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A new layered iron oxide, Pb,_,Sr,Fe;04_,, has been isolated for 0 = x = 0.2, Its structural model,
which corresponds to a regular intergrowth of single [StFeQ,_;). perovskite layers with single [SrO],.
and double [(SrO)(Pb,_ O], rock salt layers, has been established by high resolution electron micros-
copy (HREM) and powder XRD. The existence of numerous defects-—local variation of the nature of
the cations, modulatiens of the atomic layers, and intergrowth defects interpreted as [SryFe;0;_4l.
and [SryFe;(y,_;] layers—has been observed by HREM. The existence for Fe(Ill) of two **5 + 17
coordinations for x = 0, and of three coordinations for x # 0 (two 5 + 1 and one pure pyramidal
coordination) has been deduced from Mossbauer spectroscopy measurements.  © 1992 Academic Press, Inc.

Introduction

Substitution of iron for copper in high T,
superconducting cuprates has been the pur-
pose of several studies in order to under-
stand the origin of superconductivity and to
investigate the relationships between struc-
ture and superconductivity in these materi-
als. The replacement of copper by iron in
the 123 structure (/-6) has shown the pre-
dominant role of the pyramidal copper lay-
crs in the superconducting properties of
thesc matcrials. The synthesis and struc-
tural studies of the layered iron oxides
Bi,Sr;_ Ca Fe,0, (7) and Bi,Sr,Fe,0,,
(8), isotypic with the superconductors Bi,
Sr,CaCu,04 and Bi,S8¢,Ca,Cu,0,,, respec-
tively, have demonstrated that the modula-
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tion of the structure of all these phases was
not related to superconductivity and was
mainly due to the bismuth oxygen layers.
Recently several superconducting 12§2-
type lead cuprates with the general formuia
Pb,_,A5r,Y,_,Ca Cu,0,_4 (4 = Cu, Ca,
Sr) were isolated (9-/6). With the intention
of synthesizing isotypic iron layered cu-
prates, the system Pb—Sr—Fe-0O was inves-
tigited. We report herc on a new layered
iron oxide, Pb,_ Sr,Fe,0,4_;, whose struc-
ture corresponds to an intergrowth of the
0201-La,CuQ,-type oxide with the 1201-
TISrLaCuOs-type oxide (I7).

Experimental

Synthesis. The title compounds, corre-
sponding to x values ranging approximately
from 0 to 0.2, have been prepared from mix-
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tures of PbQ, Fe,04, and StCO;. For x =
0.2 the starting materials were mixed in the
molar ratio 1: 1: 4 while they were mixed in
the molar ratio 1.75:1:4 for x = 0.

The mixtures were first heated in air at
900°C for 12 hr in an alumina crucible and
quenched to room temperature. At this step
of the solid state reaction, the weight loss
indicated that besides the loss of CO, there
was also an uptake of oxygen corresponding
tothe oxidation of Pb(Il) to Pb(IV). This was
confirmed by XRD patterns which exhibited
indeed the presence of Sr,PbO, mixed with
the new oxide described here. Further an-
nealings at 1000°C for 12 hr were then car-
ried out in order to obtain the new com-
pound as a single phase. After each
annealing the weight loss was measured and
compared to the theoretical one.

X-ray and chemical analyses. The homo-
geneity of the samples was checked in the
course of the reaction by X-ray diffraction
using a Philips diffractometer with CuKe
radiation. The chemical analyses of the
compounds judged from X-ray analysis as
pure phases were carried out by means of a
classical oxidometric titration of Pb{(IV),
The total lead content was determined by
electrolysis.

High resolution electron microscopy
(HREM) study and crystal structure calcu-
lations. HREM investigation was per-
formed by use of a TOPCON 02B electron
microscope fitted with a double tilt sample

holder (V = 200kV, C, = 0.4 mm). Powder
X-ray diffraction data for crystal structure
calculations were collected at 300 K by step
scanning over an angular range of 5° to 100°
in 26 with an increment of 0.02°. The analy-
sis by the Rietveld method was carried out
by means of a DBW 3.2 program (I§).

Moéssbauer spectroscopy and magnetic
measurements. The title compounds were
characterized by Mdssbauer spectroscopy
using a constant acceleration spectrometer
with a *’Co source in a Rh matrix at 300 K.
The magnetic susceptibility was measured
with a Faraday balance in the temperature
range 4 to 750 K.

Results and Discussion

X-ray structure calculations based on the
HREM study. Using two subsequent an-
nealings at 1000°C for 12 hr, a single phase
was isolated. The T.G. analysis indicated a
significant weight loss with respect to the
nominal composition, which was attributed
to PbO volatility. The lead analysis, using
both electrolysis and oxidometric titrations
(Table I), allowed this hypothesis to be con-
firmed and showed that the total lead
amount was tetravalent. Thus, this single
phase can be formulated Pb _ Sr,Fe,0y
with 0 < x = 0.2,

According to electron diffraction data, the
symmetry of the crystals is tetragonal with
a = a, (a, referred to the parameter of the

TABLE I
Leap CONTENT AND LATTICE PARAMETERS OBSERVED FOR Pb,_ Sr,Fe,0y_;

Final lead content of the samples

Lattice parameters

Molar ratios of starting Oxidometry Electrolysis
materials PbO : Fe,;0,1 SrCO;4 +0.05 +0,03 a (A) c (A)
1:1:4 0.82 0.78 3.834%(1) 30.664(1)
1.25:1:4 0.89 0.85 3.8354(1) 30.663(2)
1.50:1:4 0.94 0.89 3.8385(2) 30.666(2)
1.75:1:4 1.04 0.98 3.8445(1) 30.670(2)
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FiG. 1. (a) [100] E.D. pattern of a Pb,_,SryFe.0y_; sample (x = 0.2). (b) [100] ligh resolution of
Pb,_.Sr,Fe.-0y_s. The contrast consists of a regular alternation of two and three rows of bright dots
separated by single rows of weak dots. The first ones are correlated with the strontium~-oxygen and
lead—oxygen layers, labeled S and P, respectively. The rows of weak dots are correlated with the FeO,

layers, labeled F.

cubic perovskite cell) and ¢ close to 31 A.
Reflection conditions are hkl, h + k +
! = 2n, involving an I-type space group. A
typical [100] ED pattern is shown in Fig. 1a.
On this basis, the X-ray diffraction patterns
corresponding to 0 < x = 0.20 were indexed
(Table 1} in this tetragonal cell. The ¢ param-
eter does not vary significantly with x,
whereas the g parameter is more sensitive
to the lead content.

The above results suggest that this lead
iron oxide is closely related to the supercon-
ductive thallium cuprate TIiBa, la,,,
Cu,0,.5 (19}, whose structure consists of an
intergrowth of single perovskite layers with
single [LaO], and double [(BaO)TiO)].
rock salt layers. In order to check this mode!
and also to confirm the lead nonstoichiome-
try a structural study of the lead deficient
phase PbygSr,Fe,0,_; was undertaken.

The HREM study of different microcrys-
tals of this phase shows that the layer stack-
ing along ¢ (Fig. lb), taking into account
previous results for layered superconduc-
tors, corresponds to the seguence
“Fe-Sr-Sr—Fe-Sr—Pb-5r.”” 1ndeed, the
double and triple rows of bright dots which
are stacked along c alternately can be corre-
lated with two adjacent [SrQO].. lavers (la-

beled S) and with one (PbO),, layer (labeled
P) sandwiched between two [SrO], layers,
respectively. The single rows of weak spots
which are intericaved between one double
and one triple row of bright dots can be
correlated with [FeO,l, layers (labeled F).
Therefore the ideal structure of the stoichio-
metric phase PbSr,Fe,0, (Fig. 2) consists of
the stacking of single octahedral perovskite
layers [SrFeO,]. with single rock salt layers
[SrO], and double rock salt layers
[(SrO)(PbO)], alternately, keeping in mind
that the stacking of two SrO layers form a
single rock salt layer and that the sequence
of three layers *“'SrO-PbO-Sr0Q’’ forms a
double rock salt layer. Thus this structure
obeys a mechanism similar to that observed
for the thallium cuprate TIBa,_ La,,,
Cuy04.5 (19); 1.€., it can be described as
the intergrowth of 1201-[PbSr,FeO]. -type
layers with 0201-[Sr,FeQ,].-type layers.
However, for x = 0.2, a significant lead
deficiency in the rock salt layer should ap-
pear, as well as oxygen vacancies which can
be distributed either in the rock salt or in the
perovskite iayers.

Based on the HREM study, powder
X-ray structure calculations were per-
formed for x = 0.2 in order to check the
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F1G. 2. Schematic representation of the ideal crystallographic structure of PbSr Fe,0, built up from
the regular intergrowth of 0201-[Sr,FeQ,] and 1201-[PbSr,FeQ4] structural units: (a) projected along a;

(b) perspective view,

lead nonstoichiometry and the validity of
the structural model. The refinements were
carried out in the I,/mmm space group with
initial locations of the atoms corresponding
to those reported for TiBa,_ La,, Cu,Oy.;
(19). As the structure includes heavy ions
like Pb and Sr, it would be unreasonable
from X-ray powder data to attempt to refine
the occupancy factors of the oxygens which
were arbitrarily fixed to . However, be-
cause of the probable existence of a lead
deficiency of the samples, oxygen vacancies
should be present on O sites.

The first step of the refinement leads to a
reliability factor calculated on the intensities
R, = 3|1, — IJ/%1, close to 0.117. The re-
finement for Pb yields an isotropic tempera-

ture factor of 3.8 A? and an occupancy of
0.80 in good agreement with the chemical
data.

Because of the relatively high value of R,
subsequent refinements were then at-
tempted in order to lower it. First, we con-
sidered a splitting of the Pb site, i.e., 2(a)
(0, 0, 0) to 8(/) (x, 0, 0), which allows us to
decrease the thermal factor to 2.1 A2 without
a change of R;. In contrast, the R value is
significantly lowered to 0.085 by splitting
the O(2) sites which correspond to the apical
vertices common to the PbO, and FeOg octa-
hedra. Refined atomic coordinates are sum-
marized in Table 11. The observed and cal-
culated XRD patterns obtained by Rietveld
analysis, together with their difference (Fig.
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TABLE 11
ATomic COORDINATES CALCULATED FOR Pby_ SryFe;04_ (x = 0.2) a1 298 K

Site Unit cell
Atom symmetry x y z B (A} accupancy
Pb 8i 0.060{4) 0 0 2.42) 1.57(3)
Sv(1} de Q0.5 0.5 0.0851(1) 1.0(1) 4.
5r(2) de 0.5 0.5 0.2054(1) 1.0(1) 4.
Fe de 0 0 0.1499(2) 1.5(1) 4,
o 26 0 0 0.5 2. 2.
0(2) 16n 0.192(8) 0 0.0694(4) 2. 4.
O3) 8g 0.5 0 0.1441(6) 2. 8.
0O(4) 4e 0 0 0.2124(3) 2 4,

Note. e.s.d.’s are given in parentheses.

3), attest to the validity of the structural
model given in Fig. 2. The refinements ¢on-
firm the existence of a lead deficiency with-
out ambiguity. The interatomic distances
(Table I11) are in agreement with those usu-
ally observed in oxides. Namely the Sr(2)-0O
distances, ranging from 2.52 to 2.72 A, are
similar to those observed for Sr,FeO, (20).
The shortest Pb—O distances of 2.19 A are
those usually observed for Pb(IV). The four

Fe—0O equatorial distances of the [FeO,].
layers, i.e., corresponding to the basal plane
of the FeO, octahedra, of 1.926 A are similar
to those observed in Sr,FeO,; in contrast
the apical Fe-0 distances, involving a short
bond (Fe-O(4) = 1.916 A) and an abnor-
mally long bond (Fe-O(2) = 2.57 A), show
that iron exhibits, in fact, a pyramidal coor-
dination. This coordination of Fe(lll} is in
agreement with the ability of iron to occupy
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FIG. 3. Final profile fit and difference pattern for the XRD data for Pb,_,Sr,FeQqy_; (x =~ 0.2).
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TABLE 111

CALCULATED INTERATOMIC DISTANCES WITH e.5.d"s IN PARENTHESES

Atoms Distances (A) Atoms Distances (A)
Pb—O(}) 2.55(1) x 2 Fe-0(3) £.926(2) X 4
Pb-0O(1) 2.88(1) x 2 Fe-0(4) 1.916(6) x 1
Pb-0O(2) 209(1) x 2 Fe-0(2) 2571y x 1
Sr(1-0(2) 2.30(2) x 4 Sr(2)-0(3) 2.68(1) x 4
Sr()-0(3) 2.64(1) x 4 Sr(2)-0(4) 2.720(1) x 4
Sr(N-0(1) 2.60%3) x 1 Sr(2)-0(4) 2.52003) x 1

the pyramidal sites of the YBa,Cu,0, (/-6)
and YBaFeCuQyj (2]) structures.

These results confirm definitely that
Pb,_.Sr,Fe,0y_; is isostructural with
TiBa,_,La,, Cu,0y., (I9); ie., it corre-
sponds to a regular intergrowth of the 1201
and 0201 structures corresponding to
{Pb,_.SryFeOs_,]. and [Sr;FeQ,]. layers,
respectively. Nevertheless, it must be
pointed out that the Ry factor remains
rather high. In order to understand such a
feature a systematic observation of numer-
ous crystals by HREM has been under-
taken. It reveals that in a great number of
them the contrast is often disturbed because
of the existence of order—disorder phenom-
ena and stacking faults. Two typical exam-
ples of disturbed contrast are shown in Figs.
4a and 4b. In the first image (Fig. 4a) the
variations in size and brightness of the white
dots correlated with the zones of low clec-
tron density concern only short segments of
one or two adjacent layers; some areas are
pointed out with curved arrows. These vari-
ations suggest local changes in the ion na-
ture correlated with displacements of the
atoms. The through-focus series of the im-
ages show that the cationic and anionic lat-
tices are both affected by these features. In
the second example (Fig. 4b), the amplitude
of the phenomenon is more important in size
as well as in intensity so that the nature of
the layers is no longer obvious. Such fea-
tures often involve undulations of the

atomic layers; in some crystals, they are so
strong and the matrix so distorted that they
prevent any direct interpretation of the
contrast.

A second important structural feature
must be described, dealing with the exis-
tence of stacking defects which are gener-
ally observed in the form of outgrowth on
the crystal edges. An example is shown in
Fig. 5. In this part of the crystal, the contrast
consists of double rows of white dots corre-
lated with the [SrO], layers, separated by
three or five rows of alternating weak and
bright dots correlated with the [FeO,]. and
[SrO].. layers, respectively. In this way, the
local structure can be interpreted as an in-
tergrowth of single rock salt layers with dou-
ble and triple perovskite layers leading to
the formation of “*0212" slices (Sr;Fe,0,_5)
and *0223"" slices (Sr,Fe;0,,_;) (Fig. 6). In
this crystal, the 0212 slices are more numer-
ous; one is marked, as an example, with a
black triangie, whereas the 0223 slices are
marked with curved arrows. The close rela-
tionships between the parent structure,
[1201/0201], and the 0223 defective slices
must be outlined. The 0223 structure can
indeed be described from the replacement
of a [PbO], layer by a [FeO,].. layer; in such
a replacement, a double rock salt layer is
substituted by a perovskite layer, involving
a strong shortening of the ¢ parameter (¢/2
varying from 15.3 to 14 A) but retaining the
I-type symmetry (Fig. 7). These substitu-
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F1G. 4. (a) Overall [100] image showing local variation of the contrast, Rock salt and perovskite layers
are both hit. {b) Enlarged image of an area where the contrast is highly disturbed. The nature of the
layer is no longer evident. Note the crystal edge, wrapped in a SrO film.
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Fic. 5. [100] image of a defective area where 0212 and “*0223" members are intergrown. The (SrO].
layers appear as rows of bright dots (small arrows).
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F1G. 6. Idealized models of **0212™" and **0223™" mem-
bers built up, respectively, from the intergrowth of (a)
a single rock salt layer and a double perovskite tayer,
and (b) a single rock salt layer and a triple perovskite
layer.

tions are indeed easily interpreted in the out-
growth part of the crystal, where no distor-
tions of the matrix are involved by such
structural phenomena; in the [1201/0201]
matrix, the existence of similar features can-
not be ruled out in the disturbed and dis-
torted part of the crystals, where the con-
trast cannot be simply interpreted. Last, it
must be pointed out that in numerous crys-
tals, the edge is wrapped by a film some 10
A thick: it can be observed at the top of Fig.
4a and in the left part of Fig. 5. The contrast
and interatomic distances at that level are
consistent with a SrO composition of the
extra layers. Note that the junction between
the different layers is perfectiy coherent and
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Fic. 8. Idealized drawing showing the easy connec-
tion between [SrO] and perovskite layers.

that the [FeQ,], layers of the perovskite
slabs are simply replaced by [SrQO], layers;
this is clearly observed at the right top of
Fig. 4b and the schematic model is drawn in
Fig. 8.

Mdssbauer spectroscopy and magnetic
suscepiibility measurements. Title com-
pounds corresponding to different x values
(0 = x = (.2) were characterized by Moss-
bauer spectrscopy. As shown in Fig. 9, the
RT Mdssbauer spectra of the compounds
exhibit a doublet with broadened and asym-
metrical lines which indicate the presence of
pure electric quadrupotlar interactions. The
isomer shift values (see Table IV) of the
iron sites show that iron is always trivalent
whatever x may be. One observes two iron
sites for x = 0, i.e., for PbSr,Fe,0,, while
three iron sites must be taken into account
for x differing from zero, i.¢., for lead-defi-
cient oxides. It is worth pointing out from
Table IV that the percentage of the first site
(AQ = 0.81-0.83 mm/sec) remains rather
constant while that of site 2 (AQ =
0.63-0.69 mm/sec) increases as the lead
content increases, contrary to the percent-
age of the site 3 (AQ = 0.31-0.46 mm/sec)
which decreases.

Fig. 7. Compared idealized drawing of double rock salt layers and single perovskite layers, They differ
only in the nature of the intermediate layers which are [AOQ], and [FeQ,]. . respectively.
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Note also that the third site corresponds
to quadrupole splittings which involve a
more regular environment of Fe** ions than
the other two which correspond to high
quadrupole splittings. As a result, one may
assume, because of the Ph-ion deficiency
(x # 0), that the third site comes from a shift
of the oxygen O(2) toward an upper position
near the iron site, such a shift of O(2) being
connected with a Pb-ion vacancy in the
{Pb—0) plane. Concomitantly, the existence
of oxygen vacancies on the Q sites would
be responsible for the appearance of [FeOs)
pyramids in addition to highly distorted
[FeOQ,] octahedra, One can thus explain the
three iron sites needed to fit the Méssbauer
spectra of the lead-deficient oxides but also
the fact that the percentage of the third site
increases as x increases. For x = 0, two
iron sites have to be considered, both being
characterized by wide quadrupole splittings
(Table 1V). The latter sites correspond to
highly distorted FeOg octahedra, i.e., to a
5 + 1 coordination of iron which can result
from the oxygen location (O(2) site} in the

TABLE 1V
MOsSBAUER PARAMETERS AT ROOM TEMPERATURE FoORr Pb;_ Sr,Fe,0;_; COMPOUNDS

Lead content® 1S(mm - sec™ ) I'imm - sec™) AQ(rmim - sec ™) %

=0.05 +0.01 +0.01 +0.02 +5 Site

0.82 0.27 0.25 0.81 319 1
0.19 0.30 0.67 3 2
0.14 0.39 0.31 30 3

0.89 0.27 0.24 0.83 33 1
0.20 0.30 0.69 33 2
0.16 0.42 0.35 34 3

0.94 0.27 0.24 0.82 34 1
0.22 0.36 0.63 56 2
0.06 0.23 0.46 10 3

1.0 0.27 0.22 0.82 29 1
0.22 0.34 0.69 71 2

Note. 18, isomer shift relative to metallic iron; I", half-height width; AQ, quadrupole splitting; %, fitted intensity

of different sites.

% The lead content reported here corresponds to that deduced from oxidometric titrations. For more details

see Table 1.
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F1G. 10. Temperature dependence of the reciprocal
magnetic susceptibility for Pb,. Sr,Fe,04_5 with x =
0.2

Sr—0(2) plane in agreement with the X-ray
analysis.

The evolution of the reciprocal magnetic
susceptibility versus temperature for x =~ 0.2
(Fig. 10} shows the presence of a minimum
near T = 30 K, characteristic of a two-di-
mensional antiferromagnetic behavior. The
cxperimental value of p 4 (6.3 «B) deduced
from the Curie—Weiss domain above 340 K
is slightly higher than the theoretical value
of high spin Fe*" (i = 5.9 uB).

Concluding Remarks

These results show the ability of iron to
form layered structures isotypic with those
observed for superconductive cuprates. The
HREM observations show, like for lead cu-
prates, an inhomogeneous distribution of
cations, anions, and vacancies, and some-
times a strong distortion of the matrix;
moreover, the intergrowth defects observed
here suggest that the synthesis of other lay-
ered structures involving regular in-
tergrowths of singie and double rock salt
layers with triple or quadruple iron layers
should be investigated. The 5 + 1 and pyra
midal coordinations of iron deduced from

the Madssbauer spectroscopy are in
agreement with XRD results. A neutron dif-
fraction study of this phase should be per-
formed in order to understand the real ar-
rangement of oxygen atoms especially at the
level of the rock salt fayers.
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