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We report here the synthesis and infrared characteristics of the solid solution of the [ayered oxycarbo-
nates Sry_, Ba,CuG,(COy) (0 = v = 2). Synthesis, under partially enclosed conditions, from (Sr,Ba)CO,
and Cu() is observed to give enhanced stability of the oxycarbonale as the partial pressure of CO, over
the sample appears to retard both the reaction and the subsequent decomposition of the oxycarbonates,
Compounds with higher barium content are more stable, in keeping with the considerable stability of
RBaC(} with respect to decomposition. The a latlice conslant shows an anomalously large increase at
high baritm content, accompanied by an anomaly in the Cu-Q inplane vibration cccurring at around
500 cm~! and an accompanying loss of antiferromagnetic order. Both effects are attributed to the
presence of additional oxygen in the structure of compounds ot these stoichiometries, analogous to

that found earlier for (Ba,5¢),Cu0;,,; materiais.

Introduction

The family of layered oxycarbonates hav-
ing the general formula A,CuO,(CO,),
where A = Sr, Ba, has a tetragonal structure
(/-3) consisting of alternating layers of car-
bonate and strontium ions and of corner-
sharing CuQ, units, as shown in Fig, 1.
These corner-sharing CuQ, units are analo-
gous to those found in all high 7, cuprate
superconductors. Sr,Cu0,{(CO;} was dis-
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covered independently by a number of
groups being observed as an intermediate
in the reaction of SrCO; and CuO to form
Sr,CuO, (1-5). Under typical synthetie con-
ditions adopted for this phase (1000°C firing
in air) Sr,CuQ,(CO,) forms and decomposes
again very rapidly. Indeed it has been re-
ported by Babu er al. that single phase
Sr,Cu(,(CO,) eannot be prepared in air in
an open tube furnace as a result of convec-
tion currents (2). We have recently shown
that the incorporation of small amounts of
Ba in the solid solution phase Sr,_,Ba, Cu
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FiG. 1. Schematic representation of the structure
of Sr,CuQ,{CO;).

0,(CO;) (0 = x = 2} is an effective method
for enhancing the stability of these oxycar-
bonates (/). Furthermore, we proposed the
possibility of chemically inducing supercon-
ductivity via judicious control of the substi-
tutional chemistry of the more stable mem-
bers of the solid solution series. Recently
Kinoshita and Yamada have reported the
occurrence of superconductivity, with tran-
sition temperatures of up to 40 K, in (Ba,
Sr- 2 CU 100425 46(CO) -, (04 = x =
0.65, y ~ 0.1) (6). Preparation of this mate-
rial employed a two stage process involving
prefiring in air at 800-850°C to produce a
mixture of Ba,_ Sr.Cu0,(CO;), BaCuO,,
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and Sr,Cu0; followed by annealing at
1000°C under 250 atm pressure (20% O,,
80% Ar), This gave single phase supercon-
ducting samples for 0.4 = x = 0.65 with a
maximum 7T, of 40 K for x = 0.55. The struc-
ture is tetragonal, space group FP42,2 or
P42,m, and has about 11% of the carbon
atoms replaced by copper. It has been pro-
posed that this defect introduces the holes
that give rise to superconductivity (7). We
have synthesized a range of materials in the
Sr;_.Ba Cu0,(CO;) solid solution, using a
variety of preparative methods. For small
values of the compositional parameter x the
samples were fired in partially enclosed ¢on-
tainers which ensured the slow escape of
the carbon dioxide produced in the decom-
position of the alkaline-earth carbonate. For
samples with high barium content (x = 1.2)
both this method and synthesis in an open
boat were employed.

Infrared measurements have been used
both to confirm the presence of carbonate
ions in the structure and also to probe the
electronic structure of the Cu-O sheets. In
the layered oxycarbonates we can confirm
the empirical relationship between Cu-O
bond length and IR stretching frequency re-
cently reported by Ganguly et al. (8) for
cuprate materials. Materials with x = 1.35
exhibit antiferromagnetic order with a Néel
temperature in the region of 250 K, while
no long range order has been observed at
higher barium content (9, 10). The absence
of an ESR signal at high barium content
indicates that short range order persists at
compositions with x > 1.35.

Experimental

Starting matertals used in the synthesis
of the Sr,_, Ba, Cu0,(CO,) compounds were
SrC0,, BaCQ,, Ba(,, and CuO. For com-
positions with x < 0.8, SrCO, was used as
the only source of carbonate ions, with the
source of barium being BaQ,. A typical sam-
ple enclosure was an alumina crucible with
a lid. Samples were generally fired at tem-
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peratures ranging between 900 and 935°C
with reaction times dictated by the sample
volume (larger samples requiring longer
times). Several firings were necessary with
intermediate grindings to ensure sample ho-
mogeneity and phase purity; the latter was
monitored between firings by powder X-ray
diffraction. Firing times were decreased
progressively as the reaction neared com-
pletion. For x = 0.8, BaCO,; was used as a
starting material along with a variable quan-
tity of BaQ,. For x = 1.1 a variety of routes
were tested, including enclosed conditions,
an open alumina boat, and combinations of
the two, Attempts to prepare the barium
end-member centered on firing under a mod-
erate flow of nitrogen with one end of the
furnace tube open to the air, thus allowing
the diffusion of atmospheric CO, over the
sample. Barium peroxide was used as a
starting material in this case due to the great
stability of BaCO,. Lattice parameters were
obtained by Rietveld refinement of powder
X-ray, and in some cases powder neutron,
diffraction data.

For the infrared measurements the sam-
ples were ground in a Spex electrical mill,
mixed with dry CsI (or polyethylene for the
far infrared measurements), and pressed at
10 tonne cm™? into disc-shaped pellets of
diameter 13 mm. Each pellet contained 2
mg of sample, and identical pellets of the
diluent were used as reference material. All
pellets were stored in dry, cool conditions
and measured within 24 hr of creation. The
absorption measurements were made under
vacuum at room temperature in the far-mid
infrared region (I50-5000 cm™') using a
Bruker 113V FTIR spectrometer. An As-
pect 3000 computer was used for data collec-
tion and least-squares band profile analysis
using Voight profiles. The absolute fre-
quency of each phonon band was obtained
directly from the spectrum with a random
error in measurement of 0.3 cm™.

Results and Discussion

The strontium end-member of the solid
solution was found to decompose as soon
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as the reaction reached completion, making
preparation of monophasic Sr,Cu0,(CO,)
extremely difficult. However, the substitu-
tion of only a small quantity of barium for
strontium was found to exert a considerable
stabilizing influence which appreciably re-
tarded both the rate of formation and the
subsequent decomposition of the oxycarbo-
nate phase. For barium content up to x =
0.8 no problems with sample homogeneity
were encountered arising from the use of
barium peroxide as a starting material. Dur-
ing the course of the reaction, barium perox-
ide was observed to form (Sr,Ba)CO;, and
as the reaction neared completion the bar-
ium concentration of this unreacted carbon-
ate increased (as gauged by the change in
lattice parameters). This increased barium
¢concentration in the unreacted (Sr,Ba)CO,
was found to reduce its reactivity and ap-
peared to suppress the decomposition of
Sr,_.Ba, Cu0,{CO;).

The use of BaO, at barium content above
x = 0.8 gave inhomogeneous products, and
better results were obtained if BaCO,; was
used. At high barium content the samples
fired exclusively under enclosed conditions
reacted exceedingly slowly, and hence all
subsequent preparations were at least pre-
fired in air, with later firings either in air or
in an enclosed vessel. Some problems with
sample inhomogeneity were encountered
with preparations fired only in air. Single
phase Ba,CuO,(CQ;) could not be pre-
pared, though it was the dominant phase
in a number of samples. Its formation was
discovered to be critically dependent on ex-
perimental factors such as nitrogen flow
rate, size of furnace tube, and reaction tem-
perature. Further investigation will be nec-
essary to optimize the synthetic conditions
required to prepare this compound as a sin-
gle phase.

The refined lattice constants for a range
of compositions are shown in Table I, and
plots of the lattice parameters as a function
of ionic radius, assuming eight-fold coordi-
nation of the alkaline earth (//), are shown
in Fig. 2. Especially noteworthy is a clear
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TABLE [

UnwiT CELL DIMENSIONS FOR Sr,_,Ba, Cu0,(CO;)

o

x in Sr,_ Ba,Cu0,(CO,) alA c/A
0.0 3.90332) 7.4925(4)
0.5 3.9281(1) 7.6045(2)
0.8 3.9389(3) 7.6615(6)
1.1 3.9586(4) 7.761(1)
1.35 3.9685(1)  7.8051(3)
1.5 3.9915(3) 7.860(1)
1.6 3.9917(1) 7.8781(2)
1.6% 4.035(2) 7.903(3)
1.7 4.022(2) 7.916(2)
2.0 4.002(1) 7.974(3)

7 Data from Ref. (72).

deviation from linearity in the a parameter
for large values of x (but not x = 2.0). We
have found that the magnitude of this devia-
tionis dependent on the experimental condi-
tions employed during synthesis. For x =
1.5 and 1.7 the sample was fired in air only,
whereas our sample with x = 1.6 was pre-
fired in air with several subsequent heat
treatments under enclosed conditions. The
sample for x = 1.6, with a very large anom-
aly, reported by Greaves and Slater (/2),

4.05
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1,25 135 1.45

Ionic radius (f\)
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was prepared in air and oxygen. This, com-
bined with the relatively small a parameter
observed for x = 2.0, strongly suggests a
correlation with the oxvgen content of the
material. The enclosed conditions used for
the synthesis of our x = 1.6 sample would
clearly be less oxidizing than those used in
the preparation of the samples with x = 1.5
and 1.7 as a result of the relatively high
concentration of carbon dioxide (and hence
low O, concentration) in the atmosphere
around the sample. Likewise, the nitrogen
flow used in the synthesis of Ba,CuQ,(C0O,)
would inhibit oxygen uptake. It is thus not
surprising that the sample prepared by
Greaves and Slater in air and oxygen has an
unusually large a lattice constant. Neutron
diffraction studies of a sample with a small
lattice constant anomaly have not provided
an unambiguous answer for the precise loca-
tion (and amount) of the additional oxygen,
presumably as a result of the low concentra-
tion. However, Chaillout et af. (13) have
recently reported the structure of BaSr
Cu0, »(C0O,}, in which extra oxygen was
located around carbon. Since this is the
most open region of the structure this seems
entirely reasonable,
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F1G. 2. Variation of (a) a lattice parameter and (b) ¢ lattice parameter for the series Sr,_ Ba CuQ,(C0O;)
as a function of the effective ionic radius of the alkaline-earth cation.
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FiG. 3. Infrared absorption spectra for Sr,_ Ba,Cu0,(CO;) from 500 to 2000 cm™' for samples with
x =10,0.5 08, 1.1, and 1.5. The band assignment is also given in Table II.

Absorption spectra  for Sr,_,Ba,Cu
0,(CO,) covering the ranges 500-2000 and
150-550 cm™! are shown in Fig. 3 and 4
respectively. The carbonate ion internal vi-
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F1G. 4. Infrared absorption spectra for Sr,_,Ba Cu
0,(CO;) from 150 to 500 cm™' for samples with x = 0
and 1.5,

brational modes are clearly visible and are
tabulated for x = 0 and x = 1.5 in Table II
(14). Mode frequencies for the samples with
intermediate Ba content are found to de-
crease with increasing x and generally lie
within the values for strontianite (SrCO,}
and witherite (BaCO;). A splitting of the v,
mode is evident with decreasing Ba content
and is attributed to changes in the vibra-
tional selection rules due to the influence
of the crystal field environment around the
carbonate ion. Similarities between Sr,_,
Ba,Cu0,(C0O;) and other compounds with
a square planar Cu** coordination (/5) sug-
gest that the far infrared modes are at around
180, 205, and 380 cm™' can be ascribed to
vibrations of the heavy ions Ba/Sr—Cu along
the ¢ axis and in the ab plane. Note that
except for the mode near 483 cm™! in the
x = 1.5 sample, all phonon lines remain rela-
tively sharp. The lack of drastic heteroge-
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TABLE II

CARBONATE loN INTERNAL VIBRATIONAL MODES
(em™) 1N Sry_,Ba CuQ,(CO;) ForR COMPOSITIONS
x=00,15

Ba content (x)

Mode 0.0 1.5
ve 1072 1062
¥y 858 858

870 867
844

v 1412 1427
1449

vy 681 694
699
704

v + vy) 1756 1756
1778

neous line broadening suggests incorpora-
tton of Ba into the structure in a fairly
homogeneous manner without production
of Ba-rich clusters or segregation of Ba on
lattice imperfections, etc. It is evident that
this may not be the case for the sample with
x = 1.5,

There is a marked effect of Ba content
on the Cu-0 in-plane vibration occurring
at around 570 cm™! (x = 0). This mode is
probably of E, symmetry (/5) and a large
decrease in the mode frequency with in-
creasing x is observed; these data are sum-
marized in Table I1I. The observed mode
softening of the Cu-0 phonon with Ba con-
tent can be formally described in the treat-

TABLE IIL

FREQUENCY oF E, Cu-0 MODE (cm™!) For
INCREASING x IN Sr,_,Ba,Cu0,(CO;)

Ba content (x) Frequency {cm™)

0.0 569.8
0.5 559.4
0.8 544 8
1.t 248
1.5 483.3
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ment of the weakly anharmonic crystal by
the Grineisen relationship,
_ dnw)

Y T V)

for the ith mode, with V the molar volume.
Assuming complete carbonate ion occu-
pancy it is found that the Cu-0O phonon fre-
quency decreases with increasing molar vol-
ume and can be accurately modeled by a
quadratic function (least-squares refine-
ment). This results in a mode Griineisen pa-
rameter that increases from y = 0.56 + 0.03
for x = 0 toy = 3.30 £ 0.05, as shown in
Fig. 5. These values are typical for other
structures with corner-sharing polyhedral
units (/6, /7)and also for compounds incor-
porating Cu-O planes (¢.g., high T, super-
conductors) (18). This kind of volume-strain
behavior is reminiscent of the sort often ob-
served in the region of a criticality, for ex-
ample structural phase transitions in As,0;
and leucite (19). In the case of the layered
oxycarbonates examined here the critically
is associated with the departure from linear-
ity observed in the a lattice parameter, and
we propose that this occurs as a result of
the incorporation of extra oxygen in the
structure. Furthermore we have observed a
loss of long-range antiferromagnetic order
in this region of the solid solution (9, 10).
This is in keeping with oxidation of the cop-
per-oxygen sheets comparable with that
found in cuprate high T, superconductors.

0 n A i 1 3
0 1 2
Ba content (x )
Fi1G. 5. Plot of the mode Griineisen parameter, vy,
against Ba content (x) in Sr,_,Ba, CuQ,(CQO;). The line
is a quadratic least squares fit to the data,
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FIG. 6. Graph showing the linear correlation between
the E, Cu-0 mede frequency (cm™') and the observed
Cu-0 bond length in Sr;_,Ba,CuO,(CO;).

Also evident from our data is a linear de-
pendence of the £, Cu~O mode frequency
on the bond length, as illustrated in Fig. 6.
Similar observations have been previously
reported by Ganguly et al. (8) who consid-
ered a range of copper (II) oxides with
square planar coordination and deduced a
so-called ‘‘titration curve’’—a remarkably
good empirical correlation between the
Cu-0 bond length and E, mode frequency.
Our results are in excellent agreement with
those of Ganguly et al. {8) and thus confirm
the importance of such an empirical ap-
proach. It is advantageous to reiterate the
wealth of structural information that can be
gained from a detailed band profile analysis
of the Cu-0 phonon mode. Its shape yields
information on phase purity/homogeneity,
while its frequency characterizes quantita-
tively the Cu—O bond length, molar volume,
and volume expansivity in Sr,_,Ba,Cu
0,(COy). In view of the work of Ganguly
et al. (8), it is probable that this approach
extends to many other square planar coordi-
nated copper {II) oxides.

In conclusion we have synthesized and
investigated a range of layered oxycarbo-
nates of the general formula Sr,_ Ba Cu
0,(CO,) (0 = x = 2). Detailed information
on the nature of the constituent CO}™ ion
has been obtained by infrared spectroscopy.
Changes in the compositional parameter (x)
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lead to detectable variation in the C-0O vi-
brational characteristics. In addition, in
samples with high Ba content our data sug-
gest the incorporation of excess oxygen in
the structure. Variable temperature studies
of the related superconducting oxycarbo-
nates (Ba, Sr),Cu;,07.7,45(CO)_, (¥ ~
0.1) may provide important information as
to the role of the carbonate anion in this
electronic transition.
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