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The crystal structure of the (Bio.025r0.30Ca0.59)10Cu17029 spin-ladder compound was determined from

single-crystal X-ray diffraction data.

The precursor powder was prepared from stoichiometric amounts of

SrCO3, CaCOgs, CuO, and BizOs by calcination at 820°C for 20 h and pressed to form a rod used for the
crystal growth. The travelling-solvent-floating-zone method was applied in an image furnace to grow large

single crystals.

The composite commensurate structure was solved and refined in space group F222, Pearson

symbol 0F224, a = 11.340(2), b = 12.829(2), ¢ = 19.441(3) A, Z = 4. The composite incommensurate structure
of the (Big.025r0.39Ca0.59)10Cu17029 compound was solved and refined in the (3 + 1)-space group F222(007),
a=11.340(2), b= 12.829(2), c1 = 2.7773(4), c2 = 3.8882(6) A, ¢ = 0.7143.

PACS numbers: 61.46.—w, 61.66.—f

1. Introduction

Many layered multicomponent cuprates belong to the
well-known family of high-temperature superconductors
(see for example [1]). There exists also another family of
cuprates, the so-called spin-ladder compounds, which are
described by the general formula [M;CusOs),,[CuOs]y,
where M is generally Sr and/or Ca with m/n =5/7,7/10
or 9/13 (see for example [2]). Their crystal structures
are constructed by two different types of Cu—O layer.
These layers are built of straight (ribbon-like) or zigzag
(ladder-type) chains of CuQOy4 squares and are intergrown
via layers of M cations. Alternatively their crystal struc-
tures can be described in four-dimensional space as com-
posite structures, incommensurate along the direction
[001], with two interpenetrating sublattices, M2CusO3
and CuOgq (see for example [3]). Superconductivity at
high pressure (T, = 12 K) has been observed for a mem-
ber with m/n = 7/10 [4].

Kato et al. [5], Szymczak et al. [6], Shvanskaya et al. [7]
grew single crystals of doped (Sr,Ca);9Cu;7029 and de-
termined their crystal structures in three-dimensional
space (space group F'222). In the present work, the crys-
tal structure of Bi-doped (Sr,Ca)19Cui7029 spin-ladder
compound, representative of the [MsCus0O3),[CuOs),
series with m = 5 and n 7, is refined in three- and
four-dimensional space and discussed.

* corresponding author; e-mail: oksanaromaniv@yahoo.com

2. Experimental

The travelling-solvent-floating-zone (TSFZ) method
was applied to grow large single crystals. The feed rods
for the crystal growth were prepared using the solid-state
method. Pure carbonates SrCOj3, CaCOs, and oxides
CuO, BiyO3 were mixed in stoichiometric amounts and
ball-milled in an agate mortar with isopropanol, dried
and calcined in air. Three calcination steps were carried
out at increasing temperatures between 800 and 890 °C,
with intermediate grinding every 12 h. Rods of cylin-
drical shape were pressed isostatically from powder and
sintered in air at 890°C for 12 h. Single crystal growth
was performed in an image furnace with two 400 W halo-
gen lamps as heat sources. Pre-melting was performed
at 24 mm/h, in order to increase the density and homo-
geneity of the feed rod. TSFZ melting was performed
at ~ 0.7 mm/h, while counter-rotating both the feed
and the seed rod at ~ 10 rpm. Both the pre-melting
and the crystal growth were performed under p(O3) =
3 bar with oxygen flow rate of 0.5 1/h. High-quality
up to 3 mm long crystals were obtained. The crys-
tal structure of the (Bio.ogsro.ggcao.g,g)1QCH17029 com-
pound was determined from single-crystal X-ray diffrac-
tion data (STOE IPDS II diffractometer, Mo K, radia-
tion, graphite monochromator).

In three-dimensional space the reflections in the
diffraction patterns shown in Fig. 1 obey the conditions of
space groups F222, Fmm?2 and Fmmm: h+k, h+1, and
k + 1 = 2n. Least-squares full-matrix refinements based
on F were carried out using the Xtal 3.7.2 system [8]. The
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positions of the cations were obtained by direct methods
and the positions of oxygen atoms were taken from dif-
ference Fourier maps. All the atom sites were refined in
anisotropic approximation. The occupation of the mixed
cation sites was constrained to give full occupation with
the amount of Bi fixed according to the composition de-
termined by energy distribution of X-ray (EDX). The
microprobe analysis of the single crystal was carried out
using an electron microscope LEO 438VP equipped with
a Tracor Northern System, which made it possible to de-
termine the content of metals. Experimental details of
the structural refinement are listed in Table I. A struc-
ture refinement in four-dimensional space was carried out
using the WinCSD-2000 program [9]. The occupation of
the mixed cation site was refined as Sr/Ca ratio.
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Fig. 1. X-ray
with an imaging plate of a
(Bio.02S10.39Ca0.59)10Cu17029.

patterns
single

The bulk materials were prepared from oxides and car-
bonates by solid-state reaction in air and characterized
by powder X-ray diffraction.

3. Results and discussion

Attempts to partly substitute Bi for the alkaline-earth
cation in the (Sr,Ca);4Cu24041 compound (the repre-
sentative of the [MyCus03],,[CuOs], homologous se-
ries with m = 7 and n = 10) resulted in the forma-
tion of another member of the same structure series,
(B1,Sr,Ca)10Cui7099 (m = 5 and n 7). The com-
posite commensurate structure was solved and refined in
space group F'222, Pearson symbol 0F'224, a = 11.340(2),
b= 12.829(2), ¢ = 19.441(3) A, Z = 4. The metal con-
tent was determined by microprobe analysis of the single
crystal (Fig. 2, Table II). Figure 3 shows the stacking of
layers in the structure of (Big.g2Sr0.30Ca0.59)10Cu17029.
The structure is built as intergrowth of three different
types of atomic layer along the b-axis, like the structure
of the (Srg.57Cag.43)14Cu2404; compound [10, 11]. The
first type of layer, of composition CuOs, is constructed

TABLE 1
Experimental details of the structure refinement for

(Biom Sr0.39030‘59)1(]cu17029 .

space group F222
a [A] 11.340(2)
b [A] 12.829(2)
¢ [A] 19.441(3)
Vv [A3] 2828.2(8)
Z 4
F(000) 4078
D, [g em ™3] 5.157
pu[mm™? 23.314

0.178 x 0.166 x 0.208
Mo K., 0.71073

crystal size [mm]

radiation, wavelength [A]

0 range [°] 2.62-31.84
range of h, k, [ —16+14; —19+19; —28+28
absorption correction analytical
Rint (F) 0.1101
R, (F) 0.0817
number of measured reflections 16530
number of independent reflections 1347
number of reflections with F' > 20 (F) 975
number of refined parameters 137

R 0.082(0.056%)
wR 0.025(0.023%)
S (goodness of fit) 1.63(1.83%)
Apmax e Af‘o’] 2.37
Apmin e A3 —2.25
extinction parameter 0.026(3)

@ on reflections with F' > 20 (F).

by CuO, squares linked by edges, resulting in the forma-
tion of infinite straight chains along the c-axis (Fig. 4).
In the other type of Cu—O layer, which has composition
Cup03 (Fig. 5), CuOy squares share edges and corners
to form infinite zigzag chains. The third type of layer,
which separates CuOs and CupQOg layers, contains only
Bi, Sr and Ca atoms (Fig. 6). In the structure studied
here the CuO; layers are situated at y = 1/4 and the
Cuy03 layers at y = 0 of space group F222.
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Fig. 2. Typical dispersive X-ray spectrum of a sin-

gle crystal grown from a sample of composition
(Bio.7Sr5.7Ca7.6)Cu240..
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Stacking of
[M2Cu203]5[CuO2]7; the displacement ellipsoids of the
metal atom sites are shown at the 99% probability level.

layers in the

Fig. 4. Infinite straight chains of CuO4 squares (CuO-

layer at y = 1/4).

The final atomic coordinates and equivalent
displacement  parameters for the structure of
(Bio_ogsro_ggcaoﬁg)1001117029 are presented in Table III.
The ratios of Sr and Ca atoms are almost the same in
the three mixed cation positions. Seven atom positions
are occupied by Cu atoms and ten positions by O
atoms. Selected interatomic distances are listed in
Table IV. The atoms in the Cu-O layers are tightly
bonded, and the usual interatomic distances dcy,_ in

related structures range from 1.92 to 1.94 A [1]. In the
structure of (Big.g2Sr0.30Cag.59)10Cu17029 the distances
from each Cu atom to four O atoms are near the usual
values, except for the sites Cu(4) and Cu(5), which
are both linked to O(7). The coordination numbers of
the mixed cation sites (Bi/Sr/Ca) range from 6 to 7
and the coordination polyhedra may be derived from a
tetragonal prism or antiprism by removing one or two
vertices from one basal plane.

Superconductivity in spin-ladder compounds appears
upon applying high pressure [4]. The aim of our in-
vestigations was to create a pressure effect by substitu-

Fig. 5. Infinite zigzag chains of CuOy4 squares (CuzOs3
layer at y = 0).
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Fig. 6. Rows of Bi, Sr and Ca atoms.

TABLE II

Results of the microprobe analysis of a single
crystal grown from the sample of composition
(Bio.7Sr5.7Caz.6)Cu240;.

Element (line) | Intensity [wt %] [at.%]
Bi(M) 2082 2.19(15) 0.66(5)
Sr(L) 32588 | 21.55(26) | 15.45(19)
Ca(K) 40496 | 14.68(15) | 23.01(23)
Cu(K) 80732 | 61.59(46) | 60.88(45)

tion in the cation sublattice. In comparison with the
Bi-free phase (SI‘Q,57C&0443)14CU24O41 (a = 11377(1),
b = 12.983(1), ¢ = 27.395(2) = 10 x 2.7395(2) A [10]),
the cell parameters a and b of the Bi-containing phase
(Big.02510.39Cag.59)10Cu17029 are smaller, whereas the c-
-parameter is larger (¢ = 19.441(3) = 7 x 2.7773(4) A).
This means that incorporation of Bi leads to a reduc-
tion of the interlayer spacing by 1.2%, thus favoring
charge transfer for superconductivity; the chains of CuOy4
squares are extended and narrowed by 1.4 and 0.3%, re-
spectively.

The composite incommensurate structure of the
(Big.0251r0.39Cag.59)10Cu17029 compound was solved and
refined from single-crystal diffraction data in the (3+1)-
-space group F222(007): a = 11.340(2), b = 12.829(2),
c1 = 2.7773(4), co = 3.8882(6) A, ¢ = 0.7143, R = 0.031
(all reflections), R = 0.029 (main reflections), R = 0.032
(satellite reflections) (Table V). The CuyO3 layers con-
tain Cu(1), O(2) and O(3) atoms, whereas the CuO, lay-
ers contain Cu(2) and O(1) atoms. The interatomic dis-
tances indicate covalent type of bonding between copper
and oxygen atoms (Table VI).

The modulation of the structure is presented in Fig. 7
as the change of the interatomic distances along the
fourth coordinate z4. In the case of the M-O dis-
tances significant modulation is observed for the M—O(2)
distances only with the maximum value (2.709 A) at
x4 = 0.45 and the minimum value (2.358 A) at z4 = 0.95.
The curve of the dependence for Cu(1)-O(2) distances
exhibits a maximum (1.984 A) at x4 = 0.80 and a mini-
mum (1.909 A) at 2, = 0.23, whereas for the Cu(2)-O(1)
distances the maximum (1.921 A) occurs at x4 = 0.65
and the minimum (1.868 A) at 2, = 0.15.
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TABLE III
Atomic coordinates and equivalent displacement parameters for (Bio.o2Sr0.39Ca0.59)10Cu17029.
Site Wyckoff position z Yy z Ueq |A?]
M(1)* 8f 0 0.1310(3) 0 0.013(1)
M(2)? 16k —0.0028(3) 0.1307(2) 0.1985(1) 0.015(1)
M(3)° 16k 0.0036(2) 0.1296(2) 0.3995(1) 0.0117(9)
Cu(1) 8e 0.3337(3) 0 0 0.010(1)
Cu(2) 16k 0.3352(2) 0.0037(3) 0.2002(1) 0.0133(9)
Cu(3) 16k 0.3332(2) —0.0034(2) 0.3999(1) 0.0120(8)
Cu(4) 4c 1/4 1/4 1/4 0.019(2)
Cu(5) 8h 1/4 1/4 0.3934(3) 0.019(1)
Cu(6) 8h 1/4 1/4 0.5363(2) 0.024(2)
Cu(7) 8h 1/4 1/4 0.6761(2) 0.021(2)
0(1) 8e 0.166(1) 0 0 0.03(1)
0(2) 16k 0.168(1) 0.001(1) 0.1995(7) 0.013(4)
0(3) 16k 0.1670(9) —0.008(1) 0.3998(8) 0.013(5)
0(4) 4b 1/2 0 0 0.006(9)
0(5) 8g 1/2 0 0.198(1) 0.05(1)
0(6) 8g 1/2 0 0.402(1) 0.011(6)
o(7) 16k 0.146(1) 0.236(1) 0.3309(8) 0.030(8)
0(8) 16k 0.133(1) 0.240(2) 0.4649(9) 0.021(6)
0(9) 16k 0.1307(9) 0.2683(9) 0.609(1) 0.020(6)
0(10) 8 0.142(2) 1/4 3/4 0.03(1)
“M(1) = 0.02Bi + 0.39(2)Sr + 0.59(2)Ca; *M(2) = 0.02Bi -+ 0.47(2)Sr + 0.51(2)Ca; “M(3) = 0.02Bi + 0.37(1)Sr + 0.61(1)Ca.
TABLE V

Atomic coordinates and displacement parameters for composite structure of (Bio.025r0.39Ca0.59)10Cu17029.

Site Xifﬁgg Zo Yo 20 B.q [A?]
Cu(1) 8e 0.16581(6) 0 0 0.80(1)
0(2) 8e 0.3324(4) 0 0 0.42(3)
0(3) 4a 0 0 0 1.18(3)
M@ 8t 0 0.36985(6) 0 1.10(1)
Cu(2) 4c 1/4 1/4 1/4 1.31(1)
o(1) 8j 0.6364(4) 1/4 1/4 1.60(3)
B Bao Bss B2 B3 Bas
0.42(1) 1.50(1) 0.48(1) 0 0 —0.23(1)
0.46(1) 0.15(1) 0.66(2) 0 0 ~0.20(2)
0.42(1) 1.94(1) 1.18(4) 0 0 0
0.97(1) 1.11(1) 1.23(1) 0 0.07(1) 0
0.59(1) 1.68(1) 1.65(2) 0 0 0
0.86(1) 2.88(1) 1.04(7) 0 0 ~0.99(3)

@ M = 0.449(3)Sr 4 0.551(3)Ca.

The experimentally determined modulation vector
(g = c1/c2) coincides with the theoretically calculated
value for 5:7 members of the [MaCuz03],,, [CuOs],, series
(g =m/n =0.7143).

A refinement on powder diffraction data of the crys-
tal structure of the spin-ladder compound in the corre-
sponding bulk sample ((3 + 1)-space group F'222(007),
a = 11.349(1), b = 12.825(1), ¢1 = 2.755(1), c2 =
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3.9050(5) A g= 0.7055) showed the presence of the 7:10
member of [MyCus03],,[CuOs],, series.
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TABLE 1V
Selected interatomic distances in the structure of (Big.02Sr0.39Ca0.59)10Cu17029.
Atoms d [A] Atoms d [A]
M(1)—20(8) 2.47(1) Cu(1)-0(1) 1.86(3)
—20(6) 2.55(2) -0(4) 1.89(1)
~20(1) 2.55(2) -20(3) 1.95(2)
M(2)-O(10) 2.38(1) Cu(2)-0(5) 1.88(1)
-0(7) 2.39(1) -0(2) 1.90(2)
~0(2) 2.45(1) ~0(2) 1.95(2)
-0(6) 2.57(2) -0O(5) 1.96(2)
~0(2) 2.60(1) Cu(3)-0(6) 1.89(1)
~0(5) 2.61(2) ~0(3) 1.90(1)
~0(9) 2.63(1) ~0(2) 1.93(2)
M(3)-0(8) 2.37(1) -0(1) 1.95(1)
-0(9) 2.39(1) Cu(4)-40(7) 2.07(1)
-0(3) 2.45(1) Cu(5)—20(7) 1.67(1)
-0O(7) 2.48(1) —20(8) 1.99(1)
-0(5) 2.53(2) Cu(6)-20(8) 1.88(1)
~0(4) 2.57(1) ~20(9) 1.93(1)
~0(3) 2.59(1) Cu(7)-20(10) 1.89(1)
~20(9) 1.92(1)
TABLE VI
/\ Selected interatomic distances in the composite structure
M00) of (Bio.025r0.39Ca0.59)10Cu17029.
K Atoms d [A]
M-0(2) Cu(1)-0(3) 1.8803(7)
~0(2) 1.889(4)
o) ~20(2) 1.9442(1)
- Cu(2)-40(1) 1.894(3)
' ' ‘ ' ' M-O(1) 2.185(3)
] Cu(1)-02) -0(1) 2.221(3)
1 * -20(2) 2.530(3)
I -20(3) 2.5626(5)

the ceramics contain the stable modification with
m/n = 7/10.

Interatomic distances in the composite struc-
ture of (Bio.0258r0.39Ca0.59)10Cu17020.

(1]

2l

Consequently,

the structure of the spin-ladder compound observed in
the single crystal corresponds to a metastable modifica-
tion of [M2CupOs],,,[CuOs],, with m/n = 5/7, whereas
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