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The crystal and magnetic structures of the antiferromagnetic mineral hematophanite, PbyFe;OgCl, and its
bromide analogue PbsFe;OgBr have been studied over the temperature range 10-650 K using neutron powder
diffraction. The materials consist of truncated PbsFe;Og triple perovskite blocks separated by a CsCl-type Pb,X
(X=CI or Br) layer. The basal oxygen of the central FeOg4 octahedra exhibits disorder consistent with alternate
clockwise/anticlockwise rotations around the c-axis; the degree of rotation increasing upon cooling for both
materials, Ze. from 10.3° at 650 K to 12.8° at 10 K for PbyFe;OgBr. The order of the Fe moments evolving as a
function of temperature has allowed the Tnee (Tn) of PbyFe;OgBr to be determined for the first time as

600(5) K, a value within experimental error of the 7y for PbyFe;OgCl. The moments are coupled
antiferromagnetically along all three crystallographic directions, resulting in a magnetic structure related to that
of the nuclear structure by amag=\/2amlC and Cmag =2c¢nue. The magnetic structure is refined with spins
perpendicular to the c-axis, giving ordered moments of 3.94(3) ug for PbsFe305Cl and 4.10(3) up for
Pb,Fe;04Br at 10 K consistent with the presence of high spin Fe’ ™.

Introduction

The structure of the rare mineral hematophanite, PbsFe;OgCl,
was first studied by Rouse! who assigned a non-centrosym-
metric space group P4mm to the mineral. Further studies on
synthetic Pb,Fe;04Cl by Pannetier and Batail® using single
crystal X-ray data concluded the material crystallises with the
centrosymmetric space group, P4/mmm. A subsequent °'Fe
Moéssbauer investigation by Emery et al.® revealed the onset of
antiferromagnetic order within the Fe spins at a
Tneer ®602 K. The material contains an incomplete triple
perovskite PbyFe;Og block, with two FeOs square pyramids
connected through shared apical oxygens to an FeOg
octahedral site. This arrangement is similar to that found in
the well known high T, material, YBa,Cu;0,_s (YBCO) and
has recently been the focus of several investigations in the Fe
substituted, YBCO derivatives, RBa,Fe;Og, s (R=Y, Dy and
Er).*® The higher oxidation states favoured by iron in
comparison with copper result in full occupancy of all the
oxygen sites within these materials. Consequently the Fe ions
corresponding to the Cu-chain site are arranged in layers of
apex sharing octahedra rather than square planar chains.
Neutron powder diffraction*® and Mossbauer studies’
revealed the Fe moments order antiferromagnetically with
TNécl ~ 650 K

In contrast to the lanthanide ion within the RBa,Fe;Og. s
triple perovskites, an unusual CsCl-type Pb,Cl interleaves the
magnetically ordered Fe portion of hematophanite. A similar
layer has been reported in the lead based cuprate
Pb;Sr;Cu304Cl by Cava et al.” and more recently Rukang
synthesised three structural analogues of hematophanite,
szszCUzTﬁOgCl,g szB&zCUzTaOgcl and szBachlsz-
04Cl° These materials contain CuOs square pyramids
connected through pentavalent MOg octahedra, an arrange-
ment commonly observed in the 1212-type superconducting

tElectronic supplementary information (ESI) available: details of
refined crystallographic parameters and bond lengths for all tempera-
tures. See http://www.rsc.org/suppdata/jm/b1/b102092g/

2350 J. Mater. Chem., 2001, 11, 2350-2357

cuprates.'®!! Further work on these lead halide materials by
Crooks et al. extended the series with the isolation of Sb>* and
Sr/Br derivatives.'?

In this paper we present the results of a temperature
dependent study of hematophanite, and its bromide analogue
PbsFe;04Br, using neutron powder diffraction. Data has been
collected in the range 10-650 K allowing the temperature
dependence of the Fe-O coordination to be accurately
determined whilst simultaneously monitoring the evolving
magnetic structure. The structural data is discussed in relation
to the magnetic behaviour of the materials and comparisons
with the related RBa,Fe;Og. s phases are made.

Experimental
Synthesis

Stoichiometric amounts of high purity oxides (=99.95%) PbO,
Fe,03 and the lead halides PbX, (X=CI, Br) were intimately
mixed and heated in alumina crucibles at 550 °C for 12 h. The
samples were then pelletised under ~8 ton cm 2 and reacted
for 24h at 650°C. The phase purity of the powders,
Pb,Fe;05Cl (rusty orange) and PbsFe;OgBr (rusty red), was
confirmed using a Siemens D5000 diffractometer operating
with Cu K,; radiation.

Powder X-ray diffraction

Further PXD data were collected in the 20 range 17-117° using
a step size of 0.02° and a count time of 12 s. Structural
refinement using the Rietveld method'* and GSAS program,'*
in the space group P4/mmm, was then performed using the
atomic positions reported by Pannetier and Batail® as a starting
point (Br replacing Cl for PbyFe;OgBr analysis). Accurate cell
parameters were determined and phase purity confirmed.
Introduction of atomic coordinates and thermal parameters
revealed deficiencies in the structural model with particularly
high temperature factors associated with the Fe(2) and O(3)
atoms, iLe. the octahedral Fe position and the neighbouring

DOI: 10.1039/b102092g

This journal is © The Royal Society of Chemistry 2001



in-plane oxygen. The results are indicative of site disorder and
it is noteworthy that an anomalously high thermal parameter
for the O(3) atom was also observed by Pannetier and Batail in
their single crystal X-ray study of PbyFe;05Cl.? The limitations
of X-ray diffraction in accurately locating oxygen positions led
us to collect and analyse powder neutron diffraction (PND)
data on the materials.

Neutron powder diffraction

The samples (~ 15 g) were placed in 17 mm diameter vanadium
cans and room temperature data collected on the high
resolution diffractometer, D2B, at the Institut Laue Langevin
(ILL), Grenoble, operating with the optimum wavelength
4=1.594 A. Low temperature scans (10 and 150 K) were
performed in a standard ILL cryostat and high temperature
runs (400, 450, 500, 520, 540, 560, 580, 600 and 650 K) using a
niobium furnace. A temperature stability of +2K was
maintained throughout the range. The size of the samples
and the large scattering cross sections of Pb and Fe meant a
collection time of 1 h at each temperature was adequate.

Results
Crystal structure refinement

The powder patterns were analysed using the GSAS program'
with the nuclear scattering lengths taken to be Pb=9.40,
Fe=9.54, Br=6.79, C1=9.58 and O=5.81 fm."” Initial cycles
introduced background parameters, histogram scale factor,
profile coefficients and lattice constants to give a reasonable fit
to the data. However, additional intensity arising from the
antiferromagnetic order of the Fe spins (particularly strong at
high d-spacings and low temperatures) was apparent for both
materials in scans run below 600 K. The reflections were found
to be consistent with a magnetic cell related to that of the
nuclear structure by amagz\/2anuc and ¢mag=2cnyc and were
fitted by introducing the magnetic model as a second phase.
Further details of the refinement of the magnetic structure are
given in the following section. Analyses of the crystal structures
proceeded with the variation of positional and thermal
parameters for the individual atoms. The temperature factors
all refined to acceptable values with the exception of the O(3)
oxygen, that lies in the basal plane of the Fe(2)Og octahedra.
The thermal parameter (Bj,) refined to an unacceptably high
value of ~8 A at 10 K for both PbsFe;05Cl and Pb,Fe;OgBr.
Such a value is incompatible with the low temperature of data
collection and indicates positional disorder or possible partial
occupancy of the site. The latter scenario was checked by
allowing the fractional occupancy of the O(3) atom to vary,
however this had a negligible effect on the least squares
statistics and the site remained at full occupancy within
experimental uncertainty. In contrast the introduction of an
anisotropic temperature factor for the oxygen produced a
significant improvement in the fit, revealing a large (f1=
24.5 A for PbsFe;04Cl) component along the x-direction. The
scattering from this site was therefore modelled by displacing
the atom along x on to a half occupied 4o site, (x,%,"2) with
x=0.1. This arrangement refined smoothly to produce realistic
positional and thermal parameters and was repeated for all the
data sets. Similar displacements are commonly observed in
multilayer perovskites'®'? and in this case represent a rotation
of the rigid FeOg4 octahedra about the c-axis. In the absence of
appreciable oxygen deficiency weak \/2a><\/2a superlattice
peaks arising from extended regions of correlated clockwise/
anticlockwise rotations are sometimes observed using neutron
diffraction.!®!! However, the PbsFe;0¢X materials are unu-
sual since at temperatures below 600 K the ordered Fe
moments lead to a \/2a X \/Za x 2¢ magnetic cell giving
magnetic peaks coincident with possible oxygen superlattice

Table 1 Refined structural parameters for PbsFe;OgX, X =CI and Br,
at 295 K. Space group P4/mmm, no. of observations =2868, no. of
variables =42, and Z=1

Atom Site  (x,3,2) PbsFe;03Cl1  PbyFe;OgBr
Pb(1) 2h (Y%, z)  BIA? 0.61(3) 0.59(3)

z 0.1197(1) 0.1268(1)
Pb(2) 2h (Ya, Yo,z BIA? 0.86(3) 0.85(3)

z 0.3800(1) 0.3823(1)
Fe(1) 2¢ (00,2 BIA? 0.44(3) 0.40(3)

z 0.2443(1) 0.2490(1)
Fe(2) 1b (0,0,%) BIA? 0.43(4) 0.41(3)
o(l) 4i (0,'%,2) BIA? 0.69(3) 0.71(3)

z 0.2110(1) 0.2165(1)
0(2) 2¢ (0,02 BIA? 1.05(5) 0.96(4)

z 0.3669(2) 0.3688(2)
0(3) 40 (x,%,%5)  BIA® 0.70(6) 0.59(6)

X 0.1069(8) 0.1052(8)

n 0.5 0.5
X la (0,0,0) BIA? 1.51(6) 1.09(6)
alA 3.91476(7) 3.92347(4)
c/A 15.3088(3) 15.5687(2)
wpg® 3.55(3) 3.52(3)
R, (%) 4.76 5.04
Ryp (%) 6.40 6.81
e 1.35 1.56

“Magnetic unit cell: space group Imm’'m; amg=bmag=\/2anuc and
Cmag=2Cnuc;  |Hl=py, w,=p-=0. Refinement constrained to p.
Fe(1)=p, Fe(2).

reflections. Further comments on the presence or otherwise of a
supercell within the compounds, and the structural implica-
tions of the split O(3) site are made in the discussion.

The final stages of the refinements probed the occupancy of
the oxygen sites but they did not show a statistically significant
(>30) decrease. The refined structural parameters of the two
materials at room temperature are listed in Table 1, and
selected interatomic distance and bond angles shown in
Table 2. The final fit for PbyFe;0gCl at 10 K is shown in Fig. 1.

Magnetic structure refinement

The onset of antiferromagnetic order in PbyFe;OgCl at a
Tn~602 K,* indicated that the additional reflections in data
sets recorded below 600 K were due to the ordered Fe
moments. The peaks were found to be consistent with a
magnetic cell related to that of the nuclear structure by the
transformation matrix (10/110/002). This behaviour is identical
to that observed by Karen er al.® in their investigation of the
related RBa,Fe;0g s triple perovskite series in which nearest

Table 2 Selected derived bond distances (A) and angles (°) for
PbyFe;0gX, X=Cl and Br at 295 K. For Pb(1)-X-Pb(1) bonds (see
also Fig. 6)

Bond Pb4F6303C1 Pb4FC3OgB1‘

Pb(1)-0O(1) 2.4048(15) 2.4083(15) x4
Pb(1)-X 3.3198(10) 3.4050(11) x4
Pb(2)-0O(1) 3.244(2) 3.242(2) x4
Pb(2)-0(2) 2.7753(3) 2.7823(3) x 4
Pb(2)-0(3) 2.397(2)/3.003(3) 2.399(2)/2.999(3) x4
Fe(1)-O(1) 2.0226(7) 2.0256(7) x4
Fe(1)-0(2) 1.879(4) 1.866(4) x 1
Fe(2)-0(2) 2.037(3) 2.043(3) x2
Fe(2)-0(3) 2.0016(7) 2.0047(7) x 4
O(1)-Fe(1)-O(1)  150.83(15) 151.14(14)
0(3)-Fe(2-03)  155.9(2) 156.2(2)

Pb(1)X-Pb(l)  67.01(5) 70.87(5)

Pb(1)-X-Pb(l) i 72.26(3) 70.36(3)
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Fig. 1 Final fit to the neutron powder diffraction data of PbyFe;05Cl
collected at 10 K. Data points are marked as crosses, profile fit as the
upper continuous line and difference as the lower continuous line. The
lower (upper) set of reflection markers refer to the nuclear (magnetic)
structure. Inset shows fit achieved to most intense 103 and 105 magnetic
reflections.

neighbour Fe moments are coupled antiferromagnetically
along all three crystallographic directions with spins lying
perpendicular to the c-axis. Adopting this model results in the
magnetic symmetry of the PbsFe;OgX materials becoming
orthorhombic, space group Immi’'m.

The magnetic model was introduced into the refinements as a
secondary phase using a calculated magnetic form factor for
Fe*+.1° The orientation of the iron spins within the xy-plane
cannot be determined in our powder diffraction experiment
and was therefore fixed arbitrarily along the a-axis. Initially
the Fe moments of the two sites were constrained to be equal.
This arrangement refined to give ordered components of
Ux=3.94(3) ug and p, =4.103) up at 10 K for PbyFe;04Cl and
PbyFe;OgBr respectively, and good agreement between
observed and calculated magnetic intensities (see inset to
Fig. 1). Attempts to vary the individual moments of the two
sites produced the following results; for the PbsFe;OgBr
analyses the Fe(l) and Fe(2) moments remained within
experimental uncertainty but for the PbsFe;O4Cl refinements,
they diverged to give an unrealistically high value of 5.92(4) ug
on the octahedral Fe(2) position and 2.61(3) ug for Fe(1) at
10 K. The disparity most likely reflects the high degree of
correlation between the two parameters and therefore the
values presented were those obtained from the constrained
refinement. The presence of a z magnetic component can not be
ruled out from our analysis, however refinements performed
with the moment aligned solely along z produced a deteriora-
tion in the fit indicating that the adopted model is an accurate
representation of the magnetic order within the materials.

The expected decrease in the magnitude of the antiferro-
magnetic moment (uar) occurred with increasing temperature.
Fig. 2 shows the temperature dependence of the normalised
intensity of the strongest magnetic reflection, the 103, for the
materials whilst Fig. 3 plots the refined uar values as a function
of temperature. It should be noted that above 560 K the
magnetic intensity diminished rapidly, leading to increased
uncertainty in the derived moments.

Discussion

The large amount of data collected on the two materials
necessitates the division of the discussion into four sections:
First the main points of the crystal structure determination are
discussed, second the structural differences arising from
replacing the Pb,Cl layer with Pb,Br are highlighted. Third
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Fig. 2 Temperature variation of the intensity of the magnetic reflection
103 (nuclear 1/2, 1/2, 3/2) for PbyFe305X (X=Cl and Br).

the temperature dependences of both structures are analysed
and finally results of the magnetic refinement are presented.

Crystal structure

The truncated triple perovskite block within hematophanite
and its bromide analogue PbyFe;OgBr exhibit a high degree of
structural distortion (see Fig. 4). In particular a significant
horizontal displacement of the basal O(3) oxygen ~0.5 A of
the central Fe(2)O¢ octahedra is observed. Table 2 shows the
distortion reduces the in-plane O(3)-Fe(2)-O(3) bond angle
from the ideal 180° to a value close to 156° for both materials at
room temperature. Physically the displacement represents a
rotation of the Fe-octahedra about the c-axis, e.g. by ca. 12° for
both compounds. The disorder is believed to be a consequence
of the structure alleviating bond strain. It has the effect of
lengthening the in-plane Fe(2)-O(3) distances for a fixed a
lattice parameter; e.g. for PbyFe;OgCl at room temperature an
ideal O(3) site of (0,%,%) would produce an Fe(2)-O(3)
distance of 1.957 A (i.e. a/2) but with the displacement this
increases to 2.004 A. Bond valence calculations'’ show the
elongation of the Fe-O basal interaction is more compatible
with Fe’™ occupying the octahedral site. Without the
disordered position calculations predict an Fe valence of 3.30
for PbyFe;05Cl and 3.28 for PbyFe;OgBr, with the split site this
drops to 3.03 and 3.02 for the chloride and bromide materials
respectively.

Displacement of the basal oxygen in the MOg octahedra of
the same magnitude has been observed in the cuprate
hematophanite analogues, Pb,(Ba/Sr),Cu,M'OgX, M’'=Nb,
Ta, Sb; X=Cl, Br>!? and similar structural disorder is com-
monly reported in multiple B cation cuprate perovskites.'™'® In

50

0 100 200 300 400 500 600 700
TK

Fig. 3 Temperature dependence of the ordered Fe moment (15 ) in the
PbyFe;05X (X=Cl and Br) materials.



Fe(2)Og distorted
octahedra

Fig. 4 The structure of PbyFe;O3Cl. The square pyramidal Fe(1) and
octahedral Fe(2) positions are shown bonding to their respective
oxygen atoms in the top half of the diagram and the chloride ion is
shown bonding 8-fold to the lead atoms forming a Pb,Cl layer.

these materials the disorder may arise due to the incompat-
ibility of the sizes of the cuprate and other B cation layers or be
caused by the highly charged, strongly polarising B’ cation.
These explanations do not account for the oxygen disorder
observed in the triple Fe-O perovskite block in the materials
currently under investigation. A more likely origin of the
disorder is the requirement of nominal Fe** to adopt two
distinct geometries. The displacement may provide a way of
reconciling the shorter planar Fe-O interaction of the Fe(1)Os
square pyramids with the basal plane of the Fe(2)O¢ octahedra.
Alternatively, the distortion may be a result of the Pb(2) ion
preferring to adopt a non-regular environment. Whatever the
exact reason for the O(3) displacement it is interesting that
comparable disorder has not been observed within the basal
FeO, plane of the equivalent FeOg octahedra in the
RBa,Fe;0g.4 5 phases.6

Introducing the split site within P4/mmm symmetry corre-
sponds to a fully disordered situation, i.e. a 50 : 50 arrangement
of clockwise and anticlockwise rotations. It is unlikely that
such disorder occurs over a very short-range within the
materials, as it would require significant distortions of the
corner sharing octahedra. Instead extended regions are likely to
exist where neighbouring octahedra rotate in opposing
directions as shown in Fig. 5. If the domains are large
enough then such behaviour may lead to the observation of
superlattice reflections. The presence of magnetic intensity
complicates the situation for the PbyFe;OgX materials and
places added importance on the data collected at 650 K,
~ 50 K above the antiferromagnetic transition. Careful inspec-
tion of this data for both materials has revealed no evidence of
supercell reflections, indicating that the size of the alternating
clockwise/anticlockwise domains must be limited to at most a
few hundred Angstroms before the phase of the rotations is
reversed. Previous neutron diffraction studies on the related
Pb,(Ba/Sr),Cu,M'OgX phases (M'=Nb, Ta and Sb) revealed

FEOG
octahedra

Fig. 5 Schematic model for the rotations of the FeOg octahedra around
¢ in the PbyFe304Cl structure. The diagram shows a domain of
oppositely aligned octahedra.

rotations of the MOg octahedra, by ~12° for Ba and ~ 14° for
Sr derivatives, but also failed to detect supercell intensity. !>

This behaviour is somewhat different to that reported for the
YBCO related superconductor, RuSr,GdCu,0g.!" This com-
pound contains regions of zigzagging RuOg octahedra which
give rise to weak \/Za X \/Za x ¢ superstructure peaks in both
neutron and electron diffraction data.!''® This observation
probably reflects differences in the microstructure of the two
types of materials. At elevated temperature increased thermal
motion will result in a fully disordered configuration for both
materials, however quenching the PbsFe;0gX samples rapidly
in air effectively freezes in the disorder. Conversely the
prolonged oxygen annealing and slow cooling employed in
the synthesis of the ruthenium-cuprate is likely to promote
oxygen ordering, giving rise to domains of a particular sense of
rotation large enough to be observed by neutron diffraction. In
addition the weaker interactions involving the Pb(1)-halide
layer will lead to more stacking faults along the c-direction
within the PbyFe;OgX compounds, further reducing three
dimensional structural correlations necessary for observation
in diffraction experiments.

In contrast to the horizontal distortion within the Fe(2)-O(3)
plane, the square pyramidal Fe(1) position lies approximately
0.5 A above/below the O(1) basal plane, giving a O(1)-Fe(1)-
O(1) bond angle ~151° for both materials. Bond valence
calculations performed on this site reveal a marked difference
between the valence of the octahedral Fe(2) (3.03 and 3.02
valence units for Cl and Br, respectively) and pyramidal Fe(1)
(2.60 and 2.71 respectively). Such a low valence for Fe(1) might
imply that further anions are required in its coordination
sphere, however, this is unlikely given the proximity of the
halide ion. A more probable explanation for the calculated
Fe(1) valence being lower than expected is that the bond
valence parameters are not entirely reliable since the bonding is
under significant strain.

The second interesting feature of the crystal structure is the
interleaving, Pb,X (X=Cl, Br), layer. Adopting the nomen-
clature used to describe the high 7, cuprates this layer is
referred to as a separating layer since it separates the basal
planes of the two Fe(1)Os square based pyramids (CuOs
pyramids in high 7 oxides). The Pb,X layer is derived from the
CsCl structure with Pb replacing Cs at the corners of an
approximate cube in the materials. Fig. 6 provides a closer view
of the Pb-chloride coordination present in hematophanite,
showing the Pb(1)-Cl bond and the two Pb(1)-Cl-Pb(1) bond
angles. The thickness of the Pb,Cl block, as estimated from the
Pb(1) to Pb(1) separation is also shown.

The geometry of the Pb(2) site, which bonds to all three
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Fig. 6 The Pb,Cl separating layer present in PbsFe;OgCl. Pb(1)-Cl and
Pb(1)-Pb(1l) distances are indicated along with selected bond angles
(see also Table 2).

oxygen positions, is formally 12-fold cubo-octahedral. The
coordination is, however, far from regular with the ions lying
much closer to the octahedral Fe(2) basal plane. This
displacement was noted by Pannetier and Batail> and
attributed to electrostatic repulsion between Pb(1) and Pb(2).
The atom also bonds to the disordered O(3) atom which further
complicates the coordination. Similar non-uniform Pb-O
environments are often observed, for example in the highly
distorted perovskite PbZrO5.%

A comparison of the interatomic distances determined for
PbyFe;05Cl at room temperature in this study with those of
reference 2 shows a number of significant differences particu-
larly in the Fe-O coordination. The effect of refining a split
O(3) site is clearly reflected in the increased Fe(2)-O(3)
distance, ie. 2.0016(7) A compared with the previously
reported 1.9548(1) A. In addition the two apical interactions
show important differences, with the Fe(1)-O(2) bond being
considerably shorter in our analysis, ie. 1.8784)A cf
1.932(39) A and the Fe(2)-O(2) distance an identical amount
larger, i.e. 2.037(3) A ¢f 1.983(35) A. To check whether these
differences were solely a consequence of the disordered O(3)
site the results of a refinement with an anisotropic thermal
parameter in place of the split position were analysed. However
this gave a marginally shorter Fe(1)-O(2) bond and longer
Fe(2)-O(2) bond, accentuating the discrepancy. The most
probable explanation is that the increased sensitivity of neutron
diffraction with respect to oxygen, as shown by the reduced
esd’s, has allowed us to determine the Fe-O coordination more
accurately than the previous single crystal study.

The occupancy of the oxygen sites was also investigated
during the refinement process and confirmed the compounds to
be oxygen stoichiometric. Simple valence counting, assuming
no Pb**, therefore requires a nominal Fe oxidation state of +3
in PbsFe;O04CI(Br) to maintain charge neutrality but gives no
information about the relative magnitude of the valence of the
two sites. The exact Fe valence of the equivalent positions
within the RBa,Fe;Og4s5 (0~0) series remains an area of
uncertainty; with Mossbauer studies suggesting the sites are
both trivalent, R=Dy, Er and Y,> or differ appreciably,
R=Y?' depending on the material/interpretation. Further
comments regarding the Fe valence and associated moment of
the title compounds are made below in the discussion of their
magnetic structures.

Effect of chloride to bromide substitution

Replacing the chloride ion (ionic radius=1.81 A, 6-fold
coordination®®) in the Pb,X layer in hematophanite by the
larger bromide ion (ionic radius=1.96 A**) produces the
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expected expansion in cell volume, with the a parameter
increasing by ~0.01 A and a greater 0.25 A enlargement along
¢ (Table 1). The expansion in « is reflected in the basal Fe(1)—
O(1) and Fe(2)-0O(3) bonds which show an increase in length
~0.004 A, consistent with the overall trend. Interestingly the
level of rotation of the Fe(2)Og4 octahedra at room temperature
is not greatly affected, i.e. 12.1(2)° for hematophanite and
11.9(2)° for PbsFe;OgBr.

The apical interaction of the FeOg4 octahedra, Fe(2)-O(2),
shows a small increase, however the apical Fe(1)-O(2) distance
reveals a surprising contraction, e.g. from 1.879(4) A in
Pb,Fe;04Cl to 1.866(4)A in PbsFe;O4Br from the 295K
data. As a result the Fe(1)Os—Fe(2)OsFe(1)Os triple per-
ovskite block within PbsFe;OsBr shortens by ~0.015 A across
the whole temperature range. This runs contrary to the
observed 0.25 A increase in the ¢ cell constant and suggests
the perovskite block is under compressive strain along the
z-direction in PbsFe;OgBr. The source of the strain, and the
larger c-parameter, is the significant elongation of the Pb,X
layer that occurs when Cl1™ is replaced by Br . The expansion is
a result of the large increase in the Pb(1)-X bond from 3.319 A
in Pb,Fe;05Cl to 3.408 A in Pb,Fe;04Br. Consequently the
thickness of the Pb,X layer increases from 3.67 A in
Pb,Fe;04Cl (Fig. 6) to 3.94 A in PbsFe;O4Br. The expansion
is also reflected in the geometry of the layer, giving a vertically
elongated cube when the central position is occupied by the
bromide ion in comparison with a flattened cube in
PbyFe;05Cl. The same trend of a vertically squashed cube
for the Pb,Cl layer and an elongated cube for the Pb,Br block
is seen in the Pb,y(Ba/Sr),Cu,M'OgX, X =Cl, Br materials.'?

Temperature dependence of the structures

The cell constants of the two compounds show a smooth,
monotonic variation with temperature, Figs. 7 and 8. Both
phases show a remarkably consistent 0.03 A increase in the a
parameter and a 0.17 A expansion along ¢ over the 10-650 K
temperature range. Comparing the percentage change in the «
and ¢ parameters for the materials shows similar increases of
~0.8% for a and 1.1% for ¢. This is in good agreement with the
results of reference 2, and indicates that the thermal expansion
is not very anisotropic, surprising for layered materials which
usually exhibit significantly greater expansion in the direction
perpendicular to the planes.

The temperature dependence of the derived interatomic
distances, particularly the Fe-O bond lengths reveals a more
complex behaviour, Figs. 9-13. The planar Fe(1)-O(1) inter-
actions for both materials (Fig. 9) show the expected contrac-
tion on cooling, i.e. ~0.015 A, mirroring that observed for the
a-parameters. In contrast the basal planes of the Fe(2)Og
octahedra exhibit a differing behaviour depending on the
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Fig. 7 Temperature dependence of the a-parameter of PbyFe;O5Cl and
P b4F e3OgBr.
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Fig. 9 The Fe(1)-O(1) distances as a function of temperature.

halide; the hematophanite Fe(2)-O(3) bond decreasing slightly
from 10 to 400 K before increasing to a plateau of ~2.004 A
and that of PbyFe3;OgBr which shows no overall expansion,
Fig. 10. The magnitude of the O(3) displacement is of course
critical in determining the Fe(2)-O(3) distance and the degree
of rotation the octahedron experiences. It is therefore beneficial
to consider simultaneously Fig. 10 and Fig. 11, which shows
the level of rotation decreasing with temperature for both
materials, indicative of an increase in bond strain at lower
temperatures which is alleviated by greater rotation of the
Fe(2)O¢ octahedra. This increased rotation at lower tempera-
tures allows the Fe(2)-O(3) bond in PbsFe;0gBr to remain
constant across the 640 K range and exhibit such a small
overall increase ~0.003 A for Pb,Fe;OgCl. The materials
exhibit a near identical degree of rotation at 10 K, i.e. 12.8(2)°,
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Fig. 10 The Fe(2)-O(3) distances as a function of temperature.
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Fig. 11 Rotation angles of the Fe(2)O¢ octahedra about the ¢ axis vs.
temperature.

but it appears the level of bond strain present in PbyFe;OgBr,
and hence the degree of rotation needed to alleviate it,
decreases at temperatures above 500 K, e.g. a value of 10.3° at
650 K compared with 10.9° for PbsFe;OgCl. Fig. 11 clearly
shows the divergence in the amount of rotation the FeOg
octahedron experiences; with the rotation remaining at a
constant rate in PbsFe;OgCl but decreasing in the Br analogue.

It is difficult to explain the sharp increase in the Fe(2)-O(3)
distance for PbsFe;OgxCl that occurs between 400 and 500 K, it
may reflect that over this temperature range the expansion of
the Fe(2)-O(3) bond is too great to be counteracted by rotation
of the octahedra. Alternatively it may be a weak magnetostric-
tion as magnetic order grows within the phase.

Plots of the Fe—O(2) apical bonds (Figs. 12a and 12b) show
the expected expansion for the Fe(2)-O(2) increasing by
~0.04 A, however the Fe(1)-O(2) interaction remains constant
for both compounds. In fact the coordination of the Fe(1)Os
square pyramid is remarkably static over the temperature
range, with the buckling O(1)-Fe(1)-O(1) angle also remaining
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Fig. 12 Temperature dependence of the apical Fe(1)-O(2) and Fe(2)-
O(2) bonds of PbyFe;05Cl (a) and PbyFe;OgBr (b).
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Fig. 13 Temperature dependence of the Pb(1)-Pb(1) separation in the
PbyFe30gX materials.

static at a value of ~151°. Only the Fe(1)-O(1) distance
changes to any great degree. The increase in the Fe(2)-O(2)
bonds accounts for approximately half the observed expansion
along ¢, the rest is a result of the thermal expansion in the
Pb(1)-halide bond which leads to the thickness of the Pb,X
layer increasing; from 3.63 A at 10K to 3.73 A at 650 K in
Pb4Fe;05Cl and a similar extension for PbsFe;OgBr, Fig. 13.

Magnetic structure

The high magnetic order onset temperature of PbsFe;O5Cl,
Tree =602 K.* indicates the existence of a strong interaction
within and between the Fe-O layers of the material. The intense
magnetic reflections observed in the neutron powder diffrac-
tion patterns of hematophanite and PbsFe;OgBr collected
below 500 K also indicate the presence of a large, long-range
ordered, moment, behaviour which mirrors that previously
determined for the RBa,Fe;Og, s phases,“’6 and produces a
magnetic cell related to that of the nuclear structure by
Amag= \/2amw and ¢mag =2y Given the presence of the same
FeOs-FeOg¢FeOs repeat unit within both sets of materials, this
observation is perhaps not surprising.

The magnetic order parameters for both PbsFe;0gX
compounds are shown in Fig. 2. The data allows the Ty of
Pb4Fe;05Cl to be determined as 610(5) K in good agreement
with the previously reported value.? The T of PbyFe;04Br is
estimated to be a little lower at 600(5) K. As discussed above
the effect on the structure, particularly the Fe-O sublattice,
caused by replacing the chloride ion by bromide is quite small
and a similar ordering temperature is therefore expected. The
Tneers observed for the RBa,Fe;Og ., s triple perovskites also
rem%in constant at ~650 K despite variation in the lanthanide
size.

The ordered moments (usp) for PbyFe;04Cl and
PbyFe;OgBr remain very similar over the experimental tem-
perature range (see Fig. 3), with the latter compound having a
marginally greater moment at 10 K of 4.10(3) ug compared
with 3.94(3) up for hematophanite. These values were derived
from a constrained model, i.e. uar Fe(1)=puar Fe(2), and with
the orientation of the iron spins fixed arbitrarily along the
a-axis, giving the arrangement shown in Fig. 14. The previous
Maossbauer study of Pb,Fe;05C1? indicated that there are
slightly different critical exponents f§ for the two magnetic
layers. However this difference is too small to be detected in our
neutron diffraction experiments. The large magnitude of the
ordered moments indicates the presence of high spin Fe’™*
within PbyFe;05Cl and PbsFe;OgBr. This, coupled with the
absence of any oxygen deficiency, leads us to believe that the Fe
valence on both sites is + 3.

The refined moments at room temperature (p=3.55(3) ug,
Cl and u=3.52(3) ug, Br) are slightly higher than those
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Fig. 14 A section of the magnetic unit cell of PbsFe30gCl showing the
antiferromagnetically ordered iron spins aligned along the a-direction.

determined for the RBa,Fe;Og 5 series: R=Y, u=3.43(3) ug,
R=Dy, u=3.273) us and R=Er, u=3.41(Q2) up at 296 K.°
Conversely the Tnees in the PbyFe;OgX materials are some
50 K lower than those exhibited by the RBa,Fe;Og, s phases.
The differences are quite small, suggesting that the sponta-
neous onset of magnetism within these layered Fe-oxides is
relatively insensitive to the size and type of the separating layer
present, i.e. the Fe(1) to Fe(1) distance across the lead-halide
layer in the PbyFe;OgX materials at 7.44 A(X=Cland7.57A
(X=Br) is almost double the 3.81 A in YBa,Fe;0s.

Another significant structural difference between the two
systems which has implications for the strength of the magnetic
interaction and the electrical properties of the title compounds
is the disorder within the basal plane of the Fe(2)O¢ octahedra.
This leads to a reduction in the critical Fe(2)-O(3)-Fe(2)
exchange angle from 180° to 156°, i.e. intermediate between a
non-distorted perovskite and the type of M—O-M interaction
found in pyrochlores. The distortion reduces orbital overlap
and tends to favour a localisation of electrons compatible with
the high resistivity displayed by PbsFe;05Cl.>

Conclusions

The evolution of the crystal and magnetic structures of the
mineral, PbyFe;03Cl, and its bromide analogue as a function
of temperature has been studied using neutron powder
diffraction. Structural analysis reveals significant displace-
ments of the basal oxygen of the central FeO4 octahedra within
the Fe-O triple perovskite block. The disorder is interpreted as
rotations of the octahedra about the c-axis, necessary to reduce
bond strain arising from the mis-match between the planar Fe—
O bonds of octahedral and square pyramidal geometries. The
degree of rotation is seen to increase on cooling indicating
additional strain at low temperatures. The unit cell of
Pb4Fe;OBr shows the expected expansion, although results
suggest the expanded Pb,Br layer places increased compressive
stress on the triple perovskite block which shows an
appreciable contraction along the c-direction. Both materials
exhibit a smooth thermal expansion with surprisingly little
difference in the expansion rate of the tetragonal plane and the
c-axis. Fitting the temperature dependence of the magnetic



intensity has allowed the Tneqs to be determined as 610(5) K
and 600(5) K for PbyFe;05Cl and PbyFe;OgBr respectively.
The magnetic cell is related to the nuclear structure by the
transformation matrix (10/110/002) in an analogous fashion to
Fe based YBCO derivatives. The ordered component of the Fe
moments is high, ~3.5 ug at room temperature, consistent with
the presence of high spin Fe** a conclusion supported by the
absence of oxygen deficiency within either material.
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