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The structure of PbBa, St ,PrCeCu;04 has been determined with powder neutron diffraction tech-
niques and profile analysis. The symmetry of this oxide is pseudotetragonal P4mm, but ED study
shows that it is orthorhombic, space group Cmm2, with cell parameters a 5.4816(1) A, b
5.4703(1) A, and ¢ = 16.4017(4) A. The structure of this oxide corresponds to a triple intergrowth of
single and double oxygen-deficient perovskite layers, with single rock salt and double fluorite-type
layers. The analysis of the structure does not show any statistical distribution of copper and lead in
the same sites, contrary to what was found for similar compositions. The main original structural
features are: (a) the disordered distribution of oxygen in the PbO layers and the distorted tetrahedral
coordination of lead PbO,L due to the 65> lone pair of Po(I1)}(L); (b) the angle of the O—Cu—O bond of
univalent copper (164°); (c) the off-centering of rare earth elements in the **Og"" cages, which move
away from the copper layers; and (d) the displacement of Cu(ll) inside the CuOs pyramids toward the

apical oxygen. A comparison with Pb,Sr,Y Cu;04-

Introduction

The analysis of superconducting copper
oxides involving double pyramidal copper
layers shows that calcium or yttrium ions
and the oxygens of the basal planes form a
layer of edge-sharing distorted AQg (A =
Ca, Y) cubes similar to those observed in the
fluorite structure (Fig. 1a). The possibility of
replacing these single fluorite-type layers by
double layers was first demonstrated with
the synthesis of the oxides Tl,_,A,_,Ln,
Cu,0y (1) with Ln = Pr, Nd, Ce, and A =
Sr, Ba, and Nd, ¢St Cey54Cu,04 (2, 3).
These two structures correspond to the re-
placement of single [CaO,].. layers by dou-
ble [Ln,0,].. layers (Fig. 1b) in the TIBa,Ca
Cu,0; structure and in the La,CaCu,O,

type structures is made. € 1992 Academic Press. lnc.

structure, respectively. A generalization of
this concept to all the copper oxides involv-
ing double pyramidal copper layers allowed
new triple intergrowths of rock salt, oxygen-
deficient perovskite, and fluorite-type struc-
tures to be isolated (4—7). Within this series,
we undertook recently the synthesis of the
oxide PbBa, _,Sr,, , PrCeCu,0,, which was
susceptible to correspond to the replace-
ment of a [YO,].. layer by a [Ln,0,], layer
in the BaPbYSrCu,0; structure (Fig. 2). At
the end of our work, Tokiwa et al. (8) pub-
lished a paper on very similar compounds
PbBa, ;Sr, ;LnCeCu;0, with Lr = Sm, Eu,
Gd, which we found to be isostructural with
our oxide. However, the structural model
proposed by these authors appeared to us
as questionable, since they proposed the
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F1G. 1. Idealized drawing of (a) a single layer of edge
sharing AOg cubes (A = Ca, Y) intercalated between
the pyramidal copper layers in the superconducting
copper oxides; (b) double fluorite layer [Ln,04]. .

presence of copper and divalent lead on the
same crystallographic sites. Unfortunately
the space group and the atomic positions
given by the authors were revealed to be
incompatible with their structural model so
that it is not possible to obtain a clean de-
scription of the structure. We report here on
the structure of the oxide PbBay.Sr,,Pr
CeCu,;0,, which we determined by powder
neutron diffraction and studied by electron
microscopy.

Experimental

Samples were prepared by mixing and
grinding PbO, SrCu0O,, BaCuO,, Cu,0,
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PrsO,,, and CeO, in stoichiometric ratios
according to the formulation PbBa,_ Sr,,
PrCeCu;0,. The mixtures were sintered at
830°C in nitrogen flow for 64 hr and
quenched to room temperature. The sam-
ples were characterized by X-ray powder
diffraction and electron diffraction in order
to test their homogeneity. Electron diffrac-
tion was performed with a JEOL 120 KV
microscope equipped with a side-entry goni-
ometer (£60°). The neutron diffraction pat-
tern was registered at room temperature on
the high-resolution diffractometer D2b at
ILL, using a wavelength of 1.594 A. Intensi-
ties were measured between 5° and 160° (26)
with increments of 0.05°. The structure was
refined between 15° and 155° (20) with the
Rietveld method using a modified version of
the DBW3.2S program (/4 ). For calculation
peak shape was assumed to be Gaussian.
X-ray power diffraction data were regis-
tered on a Philips diffractometer for CuKa
radiation.

High resolution electron microscopy was
carried out with a JEOL 200 CX microscope
equipped with a top-entry (=10°) double tilt
goniometer and an objective lens with a
spherical aberration constant of 0.8 mm.
The specimen were prepared by grinding,
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FiG. 2. Idealized projection of the structure of (A) PbBaSrYCu;0;; (B) PbBa;_ Sr;, ,PrCeCu;0,.
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FiG. 3. [110) and [ITO]T electron diffraction patterns. The first one exhibits weak reflections (large

white arrows), contrary to the second one.

and the small crystals suspended in butanol
were deposited on carbon coated holey films
supported by a Cu grid.

Results

According to the above mentioned experi-
mental conditions, a pure phase was isolated
for the composition PbBa, ¢S, ,PrCeCu,0,.
The parameters of the tetragonal cell and
reflection conditions were determined from
electron diffraction and X ray diffraction
data to be a = 3.8717(1) A and ¢ =
16.3986(6) A. No reflection conditions were
observed, leading to the following possible
space groups: P4, P4, PA/m, P422, P4mm,
P42m, Pdm2, and P4/mmm.

Electron Diffraction Study

More than 50 crystals were studied by
electron diffraction, reconstructing the re-
ciprocal space. This systematic investiga-
tion showed that all the crystals exhibit
strong reflections corresponding to a tetrag-
onal unit cell witha = 3.87 &, ¢ = 16.40 A,
and no reflection conditions.

However long exposures revealed the ex-
istence of very weak reflections as shown in
Fig. 3. These weak reflections are observed

in the [110]; zone axis patterns (; refers to
the tetragonal cell), whereas they are not
observed in the [110], patterns, involving an
orthorhombic symmetry. The appearance of
these extra spots is not systematic, sug-
gesting that the responsible phenomenon
varies from one crystal to the other. The
[110]; pattern exhibit spots in position (3, %,
) with respect to the tetragonal cell (Fig.
3a), however, broad streaks are often ob-
served along the ¢* axis (Fig. 3b), showing
that the ordering is not perfect over long
distances and that no real periodicity is ob-
served in that direction; in that way, a su-
percell @’ = a;V2, b’ = ayV2,and ¢’ = ¢
can be used to describe these patterns.

Determination of the Structure by
Neutron Diffraction

The starting structural parameters used
for the analysis of the neutron diffraction
data were deduced from our structural
model (Fig. 2b), in which single and double
copper layers are intergrown with single
rock-salt-type layers and double fluorite-
type layers. The preliminary X-ray diffrac-
tion structure calculations allowed the posi-
tions of the metallic atoms to be confirmed.
The neutron diffraction studies were then
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TABLE 1

REFINED STRUCTURAL PARAMETERS FOR PbBay 1;Sr; ,PrCeCu;04: SPACE GROUP P4mm (NO. 99),
Z=1,a=>5b=38721(1) A, ¢ = 16.4017(4) A

Atom Position x/a yib e B(AY 7 (occ. fact)
Pb la 0 0 0 1.40(17) 0.93(2)
Sr, Ba, 16 4 3 0.1582(17) 1.36(18) 0.76/0.24°
Cu, la 0 0 0.2722(7) 0.54(9) 14
Ln,:Pr,Ce 15 3 3 0.3832(7) 0.06(8)" 0.5/0.54
Lny: Pr,Ce la 0 0 0.5402(6) 0.06(8)° 0.5/0.5¢
Cu, 15 3 3 0.6500(5) 0.44(12) 14
Sr,Ba, la 0 0 0.7567(6) 0.52(17) 0.47/0.53¢
Cu, 15 3 3 0.8996(5) 1.86(20) 14
0/ af 0.6359(23) 3 0.0056(7) 0.97(24) 0.254
0, la 0 0 0.1281(10) 2.44(26)¢ 1¢
0, 2¢ 3 0 0.2770(5) 1.18(13) 14
0, 2¢ 3 0 0.4565(7) 1.41(6) 14
O 2c 3 0 0.6288(4) 0.73(11) 14
R 15 1 1 0.7841(9) 1.78221) 14
0, 2¢ 3 0 0.8996/ 1.00/ 04
(0N la 0 0 0.8996/ 1.00/ 04

Note. R, = 5.55%, R,,
4 Deviated from the (1b) position [3, 2, 0.0056].
b Refined simultaneously.

= 7.19%, Ryp = 2.75%, R; = 5.91%, Ry = 4.96%.

¢ Fixed from the X-ray powder diffraction refinement.

4 Refined in first step and fixed after.

¢ Refined also in the (4¢) position: {0.0677(35), 0, 0.1261(7)], B = 0.22(29) A2, and = 0.25, but does
not give significant improvement for the reliability factors.

/ Empty positions at Cu, level.

performed in a first step on 191 hkl reflec-
tions allowed by the P4mm space group.
The cationic and anionic positions and iso-
tropic thermal factors were refined succes-
sively. After refinement, six oxygen sites
(O, to Og4) were found to be fully occupied,
whereas the O, and O sites, located at the
same level as Cus, were found to be empty.
All the isotropic thermal factors were found
to be acceptable, except that of O,, which
was found to be extremely high (B =~ 11 A2).
Thus a splitting of the 1(b) site of O, into a
4(f) site with an occupancy factor of 0.25
was considered. The latter position was eas-
ily refined leading to a significant improve-
ment of the R, factor. The refined parame-
ters given in Table I correspond to
satisfactory reliability factors R, = 7.19%,
R, , = 2.75%, and R; = 5.91%. Neverthe-

exp

less, the comparison of the calculated and
observed patterns shows their difference is
not absolutely perfect for 26 angles superior
to 110° (Fig. 4a). Taking into account the
electron diffraction results, calculations
were performed finally in the orthorhombic
space group Cmm?2 (a = b = aT\/E) (299
hkl reflections) according to the structural
model given in Fig. 5. The refinement of the
cell parameters leads to a significant ortho-
rhombic distortion: a = 5.4816(1) A b=
5.4703(1) A, and ¢ = 16.0417(4) A. The re-
fined positions (Table II) are close to those
observed in the tetragonal group, so that
they do not affect significantly the inter-
atomic distances and angles (Table I11). One
can notice that the calculated neutron dif-
fraction pattern is now in better agreement
with the experimental pattern (Fig. 4b).
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FiG. 4. Experimental and calculated neutrons diffraction profiles and their difference for (a) tetragonal
symmetry, space group P4mm; (b) orthorhombic symmetry, space group Cmm?2.
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Fic. 5. Structural model for the orthorhombic
oxide PbBaySr,,PrCeCu,0y (refined composition
PbBay 7751, 3PrCeCu;0q).

Attempts to refine the anisotropic thermal
factors did not allow better results to be
obtained for P4mm or Cmm?2 space groups.

Description of the Structure and
Discussion

These results show that the structure of
PbBa, ;Sr, ,PrCeCu;0, consists of a regular
intergrowth of single and double oxygen-
deficient perovskite layers formulated
[ACuO, s, s]. and [ACu,0;0;]., respec-
tively, with double fluorite-type layers
[Ln,0,]. and single rock-salt-type layers
[Ay.sPbysOl. (A = Sr, Ba).

Contrary to what was previously claimed
for PbBa, ;Sr,; ;LnCeCu;0, (8), we do not

observe any statistical distribution of cop-
per and lead on the same crystallographic
sites. The Cu, sites are indeed fully occupied
by copper, whereas the occupancy factor
of Pb sites suggests a small lead deficiency
which can be explained by PbO loss during
synthesis.

This very regular character of the struc-
ture is confirmed by HREM (Fig. 6), which
shows a very regular contrast in all the crys-
tals, ruling out the existence of shifted mi-
crodomains, contrary to what was proposed
for PbBa, ;S ;LnCeCu;0, (8).

The second important point deals with the
oxygen content and distribution, The ‘O,
composition is indeed confirmed, with a to-
tal absence of oxygen at the level of Cu,.
Moreover the splitting of the O, oxygens
shows that there exists a disordered distri-
bution of oxygen in the [PbO], layers, simi-
lar to that observed in Pb,Sr,YCu;O4-type
oxides (9-11). This oxygen distribution sug-
gests that this oxide is characterized by the
mixed valency Cu(I)/Cu(l), according to
the ideal formula Pb!"Ba ¢Sr, ,PriiCe!VCul!
Cu'O,. Bond valence calculations (12, 13)
are in agreement with the latter formula,
since one obtains mean charges of + 1.9 for
Pb, +2.0and +2.1 for Cu, and Cu,, respec-
tively, 1.0 for Cu,, and + 3.5 for both lan-
thanide sites.

The examination of the interatomic dis-
tances (Table III) allows the following com-
ments to be made:

(i) The ‘O, basal planes of the Cu, and
Cu, pyramids are almost perfectly square.
Cu, as well as Cu, form four equal Cu-O
distances with the four oxygens of 1.94 and
1.97 A, respectively, i.e., close to those
generally observed for superconducting cu-
prates. The main difference with high 7, cu-
prates deals with the fact that copper is sig-
nificantly displaced out of the ‘“O,”’ plane
toward the center of the CuOs pyramid
(Figs. 7a,b) of 0.1 to 0.35 A. This leads to
much shorter apical Cu-O distances (2.21—



STRUCTURE OF PbBagSr, ,PrCeCu;0, 25

TABLE II

REFINED STRUCTURAL PARAMETERS FOR PbBa; 1;Sr; 3PrCeCu;04: SPACE GROUP Cmm2 (NoO. 35),
Z = 2,a = 5.4816(1), b = 5.4703(1), and ¢ = 16.4017(4) A

Atom Position xla yib e B (AY) + (occ. fact)
Pb 2a 0 0 0 1.51(16) 0.95(2)
Sr, Ba, 2b 3 0 0.1581(6) 1.43(16) 0.76/0.24°¢
Cu, 2a 0 0 0.2727(6) 0.54(8) 14
Ln,:Pr,Ce 2b 3 0 0.3829(7) 0.08(7)* 0.5/0.5¢
Ln,:Pr.Ce 2a 0 0 0.5403(6) 0.08(7)° 0.5/0.5¢
Cu, 2b 3 0 0.6505(6) 0.48(10) 14
Sr.Ba, 2a 0 0 0.7568(5) 0.50(15) 0.47/0.53¢
Cu; 2b 3 0 0.8997(5) 1.72(17) 14
(2% 8f 0.5699(29) 0.0667(30) 0.0060(6) 1.06(22) 0.25¢
0O, 2a 0 0 0.1294(9) 2.20021)¢ 14
0O, 4c H e 0.2769(5) 1.20(11) 14
0, 4c i i 0.4567(6) 1.39(5) 14
O; 4c i i 0.6290(4) 0.67(9) 14
Oy 2b 3 0 0.7852(8) 1.97(19) 14
0, 4c H H 0.8997/ 1.00/ 04
Oy 2a 0 0 0.8997/ 1.00/ 0!

Note. R, = 5.55%, R,,, = 6.66%, Rey, = 2.75%, R; = 6.16%, R, = 5.03%.

2 Deviated from the (2b) position [£, 3, 0.0060].

b Refined simultaneously.

¢ Fixed from the X-ray powder diffraction refinement.

4 Refined in first step and fixed after.

¢ Refined also in the (8f) position: [0.0349(29), 0.0193(53), 0.1284(8)], B = 0.84(28) A2, and v = 0.25, but does
not give significant improvement for the reliability factors.

/ Empty positions at Cu, level.

FiG. 6. [100]; high resolution electron microscopy image of PbBay ¢Sr, ,PrCeCu,0,. The contrast is
highly regular overall large areas; no domain or systematical variation of the contrast at the level of
the copper and lead layers are observed (arrowed).
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TABLE III

INTERATOMIC DISTANCES (IN A) IN
PbBaO.77Sr1‘23PrCeCU3Og

Pb-O, 2.392) [x1] Lm0, 2.37(1) [x4]
2.40(2) [x 1] -05  2.42(1) [ x 4]
3.12(2) [ x 1]
3.152) [x1]  Cu-0; 1.97(1) [x4]
~0, 2.12(1) [x1] —0, 2212) [x1]
Sr,Ba;~0; 2.55(1) [x1] Sr,Ba,-Os 2.85(1) [ x4]
-0, 2.78(1) [x2] ~-0¢ 2.78(1) [x2]
2.77(1) [x2] 2.77(1) [x2]
-0, 2.75(1) [x 4]
Cus-0, 1.88Q2) [x1]
Cu-0, 2.35(2) [x1] -0, 1.82(1)[x1]
-0, 1.94(1) [x4]
angle between the Cu'-0:
0,-Cu;—0Oq: 164°
Ln-0; 2.60(1) [x4]
~0, 2.28(1) [x4]

2.35 A) than generally found for high T, su-
perconductors (2.5-2.6 A).

(ii) The lead environment is highly asym-
metric. One indeed observes five neighbors,
involving three short distances (2.12-2.39~
2.40 A) and two much longer ones (3.12—
3.15 A). These Pb-O distances confirm, if
needed, the divalent state of lead in this
phase. These five oxygens surrounding
Pb(1I) form a strongly distorted **O;’’ pyra-
mid (Fig. 8), which can only be considered

as an average environment of Pb(II) owing
to the splitting of the O, sites. It is worth
pointing out that lead does not sit in the
basal plane of the pyramid but is displaced
out of the *“O,” plane along ¢ of 0.10 A,
outside of the pyramid, i.e., in the opposite
direction to its apical oxygen O,. The coor-
dination of lead can better be described as a
distorted tetrahedron PbO,L., whose apices
correspond to the three nearest oxygens
(O, and 0,) forming a triangle and the 65>
lone pair L of Pb(ll) pointing along the
perpendicular to the triangle. This particu-
lar coordination of Pb(II), influenced by
the stereoactivity of its 6s® lone pair, has
previously been observed in the oxides
Pb,Sr,YCu,04 (9, 10) and Pb,Ba,YCu;04
(11), whose structure is also characterized
by the existence of distorted [PbO], rock-
salt-type layers, adjacent to layers of Cu'O,
sticks.

(iii) The two-fold coordination of univa-
lent copper Cu, is characterized by Cu-O
distances close to those observed for Cu(I)
in Pb,Sr,YCu;04-type structures (9-1/1).
The important feature deals with the nonlin-
ear character of the O-Cu-O bond which
exhibits an angle of 164°. Such an angled
O-Cu-0 bond is exceptional, since it was
only reported recently for the parent struc-
ture Pb,Ba,YCu,;O4 (1), whereas for the

FiG. 7. Perspective drawing of the (a) Cu; and (b) Cu, pyramids. Distances are in angstroms.
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isostructural oxide Pb,Sr,YCu,Q, (9, 10) a
linear bond was suggested. In fact, in the
latter compound, the difficulty to detect a
nonlinearity was due to the existence of a
mirror plane and to the splitting of oxygen
sites, on both sites of this mirror (9); the
electron diffraction study of Pb,Ba,YCu,04
(11) allowed a different space group to be
obtained without any mirror plane, leading
after refinement to an angle of 160° for the
O-Cu-O bond. In the present oxide, the
asymmetry of the structure on both sides
of Cu; layer, leads to a primitive lattice
FiG. 8. Environment of Pb; the lone pair, L, is sym- which does not sufff:r any ambiguity about
bolized by a large black arrow. The distances are in tl}e geqmqtnry Ot: thl‘s bond'_ T‘hese‘ res‘}lts_
angstroms. show significantily the particuiar chemical
bonding of Cu(I) in this oxide. Such a

behavior may be the consequence of the

idy 1

A NN/ ¢ BN

F R fT
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\IQ O 04
© SR W P —_——
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FiG. 9. Double fluorite cages located between the copper pyramidal layers. The distances are in
angstroms.



28 ROUILLON ET AL.

stereoactivity of the 6s? lone pair of Pb(Il),
which tends to shift the oxygens in the
PbO layers. Moreover, the Pb(II) lone pair
which points out toward the Cu, layer may
also influence the geometry of the O-Cu-0O
bond.

(iv) The fluorite cages are slightly elon-
gated along ¢, with O-O distances of
2.73-2.74 A in the basal planes and 0-O
distances of 2.83-2.95 A along ¢. A remark-
able feature of this structure deals with the
fact that the rare earth ions (Pr, Ce) are off-
centered in their ‘04’ cage, leading to a
4 + 4 coordination, contrary to yttrium in
Pb,Sr,YCu,O4-type structures for which
eight equal Y-O bonds are always observed
(9-11). This behavior seems to be a charac-
teristic of the double fluorite-type layers.
As shown from Fig. 9, praseodymium and
cerium ions tend to move away from the
copper planes (O; and Oy planes) toward
the intermediate O, plane, which does not
contain cations.

Another interesting issue concerns the
Ln-0O distances corresponding to Ln, in 2(b)
sites which are longer than those corre-
sponding to Ln, in 2(a) sites. This suggests
that 2(b) sites would be preferentially occu-
pied by Pr(IlI) and 2(a) sites by Ce(I1V) if
one takes into account the relative sizes of
these elements. However, bond valence cal-
culations do not support this viewpoint, as
shown above.
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