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A Structural Study of the Solid Solution Phase Srl+&u203 by HREM 
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A Sr-Cu-0 material with nominal composition of Sr4Cu,01, has been prepared and its structure 
investigated by high resolution electron microscopy in conjunction with image simulation studies. The 
basic unit cell has been determined to be orthorhombic with a = 11.47, b = 13.40, and c = 3.95 A. Cu 
cations are square coordinated by four oxygen anions, existing in edge sharing double Cu04 chains, 
sandwiched by Sr cation layers. A commensurate 1 x 1 X 9 superlattice has been observed. It is 
proposed that additional Sr cations can insert in the Sr layers to form the superlattice and a solid 
solution exists, Sr,+xCu203r 0 < x < 0.167. o 1990 Academic press, IX. 

Introduction 

Superconductivity at 30 K in the La-Ba- 
Cu-0 system was discovered by Bednorz 
and Muller (I), and, subsequently, other 
workers reported that the corresponding Sr 
system became superconducting at about 
40 K (2). In contrast, it is now believed that 
the substitution of Sr for Ba in the super- 
conductor YBa2Cu307-S (6 - 0) results in a 
large decrease in T, (3). Such remarkable 
differences in electronic properties arising 
out of substitutional effects have led us to 
undertake a study of the Y-(Ba, Sr)-Cu-0 
phase diagrams by a variety of structural 
and spectroscopic techniques (4). In the 
present work, we concentrate on the strnc- 
ture of the new binary phase “Sr4Cu~Oll .” 

Several compounds in the binary oxide 
system SrO-CuO have previously been re- 
ported (5). SrzCu03 has a body-centered 
orthorhombic symmetry, space group 
Zmmm, with unit cell parameters of a = 
12.68, b = 3.91, and c = 3.48 A. Cu cations 
are in square coordination by oxygen and 

these Cu04 units share corners to form a 
chain sandwiched by (double) Sr cation lay- 
ers (Fig. la). SrCuO;? is also orthorhombic, 
space group Cmcm, with a = 3.56, b = 
16.32, and c = 3.92 A. This structure in- 
cludes a Cu20j sheet sandwiched by (dou- 
ble) Sr cation layers (Fig. lb). The structure 
of SrCuzOj was first studied in 1970 (5~) 
and determined to be body-centered tetrag- 
onal with a = 5.48 and c = 9.82 A. All Sr 
cations are octahedrally coordinated by ox- 
ygen and Cu cations occupy the interstices 
of the Sr06 network, as shown in Fig. lc. 
According to recent reports, there is no 
pure SrCuz03 compound found, but a new 
phase “Sr14Cu24041” has been reported (6). 
Using X-ray single-crystal diffraction tech- 
niques, McCarron et al. determined the 
structure of Sr14Cu24041 as two interpene- 
trating structures: one with Sr-(Cu*O, 
sheets)-Sr layers in an orthorhombic cell 
with dimensions of a = 11.459, b = 13.368, 0 
and c = 3.931 A and a second structure 
with layers of Cu02 chains, in a cell having 
identical a and b values but with c = 2.749 
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FIG. 1. Previously determined structural models of (a) ST~CUOJ, (b) SrCu02, (c) SrCu203. 

lb)SrCuO2 

A. The interpretation of these two sublat- 
tices results a large superlattice with a = 
11.459, b = 13.368 A, and c parameter be- 
ing approximately 27.52 A, which is 7 times 
of c sheets or 10 times of c chains. When 
Roth et al. (7) re-investigated this material, 
they found that the ratio of Sr : Cu was 
likely to close 4 : 7 rather than 14 : 24 and 
the compound should be considered to be a 
nonstoichiometric phase S~~+.JJU~-~O~ (x = 
0.1). 

The structure determination of very large 
superlattices, and solid-solutions, gives 
rise to many difficulties in X-ray and neu- 
tron diffraction studies. In contrast, the 
technique of high resolution electron mi- 
croscopy (HREM) is a powerful technique 
in this field. Many very complicated super- 
structures of solid-solution materials in the 
Bi20&&05 (M = Nb, Ta, V) systems have 
been successfully determined by HREM in 
these laboratories (8). 

In the present work, a compound with 
the nominal starting composition of 4SrO- 
7CuO has been prepared and investigated 
by HREM. The ratio of Sr : Cu determined 
experimentally is slightly smaller than both 

14 : 24 and 4 : 7. Although the basic unit cell 
of this new phase is orthorhombic with a = 
11.47, b = 13.40, and c = 3.95 A, which is 
similar to the previous result for Srr4 
Cuz404r from X-ray single-crystal diffrac- 
tion studies, HREM studies indicate that 
the structure includes Sr-(Cu203 sheets)- 
Sr layers without CuOz chain components. 
There also exists a 1 x 1 x 9 superlattice 
derived from this sublattice, indicated by 
selected area electron diffraction (SAED) 
patterns. Thus we report a study of the new 
phase Sr1+JLr203 by HREM and energy 
dispersive X-ray spectrometry in combina- 
tion with computer simulations of HREM 
images and SAED patterns. 

Experimental 

The Sr,Cu binary oxide with the starting 
composition of 4SrO-7CuO has been pre- 
pared by solid-solid reaction of raw mate- 
rials SrC03 and CuO (BDH or Aldrich) at 
1000°C for 72 hr, followed by cooling down 
to room temperature in furnace. 

Initial characterization of the specimen 
was by X-ray powder diffractometry and 
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neutron diffractometry. Most of the intense b = 13.40, and c = 3.95 A, which is in 
lines in both of the diffraction spectra could agreement with the X-ray diffraction 
be indexed onto a Fmmm orthorhombic results. However, no incommensurate sat- 
unit cell with a = 11.47, b = 13.40, and c = ellite spots fitting a 1 X 1 x 7 superlattice 
3.95 A, in good agreement with the previ- nor any evidence of CuOz chain sublattice 
ously reported subunit cell for Sri4Cu2404i reported by McCarron et al. (6) were ob- 
(6). There were also many extra lines ob- served. All satellite diffraction spots that 
served, indicating superlattice formation. appeared on these SAED patterns can be 
However, these diffraction lines were diffi- indexed onto a commensurate 1 x 1 x 9 
cult to index onto a 7 x superlattice, as pro- superlattice with a = 11.47, b = 13.40, and 
posed by McCarron er al. (6). c = 35.55 A. 

The composition of the sample was de- 
termined by energy dispersive X-ray spec- 
trometry (EDS), using a Link 860 EDS fa- 
cility within a Jeol JEM-200CX electron 
microscope operating at 200 kV. Twenty 
particles were randomly chosen for exami- 
nation and the average intensity ratio of the 
SrKalCuKa! emission lines from all parti- 
cles is 0.34 (2). This value corresponds to 
an atomic ratio St-Ku of 0.53, using freshly 
prepared Sr2Cu03 as a reference. Selected 
area electron diffraction patterns were re- 
corded at a +45” double tilt specimen stage 
in the same electron microscope. HREM 
images were recorded at a magnification of 
500,000~ over a range of objective lens fo- 
cal increments on another Jeol JEM-200CX 
electron microscope, where a developed 
side-entry specimen stage (C, = 0.52 mm, 
C, = 1.05 mm, with absolute information 
limit ca. 1.8 A) (9) was used. Computer- 
simulated model images were calculated ac- 
cording to the multislice method (10, II) 
using programs especially developed for 
use with very large unit cells (12). 

Details of this new structure were studied 
by the simulation of HREM images. Two 
principal images are shown in Fig. 3, 
viewed down the [OlO] and [Oli] directions 
of the subunit cell, respectively. It is very 
clear that the basic structure is layered in 
an A-B-B-A-B-B arrangement along the 
a axis. Considering the composition, a 
likely arrangement of cations in the sublat- 
tice is Sr-Cu-Cu-Sr-Cu-Cu along this di- 
rection. We propose the final model for the 
following reasons: 

First, the structure must not be the same 
as that of SrCuz03 determined by Teske and 
Muller-Buschbaum (5; Fig. Ic), because the 
unit cells are quite different and, using this 
structural model, it is impossible to derive 
the observed HREM images shown in 
Fig. 3. 

Results and Discussion 

Several sets of selected area electron dif- 
fraction patterns have been recorded from 
single microcrystals through tilting the 
specimen grid. One set of such SAED pat- 
terns, rotated around the a axis, is shown 
in Fig. 2. All of the strong diffraction spots 
can be indexed onto the face-centered 
orthorhombic basic lattice with a = 1 I .47, 

Second, in SrCu02, Sr2Cu03, and the 
new phase, there is ,a common unit cell pa- 
rameter, about 3.9 A. Along this particular 
axis, Cu cations are square coordinated by 
four oxygen anions and these square Cu04 
units link each other by sharing corners to 
form a single chain in the case of SrzCuOj 
(Fig. la). Two such single chains share 
Cu04 edges to form double chains in the 
case of SrCuO* (Fig. lb). In the new phase, 
double Cu04 chains are therefore possible. 
Interestingly, these double Cu04 chains 
have also been reported in YBa2Cu408 (13). 
Unlike SrCuO* and SrzCuOj, the double 
CuO4 chains link together on the a direc- 
tion, but leave enough room for Sr in these 
middle planes. The three-layer structure, 



258 ZHOU ET AL. 

IdI 

s; 

0” 16' 3T 
oo?)b : l . 0 0 0 . l 

0 0 0 0 0 0 

l OOl?j . . . . . . :,*g . . . . .bli)b : 

mz *n’s l a 
l 0 

T 000 . 43 .t6%b To”0 a200)b. . ()m :ni l 

& 
39" 

j, 
43" 56 

l : l : . 

0 . . 0 . . 0 . l 

. 
. (53i)be 

. 0 : 0 . : 

*2-l? . l 59 0 l ll5, l . 

00 .(420)b ? 000 
(2 o)b. 
3 . l 

FIG. 2. SAED patterns taken from same microcrystal of SrI+$&03, through tilting the specimen 
grid around c axis, indexed onto the subunit cell with a = 11.47, b = 13.40, and c = 3.95 8, by (hkl)b 
and onto a 1 x 1 x 9 commensurate superlattice by (hkl). The angles tilted from the pattern (a) on one 
direction are shown at the top right corners. 



F 9~. 3. HREM images of Srl+xCu203r viewed down the projections on (a) [OlO] and (b) [Oli] 
dirt xtions of the basic unit cell. The insets show the computer-simulated images using the basic model 
OfI zig. 4, with conditions of (a) 60 8, specimen thickness, 800 h; lens defocus, and (b) 80 A thickness, 
120 0 8, defocus. 
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Sr-(CuZ03 sheets)-Sr, is therefore pro- 
posed. 

Third, since there are no zigzag fringes 
on the image (Fig. 3a) when viewed down 
the [OlO] direction, the displacement of 
Cu04 chains along the c direction is possi- 
ble. Such a displacement is reasonable 
since all Cu cations will then have five, in- 
stead of four, coordinated oxygen ions. 
This will have the effect of decreasing the 
number of Cu-Cu bonding interactions and 
stabilizing the structure, also because the 
basic structure is face centered. The final 
basic structure is then shown in Fig. 4. 
Note that the shift of some Cu203 sheets 
leave two different kinds of positions for Sr 
cations. As shown in Fig. 5a, half of the Sr 
cations are in the centers of the square oxy- 
gen flats and half in the centers of diamond 
oxygen flats. 

Finally, two different types of Sr coordi- 
nation by oxygen might give a possible ex- 
planation for the superlattice formation and 
compositional variation observed in these 
materials. Square coordinated Sr cations 
are relatively stable. However, those in the 

centers of the diamond O4 flats need less 
energy to move to the center of triangle 03. 
Therefore we propose that additional Sr 
cations might be inserted into the structure 
and Fig. 5b shows a possible arrangement 
on one Sr-0 plane with extra Sr cations to 
form a 1 x 9 superlattice. In the second Sr- 
0 plane, all the atomic positions are shifted 
by Q of a unit cell on the c direction. The 
composition of this model is therefore Sri9 
CU~~O~~, which is close to the experimen- 
tally determined composition of the sam- 
ple. Perhaps even more Sr cations may be 
inserted in the Sr-0 planes. For example, if 
another two Sr cations are introduced into 
each Sr-0 plane, this will result in a com- 
position Sr&us6054; introducing a further 
two Sr cations will lead to a composition 
Sr21Cu36054 or Sr14Cu24036. This is the limit- 
ing stoichiometry and it has the same cation 
ratio as Sr14Cu24041 as reported previously. 
The probable arrangement of Sr cations in 
the Sr-0 plane for a material with the cat- 
ion ratio Sr : Cu of 14 : 24 is shown in Fig. 
5c. In terms of structural chemistry, there- 
fore, the phase is probably a solid solution, 

FIG. 4. The model of the basic structure with the ideal composition of SrCu20~. 



HREM STUDY OF Srl+rCu203 261 

FIG. 5. (a) Atomic arrangement on the Sr-0 planes 
in the model shown in Fig. 4. (b) Possible atomic ar- 
rangement of the Sr-0 planes when additional Sr cat- 
ions insert, forming the 1 X 9 superlattice. (c) A su- 
perlattice formed by inserting more additional Sr 
cations with the limiting composition Sr,4Cu24036. 
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Sr1+Jkt203, 0 5 x 2 0.1667, covering the 
compositional range from SrCu203 to 
sr14cu24036. 

Using the model shown in Fig. 5b, we 
have found that HREM image simulations 
can match the experimental ones in both 
the [OlO] and [Oli] directions of the basic 
unit cell (see the insets of Fig. 3). Conse- 
quently, the basic structure shown in Fig. 4 
seems acceptable. The superlattice gives no 
significant image contrast even on the c di- 
rection. However, model simulation of se- 
lected area electron diffraction patterns is 
more sensitive to the superstructure, Fig- 
ure 6a shows one such computer simulation 
of SAED pattern in the [OlO] direction. The 
pairs of satellite diffraction spots clearly ap- 
peared. On the other hand, using the re- 
cently proposed model of McCarron et al. 
when viewed down the same direction, the 
SAED simulation shows a significantly dif- 
ferent pattern (Fig. 6b). 

Conclusion 

The structure of a solid-solution material 
Srl+$u203 has been investigated by 
HREM. The details of the basic structure 
has been determined by both HREM image 
and SAED pattern simulations to be Sr- 
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FIG. 6. Computer simulations of SAED patterns, viewed down the [OlO] direction using (a) the 
structural model shown in Fig. Sb and (b) the model of Sr14Cu24041 given by McCarron et al. (6). 
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(Cu203 sheet)-Sr layered arrangement in a 
face-centered orthorhombic unit cell. Sr 
cations exist in two kinds of coordinations 
in the Sr-0 planes. A 1 x 1 x 9 commensu- 
rate superlattice derived from this substruc- 
ture was observed and it is proposed that 
this superlattice results from extra Sr cat- 
ions inserting in the Sr-0 layers. No previ- 
ously determined SrCuz03 phase nor 
Sr14Cu24O41 phase was observed. Further 
refinement of the superstructure by com- 
puter simulation of SAED patterns is nec- 
essary. Analysis of oxygen content and 
measurements of physicochemical proper- 
ties are also currently under investigation. 
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