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The extent of Pb — Bi substitution in the series of ferrates of
type 2212 is studied by XRD, SEM, EDXA, DC resistivity, DC
magnetic susceptibility, and vibrational spectroscopic measure-
ments, [t is shown that the 2212 structure has an extended field
of stability including a pure Pb representative, PbSr,Fe,0,,,; a
simultaneously Bi/Pb substituted series, Bi,_,Pb,Sr,Fe;0;, .; and
the pure Bi system Bi,_,Sr;, Fe,0,, .. All compounds are basically
antiferromagnetic and semiconducting. However, from the ob-
served discontinuity in the magnetic and electrical propertics, com-
bined with important differences in the holec conceniration, the
absence of a simple scheme of substitution follows. The correlation
between hole concentration, crystal structure, and physical proper-
ties is discussed. © 1994 Academic Press, Inc,

1. INTRODUCTION

Shortly after the discovery of high 7, superconductivity
in the new structural family of stacking polytypes Bi,Sr,
Ca,_Cu, 0y, 44, (1), attempts to prepare the correspond-
ing compounds with other transition metal ions were un-
dertaken. These studies have been successful so far for
the transition metal ions Mn, Co, Ni, and especially Fe
(2, 3). Investigations of the crystal structure (4-10) and
physical properties (11-14) of the latter series revealed
some significant diffcrences to the Bi-based cuprate,
which have their origin in the predominant trivalence of
Fe. Consequently, within the whole family the Fe atoms
arc octahedrally coordinated, thus resulting in an increase
of the total oxygen content for n > 1 from O,,,,,, (cu-
prates) to O,,,, 3, (ferrates). Similarly to the case of Bi-
based cuprates, the structurc of the ferrates is stabilized
by a partial substitution of Pb for Bi, resulting in the
formation of a complete serics (Bi, Pb),S1,Bi, . TFe, 04,4, ,
with n = 1 to 4 (2201 (8, 10), 2212 (5), 2223 (6}, and 2234
(7)), in addition to a representative of a new family of
stacking polytypes of type 3212 (15). Interestingly, in con-
trast with the cuprate family, all stacking polytypes with
the transition metal ions Mn, Fe, Co, and Ni belong to
the class of semiconductors. ‘

The present investigation studies the extent of Pb —
Bi substitution in the Fe series of the type 2212 and its
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influence on the physical properties. It is shown that the
2212 structure has an extended field of stability including
a pure Pb representative, PbSr,Fe,0q,, (a corresponding
composition is unknown in the cuprate 2212 system); a
simultaneous Bi/Pb substituted series, Bi;_,Pb,Sr,
Fe,0,.,; and the pure Bi series with a range of composi-
tion around Bi;_,Sr,, Fe,0q,,. However, from the ob-
served discontinuity in the electrical conductivity (rela-
tively low resistivity of pgr = 5 x 10! £} cm for the pure
Bi and Pb end members and nearly insulating regime
(prr = 5 x 10° Q2 cm) for the simultaneous presence of
Bi and Pb (e.g., Bi, sPb, sSr,Fe;0455)) and the magnetic
properties (variation of the Néel temperature from about
40 K (pure Pb and Bi system) to about 50 K (for simulta-
neous presence at Bi/Pb)), combined with important dif-
ferences in the hole concentration, the absence of a simple
scheme of substitution follows. It is shown that strong
fluctuations in the occupancy and distribution of Sr, Bi,
and/or Pb between the rock-salt-like layers and the perov-
skite slabs, accompanied by significant variations of the
overall ionic charge of Bi, Pb, and Fe, are responsible
for the observed differences in the physical properties.

2. EXPERIMENTAL

Samples of nominal 2212 composition (Bi, Pb, Sr),(Sr,
Bi);Fe,0q,, were prepared from Bi(NO,); - 5H,0 (DABS,
Merck), PbO and St(NO,), (p.A., Merck), and Fe (carbon-
yl-Fe, CS, BASF); in some cases (indicated in Table 1
with an asterisk) between 3 and 5% NaCl and/or NaF
was added as flux. The materials were mixed in an agate
mortar, and after the decomposition of the nitrates (2 hr/
700°C) they were heated in corundum crucibtes {Degussit
A123) in air to between 960 and 1000°C. The reaction was
interrupted several times for regrinding and X-ray analysis
(Philips powder diffractometer, CuKea radiation, Au stan-
dard). The heat treatment was stopped after no further
change was observed in the XRD. This stage was reached
after total reaction times of 100 hr (without flux) or 50 hr
(with flux). All samples were air quenched. The materials
were characterized by XRD, SEM, EDXA, DC resistivity
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TABLE 1
Lattice Constants (A"), c/a Ratio, Volume of the Tetragonal Subcell V (A%), Oxygen Content O, (Calculated for the Fixed Valences
Bi**, Pb**, and Fe**), Average Oxidation State (Ox) of Bi, Pb, and Fe, Hole Concentration h*/Formula Unit (Excess of Positive
Charge above the Distribution Pb**, Bi**, and Fe’*, Calculated from Ox), and RT Resistivity pgr (£ cm)

. h*/formula

Composition®* a(A) c (A) cla v (AY 0, OXpipo Fe unit prr (€ cm)
System Pb-Sr-Fe-0

PbSr,Fe,0, s 3.833 30.67 8.00 450.60 Oz 00 +3.37 2.10 4.8 x 10¢

PbSr,Fe,04 3* 3.840 30.66 7.98 452.10 Ogmo +3.35 2.06 2.0 x 10!

System Bi~Sr—Fe-0O

Bij 7551 35Fe,0g 5* 3.886 31.29 8.05 472.5¢ Oy 33 +3.05 0.20 1.9 x 199

Bi; 55r; sFeyOg 35 31.884 31.63 8.14 477.15 Oozs +3.06 0.26 2.4 x 10?

Biy sSry sFey0g 3™ 3.874 31.45 8.12 472.00 Og 2 +3.06 0.28 1.2 x 10°

Bl’z_gssr:‘js‘FegOg_u* 3.869 3i.68 8.19 474,22 09‘13 +3.09 0.38 2.8 x 1{!
System Bi/Pb~Sr-Fe-P

BizispbgjsrzFEZOQ_;S 3.901 31.49 8.07 479.21 09.25 +2.94 0.10 4.5 x 105

Bi,y 25Pby 1:SFe; Oy 15 3.896 31.45 8.07 471.37 Q13 +2.87 0.10 3.4 x 1P

Bi,PbSrFe,0q o ¢ 31.45 8.10° 473.95 Qg9 +2.83 0.14 5.0 X 10¢

¢ £0.005 (a); £0.05 (c). _

¢ The oxygen content is calculated with the observed Oxg;p, r,.
¢ Samples prepared by using a flux are marked with an asterisk.
4 Orthorhombic: & = 5.472; b = 5.508 A.

¢ 2V2cia + b).

{standard four-probe method}, DC susceptibility (SQUID)
measurements, IR and FIR spectra, and redox titration for
the determination of the oxygen content via the average
oxidation state of the cations (16),

3. RESULTS AND DISCUSSION

3.1. XRD, SEM, and EDXA Investigations

Ferrates of type 2212 exist simultaneously in the
Bi-frece system Pb-Sr—Fe-O, the Pb-free system
Bi-Sr-Fe-Q, and the partially Pb/Bi-substituted region
{Bi/Pb-Sr-Fe-(}}; some of the latter compounds were
first reported in {5).

3.1.1. System Pb—Sr—Fe-0. The pure Pb compound,
having no counterpart in the cuprate series, has the com-
position PbSr,Fe,O,,.. The phase crystallizes tetrago-
nally and is obtained without impurity phases as by-prod-
ucts by the use of flux, whereas with a conventional solid
state route a small admixture of impurity phases (mainly
of the Sr,PbO, type} is detectable by XRD (Fig. 1). How-
ever, the method of preparation does not influence either
the lattice constants or the oxygen content within the limit
of experimental error (Table 1). The total composition
of the black compound is confirmed by EDXA, with a
resulting value of Pbgyg St Fe,0,. The material has a
mica-like platy texture, very familiar to the series of Bi-
based cuprates. Figure 2 gives a SEM image of the surface

of a pellet of composition PbSrFe,0, 5. The preferred
orientation, with the c-axis normal to the surface plane,
is likewise observed in the XRD pattern of pressed pellets
by the strong increase in the intensity of 001 reflections.

From the observed average oxidation state of Pb and
Fe {OXp, . = +3.35), the presence of an exceptionally
high hole concentration h*/formula unit follows. Ac-
cording to the observed physical properties (cf. Sections
3.2. and 3.3.) the holes are predominantly localized. Like-
wise, a valence of +4.05 for either Pb or Fe can be calcu-
lated by assuming the simultaneous presence of either
Fe** or Pb?*. Taking into account that Fe** in its high
spin state 13,¢, is a Jahn—Teller ion, the presence of elon-
gated FeQy octahedra having their long axis is the ¢ direc-
tion of the 2212 structure is anticipated. Consequently,
the content of high spin Fe*' should be expressed by an
exceptionally high ratio for ¢/a. However, a comparison
of the c/a values of the 2212 ferrates in Table 1 gives
quite the opposite result, thus ruling out the presence of
larger amounts of high spin Fe**. In combination with the
observed eclectrical properties {(cf. Section 3.3), clectron
hopping between Fe’* and Fe* on identical octahedral
sites can be assumed, resulting in an intermediate valence
state between them. This situation is likewise realized in
ferrate perovskites of the type La, ,A,FeO; , (A = Ba,
Sr (17)). Moreover, the observed reduced c/a value, in
combination with the relatively small volume of the unit
cell (compared with the values for the Bi-containing se-
ries; Table 1), can be interpreted by the presence of Pb**
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Section of the XRD pattern for flux-free preparations of powdered samples of composition (a) PbSr,Fe;0q o5 and (b} Bi, 581 sFey0y 3.

The reflections of the 2212 phase are indicated; the impurity phases are marked by crosses.

with its relatively small ionic radius (0.775 A, CN 6 (18))
in comparison with the values of Pb** (1.19 A), B** (1.03
A), and Sr?* (1.18 A). The observed oxygen content is
within the limit of experimental error, in agreement with
the ideal value Oy g, of type 2212. Therefore, the presence
of a modulated superstructure, based on the insertion of
oxygen in the rock-salt-like layers is very unlikely.
Structural calculations were performed from XRD data
of flux-free prepared PbSr,Fe,O, for the space group 14/
mmm according 1o the results for the 2212 ferrate
Bi, sPby sS1.Fe,0q, . (5). With the refined atomic positions
of Table 2 the reliability factor, R;,, = 2 I, — I.|/ZL, is
12.3%. The observed and calculated intensities are sum-
marized in Table 3. From these results the validity of the
2212 structure for PbSryFe,0qis confirmed. The Pb atoms
(Pb(1)) occupy exclusively the rock-salt-like layers in
combination with a similar amount of Sr (Sr(1)). From
the observed occupancy values of Pb(1) and Sr(1) a slight
deficiency in Pb results, most probably indicative of a
minor Pb loss due to volatilization. This observation is
in agreement with the EDXA data, Correspondingly, the

Pb deficiency was compensated for by Sr. In the perov-
skite slabs, in addition to the iron atoms, only Sr (Sr(2)
and (3)) is found. Whereas the sites of Fe and Sr(3) are
completely filled, for the position of Sr(2) a deficiency
of 25% is observed. Furthermore, an unexpected high
temperature factor B = 2.0 for the oxygen atoms O2) in
the same Sr(2)-O(2) layer is indicative of disorder and/
or additional atomic displacements within the x/y plane.
In the latter direction points the extremely short Fe—0(2)
distance of 1.17 A in comparison with the values of 1.95
and 2.29 A for Fe—0O(1) and Fe—O(4), which fall within
the usual range. Although not very accurate due to the
low oxygen scattering factor, the observed variations in
the Fe-O distances along the ¢ direction (Fe~(O(2) and
Fe—O(4)) are extreme compared to the corresponding vai-
ues for the 2212 ferrate Bi, sPby sSr,Fe, O (5) of 1.80, 1.67,
and 1.96 A for Fe—0(2), Fe~0(4), and Fe-O(1); this is
most probably indicative of a tilting of the FeO, octahedra
in the present pure Pb compound. Another pronounced
difference between the structure of Bi, sPb, ;Sr,Fe,0q and
that of PbSr Fe,Oq consists in the reduction of the distance
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Sum
FIG. 2. SEM of the surface of a pellet of (a) PbSr,Fe,054; and (b} Bi, ;57 sFe,Oq 59,

between the two rock-salt-like layers from 5.56 to 5.02
A. From a detailed comparison of the cation oxygen dis-
tances of 2.04 A for Pb(1)/Sr(1)~0(3) or 3.01 A for Bi(1)/
Pb(1)-0Q(3), and 2.62 A for Sr(2)-0(3) or 2.55 A for Sr(1)/
Bi(2)-0(3), it follows that the reduced extension of the
Sr(1)/Pb(1)-0 layer is responsible for the observed
shrinkage; this is easily explainable by the anticipated
presence of Pb** (see above).

3.1.2. System Bi—Sr-Fe-(. For the pure bismuth fer-
rate the ideal composition Bi,Sr;Fe,Oy4, is expected
(19-21). However, we have been unable to prepare homo-
geneous materials of this composition by using either dif-
ferent solid state routes or several fluxes. From numerous
experimental results it foltows that the pure bismuth fer-
rate has a range of composition around the Bi-rich formula
Bi;_,Sr,. Fe,0,,,. The phase boundaries were deter-
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TABLE 2
PbSr,Fe;0,: Atomic Coordinates and Isotropic Thermal
Displacement Parameters B (Az) Refined from Powder XRD Data

Atom Site x ¥ z Occupancy B

Pb(1) 4e 0 0 0.2940 0.45 0.0
Sr(1) 4e 0 0 0.2540 0.55 0.0
Sr(2) de 0 0 0.1303 0.75 1.0
Sr(3) 2a ] ] 0 1.00 0.0
Fe 4e 0 0 0.4255 1.00 0.5
o 8g 0.5 0 0.4365 1.00 0.0
O2) 4e 0 \] 0.3875 1.00 2.0
0(3) 4e \) \) 0.2160 1.00 0.0
0O4) 2b 0 0 0.5 1.00 0.0

Note, Space group f4/mmm; Ry, = Z |I, — L[/Z I, = 12.3%.

mined in steps of 0.25x, where 0.25 = x = .75, For the
synthesis, the solid state route and the flux method were
simultaneously employed. The latter results in completely
homogenous materials, whereas in the former case a small
admixture of impurity phases (mainly a perovskite phase
of type (Sr, Bi)-(Fe, Bi)O,,,) is observed in the XRD
{Fig. 1). Similar to the pure Pb system neither the lattice
constants nor the analytical data are meaningfully influ-
enced by the method of preparation. All members of the

TABLE 3

Observed (I,) and Calculated Intensities (I.) for PbSr,Fe,0,
Aok I, I Wk Iy I
00 2 24 44 I 0 15 0 12
00 4 0 24 206 0 0
0 0 6 50 5 2 0 8 0 b
00 8 1 21
L o ll 18 24 5 11 0 1
1 0 3 151 148 0 0 18

1 05 86 87 i1 14
¢ 0 10 111 109 i 23 185 191
1 07 983 1000 2.1 3

1 10 607 630 125

112 8 65 2 1 5} 10 32
0 0 12 1 0 17

11 4} 70 50 2 0 10} 131 152
1 0 9 1 2 7

116 0 4 21 7] 328
i 0 11 28 15 I 1 16 10 5
1 1 8 8 7 0 0 20
0 0 14 157 126 2 0 12

1 1 10 225 218 219 46 32
1 0 13 70 10 1 29
0 0 16 1 0 19 28 18
20 0} 332 328 12 1 12 s
2 0 2 0 4 2 1 11

1 1 12 I 1 18
70 4 40 68 2 0 1 4} 129 122

pure Bi series are black and crystallize tetragonally {(Table
2), and the observed extinctions are in agreement with
the space group f4/mmm. With decreasing Bi content the
lattice constant g is slightly reduced, whereas the c-axis
expands. In the same direction the average oxidation state
of Bi and Fe goes slightly up. However, the total oxygen
content decreases, demonstrating that the increase of
Oxp; r is Overcompensated for by the simultaneous reduc-
tion of the content of Bi. Nevertheless, an excess of oxy-
gen is present within the entire series, indicating the possi-
ble development of a modulation within the rock-salt-like
layers, due to the insertion of the additional oxygenatoms.
In the pure Bi system an excess of positive charge (h*/
unit cell) is present, localized on either the cations or the
oxygen anion. The latter situation was recently observed
in the system La,_, Sr,FeQ, (22).

The compounds of the Bi series are characterized by
a platy, mica-like texture, similar to that of the pure Pb
(see above) or the Bi/Pb-substituted system (5). Figure 2
shows a SEM image of a surface of a pellet of composition
Bi, ;Sr, ;Fe,Oy 3,. The preferred orientation of crystallites,
a typical behavior of Bi-based stacking polylypes with
the c-axis lying normal to the surface plane, is likewise
expressed by the huge increase of the 001 reflections in
the XRD pattern of pressed pellets.

3.1.3. System Bi/Pb-Sr-ie—0. The composition of
the members of the partially Pb — Bi-substituted system
can be expressed by the general formula Bi;_,Pb,Sr,
Fe,0y,,. Thus, the observed composition is directly cor-
related to the pure Bi-Sr-Fe-O system (Bi,_,Sr,Sr,
Fe,0,, ; cf. Section 3.1.2) and confirms likewise the non-
existence of a hypothetical Sr-rich composition (Bi,
Pb),Sr;Fe,0,, even in the case of Pb substitution. Similar
to the pure Bi systeminthe Bi/Pb series, the 2212 structure
needs stabilization; it is stabilized by a partial substitution
of Bi by Pb, whereas for the pure Bi system Sris used. For
asmall substitutionrate ( y =0.75) theunit cellis tetragonal;
however, for y = 1.0 a small orthorhombic distortion takes
place (Table 1). The average oxidation state of Bi, Pb, and
Fe is always below +3 and decreases with increasing Pb
content, Note that the total oxygen content only slightly
exceeds the calculated value of O,. Consequently, the real
charge distribution is near the assumed fixed values of Bi**,
Pb?", and Fe*' for the calculation of Q,, and the hole con-
centrationis low. In the same direction points the relatively
high electrical resistivity (cf., Section 3.3) in combination
with the observed dark reddish color of the Bi/
Pb-Sr-Fe—0 system. This coloration is in contrast with
the black colorof the pure Pband Bi series. Fromthe diffuse
reflectance spectra of the Bi/Pb series a band gap of about
2eViscalculated, a typical value for antiferromagnetically
ordered iron oxides (23).

Contrary to the pure Pb system, the rock-salt-like layers
are exclusively occupied by Bi and Pb (not distinguishable
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by X-rays due to the identical scattering factors). Interest-
ingly, the remaining Bi/Pb and the Sr atoms do not have
an orderly distribution over the sites 2a (between the FeQ,
octahedra) and 4¢ (at linkage between the rock-salt and
perovskite slabs) but are present purely statistically on
both positions in the ratio 2:1 (5).

3.2. Magnetic Properties

The temperature dependence of the magnetic suscepti-
bility was measured after pellets of the 2212 materials
were cooled in zero field (ZFC) from room temperature
(RT) to 5 K. Then a field of 0.1 T for PbSr,Fe,0,,, and
1.0 T for the series Bi,_,Sr,, Fe,0,,, was applied while
they were warmed to 300 K. Without changing the field
the measurement was performed by cooling the sample
in a field (FC). Some examples are shown in Fig. 3.

In the ZFC regime for all samples a maximun is ob-
served around 30-50 K. For all compounds the magnetiza-
tion in the FC regime is larger than in the ZFC one. The
irreversibility starts around the temperature where the
maximum occurs. From the observed temperature depen-
dence one can conclude that the materials are basically
antiferromagnetic with Néel temperatures corresponding
to the irreversibilities in the FC regime. Additionally,
the observed small variations of Ty within the Bi system
Bi;_,Sr,,,Fe,0q,, reveals the absence of meaningful fluc-
tuations in the valence state of Fe. This finding is in
agreement with the observed, nearly constant average
oxidation state Ox.

Many aspects of the observed magnetic behavior of the
pure lead and bismuth ferrates of type 2212 resemble those
of the analog Fe-based stacking polytypes of type 2201 Bi
PbFe,_ M O, , (M = Co, Ni(11)}, likewise basically char-

acterized as antiferromagnets without sharp peaks in the
temperature dependence of the susceptibility. For single
crystals of BiPbSr,MnO, a similar observation was re-
cently explained by the lack of structural modulation (24).

For the 2212 materials of the Bi/Pb series, (Bi,_,Pb,)Sr,
BiFe,0q, ., the magnetic properties were studied by Moss-
bauer spectroscopic measurements for x = 0.5 (12). It
is shown that the material is likewise antiferromagnetic.
However, in contrast with the pure Pb and Bi systems,
the Néel temperature is situated at 512 K, significantly
above RT, The valence of Fe is mainly +3.

Most likely, the reduced number of charge carriers (h*/
formula unit in Table 1), combined with their low mobility
(cf. Section 3.3), is responsible for the increase of Ty in
the Bi/Pb system. The pure Pb and Bi systems with a
higher number of holes are characterized by an enforced
hopping conductivity. Consequently, for charge localiza-
tion, an important condition for the deveiopment of anti-
ferromagnetism, a decrease of temperature to much lower
values than in the Bi/Pb case is necessary.

3.3. Electrical Properties

According to the analytical investigations all ferrates of
type 2212 contain an excess of positive charge carriers (h*/
unit cell; Table 1). From the measurement of the tempera-
ture dependence of the electrical resistivity it follows that
uniform semiconductivity is present (Fig. 4). However, for
a fixed temperature the values of p vary by about a factor
of 10%. For demonstration the ppy values are indicated in
Table i. As with the smallest values of h*/unit cell, the
highest resistivity is present for the simultanecus incorpo-
ration of Bi and Pb (series Bi/Pb=Sr—Fe-0). The pure Pb
and the pure Bi systems are characterized by significantly
lower values due to the higher hole concentration.
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From a plot of In p vs 1/T it follows that all ferrates
deviate from Arrhenius behavior. Consequently, no sim-
ple thermally activated process is present over the whole
temperature region. However, for smaller sections the
observed temperature dependence can be approximated
by p = p, e %*. For the activation energy E, of
PbSr,Fe,0, 5, values between 0.12 eV (130-160 K) and
0.18 eV (170-295 K); for Bi; 55812 5sFe,04 35, between 0.17
eV (170-190 K) and 0.21 eV (200-240 K); and for Bi,Pb
Sr,Fe,0q4;, between 0.13 eV (240-255 K) and 0.14 ¢V
(270-285 K} have been found. Attempts to fit the tempera-
ture variation of the resistivity by the form p = exp(7,/
T)'"" with n = 2—4 also failed within the whole temperature
region. Similar behavior was observed for ferrates of the
type 2201 (2).

Analysis of the resistivity measurements indicates that
the main difference between the Bi/Pb series and the pure
Pb or pure Bi system is based on the reduced number of
h* in the former. Consequently, for the pure Bi system
the smaller values of p are combined with an increase
of h™/unit cell. However, for the pure Pb compound an
additional decrease of p should be expected by consider-
ing the high value of h*/unit cell. From the absence of
this effect it follows that the holes are predominantly
localized (as Pb**).

3.4. Infrared Spectra

The infrared spectra are analyzed on the basis of the
spectroscopic unit cell for ferrates of the 2212 type (space
group f4/mmm — D}] (atomic positions in Table 2) with
one formula unit A,B,MFe,04. Factor group analysis (25)

leads, with k& = 0, to the total amount of irreducible repre-
sentations

T, = 6A,, + B,, + TE, + 84,, + B,, + 9E,

(including the translations 4,, + E,)-

For the ferrates of the 2212 type, well-developed infra-
red spectra are observed, in agreement with the semicon-
ducting properties of the materials. Metallic conductors
are characterized by a continuous absorption (26, 27).
From the expected 12 IR-active vibrations 74,, and 8E,
a maximum of eight bands can be separated in the
Bi-Sr-Fe-O and Bi/Pb-Sr-Fe-0 systems. denoted as
v;—wg and listed in Table 4. Some examples are given in
Fig. 5. From a comparison with the vibrational spectro-
scopic data of other perovskite oxides (28) it follows that
the higher-energetic frequencies v,—v, are typical of vibra-
tions within the framework of FeOQ, octahedra, whereas
the lattice modes of the heavier atoms Sr and Bi are
situated at lower frequencies (¥,~rg). For the Bi-con-
taining systems Bi~-Sr—Fe-0 and Bi/Pb-Sr-Fe-0 the po-
sition of the vibrational modes »,—pg is practically con-
served. Consequently, their crystal structures are
deduced to be very similar. In the pure Pb system a sig-
nificant shift of »,, v,, and v;, assigned predominantly as
vibrations within the FeO, framework, is present, thus
indicating modifications in the bonding system of the 2212
structure due to the higher hole concentration. In
agreement with the results of the structure determination,
the magnetic and electrical measurements suggest that
the holes are predominantly localized in the form of Pb**.
In the case of a hole localization at Fe** a higher energetic
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TABLE 4
IR/FIR Vibration Modes (cm™')

Composition v, v; ¥y I s Vg vy Vg
PbSr,Fe,0q g5 670 595 430 —b——> 180 90
Bi; 75513 35 Fe;04 44 720 605 470 390sh 300b 230sh 175 105
Bi; 5513 sFey0g 35 720 605 475 390sh 300b 240sh 175 105
Bi; 3551 35Fe;,0q 32 710 605 475 — 300b 240sh 180 110
Bi, {Pb, :Sr;Fe; 0y ;55 715 600 470 390sh 290b 225 160 130sh

¢ sh = shoulder, b = broad.

shift of v,—v, is expected as a consequence of a covalence
of the Fe*"—Q bond, which is stronger than that of the
Fe**—0 bond. In the region v, ill-resolved broad bands
are observed due to strong coupling between the lattice
modes as a result of the simultaneous occupancy of the
sites 4¢ and 2a by Sr atoms.

4. CONCLUSIONS

Ferrates of the 2212 type show an extended field of
stability for Pb — Bi substitution, including a pure Bi
series Biy Sr,, Fe 0y, ., Bi/Pb substituted materials
Bi,_,Pb,Sr;Fe;,0,,,, and a pure Pb compound
PbSr,Fe,0,.,. For the structurally strongly related super-
conducting 2212 cuprates Bi, Pb,Sr,CaCu,0q,, a similar
extended range of composition is unknown, attaining a
maximum Pb content of x = 0.6 (29}. Consequently, for Bi-

and Bi/Pb-based ferrates and cuprates in the rock-salt-like
layers between the perovskite slabs mainly Bi and some
Pb are likewise present. However, in case of ferrates there
exists a second possibility, exclusive occupancy by Pb and
Sr. Moreover, additional important differences between
ferrates and cuprates consist in the predominant trivalence
of Fe, which is exclusively octahedrally coordinated by
0xygen, in contrast to a quadratic pyramidal coordination
of Cu with an average oxidation state near +2.2. Similarly
to the cuprate case, ferrates are characterized by a certain
content of holes. However, the charge carriers are predom-
inantlylocalized, resulting in semiconductivity and antifer-
romagnetism.
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