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Over the oxygen composition range 2.54x43.0, the SrFeOx

system exists as four distinct compounds with the nominal com-
position SrnFenO3n21 (n 5 2, 4, 8, and R). The end member
SrFeO3 (n 5R) possesses a simple cubic perovskite crystal
structure, whereas the oxygen-de5cient (n 5 2, 4, and 8) mem-
bers each adopt a di4erent vacancy-ordered perovskite crystal
structure. Using time-of-6ight neutron powder di4raction, we
show that previously proposed structures for the Sr4Fe4O11

(n 5 4) and Sr8Fe8O23 (n 5 8) compounds are incorrect. We
determine the correct crystal structures for Sr4Fe4O11 (ortho-
rhombic, space group Cmmm, a 5 10.974(1) A_ , b 5 7.702(1) A_ ,
and c 5 5.473(1) A_ ) and Sr8Fe8O23 (tetragonal, space group
I4/mmm, a 5 10.929(1) A_ and c 5 7.698(1) A_ ) through compari-
sons of the goodness of 5t for Rietveld re5nements of candidate
models and bond-length distributions for each model. Using the
correct crystal structures, we are able to assign valence states to
the Fe crystallographic sites and to achieve consistency with
published MoK ssbauer results for the same compounds. ( 2000
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INTRODUCTION

The variable-valence SrFeO
x

(2.54x43.0) perovskite
system is an instructive model for study of the e!ects of
oxygen-vacancy ordering on crystal structure and electronic
properties. The oxygen-de"cient end member, SrFeO

2.5
, is

an orthorhombic oxygen-vacancy-ordered perovskite of
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brownmillerite structure type (1). In this compound the
Fe3` cations are well behaved in the ionic regime, and as
such the compound is an antiferromagnetic Mott-type insu-
lator. The other end member, cubic perovskite SrFeO

3
,

exhibits the coexistence of metallic conductivity (p+
103 S cm~1) (2, 3) and screw-type antiferromagnetic order-
ing (¹

N
+130 K) (4). This unusual combination of metallic

conductivity and antiferromagnetism in SrFeO
3

is related
to the high valence of the formally Fe4` cations by way of
the enhanced Fe}O covalency and O:2pPFe : 3d charge
transfer (5}7). From the low-temperature magnetic #ux
densities measured by MoK ssbauer spectroscopy, high-spin
electronic con"gurations have been determined for the
Fe4` : d4 and Fe3` : d5 cations present in the series end
members SrFeO

3
and SrFeO

2.5
, respectively (1, 8).

Initial studies of the SrFeO
x

system as a function of
oxygen content revealed the existence of possibly one or
more intermediate oxygen-vacancy-ordered SrFeO

x
phases;

however, important discrepancies exist between the indi-
vidual studies (1, 2, 9, 10). These problems can largely be
attributed to the use of di!ering synthesis conditions and
the associated di$culties of X-ray powder di!raction on
near-cubic perovskites. Subsequent investigations (11}13)
resolved many of the early discrepancies concerning the
nonstoichiometric chemistry of SrFeO

x
. The pertinent re-

sults of these studies can be outlined as follows. Above
a composition-dependent transition temperature ¹

5
(x),

SrFeO
x

forms a continuous oxygen-vacancy-disordered
solid}solution with the cubic perovskite structure. On cool-
ing, three miscibility gaps arise which divide the SrFeO

x
system into four structurally distinct phases. The existence
of the two intermediate vacancy-ordered perovskite phases
was con"rmed by a combination of electron di!raction and
0
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high-resolution X-ray powder di!raction techniques (12).
These two phases of nominal compositions SrFeO

2.75
and

SrFeO
2.875

were reported to have orthorhombic 2J2a
1
]

2a
1
]J2a

1
and tetragonal 2J2a

1
]2J2a

1
]2a

1
supercells,

respectively (where a
1

denotes the unit-cell edge of the
perovskite subcell). Since these phases are formed within
relatively narrow compositional ranges, they can be con-
sidered as members of the ideal series Sr

n
Fe

n
O

3n~1
, where

n"R, 8, 4, and 2.
In this paper we report the results of a neutron powder

di!raction study of the four phases of Sr
n
Fe

n
O

3n~1
(n"2, 4,

8 andR). Through comparison of Rietveld re"nements of
appropriate candidate oxygen-vacancy-ordered perovskite
models for the Sr

4
Fe

4
O

11
(n"4) and Sr

8
Fe

8
O

23
(n"8)

phases, we determine the correct crystal structures and show
that all previously reported structures are incorrect. Using
the correct structures, we are able to assign valence states to
the Fe crystallographic sites and to achieve consistency with
published MoK ssbauer results for the same compounds. The
relationship between crystal structure and some of the inter-
esting electronic and magnetic properties of these phases is
then discussed.

SYNTHESIS AND NEUTRON POWDER DIFFRACTION

A 2.5-g sample of SrFeO
x

was prepared from spectro-
scopic-grade SrCO

3
and 90% 57Fe isotopically enriched

Fe
2
O

3
(the 57Fe isotope was used because the same samples

were used in a study of the phonon density of states by
inelastic nuclear resonant X-ray scattering (14)).
Stoichiometric amounts of SrCO

3
and Fe

2
O

3
were ground

together, pressed into a pellet, and "red at 12503C for 24 hr
followed by slow cooling to room temperature. An oxygen
content of x"2.870(5) was determined for the as-syn-
thesized sample of SrFeO

x
by thermogravimetric analysis

(TGA). The SrFeO
x

sample was then annealed at 4003C
under 30 MPa of pure oxygen for 24 hr and slowly cooled to
2003C at 13C/hr. TGA revealed that this high-pressure oxy-
gen annealing step had increased the oxygen content of
SrFeO

x
to x"2.998(5). This SrFeO

3
sample was then sep-

arated into four smaller samples of approximately 600 mg
each. The oxygen contents of three samples were then indi-
vidually adjusted to desired values directly on the TGA
balance by annealing in appropriate #owing atmospheres.
An SrFeO

2.5
brownmillerite phase was obtained by heating

SrFeO
3

in a 5% H
2
/Ar gas mixture at 5003C for 12 hr. An

SrFeO
x

sample with x"2.740(5) was obtained by heating
SrFeO

3
to 8503C in a 200 ppm O

2
/Ar gas mixture, slowly

cooling to 5503C, and then rapidly cooling to room temper-
ature. An SrFeO

x
sample with x"2.860(5) was obtained by

heating SrFeO
3

to 8503C in a 12% O
2
/Ar gas mixture,

slowly cooling to 4003C, and then rapidly cooling to room
temperature.
Time-of-#ight neutron powder di!raction spectra were
collected from the four SrFeO

x
(x"3.0, 2.86, 2.74, and 2.50)

samples using the Special Environment Powder Di!rac-
tometer at Argonne's Intense Pulsed Neutron Source (15).
Di!raction data were collected on all detector banks. How-
ever, only the analysis of the high-resolution back-scattering
data (*d/d"0.035) is presented here. Model crystal struc-
tures were re"ned by the Rietveld method (16) using the
GSAS suite of programs (17). The magnetic form factor used
for Fe3` cations was taken from the International ¹ables for
Crystallography (18).

OXYGEN-VACANCY ORDERING SCHEMES IN SrnFenO3n21

(n 5 2, 4, AND 8)

The oxygen-de"cient end-member phase Sr
2
Fe

2
O

5
(n"2) possesses a brownmillerite-type crystal structure (1).
The brownmillerite structure type is a classic example of an
oxygen-vacancy-ordered perovskite. It is derived from the
parent cubic ABO

3
perovskite structure by creating lines of

oxygen vacancies along the [101]
1

direction in every other
(010)

1
plane, producing a J2a

1
]4a

1
]J2a

1
supercell.

A schematic representation of the oxygen-vacancy ordering
scheme of brownmillerite is shown in Fig. 1a. Following
relaxation, the resulting structure contains alternating
layers of BO

6
octahedra (O) and BO

4
tetrahedra (¹ and ¹@)

perpendicular to the y-axis. A polyhedral representation of
a brownmillerite A

2
B
2
O

5
unit cell is shown in Fig. 2a.

Subtle structural di!erences, arising from the variety of
atomic relaxation displacements possible, exist between
various brownmillerite A

2
B
2
O

5
compounds. In Ca

2
Fe

2
O

5
and Ca

2
FeAlO

5
(19, 20), the zig-zag relationship between

adjacent FeO
4

chains within any individual FeO
4

layer is
essentially identical. However, the symmetry relations be-
tween ¹ and ¹@ layers are 11 and 2, resulting in the adoption
of Pcmn and Ibm2 space groups, respectively. To illustrate
the interchain relationship for the Ca

2
FeAlO

5
case, a brow-

nmillerite unit cell of Ibm2 crystal symmetry and associated
expanded views of the y"0.25 and 0.75 FeO

4
layers are

shown in Figs. 2a and 2b. The essential structural di!erence
between Ca

2
Fe

2
O

5
and Ca

2
FeAlO

5
corresponds to replac-

ing the ¹@ layer in Fig. 2b with its xy mirror image. In
contrast to these fully ordered brownmillerite compounds,
a neutron powder and electron di!raction study of
Sr

2
Fe

2
O

5
indicated a degree of structural disorder (21). This

disorder was interpreted as arising from an irregular occur-
rence of a 11 , rather than a 2, symmetry relationship between
adjacent FeO

4
layers. The crystal structure was, therefore,

re"ned in the higher symmetry Icmm space group. A sub-
sequent single-crystal X-ray di!raction study of Sr

2
Fe

2
O

5
,

however, determined a fully ordered structure consistent
with the Ibm2 space group (22). The results of neutron
powder di!raction studies of the closely related brownmil-
lerite compounds Sr

2
CoFeO

5
and Sr

2
Co

2
O

5
are consistent



FIG. 1. Proposed oxygen-vacancy ordering schemes for Sr
n
Fe

n
O

3n~1
(n"2, 4, and 8). (a) Sr

2
Fe

2
O

5
brownmillerite I-centered unit cell, (b) Sr

4
Fe

4
O

11
C-centered unit cell proposed by Takano (13), (c) Sr

8
Fe

8
O

23
I-centered unit cell proposed by Takano, (d) Sr

4
Fe

4
O

11
B-centered unit cell proposed by

Gibb (28), (e) Sr
4
Fe

4
O

11
new C-centered unit cell, and (f) Sr

8
Fe

8
O

23
new I-centered unit cell. The open circles, "lled circles, small "lled circles, and open

squares indicate O2~ anions, vacancies, Fe cations, and Sr2` cations, respectively.
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FIG. 2. Schematic representation of an A
2
B

2
O

5
brownmillerite unit

cell with Ibm2 crystal symmetry (a) and associated expanded views of the
y"0.25 (¹) and y"0.75 (¹@) BO

4
tetrahedra layers (b) to emphasize the

symmetry relationship between these ¹ and ¹@ layers.

FIG. 3. Schematic representations of the ordering of oxygen vacancies
along a line of direction [101]

1
within an originally SrO

3
layer. (a) The

scheme proposed by Takano for Sr
4
Fe

4
O

11
, and (b) the alternate place-

ment of the oxygen-vacancy-ordered [101]
1

line for Sr
4
Fe

4
O

11
. The open

circles, "lled circles, and open squares indicate O2~ anions, vacancies, and
Sr2` cations, respectively.
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with the space group Icmm (23, 24). All "ve A
2
B

2
O

5
compounds exhibit strong antiferromagnetic coupling and a
G-type spin structure to high temperatures (330 K4¹

N
4

725 K) (21, 23}27).
For the phases Sr

4
Fe

4
O

11
(n"4) and Sr

8
Fe

8
O

23
(n"8),

C-centered 2J2a
1
]2a

1
]J2a

1
and I-centered 2J2a

1
]

2J2a
1
]2a

1
unit cells, respectively, were determined from

electron and X-ray di!raction measurements (12). Using
these unit cells as templates, in which the oxygen-vacancy
sites considered alone constitute the requisite Bravais lat-
tice, structural models for Sr

4
Fe

4
O

11
and Sr

8
Fe

8
O

23
were

subsequently proposed by Takano et al. (13). Schematic
representations of the Takano oxygen-vacancy ordering
schemes proposed for Sr

4
Fe

4
O

11
and Sr

8
Fe

8
O

23
are shown

in Figs. 1b and 1c. To"eld et al. (9) had previously proposed
a structure for Sr

4
Fe

4
O

11
with identical vacancy ordering,

but a doubled z-axis unit-cell size. More recently, Gibb (28)
has reinvestigated the Sr

4
Fe

4
O

11
phase. From X-ray pow-

der di!raction data a 2J2a
1
]2a

1
]J2a

1
unit-cell size was

con"rmed; however, the presence of a very weak (010) re#ec-
tion caused us to question the validity of the C-centered
crystal symmetry previously put forward. To account for
the unusual magnetic properties of Sr

4
Fe

4
O

11
(10, 13), Gibb

proposed a new structural model in which layers of Fe3`O
6

octahedra are separated by layers of Fe4`O
5

square pyr-
amids. A schematic representation of the proposed oxygen-
vacancy ordering scheme is shown in Fig. 1d. This Gibb
model is closely related to the Takano model for Sr

4
Fe

4
O

11
;

when the oxygen-vacancy sites are considered alone they
form a B-centered, rather than C-centered, Bravais lattice of
identical unit-cell size. Cooperative tilting and/or other dis-
tortions can lower the crystal symmetry in both cases to
primitive. Therefore, both vacancy ordered models are vi-
able candidates for the crystal structure of Sr

4
Fe

4
O

11
.

In the oxygen-vacancy ordering schemes proposed by
Takano, the vacancies are ordered at every n/2 site in lines
of [101]

1
direction. In Fig. 3a the ordering of vacancies

along such a line within an SrO
3

layer is depicted for the
proposed Sr

4
Fe

4
O

11
model. These lines of ordered oxygen

atoms and vacancies are themselves ordered with respect to
one another to yield the "nal supercells. However, in the
case of Sr

4
Fe

4
O

11
and Sr

8
Fe

8
O

23
, unlike Sr

2
Fe

2
O

5
, the
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placement of the vacancy-ordered [101]
1

line within an
SrO

3
layer is not unique. As shown in Fig. 3b, an alternate

placement for the [101]
1

ordered line of vacancies exists.
Upon adopting this alternative line for the vacancy ordering
in both Sr

4
Fe

4
O

11
and Sr

8
Fe

8
O

23
, one obtains new va-

cancy ordering schemes. Schematic representations of these
new vacancy ordering schemes for Sr

4
Fe

4
O

11
and

Sr
8
Fe

8
O

23
are shown in Figs. 1e}1f. Considered by them-

selves, the oxygen vacancies in both the Takano and
the alternate schemes are ordered identically, forming a
C-centered 2J2a

1
]2a

1
]J2a

1
or I-centered 2J2a

1
]

2J2a
1
]2a

1
unit cell. Since all the oxygen atoms are crys-

tallographically equivalent in the aristotype SrFeO
3
, it is

simply the orientation of the Sr
4
Fe

4
O

11
and Sr

8
Fe

8
O

23
supercells with respect to the underlying perovskite crystal
structure that di!ers between the Takano and the new
schemes.
FIG. 4. Neutron powder di!raction data and Rietveld re"nement pro"le fo
The solid line is the calculated pro"le. Tic marks below the pro"le mark the p
calculated pro"les is plotted at the bottom in units of di!erence divided by esti
The dotted lines above and below the di!erence/esd line are #5 and !5 i
CRYSTAL STRUCTURE DETERMINATION

SrFeO3 (n"R)

An excellent "t between the observed powder di!raction
data and calculated pro"le of SrFeO

3
was achieved using

a simple cubic perovskite model (S"1.616, S"R
81

/R
%
). In

the "rst stage of the re"nement, the three Debye}Waller
parameters of the Sr, Fe, and O atoms were constrained to
be isotropic. Upon convergence, this constraint was re-
moved and the re"nement was continued with anisotropic
Debye}Waller parameters. Signi"cant deviation from iso-
tropic thermal motion was revealed for the oxygen atoms.
During the "nal stage of the re"nement, the Debye}Waller
parameters of the Sr and Fe atoms were constrained to be
isotropic. The "nal neutron powder di!raction pro"les and
re"ned crystallographic parameters for SrFeO

3
are pre-

sented in Fig. 4 and Table 1. Throughout the re"nement, the
r SrFeO
3
re"ned in the Pm31 m space group. Dots are the raw observed data.

ositions of all allowed re#ections. The di!erence between the observed and
mated standard deviation (which is the square root of the observed counts).
n these units.



TABLE 1
Structural Parameters for SrFeO3 Re5ned in Space Group Pm31 m

Atom Site x y z ;
*40

or u
ij
]102 (A_ 2)

Sr 1b 1/2 1/2 1/2 0.7(1)
Fe 1a 0 0 0 0.4(1)
O 3d 0 0 1/2 u

11
"1.2(1), u

33
"0.6(1)

Note. a"3.851(1) A_ .
R

81
"0.099, R

1
"0.063, R

%
"0.061, R

I
"0.065, S"1.616.

TABLE 2
Structural Parameters for Sr8Fe8O23 Re5ned in Space Group

I4/mmm

Atom Site x y z ;
*40

]102 (A_ 2)

Sr(1) 8i 0.2577(3) 0 0 0.6(1)
Sr(2) 8j 0.2510(3) 0 1/2 0.8(1)
Fe(1) 4e 0 0 0.250(2) 0.8(3)
Fe(2) 8f 1/4 1/4 1/4 0.3(2)
Fe(3) 4d 1/2 0 1/4 0.1(2)
O(1) 2b 0 0 1/2 1.0(2)
O(2) 16m 0.1190(2) 0.1190(2) 0.2224(3) 0.9(1)
O(3) 8h 0.2340(3) 0.2340(3) 1/2 0.6(1)
O(4) 16k 0.1237(2) 0.6237(2) 1/4 0.8(1)
O(5) 4c 1/2 0 0 1.1(1)

Note. a"10.929(1) A_ , c"7.698(1) A_ .
R

81
"0.085, R

1
"0.053, R

%
"0.054, R

I
"0.060, S"1.577.

TABLE 3
Structural Parameters for Sr8Fe8O23 Re5ned in Space Group

I112/m

Atom Site x y z ;
*40

]102 (A_ 2)

Sr(1) 8j 0.379(1) 0.124(2) 0.254(2) 0.2(1)
Sr(2) 8j 0.879(1) 0.122(2) 0.230(1) 0.6(1)
Fe(1) 4i 0.134(4) 0.124(5) 0 0.1(4)
Fe(2) 4i 0.634(3) 0.130(4) 0 0.3(7)
Fe(3) 4i 0.376(5) 0.382(5) 0 0.3(5)
Fe(4) 4i 0.118(3) 0.619(4) 0 0.0(7)
O(1) 8j 0.117(2) 0.117(2) 0.223(1) 1.9(2)
O(2) 8j 0.626(2) 0.124(2) 0.253(4) 1.1(1)
O(3) 4i 0.265(1) 0.008(2) 0 0.1(2)
O(4) 4i 0 1/4 0 1.9(4)
O(5) 2d 1/2 0 0 0.9(6)
O(6) 2c 0 1/2 0 2.3(9)
O(7) 4i 0.258(2) 0.255(2) 0 0.5(3)
O(8) 4i 1/2 1/4 0 1.0(5)
O(9) 4i 1/4 1/2 0 0.6(5)
O(10) 2b 1/2 1/2 0 1.3(4)
O(11) 4i 0.737(2) 0.261(2) 0 1.1(4)

Note. a"10.928(3) A_ , b"10.928(3) A_ , c"7.698(1)A_ , c"90.01(1)3.
R

81
"0.091, R

1
"0.056, R

%
"0.054, R

I
"0.056, S"1.694.
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oxygen fractional site occupancy was "xed at unity. No
evidence suggestive of a lower crystal symmetry, such as
splitting of di!raction peaks, unusual peak broadening, or
weak superlattice peaks, was detected.

The observed simple cubic perovskite structure of
SrFeO

3
con"rms the absence of a static cooperative Jahn}

Teller distortion (1, 29). Normally a Jahn}Teller e!ect
would be expected of a high-spin transition-metal d4 cation
in octahedral coordination. The possibility exists, however,
that a dynamic or an incoherent static Jahn}Teller e!ect is
present, since these are not ruled out by an average primi-
tive cubic symmetry. If dynamic or incoherent Jahn}Teller
distortions are present in SrFeO

3
, then it is expected that

the oxygen atoms will appear to exhibit anomalously large
thermal motion along Fe}O directions. The structural re-
"nement of SrFeO

3
, however, shows that the largest ther-

mal motion of the oxygen anions is perpendicular to the
Fe}O directions (u

11
"0.012(1) A_ 2) and not parallel

(u
33
"0.006(1) A_ 2). This is as expected for thermal libra-

tional motion of the FeO
6

octahedra. Thus, the anisotropic
Debye}Waller parameters observed in SrFeO

3
present no

evidence for a dynamic or incoherent Jahn}Teller e!ect.

Sr8Fe8O23 (n"8)

Initial analysis of the Sr
8
Fe

8
O

23
neutron powder di!rac-

tion data indicated that the proposed tetragonal I-centered
2J2a

1
]2J2a

1
]2a

1
unit cell was consistent with all the

observed di!raction peaks. The ideal, i.e., before relaxation,
Sr

8
Fe

8
O

23
structural model proposed by Takano and the

new vacancy-ordered model (see Fig. 1c and 1f) are de-
scribed by the monoclinic I112/m and tetragonal I4/mmm
space groups, respectively. Furthermore, the ideal
Sr

8
Fe

8
O

23
structure proposed by Takano can be equiva-

lently described in the orthorhombic Fmmm space group
with an enlarged 4a

1
]4a

1
]2a

1
unit cell. Of relevance to the

crystal structure determination of Sr
8
Fe

8
O

23
, the I112/m

and Fmmm space group crystallographic models di!er in the
atomic relaxation displacements allowed. Henceforth, each
structural model of Sr

8
Fe

8
O

23
(and Sr

4
Fe

4
O

11
) will be

referred to by its corresponding space group symbol.
Crystal structure re"nements were performed using the

I4/mmm, Fmmm, and I112/m models for Sr
8
Fe

8
O

23
. The
initial atomic coordinates used corresponded to the respect-
ive ideal structures and the Debye}Waller parameters of all
atoms were constrained to be isotropic. In Tables 2}4 the
"nal obtained crystallographic parameters for the I4/mmm,
I112/m, and Fmmm model re"nements of Sr

8
Fe

8
O

23
are

listed.
An excellent "t between the observed neutron di!raction

data and calculated pro"le for Sr
8
Fe

8
O

23
was obtained

with the I4/mmm structural model (S"1.577) (see Fig. 5),
suggesting that this is the correct structure, whereas for the
I112/m and Fmmm structural models (S"1.694 and 1.686)
statistically signi"cant errors between the observed and



TABLE 4
Structural Parameters for Sr8Fe8O23 Re5ned in Space Group

Fmmm

Atom Site x y z ;
*40

]102 (A_ 2)

Sr(1) 16k 1/4 0.1283(6) 0.25 0.2(1)
Sr(2) 16m 0 0.1216(7) 0.2282(7) 0.6(1)
Fe(1) 8g 0.132(1) 0 0 0.2(3)
Fe(2) 8g 0.377(2) 0 0 0.7(4)
Fe(3) 16o 0.128(1) 0.248(1) 0 0.1(2)
O(1) 16o 0.1321(6) 0.1272(8) 0 1.2(1)
O(2) 8e 1/4 1/4 0 1.2(2)
O(3) 16o 0.3742(6) 0.124(1) 0 0.8(1)
O(4) 8g 0.257(1) 0 0 0.7(3)
O(5) 4b 1/2 0 0 1.3(3)
O(6) 16l 0.1250(7) 1/4 1/4 1.2(1)
O(7) 16n 0.117(1) 0 0.224(1) 1.9(2)
O(8) 8h 0 0.263 0 0.5(3)

Note. a"15.453(3) A_ , b"15.457(3) A_ , c"7.698(1) A_ .
R

81
"0.090, R

1
"0.056, R

%
"0.054, R

I
"0.058, S"1.686.
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calculated intensities of several re#ections were evident (see
Figs. 6 and 7). In these plots the di!erence divided by
estimated standard deviation is displayed (as opposed to the
commonly plotted di!erence) to emphasize the error be-
tween the observed and calculated di!raction patterns. It is
interesting to see, in Figs. 5}7, how subtle the di!erence in
goodness of ,t is between these three crystal structure mod-
els of Sr

8
Fe

8
O

23
. In addition to the small errors in di!rac-

tion pattern "ts, the I112/m and Fmmm re"ned crystal
structures both include oxygen atoms with anomalously
large Debye}Waller parameters (;

*40
'0.015 A_ 2) (see

Tables 3 and 4), further suggesting that the I112/m and
Fmmm crystallographic models are incorrect.

With regard to the general problem of determining crystal
structures ab initio from powder di!raction data, the I112/m
and Fmmm re"nements illustrate how incorrect crystal
structures can, sometimes, "t the observed powder di!rac-
tion data satisfactorily and yield acceptably low agreement
factors (R

81
, R

I
, etc). Pointedly, one should seek more than

just good agreement factors before concluding that a speci-
"c structural model is correct. Satisfying this requirement,
conclusive evidence con"rming the correctness of the
I4/mmm crystal structure is presented in a section below on
Fe}O and O}O bond-length distributions in Sr

4
Fe

4
O

11
and Sr

8
Fe

8
O

23
.

Sr4Fe4O11 (n"4)

The neutron powder di!raction pattern of Sr
4
Fe

4
O

11
was indexed using the proposed orthorhombic C-centered
2J2a

1
]2a

1
]J2a

1
unit cell. The observation of the

h#k"2n extinction condition rules out a B-centered
2J2a

1
]2a

1
]J2a

1
unit cell for Sr

4
Fe

4
O

11
; however, this
does not disprove the oxygen-vacancy ordering scheme put
forward by Gibb (28). The ideal Sr

4
Fe

4
O

11
structural model

proposed by Takano and the new vacancy-ordered model
(see Figs. 1b and 1e) are described by the monoclinic
C12/m1 and orthorhombic Cmmm space groups, respective-
ly. For the C12/m1 and Cmmm crystal structure re"nements
of Sr

4
Fe

4
O

11
, the initial atomic coordinates used corre-

sponded to the respective ideal structures and the De-
bye}Waller parameters of all atoms were constrained to be
isotropic.

An excellent "t between the observed di!raction data and
calculated pro"le was obtained with the Cmmm structural
model (S"1.620) (see Fig. 8), whereas for the C12/m1 model
(S"1.920), intensity errors for several re#ections (see Fig. 9)
were clearly apparent. The "nal obtained crystallographic
parameters for the Cmmm and C12/m1 model re"nements
are listed in Tables 5 and 6. It therefore appears from
a comparison of the obtained neutron di!raction pro"le "ts
and agreement factors that the orthorhombic Cmmm crys-
tallographic model of Sr

4
Fe

4
O

11
is correct, while the ini-

tially proposed monoclinic C12/m1 model is incorrect.
Further support for this conclusion, which is presented in
the following section, is provided by the Fe}O and O}O
bond-length distributions obtained from the re"ned C12/m1
and Cmmm crystal structures.

The re"ned Cmmm crystal structure of Sr
4
Fe

4
O

11
, which

is shown in Fig. 10a, consists of one-dimensional chains
of vertex-linked FeO

6
octahedra cross-linked by (FeO

5
)
2

&&bow-tie'' dimer units. For comparison with Sr
4
Fe

4
O

11
,

the re"ned I4/mmm crystal structure of Sr
8
Fe

8
O

23
is

shown in Fig. 10b. Interestingly, if, starting with Sr
4
Fe

4
O

11
,

one converts alternate [001]
1

lines of (FeO
5
)
2

bow-tie
units into chains of FeO

6
octahedra by selectively "lling

oxygen vacancies, one obtains very closely the crystal
structure of Sr

8
Fe

8
O

23
. This close structural relationship

between Sr
4
Fe

4
O

11
and Sr

8
Fe

8
O

23
is consistent with the

ease of interconverting the phases by low-temperature an-
nealing.

Fe}O AND O}O BOND-LENGTH DISTRIBUTIONS IN
Sr4Fe4O11 AND Sr8Fe8O23

An analysis of the distribution of Fe}O bond lengths and
O}O distances was used to con"rm the validity of the
structural models for Sr

4
Fe

4
O

11
and Sr

8
Fe

8
O

23
.

The distributions of Fe}O and O}O bond lengths ob-
tained for the Sr

4
Fe

4
O

11
and Sr

8
Fe

8
O

23
crystal structure

re"nements are displayed in Fig. 11. The very broad Fe}O
and O}O bond length distributions observed for the
C12/m1, I112/m, and Fmmm models (Figs. 11a}11c) are
unusual and suggest that these crystal structure models are
incorrect. A second alarming feature of these three model
re"nements is the signi"cant fraction of short (&2.60 A_ )
O}O interatomic distances observed. However, it is the



FIG. 5. Neutron powder di!raction data and Rietveld re"nement pro"le for Sr
8
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8
O

23
re"ned in the I4/mmm space group. Format is the same as for

Fig. 4.
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common presence of an unaccountably short Fe}O bond,
d(Fe}O)(1.75 A_ , that e!ectively disproves the proposed
C12/m1, I112/m, and Fmmm models. The shortest Fe}O
bond lengths typically observed in mixed alkaline-earth iron
oxide compounds are &1.85(2) A_ .

The validity of the re"ned Cmmm Sr
4
Fe

4
O

11
and I4/mmm

Sr
8
Fe

8
O

23
crystal structures is a$rmed by their Fe}O and

O}O bond-length distributions (Figs. 11d and 11e). Three
common features de"ne the bond-length distributions of
Sr

4
Fe

4
O

11
and Sr

8
Fe

8
O

23
. All the Fe}O bond lengths and

a high proportion of the O}O interatomic distances are
distributed in the normal ranges of 1.85}2.05 A_ and
2.70}2.90 A_ . Contrasting the competing C12/m1, I112/m,
and Fmmm re"ned structural models, there are no excep-
tionally short Fe}O bonds. There are present, however,
a number of short O}O interatomic distances of length
&2.60 A_ . In both crystal structures, these short O}O dis-
tances de"ne the square-bases of the FeO

5
polyhedra.
Presumably, for the square-pyramid FeO
5

units the
increased repulsion energy due to short O

"
}O

"
distances

is compensated by a greater relief in O
!
}O

"
repulsion

energy (O
!
and O

"
refer to apical and basal oxygen atoms,

respectively).

Sr2Fe2O5 (n"2)

In consideration of possible structural disorder in
Sr

2
Fe

2
O

5
(21), the crystal and magnetic structures of

Sr
2
Fe

2
O

5
were re"ned in both the space groups Ibm2

and Icmm. For each re"nement the Fe3` magnetic
moments were constrained to lie parallel to the z-axis,
and the Debye}Waller parameters were constrained to be
isotropic.

The best agreement between the observed di!raction data
and calculated pro"le was achieved with the disordered
Icmm structural model of Sr

2
Fe

2
O

5
(S"1.652 for Icmm vs



FIG. 6. Neutron powder di!raction data and Rietveld re"nement pro"le for Sr
8
Fe

8
O

23
re"ned in the I112/m space group. This model was shown to

be incorrect. Format is the same as for Fig. 4.
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1.717 for Ibm2). The "nal neutron powder di!raction pro-
"les and crystallographic parameters for Sr

2
Fe

2
O

5
re"ned

in space group Icmm are presented in Fig. 12 and Table 7.
As previously suggested (21), this disorder is probably lim-
ited to the irregular occurrence of a 11 symmetry relation
between adjacent ¹ and ¹@ FeO

4
layers. In regions free of

such stacking errors the crystal symmetry is anticipated to
be Ibm2. Di!erent synthesis conditions, superior crystal-
linity, fewer stacking errors, and, therefore, overall greater
structural order may explain the assignment of the Ibm2
space group to a single crystal of Sr

2
Fe

2
O

5
(22).

The di!erence in "ts between the disordered and ordered
structural models of Sr

2
Fe

2
O

5
was small. However, addi-

tional support for concluding a disordered Icmm model is
provided by the re"ned magnetic moments (23). The oc-
tahedral Fe(1) and tetrahedral Fe(2) site magnetic moments
re"ned to values of 4.0(2) k

B
and 3.7(1) k

B
, respectively, for

both the ordered and disordered structural models. These
values are low when compared with the Fe3` magnetic
moment of 4.5(2) k

B
found in the fully ordered Ca

2
Fe

2
O

5
compound (26, 27). Considering that neutron di!raction
measures only the magnetic component exhibiting long-
range order, and MoK ssbauer spectroscopy has determined
very similar internal magnetic #ux densities for both
Ca

2
Fe

2
O

5
and Sr

2
Fe

2
O

5
(B

0#5
"51(1) T and B

5%53!
"

43(1) T) (30), the low moments observed for Sr
2
Fe

2
O

5
can therefore be attributed to the presence of structural
disorder and the resulting imperfect alignment of magnetic
spins. The structural disorder perturbs the magnetic
interactions locally, resulting in incoherent and coherent
components along the x- and z-axes, respectively. This
picture of structural disorder leading to imperfect spin
alignment is consistent with the Fe(2) tetrahedral site ca-
tions having the most reduced &&ordered''magnetic moment,
3.7 k

B
vs 4.0 k

B
, since the FeO

4
layer is e!ectively the origin

of the disorder.



FIG. 7. Neutron powder di!raction data and Rietveld re"nement pro"le for Sr
8
Fe

8
O

23
re"ned in the Fmmm space group. This model was shown to be

incorrect. Format is the same as for Fig. 4.
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Relationship between Crystal Structure and the Electronic
and Magnetic Properties of Sr4Fe4O11 and Sr8Fe8O23

Before commencing the discussion of the relationship
between structure and electronic properties of Sr

4
Fe

4
O

11
and Sr

8
Fe

8
O

23
, it is bene"cial to "rst consider the general

systematics for the electronic properties of "rst-row
transition-metal compounds as have been elaborated by
Zaanen et al. and Fujimori (31, 32). The electronic behavior
of transition-metal compounds is governed by the relative
magnitudes of the on-site electron}electron correlation en-
ergy ;, the charge-transfer energy *, the B : 3d}O: 2p hy-
bridization strength ¹

1$
which re#ects the covalency of the

B}O bonding (B is the transition metal), and the bandwidths
=

1
and =

$
. The ; and * energies are associated with

charge #uctuations of the type dn#dn : dn`1#dn~1 which
involve the d}d Coulomb and exchange interactions, and
dn% dn`1¸~1, where ¸~1 denotes a hole in the anion val-
ence band. The magnitude of * is directly related to the
electronegativity of the anion and the Mandelung potential,
both of which tend to stabilize an ionic ground state
and a noble-gas valence con"guration of the anion.
Whereas the parameters ;, *, and ¹

1$
are essentially

determined by local coordination geometry of a single BO
k

unit (intracluster coupling), the dispersional widths =
1

and =
$

associated with the O : 2p and B : 3d bands arise
from the coupling of the BO

k
units in the crystal structure

(intercluster coupling).
In general the anion-to-metal charge-transfer energy

* decreases from Sc to Cu within the transition metal 3d
series and with increasing formal oxidation state for a given
transition metal (33, 34). These trends combined with the
large exchange stabilization of the half-"lled 3d5 con"gura-
tion lead to a negative e!ective * value in the case of
formally Fe4`-containing SrFeO

3
, as derived from a cluster

model analysis of photoelectron spectra (6). As a result, the



FIG. 8. Neutron powder di!raction data and Rietveld re"nement pro"le for Sr
4
Fe

4
O

11
re"ned in the Cmmm space group. Format is the same as for

Fig. 4.
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electronic ground state of the Fe4` should not be con-
sidered as arising from an ionic 3d4 con"guration, but
rather as a mixed covalent state according to

(g"a Dd4T#b Dd5¸~1T

with a large weight of d5¸~1 (Dd4T and Dd5¸~1T represent the
ionic and covalent limits, respectively).

As suggested by Adler et al. (35) the electronic situation in
the Fe4`-containing A

m`1
Fe

m
O

3m`1
(m"1, 2, and R)

Ruddlesdon}Popper series is characterized by a competi-
tion between a local state formally arising from an Fe : d4
high-spin state and an itinerant continuum state reasonably
formulated as d5¸~1 with holes having predominantly
O : 2p character. In the semiconductor Sr

2
FeO

4
, the local

d4 is the ground state, and is separated by E
'!1

from the
d5¸~1 continuum, whereas in the three-dimensional perov-
skite SrFeO

3
, an increased O : 2p bandwidth, =

1
, results
from the larger number of Fe}O}Fe interactions, compared
with the two-dimensional Sr

2
FeO

4
, and this leads to band-

gap closure and a metallic ground state. An important e!ect
of the conduction band in SrFeO

3
is to mediate ferromag-

netic interactions, which compete with the prevalent
Fe}O}Fe antiferromagnetic superexchange interactions,
and, consequently, a screw-type spin structure is stabilized
below ¹

N
+130 K (4).

Sr4Fe4O11

For the purposes of assigning Fe cation valence states,
comparison, and discussion, we present a brief summary of
typical MoK ssbauer measurements (1, 10, 12, 28, 30, 36, 37) of
Fe cation isomer shifts (d) and their relative intensities
(measured at &300 K) for the Sr

n
Fe

n
O

3n~1
series in

Table 8. In constructing this summary, minor components
observed only in some studies are presumed to be associated



FIG. 9. Neutron powder di!raction data and Rietveld re"nement pro"le for Sr
4
Fe

4
O

11
re"ned in the C12/m1 space group. This model was shown to

be incorrect. Format is the same as for Fig. 4.
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with imperfect oxygen-vacancy ordering and/or secondary
phases, have therefore been omitted.

The room-temperature MoK ssbauer spectrum of
Sr

4
Fe

4
O

11
consists of two symmetrical doublets of equal

intensity. On the basis of the "tted isomer shifts of d"0.35
and !0.08 mms~1, the two components can be assigned to
Fe3` and Fe4` cations, respectively. Sr

4
Fe

4
O

11
, therefore,

is a mixed-valence compound. Below a magnetic transition
temperature of ¹

N
+230 K, the Fe3` component exhibits

hyper"ne magnetic splitting which saturates at a #ux den-
sity of B

)&
"46 T. This value of #ux density is indicative of

a high-spin d5 con"guration, as a opposed to a low-spin
d5 con"guration where a #ux density of B

)&
+11 T is ex-

pected (approximating B
)&
+22SS

z
T T). The magnetic

transition appears, from susceptibility data (10), to be anti-
ferromagnetic with some canting of spins in the vicinity of
the NeH el temperature. For the MoK ssbauer Fe4` component,
a gradual linewidth broadening is observed on cooling to
4 K, but the expected hyper"ne splitting associated with
magnetic ordering is not observed.

To understand the relationship between crystal structure
and the electronic and magnetic properties of Sr

4
Fe

4
O

11
,

a correct assignment of the Fe3` and Fe4` valence states to
their respective Fe crystallographic sites is critical. The
crystal structure of Sr

4
Fe

4
O

11
possesses two distinct Fe

sites, Fe(1) and Fe(2), with square-pyramidal and octahedral
oxygen coordinations, respectively. It is anticipated, from
crystal-"eld stabilization energy considerations, that the
Fe4` : d4 and Fe3` : d5 electronic con"gurations are best
accommodated by the square-pyramidal Fe(1)O

5
and oc-

tahedral Fe(2)O
6

sites, respectively. In opposition to this
conclusion, however, we note that the Fe(2)O

6
octahedron

is compressed with two short and four long Fe}O bonds (see
Table 9). This distortion is suggestive of a localized
Jahn}Teller e!ect and therefore a high-spin Fe4` : d4 cation
in an octahedral environment. Additionally, compositional



TABLE 5
Structural Parameters for Sr4Fe4O11 Re5ned in Space Group

Cmmm

Atom Site x y z ;
*40

]102 (A_ 2)

Sr(1) 2c 1/2 0 1/2 1.0(1)
Sr(2) 2d 0 0 1/2 0.5(1)
Sr(3) 4g 0.2588(3) 0 0 0.6(1)
Fe(1) 4i 1/2 0.247(1) 0 0.4(1)
Fe(2) 4f 1/4 1/4 1/2 0.7(2)
O(1) 2b 1/2 0 0 0.6(1)
O(2) 4h 0.2695(3) 0 0.5 0.8(1)
O(3) 16r 0.3804(2) 0.2761(1) 0.2359(5) 0.9(1)

Note. a"10.974(1) A_ , b"7.702(1) A_ , c"5.473(1) A_ .
R

81
"0.093, R

1
"0.056, R

%
"0.057, R

I
"0.041, S"1.620.

FIG. 10. Crystal structures of Sr
4
Fe

4
O

11
(a) and Sr

8
Fe

8
O

23
(b) re"ned
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studies of the related LaMO
3~d (M"Mn, Fe, and Co)

perovskites as a function of p(O
2
) indicate that

M2`}V
O
}M2` defect clusters are formed rather than a ran-

dom distribution of oxygen vacancies and M2` cations (38).
If analogous clusters are characteristic of the SrFeO

x
sys-

tem, then in Sr
4
Fe

4
O

11
the Fe3` and Fe4` cations are

expected to be ordered on the Fe(1) and Fe(2) sites, respec-
tively. As illustrated by these opposing scenarios, the correct
assignment of the observed Fe3` and Fe4` valence states to
their respective crystallographic Fe sites is nontrivial.

To assign the valence states of the Fe(1) and Fe(2) crystal-
lographic sites, Fe3`}O2~ and Fe4`}O2~ bond-strength
sums were calculated around each Fe cation; these sums are
presented in Table 10. The bond-strength calculations were
made using the method of ZioH lkowski (39). In this approach
a bond-length}bond-strength relationship for cation}oxy-
gen bonds is rationalized in terms of an &&electrostatic hover
model'' of the crystal structure. Ions of constant spherical
size, o

0
, are maintained at distances ¸"R!o

0
!o@

0
,

where R is the bond length, o
0

is the absolute cation radius,
and o@

0
"0.829 A_ is the absolute O2~ radius. The bond
TABLE 6
Structural Parameters for Sr4Fe4O11 Re5ned in Space Group

C12/m1

Atom Site x y z ;
*40

]102 (A_ 2)

Sr(1) 8j 0.1206(5) 0.2308(4) 0.757(1) 0.3(1)
Fe(1) 4i 0.126(2) 0 0.247(4) 0.6(1)
Fe(2) 4i 0.372(2) 0 0.750(4) 0.5(2)
O(1) 8i 0.117(1) 0.2212(5) 0.232(2) 1.9(1)
O(2) 4i 0.2615(6) 0 0.008(4) 0.9(2)
O(3) 2b 0 1/2 0 0.7(2)
O(4) 2d 1/2 0 1/2 1.4(3)
O(5) 2c 0 0 1/2 1.2(2)
O(6) 4i 0.2670(5) 0 0.496(3) 0.6(1)

Note. a"10.974(1) A_ , b"7.702(1) A_ , c"5.473(1) A_ , b"90.03(1)3.
R

81
"0.110, R

1
"0.066, R

%
"0.057, R

I
"0.063, S"1.920.

in the Cmmm and I4/mmm space groups, respectively.
strength is then given by s"dz/¸, where z is the formal
cation valence and d"0.135!0.0056z!0.0347o

0
!

0.005zo
0
. The relative values of the bond-strength sums,

presented in Table 10, clearly indicate that the Fe(1) cation
possesses a higher valence state than the Fe(2) cation. There-
fore, the observed Fe4` and Fe3` valence states can be
assigned to the Fe(1) and Fe(2) crystallographic sites, respec-
tively. The bond-strength sum values obtained for the
Fe4`O

5
and Fe3`O

6
polyhedra units (+s"4.09 and 2.84,

respectively) in Sr
4
Fe

4
O

11
are very close to the correspond-

ing Fe4` and Fe3` sums obtained in other related stron-
tium iron oxide compounds (see Table 11).

With regard to the Fe(2)O
6

octahedron in Sr
4
Fe

4
O

11
,

the observed distortion is attributed to the anisotropic



FIG. 11. Fe}O and O}O bond-length distributions for (a) Sr
4
Fe

4
O

11
C12/m1, (b) Sr

8
Fe

8
O

23
I112/m, (c) Sr

8
Fe

8
O

23
Fmmm, (d) Sr

4
Fe

4
O

11
Cmmm, and (e) Sr

8
Fe

8
O

23
I4/mmm structural models.
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distribution of nearest-neighbor Fe3` and Fe4` cations,
rather than a localized Jahn}Teller e!ect. In support of this
conclusion, the Fe3`O

6
octahedra present in Sr

2
Fe

2
O

5
are

distorted to a similar degree by the local anisotropic crystal
lattice.

The e!ects of electronic con"guration on Fe}O bonding
are evident when comparing Sr

3
Fe

2
O

6
and Sr

4
Fe

4
O

11
. In

Sr
3
Fe

2
O

6
, the high-spin d5 isotropic electronic con"gura-

tion of the Fe3` cation means that it cannot gain any
directional crystal "eld stabilization from the O

5
square-

pyramidal coordination. As such, the position of the Fe3`
cation along the principal axis of the FeO

5
unit will largely

be determined by ionic forces, resulting in d(Fe}O
!
)(

d(Fe}O
"
) (O

!
and O

"
represent the axial and basal oxygen

atoms). This is observed in Sr
3
Fe

2
O

6
where d(Fe}O

!
)"

1.886 A_ and d(Fe}O
"
) "1.980 A_ (40). In contrast to this

situation, in Sr
4
Fe

4
O

11
the Fe(1)O

5
central high-spin

Fe4` : d4 cation is able to gain crystal "eld stabilization
energy through the unequal occupation of the anti-bonding
a*
1g and b*

1g orbitals (these orbitals are predominately of d(z2)
and d(x2!y2) character, respectively). The observation of
d(Fe(1)}O

!
)'d(Fe(1)}O

"
) in Sr

4
Fe

4
O

11
(see Table 9) sup-
ports a preferential occupation of a lower lying anti-bond-
ing a*

1g orbital. In the closely related oxygen-vacancy or-
dered perovskite Ca

2
Mn

2
O

5
, the vacancies are ordered to

yield a crystal structure composed of vertex-sharing MnO
5

square-pyramidal units (41). The central Mn3` cation also
possesses a high-spin d4 con"guration and a similar prefer-
ential occupation of the anti-bonding a*

1g orbital a!ects the
Mn}O bond lengths.

Semiconducting behavior, with an activation energy for
conduction of E

!
"0.053 eV and p+10~1 and 102 S cm~1

at 300 K, has been reported for SrFeO
x

samples with
x"2.72 and 2.78 (42), respectively. It is reasonable to as-
sume that the conductivity properties of SrFeO

x
do not

change drastically over this small composition range. To
rationalize the semiconducting nature of Sr

4
Fe

4
O

11
, which

corresponds to x"2.75, it is best to "rst consider
Sr

4
Fe

4
O

11
in the context of the three-dimensional p}d

charge-transfer metal SrFeO
3
, described earlier.

In Sr
4
Fe

4
O

11
, the contribution to conduction by

O : 2pPFe : 3d charge-transfer #uctuations will largely be
determined by the intracluster and intercluster coupling of
(Fe4`O

5
)
2

bow-tie units. Clearly, the intercluster interac-
tions between the (Fe4`O

5
)
2
units will be greatly reduced by

the lower number density and associated increased separ-
ation, relative to the Fe4`O

6
intercluster interactions in

SrFeO
3
. Consequently, this will result in a much narrower

=
1
bandwidth of the d5¸~1 state and an opening of a ban-

dgap between the localized Fe : d4 and itinerant d5¸~1

states. A related bandgap opening has been reported for the
system Sr

m`1
Fe

m
O

3m`1
(m"1, 2, and R), where the num-

ber of nearest-neighbor Fe4`O
6

units decreases as m is
lowered toward the two-dimensional end member Sr

2
FeO

4
(m"1) (35, 43, 44). Demonstrating the trend toward more
localized electronic behavior, increasing activation energies
for conduction of E

!
"0.12 and 0.18 eV have been deter-

mined for m"2 and 1 members, (Sr
2.7

Ba
0.3

)Fe
2
O

7
and

Sr
2
FeO

4
, respectively (44, 45). The much lower activation

energy for conduction of E
!
"0.053 eV found in Sr

4
Fe

4
O

11
cannot be accounted for by an O : 2pPFe : 3d charge-
transfer #uctuations mechanism alone. Di!ering from the
Sr

m`1
Fe

m
O

3m`1
series, Sr

4
Fe

4
O

11
is a mixed-valence com-

pound, and therefore one should consider nearest-neighbor
charge-hopping #uctuations of the type Fe4`O

5
#

Fe3`O
6
% Fe3`O

5
#Fe4`O

6
. Such #uctuations are an-

ticipated to be of a low activation energy, since the excited
states of Fe3`O

5
and Fe4`O

6
are easily stabilized as

ground states; see, for example, the closely related com-
pounds Sr

3
Fe

2
O

6
and Sr

3
Fe

2
O

7
(40). We therefore propose

that it is these charge-hopping #uctuations that are prim-
arily responsible for the semiconducting behavior of
Sr

4
Fe

4
O

11
(42).

The unusual magnetic properties of Sr
4
Fe

4
O

11
can be

related to the crystal structure and charge order of the Fe4`
and Fe3` cations. The magnetic structure that evolves in



FIG. 12. Neutron powder di!raction data and Rietveld re"nement pro"le for Sr
2
Fe

2
O

5
re"ned in the Icmm space group. Format is the same as for

Fig. 4.
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Sr
4
Fe

4
O

11
on cooling is determined largely by the superex-

change interactions between the Fe cations. The observa-
tion of a hyper"ne magnetic splitting and low #ux density
saturation value of the Fe3` component, combined with
only a linewidth broadening of the Fe4` component, is
suggestive of a partially frustrated antiferromagnet. Fur-
thermore, a strong divergence between zero-"eld-cooled
and "eld-cooled magnetic susceptibility curves was ob-
served for Sr

4
Fe

4
O

11
(10). This magnetic behavior is much

like that of a spin-glass transition as observed in a variety of
Fe-containing perovskite-derived oxides. Examples include
the magnetically dilute SrAFeBO

6
(A"Sr, Ca, Ba; B"Nb,

Sb, Ta) (46}48) systems, where it is believed that competing
nearest-neighbor and next-nearest-neighbor exchange
interactions prevent the development of long-range
magnetic order. More recently, a magnetically nondilute
Sr

2.6
La

0.4
Fe

2
O

7
frustrated antiferromagnetic material

(¹
N
+50 K) has been reported (44). This material is perhaps
more closely related to Sr
4
Fe

4
O

11
since its magnetic prop-

erties are presumably determined by interactions between
Fe3` and Fe4` cations.

One can envision a plausible magnetic structure for
Sr

4
Fe

4
O

11
as follows. Below the NeH el temperature of

&230 K, the Fe(2) sublattice of Fe3` cations forms an
antiferromagnet spin structure, with the coupling mediated
by Fe}O}Fe superexchange interactions parallel to the y-
axis direction and Fe}O}O}Fe super-superexchange inter-
actions within (Fe3`Fe4`O

4
) xz-planes. Each Fe4` cation

will then have two Fe3` neighbors with &&up'' magnetic
moment and two with &&down''. Irrespective of whether the
Fe3`}O}Fe4` superexchange interactions are ferro- or
antiferromagnetic the Fe4` magnetic moments will be
topologically frustrated due to the opposite spin alignments
of the nearest-neighbor Fe3` cations that de"ne a dominant
antiferromagnetic lattice. Assuming Fe3`}O}Fe4` fer-
romagnetic superexchange interactions to be the most



TABLE 7
Structural Parameters for Sr4Fe4O11 Re5ned in Space Group Icmm

Atom Site x y z ;
*40

]102 (A_ 2)

Sr 8h 0.0144(4) 0.1093(1) 1/2 0.8(1)
Fe(1)a 4a 0 0 0 0.4(1)
Fe(2)b 8i 0.932(1) 1/4 0.955(1) 0.2(2)
O(1) 8g 1/4 0.9920(2) 1/4 0.7(1)
O(2) 8h 0.0503(4) 0.1406(2) 0 1.2(1)
O(3) 8i 0.860(1) 1/4 0.625(1) 0.8(1)

Note. a"5.672(1) A_ , b"15.59(2) A_ , c"5.527(1) A_ .
R

81
"0.082, R

1
"0.054, R

%
"0.050, R

I
"0.051, S"1.652.

a Magnetic moment k
z
"3.85(7) k

B
.

b Magnetic moment k
z
"!3.67(8) k

B
.

The 8i sites are only half occupied.

TABLE 9
Interatomic Distances (A_ ) and Bond Angles (3) for the Cmmm

Crystal Structure of Sr4Fe4O11

Sr(1)}O(1) 2.736(1) ]2
Sr(1)}O(2) 2.530(4) ]2
Sr(1)}O(3) 2.887(2) ]8
Sr(2)}O(2) 2.957(4) ]2
Sr(2)}O(3) 2.605(2) ]8
Sr(3)}O(1) 2.647(3) ]1]2
Sr(3)}O(2) 2.739(1) ]2]2
Sr(3)}O(3) 2.823(3) ]8]2

Square-pyramidal Fe(1) site ]2
Fe(1)}O(1) 1.90(1) ]1
Fe(1)}O(3) 1.855(2) ]4
O(1)}Fe(1)}O(3) 97.0(3) ]4
O(3)}Fe(1)}O(3) 90.1(2) ]2
O(3)}Fe(1)}O(3) 88.2(2) ]2
O(3)}Fe(1)}O(3) 166.0(5) ]2
O(1)}O(3) 2.813(2) ]4
O(3)}O(3) 2.625(5) ]2
O(3)}O(3) 2.582(5) ]2

Octahedral Fe(2) site ]2
Fe(2)}O(2) 1.937(1) ]2
Fe(2)}O(3) 2.044(2) ]4
O(2)}Fe(2)}O(3) 91.2(1) ]4
O(2)}Fe(2)}O(3) 88.8(1) ]4
O(3)}Fe(2)}O(3) 90.0(2) ]4
O(2)}O(3) 2.845(2) ]4
O(2)}O(3) 2.787(3) ]4
O(3)}O(3) 2.890(5) ]4
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probable, a schematic representation of this magnetic model
highlighting the proposed exchange interactions within an
(Fe3`Fe4`O

4
) xz-plane is shown in Fig. 13. Strong antifer-

romagnetic superexchange interactions, parallel to the y-
axis direction, are expected between adjacent (Fe3`Fe4`O

4
)

planes. However, these do not relieve the topological frus-
tration. At present it is unknown whether the magnetic
Fe4` sublattice forms a spin-glass structure at or below
¹

N2
+230 K, or if the Fe4` sublattice remains paramag-

netic and possibly undergoes a separate spin-ordering
transition at very low temperatures, ¹

N2
(4.2 K. This pro-

posed magnetic model for Sr
4
Fe

4
O

11
is fairly simple and

neglects the e!ects of electron-hopping processes, possible
canting of the Fe3` magnetic moments, and O2~ : 2pP
Fe4` : 3d charge transfer. A related magnetic structure has
previously been reported for RNiO

3
(R"Nd, Sm) (49, 50).

In these RNiO
3

compounds, the dominate Ni3` antifer-
romagnetic spin structure results in two inequivalent
R3` sublattices. One R3` sublattice is antiferromagnetically
ordered while the other R3` sublattice experiences a null
polarization "eld and remains paramagnetic.
TABLE 8
MoK ssbauer Parameters at &300 K for the Oxygen-Vacancy-

Ordered Perovskite SrnFenO3n21 Series

Compound Component d (mm s~1) Int. (%) Ref.

Sr
2
Fe

2
O

5
Fe3` (O) 0.37 50 30
Fe3` (¹) 0.19 50

Sr
4
Fe

4
O

11
Fe3` 0.35 50 28
Fe4` !0.08 50

Sr
8
Fe

8
O

23
a Fe3.5` 0.17 50 12

Fe4` 0.04 50

SrFeO
3

Fe4` 0.08 100 37

a The measured Fe3.5` and Fe4` component intensities were 55 and
45% respectively, for a sample of composition SrFeO

2.86
. For Sr

8
Fe

8
O

23
(SrFeO

2.875
) equal component intensities of 50% can be assumed.
The low internal #ux density, B
)&
"46 T (13, 28), ob-

served for the Fe3` component in Sr
4
Fe

4
O

11
can be com-

pared with the #ux densities of B
)&
"56, 54, and 50 T,

measured for Fe3`O
6
octahedra in LaFeO

3
, Sr

2
Fe

2
O

5
, and

SrLaFeO
4
, respectively (28, 30, 51). In LaFeO

3
and

Sr
2
Fe

2
O

5
strong antiferromagnetic coupling occurs in all

three dimensions, whereas in LaSrFeO
4
, because of inter-

vening (La
0.5

Sr
0.5

)O layers, strong superexchange interac-
tions are limited to two dimensions and consequently there
is a &4 T reduction in the measured saturation "eld. In
Sr

4
Fe

4
O

11
, the low B

)&
"46 T saturation #ux density, a re-

duction therefore of &8 T, is suggestive of strong superex-
change interactions occurring in only one dimension. This is
TABLE 10
Bond-Strength Sums Calculated for Fe Cations in Sr4Fe4O11

(See Text for Details of Calculations)

Site Coordination Fe3`a Fe4`b

Fe(1) Square pyramid 3.17 4.09
Fe(2) Octahedron 2.84 3.57

a Absolute ionic radius o
0
"0.621 A_ .

b Absolute ionic radius o
0
"0.660 A_ .



TABLE 11
Bond-Strength Sums Calculated for Fe Cations in Related

Sr+Fe+O Compounds

Compound Site cation Coordination +s Ref.

Sr
2
Fe

2
O

5
Fe3` Octahedron 2.66 This work
Fe3` Tetrahedron 2.52 This work

Sr
3
Fe

2
O

6
Fe3` Square pyramid 2.58 40

SrFeO
3

Fe4` Octahedron 4.21 This work
Sr

3
Fe

2
O

7
Fe4` Octahedron 4.13 40

Sr
2
FeO

4
Fe4` Octahedron 4.09 53
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consistent with the determined crystal structure of
Sr

4
Fe

4
O

11
where one-dimensional chains of vertex-linked

Fe3`O
6

octahedra are separated from one another by
Fe4`O

5
square pyramids (see Fig. 10a).

Sr8Fe8O23

The room-temperature MoK ssbauer spectrum of
Sr

8
Fe

8
O

23
consists of two components of equal intensity.

The "rst component, with an isomer shift of d"
0.04 mms~1, can be readily assigned to Fe4` cations. The
second component, which cannot be attributed to the pres-
ence of charge-compensating Fe3` cations, possesses an
isomer shift of d"0.17 mms~1 which is intermediate in
value for Fe4` and Fe3` valence states. The second com-
ponent is therefore assigned to nominally average-valence
Fe3.5` cations. On cooling Sr

8
Fe

8
O

23
, substantial

linewidth broadening of the two MoK ssbauer components
FIG. 13. Schematic representation of the proposed geometrically frus-
trated magnetic model for Sr

4
Fe

4
O

11
. Antiferromagnetic and frustrated-

ferromagnetic exchange paths are represented by the dash and zig-zag
lines, respectively. &&Up'' and &&down'' spin-direction Fe3` magnetic sites are
indicated by the # and ! symbols, and the gray "lled circles represent
the Fe4` sites.
occurs on approaching &85 K and below this temperature
a magnetic hyper"ne pattern evolves. At 4 K the MoK ssbauer
spectrum consists of components arising from Fe3` and
Fe4` cations, presumably in a 1 : 3 intensity ratio; however,
their relative intensities have not been accurately deter-
mined. High-spin con"gurations for the Fe3` and Fe4`
cations are signi"ed by the observed #ux densities of
B
)&
"44 and 29 T, respectively. It appears that an ordering

of Fe4` and Fe3` cations, or, at minimum, a slowing of the
intervalence charge-transfer processes to q510~8 s, there-
by splitting the Fe3.5` component has occurred (13).

The room-temperature crystal structure of Sr
8
Fe

8
O

23
contains three crystallographically distinct Fe sites in
a 1 : 2 : 1 abundance (Fe(1) : Fe(2) : Fe(3), respectively). The
Fe(1) site has a square-pyramidal oxygen coordination,
whereas both the Fe(2) and Fe(3) sites have octahedral
coordination. To assign the observed room-temperature
valence states of Fe3.5` and Fe4` to their corresponding
crystallographic Fe sites, Fe}O bond-strength sums were
calculated around each of the Fe sites. The results are
presented in Table 13. An examination of Table 13 clearly
indicates that the Fe(2) cation possesses a lower valence
than either the Fe(1) or Fe(3) cation. The average valence
Fe3.5` state can, therefore, be assigned to the Fe(2) cation,
with the remaining Fe(1) and Fe(3) cations being in the Fe4`
valence state.

In support of these assignments, the Fe(1)O
5

and Fe(3)O
6

polyhedra are almost identical, with regard to internal bond
lengths and bond angles (see Table 12), to comparable
Fe4`O

k
polyhedra present in Sr

4
Fe

4
O

11
(see Table 10)

and SrFeO
3

(d(Fe}O)"1.926(1) A_ ). Again, d(Fe}O
!
)'

d(Fe}O
"
) is observed for the FeO

5
unit, consistent with the

assigned Fe4` : d4 valence state and a preferential occupa-
tion of an antibonding a*

1g orbital.
For the Fe(2)O

6
octahedra, an average Fe3.5` valence

state associated with the formation of a metallic p* band
across the Fe(2) cation sites can e!ectively be dismissed
because such a band would certainly encompass the Fe(1)
and Fe(3) sites and, consequently, a single Fe3.75` average-
valence state would result. The observed Fe3.5` valence
state is, therefore, concluded to result from fast-electron-
transfer processes between high-spin Fe4` : d4 and Fe3` : d5
cations. Obviously, such charge-hopping processes will af-
fect the electronic conductivity of Sr

8
Fe

8
O

23
. Similar to

Sr
4
Fe

4
O

11
, semiconducting behavior with an activation

energy for conduction of E
!
+0.02 eV and p+103 S cm~1

at 300 K has been reported for SrFeO
x

samples near
Sr

8
Fe

8
O

23
(42, 52). Di!ering from the electronic situation in

Sr
4
Fe

4
O

11
, the intercluster coupling between Fe4`O

k
(k"5 and 6) units is expected to be signi"cantly stronger,
and, consequently, a much smaller bandgap between local-
ized Fe : d4 and itinerant d5¸~1 states is predicted for
Sr

8
Fe

8
O

23
. Considering these factors, it appears likely that

the nearly metallic conductivity of Sr
8
Fe

8
O

23
is the result of



TABLE 12
Interatomic Distances (A_ ) and Bond Angles (3) for the I4/mmm

Crystal Structure of Sr8Fe8O23

Sr(1)}O(2) 2.631(3) ]4]2
Sr(1)}O(3) 2.842(3) ]2]2
Sr(1)}O(4) 2.685(2) ]4]2
Sr(1)}O(5) 2.648(3) ]1]2
Sr(2)}O(1) 2.742(4) ]1]2
Sr(2)}O(2) 2.887(3) ]4]2
Sr(2)}O(3) 2.625(3) ]2]2
Sr(2)}O(4) 2.722(2) ]4]2
Sr(2)}O(5) 2.722(4) ]1]2

Square-pyramidal Fe(1) site
Fe(1)}O(1) 1.926(1) ]1
Fe(1)}O(2) 1.851(4) ]4
O(1)}Fe(1)}O(2) 96.5(4) ]4
O(2)}Fe(1)}O(2) 89.3(1) ]4
O(2)}Fe(1)}O(2) 166.9(7) ]2
O(1)}O(2) 2.820(3) ]4
O(2)}O(2) 2.601(4) ]4

Octahedral Fe(2) site ]2
Fe(2)}O(2) 2.036(3) ]2
Fe(2)}O(3) 1.931(1) ]2
Fe(2)}O(4) 1.952(3) ]2
O(2)}Fe(2)}O(3) 91.4(2) ]2
O(2)}Fe(2)}O(3) 88.4(2) ]2
O(2)}Fe(2)}O(4) 90 ]4
O(3)}Fe(2)}O(4) 90 ]4
O(2)}Fe(2)}O(2) 180 ]1
O(3)}Fe(2)}O(3) 180 ]1
O(4)}Fe(2)}O(4) 180 ]1
O(2)}O(3) 2.839(4) ]2
O(2)}O(3) 2.772(5) ]2
O(2)}O(4) 2.820(3) ]4
O(3)}O(4) 2.745(2) ]4

Octahedral Fe(3) site
Fe(3)}O(4) 1.912(3) ]4
Fe(3)}O(5) 1.925(1) ]2
O(4)}Fe(3)}O(4) 90 ]4
O(4)}Fe(3)}O(5) 90 ]8
O(4)}O(4) 2.704(4) ]4
O(4)}O(5) 2.713(2) ]8

TABLE 13
Bond-Strength Sums Calculated for Fe Cations in Sr8Fe8O23

(See Text for Details of Calculations)

Site Coordination No. Fe3` Fe4` Fe3.5̀ a Fe3.5̀ b

Fe(1) Square pyramid 1 3.16 4.08 3.62 3.63
Fe(2) Octahedron 2 3.03 3.83 3.43 3.45
Fe(3) Octahedron 1 3.37 4.30 3.84 3.85

a Average of Fe3` and Fe4` bond-strength sums.
b Calculated using an average absolute ionic radius, o

0
"0.641 A_ , of the

Fe3` and Fe4` values.
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both O : 2pPFe : 3d charge transfer and Fe4`O
6
#

Fe3`O
6
%Fe3`O

6
#Fe4`O

6
charge-hopping #uctuations.

Interestingly, the Fe(3)O
6

octahedron, in being almost
regular, d(Fe}O

!
)/d(Fe}O

%
)"1.006 (where O

%
refers to

equatorial oxygen atoms), displays no evidence of a
localized static Jahn}Teller e!ect that one would normally
expect of an Fe4` : d4 cation. Since Sr

8
Fe

8
O

23
is a

semiconductor the absence of a Jahn}Teller distortion can-
not be attributed to the formation of a delocalized e*g band,
as has previously been asserted for explaining the
Jahn}Teller e!ect's absence in the metal SrFeO

3
(29). In the

related compounds Sr
3
Fe

2
O

7
and Sr

2
FeO

4
, which are both
semiconducting and contain, formally, only high-spin
Fe4` : d4 cations (44, 45), the FeO

6
octahedra units are also

nearly regular, d(Fe}O
!
)/d(Fe}O

%
)"1.010 and 1.009 (40,

53). The absence of any Jahn}Teller e!ect (static or dy-
namic) in SrFeO

3
, Sr

8
Fe

8
O

23
, Sr

3
Fe

2
O

7
, and Sr

2
FeO

4
, can,

therefore, be attributed to the large weight of the charge-
transfer d5¸~1 state in the mixed (g(5Eg)"a Dd4,
5EgT#b Dd5¸~1, 5EgT ground state of the formally Fe4`
cations (6).

It is expected that the ground-state weight of the d5¸~1

con"guration (b in the above formula) increases from the
more isolated Fe4` cations found in LaSr(Li

0.5
Fe

0.5
)O

4
(54)

via the two-dimensional Sr
2
FeO

4
to the three-dimensional

SrFeO
3
. In accordance with the increasing shielding of

s electron density from the Fe nucleus, more positive MoK s-
sbauer isomer shift values, d"!0.18, !0.02, and
0.08 mms~1 respectively, are observed along this series. In
the vacancy-ordered perovskite Sr

n
Fe

n
O

3n~1
series, a sim-

ilar dependence is observed. The Fe4` state isomer shift
value increases, d"!0.08, 0.04, and 0.08 mms~1, from
Sr

4
Fe

4
O

11
via Sr

8
Fe

8
O

11
to SrFeO

3
, respectively (see

Table 8). At present it is not known the degree to which this
e!ect, in the Sr

n
Fe

n
O

3n~1
series, is associated with the in-

creasing intercluster coupling of the Fe4`O
k

units, as op-
posed to the intracluster increasing average oxygen
coordination of the Fe4`O

k
units (k"5, 5.5, and 6 for

n"4, 8, and 8).

CONCLUSIONS

This work on the Sr
n
Fe

n
O

3n~1
(n"2, 4, 8, and R)

system illustrates the care that must be exercised in deter-
mining correct crystal structures of oxygen-vacancy-
ordered compounds. It also shows that, when correct
structures are determined, one can achieve consistent as-
signments of Fe cation valence states and agreement with
local-probe data, such as MoK ssbauer. An accurate know-
ledge of the respective crystal structures and valence states
of the crystallographically distinct Fe sites has proved in-
valuable for rationalizing trends in the electronic and mag-
netic properties across the Sr

n
Fe

n
O

3n~1
series.
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A simple cubic perovskite crystal structure has been con-
"rmed for the end-member compound SrFeO

3
(n"R).

For this compound, no structural evidence was found sig-
nifying a static or dynamic Jahn}Teller e!ect, associated
with the formally Fe4` : d4 cations. The absence of a Jahn}
Teller e!ect was attributed to a large weight of the charge-
transfer d5¸~1 state in the mixed (g(5Eg)"a Dd4, 5EgT#
b Dd5¸~1, 5EgT, ground-state con"guration.

In the case of the opposite end member, Sr
2
Fe

2
O

5
(n"2),

a disordered brownmillerite-type nuclear and G-type
antiferromagnetic spin structure was concluded from a
comparison of Rietveld re"nements of ordered and dis-
ordered models. Additional support for the disordered
structure of Sr

2
Fe

2
O

5
was indirectly provided by the low

re"ned values of the Fe3` magnetic moments. These
low magnetic moments were attributed to the presence of
structural disorder and the resulting imperfect alignment of
magnetic spins.

For the mixed-valence Sr
4
Fe

4
O

11
(n"4) and Sr

8
Fe

8
O

23
(n"8) compounds, we have shown that all previously pro-
posed structural models are incorrect. The correct crystal
structures were concluded by comparison of Rietveld re"ne-
ments for several closely related structural models. The
di!erences observed in these re"nements were statistically
signi"cant, but subtle. The reason for this is that the correct
and incorrect crystal structures of Sr

4
Fe

4
O

11
and

Sr
8
Fe

8
O

23
di!ered essentially from one another only by the

orientation of the oxygen-vacancy sublattice with respect to
the underlying perovskite crystal structure. Of note, the
re"nements using incorrect models (Figs. 6, 7, and 9) actual-
ly look quite good. Many re"nements of equivalent quality
are in the published literature and are accepted as being
correct. This observation emphasizes the importance of
testing all possible models in such studies and of employing
additional tests of the validity of the structure, where pos-
sible. In the present work, comparisons of the bond-length
distributions for the correct and incorrect models provided
an important con"rmation of the Rietveld re"nements.

The correct crystal structures of Sr
4
Fe

4
O

11
and

Sr
8
Fe

8
O

23
having been established, assignments of speci"c

valence states to their respective crystallographic Fe cation
sites (consistent with published MoK ssbauer data) were
achieved through the use of bond-strength sums. For
Sr

4
Fe

4
O

11
which has a crystal structure composed of ver-

tex-sharing Fe(1)O
5

square pyramids and Fe(2)O
6

octa-
hedra (see Fig. 10a), Fe3` and Fe4` cations were found to
occupy the Fe(1) and Fe(2) sites, respectively. Considering
the expected magnetic superexchange interactions resulting
from this crystallographic ordering of Fe3` and Fe4` ca-
tions, we have proposed, for Sr

4
Fe

4
O

11
, a unique magnetic

structure. In this model, at temperatures below ¹
N
+230 K,

the Fe(2) sublattice forms a dominant antiferromagnetic
spin structure, while conversely, the Fe(1) magnetic spins
being subject to con#icting ferromagnetic superexchange
interactions do not order cooperatively. The Fe(1) spins
either remain paramagnetic or form a spin-glass structure.
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