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Disorder phenomena in the incommensurate compound Bi21xSr 32xFe2O 91d
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The refinement of the modulated structure of Bi21xSr32xFe2O91d , using the four-dimensional formalism
and single-crystal x-ray-diffraction data, has been performed. Different models, already used for the copper
compound, have been tested to describe the@BiO# layers. A discussion pointing out the qualities and the
failings of each one led us to consider a model assuming a static disorder both on the bismuth and oxygen atom
positions. Then, an extra oxygen atom has been located within the@BiO# layers and its occupancy probability
has been refined. Because of this model, two disordered regions, governing the behavior of all the atoms in the
crystal, have been evidenced. A comparison with the supercell description previously reported shows the
interest of the four-dimensional formalism in this case. Finally, a Mo¨ssbauer study of Bi21xSr32xFe2O91d

specifies the trivalent state of iron and confirms the various surroundings in oxygen atoms of the iron atoms.
The correlation between the incommensurate character of the structure and the Mo¨ssbauer spectroscopy data is
discussed.@S0163-1829~97!03502-9#
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I. INTRODUCTION

The structural properties of the Bi2Sr2Can21CunO2n14

superconducting copper oxides are still not completely
derstood because of intrinsic difficulties: incommensur
modulation, oxygen stoichiometry, crystal synthesis, a
morphology. The related iron compounds have also b
synthesized1–3. They exhibit the same type of structural fe
tures and a better understanding of their structure and of t
magnetic properties is helpful for the description of the el
tronic behavior of both types of compounds. Schematica
the two basic crystal structures can be described, as u
from an intergrowth between rocksalt- and perovskite-ty
layers, normal to thecW direction. The rocksalt-type layers ar
similar. They are built up of two parallel BiO slices whic
can occasionally accommodate, because of the displa
modulation, a supplementary oxygen. The perovskite lay
of the two oxides are rather different. In the Cu compou
the oxygen-deficient central plane is only occupied by
atoms and is bordered on each side by a pyramidal oxy
copper layer. Cu is located near the basal plane of the p
mid, forming four short Cu-O distances of about 1.9 Å a
one longer apical Cu-O distance of about 2.4 Å. All t
strontium atoms lie near the O plane parallel to (aW , bW ). On
the other hand, in the Fe compound~Fig. 1!, the central plane
is occupied both by Sr~2! atoms and O~4! atoms. The substi-
tution of Fe~III ! for Cu~II ! implies, indeed, the existence o
additional O~4! atoms in such a way that the double pyram
dal copper layer is replaced by a double octahedral i
layer. This structure exhibits a modulation characterized
the wave vectorq!W5q2

!b!W1c!W similar to the copper oxide
Up to now two variants of the Bi21xSr32xFe2O91d com-
pound have been observed: either with a rational value
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q2
! @0.2 ~Ref. 4!# or an irrational one@0.212~1! ~Ref. 5!#. In
the study of the commensurate variant of the iron compou
Lepageet al.4 found the presence of an extra oxygen ato
within the BiO layers. Recently, other authors6–9 also pro-
posed various interpretations concerning the oxygen non
ichiometry within the BiO layers in the related copper o
ides. In all these studies, however, a common anomaly w

FIG. 1. Average structure of the Bi21xSr32xFe2O91d com-
pound.
1236 © 1997 The American Physical Society
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55 1237DISORDER PHENOMENA IN THE INCOMMENSURATE . . .
respect to unusually large displacement parameters for s
bismuth and strontium atoms can be pointed out.

Moreover, in a recent study of the incommensurate i
compound,5 we noted some difficulties with a satisfacto
explanation of a part of the refinement results for the bism
atoms. A static disorder and/or a possible lowering of
translation lattice symmetry were postulated. Unfortunate
none of these hypotheses could be tested owing to the s
size of the crystals.

More recently, an improvement of the crystal growth h
allowed a larger single crystal to be obtained, which in tu
makes possible more reliable structural studies. In
present work, atom locations and occupancies in interm
ate rocksalt-type layers involving both@BiO# and @SrO# lay-
ers are accurately determined. Correlations of the change
the Fe-O distances, occupation of strontium sites, and o
gen nonstoichiometry with Mo¨ssbauer spectroscopy data
77 and 293 K are also discussed.

II. EXPERIMENTAL DETAILS

Single crystals of the Bi21xSr32xFe2O91d phase have
been prepared from a mixture of SrCO3, Fe2O3 and an ex-
cess of Bi2O3 with a small amount of PbO as a flux. Th
powders with the molar ratio Bi:2.43 Sr:1.98 Fe:1 Pb:0.
were thoroughly mixed and then heated in an alumina c
cible first to 850 °C during 2 h, held for 24 h, then heated
1150 °C during 1 h, held for 2 h, and slowly cooled to 95
°C at a rate of 1 °C /h. The charge was finally cooled
room temperature at a rate of 300 °C /h. Crystals w
cleaved along theab plane. A single monodomain crysta
with a size of 0.1430.2330.005 mm3 and a good crystalline
quality ~sharp diffraction spots, no diffuse streaks! was
chosen for the diffraction study. The unit cell paramet
are as follows: a55.477(1) Å, b55.464(1) Å, and
c531.685(5) Å. Intensities of 1298 unique reflections w
I.3s(I ), including 602 first and 223 second-order satellit
were measured using MoKa radiation on Enraf Nonius dif-
fractometer at room temperature using theSAT ~Ref. 10! pro-
gram. Analytical absorption corrections, based on the cry
morphology, were applied using theREMOS ~Ref. 11! pro-
gram.

Mössbauer resonance spectra were recorded at 77 and
K with a polycrystalline sample using a conventional co
stant acceleration spectrometer and a57Co/Rh source. Least
square refinements were performed assuming a sum of
entz functions by means of the computer programMOSFIT
~Ref. 12!.

III. MODULATED STRUCTURE

A. Characterization of the q!¢ vector

The modulation vector of the present iron oxide co
pound is very close to the corresponding one of the cop
oxide compound. Itsq2

! component was refined by a leas
square fit using the Bragg angles of 12 independent fi
order satellite reflections and it equals to 0.2070~8!.

This value slightly differs from 0.212~1! reported in
Ref. 5 for different single crystals and from 0.211~1! for a
Bi21xSr32xFe2O91d powder. These different values are pro
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ably due to small differences inx and in d or to a small
insertion of Pb from the flux in the sample.

B. Symmetry

In our previous study,5 the reflection conditions seemed
be consistent with a face-centered lattice. The larger siz
the present crystal allowed us to detect weak reflecti
which required a lowering of the translation lattice symme
from a face centered to a base centered.

Considering the generalized diffraction vect
s!W5ha!W1kb!W1 lc!W1mq!W5Ha!W1Kb!W1Lc!W1mq2

!b!W , the
following conditions were observed:HKLm K1L1m52n,
compatible with the four-dimensional Bravais cla
mmmA(0,g,1); HK0mm52n, compatible with a mirror
(s
mz); and 0KLm K52n, compatible with a mirror (1

bx).13,14

The present setting choice is equivalent to the standard

mmmA(00g) using a8!W5a!W , b8!W52c!W , c8!W5b!W , and

q!8W5b!W1c!W2q!W . It allows us to describe the modulation o
the iron compound with the same modulation vector as in
case of the related copper oxide. Two superspace group
compatible with the previous conditions: the centrosym
metric oneAbmm(0,g,1)00s and the noncentrosymmetri
oneAc2m(0,g,1)s0s.

Note that the occurrence of an octahedral metal coord
tion in the present iron oxide instead of a pyramidal one l
in the related copper oxide leads to anA-centering instead of
a B-centering one. As a matter of fact, the symmetry gro
of the copper oxide would constrain thex3 displacement of
the new oxygen atom O~4! to zero while with the presen
superspace group the mirror (s

mz) allows this expected dis
placement.

C. Structure refinement

A displacive character was taken into account for all t
atoms and modelized by atomic displacementsUW ( x̄4) ex-
panded in Fourier series of the internal parame
x̄45qi

!W .^r 0W &1a, where^r 0W & is the average atomic positio
anda is a phase variable in the@0,1# range, following

Ui~ x̄4!5(
n

@Ai ,ncos~2pnx̄4!1Bi ,nsin~2pnx̄4!#.

An occupation modulation was also introduced for Bi, F
and O~5! atoms and a modulation of substitution of Sr for
on Sr~1! and Sr~2! sites was also considered. The occupan
probability is also expanded in a similar manner:

P~ x̄4!5^P&1(
n

@Ancos~2pnx̄4!1Bnsin~2pnx̄4!#.

As satellite reflections were measured only up to the sec
order, only two orders of harmonics were introduced in t
preceding relations. As will be discussed in the followin
section, the Bi and O~5! atoms were displaced from the
special position in the mirror planemy to a general position.
The modulated structure was refined assuming
Abmm(0,g,1)00s SSG, with theF magnitudes and uni
weights using theJANA ~Ref. 15! program. Final agreemen
factor isRG50.047 ~0.039, 0.049, and 0.075 for the ma
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1238 55O. PÉREZ et al.
and first- and second-order satellite reflections, respective!.
The results of the refinement are given in Table I

The amplitudes of the displacive modulation functions
shown in Figs. 2 and 3 as a function of the phase varia
a. As was already generally mentioned, the displacem
amplitudes alongc increase gradually from the Bi layers t
the Sr~2! layers while an opposite effect occurs for the d
placements alongbW . Another property is illustrated by th
variation of the Bi-Bi interatomic extralayer and intralay
distances~Fig. 4!, which are opposite in phase in particul
arounda.0.75; the shorter extralayer distances corresp
to the larger intralayer ones, to expanded zones, while
other parts of the crystal can be considered as compre
zones.

IV. DISORDER WITHIN THE BiO LAYERS

In the present study, particular attention has been pai
the @BiO# layers which present common structural featu
with the related ones in the superconducting Cu oxides.
refinement of the site location and occupancy of oxyg
atom within the@BiO# layers is important to clarify the glo
bal oxygen stoichoimetry, but is difficult because of t
weak scattering capability of oxygen for x rays. Moreover
reliable solution requires a better understanding and des
tion of the modulation of the heavy Bi atoms, for whic
thermal motion anomalies have been previously outlined

A. Modulated split atom model for Bi atoms

In a previous study,5 the thermal mean-square displac
ment of Bi atoms along theaW axis was found to be abnor
mally high. As a result a disordered model has been p
posed with a splitting of the bismuth atoms alongaW . In the
present study, the lowering of translation symmetry fromF
to A removes this anomaly. A refinement of Fourier term
for thermal parameters was attempted for Bi atoms. It s
resulted in abnormal largeb22 values in some unit cells o
the crystal which are still to be explained.

This anomaly is always present in the iron and the cop
compounds.4,6,9,16,17The thermal modulation of the bismut
atom involves large Fourier terms which cannot be ea
interpreted. Moreover, the strong correlation between th
mal agitation and occupation probability can artificially im
prove the refinement results without any obvious phys
meaning, and so disturbs the determination of other st
tural parameters as modulated displacements or site occu
cies. A static disorder of the bismuth atoms was conside
in the present model rather than a thermal modulation.

The average position of the bismuth atom was split
along thebW axis and the modulated displacement along t
direction was allowed to vary. The distance Bi~a!-Bi~b! ~Fig.
5! between the two corresponding symmetry-related s
presents a significant maximum~0.4 Å! around a.0.75
in agreement with a static disorder in the expanded zo
Hereafter, the related disordered region will be deno
D1. Elsewhere, as the Bi~a!-Bi~b! distance is smaller than
0.1 Å, no definitive conclusion can be given about the sp
ting of the sites.

The Ac2m(0,g,1)s0s SSG was also tested, with a
unique bismuth site, but leads to the same problem conc
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ing the Bi thermal mean-square displacement. So in
case, two independent sites were also necessary. More
using this noncentrosymmetric SSG some problems of le
squares convergence were encountered.

B. Oxygen sites

In the previous studies,4,6,7 two types of oxygen sites wer
introduced in the@BiO# layers. The first one corresponds to
usual rocksalt position, the second one to a bridging posit
Then, there are two ways to explain the excess of oxyg
Either the rocksalt position is fully occupied and the bridgi
site is partly occupied in one cell out of five, correspondi
to the expanded zones of the layer~model I!, or one can
imagine a description of the rocksalt position with a ‘‘saw
toothlike function’’6,15

Ui52U0~x42x4
0!/D.

D values greater than 1 allow an overlapping of these fu
tions which can describe the simultaneous occupation of
O~5! sites apart from each other and leading to an aver
occupation of the rocksalt site greater than 1~model II!. In
the latter case, the bridging position is not taken into acco
and the two models differ by thex1 and x3 components of
the average position of the extra oxygen.

In the present study, thex2-x4 section of the four-
dimensional Fourier difference map~Fig. 6!, calculated after
introduction of all atoms including the two bismuth sites b
without the oxygen atom, shows a very large displac
modulation along thebW axis, for this O~5! atom. Moreover,
the corresponding string is discontinuous alongx4, which is
not the usual behavior for a simple displacive modulat
function, and appears as a sequence of oblique strips disp
ing overlapping regions forx450.75. These regions coincid
with the disorderedD1 regions. This unusual feature can b
explained assuming a static disorder on the O~5! sites as can
be evidenced from thex1-x2 section map~Fig. 7!. As the
Fourier maps look very similar to that calculated in the co
per compound with model II, this approach was tes
in the present case in a model assuming a centrosymm
or a noncentrosymmetric SSG. Our results for t
Abmm(0,g,1)00s SSG are summarized in Table II~model
II !. In all cases, the linear function does not account for
actual shape of the electronic density and, in particular
the overlapping disordered regions where the displacem
amplitudes became too large. Moreover, in this model, un
alistic Bi-O distances (,1.5 Å! were calculated. The refine
value ofD was not significantly different from 1, and coul
not explain the excess of oxygen. Therefore, this mo
seems to be inappropriate in the present case.

Model I was also tested in the case of the copper co
pound17 in a modulated subcell description involving bo
displacive and occupation modulations, using Fourier se
terms up to the second order. In order to describe the
compound, a similar model was tested. However, only
rocksalt site could be refined~Table II, model I!. This site
explains about 80% of the electronic density drawn in Fig
The interatomic Bi-O distances keep reasonable val
(>1.9 Å!. However, even if the rocksalt O~5! site globally
describes the shape of the electronic density~Fig. 6!, it does
not still account for the overlappingD1 regions~Fig. 7! and
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TABLE I. Results of structure refinement.

(a)
Atom A0 A1 B1 A2 B2

Bi~a! U1 0.2723~1! -0.0035~5! 0.0011~4! 0.0a 0.0a

U2 0.2626~9! 0.0732~5! -0.0206~18! 0.0a -0.0142~4!
U3 0.20262~3! 0.0a -0.00457~5! -0.00078~7! 0.0007~2!
P 0.5a 0.0a 0.017~2! 0.031~3! 0.053~7!

Sr~1! U1 0.7547~2! 0.0b 0.0a 0.0a 0.0b

U2 0.25b 0.0411~5! 0.0b 0.0b -0.0040~6!
U3 0.11738~6! 0.0b -0.00805~11! -0.00113~13! 0.0b

P 0.408~10! 0.0b -0.034~5! -0.045~7! 0.0b

Sr~2! U1 0.7524~4! 0.0a 0.0b 0.0b 0.0a

U2 0.25b 0.0a 0.0b 0.0b 0.0b

U3 0.0b 0.0b -0.01064~15! 0.0a 0.0b

P 0.25a

Fe U1 0.2509~4! 0.0b 0.0010~9! 0.0a 0.0b

U2 0.25b 0.0187~7! 0.0b 0.0a 0.0b

U3 0.06029~10! 0.0b -0.01160~14! -0.00045~18! 0.0b

P 0.5a

O~1! U1 0.0a 0.0b 0.0a 0.0a 0.0b

U2 0.0b 0.020~6! 0.0b 0.0b 0.0a

U3 0.0649~5! 0.0b -0.0099~7! 0.0a 0.0b

P 0.5a

O~2! U1 0.5a 0.0b 0.0a 0.0a 0.0b

U2 0.0b 0.017~6! 0.0b 0.0b 0.0a

U3 0.0674~6! 0.0b -0.0092~9! -0.0058~12! 0.0b

P 0.5a

O~3! U1 0.231~3! 0.0b 0.0a 0.0a 0.0b

U2 0.25b 0.084~5! 0.0b 0.0b -0.036~7!
U3 0.1377~4! 0.0b -0.0030~8! 0.0a 0.0b

P 0.5a

O~4! U1 0.256~4! 0.0a 0.0b 0.0b 0.0a

U2 0.25b 0.0a 0.0b 0.0b 0.0a

U3 0.0b 0.0b -0.0112~9! 0.0a 0.0b

P 0.25a

O~5a! U1 0.347~3! 0.0a -0.01~6! 0.0a 0.0a

U2 0.876~8! 0.041~11! -0.074~6! 0.0a 0.0a

U3 0.2054~15! -0.005~3! -0.0077~11! 0.0a 0.0a

P 0.50~2! 0.54~5! 0.0a 0.0a 0.0a

O~6! U1 0.5a

U2 0.0a

U3 0.178~2!
D1, x4

1 0.13~5! 0.75~5!

(b)
Atom Beq or Biso b11 b22 b33 b12 b13 b23

Bi~a! 0.76 0.0059~1! 0.0058~4! 0.0002~0! 0.0025~7! 0.0a 0.0a

Sr~1! 1.36 0.0049~4! 0.0073~5! 0.0006~0! 0.0b -0.0004~1! 0.0b

Sr~2! 0.88 0.0042~6! 0.0044~7! 0.0004~0! 0.0a 0.0a 0.0b

Fe 0.63 0.0022~6! 0.0038~7! 0.0003~0! 0.0b 0.0a 0.0b

O~1! 0.7~2!
O~2! 0.8~2!
O~3! 1.4~3!
O~4! 0.9~3!
O~5a! 1.0~3!
O~6! 3~1!

aWere fixed during the refinement because they were insignificant.
bAre constrained by symmetry.
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1240 55O. PÉREZ et al.
this residue cannot be related to the extra bridging oxy
which is located at differentx1 and x3 coordinates. More-
over, aroundx4.0.25 ~modulo 1!, the x1-x2 section map
~Fig. 8! still reveals a splitting of the O~5! site which is not
explained by this model. This effect, although smaller than
theD1 regions, is significant.

In fact, two types of disordered regions would be involv
in the crystal for the O~5! oxygen atoms: the first one de
notedD1, corresponding to the larger splitting and to t
expanded zone, and the second oneD2, corresponding to a
smaller splitting aroundx450.25. In order to describe thes
split sites in theD1 andD2 regions with equal occupanc
probability, the O~5! atom was replaced by two symmetr

FIG. 2. Modulated cation displacements vs the internal par
etera: ~a! along thebW axis and~b! alongcW axis. Bi~a! and Bi~b! are
the two Bi sites related by the (x,1/22y,z) symmetry operation.
Solid circles, open circles, solid diamonds, and open diamonds
respond, respectively, to the atomic displacements of Bi, Fe, S~1!,
and Sr~2! atoms in the supercell description~Ref. 1!.
n

n

related sites in a general position and then first-order dis
cive and occupation modulations were introduced. The
finement results are illustrated in Fig. 6~displacement
modulation! and Fig. 9 ~occupation modulation!. D1 and
D2 regions are now properly described with a half probab
ity of each site when, forx450.0 or 0.5, only one site is
occupied. The global occupancy of the two preceding s
does not explain the presence of any extra oxygen in
@BiO# layers. In a recent study,18 a section of the four-
dimensional Fourier map containing oxygen atoms in
@BiO# layers in the copper-related compound shows v
large similarities with the corresponding present one~Fig. 6!.
Even if it was not interpreted in terms of double-oxygen si
two maxima are clearly visible and can be explained by
present model.

-

r-

FIG. 3. Modulated oxygen displacements versus the internal
rametera: ~a! along thebW axis and~b! along thecW axis. O~5a! and
O~5b! are the two O~5! sites related by the (x,3/22y,z) symmetry
operation.
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55 1241DISORDER PHENOMENA IN THE INCOMMENSURATE . . .
Nevertheless, on ax1-x2 section of the Fourier differenc
map, for x4 corresponding to theD2 regions~Fig. 10!, a
rather diffuse peak appears, with a maximum of 3ē Å23, at
the position of the bridging oxygen described by Lepa
et al.4 and in the expanded regions of the BiO layers.

An O~6! oxygen atom was then introduced in the refin
ment, characterized by a ‘‘crenel function’’ for the occup
tion modulation and without displacive modulation functio
The value of the crenel function alternates and is either 0
1 on a sequence of intervals. The nonzero interval is cent
at x45x4

1 and its length isD1 @see Table I~a!#.
The O~6! atom shows a large thermal parameter, which

probably the consequence of both the disorder phenome
and the difficulty of describing a small electronic dens
using x-ray-diffraction data.

FIG. 4. Interatomic Bi~a!-Bi~a! distances vs the internal param
etera. Bold lines correspond to extralayer distances and thin li
to intralayer distances.~I! 2x,21/21y,z, ~II ! 2x,1/21y,z, ~III !
12x,21/21y,z, ~IV ! 12x,1/21y,z, ~V! x,21/21y,1/22z, ~VI !
x,1/21y,1/22z, ~VII ! 2x,y,1/22z, and~VIII ! 12x,y,1/22z.

FIG. 5. Interatomic Bi~a!-Bi~b! distances vs the internal param
etera.
e

-
-
.
or
ed

s
on

C. Bismuth environment

The variation of the interatomic Bi-O~3!, Bi-O~5!, and
Bi-O~6! distances are drawn in Fig. 11~a!. The Bi-O~3! dis-
tance is almost constant~around 2.0 Å!.

s

FIG. 6. The sectionx2-x4 (x150.35, x350.205! of the four-
dimensional difference Fourier map. Contours are drawn at in
vals of 1ē Å23. Solid lines, long dashed lines, and short dash
lines represent positive, zero, and negative electron density, res
tively. The strings representing the two disordered modulated O~5!
sites are drawn as bold lines.

FIG. 7. The sectionx1-x2 (x350.205, x450.75! of the four-
dimensional difference Fourier map showing up the disorder of
O~5! atoms in theD1 region. Contours are drawn at intervals of
ē Å23. Solid lines, long dashed lines, and short dashed lines
resent positive, zero, and negative electron density, respective
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TABLE II. Preliminary models for the O atoms within the@BiO# layersAbmm(0,g,1)00s. For model II,
x4
050.255~11! andD51.0.b

Model I Model II

Atom A0 A1 B1 A2 B2 ^U& U0

O~5! U1 0.654~3! 0.0a 0.0b 0.0b 0.0a 0.346~3! 0.0b

U2 0.25a 0.177~7! 0.0a 0.0a -0.032~11! 0.75a -0.299~8!

U3 0.202~1! 0.0a 0.0b 0.0027~12! 0.0a 0.201~1! 0.0052~13!
P 0.78~5! 0.0a 0.51~12! 0.25~17! 0.0a 1

aAre constrained by symmetry.
bWere fixed during the refinement because they were insignificant.
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Only the Bi-O~5! distances corresponding to an occ
pancy of the O~5! sites larger than 0.3 are represented.

The two intralayers Bi-O~5! distances parallel toaW are
also almost constant (.3.4 Å and.2.2 Å!.

The intralayer distances, parallel to thebW direction of the
modulation, vary strongly. They are longer in theD1 zones
than in theD2 zones. Outside theD1 zones, one of thes
distances always keeps a value between 1.8 and 2.4 Å.
Bi-O~6! distances only appear in theD1 regions with values
between 1.9 and 2.3 Å. As a result, the Bi coordination
always characterized by three short Bi-O bonds (,2.3 Å!,
one around 2.8 Å and two larger ones around 3.4 Å. Fr
the environment of the bismuth ion@Fig. 11~b!# the chemical
stereoactivity of this cation in the@BiO# layer is clearly evi-
denced. One indeed observes a BiO3 pyramid characterized
by three Bi-O short distances with O-Bi-O angles rang
from 87° to 104°. Consequently the 6s2 lone pair of bismuth
can be oriented in the opposite direction towards the ce
of the triangle formed by the three other oxygens leading
Bi~III ! to a tetrahedral coordination represented by the po
hedron BiO3L.

D. A possible interpretation

The existence of theD1 regions confirms the possibl
insertion of an extra O~6! atom. As was already mentioned9

FIG. 8. The sectionx1-x2 (x350.205, x450.25! of the four-
dimensional difference Fourier map showing up the disorder of
O~5! atoms in theD2 region. Contours are drawn at intervals of
ē Å23. Solid lines, long dashed lines, and short dashed lines
resent positive, zero, and negative electron density, respective
he

s

er
r
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this insertion is expected to result in the antiparallel displa
ment of the O~5! atom of these disordered regions, on ea
side. However, the same effect is also expected for the
atom and results for both O atom and Bi atom in two avera
positions, which have been evidenced in the present st
But now, in the medium zoneD2 between two adjacen
D1 regions, the occupation of these new disordered ave
positions would be too constraining for the Bi environme
A secondary displacement can then be considered to a
modate the cation environment in theD2 regions and results
in the modulated displacements around the average p
tions, which counterbalance in these regions the splitting
the average positions. So in theD2 regions the two disor-
dered positions are very close to each other. One can in
consider that in these regions, there are only one Bi site
two equiprobable O~5! sites rather closed to each other. B
tween theD1 andD2 regions, O~5! occupies alternately one
and the other of the two disordered positions, and the res
ing scheme is similar to the periodic alternation of ban
orthogonal to the modulation direction, with antiparall
atomic displacements, already proposed by Levinet al.9

However, in our model, the amplitude of the displaci
modulation is reduced and becomes similar to that of the
atoms.

V. STRONTIUM AND IRON ENVIRONMENT

Both the similarity of the modulation functions of the B
O~5!, Sr~1!, and O~3! atoms and the relatively large values
the thermal parameters of Sr~1! and O~3! atoms show that the

e

p- FIG. 9. Occupation probability of the two disordered O~5! sites
vs x4. Solid line, O~5a!; dashed line, O~5b!.
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55 1243DISORDER PHENOMENA IN THE INCOMMENSURATE . . .
@Sr~1!O# layers are very influenced by the@BiO# layers and
probably characterized by a residual disorder.

The Sr~1! atom is linked to oxygen atoms O~1!, O~2!,
O~3!, O~5!, and O~6! belonging to the@FeO2#, @Sr~1!O#, and
@BiO# layers. The Sr~1!-O~3! distances~Fig. 12! present a
very large variation. As a result, the Sr~1! site can have an
eightfold or a ninefold coordination throughout the crysta
The D1 region is still clearly evidenced. The additionna
O~6! atoms are linked to the Sr~1! atom. The distances ex-
hibit reasonable values in theD1 regions.

The substitution modulation of Sr for Bi on Sr~1! site is
highly significant. The probability of occupancy of the Sr~1!
site by bismuth atoms is found to be minimal inside th
disorderedD1 andD2 regions~Fig. 13! where the oxygen
environment is the less regular.

The variations of the equatorial Fe-O~1! and Fe-O~2! dis-
tances and of the apical Fe-O~4! distance are very small, so
that the iron atoms are always regularly linked to O~1!, O~2!,
and O~4! atoms. On the opposite the apical Fe-O~3! distance
varies strongly between 2.7 Å in theD2 regions to 2.15 Å in
theD1 zones~Fig. 14!. As a result, in theD1regions, iron
displays a less distorted octahedral coordination while in t
other zones it displays rather a fivefold pyramidal coordin
tion.

The variation of the Sr~2!-O distances versusa does not
cause significant variation of the coordination of the Sr~2!
site. It exhibits a regular and constant twelvefold coordin
tion throughout the crystal.

VI. COMPARISON WITH THE PREVIOUS SUPERCELL
STUDY

Starting from the atomic positions refined by Lepag
et al. 4 within the supercell description, it is possible to ca

FIG. 10. The sectionx1-x2 (x350.178,x450.25! of the four-
dimensional difference Fourier map showing up the extra oxyg
O~6!. Contours are drawn at intervals of 0.5ē Å23. Solid lines, long
dashed lines, and short dashed lines represent positive, zero,
negative electron density, respectively.
.

e
-

-

culate both the phases and displacements of the diffe
atoms. This work allows us to set up a comparison with o
results. Figures 2~a! and 2~b! show the good agreement be
tween the two descriptions concerning the cation position

In the particular case of the bismuth atoms, the two cur
corresponding to the two disordered sites allow us to acco
for the dispersion of the representative points of the Bi p
sitions in the supercell approach. Therefore, the hypoth
of a bismuth disorder appears to be a good interpretatio
the bismuth behavior and is in agreement with the super
description.

Moreover, in our study, the two Bi disordered sites ha
an occupancy of 50%. In fact, taking into account the av
age position of each site, the two Bi curves are always v
close to each other, except in theD1 regions, and thus, out
side theD1 regions, one can assign them to only one Bi s
equivalent to the site of the supercell approach. Our stud
thereby similar to the supercell approach. In contrast, in
D1 zones, the two Bi sites are equally occupied. Lepa
et al.4 describe these regions with only one bismuth s
This result can explain the large values of the thermal mot

n

nd

FIG. 11. ~a! Interatomic Bi~a!-O distances vs the internal param
eter a. The distances Bi~a!-O~5! have been plotted only for an
occupation probabilityP„O(5)….0.3. The distances Bi~a!-O~5a!
and Bi~a!-O~5b! are represented, respectively, by open symbols
solid symbols.~I! x,y21,z, ~II ! 2x,y21/2,z, ~III ! 12x,y21/2,z,
~IV ! x,y21/2,1/22z, and V:12x,1/21y,z. ~b! Schematic drawing
of the tetrahedral Bi environment.
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(Beq52.7 or 2.2 Å2) observed by these authors for the b
muth atoms in these zones. Such a comparison was not
sible for the oxygen atoms, characterized by a large and
regular dispersion in the supercell description. Prope
because of the great number of refinement parameters
quired for this last description, Lepageet al.4 could not re-
fine allB factors for oxygen atoms that were fixed to 1. Th
can explain the corresponding poor reliability of the oxyg

FIG. 12. Interatomic Sr~1!-O distances versus the internal p
rametera. The distances Sr~1!-O~5! have been plotted only for an
occupation probabilityP„O(5)….0.3. The distances Sr~1!-O~5! re-
lated to a same pair of disordered O~5! are represented with th
same symbolism~solid or open!. ~I! 11x,y,z, ~II ! 12x,1/21y,z,
~III ! x,y,z, ~IV ! 12x,21/21y,z and ~V! 12x,12y,z.

FIG. 13. Occupation probability of the Sr~1! site by bismuth
atom vs the internal parametera.
os-
ir-
,
re-

n

location in the supercell study. The four-dimensional sy
metry considerations have allowed a smaller number of
finement parameters, a better description of the oxygen
oms including disorder and thermal motion, and lead to
more satisfactory residual~0.047 against 0.106!. The present
description is expected to be more realistic and reliable.

VII. MÖ SSBAUER SPECTROSCOPY

The Mössbauer spectra recorded at 77 and 293 K
shown in Fig. 15. At 77 K, the fitting of the spectrum re
quires at least three Zeeman components, each one
rather broad lines. The values of the isomer shift~IS! and

FIG. 14. Interatomic Fe-O distances vs the internal param
a. ~I! x,y,z, ~II ! 2x,1/21y,z, and~III ! 12x,1/21y,z.

FIG. 15. 57Fe Mössbauer spectra of Bi2.38Sr2.62Fe2O9.2 at 293 K
~a! and 77 K~b!.
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55 1245DISORDER PHENOMENA IN THE INCOMMENSURATE . . .
hyperfine field~HF!, listed in Table III, are consistent with
ferric ions in a high-spin state. At 293 K, the quadrupo
spectrum consists of two broad and asymmetrical lines
can be fitted assuming at least the superimposition of th
doublets with narrow Lorentzian quadrupole lines; th
agrees with the procedure used at 77 K. Values of the iso
shift, quadrupole splitting~QS!, and relative intensities of the
three components denotedA, B, andC are listed in Table III.
The rather small value of the quadrupole splitting ofA site
~QS 5 0.30 mm s21) is characteristic of a local oxyge
environment of the Fe atoms less distorted than those oB
andC sites. The appearance of Fe atoms with different lo
oxygen environments can be explained on the basis of
structural investigation which implies indeed in thebW direc-
tion a complex variation of the apical Fe-O~3! bond length as
shown in Fig. 14. Such a variation implies that througho
the crystal, the geometry of the polyhedron varies from
almost regular octahedron in the neighborhood of theD1
region to a tetragonal pyramid in the neighborhood ofD2
regions. As a result, if one assumes that for a Fe-O dista
larger than 2.6 Å iron cannot be considered as linked to
apical oxygen O~3!, the percentage of Fe~III ! in a fivefold
coordination can be estimated close to 30% which co
sponds to the relative intensity found for the Mo¨ssbauer site
C ~QS51.10 mm s21). In the same way, the percentage
Fe~III ! in a sixfold coordination with an apical distance clo
to 2.2 Å can be evaluated to about 10%, in agreement w
the relative intensity of the doubletA ~QS50.30 mm s21!.
The remaining Fe~III ! species can then be distributed
distorted-oxygen octahedra with a mean Fe-O~3! distance
close to 2.4 Å in accordance with the Mo¨ssbauer siteC
~QS50.89 mm s21). Because of the presence of broad a
asymmetrical lines, the quadrupolar spectrum can be re
duced by using a discrete distribution of quadrupole splitti
linearly correlated to that of isomer shift. Each quadrupo
component has fixed natural linewidth during the fitting p
cedure. At 77 K, only a discrete distribution of hyperfin
fields was also considered to reproduce the magnetic s
trum. Such a fitting procedure permits to take into acco
the broadening of the lines, which generally originates fr
an amorphous behavior. Further analysis of the resulting

TABLE III. Hyperfine Fe-Mössbauer parameters fo
Bi21xSr32xFe2O91d . IS, isomer shift relative toaFe;G, half-height
width of the doublet; QS, quadrupole splitting; 2«, quadrupole shift;
HF, hyperfine field.

Temperature 77 K
Site Type IS(60.02) 2«(60.02) HF(60.02) Intensity(65)

~mm s21) ~mm s21) ~T! ~%!

A8 FeIII 0.48 -0.46 51 33
B8 FeIII 0.44 -0.40 48 41
C8 FeIII 0.49 -0.38 45 26

Temperature 300 K
Site Type IS(60.02) QS(60.02) G(60.02) Intensity(65)

~mm s21) ~mm s21) ~mm s21) ~%!

A FeIII 0.34 0.30 0.33 10
B FeIII 0.30 0.89 0.31 58
C FeIII 0.33 1.10 0.30 32
r
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tribution of quadrupolar splitting provides information rel
tive to the amorphous state:19 It concerns the ratio
q5^QS2&/^QS&2. In the present case, the value ofq is equal
to 1: This result suggests the presence of a perfect struc
order, in spite of the broadening of Mo¨ssbauer lines. Also, it
is consistent with the incommensurate character of
modulation which leads to a great number of different lo
iron environments, according to the Fe-O distances, as
ported in Fig. 14. Let us mention that the value ofq51
established in the magnetically ordered state~77 K! confirms
the previous conclusions. Although the linear correlation,
troduced between QS and IS in our refinement, has no ph
cal meaning, one can again distinguish three zones accor
to QS and IS values: The main one corresponds to QS.1
mm s21 while the two other ones correspond to QS<0.8
mm s21 and QS>1.1 mm s21 respectively~Fig. 16!. In fact,
the distribution of the QS values seems to be the best in
pretation of the Mo¨ssbauer spectra considering the variati
of the apical Fe-O~3! distances in Fig. 14 which suppose
that the octahedral oxygen environment of iron is more
less distorted depending upon the perturbations due to
modulation wave.

Both the structural investigation of the site occupanc
and the Mo¨ssbauer study of the iron valence state lead to
chemical formula Bi2.38Sr2.62Fe2O9.2 which corresponds to
iron only in the trivalent state Fe~III !.

On the other hand, for the Bi2.18Sr1.82Ca0.91Fe2O9.2 ferrite
which has been recently studied by Mo¨ssbauer
spectroscopy,20 the presence of iron in a mixed valence sta
involving both trivalent Fe~III ! and tetravalent Fe~IV ! spe-
cies has been considered to explain the Mo¨ssbauer data a
293 K. Such a result should be ascribed to the lower
content which led us to suggest that a possible correla

FIG. 16. Evaluated probability distribution of QS at 300 K.
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should exist between the Bi occupancy of the Sr~1! site and
the Fe valence state.

VIII. CONCLUSION

Using a better description of the symmetry of the mod
lated structure involving less structural parameters and
ing into account the actual incommensurate characte
the modulation, the four-dimensional formalism h
allowed us to give a more accurate description of
Bi21xSr32xFe2O91d phase than in the previous supercell d
scription. It appears that in addition to the disorder on
bismuth sites already considered by Grebilleet al.,17 a static
disorder is likely on the oxygen sites, and both disorders
closely related to each other. They could find their origin
the existence of dilutedD1 regions where extra oxygen a
oms, responsible for the oxygen nonstoichiometry, could
sert themselves. The resulting environment of Bi is th
compatible with three short distances throughout the crys

Two interpretations can be given of the incommensur
character of the modulation. Either the structure is actu
incommensurate and this imposes different symmetry c
figurations for the previous disorderedD1 andD2 zones
without any local regular symmetry operator position as s
gested by Levinet al.,9 or the occurence of theD1 zones is
hazardous, resulting in an average period of around 4.8b.
Nevertheless, in both cases, a local disorder for Bi and
atoms must be considered.

Despite the large variations in the Fe environment,
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Mössbauer study of the present phase evidenced only a t
lent state Fe~III ! for the iron atoms while a mixed valenc
state involving both Fe~III ! and Fe~IV ! species has been sug
gested for the Bi2Sr2CaFe2O91d oxide.

20 However, in these
different compounds, the@BiO# layers present quite simila
behaviors, in particular concerning the insertion of an ex
oxygen atom in the diluted and disordered regions. The b
ance of charge is then realized either by an excess of Bi
the Ca-free compound or by a mixed valence iron state
the Ca derivative. Thus, it seems to be interesting to st
the structure of Bi2Sr2CaFe2O91d in order to compare the
two iron compounds and to check up our hypothesis on
relation between@SrO#, @BiO#, and@FeO# or @CuO# layers if
one includes the copper-based Bi 2212 counterpart.

The particular configuration of the@BiO# layers and espe
cially of theD1 regions where extra oxygen atoms are int
polated is only made possible by the nonsymmetric envir
ment of bismuth. In this way, the stereoactivity of the 6s2

lone pair of Bi~III ! is of great importance for the generatio
of such a situation. This statement is strongly supported
the fact that the introduction of lead in the iron compoun
can imply either a change of the modulation vector or
disappearance of the modulation. It is indeed well kno
that Pb~II !, due to its larger size compared to Bi~III !,
is significantly less stereoactive. A study of th
Bi22xPbxSr3Fe2O9 oxides is in progress to understand t
effects of both Pb and Bi in the modulation of th
Bi2Sr2Can21MnO2n14 compounds.
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