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Studies of the new type of alkaline earth copper(il) borates,
represented by SrCuy(BO,)},, have been performed by high temper-
ature techniques. In the parent structure of StCu,(BO;),, the stron-
tinm content can be partially substituted by calcium or barium. A
scries of such phases with the composition Sr_ M, Cuy(BO;),
where M = Ca or Ba and 0 = x < 0.4 have been prepared. X-
ray powder photographs verily that these phases arc isostructurat
to SrCu,{BQ;),. The crystal structure of Sry_ M, Cu,(BO;), can be
regarded as consisting of slightly puckered layers with the composi-
tion [CuBO;]~ stacked along [001], with eight coordinated alkaline
earth atoms located between the tayers. Estimated bond valence
sums for all atoms indicate normat bond length distributions in
the structure. The structure possesses a pseado-mirror symmetry
but the deviations (<0.2 A) from this symmetry (space group
I4/mmm) are statistically highly significant. The substitution of
strontium for smaller calcium or larger barium atoms has a pro-
nounced effect on the interlayer separation. Mcasured magnetic
susceptibilities of STCu,(B0O;), indicate a transition to an antiferro-
magnetic state below 14 K. © 1994 Academic Press, Inc.

INTRODUCTION

The present study is part of a research project (e.g., 1)
aiming at the synthesis and characterization of anhydrous
metal-rich borates. The stereochemistry of solid oxobor-
ates often has close similarities to that of oxocarbonates;
e.g. trivalent trapsition metal borates frequently adopt the
calcite structure, During the last few years a new type of
alkaline carth caopper carbonates, with the composition
(Sr,Ba),Cu0,CO;, have been discovered (2, 3). Some of
these compounds, which contain infinite copper(ll)-oxy-
gen layers, are superconductors (4), In view of these re-
sults for the oxycarbonates, we have used high tempera-
ture solid state syanthetic techniques to try to prepare
related oxyborate phases. In this way, the phase LnBa
CuO,B0, {Ln = La-Tb), analogous to (S5r,Ba),Cu0,CO;,
was obtained (5). Attempts werc also made to prepare
alkaline earth copper borates without trivalent lanthanide
ions. For the initial composition S¢O + CuO + B,0,,
the strontium copper(li) borates, viz., SrCuy(B0Oy),, were

00122-4596/94 $6.00
Copyright © 1994 by Academic Press, Inc.
All rights of reproduction in any form rescrved.

formed as one of the major phases. After completing a
structural characterisation of the S5¢rCu,(BO;), phase by
single crystal X-ray diffraction techniques, the present
authors were made aware of that a structural characteriza-
tion of the new SyCu,y(BO,); phase was published in [991
by Smith and Keszler (6). The structural results obtained
by the present authors had slightly better statistical rele-
vance, as judged by, e.g., the different R value of 0.029
(674 reflections) compared to 0.040 (604 reflections). How-
ever, the diffcrences in the oblained structural parameters
are largely negligible. In their study, Smith and Keszler
used a different synthetic procedure. Accordingly, the
present paper only contains a few supplementary com-
ments on the structural study and on the different syn-
thetic procedure applied. Inthe present paper some chem-
ical substitution studies on SrCu,(BOs),, giving solid
solutions that contain Ca or Ba, together with an investiga-
tion of the magnetic susceptibility of SrCu,(BO,), in the
temperature range 14-300 K, are also reported.

EXPERIMENTAL

Synthetic procedures. Blue crystalline specimens of
the title compounds were obtained by heating stoichio-
metric mixtures of alkuline carth oxides, copper(ll} oxide,
and boron oxide (10% excess of B,0O,) in open platinum
crucibles at 800°C in air for 1 hr and then raising the
temperature to 920°C with a speed of 100°C/hr. After
anncaling at 920°C for 48 hr, the furnace used was cooled
down to 300°C with a speed of 200°C/hr and then
turned off.

In the present study, SrCu,(BO;}, was first prepared and
studied by X-ray investigations. With similar synthetic
techniques, the attempts to prepare the pure Ca and Ba
analogues (with BaO. used as precursor to BaO) failed.
However, it was possible to prepare phases where the Sr
content in SrCuy(BO,), was partially replaced with Ca or
Ba. The present study thus includes the preparations and
characterization of the phases with the formal composi-
tion Sr;_ M,Cu,(BO,),, with M = Ca or Ba. Although
the initial compositions of the mixtures were x < 0.5,
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TABLE 1
Unit Cell Parameters from Indexed Powder Photographs for the
Synthesized Compounds with Formal Composition Sr,_M,Cu,
(BO;),, Isostructural to SrCu,(BO;),

Xeale Xps a(A) ¢ (A) v (A

Srl_xcaxclh(BO])z 0.15
0.25
0.50
0.15
0.25

0.50

0.11(1)
0.165(8)
0.339(6)
0.11(1)
0.200(6)
0.265(5)

8.9850(4)
8.9795(5)
8.9692(9)
9.0001(4)
9.0054(3)
9.010(2)

6.6055(5)
6.5871(4)
6.540(2)
6.7141(7)
6.7516(6)
6.779(3)

533.26(5)
$31.13(6)
526.1(2)
543.85(7)
547.54(6)
$50.3(3)

5r,-,Ba,Cu,(BO,);

Note. Koy denote the initial composition of the synthesis mixture and
Xgys that found by SEM analysis on the obtained crystalline specimens.
The ¢.5.d.°s are given in parentheses.

subsequent analyses showed that the specimens obtained
after the synthetic reactions, had x values considerably
smaller than the initial compositions (c¢f. Table 1). For the
mixtures with higher x, the specimens obtained by the
applied synthetic procedure contained multiple phases,
but the major phases as judged from X-ray powder photo-
graphs were Sr,_ M, Cu,(BO,),.

EDX, X-ray, and magnetic measurements. The syn-
thesized Sr,_,M,Cu,(BO;), phases (M = Ca or Ba) were
analyzed in a scanning electron microscope (SEM), model
JSM-840A, equipped with a Link AN10000 EDX system.
EDX spectra were collected for 10 different crystals of
cach phase. Unit cell dimensions of the phases (Table 1)
were determined from index Guinier photographs, taken
with CuKe, radiation and using silicon as internal
standard.

The magnetic susceptibility of a powder sample of
SrCu,(B(), in the temperature range 14-300 K was mea-
sured with a Lake Shore AC Susceptometer model 7130

FI1G. 1.

equipped with a helium cryostat. Measurements on
tetramethylethylenediammonium tetrachlorocuprate(II),
[(CH,),NHCH,CH,NH(CH,),]CuCl,, were used (7) to
check the performance of the susceptometer. The mea-
sured susceptibilities were corrected for diamagnetic con-
tributions (<0.2 X 107% m? -mol™'} from the sample
holder. A frequency of 500 Hz and a magnetic field
strength of 125 A-m™' were used.

DISCUSSION

The structure (6) of the Sr,_ M, Cu,(BO;), phases (Fig.
1) consists of slightly puckered layers at z = *{, with the
overall composumn [CuBO;])™. Such layers are stacked
along [001], giving a separation of =3.3 A. From the ab-
sence of stronger bonds between the layers, the strontium
atoms (located at z = 0, }) can be anticipated to play a
crucial role in linking the layers together in the [001] direc-
tion of the crystal structure. The strontium atoms are
coordinated by four oxygen atoms from each adjacent
layer, and thus become eight-coordinated. It can be noted
that the atoms within the {CuBQO,]” layers have a pro-
nounced freedom to move out of the layers, as is evident
from their relatively large thermal displacement ¢compo-
nents along [001]. Empirical bond valences estimated (9)
for the different atoms in SrCu,(BO,), are within 3% of
their formal valences, suggesting normal bond length dis-
tributions around each of the atoms in the structure.

The z coordinates of all atoms are within 0.2 A from 0
modulo 4 for all atoms. This might indicate that the struc-
ture could have a mirror symmetry perpendicular to [001].
The structure can be approximately described with the
minimal non-isomorphic supergroup symmetry I4/mmm
after a shift of (0, §, 3 is applied to the coordinates.
However, refinements of the derived [4/mmm models for
SrCu,{BO), vs collected single crystal data yielded R

Stereoview along [100] of a ball-and-stick representation of the SrCu,(BO;), structure obtained by the program ATOMS (8). The metal

atoms are represented by larger circles and boron and oxygen by smaller ones. Copper and boron atoms are dark grey, while strontium is light

grey and oxygen white.
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FIG. 2. The variation of unit cell volume (A’) with the composition
parameter x for Sr;_ M, Cu,(BO;y),. The filled ellipses represent M = Ba
and the unfilled triangles M = Ca. The correlation coefficients of the
two (solid and dashed) least-squares lines are above 0.996.

values of about 0.24. The refinements lead to unreason-
able large oscillating shifts on several structural parame-
ters. The lack of convergence and the high R value ob-
tained indicate that the higher symmetry can only be
regarded as a pseudo-symmelry, in agreement with the
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characteristics of calculated X-ray data intensity distribu-
tions.

The synthetic studies (cf. above) showed that the stron-
tium content can partially be replaced by both smaller
divalent ions such as Ca®" and larger ones such as Ba’*,
X-ray powder photographs on calcium- and barium-sub-
sittuted phases {Table 1) suggest that they are isostruc-
tural to SrCu,(BO,),. This is also verified by the results
(10) from single crystal X-ray diffraction studies of the two
phases Sty 535Bag 6sCu,(BO;); and Sry ¢51Cag 530Cu,(BO;3),.
Figure 2 shows that the changes in cell parameters on
substitution follow Vegard’s law of linear variation. As
can be anticipated from the structural features, the varia-
tions of the ¢ axis which determine the interlayer separa-
tions are considerably larger than those of the a axis. A
limited number of attempts to prepare substituted phases
with higher calcium and barium content were not suc-
cessful.

The molar magnetic susceptibility, xy (m*-mol~", in
the range 14-302 K, together with the inverse molar mag-
netic susceptibility, x', are shown in Fig. 3a. A linear
least-squares fit (correlation 0.9995) through the ' data
of the high temperature region (170 < T < 273 K) gives
a Curie constant C = 9.43(14) x 107® m?-K - mol~! and
a Weiss temperature 6 = —52(2) K. The negative sign of
8, together with a continuous decrease (upon cooling) of
xm T as a function of T (Fig. 3b), indicates a probable
antiferromagnetic ordering. The spin-only formuia {C =
gV S(S + 1), with g =~ 2.0) suggests 1.65(1) unpaired elec-
trons per dimer unit Cu,B,04. This value is significantly
below the expected 2 unpaired electrons in the dimer unit,
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FIG. 3. Temperature dependence {14-300 K) of the magnetic behavior of SrCuy,(B0;);. (a) The molar magnetic susceptibility (circles), xyu
(m*- mol™'), together with the inverse molar magnetic susceptibility (squares), xg'. (b) xi - 7 vs T plot, indicating the possible antiferromagnetic

ordering at low temperatures.
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possibly due to the relatively short Cu - - Cu distance
(2.91 A), suggesting weak antiferromagnetic coupling ef-
fects between the copper ions.
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