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Abstract—Many categories of multidimensional crystallographic plane point groups of symmetry are estab-
lished with the aid of two- and three-dimensional point groups of symmetry and the groups of simple and mul-
tiple antisymmetry generated by these point groups and the groups of rosette, tablet, hypertablet, crystallo-
graphic, and hypercrystallographic P symmetries. The numerical characteristics of all the categories of such
groups are given and, for each of these groups, the numbers of the limiting groups of multidimensional sym-
metry (whose subgroups they are) are determined for each category based on the limiting symmetry groups of
the classical point groups and the generalizing groups of |-tuple antisymmetry and the indicated particular cases

of the P symmetry. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Shubnikov’s theory of antisymmetry [1] provides
the basis not only for revealing physical properties of
crystals, but also for solving problems in the field of
multidimensional geometrical crystalography. All the
antisymmetry generalizations [2—7], where the law of
changing the qualities attributed to points is directly
combined with theisometric transformation acting only
on these points and independent of their choice, are
used in the unified scheme of the P symmetry. The gen-
era theory of the P symmetry and the principles of
classification of the P symmetries, and also the meth-
odsfor deriving the groups of the P symmetry from the
classical groups, are considered in detail elsewhere[8].
The geometrical principle of classification of the
P symmetries proved to be especially fruitful for their
multidimensional applications [8, Sect. 1.2]. This prin-
ciple allows one to distinguish the following P symme-
tries: 10 rosette P symmetriesin the case where the sub-
dtitution groups of qualities P characterizing these
P symmetries are isomorphic to two-dimensional point
(rosette) groups G, (P = G,), 31 tablet P symmetries
a P = G;,, (asthe generalization of the rosette symme-
tries with antisymmetry), 125 first-order hypertablet
P symmetries at P = G,5,, (as the generalization of the
tablet symmetries with antisymmetry or rosette sym-
metries with double antisymmetry [5]), 671 second-
order hypertablet P symmetries at P = G35, (as the
generalization of the tablet P symmetries with double
antisymmetry or rosette P symmetries with triple anti-
symmetry [5, 9]), 32 crystalographic P symmetries at

P = G,,, 122 first-order hypercrystallographic P sym-
metries at P = G5 (as the generalization of crystallo-
graphic symmetries with antisymmetry) [10], and
624 second-order hypercrystallographic symmetries at
P = Gs,;3, (as the generadization of crystallographic
symmetries with double antisymmetry) [11]. The gen-
eralization of the classical rosette groups G,g, tablet
groups Gs,g, and crystal classes G, with smple and
[-tuple antisymmetry [5], and also with the particular
cases of P symmetry indicated above, allowed one to
derive new groups of generalized symmetry, which, in
turn, allowed one to determine 20 categories of
n-dimensiona plane crystallographic point groups of
symmetry at 4 <n<8.

The present study is dedicated to analysis of the
results thus obtained and the determination for each
category of the groups of multidimensional symmetry
thus determined of the number of the limiting groups
whose subgroups they are.

LIMITING GROUPS AND CATEGORIES
OF MULTIDIMENSIONAL SYMMETRY GROUPS

Let us consider some definitions and the list and
notation of the multidimensional symmetry groups, and
formulate the problem.

A symmetry group iscalled aplane point group if its
transformations preserve invariant a certain plane and
at least one point in this plane. If such agroup contains
rotation around axes (centers) by infinitely small
angles, it is caled a limiting group. Two- and three-
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dimensional limiting point groups are well known
[1,12, 13] and, along with the point groups (whose
subgroups they are), play an important role in theoreti-
cal and applied crystallography. Two-dimensional point
(rosette) symmetry groups G,, are the subgroups of two
of their limiting groups c and co - m, which describe the
symmetry of arotating circleand acircle at rest. Three-
dimensional plane-point (tablet) symmetry groups Gy
are the subgroups of their five limiting groups: « and
oo - m, which arethe symmetry groups of rotating circu-
lar cones and right circular cones at rest; the groups oo : 2
and oo : m characterizing the symmetries of differently
oriented right circular cylinders; and the group m - oo : m,
which describes the symmetry of aright circular cylin-
der at rest. In turn, the crystal classes G5, are the sub-
groups of their seven limiting groups represented by
certain figures in [1, 12] and called the Pierre Curie
groups [13]. These groups include the above symmetry
transformations of right circular cones and cylinders,
and also the groups co/oo and oo/co - m, which characte-
rize the symmetry of an oriented sphere and a sphere at
rest. The Shubnikov notation used here for two- and
three-dimensional limiting point groups is considered
in detail elsawhere[1, 3,4, 7, 12, 13].

The use of the above classical point symmetry
groups and the generalizing antisymmetry groups (both
of simple [1] and multiple [5] symmetry), color sym-
metry [2, 6], and other particular cases of the P symme-
try [8] alowed one to reveal many categories of the
basic n-dimensional plane point symmetry groups of
the multidimensional geometrical crystallography at
n= 4. Thus, it was shown [6, 8] that the use of the point

groups Glzo , G|320 ,and G;o of thel-tuple antisymmetry
indicated in [5] alowed one to reveal all various sym-
metry groups of the categories Gy, 24 1). 20
G+ 3)1+2)...320 A Gy 4 351 42). 30, Where asymbol, e.g.,
Gu+2)a +1)..200 denotes the set of the groups of the (I +
2)-dimensional Euclidean space with invariant planes
successively included into one another of dimensional-
itiesl + 1,1, ..., 2,0. Then, according to [6, 8], the point

groups Gzpo , ngo ,and G§0 of the 10 rosette P symme-

tries (P = G,,) fully represent the symmetry groups of
the categories Gy, Gsag, and Gsgg, respectively; the

groups Ggo, ngo , and Ggo of 31 table P symmetry
(P = Gsy), the symmetry groups of the categories
G20, Gesano, and Geszg, respectively. In asimilar way,

the point groups Ggo, ngo ,and Ggo of 125 first-order
hypertablet P symmetries (P = G,3,,)* fully represent
al the symmetry groups of categories Ggsazg, Gresszos
and Gygs39, Whereas 671 groups of second-order hyper-

1 The P symmetries at P ~ G5, are named in such away because
the groups G35 preserve athree-dimensional plane (hyperplane)
in the four-dimensional space, and the differenceis4—-3=1.Ina
similar way, the P symmetries at P = G453 are called first-order
hypercrystallographic symmetries.
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tablet P symmetry (P = Gs,s,0) With the same names
allow one to determine al the symmetry groups of the
categories Ggsaz, Garesao, and Ggresao [9]. For exam-
ple, in this case, the symbol Ggye3o indicates the set of
groups of the 8-dimensional space with the invariant
planes of dimensionalities 7, 6, 5, 3 and O (in our nota-
tion, astraight line is considered to be a 1-dimensional
plane, and a point, a 0-dimensiona plane). In turn, the

groups GEO , ngo , and Ggo of 32 crystallographic P
symmetries in the geometrical classification (P = Gs)
allow one to interpret all the symmetry groups of the
categories Gsy, Ggapg, and Gggg [8]. Then, 122 groups
of the first-order hypercrystalographic P symmetries
(P = G,4) with the same names fully and successively
model all the symmetry groups of the categories Ggsyp,
Gyga0, and Gyg30, and the groups of 624 second-order
hypercrystallographic P symmetries (P = Gs,5,) with
the same names® model the symmetry groups of the
categories Gygso0, Gsr6320, @Nd Ggre30 [10, 11]. Thisis

because the groups, e.g., Ggo at P = Gs43, and the sym-
metry groups of the category Ggrego, are related in the

same way as the antisymmetry rosette groups G%o and
the symmetry tablet groups Gs,, [4, 7], the two-dimen-

siona antisymmetry groups Gé and the layer groups

Gs, [4, 5, 7], or the Shubnikov groups G§ [3, 5] and the
hyperlayer groups G; [6, 8].

Itis clear that the problem of determining the limit-
ing groups whose subgroups are the categories of the
multidimensional plane point groups of symmetry indi-
cated above is of great scientific interest for establish-
ing new possible applications of the methods devel oped
in the Zamorzaev theory of P symmetry, for multidi-
mensional geometry and modern crystallography, and
for solving problems associated with the generalized
symmetry of crystal structures. Itisimpossibleto solve
this problem by trying to reveal anumber of figuresthat
would represent the limiting groups of symmetry as
was attempted in [1, 12]. However, the methods of the
theory of P symmetry used for the study of the above
multidimensional plane crystallographic point groups
may also be used to determine the number of the limit-
ing groups of each category whase subgroups are its
symmetry groups. The attempt to solve this problem
first formulated in [14, 15] is madein the present study.

2The P symmetries at P ~ Gs,3, ae named in such a way
because the groups Gs,3,( preserve the hyperplane of the sym-
metry groups Gz, in the five-dimensional space, whereas the
differenceis 5 — 3 = 2. Similar reasons alowed one to cal the P
symmetries at P = Gsy3( the second-order hypercrystallographic
symmetries.
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ON A NUMBER OF SOME CATEGORIES 3

SOME STATEMENTS OF THE THEORY
OF P SYMMETRY

We should remember some concepts of the
Zamorzaev theory of P symmetry necessary for the
solution of the formulated problem [6, 8]. In distinction
from Shubnikov’s antisymmetry [1, 5], Zamorzaev's
theory deals with an arbitrary number P of qualities
attributed to the points of a figure and, in distinction
from Belov's p-color symmetry [2, 6], Zamorzaev's
theory dealswith an arbitrary group P of substitution of
the qualities attributed to the points of afigureinitsiso-
metric transformations.

The set of all the P-symmetry transformations of the
figure under consideration constitutes the group G.
These transformations are decomposed into the sym-
metry transformation s from the group Sof the figure F
and the substitutions of the qualities € from the group P.
The set of symmetry transformation of symmetry s
which enters the transformation of the P symmetry of
the group G constitute the generating group S, whereas
the substitutions of the qualities € constitute the group
P,. At P, = P, the group G is called the group of com-
plete P symmetry, and at e 0 P, O P, it is called the
group of incomplete P symmetry. Using the notation
Q=G n P,wearrive at the division of the G groups of
complete P symmetry into senior, junior, and medium
(Q-medium) groups, which correspond to the cases Q =
P, Q=-¢ and e O Q O P. The derivation of the senior
groups of the P symmetry is trivial. The junior groups
of the given P symmetry are derived from acertain gen-
erating S group only if the latter possesses such a nor-
mal divisor H that the factor-group is SH = P. The
study of the Q-medium groups of the P symmetry is
associated with sorting of nontrivial normal divisors of
the P groups of substitutions, whereas the calculation
of these groups becomes possible only after the prelim-
inary establishment of thejunior groups[16]. The num-
ber of various Q-medium groups of the P symmetry in
this family equals the number of various junior groups
of P, symmetry with the same generating group if the
factor-group P/Q is strongly isomorphic to P,,.

MULTIDIMENSIONAL GROUPS
AND THEIR RELATION TO TWO-
AND THREE-DIMENSIONAL POINT GROUPS
OF P SYMMETRY

The signs and qualities attributed to the points of a
plane or a space in the derivation of the point groups

Glzo, G'320 , and GL,O of the I-tuple antisymmetry at | 2

1 and the point groups Gso , ngo , and G§0 of the
rosette, tablet, and the first- and second-order hypertab-
let P symmetries, and also first- and second-order
hypercrystallographic P symmetries, have no geometri-
cal sense with respect to dimensionality of the spacein
which these groups are considered. In additional mea-
surements, the signs and indices attributed to the points
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of the given space may be interpreted geometrically,
which allows one to use the established rosettes, tablet
groups and crystal classes of simple and multiple anti-
symmetry at| = 1and| = 2, aswell asthe particular case
of the P symmetry mentioned above for studying cer-
tain categories of the multidimensional point symmetry
groups.

The use of these methods allowed one to establish
the numerical characteristics of the categories of the
multidimensional point groups indicated above [8-11].
We consider these results for individual categories; the
coefficient before the category symbol indicates the
number of groups contained in the category.

Thus, the sets of groups of 31 G;,, 125 G35, 671
(interpreted or depicted) by the groups of I-tuple rosette
antisymmetry at | = 1-5° or by groups of (I — 1)-tuple
tablet antisymmetry at | = 04, because the groups of

the |-tuple rosette antisymmetry G'20 are used to inter-
pret the groups of (I — 1)-tuple tablet antisymmetry

Gé;ol [5]. In turn, the sets of groups of 122 G,5,, 624

Gs430, 4362 Ggsy30, aNd 42292 G543, are depicted by
the three-dimensional point groups of the I-tuple anti-

symmetry G'30 at| =1-4[5]. Further, the sets of groups
of 263 Gy, 1274 Gsn0, 8806 Ggs4n9, aNd 84313 G542
revealed in [6, 8, 9, 17] are interpreted successively by
the rosette groups Gso of the rosette, tablet, and first-
and second-order hypertablet P-symmetries indicated

in[9]. It should be noted that the above sets of symme-
try groups 1274 Gy, 8806 Ggsang, and 84313 Gygsang

are also modeled by the tablet groups ngo of the
rosette, tablet, and hypertablet P symmetries because of
the pairwise coincidence of the categories Ggy,, and
Gsaz0 aNd Gesazo AN Geszo [8]-

It is possible to establish strongly isomorphic rela-
tion between the sets of groups of 1208 Gs,,, 7979
Ggs00, and 73589 G5, Studied in [8, 18] and the sets

of the rosette groups G«fo of thefirst- and second-order
hypercrystallographic P symmetries indicated in [10,
11]. In other words, it is possible to establish such a
mutually unique mapping of one set of groups onto the
other set of groups that the groups of these setswith the
corresponding isomorphism would have the same

structure [16]. It then follows that the notation GZP0 of
the indicated groups gives (in the implicit form) the
related multidimensional symmetry groups (as the bor-
der groups of antisymmetry in this notation mentioned
above simultaneously set aso the band symmetry

3The band symmetry groups G%l are modeled (interpreted or

depicted) in the same way as the border (one-sided band) groups
of antisymmetry Gs,; in Fig. 92 in [4] are represented by plane

figures consisting of white and black triangles.



4 PALISTRANT

groups). The same sets of groups may also be inter-

preted by three-dimensiona point groups Ggo of the

rosette, tablet, and hypertablet P symmetries, because
the pairs of the categories Gsyy and Gssg; Ggspg @nd
Geszo; @nNd Gygsyg @nd Gogsgp coincide [8]. Finally, the
sets of groups of 7311 Gy, 64471 G5, and 814871
Gg7630 determined in [10, 11] are modeled by the three-

dimensional point groups Ggo of the first- and second-

order crystalographic and hypercrystallographic P
Symmetries.

METHODS OF SOLVING THE FORMULATED
PROBLEM

Now, we proceed with the search for the method for
solving theformulated problem, i.e., with finding meth-
ods for calculating the number of the limiting groups
whose subgroups are multidimensional crystallo-
graphic plane point groups of the categories indicated
above. It should be noted that the goal will be immedi-
ately reached as soon as we determine the number of
the limiting groups whose subgroups are the groups

G'20 , G'320 , and G'30 of the I-tuple antisymmetry at 1 <

| <4 and the groups Ggo , G§20 ,and Ggo of al the par-

ticular cases of the P symmetry considered in the previ-
ous section. Thisis because the limiting groups of each
category of the groups of the generalized symmetry
from the set of the groups studied, as well as the limit-
ing groups of multidimensional symmetry groups mod-
eled by the groups of this category, are characterized by
a stongly isomorphic correspondence [16].

There are two methods for revealing the limiting
groups of the generalized symmetries of the above cat-
egories. (1) the method developed by Shubnikov
[19, 20] who suggested the compl ete systematics of the
three-dimensional point groups and black-white groups
generalizing the former ones, (2) and the method of
using thelimiting groups of rosettes and tables, 32 crys-
tal classes, and also the groups of [-tuple antisymmetry
and the particular cases of the P symmetry indicated
above generalizing these classes. The first method of
obtaining the limiting groups for each type of point
groups of generalized symmetries considered is based
on the distribution of its groups over the series includ-
ing the groups of the same form with the subsequent
requirement that in all the series thus formed the order
of the rotation axis of the classical or generalized sym-
metry would tend to infinity (cf. [19, 20]). Because of a
very large number of groups of any category, this
method of solving the formulated problem becomes
practically impracticable. The second method seems to
be more realistic, because it reduces to the solution of
the traditional problem: extension of the limiting
groups of rosettes, tablets, and 32 crystal classesin the
form of the groups of the I-tuple antisymmetry and the
particular cases of the P symmetry indicated earlier.
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The following theorem substantiates the use of this
method. The groups G'ZO, G'320 , and G'30 of thel-tuple

antisymmetry and also the groups GZF’O , ngo , and Ggo
of any of concrete P symmetry indicated earlier are the
subgroups of the anal ogous groups obtai ned by the gen-
eralization of the limiting symmetry groups of rosettes,
tablets, and crystal classes with the I-tuple antisymme-
try and aso with the same P symmetry.

To prove the theorem, we have to perform the fol-
lowing: (i) to distribute all the point groups of each cat-
egory over the series as was done in [19, 20]; (ii) to
select different groups from the limiting groups termi-
nating the series obtained; (iii) to generalize the limit-
ing groups of rosettes, tablets, and 32 crystal classes
with the same I-tuple antisymmetry and the same par-
ticular P symmetry; (iv) to compare the limiting groups
of each category of the groups of the I-tuple antisym-
metry or the P symmetry with the groups obtained in
the generalization of the limiting groups of the generat-
ing groups of this category with the same |-tuple anti-
symmetry or the P symmetry.

Thus, the systematization performed in a way similar
to that in [19] alows one to ditribute the discrete groups
of one-sided rosettes G,, over four infinite series

(135, %0 (910M 305, ..., i)
(2)2,4,6,...,00 " (4)2 M, 4T, 6 [, ..., o0 [

These series are terminated with two limiting groups o
and o - m, whereas the groups of two-sided rosettes
G;, form 14 series, including four series written for
one-sided rosettes and 10 new series:

(5)1:2,3:2,5:2,...,0:20
(6)2:2,4:2,6:2,...,00:2%’

(7)2,6,10, ..., 0 : m
(8)21, é, 1~2, ) mD’

9)1:m3:m5:m,...,.0o:m0
(10)2:m,4:m,6:m,...,oo:m%’

(1) m@A:mm@B:mmlib:m,...,mki»:mQd
(12) m2:mm%:mmib: m,...,mEbo:mE’

(13) 20, 6 (M, 100, ...,mCb : mO
0, which are

(14) 4, 8 (M, 12 [, ..., mCbo : mOJ

terminated with five different limiting groups o, c - m,
00 :2,00:m,and m:-co: m(cf. with tablein [19]).

Extending the limiting groups of rosettes to the anti-
symmetry groups, we arrive, according to [1, 5], at two
generating groups co and oo - m, two Senior groups o =
o x1lande -m= (0 -m) x 1, and one junior (black—
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white) group o« -m, i.e., atogether, five l[imiting groups.
The same result is obtained if, following [19, 20], we
also distribute over the series the antisymmetry groups

of rosettes G;O. Indeed, the systematics of the generat-

ing groups of this category repeats the systematics of
the symmetry groups of one-sided rosettes and leads to
two limiting groups e and c - m# The systematics of
the senior groups of rosette antisymmetry results in

1x1,3%x1,5x1,..,00x10

series 0
2x1,4x1,6%x1,..,00x1[]

four

(L0m)x1,(30m)x1,...,(cc M) x10 .
] with the ter-

(20m) x1,(40m) x1, ..., (o M) x 1

minal limiting groups co x 1 and (e - m) x 1. The sys-

tematic of junior groups leadsto four series2, 4, 6, ...,

1[m,3Em,5Dn,...,oo[mDand2 m4-meé-m
’2Dn,4Em,6Em,...,ooDnE
..., o0 - mwith the terminal limiting groups e x 1, (co -
m) X 1 = - m, and o - m. Thus, the groups of the cate-

gory G%o are the subgroups of the five limiting groups

derived from the limiting rosette groups in the process
of their generalization with antisymmetry. However,

the groups G%O interpret the symmetry groups of the
category Gs,o. Therefore, the number of the limiting
groups of tablets coincides with the number of the lim-
iting groups of rosette antisymmetry, which was to be
proved.

Generdizing the limiting groups of tablets with
antisymmetry, we arrive at five generating groups of
this category coinciding with the limiting groups, five
senior groups obtained in a trivial way, and 6 junior
groups o : 2,00 -m, c0:m, m -0 : M Mm-o :m,and
m - : m, i.e., 16 limiting groups altogether. The same
result isalso obtained if we distribute over the seriesthe

groups of symmetry and antisymmetry of tablets Gézo :

because the systematics of the generating and senior
groups of this category yield five limiting groups each,
whereas the systematics of the junior groups lead to six
limiting groups, as follows from the table of black—
white point groups [20] if one neglects the systematics
of the cubic groups. Thus, the groups of the category

Gézo are aso the subgroups of 16 limiting groups
obtained from the limiting tablet groupsin their gener-
alization with antisymmetry.

It follows from the systematic of three-dimensional
point groups of symmetry and antisymmetry performed

in [19, 20] that the groups of the category Géo are the
subgroups of 21 limiting groups obtained from seven

41n other words, it completely reproduces the systematics of the
rosette symmetry groups written above.
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limiting point symmetry groups (Pierre Curie symme-
try groups [13]) in their generalization with antisym-
metry; of these groups 7 are generating groups, 7 are
senior groups, and 7 are junior groups, which are
exhausted by the 6 junior limiting groups of tablets and
the group co/co - m.

Similar to the casein [19, 20], the distribution of the
point groups of the I-tuple symmetry over the series at
| = 2 terminating with the limiting groups becomes too
cumbersome. Thus, the systematics with the fulfillment
of the conditions indicated in [19, 20] distributes the
three-dimensional point groups of double antisymme-

try G§0 over 320 series which converge to 83 different
limiting groups. Indeed, according to the general theory
of double antisymmetry [5, p. 84], the following types
of the groups are distinguished among the groups of the
category Ggo: generating groups, senior groups of
order 1, senior groups of order 2, senior groups of order
(1, 2), and senior groups of two different orders(i.e., I1,
C,, C,, C,5, and C,C,, respectively); senior groups of
order 1, junior groups of order 2, and senior groups of
order (1, 2) (i.e., M;, M,, and M,,, respectively); senior
groups of order 1, junior groups of order 2, senior
groups of order 2, junior groups of order 1, senior
groups of order (1, 2), and junior groups of order 1
(C,M,, C,M,, and C,,M,, respectively); and junior
groups of two different orders (M, M,). All the groups of
each type are of thefollowing fivetypes: I1, C,, C,, C,,,

and C,C, of the category G§0 are distributed, in accor-
dancewith thetablein[19], over 16 seriesand converge
to 7 different limiting groups; al the groups of each of
the following six types: M,, M,, M,,, C|M,, C,M,, and
C,,M, of the same category are distributed, according
tothetablein[20], over 30 seriesand convergeto 7 dif-
ferent limiting groups. Thus, the groups of the category

G§0 of the 11 typesindicated above are the subgroups
of 7x 5+ 7 x6="77 limiting groups of the same 11
types. The remaining groups of the type M;M, of the
three-dimensional point groups of double antisymme-
try are distributed, as is shown in [5, 21], over the 60
series converging to 27 different limiting groups. Of
these 27 limiting groups, 7 are of the type C,M,; 7 are
of thetype C,M,; 7 are of the type C,,M,, which repeat
the limiting groups obtained earlier; and 6 are new jun-
ior groups of the independent typesm - oo : m, m - o :
m,m-oco:mm-c:m,m:-0:mandm -o:m,
generated by the group m - oo : m(cf. p. 166in[5]). The
result obtained confirms that the groups of the category

Géo are the subgroups of 83 different limiting groups.

Since the groups of the category G§0 model all the
different groups of the category Gsys, it follows that
the five-dimensional discrete symmetry groups of this
category are the subgroups of 83 limiting groups
repeating the groups obtained from 7 limiting groups of
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32 crystal classes in their generalization with the dou-
ble antisymmetry, etc.

The proof of the theorem for the groups of the cate-

gories Gy, , Gy , and G, is somewhat more compli-
cated, but the scheme of the proof is the same.

SOLUTION OF THE PROBLEM

Now, let us conclude the solution of the problem
which was begun in the proof of the theorem. With this
aim, we establish, first, the numbers of various groups
generated by the limiting symmetry groups of rosettes,
tablets, and crystal classes in their generalization with
the I-tuple antisymmetry and the particular cases of the
P symmetry indicated above.

In order to find the total number of the groups of I-
tuple antisymmetry with the generating limiting groups
of the of the categories Gy, Gsy, and Gy, We invoke
the formulas from the monographin [5, p. 96] in which
P, denotes the number of all the groups of the I-tuple
antisymmetry of acertain category and N, indicates the
number of junior | independent groups among them.
For all the group categories, P, = N, is the number of
various groups of the classical symmetry.

For the limiting rosette groups, N, = 2, N, =1, and
N, =0at | = 2. Thus, we obtain for the limiting symme-
try groups of the category G,, the following: P, =2 x
241=5P,=5%x2+6x1=16;P;=16 X2 + 35 x
1=67,P,=67 X2+ 240 x 1 =374; and P; = 374 x
2 + 2077 x 1 =2825. According to the theorem proven
above, these are the numbers of the limiting groups of

the category G'20 at | = 1-5. Taking into account the
relation of the multi-dimensional symmetry groups

Gy + 20 +1)...20 With the groups of the category G'20 at the
| values given above, we obtain that the symmetry
groups of the categories Gs,g, Gy320, Gsazz0, Gesazzo, aNd
Gesa320 @re the subgroups of 5, 16, 67, 374, and 2825
limiting groups, respectively.

Since in the case of the limiting groups of tablets
Ny=5/N,=6,N,=6,andN,=0at | = 2, using the same
formulas from [5], we find that P, =2 x5 + 6 = 16,
P,=5%x5+6%X6+6=67,P;=16x5+35x6+ 14 x
6=374,P, =67 x5+240 x6 + 175 x 6 = 2825. These
are the numbers of the limiting groups of the categories

ngo at | = 1-4. However, since the groups ngo model
the symmetry groups of the categories G; . 34+ 2)...3200
this also establishes that the symmetry groups of the
categories Guazo, Gsazzo, Gesazzo, AN Grgsazo COIre-
sponding to the | values indicated above are succes
sively the subgroups of 16, 67, 374, and 2825 limiting
groups.

The coincident numbers of the limiting groups of
the I-tuple antisymmetry with the generating limiting
groups of rosettes and of the groups of (I —1)-tuple anti-
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symmetry with the generating limiting groups of tablets
confirm the correctness of the performed calculations,
because the limiting groups of the rosettes and tablets
of multiple antisymmetries are related in the same way

as the groups of the categories G'20 and G'3§01 [5].

Inturn, it follows from [5, 19, 20] and the previous
section that, for the limiting groups of three-dimen-
sional point groups, Ny =7, N, =7, N, =2, and N, =0
at | = 3. Thus, according to the formulas from [5, p. 96]
with seven generating limiting groups and the above N,
values, the numbers of the limiting groups of thel-tuple
antisymmetry at | = 14 areP, =2 x7+7=21,P, =
SXT7T+6x7+6=83,P;=16%x7+35x7+14x6=
441,P, =67 x7+240 x7 + 175 x 6 =3199. According
to the theorem, the number of the limiting groups

whose subgroups are the groups G'30 coincideswiththe

number P,. Since the groups G'30 model the symmetry
groups Gy; . 34 + 2)...30, the groups of the categories Gz,
Gs430, Gesazg, aNd Gygsazg COrresponding to | = 1-4 are
the subgroups of 21, 83, 441, and 3199 limiting groups,
respectively.

Now, let us establish the number of the limiting

groups whose subgroups are the groups Ggo , GE,;O ,and

Ggo considered earlier for some particular cases of the

P symmetry. In accordance with the theorem, we first
have to determine the numbers of various groups gen-
erated by the limiting symmetry groups of categories
Gyo, Gaxg, and G4, during their generalization with al
the first-order groups of rosette, tablet, and hypertablet
P symmetries and all the second-order hypertablet in
[9] and first-order crystallographic, hypercrystallo-
graphic, and second-order hypercrystallographic P
symmetrieslisted in [10, 11].

In order to obtain the numbers of the limiting groups
sought, one may use the formulas from [9-11], which
allow one to calculate the complete numbers of the
groups of P symmetry of an arbitrary category via the
number of the initial symmetry groups and the number
of the junior groups that may be derived from the sym-
metry groups of the given category during their gener-
alization with the indicated P symmetries, because the
corresponding numerical datafor the limiting groups of
the rosettes, tablets, and crystal classes are known [5].

Thus, for the limiting groups of rosettes, the number
of the generating groupsisK = 2, the number of thejun-
ior groups of 2-symmetry isM, = 1, and the numbers of
the junior groups at the remaining P symmetries that
enter theformulasfrom[9] are Mp = 0. Therefore, inthe
generalization of two limiting groups of the category
G, with 10 rosette P symmetries, we have 10 x 2 +
11 x 1 = 31 groups whose subgroups are the groups

GZP0 of the rosette P symmetries and the symmetry
groups G,,o modeled by the former groups. Generaliz-
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ing the same 2 limiting groups, o and o - m, with 31
tablet P symmetry, we obtain 31 x 2 + 63 x 1 = 125

groups whose subgroups are the groups Ggo of the

rosette P symmetries and the symmetry groups Gssyg
modeled by the former groups. The generalization of
the same two limiting groups with 125 first-order
hypertablet P symmetry groupsyields, according to the
formula from [9], 125 x 2 + 421 x 1 = 671 groups

whose subgroups are the groups Ggo of the first-order
hypertablet P symmetries and the symmetry groups
Gesazpo Modeled by these groups. Finally, generalizing
the same two limiting rosette groups with 671 hypert-
ablet second-order P symmetry and using the formula
from[9], we establish the number of the groups of these
P symmetries as 671 x 1 + 3543 x 1 = 4885 limiting

groups whose subgroups are the Gzp0 groups of second-

order hypertablet P symmetries and the symmetry
groups Gygs400 Modeled by these groups.

Let us now proceed to the number of the limiting

groups whose subgroups are the G§0 groups of the
crystallographic and hypercrystallographic P symme-
tries of the first and second order. In accordance with
the theorem, these numbers coincide with the numbers
of groups generated by two limiting groups of the sym-
metry groups G,, during their generalization with these
P symmetries and can readily be determined using the
formulas from [10, 11], because for the groups c and
o - mwe areinterested in, we possess all the numerical
data necessary for the use of the formulas mentioned
above. Thus, substituting K =2, M, =1, and Mp = 0 into
the formulafor the cal culation of the number of groups
of 32 crystallographic P symmetries, we obtain for the
remaining P symmetries in this formula 32 x 2 + 58 x
1 = 122 limiting groups whose subgroups are the

groups Gzp0 of the crystallographic P symmetries and
the symmetry groups Gs,, modeled by the former ones.
Using theformulafrom [10] for calculating the number
of 122 hypercrystallographic P symmetries of the first
order, we have 122 x 2 + 380 x 1 = 624 limiting groups
whose subgroups are the groups GEO of the first-order

hypercrystallographic P symmetries and the symmetry
groups Ggs,9 modeled by these groups. Substituting the
above K, M,, and M valuesinto the formulafrom [11],
we determine the number of the limiting groups of
624 hypercrystallographic second-order P symmetries
624 x 2 + 3114 x 1 = 4362 whose subgroups are the

groups Ggo of these P symmetries and the symmetry
groups Gygs,0 modeled by these groups.
The numbers of the limiting subgroups whose sub-

groups are the groups ngo of the P symmetries men-

tioned above are determined in the similar way, because
we have for limiting groups of category Gg,, al the
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numerical data necessary for the use of the formulas
from[9, 11]: K=5, M, = M,; = 6, M, = M,, = 3, and
Np = 0 at the remaining P symmetries that enter these
formulas|[5, 6, §].

Substituting the symbol values into the formula
from [9] for calculating the number of groups of the
10 rosette P symmetries, we have 10 x 5+ 11 X 6 + 3 x
3=125 limiting groups whose subgroups are the

groups G3P20 of these 10 P symmetries and the groups
Gs3p0 Modeled by these groups and coinciding with the
symmetry groups Gsy, [6, 8]. In a similar way, using
the formula from [9] for calculating the number of
groups of 31 tablet P symmetry, we obtain 31 x 5+ 63 x
6+ 17 x 6+ 12 x 3 = 671 limiting groups whose sub-

groups are the groups ngo of this 31 P symmetry and
the groups Ggg3,0 modeled by these groups and coincid-
ing with the symmetry groups Ggss,o- At the same val-
ues of the unknowns, the formulafrom [9] for calculat-
ing the groups of 125 hypertablet P symmetries of the
first order yields125x 5+ 421 x 6+ 259 % 6+ 60 x 3 =
4885 limiting groups whose subgroups are the groups

Ghyp Of these 125 P symmetries and the groups Ggsao
modeled by these group and coinciding with the sym-
metry groups Ggsaq0- N @similar way, using the formu-
las from [9] for establishing the number of groups of
the 671 hypertablet P symmetry of the second order and
substituting the values of the unknowns, we obtain
671 x5+ 354 x 6 + 3857 x 6 + 384 x 3 =48907 limit-

ing groups whose subgroups are the ngo groups of this
671 P symmetry and the groups Ggrgsso modeled by
these groups and coinciding with the symmetry groups
G8765420'

Now, substituting the values of the unknowns and
M,, = 1 into the formula from [10] for calculating the

groups of 32 crystallographic P symmetries, we have
32x5+58x6+14%x6+2x%x1+10x3=624limiting

groups whose subgroups are the groups ngo of these

32 P symmetries and the groups F3,, modeled by these
groups and coinciding with the symmetry groups Ggs,g-
Theformulafrom [10] for calculating the groups of the
122 hypercrystalographic P symmetries of the first
order alows us to calculate at the same values of the
unknowns the number 122 x 5+ 380 x 6 + 217 x 6 +
5 x 1+ 55 x 3=4362 of the limiting groups whose sub-

groups are the groups Gsp20 of these 122 P symmetries
and the groups Gy3,0 modeled by these groups and
coinciding with the symmetry groups Ggsy. Finaly,
substituting the values of the unknowns into the for-
mulafrom [11] for calculating the number of groups of
the 624 hypercrystallographic P symmetries of the sec-
ond order, we obtain 624 x 5+ 3114 x 6 + 3220 x 6 +
16 x 1 + 384 x 3 = 42292 limiting groups whose sub-

groups are the groups ngo of these 624 P symmetries
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and the groups Ggrs0 Modeled by these groups and
coinciding with the symmetry groups Ggzgs00. The same
numbers of the limiting groups whose subgroups are
the coinciding categories of the multidimensional sym-
metry groups confirm the correctness of the above cal-
culations.

For the remaining limiting groups of the category
Gg,, the values of the unknowns that enter the formulas
from[9-11] whichwe already used twiceare, K = M, =
7, My, =6, My =M,, =3, My, =1, and Mp = 0 for the
other P symmetries used in these formulas. Substituting
these numerical data into the formulas from [9], we
obtain the following: (1) 10x 7 + 11 x 7 + 3 x 3 = 156

limiting groups whose subgroups are the groups Ggo of
the 10 rosette P symmetries and the groups Gs, mod-

eled by these groups and coinciding with the symmetry
groups Gepp; (2) 31X 7+63x7+17x6+12x3=796

limiting groups whose subgroups are the Ggo groups of
the 31 tablet P symmetry and the groups Ggss, modeled
by these groups and coinciding with the symmetry
groups Gggyp; (3) 125 x 7+421x7+259%x6+60% 3=
5556 limiting groups whose subgroups are the groups

Ggo of the 125 hypertablet P symmetries of the first
order and the groups Ggsz, model ed by these groups and
coinciding with the symmetry groups Ggs,o; and (4)
671 x 7+ 3543 x 7+ 3857 x 6 + 384 x 3=53792 lim-

iting groups whose subgroups are the groups Ggo of the
671 hypertablet P symmetry of the second order and the
groups G530 Modeled by these groups and coinciding
with the symmetry groups Ggsy-

Then, knowing the values of the unknowns in for-
mulas from [10, 11], we obtain: (1) 32 x 7 +58 x 7 +
2x1+10x 3+ 14 x 6 = 746 limiting groups whose

subgroups are the groups Ggo of 32 crystallographic
P symmetries and the groups Gg;y modeled by these
groups; (2) 122x 7+380x 7+5x 1+ 55 x 3+ 217 x
6 = 4986 limiting groups whose subgroups are the

groups G§0 of the 122 hypercrystallographic P symme-
tries of thefirst order and the groups G453, modeled by
these groups; and (3) 624 x 7+ 3114 x 7+ 16 x 1 +
368 x 3+ 3220 x 6 = 46606 limiting groups whose sub-
groups are the groups Ggo of hypercrystallographic P
symmetries of the second order and the groups Ggzezg
modeled by these groups. The latter calculation com-

pletes the solution of the formulated problem, which
was started in [14].

In the course of the problem solution it became clear
that the pairs of the coinciding categories Ggyp, Gsan
and Ggso0, Gesao are the subgroups of equal numbers
of the limiting groups, which is quite natural. However
the limiting groups of the pairs of the coinciding cate-
gories Gsyo, Gsao; Gesz0, Gesao; aNd Greszg, Gresao are not
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equal because of the specific feature of the systematics
of the groups Gs,, Gy, , and Gy, . It should be remem-

bered that the systematics of the groups G,,, Glzo , G§0 ,

Gy, Gio , and Gl , Similar to that in [19, 20], lead to

the limiting groups that terminate only the infinite
series of discrete groups of these categories, whereas

the systematics of groups G, G;o , and G3PO lead not
only to the infinite series but also to infinite series con-
taining discrete groups, which do not allow one to
obtain the limiting groups sought by tending to infinity
the order of the rotation axis of the classical or general-
ized symmetry in the symbols of the generating ele-
ments (see tables in [19, 20]). This specific feature of
the systematics of three-dimensional point groups and
their generalizationsis unimportant for establishing the

number of the limiting groups of the category G'30 by
calculating the number of the groups generated by the
Curie symmetry groups in their generalization with the
[-tuple antisymmetry, but it is very important for estab-
lishing in a similar way the number of the limiting

groups of the category Ggo . Itfollowsfromthisthat the
symmetry groups of the categories Gsgzy, Ggszp, and
Ges30 @re successively the subgroups not of 156, 796,

and 5556 limiting groups but of 122, 624, and 4362
limiting groups.

NUMERICAL RESULTS

The numerical results of the study performed with
the indication of the numbers of various discrete crys-
tallographic symmetry groups and their limiting groups
in the form of the coefficients before the category sym-
bols are represented as follows. 10(2) Gy, 31(5) Gsyps
125(16) Gyzgr 671(67) Gsyzagr 4885(374) Gisanno,
48907(2825) Gygsazn0, 263(31) Guyg, 1274(125) Gsyyp
(=Gs30): 8806(671) Ggszg (=Ggspag). 84313(4885)
Giesa20 (ZG765320), 1208(122) Gsyg (=Gs3p), 7979(624)
Ges20 (=Ces30), 73589(4362) G520 (=Grgs30: Gr6320);
1129572(48907) Ggrgs320 (=Gs765420), 789691(42244)
Ggr6320 (=Ggr6520, Gs76530); 32(7) G3o, 122 (21) Gy,
624(83) Gsyz0, 4362(441) Ggsyzo, 42292(3199) Grgsaso,
7311(746) Ggzp, 64471(4986) G4z, 814871(46606)
Gg7630 (cf. [14, 15]).
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Abstract—It is demonstrated that the universal laws of system organization govern the growth of crystals
and the construction of models of crystal structures. It is established that there is an interrelation between the
growth of crystals of chemical compounds and the modeling of their crystal structures. © 2005 Pleiades Pub-

lishing, Inc.

Differentiation—integration is one of the universal
principles of the organization and the development of
various systems [1-3]. Upon transition from a single-
component system to a binary system, there arises a
heterogeneity that leads to a polarity of the interaction
and the diversity asauniversal property of the systems.
As a consequence of the bond polarity in the medium,
atoms of one type in a crystal at the growth front tend
to be surrounded by atoms of another type (the princi-
ple of nonindifference) [4], which, for particular com-
positions, results in ordering. The physical reason for
the atomic ordering lies in the fact that, in the alloys
able to undergo ordering, the structure in which atoms
of aparticular type are surrounded by atoms of another
type appears to be more energetically favorable [5]. At
high temperatures, this arrangement of atoms leads to
the formation of a structure with a short-range order.
For the same reason, a decrease in the temperature is
accompanied by an order—disorder phase transition and
brings about the formation of an ordered structure with
along-range order. Energetically, the configurationsin
which atoms of one component are surrounded by
atoms of another component are characterized by |ower
energies [6]. According to [7], the ordering axiom
implies the formation of the same environment of iden-
tical particles at a specific concentration.

None of the theories elaborated thus far alows one
to construct any possible ordered structures [6]. For
example, within the framework of the Gorsky—Bragg—
Williams approach and other theories, the structure of
an ordered phase is assumed to be known in advance.
Therefore, the investigation into the processes of order-
ing, in essence, isreduced to athermodynamic analysis
of a particular phase transition between two phases
with known structures.

Another universal law that governs the organization
of systems is the law of small numbers. This law was
established in different areas of knowledge by many
scientists, such as Empedocles, Dalton, H&uy,
Bogdanov, Goldschmidt, and Pauling. More recently,

the law of small numbers was formulated as a universal
law for all systems: upon the formation of organized
(ordered) systems, the number of different types of
objects should be small (from 1 to 4). A more complex
object is built up of 1 to 4 simpler different subunits
[8, 9]. The generalized law of small numbers states that
the binary ratios occurring in nature and composed of
numerals that are larger than several units (1-4) are
nonuniformly distributed and form arithmetic progres-
sions of hinary ratiosin which not only theinitial ratios
(for example, 1 : 1) but also the ratios added term by
term (for example, 0: 1) consist of small numerals[10].

The rigorous law of small numbers restricts the
diversity and requires a uniformity of elements and
their local coordination. The single-type short-range
order uniquely determines the long-range order, the
small number of parent structures, and their composi-
tion [8]. The nonrigorous law of small numbers admits
the formation of series of structures with constant or
variable compositions [8, 11]. An ordered polymor-
phism and isomorphism in spaces of different dimen-
sions are treated as the constructive laws of system
organization [12].

Manifestations of an ordered polymorphism and
isomorphism in polytypic mixed-layered structures
have been known since the early 20th century. In [13],
the following law was formulated: superstructures are
built up of two different structural fragments (layers of
polyhedra, structural minals, modules) according to the
law of ordered microepitaxy, i.e., according to one of
the basic laws of structure formation. Owing to the dif-
ference between the structural fragments, in the general
case, there exists a two-dimensional (in one direction)
heteropolytypism, which has the form of polytypism if
a combination of two different structura minals is
treated asasingle layer.

Series of structural minals and other fragments can
be dominant: c'c¢", c'c'c’, cc'c'c", c'c'cc'c,
CICHCYCHCHCH’ C'C”C”C'C"C”C”’ ar]d CICHCICIH [14]' An
increase in the sequences composed of c¢" structural

1063-7745/05/5001-0010$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Coatings of the plane with triangles, tetragons, pentagons, hexagons, and ribbons formed by these polygons. For explanation,

see the text.

minals leads to the formation of lamellas and segrega-
tion. Upon ordering, defects of different types (includ-
ing twinning planes that break the structural periodic-
ity) form nuclei and then aggregates, twins, or new
structures of real or hypothetical substances. Layers
have a tendency either toward segregation or toward
ordering. The boundary between guasi-homogeneous
real crystals and crystaline (including epitaxial and
syntaxial) aggregatesis smeared [15, 16]. Supramolec-
ular nonequilibrium phenomenain spatially modulated
crystals [17] and the formation of suprastructures and
superstructures can take place.

In the course of crystal growth, a small number of
radicals (from 1 to 4) formed by different atoms, rather
than a large number of these atoms themselves, are
incorporated into the structure. The crystal is a matrix
into which atoms, molecules, and their groupings are
incorporated. Atoms and their ensembles can be
embedded in asmall number of positions. Symmetry is
considered as a system controlling the crystal growth.
After this system nucleates, there occurs an intensive
ordered precipitation of atoms and their ensembles
along the directions of the symmetrical greatest com-
mon divisors.

The growth of crystals of chemical compounds and
the modeling of their crystal structures are governed by
similar principles; i.e., the principles of modeling of
crystal structures are closely related to the principles of
crystal growth.

The first models of structural types of crystaline
compounds were constructed on the basis of the nonin-
difference principle and the law of small numbers
[8, 13]. The proposed models and the corresponding
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compositions were confirmed by using the example of
hundreds of structural types considered in [12], models
and structural types analyzed in [6, 18-20], etc. The
“wave’ character of the structure of solids stems from
these two basic principles of the constructive-minal
concept.

Let us consider novel structures that are described
by the models devel oped previously with the use of the
nonindifference principle and the law of small num-
bers. The genetics of coatings of the plane with differ-
ent structural elements, such as triangles, tetragons,
pentagons, and hexagons (hereafter, these elementswill
be denoted by numerals 3, 4, 5, and 6, respectively),
which form ribbons and then coatings upon monotypic
joining, was analyzed earlier in [21]. The coatings of
the plane with polygons are described either in terms of
sharing of their edges (e) and vertices (v) or in terms of
the absence of sharing (i—isolated).

The structures of a-uranophane and other minerals
can also be described in the framework of the construc-
tive-minal concept. For this purpose, the projections of
the structures of the aforementioned minerals are com-
pared with the coating 25 [21], which consists of trian-
gles 3, tetragons 4, and pentagons 5 (Fig. 1b). Penta-
gons form aribbon d (5e1), and triangles and tetragons
make up aribbon b (34). A fragment of coating 25 com-
posed of these alternating ribbons forms a coating db
(5€e1.34) depicted at the right of Fig. 1b. Ribbon 5el
correspondsto pentagonal bipyramids shared by edges,
whereas ribbon 34 corresponds to tetrahedra (triangles)
and tetragons. In this coating, one more ribbon, is wor-
thy of notice, namely, g (5i1 or 53). The sharing of this
ribbon by edgesleadsto the formation of the same coat-
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ing but with a new configuration, namely, 53-el. Rib-
bons 53 in the structures considered in [22] are topolog-
ically different due to the rotation of tetrahedra: 53(1)
and 53(2). Apart from the coating composed of aribbon
53(1), to the aforementioned structures there corre-
spond heteropolytypes consisting of structural minals
of theinitial coatings 53(1).53(2) in ratios of 1: 1 and
2 : 2. With due regard for the distortions, ribbons 5el
also differ from each other. The first structure corre-
sponds to the coating formed by ribbons 5el1, the sec-
ond structure is associated with the coating consisting
of ribbons 5e12, and the third structure is represented
by the heteropolytype composed of ribbons 5e11.5e12
inaratio of 1: 1. Therefore, more than ten structures
correspond to coatings of the type 5. These structures
were considered in greater detail in [22].

The analysis of the structures of the glaserite-olgite
(Fig. 1d), B-K,SO, (Fig. 1e), NaBaSi,0,(OH)
(Fig. 1f), and BaNaGe,[GeO,],(OH)H,(O,0H),
(Fig. 1g) minerals revealed structural minals related by
the symmetry elements [23]. However, the ribbons
formed by the structural elements (pentagons 5) were
not considered in [23]. Inthe structure shownin Fig. 1e,
two ribbons g (5i1) corresponding to coating 25 [21]
alternate with ribbons d (5el) and form a new coating,
namely, the heteropolytype consisting of ribbons
5e1.2.5i1 (dgg). In the structure depicted in Fig. 1d,
two ribbons g (5i1) alternate with aribbon b' (6i1) of
coating 24 (type 6); i.e., this is a heteropolytype b"gg
(6i1.2.5i1) of two coatings 25 (type 5) and 24 (type 6).
Finaly, the structures represented in Figs. 1f and 1g
consist of ribbons b"hh (2.5vi.6i2) and b"hh (2.5vi.6i2).
A ribbon h can aso be referred to as ribbon 2.5v4 or
2.5v3. Pentagons in double ribbons form structural ele-
ments 5e joined together into a ribbon 5ev. This S
shaped ribbon can be seen in the coatings shown in
Figs. 1b and 1g. Ribbon S(5ev) aternates with aribbon
b" (6i2) of coating 17 (type 6). Therefore, the small
number of triangles, tetragons, pentagons, and hexa
gons and their combinations form numerous real struc-
tures and also defect structures, segregates, and lamel-
las in accordance with the constructive laws of two-
dimensional ordered isomorphism.

Making allowance for the af orementioned nonindif-
ference principle and the law of small numbers, it is
possible to reduce considerably the variety of structure
formation models and to predict asmall number of pos-
sible variants.
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Abstract—Analysis of the domain structure is performed using the method of matching strains at the interface
and the model of thin domain walls. Equations describing the matching interlayers for crystal lattices are
derived and the interlayer parameters are obtained for al possible types of domain wallsin BiVO,. It is shown
that the matching interlayers have monoclinic symmetry. A difference between the elastic energy of a domain
wall and the parameters of adjacent orientation states is revealed. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

A model of aferroelastic domain wall consisting of
an induced phase (interlayer) was proposed in[1]. This
interlayer performs matching of the crystal lattices of
two adjacent orientational statesviatwo thininterfaces.
It is shown by an example of |ead orthophosphate that
two kinds of interlayers are possible: one with the sym-
metry of the paraglectric phase (P twinning) and the
other with the symmetry of the ferroelectric phase
(F twinning). In the case of the P twinning, al compo-
nents of the spontaneous strain of the interlayer are
zero, which results in the symmetry appropriate for the
lattices of two adjacent domains. For the F twinning,
only the main components of the spontaneous strain are
zero, whereas the shear component is nonzero. In this
case, the interlayers related to the first and second
domains should be matched. To compensate the shear
strain, each domain should be rotated along with its
interlayer around the corresponding axis, which gives
rise to a symmetry element that is necessary to match
theinterlayers. This kind of twinning leads to a change
in the form of the crystal.

In terms of this model, the induced phase (inter-
layer) is matched with the ferroelastic phase through
two thin paralld interfaces. A model of a thin planar
interface for the low-temperature monoclinic phase was
proposed in [2]. The equation for the interface is
obtained from the condition that the interface surfaceis
common for the two lattices. Upon formation of the
interface, rotation of the crystallographic axes at a
small angle Y is observed. We will refer to thisangle as
the phase-matching angle.

According to the above model, the elastic energy of
a domain wall is localized in the interlayer. Since the
elastic energy is proportional to the interlayer thick-
ness, in order to minimizeit, the domain-wall thickness

was assumed to be equal to the smallest distance at
which lattice parameters make sensg; i.e., the distance
between the parallel interfaces should be large enough
to contain, at least, one cell of the induced phase.

Itisof interest to apply this approach to the analysis
of the structure of domain wallsin BiVO,, the orienta-
tion of which is not determined by the symmetry ele-
ments of the high-temperature phase.

Bismuth vanadate belongs to the class of pure
proper ferroelastics [3]. At 225°C, a second-order tran-
sition from the tetragonal 3 phase (sp. gr. 14/a) to the
monoclinic a phase (12/b) is observed in this crystal
[4, 5]. Two types of domain walls, W; and W,, which
are amost perpendicular to each other (~91°), are
observed in the ferroelastic a phase [6]. Orientation of
the domain walls depends on the spontaneous-strain
components [ 7]. The angle between a domain wall and
the [100] directionis 37.4° (according to [6], ~32°) and
the domain-wall width is smaller than 200 A. It was
found that each orientation state can take two similar
orientations (with a difference of ~1°) [8].

Since there is a significant spread of experimental
data on the domain-wall orientation (~5°), in this study,
in contrast to [1], the initial equation for adomain wall
is considered unknown and a more general approach is
used to solve this problem.

We will use the following orthogona coordinate
system: the X and Z axes are parallel to thea and c axes,
respectively, and the Y axis makes an angle ¢ = y— 90°
with the b axis. Let usintroduce the following designa-
tions. Parameters of the 3 phase are a; and ¢,; parame-
tersof thea phasearea,, by, ¢, and ¢, =y, —90°; inter-
layer parametersare a,, b,, c,, and ¢, =y, — 90°; orien-
tation states are C, and C,; coordinate systems are X,
Y1, and z; for Cy; Xy, Y, and z, for C,; X3, Y3, and z; for
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the interlayer from the side of C;; and x,, y,, and z, for
the interlayer from the side of C,; and (IFs) : IF1 and
IF2 are thin interfaces from the side of C; and C,,
respectively.

STRUCTURE OF DOMAIN WALLS

A domainwall consists of an interlayer and two par-
alel interfaces, the orientation of which should coin-
cide with the orientation of the domain wall. According
to [2], the equation for a thin interface matching two
monoclinic cells with the parametersay, by, ¢, &, =y, —
90° and a,, b, C,, §, =y, — 90° hasthe following form
in the coordinate system of thefirst cell:

XfAll + YfAzz + ZfA33 +2X,Y,A; = 0, (1)
where

C032¢1DEb1
_ g [faf
A33 - _H:lD y
Ay, = ——2 _egne Pegne D
27 a,cos0,08, 't b, T

In the coordinate system of the second cell, this equa-
tion can be written as

X5By1 + Y5By + Z5Bay +2X,Y,Bp = 0, (2)
where

_ BT
By =1- Qa}j
BZZ
_ 1 et + 00
=1- coscl) smcl) ——smcl) :
cos ¢2D[b4] ' ? s
2
By = 1-%—5 ,
- by . [
By, = 2,050, h smd)2 bzsmq)lm.
Under the condition
det|/Ajl = 0 3)

Eq. (1) corresponds to the equation of two intersecting
planes. From (3), we obtain

Ax(A1 A, — Afz) = 0.
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Two situations are possible;
Ay = 0, “)
ApAxp— Afz = 0. &)

Aswill be shown below, situation (4) isimplemented in
BiVO,. Hence,

C;=¢C (6)

and (1) corresponds to the following equations for
interfaces:

X;+BY; =0, (7

X, +NY; = 0, (®)

Whefe B = D12 — /\ID]2.2—D22, N = —1/B = D12 +

D2 =Dz, Diy = Ap/Ayy, and Dy, = Ap/Ay,.

Wewill find the domain-wall equation from the con-
dition for matching the thermal-expansion tensor at the
interface in the coordinate system of C;. Let the angle
between adjacent orientation states be a. Then, accord-
ing to [9], we abtain the following domain-wall equa-
tions:

X, +KY; = 0, 9)
X,—1Y, =0 (10)
1 K 1~ ’

where

) 2 2
2€,,SN0 — (e, —€,,) cosa + «/4912 +(ey —€p)

K= .
(&1 —€x)sina + 2e;; cosa

and g; are the components of the thermal-expansion
tensor.

We will denote the domain walls described by
Egs. (9) and (10) as W; and W,, respectively. Let us
consider whether F twinning is possible upon the for-
mation of W; . Sincethe equation for theinterface coin-

cides with the domain-wall equation, we derive from
(7)—(9) that

K = Dy, + /D3, — Dy (11)

For this type of twinning, only the main spontaneous-
strain components of the matching interlayer are zero
[1]. Therefore,

a, = by, (12)
¢,%0. (13)

Thus, a monoclinic cell with arhombic base corre-
spondsto theinterlayer from the side of C,. The param-
eters of this cell are determined by Egs. (6) and
(11)—(13).



() (b)
b,

3]

éi B Xy Xy B Xy

$,>0,05<0,B=12+¢, ¢,<0,95>0,B=12+0,

Fig. 1. Schematic representaion of the matching conditions
for interlayer cells (case of the F twinning): (a) ¢, >0, ¢, <

0, andp= 2 +¢2and(b)¢2<0 ¢, >0,andB =12 +<1>2

Figure 1 shows schematically two possible variants
of matching the interlayer lattices for the F twinning
(bases of the interlayers are shown). As can be seen, the

angles ¢, and ¢, should have different signs and equal

magnitudes. To match the lattices, the coordinate sys-
tems of the interlayers should be rotated with respect to
each other at theangle ¢,.

The parameters of the interlayer from the side of C,
are determined similarly (changing the sign of ¢, in
(1)). The equation for W; in the coordinate system of
C, is derived from (9) derived by rotating the coordi-

nate system by the angle a around the z, axis:
X, + MY, = 0, (14)

where M = (Kcosa — sina)/(cosa + Ksina).

Taking into account the above conditions, we obtain
the system of equations determining the parameters of
the interlayer from the side of C,:

2= G

%12 = b,

D 1 |2 1
M = Dyt 4Dy — Dy,

Where D:l|_2 = A:‘|_2/A11 and D'22 = AI22/A11; the COfoI-
cients A;, and A, differ from A, and A,, by the sign
of theangle ¢,.

(15)
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0.05

-0.05
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a, rad

Fig. 2. Dependence of the parameter ¢, on the angle a for
the domain walls (a) W; and (b) WS .

Joint solution of (15) and (11) yields the depen-
dences of ¢, and a, ontheangle a:

¢, = arcsinL, (16)
1+K?
Q=& S (17)
K*—E/cosb,
where
L—g Q= [P(K-tand,) - M- tand, ]
T Q’ blcoscbl 1 b
2
p_ LM
1+K

U=M-KP+ 2tan¢1(KP— M) + tan’¢,(1—P)

O % |
" [h, coso cosq) 0 ( -1,
E = 2K%in¢l—alin¢%
1 alslnq)
" cosd, [Eﬁlcosq)%] * %nq}l b, %}

These dependences are shown in Figs. 2aand 3a. Such
behavior of theinterlayer parametersis dueto the exist-
ence of the singularity a = 1.55 rad, near whichQ —
0. Discontinuities of the functions are observed at the
interval a 0 (1.5495, 1.55034).

Let us now determine the value of a that isimple-
mented in the crystal. From Eg. (2), we obtain (in the
same way as for Egs. (6)—(8)) the equations for the
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interfaces (and, therefore, for the domain wall) in the
coordinate systems of the interlayers from C, and C:

X3+ K Y; = 0, (18)
Xyt MY, = 0, (19)

' 2 '
whereK,;=C,, £ «/sz—czz, M;=Cp, + /Cp—Cpo,
Ci,= Bjp/By;, Cy = By/By;, Ci, = By,p/By;, and
C,, = B,,/B,;; the coefficients B;, and B,, differ
from the corresponding coefficients B,, and B,, by the
sign of theangle ¢,.

Analysis of the conditions for matching the inter-
layer crystal lattices (Fig. 1) shows that the angle
between the planes determined by (18) and (19) should
be equal to

B = mw2-¢,. (20)

Numerical solution of (16)—20) using the parameters
of the 3 and a phases [4, 5] shows that two structures,
W;; and W;,, correspond to the domain wall. The cor-
responding interlayer parameters are listed in the table,
where D isthe strain tensor with respect to the parame-
ters of the ferroelastic phase; a is the angle between
adjacent orientation states; ), and ), are the angles of
rotation of the interlayer coordinate system with
respect to C, and C,, respectively (Fig. 4); and E; and
E, are the surface densities of the elastic energy of the

Parameters of the W) and W, structures of domain walls

ay, A
6.0

55k

5.0

4.5

1 1 ) 1 1 1
145 150 155 1.60 1.65 1.70 1.75
a, rad

4.0

Fig. 3. Dependence of the parameter a, on the angle a for
the domain walls (a) W; and (b) WS .

domain wall with respect to the parameters of C; and
C,, respectively. The energy of the domain walls was
determined by the formula

d
E = icijkleljekl’ 2D

where C;, arethe elastic constants[10], g; are the com-
ponents of thetensor D, and d isthe domain-wall thick-
ness (7 A).

The structure of W, was determined in the same
way, except for condition (20), which was transformed

W, W,

Wy Wi, Wy Wo,
a, rad 1.5432 1.5559 1.5857 1.5984
K -1.4303 -1.411 0.7313 0.7411
M 0.7411 0.7313 -1.411 -1.4303
¢y, rad 0.06191 —0.07015 0.07015 -0.06191
ay A 5.2997 4.9791 4.9791 5.2997
gy, rad 0.03449 0.017 —0.03826 0.05506
W, rad 0.05506 —0.03826 0.017 —0.03449
D x 1072 2.055 -2.762 -4119 3851 0 |-4119 -3.176 2.055 3.437

4141 2159 0 —2.1159 4.141

0
E;, Jm? 0.1796 0.2247 0.1409 0.2041
E,, Jm? 0.2041 0.1409 0.2247 0.1796
CRYSTALLOGRAPHY REPORTS Vol.50 No.1 2005
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Fig. 4. Matching of the cells of the adjacent orientation
states C; and C, by the interlayer P; a isthe angle between
the orientation states, |F; and |F, are the interfaces, ; and
W, are the matching angles for the interfaces, and d is the
domain-wall thickness.

B = m2+¢,. (22)

Figures 2b and 3b show the dependences of the
parameters ¢, and a, on theangle a. As can be seen, the
singularity o = 1.5926 rad and the curves are shifted to
larger angles in comparison with the dependence for
W; . Two structures (W5, and W,,, seetable) also cor-
respond to this domain wall.

Since the P twinning is a particular case of the F
twinning at ¢, = 0, while this solution is absent, inter-
layers with the symmetry of the paraelectric phase are
not formed in the crystal.

DISCUSSION OF THE RESULTS
AND CONCLUSIONS

It can be seen from the results obtained that two
structures are possible for each domain wall in BiVO,.
Four orientation states correspond to these structures.
The angle between the domain wall and the [100] direc-
tion for these states takes values of 35°, 35.3°, 36.1°,
and 36.5°. Thelatter value only dightly differsfrom the
experimental one (37.4° [8]). The angle between adja-
cent orientation states is determined from the equation

a=T/2+¢,+P; -, (23)

where ¢, is the matching angle for interlayer lattices,
U, is the matching angle for the interface IF; between
the ferroelastic phase C, and theinduced phase P (inter-
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Fig. 5. Domain structure of BiVO,.

layer), and |, isthe matching anglefor theinterface IF,
between C, and P (Fig. 4).

The angle between the domain walls W; and W,,

depending on the structuresinvolved in their formation,
may have the following values: 91.2°, 91.58°, and
90.85°. Figure 5 shows the domain structure of BiVO,
obtained during a short-term strain of a single-domain

crystal. The angle between W; and W, is91.4° £ 0.5°.

Splitting of some domainwallsinto two similar wallsis
observed. The angle between these wallsis0.8° + 0.5°.
It ispossiblethat this splitting correspondsto two struc-
tures of the domain wall (the differencein their orienta-
tionsis 0.37°).

Since the angles ¢, and ¢, have different signs

(Fig. 1), thereis adifference in the shear component of
the strain tensor D (determined with respect to the
parameters of C, and C,) and, therefore, in the domain-
wall energy. We will refer to this difference as the
anisotropy of the elastic energy of the domain wall:

Note that the two possibl e structures of the domain wall
have different signs of AE.

Since the motion of adomain wall should be accom-
panied by a decrease in its energy, the multidomain
state should be “pushed out” from the crystal. BivVO,
single crystals (grown by the Czochralski method) are
single-domain, which, apparently, is due to the joint
action of the noted anisotropy and the second-order
phase transition.

Thus, based on the domain-wall model proposed,
we can conclude that (i) domain walls are thin in bis-
muth vanadate, (ii) matching interlayersfor crystal lat-
tices have the symmetry of the ferroelastic phase, and
(iii) the elastic domain-wall energy differsdlightly from
the corresponding parameters of adjacent orientation
states.
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Abstract—X-ray diffraction measurements of mixed [(NH,), _,Rb,];H(SO,), crystals of different composi-
tions are performed. The characteristics of the change of the domain structure in the vicinity of the supepro-
tonic—ferroelastic phase transition in crystals of different compositions are studied and compared with the vari-
ations of the crystal structurein the course of gradual substitution of ammonium by rubidium. This phase tran-
sition is theoretically described based on the phenomenological theory of a high-temperature phase transition.

© 2005 Pleiades Publishing, Inc.

INTRODUCTION

Mixed [(NH,),_.Rb,];H(SO,), (TARHS) crystals
belong to the family of protonic conductors described
by the general formula M;H(XO,),, where M = NH,,
Rb, and Csand X = Sand Se[1-5]. The structure of the
high-temperature supeprotonic (NH,);H(SO,), (TAHS)

phaseistrigonal, sp. gr. R3m. The ferroelastic mono-
clinic phase (sp. gr. A2/a) of this compound is formed
below Tg=413K [4, 6, 7]. Moreover, ammonium crys-
talsat low temperature undergo four more phase transi-
tions [4, 6]. TAHS crystals have three types of hydro-
gen bonds of which two link nitrogen atoms and oxy-
gen atoms of sulfate tetrahedra. The third short
symmetric hydrogen bond (2.54 A) links two neighbor-
ing sulfate ions viathe so-called apical proton [7]. Itis
important that Rb;H(SO,), (TRHS) crystals undergo
only one irreversible phase transition at Tg = 486 K,
whereas the phase formed below Tgis not ferroelastic.
Below Tg the Rb;H(SO,), crystals are monoclinic,
sp. gr. C2/c [8], and, according to [5, 9], they are trans-
formed into the superprotonic cubic phase at Tg. The
length of the apical hydrogen bond in rubidium-con-
taining crystals is dlightly shorter than in ammonium-
containing ones [3, 5 10]. The mixed
[(NH,), _,Rb,];H(SO,), crystals exhibit supeprotonic
properties; the temperature of the superprotonic phase
trangition increases with the gradual substitution of
rubidium by ammonium. The compounds with x > 0.5
have two superprotonic phases[5, 9, 11].

Recently, we discovered an anomalous change of
the ferroelastic domain structure in the vicinity of the
superprotonic transition in the crystas of the
M;H(XO,), family [12, 13]. The unusual change of the
domain structure in the vicinity of the superprotonic
transition is of special interest, because the establish-
ment of the cause of such behavior is important for
more clear understanding of the characteristics of the
microscopic mechanism of the transition into the phase
with high conductivity. Moreover, the mixed crystalsin
the [(NH,),_,Rb,];H(SO,), system attract attention
because TAHS crystal s bel ow the point of the superpro-
tonic phase transition show ferroelastic properties,
whereas TRHS crystals do not possess such properties.

Thus, it is important to study the mixed
[(NH,), - ,Rb,];H(SO,), crystalsin more detail. Below,
we describe our further study of the ferroelastic domain
structure of mixed TARHS crystals, the X-ray diffrac-
tion studies of the crystals of various compositions, and
the theoretical consideration of the superprotonic—fer-
roelastic phase transition in one of the mixed crystals
with a high rubidium content.

EXPERIMENTAL

The study of the temperature variations of the fer-
roelastic domain structure of mixed
[(NH,), _,Rb,]5;H(SO,), crystals with x < 0.5 showed
that being cooled below Tgin anarrow (~2 K) temper-
ature interval results in the appearance of alarge num-

1063-7745/05/5001-0108$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Domain structure in the (001) cut of [(NH4).97Rbg 0313H(SO,), crystals during their heating from the temperature of the
superprotonic phase to the temperatures (a) (Tg— 1 K), (b) (Ts— 5.8 K) and in the (010) cut of these crystals to the temperatures

(©) (Ts— 1K) and (d) (Ts—5K).

ber of small lendike domains (Figs. 1a and 1c). The
domains are so small and distorted that it is difficult to
establish how many orientational states can exist in this
narrow temperature range. With further lowering of the
temperature, large domains are also formed (Figs. 1b
and 1d). We observed the domain walls of theWand W'
type (Sapridl classification [15]) corresponding to the

change of the symmetry from trigonal, 3m, to mono-
clinic, 2/m. In the superprotonic phase, the crystals are
transparent and optically uniaxial. In the transition to
the superprotonic phase, both TRHS crystals and also
mixed crystals with x > 0.9 are disintegrated into small
pieces. Below the first superprotonic phase transition,
the crystals with high rubidium content also consist of
very small domains, but no formation of large domains
with further lowering of the temperature is observed.
Below the temperatures (~Ts— 2 K), small domains are
transformed into defect regions; the sample looses its
transparency and becomes turbid. As is seen from
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Fig. 2a, in the superprotonic phase, the polydomain
(002) cut of a[(NH,),;Rb,-1;H(SO,), crystal becomes
transparent (Fig. 2b). With afurther increasein thetem-
perature, the second supeprotonic phase is formed at
Tg, which is accompanied by the formation of brightly
colored regions (Fig. 2c). The lowering of the tempera-
ture below Ty, made the sample polycrystalline and
nontransparent. However, not by heating the crystal up
to Ty, but by first heating it only up to the temperature
of the first superprotonic state and then decreasing it,
small domains are formed at the temperatures lower
than Tg. These domains are transformed into defect
regions (Fig. 2d) at the temperature (~Tg — 2 K). The
X-ray diffraction studies showed that thefirst superpro-
tonic phase of mixed crystals is trigona and is

described by the sp. gr. R3m, whereas the second
superprotonic phase consists of a crystal in the poly-
crystalline state. The superprotonic phase of TRHS
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Fig. 2. Surfaces of the (001) cut of [(NH4)o 3Rby 713H(SO,), crystals at (a) 300 K, (b) Ty, (€) T, and (d) after cooling below the
temperature of the first superprotonic phase transition at (Tg— 2 K).

crystalsistrigonal and is described by the sp. gr. R3m
like all the other crystals of the M;H(XO,), family.

The change of the unit-cell parameters of the crys-
tals of the TARHS system at room temperature depends
on the Rb concentration (Table 1). It is clearly seen
from Table 1 that with the substitution of ammonium by
rubidium, the unit-cell parameters, the monoclinicity
angle, and the unit-cell volume reman amost

Hydrogen bonds are of special importance and
strongly effect the physical properties and thermody-
namic stability of the crystalline state. The existence of
isolated dimersis characteristic of the monaoclinic crys-
tal structure of mixed TARHS crystals: each two neigh-
boring SO, ions are bonded via an apical proton and
form a dimer. The parameters of the apical hydrogen
O—H---O bond at room temperature in the monoclinic
phase of different mixed TARHS crystals are indicated

unchanged. in Table 2. The measurements show that mixed crystals
Tablel. Unit-cell parameter of [(NH,);_4RbJ]3H(SO,), Table2. Donor—acceptor distance dp_», donor-hydrogen dis-
crystals tance dp_y, and hydrogen—acceptor distance dy  a in hydrogen
bondsin the (001) planethat link SO, tetrahedrainto dimersin
X anm | bom | ¢,nm | B,deg | V,nm? [(NH,), - Rb,J3H(SO,), crystals at room temperature
0 X dp_a, NM dp_y, NM dy A NM
0.03 | 1.5443 | 0.5870 | 1.0181 | 101.84 | 0.90328 0
0.05 1.5443 | 05870 | 1.0181 | 101.84 | 0.9033 0.03 0.2550 0.1275 0.1275
0.70 | 15312 | 0.5877 | 1.0163 | 102.19 | 0.89409 0.7 0.2543 0.0638 0.1928
0.86 | 1.5219 | 0.5889 | 1.0157 | 102.30 | 0.99842 0.86 0.2521 0.0686 0.1839
1 15177 | 05901 | 1.0172 | 102.57 | 0.8892 1 0.2503 0.0600 0.1920
CRYSTALLOGRAPHY REPORTS Vol.50 No.1 2005



CHARACTERISTIC FEATURES OF THE CHANGE OF DOMAIN STRUCTURE

with a high rubidium content and TRHS crystals have
only dightly varying hydrogen bonds, but, what is very
important, these hydrogen bonds become asymmietric.
Figure 3 shows the temperature curves of the lattice
parameters of the [(NH,)03RD671:H(SO,), crystals;
Fig. 4, thetemperature curves of the unit-cell volume of
this compound.

The temperature dependences of the unit-cell
parameters of the [(NH,), ;Rb, ;1;H(SO,), crystal in the
D5, (R3m) and Cj, (C2/c) phases may be described
based on the phenomenological theory, because the
D?S,d(Rém) — Cgh(C2/c) transition is the subgroup

phase transition. Figure 5 illustrates the relation
between the monoclinic and trigonal the unit cellsinthe

D3, (R3m) —» C2,(C2/c) phase transition. In the low-

temperature cih(cz/c) phase, three domains (D,, D,,
and D;) are observed. The parameters of the crystal |lat-
tice of the domain at room temperature are as follows:
a,=10.16 A, h,,=5.88 A, and c,,= 15.31 A, the mon-
oclinicity angle is 3 = 102.16°. The main trandation
vectors of the crystal lattice in the Dg’d(Rém) phase at
T~475K arela|=a,=823A;i=1, 2 3, and the
angle formed by vectors a and g equals a,, = 42.2°.

The expansion of the free energy, which describes

the D3, (R3m) —» C3,(C2/c) phase transition, has
the form

F = Fy+Fe+Fye. (1)

The term F, dependent on the components of the order
parameter (¢, ¢,, ;) iswritten as

Fy = 3r(05+ 07 +07) + TUy(07 + 03+ 02)’
#7005 + 03 + 03)
1 2 2 @
+ 300 (207 02— 03) + 3(9; —3) ]

+2v(07 + 05+ 03"

wherer = a(T - Tp), T, is the temperature of the phase

transition; the constantsa > 0, u;, and v do not depend
on the temperature; and the component of the order
parameter ¢, is characterized by the wave vector EI
The second term F, in Eqg. (1) is the elastic energy,
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Fig. 3. Temperature curves of the lattice parameters in a
[(NH,)o 3Rby 713H(SOy), crystal in the C3 (C2/c) and

ng (R3m) phasesin the monoclinic setting.



112

v, A3
915
910 r ...l/
@
905 -
900 -
895
1 1 1 1 1
300 350 400 450 500
T,K

Fig. 4. Temperature dependence of the unit-cell volume of
a [(NHy)o 3Rby 713H(SO,), crystal in the monoclinic set-
ting.

which may be written in the form
1 2 2,1 2 1 2. 2
Fe = écll(el +6)) + écsses + §C44(e4 +€5)

+Cppes(e, + ) + Cyf (e, —€;,)es— 26,64 (3)

+ 1

2 2
2C16[ (e,—e) +4e],

where C;; are the elasticity moduli and g are the com-
ponents of the strain tensor. The last term in Eq. (1)
describes the interaction of the order parameter with
strains,

Foe = (01 + 05+ 02)[Bs(e; + &) + Bses]
+ B[ (205 — 07 —d2) (81— ) —2/3(0; —d2)e] @)
+Bs[ (205 — b5 —d2)es + /3(d; —d2)es].

The effectivepotential at ¢ = ¢, Z0and ¢, = ;=0
describes the phase transition into one of three single-
domain states (D, in Fig. 5):

1 .2 1 ,4 1 .6
Feff=§f¢ +ZU¢ +6V¢

+[Buler + ) + Boeslo 2+ 2B5(e, —e)9° O
+ 255654)2 + Fe,

whereu = uy + U +4uU;.

The temperature dependence of the sgquared order
parameter (at T < T,) in the case of asecond-order phase
transition (U > 0) is determined by the formula

a(Tc_T)
u

0° = (6)

KIRPICHNIKOVA et al.

Fig. 5. Relation between the monoclinic (a, by, Cy) and
trigonal (a;, &, as) unit cells and the orientation of the fer-
roelastic Dy, D,, and D5 domains.

or the formula

o2 = 10t Ji + dva(T,-T)
2v
in the first-order phase transition (U < 0 and v > 0).

Here U = u+4zi5:1 ., BiB; and the constants B; are

2C,3B3—2C43B,

@)

B, +B, = 7
C1uCs—2Cy
-2 +2
B,—-B, = CuBy (:214[35 @®)
C44C16 - C14

B. = 2C 3B, —C11Bs B. = —2C5Bs +2C1,B3,
3= ————, bBs = .
C1.Cas—2C55 CasCrs— Cis

The components of the strain tensor depend on the
squared order parameter as

€ = qu)z’ & = Bz¢21 € = Bsq)z, € = Bs¢2- 9)

The tensor components were calculated by the for-
mulas

a,(T)—a(475K)

&) = ——am
_ by(T)-b(475K)
&N = —pamr 0)
_ Cu(T)—c(475K)
&M = —C@m
T = C(T)cos[B(T)] —c(475 K) cos[ (475 K)]
e(T) = 2c(475K)Sn[B(475K)]
CRYSTALLOGRAPHY REPORTS Vol.50 No.1 2005



CHARACTERISTIC FEATURES OF THE CHANGE OF DOMAIN STRUCTURE

Then, the linear temperature dependence was sub-
tracted from the calculated components. This tempera-
ture dependence is the consequence of the thermal

expansion of the crystal in the Cgh (C2/c) phaseand is

not related to the phase transition. The tensor of spon-
taneous strain is

(11)

e,—e
le and €5 =e,.

where €7 =
Figure 6 shows the temperature curves of the com-
ponents of spontaneous deformation.

DISCUSSION OF RESULTS

The X-ray studies showed that Rb;H(SO,), crystals
and aso mixed TARHS crystals are isomorphous at
room temperature. In the superprotonic phase above Tg
they belong to the trigonal system as all the other crys-
tals of the M;H(XO,), family [2-4, 6-8, 14].

The study of the domain-structure evolution with
the temperature of mixed [(NH,), _Rb,];H(SO,), crys-
tals with x < 0.5 shows that small domains exist in the
ferroelastic phase only in the narrow temperature range
inthevicinity of the superprotonic transition. With low-
ering of the temperature, these smal domains are
replaced by large ones. Small domains also arisein the
vicinity of Tg in mixed crystals with a high rubidium
content (0.5<x<0.9). Thecrystalswith x > 0.9 showed
no domain structure; these disintegrated in the super-
protonic transition. The temperature of the appearance
of small domains coincides with the temperature of an
increase in conductivity. This is a very important fact.
Below Tg, oxygen atoms in the neighboring SO, tetra-
hedra in mixed TARHS crystals are linked by short
hydrogen bonds in the (001) plane. The positions of
hydrogen bonds in the crystal are fixed by the crystal
symmetry. With heating of the crystal above Tg, the

crystal is transformed into the (R3m) phase in which
the apical proton isdistributed over six equivalent posi-
tionsin the (001) plane with the probability 1/6, which
results in the appearance of protonic conductivity [16].
Along with other factors, high conductivity follows
from the symmetric characteristics of thetrigonal phase
and results in delocalization of hydrogen bonds. The
disordered net of hydrogen bonds is formed in the
structures where the number of hydrogen atoms per
unit cell is less than the total multiplicity of the posi-
tions energetically favorable for hydrogen bonding [9].
Below Tg, hydrogen bonds arelocalized. Anincreasein
protonic conductivity in the vicinity of the phase tran-
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Fig. 6. Temperature dependences of the components of the
tensor of spontaneous deformation.

sition is favored by the formation of small ferroelastic
domains. The main part in the twinning processes is
played by reorientation of sulfate tetrahedra rotated in
the neighboring domains. In this case, the multiplicity
of the structurally equivalent protonic positions is
changed. The NMR study of the proton dynamics
showed [17] that at higher temperatures, the velocity
and amplitude of vibrations of sulfate tetrahedra
increase. In the vicinity of Tg, one observes anoma-
lously high growth of internal vibrations of sulfate tet-
rahedra and their reorientation. In the low-temperature
phase, protons are ordered, but in the vicinity of Tg
more pronounced vibrations of HSO, groups give rise
to internal stresses and domain formation (if a crystal
possesses ferroel astic properties). Thus, the appearance
of the additional (satellite) domain walls below Tgis
associated with the formation of internal stresses dueto
proton delocalization. A nonferroelastic crystal may be
destroyed under the action of theinternal stressesinthis
temperature range.

We also established that an increasein the rubidium
content in mixed crystals results in a considerable
change of the hydrogen-bond symmetry, which makes
hydrogen bonds unstable in the transition to the super-
protonic state. The asymmetry of the apical hydrogen
bond observed for crystals with a high rubidium con-
tent and also for TRHS crystals seemsto be one of the
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factors changing the domain-structure dynamicsin the

Vici

nity of the superprotonic transition.
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X-ray Diffraction Study of Phase Transitions
in Na;Sc,(PO,); and Ags;Sc,(PO,); Single Crystals
in Temperature Range from 160 to 500 K
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Abstract—Two phase transitions are revealed for the first time in Ag;Sc,(PO,); single crystals in the vicinity
of the temperatures 303 and 165-180 K. It is established that the phase transition at 303 K corresponds to the
well-known phase transition to the superionic state in Na;Sc,(PO,); single crystals in the temperature range
423-433 K, whereas the phase transition observed in the temperature range 170-180 K corresponds to the
phase transition from the rhombohedral to monoclinic phase at about 320 K in the monoclinic Na;Sc,(PO,);
single crystals. It isalso established that rhombohedral Na;Sc,(PO,); single crystals undergo the second phase

transition. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

The Na;Sc,(PO,); compound possesses superionic
propertiesat temperatures T > 440 K and the conductiv-
ity value at the level of the best superionic conductors.
Various properties of this compound were studied in a
large number of X-ray diffraction, conductivity, and
calorimetric measurements [1-11]. It is established
that, at room temperature, the crystals of this compound
form two polymorphous modifications—monoclinic
(a phase) and rhombohedral (B phase). The crystals of
the o phase possess ferroelectric properties and, upon
being heated, acquire the nonpolar state (3 phase) with

the structure usually described by the sp. gr. R3c.
According to [1-10], the temperature of this phasetran-
sition lies within 313-337 K. The a — 3 transforma-
tion is considered to be a first-order phase transition
with the hysteresis at about 13° and a feebly marked
thermal effect. The characteristic feature of the crystal
of the 3 phase isitsionic conductivity and the presence
of superstructural reflections on its X-ray diffraction
patterns. The second phase transition from the rhombo-
hedral 3 to superionic y phase is observed at a temper-
ature about 430 K. It isaccompanied by athermal effect
and shows no hysteresis. At temperatures above the lat-
ter phase transition, the respective X-ray diffraction
patterns have no superstructural reflection.

In terms of the crystal structure, thea — 3 transi-
tion is explained by redistribution of Na atoms over the
structure framework whose symmetrization is accom-
panied by atomic displacements not exceeding 0.8 A

[14] and the appearance of superstructural reflections
due to the ordered redistribution of Na atoms over the
structure positions with multiplicities 6 and 18.
According to the X-ray diffraction data obtained in a
wide temperature range, the occupancies of the posi-
tions with multiplicities 6 and 18 in both the 3 and y
phases are the same.

Since the superstructural reflectionswereignoredin
the structure determination of the 3 phase, all the opin-
ions on the cause of their appearance are of a purely
speculative character. Moreover, all the X-ray diffrac-
tion experiments were performed in the range of small
0 angles. Therefore, the absence of high-angle reflec-
tions in the experimental data set did not allow one to
study possible splitting of the positions with multiplic-
ities 6 and 12 despite the fact that high values of the
thermal parameters of Na atoms in the y phase clearly
indicate such splitting [3].

Based on the detailed calorimetric studies per-
formed on polycrystal Na;Sc,(PO,); sampleson ascan-
ning Kalvet calorimeter, Gusakovskaya and Pirumova
established that the main cause of the discrepancy of
the data obtained in different experiments is the ther-
modynamically nonequilibrium state of the complex
sodium—scandium system in which slight variations in
the growth conditions gave rise to the formation of
either monoclinic or rhombohedral phases or their mix-
tures in various percentage ratios [9, 10].

1063-7745/05/5001-0115$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. The schematic which allows one to determine the
crystal state (twinned, nontwinned) after a cycle of phase
trangitions (0 — B —— Yy —> B——> 0). Reflection
indices in the hexagona setting (ABC) are indicated in
parentheses; indices of these reflections in the monoclinic
setting are indicated in sguare brackets. Symbols (1), (I1),
and (I11) indicate the numbers of twin components.

Taking into account the fact that X-ray analysis is
usually performed on one single crystal whose quality
and phase composition may be controlled, we studied
the phase transitions in NaSc,(PO,); (o, B) and
Ag;Sc,(PO,); singlecrystalson asingle crystal diffrac-
tometer. The focus was made on the study of the phe-
nomenaaccompanying the phase transitions at the mac-
roscopic level.

EXPERIMENTAL AND DISCUSSION
OF RESULTS

Both monoclinic and rhombohedral single crystals
of the Na;Sc,(PO,); compound were synthesized by
growth from flux at 1100°C. The crystals of the a phase
were grown on seeds of this phase. The Ag;Sc,(PO,);
crystalswere obtained by replacement of sodium by sil-
ver in monoclinic Na;Sc,(PO,); crystals. The substitu-
tion was performed in an agueous AgNO; solution. The
solution concentrations which provided growth of crys-
tals not deteriorating during replacement of sodium by
silver were determined empirically. The studies were
performed on asingle crystal KM-4 diffractometer pro-
duced by KUMA DIFFRACTION (Poland) with the
use of the monochromatic MoK, radiation.

The a phase of Na;Sc,(PO,); is crystallized in the
monoclinic system with the lattice parameters a =
15.378 A, b=8.907 A, c=9.083 A, B =123.50°, sp. gr.
Cc. Since the phase transformations were studied at the
macroscopic level, the macroscopic single-crystal
parameterswere recorded, namely, unit-cell parameters
and sensitive X-ray diffraction reflection characteristics

CRYSTALLOGRAPHY REPORTS Vol. 50
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of acertain phase state of the single crystal. During the
study, we managed to record such X-ray diffraction
reflections; in particular, for the monoclinic state, we
used the (-1 1 2) and (-1 -1 2) reflections (monoclinic
unit cell), and for the rhombohedral (3 state, we
recorded the (1 -0.5 7) reflection (hexagonal unit cell).
The samplewasa 0.1 x 0.1 x 0.15-mm single crystal.
Heating of the crystal up to 48°C resulted in disappear-
ance of the (-1 1 2) reflection and appearance of the
(1 -0.5 7) reflection, which indicated the transition of
the single crystal from the monoclinic to rhombohedral
phase. In the reverse f — a transition, the reflection
attained the maximum intensity at about 40°C; i.e., two
phases, 3 and a, may coexist in thereversetransitionin
the temperature interval of about 10°C. We studied this
transition on several single crystals and established that
thea — 3 transition took place at about 48°C in anar-
row temperatureinterval equal to about 2 K, thereverse
B — a phase transition may have atemperature delay
of about 10°C. It should also beindicated that, in all the
experiments, no matter how many times thea — 3
and B — a phase transitions took place, the crystal
always returned to the initial monoclinic state unless
we passed through the 3 —» y phasetransition. The sit-
uation changed if the single crystal was heated above
the temperature of the second phase transition, which
took place at about 150°C. After the transition of the
single crystal from the (3 to the y state (which was
accompanied by disappearance of the superstructural
reflections) and its subsequent cooling (transformation
of the crystal into the a phase), we saw that, in some
instances, the crystal returned to the initial monoclinic
phase, although in some other instances, it lost its qual-
ity and the peak profiles split into two. In one of such
cycles,a — 3 — v,y — B— a weobtained a
new monoclinic state of the single crystal with the mon-
oclinic unit cell related to theinitial one by athreefold
axis. This led us to the assumption that single crystals
may disintegrate into blocks related by athreefold axis.
Based on this assumption, we suggested the scheme
which allowed us to control the state of the crystaline
sample. This schemeis shownin Fig. 1, where Aand B
(N, A, and B, (I1), and A, and B, (I11) are the axes of the
hexagonal unit cells related by athreefold axis and the
C axes pass through the point O normally to the draw-
ing plane. Dashed lines show the projections of three
reciprocal-lattice vectors with their indices in the hex-
agonal axes being indicated in parentheses and their
axes in the monoclinic axes being indicated in square
brackets. Each pair of such reflections determinesthree
possible types of blocks: (-1 0 5) and (1 -1 5) (typel),
(1-15)and (0 15) (typell), and (0 15) and (-1 0 5)
(type I11). The simultaneous appearance in the diffrac-
tion field of these three types of reflections indicates
twinning. This scheme is very convenient since, in the
transition to the monoclinic phase, it alows one to
determine a new state of the crystal still in the hexago-
nal setting.

No.1 2005
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Fig. 2. (a—) X-ray reflection profiles of (a—) twinned and (d, €) untwinned crystals obtained by w scanning of the points. Along
the abscissa, the scanning interval isindicated (in deg); along the ordinate, the reflection intensities are indicated (in pulses).

Analyzing the profiles of these three reflections, one
may determine how many twin components are pos-
sessed by the crystalline sample. Figures 2a and 2c
show the profiles of these reflections, which indicate
the two-component [(I) and (111)] state of the crysta
acquired by it in one of the cycles (a — B —
y — B — d), whereas the second pair of the reflec-
tion profiles in Figs. 2d and 2e shows that the crystal
has acquired again the single crystal state (I) during the
repeated cyclesa — 3 — y,y— B—— a Thefact
that the 1-15 peak in Fig. 2c is split is explained by the
fact that it has two components and, in the  — o
transition, the monoclinic unit cell becomes strongly
distorted in comparison with the monoclinic unit cell
calculated from the hexagonal in the B state. The anal-
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ysisof alarge number of crystalsof the a phase showed
that they may be both nontwinned (used for further
studies and called high-quality single crystals) and
twinned crystals, which, in terms of single crystal dif-
fractometry, are crystals of poor quality. All these facts
are consistent with the Curie principle, which, in appli-
cation to our case, reads as follows. If athreefold axis
isnot preserved inthey — Btransitionin one crystal-
line sample, it is still preserved for the whole mass of
crystals. Summarizing the results obtained, we should
like to emphasize the following:

—In the transition from the rhombohedral to mono-
clinic phase (B — 0), a certain temperature delay is
observed in the interval of about 10°C; in other words,
in this region, two phases, monoclinic and rhombohe-
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dral, may coexist. We believe that this may be associ-
ated with the characteristics of the single crystal struc-
ture and that the B — a transition results in an
increase in the unit-cell volume. Indeed, any idedl
mosaic crystal consists of dlightly misoriented coherent
~10"-10"° cm blocks. During cooling, first the blocks
lying on the crystal surface are cooled and transit into
the 3 phase, which is accompanied by an increase in
their volume and creation of unfavorable conditions for
other blocksin the single crystal bulk.

—We aso established that, after the a — 3 and
B —= a transitions, the crystal always returned to its
initial state, no matter how many cycles of these transi-
tionstook place. Thus, it is possible to conclude that no
redistribution of Naatoms over the cavities of the struc-
ture framework occurred in the transition from the
monoclinic to rhombohedral phase. In the a —
transition, the Sc,(PO,); framework of the crystal struc-
tureis symmetrized and Na atoms are displaced toward
the twelve- and sixfold positions characteristic of the
rhombohedral phase, thus creating certain modulations
in the arrangement around these ideal positions. This
results in the appearance of diffuse superstructural
reflections in the diffraction field of the 3 phase of the
single crystal. The fact that not all the Na atomsin the
3 phase are displaced to the specia positions explains
thereversibility inthea — B and 3 — a cycles. The
indirect confirmation of the fact that not all the sodium
atoms are displaced to the special positions is their
large thermal parameters.

—It is aso established that, when passing the cycle
o —B— v y— B— o thecrystal may acquire
a state different from the initial one. If the crystal isin
the y phase, the superstructural reflections in the dif-
fraction field disappear, which is associated with the
transition of Na atoms in the structure into the state of
dynamic disorder around their special positions. In the
y — P transition, a new configuration of Na atoms
may be formed, which is accompanied by the appear-
ance of superstructural reflections, whereas in the
B — a transition, one of three possible nontwinned
states or severa twinned states (combinations of non-
twinned states) of the crystal may be observed. Thus,
the crystal of the [3 phase may be twins, but since the
framework is symmetrized and the Na atoms are stetis-
tically disordered over their special positionsby avalue
of the order of their thermal vibrations, the structureis
well described within the hexagonal unit cell.

We also studied single crystals of the rhombohedral
Na,Sc,(PO,); phase (a=b=8.914 A, c=22.293A y=

120°, sp. gr. R3c). With anincreasein the temperature,
this crystal undergoes the p — ytransition at 160°C,
i.e, at atemperature 10°C higher than in the mono-
clinic phase. This transition was established from dis-
appearance of the superstructural reflections. We also
revealed for thefirst time the second phase transition in
this system at about 260 K, which was accompanied by
disappearance of superstructural reflectionsand asmall
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jumpwise decrease in the parameter c of the hexagonal
unit cell. Possibly, this is the transition to the cen-
trosymmetric monaoclinic group C2/c. It is most proba-
ble that the rhombohedral phase is a twinned crystal
consisting of three components which equally scatter
X-ray radiation and are related by athreefold axis.

Aswasindicated, Ag;Sc,(PO,); single crystalswere
obtained by replacing Na with Ag. As is well known
from the published data [12] and is also confirmed by
our studies, the silver-containig crystals are hexagonal
with the unit-cell parameters a = b = 8.964 A, ¢ =

22.582 A, sp. gr. R3c. Thus, in terms of the symmetry
change, the replacement of Nawith Agin Na;Sc,(PO,);
single crystals remind one of thea — 3 phase transi-
tion in these crystals. Indeed, we established that
replacement of Nawith Ag at room temperature results
in the disappearance of diffraction reflections inherent
in the monoclinic phase (in particular, the reflection
with the (-1 1 2) indices) and the formation of super-
structural (-1 0.5 7) reflections.

We also studied single crystal s of the silver-contain-
ing phase over a wide temperature range and estab-
lished that heating of asingle crystal above 30°C results
in disappearance of the superstructural reflections, but
no jumps in the unit-cell parameters were observed. In
cooling below 30°C, superstructural reflections are
formed, which are preserved up to 180 K. In the tem-
perature range 180-170 K, the superstructural reflec-
tions in the X-ray diffraction spectrum disappear and
the reflections characteristics of the monoclinic phase
are formed. The transition is completed at 170 K. The
reverse transition starts at 170 K and is completed at
180 K. Thus, we established two phase transitions in
the Ag,Sc,(PO,), crystals. Their characteristics corre-
spond to the characteristics of two phase transitions in
the monaclinic Na;Sc,(PO,); single crystal. At 30°C,
the B — y phase transition takes place, and at 180—
170°C, the B — a transition takes place. Thus, the
Ag;Sc,(PO,); crystals already undergo the transition to
the superionic phase at a temperature above 30°C. It
should be indicated that, after the replacement of Na
with Ag, the crystals of the new silver-containing phase
behavein asimilar way irrespective of thefact in which
of the single crystals—monoclinic or rhombohedral—
sodium was replaced with silver.
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Abstract—Some insufficiently studied aspects of proper ferroelectric phase transitions are considered. These
aretherole played by higher-degree terms of the expansion of athermodynamic potential in polarization, the
universal temperature dependences of physical quantities represented in terms of dimensionless variables,
the soft mode (which, along with other modes, gives the contribution to polarization) and the polarization con-
sidered as an order parameter, and also the phase transition from piezoel ectric phases. © 2005 Pleiades Pub-

lishing, Inc.

THERMODYNAMIC POTENTIAL

The subject indicated in the title of this paper has
long been developed and considered in numerous arti-
cles and monographs (see, e.g., the first review [1] and
recent monograph [2] and the references there). How-
ever, some problems were not considered in sufficient
detail in these publications and are still not quite clear.
It isthese problems, important first and foremost in pro-
cessing of the experimental data, that are considered in
the present article without commentsto the well-known
statements. Consider for the sake of definiteness and
simplicity a one-component order parameter (many of
the statements that will be made below are also applica-
ble to two- and three-component order parameters).
The density of the thermodynamic potential may be
represented in the form

® = 1/200P? + 1/4BP* + 1/6yP° — PE, (1)

where P and E are the components of the polarization
and eectric-field strength vectors, which are trans-
formed according to the one-dimensional representa-
tion of the point symmetry group of the initial phase of
the crystal. Thus, we obtain the equation 0®/0P = 0
which, under the condition that 8*d/0P? = 0, deter-
mines the equilibrium P values at the given value of E,

aP + PP+ yPS —E=0 )

(the numerical coefficients in Eq. (1) are selected in a
way to give the simplest form of Eq. (2)). Differentiat-
ing EqQ. (2) in P, we obtain the reciprocal electric sus-
ceptibility X' (also at the given E value),

X' =+ 3PP+ 5yPL 3)

We limit our consideration only to these two quanti-
ties—P and .

The coefficients of thermodynamic potential (1) are
assumed to depend on the temperature T, pressure, and
other parameters, e.g., the chemical composition of the
crystal. We limit our consideration to the temperature
dependence aone. The occurrence of aphasetransition
signifies that the coefficient a passes through the zero
value (the initial phase should lose its stability) and,
therefore, it is possible to assume that, in asmall vicin-
ity of the phase transition, we have

o =0a4(T-06), B,y=const. 4)

SECOND-ORDER PHASE TRANSITION

Consider first a second-order phase transition in
which 3 > 0 so that the invariant with the coefficient y
may be ignored. Then, Egs. (2)—(4) yield the solutions
(aE=0)

P=0, X =oay(T-6);
P* = a(8-T)/B, X = 2a.(6-T)

for theinitial (a > 0) and polar (o < 0) phases (8 isthe
phase-transition temperature). Note al so that the crystal
is assumed to be a single domain one.

Thus, it israther tempting to try to refine these rela
tionships by taking into account the additional terms of
the ® expansion in P? with the coefficient y. Then, con-
sidering the expansion in terms of (8 — T) for a polar
phase, we have

(&)

P* = (ar/B)(6-T)
x[1—(ar/ar —Br/B—ary/B)(O-T)],  (6)
X" = 207(8=T)[1—(or/ar —ary/B*) (O -T)].

1063-7745/05/5001-0120$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Dependence of p? on A for a second-order phase
transition.

The above equations also take into account the
expansions of the coefficients themselvesin (T - 6),

a = ar(T—8)+a(T-86)%
B=PB+B(T-8), y=y.

It is seen from Eq. (6) that, taking into account the
term of the @ expansion with the coefficient y, one has
aso to take into account the following term of the
expansions (7) of the coefficients a and 3 in (T — 8).
Instead of two coefficients o and 3, we obtain five
coefficients ar, B, v, d, and By. To determine a; and
B, it is sufficient to know the experimental data for
P%(T) and x~(T) (see Eq. (5)), whereas to determine all
five coefficients, we also need three additional experi-
mental dependences, which makes the theory less
attractive. Thus, it is not justified to take into account
the coefficient y for refining the experimental depen-
dences for a second-order phase transition. Note also
that, for a second-order phase transition close to the
first-order transition for which the coefficient B is
anomalously low, the allowance for y may be quite jus-
tified because the terms a/a+ and B;/B may be negli-
gible in comparison with the term a+y/B>.

()

UNIVERSAL DEPENDENCES

Represent the dependences P*(T) and x'(T) in
graphical form. It is convenient to pass to the dimen-
sionlessvariablesp, e, @, A, and X (second-order phase
transition)

512

P=pp” E=ep” o=of,

2 -1 112 (8)
a=AB°, x =XpB".
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Fig. 2. Dependence of X1 on A for a second-order phase
transition.

The p*(A) and X~'(A) dependences in these variables
(aswell asthe dependences of other physical quantities,
e.g., heat capacity, determined from Eqg. (1) under the
conditions that y = 0) acquire a universal character—
they are valid for any crystal which undergoes a proper
second-order ferroelectric phase transition. These
dependences may be called universal and, therefore, it
is useful to represent these dependences in graphical
form. Figures 1 and 2 show these dependencesat e =0,
0.04, and 0.08 (the scales along the A axis and the p?
and X! axes are selected to be the same). In particular,
it follows from Figs. 1 and 2 that the experimental data
should be given for PXT) and x~'(T) rather than for
P(T) and x(T), which is well known, especialy with
respect to x.

The experimental x~'(T) dependence allows one to
determine the phase-transition temperature T=0 a E =
0 and the coefficientsar=x'/(T-0)aT>0and a; =
X'/2(T-0) at T < 6, and the coefficient B = (x7!/3)*/E?
at E# 0, where X! istaken at T = 0. The experimental
dependence PX(T) alows one to determine the phase
transition temperature T = 6 at E = 0, the coefficient
ratio a+/B = P?/(6—T) at T < 0, and the coefficient 3 =
E?/P3at E# 0, where Pistaken at T= 6. Obviously, the
dependences in Figs. 1 and 2 are valid in arelatively
small vicinity of the phase-transition point T = 6, where
the following inequalities are valid (see Eq. (7)):

e_T < e, GTT(e_T) < GT’

2 &)
Br(8-T) <B, y(6-T)<par.

It should be emphasized that the experimental
dependences, in particular, P*(T) and x~'(T) in dimen-
sionless variabl es (which requires the knowledge of the
8, a4, and 3 values), should coincide with the universal
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Fig. 3. Dependence of p? on A for afirst-order phase transi-
tion (the coordinates of the points are Ap, = 0.279, Ay 5 =
0.314, Ay = 0.337, p’ = 0.611, p. =0.450, p; = 0.115,
and p> = 0.051).

X—l

3/4

L |
-1/5 1
A

Fig. 4. Dependence of p? on A for afirst-order phase transi-
tion (the coordinates of the points are A as in Fig. 3,

X' =0.348, and X' =0.175).

dependences in Figs. 1 and 2. This coincidence is an
additional criterion of the correctness of the experimen-
tal dependences obtained and the values of the coeffi-
cients determined from these dependences and also of
the fulfillment of conditions (9) (at least within acertain
temperature range).

FIRST-ORDER PHASE TRANSITION

Now consider afirst-order phase transition in which
B <0anditisnecessary to take into account the invari-
ant with the coefficient y in Eg. (1). From Egs. (2)—4),
the following expressions for the initial and polar
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phases follow at E = 0:

P=0 X =ax(T-6);
P? = (L2y)(IBl +B), X = (1/y)B(|Bl +B), (10)
B=[R*—4yo(T-6)] "

The point of the loss of stability of the initial phaseis
a = 0, and the polar phase loses stability at the point
a = B%*4y. The phase-transition point (the point of
equality of the thermodynamic potentials of two
phases) isa = 33%/16y. Note also that, since the expres-
sions under the root sign in Eg. (10) cannot be
expanded, thelatter inequality (9) need not be necessar-
ily fulfilled.

Now, the dimensionless variables acquire the form

P = p(Biy) E = e(B’y)™, an
o= @@y, o =ARYy, X = X'B%ly.

Setting y = 1 in Eq. (10) and replacing |3 | with B, we
arrive at the dimensionless variables given by Eq. (8).
In variables given by Eq. (11), the dependences p*(A)
and X-!(A) are of universal nature—they are valid for
any crystal which undergoes a proper first-order ferro-
electric phase transition. These dependences may be
called universal and, therefore, should berepresentedin
a convenient graphical form. In Figs. 3 and 4, these
dependences are given at e = 0, 0.06, e, and 0.2, where
e. = 0.24(0.3)'”2 ~ 0.13145 is the critical field in which
jump in P? disappearsin the transition, so that the tran-
sition is smeared as in the case of any field in a second-
order phase transition. Theinflection point on the p>(A)

curve at e = e; has the coordinates A = 0.45 and pg =

0.3. Thedashed linesin Figs. 3 and 4 indicate the meta-
stable states, and the thin lines indicate unstable states.
The scale along the A axis is two times larger than
along the P? axis and four times larger than along the
X axis.

POLARIZATION AS AN ORDER PARAMETER

Consider also aproblem which seemsto givenorise
to any doubt whether it is possible to consider polariza-
tion as an order parameter in a proper ferroelectric
phase transition. It is assumed that the coefficient a
before P2, which may be called the coefficient of polar-
ization elagticity (see EqQ. (1)), goesto zero at T = 6.
However, in displacive transitions (their consideration
is moreillustrative than the consideration of order—dis-
order transitions), the elasticity of one of the normal
vibrations, the so-called soft mode, goes to zero,
whereas the contributions to polarization may come
from several modes having the same symmetry, i.e.,
transforming by the same representation of the point
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symmetry group of the initial phase of the crysta
(according to which the component P is aso trans-
formed)

P=an +ag, (12)
where only n is the soft mode (it is sufficient to con-
sider only two modes, i.e., two normal vibrations, n
and §).

The density of the thermodynamic potential may be
represented in the form

® = U20,n° + 20,8 + V4B " +B,n’E + ...
13

+U6vln6—---—(a1ﬂ+azE)E, (19
where only the coefficient a, dependson T in the same
way as in Eq. (4). The three dots indicate that some
invariants of higher orderswith respect ton arerejected
(see below). It is important that, since n and & are the
normal coordinates, there is no mixed invariant ~ng in
Eg. (13) (in accordance with the definition of normal
coordinates). Varying @ with respect to &, we obtain
(within the accuracy of the degrees of n taken into
account in Eq. (13)) & = —(B,/a,)n> + ... . Substituting
thisresult into Eq. (13), we have

® = 1/20,n°+ V4p,n*

+1/6(y, —Bs/a)n’ —... —anE.

Comparing Egs. (1) and (14), we see that the use of
the polarization P given by Eq. (1) instead of the soft
mode 1) given by Eq. (14) is reduced to the change of
the coefficients of the potential, which is not important
in the phenomenological approach. A particular case
may arise if, for some reasons, the coefficient a, has an
anomaloudy low vaue, i.e., the contribution of the soft
mode to polarization issmall. Then potentia (1) may lead
to erroneousresults, and one hasto use potential (13). This
is the case of the so-called week ferroglectricity first con-
sderedin[3, 4].

(14)

INITIAL PIEZOELECTRIC PHASE

Consider the case where the initial phase is piezo-
el ectric. Then the thermodynamic potential may berep-
resented as

o = 1120(P2—7\Pu+112cu2
+ V4[BP* + B,P°u+ B,P°u” + B;Pu’ + B,u’] (15
—PE-o0u,

where u is the component of the strain tensor and o is
the conjugated component of the mechanical -stressten-
sor. Asis seen from Eq. (15), the potential is symmetric
with respect to the variables P and u, each of which may
be considered as an order parameter depending on
which of the coefficients goes to zero at the transition
point. If the coefficient (o — A?/c) (see below) goes to
zero, thenitis P, and if the coefficient (c— A%/a) goesto
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zero, it is u. We limit our consideration to the case
where the order parameter isP.

Varying the potentia given by Eq. (15) with respect
to u and substituting the result obtained into Eq. (15),
we obtain (under the condition that o = 0)

® = 1/2aP° + 1/4BP* - PE,

a =a-\c, (16)

B = B+ BMc+By(Mc)* + Bs(Mc)’ + By(Mc)™.

Note a so that the coefficient cat @ > 0 doesnot vanish.

The phase transition in a free crystal (o = 0) takes
placeat o =0, i.e., a =A%c. Intheinitia (o >0) and
polar (a < 0) phases, we obtain the dependenceson T
similar to Egs. (5) at E=0:

P=0, X, =dn(T-9);

, . - (17)
Pe = 07(6-T)/B, X, = 20a(T-9),

where the subscript o indicates that the dependences
P,(T) and x;l (T) are written for afree crystal.

It is impossible to satisfy the conditions which
would have provided the phase transitions not at ¢ = 0
but at u = 0 (clamped crystal). Of course, a crystalline
sample may be clamped mechanically; i.e., it is possi-
bleto fulfill the condition u= 0 at its surface. However,
a phase transition would have given rise to mechanical
stresses and the related excessive energy. As a result,
the crystal would decomposeinto domainsin which the
condition u = 0 would not be fulfilled. It is possible to
measure susceptibility x under the condition u = 0.
Then, in particular, we obtain for the initial phase

Xo = Q, (18)

where the subscript u indicates that this dependence is
written for a clamped crystal.
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Abstract—A model for the occurrence of optical inhomogeneity in lithium niobate single crystals in the
regions of localization of microdomains with charged walls is considered. © 2005 Pleiades Publishing, Inc.

In the absence of external actions, a perfect lithium
niobate crystal (the symmetry group 3m) should exhibit
no birefringence for aray propagating along the z axis
(coincident with the 3-fold symmetry axis). However,
birefringence was observed experimentally in some
regions of lithium niobate crystals. Traditionally, opti-
cal inhomogeneity of LiNbO; is attributed to the real
structure of the crystal, including the domain structure
[1,2].

It is believed that lithium niobate crystals are char-
acterized by similar optical properties of adjacent
domains of opposite orientation. Nevertheless, it was
shown experimentally that two adjacent 180° domains
can be visualized by the polarization-optical method.
The objective of this study was to investigate the rela
tionship between the local optical inhomogeneity of
lithium niobate and its microdomain structure.

A visualy revealed structure was observed by the
polarization-optical method on MPSU-1 and MIN-8
polarization microscopes and by etching [3].

Using etching, we revedled areas with a micro-
domain structure, which manifested itself as regular
etching patterns up to 10 pm in size (Figs. 1, 2).
Charged inclined domain walls were also visualized
(Fig. 2). The microdomain structure in lithium niobate
crystals was observed by the polarization-optical
method in the form of bright areas about 10 umin size.
At higher magnification, they are visualized in the form
of two adjacent bright areas, the shape of whichissim-
ilar to the sign of infinity oo (Fig. 3).

A simple model for visualization of awedge-shaped
domain (in the form of a cone of revolution) by the
polarization-optical method was considered. For a
domain emerging at the surface (Figs. 4, 5), there exist
charged domain walls, at which the field component
changes its direction (remaining perpendicular to the
polar axis) according to the symmetry of the domainin
theform of acone of revolution. Namely, when passing
along the domain perimeter, the field component circu-
lates following thescheme E, 0 -E, 0 -E, O E,.

The distribution of birefringence was calculated for
theregionslocated along the domain perimeter. Inthiscal-

culation, the indicatrix equation Zi'j C1238 XX =1
was used and the presence of thefields E; and E,, per-
pendicular to the optical axis, was taken into account [4].

For light propagating in a lithium niobate crystal
along the z axis, the birefringenceisAn=n, — n, =

n§ r,,E,. The presence of the fields E; and E, corre-

sponds to different types of distortion of the indicatrix
section z = 0. In the first case, the indicatrix section is
only distorted without rotation around the polar axis. In
the second case, rotation by 45° occurs. Here, different
domain regions exhibit different birefringence and,
hence, the extinction positions will differ for different
regions of the domain wall localization. This leads to
the domain visualization between crossed polarizersin
the form of two adjacent symmetric regions, which is
confirmed experimentaly (Fig. 3).

Fig. 1. Etching patterns (domains) revealed on the z-cut sur-
face of an LN crystal in the form of regular trihedra. The
observation_in reflected light. The field of observation is
50 x 50 pm? in size.

1063-7745/05/5001-0124%$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 2. Domain structure with inclined (with respect to the
polar axis) wallsrevealed on the surface of alithium niobate
crystal by etching. The field of observation is 30 x 30 um?
insize.
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Fig. 4. A schematic diagram of a wedge-shaped micro-
domain. The planeis parallel to the polar axis.

The calculated diagram of light transmission along
the z axis of the polarization-optical system (the crystal
is placed between crossed polarizers and an external
switching electric field responsible for the el ectro-opti-
cal effect is applied to it—see Fig. 6) isin good agree-
ment with the experimental pattern (Fig. 3).

The second possible reason for the domain visual-
ization by the polarization-optical method is a refrac-
tive index gradient occurring along the domain bound-
ary. This gradient can be due to pyroelectric fields gen-
erated upon crystal heating. We estimated the value of
the refractive-index gradient appearing with changing
temperature in the regions of the domain wall localiza-
tion for adomain that is antiparallel to the matrix of the
principal domain. The variation in the refractive index
a the interface between two adjacent domains with
opposite directions of pyroelectric fields within the

yAT(t)d
0¢33
ordinary refractive index, vy is the pyroelectric coeffi-
cient, rq5 is the electrooptic coefficient, d is the crystal
plate thickness, €,; isthe dielectric permittivity, and AT
is the change in temperature. For a crystal plate with
thicknessd = 0.1 x 102 m, A =5085.8 nm, n_ = 2.3356,
riz3 =8.6 x 1072 V/m, and &,; = 38.5, the value of the

domain wall is dn = nir; , where n, is the
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Fig. 3. Inverted photograph of the microdomain structure
revealed by the polarization-optical method. The field of
observation is 100 x 100 pm? in size.

Fig. 5. A schematic diagram of a wedge-shaped micro-
domain. The polar cut.

birefringence at an “instantaneous’ change in tempera-
ture by 10 K was 0.005. To obtain the refractive-index
gradient, the found value should be divided by the
domain wall width. The presence of this gradient makes
possible the polarization-optical observation of domain
wallsin lithium niobate. The electric fields with oppo-
sitedirectionsin adjacent domains can be considered as
fieldsthat arise dueto the pyroel ectric effect upon crys-
tal heating and reach significant values [5].

Fig. 6. Light transmission diagram for the polarization-opti-
cal system (the crystal is between crossed polarizers) under
varying direction of an external electric field. Light propa-
gates along the z axis.
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Thus, in lithium niobate crystals (exhibiting no dif-
ferencein the optical properties of adjacent domains of
antiparallel orientation), a refractive-index gradient in
the domain wall region, due to the presence of pyro-
electric fields, may arise upon heating. This makes it
possible to observe domain boundaries by the polariza-
tion-optical method. In turn, the occurrence of optical
inhomogeneity in lithium niobate crystals may be due
to the existence of wedge-shaped microdomains with
charged domain walls.
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Abstract—The vibrational spectra of crystals of bismuth borates Bi,;B,05q, Bi,B,0q, BiBO3, and Bi,BgO;5
were obtained for the first time, and the spectra of BizBs0;, and BiB;Og crystals measured in the range 30—
1600 cm at room temperature were refined. The lines observed were assigned to the corresponding vibrational
transitions on the basis of the theoretical group analysis and comparison of the obtained results with the vibra-
tional spectra of borates of different composition. The complication of the structure of bismuth borates with
increasing content of B,O5; was traced by the example of vibrational spectra. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Under stable equilibrium conditions, five com-
pounds are formed in the Bi,O;B,0; system [1]:
Bi,,B,0s54, Bi,B,Oq, BisBs0;,, BiB;Og, and Bi,BgO;5.
The structures of these compounds were studied in
[2-6]. In the crystal lattices of Bi,,B,059 and Bi,B,Oq,
boron is located in [BO4]* groups that are unbound
with each other (isolated). The lattices of the com-
pounds with a higher boron concentration (Bi;Bs0;5,
BiB;O;) contain polyborate anions formed by [BO3]*
and [BO,]*> groups. There are also metastable com-
pounds BiBO; and BisB3;0;, [7], the structures of
which have not been investigated.

There are fragmentary data in the literature on the
vibrational spectra of some bismuth borates. The
Raman spectra of Bi;Bs0,, single crystalswere consid-
ered by us previoudy [8]. In some studies, the vibra-
tiona spectra of BiB;Oq crystals were analyzed (see,
for example, [9]). The IR spectra of polycrystaline
sampl es of some bismuth borates werereportedin[10].
The vibrational spectra of single crystals of most bis-
muth borates have not been analyzed.

In this paper, we report the results of studying the
vibrational spectra of borates formed in the Bi,O4—
B,O; system.

CRYSTAL GROWTH

Bi,,B,044 single crystals were grown by conven-
tional high-temperature flux method (TSSG). The
charge composition corresponded to 16 mol % of B,Os.

Single crystals of congruently melting bismuth borates
Bi,B,Oq (T, = 948 K), Bi3B5015 (T, = 995 K), BiB3Og
(T,, = 981 K), and Bi,BgO;5 (T, = 988 K) were grown
by the Czochralski method from a charge correspond-
ing to a stoichiometric composition. Initialy, a block
crystal was grown on a platinum wire and one of the
blocks was then used as a seed. The crystals were
grown in a resistance furnace in a platinum crucible
90 cm? in volume. To ensure the homogeneity of the

Table 1. Positionsof thelines (cm™) observed inthe IR and
Raman spectra of Bi,,B,044 Crystals

ssgf?rlajnm spF)%ac:Tr?Jnm IR spectrum |  Assignment
54 480
63 522
83 532 528
97 553
129 576
141 624
206 696 698
232 723 722 } ¥(B=0)
275 853 V{(B(5-0)
341 1121 1116
372 1201 Vas(B(3-O)
458 1280 1276
1398 1406 2y
1443

1063-7745/05/5001-0127$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. IR transmission spectra of bismuth borates.

melt, a powdered compound previously obtained by
solid-phase synthesis was loaded into the crucible.
Bi,O; of high-purity grade (13-3) and H3BO; of high-
purity grade (12-3) were used astheinitial components.
The growth of single crystals of bismuth borates from
melt is characterized by the following features: the lig-
uidus curve of the Bi,,B,055 compound lies in narrow
concentration (14-18 mol % of B,O5) and temperature
(622-628 K) ranges, melts of the Bi;B50;,, BiB;Og,
and Bi,BgO;5 compounds have high viscosity and tend
to glassformation; and the Bi,BgO,5 compound is char-
acterized by a polymorphic transition (T = 969 K). The
growth of BiB;Og and Bi,BgO,5 crystalsis complicated
by tendency to immiscibility.

The above features determined the conditions for
crystal growth. The pulling rate was 0-0.2 mm/h, the
rotation velocity was 1.5-6 rpm, and the supercooling

CRYSTALLOGRAPHY REPORTS Vol. 50

temperature was in the range 2-4°C (20°C for
0-Bi,Bg0;5). BiB3Og and Bi,BgO;5 crystals were
grown at a constant temperature. The cooling rate dur-
ing the growth of Bi,B,0O4 and Bi;BsO,, did not exceed
0.1 K/h. The axial temperature gradient above the melt
was 0.8 K/cm. All grown crystals of bismuth borates
were colorless. The crystal sizes varied from 5 to
10 mm in diameter and from 15 to 30 mm in length.

Polycrystals of the metastable compound BiBO,
were obtained from a stoichiometric charge. The melt
was heated to 800°C and then cooled at arate of 5 K/h.
The phase composition of the compound obtained was
monitored by X-ray diffraction analysis.

The Raman spectra of single-crystalline samples
were measured on aT 64000 (Jobin Y von) triple spec-
trograph in the range 20-1600 cm. The spectra were
excited by anAr laser (SpectraPhysics) at awavelength

No.1 2005
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Fig. 2. Raman spectra of BiyyB,03q and BisB,Oq crystals.

of 5145 A. The spectral resolution was 1 cm?. The IR
spectra of bismuth borates in the range 400-1600 cm
were measured on a NICOLET NEXUS FT-IR spec-
trometer with aspectral resolution of 4 cm™. Theinves-
tigations were performed with powders pressed into
KBr pellets.

RESULTS AND DISCUSSION

The vibrational spectraof bismuth borates are deter-
mined by vibrations of bismuth—oxygen and boron—
oxygen structural units. On the basis of the results of
[10-15], characteristic spectral regions can be selected
in which bands due to vibrations along the Bi—-O and
B-O bonds are observed. The vibrational bands in the
range 0-150 cm in the Raman spectrum of a-Bi,O5
are due to external vibrations of Bi atoms [11, 12].

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1
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Interna vibrations along the Bi—O bonds have higher
frequencies; their main contribution to the vibrational
spectrumisintherange 150 <v <500 cm™. Itisknown
[10, 13, 14] that four normal vibrations with frequen-
cies v, ~ 740-890 cm?, y ~ 400-600 cm ™, v, ~ 1000—
1150 cm?, and & ~ 600 cm™ correspond to the [BO,]>-
tetrahedron. The frequencies of normal vibrations of
[BO,]* groups lie in the ranges v, ~ 850-960 cm ™, y ~
650-800 cm, v, ~ 1100-1450 cm, and & ~ 500—
600 cm[10, 13-15].

Bi,,B,044. Bi,,B,04 crystals belong to the cubic
system, sp. gr. 123, Z = 2 [2]. Biy,B,05 crystals have
sillenite structure, which is characterized by five sets of
equivalent pointswith the types of positional symmetry
T(1), Dy(3), C4(4), 2C,(6), and C,(12). Theoretical
group analysis gives the following set of modes of
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Table 2. Positionsof thelines (cm™) observedinthe R and
Raman spectra of Bi,B,Oq crystals

Sggﬂﬂnm SpRéva:inm IR spectrum|  Assignment
a1 407
43 419 422
56 474 459
61 534 488
65 578 528
72 588 582
80 620 607
84 630 627
98 682 681
103 715 717 V(B-O)
120 728 737
128 885
140 896 893 V(B5-0)
146 908 908
154 1107
164 1149 1149
178 1168 1173
212 1214 1207 Vas(B(3=0)
244 1272 1254
259 1315 1309
201 1430
368 1472 } 2y
395

vibrations; I" = 8A + 8E + 25T. Triply degenerate vibra-
tions (T) are active in Raman and IR spectra, and non-
degenerate (A) and doubly degenerate (E) vibrations
are active in Raman spectra. In terms of the polyhedral
description of the Bi,,B,04 lattice, B atomsarelocated
in isolated [BO;]*> groups, which link BiO, coordina-
tion polyhedra. Therefore, the positional symmetry of
B atomsisreduced from T to Cs.

The shape of the vibrational spectra of Biy,B,059
(Figs. 1, 2) is determined by vibrations of the Bi-O
framework constructed from [Bi,Og] dimers. The posi-
tions and intensities of the bands observed in the spec-
tra of Bi,,B,04 (Table 1) are in good agreement with
the known data for other compounds with sillenite
structure[16]. Comparison of the vibrational spectra of
Bi,,B,054 and y-Bi,O; crystals, which also have sillen-
ite structure, shows that the vibrations along the B-O
bonds are responsible for the weak bands at 698, 722,
and 1100-1300 cm in the IR spectrum and the bands
peaked at 853, 1121, 1201, and 1280 cm in the Raman
spectrum. The positions of these bands are in good
agreement with the known experimental dataon thefre-
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guencies of the fundamental modes of vibrations of
[BO;]* groups. The bands at 698 and 722 cm are due
to the symmetric bending vibration y, which is not
active in the Raman spectra within the C; symmetry.
The appearance of weak bands in the Raman spectrum
at 696 and 723 cm* indicates violation of the planarity
of the [BO5]* anion. The totally symmetric stretching
vibration vg, which is active only in the Raman spec-
trum, is responsible for the band at 853 cml—the
strongest band in this spectral region. Thewide band in
the range 1100-1300 cm should be assigned to the
doubly degenerate vibration v,.. Some red shift of this
band is, obvioudly, related to the effect of bismuth on
the character of the B—O bond. A similar effect in other
sillenites, for example, P or V sillenites, leadsto asig-
nificant red shift of the frequencies of stretching vibra-
tions of the [PO,]* and [VO,]* groups (960 and
765 cm™, respectively [16]) with respect to the fre-
guencies of stretching vibrations of these groupsin dif-
ferent phosphates (v, for [PO,]*is 1100 cm™) [13, 15]
and vanadates (v; for [VO,* is 790-850 cm™)
[13, 17]. It isamost impossible to select the bands cor-
responding to d vibrations of [BO;]*~ groups against the
background of vibrations of the Bi—O framework of the
Bi,,B,04 lattice. The y vibration is forbidden in the
first-order Raman spectrum; however, the forbidden-
ness is removed for overtones with doubled frequency
2v,. This fact accounts for the bands at 1398 and
1443 cmr! observed in the Raman spectrum.

Bi,B,0,. In the structure of Bi,B,Oq (sp. gr. P2,/c,
Z=413)]), aswell as Bi,,B,044, boron atoms are trigo-
nally coordinated by oxygen. In this case, there exist
two nonequivalent isolated [BO5]*~ groups. All atoms
in the unit cell occupy positions with the symmetry C, .

Andlysis predicts the appearance of Tyf, = (45A, +
45By) + (44A, + 43B,) vibrations in the spectra of
Bi,B,0O,. Ninety vibrations of A, and B, symmetry will
be active in the Raman spectrum and 87 vibrations
(A, and B) will be active in the IR spectrum.

The increase in the boron content in Bi,B,Oq in
comparison with Bi,,B,05, leads to a significant
increase in the intensity of the bands corresponding to
boron—oxygen vibrations (Figs. 1, 2). The positions of
the bands in the vibrational spectra of Bi,B,Oq4 at v >
600 cm™ are in the frequency range in which funda-
mental vibrations of the [BO3]*~ anion are observed in
the spectra of Bi,,B,0s9 (Table 2). The presence of two
nonequivaent [BO5]* groups in the crystal structure and
their low positional symmetry, which removes the degen-
eracy of the v, and o vibrations, are responsible for the
increase in the number of observed spectral bands.

Bi;B:0,,. Inthe structure of Bi;BsO4, (sp. gr. Pnma,
Z =414]), the pentaborate anion [B:O,,] "~ is formed of
two six-member rings lying in perpendicular planes,
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Fig. 3. Raman spectra of BizBs0;, and BiB3Og crystals. The insets show the structures of the [BsO;1] "~ and [B3Ogl e, @Nions,

respectively [4, 5].

one of which consists of two [BO4]*- triangles and one
[BO,])®> tetrahedron. The other ring consists of one
[BOg]* triangle and two [BO,]> tetrahedra. In the unit
cell of BizBsOy,, Bi(1), B(1), B(2), B(3), O(1), O(2),
0O(5), O(6), O(7), and O(8) atoms accupy C, symmetry
positions. The positional symmetry of other atoms
(Bi(2), B(4), O(3), O(4), O(9)) is C,. Andysis of the
symmetry of normal vibrations with the wave vector
k = 0 shows that the distribution of 237 optical lattice
vibrations of Bi;Bs0,, over irreducible representations
has the form

Tyt = (35A;+ 25B 4 + 35B,, + 25B,)
+ (25A, + 34B,, + 24B,, + 34B;).

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1
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Dueto the central symmetry of the crystal lattice of
Bi3B:0,,, one should expect the appearance of vibra-
tions of Ay, B4, B,g, and B,y symmetries in the Raman
spectrum of thiscompound, 120 vibrationsin total. The
IR spectrum should contain 117 vibrations of A, B,,,
B,,, and B;, symmetries.

The Raman and IR spectra of Bi3BsO;, contain a
large number of mutually overlapping bands (Figs. 1, 3).
In total, 38 lines can be distinguished in the spectra of
Bi;B:0,, at room temperature (Table 3), anong which
the lines due to vibrations of [BO;]* and [BO,]>
groups can be selected. Thelow positional symmetry of
the [BO,]> and [BO;]*~ groups in the Bi;B:0;, lattice
leads to the splitting of the vibrational bands. There-
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Table 4. Positionsof thelines (cm™) observedinthe IR and
Raman spectra of BiB3;Og crystals

spectrum|| specrm | v | AsSomen <pectrum |pectram | ram | AsSgnmen
54 427 453 447 3(B(4—0)
66 442 435 5 133 577 574 3(B(3-0)
80 452 455 B0 167 650 645 3(B4-O)
@
86 469 473 192 667 671
89 497 494 . 209 685
106 500 } d(pentaborate anion) 269 718 | 725 | [ YB@©
111 523 315 742 738
119 538 369 860 855 V(B (3~0)V{(B(4—O)
139 553 550 O(B(5-0)/0(B(4~0) 394 942 949 v(po(I;anion) ?
147 586 578 1065 1066
160 616 | 61l 1007 | 1101 } Vas(Bo~0)
167 629 625 1194 1209
183 638 638 0B=0) 1293
204 657 1380 | 1380 | [ V=B O
213 683 681 1401 1406
228 690 1452 1448 v(polyanion)
281 699 704 ¥(Bz—0) 1484 | 1487 2y(B(3~0)
339 718 728
362 734 739 the B—O framework, which are spectrally unresolved at
39 770 773 } V(B(a-O) room temperature.
413 800 @ The IR and Raman spectra of BizBs0;, are similar
823 827 in shape with the spectra of alkali-metal pentaborates
838 839 [14, 18]. The pentaborate anion [BsO;] > in these com-
854 863 V(B(3-0) pounds ('[BSOG(_OH)_4]- in hyd(ated borates) is formed
900 891 by two rings lying in perpendicular planes. Each ring
909 910 consists of two [BO4]*" triangles and one [BO,]*" tetra-
043 946 v (pentaborate anion) hedron, which _completely correspg)_nds.to the structure
of one of the rings of the [B50;;]"~ anion in BizBsO,,
1004 | 1006 (Fig. 2). Calculation of the normal vibrations of the
1033 1037 [B£O;]> ionin terms of the D,y symmetry [19] showed
1067 1071 that the frequency of bending vibrations of this penta-
1090 Vas(B(4~0) borate anion isin the vicinity of & ~ 500 cm™. The val-
1124 1126 ues of v, in the range ~950-1025 cm™ and near
1155 1157 1350 cmr correspond to the totally symmetric and
1220 1248 asymmtitrlc vibrations, respectl_vely._ The range of v <
150 cm™ corresponds to the vibrations related to the
1271 1284 V(BraO) rotational motion of the rings. However, it isdifficult to
1317 1316 =) select the band corresponding to these vibrationsin the
1380 1385 \éi br:t;ltion:[sll spjctrz (;)aft _BingfOéZ_ aézjtai nst t_pﬁstrong band?
. ue to externa vibrations of Bi atoms. The presence 0
ijgz ﬂig ;ﬁgeniag)o rete anion) additional oxygen in the [BsO4;]" anion inpthe crystal
©) structure of Bi;B:O;, reduces the symmetry of the

fore, the Raman and IR spectra of Bi;Bs0,, (Figs. 1, 3)
in the frequency range of vibrations of these groups
(450-1500 cm™) demonstrate a large number of asym-
metric bands—superpositions of different vibrations of

CRYSTALLOGRAPHY REPORTS Vol. 50

polyborate anion to D,,, which leads to the splitting of
vibrational bands. It can be evidenced by the IR and
Raman spectra of ulexite (NaCaBsO,, - 8H,0) [14].
The pentaborate anion [BsOg(OH)g] >~ of thiscompound
is formed by two six-member rings containing one

No.1 2005
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Fig. 5. Raman and IR (inset) spectra of BiBO3 crystals.

[BO]* and two [BO,]> groups, which corresponds to
the second ring of the pentaborate anion in Bi;B:0;,.
According to the data of [14, 18, 19], the most likely
interpretation of the bands in the vibrational spectrum
of BizBsOy, isgivenin Table 3.

BiB;Og. The structure of BiB;Og (sp. gr. C,, Z=2)
is layered. It is formed by alternating [BO3]* and
[BO,]°> boron—oxygen anions (in theratio 2 : 1) and Bi
atoms [5]. Bi and B(1) atoms occupy positions with
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2005

symmetry C, in the unit cell of BiB;Og. The positional
symmetry of other atoms (B(2), O(11), O(12), and
0O(2)) is C;. Analysis of the vibrations shows that
I = 13A+ 14B. All 27 vibrations are activein the IR
and Raman spectra.

Twenty-five bands were detected in the vibrational
spectrum of BiB3Og (Figs. 1, 3). Their positions are
listed in Table 4. Vibrations of the B-O framework in
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Table5. Positionsof thelines (cm™) observedinthe IR and
Raman spectra of a-Bi,BgO,5 crystals

Raman spectrum || Raman spectrum IR spectrum
28 405 405
32 421 424
45 430
54 449 444
62 465 471
76 496 498
84 518 535

108 551 548
114 583 588
127 596 602
140 614
156 644 640
168 656
179 673 673
187 685 687
192 701 704
213 725 727
225 756 756
282 802 799
321 843
346 908 899
372 935 928
960 972
983 990
1056 1078
1089
1194
1233 1240
1355 1349
1375
1467
1511
1547

BiB3;Og can be considered as vibrations of an infinite
two-dimensional (2D) grid [B;O¢]... l0cated parallel to
the (001) plane. A fragment composed of [BO;]*,
[BO,]*, and [BO4]* groups connected in series can be
regarded as a structural unit of this grid (Fig. 3). The
grid is formed by linking free vertices of [BO;]* and
[BO,]> groups belonging to neighboring fragments of
[B3Oglwo- [BO,]> tetrahedrashare all their oxygen ver-
tices with [BO4] triangles, whereas each triangle has

one vertex that is not linked in the grid. The structural
features characteristic of the [B3Og]... grid in the
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BiB;Og; lattice are aso observed in corrugated
metachains [BgO;,],, forming the B—O framework of
rare-earth borates Ln(BO,);, where Ln = La-Tb [20].
Therefore, the vibrational spectraof BiB;Og are similar
in many respectsto the spectra of rare-earth borates but
are not identical to them [20, 21]. Among the known
layered borate polyanions, the structure of the
[BgOi5lww pOlyanion, which is characteristic of
0-Na,O : 3B,0;, is most similar to that of [B3Og) e
[20]. The main difference is that al [BO3] groups in
[B30¢] . are not directly linked to each other. Thus, a
new type of polyborate anion is observed in BiB;Og.

In the IR and Raman spectra of BiB;Og, along with
the bands due to vibrations of the [BO;]*~ and [BO,]>
groups, bands near 942-949 and 1065-1100 cm are
observed. Itisaccepted [22—-25] to attribute these bands
to vibrations of complexes containing both [BO,]*~ and
[BO,4]> groups. The bands at 1450 and 1480 cm could
be interpreted as overtones at the doubled frequency of
out-of-plane bending vibrations of the B atom in the
[BO]* group (725 and 738 cm™, respectively). How-
ever, the significant intensity of the band at 1452 cm
(Fig. 3) indicates that this band can be assigned to first-
order vibrations of the [B;O¢]..., polyanion. According
to [25], this spectral region shows a band that is present
in al spectra of melts, glasses, and crystals containing
linked [BO4]*~ triangles, one of the vertices of whichis
not involved in the formation of apolyborate anion. The
presence of afree vertex makesit possible to select the
local symmetric bond vibration of the B-O middle
group, which manifestsitself in the Raman spectraasa
high-frequency polarized line in the vicinity of
~1460 cm™. The band in the range 660670 cm™ is
also assigned to vibrations of the B—-O middle group
[26].

Bi,BgO;5. In the complex framework structure of
0-Bi,BgOs5 (sp. gr. P2,, Z = 2 [6]), severd different
infinite chains can be selected. The boron—oxygen
chain is formed by B-O rings composed of three
[BO4]*~ groups. Therings are linked with each other by
a [BOs]* group. The two other chains are formed by
different groups ([BO5]%, [BiOg]*, [BO,]*) linked in
series. The a-Bi,BgO45 structure contains 4-, 6-, 8-, 12-,
and 24-member rings. All atoms in the unit cell of this
compound occupy general positionswith C, symmetry.

Inthevibrational spectra, one should expect the appear-

ance of Tor. = 74A + 73B vibrations, which are active

in both IR and Raman spectra.

Due to the low symmetry of the crystal lattice of
0-Bi,Bg0;5, the vibrational spectra of this compound
contain a large number of bands (Figs. 1, 4; Table 5).
Among the main groups of bands, one can select the
bands characteristic of vibrations of the metaborate
ring. The lines at about 590, 700, 760, 808, 960, 1360,
and 1490 cm are attributed to vibrations of this anion
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Table 6. Positionsof thelines (cm™) observedinthe IR and
Raman spectra of BiBO; crystals

ssgzrmnm sgéacrpranm IR spectrum|  Assignment
32
52 399 426
58 575 574
83 624 625
95 637
126 714 716
139 722 Y(B(3~O)
164 742 744
206 934 928 V(B 3—0)
223 1179 1178
257 1202 1208 Vas(B(3—0)
228 1221
352

[26-29]. Along with these lines, the spectra show a
large number of bands, identification of which is diffi-
cult due to the large structural variety of polyborate
anions forming the Bi,BgO,; lattice.

BiBO,. The positions of the bands and their insig-
nificant splitting in the vibrational spectra of BiBO;
(Fig. 5, Table 6), the structure of which has not been
studied yet, indicate that B atoms arelocated in isolated
[BOg]* trianglesin this compound. These data confirm
the preliminary results of powder X-ray diffraction
analysis, according to which BiBO; can be assigned to

calcite structures (sp. gr. R3c). The low-temperature
modification InBO; [30], the IR spectrum of which is
similar to the spectrum of BiBO;, belongsto this struc-
tural type [10]. In the InBO; lattice, B atoms occupy
identical positions and are located in isolated [BO5]*-
groups.

CONCLUSIONS

The vibrational spectra of crystals of bismuth
borates of different composition (including the com-
pounds containing polyborate anions [BsO;,]~ and
[B3Oglws, Which are not present in crystals of other
borates) are considered. In the crystals containing less
than 50 mol % of B,O; (Bi,,B,044, Bi,B,Og, BiBO5),
in which boron is located in isolated [BO;]* triangles,
the effect of bismuth on the character of boron—-oxygen
bonds leads to the red shift of a number of bands corre-
sponding to fundamental vibrations of the [BO;]*
group. With an increase in the B,O5; content, the B—O
framework of the lattice becomes more complex. The
formation of [BsO,,] "~ polyborate anions (Bi;Bs0;,) or
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2D [B50¢] . arids (BiB3O;) leads to the appearance of
bands in the spectra ranges 920-980 and 1420-
1500 cm™?, which are characteristic of polyborate
anions containing both [BO;]* and [BO,]> groups.
The vibrational spectra of these crystals contain bands
due to vibrations of polyborate anions of different
structure, including the [B;O4]*- metaborate ring.

When going from the Bi,,B,04, Bi,B,0O4, and
BiBO; compounds (in the structure of which boronisin
isolated [BO;]* groups) to the compounds with con-
densed [BO;]* groups, the strongest bands in the
absorption spectra, observed at 1100-1300 cm (v,),
are shifted to ahigher frequency region. A similar result
was obtained in [21, 31-35], where cyclic and chain
me(tjalggrat%, pyroborates, and borosilicates were
studied.
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Abstract—The symmetry and topology of the structures of nenadkevichite, labuntsovite, and zorite minerals
are analyzed within the Dornberger-Schiff OD theory. The common “layers,” their symmetry, and the symmetry
variants of their stacking determining their diversity and close structural characteristics are considered, which
allowed us to relate these minerals to one family. According to the fundamental theorem of the OD theory, the
number Z of possible combinations of aperiodic blocks inserted between the layers in zorite equals two simul-
taneously along two axes of the structure, which explains the structural disorder. Some hypothetical structures

are aso considered. © 2005 Pleiades Publishing, Inc.

Labuntsovite [1], nenadkevichite [2], and zorite [3]
were discovered by different researchers in the same
Lovozero akai massif at the Kola Peninsula in the
Khibiny Mountains in 1926, 1955, and 1973, respec-
tively. All these minerals are titanium-niobium silicates
and have rather complicated compositions. In 1926, a
newly discovered mineral was named titanium elpidite,
but in 1955, after its paralldl study with nenadkevichite
and establishment of many similar properties and iso-
morphous miscibility with the latter, titanium elpidite
was renamed labuntsovite. These two minerals were
considered as individual species because of the preva-
lent content of Ti and K in labuntsovite in comparison
with prevalent content of Nb and Nain nenadkevichite
and their different symmetries: l[abuntsovite has amon-
oclinic unit cell, whereas nenadkevichite has an orthor-
hombic one. The crystal structure of labuntsovite,
(K,BaNa,Ca)4(Ti,Nb),5(Si4012),(0,0H)s - nH,0, was
first studied using single crystal datain [4] and recently
was refined for the composition
Nay 5K gsBay os(TisMng 3sM gy Fey,05(S14012),05(0OH)
5.2H,0 in [5]. Practically simultaneously with the
labuntsovite structure determination [4], the nenadkevi-
chite structure (N&s 76K,24Cay 11 Mg 3)

(Nb, 6 Ti 15)(S1404,)5(0, 500H ) - 8H,0 was studied
in [6]. It was established that the two minerals realy
have different symmetries described by the sp. grs. 12/m
(C2/m) and Pbam, respectively. The X-ray precession
patterns of labuntsovite [4] had diffuse reflections
which indicated doubling of the parameter along one of
the unit-cell axes. Despite the fact that it was impossi-
ble to record odd reflections, only the fina structural
model that took into account such reflections provided
the interpretation of the structural disorder. The struc-
ture of zorite, Nag[Ti(TiyoNby )4(Si50;7),(O,0H)s] -
11H,0, was solved in [7]. The rotation and precession

X-ray diffraction patterns of this mineral showed dif-
fuse reflections indicating doubling of one of the unit-
cell parameters and aso some reflections violating the
periodicity along two other axes. Similar to the case of
|abuntsovite, the final structural model was created with
due allowance for doubling of one of the lattice param-
eters because of diffuse reflections. The structural rela-
tion of this minera to orthorhombic nenadkevichite
was also established. The nenadkevichite structure was
solved in a diffraction experiment (Picker diffractome-
ter) [6] with arather high value of the final reliability
factor, Ry = 8.4% (F,y > 30), which leads to an
assumption of the presence of additional diffuse reflec-
tions not taken into account and possible disorder in
nenadkevichite.

The present study was undertaken with the aim to
give new topological and symmetric description of the
close structures of the family consisting of the three
above minerals and establish their similar and different
features, the cause of their structural disorder, and pos-
sible structural variants.

According to the Dornberger-Schiff theory of OD
structures first suggested in [8], the structures contain
common building units (structural blocks) with differ-
ent periodicities; aperiodic, one-dimensionally peri-
odic, and two-dimensionally periodic units. Thistheory
was applied to some concrete structures with two-
dimensionally periodic units, i.e., layers. It was also
suggested to accompany analysis of thelayer symmetry
with the analysis of the symmetry methods of layer
conjugation into pairs in rea structures. The most
important point in the analysis of the symmetry and
topology isthe consideration of theratio of the symme-
try multiplicities of an individual layer and a pair of
such layers. If adifferenceisreveded, i.e., the order N
of the symmetry group of one layer is higher than the

1063-7745/05/5001-0013$26.00 © 2005 Pleiades Publishing, Inc.



14 BELOKONEVA

Main crystallographic characteristics of 1abuntsovite, nenadkevichite, and zorite

Labuntsovite [1] Labuntsovite [5] Nenadkevichite [2] Zorite [3]
a A 14.18 14.216 7.408 23.9
b, A 7.74 (x2) 13.755 14.198 7.23
c, A 13.70 7.767 7.148 6.955 (x2)
v(B), deg 117.0 116.7
2 2
Sp. gr. Blla Cl—n—1 1 Pbam Cmmm

order of the symmetry group F of the pair of such lay-
ers, then the second layer may be located with respect
to thefirst by several methods. The number of the vari-
ants of its location is determined by the ratio of the
symmetry multiplicities Z = N/F. The layer symmetry
does not characterize the structure as a whole; it char-
acterizesonly the layer symmetry or the partial symme-
try operation. In other words, a higher symmetry (pseu-
dosymmetry) of individual layers in comparison with
the symmetry of their combination forms the basis of
the structural diversity. The simplest and clearest exam-
ples of analysis of OD structures [8] are discussed in
[9]. The important fact is that the individual layer ele-
ment (two-dimensionally periodic block) is not neces-
sarily alayer interms of crystal chemistry.

Similarity of labuntsovite, nenadkevichite, and
zorite structures is most clearly seen from the compar-
ison of their projections along the axis with the com-
mon parameter ~13.7 A corresponding to the monocli-
nicity axes of labuntsovites, c[1] or b[5], and thec axis
of nenadkevichite [2] and zorite [3] (see table). Con-
sider a common structural fragment in nenadkevichite
(Fig. 1). The framework of the structure has layers par-
allel to the ac plane denoted as L(1). They are formed
asaresult of the condensation of the (Nb, Ti),[SO,],0, =
2[(NDb,Ti)OSi,O4] rods elongated in the direction of the
a axis (Figs. 1a and 1b). The rods are composed of
(Nb,Ti) octahedra sharing the vertices and form an
oscillating zigzag chain and S tetrahedra attached
simultaneously to two octahedra of the chain because
of their mutual rotation toward one another. The alter-
nation of the rotations and attachment of the tetrahedra
proceeds in accordance with the law of a glide plane
g(a). The local symmetry of the rod, A-PO, may be
described by the group Pmam in which the only glide
element is directed along the one-dimensional rod peri-
odicity. The connection of these rods along the ¢ axis
into a two-dimensionaly periodic layered unit pro-
ceeds viathe vertices of S tetrahedra and the action of
the mirror reflection planes mnormal to the c axis. This
resultsin the formation of diortho groups of Si tetrahe-
dra (Fig. 1b), which, finally, form the anionic silicon-
oxygen radical: a four-membered ring. The structure-
forming layer L(1)(Nb,Ti)OSi,O, (Figs. 1a and 1b) is
characterized by a higher orthorhombic pseudosymme-
try described by the sp. gr. Pmam in comparison with

CRYSTALLOGRAPHY REPORTS Vol. 50

the structure symmetry described by the sp. gr. Pbam
(table). This symmetry is the partial symmetry opera-
tion A-PO, the local symmetry of the layer not inherent
in the structure as a whole, or, using the terminology
suggested in [8], the symmetry having no continuation.
The connection of the layers into the framework may
also be achieved with the aid of the symmetry operation
m and, if there were no Na atoms, the symmetry thus
obtained would have been described by the sp. gr.
Cmmm. The existence of the pseudosymmetry
described by the sp. gr. Cmmm follows from the analy-
sisof atomic coordinatesand isindicated in [6]. In fact,
this pseudosymmetry which follows from the presence
of A-PO layersis characteristic of the frameworks of all
three structures and, not being the true symmetry of any
of thethree minerals, it is neverthel ess one of their most
important characteristics determining structural diver-
Sity.

Both nenadkevichite and labuntsovite are described
by the symmetry groupswhich are the subgroups of the
sp. gr. Cmmm. In nenadkevichite (sp. gr. Pbam), the
supergroup preserves the mirror plane min the third
position in its notation and the glide b and a planes,
whereas the main symmetry element, lattice C, is vio-
lated by the Na atoms. A number of other symmetry
elements of the supergroup are also lost. In the nenad-
kevichite structure, a layered two-dimensional block
with the symmetry A,p-PO in the notation of [8] (in
brackets, the direction of layer multiplication is indi-
cated; the symbol p indicates the nonpolarity of the
layer along the direction of its multiplication) is multi-
plied by the o,p-PO Pmm2 symmetry operations to
form a mixed framework of tetrahedra and octahedra.
The layer topology is such that its combination with
another layer into aframework is possible only by one
way: via sharing the vertices of Si tetrahedra; in other
words, there are no possibilitiesfor the displacement of
one layer with respect to another one. Analysis of the
symmetry and topology allows one to predict the for-
mation of the layered structures form the initial layer
but not framework structures. The end verticesof Si tet-
rahedraare dangling and the charges of O atoms may be
compensated, e.g., by the entrance of alkali or alkali
earth metals into the interlayer space. For layered vari-
ants, there are numerous variants of the layer positions
in the pairs provided by the ratio of the symmetry mul-

No. 1 2005



SYMMETRY AND TOPOLOGICAL ANALYSIS 15

L(1)
A-PO Pm(a)m

0-PO Pmm?2

Fig. 1. Mixed framework consisting of octahedra and tetrahedra in nenadkevichite. Na atoms are depicted by circles. One may see
the L(1) layers and their symmetry elements A-PO, and also the multiplying symmetry elements o-PO. (a) ab projection; (b) bc
projection, one of the rod endsis encircled.

CRYSTALLOGRAPHY REPORTS Vol. 50 No.1 2005
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r L(1) A-PO P(b)mm

————— 0-PO P2 (+1/4)

L(1) A-PO P(bymm
0-PO P2 (+1/4)

0-PO P2 (~1/4)

]rL(l)

DY Ly A-PO P(bymm
0-PO P2 (+1/2)

Fig. 2. Hypothetical layered structures based on nenadkevichite layers L(1), () monoclinic unit cell, sp. gr. Pll%1 . (b) Twin struc-
ture, (c) orthorhombic unit cell, sp. gr. Pbmm.

CRYSTALLOGRAPHY REPORTS Vol.50 No.1 2005
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Fig. 3. Mixed framework of octahedra and tetrahedrain labuntsovite. The Baand K atoms are depicted by large and small circles.
One can see the labuntsovite unit-cell, the L(1) layers, and the multiplying symmetry o-PO elements; ac projection.

tiplicity A,p-PO Pm(a)m, which givesriseto theforma-
tion of various hypothetical structures and twins
(Fig. 2). The principles of construction of the whole
group of the framework and layered structures are sim-
ilar to that of the hexaborate group [10]. Possibly, there
exist structures with the maximum degree order
(MDOQO), more complicated periodic structures, and aso
aperiodic disordered structures. None of the known
Ti,Nb,Zr silicate minerals and synthetic phases have a
layered structure, which indicates the instability of the
silicate structures with dangling tetrahedron vertices.
At the sametime, in hexaborates, the layered structures
are rather widespread, whereas the condensation into
the framework via the vertices of the B triangles is
encountered in only one synthetic borate [10]. This
shows that the occurrence of various structural variants
depends on the influence of the electrostatic principles
of valence compensation.

For labuntsovite described by the sp. gr. Cl% 1[5

(or Bll% in the setting used in [4]) the group—sub-
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group relation with respect to the supergroup Cmmmis
also valid. The mirror reflection plane in the second
position of the group notation [5] is preserved, whereas
the short translation of the oblique monaoclinic unit cell
c~ 7.8 A corresponds to the C lattice of the supergroup
(Fig. 3). Lowering of the symmetry from orthorhombic
to monoclinic is associated with the loss of the mirror
plane passing through the Si tetrahedrain thefirst posi-
tion of the supergroup. This is explained by the
entrance of large Ba™ and K* ions in labuntsovites
(Fig. 3) and the distortion of the framework for the cre-
ation of their necessary coordination, whereas in
nenadkevichites, these are smaller Na' ions. The
entrance of rather small Mn*? ionsinto the labuntsovite
structure only dlightly distorts the framework and may
hardly cause lowering of the symmetry to monoclinic
[5] with respect to orthorhombic nenadkevichite, where
this position is occupied by a somewhat larger Nat+ ion.
A layer with the symmetry (pseudosymmetry) A,p-PO
Pm(g)m, where g isthe general notation of aglide sym-
metry plane irrespective of the selection of the axes, is
transformed into the next layer not by o,p-PO Pmm2
but by 0,p-PO C2(2,). In other words, it is transformed
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(a)

(b)

L(1) LQ2)

L(1)

A-PO P(g)ymm A-PO Pmm?2

Fig. 4. (a, b) Mixed framework of octahedra, hemioctahedra, and tetrahedrain the zorite structure. (8) Theinserted [TiSi4O, 5] block
and its symmetry. (b) The averaged structure in the ab projection. One may seethe L(1) and L(2) layers and numbered voids occu-

pied by blocks.

by the symmetry elements not of the orthorhombic but
of the monoclinic group (Fig. 3).

Dornberger-Schiff suggested description of such
structures forming the OD family in a genera form with
the aid of the symmetry groupoid in which the first line
indicates the group of the partial symmetry operations of
the A-PO layers and the second line indicates the multi-
plying 0-PO operations. For the two given structures
built by the same type of layers, thisiswritten as

Pm(@m A,p-PO
(Pmm2 //C121} ©,p-PO.

The generalized OD approach to the symmetric
description in which the structural blocks have dimen-
sionality lower than two (indicated as a possible variant
in [8]) may also be applied to the zorite structure.
Despite the use of the notation of the OD theory in the

CRYSTALLOGRAPHY REPORTS Vol. 50

study of the zorite structure [7], no main symmetric
cause of the structural disorder was established. The
fragment, which is additional in comparison with the
nenadkevichite, isin fact not arod (aswas indicated in
[7], i.e.,, one-dimensionally periodic unit) but a block
(aperiodic unit). This requires the change of the struc-
ture description in terms of the OD theory givenin [7],
which, we believe, is too complicated and difficult to
understand.

The zorite structure is composed of the already men-
tioned nenadkevichite-abuntsovite L(1) layers alter-
nating along the a axis with the L(2) layers containing
aperiodic blocks [3]. Each such block is formed by the
central Ti-hemioctahedron and two Si diortho groups
attached to the opposite edges of its square basis. Its
formulamay bewritten as[TiSi,O,5], and its symmetry
or pseudosymmetry corresponds to the group Pmm2.

No.1 2005
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The ab projection shows that the distance from the end
tetrahedra surrounding the zeolite cavity of the frame-
work of the nenadkevichite-labuntsovite type coincides
with the block size (Figs. 4a and 4b, where the
pseudoaxis 2 of the block is directed toward the reader,
i.e., isaignedinthecdirection). Thisprovidesthe con-
jugation (hybridization) of two different units. In other
words, a block may enter any cavity of the nenadkevi-
chite framework by pushing away its L(1) layers for a
width of the diortho group and form a new ribbon-like
anionic radical [7]. Here, the symmetry is very impor-
tant: each cavity and the block in this cavity have com-
mon mirror planes m at the boundary and in the middle
which dividethem into two equal parts. The presence of
m at the cavity boundaries provide the equal probability
of the attachment of blocks above and below the plane
along the b axis (Fig. 4b). Therefore, in the averaged
structure with the parameter b ~ 7.2 A [7], two Si tetra-
hedra share the face. Under the assumption that blocks
areincorporated only in cavities 1 and not 2, and in cav-
ities 3 and not 4 (Fig. 4b), the S tetrahedrain the struc-
tural model with doubled b parameter cannot share
faces. Diffuse additional reflections indicating dou-
bling of the b axis also indicate the structure disorder
along thisdirection. The most important fact hereisthat
the layers and blocks have different symmetry multi-
plicities. Symmetry multiplicity of the L(1) layer
(P(@)mm) equals 8, and symmetry multiplicities of the
block (Pmn2) and the “layer + block” pair equal 4. At
the same time, the existence of the second horizontal
plane m at the third position of the group notation and
the absence of such a plane for a block makes possible
its two orientations also along the ¢ axis: upward and
downward (x1, £2, ...). These determine the structural
disorder along the c axisand giveriseto reflectionsvio-
lating the periodicity of the ¢ axis. According to the
basic theorem of the OD theory, theratio Z of the order
of the symmetry group of the layer L(1) to the order of
the symmetry group of the block in the layer L(2) (and
the “layer + block” pair) is Z = N/F = 8/4 = 2, which
corresponds to two variants of location of the block
from L(2) with respect to the layer L(1) along two axes
of the structure. It is characteristic of the structure with
two types of layers, that the position of thelayer (block)
with alower symmetry A-PO isdetermined by the sym-
metry of the layer with a higher symmetry A-PO. The
symmetry groupoid may be described as

L(1) (Nb,T)OS,O L(2)[TiS,Os],
A-PO {P(gymm} L-PO {Pmm2}
[(1)xbz*c].

The symmetry variants and the corresponding disor-
der result in thefact that the period along the a axis may
also be doubled (alternation of blocksin cavities 1, 3, 1,
3, ... in Fig. 3ais changed to the alternation of blocks
in cavities 1, 3, 1, 4, 1), tripled, or even become aperi-
odic if the block aternation is violated, especialy if
one takes into account block signs.
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Possibly, there also exist the structures in which the
nenadkevichitedabuntsovite layers L(1) are directly
adjacent to one another and, thus, form double, triple,
and larger framework fragments, whereas the number
of the blocks of layersL(2) would decrease. Thiswould
be reflected in the chemical composition of similar
hypothetical minerals or synthetic compounds contain-
ing the decreasing amount of the[TiSi,O,5] component.
The series of the OD structures consisting of two types
of layers were recently called polysomes, and the end
members of these series were considered. However,
because of the aperiodicity of the [TiSi,O,;] block, this
OD family has only one end member.

Thus, analysis of the symmetry and topol ogy within
the Dornberger-Schiff OD theory and the use of the
basic theorem Z = N/F alow one to establish the simi-
larity and the causes of the structural diversity for three
minerals, predict possible structures, and describe in
the simple form the OD family. The occurrence of all
the three minerals in one deposit confirms their struc-
tural and genetic relation. It is well known that more
complicated layer combinations in polytypes correlate
with a higher temperature of their formation. In this
case, an important factor for the formation of each vari-
ety is the chemical composition of the medium in an
unusual akali pegmatite process in the Lovosero mas-
sif. Theprevailing Ba, K, and Nb content in comparison
with Naand Ti content results in the prevalent forma-
tion of labuntsovite in comparison with nenadkevichite.
The additional amount of Ti and Si resultsin theforma-
tion of an additional block and itsincorporation into the
structure and formation of zorite and its hypothetical
varieties.
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Abstract—Single crystals of solid solutionsRb, _, Ti; _,Nb,OPO, (RTP: Nb) were grown and the temperature
dependences of their dielectric and nonlinear optical properties and electric conductivity were studied. The
maximum possible niobium content in these crystals is close to x = 0.1. The niobium impurities decelerate
growth of {100} faces, and crystals take a plate-like habit. With increasing doping level, ferroelectric phase
transitions diffuse and their temperature decreases. A specific feature of the dielectric properties of RTP : Nb
crystals is the appearance of a broad relaxation maximum €55 in the temperature range 200-600°C caused by
the formation of vacanciesin the rubidium cation sublattice. Theintensity of second-harmonic generation under
laser irradiation decreases with increasing niobium content. The atomic structure of a crystal with x = 0.01 is
studied and it is established that niobium substitutes for titanium only in Ti(1) positions. © 2005 Pleiades Pub-

lishing, Inc.

INTRODUCTION

Rubidium titanyl phosphate RbTiOPO, (RTP)
belongs to a vast family of compounds with KTiOPO,
(KTP) structure [1, 2], which are promising materials
for application in nonlinear optics and are of scientific
interest due to the combination of ferroelectric proper-
tiesand high ionic conductivity [3]. The nonlinear opti-
cal properties of RTP crystals are similar to those of
well-known KTP crystals, but RTP crystals are more
preferable as electro-optical modulators due to lower
conductivity. Recently, a number of publications have
appeared which deal with the growth of RTP crystals
and their properties [4—6]. In particular, it was revealed
[4] that crystallization fields of both the low-tempera-
ture orthorhombic RTP phase and the high-temperature
cubic phase are present in the ternary system Rb,0O—
TiO,—P,0s. Perfect RTP crystals were prepared from a
less viscous melt with rubidium fluoride [6]. A higher
stability to laser radiation in comparison to KTP crys-
tals was noted in [4, 6]. Niobium-doped rubidium tita-
nyl phosphate crystals were prepared and studied, and
it was ascertained that they are characterized by higher
birefringence and intensity of second-harmonic gener-
ation [7, 8]. It was noted [9] that impurities of pentava-
lent elements Nb and Sh have a strong influence on the
ferroelectric properties and electric conductivity of
KTP crystals, but there are no similar data for RTP
crystals. In this study, a series of Rb, _, Ti, _,Nb,OPO,

(RTP:Nb) crystals with various niobium contents were
grown and the specific features of their electrical and
nonlinear optical properties were analyzed. Specific
features of the atomic structure of
RDg g5 Tig.99N by 0;OPO, single crystals were also inves-
tigated.

EXPERIMENTAL

RTP : Nb single crystals were grown by spontane-
ous flux crystallization in the quaternary system
grade reagents RbNO;, TiO,, NH,H,PO,, and Nb,Os
were heated to 600°C to decompose rubidium nitrate
and ammonium salt, and then they were mixed in an
agate mill and sealed in 50-ml platinum crucibles.
Homogenization of melts was performed at 1000—
1030°C, depending on their composition, for 24 h.
Then the melts were cooled to 800°C at arate of 1 K/h,
after which the melt was poured off, and the crystals
formed were washed out in water to remove the remain-
ing solvent.

The chemical composition of the crystals was deter-
mined on a Camebax SX-50 microanalyser at an accel-
erating voltage of 15 kV and a probe current of 30 nA.
RbNbSIO5;, MnTiO;, and apatite were used as refer-
encesfor elemental analysis. The growth forms of crys-
tals were studied on a ZRG-3 two-circle goniometer.

1063-7745/05/5001-0137$26.00 © 2005 Pleiades Publishing, Inc.
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Table 1. Composition of the starting melts, Nb content (x),
Nb-distribution coefficient (Kyy,), and specific features of the
morphology of Rb, _,Ti, _,Nb,OPO, crystals

Composition of starting

Most
melts, mol % N Ky, | developed
TiO, [Nb,Os| P,Os | Rb,0 faces

%5 |0 32 | 43 |0 — |{201}, {011}

248 | 02 | 32 | 43 |0013|0.81 {201}, {011},
{100}

246 | 04 | 32 | 43 [0.021|0.66 |{201},{100},
{011}, {110}

24 |1 32 | 43 [0.046 | 061 {100}, {201},
{011}, {110}

23 |2 32 | 43 |0078

0.53 | {100}, {201},
{011}

2 |3 32 | 43 (010 |0.47 |{100},{201},
{011}

The crystal structure was studied on a CAD-4F Enraf-
Nonius diffractometer. The temperature dependences
of the dielectric constant and el ectric conductivity were
measured in the temperature range from 20 to 900°C on
samples with silver electrodes using a Tesa BM 431E
bridge at afrequency of 1 MHz. To study the tempera-
ture dependences of the intensity of second-harmonic
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Fig. 1. Temperature dependence of the dielectric constant
&3 of Rb; _,Ti; _,Nb,OPO, single crystals with x = (1) O;
(2) 0.013; (3) 0.021; (4) 0.046; (5) 0.078; and (6) 0.10.
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generation of aYAG:Nd laser, we used a powder tech-
nigue similar to the Kurtz—Perry method.

RESULTS AND DISCUSSION

The compositions of the starting melts, the degree of
substitution of titanium by niobium (X) in
Rb, _,Ti, _,Nb,OPO, crystals, the corresponding distri-
bution coefficients, and the indices of the most devel-
oped faces are given in Table 1. The niobium distribu-
tion coefficient depends strongly on the composition of
the starting melts—it decreases from 0.8 to 0.5 with
decreasing niobium content. On average, this value
exceeds the corresponding parameter for KTP : Nb
crystals grown under nearly the same conditions by
more than a factor of two [9]. The maximum degree of
substitution of titanium by niobiumin RTP proved to be
about 10% (x = 0.1), which is close to the value found
previously in [8]. The chemical analysis showed that
the mechanism of niobium incorporation can be repre-
sented by the formula Rb, _,Ti, _,Nb,OPO,. The aver-
age unit-cell parameters of the crystalsarea = 12.96 A,
b=6.50 A, and ¢ = 10.57 A, increasing by about 0.3%
with increasing Nb content. From the starting melts
with more than 3 mol % of niobium, ahigh-temperature
cubic phase of rubidium titanate—phosphate RbTiPOg
of very light violet color was crystallized.

The RTP: Nb single crystals obtained (3—10 mm in
size) were transparent and colorless, but their quality
decreased noticeably with increasing Nb content due to
the formation of solvent inclusions and cracks. A spe-
cific feature of the morphology of pure RTP crystalsis
the absence or a dight development of the { 100} faces
and the compl ete absence of the { 110} faces. However,
these faces arise even at alow Nb content. At high Nb
contents, the {100} faces are strongly developed and
the crystals become plate-like.

The temperature dependences of the dielectric con-
stant &5 of the crystals with different niobium contents
measured at afrequency of 1 MHz are shown in Fig. 1.
The main specific feature of these dependences is the
significant (by about 400°C) shift of the anomaly dueto
the ferroelectric phase transition to low temperatures
with increasing niobium content. In this case, theinten-
sity and width of this anomaly significantly increase.
The second feature of these dependences is the occur-
rence of abroad anomaly in the temperature range 100—
600°C, which has a relaxation nature. This anomaly is
absent in the temperature dependence of the dielectric
constant of pure RTP crystals measured at a frequency
of 1 MHz[3] but is observed in the frequency range 50—
500 kHz [10]. The intensity of this anomaly increases
with increasing niobium content and can be as high as
7000-8000.

Niobium impurities al so affect significantly the con-
ductivity of RTP crystals (Fig. 2). The conductivity 05,
increases by more than an order of magnitude even
when 1% of Ti is substituted by Nb. However, with a
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Fig. 3. Temperature dependence of the second-harmonic
generation under laser irradiation of Rb; _,Ti; _,Nb,OPO,
singlecrystalswithx=(1) 0; (2) 0.013; (3) 0.021; (4) 0.046;
(5) 0.078; and (6) 0.01.

Fig. 2. Temperature dependence of the conductivity o33 of
Rb; _,Ti; _x\Nb,OPO, single crystals with x = (1) 0;
(2) 0.013; (3) 0.021; (4) 0.046; (5) 0.078; and (6) 0.01.

further increase in the Nb content, the conductivity T, °C
increases more slowly, and, at x = 0.05-0.10, the con- 800
ductivity remains nearly constant. In this case, the acti-

vation energy changes from 0.2 €V for pure RTP crys-

talsto 0.5 eV for doped ones.

Figure 3 shows the temperature dependence of the
intensity |,,, of the second-harmonic generation of laser
radiation measured on Rb, _,Ti, _,Nb,OPO, crystals
with various niobium contents, ground to 8-10 pm. As
can be seen, with an increase in the doping level, the 600
intensity |,,, decreases, excluding some increase in the
range 20-250°C at x = 0.02-0.04, and its change in the
range of the ferroelectric phase transition becomes
more diffuse. The concentration dependences of the
Curie temperature T, determined from the dielectric
and nonlinear optical data, are shown in Fig. 4. The
nonlinearity of these dependences, which is strongly
pronounced for KTP crystalsdoped with Nband Sb[9],
proved to be insignificant for RTP:Nb crystals.

To reved the interrdationship between the atomic
structure and physical properties of Rb, _,Ti, _,NbOPO,
crystals, we studied the structure of one of them. The | | | |
experimental conditions are listed in Table 2 (the cor- 0.02 0.04 0.06 0.08 X
rection to X-ray absorption was not considered. The
measured unit-cell parameterswerea = 12.955(3) A, b=

400

6.500(4) A, and ¢ = 10.552(3) A. The atomic coordi-
nates, position occupancies, and thermal parametersare
listed in Table 3, and the interatomic distances are given
in Table 4. It isfound that niobium is incorporated into

CRYSTALLOGRAPHY REPORTS Vol.50 No.1 2005

Fig. 4. Dependences of the phase-transition temperature T
on rubidium content in Rb; _,Ti; - \Nb,OPO, single crys-
talsaccording to the data of (1) dielectric measurementsand
(2) measurements of the second-harmonic generation.
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Table 2. Conditions of the X-ray experiment and refine-

ment parameters

VORONKOVA et al.

Table 3. Atomic coordinates, occupancies (q;), and equiva-
lent thermal parameters for Rby ggTig ggNbg 0;O0PO, crystals

Chemical composition
u, cmt
Diffractometer
Radiation
Monochromator
Scanning technique
Space group
Rangesof h, k, |

Bmax
Total number of measured
reflections, |F |

Number of independent
reflections, |F|hk| > 30\F\hk|

Structure type
Calculation program
Weighting scheme

Number of parameters
in refinement

Reliability factors R/IR,,

Rb,9Ti0.99NDp,0;0PO,
129.15
CAD-4F Enraf-Nonius
MoK,
Graphite
w/20
Pna2,
—25<h<25
-12<k<12
O<l<s21

45°
12169

3310

KTiOPO,
JANA 2000
1lo?
169

0.052/0.072

Atom| xa yib Zc q Bz\qgi ’

Ti(1) |03726(2) | 0.4496(4)| 0000 | 0.982(9) [0.24(1)
Nb(1)| 03726 | 049% |0000 |0018 [024
Ti(2) | 0.2483(2) | 0.2676(4) | 0.2514(4) [1.000 |0.24(1)
P(1) |04497(1) | 0.3335(2) | 0.2584(4) |1.000 |0.21(2)
P(2) |0.1803(1) | 05018(3)| 0.5120(4) |1.000 |0.27(2)
Rb(1)| 0.10535(6)| 0.6921(2) | 0.0724(3) |1.000 |1.16(2)
Rb(2) | 0.38507(7)| 0.7839(1) | 0.3235(3) | 0.968(9) | 1.23(2)
P(1) |04859(4) | 0480(1) | 0.173(6) |1.000 |0.62(8)
O(2) |05135(4) | 0.463(1) | 0.3812(6) [1.000 |0.54(8)
O(3) | 04016(4) | 0.2012(8)| 0.2796(6) |1.000 |0.42(7)
O(4) |05947(3) | 0.1943(9) | 0.2384(6) |1.000 |0.50(8)
O(5) | 0.1145(4) | 03111(9)| 0.5423(6) |1.000 |051(8)
O(6) |0.1128(4) | 0.6905(8) | 0.4842(6) |1.000 |053(8)
O(7) |0.2504(5) | 0543(1) | 0.6279(6) |1.000 |0.59(8)
O(8) | 0.2518(5) | 0.4585(9) | 0.3987(6) |1.000 |0.58(8)
P(1) |02229(4) | 0437(9) | 0.3900(6) |1.000 |0.46(8)
0(10)| 0.2219(4) |-0.0387(9) | 0.6435(6) |1.000 |0.46(8)

Table4. Interatomic distancesin RbyggTig goNbg 01OPO, crystals

Coordination polyhedra Distances, A Coordination polyhedra Distances, A
Ti, Nb(1)-O(1) 2.142(6) -0(9) 3.096(6)
—0(2) 1.951(6) —0(10) 2.797(6)
—0(5) 2.080(6) Rb(2)-0(2) 3.013(7)
~0(6) 2.025(6) ~0(2) 2.736(6)
~0(9) 1.720(6) ~0(3) 2.760(5)
—O(10) 1.966(6) —0(5) 2.973(7)
Ti(2)-0(3) 2.053(6) —0(7) 3.191(7)
—0(4) 2.010(5) —0(8) 2.843(6)
—0(7) 1.955(7) —0(9) 2.786(6)
—0(8) 1.989(7) —0(10) 3.148(6)
—0(9) 2.089(7) P(1)-O(1) 1.519(7)
~0(10) 1.738(7) ~0(2) 1.557(7)
Rb(1)-O(1) 2.752(6) ~0(3) 1.550(5)
—0@2) 3.000(7) —04) 1.543(5)
—0@3) 3.002(7) P(2)-0(5) 1.538(6)
—0(4) 3.065(6) —0(6) 1.535(6)
—0(5) 2.866(6) —0(7) 1.547(7)
—0(7) 3.008(6) —0(8) 1.539(7)
—0(8) 3.128(6)
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only one of two titanium positions, Ti(1), as was aso
observed for KTP:Nb crystals [11, 12]. According to
these data, the niobium content was 0.01, which is
rather closeto the value x = 0.013 determined by chem-
ical analysis. As to Rb atoms, their deficit is observed
only in the Rb(2) positions. The formation of vacancies
in the sublattice of rubidium cations accounts for the
occurrence of the pronounced relaxation phenomenain
such crystals. Analysis of the interatomic distances
shows that the degree of distortion of titanium—oxygen
octahedra decreases and their symmetry increases,
which may cause the decrease in the ferroelectric
phase-transition temperature and the reduction in the
intensity of the second-harmonic generation under laser
irradiation.
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Abstract—~Perfect single crystals of the high-temperature superconductor Bi,Sr,CaCu,0Ox . 5 With the super-
conducting transition temperature T = 72-85 K (depending on the crystallization conditions) are obtained by
the method of free growth in gas cavities formed in a KCI solution—melt. The specific features of the growth
process arein the formation of an enclosed growth gas cavity in a (previously synthesized) blend of a specified
phase composition dissolved in KCI and the free crystal growth in this cavity. The combination of growth and
high-temperature annealing in the same process made it possible to obtain uniform (AT = 1.5K) singlecrystals
with stable superconducting properties. Annealing of the grown single crystals in oxygen or in air in
the temperature range 400-850°C confirmed that the crystals with maximum values of T are optimally doped.

© 2005 Pleiades Publishing, Inc.

INTRODUCTION

Among high-temperature superconductors (HT SCs)
of the bismuth family with the genera formula
Bi,Sr,Ca,_,Cu,0, (n =1, 2, 3), the Bi,Sr,CaCu,0O , 5
(Bi2212) compound with n = 2 and the superconduct-
ing transition temperature T¢ o = 85-95 K has been
most widely investigated during the last ten years. Until
recently, it was believed that pure (nominally undoped
with foreign impurities) Bi2212 single crystals exist in
a stable phase that can be easily obtained by severa
methods. However, the growth of homogeneous
Bi2212 single crystals of high structural quality with
different controlled doping levels remains a complex
technological problem. The most developed techniques
are the floating-zone method with a moving solvent
[1, 2], which made it possible to grow crystals with a
record-high value of T¢ . (95 K), and different modi-
fications of the self-flux method using Bi,O; or CuO
[3, 4]. The main purpose of the above studies was to
grow optimally doped single crystals and then, using
annealing at either increased or reduced partial oxygen
pressure, transfer the material to the overdoped or
underdoped state, respectively. In this way, the experi-
mental areas of the T—p phase diagram (p is the hole
density per one CuO, layer) were expanded. However,
it turned out that the annealing of crystals under differ-
ent oxygen pressures often leads to chemical segrega-
tion in both overdoped and underdoped Bi2212 single
crystals [5, 6]. It was noted in [5] that Bi2212 crystals
are generally abtained overdoped; therefore, the prob-
lem of growing high-quality underdoped Bi-HTSC
crystals remains urgent.

We believed it reasonable to apply the method
developed by usfor growing Bi2201[7] and Bi2223[8]

high-quality single crystals in gas cavities in molten
KCl salt to obtain Bi2212 single crystals having differ-
ent values of T and stable superconducting properties
directly after growth. The details of the growth process
and its constructive layout were described in detail in
[7, 8]. The specific features of the growth processarein
the formation of an enclosed growth gas cavity in a
solution of a previously synthesized blend of specified
phase composition in molten KCI and the free growth
of crystalsin this cavity.

Apparently, the growth of Bi2212 crystalsin a cav-
ity was first reported in [9], where the cavity wallsin
the blend volume were composed of sintered pellets of
the composition Bi,O; : CaCO;: SICO;: CuO=1:1:
1: 2 and the cavity top was made of the more refractory
compound SrCaCu,0O; to retain highly volatile compo-
nents during the growth.  Superconducting
Bi, ,Sr; §Cay75CU, 50O, Crystals with T = 77 K were
obtained. However, the growth conditions were not
optimized since there occurred simultaneously compet-
ing processes of growth of crystals of other phases, for
example, Sr;Ca, 75Cus0,, which depleted the growth
medium in Caand Sr and |ed to the deposition of these
phases on the surfaces of Bi2212 crystals.

In 1992, we managed to grow superconducting
Bi2212 single crystalswith linear sizesup to 1 mm and
Bi2223 crystals with sizes up to 100 um? in the form of
separately crystallized faceted sguare plates in small
gas cavities in KCI [10]. Introduction of KCl flux into
the weight composition (blend : KCI = 1: 4) allowed us
to decrease the growth temperature, expand the regions
of existence, and separate the crystallization conditions
for these two phases.

1063-7745/05/5001-0142$26.00 © 2005 Pleiades Publishing, Inc.
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Table 1. Composition of the blend and the synthesis conditions
o Initial components Synthesis conditions|  Phase composition of the blend Cavity
g hemical i i [ litude of signal ot
chemic cationratio | tempera- | time, ; ; amplitude of sign yes+
5 composition Bi:Sr:Ca:Cu| ture °C h Bi2212 | Bi2223 X(T), arb. units no —
1 | Bi,Os, SICO;, CaCOg, CuO 2:2:2:4 800 28 M P* 0.9 +
2 | BiyOg, SrCO3, CaCO3, CuO 2:2:2:4 840 11 MP 0.8 +
3 | BiyO3, SrCO;, CaCO,, CuO 2:2:2:4 830 12 MP 0.7 +
4 |Bi,03, SrO, Ca0, CuO 2:2:2:4 840 11 MP 0.7 -
5 | Bi,O3, SrCO3, CaCO,, CuO, 2:2:1:2 850 10 MP 1 -
6 | Bi,Og, SrCOg, CaCO3, CuO, 2:2:4:6 800 28 MP 0.8 +
PbO
7 | BiyOg, SrCO5, CaCO3, CuO 2:2:2:4 860 100 | <50% | 50% 0.8 +
8 | Bi,Og, SrCO;, CaCO,, CuO 2:2:4:6+ 860 130 100% 1 -
0.25Pb

* Main phase.

The purpose of this study is to obtain homogeneous
Bi2212 single crystals that could be used for physical
investigations of the mechanism of high-temperature
superconductivity and analysis of the dependences of
the superconducting characteristics of crystals on the
growth conditions.

RESULTS AND DISCUSSION

In this study, in order to obtain superconducting
Bi2212 single crystals, we synthesized blends of differ-
ent compositions. These compositions and typical tech-
niques of blend preparation are listed in Table 1. The
superconducting properties of the blend were moni-
tored by the values of T, the transition width AT, and
the signal from a blend sample with a standard volume.
These parameters were measured from the temperature
dependence of the magnetic susceptibility x(T) and by
powder X-ray analysis. Table 1 contains also the data
on the presence of a growth cavity for the crystals
grown from a blend of corresponding composition. It
follows from these data that, to form a growth gas cav-
ity, theinitial blend should contain an excess amount of
copper and calcium (in the form of CuO and CaCOs;,
respectively) (examples 1, 2, 3) in comparison with the
nomina composition 2212. The conditions for the
blend annealing were varied in a wide range: t,,, was
varied from 800 to 840°C and the annealing time was
varied from 28 to 11 h. When we used a blend with a
large content of the superconducting phase Bi2212 syn-
thesized from oxides CaO and SrO rather than from
carbonates (example 4), a growth cavity was not
formed. The use of an initial blend of stoichiometric
cation composition2: 2: 1: 2 (example 5), containing
the superconducting phase Bi2212 in the amount of
about 100%, also did not lead to the formation of acav-
ity. Anincrease in the excess of Caand Cu in theinitial
blend to the ratio Ca: Cu = 2 : 3 and adding some
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amount of lead oxide PbO (example 6) is favorable for
preparation of Bi2212 single crystals, as will be shown
below. For successful growth of superconducting
Bi2223 single crystals in a cavity, a blend of complex
composition was synthesized (example 7), which con-
tained up to 50% of Bi2223 and excess amounts of
CuO, CaCO;, and SrCO; [11]. When a blend with a
100% content of the Bi2223 phase was used, a cavity
was not formed even in the presence of PbO (example 8).
Apparently, the following reactions are responsible for
the extraction of gaseous components in the melt and
the formation of a cavity:

2Cu0 Z2¥C cu,0+ 0,1
(Po, ~ 9 Torr, at 850°C [12]),

CaCO, "™ CaO + CO,1
(Pco, ~ 300 Torr, at 850°C [13]).

Also, we cannot exclude the role of SrCO; in the
cavity formation, for which the decomposition reaction

SICO, — SO + CO,t

proceeds much slower and at higher temperatures.

Crystallization was performed as follows. A blend
weight (180 g) was loaded into an Al,O; crucible,
heated to 860°C in the hottest zone at the crucible bot-
tom, and kept for 2024 h with avertical gradient up to
20 K/cm aong the melt column 4-4.5 cm in height.
Under these conditions, the blend dissolution occurred
simultaneously with the extraction of gaseous compo-
nents in the lower (hottest) part of the solution-melt
and the crystallization of Bi2212 on the surface and in
the upper part of the melt. Thus, at the end of the heat-
ing cycle, a quasi-closed cavity with a volume of sev-
eral cubic centimeters was formed in the solution—melt.
In this cavity, the growth of crystals occurred simulta-
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+Line'(_8_) 0

Flg 1. (a) Part of the Bi2.22srl‘55C31‘17CU2.0108.04 Single
crystal and (b) the surface of the
Bi g9Pby 2,Sr1 ¢5Cay 25CU; 350y single crystal with deco-
rated growth steps.

neously with their annealing in the atmosphere of vola
tile crystal-forming components. For atypical process
time of ~100 h, several tens of faceted superconducting
mirror-smooth Bi2212 single crystals grew in the cavi-
ties. The crystals grown were of two morphological
types: rectangular plates 1-2.5 mm? x 1-10 ymin size
and ribbons 4-5 mm x 0.2-0.5 mm x 1-10 pymin size.
Crystals of both types were formed on the cavity top
and grew freely downward, into the gaseous medium.
The high quality of the grown crystals was ascertained
by X-ray diffraction analysis[8] and scanning electron
microscopy using a JSM-5910-LV microscope and a
Philips CM-30 microscope equipped with an energy-
dispersive X-ray spectrometer AN 95S.

Figures 1laand 1b show typical lamellar Bi2212 sin-
gle crystals. The morphology of the crystal surfacesis
characteristic of the layer-by-layer growth of the (100)
face. Undoped Bi2212 crystalshave no traces of thelig-
uid phase on the surface, which confirms that the feed
from the gas phase during the growth occurs through
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Fig. 2. Dependence of T ont,, for three groups of samples

with different cation compositions: the ratios Ca/Sr = 0.75—
0.77 and Cu/Bi = 0.88-0.9 (group |) and, respectively,
0.59 and 0.8 (group I1). Points 1 and 2 correspond to the
Compositions Bi2.2287‘1_56C31.17CU2.0108.04 and

Bi2_2281‘1_80Ca1_20Cu1_780X, respectively. Points 3 and 4 of

group Il correspond  to  the  compositions
Bi1 9oPPo 275r1,92Ca 18CU1 740k and

Bi1 g9Pbp 22511 65Ca4 28CU1 850y, respectively.

the vapor—solid mechanism [14] with the formation of
two-dimensional nuclei on the (100) face (Fig. 1a). The
growth rate of lead-doped (Bi,Pb) 2212 single crystals,
in comparison with undoped ones, was much higher.
Under the same growth conditions, the crystals
obtained were 2-4 mm? x 5-10 ym in size and the
growth occurred through the gas-iquid—solid mecha
nism; i.e., involving the liquid phase. Decorated lamel-
lar-growth steps (possibly, traces of the Pb-based liquid
phase) can be seen in Fig. 1b. The compositions of the
crystal measured in different surface regions, each 1 x
1x1um3insize, and on an areaof 150 x 150 um? were
amost the same. Measurements of the temperature
dependence of the magnetic susceptibility x(T) showed
that the characteristics of the superconducting transi-
tion for crystals grown in the same cavity are rather
similar. With anincreasein the crystallization tempera-
turet, in the growth cavity, the value of T of the crys-
tals grown decreased (Fig. 2). Figure 2 shows the data
for the three groups of samples with different cation
compositions: samples with compositions in the vicin-
ity of line | have larger values of T; they were grown
from ablend with higher contents of Caand Cuin com-
parison with the samples of group Il. The comparative
analysis of the cation compositions of the samples of
groups | and Il shows that, in going from group | to
group |1, the ratios Ca/Sr and Cu/Bi decrease from
0.75-0.77 and 0.88-0.9 to 0.59 and 0.8, respectively.
With a decrease in t,, of the samples corresponding to
linel, T, increased to 85 K. Thisvalue (T = 85 K with
ATc = 1.5-2 K) is maximum for the Bi2212 crystals
grown from the gas phase. For crystal 1with T-=84K,
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Table 2. Dependence of the superconducting properties of Bi2212 single crystals on the annealing conditions

Annealing conditions Crystals after growth | Crystals after annealing
t,°C | time,h | medium Te, K AT, K Te K ATg, K
Crystal on the surface of the KCI melt 560 6 in O, 74-79 5 80-82 2
Crystd in the lower part of the KCl melt 850 100 inblendinair | 82.5-75 7 82.1-79.6 25
Crystal in acavity in the KCI melt 400 0.3 [inair 76.5-75 15 81.5-80 15

thetotal composition was determined. The oxygen con-
tent in this sample, which was grown at the highest tem-
perature t, = 845°C, is Og, oo It is known that, in
overdoped Bi,Sr,CaCu,Og , 5 samples, the value & of
oxygen excess with respect to the stoichiometric com-
position is 0.1-0.15 atomic fractions. We can conclude
that the composition of this crystal is in the range of
optimal doping. Line Il is shown for three samples
(Bi,Pb)2212 with the smallest values of T.. A compar-
ison of the cation compositions of crystals 2 and 3
(grown at close values of t., and, therefore, under the
same partial oxygen pressure), which correspond to
lines1l and I, respectively, shows that introduction of
Pb leads to a decrease in T; the difference in the con-
tents of main cations is small. With an increase in t
from 836 to 842°C, thetotal content of Bi and Pbin sin-
gle crystals 3 and 4 increased from 2.17 to 2.21, due to
which T decreased from 73 to 71.5 K. This circum-
stance means that doping with Pb under our conditions
leads to a decrease in the carrier concentration in com-
parison with the optimal value, i.e., shifts the composi-
tion of the crystals grown from the gas phase to the
undoped region.

To estimate the doping level of the single crystals
obtained, we annealed them in oxygen and in air at dif-
ferent temperatures. Table 2 contains the results of
annealing of the Bi2212 samples crystallized in differ-
ent parts of the solution—melt, specifically, on the sur-
face and in the lower part of the melt, as well asin a
cavity in the melt. The annealing of the crystals grown
in the solution significantly improved their homogene-
ity: AT decreased from 57 to 2-2.5 K [15]. Note that,
for the crystal grown on the surface, T increased from
79 to 82 K. Another picture was observed for the crys-
talsgrown in the cavity: dueto the annealing, the width
of the superconducting transition remained narrow
(AT = 1.5 K) and the value of T increased. In our
opinion, the results obtained indicate that the single
crystals grown from the gas phase, immediately after
the growth in the cavity, were slightly underdoped, and
annealing in air changed their composition with respect
to oxygen to the region of optimal doping. Exposurein
air for one year did not change the superconducting
properties of such crystals. Thus, it was shown that the
carrier density and, therefore, the value of T of the
superconducting Bi2212 solid solution are determined
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by both the oxygen concentration and the cation com-
position.

Attempts to construct the phase diagram Tq—X,
where xisthe charge-carrier density, for the Bi2212 and
(Bi,Pb)2212 compounds with different cation composi-
tions have been made previously. Schematic phase dia-
gramsfor different cation compositions of Bi2212 were
reported in [16]. In [17], the experimental curve T—X
for six (Bi,Pb)2212 samples is shifted by 0.05x to the
undoped region with respect to the generally accepted
empirical dependence, in which the carrier density is
estimated only from the oxygen concentration.

CONCLUSIONS

Using growth from the gas phase, we obtained
Bi2212 and (Bi,Pb)2212 single crystals with T = 72—
85 K, in which the doping level is determined by the
cation composition and partial oxygen pressure in the
enclosed growth cavity. Combination of the growth and
high-temperature annealing in one process allowed us
to obtain homogeneous crystals (AT = 1.5 K) with sta-
ble superconducting properties.
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Abstract—The technique and results of hydrothermal growth of single crystals of the high-pressure phase of
0-PbO, are described. Dark brown crystals of predominantly prismatic habit with characteristic sizes of 550 x
100 x 150 um? were obtained at p = 4 GPa by cooling an agueous solution in the temperature range t = 600—

300°C. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

The 3 modification of lead dioxide with tetragonal
rutile structure (TiO,, P4,/mnm, Z = 2), which existsin
nature in the form of the mineral plattnerite, is stable
under normal conditions. A denser (by 2.6%) orthor-
hombic phase was abtained by applying shear loads
(grinding in a mortar) [1]. The structural model pro-
posed for this phase on the basis of the powder X-ray
data [2] has been known for more than 50 years as the
o-PbO, structure type (Pbcen, Z = 4). Mainly due to the
similarity of the X-ray diffraction patterns, alarge num-
ber of dense modifications of dioxides and difluorides
of different elements were assigned to this type. As
rule, these modifications were obtained by applying
high pressure to phases with rutile-like structures.
Among the compounds characterized by this structural
transition, thereis, in particular, silica, SiO,—the most
important component of the rocks that form, according
to the modern concepts, the inner shells of the Earth.
Thereisno datain the literature on the growth of single
crystals and investigations of their structure, although
dense modifications of some compounds can exist in
the metastable state under normal conditions. In this
paper, we report the results on the growth of a-PbO,
single crystals, which are necessary for further correct
description of the a-PbO, structure type using com-
plete structural analysis.

EXPERIMENTAL

We used a high-pressure chamber of the Konak type
equipped with acell for hydrothermal growth (see[3]);
the working volume of the hermetic platinum ampule
was 35 mm?. Tetragonal lead dioxide of analytical
grade and bidistilled water served as reagents. The
amount of loaded water was estimated from the ratio of
the volumes of |ead dioxide and the ampule. A DRON-

3M diffractometer and single-crystal Laue and Burger
cameras were used for X-ray analysis of the reaction
products.

RESULTS AND DISCUSSION

The a-PbO, modification, despite the exotic nature
of its discovery, seemsto bethe only phase with astruc-
ture of this type, for which the p—t stability field is
determined by direct X-ray methods. This circumstance
made much easier the search for conditions and the
choice of asingle-crystal growth technique. In the p-t
diagram (Fig. 1), the region of the a phase at 600°C is
limited by the lines of equilibrium with plattnerite at
1.6 GPa and the phase with fluorite structure (CaF,) at
5.8 GPa. When the temperature decreases to room tem-
perature, the equilibrium pressure range is dightly
extended [4].

In this case, the growth from a hydrothermal solu-
tion appeared to be most appropriate. However, we had
to determine the upper temperature limit of the stability
of the necessary phase in the presence of an agqueous
fluid due to the well-known tendency of lead dioxide to
reduction at an insufficiently high partial oxygen pres-
sure. It was found that, at p = 4 GPaand t = 600°C, a
yellow deposit with orthorhombic modification of PhO
(massicote) is formed on the cell covers. Since this
modification was absent in the main mass of the sam-
ple, wetook the above parameters astheinitial working
ones. The temperature of the eutectics ice VIIT +
o-PbO, + liquid, which formally limits the growth
range from below, in view of theinsignificant solubility

LiceVI andice VIl arethe solid high-pressure phases of H,0.

1063-7745/05/5001-0147$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Region of hydrothermal growth of a-PbO,. (1, 2)
The lines of equilibrium of the a-PbO, phase with the
rutile-like and fluorite-like phases of PbO,, respectively
[4]; (3) the line of decomposition 2PbO, — 2PbO (mas-
sicote) + O, (our data); and (4, 5) themelting lines of ice VI
and ice VI, respectively [5].

of lead dioxide, should not differ strongly from the
melting temperature of ice VII (200°C, 4 GPa[5]).

The sample with the composition xPbO, + (1 —
x)H,0O (0.05 < x < 0.07) was cooled at p = 4 GPafrom
600 to 300°C at an average rate of 1.25 K/min. The
product extracted from the cell was a well-crystallized
dark brown mass with agrain size of 10-30 pm, which
contained four or five crystals of the same color and
columnar shape with transverse sizes from 40 to
150 pm and alength from 250 to 750 um (Fig. 2).

The diffraction pattern of an unground powder con-
tained the reflections of only the a-PbO, phase with the
unit-cell parameters a = 4.982 + 0.005 A, b = 5.962 +
0.006 A, and ¢ = 5.458 + 0.005 A. The Raman spectra
of the single crystals contained no bands characteristic
of water. The measurements of the crystalsin the Laue
and Burger cameras revealed that their surface is
formed by the faces of orthorhombic prism (110);
dipyramid (111); and pinacoids (100), (010) and (001)
(Fig. 2). Crystals with a complete set of these faces
were not found.

In summary, we should note the poor reproducibility
of the growth results (the number and the sizes of the
crystals) obtained for the same sets of parameters p, t,
and x. Ascan be seen from the size of grainsinthemain
mass, the cooling could either occur for too long atime
in the liquid phase or begin in the two-phase region; in
both cases, crystals with sizes larger than 100-150 um
were absent. It is most likely that we deal with a situa-
tion related to the weak thermal dependence of the
oxide solubility in water (the liquidus line is close to
vertical in the t—x diagram), which is typical of low

CRYSTALLOGRAPHY REPORTS Vol. 50
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Fig. 2. Morphology of a-PbO, crystals: (a) ared crystal
and (b) symbolsfor faces.

upper temperature limits. Due to the small sample vol-
ume, a substantial error in the required component pro-
portion cannot be avoided when loading water to the
ampule. Thiserror iscomparable with the changein the
solution concentration in the cooling range.
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Abstract—The problem of nucleation of anew phasein the bulk of the old oneis considered for n-dimensional
Euclidean spaces. Under the condition of a constant contact angle with the third phase, an increase in the space
dimension results in a sharp decrease in the potential barrier of heterogeneous nucleation and, thus, in a
decrease in the probability of homogeneous nucleation. © 2005 Pleiades Publishing, Inc.

The use of spaceswith thedimension n > 3isause-
ful approach to the description of the structure and
properties of some complicated structures such asthose
of quasicrystals and incommensurate phases [1]. How-
ever, some concepts of modern physics admit the exist-
ence of multidimensional spaces|[2].

It is well known that the basic laws of thermody-
namics are equally applicable to three- and two-dimen-
sional systems|[3]. Consider the hypothetical extension
of thewell-known problem [4, 5] of nucleation of anew
phase in the bulk of the already existing phase to plane
n-dimensional space.

We also assume that the phases and their interfaces
also exist in the spaces of higher dimensions and that
the most important thermodynamic quantities such as
temperature, pressure, volume, and surface energy pre-
servetheir sense and their interrelations also in the mul-
tidimensional spaces.

First, consider homogeneous nucleation [6]. For
simplicity, we restrict our consideration to nucleation
of the B phase of spherical shape with radius r in
n-dimensiona space, e.g., to crystalization of melt a.
Thedifferencein the phase densitiesisignored. Let Ap,
be the difference between the free Gibbs energies (iso-
baric— sothermal potentials) per unit volume and o, be
surface energy. Then the change in the free energy dur-
ing the formation of anew phaseis

AGn = _VnAun"'Swo-n’ (1)

whereV,=a,r"and §,=,r"-! arethe volume and the
surface in the n-dimensional space, respectively. The
guantities a,, and 3, are the Jacobi coefficients such that
B,=na, [7]. Then,

AGn = anrn_l(_ rAp-n + ncn)1 (2

wherer 2 0. Differentiating Eq. (2) with respect tor and
equating the derivative obtained to zero, we arrive at
two possible solutions: r =0, AG,=0(atn=3) andr, =

(N=1)0,/Bly, AG, = ay(n— 1)"-'2n—1)op /By~ (at
n = 2). Thus, a n = 2, there would exist the critical
radius r, corresponding to the maximum value of the
thermodynamic potential, in other words, the phenom-
enon of a crystal nucleus. The particles of the 3 phase
become stable only after attainment of the critical size.
The value of AG, at this point is a potential barrier
which should be overcome for the formation of a new
phase. For one-dimensional systems, no nuclei can
exist: once being formed at Ay, > 0, these formations
should continue growing without any potential barriers.
The dependences AG,(r) at different n are shown in
graphical formin Fig. 1.

It should be noted that, with an increase in n, the
radius of a hypernucleus (a nucleus with a radius
exceeding the critical one) monotonically increases.
The potential barrier is related to supercooling AT,
whereas the dependence of g, on temperatureisusualy
ignored. Assuming that Ay, = AT - AH/T,,, where AH
and T, are the enthalpy and the melting point, respec-
tively, we obtain

r,=(n-1o0,T,/AT - AH
and

AG, = a,(n—-1)""'(2n-1)ol Ty /AR 'AT"

Thus, the temperature dependence of the hypernucleus
radius is the same irrespective of n. However, the value
of the potential barrier varies quite noticeably: it
sharply increases with an increase in the space dimen-
sion under constant supercooling. High values of the
potential barrier hinder crystallization and may give
rise to the formation of glass during melt cooling.

With an increase in n, the AG,(r) curves at small
radii, r < r,, approach the abscissa. Thus, the probabil-
ity of fluctuations of the dimensions of nuclei with radii
less than the critical one increases.

The conditions for homogeneous nucl eation are met
rather seldom. Moreover, as arule, such processes are

1063-7745/05/5001-0150$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Free Gibbs energy of formation of a spherical nucleus as afunction of its radius and degree of supercooling; x is the radius,
andy is Ay, in arbitrary units. n=(a) 2, (b) 3, (c) 4, (d) 5, (e) 6.

very difficult to implement in practice. The particles of
a new phase are usualy formed by the mechanism of
heterogeneous nucleation (Fig. 2). If the volume of the
initial phase a isin contact with some another phaseyy,
then the formation of anew phase 3 from the volume of
the old phase is facilitated at the interface because of
the surface tension. The value of the wetting angle 6
depends on the ratio of the surface energy at the a/f3,
Bly, and a/y interfaces. In this case, (11— 8) isthe angle
formed by the radius vector of an arbitrary point on a
sphere in n-dimensional Euclidean space and the plane
of the first n — 1 coordinate axes. Assuming that the
form of the precipitated phase  only dlightly differs
from the spherical segment, we may assume that the
segment whose curvature radius coincides with the
radius of the critical hypernucleus in homogeneous
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nucleation is also a hypernucleus. This is aways
accompanied by a considerable gain in the volumetric
energy and, therefore, a considerable decrease in the
potential barrier, in comparison with their values in
homogeneous nucl eation.

Theratio of the volume of the spherical segment Vf
of the height h to the volume of the sphere V, of the

sameradiust, D,? = Vf /Ny, in n-dimensional space has
the form

Dy = A.B.(0),

where q = h/r, A, = n!!l/r(n-3)!!, and n!!/(n - 3)!! for
even and odd n, respectively, and B,(q) is given by the
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Fig. 2. Scheme of heterogeneous nucleation; a, 3, and y are
phases, and 6 is the wetting angle.

D,
0.5

0.4r

0.3
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0.1

0 0.2 0.4 0.6 0.8 1.0
hir

Fig. 3. Dependence of the ratio D: of the volume of a

spherical segment of height h to the volume of the sphere of
the sameradiusr on theratio h/r at several dimensions n of
Euclidean space, n = 2, 3, 4, and 6 (curves 1, 2, 3, and 4,
respectively).

expression
Ja(2-q)
n-2 2\ 12
Ba(a) = _[ X T(1=x)x" = (1-0)]dx.
0

Note also that [(2 — )]"/? = sin®.

Figure 3 illustrates the dependence of the DnS ratio

for spaces of different dimensions. As is seen from
Fig. 3, at small 6, the fraction of the volume (i.e., the
value of the potential barrier at fixed 8) sharply
decreaseswith anincreasein n. Thus, the probability of
homogeneous nucleation decreases with an increasein
the space dimension.

Consider the results obtained in the context of the
general problem of multidimensional spaces. The phys-
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ical problem of space dimension may be considered
using two different approaches. Thefirst approach goes
back to Kant [8], who assumed that the space dimen-
sion follows from the concrete form of the law accord-
ing to which all the bodies act onto one another. In par-
ticular, three-dimensional spaceisexplained by the fact
that the acting force is inversely proportional to the
squared interparticle distance, because any other
dependence would have resulted in spaces of other
dimensions. In the concrete form, this idea was formu-
lated by Ehrenfest [9, 10] on various examples from
mechanics, optics, and quantum mechanics. Thus, the
generalization of the potential for a centra field to
n-dimensional space yields the dependence on distance
in the form r@-", where n = 3. It was shown in these
works and later studies that the consideration of the
analogues of the basic physical phenomena and the
generalization of the physical theoriesto spaces whose
dimensions exceed three (four for space-time) gives
rise to considerable contradictions (absence of stable
orbits in the central field, problem of atomic spectra,
etc. [11-14]).

The second approach is well developed [14] and
reduces to the introduction of additiona dimensionsto be
able to combine various types of interactions (gravite-
tional, electromagnetic, etc.). Thisapproach resulted inthe
congtruction of amodel inwhich aconventional substance
isconsidered in three-dimensional space embedded into a
generalized multidimensional space[2].

We used above the first approach.

Constructing the thermodynamics based on statisti-
cal physics, we used the laws of mechanics. Therefore,
in principle, when constructing its generalizations for
spaces with the dimension exceeding three, we
expected the manifestation of the above contradictions
and, probably, also of some new ones.

Aswas seen, under the above assumptions, the pure
thermodynamic consideration of the concrete problem
of nucleation in multidimensional Euclidean spaces
gave rise to no contradictions. This may be explained
by the fact that, in this case, an important role was
played by pure geometrical concepts such as volume
and area, whose quantitative expressions depend in the
regular way on the space dimension.

On the whole, the question about the manifestation
of the specific characteristics of the dynamic behavior
of systemsin n-dimensional spacein variousthermody-
namic quantities and under conditions of possible
phase transitionsis still open. It would beinteresting to
directly smulate growth of crystals in multidimen-
sional spaces using the corresponding modifications of
the molecular dynamics and setting the particle interac-
tionsin the explicit form by various potentials.
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Abstract—The problems of growth of new promising laser crystals Cr#* : LiGaSiO, by the crucible-free float-
ing-zone method with optical heating are considered. The use of high axial temperature gradients with intense
stirring of the melt makes it possible to obtain crystals of satisfactory optical quality from stoichiometric melt,
despite the incongruent character of the compound melting. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Single crystals of complex oxides doped with Cr#*
ionsin tetrahedral coordination are of much interest as
active media for solid-state lasers tunable in the range
1.1-1.7 ym, which isimportant for practical application
[1, 2]. For anumber of reasons, only two such crystals,
Cr* 1Y 3Al;0,, and Cr** : Mg,SiO,, are used presently.
However, the relatively poor luminescence kinetics of
Cr* ions in these crystalline hosts cannot ensure the
efficient operation of such lasers[3].

It was reported in [4] about the development of a
new crystal doped with tetravalent chromium,
Cr* : LiGaSiQ,, which, according to the preliminary
results of our investigations, can compete with the two
above-mentioned materials. This crystal shows intense
broadband luminescence in the range 1100-1600 nm,
peaked at awavelength of 1280 nm. The lifetime of the
excited state of Cr* in LiGaSiQ, is 15 ps and the lumi-
nescence quantum yield is ~28% (preliminary esti-
mate), which significantly exceeds the corresponding
parameters for Cr# :Y Al:0;, and Cr# : Mg,SiO,.
Another important advantage of this crystal as a poten-
tial laser material is the extremely low coefficients of
temperature expansion [5-7], which increases its dura-
bility to the effect of high-power therma and light
fields during laser operation.

CRYSTAL STRUCTURE

Lithium gallosilicate LiGaSIO, belongs to the so-
called eucryptite family, the most known representative
of which is the natural mineral eucryptite LiAISIO,
(LiGaSIO, is isostructural to the high-temperature
modification of eucryptite). The crystals of the eucryp-
tite family have phenakite (Be,SiO,)-related structure,

which is considered as a derivative of the [3-SizN,-
related structure [8].

The unit-cell parameters of LiGaSiO, are a =
13.6427(11) A, ¢ = 9.0965(7) A, and D, = 3.44 g/cm3
[9]. Inthe crystal structure (Fig. 1), al ionsarein tetra-
hedrally coordinated positions. The cation—oxygen tet-
rahedra, linked with each other by shared vertices, form
columns parallel to the C axis (which is perpendicular
to the plane of Fig. 1). Channels of two types exist in
this framework: large channels formed by six cation—
oxygen tetrahedra (closed in a ring) paralel to the C
axis and shallower channels formed by four tetrahedra.

v —T1 tetrahedra
W — T3 tetrahedra

Fig. 1. LiGaSiO, structure in the view plane perpendicular
to the optical axis C (cation—oxygen tetrahedra are shown
entirely).

v —T2 tetrahedra
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These channels provide the ionic conductivity of crys-
tals of this class[10].

According to[11], all tetrahedral cation positionsin
the LiGaSi O, structure are divided into three nonequiv-
alent types. T1, T2, and T3. Each of these types is
divided into two more noneguivalent subtypes. The T1
positions are occupied by Ga ions, whereas Li and Si
ions are distributed over the T2 and T3 positions. This
distribution has a strictly regular, layer-by-layer, char-
acter (thelayersare perpendicular to the C axis): Li and
Si ions are located in the T2 and T3 positions, respec-
tively, in the first layer and vice versa in the second
layer. That iswhy thetetrahedral positionsT2and T3in
LiGaSiO, crystals are divided into subtypes 72, and
T2,,and T3, and T3,, respectively. Each subtype hasits
own set of interatomic distances and bond angles [11].
Accordingly, gallium—oxygen tetrahedra T1, having in
different layers different sets of linked tetrahedra occu-
pied by Li and Si ions, are also divided into two sub-
types. T1, and T'1,.

The plane in which the centers of the cation posi-
tions of the first subtypes (7'1,, 72,, T3,) arelocated is
shifted along the C axis by 1/6 of the corresponding
parameter with respect to the plane that passes through
the centers of the cation positions of the second sub-
types (T'1,, T2,, T3,). The ordered distribution of cat-
ions in the LiGaSIO, structure leads to the disappear-
ance of the inversion center, which is present in
LiAISO, and most other disordered crystals of the

eucryptite family, and decreases its sp. gr. from R3 to
R3 [9, 11].

Obviously, Cr** ionsin LiGaSiO, crystals should be
primarily incorporated into the sublattice of tetravalent
ionsof the host (Si**), i.e., occupy the 72, and 73, posi-
tions. In addition, it is possible that some (apparently,
small) amount of Cr#* ions are located in the sublattice
of trivalent ions (Ga*), i.e., in both subtypes of the T1
position.

When crystals are grown from a chromium-doped
melt, it is aso possible that the activator is partially
incorporated into the crystal in the form of Cr3* ions.
However, the question of location of these ions in
LiGaSiO, crystalsisnot trivial, taking into account the
absence of octahedral cation positions in this structure
(Cr3 ions, in view of their specific electron configura-
tion, have a strong tendency to be located in such posi-
tions).

PHASE DIAGRAM

According to [8], the LiGaSIO, crystal does not
undergo polymorphic transformationsin the entire tem-
perature range up to the melting point, at least at atmo-
spheric pressure.

We failed to find a complete ternary phase diagram
of the Li,0-Ga,0;—-SiO, system in the available litera-
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T,°C

Melt
1300

SiO, + melt
1200
1100 [ >-<
B+Sp+ Sp + Eucr +
Si0, + B melt melt
1000 |-
B 3 + Eucr

Si0, 0.2 0.4 0.6 0.8 LiGaSiO,

X

Fig. 2. Quasi-binary cross section of the phase diagram of
the three-component system Li,O-Ga,O3-SiO, aong the

Li,GaSi, _ O, linein therange 0 < x < 1 [5]: Eucr is the
eucryptite phase of LiGaSiO,4, Sp is the phase of LiGasOg
with  spinel-like  structure, and B is the
Lij -yGay —ySip . yOs solid solution with B-spodumene
structure.

ture. At the sametime, there are two quasi-binary cross
sections of this three-component system aong the
Li,GasSi, 0O, [5] and Li, _5,GaSiO, [6] lines in the
range 0 < x < 1. In both cases, the end member of the
cross sections (at x = 1) is LiGaSiO,. These quasi-
binary cross sections, taken from [5, 6], are shown with
small modificationsin Figs. 2 and 3, respectively.

It can be seen from both diagrams that melting of
LiGaSiO, is incongruent: the stoichiometric point of
this compound is in the primary crystallization field of
the highly refractory (about 2000°C) spinel-like com-
pound LiGa;Og. Note that, as far as can be seen from
these two cross sections, the primary crystallization
field LiGasOg is very extended and covers aimost the
entire concentration range in which one would expect
LiGaSIO, to be crystallized. There is only a small
region corresponding to the mole ratio Li,O : Ga,0; :
SO, ~1.6:0.8: 2.0 (Fig. 3) wherethe existence of the
primary crystallization field of the eucryptite phase of
LiGaSiO, can be expected.

The incongruent melting of this compound is the
main difficulty in growing high-quality LiGaSiO, sin-
gle crystals from melt. In this paper, we describe the
methods and procedures that allowed us to overcome
thisand some other problems and grow for thefirst time
macroscopic Cr: LiGaSiO, single crystals with high
optical quality.

GROWTH OF CRYSTALS

The crystals were grown by the crucible-free float-
ing-zone melting with optical heating in a URN-2-ZP
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900 - LyS 5
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LiySiO4 LisGaSi,Og LiGaSiO,

Fig. 3. Quasi-binary cross section of the phase diagram

of the three-component system Li,O-Ga,0O3-SiO, along the

Lig - 3yGa,SiO, linein therange 0 < x < 1 [6]: Eucr is the eucryptite phase of LiGaSiOy4; Sp is the phase of LiGagOg with spinel-
like structure; L 4Sisahigh-temperature phase of Li4SiOy4; a istheLiy _ 3,GaSiO, solid solution (~0.25 < x< ~0.6) with tetragonal
y-LiGaO,-like structure; and 3, y, and  are different phases of LisGaSi,Og.

setup, the optical scheme and the heating unit of which
are shown in Figs. 4 and 5, respectively.

To prepare feed rods, the initiad agents Li,CO;,
Ga,0O4, and SiO, of high-purity grade, previously calci-
nated at 400°C, were weighed on a Sartorius balance.
The weighing accuracy was £0.001 g. Chromium was
added intheform of Cr,O5intheamount of 0.1-0.5wt %.
The weights were carefully mixed and then the mixture
was pressed into rods 120 mm long and 7 mm in diam-
eter. The rods were fired in a silite furnace at 1000°C
for 24 h. The mass of each feed rod after the firing was
about 10 g. The mechanical strength of the fired rods
was sufficient to mount them on the supplying (upper)
shaft of the setup and center them in the normal direc-
tion.

Visual observation of the melting of the feed rod in
the heating zone of the growth setup suggests that the
solid-phase synthesis of LiGaSiO, during the prelimi-
nary firing of the rods in the silite furnace is obviously
incomplete. Indeed, when such arod finds itself in the
heating zone (where the rays from a xenon lamp are
focused), the solid substance transformsfirst into avis-
cous white nontransparent inhomogeneous mass of

sour-cream-like consistency, which gradualy trans-
forms into a transparent mass with a large number of
small light curdlike inclusions. Then these inclusions
are dowly (for several minutes) completely dissolved
and themelt acquiresitsfina form: atransparent homo-
geneous mass.

In the absence of single-crystal seeds, the seeding
was performed on a polycrystalline base. However,
after the actual growth rate became stable, i.e., the
velocity of the motion of the crystallization front with
respect to the seed (in some cases, it may fluctuate rel-
ative to the pulling rate; the factors causing this fluctu-
ation are described below), the geometric selection
occurred very rapidly, taking no more than 2 mm over
the boule length. After a very short time (1-2 h), the
growth process passed into the single-crystal mode.
Note that the spontaneous crystal orientation always
turned out to be almost paralel to the threefold C axis,
which was verified by X-ray diffraction measurement
of the crystal orientation.

During the growth, a serious destabilizing factor
leading to the instability of the growth conditions for
Cr: LiGaSiO, crystalsisthe strong temperature depen-
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Fig. 4. Optical scheme of aURN-2-ZP crystal growth setup:
(1) upper elliptical mirror, (2) postgrowth annealing fur-
nace, (3) diaphragm, (4) propagation of “central” raysof the
xenon lamp passing through the light shutter only wheniitis
highly open (the dotted line shows the fraction of theserays
cut off by thelowered shutter), (5) propagation of peripheral
rays of the xenon lamp passing through the shutter even
when its opening is small, (6) melting zone, (7) light shut-
ter, (8) xenon lamp, and (9) lower elliptical mirror.

dence of the optical absorption of a melt. For example,
even at asmall (tens of kelvin) superheating of the melt
with respect to the liquidus temperature, the optical
absorption coefficient of the melt and, therefore, the
susceptibility of the system to optical heating increase,
which leads to even higher melt superheating. Vice
versa, at a small (about 1%) random decrease in the
light power, the light absorption of the melt and, there-
fore, its susceptibility to light heating sharply decrease,
which results in even stronger melt cooling.

Thedecreaseinthe pulling rateto 1 mm/h and intro-
duction of alarger (up to 0.5 wt %) amount of Cr into
the charge allowed us to suppress to some extent these
fluctuations and make the growth conditions more or
less stable. In this case, the melt becomes more inten-
sively colored and the fraction of residual (temperature-
independent) light absorption increases, due to which
therelative differencein the susceptibility of the melt to
optical heating at different deviations of itstemperature
from the nominal value becomes much smaller.

Another factor impeding the preparation of high-
guality Cr: LiGaSiO, single crystals is a rather high
tendency of melt to glass formation. The transition to
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Fig. 5. Heating unit of the URN-2-ZP setup: (1) upper shaft,
(2) feed rod, (3) molten zone, (4) seed with agrowing crys-
tal, (5) heating coil of the postgrowth annealing furnace,
(6) lower shaft, (7) housing of the postgrowth annealing fur-
nace, and (8) heat-insulating filler in the postgrowth anneal -
ing furnace.

the glass formation regime most often occurs during the
seeding or in the initial period of the crystal growth,
when steady-state thermal fields have not been formed
yet. We managed to suppress the glass formation of the
melt to a certain extent using large (300400 K/cm)
axial temperature gradients, decreasing the growth rate
to 1 mm/h, and optimizing the seeding regimes.

As was noted above, a serious problem in growing
Cr: LiGaSIO, crystals is the incongruent melting of
this compound. The narrowness of the primary crystal-
lization field of LiGaSiO, and the large spacing
between this field and the stoichiometric point make it
amost impossible to grow lithium gallosilicate crystals
from amelt whose initial compositionisin thisfield.

At the same time, taking into account arather large
spacing between the stoichiometric points of LiGaSiO,
and LiGa;Og, one might expect that, when a stoichio-
metric blend of LiGaSiO, composition is heated above
the melting temperature of the eucryptite phase (about
1100°C), a very small amount (maybe, only traces) of
LiGa;Og will be in thermodynamic equilibrium with
the melt. The investigations in [5, 6] confirm this sug-
gestion.

This suggestion is also confirmed by our first exper-
iments with the growth of LiGaSiO, crystals from sto-
ichiometric melt. Indeed, during steady-state growth,
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Fig. 6. Schematic axial diagram of the temperature distribu-
tioninthemelt at large axial gradients and intense melt stir-
ring. t* is the temperature of crystallization of LiGaSiOy4
from stoichiometric melt and t** is the temperature at
which crystallization of the LiGagOg phase from a melt of
composition LiGaSiOy4 begins.

rather sparse (no more than 5 vol %) and small inclu-
sions of solid phase were observed in the melt. Accord-
ing to the microprobe analysis of the quenched melts
(lithium and oxygen were not determined), Ga is domi-
nant in these inclusions, along with small (up to 2 wt %)
amounts of Si and Cr. The data of Figs. 2 and 3 show
unambiguously that these inclusions correspond to the
LiGa;Og phase, and Si and Cr are dissolved in them.

Sparse inclusions of this phase from 5 to 30 um in
size were also observed in the first grown crystals. In
addition, second phases with the ratio Ga : S varying
from1:3to1l:8werefoundinthesecrystals. The mor-
phology of the inclusions of these phases varies from
shapeless (obvioudly, glasslike) formations with a high
Si content to angular, often elongated, inclusions with
the Ga: Si ratio no higher than 1 : 5. Obvioudly, in the
latter case, we are speaking of numerous stable and
metastabl e phases and solid solutions with structures of
B-spodumene, y-LiAIO,, and others, described in
[5, 6]. The occurrence of second phases enriched with
Si** ionsinthe crystalsislikely to be due to the enrich-
ment of the melt with SiO,, which, in turn, resultsfrom
the segregation of LiGa;Og.

The presence of only small amounts of second
phases formed during the growth of Cr:LiGaSO,
from stoichiometric melt using conventional growth
conditions gave promises that single-phase crystals can
be grown using large (several hundred K/cm) axia tem-
perature gradients and intense melt stirring. Strong stir-
ring is obtained by increasing the rotation rates of the
supplying and receiving shafts (Fig. 5) up to 100 rpm.

These externa factors should lead to the thermody-
namical and hydrodynamical conditionsinthe melt that
result in the formation of a melt nucleus, superheated
with respect to the liquidus temperature of the stoichi-
ometric composition LiGaSiO,, and a thin diffusion
layer, directly adjacent to the crystalization front
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(Fig. 6). The temperature in the diffusion layer sharply
decreases from the liquidus temperature to the crystal-
lization temperature of Cr: LiGaSiO,. In this case, a
small number of LiGasOg particles formed in the diffu-
sion layer should be captured with high probability by
the convective flux and transferred to the melt nucleus,
superheated with respect to the liquidus temperature,
and dissolved in it. The probability of capture of
LiGasOg particles by the growing crystal in this scheme
should be very low.

Large axia temperature gradients and intense stir-
ring of the melt make it also possible to avoid undesir-
able effects related to the constitutional supercooling.
According to [12], the criterion for the occurrence of
the constitutional supercooling can be written as the
inequality

G/ f £mC(1—ky)/(k,D), )

where G isthe axial temperature gradient; f isthe actual
growth rate; mis the slope of the liquidus curve at the
point corresponding to the current melt composition,
AT/AC; Cisthe concentration inthe melt nucleus of the
component accumulation of which in the diffusion
layer leads to the constitutional supercooling; k; is the
equilibrium coefficient of distribution of this compo-
nent between the crystal and melt; and D is the steady-
state diffusivity of this component in the melt.

Constitutional supercooling ariseswhen the value of
the right-hand side of inequality (1) is equal to or
exceeds the value of the left-hand side. This model was
developed for the case of complete absence of convec-
tion in a melt. To take into account the convection, a
correction coefficient & was introduced in [13]:

€ =1+ -k)/kexp(-fo/D), )

where 3 is the thickness of the diffusion layer. If con-
vection is present in the melt, the constitutional super-
cooling occurs when the value of the right-hand side of
inequality (1) increases by afactor of & as compared to
the case when the convection is absent.

Analysisof inequality (1) and Eq. (2) showsthat the
problem of constitutional supercooling is rather urgent
for thegrowth of Cr : LiGaSiO, crystalsfrom melt, tak-
ing into account the incongruent melting of this com-
pound, multicomponent composition of the system
(including the Cr dopant), and high viscosity of the
melt (and, therefore, the low diffusivity of the compo-
nentsinit).

Indeed, the crystals grown in conventional thermal
and hydrodynamical regimes (in the first stages of the
investigation) had a pronounced tendency to the transi-
tion to cellular growth, which is known to be a typical
consequence of constitutional supercooling. The use of
large axia temperature gradients leads to the increase
in the value of the left-hand side of inequality (1),
whereas intensification of the melt stirring makes the
diffusion layer thinner and, therefore, increasesthe cor-
rection coefficient &, which is determined from Eqg. (2).
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Thus, the conditions for constitutional supercooling
and transition to cellular growth become unlikely.

The growth experiments performed by usin the sec-
ond stage, showed the efficiency of the chosen way:
when the crystalswere grown at high axial temperature
gradients and intense stirring, the melt in the stage of
steady-state growth was characterized by high transpar-
ency and homogeneity; the crystallization front had
high stability; and the grown crystals showed satisfac-
tory optical quality, the absence of traces of cellular
growth, and an extremely small number of inclusions of
second phases.

Generally, the use of overly large temperature gradi-
ents leads to the formation of high thermomechanical
stresses in crystals and significant cracking of the sam-
ples obtained. However, as was noted, crystals of the
eucryptitefamily are characterized by an extremely low
coefficients of thermal expansion [5-7], which elimi-
nates this problem to alarge extent. Indeed, the crystals
grown under these conditions contained amost no
cracks. No cracks arose in the crystals when they were
mechanically treated, which indicates the absence of
high thermomechanical stresses.

Thus, we managed to obtain for the first time
Cr: LiGaSiO, single crystals 6 mm in diameter and
8 mm long, whose optical quality made it possible to
perform complex spectroscopic investigations with
them, in particular, to record their absorption spectra
(see [14]).
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Abstract—It is suggested to change the symmetry and rotation of thermal field as a method of contact-free
control of the heat and mass transfer in crystal growth. By the example of growth of the low-temperature
barium borate (3-BaB,0,) phase, a technically important crystal with nonlinear-optical properties, it is
shown that the use of the suggested method allows one to grow larger crystals of ahigher quality. © 2005 Ple-

iades Publishing, Inc.

INTRODUCTION

The search for new methods of control of convective
heat and mass transfer in crystal growth is important
because it is these processes that often determine the
possibility of synthesis of necessary crystals. All the
methods of such control may be divided into two
groups—contact and contact-free ones. The former are
based on the action of a certain physical body contact-
ing the melt, solution, or crystallization medium. These
methods are usually based on the mechanical rotation
of a crystal and crucible and the use of various parti-
tions, stirrers, shape formers, etc. The latter, contact-
free methods, are based on the action of various physi-
cal fields on heat and mass transfer. The study of the
effect of a gravitational field on crystal growth is usu-
ally associated with space materials science. A humber
of studies showed the relation of inhomogeneities in
crystals grown in space with irregular variation of
accelerations and, thus, asis assumed, with anirregular
mode of convective heat and mass transfer in an
ampoule[1, 2].

In recent years, numerous experimental studies and
simulation of the effect of electromagnetic fields on
convective processesin crystal growth were performed.
However, electromagnetic fields affect only electrically
conductive and magnetically sensitive media.

Practically al the methods of crystal growth are
based on creation of thermal fields of specific configu-
rations. The traditional approach used in crystal growth
by many axisymmetric methods (Czochralski,
Kyropoulos methods, etc.) is the creation of a stable
and stationary externa thermal field with a desired

axial and radial temperature gradients. The main char-
acteristic of athermal field is the existence of the sym-
metry axis of an infinite order, L., [3], coinciding with
the furnace axis and the axis of the whole growth setup.

A crystal in a stationary thermal field with the sym-
metry axis L, grows mainly under the action of an axial
temperature gradient. Asarule, theinfluence of aradial
asymmetry of the thermal field is eliminated by the
rotation of a growing crystal. However, many recent
studies indicate that the axial symmetry of the convec-
tive thermal fieldsin the meltsis also changed at some
values of growth parameters and thermal properties of
the melts. Thus, convection instability in growth of
GaAscrystalsisindicated in[4]: at certain values of the
parameters, thermal convection with the symmetry axis
L., was observed on the melt surface. Possible forma-
tion of trigonal and pentagonal structure of flows in
growth of InSb crystalsisindicated in [5]. More com-
plicated structures of flows without axial symmetry
were studied in the Si melt in [6-8] The deviation from
the cylindrical symmetry of the convective flowsin the
oxide melts was simulated for Czochralski growth in
[9]. Thus, even under conditions of cylindrical symme-
try of thermal fieldsin melts, thermal convection with a
symmetry different from L,, is possible. This seems to
be a property inherent in the system itself. Therefore,
setting a certain symmetry of the external thermal field
in accordance with the Curie principle, one may expect
the attainment of possible symmetrization of the con-
vective flowsin the system.

1063-7745/05/5001-0160$26.00 © 2005 Pleiades Publishing, Inc.
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Despite considerabl e progressin the devel opment of
the methods of laboratory and numerical simulation,
we still do not reliably know all the details of the struc-
ture of volume flowsin amelt and, moreover, in aflux.
Such knowledge is especially important for crystalliza-
tion from flux, where an important role is played by
various concentration effects. Thus, the model of the
concentration-gravitational differentiation of the melt
was considered for growth of LiNbO; crystal [10]. Ina
Li,O-depleted (4-5)-mm-thick subsurface layer, the
thermocapillary convection prevails with the flow on
the surface being directed from the crucible walls to
crucible center in the field of aradial temperature gra-
dient. In the main bulk of the melt, the thermogravita-
tional convection caused by the axial temperature gra-
dient is more important. The exchange between these
two zones of liquid circulation proceeds via diffusion.
Thedivision of the flow structure along the vertical into
two convective cells was observed in the three-dimen-
siona simulation of flows in the melt in Czochralski
growth of oxides in [11]. An interesting experimental
result was also obtained in [12], where the authors visu-
alized in X rays the tracks of solid particles in the S
melt and showed that an increase in the melt height in
the crucible reduces the stability of regular axisymmet-
ric convective flows.

It was long believed that al the temperature varia-
tions, including those associated with convection, pro-
duce a negative effect on the quality of agrowing crys-
tal which acquireslayer inhomogeneity. In[13-15], the
formation of alayered structure was associated with a
rhythmic character of crystallization due to a positive
temperature gradient, convection of the liquid phase,
and arather narrow temperature interval of crystaliza-
tion. An important role in this process is played by
supercooling dynamics, a driving force of crysta
growth. At the same time, recent publications also indi-
cate a positive effect of the stimulated vibrational ther-
mal fields on crystal growth [16, 17]. It was reported
[18] that it is possible to grow a highly homogeneous
crystal by using the effect of aspecial low-energy “ther-
mal wave”—a periodic change of the heater tempera
ture with a frequency of 10~ Hz and an amplitude of
1°C. It may be assumed that stimulated temperature
oscillations of certain frequency and amplitude hinder
the spontaneous oscillatory processes at the crystalliza-
tion front and, thus, play apositiverolein the formation
of acrystal of higher structural quality.

Thus, we may draw the following conclusions and
formulate the aim of the present study:

—Convective processes in the melt in a cylindrical
vessal in a stationary thermal field with the symmetry
axis L., may be symmetrized or dissymmetrized and, in
the general case, also may be influenced by the vertical
concentrational and gravitational differentiation under
the action of the geometrical and dynamical parameters
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of the growth process. This justifies the necessary con-
trol of the convective processes by changing the sym-
metry and rotating the thermal field.

—There are rather contradictory opinions on the
effect of temperature oscillations on the crystallization
processes. Therefore, it isimportant to study the effects
of temperature oscillations induced by the rotation of a
thermal field on the elementary growth process, which,
to alarge extent, determine the quality of the growing
crystal.

METHOD OF SYMMETRY VARIATION
AND THERMAL-FIELD ROTATION

The method of change of the symmetry and thermal-
field rotation (TFR) was suggested at the Laboratory of
Crystal Growth (Institute of Mineralogy and Petrogra-
phy, Siberian Division, Russian Academy of Sciences)
in 1998 [19]. The method reduces to the creation of
inhomogeneous stationary and cyclically varying exter-
nal thermal fields under the action of which the control
of the convective heat and mass transfer is performed
and avibrational temperature mode in the growth zone
iscreated. We designed a special furnacewith vertically
located heating elements and the corresponding control
system (commutation of heating elements) and thermal
regulation, which allowed us to create stationary and
rotating thermal fieldswith different amplitude and fre-
guency characteristics [20, 21].

Using numerical simulation based on the solution of
the Navier—Stokes equation in the Boussinesq approxi-
mation, we studied the flows in liquids over the large
range of therma and physical properties at various
heating modes of the side walls of a cylindrical vessel
by vertical heaters, i.e., under homogeneous nonsta-
tionary thermal boundary conditions. It was shown that
the change of the symmetry of astationary thermal field
and its rotation at different geometrical parameters of
the system, thermal and physical properties of the lig-
uid and its dynamical parameters results in the forma-
tion of the convective flows of various intensities with
an azimuthal component of the velocity vector. Itisalso
shown that there exist the modes of synchronization of
the rotation velocities of the thermal field and the inter-
nal liquid flows that provide the formation of close tor-
oidal flowsin the melt bulk with the azimuthal compo-
nent of the velocity vector [22]. Thus, the numerical
simulation confirmed the fact that the thermal-field
rotation providesthe possibility of the contact-free con-
trol of the processes of heat and mass transfer in the
crystallization medium.

GROWTH OF B-BaB,O, CRYSTALS

Up to now, the TFR method proved to be very suc-
cessful in the development of the growth technology of
a barium metaborate 3-BaB,O, (BBO) crystal widely
used in nonlinear optics. The existence of the polymor-
phousa < [3 phasetransition at 925°C makesit neces-
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sary to grow the 3 phase at temperatures below 925°C
(trgeo = 1095°C). With thisaim we used crystallization
from flux. Itstechnical implementation is rather similar
to that of the Czochralski method. More than ten years
of the practice of growth of this crystal showed that the
most promising method of BBO growth from flux isthe
use of Na,O [23, 24]. The NaF charge aso has some
advantages [25]; however, because of slow pyrohydrol-
ysis of NaF in air in the course of crystalization, the
BaB,0,—NaF system is gradually transformed into the
BaB,0,~Na,O system [26], which makes growth of
reproducible BBO crystals impossible.

Growth of large BBO crystalsislimited by high vis-
cosity of the flux, which hindersthe stirring, and isalso
complicated by concentration supercooling resulting in
cellular growth of a low-quality material. The most
important is the crystal dimension along the optic Z
axis. The ten years of growth practice resulted in
growth of a 25- to 30-mm-long boule and about
20-mm-long optical element at a5 x 5 mm? aperture. In
[25], the use of the BaB,0O,—NaF system allowed the
authors to grow a lens-like crystal with the diameter
100 mm and the height 40 mm; the element prepared
from this crystals had the dimensions 21 x 14 x 8 mm?.

Figure 1 shows the schematic of growth of BBO
crystals on a single-crystal seed from flux melted in a
crucible. The crucible was placed into a furnace with
vertical heating elements. After the determination of
the equilibrium temperature by touching the melt with
a[0001]-oriented seed, the seed started grow in the cen-
ter of the flux surface at alow rate of temperature low-
ering and crystal rotation and pulling: 0.1-2.0°/day,
1-10 rpm, and 0.5-0.2 mm/day, respectively.

In crystal growth at low (1-2 rpm) rotation veloci-
tiesin thermal fields with the symmetry L, and all the
heating elements being switched on and spaced by a
distance which ensures uniform thermal flow along the
circumference, the natural thermal—gravitational con-
vection prevails (Fig. 2a). In this case, the flow moves
upward along the crucible walls (uniformly heated
along the circumference), which is accompanied by
random separation of the flow into a set of convective
streams and formation of a downward flow in the cen-
tral region. Then one may observe the characteristic
starlike convective patters consisting of alarge number
of rays converging to the center—the cold point. The
intensity of the natural thermal convection depends on
the axial and radial temperature gradients. The creation
of the maximum gradientsisusually limited by the fur-
nace design. At the same time, high temperature gradi-
ents give rise to stresses and growth of block crystals.
Thus, the method of increasing thermal gradients can-
not be recognized as preferable.

All attempts to intensify the convective mode by
increasing the rotation velocity of a growing crystal
gave no desirable result either. With an increase in the
rotation velocity of a crystal, convective cells are
formed under the crystal in which the flow is directed
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from their centersto the periphery. Thus, the convective
structure in the crucible is divided along the vertica
(Fig. 2b). Anincreasein the rotation velocity of acrys-
tal to create the forced convection along the flux height
(Fig. 2¢) isaccompanied by the formation of a concave
crystallization front, an increasein the height of the col-
umn of theliquid under the crystal, and the morphol og-
ical instability with partial or complete decanting of the
mother liquor. In the two later cases, one observes,
instead of the axisymmetric pattern of convective flows
through a growing crystal, either a cellular or an island
structure of theflowsin the form of dark spots of differ-
ent shapes described as thermal wavesin [27].

Our approach based on the change of the symmetry
of a stationary thermal field (Fig. 2d) turned out to be
rather effective. An appropriate commutation of the
heating elements around the crucible (three heating ele-
ments separated by 120° are switched off, Fig. 1b) gives
riseto athermal field with the threefold symmetry axis
L, [28]. Asaresult, three well-heated zones are created
around the crucible along which the formation of float-
ing-up streams is observed. On the flux surface, one
observes a characteristic starlike convective pattern
consisting of threeintense rays cornverging at the center.
Thisisthe implementation of the Curie symmetry prin-
ciple—the symmetry elements of the cause are
reflected in the symmetry elements of its effect [29].
Three intense ascending flows structurize the media
and give rise to convection along the flux height. This
results in a considerable intensification of stirring both
in the flux bulk and in the vicinity of the crystallization
front because of the existence of three intense subsur-
face flows. Thus, the thickness of the diffuselayer at the
crystallization front decreases and, as aresult, the man-
ifestation of the effect of the concentration supercool-
ing is delayed so that it becomes possible to grow large
crystals.

Now, introduce the notion of the coefficient of the
crystal yield—a mass of the crystal related to the low-
ering of the temperature by 1°C and an initial loading
of 1 kg (g/kg °C). Theoretically, this coefficient is pro-
portional to the angle of the slope of the tangent line to
theliquidusline on aphase diagram. On the other hand,
the yield coefficient characterizes the stirring condi-
tions of the flux, because the moment of the appearance
of the concentration supercooling directly depends on
these conditions [30]. The table lists the experimental
results obtained in growth of BBO crystals from a cru-
cible with the diameter 80 mm in stationary thermal
fields with the symmetry L, or L;. It is seen how the
yield coefficient increases with the transition from a
stationary thermal field with the symmetry L, to the
field with the symmetry L;. In accordance with the
slope of the liquidus curve in the section of the
BaB,0,~Na,O phase diagram, BaO-B,0;-Na,0, the
theoretical value of the yield coefficient is about
2.59g/(kg °C) [31]. Thus, if fact, since the yield coeffi-
cient depends on the stirring conditions, its deviation
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Fig. 1. (a) Schematic of the setup for growing BBO crystals with the change of the symmetry and rotation of the thermal field: (1—
15) heating elements (black color indicates switched-on elements, and white color indicates switched- off elements), 16 crucible
with flux, 17 crystal holder, 18 seed, 19 growing crystal; (b) and (c) crestion of thermal fields with the symmetry L; and threefold

quasi-symmetry glL; (d) rotating thermal field curlL;.

from the theoretical value characterizes the degree of
flux homogeneity attained during crystallization under
certain thermal conditions. It should be indicated that
an increase in the height of theinitial flux in growth in
the thermal field with the symmetry L, does not ensure
the concentrational—gravitational differentiation (as is
the case in the thermal flux with the symmetry L,,).
Moreover, it increases the velocity of the ascending
flow and, thus, intensifies stirring and increasesthe size
of agrowing crystal.
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Figure 3a shows the photograph of convective flows
observed on the free surface of a melt and through a
growing crystal in athermal field with the symmetry L.
It is a stationary convective pattern consisting of three
rays which are curved because of the crystal rotation.
Therays converge at the cold point in the crucible cen-
ter. Thisdoes not allow one to completely remove from
acrystal the so-called middle column with alarge num-
ber of gas and solid-phase inclusions, because, in fact,
the flow velocity in the center under the crystal has zero
value, which results in a more probable capture of
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Fig. 2. Schemes of the convective structure in the flux bulk in thermal fields with different symmetries: (a) natural thermogravita-
tional convection, (b) appearance of weak forced convection, (c) prevailing forced convection, (d) azimuth—structured natural ther-
mogravitational convection in athermal field with the threefold symmetry axis, (€) displacement of the cold point from the center
during crystal growth and lowering of the thermal-field symmetry. Rotation velocity of a crystal, w, is (a, d, €) 1-2 rpm, (b) 3—

5 rpm, and (c) exceeds 8 rpm.

inclusions by the central region of a growing crystal.
These defects may be eliminated. After seeding and ini-
tiation of crystal growth, during which the symmetry
axis Lz of thethermal field coincideswith the axis of the
seed rotation, the heating intensity in the radial zone
consisting of heating elements 2-5 is slowly dimin-
ished in comparison with the heating intensity in zones
consisting of heating edements 7-10 and 12-15
(Figs. 1c and 2e). Thus, the site of the coincidence of
the descending convective flows is displaced from the
crystal center toward the 11th heating element. The
cold point shifts along the radia direction. Thus, no
zone with zero convective-flow vel ocity with respect to
the crystal may be formed under the crystal. The sym-
metry of the thermal field in this case may be described
as gL,—aquasi-symmetry of the third order. It is seen
from the table that, in this case, the yield coefficient
alsoincreases, i.e., the convective modeisfurther inten-
sified.

Figure 4 shows the photograph of a BBO crysta
grown in the therma field whose symmetry was
changed from L, to gL,. The dimensions of the grown
boule alowed us to prepare electro-optical elements
with dimensions up to (6-5) x (6-5) x (22-23) mm?
(cut out aong the optic axis) and up to 15 x 15 x
15 mm?3 (cut out along all the other directions). Some
crystals weakly scattered alaser beam. One of the pos-
sible explanations of this phenomenon is given else-
where[32]. It should be indicated that crystalsgrown in
thermal fields with the symmetries L; or gL, had high
optical homogeneity and scattered much better than the
crystals grown in athermal field with the symmetry L....
This indicates that the temperature variations in the
crystal and at the crystallization front, which arise if a
rotating crystal intersects the inhomogeneous thermal
field, are usually favorable for growth of quality crys-
tals.

Experimental data on growth of BBO crystals from a crucible with the diameter 80 mm in stationary and rotating thermal

fields with different symmetries

Thermal-field %?efgmeﬁfgmﬁg' Crystal pulling, Cr;’fdoﬁg%’m?gn, Initial loading, | Mass of crystal %f’fg;ﬂd% gf
symmetry growth, °C mm rpm g grown, g J(kg°C)
L., 117 116 4 850 1212 12
L 110 181 4 790 157.7 18
oLs 104 186 2 960 190.0 19
curiL 116 15.2 880 177.0 17
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Fig. 3. Convective patterns observed on the free surface and
through a growing BBO crystal in athermal field with the
symmetry (a) Lz (crystal diameter ~40 mm) and (b) gL
(crystal diameter ~60 mm).

We aso performed experiments on growth of BBO
crystals in rotating thermal fields with the symmetry
curlL, created by successive switching on of the heating
elements, e.g., in the sequence 1-2-3 — 4-5-6 —
7-8-9 — ..., i.e., by successive one-sided heating of
the crucible. In this case, seeding was implemented by
touching the flux surface with a seed at the cold point
located in the crucible center at a small period of rota-
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tion of athermal field (up to several dozen seconds). In
this case, the symmetry of the thermal field remained
closeto L. Growth was performed without mechanical
rotation of a growing crystal. With an increase in the
crystal size, the rotation period of the thermal field also
increased. The thermal field gradually lost the axial
symmetry, L, — curlL,, so that it was possible to
observe through the growing crystal the displacement
of the cold point from the center along the helical tra-
jectory (Fig. 1d). Up to now, the best results have been
obtained in growth of BBO crystals in a thermal field
with the symmetry curlL, and the rotation period 60—75
min. One of the crystals thus grown is shown in Fig. 5;
its characteristics are indicated in the table. The top
view of the crystal having the shape of a circular disk
indicates that the efficiency of the action of a rotating
thermal field onto the crystal formation is comparable
with the efficiency of the mechanical rotation of the
crystal. The axial section shows the formation of a
rather large capture cone in the middle region of the
crystal, which indicates the appearance and develop-
ment of the concentration supercooling at the crystalli-
zation front. Despite this, the peripheral regions of the
crystal are characterized by rather high optical quality.

Fig. 4. () Sideview and (b) axial section of a 16-mm-thick
plate cut out from a BBO crystal grown in atherma field
with the symmetry gL;.
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Fig. 5. (a) Top view and (b) axial section of a 20-mm-thick
BBO crystal grown in arotating thermal field with the sym-
metry curlL; without mechanical rotation of the crystal.
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These crystals do not scatter a laser beam. This indi-
cates that the stimulated temperature oscillations with
the amplitude ~10-15°C at the crystal periphery and
the crystallization front arising in athermal field rotat-
ing with the period 60—75 min ensure growth of asingle
crystal of high structural quality.

CONCLUSIONS

Thus, it is shown that the use of the original
approach to the heating concept, i.e., the change of the
applied thermal-field symmetry and its rotation,
allowed usto improve the growth technology of techni-
cally important barium borate crystals widely used in
nonlinear optics. Obvioudly, the symmetry variants of
stationary and rotating thermal fields considered do not
exhaust all possible variants of thefields and, therefore,
also do not exhaust all the possibilities provided by the
new method.
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Abstract—X-ray diffraction intensities were measured from antiferromagnetic NiO. The data were submitted
to anonparametric multipole analysis aimed at formulation of experimentally valid statements on the nature of
charge distribution. Strong “bonding maxima’ appear between the Ni[100LO nearest neighborsin the region of
the oxygen atoms involving NiO coupling. An electronic cage structure is also observed. Thisis parallel to the
observations on MnO and CoO but different in nature, being formed by separate cubic cages for the cations
instead of the oxygen, and without a clear indication of an extended network buildup. © 2005 Pleiades Pub-
lishing, Inc.

INTRODUCTION charge densities on the basis of accurate X-ray diffrac-

This is the third part of an investigation aiming at t'%n da_tta__ Thlf_?aper repog_s thegtude);ﬁf NIO;IE 2?8 K,
finding characteristics of the different magnetic states WNEr€ it ISantiterromagnetic and weakly covalent.

of thefirst-row transition metal monoxides MnO, CoO, The background of the investigation has been dis-

and NiO with help of amultipolar interpretation of their  cussed in detail in the preceding papers concerning
MnO and CoO [1, 2]. In addition, only in paper [3] was

L This article was submitted by the authors in English. there any mention of the periodic Hartree—Fock method
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Fig. 1. Radial accumulation-of-charge densities s,(r) and electron counts Zy(r) around the ionic sites in the antiferromagnetic state
of NiO at 298 K: experimental (solid lines), and reference model (dashed lines). The radii r of “best separation,” or minimum s,
and theradii r,, andr,_, wherethe electron countsthat correspond to doubleionization of theions areindicated for the experimental
curves.
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for calculation of electronic and magnetic properties of
NiO. Description in terms of Mulliken charges yields,
for example, values for net charges and bond popula-
tions. These parameters, tied by definition to the theo-
retical basis sets, are, however, not directly comparable
with our results representing the integral properties of
the experimental charge density or their deviations
from the most simple charge-density model.

Preparation of the NiO sample and experimental
procedures, as well as treatment of data, were identical
with those applied in the investigation of CoO [2].
Therefore, only the details which are specific to NiO
are presented.

EXPERIMENTAL PROCEDURES

A single crystal of NiO of full stoichiometry was
kindly provided by the Laboratoire de Chimie des
Solides, Université d’ Orsay, France. It was synthesized
by float-zone refining techniques from high-purity
powder 5N. The crystal was cleaved several times par-
alel to the (001) crystal faces. It was hard and, when
sufficiently thin, optically fully transparent with a glit-
tering emerald green color. The surface of cleavage was
seen to be perfectly smooth. The sample chosen for the
X-ray diffraction measurements was a parall el epiped of
size 0.140 x 0.166 x 0.191 mm?3.

An accurate X-ray diffraction study was carried out
for the antiferromagnetic phase at 298 K, which iswell
below the Néel temperature.

No antiferromagnetic distortion from the NaCl-type
structure could be detected. So, the NiO crystal attained
a face-centered cubic structure of the symmetry group

Fm3m. Least-squares refinement based on the X-ray
diffraction pattern yielded alattice constant of 4.169(2) A.

Background, Lorentz, and polarization corrections
were made for the intensities, as described by [4], as
well as the absorption corrections of Busing and Levy
[5] using alinear absorption factor of 25.266 mm=.

The TDS contaminations were evaluated with the
program described in [6] using the elastic constants
from [7]. These effects were small, less than 3% in
intensity, owing to the hardness of the compound.

TREATMENT OF DATA

The data were submitted to the “direct multipole
analysis’ as described in the papers | and 11 on MnO
and CoO, respectively. All that is said about the analy-
sisin the context of the reference model and of the rep-
resentation of results holds, even in detail, except for
data referring specifically to the Ni atom and to the
numerica values used or obtained, and will not be
repeated here.
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Table1. Structure factorsfor NiO at 298 K
hkl [2sn&/A, AL Fy F. oFg y
000 | 0.0000 144.000
111 | 04155 | 64.5542| 64.0979| 0.3000 | 0.814
200 | 0.4797 |101.3563|101.7546| 0.3600 | 0.671
220 | 0.6784 | 81.6294| 81.0661| 0.2800 | 0.846
311 | 0.7955 | 49.0912| 48.8074 | 0.2000 | 0.947
222 | 0.8309 | 67.8186| 67.9548| 0.2200 | 0.894
400 | 0.9595 | 57.9203| 58.7623 | 0.2800 | 0.948
331 | 1.0455 | 38.8308| 37.8826|0.1600 | 0.975
420 | 1.0727 | 51.7354| 51.9476| 0.1800 | 0.963
422 | 11751 | 47.0126| 46.7107 | 0.0800 | 0.967
333 | 1.2474 | 31.2755| 30.8269 | 0.1200 | 0.985
511 | 1.2464 | 30.0476| 30.8269 | 0.1000 | 0.988
440 | 1.3569 | 38.7198| 39.2371| 0.1500 | 0.985
531 | 1.4191 | 25.5984| 26.1219| 0.1000 | 0.992
442 | 14391 | 357992 | 36.4847| 0.1600 | 0.984
600 | 14391 | 37.2116| 36.4847|0.1500 | 0.981
620 | 15170 | 34.1881| 34.1735| 0.1200 | 0.986
533 | 15729 | 22.4179| 22.8432| 0.0800 | 0.994
622 | 15911 | 31.6273| 32.1993| 0.1300 | 0.988
444 | 16618 | 31.0151| 30.4865 | 0.1600 | 0.987
551 | 1.7130 | 20.1959| 20.4434 | 0.0800 | 0.996
711 | 17130 | 20.8307 | 20.4434|0.0800 | 0.995
640 | 17297 | 29.1224| 28.9795| 0.1000 | 0.992
642 | 17950 | 27.5818| 27.6368| 0.1100 | 0.993
553 | 1.8424 | 18.9250| 18.5985| 0.0800 | 0.996
731 | 1.8424 | 18.8033| 18.5985| 0.0800 | 0.996
800 | 19189 | 25.4622| 25.3260 | 0.1100 | 0.994
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Fig. 2. Radial multipolar scattering factors of the ions in the antiferromagnetic state of NiO at 298 K for Ni2* and O~ within the
partitioning radii Ry; = 1.05 A and Ry = 1.30 A. The resuilts refer to cubic harmonics normalized to the maximum value K(8, ¢) =
1, and the curves represent deviations Af,, from the reference model.

For the Ni2* ion of the reference model, the relativ-
istic Hartree—Fock values of the International Tablesfor
Crystallography [8] were used with the anomalous

Table2. Spherical characteristics of the ionic electron distribu-
tions: radiusrg of best separation at which the radial accumulation-
of-charge density sy(r) reaches its minimum; the minimum radial
density Somin = So(ro); the electron count Zy = Zy(r) within the ra-
dius of best separation; and theradii r,, and r,_, where the electron
counts reach the values 26 e and 10 e corresponding to the doubly
ionized states

Ni%* ro A |Somim €A | Zp € | 10, A
Experimental 298 K 095 | 3317 | 25.64 | 1.07
Referencemodel 298K | 1.05 | 4.031 | 26.09 | 1.03

0% ro A |Sominm €A | Zp e |15, A
Experimental 298 K 1.20 2.775 8.97 | 143
Referencemodel 298K | 1.15 | 4.766 | 874 | 1.37

scattering factorsf' = 0.285and f"

MoK,.

1.113from [9] for

For NiO, the isotropic mosaic-spread extinction
gave a lower R factor, 0.006, than the particle-size
extinction, 0.007, and yielded the value g = 0.040(2) x
10* rad™ for the mosaic spread parameter and values
By = 0.316 (0.016) A2 and B, = 0.426 (0.047) A2 for
the isotropic Debye-Waller factors. No additional sig-
nificant improvement was obtained by any of the more
sophisticated models.

In the successive iterative local Fourier-refinement
of the scale and Debye-Waller factors, the scale factors
remained unchanged, while B, = 0.313 A2 and B, =
0.420 A2 were obtained as the final refined val ues of the
Debye-Waller factors of the reference model.

The results are represented by figures and tablesin
correspondence with the studies on MnO and CoO.

Colored versions of Fig. 5 are available at the Inter-
net address http://bus.cines.fr/vidaljp/mag3D.
CRYSTALLOGRAPHY REPORTS  Vol. 50
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Fig. 3. Multipolar accumulation-of-charge densities s,(r) around the ionic sites in the antiferromagnetic state of NiO at 298 K for
Ni%* and O%". The curves represent deviations As,, from the reference model.

DISCUSSION

Theradia density sy(r) of the oxygenin Fig. 1 hasa
clear resemblance to the oxygen in CoO. There is a
“bump” similar to the intermediate maximum observed
in CoO with a corresponding reduction of density at
lower r. In NiO, this feature, however, clearly belongs
to the main peak of oxygen and does not cause any
ambiguity of theradius of best separation. According to
the minimum value of sy(r), the separation of the oxy-
gen fromits surroundingsis as good as in the paramag-
netic MnO. The electron count of the oxygen peak is
now the“normal” 9 easin MnQO, in accordance with the
earlier observations on oxide peaks[10, 11].

The separating minimum of the cation is deeper and
sharper than in the reference model, asin CoO and in
the antiferromagnetic MnO. The shape of the minimum
is even sharper and leads to a well-defined radius of
best separation, although the minimum density sy(rg) in
NiO is essentially larger than in the antiferromagnetic
CoO and about the same as in the antiferromagnetic

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1

MnO. The electron count of the peak is close to 26 e
and corresponds to the doubly ionized state Ni*. The
value so(ry) is, however, remarkably higher than one
would expect for anion [4, 10].

The density mapsin Fig. 4 form the final tool of the
analysis. In the map representations, the only signifi-
cant features are those which are significant in the
angular-integral representation in Fig. 3. Thus, no
notice needs to be paid to the different densities at the
ionic centers in any of the maps. Similarly, any local
features of the Fourier maps that do not appear in the
multipolar mapsin Fig. 4 do not arise from the integral
systematics of the low-order multipoles and must be
regarded insignificant. Comparison with the multipolar
maps makesit possibleto determine how featuresin the
Fourier maps originate from the different atoms [12].

Features denoted by A, B, and C in the maps and in
Fig. 5 deserve to be discussed. These notations indicate
correspondences with features of the CoO density
maps, which are labeled similarly.

2005
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Fig. 4. Difference density maps of the multipole expansions up to n = 8, together with the corresponding Fourier difference-density
maps on the lattice planes (100), (110), and (111), that pass through the ionic sitesin the antiferromagnetic state of NiO at 298 K.
The circlesindicate the radii of doubly ionized ions. Solid lines indicate positive values; dashed lines, negative values; and dotted
lines, zero values.

Feature A, with density maxima between the nearest
neighbors O 00N, looks much like covalent metal—
oxygen bonding asin CoO. It iswell within the oxygen
area, unlike in CoO, where it is in the cation region.
Still, we note from the multipolar maps that, as in the
antiferromagnetic CoO, these maxima belong to the
three-dimensional integral behavior of both ions. It
should, thus, be interpreted as a result of an O 00Ni
coupling; this may be an indication of a superexchange
effect.

The “bump” in the radial density s,(r) of oxygenin
Fig. 1 has, thus, adifferent origin than the similar-look-
ing intermediate maxima in CoO. This is caused by
“bonding feature” A, whereasin CoO the maximawere
related to the electronic-cage formation around the

CRYSTALLOGRAPHY REPORTS Vol. 50

oxygen by the “B feature” that also caused thelocaliza-
tion of the outer electrons of the O% ions.

Additionally, an €electronic-cage structure appears
herethat isformed by the B-feature. While each oxygen
atom had an octahedral cage of its own in the paramag-
netic CoO, there is a cubic cage surrounding each Ni
atom of the antiferromagnetic NiO, as shown in Fig. 5.
According to the multipolar maps, thisis strictly afea-
ture of Ni without any significant coupling to the other
features.

Feature C is visible in the (110) Fourier map as
strong local maxima between the O 11Ni neighbors.
In the multipolar maps, it is present in the (110) oxygen
map, but only as a much weaker effect. Therefore, it is
gtrictly a feature of oxygen with somewhat question-
able significance, like the corresponding features in

No.1 2005
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Fig. 5. Three-dimensional view on the equival ue surfaces of the ionic multipole expansionsin the antiferromagnetic state of NiO at
298 K. For the color version of thisfigure, see http://bus.cines.fr/vidaljp/mag3D.

MnO, whilein CoO it was interpreted to be an indica-
tion of electronic O 11[Co coupling. The C-maxima
are also well separated from the other features both in
the Fourier maps and in the multipolar maps. There s,
thus, no clear indication of an extended network
buildup, which is contrary to CoO, where the net
buildup was quite strong, particularly in the antiferro-
magnetic state.

The problem of estimating the significance of such
featuresin real space asrevealed by the present method
of analysis, in comparison with the accuracies obtained
for the model parametersin the traditional fitting meth-
ods, has been discussed by [12]. While the significance
or insignificance is merely due to the accuracy of mea-
sured data, it is expressed only by the errors bars in
Af(b), reflecting the large-scale integral nature of the
information, and cannot be transformed into local accu-
racy statements. Local features can be regarded signifi-

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1

2005

cant to the relative extent expressed by the error bars as
far asthey are parts of the integral multipolar behavior.
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Abstract—Within the theory of local electron density functional, the difference densitiesin crystals of perchlo-
rates, perbromates, and sulfates of metals with potassium perchlorate structure are calculated by the sublattice
method. It is shown that the difference-density distribution qualitatively coincides with the experimental defor-
mation-density distribution. Oxygen atoms in nonequivalent crystallographic positions exhibit a different char-
acter of electron charge redistribution, which resultsin their different charge states and different forces of chem-
ical bonding in molecular anions. The mechanisms of charge redistribution in sulfates differ qualitatively from

those for perchlorates. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

In our previous studies [1, 2], we developed a sub-
lattice method for investigating the chemical bonds in
predominantly ionic and ionic-molecular crystals. Cal-
culations of the difference densities for sodium nitrate
[2], sodium and silver nitrites [3], magnesium and cal-
cium carbonates [4], and dolomite [5] showed qualita-
tive agreement with experimentally determined defor-
mation-density maps. The main features of these den-
sity distributions are the presence of charge maximaon
the bond lines A—O (A = C, N) (the bonding maximum)
and behind the oxygen atoms, located symmetrically
with respect to the bond lines (pair maxima, determin-
ing the charge state and chemica activity). At the
atomic positions, the density is negative (in elementary
charge units €). The distributions are anisotropic and
different for crystals with calcite and sodium nitrite
structures. In the case of calcite structure, the density
maxima are isolated, whereas for crystals with sodium
nitrite structure a bonding maximum is linked to one of
the pair maxima by common lines of rather high den-
sity. In dolomite crystals, the pair maxima are asym-
metric, which isdueto the different polarizing action of
magnesium and calcium cations.

In the crystals investigated in [2-5], oxygen atoms
occupy equivalent crystallographic positions. Accord-
ingly, the A—O bond forces in the molecular anion

AO"" are equal. It is of interest to investigate the fea-

tures of the formation of electron density and chemical
bonds in compounds with nonequivalent oxygen sub-
lattices. Convenient objects of investigation are com-
pounds with potassium perchlorate structure, because
(i) aseries of such compounds exists and (ii) the defor-
mation-density maps of KCIO, were determined exper-

imentally [6] and, thus, can be used for comparison
with the results of theoretical calculations.

KCIQO, has an orthorhombic lattice with the sp. gr.

Dgﬁ and four formula unitsin the unit cell [7]. Oxygen

and chlorine atoms form a tetrahedron, in which the
bond lengths are nonequivalent: Cl-O, = 1.423 A,
Cl-0, = 1431 A, and CI-0;, = 1.444 A. In MCIO,
(M = Rb, Cs), the bond Iengths change weakly with an
increase in the atomic number of the cation, whereas
the M-O bond length increases significantly [8].
TIBrO,[9] and M,SO, (M =K, Rb, Cs) [10] haveasim-
ilar structure.

METHOD OF STUDY

In the sublattice method, the difference density is
calculated, which is defined as the difference between
the crystal valence density and the sublattice density.
The sublattices are formed of atoms bonded with each
other by the symmetry elements of the space group of
the crystal; they are electrically neutral. The structural
parametersin all cases are set according to thereal geo-
metric structure. It follows from the condition of nor-
malization of electron density to the number of elec-
trons that the integral of the difference density over the
unit cell is equal to zero and, therefore, the maps Ap(r)
contain regions with both positive and negative densi-
ties, which visualizes the charge redistribution between
the sublattices. Thus, the difference density contains
the most important information about the mechanism
of the formation of chemical bonds in crystals, deter-
mining the role of each sublatticein this process.

The electron density is calculated within the theory
of the local electron density functional using nonlocal
BSH pseudopotentials and a basis of numerical sp*d®

1063-7745/05/5001-0027$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Distributions of the experimental deformation dp [6] and difference Ap densitiesin KCIO,4. Oxygen atoms are enumerated

in accordance with their positions in the anion.

pseudoorbitals. These were obtained by solving the
Schrédinger equation with the same pseudopotentials.
The occupation numbers were varied so as to obtain a
diagram of atomic energy levels similar to the experi-
mentally observed one. The details of the numerical
implementation of the method were reported in [11].

RESULTS AND DISCUSSION

Figure 1 shows the difference-density distributions
in the plane with equivalent (Ap; 4) and nonequivalent
(Apy. 3, APy ,) oxygen atoms and the deformation-den-
sity distribution dp; , (to compare theory with experi-
ment) [6] for KCIO,. The values of densities are given
in units of e A-3. The regions of positive values of Ap
are shaded gray. Negative values of the deformation
density are indicated by dotted lines.

The experimental deformation-density maps in the
0O;—CI-0O, plane exhibit bonding maxima on the bond

lines (0.3 e A=) and pair maxima behind oxygen atoms

CRYSTALLOGRAPHY REPORTS Vol. 50

(0.1 e A-3). The deformation density is negative in a
fairly large area near the position of the chlorine atom
and areas corresponding to the p,; orbitals of the oxygen
atoms. The deformation density is distributed similarly
in magnesium and calcium carbonates [12]. In view of
the nonequivalence of the crystallographic positions of
oxygen atoms in KCIO,, the deformation-density dis-
tributions are different in other planes containing chlo-
rine and oxygen atoms. For example, in the O,—CI-O,
plane, the deformation-density distribution is similar to
that in Fig. 1, but the pair maxima differ both in shape
and magnitude; in the O,—CI-0O, plane, the deforma-
tion-density distribution is similar to that for NaNO,
[13].

Let us now consider the difference density. As can
be seen from Fig. 1, the most characteristic features of
the difference and deformation densities are the same.
The difference density is negative near the atomic posi-
tions and beyond the anion. Ap; 4 has maximum values
at the midpoints of the bond lines CI-O;_, and behind
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Fig. 2. Difference-density distributions in the O,—S-O, and O;-S-0O5 planesin K,SOy4.

the oxygen atoms; the maxima are symmetric with
respect to these lines. In view of the equivalence of the
oxygen atoms Os;_,, the maximum values are equal to
each other. The difference-density distribution in
MgCO;issimilar [4].

In the planes with nonequivalent oxygen atoms, the
density distributions Ap, ; and Ap, , are qualitatively
different. Thisisespecialy truefor the redistribution of
electron charge near the O, , atoms. It can be seen that
in the vicinity of the O, atom the electron charge is
transferred from the p, areato the p, area. Asaresult of
this redistribution, acovalent bond with acharacteristic
charge maximum at the midpoint isformed between the
O, and Cl atoms. However, the maximum charge turns
out to be not as large as for O; atoms, for which the
charge transfer from the p,; areato the p, areaoccurs. A
similar situation is realized in the O,—CI-O, plane,
where the maximum at the CI-O, bond takesthe largest
value and the pair maxima behind the oxygen atoms are
the smallest. Thus, due to the hybridization of anion
sublattices, the charge is nonuniformly redistributed to
the bonding areas between the oxygen and chlorine
atoms and pair areas behind the atoms. The result of
this is the difference in the charge states of oxygen
atoms and the forces of their chemical bonds with chlo-
rine.

The difference-density distribution in other perchlo-
rates is qualitatively similar to that in KCIO,. With an
increase in the atomic number of the cation, the Cl-O;
bond tends to weaken. In TIBrQ,, the shortest Br—O
distance corresponds to the Br-O;_, bond. As a result,
the difference-density maximaon the Br-O, and Br-O,
bond lines are small and shifted closer to the Br atom.
At the same time, the Br—O; , bond is the strongest.

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1
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In K,SO,, in contrast to KCIO,, K atoms form two
sublattices and O atoms form three sublattices: S-O, =
1.4727 A, S-0, = 14675 A, and S-O, , = 1.4703 A.
The distance between oxygen atoms is shortest for the
0,-0; 4, bond (2.3926 A).

The difference-density distributionsin the O,—S-O,
and O,—-S-O; planes are shown in Fig. 2. Here, the
hybridization of the oxygen and sulfur sublattices leads
to the charge transfer from the p,, areato the p, areafor
all oxygen atoms. As a result, difference-density max-
ima arise on the S-O bond lines (see inset in Fig. 2),
which indicate that the chemical bond between these
atoms is covaent. In this case, the maximum on the
S-O, lineisthe largest. However, as for O; , atoms, it
is shifted from the line midpoint. Instead of pair max-
ima, charge transfer to the antibonding area behind
oxygen atomsis observed in sulfates. It is possible that
such a charge redistribution is responsible for different
physicochemical properties of perchlorates and sulfates
of alkali metals. The values of antibonding maximaare
also different for nonequivalent oxygen atoms. Thus,
the difference-density distributions show that the oxy-
gen atomsin an anion arein different charge states and
interact differently with the sulfur atom and with each
other.

Comparison with potassium perchlorate shows that,
dueto the different character of electron redistribution,
the maximaof Ap on theanion bond linesarelarger and
the difference between nonequivalent oxygen atomsis
much smaller in potassium sulphate. Different polariz-
ing actions of nonequivalent cation subl atticesfacilitate
the decrease in the degree of nonequivalence of the
oxygen sublattices.
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Abstract—A method for the separation of X-ray background is suggested. The method is based on the integral
digital filtration of experimental diffraction patterns and their “smoothening” and the subsequent combination
of the smoothened and initial diffraction patterns. The combined diffraction pattern thus obtained is smooth-
ened again, and the whole procedure is repeated anew. The criterion for concluding the iteration procedure
(background criterion) is suggested to be the attainment of the situation where a certain percent of the points of
the initia diffraction pattern would be below the background line determined. It is shown that, in some
instances, the method yields more appropriate results than the traditional methods. The application of the new

method is not limited by X-ray diffraction alone. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

The importance of the background separation on
X-ray diffraction patternsis tightly associated with the
problems of determining phase composition and wide-
spread use of the methods of determination of various
crystal structures based on the graphical representation
of experimental intensities of X-ray diffraction reflec-
tions. No matter how paradoxical this may seem, the
problem of separation of background from X-ray dif-
fraction reflections is complicated by the existence of
many methods of its solution. It is well known that an
experimental diffraction pattern consists of the infor-
mative part (signal) proper and the noninformative part
(noise). Noise may be caused by various factors, e.g.,
inelastic scattering, electron noise, etc. The separation
of the maxima of the coherent Bragg scattering from
the remaining part of scattering may be considered, to
alarge extent, asthe art of the experimenter. The tradi-
tional method of solution of the problem is the Fourier
analysis of diffraction patterns. For example, the
method of separation of X-ray background is imple-
mented in the packages of programs of full-profile anal-
ysis GSAS [1] and FULLPROF [2]. The method of
Fourier analysis seems to be quite reasonable and,
becauseit ispractically the only existing method for the
solution of the problem, it has been never criticized.
Moreover, Fourier analysis also allowed attainment of
very good results in processing of other signals. One
may make several remarks on Fourier analysis of X-ray
diffraction patterns. The determination of the Fourier
transform (Fourier integral) for adiscrete limited set of
points is insufficiently correct by definition. Once the
Fourier transform is determined, we have to use a cer-
tain criterion in order to separate the low- and the high-

frequency signals. The problem of the selection (for-
mulation) of such a criterion should be considered as a
certain type of art.

THEORY OF THE METHOD

Consider theiteration process of separation of X-ray
background on the whole and use an arbitrary filter of
the iteration type possessing the property

1Y = P01, i0[1,...,N]. (1)

Here, Iik+ ' is the current (k + 1)th iteration, | ik is the
result attained at the previousiteration, N isthe number
of the experimental points, and P is a certain filter pos-
sessing certain properties which will be considered via
the convenient and traditional representation in terms
of thetransformation into aFourier integral. We believe
that the conclusions made below do not depend on the
type of the transformation used.

When expanding iterations into the Fourier integral,
we may present the mechanism of the filter P's action
inthefollowing way. There existsacertain limiting fre-

guency oo'g (subscript b indicates the background) at
which the low-frequency component (background) (1)
is cut off from the high-frequency component (peaks)

(h) possessing the following properties (w'tf = const):

ke 1(h), k+1() _ k(h) ; k(1)
ley ™ M = Q=)@ (2

wherea isaninfinitesimal parameter of thefilter action
(0 < a <1). Thelower index (F) indicates that we deal
with the Fourier transform of the X-ray diffraction pat-
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32

1, arb. units

100 j

N I "l”-l.._.w 4

W

" \IIW‘ I s istinit 2

SUEVALOV, KAPLAN

1‘”\'!"['%\ T 1

70

1
110
20, deg

Fig. 1. Part of the diffraction patterns from magnetite FeFe,0, and the separated background. The intensity of the highest peak is

about 3500 pulses.

tern. In other words, the fraction of the high-frequency
component of the signal should decrease with each new
iteration k. If kK — oo, we have

k(h)

lim (168 /1#) = 0. 3)

In other words, the high-frequency component goes to
.. k ..
zero. Determining the frequency w, by someempirical
method, and applying the inverse Fourier transforma-
tion of the low-frequency component at sufficiently
large k, we obtain a certain function which may be con-

sidered as the function of the X-ray background line.
However, it is impossible to evaluate a priori neither

oo'g nor k or a for an arbitrary filter and an arbitrary dif-
fraction pattern.

Now, we have to impose the following conditions

(1-B)wy, 4)

where 3 = 0. The case 3 = 0 was considered above (see
Eqg. (3)), whereas at 3 > 0 and k — oo, we have

k+1 _
(CVN =

. k
limw, = 0.

k - o

(&)

In other words, the inverse Fourier transformation
yields

l,; = C, i0[1,...,N]. ©6)
It follows from the normalization conditions that C =
min(l;). This result corresponds to a straight line pass-
ing through the point with the minimum intensity and
which isparallél to the abscissa. Obviously, in practice,

CRYSTALLOGRAPHY REPORTS Vol. 50

this trivial background function is not very useful. Of
course, we may also assume that

B = f(1)), iO[1,...,N], )
i.e., to describe [, as a certain function of the signal
shape (e.g., by using acertain polynomial). In this case,
at certain k values, 3, may be either greater or less than
zero. At the appropriately selected function f, it is pos-

sible to hope that wg >0and

. k
limw, = w,>0.

k- o

®)

Now, the background function has a sufficiently appro-
priate form. The type of filtration used is not excep-
tional for processing diffraction patternsif criterion (2)
is fulfilled. The mechanism of the filter action with
respect to the parameters a, 3, k, and f isempirical.

Thus, the problem of background separation is
reduced to the selection of a simple and unique back-
ground criterion. This may be a certain conditional
fraction of the points on a diffraction pattern with the
intensities lower that the desirable background line.
The evaluation of the fraction of the background points
may be rather crude, because this does not affect the
final result.

We suggest separating the X-ray diffraction back-
ground by the methods of digital integral filtration
without opposing it to the method of the Fourier filtra-
tion. The method israther simple and, in the majority of
cases, efficient. Its algorithm is also rather simple: the
initial diffraction pattern is smoothened by averaging
the intensity of a certain central point with the intensi-
ties of some neighboring points. The next operation
consists in the following: the intensities of the initia

No.1 2005
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Fig. 3. Strongly amorphized sample. Background lines: (1) at integration points attaining 1 and (2) 10%; (3) formal method (see

text below).

diffraction pattern higher than the intensities of the
smoothened diffraction pattern are substituted by the
intensities of the points of the smoothened diffraction
pattern. Thus, the upper parts of the diffraction pattern
(X-ray diffraction peaks) are truncated. Then, the dif-
fraction pattern thus modified is subjected to new
smoothening, the intensities of the initial diffraction
pattern are changed again, etc. In other words, the
method consists of several iterations. In principle,
smoothening may be made not only as was described
above but by any other method. After a certain suffi-
ciently large number of iterations, the diffraction pat-
tern thus obtained represents the X-ray background. As

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1
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the simplest mechanism of the integral filtration, one
may use, e.g., the following expression:

i+(N=1)/2
Ii = (UN) z 1, ©)

i—(N=1)/2

where |; istheintegrated (smoothened) intensity value
at the pointi, I;istheinitial intensity value, and N isthe
number of averaged points.

For conventional high-quality diffraction patterns, N
may be equal to one or several percent of thetotal num-
ber of the points. This factor is empirical and indicates
that the width of the interval of averaging should be
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Fig. 4. Part of the PhSO, diffraction pattern and background line separated with the use of the criterion of (1) 15 and (2) 10% of the
total number of the points lying below the background line (the number of the integration points 1%). Curve (3) isthe background

line obtained using the FULLPROF program [2], test example.

comparable with the width of X-ray diffraction peaks
on the initial diffraction pattern. To decrease the effect
of peak displacement in the direction of thefilter action,
adouble passage of theintegral filter isused: in thefor-
ward and backward directions. The problem of thefilter
action at the ends of the diffraction patternsis solved by
decreasing the number N of the averaged pointswith an
approach to the diffraction-pattern boundaries. Thus,
thefirst point closest to the edge is not taken in averag-
ing, point 2 is averaged with points 1 and 3, point 3 is
averaged with points 1, 2, 4, and 5, etc., up to the attain-
ment of the number of averaged points equal to the
given N.

With due regard for the above iteration procedure,
the action of filter (9) satisfies conditions (2) and (4) at
B>0,i.e,inprinciple, actsin the same way asthe Fou-
rier and other filters. However, the rigorous mathemat-
ical proof of this statement seems to be rather compli-
cated.

RESULTS AND DISCUSSION

The criterion used to cease the iteration procedureis
a certain percent of points with intensities lower than
the separated background line of their total number in
the initial diffraction pattern (say, 5%). This is an
empirical factor selected experimentally. Asan illustra-
tion, we consider hereapart of the diffraction pattern of
natural magnetite FeFe,O, (JCPDC, 19-629) (DRON
4.13, CoKp, 40 kV, 30 mA, C-monochromator of the
diffracted beam, 0.03° step, time of pulse collection
15 s) after the separation of background (program for
editing the primary data XRL Edit [3] based on the
method mentioned above) (Fig. 1) and the diffraction
patterns of lead ferrocyanide (transmission experiment)

(Fig. 2).
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The method of background separation may be used
not only in processing X-ray diffraction patterns, but
also in some other instances. Thus, it may be used for
processing derivatograms (especially in the determina-
tion of thermal effects). However, one has to remember
that themethod is* directional” with respect to the ordi-
nate axis and yields the approximation in the downward
direction: from large to small values. This signifies that
only positive (exceeding the background) signal values
will be determined. In the opposite direction of the sub-
dtitution of the initial-signal parameters (in iterations),
the negative values may be determined as well. Com-
bining these two methods, one may single out the back-
ground for a signal having both a positive and a hega-
tive value with respect to the background.

One of the method limitationsisits sensitivity to the
ratio of the width of the signal (peak) line to the width
of the integration band (number of averaged points).
This is demonstrated by the example of background
determination for diffuse peaks from a substantially
amorphized sample with a line half-width of about 8°
(5% of points below the background line)

The above formal method of separation of X-ray
diffraction background is purely phenomenological. It
is based on the construction of a number of straight
lines (it is possible to use polynomials) passing trough
thelowest points of the diffraction pattern in the foll ow-
ing way. All the points of this region of the diffraction
pattern (except for two lowest ones used in the con-
struction of the local line) should lie lower than this
line.

The efficiency of the method suggested hereisillus-
trated by the popular example of the diffraction pattern
of lead sulfate (package of programs GSAS [1]
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(PbSOA4dat) and FULLPROF [2] (Pbsox.dat), process-
ing by XRL Edit [3]) (Fig. 4).

In conclusion, we should like to emphasize that this
method may be used not only in the one-dimensional
case of conventional diffraction patterns. After adight
modification, it may also be used for processing the
data obtained on multi-circle diffractometers, textured
patterns, and various images.
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Abstract—The structure of aK 93 Tig ¢3Nby (;OPO, single crystal is studied at the temperature 30 K. The mea-
surements are performed on afour-circle HUBER-5042 diffractometer with aDISPLEX DE-202 cryostat. Pro-
cessing of the diffraction data and the preliminary refinement of the model are performed using the ASTRA
program package. Thefina refinement of the structure model is made using the JANA 2000 program complex.
The refinement shows that the structure of aK ¢3Tig 93Nb i7OPO, crystal at T =30 K issimilar to its structure
at room temperature. No phase transitions are revealed. Slight temperature-induced displacements of the potas-
sium positions in the large cavities of the mixed framework are established. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Crystals of potassium titanyl phosphate of the com-
position KTiOPO, (KTP) and the solid solutions based
on them belong to the class of ferroel ectrics—superion-
ics. The characteristic feature of these compoundsisthe
combination of the phenomena of electric ordering,
nonlinear optical characteristics, and high ionic con-
ductivity. All these properties may be controlled within
certain limits using isomorphous replacement. For
directional change of these propertiesin the crystals of
this family, it is necessary to establish the relations
between their chemical composition, atomic structure,
and physical properties.

The present study continues the structural studies of
niobium-doped potassium titanyl phosphate crystals
[1-3]. Earlier, we studied KTP: Nb crystalswith 4 at %
Nb[1, 2] and also with 7 and 11 at % Nb [3]. The crys-
tal structure of these solid solutions consists of athree-
dimensional framework of (Ti,Nb)Og octahedra and
PO, tetrahedra which share their vertices. The frame-
work has broad twisted channels along the c axiswhich
are filled with potassium cations. It has been estab-
lished [3] that with an increase of the content of pen-
tavalent niobium substituting tetravalent titanium, the
valence difference is compensated by the vacanciesin
the potassium positions. The remaining potassium
atoms are statistically distributed over a large number
of positions. The reliable localization of potassium
positions with low occupancy requires the conduction
of low-temperature studies.

There are experimental |ow-temperature data on the
structure of KTP single crystals described by the gen-

era formulaATiOXO,, whereA=Na, Rb,or Tl and X =
P, or As[4-6]. Sodium-doped KTP crystals were stud-
ied by the X-ray diffraction method at 10.5 K [4]. With
a decrease of the temperature, the crystal showed no
phase transition, and the rigid framework of Ti octahe-
dra and P tetrahedra changed only dlightly. However,
both crystallographically independent potassium cat-
ions were displaced from their positions along the ¢
axis by 0.033 A. In the RbTiOASO, structure [5], low-
ering of the temperature from 295 to 9.6 K resulted in
analogous displacements of both rubidium cations
aong the ¢ axis by ~0.04 A. In this case as well, no
phase transitions were recorded. Finaly, the study of
TITiIOPO, single crystals at 11 K [6] showed disorder
of thalliumions over eight positionswith the preferable
filling of two of these positions along the ¢ axis. The
rigid framework of this structure also showed no con-
siderable changes with lowering of the temperature.

The present study was undertaken to study
K93 Ti0.93Nby i;OPO, single crystals by the X-ray dif-
fraction method at the temperature 30 K.

EXPERIMENTAL

The Kg4;Tige:Nby (OPO, single crystals for the
study were obtained by spontaneous crystallization
from melt in the K,O-Nb,Os—TiO,—P,0O; system by the
method described elsewhere [7] at the Physics Faculty
of Moscow State University [3]. The spherical sample
for the X-ray study had adiameter of 0.21 mm and was
prepared from a homogeneous single crystal.

1063-7745/05/5001-0036$26.00 © 2005 Pleiades Publishing, Inc.
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The measurements were performed on afour-circle
HUBER-5042 diffractometer with aDISPLEX DE-202
cryostat (APD Cryogenics Inc.). The angular positions
of the goniometer were set with an accuracy of 0.001°.
The cryostat with adouble closed cyclein the tempera-
ture range 20-250 K ensured temperature stability
within +0.05 K. The computer-controlled system
worked in the LINUX operation system (SPEC pack-
age of programs) with a flexible scheme of operations
appropriate for logical solutions of awide spectrum of
diffraction problems. We wrote specia programs for
precison determination of the unit-cell parameters
within the SPEC package programs which provided the
measurement of the integrated reflection intensities and
their preliminary processing for subsequent usein crys-
tallographic computations.

The sample was glued to aglassfiber by bee wax to
exclude possible stressesin the sample at low tempera-
tures. The unit-cell parameters of the orthorhombic
crystal were determined by the least squares method
using 56 diffraction reflections in the angular range
39° < B < 45°. At 30 K, these parameters were a =
12.794(2) A, b=6.398(2) A, and c = 10.596(3) A. The
set of integrated intensities at 30 K was obtained by
stepwise (discrete) w208 scanning in two octants of the

reciprocal space, (h, k, ) and (h, k, ), sing/A <
1.00 A-L. Altogether, 4955 reflection profiles were
recorded. The analysis of diffraction reflections shown

gave results consistent with the centrosymmetric sp. gr.
Pna2, determined at room temperature. The reflections

from the (hkl) and (hkI) octants were not averaged
because they formed Friedel pairs. In the refinement,
we took into account the correction for anomal ous scat-
tering.

The analysis of the diffraction-peak profiles (each
profile was measured at 96 points) revealed the dis-
placement of the peaks from the middle of the measure-
ment interval. The repeated refinement of the orienta-
tion matrix of the crystal did not eliminate the peak dis-
placements. In some instances, the displacements were
so pronounced that the peak profile seemed to be trun-
cated on one side. It should be indicated that the cry-
ostat was supplied with helium via rather a hard hose,
which deteriorated the sample alignment and, as a
result, gave rise to reflection displacement from the
scanning interval. The reflections in different regions

were distorted indifferently. The intensity of the (hkl )
reflections were underestimated in comparison with the

intensity of (hk) reflections from the opposite octant.
The displacements were especially pronounced for

reflectionswith large h indices. No regular dependence
of intensities on the scattering angle was observed. To
reduce the effect of the experimental errors on the
refined structural parameters, we used a special proce-
dure of experimental-data processing. The processing
of the diffraction dataand the preliminary refinement of
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Table 1. Displacements of cations (A) with lowering of the
temperature from 293 to 30 K

Atom AX Ay Az
K(1) 0.002(1) 0.006(1) 0.024(1)
K(2) 0.018(1) 0.006(1) 0.040(1)
K(3) -0.011(2) 0.015(1) —0.086(1)
K (4) 0.000(1) | -0.116(1) | —0.868(1)
Ti(1) —0.004(2) 0.001(1) 0.000(1)
Ti(2) 0.003(1) —-0.003(1) —0.002(1)
P(1) 0.002(1) | -0.001(1) 0.001(1)
P(2) —0.004(1) 0.000(1) 0.001(1)

the model was performed by the ASTRA (now called
MMM [8, 9]) system of programs. To compensate the
truncation of the reflection profiles due to their dis-
placement to the ends of the scanning interval, the
boundaries of the peaks from different parts of the data
set were determined in different ways. With this aim,
we modified the program described in [8]. For strongly

distorted (hkl ) reflections, the far angular boundary of
the peak was taken to be that corresponding to the last

point of 96 measured ones. For the (hkI ) reflections,
we determined the peak boundaries using the statistical
Lehmann-Larsen [10] method for strong reflections
and the Grant—Gabe [11] method for weak reflections.
Then the boundary values were used to calculate the
anisotropic law of boundary changes according to
Blessing [12]. The calculation of the integrated intensi-
tiesand their standard deviations was performed by the
background—peak—background method. It is well
known that, when measuring the reflection profiles in
the limited range of the scattering angles (the Hanson
method for fast data collection [13]) one encounters a
change of the scalefactor if the aperture used hasinsuf-
ficient dimensions and if the peaks are truncated. In
other words, the different truncation of peaks observed
in our case may be compensated, to some extent, by the
introduction of anisotropic scale factors for the data

sets (hkl ) and (hkI) in [14].

The absorption and Lp corrections for a spherical
sample with pR = 0.31 were introduced by the conven-
tional method used in the ASTRA package. The con-
ventional model refinement over the complete initial
data set with the use of the isotropic scaling factor
yielded high reliability factorss R/(F»)/RF) =
8.93/4.30% over 4955 reflections and 170 refined
parameters. Refinement with the anisotropic scale fac-
tor (the number of refined parameters increased to 175)
reduced the reliability factors to R(F?)/R(F) =
8.07/4.03%. Then, the refinement was performed sepa-
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rately over the (hkl) and (hkl ) data sets. The refine-

ment over 2505 independent (hkl ) reflections yielded
much worse reliability factors R (F?)/R(F)
6.01/3.14% in comparison with the refinement over

2450 (hkl ) reflectionswhich yielded the reliability fac-
tors R,(F»)/R(F) = 4.51/2.48%. Both these results are
better than the result obtained over the whole data set.
In both cases, we refined 175 parameters with anisotro-
pic scaling factors. Of course, the scaling factorsin the
refinement over half of the data set reflections turned
out to be different. To bring both data sets to the same
scale, all the intensities of the first and second set were
divided into their scale factors. After this procedure,
both data sets were combined into one set. The refine-
ment over the combined data set gave R,(F?)/R(F) =
5.95/2.81% (4955 reflections, 170 parameters). The
structure model thus refined is quite satisfactory in
terms of crystal chemistry. The procedure of combina-

(a)

z y=0.687
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tion of the data sets in the ASTRA package is per-
formed automatically as a part of the algorithm of the
interexperimental minimization [9]. The regection of
only 21 reflections with the maximum experimental
distortions and the refinement over 4934 reflections
reduced the reliability factors to R(F?)/R(F)
5.20/2.76%.

The results of the structure-model refinement over
the data set obtained by bringing the two parts of the
data set to the same scale have an obvious advantage.
Naturally, this procedure levels the experimental errors
only partly. In paralel with the refinement using the
ASTRA package, we also refined the model using the
JANA2000 program [15] over the data set obtained
after data processing described above. The concluding
reliability factors R/(F?)/R(F) = 3.09/2.79% were
obtained in the refinement of 170 parameters over
4832 reflections.
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Fig. 1. Sections of difference electron-density syntheses of the K 93 Ti( 93Nby ;7OPO, structure made parallel to the (x02) plane at

the temperature 30 K. Isolines are spaced by 0.163 e/A3. (a) Section through the K(1) atoms, (b) section through the K (2) atoms,
(c) section through the K(1) and K(4) atoms, (d) section through the K(2) and K(3) atoms.
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(c) section through the K (1) and K(4) atoms, (d) section through the K(2) and K(3) atoms.

RESULTS AND DISCUSSION

The refinement showed that the crystal structure at
T =30K issimilar to the structure at room temperature.
The crystal underwent no phase transitions. The coor-
dinates and occupanciesof Ti and P atomsremained the
same asthey wereat T= 293 K. The difference electron
density syntheses calculated on the basis of the model
with two main potassium positions, K(1) and K(2)
(Figs. laand 1b), showed the peaks of theresidual elec-
tron density: a peak with a height of 1.33 /A3 at adis-
tance of 1.39 A from the K(1) atom and a peak with a
height of 3.73 e/A3 at adistance of 1.63 A fromthe K(2)
atom. We refined the structural parameters of the model
with due regard for the split positions of potassium
atoms. Figures 1c and 1d show the difference electron
density syntheseswith subtracted K(1), K(2), K(3), and
K(4) atoms with the corresponding occupancies. For
comparison, the similar electron density syntheses at

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1

T =293 K [3] are shown in Fig. 2. The occupancies of
the potassium positions change with lowering of the
temperature and are equal to 0.792 for K(1), 0.780 for
K(2), 0.164 for K(3), and 0.059 for K(4). At room tem-
perature, these occupancies were 0.702, 0.773, 0.148,
and 0.168, respectively. The total occupancy of the
potassium positionsat T = 30 K is 1.795, and at room
temperaturethisoccupancy is1.791; i.e., thetotal occu-
pancies are the same within the accuracy of our mea-
surements. It is established that at low temperatures, al
four potassium cations are displaced mainly along thec
axis (Table 1).

These displacements are equal to 0.024(1) for K(1)
and 0.040(1) A for K(2), which well agrees with the
data obtained in [4, 5]. At temperatures lower than
room temperature, small changes in coordinates were
observed for K(3) and K(4) atoms. The maximum dis-
placements along the c axis for these atoms are

2005
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Table 2. Atomic coordinates, position occupancies g, and equivalent parameters of atomic thermal vibrations By, (A% inthe

Ko.93Ti0.93NBg c7OPO, structure at T = 30 K

Atom xla yib zlc q Beq
Ti(1) 0.37261(2) 0.4996(1) 0 0.857(2) 0.27(1)
Nb(1) 0.37261(2) 0.4996(1) 0 0.143 0.27(1)
Ti(2) 0.24734(5) 0.2658(1) 0.2501(1) 1 0.35(1)
P(1) 0.4984(1) 0.3377(1) 0.2570(1) 1 0.27(1)
P(2) 0.1821(1) 0.5013(1) 0.5091(1) 1 0.27(1)
K(1) 0.1048(1) 0.6970(1) 0.0627(1) 0.792(2) 0.60(2)
K(2) 0.3778(1) 0.7806(1) 0.3048(1) 0.780(2) 0.55(2)
K(3) 0.4035(4) 0.8418(7) 0.4516(6) 0.164(3) 1.23(11)
K(4) 0.099(1) 0.698(3) 0.202(2) 0.059(3) 2.51(51)
0o(1) 0.4858(2) 0.4842(4) 0.1457(2) 1 0.41(4)
0(2) 0.5101(1) 0.4692(4) 0.3790(2) 1 0.39(4)
0(3) 0.4000(1) 0.1986(3) 0.2758(2) 1 0.39(4)
O(4) 0.5947(1) 0.1950(3) 0.2393(2) 1 0.35(4)
o(5) 0.1127(1) 0.3101(3) 0.5368(2) 1 0.29(4)
O(6) 0.1123(1) 0.6916(3) 0.4846(2) 1 0.43(4)
o(7) 0.2529(2) 0.5395(3) 0.6246(2) 1 0.41(4)
0(8) 0.2540(2) 0.4610(3) 0.3951(2) 1 0.40(4)
0(9) 0.2237(1) 0.0413(4) 0.3851(2) 1 0.37(4)
0O(10) 0.2241(1) —0.0359(3) 0.6383(2) 1 0.41(5)

0.086(1) and 0.868(1) A, respectively. The distance
between the Eositions of the K(1) and K(4) atoms is
1.48 A (0.83 A at T=293K), and between the K (2) and
K(3) atomsthisdistanceis 1.64 A (1.71 A at T =293 K).

The coordinates of the basis atoms of the structure,
the occupancies q by atoms of their crystallographic
positions, and the equivalent isotropic parameters of
their thermal vibrations, By, are listed in Table 2.

The results of the X-ray diffraction study of a
Ko.93Tig93Nby o;OPO, single crystal at 30 K confirmed
the structural model determined earlier at room temper-
ature[3]. Since the atomic thermal vibrations consider-
ably decrease with lowering of the temperature, a
decreasein the temperatureto 30 K allowed usto local-
ize the potassium atoms in the additional positions
more accurately. The established displacement of
potassium positions associated with lowering of the
temperature revealed in our study agrees well with the
results of the structural studies of KTiOPO, [4, 16] and
TISbOGeO, [17] crystals over a large temperature
range. It was established [4, 16, 17] that with an
increase of the temperature, potassium and thallium
positions are not only gradually displaced along the ¢

CRYSTALLOGRAPHY REPORTS Vol. 50

axis but are also split. It is this displacement and split-
ting of cation positions in large cavities of the mixed
framework that are mainly responsible for the ferro-
electric phase transition observed in crystals of the
potassium titanyl phosphate family.
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Abstract—The crystal structure of As-containing holtite | is refined (Ital Structures diffractometer, 939 crys-
tallographically independent reflections, anisotropic approximation, R = 0.047). The parameters of the orthor-
hombic unit cell are a = 4.695(1) A, b= 11.906(3) A, ¢ = 20.38(3) A, sp. gr. Pnma, Z = 4. On the whole, the
structural formula obtained, (Sis 435bg36A8021)BO3[(Alg g2 Tag260) Al (Alg 9517)2(Alg 940),01,1(0,0H,0), 65,
corresponds to the electron-probe analysis data. The statistical replacement of (Si,As)O, tetrahedra by pyrami-
dal [SbO;] groupsis confirmed. The X-ray diffraction spectra of holtite | are compared with those of holtite

[1.© 2005 Pleiades Publishing, Inc.

INTRODUCTION

Holtite (TaADAI(BO;)(Si,Sh);0,,(0,0H); [1],
first discovered in Western Australia in 1971, is also
found in pegmatites of two other deposits. The study of
the holtite composition from the Voroni Tundry deposit
(Kola Peninsula) revealed two As-containing varieties
differing by their antimony contents [2]: holtite | dis-
covered earlier is characterized by a low Sb content,
whereas holtite |1 has high Sb content. Two types of
holtite also differ by Si content. Additionally, according
to [3], two different holtite samples from the Green-
bushes depositin Australiaand different holtite crystals
from the Szklary deposit in Poland also had the same
composition characteristics. One of the samples of the
Australian holtite is the holotype of this mineral.

Holtite | occurring in the zones of tantalum miner-
alization of granitic pegmatites of the Kola Peninsula
forms well-faceted short prismatic crystals and is the
earliest formation of all the other tantalum-containing
minerals. Holtite | discovered morerecently is charac-
terized by a fine fiber state and substitutes the earlier
tantalum-containing minerals[2]. The presence of both
holtite formsin all the deposits and the absence of any
intermediate compositions allow one to consider these
forms asindependent holtite varieties whose difference
is determined by the Si : (Sb + As) ratioequal to 7 : 3
in holtite Il and 85 : 1.5 in holtite |I. Thus, holtite |
occupies the intermediate position between holtite 11
and dumortierite containing no antimony at all. It was
noticed [4] that the diffuse layers on X-ray diffraction
patterns of holtite | indicate possible differencesin the
arrangement of tetrahedral cations occupying the
neighboring tunnelsin the polyhedral framework of the
structure. The present study was aimed at establishing

structural relationships between antimony-depleted
holtite | from the granitic pegmatites of the Kola Pen-
insula and holtite I from the Greenbushes deposit in
Western Australia [4]. Moreover, we aso have the
intention to reveal the structural features of the till
unstudied holtite I 1.

EXPERIMENTAL

Electron-probe analysis of the samples of holtite |
and holtitel | allowed usto establish thefollowing main
components (wt %): Al,O; 47.34, Sb,05 6.65, Ta,0;
13.79, Nb,O5 0.17, SO, 22.31, and As,0, 3.42 for hol-
tite | and Al,O; 46.45, Sb,O5 21.29, Ta,05 11.03,
Nb,Os 0.18, SO, 17.31, and As,O4 2.45 for holtite I1.
We calculated the structural formula proceeding from
the elemental complex Si;B[Al;,O,,(OH),] [2, 4]. The
stoichiometric coefficients in the formulas of both hol-
tite varietieswere obtained from the calculationsfor the
sum of cations (excluding boron) equal to 10. The
chemical formulas thus obtained have the form
(Al 47T 43)(BO3)(Si5503,20A% 20012(0,0H); for
holtite | and (Alg4Ta36)(BO3)(Si5.11S00.97AS.15)
0,,(0O,0H);, for holtite 1.

Diffraction data were recorded on a 0.16 x 0.05 x
0.04 mm holtite | single crystal on an automatic Ital
Structures diffractometer. The crystallographic charac-
teristics and the main parameters of the experiment are
listed in Table 1.

The unit-cell parameters are obtained using the
angular parameters of 10 reflections with 20 ~ 13°.
These unit-cell parameters were refined using al the
reflections recorded. The additional data for the reflec-

1063-7745/05/5001-0042$26.00 © 2005 Pleiades Publishing, Inc.
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tions of 11 layer lines (-1 kI ... 11 k1) collected on an
automated Nonius CADA4 diffractometer (MoK, radia-
tion, graphite monochromator) did not confirm the ini-
tially assumed doubling of the a parameter characteris-
tic of structurally close dumortierite.

The absorption correction was introduced by -
scanning. The structure was refined based on the atomic
coordinatesfrom [4] withinthe sp. gr. Pnma, first, inthe
isotropic approximation to R = 0.05 over 884 reflec-
tions with |F| > 40(F) using the SHEL X-97 complex
[5]. At the following stages, the refinement of the elec-
tron content of the cationic positions and the introduc-
tion of the anisotropic thermal corrections reduced the
reliability factor R(F) to 0.047. A variant of the cation
distribution was established on the basis of refinement of
the electron content of the cationic positions, preservation
of the positive thermal corrections and el ectroneutrality
of the chemical formula, and the balance of valence
strengths. On the whole, the structural formula
(S1.43500 36A%21)BO3[(Al .6, Tay 26) Al (Al 9g)2 (Al 04) -
0,,1(0,0H), 5 corresponds to the electron-probe anal -
ysis data. At the same time, the variant indicated above
should be considered as the optimum compromise
between the experimental results of chemical and struc-
tural analysis of the crystal under question.

The final coordinates of the basic atoms, thermal
parameters, and the results of the cal culation of the bal-
ance of valence strengths performed in accordance with
[6] are given in Tables 2 and 3, respectively. The O(10)
position undersaturated with the valence strengths
admits the simultaneous presence of O> anions and
(OH)~. The projection of the structure drawn using the
DIAMOND 2 program is shown in Fig. 1.

All the attempts to select an appropriate single crys-
tal of holtite |1 failed. Therefore, in order to establish
the differences between holtite |1 and holtite | crystals,
we obtained X-ray diffraction spectra of powder sam-
ples of holtite | and holtite Il in the angular range 8° <
20 < 115.68° on an automated ADP-2 diffractometer
(CoK,,-radiation, Fe filter) with an exposure of 15 s at
each point at a scanning rate of 0.02°. The diffraction
data obtained were processed using the Wyriet 3.3 com-

plex [7].

The unit-cell parameters refined from the powder
diffraction dataare a = 4.6880(1) A, b=11.884 A, c =
20.35(3) A for holtite | and a = 4.6875(1) A, b =
11.881 A, ¢ = 20.418(9) A for holtite I1. The basic
model used for the Rietveld refinement of both struc-
tureswasthe model obtained earlier from the X -ray dif-
fraction dataon asingle crystal of holtite|. The refine-
ment of the crystal structure of the powder sample of
holtite | yielded satisfactory R factors, = 0.027,
R- =0.029, S=1.23, and confirmed the model based on
the single-crystal data. The comparison of the calcu-
lated and observed spectra for this sample is presented
inFig. 2.
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Table 1. Crystallographic and experimental data

Formula (Si5 43500 36AS21)BO3 -
[(Alge2Tag 26)Al(Alggg)7 -
(Alg,94)2012](O,0H,) 65

Unit-cell parameters, A a=4.695(1), b = 11.906(3),
¢ =20.38(3)

Sp.or.,Z Pnma, 4

Vv, A3 1139.2

Peae FCm® 3.738

g, mmt 4.89

Molecular weight 2564.17

Fooo 1231.4

Diffractometer Ital Structures

Wave length, A 0.71069

20« deg 60

Number of measured 1008

reflections

Number of crystallo- 939

graphically independent

reflections

Number of reflections 884

with |F| > 40(F)

Ry, % 0.9

Number of parameters 110

to berefined

Re(is0), % 5.02

Re(aniso), % 4.69

WR(F) 2.67

GOF 1.017

AP EIA3 1.06

DPyiry /A3 -1.18

2005

At the same time, the refinement of the structure of
holtite 11 within the framework of the same model was
unstable and, thus, could not give an answer to the
question about its structural differences from haoltite |
We may only state the presence of some additional
reflections in its X-ray diffraction spectrum (Fig. 3)
which cannot be indexed based on the parametersindi-
cated above. It is not excluded that this is associated
with an impurity of another mineral.

DESCRIPTION OF THE STRUCTURE
AND DISCUSSION

In many respects, the crystal structure of holtitel is
close to dumortierite's structure; both structures are
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Table 2. Coordinates, thermal parameters, and position occupancies (q) of basic atoms

Atom x/b ylb zlc q U:q A2
Al(1) 0.4014(3) 0.75 0.24989(7) { 8:2;28; 3 ?; 0.012(2)
Al(2) 0.5576(2) 0.61046(8) 0.47309(4) 1 0.008(3)
Al(3) 0.0593(2) 0.4905(1) 0.43184(5) 0.982(5) 0.009(2)
Al(4) 0.0599(2) 0.3597(9) 0.29009(5) 0.937(6) 0.011(3)

. 0.81-Si
Si(1) 0.0889(3) 0.75 0.40642(6) { 0.09—As 0.015(1)
Sh(1) 0.1140(6) 0.75 0.3853(1) 0.1 0.005(2)
. 0.81-Si
Si(2) 0.5888(2) 0.52312(8) 0.32877(5) { 0.06— As 0.0136(7)
Sh(2) 0.6092(3) 0.5636(1) 0.31676(8) 0.13 0.010(2)
0(1) 0.3784(7) 0.75 0.4564(1) 0.009(12)
0O(2) 0.1569(9) 0.75 0.3304(2) 0.9 0.026(2)
0(3) 0.8928(4) 0.6389(1) 0.4551(1) 0.009(12)
O(4) 0.4029(4) 0.4341(1) 0.2822(1) 0.009(1)
O(5) 0.3957(4) 0.5509(1) 0.3944(1) 0.008(1)
O(6) 0.8831(4) 0.4509(1) 0.3512(1) 0.010(2)
o(7) 0.6593(6) 0.6331(2) 0.2886(1) 0.87 0.018(1)
0O(8) 0.1715(7) 0.25 0.3493(1) 0.011(2)
0(9) 0.2536(4) 0.3506(1) 0.4476(1) 0.007(1)
O(10)** 0.7567(7) 0.25 0.2739(1) 0.013(2)
0(11) 0.7511(4) 0.4669(1) 0.4887(1) 0.07(1)
B 0.231(1) 0.25 0.4665(2) 0.012(3)
* The Uy values are calcul ated based on the anisotropic thermal atomic displacements.
** O(10)=OH, O

discussed in [4, 8]. The structure of holtite | has an
octahedral framework formed by two types of non-
equivalent columns of Al octahedra. In thefirst column,
the pairs of equivalent Al octahedra share faces,

(AL Ta)
¢ Al

© Si
¢B

b

]

Fig. 1. Holtite structure projected along the [100] direction.

A‘ﬂ"‘h
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whereasin the second column, theAl(2) and Al(3) octa-
hedra share their edges. The broad hexagonal channels
in this framework (the transverse dimension of the
channel, i.e., the average distance between the oxygen
atoms Iy| ng at the opposite“walls,” is5.24 A) are occu-
pied by the [(Al,Ta)O;] columns formed by the Al and
Ta octahedra (Al(1) octahedra) sharing their faces
(Fig. 1). These columns are linked to the octahedral
framework via SiO, tetrahedra in which some silicon
atoms are replaced by arsenic atoms. The distancesin
the Al octahedra (average (Al,Ta)-O = 1.994, average
Al-O = 1.905, 1.908, 1.907 A) and (Si, As) tetrahedra
(average (Si,As)-O = 1.648 and 1.647 A) are close to
their standard values. The BO; triangles are located in
another narrower type of channels formed by Al octa-
hedra. The average B-O distanceis 1.372 A

One of the main differences between the dumortier-
ite and holtite structures consists in different filling of
such hexagonal tunnels. For holtite, the partial aterna-
tion of aluminum and tantalum atoms in the cationic
position Al(1) is characteristic, whereas for dumortier-

No.1 2005
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Table 3. Calculation of the balance of valences at anions
Cation/Anion 0(1) 02 | OB) | O | O(’) | O®) | O 0O(8) 0(9) O(10) | O(11)
Al(D) 0.238 0.236
0.222 0.267
0.207 0.204
Ta(2) 0.192 0.231
Al(2) 2% 0.515 0.529 0.49 0.505 0.427
0.525
Al(3) 0.452 0.508 | 0.504 0.467 0.536
0.479
Al(4) 0.555 0.546 2x0.542 2 x 0.407
0.517 2x0.322
Si(1) 0.663 0.908 | 0.743
As(1) 0.115 0.157 | 0.129
Sh(1) 0.111 - 0.127
Si(2) 0.717 | 0.754 | 0.677 | 0.914
As(2) 0.083 | 0.175 | 0.078 | 0.108
Sh(2) 0.138 | 0.167 | 0.125
B 0.929 1.032
> 1.919 1924 | 1.98 201 | 2094 | 1.93 | 1.906 | 2.013 2.004 | 1.458 1.967

ite, this position is fully occupied by Al atoms. Similar
to the crystal structure of holtite from Australia [4],
some (Si,As)O, tetrahedra are replaced by SbO, groups
(Fig. 4). In the process of such replacement, oxygen
vacancies are formed in the O(2) and O(7) positions,

which agrees with the partial occupancy of the Al(1)
position and is accompanied by anoticeable increasein
the thermal corrections for the indicated oxygen atoms.

Inside the [SbO;] complexes, three elongated Sb-O
distances (average 1.920(2) A) are formed. At the same

I, arb. units
6000 -
4000}
2000 \\mﬁ*&w}w\ﬁm NNV
O | | | | |
| 10 0T T TRUE OO 00 A OO0 OO N
| | [ o mrr rrm T T
%MWMV ool (TR PRI (— - ki
ketlpmionsig frrson s »
1 1 1 1

20 40

|
60 80 100 26, deg

Fig. 2. Calculated (crosses) and observed (solid line) X-ray spectra of the powder of holtite |. Vertical bars indicate al possible
Bragg reflections. The line in the lower part shows the difference between the observed and cal culated spectra.
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1, arb, units
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Fig. 3. X-ray diffraction spectrum of the powder of holtite 1. The arrows indicate the two most intense reflections that cannot be
indexed based on the nit-cell parameters indicated.

time, the distances between Sb and statistically occu-
pied silicon and O(2) and O(7) positions are shortened
considerably: {Sb(1)—[Si(1),As(1)] = 0.480(2) A,
Sh(2)-[Si(2),As(2)] = 0.549(1) A}, and {Sb(1)-O(2) =
1.102(1) A, Sb(2)-0O(7) = 1.034(2) A}. This corre-
spondsto their mutually excluding location in the crys-
tal structure. Moreover, such a configuration of the
closest oxygen environment of the antimony atoms
allows one to describe its stereochemistry as SbO,E
with lone electron pairs in the positions occupied by
0O(2) and O(7) in the Si(1)O, and Si(2)O, tetrahedra,
respectively [9]. In this case, antimony isassumed to be
present only in the valence state Sb®*.

In [4], possible ordered replacement of silicon—oxy-
gen tetrahedra by ShO, groupsin the channelsis admit-
ted. It is not excluded that this may also happen in hol-
tite 11 with an increase in the Sb content.
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Abstr act—Phosphate CaGdTh(PO,); was prepared by thermal treatment of amixture of oxides. Thefinal tem-
perature was 1400°C. The phosphate was characterized by powder X-ray diffraction analysis and IR spectros-
copy. The crystal structure was studied by the Rietveld method. The compound crystallizes in the monazite
structure type (sp. gr. P2,/n). A comparative analysis of the structures of this phosphate and cerium orthophos-
phate CePO, was carried out. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

The development of crystalline materials for immo-
bilization of hazardous constituents of wastes from
nuclear reactor fuel processing is an urgent problem,
which has stimulated interest in natural minerals,
including orthophosphates. Among the compounds
used for these purposes, the monazite-like structure has
attracted attention. Due to chemical, thermal, and radi-
ation stability, this structure provides a high safety bar-
rier for immobilized wastes during their storage for a
long time and in the case of their disposal in geological
formations [1].

Monazite is a relatively rare mineral, which occurs
as an accessory mineral in granites, gneisses, aplites,
and pegmatites and as rounded grains in weathering
products of these rocks [2]. This mineral is stable over
a wide range of conditions in various geologica pro-
cesses and is characterized by the ability to include lan-
thanides, actinides, and many other elements, which
isomorphously replace cerium. Monazite species con-
tain lanthanides (La> Nd > Pr > Sm > Gd) as constant
isomorphous componentsupto aratio of 1: 1. Substan-
tial amounts of the following elements were also found
in monazite: Th (up to 32%), Si (upt0 6.1%),Y (up to
5.1%), U (up t0 6.6%), Ca (up to 6%), and S (up to 3%).
Thorium and uranium replace cerium according to the
schemes Th(U)Ca — 2Ce and Th(U)SI — CeP to
form the mineral cerphosphorhuttonite ThCeSiPO;.
Thisisintermediate between monazite and huttonite (a
monoclinic polymorph of thorite), which is isostruc-
tural with monazite. The second (tetragonal) modifica-
tion of thorite is isostructura with zircon [3].

Cerium(l11) orthophosphate CePO, (sp. gr. P2,/n) [4] is
a synthetic analogue of monazite.

It was demonstrated [5, 6] that lanthanidesin oxida-
tion state 3+ (cerium, samarium, europium, gadolin-
ium), actinidesin oxidation state 4+ (thorium, uranium,
neptunium, plutonium), and cerium (4+) can be simul-
taneously involved in monazite-like phosphate com-
pounds. It should also be noted that plutonium-contain-
ing phosphate ceramics with monazite-like structures
were prepared in [7].

In this study, we examined new phosphate
CaGdTh(PO,);, which is a representative of a large
group of compounds described by the general formula
B'"R"M'VY(PQ,), with a cation-to-anion ratio of 1 : 1.
The known orthophosphates of this group include alka-
line-earth metals, cadmium, lanthanides (neodymium,
samarium, europium, gadolinium), cerium(lV), tho-
rium, and uranium(IV) [6].

1 1 1 1
1200 1000 800 600 cm™!

1
1400

Fig. 1. IR spectrum of phosphate CaGdTh(POy)3.
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Fig. 2. X-ray diffraction spectra of phosphate CaGdTh(PO,)3. The theoretical and experimental spectra are shown by asterisks and

asolid line, respectively.

EXPERIMENTAL

The procedure for the synthesis of the phosphate
was described in [8]. Thorium oxide ThO, (reagent
grade), gadolinium oxide Gd,O; (reagent grade), cal-
cium nitrate Ca(NO3), - 4H,0 (reagent grade), and
H4PO, (reagent grade) were used asthe starting compo-
nents. Stoichiometric amounts of metal oxides (tho-
rium and gadolinium) were mixed, a1l M solution of the
cacium salt was added, and then a 1 M solution of
phosphoric acid was added slowly with stirring. The
resulting suspension wasdried at 80°C for 24 h, heated,
and kept successively at 600, 800, 1000, and 1200°C
for 24 h at each temperature. Thermal treatment was
aternated with grinding. As aresult, a white polycrys-
talline compound was obtained.

The sample thus prepared was studied by IR spec-
troscopy, powder X-ray diffraction analysis, and X-ray
structural analysis. The IR absorption spectrum was
recorded on a Specord-75 IR spectrophotometer in the
frequency range 1800-400 cm. A sample was pre-
pared as aneat film on a KBr substrate. The IR spectral
pattern is analogous to that of cerium orthophosphates,
which indicates that the compound under study belongs
to orthophosphates. In the region of asymmetric
stretching vibrations, the IR spectrum (Fig. 1) shows
one broad band with a maximum at 1110 cm™ instead
of four narrow bands characteristic of cerium ortho-
phosphate. This fact is indicative of strong disorder of
the cations in the equivalent positions of the crystal
structure of thorium phosphate.

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1
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The X-ray diffraction spectrum for thorium phos-
phate CaGdTh(PQO,); was measured on an ADP-2 dif-
fractometer and processed using the WY RIET program
(verson 3.3) [9]. The crystal structure of

Table 1. Unit-cell parameters and results of refinement of
the crystal structure of CaGdTh(PO,)5

Parameters of refinement

a A 6.6801(1)
b, A 6.8849(1)
c, A 6.3802(1)
(3, deg 103.777(2)
vV, A3 284.99
Space group P2;/n
206-scan range, deg 18.00-130.00
Number of reflections 682
Number of parametersin refinement 32

Rexp 354

Rup 3.47

Ry 240

Rs 2.78

Re 2.29
DWD* 0.14

S+ 0.98

* The Durbin-Watson statistics.
** Goodness of fit [3].
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Fig. 3. Fragment of the CaGdTh(PO,)5 structure.

CaGdTh(PO,); was refined within the sp. gr. P2,/n
using the structure of phosphate Ca, ;Ce,(PO,); [10] as
the starting model. The peak profiles were approxi-
mated by the Pearson VII function. The crystal struc-
ture was refined isotropically by successively adding
the parameters to be refined during graphical modeling
of the background throughout the refinement until the R
factors ceased to change. The structural parameters for
six independent positions ([Ca, Gd, Ce], P, and four
oxygen positions) were refined. Selected details of the
X-ray data collection and the results of refinement of
the CaGdTh(PQO,); structure are given in Table 1. The
calculated and experimental X-ray diffraction spectra
of thorium phosphate are shown in Fig. 2 (dotted and
solid lines, respectively).

The atomic coordinates, isotropic displacement
parameters, and occupancies of the cation positions are
listed in Table 2.

Fig. 4. Fragment of the structure of the CaGdTh(PO,);
compound; the Met—O bond lengthsin the Met polyhedron.

The crystal-chemical formula of the phosphate
under study is Ca,;;Gd,5Th,sPO,.

RESULTS AND DISCUSSION

A metal atom in the structure of the new thorium
phosphate, like in the monazite structure, is surrounded
by nine oxygen atoms. MetOgq polyhedra can be consid-
ered as strongly distorted monocapped sguare anti-
prisms. [PO,] orthotetrahedra share edges and vertices
with cerium polyhedra to form a dense framework
(Fig. 3).

A comparison of the interatomic distances in nine-
vertex polyhedra of thorium phosphate and monazite
[4] demonstrates that MetOy polyhedra are only
dightly distorted. All interatomic distances have simi-
lar values, except for the Met—O(4) distance (2.86(1) A
for thorium phosphate and 2.779(6) A for CePO,)
(Fig. 4). PO, tetrahedra are more strongly distorted, as

Table 2. Atomic coordinates, occupancies, and displacement parameters for the CaGdTh(PO,)5 structure

Position Occupancy X y z B
[Ca/Gd/Th] 1 0.2189(6) 0.1612(6) 0.3968(6) 0.84(2)
P 1 0.197(6) 0.161(2) 0.884(2) 1.40(9)
o1 1 0.244(5) 0.513(4) 0.438(5) 1.1(3)
0(2) 1 0.020(5) 0.104(4) 0.692(4) 1.9(3)
0’3 1 0.368(4) 0.215(4) 0.781(4) 1.9(3)
O(4) 1 0.111(4) 0.328(5) —0.001(5) 0.9(2)

CRYSTALLOGRAPHY REPORTS Vol.50 No.1 2005
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evidenced by the O—P-O bond angles (A axmin = 9.3°
and 14.4° for CePO, and CaGdTh(PQO,),, respectively).
The unit-cell parameters of CaGdTh(PO,); are smaller
than those of monazite. The structure is uniformly con-
tracted along the a and b axes to the same extent (by
1.5%), whereas the contraction aong the c axis is
somewhat smaller (by approximately 1%). The con-
traction along all axesresulted in adecrease in the unit-
cell volume (4%). These anisotropic changes in the
unit-cell parameters are associated with the distortion
of phosphate tetrahedra.

The contraction of the structure can be explained by
the replacement of cerium with calcium, gadolinium, or
thorium: nine-vertex polyhedra are occupied predomi-
nantly by cations with smaller ionic radii (reeq, =
120 A, regy = 118 A, regqy = L1 A, and rrygy, =
1.09 A, according to Shannon and Prewitt [11]).

We plan to perform detailed analysis of monazite-
like structures of various compounds separately.
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Abstract—Three polycrystalline bismuth-containing layered perovskite-like oxides are synthesized by high-
temperature solid-state reactions. One of these compounds was described previously, namely, Bi;Ti; sWq 50q,
for which the unit cell parameters a = 5.372(5) A, b = 5.404(4) A, and ¢ = 24.95(2) A are determined in this
study. The other two compounds, namely, Nag -sBi ,sNb; s W, 04 With the unit cell parameters a = 5.463(1) A,
b =5.490(7) A, and ¢ = 24.78(0) A and Cay5Bi, TigsNb; O With the unit cell parametersa = b = 3.843(2) A
and ¢ = 24.97(6) A, are synthesized for the first time. The compositions of these compounds are based on the
composition of the well-known compound Bi;TiNbOg with a high Curie temperature (T = 1223 K), in which
bismuth, niobium, and titanium atoms are partially or completely replaced by other atoms. The experimental
and calculated interplanar distances determined from the X-ray diffraction patterns of the studied compounds

are presented. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Bismuth-containing layered perovskite-like oxides
of the general formula

AmleizBmOBm+3’ (1)

wheremtakesonvaluesfrom1t010(1, 1.5, 2, 2.5, 3, 3.5,
4,5,6,7,8,9, 10), have been studied for along time [1-
14]. The structure of these compoundsis formed by alter-
nating stacks composed of perovskite-like layers of the
composition [Ay,_BOsm. 11>~ and bismuth-oxygen lay-
ersof the composition [Bi,0,]?*, which are aligned par-
alel to each other and are perpendicular to the ¢ axis
[6, 10]. Each stack contains m perovskite-like layers.

The bismuth-containing layered perovskite-like
oxides known to date belong to arelatively small struc-
tural family [15, 16]. Virtually all representatives of this
family are ferroelectrics with high Curie temperatures
[10-14]. This has given impetus to the search for new
bismuth-containing layered perovskite-like oxides and
their synthesis [17, 18]. The present work is aimed at
solving these problems. The synthesis and structural
investigation of new bismuth-containing layered per-
ovskite-like oxides will make it possible not only to
extend the family of these compounds but also to eluci-
date how different atomsin their composition affect the
possibility of forming alayered structure, the structural
parameters, the phase transition temperatures, and the
physical properties.

Although the number of known bismuth-containing
layered perovskite-like oxides with m = 2 is rather

large, the systematics [15] and analysis of the condi-
tions for the formation of these compounds [11] indi-
cate that the possibility exists of preparing their new
representatives. The smallest lattice parametersa and b
and the highest Curie temperature (Te = 1223 K) are
observed for the Bi;TiNbOg compound [10]. In this
respect, it is of interest to investigate how variations in
its composition affect the unit cell parameters and the
Curie temperature. For this purpose, we chose eight
compositions with m = 2, in which the Bi'""", Ti'V, and
(or) NbY atoms in the Bi;TiNbO4 compound were par-
tially or completely replaced by other atoms. The bis-
muth atoms were replaced by Na, K', or Ca' atoms,
whereas the titanium and (or) niobium atoms were
replaced by Fe'", Ta¥, and (or) WY! atoms [17]. As a
result, we synthesized three single-phase polycrystal-
line oxides of the following compositions:
BisTi; sW050q, Nay 75Bi5 25Nby s Wi 5O, and
Cay5Bi,5TigsNb, s0g. Bismuth-containing layered per-
ovskite-like oxides with the second and third composi-
tions were prepared for the first time. The
Bi;Ti, sWy509 compound was described earlier by
Kikuchi [19]. However, the unit cell parameters of this
compound were determined with a low accuracy and
the properties and phase transitions were not investi-
gated in[19]. The X-ray diffraction patterns of the other
five new compounds contain the lines assigned to the
main phase with alayered structure and additional lines
attributed to impurities.

1063-7745/05/5001-0052$26.00 © 2005 Pleiades Publishing, Inc.
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Table1l. Chemica composition, X-ray density, synthesis conditions, and unit cell parameters of the orthorhombic and tetragonal

phases of bismuth-containing layered perovskite-like oxides

Heat treatment .
" Parameters (A) and volume (A3) of the unit cell
Cg?g)r?' Chemical composition, conditions
no. (p. glem) temperature (°C) = @grthorh | Dorthorh R P T P o LY |V,
time (h) Of Qugy | OF Digy pseudotetr | Apseudotetr | ¥ un.cell | ¥ pseudotetr.cell
Orthorhombic unit cells, space group Fmmm = Dgﬁ (69)
1 |BisTi;eWqzOq(8.62) t, = 740-3, 5.372(3) | 5.404(4) | 24.95(2)| 3.810 | 3817 |724.3| 362.2
t, =850 -4,
t;= 11001
BisTiq sW( 509 (8.62) [19] |t = 1100 in air 5.38 5.40 24.96 381 3.82 7224 362.3
2 | Nag7sBissNb; sWos0g |t =800—2, 5.463(5) | 5.490(7) | 24.79(1)| 3.873 | 3.852 |7431| 37L.9
(7.75) t,=900-2
Tetragonal unit cell, space group 14/mmm = D}J1 (139)
3 | CaysBissTigsNb 09 | t; =800-2, 3.848(4) | 3.848(4) | 24.98(4)| 3.843 | 3.874 |3689| 369.8
(8.62) t,=900-2

CHEMICAL COMPOSITIONS
OF THE COMPOUNDS SYNTHESIZED

When formulating the compositions of the three
synthesized compounds, the Bi'"' atoms in the A posi-
tionsand the Ti'V or NbY atomsin the B positionsin the
Bi;TiNbOg structure were partially or completely
replaced by other atoms whose valences did not lead to
disturbance of the valence balance of the chemical for-
mulas. The chemical formula of bismuth-containing
layered perovskite-like oxides of the complex composi-
tion can be written in the form

(Adyseos A seen AG IBIA(Bp, s By .o B JOume5,(2)

where zi":lal =m-1and ?:1'31 =m. According
to formulas (1) and (2), the composition of each of the
bismuth-containing layered perovskite-like oxides syn-
thesized can be represented in two variants

BizTi 1‘5W0.509 = (B_i)Biz(Ti 1.5W0‘5)O9;

Nag 75Bi;25Nb; s W 5Qq
= (Nay75Big25)Biy(Nb;sWg5)Og;

CagsBi,sTigsNb; 50,
= (CaysBigs)Biy(TigsNby5)O,.

Inthe second variant of the above formulas, two bis-
muth atoms located in (Bi,O,)?" layers are taken out of
the parentheses that include atoms occupying the A' or
B positionsin perovskite-like layers. In the Bi;TINbO,
lattice, the atoms marked with bold type partially or
completely replace either bismuth atoms in the A posi-
tions, or titanium (niobium) atomsin the B positions, or

3
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these atoms in all positions simultaneously. In compo-
sition 1, the unsubstituted atoms Bi'"' are underlined.

In composition 1, one niobium atom is replaced by
one-half the titanium atom and one-half the tungsten
atom. In this case, the content of Ti'VY atoms increases,
whereas the content of bismuth atoms remains
unchanged. In composition 2, one titanium atom was
replaced by one-half the niobium atom and one-half the
tungsten atom, whereas the Bi'' atoms are partially
replaced by sodium atoms. In composition 3, the con-
tent of titanium atomsis halved, the content of niobium
atoms in the B positions is twice increased, and one-
half the Bi'"' atom in the Al positionsisreplaced by one-
half the Ca' atom. Asaresult, the perovskite-like layers
do not contain Nb" atoms in composition 1 and tita-
nium atoms in composition 2. According to the X-ray
diffraction data, compounds 1 and 2 crystallize in the
orthorhombic crystal system (space group Fmmm =

D3>) and compound 3 crystallizesin thetetragonal sys-
tem (space group 14/mmm= D;.) (Table 1).

SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUE

Polycrystalline (ceramic) samples of new bismuth-
containing layered perovskite-like oxides and
Bi,Ti;O,, were prepared by high-temperature solid-
state reactionsin two or three stages with thorough stir-
ring of the stoichiometric mixture of the initial compo-
nents and i ntermediate reaction products. The synthesis
of bismuth-containing layered perovskite-like oxides,
especialy with a complex composition, involves a
number of problems. In particular, it is necessary to



54 GEGUZINA et al.

choose the initial components and an optimum combi-
nation of temperatures and durations of the intermedi-
ate and fina sinterings in such a way that the corre-
sponding reaction proceedsto completion (see Table 1).

The compounds Bi,O3, CaCO;, NaHCO;, Nb,Os,
TiO,, and WO; (predominantly high-purity grade)
were used as initial components of the batch. The sam-
plesfor sintering were prepared from powders of amix-
ture of initial components in the form of disks 10 mm
in diameter and 34 mm thick. The synthesis was per-
formed in a laboratory muffle furnace in air. The first
sinterings were carried out at relatively low tempera-
tures (from 1013 to 1073 K). The temperatures of sub-
sequent sinterings were increased by 100-200 K. The
duration of each sintering was relatively short (no
longer than 4 h).

It should be noted that, after the first stage of the
synthesis, the main phase in samples of the compounds
under investigation was alayered phase of the specified
composition with an orthorhombic or tetragonal struc-
ture. The subsequent sinterings were performed in
order to complete the reaction. The optimum synthesis
conditions were chosen and the unit cell parameters of
the perovskite-like oxides were determined (with arel-
ative error of no more than £0.05%) using X-ray pow-
der diffraction analysis at room temperature.

The structures of compounds 1-3 were investigated
on a DRON-2 diffractometer (FeKa, , radiation, Mn

filter). The diffraction patterns in the 20 range from 4°
to 110° were obtained using an automatic recorder
(scan speed, 0.5 and 1 deg/min; writing speed,
600 mm/h). Theintensities of the diffraction lineswere
determined from their height at the maximum with
respect to the background. The X-ray diffraction pat-
ternswere indexed by the analytical technique. Accord-
ing to the indexing, the space group Fmmm was
assigned to compounds 1 and 2, whereas the space
group 14/mmm was attributed to compound 3. The unit
cell parameters were refined by the | east-sgquares proce-
dure with the use of al the reflections measured in the
experiment.

In order to confirm the reliability of the unit cell
parameters thus determined, we cal culated the de Wolff
factors M,, [20] for al the studied compounds. This
factor characterizes the magnitude of the mean devia-
tion of the reciprocals of the interplanar distances for
thefirst 20 linesin the observed diffraction pattern from
the corresponding quantities d,,, which were calcu-
lated within the used model for the lines possible in the
same angle range. The de Wolff factor depends on the
number Ny of possible (calculated) lines and the mag-

nitude of the mean deviation |AQ)| . In this work, the
factor M,, was calculated from the formula

—(|aQIN), 4)

_ 1
? " 2d3/aQ Noes
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where Qi = = -

(iexp

observed reflection.

The X-ray diffraction patterns of all the three com-
pounds synthesized did not contain lines that could be
attributed to both the unreacted components of the ini-
tial batch or the other phases formed upon sintering.
This confirms the assumption that these compounds
have a single-phase composition.

and i is the number of

2
d(i)calcd

STRUCTURES OF THE PHASES
SYNTHESIZED

Tables 2 and 3 present the interplanar distances
(both determined in the experiment and calculated in
accordance with the chosen lattice parameters); the
indices h, k, and |; and the relative intensities of the
reflections for the orthorhombic and tetragonal bis-
muth-containing layered perovskite-like oxides,
respectively. The calculated reliability factors M, for
al the compounds and, especially, sufficiently small
mean deviations of the calculated 26 angles from the
experimentally observed 20 angles (see Tables 2, 3)
demonstrate that the X-ray diffraction patterns are reli-
ably indexed within the assigned space groups.

The unit cell parameters of the new orthorhombic
and tetragonal bismuth-containing layered perovskite-
like oxides of compositions 2 and 3, the previously
known orthorhombic bismuth-containing oxide of
composition 1, and the initial Bi;TiNbO, compound
(according to the data available in the literature) are
listed in Table 1. The mean parameters of the pseudot-
etragona unit cells, which were determined experi-

=6xp

mentally (8eudorer) @Nd calculated directly from the

specified chemical composition (& ggue ) according to

the method proposed in [11], and the unit cell volumes
Vincet @0 Ve dorerr.cerl, Which were obtained from the
experimental data, arealso givenin Table 1. The param-

eters Ao Were calculated from the experimental
parameters agyhor aNd Do OF the orthorhombic unit
cell with the use of the formula[9]

=eXp

Apseudotetr = (Borthorh + borthorh)/ 2 '\/i . (5)

Moreover, Table 1 presents the unit cell parameters
of the tetragonal phases of bismuth-containing layered
perovskite-like oxides a,y, = b,y and c, their unit cell
volumes V., @nd the parameters calculated for the
tetragonal unit cell according to the above method [11].

The reliability of the unit cell parameters and unit
cell volumes determined for the bismuth-containing
layered perovskite-like oxides under investigation and
the identity of their compositions to the specified com-
positions (i.e., their single-phase composition) can also
be judged from the following indirect evidence. First,
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Table 2. Experimental (dy,) and calculated (d4cq) interplanar distances (R); relativeintensities (I/1,); indicesh, k, and |; and
reliability factorsfor indexi ng of linesinthe X-ray diffraction patterns of the orthorhombic phases of bismuth-containing Iayered

perovskite-like oxides

Phase Bi3Ti1sWg50q Nag75Bi2.25Nb1 sWg 509
h k| and factors 1/ dexp Jealcd 1/ d@(p Jealcd
002 23 12.39 12.39
004 14 6.25 6.24 10 6.20 6.20
111 10 3.768 3.767 5 3.826 3.826
113 4 3.466 3.464 10 3.505 3.506
008 4 3.119 3.119 44 3.099 3.097
115 100 3.028 3.029 100 3.050 3.051
020 21 2.702 2.702 25 2.745 2.745
200 20 2.686 2.686 25 2.731 2.731
117 3 2.611 2.613
0010 13 2.495 2.495 30 2.478 2.478
024 3 2.480 2.479
026 6 2.264 2.266 2 2.288 2.286
206 7 2.257 2.256 4 2.279 2.278
119 6 2.241 2.242 5 2.345 2.244
028 3 2.055 2.054
1111 2 1.948 1.949
208 5 2.049 2.049
220 16 1.9047 1.9049 17 1.9359 1.9362
222 4 1.9137 1.9130
224 7 1.8477 1.8480
0210 9 1.8328 1.8330 12 1.8389 1.8393
2010 15 1.8282 1.8280 16 1.8350 1.8353
0014 3 1.7704 1.7700
226 2 1.7309 1.7318
1113 4 1.7143 1.7140 10 1.7106 1.7102
0212 4 1.6506 1.6502
131 3 1.7034 1.7038
228 5 1.6420 1.6418
135 11 1.6148 1.6158 18 1.6380 1.6376
315 13 1.6094 1.6091 19 1.6322 1.6320
0016 3 1.5484 1.5488
1115 7 1.5241 1.5243 10 1.5201 1.5201
2210 7 1.5138 1.5141 7 1.5259 1.5261
0214 2 1.4876 1.4871 4 1.4873 1.4875
2014 2 1.4851 1.4850 4 1.4852 1.4854
139 3 1.4536 1.4540
319 2 1.4489 1.4491
0018 3 1.3766 1.3767
040 8 1.3511 1.3510 5 1.3726 1.3724
400 8 1.3436 1.3431 5 1.3657 1.3657
2214 4 1.3012 1.3014
1117 4 1.3640 1.3642
0020 4 1.2475 1.2474
1119 6 1.2413 1.2414
335 13 1.2308 1.2307
240 9 1.2066 1.2069
420 9 1.2025 1.2027
1315 15 1.1915 1.1915
3115 15 1.1888 1.1888
Factor Mo = 45.72 (0.0001, 38) Mo, = 55.27 (0.0001, 27)

CRYSTALLOGRAPHY REPORTS Vol.50 No.1 2005
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Table3. Experimental (dep) and calculated (d o) interplanar
distances (A); relative intensities (I/ly); indices h, k, and I;
and reliability factorsfor indexing of linesin the X-ray diffrac-
tion patterns of the tetragonal phase Cay 5Bi, 5TigsNb; 504

h’fI;’(;![c?rnd I/IO dexp dcalcd
002 7 12.52 12.49
004 8 6.25 6.24
101 4 3.799 3.798
103 10 3.489 3.489
008 7 3.126 3.122
105 100 3.049 3.046
110 21 2.719 2.718
107 3 2.614 2.615
0010 16 2497 2.497
116 6 2.277 2.276
109 8 2.253 2.250
118 5 2.049 2.050
1011 2 1.957 1.955
200 14 1.922 1.922
1110 18 1.839 1.839
0014 2 1.785 1.784
1013 6 1.718 1.718
213 3 1.683 1.683
215 15 1.6251 1.6252
0016 2 1.5612 1.5610
1015 9 1.5272 1.5278
1114 2 1.4917 1.4913
219 2 1.4613 1.4612
0018 2 1.3876 1.3875
220 2 1.3588 1.3588
Factor Mo = 55.58 (0.00012, 30)

the difference between the parameters amotm calcu-
lated from the lengths of the unstrained interatomic
bonds Al-O and Bi-O and the experimental parameters

exp

Apseudoterr 1S CONSiderably less than 1% (the accuracy of
the method proposed in [11]). This primarily indicates
that the compositions of the synthesized compounds
correspond to the specified compositions.

Second, the similarity of the compositions of the
prepared compounds to the nominal compositions is
confirmed by the fact that the volumes of the pseudot-
etragonal (for the orthorhombic bismuth-containing
perovskite-like oxides) and tetragonal unit cells for al
the bismuth-containing perovskite-like oxides synthe-
sized regularly vary as compared to the unit cell volume
of theinitial compound. These volumes are determined
primarily by the sizes of the oxygen-octahedral struc-

CRYSTALLOGRAPHY REPORTS Vol. 50

tural framework, which is formed by the B/ atoms.
Therefore, these volumes depend on the valence of the
Bl atomsreplacing the Ti'V and NbY atomsin the lattice
of the initial compound, their content, and the lengths
of the unstrained interatomic bonds BI-O [16].

Anincrease in the valence of the Bl atoms replacing
the niobium atoms in perovskite-like layers of the ini-
tial lattice and a simultaneous decrease in the length of
the unstrained WY'-O interatomic bond lead to a regu-

lar decrease in the parameters Ve dotetrceit a0 Anepuoter
for compound 1. By contrast, an increase both in the
valence of the Bl atoms replacing the Ti'V atoms and in
the length of the unstrained NbV-O interatomic bond
result in an increase in the parameters Voeydotetr.cel @Nd

exp

Bpseudoterr 1O COMpound 2, even though the WY! atoms
involved in a shorter interatomic bond partially occupy
the Bi positions. It isworth noting that, in this case, the
Al atoms replacing the Bi'® atoms play asecondary role.

The replacement of the bismuth atoms by the Na or
Cd'! atoms, which have a lower valence and form
unstrained A-O bonds that are shorter than the Bi—-O
bonds in compounds 2 and 3, only dlightly affects the
unit cell volume Ve orerrce PUL l€2DS to a decrease in

the parameter c. The lattice parameter apg e SUb-

stantially decreases for structure 2 and remains virtu-
ally unchanged for structure 3.

CONCLUSIONS

Thus, two new bismuth-containing layered perovs-
kite-like oxides of complex compositions with m = 2
and one oxide described previously were synthesized.
The compositions of the oxides synthesized were iden-
tified on the basis of close agreement between the
experimental and calculated parameters of their struc-
tures. It was demonstrated that the unit cell parameters
of these compounds regularly change with a variation
in the chemical composition.
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Abstract—The crystal structure of L-serine phosphate (C;0;NH; -

H;PO,) is determined by single-crysta

X-ray diffraction. The unit cell parameters are as follows: a = 9.134(5) A, b =9.489(5) A, c = 4.615(5) A, y=
99.54(5)°, space group P2, and Z = 2. The amino group of serineis protonated by a hydrogen atom of the phos-

phoric acid. The HZPOf ions are linked by hydrogen bonds into infinite ribbons aligned along the twofold
screw axes. The ribbons form layers alternating with layers of serine molecules, which are directly linked by

hydrogen bonds. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Owing to their specific structural features, inorganic
derivatives of protein amino acids are of great interest
for both the search for new pyroelectric and piezoel ec-
tric materials and the understanding of the role played
by the electrical characteristics of protein amino acids
in the processes occurring in living organisms. The
structures of [-alanine, DL-alanine, sarcosine, and
L-alanine phosphates were studied earlier in[1, 2]. The
aim of thiswork isto determine the crystal structure of
L-serine phosphate, which, according to the data avail-
ablein the structural database [3], has not been investi-
gated yet. L-serine phosphate exhibits piezoelectric
properties[4].

EXPERIMENTAL

The crystals studied were prepared through slow
evaporation of a saturated aqueous solution containing
serine and H;PO, at pH < 2 in an LKB-Bromma ther-
mostat operating in the temperature range from —10 to
+40°C with an error of 0.5°. The temperature of the
solution decreased from 25 to 8°C at arate of 1°C daily.
The unit cell Rarameters of the crystal are as follows:
a=9.134(5) A, b=9489(5 A, c=461505) A, y =
99.54(5)°, space group P2,,and Z = 2.

The intensities of X-ray reflections were measured
in layers on an automated single-crystal diffractometer
operating according to the perpendicular beam scheme
using MoK, radiation monochromated with pyrolytic
graphite. A total of 1572 unique nonzero reflections
with | = 30(l) were measured in theindex range h(0.15)
k(-15.15), and 1(0.4) up to 26,,, = 72°. The integrated
intensities and the correction for the background were
determined using an algorithm of the profile analysis[5].

The stability of the crystal was checked by periodic
measurements of the intensities of the control reflec-
tion. The coordinates of the non-hydrogen atoms were
determined by direct methods with the AREN program
package [6]. All the hydrogen atoms were located from
aseries of difference syntheses that alternated with the
least-squares refinement of the positional and thermal
atomic parameters on F2(hkl) with the SHELXL97
program [7]. The thermal parameters of the non-hydro-
gen and hydrogen atoms were refined in the anisotropic
and isotropic approximations, respectively. Thefinal R;
and WR,; factors calculated for all the reflections mea-
sured are 0.038 and 0.10, respectively. The total num-
ber of the parameters refined was 149; S= 1.03. The
results of the refinement are given in Table 1. The pro-
jection of the structure of L-serine phosphate along the
c axisisshown inthefigure, which wasdrawn using the
ORTEP I1I program [8].

The crystal data have been deposited with the Cam-
bridge Structural Database (no. CCDC 201070).

RESULTS AND DISCUSSION

Asisseen from thefigure, the amino group of serine
is protonated by a hydrogen atom of phosphoric acid.

Tetrahedral HZPOi_ ionsarelinked by strong hydrogen

bonds to form infinite ribbons along the twofold screw
axes. The adjacent ribbons form dlightly puckered lay-

ersof H, POi_ tetrahedra along the b axis. These nega-

tively charged layers aternate with layers formed by
protonated serine molecules. The bond lengths and

anglesin the serine molecule and HZPOf ion arelisted
in Table 2. It follows from Table 2 that the HZPOi_ ion

1063-7745/05/5001-0058$26.00 © 2005 Pleiades Publishing, Inc.



Table 1. Atomic coordinates and equivalent thermal param-

CRYSTAL STRUCTURE OF L-SERINE PHOSPHATE

59
Table 2. Selected bond lengths (d, A) and angles (w, deg)

eters
U0 Bond Angle Bond Angle
X(DX) Y(DY) 2(D2) Vi
1—
P 0.43388(2) | 0.79911(2) | 0.70174(7)| 0.02227(5) HoPO,
O(1) | 0.35697(8) | 0.72732(8) | 0.4419(2) | 0.0303(2) P-O(1) 14962 | o@)-P-o(2) 115.1(1)
O(2) | 0.58746(7) | 0.88023(8) | 0.6463(2) | 0.0328(2)
O(3) | 0.33155(8) | 0.89883(8) | 0.8307(3) | 0.0328(2) P-O(2) 1506(2) || O(1)-P-O(3) 107.5(1)
O(4) | 0.44552(9) | 0.68102(7) | 09351(3) |0.02986(19)  p_y3) 1555(2) ||0(2)-P-0(3) 110.9(1)
O(5) |-0.02974(9) | 0.11195(9) | 0.8997(3) | 0.0405(3)
O(6) |-0.09911(8) | 0.30888(8) | 0.7168(4) | 0.0409(2) P-O(4) 1570(2) || O(1)-P-O(4) 107.9(1)
C(1) |-0.01213(9) | 0.21464(9) | 0.7413(3) | 0.0261(2) 0(2)-P-0(4) 108.3(1)
C(2) | 0.12008(9) | 0.24718(9) | 0.5409(3) | 0.0260(2)
C(3) | 0.20541(12)| 0.39629(10)( 0.5851(4) | 0.0348(3) O(3)-P-0(4) 106.9(1)
O(7) | 0.25781(12)| 0.40275(9) | 0.8690(3) | 0.0488(3) L-Serine
N 0.21870(9) | 0.14158(9) | 0.5975(3) | 0.0279(2)
H(1) | 0.370(2) |0.9563(19) | 0.955(7) |0.055(5) O®)C(1) | 1.207(2) | O(5)-C(1)-O(6) | 126.5(2)
H(2) | 04132 |0693(2) |1.088(6) |0.062(6) 06)-C(l) | 1296(2) | 0E)-c)-c2) | 122.00)
H(3) |-0.161(2) |0.290(2) |0.794(6) |0.065(7)
H(4) | 0.0009(15) | 0.2373(16) | 0.335(4) |0.034(4) CH-C2) | 1512(2) | OE)-C(1)-C) | 111.5(2)
H(5) | 0.1411(19) | 0.4743(19) | 0.552(5) |0.050(5) C@-N 147822) ||N-c2c) 108.0(1)
H(6) | 0.278(2) |0.403(2) |0.453(7) |0.055(6)
H(7) | 0326(2) |0.486(2) |0.919(10) |0.091(8) C-CE) | 1512(2) |IN-C(2-C(3) 109.5(2)
H(8) | 0.2634(15) | 0.1572(16) | 0.761(5) |0.031(4) cE-07) | 13933 |cu-c@-c@ | 11232
H(9) | 0.284(2) |0.145(2) |0.463(7) |0.059(6)
H(10)| 0.1592(15) | 0.0473(16) | 0.617(5) |0.034(4) O(7)-C(3-C(2) | 106.8(2)
Table 3. Hydrogen bonds and C-H bonds
A-H--D A-H, A H--D, A A-D, A AHD, deg
O(3)-H(1)--0(2)M 0.83(3) 1.77(2) 2.559(2) 158(2)
O(4)-H(2)--0(1)®™ 0.78(3) 1.76(3) 2.537(3) 175(2)
O(6)-H(3)---O(1)(iM 0.67(2) 1.90(2) 2.545(2) 164(3)
O(7)-H(7)--O(4) 0.95(2) 1.98(2) 2.916(2) 165(4)
N-H(8)---O(2)) 0.86(2) 2.30(2) 3.117(3) 158(2)
N-H(9)---O(2)) 0.86(3) 1.91(3) 2.763(3) 170(2)
N-H(10)--O(5)™) 0.97(2) 2.02(2) 2.868(2) 144(2)
C(2)-H(4) 0.99(2)
C(3)-H(5) 1.03(2)
C3-H(6) 0.90(3)

Symmetry codes: (i) 1—x,2-Yy,z+12; (ii) x,y,1+7z (i) =% 1-y,z+12;(iv) 1-x,1-y,z+1/2;(v) 1-x,1-y,z—-12; (vi) =X,

-y, z—=12.

has a distorted tetrahedral structure, because the P-OH
bonds are significantly longer than the P-O bonds. The
Flack parameter (0.01) confirmsthe validity of the con-
figuration described. The bond lengthsand anglesin the
serine molecule agree well with the values reported ear-
lier in [9, 10]. The hydrogen atoms of the NH; group

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1
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form hydrogen bonds with oxygen atoms of both the
phosphate groups belonging to the same ribbon and the
serine molecules. The adjacent ribbons are linked via
serine molecules, which form hydrogen bonds involv-
ing hydroxyl groups, on the one hand, and NH; groups,
on the other hand. Thus, in addition to the electrostatic
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Projection of the structure along the c axis. The non-hydrogen atoms are drawn as ellipsoids of thermal vibrations. The H atoms are

represented by circles of arbitrary radius.

interaction, an extended hydrogen bond system is
formed in the structure. The geometric parameters of
hydrogen bonds are givenin Table 3.
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XV. Tricyclic Heterocycles Based on 2-Ox0-2,5,6,7-Tetrahydro-
1H-Cyclopenta[b]pyridine-3-Carbonitrile
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Abstract—The structures of five compounds are studied using single-crystal X-ray diffraction: 2-0xo0-2,5,6,7-
tetrahydro-1H-cyclopenta[b] pyridine-3-carbonitrile [a = 15.641(8) A, b = 9.373(5) A, ¢ = 7.387(4) A, B =
92.91(5)°, Z = 4, space group P2,/c]; 1-[2-(4-chlorophenyl)-2-oxoethyl]-2-ox0-2,5,6,7-tetrahydro-1H-cyclo-
penta[b] pyridine-3-carbonitrile [a = 4.728(4) A, b = 28.035(11) A, ¢ = 11.184(3) A, Z = 4, space group
P2,2,2,]; 2-[2-(4-chlorophenyl)-2-oxoethoxy]-6,7-dihydro-5H-cyclopenta[b]pyridine-3-carbonitrile [a =
10.1202(13) A, b = 11.2484(18) A, ¢ = 13.4323(19) A, B = 102.05(1)°, Z = 4, space group P2,/c]; 2-(4-chlo-
rophenyl)-3a,6,7,8-tetrahydrocyclopenta[ €] [ 1.3] oxazol o[ 3.2-a] pyridine-4-carboxamide  perchlorate [a =
7.702(2) A, b=9.599(3) A, c = 23.798(5) A, B = 93.44(2)°, Z = 4, space group P2,/c]; and (3-amino-6,7-di hx-
dro-5H-cyclopenta b]furo[3.2-€] pyridin-2-yl)(4-chlorophenyl)methanone [a = 7.3273(2) A, b = 13.390(3) A,
c=28.792(8) A, Z = 8, space group Pbca]. The structures are solved using direct methods and refined by the
full-matrix least-squares procedure in the ani sotropic approximation to R=0.0580, 0.0724, 0.0469, 0.0477, and
0.0418, respectively. © 2005 Pleiades Publishing, Inc.

INTRODUCTION dine and 5-indolizinone derivatives[1, 2]. In our previ-
ous work, we demonstrated that the possible heterocy-

This work continues our investigations into the  clization reactions are not exhausted by the previously

chemical and structural features of tricyclic heterocy-
clesbased on 3-cyano-2(1H)-pyridones. The well-stud-
ied cyclization reactions of the products of pyridone
phenacylation lead to the formation of furo[2.3-b]pyri-

studied processes. Examples of the reveaded transfor-
mations of cyanopyridonela, whichisfusedto acyclo-
hexane ring [3], are presented by the following scheme
(see Scheme 1):

NH,
~-CN ~-CN A e}
(CHa)n| —= (CH| —= (CHy|
N~ O N~ SO0 N~ O R
H
I,la O V,Va

, I, Ha S\ ,

‘ R
0
CN n=1
NH
(CHy),| —+ (CHy) 2
N (@] N \o+ n=2
0 —( clo;
R
l,1la R IV, IVa

(l) n= 1, R= C6H4CI,

Scheme 1.

1063-7745/05/5001-0061$26.00 © 2005 Pleiades Publishing, Inc.
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In this work, we investigated similar heterocycliza-
tion reactions on the basis of cyanopyridone | contain-
ing a cyclopentene fragment. It was found that the
phenacylation reaction of pyridonel proceedsinasim-
ilar way with the formation of N and O isomers. The
resultant mixture of isomerswas successfully separated
using silica gel chromatography. The O isomer (com-
pound I11) under the action of a base easily closes the
ring with the formation of tricyclic furopyridineV. The
N isomer (compound I 1) in an acid medium is cyclized
into tricyclic cation 1V. By analogy with the transfor-
mation of compounds | Va-VIa, we expected that the
recyclization of salt IV would result in the formation of
compound VI, which is a representative of the previ-
ously unknown tricyclic system.

However, it turned out that the reaction of com-
pound 1V with a secondary amine (performed accord-
ing to aprocedure similar to thereaction of salt1Va[3])
isaccompanied by astrong resinification of thereaction
mixture. Upon treatment of the reaction mixture with
water and extraction with chloroform, the organic layer
acquired a bright yellow color. At the same time, the
mass spectral analysis of the substance obtained from
the organic extract showed the presence of a peak cor-
responding to initial cation V.

In order to account for the observed features, we can
assumethat cation IV most likely undergoes opening of
the oxazole ring with the formation of a colored zwitte-

rion intermediate (iIide) (VII):
VIl

Scheme 2.

Further cyclization of this ilide into tricyclic com-
pound VI is impossible, most probably, due to steric
stresses arising upon closure of the pyrrole ring.
It should be noted that early attemptsto prepare thistri-
cyclic compound with the use of salt VIII, which is
structurally similar to ilide V11, aso failed (see Sche-
me 2 [4]).

EXPERIMENTAL

Compounds -V were synthesized according to
Scheme 3. The physicochemical characteristics of the
compounds synthesized are presented in Table 1.

2-0Ox0-2,5,6,7-tetrahydro-1H-cyclopenta[b]pyri-
dine-3-carbonitrile (). This compound was prepared

Table 1. Physicochemical characteristics of the compounds synthesized

IH NMR* (DMSO-dg)

12.71 (s, 1H, 1-NH); 7.99 (s, 1H, 4-CH); 2.80 and 2.64 (t, 7.7 Hz and 7.5 Hz, 2H, 6-CH, and 8-CH,)?

8.13 (s, 1H, 4-CH); 8.09 and 7.69 (d, 8.6 Hz, 2H, 14-CH + 15-CH and 17-CH + 18-CH)"®; 5.59 (s, 2H,
11-CH,); 2.89 and 2.78 (t, 7.7 Hz and 7.5 Hz, 2H, 6-CH, and 8-CH,)? 2.06 (q, 7.6 Hz, 2H, 7-CH.)

8.03 and 7.64 (d, 8.3 Hz, 2H, 14-CH + 15-CH and 17-CH + 18-CH)P; 7.97 (s, 1H, 4-CH); 5.76 (s, 2H,
11-CH,); 2.93 and 2.76 (t, 7.6 Hz and 7.7 Hz, 2H, 6-CH, and 8-CH,)? 2.11 (q, 7.5 Hz, 2H, 7-CH,)

950 (s, 1H, 11-CH); 8:68 (s, 1H, 4-CH), 8.33 and 8.24 (s, 1H, 31-NH.,); 8.10 and 7.8 (d, 8.6 Hz, 2H,
14-CH + 15-CH and 17-CH + 18-CH)®; 343 and 3.21 (t, 7.7 Hz and 7.6 Hz, 2H, 6-CH, and 8-CH,)*

Compound | T, °C
I 257
2.03 (g, 7.5Hz, 2H, 7-CH,)
I 244
[l 253
v 218
2.41 (g, 7.6 Hz, 2H, 7-CH,)
\Y 312

8.25 (s, 1H, 4-CH); 8.10 and 7.63 (d, 8.7 Hz, 2H, 14-CH + 15-CH and 17-CH + 18-CH)"®; 7.55 (s, 2H,
31-NH,); 2.99 (m, 4H, 6-CH, + 8-CH.); 2.14 (q, 7.5 Hz, 2H, 7-CH,)

* The assignment of the signalsis given in accordance with the atomic numbering used in X-ray diffraction analysis (Figs. 1-5).
8The opposite assignment of CH,, groupsis possible.
b The opposite assignment of CH groupsis possible.
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N CN N CN N CN
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N O

o 5

1l o

NH2
S \

Scheme 3.

according to the procedure described in [5]. The yield
was 26%.

1-[2-(4-Chlor ophenyl)-2-oxoethyl]-2-0x0-2,5,6,7-
tetrahydro-1H-cyclopenta[b]pyridine-3-car bonitri-
le (I and 2-[2-(4-chlorophenyl)-2-oxoethoxy]-6,7-
dihydro-5H-cyclopenta[b]pyridine-3-carbonitrile(l11).
These compounds were synthesized according to apro-
cedure similar to that proposed in [1]. Potassium
hydroxide (6.25 mmol) and ethanol (5 ml) were placed
in a round-bottomed flask. Compound | (6.25 mmol)
was added portionwise with stirring to the prepared
solution. The mixture was |eft to stand in an ultrasonic
bath for 40 min, and then the alcohol was evaporated
with arotary evaporator. Dimethylformamide (10 ml)
and n-chlorophenacyl bromide (6.25 mmol) were
added to the dry residue. The mixture was allowed to
stand at elevated temperature (T ~ 50°C) for 18 h with
stirring. After completing the reaction (controlled by
thin-layer chromatography indicating the absence of
compound ), the reaction mixture was cooled, evapo-
rated to athick paste, and poured into water. The pre-
cipitate was filtered off and dried in air. The mixture of
N and O isomers (O isomer has a higher mobility) was
separated using a column (sorbent, SiO,; chloroform :
hexane = 1: 1). The yields of compounds Il and |11
were equal to 45 and 41%, respectively.

2-(4-Chlorophenyl)-3a,6,7,8-tetr ahydr ocyclopen-
ta[e][1.3]oxazolo[ 3.2-a]pyridine-4-car boxamide per-
chlorate (1V). Compound 1V was prepared from com-
pound Il according to a procedure similar to that
described in [6]. Compound 11 (1 g) was dissolved in
96% H,SO, (2 ml) and left to stand for a night. 70%
HCIO, (5 ml) was added to water (50 ml), and the
H,SO, mixture was poured into the prepared solution.
The precipitate was filtered off, washed on afilter with
water, and dried. The yield of compound |V was 97%.

(3-Amino-6,7-dihydro-5H-cyclopentalb]furo[3.2-
€] pyridin-2-yl)(4-chlorophenyl)methanone (V). This
compound was prepared using a procedure similar to

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1
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that proposed by Gewald [1]. Compound |11 was boiled
in absolute methanol with athreefold excess of sodium
methylate for 16 h. The precipitate was filtered off,
washed on afilter with methanol, and dried. The yield
of compound V was 67%.

Compound | upon recrystallization from glacial
acetic acid formed needle-shaped colorless crystals.
The crystals completely cracked in air for 30 s after
their removal from the solution. The crystals suitable
for X-ray diffraction analysis were chosen in a stream
or cooled nitrogen under a binocular microscope in
polarized light. The experimental intensities of diffrac-
tion reflections were measured on an IPDS automated
diffractometer (MoK, radiation, graphite monochro-
mator, w scan mode) at T = 190(2) K. The experimental
set of diffraction data was processed with the X-RED-
1.07 program package [7].

The experimental intensities of diffraction reflec-
tionsfor single crystals of compounds | |-V were mea-
sured on a CAD4 automated diffractometer [8] (CuK,
radiation, graphite monochromator, w scan mode) at
room temperature. The unit cell parameters of com-
pounds 1, I, 1V, and V were determined and refined
using 25 reflectionsin the 0 ranges 24°-26.5°, 21°-25°,
30°-35°, and 25°-29°, respectively. No correction for
absorption was introduced because of the small linear
absorption coefficients of the compounds studied and
the small sizes of their crystals. The primary processing
of the sets of diffraction data was performed with the
WinGX program package [9].

All the subsequent calculations were carried out
with the SHEL X 97 program package [10]. The crysta
structures, except for structure |1, were determined by
direct methods, and then the positional and thermal
parametersfor all the non-hydrogen atoms were refined
in the anisotropic approximation. For compound | I, the
parameters of the chlorine atom were refined in the
anisotropic approximation and the refinement of all the
other atoms was performed in the isotropic approxima-
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Table 2. Crystal data, data collection, and refinement parameters for structures|, 11, I11, 1V, and V

Empirical formula CQHBNZOI - CoH,O5 C17H13|,(|3IN202 C17H1|3|CII N,O, [Ci7H45Cl {\I\;O2 -ClQ,| Cy/H 1361 N,O,
Molecular weight 220.23 312.76 312.76 413.20 312.76
Crystal system Monaclinic Orthorhombic Monoclinic Monoclinic Orthorhombic
Space group P2,/c P 2,2,2; P 2,/c P 2/c P bca
a, A 15.641(8) 4.728(4) 10.1202(13) 7.702(2) 7.3273(18)
b, A 9.373(5) 28.035(11) 11.2484(18) 9.599(3) 13.390(3)
c, A 7.387(4) 11.184(3) 13.4323(19) 23.798(5) 28.792(8)
B, deg 92.91(5) 90.0 102.05(1) 93.44(2) 90.0
Vv, A3 1081.6(10) 1482.2(15) 1495.4(4) 1756.3(8) 2824.9(12)
Z 4 4 4 4 8
Pealcar FlCM® 1.352 1.401 1.389 1.563 1471
u(Kg), cm 0.100 2.365 2.335 3.687 2473
0 range, deg 2.61-28.19 3.1544.90 4.47-74.89 3.72-74.93 3.07-59.97
Crystal size, mm 0.3x0.3x0.3 0.1x0.1x0.1 0.3x0.3x0.3 0.3x0.3x0.3 0.3x0.3x0.3
Number of reflections 4989 1293 3199 3700 2037
measured
Number of unique 1832/155 1189/98 3065/199 3612/252 2037/207
reflections/Number
of reflections refined
Ry/WR2? [I = 20(1)] 0.0580/0.1193 0.0724/0.1468 0.0469/0.1181 0.0477/0.1251 0.0418/0.0859
DPmasd DPir, E/A3 0.216/-0.176 0.226/-0.198 0.149/-0.271 0.357/-0.268 0.159/-0.142

N@31)  tion. The hydrogen atoms, except the hydrogen atoms

C@31)

Fig. 1. Molecular structure, atomic humbering, and spatial

arrangement of hydrogen bonds in compound |.

CRYSTALLOGRAPHY REPORTS Vol. 50

involved in the formation of hydrogen bonds, were
located from geometric considerations and refined as
riding atoms together with the corresponding carbon
atoms. The therma parameters of these hydrogen
atoms were cal culated from those of the corresponding
carbon atoms [U;i,(H) = 1.2U(C) for the aromatic
hydrogen atoms and U;g,(H) = 1.5U(C) for the ali-
phatic hydrogen atoms]. The hydrogen atoms involved
in the formation of hydrogen bonds were located from
the electron-density difference syntheses and indepen-
dently refined in the isotropic approximation.

The crystal data for structures 1-V (CIF files) have
been deposited with the Cambridge Structural Database
(deposit CCDC nos. 0.000000—-0.000004).

The main parameters of the X-ray diffraction exper-
iments and crystal data for the compounds are summa:
rized in Table 2.

The spatial arrangement of atoms in molecules and
their numbering are depicted in Figs. 1-5 obtained with
the ORTEP-3 graphic program package [11, 12].

The interatomic distances and bond angles in the
studied structures are presented in Tables 3-12.

No.1 2005



X-RAY MAPPING IN HETEROCYCLIC DESIGN 65

oy

C(6)

0?2)

C(11)

N @0(12)

CI(16)

Fig. 2. Molecular structure and atomic numbering for com- Fig. 3. Molecular structure and atomic numbering for com-
pound I 1. pound I11.
o@31
=
N@31)
C@31
7 = Gb K 4 £ C3D
X | C(6) './ ’ T 0(12)
] = NG vy, =7 T\ CUD
C(7) = 5 (€29) .
C(12)
C o) 02)
\ 5 —
e

écazt)
. :‘ C®) C(13) V-
UE
© b(:(8) N O C(15)
C(18) Mt

Fig. 5. Molecular structure and atomic numbering for com-
pound V.

85
0(8)@ aay g2
@,
W o1
)

0(14) 0(12

Fig. 4. Molecular structure and atomic numbering for com-
CI(16) pound I V.

CRYSTALLOGRAPHY REPORTS Vol.50 No.1 2005



66

MAZINA et al.

Table 3. Selected bond lengthsd (A) in structure |

Bond d Bond d
N(1)-C(9) | 1.365(5) || C(5)-C(6) 1.498(6)
N(1)-C(2) | 1.377(5) || C(6)-C(7) 1.553(6)
N()-H(1) | 1.126) | C(7)-C(8) 1.537(6)
C(2-0(2) | 1258(5) |l C(8)-C(9) 1.506(6)
C(2-C(3) | 1.445(5) || C(31)-N(31) 1.164(6)
C(3-C(4) | 1.387(6) || C(20)-C(21) 1.518(6)
C(3)-C(31) | 1.428(7) || C(21)-O(21) 1.228(6)
C(4)—C(5) 1.404(6) || C(21)-0(22) 1.308(6)
C(5-C(9) | 1.379(5) || O(22)-H(22) | 0.97(7)

RESULTS AND DISCUSSION

Inmolecules| (Fig. 1) and Il (Fig. 2), the six-mem-
bered heterocyclic fragments have a planar structurein
which the maximum deviations of atomsfrom the plane
are equal to 0.04 and 0.06 A, respectively. The C(31)—
N(31) nitrile groups and the O(2) exocyclic oxygen
atoms in both molecules lie in the plane of the hetero-
cyclic fragment. In the cyclopentene fragments of mol-
ecules| and I, only the C(7) atoms deviate from their
planes by 0.31 and 0.25 A, respectively.

The analysis of the bond lengths in the C(3)—C(4)—
C(5)-C(9) fragmentsinmolecules| and 11 (Tables 3, 5)
indicates a quasi-diene character of the fragments

Table 4. Selected bond angles w (deg) in structure |

Table5. Selected bond lengthsd (A) in structure 11

Angle w Angle w Bond d Bond d
C(O-N(D)-C(2) | 123.0(4) ||C(4)—C(5)—C(6) 131.8(4) Cl(16)—-C(16) | 1.740(12) || C(6)—C(7) 1.495(15)
CONDHD) | 125(3) ||C(5-C(B)-C(7) 104.0(4) N(1)-C(9) 1.362(12) || C(7)-C(8) 1.487(14)
C(Q-N(1D)HD) | 112(3) ||C(8)-C(7)—C(6) 106.6(4) N(1)-C(2) 1.387(12) || C(8)-C(9) 1.514(13)
O(2-C(2-N(1) | 120.1(4) ||C(9-C(8)-C(7) 102.7(4) N(1)-C(11) 1.462(12) || C(11)-C(12) | 1.484(13)
O(2-C(2-C(3) | 124.8(5) ||[N(D—-C(9)—C(5) 122.3(4) C(2-0(2) 1.211(10) || C(12-0O(12) | 1.211(11)
N(D)-C(2-C(3) | 115.1(5) ||N(1)-C(9-C(8) 125.3(4) C(2—C(3) 1.444(12) || C(12)-C(13) | 1.431(14)
C(4)—C(3)-C(31) | 121.0(4) ||C(5)-C(9-C(8) 112.4(4) C(3)C(4) 1.385(13) || C(13)-C(18) | 1.364(13)
C(4)-C(3-C(2) | 122.0(5) |[N(BD)-C(31)-C(3) |179.3(6) C(3)—C(31) 1.426(15) || C(13)-C(14) | 1.396(14)
C(3D)-C(3)C(2) | 117.0(4) ||O(21)-C(21)-0O(22) | 125.1(4) C(31)-N(31) | 1.131(14) || C(14)—C(15) | 1.393(14)
C(3-C(4-C(5) | 119.9(4) ||O(21)—-C(21)—C(20) |121.0(5) C(4)—C(5) 1.407(15) || C(15)-C(16) | 1.357(13)
C(9-C(5)-C(4) | 117.7(4) || O(22-C(21)—-C(20) |113.9(5) C(5-C(9) 1.341(13) || C(16)-C(17) | 1.406(15)
C(9-C(5-C(6) | 110.5(4) ||C(21)-O(22)H(22) | 87(4) C(5)—C(6) 1.502(14) || C(17)-C(18) | 1.363(14)
Table 6. Selected bond angles w (deg) in structure 11

Angle W Angle (%)
C(9-N(D-C(2 122.0(9) C(5)-C(9-N(D 123.7(10)
C(9-N(1)—-C(112) 121.6(8) C(5)-C(9)-C(8) 108.9(10)
C(2-N(1)—C(12) 116.5(9) N(1)—-C(9)-C(8) 127.0(10)
0(2)-C(2)-N(1) 121.1(10) N(1)—-C(11)-C(12) 115.3(9)
0(2-C(2-C(3) 124.0(10) 0(12)-C(12)-C(13) 122.5(10)
N(1)-C(2—C(3) 114.8(10) 0(12)-C(12)-C(11) 117.1(10)
C(4)—C(3)—C(31) 121.5(10) C(13)-C(12)—C(11) 120.4(10)
C(4)-C(3—C(2) 121.8(10) C(18)-C(13)-C(14) 116.2(11)
C(31)—C(3)—C(2 116.7(10) C(18)-C(13)—C(12) 121.3(11)
N(31)-C(31)-C(3) 178.8(15) C(14)-C(13)-C(12) 122.4(10)
C(3)-C(4)—-C(5) 119.6(11) C(15)-C(14)—C(13) 122.4(11)
C(9)-C(5-C(¥) 117.9(11) C(16)-C(15)—-C(14) 118.3(12)
C(9)-C(5)—C(6) 112.4(11) C(15)-C(16)-C(17) 121.1(12)
C(4)—-C(5)—C(6) 129.7(11) C(15)-C(16)—Cl(16) 119.1(10)
C(7)—C(6)—C(5) 103.8(9) C(17)-C(16)—Cl(16) 119.8(9)
C(8)—C(7)—C(6) 107.5(10) C(18)-C(17)—C(16) 117.9(12)
C(7)-C(8)—C(9) 105.7(10) C(17)-C(18)-C(13) 123.9(13)

CRYSTALLOGRAPHY REPORTS Vol. 50
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Table 7. Selected bond lengthsd (A) in structure 111
Bond d Bond d Bond d Bond d
N(1)-C(2) 1.315(2) C(3)—C(31) 1.430(2) C(7)—C(8) 1.532(3) C(13)—C(18) 1.388(2)
N(1)-C(9) 1.344(2) C(31)-N(31) 1.140(2) C(8)-C(9) 1.496(2) C(14)—C(15) 1.383(2)
C(2-0(2) 1.363(2) C(4)—C(5) 1.380(2) C(11)-C(12) 1.514(3) C(15)-C(16) 1.378(3)
C(2—C(3) 1.408(2) C(5)-C(9) 1.382(2) C(12)-0(12) 1.209(2) C(16)—C(17) 1.376(3)
0(2-C(11) 1.431(2) C(5)-C(6) 1.507(3) C(12-C(13) 1.489(2) C(16)-Cl(16)| 1.741(2)
C(3)-C(4) 1.394(2) C(6)-C(7) 1.537(3) C(13)-C(14) 1.387(2) C(17)—C(18) 1.376(3)
Table 8. Selected bond angles w (deg) in structure 11
Angle W Angle ()
C(2-N(1)-C(9) 115.97(14) N(1)—C(9)-C(8) 123.80(15)
N(1)-C(2)-0(2) 119.69(14) C(5)-C(9)-C(8) 111.17(16)
N(1)-C(2)-C(3) 124.09(15) 0(2-C(11)—C(12) 110.59(14)
0(2-C(2-C(3) 116.19(15) 0(12)-C(12)-C(13) 121.42(18)
C(2-0(2—-C(11) 116.80(13) 0(12)-C(12)—C(11) 119.79(16)
C(4)—-C(3)—C(2) 118.34(15) C(13)-C(12)—C(11) 118.79(14)
C(4)—C(3)—C(31) 121.07(15) C(14)—-C(13)—C(18) 118.95(16)
C(2—C(3)—C(31) 120.58(15) C(14)—C(13)-C(12) 123.41(16)
N(31)-C(31)-C(3) 178.1(2) C(18)-C(13)—C(12) 117.63(15)
C(5)-C(4)—C(3) 118.17(15) C(15)-C(14)—C(13) 120.53(18)
C(4)—C(5-C(9) 118.32(16) C(16)-C(15)—-C(14) 119.05(18)
C(4)—-C(5)—C(6) 130.62(16) C(17)-C(16)—-C(15) 121.50(18)
C(9)-C(5)—C(6) 111.05(16) C(17)-C(16)-CI(16) 119.20(17)
C(5)—-C(6)—C(7) 103.06(16) C(15)-C(16)—CI(16) 119.28(17)
C(8)-C(7)—C(6) 106.77(17) C(16)-C(17)—C(18) 118.91(19)
C(9)-C(8)—C(7) 103.46(16) C(17)-C(18)—C(13) 121.04(17)
N(1)-C(9)-C(5) 125.03(16)
Table9. Selected bond lengthsd (A) in structure 1V
Bond d Bond d Bond d Bond d
N(21)-C(9) 1.360(2) || C(31)-0O(31) 1.207(3) || C(7)—C(8) 1.551(3) || C(16)-C(17) 1.380(4)
N(1)-C(2) 1.365(2) || C(31)-N(31) 1.328(3) || C(8)—C(9) 1.490(3) || C(16)-Cl(16) 1.739(2)
N(1)-C(11) | 1.398(2) || N(31)-H(31A)| 0.80(3) C(11)—C(12) 1.338(3) || C(17)-C(18) 1.380(3)
C(2-0(2) 1.337(2) || N(31)-H(31B)| 0.85(3) C(12)—C(13) 1.457(3) || CI(1)-O(14) 1.380(2)
C(2—C(3) 1.391(3) || C(4)—-C(5) 1.391(3) || C(13)-C(14) 1.384(3) || CI(1)-O(13) 1.405(3)
0(2-C(12) | 1.400(2) || C(5)—C(9) 1.373(3) || C(13)-C(18) 1.390(3) || CI(1)-0O(12) 1.419(2)
C(3)-C(4) 1.377(3) || C(5)-C(6) 1.509(3) || C(14)-C(15) 1.391(3) || CI(1)-O(11) 1.423(2)
C(3)-C(31) | 1.517(3) || C(6)-C(7) 1.513(4) || C(15)-C(16) 1.374(3)

under consideration and asimilar structure of thebicy- 0O(22)-H(22)D(2) and N(1)-H(1)IID(21) hydrogen
clic fragments of the studied compounds.

Compound | issuitable for single-crystal X-ray dif-
fraction analysis in the form of the adduct with acetic
acid. In the crystal structure, the molecule of this com-
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bonds (Fig. 1, Table 13).

Inmoleculelll, the pyridinering is planar: the max-
imum deviation of the atoms from the planeis equal to
pound is bound to the acetic acid molecule by the 0.06 A. The C(31), N(31), and O(2) atoms aso lie in
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Table 10. Selected bond angles w (deg) in structure 1V
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Angle w Angle W
C(9)-N(1)-C(2) 121.30(16) N(1)—-C(9)-C(5) 118.69(18)
C(9)-N(1)-C(11) 130.60(17) N(1)—-C(9)-C(8) 126.98(18)
C(2-N(1)-C(11) 108.07(15) C(5)—-C(9)-C(8) 114.32(18)
0O(2-C(2-N(2) 108.88(16) C(12)—C(11)-N(2) 106.59(16)
0O(2-C(2—C(3) 129.49(18) C(11)—C(12)-0(2) 109.22(16)
N(1)—-C(2)-C(3) 121.63(18) C(11)—C(12)-C(13) 133.07(18)
C(2-0(2-C(12) 107.25(14) 0(2)-C(12)—C(13) 117.72(17)
C(4)—-C(3)—C(2 116.66(19) C(14)—C(13)-C(18) 119.26(19)
C(4)—-C(3—C(31) 117.89(18) C(14)—C(13)-C(12) 121.93(18)
C(2—C(3)—C(31) 125.45(19) C(18)—C(13)-C(12) 118.80(19)
0O(31)—C(31)-N(31) 123.1(2) C(13)-C(14)-C(15) 120.6(2)
0O(31)—C(31)—C(3) 118.5(2) C(16)—C(15)-C(14) 118.9(2)
N(31)-C(31)-C(3) 118.32(19) C(15)—C(16)-C(17) 121.5(2)
C(31)—N(31)-H(31A) 115.2(19) C(15)—C(16)-CI(16) 119.4(2)
C(31)—N(31)-H(31B) 123.2(17) C(17)—C(16)-CI(16) 119.12(18)
H(31A)-N(31)—H(31B) 122(3) C(16)—C(17)-C(18) 119.2(2)
C(3)-C(4)—C(5) 121.49(19) C(17)—C(18)-C(13) 120.5(2)
C(9)-C(5-C(4) 120.20(19) 0(14)-CI(1)-0(13) 113.1(2)
C(9)-C(5)—C(6) 109.0(2) 0(14)-CI(1)-0(12) 109.09(17)
C(4)—C(5)—C(6) 130.8(2) 0O(13)-CI(1)-0(12) 108.4(2)
C(5)—-C(6)—C(7) 104.1(2) 0(14)-CI(1)-0(12) 110.76(19)
C(6)—-C(7)—C(8) 108.0(2) 0(13)-CI(1)-0(11) 105.72(16)
C(9)-C(8)—C(7) 101.18(18) 0(12)-CI(1)-0(12) 109.73(15)

Table11. Selected bond lengthsd (A) in structure V
Bond d Bond d Bond d Bond d

CI(16)-C(16) | 1.7324(5) || C(3)—C(31) 1.4313(6) || C(5)—C(6) 1.4999(6) || C(13)—C(18) 1.3817(6)
N(D)-C(2) 1.3284(5) || C(31)-N(31) | 1.3461(6) || C(6)—C(7) 1.5273(7) || C(13)—C(14) 1.3892(6)
N(1)—-C(9) 1.3510(5) || C(31)-C(11) | 1.3749(6) || C(7)—C(8) 1.5364(6) || C(14)—C(15) 1.3764(6)
C(2-0(2) 1.3695(5) || N(31)-H(31A) | 0.858(3) || C(8)—C(9) 1.4982(6) || C(15)—C(16) 1.3684(7)
C(2—C(3) 1.3891(6) || N(31)-H(31B) | 0.863(3) || C(11)—C(12) 1.4335(6) || C(16)—C(17) 1.3725(6)
0O(2-C(11) 1.4121(5) || C(4)—C(5) 1.3722(6) || C(12)-0(12) 1.2461(5) || C(17)—C(18) 1.3856(6)
C(3)—C(%) 1.3999(6) || C(5)—C(9) 1.3993(6) || C(12)—C(13) 1.4881(6)

thisplane. The C(7) atom deviates from the plane of the
cyclopentene fragment by 0.35 A.

Theanalysis of theinteratomic distancesin the pyri-
dine fragment of molecule |11 (Table 7) shows that the
C—C bond lengths are more equalized as compared to
thosein molecules| and I 1. Thisisthe main difference
between structure |11 and the structures considered
above.

In structure 1V, the oxazolopyridine bicycle has a
planar structure. The maximum deviation of the atoms
from the plane is equal to 0.02 A. The atoms of the
0O(31)-C(31)—N(31) amide group almost completely

CRYSTALLOGRAPHY REPORTS Vol. 50

lie in this plane. The C(7) atom of the cyclopentene
fragment deviates from the plane by 0.31 A.

The O(31)—C(31)-N(31)H, amide group in mole-
cule 1V isrotated by 5.82° with respect to the plane of
the oxazolopyridine bicycle and forms the intramol ec-
ular hydrogen bond with the O(2) oxygen atom of the
five-membered fragment of the bicycle. Moreover, the
hydrogen atoms of the amide group are involved in the
formation of the hydrogen bonds with the perchlorate
anions and, thus, link molecules into centrosymmetric
dimersin the crystal packing (Fig. 6 [13]; Table 13).
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Table 12. Selected bond angles w (deg) in structure V
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Angle w Angle ()
C(2-N(1)-C(9) 111.90(3) C(9)-C(8)-C(7) 103.57(4)
N(1)-C(2-0(2) 120.09(3) N(1)-C(9)-C(5) 125.35(3)
N(D)-C(2)-C(3) 128.31(3) N(1)-C(9)-C(8) 122.80(4)
0O(2-C(2—C(3) 111.60(3) C(5)—-C(9)-C(8) 111.85(3)
C(2-0(2—-C(11) 105.38(3) C(31)—C(11)-0(2) 110.18(3)
C(2-C(3)—C(4) 117.83(3) C(31)—C(11)-C(12) 126.45(4)
C(2—C(3)—C(31) 105.81(3) 0(2-C(11)—-C(12 123.29(3)
C(49—-C(3—C(3D 136.36(4) 0(12)-C(12)—C(11) 116.09(3)
N(31)-C(31)—C(11) 126.97(4) 0(12)-C(12)—C(13) 119.30(4)
N(31)-C(31)—C(3) 125.99(3) C(11)-C(12-C(13) 124.60(4)
C(11)-C(31)—C(3) 107.03(4) C(18)—C(13)—C(14) 117.90(4)
C(31)—N(31)-H(31A) 119.9(2) C(18)—C(13)-C(12) 125.45(3)
C(31)—N(31)-H(31B) 120.1(2) C(14)—C(13)-C(12) 116.65(4)
H(31A)-N(31)-H(31B) 120.0(3) C(15)-C(14)—C(13) 121.20(4)
C(5)-C(4)—C(3) 116.38(4) C(16)—C(15)-C(14) 119.63(4)
C(4)—C(5)—C(10) 120.21(4) C(15)-C(16)-C(17) 120.79(4)
C(4)—-C(5)—C(6) 129.04(4) C(15)—C(16)-Cl(16) 119.40(3)
C(9)-C(5)—C(6) 110.75(3) C(17)—C(16)-Cl(16) 119.81(4)
C(5)—C(6)-C(7) 104.30(3) C(16)-C(17)-C(18) 119.20(4)
C(6)-C(7)—C(8) 108.61(3) C(13)-C(18)—C(17) 121.27(4)

Table 13. Parameters of interatomic contactsin the studied structures
D-H d(D-H) d(H--A) WDHA d(D--A) A
|
N(1D)-H(2) 112 1.64 169 2.75 0O(21)
0(22)-H(22) 0.97 1.85 134 2.64 0(2)
v
N(31)—H(31A) 0.80 218 173 297 O(14) [x+1,y+1,7
N(31)-H(31B) 0.85 2.27 131 2.90 0(2)
N(31)-H(31B) 0.85 2.29 126 2.87 O(11) [x+ 1,y +1,—7
\
N(31)-H(31A) 0.86 2.16 124 2.73 0(12)
N(31)-H(31B) 0.86 2.25 162 3.08 N [x+1/2,y+1/2, 7]

The structure of the oxazolopyridinium cation can be described by three resonance structures

O _NH, O _NH, O. _NH,
~—0 2N Q oy

| N />—< >7CI -~ N />—< %u ~ N />—< >7CI
A B C

CRYSTALLOGRAPHY REPORTS Vol. 50
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Scheme 4.
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Fig. 6. Spatial arrangement of hydrogen bondsin structure I'V.

A comparison of the interatomic distances in the
C(3)-C(4)—C(5)—C(9) fragment (Table 9) allows us to
assume that resonance form A should make the least
contribution, because the bond lengths in the fragment
are characterized by a quasi-diene distribution. A con-
siderable shortening of the N(1)—C(9) bond as com-
pared to the C—N single bond indicates a possible con-
jugation of the lone electron pair of the bridging nitro-
gen atom with the diene fragment and then through the
chain with the exocyclic amide group of the molecule.
Formally, the molecule under investigation contains
two amide fragments N(1)-C(2)-O(2) and N(31)-
C(31)—-O(31). A comparison of the N(1)-C(2) and
C(2)-0O(2) bond lengths with the corresponding N(31)—
C(31) and C(31)—0O(31) bond lengths (Table 9) demon-
strates that the bonds in the endocyclic amide fragment
are longer than those in the exocyclic amide fragment
(the lengths of these bonds are shorter than the lengths
of the C-O and C—N single bonds). The C(11)-C(12)
bond length corresponds to the carbon—carbon double
bond length. The analysis of the bond lengths and their
ratio does not permit us to make an unambiguous infer-
ence regarding the assgnment of particular bonds in the
amide fragment of the bicycle to single and double bonds.
For the molecule under consideration, the bond lengths
can be more correctly treated as alternating and the real
molecular structure should be most adequately described

CRYSTALLOGRAPHY REPORTS Vol. 50

by a superposition of resonance forms B and C:

O._ _NH,
s O
s N/
Scheme 5.

IncompoundV (Fig. 5), the heterocyclic bicycle has
a planar structure in which the maximum deviation of
atoms from the plane is equal to 0.03 A. In the cyclo-
pentene fragment of the molecule, the C(7) atom devi-
ates from the plane by 0.16 A.

The bond lengths in the pyridine ring are character-
ized by an aromatic distribution similar to the distribution
of the bond lengthsin the pyridine ring of moleculel 1.

The hydrogen atoms of the amino group and the
nitrogen atom of the pyridine ring form intermolecular
hydrogen bonds that link moleculesinto chains. More-
over, the amino group participates in the formation of
the intramolecular hydrogen bond (Table 13, Fig. 7
[13]).

The n-chlorobenzoyl groups in molecules I1, 11,
and V and the n-chlorophenyl group in molecule IV
have planar structures to within 0.03, 0.1, 0.1, and
0.01 A, respectively. The distribution of the bond
lengths in the phenyl ring of al the aforementioned
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3

@, c<31)N<3‘)
c(11)" HG14)

Fig. 7. Spatid arrangement of hydrogen bondsin structure V.

molecul es correspondsto an aromatic structure. Inmol-
ecule |1, the deviations of the O(12) and C(11) atoms
from the plane of the n-chlorobenzoyl group are equal
to 0.12 and 0.26 A, respectively. The O(12) and C(11)
atomsin molecules| |1 andV lieinthe plane of the phe-
nyl ring. The n-chlorobenzoyl groups of molecules |1
and |11 are virtually perpendicular to the plane of the
heterocyclic fragments: the corresponding dihedral
angles between the planes are equal to 74.26° and
87.03°, respectively. The n-chlorophenyl ring of mole-
cule IV liesin the plane of the heterocyclic fragment,
because the dihedral angle between the heterocycle and
phenyl planesis only 1.64°. In moleculeV, the dihedra
angle between the planes of the phenyl ring and the het-
erocyclic tricycle is equal to 9.29°. The small dihedral
angle and the planar structure of the H,N(31)—
C(31)=C(11)—C(12)=0(12) fragment suggest that the
n-chlorobenzoyl group and the amino group are conju-
gated through the double carbon—carbon bond of the
furanering.

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1
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Abstract—The crystal structure of 2,4,7-trinitro-9-fluorenone 013H5'\,l§'07 is determined by X-ray diffraction

analysis. The crystals are monoclinic, a = 4.024(1) A, b = 16.763(3)

, c=18.250(4) A, B = 96.32(3)°, V =

1223.6(5) A3, Z = 4, space group P2,/c, and R = 0.0640 for 605 reflections with | > 2a(1). The crystal is built
of planar isolated molecules. The compound is characterized using IR and electronic absorption spectroscopy.

© 2005 Pleiades Publishing, Inc.

INTRODUCTION

9-Fluorenone (1) [1] and its derivatives, which
exhibit interesting spectroscopic and photochemical
properties, have been studied thoroughly. In particular,
the Cambridge Structural Database (Version 5.23, April
2001 [2]) includes structural data for 26 substituted 9-
fluorenones containing from oneto four nitro groupsin
different positions, namely, 2-mono-, 2,7-di-, 2,5-di-,
4 5-di-, 2,4,7-tri-, and 2,4,5,7-tetranitro-9-fluorenones.

This paper reports on the results of spectroscopic
and X-ray diffraction studies of 2,4,7-trinitro-9-fluo-
renone (TNF, I1).

EXPERIMENTAL

Yellow single crystals of compound |1, suitable for
X-ray diffraction analysis, were isolated by recrystalli-
zation from acetone. The melting temperature of com-
pound Il fallsin the range 199-201°C.

The|R spectraof crystals|| prepared as KBr pellets
and Nujol mullswere recorded on a Specord 75IR spec-
trophotometer in the range 4004000 cm .

The el ectron absorption spectra of ethanol solutions
of TNF were measured on a Specord UV-V IS spectro-
photometer in the wavelength range 200-700 nm.

Crystals I (C13HsN;O,, M = 315.20) are mono-
clinic,a=4.024(1) A, b=16.763(3) A, c = 18.250(4) A,
B =96.23(3)°, V = 1223.6(5) A3, peyca = 1.711 g/em?,
HU(MoK,) = 0.143 mm, F(000) = 640, Z = 4, and space
group P2,/c.

The experimental data (2959 reflections, of which
2081 are unique; R, = 0.0693) were collected on an
Enraf—Nonius CAD4 automated diffractometer (room
temperature, graphite monochromator, w scan mode,
0,.x = 25.0°) from atransparent platelike crystal 0.07 x

0.32 x 0.49 mm in size. The reflections were collected
intheindex ranges—1<h<4,0<k<19,-21<|<21
In the course of data processing, the Lorentz and polar-
ization factors were introduced. The anisotropy of
absorption wasignored because of the small absorption
coefficient.

The dtructure was solved by direct methods
(SHELXS86 [3]) and refined on F? by the full-matrix
least-squares procedure (SHELXL93 [4]). All the
atoms of the structure (except for the O(4), O(4X), and
hydrogen atoms) were refined anisotropically. The
positions of the H atoms were cal culated from geomet-
ric considerations (C—H, 0.93 A) and refined within a
riding model. In this refinement, the isotropic thermal
parameters U, of the H atoms were assigned values
larger than the thermal parameters U of the carbon
atoms attached to the parent atoms by a factor of 1.2.
The oxygen atom of one of the nitro groups statistically
occupies two positions, O(4) and O(4X), with occu-
pancy factors refined to 0.64(6) and 0.36(6), respec-
tively.

The final discrepancy factors are as follows: R; =
0.0640, wR, = 0.1548, and GOOF = 0.989 for 605
reflections with | > 2a(l); and R; = 0.2876 and wWR, =
0.2647 for all reflections. The total number of reflec-
tions refined is 207. The values of Ap,,, and Ap,,, are
0.447 and —0.237 /A3, respectively.

The atomic coordinates and thermal parameters are
listed in Table 1. The interatomic distances and bond
angles are given in Table 2.

RESULTS AND DISCUSSION

Structure 11 is built of isolated molecules (Fig. 1).
Except for the nitro groups, the molecule is virtually
planar [the mean atomic deviation from the best plane

1063-7745/05/5001-0072$26.00 © 2005 Pleiades Publishing, Inc.
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Table 1. Atomic coordinates and thermal parameters U,g,/Ug,
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Table 2. Selected bond lengths (d, A) and angles (w, deg) in

(A% in structure | structure 11
Atom X y z Uigs/Ueq Bond d Bond d
N(1) | 0035(2) | 04133(5) |-00686(5) | 0.068(2)  N(1)-O(I) 119(1) ||N(1)-0(2) 1.20(1)
N(2) |-0.026(3) | —0.0703(5) | 0.2240(5) | 0.091(3) N(L-C(4) 149(1) |/ N(2)-0(3) 1.24(1)
N(2)-O(4) 1.12(2) ||N(2)-O(4X) 1.35(2)
N(3) 0.428(2) | 0.1972(5) | 0.2598(5) | 0.076(2) N(2)-C(10) 1471) || N(3)-0(5) 1.24(1)
O(1) |-0.174(2) | 0.4053(5) |-0.1199(4) | 0.108(3)  N(3)-O(6) 1.25(1) ||N(3)-C(12) 1.47(1)
0(2) 0.211(2) | 0.4711(4) | -0.0609(4) | 0.108(3) O(7)-C(13) 1.19(1) || Cc(1)-C(2) 1.40(1)
0(3) 0.127(2) | —0.0854(4) | 0.2854(4) | 0.126(3) C(1)-C(6) 1.38(1) || C(1)-C(7) 1.48(1)
0@ |-0222(3) | -0.1114(8) | 0.1963(7) | 0.082(a)  CA-CE) 1.38(1) || C(2-C(13) 1.51(1)
C(3)-C(4) 1.37(1) ||C(4)-C(5) 1.36(1)
O(4X) |—0.117(5) | —0.124(1) 0.170(1) | 0.073(6) (5)-C(6) La91) ||c-cee) L40(1)
o(5) 0.340(2) | 0.2005(4) | 0.3230(4) | 0.098(2) C(7)-C(12) 137(1) ||c®)-c(9) 1.40(1)
o(6) 0.656(2) | 0.2389(5) | 0.2381(4) | 0.097(2) C(8)-C(13) 1.48(1) [|C(9)-C(10) 1.35(1)
O(7) |-0.315(2) | 0.1005(3) |-0.0282(3)| 0.080(2) C(10)—C(11) 1.37(1) || C(11)—-C(12) 1.38(1)
C(1) 0.162(2) | 0.2317(5) | 0.0927(4) | 0.048(2) Angle w Angle 0
C(2) |-0.017(2) | 0.2168(4) | 0.0236(4) | 0.049(2) O(LN(1)O(2) | 122.5(9) || O(1)N(1)C(4) 118.2(8)
C(3) |-0.059(2) | 0.2746(5) |—0.0308(4) | 0.053(2) O(N(DC(4) | 119.3(8) || O(IN(O(4) | 122(1)
HEA) | 0174 0,264 _0.076 0,064 O(BN(2)O(4X) | 126(1) || O(IN()C(10) | 117.1(8)
O(4)N(2)C(10) | 120(1) ||O(AX)N(2)C(10) | 111(1)
C(4) 0.079(2) | 0.3480(5) |—0.0129(5) | 0.058(2) OBN@OE | 12419 |loENECA | 11750
C(5) 0.252(2) | 0.3650(5) | 0.0532(5) | 0.057(2) OENE)IC12) | 1183() || c)c)c®) 119.0(7)
H(5A) | 0339 0.416 0.062 0.069 CQCC(7) | 107.9(6) || C(6)C(C(7) | 133.1(7)
C(6) 0.300(2) | 0.3063(5) | 0.1070(4) | 0.056(2) C(OCCB) | 122.0(7) [|C(HC(C(13) | 109.6(6)
H(6A) | 0.422 0.317 0152 0.067 C(3)C(2)C(13) | 128.3(7) || C(2)C(3)C(4) 116.3(7)
C(7) 0.154(2) | 0.1581(4) | 0.1375(4) | 0.040(2) 2(1)(:(4)(:(3) 118.8(7) | N(LCAHCE) 117.6(7)
(3)C(4)C(5) | 123.6(8) || C(4)C(5)C(6) 119.9(8)
C(@8) |-0.027(2) | 0.0998(5) | 0.0947(4) | 0.051(2) cCOCE | 11927 || ccmce) 108.3(6)
C(9) | 0.089(2) | -0.0238(5 | 0.1213(5) | 0.058(2)  c(1)C(7)C(12) | 135.4(7) ||CO)C(7)C(12) | 116.5(7)
H(9A) |-0.209 |-0.014 0.092 0.070 C(7)CB)C9) | 122.9(7) || C(7)C(8)C(13) | 110.2(6)
C(10) | 0.034(2) | 0.0082(4) | 0.1917(4) | 0.054(2) C(9C(8)C(13) | 126.8(7) || C(B)C(9)C(10) | 116.5(7)
c1y) | 02052 | 00632(5) | 02363(4) | 0.0562)  NACUIOCO) | 119.7(8) | N)CIO)C(L) | 117.2(7)
He| 028 0.050 0985 0.067 C(9)C(10)C(11) | 123.1(8) || C(10)C(11)C(12) | 119.2(7)
N(3)C(12)C(7) | 120.4(7) ||N(3)C(12)C(11) | 117.7(7)
C(12) | 0262(2) | 0.1377(4) | 0.2087(4) | 0.046(2) cncazca | 12187 ||omcazce | 127.607)
C(13) |-0.147(2) | 0.1324(4) | 0.0210(4) | 0.051(2) O(7)C(13)C(8) | 128.4(7) ||C(2)C(13)C(8) | 103.9(6)

(plane 1) is 0.026 A, and the maximum deviation
(0.047 A) is observed for the C(7) atom]. The angles
formed by the planes of the benzene ringswith thefive-
membered ring are 1.3° and 2.7°, and the angle between
the planes of the benzeneringsis 3.6°. The nitro groups
are rotated with respect to plane 1 through different
angles. The planes of the nitro groups N(1)O(1)O(2)
(plane 2) and N(2)O(3)O(4) (plane 3) in the 7- and

CRYSTALLOGRAPHY REPORTS Vol. 50
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2-positions are nearly paralel to plane 1 [theangles 1/2
and /3 are 16.2° and 14.1°, respectively; for the second
position of the nitro group N(2)O(3)O(4X) (plane 3X),
the angle is 26.3°], whereas the N(3)O(5)O(6) nitro
group in the 4-position (plane 4) is rotated with respect
to plane 1 through an angle of 46.4°. The planes of the
nitro groups form the following angles. 2/3, 4.6° (2/3X,
33.9°); 2/4, 51.0°; 3/4, 46.5° (3X/4, 68.2°).
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0(6)
D

0(5)

Fig. 1. Structure of moleculel1.

Fig. 2. Molecular packing in structure || (projection along the a axis).
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Fig. 3. A fragment of framework structure|.

In the crystal, centrosymmetric pseudodimers are
distinguished due to the short C-HIIID contact (possi-
bly, hydrogen bond) between the O(7) carbonyl oxygen
atom and the H(9A) atom of the dinitrosubstituted ben-
zene ring of another molecule that is related to the
former molecule by the center of symmetry
[O(7)TH(9A), 2.58 A; O(7)IIT(9), 3.48(1) A; the
O(7)H(9A)C(9) angle is 163°]. The pseudodimers are
packed into columns aligned along the shortest param-
eter a and arranged according to the base-centered
motif (Fig. 2). The oxygen atoms of the two nitro
groups form short contacts between the columns
[O(5)ID(1) (1 + %, 1/2 -y, 1/2 + 2), 2.76(1) A], dueto
which the framework structure is formed (Fig. 3).

Earlier [5], the crystal structure of another mono-
clinic polymorphic modification of TNF (I11) was
determined. Polymorphs Il and |1l are identical in
composition, even though structure |11 (a = 22.470 A,
b=5.652A,c=10.278 A, B =105.51°, V= 1257.7 A3,
and peyeq = 1.675 g/cmd) is dightly looser: in [11, the
unit cell volumeislarger by 34 A3 and the density pPeyeq

is lower by 0.036 g/cm? than those in I 1. Planar mole-
cules in structures Il and 111 (pseudodimersin Il and
layersin|l1) are packed into columns aligned along the
shortest period (the a axisin 11 and the twofold screw
axisor theb periodinI11). In structure I 11, the shortest
intermolecular contacts O(NO,)IIT(H) (3.08 A) and
O(NO,)ID(NO,) (3.03 A) are directed along the short
b axis of the crystal.

In addition to the crystal structures of polymorphsi |
and 111, we determined the structures of seven TNF
complexes of the composition TNF - L or 2TNF - L with
organic molecules (L): for the former composition, L is
pyrido(1",2" : 1',2)imidazo(4,5 : 4,5)imidazo(1,2-
a)pyridine (1V) [6], 2,6- or 2,7-dimethylnaphthalene

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1
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[7], the p-tricyanovinylphenyl-dicyanomethide in the
tetramethylammonium salt) [8], and hexamethylben-
zene [9]; and for the latter composition, L is tet-
rakis(phenylethynyl)ethene [10, 11] and 1,6-bis(N-car-
bazolyl)-2,4-hexadiyne [12]. In the case where the L
molecules are also planar as TNF, the molecular pack-
ing in the crystals of complexesnTNF -L (n=1o0r 2) is
similar to that in crystals Il and I11. For example, in
crystal 1V [6], planar molecules of TNF and dipyri-
dosubstituted 1,3,4,6-tetraazapentalene L are packed
according to astacking motif. Molecules of TNF and L,
which are not exactly paralel, aternate (the TNF/L
dihedral angleis8.0°, and the mean interplanar spacing
is3.3A). Themoleculesare arranged in such away that
the monosubstituted benzene ring of TNF is situated
over the center of the bicyclic imidazo[4,5-d]imidazole
system of L.

Table 3 presents the averaged geometric parameters
of two TNF polymorphs|1 and I 11, the unsubstituted 9-
fluorenone molecule | [1], and 4-phenylthio-2,7-dini-
tro-9-fluorenone (V) [13]. As it is seen from Table 3,
three substituents in the 2-, 4-, and 7-positions of mol-
ecules |1, 111, and V and their nature (the presence of
bulky 4-thiophenyl substituent in structure V) produce
aminor effect on the geometric parameters of the 9-flu-
orenone skeleton of the molecules. In the benzene
rings, the CCC angles at the nitrosubstituted carbon
atoms are significantly larger than the CCC(u) angles at
the unsubstituted C atoms and exceed to alesser degree
the CCC(j) angles at the junction between the five-
membered and six-membered rings. The tricyclic sys-
tem of thirteen carbon atoms in al the four molecules
-1l andV isamost planar.

The bandsin the IR spectrum of TNF were assigned
according to the data obtained for the unsubstituted flu-
orenone. In particular, the spectrum of crystalline TNF
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Table 3. Averaged geometric parameters of 9-fluorenone (1) and its nitrosubstituted derivatives|l, 111, and V
Parameter C13:-|80 C13H|5|N307 Cl3|—lll5:\l307 CioH 1{)/N205S

Distances, A

N-O 1.21(1) 1.212(7) 1.220(3)
C-C (5-m) 1.486(5) 1.49(1) 1.497(7) 1.490(4)
C-C (bzn) 1.383(5) 1.38(1) 1.384(7) 1.387(4)
Cc=0 1.220(4) 1.19(1) 1.209(7) 1.212(3)
Angles, deg

ONO 123.3(9) 124.2(5) 124.1(2)
ONC 118.1(8) 118.3(5) 117.9(2)
CCC(NOy) 122.8(8) 123.5(5) 123.0(3)
CCC(u) 120.4(3) 118.2(7) 117.2(5) 118.3(3)
ccc() 121.7(3) 120.1(7) 120.8(5) 121.2(3)
CCC(5-m) 108.4(3) 109.0(6) 108.9(4) 108.7(3)
CC(9)(5-m) 105.8(3) 103.9(6) 104.6(4) 105.2(3)
CCco 127.1(3) 128.0(7) 127.7(5) 127.4(2)
NO,/fl 14.1*, 46.4 37,327 5.0,15.9

16.2 153

bzn/5-m ~1 2.0 13 13
bzn/bzn ~1 3.6 15 15
Reference [1] Thiswork [5] [13]

Note: The conventional designations are as follows: 5-m is the five-membered ring; bzn is the benzene ring; CCC(NO,) and CCC(u) are
the angles in the benzene rings at the nitrosubstituted and unsubstituted C atoms, respectively; CCC(j) are the angles in the benzene
rings at the C atoms lying at the junction between the benzene and five-membered rings; CC(9)C is the angle at the carbon atom of
the carbonyl group; NO,/fl are the angles of rotation of the nitro groups sequentially in the 2-, 4-, and 7-positions with respect to the
fluorenone skeleton; and bzn/5-m and bzn/bzn are the dihedral angles between the planes of the benzene and five-membered rings

and benzene rings, respectively.

* Datafor the N(2)O(3)O(4) nitro group in the 2-position of structure || [the occupancy factor for the position of the O(4) atom is 0.64(6)].

exhibits a narrow band of the v(CO) stretching vibra-
tionsat afrequency of 1730 cm. Thisband is observed
at afrequency 10 cm lower than that in the spectrum
of the unsubstituted fluorenone due to the inductive
effect of the nitro groups. In the range of stretching
vibrations of nitro groups, doublet bands of symmetric
and asymmetric vibrations are observed at frequencies
V3(NO,) = 1520 and 1540 cm™ and v§NO,) = 1350

and 1371 cm. The pronounced splitting of these bands
can be explained by the noneguivalent contributions
from the nitro groups to the conjugation in the mole-
cule. The high-frequency components are attributed to
the vibrations of the nitro group in the 2-position,
which, according to the X-ray diffraction data, is
rotated with respect to the plane by 46°. In the range of

stretching vibrations of aromatic bonds, the spectra
contain a doublet band of medium intensity v(CH) =
3076/3088 cm and aweak band at 3101 cm™.

The electronic absorption spectrum contains aweak
band at a wavelength of 435 nm due to the n — Tt*
transition and the bands at 387, 302, 260, and 222 nm
due the Tt — TT* transitions.
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Abstract—The structural transformations in pyridine nitrate PyHNO;; (CsDsNHNOy) are investigated by neu-

tron diffraction in the temperature range 16-300 K at normal pressure and in the high-pressure range 0-3.5 GPa
at room temperature. A new high-pressure phase with amonoclinic structure (space group P2,/c) isrevealed in
the PyHNO; compound at pressures P > Py, ~ 1 GPa. The geometry of hydrogen bonds and the coordination of

the PyH" and NO; ionsin the structure of the PyHNO; compound are studied as afunction of the temperature

and pressure. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

A large number of pyridine salts belong to the group
of molecular—ionic crystals with interionic hydrogen
bonds. Depending on the symmetry and sizes of the
anions, these compounds can exhibit a great variety of
interesting phenomena, such as phase transitions, ferro-
electricity, and orientational dynamical disorder of the
pyridine cations [1-4].

It is known that the properties of the pyridine nitrate
PYHNO; (CsH;NHNO,) differ significantly from those
of other pyridine salts. The reorientation frequency of
pyridine cations in this compound at room temperature
isconsiderably lessthan that observed in other pyridine
compounds. The PyHNO; pyridine nitrate neither
exhibits ferroelectric properties nor undergoes order—
disorder phase transitions, which have been revealed in
other pyridine compounds such as PyBF, [1], PyCIO,
[2], PyReO, [3], and PylO, [4]. It isbelieved that these
differences in the properties of the PyHNO; compound
are associated with the formation of strong hydrogen

bonds between PyH* (CsHsNH*) and NO; ions[5].

Recent structural investigations of anumber of pyri-
dine salts at high pressures up to 0.33 GPa have
revealed that the compressibility coefficients of these
compounds are rather large [5] and can be comparable
to the compressibility coefficients characteristic of
molecular crystals [6]. Therefore, the high pressures
applied to pyridine salts can lead to noticeable changes
in the interatomic distances and interatomic interaction
potentials and induce phase transitions in these com-
pounds, as is the case in many molecular crystals, for
example, in solid benzene C;Hg [7].

Under normal conditions, the PyHNO; compound
has amonoclinic structure (space group P2,/c) with the
unit cell parameters a = 3.905 A, b = 12.286 A, ¢ =
13.437 A, B =90.5°, and Z = 4 [8]. Lewicki et al. [9]
performed an NMR investigation of the dynamics of
the PyHNO; salt at high pressures up to 0.75 GPa and
showed that the reorientation of PyH* cations occurs
between potential barriers of different heights[9]. It has
been found that the asymmetry parameter, which
accounts for the difference between the potential barri-
ers heights, decreases with an increase in the tempera-
ture and changes with an increase in the pressure. How-
ever, no phase transitions in the pyridine nitrate have
been observed at pressures up to 0.75 GPa.

In this work, the crystal structure of the deuterated
pyridine nitrate CsDsNHNO; was studied using neu-
tron diffraction in the temperature range 16-300 K at
high pressures up to 3.5 GPa. The deuterated com-
pound C;D;NHNO; (which is isostructural to the
CsHsNHNO; salt) was chosen as the object of our
investigation, because the deuterium atoms are more
suitable for neutron diffraction experiments owing to
their better characteristics as compared to hydrogen
atoms that are characterized by a very large incoherent
neutron scattering cross section.

EXPERIMENTAL TECHNIQUE
For our experiments, we used samples of the
CsDsNHNO; compound with a deuterium content of
approximately 99%.

The neutron diffraction experiments were per-
formed on a DN-12 spectrometer [10] installed on an

1063-7745/05/5001-0078$26.00 © 2005 Pleiades Publishing, Inc.
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IBR-2 pulsed high-flux reactor (Frank Laboratory of
Neutron Physics, Joint Institute for Nuclear Research,
Dubna) with the use of high-pressure chambers
equipped with sapphire anvils [11]. The neutron dif-
fraction measurements were carried out in the tempera-
ture range 16-300 K and at high pressures from O to
3.5 GPa. The pressure in the chamber was measured
from the shift of the luminescence line of ruby to an
accuracy of 0.05 GPa. The low-temperature measure-
mentswere performed using aspecial cryostat based on
a closed-cycle helium refrigerator. The samples to be
studied had a volume V ~ 2 mm3. The neutron diffrac-
tion patterns were recorded at a scattering angle 26 =
90°. The resolution of the diffractometer Ad/d at a
wavelength A = 2 A was equal to 0.015. The character-
istic time taken for one spectrum to be measured was
20 h. The neutron diffraction data were processed by
the Rietveld method according to the MRIA [12] and
Fullprof [13] program packages.

RESULTS AND DISCUSSION

Figure 1 shows the neutron diffraction patterns of
the PyHNO; compound under normal pressure and at
temperatures of 290 and 16 K. A decrease in the tem-
perature is not accompanied by structural phase trans-
formation in the PyHNO; compound. Thisisin agree-
ment with the results of previous investigations [5, 9].
The neutron diffraction patterns were analyzed by the
Rietveld method, which made it possible to determine
the unit cell parameters at different temperatures
(Table 1). A decrease in the temperature from 290 to
16 K leads to the following changes in the unit cell
parameters: the unit cell parameter a decreases from
3.904(5) to 3.759(5) A, the unit cell parameter c
decreases from 13.514(7) to 13.400(7) A, and the B
angle decreases from 90.7(2)° to 87.9(2)°, whereas the
unit cell parameter b increases from 12.361(7) to
12.448(7) A. The unit cell parameters determined for
T= 290 K agree well with the data obtained by
Serewicz et al. [8]. The bulk thermal expansion coeffi-
cient a = 1/V(dV/dT)p for the pyridine nitrate at normal
pressure was calculated to be o = 1.43 x 10 K,
which is somewhat smaller than the bulk therma expan-

1, arb. units
2.5 % 10*

2.0 x 104]
1.0 x 104]

) e i e et s ta s

25 30 35 40 45 50
dhkl?’&

Fig. 1. Fragments of the neutron diffraction patterns of the
PyHNO3 compound at a pressure P = 0 GPa and tempera-
tures T =290 and 16 K and their processing by the Rietveld
method. Points are the experimental data. The calculated
profiles, the difference curve (at T = 290 K), and the calcu-
lated positions of the diffraction peaks are shown.

sion coefficient o = 2.8 x 104 K~ obtained by Bobrow-
icz-Sarga et al. [5]. The difference between the bulk
thermal expansion coefficients determined in[5] and in
this work is most likely associated with the nonlinear
temperature dependence of the unit cell volume V for
the PyHNO3; compound [5]. The bulk thermal expan-
sion coefficient a calculated in thiswork can be treated
as the mean thermal expansion coefficient in the tem-
perature range 16-300 K. It should also be noted that,
in [5], the bulk thermal expansion coefficient a was
determined in the temperature range close to room tem-
perature in which the dependence V(T) exhibitsanearly
linear behavior and the relative change in the unit cell
volumeis larger in magnitude.

The neutron diffraction patterns of the PyHNO;
compound at pressures of 0.3 and 1.6 GPa are depicted
in Fig. 2. The diffraction patterns measured at a pres-
sure P = 1.1 GPa and higher are characterized by sub-
stantial changes in the integrated intensities and the
positions of a number of diffraction peaks. Note that
neither the appearance of new diffraction peaks nor the

Table1. Unit cell parameters of the PyHNO; compound at different pressures and temperatures

P, GPa T, K a A b, A c, A B, deg
0 290 3.904(3) 12.361(6) 13.513(6) 90.7(2)
0 290 3.905 12.286 13.47 90.5
0 16 3.759(3) 12.448(6) 13.400(6) 87.9(2)
0.3 290 3.810(5) 12.321(8) 13.440(8) 90.4(2)
1.1 290 3.618(5) 11.949(8) 12.927(8) 90.7(2)
1.6 290 3.580(5) 11.944(8) 12.891(8) 90.8(2)
2.4 290 3.551(6) 11.910(8) 12.850(8) 90.8(2)
35 290 3.507(9) 11.81(1) 12.81(1) 91.6(4)

CRYSTALLOGRAPHY REPORTS Vol. 50 No.1 2005
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I, arb. units
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Fig. 2. Fragments of the neutron diffraction patterns of the
PyHNO3 compound at pressures P = 0.3 and 1.6 GPaand a
temperature T = 290 K and their processing by the Rietveld
method. Points are the experimental data. The calculated
profiles, the difference curve, and the cal cul ated positions of
the diffraction peaks (at P = 1.6 GPa) are shown.

disappearance of any one of the already existing peaks
in the diffraction patterns measured at lower pressures
(P < 1.1 GPa) were observed. The pressure depen-
dences of the unit cell parameters (Table 1) and the unit
cell volume (Fig. 3) were obtained by processing the
neutron diffraction data. For pressure P = 1.1 GPa,
these dependences exhibit a jump that corresponds to
therelative change in the unit cell volume AV/V = 11%.
These findings indicate that the pyridine nitrate at high
pressures undergoes an orientational phase transition
without a change in symmetry of the crystal lattice.
Since no phase transitions are revealed in the PyHNO;
compound at pressures up to 0.75 GPa, we can argue
that the transition pressureis closeto P, ~ 1 GPa. Both
of the structural modifications of the pyridine nitrate
that exist under normal and high pressures at room tem-
perature have a monoclinic structure (space group
P2,/c) and can differ only in the mutual orientation of

the molecular ions PyH* and NO; . In what follows, the
PyHNO; modifications existing at normal and high
pressures will be referred to as phases | and |1, respec-
tively.

Table 2. Compressibility parameters and unit cell volumes at
normal pressurefor phases| and Il of the PyHNO5; compound

PYHNO; (phasel) | PyHNO; (phasell)
By, GPa 8(1) 35(4)
B, 4 4
Vo, A3 652.1(5) 577.1(5)
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VIV, A3
1.00 l\
0.95 "
PyHNO; (phase II)
0.90
| PyHNO;

0851 (phase I) \
0.80

| | | | |

0 1 2 3 4

P, GPa

Fig. 3. Pressure dependences of the unit cell volume for the
PyHNO3 compound. The errors in determining the experi-
mental points do not exceed the symbol sizes. Solid lines
correspond to the interpolation of the experimental data by
the Birch equation for phases| and | I. The dotted line indi-
cates the hypothetical pressure dependence of the unit cell
volume for the PyHNO3; compound in the pressure range
0.3-1.1 GPa.

The properties of phases| and |1 of pyridine nitrate
(Fig. 3) can be described by the Birch equation of state
[14]:

—7/3 _ X—5/3)
—-2/3

P = (3/2)By(x
x[1+3/4(B;—4)(x

ey
-1I,

where x = (V/V,) is the relative change in the volume;
V,istheunit cell volumeat P = 0; and B, and B, arethe
empirical parameters, which have the meaning of the
bulk modulus at equilibrium and itsfirst derivative with
respect to the pressure, respectively. Since the data on
the compressibility of different phases of the PyHNO4
compound were obtained over arather narrow range of
pressures, the parameters B, and B, could not be deter-
mined independently of one another. For this reason,
the parameters B, and V, for phases| and |1 of pyridine
nitrate (Table 2) were calculated by interpolating the
experimental data on the dependence V(P) with the use
of relationship (1) at afixed parameter B, = 4. The cal-
culated parameter B, = 8 GPa for phase | of the
PyHNO; compound corresponds to the isothermal
compressibility coefficient 3 = 1/B, = 0.125 GPa?,
which isin good agreement with the results obtained in
[5] and is comparable in magnitude to the compressibil-
ity coefficients By for molecular crystals free from
hydrogen bonds, for example, naphthalene and
anthracene[6]. The bulk modulus B, = 35 GPafor high-
pressure phase 11 of the PyHNO; pyridine nitrate is
considerably larger than that for phase | . This suggests
that the orientational phase transition induced by ahigh
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pressure in the PyHNO,; compound leads to the forma-
tion of the structure with a closer packing of atoms.

Previous structural investigations performed by dif-
ferent methods for molecular and molecular—ionic
crystals[15-17] have revealed that, as arule, the effect
of high pressures up to 10 GPa (or even more) brings
about a decrease in the distances between the centers of
molecular ions or molecules in the structure, whereas
the lengths of intramolecular bonds remain virtually
unchanged. Let us now assume that high pressures lead
only to a change in the distances between the centers of

the PyH* and NO; ions and in their mutual arrange-

ment. Moreover, it is assumed that the PyH* and NO,
molecular ions are not compressible and have fixed val -
ues of theintramolecular bond lengths and bond angles,
which are known at normal pressure [8, 9]. The use of
this “rigid-molecule’ approximation makes it possible
to reduce considerably the number of independent
structural parameters and to analyze the change in the

mutual arrangement of the PyH* and NO; ionsin dif-
ferent phases of the PyHNO; compound by varying the
temperature and the pressure during the processing of
the neutron diffraction data according to the Rietveld
method with the Fullprof program package [13].

Now, weintroduce the orthogonal molecular system
of coordinates (X, Y Zn), Whichisrelated to the PyH*

(or NOy) ion, and the crystall ographic system of coor-
dinates (X., Y., Z.), which isrelated to the unit cell in
the crystal. In this case, the position of the PyH* (or

NO;) ion in the unit cell is determined by a set of six
parameters, namely, the coordinates (xo, Yo, Z) of the
origin of the molecular system of coordinates (X, Y Zy)
with respect to the crystallographic system of coordi-
nates (X., Y., Z) and the Euler angles (¢, 6, ) [18]
characterizing the mutual orientation of these coordi-
nate systems.

Theinteratomic bond lengths and bond anglesin the

PyH* and NO; ions used in our calculations are listed
in Table 3. These parameters were calculated from the
known coordinates of the C, N, O [8], and D (H) [9]
atoms and the unit cell parameters of the PyHNO; com-
pound under normal conditions. For the PyH* ion, the
center of the hexagon K, which isformed by the carbon
and nitrogen atoms, is chosen as the origin of the
molecular system of coordinates (X, Ym Z,)- The
directions of the coordinate axes are chosen as follows:
the Z,, axisisaligned paralel to the vector KC2, the X,
axisisdirected along the vector [K C3 x KC2] (perpen-
dicular to the hexagon plane), and the Y,,, axisis perpen-

dicular to the X, and Z,, axes (Fig. 4). For the NO; ion,

the position of the nitrogen atom is chosen asthe origin
of the molecular system of coordinates (X, Ym Zy)-

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1
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Table 3. Intramolecular bond lengths (I;) and bond angles
(y;) in the PyHNO; compound under normal conditions

PyH* NO;

Bond I, A Bond L, A
N1-C1 1.356 N2-O1 1.265
c1-C2 1.351 N2-02 1.210
C2-C3 1.348 N2-03 1.226
C3-C4 1.344
C4-C5 1.360
C5-N1 1.308
N1-H1 1.034
N1-D1 1.091
N1-D2 1.097
N1-D3 1.093
N1-D4 1.091
N1-D5 1.096

Angle Y;, deg Angle Y;, deg
N1-C1-C2 120.57 01-N2-02 118.85
C1-C2-C3 118.60 01-N2-03 117.94
C2-C3-C4 120.30 02-N2-03 123.21
C3-C4-C5 120.20
C5-N1-C1 119.77
H1-N1-C1 119.79
D1-C1-C2 119.51
D2-C2-C3 120.65
D3-C3-C4 120.09
D4-C4-C5 119.58

The directions of the coordinate axes are chosen asfol-
lows: the Z,, axisis aligned parallel to the vector NO3,
the X, axisis directed along the vector [NO2 x NO3]
(perpendicular to the plane of thetriangleformed by the
nitrogen and oxygen atoms), and the Y,,, axis is perpen-
dicular to the X, and Z,, axes (Fig. 4). The X, and Y,
axes of the orthogonal crystallographic system of coor-
dinates are aligned parallel to the a and b axes of the
monoclinic unit cell of the PyHNO; compound, respec-
tively. The Z. axis is perpendicular to the X.Y, plane
(Fig. 4) andisclosein direction to the ¢ axis of the unit
cell of the PyHNO,; compound, because the monocli-
nicity angle 3 = 90.7° only dlightly differs from 90°.

Table 4 presents the coordinates (X, Yy, Z,) and the
Euler angles (¢, W, 8), which specify the positions and

the mutual orientation of the PyH* and NO; ionsinthe

structure of the PyHNO; compound at different temper-
atures and pressures. These coordinates and angles
were determined from analyzing the neutron diffraction
data by the Rietveld method.
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m

0.2

Fig. 4. Relation of the molecular coordinate systems
(Xms Y Zyy Of the PyH™ and NO; ions to the crystallo-
graphic coordinate system (X, Ye, Z).

In phase | of the PyHNO; compound (Fig. 5) under
normal pressure, the coordinates (X,, Yo, Z;) and the

Euler angles (¢, 8, W) of the PyH* and NO; ions

remain nearly constant with a decrease in the tempera-
ture (Table 4). Asthe pressure increasesto 0.3 GPg, the

coordinates (Xo, Yo, Zy) of the PyH* and NO; ions, the

Euler angles (¢, 6, ) of the PyH* ion, and the angle 6

of the NO; ion change insignificantly. The relative
change in these parameters does not exceed 1%. How-

ever, for the NO; ion, the Euler angle ¢ decreasesfrom

60° to 48.1° and the angle ) decreases from 49.7° to
40.9° (Table 4).

It is worth noting that the diffraction peaks in the
neutron diffraction patterns of high-pressurephasel| of
the PyHNO,; compound (Fig. 2) overlap to a consider-
ably greater extent than those in the neutron diffraction
patterns of normal-pressure phase | . As a consequence,
there is a correlation between the structural parameters
obtained by the processing of the former diffraction
patterns. Hence, the coordinates (X,, Yy, Z,) and the
Euler angles (¢, 6, W) calculated for phase Il of the
PyHNO; compound are approximate and the R factors,
which characterize the degree of agreement between
the calculated and experimental diffraction patterns, are
somewhat worse than those for phase |. The coordi-
nates (Xo, Yo, Zp) and the Euler angles (¢, 6, y) calcu-

lated for the PyH* and NO; ions in phase Il of the
PyHNO; pyridine nitrate at apressure P = 1.6 GPaand
at room temperature are given in Table 4. These param-
eters are consistent with the possible structural model
for phase |1 of the PyHNO; compound; however, other
structural variants of this phase must not be ruled out.

The pressure-induced orientational phase transition
to modification 11 of the PyHNO; pyridine nitrate
(Fig. 5) leads to a change in the mutual orientation of

the PyH* and NO; ions. Note that the positions of their

Table 4. Coordinates of the centers (X, Yo, Zo) and the Euler angles (¢, 6, ) of the PyH* and NOj ionsin the structure of

the PyHNO; compound at different pressures and temperatures

P, GPa 0 0.3 16
T, K 290 290 [8] 16 290 290
PyH* Xo 0.049(3) 0.050(3) 0.051(3) 0.038(3) ~0.035(6)
Yo 0.233(4) 0.230(1) 0.228(4) 0.230(4) 0.226(8)
z 0.008(2) 0.003(1) ~0.005(2) 0.012(2) 0.008(5)
d, deg 274.2(2) 275.1(2) 273.2(2) 274.0(2) 272.5(2)
0, deg 42.9(2) 39.5(2) 44.2(2) 41.6(2) 72.8(2)
W, deg 93.8(2) 93.0(2) 94.4(2) 92.9(2) 9.3(9)
NO; Xo ~0.501(5) —0.490(3) —0.466(5) —0.490(5) ~0.522(8)
Yo 0.477(5) 0.483(1) 0.488(5) 0.482(2) 0.468(8)
z 0.216(4) 0.209(1) 0.213(4) 0.223(4) 0.210(7)
¢, deg 59.0(2) 57.0(2) 62.3(2) 48.1(2) 63.8(7)
0, deg 74.9(2) 74.5(2) 75.8(2) 74.0(2) 76.5(7)
W, deg 49.7(2) 47.8(2) 52.3 40.9(2) 76.8(7)
R, % 4.46 6.57 7.82 138
Rup % 3.27 6.04 7.46 153
CRYSTALLOGRAPHY REPORTS Vol.50 No.1 2005
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D
| PyHNO; (phase )

(b)

&<
e

PyHNO; (phase 11)

Fig. 5. Projections of the monoclinic crystal structure (space group P2,/c) of (a) normal-pressure phase | and (b) high-pressure
phase |l of the deuterated pyridine nitrate CsDsNHNO3 onto the crystallographic plane (bc).

centers, which are specified by the coordinates (Xy, Yo,
Z,), remain approximately identical to those in phase |
observed at normal pressure (Table 4). The phase tran-
sition results in a considerable change in the Euler

angles of the PyH* and NO; ions. As the pressure
increases from 0.3 to 1.6 GPa, the angle 6 increases
from 42.9° to 72.8° and the angle Y decreases from
93.8° t0 9.3° for the PyH" ion, whereas the angle ) for

the NO; ion increases from 49.7° to 76.8°.

In monoclinic phase | of the PyHNO; pyridine

nitrate, the PyH* and NO; ions are linked together by
two hydrogen bonds of different lengths; N—HIID, and
N-HOD, (Fig. 5). The calculated lengths of these
bonds under normal conditions, namely, |, = 2.73(4) A
and |, = 3.14(5) A, arein good agreement with the data
obtained in[8]. A decrease in the temperature from 290
to 16 K resultsin an insignificant increase in the length
of the stronger hydrogen bond to |, = 2.77(4) A and a
moderate increase in the length of the second hydrogen
bond to I, = 3.23(5) A. In this case, the N-H-O; and
N-H-O, angles formed by the hydrogen bonds
increase from 169.0° to 175.5° and from 126.5° to
127.4°, respectively (Table 5). In the structure of phasel,

the nearest environment of each NO; ion involves
eight PyH* ions (Fig. 5). The distances between the
centers of the NO; ion (the N2 atom in Fig. 4) and the

nearest neighbor ions PyH* (the point K in Fig. 4) are
different. The two shortest distances | = 4.46 and

CRYSTALLOGRAPHY REPORTS Vol.50 No. 1

4.66 A are observed for the PyH* and NO; ions linked

together by the hydrogen bonds. The remaining six
nearest distances between these ions are substantially
longer: there exist two distances| ~ 5.05 A, three dis-
tances| ~ 5.15 A, and one (longest) distance| ~ 5.36 A.
With a decrease in the temperature, the coordination
environment formed by the nearest neighbor ions PyH*

around the NO; ions becomes more symmetric.

Among the eight nearest distances between the centers
of these ions at normal pressure and T = 16 K, there
exist three distances | ~ 4.75 A, three distances | ~
5.00 A, and two distances | ~ 5.25 A.

In phase | of the PyHNO; pyridine nitrate at room
temperature, an increase in the pressure from 0 to
0.3 GPa only weakly affects the lengths and angles of

Table5. Lengths and angles of the N-H-O; and N-H-O,
hydrogen bondsin the structure of the PyHNO5; compound at
different pressures and temperatures

P, GPa 0 03 16
T, K 290 16 290 290
l, A 2.73(4) | 2.77(4) | 2.76(4) | 2.60(5)
l,, A 3.14(5) | 3.23(5) | 3.13(5) | 3.39(6)
N-H-O,, deg | 169.0(2) | 175.5(2) | 172.5(2) | 157.6(6)
N-H-0,, deg | 126.5(2) | 127.4(2) | 126.9(2) | 129.3(6)
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the hydrogen bonds (Table 5). Under these conditions,
we also abserve atendency toward an increase in sym-
metry of the nearest environment formed by the PyH*

ions around the NO; ions. However, in this case, the

distances between the centers of the PyH* and NO3
ions at a pressure P = 0.3 GPainclude the two shortest
distances| = 4.58 and 4.69 A, four distances| ~ 5.05 A,
and two distances| ~ 5.17 A.

The orientational phase transition to high-pressure
modification |1 of the PyHNO; compound resultsin a
substantial change in the geometry of the hydrogen

bonds between the PyH* and NO; ions (Fig. 5). An
increase in the pressure from 0.3 to 1.6 GPa leads to a
decrease in the length |, of the shorter hydrogen bond
from 2.76(4) to 2.60(4) A and an increase in the length
[, of the second hydrogen bond from 3.13(5) to
3.39(5) A. The N-H-O, angle decreases from 172.5° to
157.6°, whereas the N-H-O, angle increases from
126.9° to 129.3° (Table 5). The nearest distances

between the centers of the PyH* and NO; ionsin high-

pressure phase |1 of the PyHNO; pyridine nitrate at a
pressure P = 1.6 GPa are approximately 5% shorter
than thosein phasel. The symmetry of the nearest envi-

ronment formed by the PyH* ions around the NO; ions

in phase Il ishigher than that in phase | at normal pres-
sure and room temperature. Among the nearest dis-
tances between the centers of these ions at room tem-
perature and P = 1.6 GPa, there exist two distances| ~
4.3 AAthree distances| ~ 4.85 A, and three distances| ~
5.07 A.

CONCLUSIONS

Thus, the results of the above investigation demon-
strated that the structural parameters, the geometry of
hydrogen bonds, and symmetry of the nearest environ-
ment of the PyH* and NO; ionsin the deuterated pyri-
dine nitrate PyHNO; can change significantly under
high pressures and low temperatures.

The orientational phase transition induced by ahigh
pressure in the PyHNO; compound leadsto achangein
the mutual arrangement of the PyH* and NO; ions at
P, ~ 1 GPa. However, the monaoclinic symmetry of the

CRYSTALLOGRAPHY REPORTS Vol. 50

unit cell in the crystal remains unchanged (space group
P2,/c). Compared to phase | of the pyridine nitrate at
normal pressure, high-pressure phase |1 is character-
ized by a closer packing and higher symmetry of the

nearest environment of the PyH* and NO; ions.
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Abstract—The crystal structure of p-carboxyphenylhydrazone benzoylacetone is determined. The crystals are
monoclinic, a = 13.614(4) A, b =11.388(2) A, ¢ = 20.029(6) A, B = 104.82(2)°, V = 2339(9) A3, Z = 8, space
group C2/c, and R=0.038 for 1622 reflections with | > 20(l). The crystal is built of C;7H14,N,O, neutral mol-
ecules that are linked by O-HIID hydrogen bonds between the carboxyl groups into centrosymmetric
pseudodimers. The effect of carboxylation of the phenylhydrazone fragment and the position of the carboxyl
group on the molecular packing in the crystal is determined. The N(1)-H(1N)IID(1) intramolecular hydrogen
bond (N-H, 0.94 A; HIID, 1.87 A; NI, 2.59 A; and the N-HIID angle, 133°) is formed in the molecule.

© 2005 Pleiades Publishing, Inc.

INTRODUCTION

Arylhydrazones, [B-diketone derivatives, are of
interest due to their ability to combine different func-
tiona groups (such as ketonic, carboxyl, amide, amine,
and aldehyde groups) in asingle molecule[1]. In recent
years, much attention has been given to structural stud-
ies of these compounds, because they are characterized
by the formation of various intramolecular and inter-
molecular hydrogen bonds. In this paper, we will
describe the crystal structure of hydrazone C;;H,,N,O,
(1, which is a derivative of benzoylacetone and p-ami-
nobenzoic acid. For the purpose of revealing the effect
of the position of the carboxyl group in the phenyl ring
on the molecular packing in the crystal structure, the
structure of | is compared with those of similar arylhy-
drazones that are composed of benzoylacetone and o-
aminobenzoic acid (11) [2] or aniline (111) [2].

EXPERIMENTAL
Synthesis

Commercia (Merck) p-aminobenzoic acid, sodium
nitrate, and benzoylacetone were used in this study
without additional purification. The C, H, and N con-
tents were determined using elemental microanalysis.

Hydrazone | was synthesized according to a modi-
fied procedure described in [3, 4]. An NaNO, agqueous
solution (0.1 mol) was added dropwise to a solution of
p-aminobenzoic acid (0.1 mol) in 1 M HCI (75 ml) in
the cold. Theresultant solution of the p-carboxyphenyl-
diazonium salt was added dropwise to an acoholic
solution of benzoylacetone (0.1 mol). The reaction

mixture was allowed to stand for 24 h and was then
treated with alarge amount of water. The orange poly-
crystalline product wasdried in air. The yield was 83%.

For C,;H14,N,0, anal. calcd. (%): C, 58.06; H, 4.83;
N, 11.29.

Found (%): C, 58.05; H, 4.62; N, 11.34.

The *H NMR spectrum was recorded on a Bruker
AC-600P spectrometer [293 K, (CD;),SO, TMS]. 9,
ppm: 2.49 (3H, CHy); 7.26-7.85 (9H, CeHs, CgHy);
13.64 (1H, COOH); and 14.55 (1H, NHOH).

The IR spectra were measured on a PE-FTIR-1600
spectrometer (Nujol mull, hexachlorobutadiene). v,
cm: 1681, 1647 (C=0), 1636 (C=N), 1564 (N=N),
1272-1356 (N—Ar), 2552-3090 (N-H + O-H).

The absorption spectra of alcoholic solutions
(~10° M) were recorded on a Specord M40 spectro-
photometer.

X-ray Diffraction Analysis

A single crystal (0.24 x 0.26 x 0.49 mm) of hydra-
zone |, suitable for X-ray diffraction analysis, was cho-
sen from the products prepared through slow crystalli-
zation of an alcoholic solution.

Thecrystal dataare asfollows: M = 278, monoclinic
crystal system, space group C2/c, a=13.614(4) A, b=
11.388(2) A, ¢ = 20.029(6) A, B = 104.82(2)°, V =
2339(9) A3, pay = 1.373 glem3, p(MokK,) =
0.100 mm~*, F(000) = 1296, and Z = 8.

The experimental data were obtained on an Enraf—
Nonius CAD4 diffractometer (2° < 0 < 28°, /20 scan

1063-7745/05/5001-0085%$26.00 © 2005 Pleiades Publishing, Inc.
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Table 1. Selected bond lengths (d, A) and bond angles (w, deg) in structure |

Bond d Bond d Angle W Angle ()
N(D-N(2) 1.311(2) ||C(3)—C(4) 1.385(3) ||N(2)N(1)C(4) 119.0(2) O(1)C(8)C(7) 119.1(2)
N(1)-C(4) 1.408(2) ||C(4)-C(5) 1.384(3) [|C(4)N()H(IN) | 124 O(1)C(8)C(16) 120.0(2)
N(1)-H(1IN) 0.94 C(5)-C(6) 1.376(3) [|N(2N(L)H(IN) | 114 C(7)C(8)C(16) 120.9(2)
N(2)-C(7) 1.314(2) ||C(7)—C(8) 1.491(3) ||N(L)N(2)C(7) 121.3(2) C(7)C(9)C(10) 120.9(2)
O(1)—C(8) 1.221(3) ||C(7)—C(9) 1.476(3) ||C(17)O(4)H(40) | 109 0(2)C(9)C(7) 120.4(2)
0(2-C(9) 1.221(3) ||C(8)-C(16) 1.495(3) ||C(2)C(1)C(6) 119.3(2) 0(2)C(9)C(10) 118.6(2)
O(3)-C(17) 1.230(2) {|C(9)-C(10) 1.497(3) ||C(QC()C(17) |121.7(2) C(9)C(10)C(11) |123.1(2)
O(4)—C(17) 1.312(2) (|C(10)-C(12) 1.389(3) ||C(6)C(1)C(17) | 119.0(2) C(9)C(10)C(15) | 118.0(2)
O(4)-H(40) 0.95 C(10)—C(15) 1.379(3) ||C(1)C(2)C(3) 120.5(2) C(112)C(10)C(15) | 118.7(2)
C(1)-C(2 1.391(3) ||C(1)—C(12) 1.384(4) ||C(2)C(3)C(4) 119.4(2) C(10)C(11)C(12) | 119.9(2)
C(1)-C(17) 1.473(3) ||C(12)-C(13) 1.370(4) ||N(1)C(4)C(3) 121.5(2) C(12)C(12)C(13) | 120.5(2)
C(1)—C(6) 1.387(3) ||C(13)-C(14) 1.368(4) ||N(1)C(4)C(5) 118.0(2) C(12)C(13)C(14) | 120.0(3)
C(2-C(3) 1.381(3) ||C(14)-C(15) 1.384(4) ||C(3)C(4)C(5) 120.5(2) C(13)C(14)C(15) | 119.8(3)

C(4)C(5)C(6) 119.8(2) C(10)C(15)C(14) | 120.9(2)
C(1)C(6)C(5) 120.5(2) Oo(4)C(anC@) 122.2(2)
N(2)C(7)C(8) 124.1(2) O(3)C(17)0(4) |122.5(2)
N(2)C(7)C(9) 113.4(2) O(3)C(17)C() 115.3(2)
C(8)C(7)C(9) 122.3(2)

mode, MoK, radiation, A = 0.7107 A, T = 293 K). A
total of 3991 reflections were collected of which 3606
were unique (R, = 0.0379, 0 < h< 17,0 < k £ 15,
-26<1<25).

The dructure was solved by direct methods
(SHELXSS86 [5]) and refined by the least-squares full-
matrix procedure (SHELXL97 [6]) in the anisotropic
approximation. The positions of the H atoms at the
O(4) and N(1) atoms were determined from difference
syntheses of the electron density and were not refined.
The positions of the remaining hydrogen atoms were
calculated geometrically and refined within a riding
model. In this refinement, the isotropic thermal param-

eters U, of the hydrogen atoms exceeded the equival ent
isotropic thermal parameters U of the carbon atoms
attached to the parent atoms by a factor of 1.2 [1.5 for
the hydrogen atoms H(16A), H(16B), and H(16C) of
the methyl groups].

The final discrepancy factors are as follows: R; =
0.0377, wR, = 0.1072, and GOOF = 0.997 for 1622
reflections with | > 20(l); and R, = 0.1420 and wR, =
0.1378 for al reflections. The total number of the
parameters refined is 209, the extinction coefficient is
0.0048(7), and the values of App,, and App,, are equal

t0 0.238 and —0.194 /A3, respectively.

Fig. 1. Pseudodimer in structure .
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Fig. 2. A fragment of the molecular packing in crystal struc-
turel.
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The atomic coordinates and thermal parameters
have been deposited with the Cambridge Structural

Database (no. CCDC 218953). The interatomic dis-
tances and bond angles are listed in Table 1.

RESULTS AND DISCUSSION

In the course of the synthesis of hydrazone | accord-
ing to the procedures described in [3, 4], thetime of the
reaction between the reactants was extended to 24 h.
This made it possible to obtain the product with a high
yield (83%). The'H NMR and IR spectracorrespond to
the composition of the hydrazone thus synthesized. The
UV spectrum of compound | contains two broad
absorption bandsin the wavelength ranges 225-275 nm
(Amax = 250 nm) and 320400 nm (A, = 370 nm).
These bands are assigned to the T1t* and n-Tt transi-
tions, respectively.

Crystal | isbuilt of neutral moleculesthat are linked
by two strong O(4)-H(40)IID(3) hydrogen bonds
between the carboxyl groups into centrosymmetric
pseudodimers (Fig. 1).

Compound | is a typica representative of [3-
ketoarylhydrazones. The characteristic features of
these compounds are the N-HIID intramolecular
hydrogen bonds and the delocalization of the electron
density over the NH-N=C central fragment, as can be
judged from the equalization of the N-N and N—C bond
lengths [2, 7]. In structure |, the N(1)—H(1N)IID(1)
intramolecular hydrogen bond is formed. Similar
intramolecular hydrogen bonds were found in struc-
turesll and 11 [2]. In structure 11, the oxygen atom of
the carboxy! substituent in the ortho position partici-
pates in the formation of the second intramolecular
hydrogen bond with the H(1N) atom. However, the
delocalization of the electron density over the NH-
N=C central fragment in structure | [N(1)-N(2),
1.311(2) A: N(2)—C(7), 1.314(2) A] is more pro-

Fig. 3. Molecular packing in structure 1.
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Table 2. Parameters of hydrogen bondsin crystal structures |-l11

Compound D-H--A D-H,A | H-AA | D-AA | DH 'aégang' € | Coordinates of atom A

| N(L)—H(IN)--O(1) 0.94 187 259 133 o
O(4)-H(40)-O(3A) |  0.95 173 2,66 169 X, 2-y,1-7

1 N(L)—H(IN)--O(1) 0.95 187 2.60 131 XY, Z
N(L)-H(LN)--O(4) 0.95 2,05 268 122 X, Y, 2
O(4)-H(40)-0(3A) |  0.89 174 2,62 174 1-%-y,~1-7
C2)-H(4)--0(2) 0.91 255 3.22 131 1%y, 1-7

I N(L)-H(LN)--O(1) 0.82 1.93 258 135 X, Y, 2
C2)-H(4)--0(2) 0.90 256 3.45 167 05+x% 15+Y,2

nounced than that in structures 11 (1.317 and 1.303 A)
and 111 (1.300 and 1.322 A).

The formation of pseudodimers due to the interac-
tion between the carboxyl groups of the neighboring
molecules, which was mentioned above for I, is aso
observed in structure 11 [2]. However, the position of
the COOH group in the phenyl ring significantly affects
the packing of pseudodimers in the crystal structure.
For example, in structure |, the pseudodimers are
shifted relative to each other and are packed into rib-
bons along the b axis (Fig. 2). The planes of the C(1)—
C(2)—C(3)—-C(4)—C(5)—C(6) rings of two neighboring
pseudodimersthat are related through an inversion cen-
ter are situated over one another at adistance of 3.47 A,
which suggests stacking interactions between them.
The ribbons are packed into layers aligned parallel to
the (001) plane and bounded on both sides by the
C(10)—C(11)—C(12)-C(13)—C(14)—C(15) benzene
rings. These rings prevent the layers from drawing
closer together and, hence, are responsible for the ani-
sometry of the unit cell parameters (the ¢ parameter is
almost twice as large as the parameter a or b), whichis
characteristic of structures!l and 111 [2]. Instructurell,
unlike structure |, the pseudodimers are packed into
columns with a parallel arrangement of the planes of
the C(1)-C(2)-C(3)-C(4)-C(5)-C(6) and C(10)-
C(11)—C(12)—C(13)—C(14)—C(15) rings, as well asthe
planes of the central fragments of the pseudodimers.
However, interactions between the corresponding
planes are absent because the molecules in the columns
are related by the trandation. Molecules in the neigh-
boring columns are linked by the weak C(2)—
H(4)[MD(2) hydrogen bond (Fig. 3). The molecular
packing in crystal structure |11 is similar to that in

CRYSTALLOGRAPHY REPORTS Vol. 50

structure I1. The parameters of hydrogen bonds in
structures |- I are summarized in Table 2.

Thus, when changing over from structure I11 to
structure 11 (upon introduction of the carboxyl group
into the ortho position of the phenyl ring), the molecu-
lar packing remains virtualy unchanged, whereas the
introduction of the substituent into the para position
(structure I) results in significant changes in the pack-
ing of the structural elements.
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Abstr act—p-Ethoxyphenyl p'-pentylbenzoate (1), which exhibits a mesophase (K 62.6 N 63.3 1), was studied
by X-ray diffraction analysisat 120.0 and 296.0 K. In the molecule |, one of the benzeneringsis amost copla-
nar with the carboxy group COO, whereas another benzene ring is twisted with respect to the carboxy group
by 65.9°. The geometric parameters of the molecule | are indicative of possible conjugation between the car-
boxy group and the former benzene ring and the absence of conjugation between this group and the second ben-
zenering. In the crystal packing, extended molecules | are oriented along the bc diagonal. The mutual orienta-
tion of the nearest benzene rings of any two adjacent molecules is T-shaped, which corresponds to a weak
C-H...Trtype interaction. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Previously, we have studied the structures of p-buty-
loxyphenyl p'-hexyloxybenzoate and p-hexyloxyphe-
nyl p'-butyloxybenzoate, which belong to the class of
aromatic esters possessing liquid-crystalline properties
[1]. In continuation of these studies, we now report the
results of X-ray diffraction analysis of a new represen-
tative of this class of compounds. Since the final aim of
our studiesisto construct amodel of the structural tran-
sition from the crystal state to a nematic phase, it was
of particular interest to investigate the structure of this
compound not only at low temperatures but also at
room temperature. Teking into account that compound |
has a low melting point (62.6°C), we hoped to reveal
which molecular fragments become more labile at high
temperature by qualitative comparison of the thermal
ellipsoids of the atoms. Presumably, the ordered struc-
ture of the compound would be destroyed upon melting
predominantly near these fragments.

X-RAY DIFFRACTION STUDY

Colorless single crystals of p-ethoxyphenyl p'-pen-
tylbenzoate (1), which exhibits anematic mesophasein
a narrow temperature range, were grown from an ethyl
acetate solution. The transition temperatures (K 62.6 N
63.3 1) determined by DTA [2] are in good agreement
with the results obtained previously (K 63.0 N 63.4 1)
[3]. The unit-cell parameters, the details of the X-ray

diffraction study, and the characteristics of structure
solution and refinement at two temperatures are given
inTable 1. A planar needlelike single crystal was coated
with perfluorinated oil and mounted on a Bruker
SMART CCD diffractometer equipped with a coordi-
nate detector (MoK, radiation). X-ray diffraction data
were collected at 120.0(2) and 296.0(2) K. In both
cases, reflections were measured using w-scan tech-
nigue with a count time of 15 s per step.

The structure was solved by direct methods and
refined by the least-squares method against F2. All
hydrogen atomswere revealed from the difference el ec-
tron density map. The final refinement of the structure
was carried out by the full-matrix |east-squares method
with anisotropic thermal parameters for al non-hydro-
gen atoms. The hydrogen atomsin the low-temperature
structure were refined isotropically. For the room-tem-
perature structure, the hydrogen atoms were refined
using the riding model. The experimental data were
processed using the SAINT program (Version 6.02A)
[4]. The structure solution and refinement were carried
out and the graphical representation of the datawas cre-
ated using the SHEL X L-Plus program package[5]. The
atomic coordinates and other experimental data were
deposited with the Cambridge Structural Database
(CSD refcodes 231674 and 231675 for two tempera:
tures, respectively) and can be obtained from the
authors.

1063-7745/05/5001-0089$26.00 © 2005 Pleiades Publishing, Inc.
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Table 1. Crystallographic parameters and characteristics of the structure solution and refinement of compound |

Molecular formula
Molar weight (kg/kmol)
Crystal system

Space group

a A

b, A

c, A

a, deg

B, deg

y, deg

v, A3

Z

Peaicar g/OM°

u(MoK,), mm=

Crystal dimensions, mm
Temperature, K

6-Scan range, deg

Ranges of h, k, | indices

Number of measured reflections
Number of independent reflections
Number of reflectionswith | > 2a(1)
Parametersin refinement

R factors based on reflectionswith | > 2a(1)
R factors based of &l reflections
GOOF

DPmasd DPir, E/A3

CooH2405 CaoH2405
312.39 312.39
Triclinic Triclinic
P1 P1
5.5131(3) 5.5313(8)
12.0565(6) 12.0568(18)
14.2550(6) 14.521(2)
112.000(2) 108.721(7)
93.797(2) 93.660(7)
97.094(1) 95.477(6)
865.25(7) 908.4(2)
2 2
1.199 1.142
0.079 0.075
0.44 x 0.10 x 0.06 0.44 x 0.10 x 0.06
120.0(2) 296.0(2)
1.55-28.98 1.49-28.99
—7<h<7,-16<k<12,-19<1<19 | -7<h<7,-16<k<14,-19<1<15
6223 5315
4346 [R,; = 0.0241] 4346 [R,; = 0.0335]
4034 4136
305 208
R, = 0.0549, wR, =0.1514 R, = 0.1207, wR, = 0.3460
R, = 0.0733, wR, =0.1660 R, = 0.1852, wR, = 0.3811
1.132 1.167
0.414/-0.245 0.509/-0.327

MOLECULAR STRUCTURE

The low-temperature molecular structure and the
atomic numbering scheme are shown in Fig. 1. The
bond lengths and bond anglesin this structure are given
in Table 2. The room-temperature molecular structure
isshownin Fig. 2. Comparison of Figs. 1 and 2 demon-
strates that the sizes of the thermal €llipsoids of all

atomsincrease, quite naturally, with increasing temper-
ature. However, this effect is most pronounced for the
atoms of aliphatic fragments. Moreover, the thermal
motion of the terminal atoms of the aliphatic fragments
becomes strongly anisotropic, whereas the thermal
ellipsoids of the atoms of the benzene rings are close to
spheres, which indicates that the aliphatic side chains
become more | abile upon melting. Hence, it can be sug-

Fig. 1. Molecular structure with thermal ellipsoids at 120 K.
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gested that the nematic phase formed upon melting
retains ordered regions in the vicinity of the aromatic
fragments of the molecules. This assumption is con-
firmed by analysis of the characteristic features of the
crystal packing.

As in the case of two liquid-crystalline aromatic
esters studied by us previously [1], one benzenering in
moleculel isvirtually coplanar with the carboxy group
(the dihedral angle is 4°), whereas the plane of the sec-
ond benzene ring istwisted with the respect to the plane
of the carboxy group by 66°.

The coplanar arrangement of the carboxy group and
the C(2)---C(7) benzene ring results from the conjuga-
tion, which occurs in spite of the steric repulsions
between the ortho-hydrogen atoms of the benzene ring
and the corresponding oxygen atoms. The electronic
effect of the ester group also manifestsitself in the dis-
tribution of the bond lengths in this benzene ring, in
which small yet systematic (toward the para-quinoid
structure) perturbation of the bond lengths is observed.
Indeed, the C(3)—C(4) and C(6)—C(7) bonds are short-
ened (both are 1.392(2) A), whereas the remaining
bond Ien%ths in this ring are in the range 1.396(2)—
1.399(2) A.

In the carboxy group, the Ien’gth of theformally sin-
gle C(1)—O(2) bond is 1.364(2) A, and the length of the
formally double C(1)=0O(1) bond is 1.203(2) A. The
C(1)—C(2) bond length is 1.491(2) A. These values are
typical of aromatic esters [6]. Distortions of the bond
angles at the key C(1) atom of the ester group (O(1)—
C(1)-0(2), 123.8(1)°; O(1)-C(1)—C(2), 125.3(1)°;
0O(2)—C(1)—C(2), 110.9(1)°) are also characteristic of
aromatic esters[6, 7].

The fact that the second benzene ring, C(8)---C(13),
is significantly twisted with respect to the ester group
indicates the absence of conjugation between these
fragments. The O(2)—C(8) bond length (1.413(2) A) is
larger than the formally single O(2)-C(1) bond in the
ester group, in which the T€electron density is substan-
tially delocalized over the O=C-O fragment.

The C-C bond lengths in the C(8)---C(13) benzene
ring vary from 1.383(1) to 1.404(2) A. The changes are
not systematic, which indicates that the geometry of

Table2. Bond lengths d (A) and bond angles w (deg) in
molecule |

Bond d Bond d
o(1)—C(1) 1.203(2) || C(6)-C(7) 1.392(2)
0(2-C(1) 1.364(2) || C(8)—C(9) 1.383(2)
0(2-C(8) 1.413(2) ||C(8)-C(13) 1.389(2)
0(3)C(11) 1.373(2) || C(9)—C(10) 1.399(2)
0O(3)C(14) 1.440(2) ||C(10)—C(12) 1.396(2)
C(1)-C(2 1.491(2) ||C(1)—C(12) 1.404(2)
C(2-C(3 1.396(2) ||C(12)-C(13) 1.390(2)
C(2-C(7) 1.397(2) || C(14)—C(15) 1512(2)
C(3C(49) 1.392(2) ||C(16)—C(17) 1.528(2)
C(4)-C(5) 1.397(2) ||C(17)—C(18) 1.527(2)
C(5)-C(6) 1.399(2) ||C(18)—C(19) 1.513(2)
C(5)-C(16) 1.516(2) ||C(19)—C(20) 1.520(2)

Angle w Angle w
C()-0(2-C(® | 117.7(1) ||C(9-C(8)—C(13) |121.6(1)
C(11)-O(3)-C(14) | 117.6(2) ||C(9-C(8)-0O(2) 120.7(2)
O(1)-C(1)-0(2) | 123.8(1) ||C(13)—C(8)-O(2) |117.6(1)
O(1)-C(1)-C(2 | 125.3(1) ||C(B)—C(9)—C(10) |119.5(1)
0(2-C(1)-C(2) | 110.9(1) ||C(11)—C(10—C(9) |119.5(1)
C(3-C(2—C(7) | 119.6(1) ||O(3)-C(11)-C(10) |124.5(1)
C(3C(2-C(1) |117.7(2) ||O(3C(11)—C(12) |115.3(1)
C(7-C(2-C(1) | 122.7(1) ||C(10—C(11)-C(12) | 120.2(2)
C(4)-C(3-C(2) | 119.9(1) ||C(13—C(12)—C(11) | 119.9(2)
C(3-C(4-C(5) | 121.2(1) ||C(8)—C(13)C(12) |119.2(1)
C(4)-C(5)-C(6) | 118.1(1) ||O(3)—C(14)—C(15) |107.3(1)
C(4)-C(5)—-C(16) | 120.8(1) ||C(5)—C(16)-C(17) |115.2(1)
C(6)-C(5)—C(16) | 121.0(1) ||C(18)—C(17)—C(16) | 112.7(1)
C(7-C(6)-C(5) | 121.3(1) ||C(19-C(18)—C(17) | 113.7(2)
C(6)-C(7)—-C(2) | 119.8(1) ||C(18)—C(19)-C(20) | 114.1(2)

this ring depends only slightly on the electronic effects
of the substituents.

The O(3)-C(14)—-C(15) sidechainisvirtually copla-
nar with the C(8)---C(13) benzene ring. The C(11)—

Fig. 2. Molecular structure with thermal ellipsoids at 296 K.
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Fig. 3. Overal view of the crystal packing projected along the a axis.

0O(3)—C(14)—C(15) torsion angle (176.1°) corresponds
to the trans conformation of this fragment. This orien-
tation is, apparently, due to the fact that the lone elec-
tron pair of the O(3) atom localized on the p orbital is
involved in the interaction with the 1™ system of the
benzene ring. The conclusion about the sp?-hybridized
state of the oxygen atom can be drawn based on the
bond angle at thisatom (117.6(1)°) and the O(3)-C(11)
bond length (1.373(2) A). The latter is shorter than the
0O(2)—C(8) bond length, which corresponds to the
absence of conjugation between the lone electron pair
of the O(2) atom and the C(8)---C(13) benzenering. The
typical anglesat sp*-hybridized oxygen atoms observed
in aliphatic ethers, including crown ethers, vary from
111° to 113° [6, 7].

The C(16)--C(20) diphatic substituent at the
C(2)---C(7) benzene ring adopts a planar zigzag confor-
mation. The torsion angles about the C(16)-C(17),
C(17)-C(18), and C(18)-C(19) bonds (-178.1°,
176.3°, and —177.5°, respectively) correspond to the
anti configuration. The angle between thisvirtually pla-
nar fragment and the C(2)---C(7) benzenering is 58.4°.

CRYSTAL PACKING

The packing of | molecules in a crystal projected
along the shortest a axis is shown in Fig. 3. It can be
clearly seen that the long axes of the molecules are ori-
ented along the bc diagona of the unit cell. The ben-
zene rings form contacts with the benzene rings and the
aliphatic fragments of the adjacent molecules on oppo-
sitesides. Thefragment of the crystal packing projected
onto the plane of the C(8)---C(13) benzene ring of one

CRYSTALLOGRAPHY REPORTS Vol. 50

of the molecules is shown in Fig. 4. It can be clearly
seen that the aromatic fragments are not stacked. The
molecules in the series A, B, and C, as those in the
series D, E, and F, arerelated to each other by thetrans-
lation along the a axis. The pairs of the A and D, B and
E, and C and F molecules are related to each other by
centers of symmetry.

It should be noted that the distances between the
O(2) atoms of the molecules related by centers of sym-
metry [O2A)--0(2D),  O(2B)--O(2E), or
02C)---O(2F)] are seemingly short. However, the
actual distance (3.813 A) istoo large to suggest aweak
specific interaction.

Thesituationisdifferent for the mutual arrangement
of the aromatic rings in a pair of the molecules related
by a center of symmetry. Due to the above-mentioned
symmetry of the mutual arrangement of these mole-
cules, the dihedral angle between the planes of the
closely spaced rings of adjacent molecules is exactly
equal to the dihedral angle between the benzene rings
in the molecule (62.5°). According to the results of ab
initio quantum-chemical calculations, this nearly
T-shaped mutual arrangement of the benzene rings of
two adjacent molecules corresponds to the energy min-
imum [8]. The system is stabilized through a weak
C-H---mtinteraction, which can be considered as aweak
hydrogen bond between the C—H group serving as a
weak acid and the Tt system acting as a weak base [9].
This specific interaction is weak. The corresponding
intermolecular contacts are consistent with the sums of
the van der Waalsradii. In particul ar, the distances from
the C(7A) atom and the hydrogen atom bound to this C
atom to the plane of the C(8D)---C(13D) benzene ring

No.1 2005
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C(194)

c134) C(124)
@

Fig. 4. Fragment of the crystal packing showing the mutual orientation of the adjacent molecules; the atoms belonging to different

molecules are denoted by letters (A, B, ..., F) in the atom numbers.

(2.88 and 3.57 A, respectively) are close to the lengths
of the van der Waal s contacts. However, the cooperative
effect of such weak interactions can be sufficiently
large to provide the retention (within certain limits) of
the mutual orientation of the benzene fragments of
adjacent molecules upon melting, i.e., structurization of
the melt, which is responsible for the appearance of a
liquid-crystalline phase. In the crystal structure, the
side aiphatic chains form large loose regions, in which
specific weak bonds between the fragments are lacking.
Consequently, nothing can prevent the thermal motion
of these fragments from increasing with increasing
temperature. Presumably, it is these regions in which
the ordered structure inherent in the crystal is distorted.
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Abstract—Interaction of carboxymethylcellulose with polymeric condensation products of urea and formal-
dehyde was studied. The structure of the final product was found to depend on the nature and structure of the
components involved in the interaction. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

Considerable advances have been made recently in
the design of a new class of modified polymeric mate-
rials, the so-caled interpolymer complexes [1-3].
These advances have stimulated the development of
new areas of research in the physics and chemistry of
polymers. One of the goals directly associated with the
practical application of interpolymer complexes is to
synthesize compounds having desired structures and
physical-mechanical properties. In this context, it is of
interest to study the structures of interpolymer com-
plexes containing rigid-chain polyelectrolytes. The nat-
ural polysaccharide carboxymethylcellulose (CMC)
belongs to such complexes [4]. The reserves of CMC
are large and replenishable. Carboxymethylcellulose-
based interpolymer complexes are promising for
decreasing water and wind erosion [5], saving irriga-
tion water [6], and constructing composition materials
[7, 8]. However, the structures of CMC-containing
interpolymer complexes have not been adequately
studied.

The aim of this work was to investigate the interac-
tions of CMC with polymeric condensation products of
urea and formaldehyde and reveal the dependence of
the structure of the final product on the nature and
structures of the interacting components.

EXPERIMENTAL

We studied purified CMC with a degree of substitu-
tion of 70 and a degree of polymerization P, = 450,
which was produced at the Namangan Chemical Plant
(State Enterprise), and the urea—formaldehyde resin
(UFR) with different triazinone-ring contents in the
chain (7% in UFR,, 15% in UFR,, and 35% in UFRy)
[9]. Samples of the CMC-UFR,, CMC-UFR,, and
CMC-UFR; interpolymer complexes were prepared as
films from aqueous solutions according to the proce-
dure described previously [9, 10]. Solutions of mixtures
of the polyelectrolytes (pH 2.5) were poured onto the

surface of an optical glass, and the solvent was evapo-
rated at room temperature. The films thus prepared
were dried in vacuo, washed with distilled water to
pH 7, and dried in air. Films of the starting CMC were
prepared from an agueous solution using the same pro-
cedure.

Electron-microscopic study was carried out on a
Hitachi scanning electron microscope (Japan) with a
resolution of 60 A. Samples were prepared by cleaving
at liquid nitrogen temperature and treated according to
astandard procedure (shading with gold).

X-ray diffraction patterns were obtained on a Dron-
2.0 diffractometer (CukK, radiation, 5° < 20 < 4°). Pho-
tographic diffraction patterns of interpolymer com-
plexes samples were obtained on an URS-55 X-ray
apparatus (A = 1.54 A) with anickel filter at room tem-
perature using a planar camera.

RESULTS AND DISCUSSION

Studies of the film morphology of CMC and CMC-
UFR mixtures by scanning electron microscopy dem-
onstrated that the chemical structure of UFR and the
percentage of amino groups, which are responsible for
the ability of UFR to be involved in interpolymer Cou-
lomb interactions, significantly affect the structure of
the complexes (Fig. 1). The photomicrograph of the
CMC-UFR; interpolymer complex (Fig. 1b) clearly
shows symmetrical particlesimmersed in CMC serving
as a homogeneous matrix. The photomicrograph of the
latter is shown in Fig. 1a. Individual symmetrical parti-
cles immersed in the matrix form a dispersed phase
resulting from three-dimensional (3D) polycondensa
tion of UFR;. An analogous situation is observed for
the CMC-UFR, interpolymer complex. Therefore, the
CMC-UFR; and CMC-UFR, interpolymer complexes
produced by 3D polycondensation are typical micro-
heterophase systems or composites, in which CMC and
UFR serve as continuous and dispersed phases, respec-
tively.

1063-7745/05/5001-0094$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Scanning electron microscopeimages of the surfaces of thefilmsof (a2) CM C and the interpolymer complexeswith equimolar
compositions (b) CMC-UFRy, (c) CMC-UFR,, and (d) CMC-UFRg3 prepared at pH 2.5 and 25°C.

An increase in the percentage of triazinone frag-
ments in the starting UFR; to 35% leads to the forma:
tion of a much more homogeneous structure (see
Fig. 1d). Thisaccountsfor the increase in the affinity of
CMC and UFR; for each other due to extensive inter-
polymer Coulomb interactions.

Interpolymer complexes are a specia case of poly-
mer mixing [11-13] resulting in the formation of salt
bridges and hydrogen bonds between macromolecules
of different types. The polymer compatibility can be
increased by introducing ionogenic groups capable of
interacting. Actually, an increase in the percentage of
triazinone fragments in UFR increases the degree of
compatibility of segments of a different nature (CMC
and UFR), as can be seen from the scanning electron
microscope images (Fig. 1). The CMC-UFR; inter-
polymer complex is a more compatible system com-
pared to other interpolymer complexes (Figs. 1b, 1c),
which confirms the homogeneity of the structure of the
CMC-UFR; complex (Fig. 1d).
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X-ray diffraction analysis revealed a change in the
structure of the interpolymer complexes formed by
CMC and UFR (Fig. 2). The X-ray diffraction pattern
of CMC obtained at pH 2.5 is shown for comparison
(Fig. 2, curve 1). The X-ray diffraction patterns of
H-CMC filmshave an intensereflection at 26 = 20° cor-
responding to intermolecular distanced = 4.4 A, which
occurs due to overlap of the [002] and [101] reflections
characteristic of P cellulose [14]. This reflection indi-
cates a pronounced short-range order along the chain of
the rigid-chain polymer. The X-ray diffraction patterns
of the interpolymer complexes demonstrate that the
structures of these complexes are disordered compared
to CMC, as evidenced by the decrease in the intensity
of the reflection at 26 = 20° and broadening of the
reflections observed (Fig. 2, curves 2-6).

Addition of UFR to the system resultsin the appear-
ance of an additional reflection at 20 = 22° (d = 4.5 A)
with retention of the weak reflection at 20 = 20°
(curve 3). The maximum at 26 = 22° correspondsto the
[002] reflection for mercerized cellulose[15]. A further
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Fig. 2. Wide-angle X-ray diffraction patterns of the films of
(1) H-CMC and the interpolymer complexes witha CMC :
UFR molar ratioof (2)4:1,(3)3:2,(4)1:1,(5) 3:4,and
®)1:2

increase in the UFR content in the interpolymer com-
plexesisaccompanied by the appearance of the diffuse-
scattering maximum at 26 = 25° (curves 5, 6), which is
indicative of the densification of the amorphous phase
in the interpolymer complexes. The broadening of par-
ticular reflections in the X-ray diffraction patterns is
due to the presence of ahighly dispersed UFR phasein
the complexes (Figs. 1b, 1c). This indicates that the
structure of interpolymer complexes differs radically
from that of H-CMC. This difference consists in the
radically different packings of the macromolecules,
which was clearly demonstrated by high-angle X-ray
diffraction measurements.

In contrast to fibrillated H-CMC, the nonstoichio-
metric interpolymer complexes enriched in either CMC
or UFR (H-CMC : UFR =4: 1 and 3: 4, respectively)
are amorphous. Their X-ray diffraction patterns are
characterized by the presence of diffuse halos. In addi-
tion, the X-ray diffraction patterns of the stoichiometric
interpolymer complex (H-CMC : UFR =1: 1) and the
interpolymer complexes enriched in CMC (the compo-
nent ratiois3: 2) or UFR (the component ratiois1: 2)
have a weak reflection corresponding to the identity
period d=6.6 A. Thisreflectionisindicative of both the
presence of ordered regions in such interpolymer com-
plexes and the occurrence of a short-range order in the
arrangement of the fragments of the rigid CMC chains
separated by the UFR macromolecules. This order can
be substantially impaired as the distance between the
adjacent UFR chains increases with increasing the H-
CMC content and vice versa. These conclusions are

CRYSTALLOGRAPHY REPORTS Vol. 50
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Fig. 3. X-ray diffraction patterns of the films of the
(1) CMC-UFR{, (2) CMC-UFR,, and (3) CMC-UFR;
interpolymer complexes prepared at pH 2.5 and 25°C.

consistent with the 3D molecular models of the frag-
ments of the H-CMC-UFR interpolymer complexes.

(d (a)

where (a) isCMC, (b) isan interpolymer complex con-
taining an excess of CMC, (c) is a stoichiometric inter-
polymer complex (H-CMC: UFR=1:1),and (d) isan
interpolymer complex containing an excess of UFR.
The X-ray diffraction patterns of the structurally dif-
ferent CMC-UFR interpolymer complexes clearly
show changes in the intensities of the [101] and [002]
reflections (Fig. 3). In the X-ray diffraction pattern of
the CMC-UFR; interpolymer complex (curve 1), these
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reflections are clearly observable, whereas a decrease
in the intensity of the [002] reflection with a simulta:
neous increase in the intensity of the [101] reflectionis
observed in the X-ray diffraction pattern of the
CMC-UFR, interpolymer complex (curve 2). In the
X-ray diffraction pattern of the CMC-UFR; interpoly-
mer complex, the above-mentioned reflections overlap
with each other resulting in the appearance of adistinct
amorphous halo (curve 3).

CONCLUSIONS

To summarize, the results of the X-ray diffraction
and electron microscopic analysis demonstrate that
changes in the composition of the reaction systems and
the nature of interpolymer interactions lead to a notice-
able changein the structure of interpolymer complexes.
In other words, there opens a possibility of preparing
CMC-UFR interpolymer complexes with a desired
structure controlled by changing the ratio between the
interacting components, pH of the reaction medium,
and the nature of interpolymer interactions (varying the
percentage of triazinone rings). This is of decisive
importance for the development of scientific founda
tions of the synthesis of new polycomplexes based on
reactive polymers, which are expected to be widely
used in practice.
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Abstract—The orientation, distribution, and density of dislocationsinisomorphously mixed potassium—rubid-
ium biphthalate crystals composed of two zones with different concentrations of isomorphous rubidium impu-
rity are experimentally studied. A model for the formation of growth dislocations in the external zone, which
compensate internal heterometry-induced stresses at the interface between the zones, is proposed. © 2005 Ple-

iades Publishing, Inc.

The internal heterometry induced stresses, which
arise on the intergrowth surfaces of crystal zones with
different contents of isomorphousimpurity, are reduced
to alarge extent due to the formation of various defects.
The most well known of these defects areinconsistency
didocations [1-3], which were studied in detail in crys-
talline films. Large faceted isomorphously mixed
potassium—rubidium biphthalate crystals (grown as
multilayered structures to be used in X-ray technique)
are also characterized by a didocation structure, but
with some distinctive features. In this paper, we con-
sider the regularities of the dislocation formation in
potassium—rubidium biphthalate crystals composed of
two zones with different contents of isomorphous
rubidium impurity.

In the 30 potassium—rubidium biphthalate crystals
under study, the internal zone was a full-face crystal
about 5 x 2 x 5 mm? in size and the external zone was
a2-3-mm overgrown layer with arubidium content dif-
fering from that in the internal zone. The latter was
either a pure potassium biphthalate crystal (in most
cases) or arubidium-doped crystal (with an overgrown
external zone consisting of pure potassium biphtha-
late). Generally, the difference in the rubidium contents
between the zones varied from 0.5 to 10 mol %. The
crystals were grown from agueous solutions with
decreasing temperature and constant supersaturation
[4-7]. Identical growth conditions ensured only insig-
nificant difference in the growth rates of the faces. The
growth of the externa zone on the initial crystal was
observed by the method of microcrystallization in a
thermostated cell [5]. The rubidium content and the lat-
tice distortion were studied by microprobe anaysis,
flame spectrophotometry, and X-ray diffraction analy-

sis. Dislocations revealed by selective etching (1-2 min
in amixture of ethanol and glycerin (10 : 1) and wash-
ing in propanol [5]) of (010) cleavage plates 0.05—
0.1 mm thick [5, 7] were investigated by optical
microscopy.

The distribution of pyramidal etch pits on (010)
cleavages, corresponding to the points of dislocation
emergence [5, 8], was typical for all the crystals stud-
ied. Microscopic determination of the orientation of
dislocations with respect to the faces from the magni-
tude and direction of the shift of the tips of etch pits
from the centers of their orthorhombic bases in the
(010) plane showed that dislocations are oriented
almost perpendicular to the growing facesin all growth
sectors of a zonal crystal (it was difficult to determine
the direction of dislocations lines in successive cleav-
ages due to the high density of etch pits). Most disloca-
tions were concentrated in the external zonein the cen-
tral parts of the sectors of face growth, independent of
the sign of interzone stresses. Dislocations lines in
zonal crystals form wide beams in the external zone,
which are generated near the interface between the
zones and emerge on the surfaces of growing faces,
leaving free the regions of edge growth.

Asthe external zone grows, the experimental dislo-
cation density, which is measured as a number of etch
pits per unit areawith a correction to the angle of incli-
nation of the face with respect to the (010) cleavage,
reaches a maximum value at some distance from the
interface [7]. For each profile of the change in the dis-
location density along the growth direction for a given
face, the maximum dislocation density in the external
zone of the crystal is directly proportional to the abso-
lute value of the difference in the rubidium contents in
the neighboring zones (Fig. 1), i.e., is related to the
magnitude of interzone stresses. However, the orienta

1063-7745/05/5001-0098$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Dependences of the maximum dislocation density

p(T on the difference Ar in the rubidium contents in the

zones of zonal potassium—rubidium biphthalate crystalsin
the (010), (111), and (110) growth sectors (positive and neg-
ative values of Ar correspond to compression and stretching
of the external zone, respectively).

tion of the dislocations observed by us does not corre-
spond to the typical orientation of inconsistency dislo-
cations, which are characteristic of heteroepitaxia
crystalline films [1, 2], where inconsistency disloca-
tions are oriented, as arule, paralel to the intergrowth
plane of layers of different chemical compositions.

When acrystalline layer containing an isomorphous
impurity grows on aface of an initia pure crystal, het-
erometry stresses arise between this layer and the crys-
tal [6, 7]. Therefore, the higher these stresses, the stron-
ger the deceleration of the motion of the growth layer
from the growth centersis[6]. Asaresult, an island of
a new crystaline layer with enhanced relative growth
rate along the normal to the face is formed on the face
surface. Since the growth of new layer over theinitial
faceishindered, growth centerswith low activity arise
on the face, due to which the general number of
islands of the growing layer increases. In the course of
time, theseislands coalesce in the face plane and form
a continuous growing crystalline layer [9, 10]. One
can observe a direct dependence of the number of
islands of the new layer on the increase in the differ-
encein theimpurity contentsin the neighboring zones
(Fig. 2), i.e., on the magnitude of interzone stresses.
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Fig. 2. Dependences of the number of external-zone islands
per unit area of the pinacoid face (010) p and their average
size d (measured as an average distance between the oppo-
site sides of growing hexagonal islands in the plane of the
(010) face upon microscopic ohservation of their growth in
a thermostated cell) on the difference Ar in the impurity
contentsin the zones of zonal potassium—rubidium biphtha-
late crystals.

At asmall difference in the zone compositions, these
islands gradually increase in size and coalesce into
larger ones, forming a smooth external-zone surface
on the face. At alarge difference in the zone composi-
tions, the tangential growth of the islands that
increased in size at the initial moment is decelerated
and they are thickened in the normal direction, forming
a rough tiled surface of the face of the external zone
upon their coal escence.

The lattice of a growing island undergoes stresses
and is matched to the lattice corresponding to theinitial
face, whereas the edges of coalescing islands are el asti-
cally deformed to ensure matching to the unstrained | at-
tice of the external zone. At a coalescence of two
islands with thicknesses exceeding the critical one, a
segment of edge dislocation isformed. The line of this
didocation lies in the intergrowth plane of the layers
and is directed along the joint line of the islands
(Fig. 3). The formation of this segment of an inconsis-
tency dislocation (insertion of an additional half-plane
when the growing layer is stretched or, vice versa,
removal of an extraneous half-plane when the layer is
compressed (Fig. 3)) makes it possible to reduce the
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Fig. 3. General scheme of formation of segments of incon-
sistency dislocationsin the plane of the growing face ((010),
(110), or (111) for potassium—rubidium biphthalate) and
compensating dislocations perpendicular to this plane upon
coalescence of the islands of the growing layer in a crystal
with orthorhombic lattice under compression of the grow-
ing external zonewith alarge content of isomorphousimpu-
rity (planes of the face and growing-zone | attices are shown
by dashed and solid lines, respectively; the dislocations
lines are shown bold).

heterometry stresses in this region. When severa
islands coalesce, agrid of closed polygonsisformed in
the coalescence plane. Thisgrid consists of segments of
edge inconsistency dislocations parallel to the coales-
cence plane of the layers.

At the points where segments of inconsistency dis-
locations joint or change their direction, additional
compensating edge dislocations are inevitably formed
inthe growing layer (Fig. 3) (independent of the sign of
stresses in this layer). The lines of these dislocations
emerge on the growth surface and are oriented perpen-
dicular to theface. Their Burgers' vectorslieinthe coa-
lescence plane and are equal to the differences of the
Burgers' vectors of the adjacent segments of inconsis-
tency dislocations. If coalescing islands are formed on
some asperities of the face, there also arises vertical
mismatch of their lattices due to the Poisson effect,
which leads to the formation of screw dislocations per-
pendicular to the face. These dislocations serve as addi-
tional sources of growth layers. Etching of cleavages of
potassium—rubidium biphthalate crystals reveals spe-
cifically compensating and screw dislocations, whose
lines are perpendicular to the growing face.

In the external growing zones of the crystals under
investigation, the region from the interface between the
zones to the layers with the highest dislocation densi-
ties can be considered as a specific compensation zone,
since heterometry stressesrelax in it when dislocations
are formed. The width of the compensation zone is dif-
ferent for different faces and increases with increasing
heterometry stresses independent of their sign. Thus,
with an increase in the difference in the rubidium con-
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tents in the zones from 0 to 8 mol %, the width of the
compensation zone increases from 0.3 to 1.7 mm for a
(110) prism and from 0.4 to 2.3 mm for a(111) bipyra-
mid). The experimental growth rates of the crysta
faces, the width of the compensation zone, and the data
on the maximum dislocation density makeit possible to
estimate the rates of formation of compensating dislo-
cations in the crystals under study. These rates are also
directly proportional to the interzone stresses (for
example, in the (111) growth sectors, with an increase
in the difference in the rubidium contents in the zones
from 0.5 to 8 mol %, the rates of formation of compen-
sating dislocations increase from 95 to 275 mm h).

When the islands of the growing layer coalesce and
the subsequent growth layers of the external zone joint
(since the compensation zone is wider than the zone of
the initial island coalescence), there arises a peculiar
spatia grid of polygons formed by segments of edge
inconsistency dislocations parallel to the face and com-
pensating dislocations perpendicular to the face. Dur-
ing the formation of this grid, the number of compen-
sating dislocationsincreases and reaches the maximum
value. The limited number of growth centers on theini-
tial face determines the relaxation rate of interzone
stresses in the growing zone and the width of the com-
pensation zone. After the relaxation of interzone
stresses, with a further growth on the face, the forma-
tion of dislocations ceases and their genera number
decreases, which, apparently, is related to the orienta
tion of the didocations parallel to the face under the
action of residual internal stresses.

The proposed mode for the formation of a peculiar
didocation system in the growing strained externa
zone in potassium—ubidium biphthalate crystals
explains the characteristic distribution and the orienta
tion of experimentally revealed dislocations by the
appearance of compensating dislocations. The unam-
biguous correspondence of the dislocation density, the
width of the compensation zone, and the rate of dislo-
cation formation to the differencein the contents of iso-
morphous impurity in the neighboring zones of a crys-
tal shows that the character of relaxation of heterome-
try-induced interzone stresses is determined by the
magnitude of these stresses and the features of the
growth processes occurring on the crystal face.
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