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A new “1201” mercury cuprate Hg, ,Ce, ,Cug (Sr,_,La,CuQ,, 5
characterized by Hg,Ce and Sr,La mixed layers has been isolated.
The electron diffraction study evidences a quadruple cell with
regard to the classical 1201 cell resulting in a doubling of the b
and ¢ parameters. The origin of the superstructure is assumed to
be due to an ordering between mercury and cerium within the
same layers as observed in mixed Hg,Pr layers. XRD calculations
and HREM observations support this point of view. Order-dis-
order phenomena and extended defects observed in these com-
pounds and described and discussed. No superconductivity has
been detected.  © 1995 Academic Press, Inc.

INTRODUCTION

After the discovery of the mercury-based **1201” su-
perconductor HgBa,CuO,.; (1), attempts were made to
synthesize the isostructural compound with strontium,
No phase with the formulation HgSr,CuQ,,; could be
obtained; this could be explained by the low stability of
such a phase due to its high oxygen deficiency at the level
of the mercury layers. For this reason the possibility of
stabilizing the 1201 structure by introducing, besides mer-
cury, a cation with higher valency, but with the same
5d'? electronic configuration such as Pb(IV) or Bi{V), was
considered. Starting from this idea two series of oxides
with the 1201 structure were isolated, the 27-K supercon-
ductors Hgg sBiy sSr,_ La Cu0y,; (2) and the 28-K super-
conductors Hg, sPb, ,Sr,_La CuQ,,; (3). But more sur-
prising is the possibility of stabilizing this structure by
introducing praseodymium besides mercury, as demon-
strated with the synthesis of the oxide Hg, Pr Sr,_,Pr,
CuO,,5 3).

Although it belongs to the same 1201 structural family,
the Pr—Hg cuprate exhibits a very different behavior from
the Bi-Hg or Pb—Hg phases. Contrary to the latter, its
structure is not tetragonal but orthorhombic. In fact, it
differs from the other 1201 mercury cuprates by an order-
ing of the mercury and prasecodymium ions within the
[Hgg 4Pry 4051~ layers, leading to a doubling of the b param-
eter (3). This phase differs also from the other 1201 mer-
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cury cuprates by the quasi-absence of superconductivity
(less than 1%:}. The ability of prascodymium to induce an
ordering phenomenon has already been observed in the
mercury-based 1212 structure Hg, ,Pry ;Sr,Ca,_,Pr,
CuOy,; (4), but in that case superconductivity is enhanced
since a sharp transition at 85 K is observed.

This particular behavior of praseodymium, its ability
to stabilize the 1201 and 1212 mercury-based cuprates
and these ordering phenomena, and the relationships with
superconductivity are so far not understood. The main
issue deals with the valency of praseodymium in these
compounds since both species Pr(III) and Pr(IV} may be
involved. From this viewpoint, cerium owing to its ability
to exhibit two oxidation states Ce(III) and Ce(1V) should
be considered, although very few layered cuprates involy-
ing cerium have been synthesized up to date. For this
reason the system Hg-Sr-Ce-Cu-0 was first explored,
and in a second step the system Hg-Sr-La-Ce-Cu-0
was investigated. We report herein on 2 new Hg—Ce cu-

prate Hg, ,Ce, sSr,_, La Cuy (O, ; with the 1201 structure.

EXPERIMENTAL

The samples were prepared from mixtures of HgO,
Ce0,, Sr0Q,, Cu0, and La,0, corresponding to the nomi-
nal compositions.

Hg,_,Ce,Sr,_,Ce,Cu0, D0=x=05 0=y=2/3
Hg,_,Ce,Sr,_ La Cu0, I 0 =x=125 0=y=2/3

The compounds are heated in evacuated silica am-
poules. The temperature is slowly increased up to 800°C in
10 hr, maintained during 30 hr, and then slowly decreased
down to 400°C in 10 hr. This thermal process leads to a
partial decomposition of CeO, and Sr(, so that an oxygen
pressure of several bars is reached during reaction, in
order to favor the mixed valency Cu(II)-Cu(lII). Different
other attempts, varying the temperature from 800 to 880°C
and the heating time between 10 hr and several days, did
not allow better results to be obtained. The samples were
then systematically analyzed by X ray diffraction (XRD),

0022-4596/95 $6.00
Copyright © 1995 by Academic Press, Inc.
All rights of reproduction in any form reserved.



348

electron diffraction (ED) and energy dispersive X ray
microanalysis (EDS). The X ray patterns have been regis-
“tered with a Philips vertical diffractometer (CuKa radia-
tion) by step scanning in increments of 0.02° (28). Lattice
constants and structure were refined using a Rietveld
method (computer program DBW 3.2 [5]). The ED study
was carried out on a JEOL 200CX electron microscope
equipped with an eucentric goniometer (+60°). The high
resolution electron microscopy (HREM) study was per-
formed with a TOPCON 002B microscope, operating at
200 kV and having a point resolution of 1.8 A. The mag-
netic measurements were performed with a SQUID mag-
netometer at 5 K. Samples for EM study have been gently
crushed in alcohol and the grains have been deposited on
a holey carbon film (Ni grid); no significant irradiation
damage have been detected under the electron beam.

RESULTS AND DISCUSSION

Homogeneity Range and Structure

Under the experimental conditions described above,
no 1201 phase was detected in system (I) that would corre-
spond to the formula (Hg, Ce)Sr,_ Ce CuOy,;. On the
other hand, a pure 1201 phase was identified in system
(I}, i.e., by introducing lanthanum. The EDS analysis
performed on numerous crystals evidenced in fact a small
copper excess and a slight cerium deficiency with respect
to the nominal composition according to (II), leading to
the formulation Hgg,CegsSr,_La,Cu, ;0,,; with 0.4 =
x = 0.8. The electron diffraction study shows the exis-
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FIG. 1. Hgy,CeysSr LagCuy 04,4 (2) [001], (b) [010], and () [100]
ED patterns.

tence of a superstructure. The reconstruction of the recip-
rocal space evidences a doubling of the b and ¢ parame-
ters, a = a,, b = 2a,, and ¢ = 2y, and the following
conditions of reflection: kkl; k + [ = 2n leading to Ammm,
A2mm, Amm?2, and A222 as possible space groups. The
[001], [010], and [100] ED patterns of the x = 0.6 sample
are given as examples in Fig. 1. Note that very weak #k0
reflections with £ = 2r + 1 are observed in the [001] ED
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FIG. 2, X ray diffraction patterns {(experimental, dotted line; calculated and difference, solid lines) for HggCeysSr; 4Lag¢Cuy 1Oy with

identification of the diffraction peaks.



PROPERTIES OF Hg, 4CegsCuy 151, ,La,CuOy,,

TABLE 1
Refined Cell Parameters

Cationic actual

compositions a (&) b A e {A) v (AY
HeoiCen STy olag Cr (Osrs 3732603 T.5726(6)  17.946%T)  507.3
Heq(Ceg o1y oLag Cli 1One  37352(2)  7.5749(3)  12.9657(7) 5083
Hey (Ceo 55t LagsCll O 3.7378(2)  7.5697(4)  17.9542(9)  S0B.0
HeoCeosStisLagsCui Ocey  3.738403)  7.5698(6)  17.9460(9)  S507.5

pattern; they result from the presence of defects which
will be detailed in the last section.

The XRD patterns can be indexed on the basis of this
quadruple cell; an example is given in Fig. 2 for the sample
x = 0.6, The cell parameters are given in Table 1 for
different y and x values. It can be seen that for a given y
value, the cell parameters do not vary significantly with
x, the variations being vary small so that the cell volume
remains approximately constant in agreement with the
close ionic radii of lanthanum and strontium.

The HREM study of the composition Hg,,Ce,g ;s
Sry 4Lag¢Cu, ;0445 (x = 0.6) allows the main structural
features to be evidenced. The stacking mode of the layers
is easily identified from the [010] HREM image (Fig. 3).
In this image, the cation positions appear as dark dots.
The contrast consists of a group of three staggered dark
dots correlated to the heavier atom positions, separated
by a row of smaller gray dots correlated to the copper
positions. These dots are spaced 3.75 A along a and the
periodicity along ¢ is about 9 A. Such a contrast is in
agreement with the 1201-type structure (Fig. 4) and the
theoretical images previously calculated for the Hg/Pr
120 cuprate (6). Along that orientation, it is indeed impos-
sible to detect any ordering, in agreement with the ED
pattern, since the different cations are projected onto a
single point whatever the order. Thus, these images con-
firm only the 1201 mode of the tayer stacking according
to the following sequence along ¢: [(Sr, Ln)Ol.-[Hg,_,
M. O;1.-[(Sr, Ln)]~[CuO,]...

The origin of the superstructure can be detected on the
[100] HREM image. The ordering phenomena are clearly
observed in the thicker part of the crystal where the differ-
ent layers of cations are imaged as dark dots or white
dots, depending on the focus value. The identification of
the ordered layers is made through the analysis of their
contrast in the very thin parts on the crystal’s edge and
confirmed by the theoretical image calculations. In Fig.
5a, the different layers are casily identified from the con-
trast of the right part of the image where the cation posi-
tions appear as dark dots. The mercury layers run in the
middle of a group of three rows of dark dots, two of them
being arrowed as examples. Along these rows, parallely
to b, it appears clearly that a large darker dot alternates
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FIG. 3. |010] HREM image for Hgy ,Cey sSr| 4La, (Cu; Oy4y5: the cat-
ion positions are imaged as dark dots; they are marked on the right side
of the micrograph.

with a smaller one in the left part of the image. This means
that a 1:1 cation ordering occurs in the mixed layer, i.e.,
a Hg atom alternates with another M atom. This ordering
is translated 5/2 = a, in the adjacent 1201 layer at a
distance of 9 A, involving a centered cell *“2Za, X 2¢,y;,”
in agreement with the ED pattern symmetry. This image
shows also that the mercury layer is the only one which
exhibits an ordering phenomenon. At this stage of the
observations, it is not possible to determine what kind of
M cations are distributed in an ordered way with mercury
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FIG. 4. Idealized drawing of the 1201 AA type structure, a;CuQs,
showing the stacking of the layers.
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FIG. 5.
ordering between Hg and Ce, The labels for oxygen atoms are those used for the structural study.

within the [Hg,_ M, O;].. layers: Ce, Cu, La, or Sr. How-
ever taking into consideration the previous results ob-
served for the barium mercury cuprates (7, 8), it appears
most probable that the excess copper sits on the mercury
sites. In the same way, the similarity of cerium and
praseodymium suggests that cerium is also located in the
mercury layers like in the praseodymium cuprate
Hg, 4Prg ¢Sty Pr,CuO,,; (3). Thus in this hypothesis, one
cerium row parallel to a alternates along b with one mer-
cury (copper) row in the [(Hg,,Cuy )Ce;s0;]. layer,
whereas lanthanum and strontium are statistically distrib-
uted in the adjacent [Sry;Lag;0].. layers (Fig. 5b). This
is also in agreement with the similar sizes of strontium and
lanthanum, which explains why 1201 mercury cuprates
involving lanthanum and or strontium on the mercury
sites could not be synthesized. Thus the most probable
cationic distribution between the copper octahedral layers
can be represented by the formula [Hg, ,Cup )Cep slocgered
[SrysLagglgn CuOyys. The corresponding simulated
images, identical to those of the prascodymium cuprate
(6), fit perfectly with the experimental images, strongly
supporting this hypothesis.

In order to test this model, calculations have been car-
ried out from powder X ray data assuming Ammm as
space group. Starting from the classical 1201 structure
with an a, X a, X ¢y, cell, atom position are calculated
for the a, X a, X 2c;y, supercell in order to determine
the nature of the different crystallographic sites in the
space group Ammm (Table 2). Only ordering between
mercury {copper) and cerium is considered according to
the above distribution. In the studied angular range (6° <
20 = 80%), 113 possible reflections are allowed by the
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(a) [100] HREM image for Hgg (Cey 551, 4Lag sCuy Oyy5. (b) Schematic projection along a of the a;zp X 2a3, X 2¢)y, supercell due to

space group and are considered in the calculations. On
the X ray diffraction pattern (Fig. 2), small extra peaks
are detected due to impurities or unreacted phases ((La,
Sr),Cu0,, SrHegO,, Ce0,, SrCO,); they are introduced
in the calculations as secondary phases.

In order to limit the number of variables, some assump-
tions were made during the refinements: By, ¢, and B,
were refined together with the same value, B, was fixed
to 1 A2, z(0),) and z(Oy,) were related by the function
20"y = 2Oy + § according to the fact that O(1) and
O’(1) belong to the same SrO layer (Fig. 5b). After sub-
straction of the background and refinement of the peak
profile parameters, positional parameters and isotropic B
factors were successively refined allowing the R profile

TABLE 2
Refined Crystal Data Obtained for Hgy ,Ce, 51, ;La, (Cuy (O;
(Space Group Ammm N°65), a = 3.7352(2) A, b = 7.5749(3) A,
¢ = 17.9657(7) A

Atom Site xla v/b zle B (AD
Hg, Cu 2a 0 0 0 0.5(1)°
Ce 2b 0 1/2 0 0.5(1)°
La, Sr 8q 1/2 1/4 0.1477(1) 1.1(1)
Cu 4i 0 0 1/4 1.5(2)
o) 4 0 0 0.1124(8) 1.0%
0"(1) 4 0 0 0.6124(8) 1.0¢
O2) 4 1/2 0 1/4 1.00
0'(2) 4e 0 1/4 1/4 1.0t
03) 4h 172 0.340(3) 0 1.0

@ Refined with the same value.
¢ Value arbitrarily fixed.
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to be lowered to R, = 0.089, R, , = 0.113, and R; = 0.099.
At this stage, a possible deviation from the O, stoichiome-
try and a splitting of the O(3) oxygens from their ideal
positions, due to the size difference between cerium and
mercury, were considered. The y variable, initially fixed
to y = § and the occupancy factor of the 4h site were then
refined. They make it possible to decrease the R values
to R, = 0.080, R,, = 0.105, and R; = 0.067, for y =
0.340(3) and T = 1.00(3). This result can be considered
significant and shows that, if it exists, the oxygen defi-
ciency is very small, and thus that 3 is close to 1.

In order to test the possibility to replace cerium
by strontium the hypothetical catienic distribution
[(Hg4Cuy )Sro.slordereal STo.sLag Ce0 sl CuOs  has been
tested, taking into consideration the fact that a 1:1 order-
ing occurs between mercury and strontium as observed
in the 1201 cuprate HgBiSr,SbCu,0; [9]. All the calcula-
tions lead to a significant increase of the R factors, R, =
0.095, R,,, = 0.135, and R; = 0.103, and to a negative B
value for the atoms in the mercury layers. On the other
hand, the possibility of replacing cerium by lanthanum in
these layers, although not very likely, cannot be tested
owing to the isoelectronic character of Ce(IV} and La(IlI).

Thus XRD calculations confirm the ordered cationic
distribution deduced from the HREM observations
and simulations. Figure 2 shows the agreement between
the observed and calculated X ray diffraction patterns.
The interatomic distances (Table 3) are similar to those
usually observed. Moreover the apical Ce-O distances,
close to the Hg-0 distances, i.e., 2 A, confirm that these
sites cannot be occupied by larger cations such as stron-
tium or lanthanum. Note that Hg(II) exhibits a dumbbell
coordination, whereas cerium is octahedrally coordi-
nated.

®

FIG. 6.
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TABLE 3
Interatomic Distances, in A, Calculated for
Hg, (Cey 55ty 4Lag sCuy 05

(Hg/Cw)-0'(1) 2.02(1) % 2
{Hg/Cu)-0(3) 3.18(2) x 4
Ce-0(1) 2,021 % 2
Ce-003) 2.23(1) % 4
{La/Sn-0(1) 2.733(6) X 2
(La/Sr)-0'(1) 2.733(6) X 2
{La/Sr)-0(2} 2.636(1) x 2
(La/Sr)-0'(2) 2.618(1) x 2
(La/Sr-0(3) 2.740(6) < 1
Cu-0(1) 24710 % 1
Cu-0'(1) 2.47(1) % 1
Cu-0(2) 1.868(0) % 2
Cu-0'(2) 1.894(0) x 2

Order-Disorder Phenomena and Extended Defects

The most frequent phenomena which have been ob-
served are the direct consequences of the structural char-
acters of the phases, i.e., the intergrowth of two rock salt
layers, one of them being ordered, with a single perovskite
layer.

Order-disorder in the mixed layers. Two types of de-
viations have been observed in the Hg/Ce ordering. The
first one retains the nominal stoichiometry and is shown
in Fig. 6a; in this image, the copper atoms appear as bright
dots and, at the level of the mixed layer, dark dots (Ce)
alternate with gray dots (Hg). If the 1:1 ordering is re-
spected along b, the shifting along ¢ is sometimes absent
{adjacent layers indicated by a dark spot and arrow-
headed). It results in a local orthorhombic symmetry with
a = a,, b = 2a,, and ¢ = ¢, (Fig. 6b); this feature
corresponds 1o the local appearance of an orthorhombic

Cram

(a) [100] HREM image showing & variation in the 1:1 ordering: two adjacent 1201 units are no longer translated; they are marked by

a dark dot. (b) Idealized drawing of the new supercell: b = 2a, and ¢ = ¢,3,. The symbols for the different atoms are the same as in Fig. 5b.
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FIG. 7.
correspond o §201°s. (b) Idealized drawing of the local intergrowth.

Oy-type ordering [3]. In other parts of the crystal, we can
see that the 1:1 ordering is no longer observed; this can
arise either along a short distance in a double white single
row or in the form of small domains, some 10 A wide
{black arrow). In these areas, a uniform contrast is estab-
lished, similar to that observed at the level of the mercury
atoms. Two possible arrangements of the atoms can ex-
plain such a contrast. According to the first one, the order-
ing occurs along the equivalent perpendicular direction
of the perovskite subcell; the second one would corre-
spond to the existence of a mercury-rich area. Since the
abservation along the {010] direction does not evidence
the existence of small ordered areas which would be ob-
served according to the first hypothesis, the existence of
mercury-rich areas are more probable.

Stacking fault. Elongation of the reflections and
streaking along ¢ are sometimes observed in the ED pat-
terns. Two structural features generate such phenomena.
When the additional spots of the superstructures are the
only elongated reflections, whereas the basic reflections
are sharp, as shown in Fig. Ic for example, deviations
from the perfect 1:1 ordering must be incriminated. How-
ever, both types of reflections are sometimes elongated.
The HREM images show that this feature results from
the existence of stacking defects, as illustrated in Fig. 7a.

MAIGNAN ET AL.

1201

1201

(a) [010] HREM image where stacking faults are observed; the cation positions are correlated to dark dots. The defective members

The cation positions appear as dark dots and the three
[AO] layers of the 1201 structure are easily identified as
three rows of staggered dark dots. At the level of the
defects we observe only two rows of dark dots, associated

FIG. 8. Low resolution image of a small precipitate of La,_ 8r,CuQ,
in the 1201 matrix.
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to two adjacent [AQO], layers building a single rock salt
layer; these defective layers result from the local disap-
pearance of the mixed [Hg, . ,M,O;].. Jayer toforma La,_,
Sr,CuQ, structure (10). Thus, this defective structure can
be described from the aleatory intergrowth (m = n = 1)
of 1201 and 0201 members, according to the general for-
mula [(Hgy 4Cug,Ceq5)(Srp_, La,)JCu0,, ;11 [La,_,Sr,
CuQ,|%!', The schematic drawing of the reguiar in-
tergrowth m = n = 1 is represented in Fig. 7b. The fre-
quency of formation of these defects increases with x.
In the 1201 defective ¢rystals, where 0201 members are
locally formed, a sequence of two (or more) adjacent 0201
members is never observed. However, La,_..Sr.CuO,
(m =0, n = oo} domains are stabilized in the form of small
precipates as shown in Fig. 8; the striking feature is that
they are not coherent with the 1201 maltrix despite an

a

9A

FIG, 9.
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almost perfect matching of the ¢ and & parameters of
the two structures. The EDS analysis confirms the com-
position of the precipitates but the SAED patterns show
that relative orientations of the two species are alea-
tory.

Antiphase boundaries. Antiphase boundaries are also
often observed, as shown in the overall image of Fig. 9a.
The enlargement of the thin edge (Fig. 9b) shows that the
rows of bright dots in the thicker area are correlated to
[Hg,_,A Ol (black arrows) and [CuQ,]. layers (white
arrowheads); it appears that, through the boundary, mer-
cury layers are connected to copper layers. At the level
of the defect, the framework is strained due to the large
difference between the Hg—( and Cu~0 apical distances.
However, from the schematic drawing of the defect (Fig.
9¢), it can be seen that the [Sr;_,I.a O], layers are not

A
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(2) Example of antiphase boundary (AB). (b) Enlargement of the AB showing the connection of the different tayers. Hg/Ce layers

are indicated by black arrows and Cu layers by white arrows. (c) Schematic drawing of the defect; only the cationic positions are represented.
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interrupted. Numerous examples of shearing mechanisms
which involve a similar interconnection of layers of differ-
ent natures have been recently reported in the bismuth
collapsed structures (11, 12) and in the copper oxycarbo-
nates (13); the presence of a small amount of copper in
the mixed layer may play a favoring role in the setting up
of this structural feature. Note that the junctions of the
copper and mercury layers are not ensured-in a particular
plane as observed in the coliapsed phases (Fig. 9a).

CONCLUDING REMARKS

The possibility to stabilize the 1201 structure by cerium
in mercury-based cuprates is demonstrated for the first
time. In this respect, cerium exhibits a behavior very
similar to that of praseodymium (3). It is indeed worth
pointing out that all attempts to synthesize 1201 mercury-
based cuprates by introducting other lanthanides such as
lanthanum or neodymium on the Hg sites were unsuccess-
ful. Such a property may be related to the existence of
two possible valencies Pr(I11I)/Pr(I1V) or Ce(111)/Ce(1V) for
these elements. It is also remarkable that the 1:1 cationic
ordering in the mercury layers of the 1201 cuprates is
observed for praseodymium and cerium but not for lead
(3) or bismuth (2).

Like the Hg—Pr 1201 cuprates (3), no superconductivity
has been detected in the Hg—Ce 1201 phase. This behavior
is also very different from the 1212 cuprates of the family
Hg, (Pro¢SryCa;_ Pr.CuyOg,s (4] and  Hgp ,CeysSr; 5

MAIGNAN ET AL.

Cay 4Cu; Og .4 (14) that are superconductors with a high
diamagnetic volume fraction and a sharp transition at 85
and 51 K respectively.
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