
be more vividly illustrated by plotting the charge-density
maps of specific crystallographic planes. For a BBO
crystal, we chose three planes: (1) a plane perpendicular
to the ¢ axis containing the planar (B;O¢) > unit; (2) a
plane perpendicular to the c axis containing the Ba ions;
and (3) a plane parallel to the ¢ axis and containing some
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FIG. 3. Orbital-resolved partial DOS of Ba and B in -
BaB204.
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FIG. 5. Charge-~density distribution in 8-BaB,0, on the [001]
plane containing a (B;O4)”? unit (at the center). The other
charges are from ions in the planes adjacent to it. The contour
lines are from 0.01 to 025 by 0.005 all in units of
electrons/(a.u.) 3.
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FIG. 6. Charge-density distribution in B-BaB,0, on the [001]
plane containing Ba atoms. The contour units are the same as
Fig. 5.

Ba ions and also close to O ions. The calculated charge
densities on these three planes are shown in Figs. 5, 6,
and 7, respectively. Figure 5 shows the (B;O¢) " ion to
be a clusterlike charge unit with a planar intracluster O-B
covalent bonding. This cluster unit is bonded to the Ba
atoms in the adjacent layers. The difference in the charge
distribution between O(1) and O(2) due to different num-
bers of NN B atoms is quite clear. The degrees of distor-
tion of the O charge from that of a spherical symmetry
are quite obvious. Figure 6 shows the charge distribution
in the Ba plane, which also shows the charges of the
(B3O4)™? units from the planes above and below it. Most
conspicuous is the nearly empty region in the middle of
the quasitriangular array of Ba ions. As alluded to ear-
lier, the near-complete donation of the two Ba-6s elec-

FIG. 7. Charge-density distribution in 8-BaB,0, in a plane
parallel to the c axis. The contour units are the same as Fig. 5.
Note that only five of the Ba ions in this diagram are strictly in
the plane.
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trons to the (B;O,)° unit is the logical explanation.
However, because of the large orbital radius of the semi-
core-like Ba Sp orbital, the bonding between Ba and O
atoms in the (B;Og) > unit in the adjacent planes has a
certain degree of covalent character. This partly co-
valent and partly ionic bonding between Ba and O atoms
is ultimately responsible for a three-dimensional network
structure in the BBO crystal. This networklike charge
distribution which links ions in different planes is more
clearly illustrated in Fig. 7, which also reveals zigzag
open channels along the z direction.

Similar charge-density maps for the LBO crystal are
shown in Figs. 8 and 9. LBO has an orthorhombic celt
with a networklike structure. Figure 8 shows a plane
containing three B atoms in the (B;0,)™> unit, and shows
the bonding pattern between B and O. Two of the B
atoms with a planar bonding to O are quite similar to the
(B3O¢) 2 unit in 2 BBO crystal; the other B atom has
four NN O atoms in a tetrahedral configuration and a
longer B-O bond length. Two of the O atoms are close to
the plane of Fig. 8, the other two are above and below the
plane. Figure 9 shows the charge distribution in the a-c
plane with y =0. A similar map of the y =b /2 plane (not
shown) shows a 180° rotational symmetry. These two
symmetry-related planes have Li, B, and O atoms very
close to them. It is quite evident that the charge distribu-
tion in LBO consists of linked ions in a network-type
structure similar to BBO. However, in contrast to BBO,
there is no clear layered structure of molecular arrange-
ment, and this may account for the difference in the elec-
tronic structures of these two crystals. In LBO, the Li
atom is in the spacious location of the network, and gives
up almost all its valence charge, yet it does not have a
large semi-core-like orbital to participate in a partially
covalent type of bonding.

The effective charges on different ions as calculated by
the Mulliken scheme are summarized in Table I.

FIG. 8. Charge-density distribution in LiB;Os in a plane con-
taining three B atoms in the (B;0;) ™5 unit. The contour unit is
the same as Fig. 5.
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FIG. 9. Charge-density distribution in LiB;Os in the a-c
plane with y =0.

D. Optical properties

Based on the calculated band structure, the linear opti-
cal properties of the BBO crystal were calculated. The
energy eigenvalues and wave functions at 30 k points in
+th of the Brillouin zone were used to evaluate the
momentum matrix elements of optical transitions. The
diagonal conductivity tensor elements were evaluated ac-
cording to

0. (E)=

2me? Q) 2
N 3fdk% [<4,(k,0)|P, |9, (k,r))|

XfiK[1—f,(k)]

X8[E,(k)—E/(k)—E],
(1)

where E =fiw is the phonon energy, Q is the cell volume,
and f;(k) the Fermi distribution function. From the
frequency-dependent optical conductivity curve, all other
optical functions can be easily obtained, '® subject only to
errors introduced in the Kramers-Kronig conversion be-
tween the real and imaginary components of the optical
constants.

Figure 10 shows the calculated imaginary paris of the
dielectric function for the LBO and BBO crystals. Also
shown are the imaginary dielectric constants determined
from the VUV reflectivity measurement for photon ener-
gies up to 40 eV. It should be pointed out that in Fig. 10,
there is no shift in energy scale either in the experimental
or theoretical curve in order to align the position of the
absorption peaks. As can be seen from Fig. 10, there is
good agreement on the general profiles of the calculated
and measured spectra. However, the locations of some of
the absorption structures in the experimental curves are
not sufficiently well reproduced by the calculation. The
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major discrepancies seem to be the position of the deep
valley near 12.5 eV in the LBO crystal, and the additional
absorption structure near 7 eV above the threshold in the
BBO crystal. Since we believe the calculation has been
performed with reasonable accuracy within the context of
the one-electron local-density theory, either the experi-
mental sample contains some defects which affect the op-
tical spectra, or the LDA theory has some deficiency in
adequately representing the unoccupied conduction-band
states. Of course, possible after effects of neglecting
spin-orbit coupling or inadequacy in the basis set should
not be ruled out. We should perhaps point out that simi-
lar OLCAQO-LDA calculations on less complicated oxides
such as a quartz,”? a-Al,0; and MgO,? and BaTiO,
(Ref. 24) have results in quite good agreement with simi-
lar VUV measurements. The peak seen in BBO at ~22
eV is identical to one seen in BaTiO; at ~20 eV, and it
must be due to the transaction from the filled Ba?" 5p
band at —12 eV to about 10 eV above the VB. Since Li
has no p electrons there are no transitions seen in a com-
parable energy range in LBO crystal.

In the insets of Fig. 10, we show the calculated conduc-
tivity curves near the threshold for both crystals. Also
shown are the experimental absorption curves.® It is ap-
parent that in this frequency region, the agreement be-
tween experiment and calculation is excellent. The posi-
tions of the calculated edges differ from the experimental
ones by only about 0.2 eV.

Figure 11 shows the real part of the linear dielectric
function €,(w) obtained from the Kramers-Kronig irans-
formation of the imaginary part. To investigate the opti-
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FIG. 10. Calculated imaginary part of the dielectric function,
g{w): (a) LBO crystal; (b) BBO crystal. The dashed lines are
the experimental VUV data. Insets: calculated optical conduc-
tivities of LBO and BBO near the threshold with no shift in en-
ergy. The dashed lines are the experimental absorption data
from Ref. 8.
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FIG. 11. The calculated real part of the dielectric function
g{w) of BBO. Solid line, in-plane component averaged over the
x and y directions; dashed line, z component parallel to the ¢
axis.

cal anisotropy in the BBO crystal, the &(w) curve is
resolved into two components, one parallel to the c axis
and the other perpendicular to it. The parallel com-
ponent has a slightly lower value, and this is in agreement
with the refractive index measurement of Chen et al.'?
The static dielectric constant at zero frequency £(0) aver-
aged over three dlrectlons is 2.72 for BBO, close to the
value of 2.70 for LBO.? The refractlve index measure-
ment by Chen et al.? shows £(0)=n? to be 1.96 and 1.69
for the two polarization directions. This indicates that
the measured optical anisotropy is much larger than the
calculated one. It could mean that some aspects of the
theoretical calculation may not be adequate. The calcu-
lated components of the static dielectric constants of
BBO and LBO together with the measured data are listed
in Table II.

III. CONCLUSION

We have calculated the band structure of the BBO
crystal using a first-principles method, and compared it
with experimentally determined interband transitions.
The result shows some marked differences from another
nonlinear-optical crystal LBO, because of their difference
in the local bonding structures. The presence of two
different types of O atoms in the (ByO¢)™> unit, the
unique role played by the Ba 5p orbital in bonding with
O, and the planer layered structure of the crystal, all con-
tribute to the unique electronic properties of the BBO
crystal.

There are some common features in the calculated
electronic and optical properties of the three nonlinear
optical crystals BBO, LBO, and KXTP. First, the calculat-
ed band gaps are rather close to the measured optical
gaps. This is contrary to the conventional belief that
LDA theory generally underestimates the band gap for
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TABLE II. Comparison of calculated dielectric constants of
[5-BaB,0, and LiB;Os;. Measured values are in parentheses.

B-BaB204 L1B305
£(0) 2.72 2.70
£,(0) 2.82 (2.749 2.57 (2.45%
£,(0) 2.66 2,72 (2.53Y)
£,(0) 2.70 (2.38%) 2.81 (2.58")

*Reference 2 at A=1079 nm.
bReference 3 at A=1064 nm.

insulators. Second, all three crystals have rather sharp
absorption edges where no excitonic levels have been
detected. Third, there is considerable optical anisotropy
in all three crystals near the absorption edges. We con-
jecture that the anisotropies in the layered (B;Oq) ?
structure and the linear-optical properties are probably
responsible for its large nonlinear optical coefficient in
BBO. This is different from the LBO or KTP crystal. In
the KTP crystal, the excellent nonlinear-optical proper-
ties are believed to be due to the presence of a short Ti-O
bond in the TiOg4 octahedral unit, and the fact that the
bottom of the CB in KTP is dominated by Ti 3d states.”
In the LBO crystal, the nonlinearity is believed to origi-
nate from the two different B-O bonding configurations in
the (B;O,)™3 unit, one planar and the other tetrahedral.
It will be highly desirable to calculate the nonlinear-
optical parameters from first-principles band-structure
results, and to ascertain if the origin of large optical non-
linearity can accurately be traced. Calculations of
second- and third-harmonic generations in simple cubic
semiconductors has been successfully carried out by
us.?*~?7 1t is hoped that similar calculations can be ex-
tended to complex nonlinear optical crystals such as LBO
and BBO. At present, theoretical investigation of the
nonlinear-optical properties of complex inorganic crystals
has almost concentrated on quantum chemical methods
in which a basic molecular (or ionic) unit has to be
identified.! The present study shows that such an ap-
proach may be oversimplified, and that the band-
structure method will be a more fundamental approach
that can be universally applied to all types of crystals.
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