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A new oxychloride, BiSeO3Cl, is obtained at 3003C from
a mixture of BiOCl and SeO2 as large colorless crystals. Room-
temperature single-crystal X-ray investigation combined with an
SHG test point to a noncentrosymmetric structure (space group
P212121, a 5 6.353(2), b 5 7.978(3), c 5 8.651(4) As , Z 5 4,
RF 5 5.60%). The structure is characterized by a three-dimen-
sional framework which is built up of BiO5Cl2 pentagonal bi-
pyramids and trigonal pyramids of SeO3E (E is the lone electron
pair of Se(IV)). The dielectric and optical nonlinear properties of
BiSeO3Cl are evaluated. ( 2000 Academic Press

INTRODUCTION

In the past ten years a number of new substances with
noncentrosymmetric structures were prepared in the sys-
tems BiHal

3
}Bi

2
O

3
}TeO

2
and ¸nOHal}TeO

2
, where

Hal"Cl, Br, and I and ¸n"rare earth elements, and their
crystal structures were studied (1}5). The portion of noncen-
trosymmetric structures in these systems is relatively high
(more than 40%). Many substances in these systems are
related to so-called Sillen phases. The Sillen phases contain
triple #uorite-like layers [M

3
O

x
], where M"Bi (or ¸n) and

Te, while the x value depends on Te content. These triple
layers are separated by the halogen atom layers. The prin-
ciples of the formation of noncentrosymmetric structures in
this class of substances were formulated in (5).

Information about similar oxychlorides containing bis-
muth and selenium is absent in the literature. In this work
we present the results of syntheses of "rst representatives of
Bi}Se oxychlorides, the crystal structure for noncentrosym-
metric compound, and on investigation of its properties.

EXPERIMENTAL

Synthesis

Two new oxychlorides were found in a reaction mixture
of BiOCl and SeO

2
(2 : 1) in an evacuated (10~2 Torr) quartz
1To whom correspondence should be addressed. E-mail:
berdonosov@inorg.chem.msu.ru. Fax: #7-(095)-939-0998.
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ampoule after annealing at 3003C, 240 h. BiOCl was pre-
pared by boiling BiCl

3 '
H

2
O solution in distilled water for

3 h. The BiOCl precipitate was dried at 100}1053C after
"ltration. SeO

2
was prepared by oxidation of ultrapure Se

in a stream of oxygen and nitrogen oxides. Reaction mix-
tures were prepared in a dry camera in an atmosphere of
nitrogen, in order to avoid a reaction between selenium
oxide and atmosphere water, and then were treated as
described above. The formation of two types of crystals was
observed in the ampoules.

The crystals of one type were plates of red color while
others were colorless and large (up to 5}8 mm in size) with
well-formed faces. X-ray local spectral analysis (Micro Ana-
lyzer CAMEBAX, PbSe and BiOCl single crystals as stan-
dards) showed the red crystals to be of Bi

3
Se

2
O

7
Cl

3
(3BiOCl ' 2SeO

2
) composition and the colorless crystals to

be of BiSeO
3
Cl (BiOCl ' SeO

2
) composition.

X-ray di!raction patterns for BiSeO
3
Cl (Enraf-Nonius,

FR-552, CuKa1, Ge as internal standard) justi"ed its crys-
tallization in an orthorhombic system with lattice constants
a"6.353(2), b"7.978(3), c"8.651(4) As . When tested with
the optical Second Harmonic Generation (SHG) technique
by method described below, the colorless crystals of
BiSeO

3
Cl exhibited an intensive SH signal that unambigu-

ously indicated the noncentrosymmetricity of their struc-
ture. The cell parameters for the red crystals of Bi

3
Se

2
O

7
Cl

3
were obtained with the use of a CAD-4 (Enraf-Nonius)
X-ray di!ractometer. This substance appeared to belong to
a tetragonal system, its lattice constants being a"22.670(3),
c"38.38(2) As . X-ray extinction rules observed for a single
crystal of Bi

3
Se

2
O

7
Cl

3
indicated a primitive unit cell in its

structure. The absence of SH signal in the tests means the
structure most likely possesses a center of symmetry. For
this reason we studied in more detail the properties of
BiSeO

3
Cl.

Crystal Structure Determination of BiSeO
3
Cl

A small piece of BiSeO
3
Cl crystal with linear dimen-

sions of about 0.15 mm was used for the detailed structure



TABLE 1
Crystallographic Data for BiSeO3Cl

Crystal system Orthorhombic
Space group P2

1
2
1
2
1

(No. 19)
Cell constants (As ):

a 6.353(2)
b 7.978(3)
c 8.651(4)

Z 4
Crystal dimension (mm) less than 0.15
k cm~1 476.27
d
#!-#

(g/cm3) 5.626(6)
Radiation (MoKa) 0.71069 As
Data collection temperature (K) 293
Scan mode u}h
h max 283
No. of measured re#ections 677
No. of re#ections used with F'4p(F) 634
No. of variables 41
Goodness of "t 1.138
RF 5.60
wRa 15.37
Final di!erence Fourier map max. and
min. peaks (e 'As ~3) 6.84 and !5.79

aWeighting scheme: w"1/p2(F2
0"4

)#(0.0865P2)#20.29P), where
P"(Max(F2

0"4
, 0)#2F2

#!-#
/3).

TABLE 3
Anisotropic Thermal Parameters for Heavy Atoms

Atom ;
11

(As ) ;
22

(As ) ;
33

(As ) ;
23

(As ) ;
13

(As ) ;
12

(As )

Bi 0.0095 (6) 0.0119 (6) 0.0125 (6) 0.0002 (3) 0.0004 (4) 0.0011 (4)
Se 0.009 (1) 0.011 (1) 0.014 (1) 0.001 (1) !0.002 (1) 0.001 (1)
Cl 0.009 (3) 0.016 (3) 0.028 (4) 0.002 (3) 0.001 (3) 0.002 (2)

TABLE 4
Interatomic Distances (As ) and Bond Angles within Bi

and Se Polyhedra for BiSeO3Cl

Bond Distance Bond Distance

Bi}Se 3.218 (3) Bi}O2 2.46 (2)
Bi}Cl 2.690 (7) Bi}O3 2.14 (2)
Bi}Cl 3.009 (7) Se}O1 1.75 (2)
Bi}O1 2.68 (2) Se}O2 1.67 (2)
Bi}O1 2.30 (2) Se}O3 1.71 (2)
Bi}O2 2.49 (2)

Bond angle Angle (3) Bond angle Angle (3)
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determination with an X-ray CAD-4 di!ractometer.
Twenty-four well-centered re#exes in angle intervals from
16.6 to 18 #-degrees were used for accurate cell dimension
elaboration. The u}# scanning at room temperature was
performed for data collection in 1/8 of the sphere up to 28%.
The X-ray data were corrected by Lorentz and polarization
factors. Amendment of the data on sample absorption was
applied for the basis of azimuthal scanning of "ve re#ection
with angles s near 903. More complete information about
the experimental procedure for BiSeO

3
Cl crystal structure

determination is presented in Table 1.
Analysis of our X-ray data for systematically absent re-
#ections revealed only one possible noncentrosymmetric
space group for the BiSeO

3
Cl crystal, P2

1
2
1
2
1
. The

MULTAN program from the CSD (6) software package
was used for direct method solution. In this space group,
TABLE 2
Positional and Thermal Parameters for BiSeO3Cl

Atom x y z ;
%2

(As 2 )

Bi 0.5408 (2) 1.1905 (1) 0.3292 (1) 0.0113 (4)
Se 0.8572 (4) 0.9027 (3) 0.4473 (3) 0.0112 (6)
Cl 0.2378 (1) 0.977 (1) 0.149 (1) 0.018 (1)
O1 0.654 (4) 0.879 (3) 0.958 (2) 0.015 (4)
O2 0.631 (4) 0.887 (3) 0.349 (3) 0.019 (4)
O3 0.772 (3) 0.846 (3) 0.627 (2) 0.012 (4)
P2
1
2
1
2
1
, a model was found for all heavy atom arrangement

with R415%. In the next step, di!erence Fourier cycling
was applied to "nd all the remaining atoms. The "nal
solution was obtained using the SHELX93 program for PC
computers (7) while the DIFABS program was applied for
a semiempirical absorption correction. Positional and an-
isotropic thermal parameters obtained in the "nal least-
squares re"nement are listed in Tables 2 and 3; interatomic
distances are presented in Table 4.

We encountered two problems in the course of our careful
examination of BiSeO

3
Cl crystal structure. The "rst one is

connected to the high positive and negative peaks we have
observed on the Fourier di!erence map for our BiSeO

3
Cl

crystal (Table 1). The peaks are located near bismuth atoms.
This problem seems to be as yet unsolved though a similar
phenomenon has been observed earlier, in the course of an
X-ray study of b!Bi

5
O

7
I crystal structure in (8), where

high peaks of electron density on the Fourier di!erence map
O2}Se}O3 99.7 (10) O2}Bi}O1 127.0 (7)
O2}Se}O1 93.7 (10) O3}Bi}Cl 83.2 (6)
O3}Se}O1 101.9 (10) O1}Bi}Cl 74.3 (5)
O3}Bi}O1 83.9 (8) O2}Bi}Cl 74.6 (6)
O3}Bi}O2 79.6 (7) O2}Bi}Cl 134.3 (6)
O1}Bi}O2 146.2 (8) O1}Bi}Cl 73.5 (5)
O3}Bi}O2 78.3 (7) O3}Bi}Cl 81.7 (6)
O1}Bi}O2 62.5 (7) O1}Bi}Cl 130.8 (5)
O2}Bi}O2 140.0 (5) O2}Bi}Cl 75.6 (6)
O3}Bi}O1 153.7 (7) O2}Bi}Cl 68.5 (6)
O1}Bi}O1 101.0 (4) O1}Bi}Cl 112.3 (5)
O2}Bi}O1 82.5 (6) Cl}Bi}Cl 148.5 (2)



FIG. 1. Particle-size dependence of second-harmonic intensity in a-
quartz units for BiSeO

3
Cl powders.

FIG. 3. Dielectric constant (e) and loss tangent (tan d) for a BiSeO
3
Cl

single crystal at frequencies 1000 (1, 1@), 100 (2, 2@), and 10 kHz (3, 3@).
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near Bi atoms are also clearly de"ned. Another problem
arises from the too- large di!erence between the two forms
of R-factor (RF and wR) in Table 1. We tried to explain this
discrepancy as due to inadequate absorption correction for
some directions. Nevertheless, analysis of 50 peaks with
maximum di!erences between calculated and observed in-
tensities failed to make the problem more clear.

Nonlinear Optical Properties Characteristics of BiSeO
3
Cl

The nonlinear optical properties of BiSeO
3
Cl were tested

by the SHG method using graded powder samples. The
powders were obtained by crushing single crystals and sep-
FIG. 2. Temperature dependencies of second-harmonic intensity in
a-quartz units for BiSeO

3
Cl powder samples with particle sizes 30 lm (1)

and 3 lm (2).
arating the product into fractions on sieves according to
particle size in powder samples. The YAG : Nd-laser was
used as a source of powerful impulse radiation at
wavelength ju"1.064 lm with a repetition rate of 4 im-
pulses per second and a duration of impulses of about 10 ns.
The intensity I

2u of the signal at doubled frequency
(j

2u"0.532 lm) registered from BiSeO
3
Cl powder samples

in the backward direction is shown in Fig. 1 in relation to
the I

2u of a-quartz 3-lm powder as a standard. The temper-
ature dependencies of I

2u/I2u (SiO
2
) for the powders are

presented in Fig. 2.

Dielectric Measurements

In order to characterize the dielectric properties of
BiSeO

3
Cl, a single crystal was chosen that possessed good

optical quality and well-developed natural faces. Electrodes
of colloidal silver were put by brush on the M011N faces of
this crystal. Dielectric measurements were performed with
computer-controlled ac-bridges R5083 and E7-12 at the
electric "eld frequencies 10, 100, and 1000 kHz. The temper-
ature interval of measurements from 290 to 600 K was
limited from above by thermal decomposition of the crystal
at +610 K. Fully reproducible in a &&heating}cooling'' cycle
between 290 and 600 K, dielectric constant (e) and dielectric
losses tangent (tan d) versus temperature curves were ob-
tained (Fig. 3). Temperature dependencies of the speci"c
electrical conductivity p of BiSeO

3
Cl for selected electric

"eld frequencies are given in Fig. 4.



FIG. 4. The relationship between logp¹ (p, electric conductivity) and
reciprocal temperature for a BiSeO

3
Cl single crystal along the M011N

direction at frequencies 10 (1), 100 (2), and 1000 (3) kHz.
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RESULTS AND DISCUSSION

Projections of the BiSeO
3
Cl crystal structure on di!erent

crystallographic planes are shown in Fig. 5.
The nearest coordination surroundings of Bi atoms

(50#1Cl, Table 4) form a distorted octahedron. An addi-
tional chlorine atom at a distance of 3.009(7) As constructs
a distorted pentagonal bipyramid (Fig. 6). Interatomic dis-
tances Bi}O and Bi}Cl are typical for bismuth compounds.
For example in the a-Bi

2
O

3
structure the Bi}O distance lies
FIG. 5. BiSeO
3
Cl crystal stru
in the range 2.133}2.787 As (9), and BiCl
3

the Bi}Cl distance
to the nearest chlorine atoms is 2.5 As , and for second coord-
ination surroundings*3.2 As (10).

The nearest surroundings of selenium atoms in BiSeO
3
Cl

are usual for the Se(IV) compounds in which three oxygen
atoms are tightly connected with the selenium atom (Table
4). Such &&opened'' polyhedra are rather typical for the ca-
tions possessing a lone pair of electrons. Thus, the selenium
coordination polyhedron is usually described as the SeO

3
E

tetrahedron.
The BiO

5
Cl

2
polyhedra described above are connected

by Cl}O edges and form zig-zag chains parallel to the b axis.
Each BiO

5
Cl

2
polyhedron is linked by common oxygen

vertices with two BiO
5
Cl

2
polyhedra from di!erent chains.

From each pair of BiO
5
Cl

2
polyhedra in a chain, one

BiO
5
Cl

2
polyhedron is connected to two di!erent chains,

and the other one is connected to another two chains. Each
[BiO

5
Cl

2
]
=

chain is connected to the four nearest chains of
[BiO

5
Cl

2
]
=

(Fig. 7).
SeO

3
E pyramids are connected to BiO

5
Cl

2
polyhedra by

oxygen edges from a BiO
5
Cl

2
polyhedron from one chain

and by one oxygen vertex from a BiO
5
Cl

2
polyhedron from

another chain.
The crystal structure of BiSeO

3
Cl is di!erent from isofor-

mula BiTeO
3
X (X"Br, I) compounds, which are layered

Sillen phases, described in the Introduction.
It is interesting to evaluate second-order optical nonlin-

early for noncentrosymmetric BiSeO
3
Cl crystals. In accord-

ance with (12, 13) for the angular average second-order
polarizability tensor SdT, the simple expression in [3]
should be valid under the condition that coherence length
cture, projection on the ac plane.



FIG. 6. Coordination surroundings for the Bi atom in BiSeO
3
Cl.

FIG. 7. [BiO
5
Cl

2
]
=

chains in BiSeO
3
Cl. The unit cell is marked.
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l
#

is much larger in comparison to particle size
S¸T"3 lm;l

#
in the powder sample,

SdT"A ' d11
(q) ' [(n#1)/(n

2
#1)]3 ' [I2u/I2u (q)]1@2, [3]

where d
11

(q)"0.36]10~12 m/V is the nonlinear coe$cient
for a-quartz, n and n

2
are the refractive indices for the

sample under investigation and quartz, I
2u and I

2u(q) are
second harmonic intensities for the sample and quartz,
respectively, and A is a geometrical coe$cient close to unity.
The condition ¸@l

#
is surely the case for thin BiSeO

3
Cl

powders as can be seen in Fig. 1. Indeed, the dependence of
second harmonic intensity upon the average size of particles
¸ of a powder sample has a maximum at ¸+35 lm (Fig. 1).
Based on consideration of Kurtz and Dougherty (12), this
value is exactly l

#
*the length of the so-named coherent

interaction between Nd-laser radiation and its second har-
monic. The observed value of l

#
in BiSeO

3
Cl is too small

and does not meet the requirements for e!ective frequency
doubling of Nd-laser radiation (l

#
'1 cm) though the

BiSeO
3
Cl crystal may be useful for other nonlinear optics

applications, such as noncollinear mixing of frequencies.
Taking into account that under the ¸@l

#
condition (Fig. 1)

I
2u/I2u (SiO

2
)"25 and accepting for n the typical value

+2.2 we obtain SdT+10d
11

(q)"3.6]10~12 m/V. This
value is rather high and close to the second-order optical
nonlinearly of the well-known Bi-containing oxide ferro-
electric Bi

2
WO

6
(14).

The temperature dependencies of nonlinear optical re-
sponse of BiSeO

3
Cl powders (Fig. 2) give more information
about changes of the optical and chemical properties of
BiSeO

3
Cl on heating. Strong dependence of I

2u on temper-
ature between 290}450 K for coarse powder (curve 1 in Fig.
2) roughly re#ects l

#
(¹ ) behavior. In contrast, in the thin

powder case (¸&3 lm) l
#
has no in#uence on I

2u, as is seen
in curve 2 (Fig. 2) up to 450 K. Above the limit of 450 K,
irreversible fade-outs of the nonlinear response are clearly
marked in curve 2 and to a lesser degree in curve 1. The
more developed surface of thinner powder favors demoli-
tion of the nonlinear properties of the sample. The reason is
oxidation by air beginning at 450 K. The "nal vanishing of
the second harmonic signal at 610 K does not depend on the
particle size of the sample but corresponds to chemical
decomposition in the bulk of the substance. So on the basis
of SHG data it can be concluded that apart from the
oxidation process on the surface above 450 K, the noncen-
trosymmetric phase of BiSeO

3
Cl is stable up to 610 K,

where it decays to SeO
2

and BiOCl, as both chemical
analysis and thermal analysis con"rm.

The absence of distinct anomalies in the temperature
dependencies of the dielectric constant (e) and the dielectric
losses (tan d) indicates that no phase transitions in BiSeO

3
Cl

single crystals occur in the interval 293}610 K. The low
value of e and its small change with temperature are in
accordance with there being no polar domains in BiSeO

3
Cl

and help exclude the possibility of ferroelectricity above
room temperature. At the same time, the regular lowering of
the dielectric constant with frequency (Fig. 3) reveals some
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dielectric relaxation due to ions jumping over the vacancies
in the crystal lattice. As the result of this motion, ionic
conductivity (p), presumably oxygen in nature, may be sup-
posed to take place in BiSeO

3
Cl, similar to many other

bismuth oxides. If so, the dependence of the conductivity
upon frequency (u) must obey the usual law,

p"p
0

[1#(u/u
+
)p], [1]

where p
0

is direct current conductivity, u
+

is ion jump
frequency, and p is a coe$cient less than or equal to 1 (11).
Approximation with Eq. [1] of the experimental data in
Fig. 4 and extrapolation of these data to zero frequency
at ¹"300 K leads to the relatively small value
p
0
+10~9}10~10 Om~1 cm~1. Dielectric relaxation in

BiSeO
3
Cl at low temperature prevents characterization of

ionic conductivity by means of an Arrhenius-type interre-
lation:

p
0
(¹)"const. exp(!E/k

B
¹ ). [2]

Taking into consideration only the high-temperature part of
logp¹ (1/¹ ) curve in Fig. 2 at frequency 10 kHz for activa-
tion energy determination, we come to E

!
"0.3}0.4 eV,

which seems to be reasonable for oxygen ion mobility. As
the dielectric relaxation observed in BiSeO

3
Cl strongly

implies that vacancies are involved in these transport phe-
nomena, new questions arise about the nature of these
vacancies and their possible relations to bismuth lone-pair
behavior. More precise X-ray studies are necessary to
answer such questions and to clear up the structural
mechanism of ion conductivity in BiSeO

3
Cl.
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