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A new substituted cuprate, HgBiSr,Cu,Sb0 |, has been isolated;
its structure has been determined by powder X-ray diffraction and
high resolution electron microscopy. It crystallizes in the ortho-
rhombic system with ¢ = 7.6799(5) A ~ 2a,, b = 11.5549(7)
A= 3a,, c = 8.8795(4) A = ¢y5,. This structure belongs to the
1201 type family, i.e., consists of single perovskite octahedral
layers intergrown with double rock salt layers. But its originality
deals with a double cationic 1:2 ordering in the SbCu; perovskite
layers and Sr(Hg, Bi), rock salt layers, leading to the formulation
([(Hg, Bi),}[Sr0O;)Sri0;])gs (Sr;Cu,Sh0g)p. This correlated order-
ing between two kinds of layers is explained in terms of the size
of the different metallic elements. The microstructural study shows
that other types of ordering are observed locally in the
matrix. © 1995 Academic Press, Inc.

INTRODUCTION

After the discovery of superconductivity at high tem-
perature in copper oxides (1), the exploration of copper-
based systems has shown the existence of a tremendous
number of cuprates that consist of intergrowths of perov-
skite type layers, oxygen deficient or not, with more or
less distorted multiple rock salt type layers (see for a
review Ref. (2)). The remarkable flexibility of such struc-
tures allows several metallic elements 1o be introduced
in the same rock salt layer simultancously. This is the
case for the recently discovered mercury-based cuprates
HgBa,Ca,, _,Cu,0,,, 42 (3-6), in which isovalent or aliova-
lent substitutions allowed more than 15 new cuprates to
be stabilized (7-18). But the mercury cuprates differ from
other cuprates by their ability to exhibit cationic orderings
in the mixed rock salt layers. This phenomenon has been
evidenced between praseodymium and mercury in the
1201, 1212, and 1222 cuprates (10, 13, 18). On the other
hand, no ordered substitution on the copper sites of the
mercury cuprates has been reported to date. We have
thus considered the possible substitution of various ele-
ments for copper in the sample 1201 structure Hg, 5 Big s
S6,CuQ;_g (93 that is characterized by a random distribu-

tion of mercury and bismuth in the [Bi, ;Hg, ;0,_;]. layer.
We report here on a new phase, HgBiSr;Cu,5b0,;, that
exhibits a double cationic ordering in the 1201 type
structure.

EXPERIMENTAL

Samples with nominal composition (Hg; sBiy 5); ST,
Cu, _,Sb,0s were prepared from mixtures of HgO, Bi,0,,
$b,05, Sr0,, and CuO, intimately ground in an agate
mortar. They were slowly heated in a quartz tube up to
900°C; after a platean of several hours, the temperature
was slowly decreased to room temperature.

X-ray diffraction data were collected by means of a
Philips vertical diffractometer (Cu Ko radiation), in the
range 7 = 26 = 70° by step scanning with an increment
of 0.02° (28). The Ilattice constants and structure were
calculated using the Rietveld method (program DBW3-2
(19)). The electron diffraction study was carried out on a
JEOL 200 CX microscope fitted with an eucentric goniom-
eter (+60°%). High resolution microscopy (HREM) was
performed with a TOPCON 002B microscope, operating
at 200 kV and having a point resolution of 1.8 A. The
EDS analysis was performed with a Kevex analyzer. The
crystals were crushed in alcohol and flakes deposited on
a holey carbon film supported by an aluminum grid.

RESULTS AND DISCUSSION

Structure of HeBiSr,Ci,Sb0 5

For the above experiment, a single phase is obtained
for x = y = 1/3, i.e., leading to the composition HgBiSr,
Cu,Sb0,;. The powder X-ray diffraction analysis evi-
dences a 1201 type structure with weak exira reflections
(Fig. 1).

The electron diffraction study confirms that the basic
reflections are those of a 1201 type subcell but, as
shown from the basic sections (G01], [010], and (100]
(Fig. 2), one observes extra reflections that indicate a
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FIG. 1.

doubling of the a parameter and a tripling of the b
parameter. The cell symmetry is orthorhombic and the
reflection conditions are A0/, & = 2» leading to the
possible space groups Pma2 and Pmam. The lattice
parameters of the orthorhombic cell, refined from the
powder X-ray data, are

FIG. 2. (a) [001] (b) [010], and (c) [100] electron diffraction patterns
of the phase HgBiSr;Cu,SbO 5.
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Powder X-ray diffraction of HgBiSr;Cu,Sb0;;.

a = 767995 A = 2a,; b= 115597) A = 3ay,;
¢ = 8.8795(4) A = ¢y,

The EDS analysis performed on 20 crystals shows
that the actual cationic composition is practically con-
stant and close to the nominal composition, i.e.,
Hg, (sBi, o551, 4Cu,Sh. Note that the consideration of the
charge balance, taking the different elements as Hg(Il),
Bi(IlI), Cu(ll}, and Sb(V}, leads to the ideal O 5 composi-
tion expected for a fully oxygenated 1201 structure.

Taking into consideration the size of the metallic ele-
ments and their usual coordination, it appears likely that
copper and antimony are located in the same octahedral
layer, whereas the intermediate rock salt layer may con-
tain mercury, bismuth, and strontium simultaneously, ac-
cording to the formula (HgBiSr)Sr (Cu,Sh)O;5. If this is
the case, one should observe three kinds of metallic lay-
ers: mixed Hg, Bi, Sr, pure Sr, and mixed Cu,Sb stacked
along ¢. The HREM images {Fig. 3a) recorded along (010}
confirm without ambiguity this hypothesis. For a focus
value close to —20 nm, the cations appear as black dots.
One indeed observes three rows of staggered more intense
black dots (arrowheads) that can be correlated to two Sr
and one SrHgBi layers, respectively and one row of less
intense black spots of gray spots (small arrows) that are
correlated to one CnSb layer. Thus the stacking of these
rows along c¢ is in agreement with the stacking sequence
of the layers,

[{Cu, Sb)O,).-[SrO).—{(Hg, Bi, Sr)0].-{50]..,
that characterizes the 1201 classical structure (Fig. 3b).
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FIG. 3. (a) [010) HREM image of HgBiSr,Cu,SbO,;. Along that direction the ordering phenomena cannot be evidenced, since the different

cations {noted on the image) are cast on the same point. The calculated image (Af = 20 nm, ¢ = 31 A) is compared to the experimental one and
to the model. (b) Idealized drawing of the structure of HgBiSr,Cu,SbO,s projected along [010]: it corresponds to a classical **1201" structure.
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FIG. 4. (a) {001] HREM image of HgBiSr;Cu,Sb0;s where the cationic positions are highlighted. A direct correlation with the nature of the
cations cannot be made because the atoms of two mixed layers **HgBiSr'" and “*Cu,Sb’" are superimposed along that direction. However, this
image allows a model of ordering to be propased. The arrowheads and strajght arrows differentiate the two types of layers. The curved arrow
shows a defect where the periodicity along bis 4 X a,. The calculated image for Af = 20 nm and thickness = 124 Ais superposed on the image
in the upper part of the figure. (b) Idealized model of the ordering in the **Cu,8b™ layer. (c) Idealized model of the ordering in the “*HgBiSr™" layer.
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{100] HREM images: {a) for a focus value close to — 5 nm where the positions of the cations appear as dark dots, One cation of the

*‘HgBiSr”” layer (black arrowhead) out of three is surrounded by four closer white dots whereas, just below, the cation of the “Cu,Sb’" layer
{white arrowhead) is surrounded by four more distant white dots; (b} for a focus value of --45 nm, where the positions of the cations appear as
white dots. The corresponding calculated images are compared (above the experimental images) in both cases (thickness = 31 A) and the cations

are noted.

The examination of the {001] images, allows for particu-
lar defocus values the ordering phenomena to be evi-
denced as shown in Fig. 4a where the cationic positions
are highlighted. One indeed observes a sequence of one
row of bright dots spaced of 3.8 A running along a (arrow-
heads), which alternates with two rows of staggered white
dots (straight arrows) spaced 7.6 A apart. This suggests
that an ordering appears in the (001} layers, either between
copper and antimony, or between bismuth, mercury, and
strontium, or in both Kinds of layers. The two correspond-
ing possible orderings are schematized in Figs. 4b—4c. In
the [(Cu,Sb)O¢l. layers (Fig. 4b), one SbOg octahedron
alternates with two CuQ, octahedra along b, forming
[Cu,SbQ;,].. chains; along a two successive [Cu,Sb0s).
chains are shifted a, with respect to each other in agree-
ment with the staggered configuration of the white dots,
leading to a doubling of the a parameter. The [(Hg, Bi),.
Sr0,],. layers may exhibit a similar ordering (Fig. 4c),
taking into consideration the ability of bismuth and mer-
cury to be distributed statistically on the same crystallo-
graphic site; thus two heavy cations (bismuth or mercury)
alternate with one strontium ion along b, forming [(BI,
Hg),Sr0;].. rows; two successive rows are then shifted of
a,, so that a doubling of the a parameter is obtained
(Fig. 4¢).

The {100] images (Fig. 5) show that the ordering
appears on the two kinds of layers Cu,Sb and HgBiSr.
in the enlarged image of Fig. 5a where cations appear
as black dots, one indeed observes at the level of
the mixed mercury layers HgBiSr {black arrowhead) a
sequence of two intense dark spots, followed by smatler
one, the latier being closely surrounded by four white
spots; just below, in octahedral layer, the corresponding

cation position is surrounded by four more distant white
dots (white arrowhead). In another view, in Fig. 5b
where the cations are highlighted (Af = —45 nm), a
bright dot is observed every three dots at the level of
the mixed layer (straight white arrows), Thus this con-
firms that in the {(Hg, Bi),SrQ,}. layer, one [100] row
of heavy ions (Hg or Bi) alternates with two (100] mixed
rows of ions (Hg,Sr or Bi,Sr) in agreement with the
ordered model proposed for this layer (Fig. 4c). In the
thicker part of the crystals, the contrast evidences the
second ordering phenomena (Fig. 6) at the level of the
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FIG. 6. [100] HREM image recorded in the thicker part of the crystal
(Af = 10 nm, thickness = 124 A), the ordering phenomena is clearly
observed at the level of the octahedral layer. Such an eifect is assumed
to be introduced by a local change in the cation enavironment.
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copper—antimony layers in agreement with the proposed
model (Fig. 4b). One indeed observes that one dark
spot (cation positions) of the octahedral layer out of
three is surrounded by four white dots (anion positions)
which are wider apart than those surrounded the two
other dark spots. Such an effect is supposed to be
induced essentially by changes in the cation environ-
ment, especially due to size variations.

Thus, these observations establish that the cationic or-
dering appears in the two kinds of layers, octahedral
[Cu,SbOq].. layers and [(Hg, Bi),Sr(,], layers.

In order to confirm this cationic distribution in the
1201 ordered structure, calculations were carried out
from powder X-ray data. The starting positional parame-
ters were deduced from the pareat oxide Hgg (Bij sSr,
CuO;_; (9), using the model of the cationic ordering
described in Figs. 4b—4c. The most symmetric space
group, Pmam, was chosen first. The positional parame-
ters were first refined, then the occupancy factors of
heavy atoms, and last the thermal factors. In each
layer, a unique anisotropic B factor was refined for all
the heavy atoms of one layer, whereas all the B factors
of the oxygen atoms were fixed to 1 A? in order to
limit the number of variable parameters. The R, factor
was lowered to 0.075 for the atomic coordinates listed
in Table 1. These results confirm the 1:2 ordering
observed along a for both kind of layers SbCu, and
Sr(Hg, Bi),. In particular, all attempts to introduce Sb
on the Cu sites, or Hg (or Bi) on the Sr sites, lead to
a significant increase of the reliability factor.

At this stage of the investigation, theoretical images
were calculated for thicknesses ranging from 3.1 to 124
nm; the ordering hypothesis is confirmed. Images along
[100] for a thickness of 7.7 nm are reproduced in Fig.
7 as an example. Note that the difference in contrast
at the level of the Sb and Cu atoms is hardly visible,
as in the experimental images. In order to check the
origin of such a contrast, calculations were performed
substituting Cu for Sb, i.e., considering a pure copper
[Cu0,]. layer, without changing the oxygen positions.
The contrast remains unchanged; this shows that the
contrast in these ordered structure arises also from the
oxygen displacements due to the cation ordering. The
calculated images are compared to the experimental
ones in Figs. 3 to 6.

The observation of the [100] images shows that a
nonsymmetrical contrast is observed at the level of the
positions of the two atoms O, and O,, i.e., corresponding
to the two oxygen atoms of the [SrO],. layers, located
at the level of Sr of the mixed [(Hg, Bi),SrO,).. layer.
This systematic effect, dealing only with one type of
atom, has been shown to be independent of tilted or
bent arcas of the crystals; it can be atiributed to an
atom displacement. Two independent positions for O,

TABLE 1
Positional Parameters of HgBiSr,Cu,Sb0,; (Space Group,
Pmam, a = 7.6799%(5) A; b = 11.554%7) A; ¢ = 8.8795(4) A
R, = 10.15%; R,, = 14.17%; R; = 6.5%; x* = 4.83)

Atoms Site x y z B (ﬁz) T
Srl 2e 0.25  0.163(3} 0.0 0.61(8)° 1
Bil 2e 025 0.5 0.0 0.618)° 0.5
Hgl 2e 025 0.5 0.0 0.618" 0.5
Bi2 2e 0.75  0.170(1) 0.0 0.61(8) 0.5
Hg2 2e 075  0.170(1) 0.0 0.61(8)F 0.5
82 4y 0:0 0.0 0.2903(4)  0.0B(6)* 1€
Sr3 8! 0.0 0.343(1) 0.1903(4)  0.08(6)° I
Sb 2e 025  0.182(2) 0.5 0.22(8)¢ I
Cul 2e 0.25 05 0.5 0.22(8)¢ I
Cu? 2e 0.75  0.167(4) 0.5 0.22(8)¢ I°
9] 2a 0.0 0.0 0.0 1.00¢ 1€
02 4g 0.0 0.334(3) 0.0 1.00¢ I
03 4k 075 0.164(4) 0.2322)  1.00¢ 1
04 Ak 025  0.105(4)  0.294(1)  1.00° {
05 4k 0.25 0.5 0.232(2)  1.00° I
06 2 0.25 0.0 0.5 1.00¢ 1e
07 4 0.0 0.167(3) 0.5 1.00° 1€
08 2d .00 0.5 0.5 1.00¢ 1¢
09 2 025  0.340(4) 05 1.00° 1€
010 2f 075 03334 05 1.00¢ 1€

¢ Refined together.
¢ Refined together.
 Not refined.

< Refined together.

and O, imply a loss of the mirror m and then, to
consider a Pma2 space group. Structural calculations
performed in the space group Pma2 lead to a significant
decrease of the R; value to 0.065; in the same way,
the corresponding HREM calculations confirm that such
a nonsymmetry leads to a variation in contrast similar
to that observed. However, taking into account the
complexity of the structure, it appears unreasonable to
consider as significant the oxygen positions.

Thus the structure of HgBiSr,Cu,Sb0O,s (Fig. 8) con-
sists of single octahedral perovskite layers [Sr;Cu,SbO)..
characterized by a 1:2 ordering of the CuQq and SbOq
octahedra, intergrown with double rock salt type layers
whose middle [HgBiSr0,],, layers are also characterized
by a 1:2 ordering of the SrO, octahedra and BiQ, or
HgOg octahedra. In fact, from the three-dimenional
structure (Fig. 8), it is clear that the two kinds of
ordering are correlated. The interatomic distances (Table
2) are in agreement with those generally observed in
the cuprate- and mercury-based compounds and with
ionic radii given by Shannon (20). One indeed observes
that the SbOg octahedra that are smaller are connected
to the SrQ, octahedra (average distance Sb-0 = 1.97
A) that are the largest, along c, whereas the CuQq
octahedra (average distance Cu—O = 2.06 A) that exhibit
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FIG. 7. Example of calculated through-focus series for a crystal thickness of 77 A; the focus value is indicated {from 20 to — 350 A by 5-A

steps). The projecied potential is shown in the upper part.

long Cu-Q apical distances are connected to the HgOy
or BiO, octahedra whose Bi-O bonds are significantly
smaller than the Sr—0O distances.

Deviation from the Perfect Ordering

The first important point deals with the highly regular
stacking of the layers along ¢, according to a 1201 mode,
as shown from numerous [010) HREM images. This is
not the case for the cationic ordering within the mixed
Cu,Sb and (Hg, Bi},Sr [001} fayers, where several types
of local ordering have been observed.

Variation of the local ordering without modification of
the stoichiometry. The first phenomenon is observed on
[001] images, where the alternation of gray (Hg, Bi) and
white (Sr) dots in staggered positions is not perfectly en-
sured (Fig. 9a). In some areas, the contrast is less pro-
nounced {left part of the image). This can be explained
by a translation of a/2 of two successive [(Hg, Bi),Sr(x]..
layers as illustrated on Fig. 9b. The superimposition of
a/2 shifted [(Hg, Bi),Sr0O;].. layers leads indeed to the
formation of a guite even contrast and implies the exis-
tence of a (010) mirror plane at the level of the Hg(Bi)
rows. Note that such a local variation of the ordering does

not modify the contrast along [100]. Moreover it cannot
be detected in the ED patterns since the new periodicity
of the local structure is smaller than that of the matrix,
e, May X 3ap, X ey

A second effect, dealing with the modification of the
contrast of staggered spots is also observed on [001] im-

OSr
@ Hz. Bi
o O

FIG. 8.

Structure of HgBiSr;Cu,ShOs.
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TABLE 2
Interatomic Distances (A)

(Hg, Bi}-0, 2712 x4
(Hg, Bi),-O; 2.0602) x 2
(Hg, Bi),-0, 27501 x 2
(Hg, B0, 2.692) x 2
(Hg, Bi]g—OS 206(2) x 2
Sr,—0, 2.682) x 2
51—, 2.753) x 2
8t,-0, 269(1) x 2
Se,-0, 2.5784) % 1
Sry-0 2743) x 2
Sr,-0, 22727y x 2
SQ—OE 2.675(2) x 2
Sr2—07 268(2) X 2
SI'_}—O_} 2.86(3) x1
Sr,-0; 2.694(8) x 2
SI'3—O4 3.34(4) x 1
Sr;—o: 2.58(4) X 1
St1-0, 2.75(3) 1
Sr,- Oy 2.603(8) x
Sr:;“Og 2-675(2) *
Sr,-0y 2.677(3) % 1
Sb-0, 2.032) x 2
$b-0; 1.927(4) x 2
$b-0, 2100 x 1
Sb~0, [LB3(5) x 1
Cu;~05 231 x 2
CU["-‘O; 1.920 X 2
Cu,-Cy i.85(5) x I
Cuy-Oy 1925 % 1
Cuy-0;4 2372y x 2
Cup-0, 1920 x2
Cus—0 1.93(5) % 1
CUz—Cm 19'(6) P |

ages (large arrow), At the level of this defect the shifting
of two successive (1001 rows of white spots is no longer
consistent; the contrast consists locally in two adjacent
rows of alternated white and gray dots. This is easily
explained (Fig. 9¢) by the fact that in each [{Hg, Bi),SrO;].
layer one [100] Hg, Bi, Sr mixed layer out of two is trans-
fated of a/2, i.e., a,. As a result the periodicity 2a, x
3a, X cpy 15 not modified but the local symimetry has
changed to Prunm (or Pmm2).

Variation of the local stoichiometry. One frequent de-
fect is a variation of the periodicity along b; instead of
the expected 3 X g, superstructure one observes local
variations of the periodicity with n X a,, b ranging be-
tween 4 and 6. Such a defect results in elongated super-
structure reflections and streaking along b* as shown in
the ED pattern (Fig. 10a). The corresponding [100] HREM
image (Fig. 10b) shows that [001] rows of darkest spots
corresponding to Hg(Bi) and Sb columns are replaced by
brighter rows {white arrows). Such defects which modify
the periodicity along b are also visible in [001] images
(Fig. 4a, curved arrow). They can be easily interpreted

b
Ce e e ©04d 00
' ol W We Oee0Oe
O e * Oe + 0 * ' e,
¢ O LA @ Ce e O e
Os: Ce & Oe o O ¢ e O
@ He Bi Two variants of the ordering : the
Hg plane plays the role of mirror.
¢ C i O C
covecCo
oun cosoe
€ 50 He, Bi O © ? © 0
© ©C & © O
c
b=3a,
® o o 0 e O e o
e OO @ eeC o
o ® 0 © —_ @ e e
Os ©® 00 e e O o
®i:ti ® © @ © @ e o
[rmsglionap
FI1G. 9. (a) [001] image; the contrast of staggered white dots charac-

teristic of the ordering feature is not always perfecily observed (left
part of the image). This can be explained by a translation of two succes-
sive layers (see model in Fig. 9b) or of only one layer out of two as
shown by the straight black arrow (see also Fig. 9¢). (b) Model of
the translation of two successive rows in the [HgBiSrQ,] layer; the
superposition of layers, already translated, leads to an even contrast. (c)
Translation of one single row with regard to the other, The stoichiometry
remains unchanged in such defective areas.



60 PELLOQUIN ET AL.

c Jadditional plane
L ON ON
" e @O e e
L ON IO
O sr L BN IO BN J
® Hg Bi e O e O e
- b=4ap g

FIG. 10. (a) (1001 ED pattern of a defective crystal where streaks

are observed along b*. (b) Corresponding [100] images. A local variation
of the periodicity is observed along b (see white arrow). Changes of the
cation distribution aleng ¢ are also sometimes observed {curved arrows).
(c) Idealized model of an # = 4 local superstructure projected on to (001).

by the existence of an additional mixed Hg(Bi)/Sr plane
as shown in Fig. 10c. In such a case, the stoichiometry
is modified with a Hg(Bi)/Sr ratio equal to 5/3. Note that
the defect is not always extended along the whole crystal
but can be interropted (curved arrow in Fig. 10b),

CONCLUDING REMARKS

A complex ordered 1201 type structure has been iso-
lated for the first time, that shows the ability of strontium
to accomodate mercury or bismuth sites, and antimony
to occupy the copper sites. There is no doubt that in such
a structure the two ordering phenomena are correlated.
The characterization of different ordering modes in the
two types of layers is in progress. This study opens the
route to the investigation of new ordered copper-based in-
tergrowths,
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