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We have prepared a series of Fe-substituted Sr4Mn3 2x

FexO10 2 d strontium manganates with x 5 1, 3/2, and 2. These
compounds adopt the n 5 3 Ruddlesden+Popper structure
(I4/mmm), unlike the parent compound Sr4Mn3O10, which con-
tains a network of face-sharing MnO6 octahedra, with the larger
Fe ion preferentially occupying the Mn/Fe (1) middle layer of the
corner-sharing trioctahedra slabs. We have investigated their
physical properties with X-ray di4raction, X-ray absorption near
edge spectroscopy, MoK ssbauer spectroscopy, variable temper-
ature resistivity, and magnetic susceptibility. In addition, for the
x 5 2 compound we preformed room temperature neutron dif-
fraction experiments. These compounds need to be formed at
high temperatures; as a consequence they are oxygen de5cient
and contain some Fe3 1. They are insulators and exhibit spin-
glass-like transitions at low temperature. ( 2000 Academic Press

INTRODUCTION

Transition metal oxides have been studied extensively
due to their fascinating structural, electronic, and magnetic
behavior. In recent years, research has focused on the man-
ganates, ¸n

1~x
A

x
MnO

3
(¸n"rare earth ion, A"alkali or

alkaline earth metal ion) (1), which contain mixed-valence
manganese in a perovskite structure. The magnetotransport
properties of the manganates, such as colossal mag-
netoresistance (CMR), have been explained in terms of the
double exchange theory (2), whereby ferromagnetic interac-
tions between Mn3` (3d4)/Mn4` (3d3) are mediated by the
conduction electrons.
om correspondence should be addressed.
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Recently, other 3d3/3d4 systems have been studied to
investigate whether double exchange and the properties
observed in the CMR manganates can be replicated. Gun-
dakaram et al. (3) synthesized the phase, LaMn

1~x
Cr

x
O

3
,

containing Mn3` (3d4) and Cr3` (3d3). Ferromagnetic
coupling was preserved but the compounds were insulators
and CMR was not observed. Battle et al. (4) synthesized the
n"3 Ruddlesden}Popper (RP) (5) phases, Ca

4
Mn

2
FeO

9.75
and Sr

4
Mn

2
FeO

9.80
, containing Mn4` (3d3) and Fe4`

(3d4). Both compounds were shown to be insulators that
ordered antiferromagnetically at 75 K (Ca) and 90 K (Sr)
with a spin-glass transition at &11 K. d3/d4 coupling was
achieved but electron localization made it a superexchange
rather than a double-exchange interaction. This study also
showed that Sr

4
Mn

2
FeO

9.80
adopted the n"3 RP struc-

ture in contrast to the &&parent'' compound Sr
4
Mn

3
O

10
,

which crystallizes in a structure containing triple groups of
face-shared MnO

6
octahedra interconnected by common

corners into a two-dimensional framework perpendicular to
the [010] direction (6). The n"3 RP structure, Fig. 1, can
be thought of as three layers of MO

6
octahedra along the

c axis separated by an insulating rock-salt layer. In the n"3
RP phases the outer MO

6
octahedra only have 5 MO

6
octahedra surrounding them rather than 6 MO

6
octahedra

commonly seen in n"R phases and the inner layer of the
n"3 phase. This octahedra con"guration o!ers unique
opportunities to adjust the magnetic interactions and elec-
trical conductivity to tailor the physical properties of com-
pounds. The replacement of 1

3
of the Mn ions by Fe stabilizes

the n"3 RP structure possibly due to size e!ects
(r(Mn4`)"0.67 As , r(Fe4`)"0.725 As ) (7).



FIG. 1. The n"3 Ruddlesden}Popper Structure. The shaded oc-
tahedra are Fe/Mn}O

6
and the circles are Sr atoms.
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This paper describes the magnetic and electronic proper-
ties of the phases Sr

4
Mn

3~x
Fe

x
O

10~d (x"1, 1.5, 2) con-
taining a 3d3/3d4 system. The structure of Sr

4
MnFe

2
O

10~d
is examined in greater detail using powder neutron di!rac-
tion to study cation and anion disorder.

EXPERIMENTAL

Samples were prepared by mixing stoichiometric quantit-
ies of SrCO

3
, Fe

2
O

3
, and MnO

2
. The reaction mixture was

pressed into pellets and heated in air at 8003C for 1 day,
10003C for 1 day, 12003C for 1 day, and 13003C for 7 days.
The mixture was reground frequently, and the reaction was
monitored by powder X-ray di!raction (PXD). PXD data
was collected at room temperature with a Scintag PAD
V di!ractometer employing CuKa radiation over the range
20342h41203, with a step size of 0.023. In order to derive
accurate lattice parameters, silicon was added as an internal
standard.

Time-of-#ight neutron data were collected for the x"2
sample at the Intense Pulsed Neutron Source (IPNS), Ar-
gonne National Laboratory (ANL). The sample was sealed
in a cylindrical vanadium can, and di!raction experiments
were carried out on the General Purpose Powder Di!rac-
tometer (GPPD). Data were collected at room temperature
covering the range 0.704d/As 42.89. Rietveld re"nement
of the data was performed using the program GSAS (8).

Oxygen content of the samples was determined by
iodometric titration employing amperometric dead-stop
end-point detection using the technique described by
Licci et al. (9).

X-ray absorption spectroscopy (XAS). The Mn and Fe
K-edge XAS measurements were performed on beam lines
X-19A and X-18B at the Brookhaven National Synchrotron
Light Source using a double-crystal Si (311) monochromator.
Electron yield, #uorescence mode, and transmission mode
measurements were made and checked for consistency. The
relative energies between various spectra were established
by careful comparison of the standard spectra. Particular
care was taken to use an identical standard sample, which
was maintained in a constant position to accurately cali-
brate the chemical shift results. In general, the relative
accuracy of the energy is about $0.05eV. All spectra were
normalized to unity step in the absorption coe$cient from
well below to well above the edge.

MoK ssbauer studies. These studies were performed using
a 57Co:Rh source (50 mCi) and a conventional constant
acceleration MoK ssbauer drive. Spectra of the three samples
were collected at 4.2 and 200 K. The spectra were analyzed
and least-square "tted by a computer program that allowed
a Gaussian distribution of magnetic hyper"ne "elds in the
4.2-K spectra and a quadruple interaction distribution in
the 200-K spectra.

Magnetic susceptibilities. Magnet susceptibilities of the
samples were obtained using a Quantum Design SQUID
magnetometer over the temperature range 5}300 K in an
applied "eld of 1000 G. Data were collected after cooling in
zero "eld (ZFC) and in an applied "eld (FC).

Resistivity. These measurements were made using a
standard four-probe method over a temperature range of
120}300 K. Gold wire contacts were attached to the sin-
tered polycrystalline samples with silver paint. The esti-
mated uncertainty in the room-temperature resistivity (o

RT
)

is &20%.

RESULTS AND DISCUSSIONS

The Sr
4
Mn

3~x
Fe

x
O

10~d phases with x"1, 1.5, 2 have
been successfully synthesized. The powder X-ray di!raction



TABLE 1
Physical Properties of Sr4Mn3 2 xFexO10 2d

Compound Sr
4
Mn

2
FeO

9.72
Sr

4
Mn

1.5
Fe

1.5
O

9.68
Sr

4
MnFe

2
O

9.51

a (As ) 3.83424(6) 3.84223(4) 3.8506(9)

c (As ) 27.8023(9) 27.8723(5) 27.964(1)

¹

'
(K) 10(5) 25(5) 25(5)

¹

N
(K) 90(5) * *

h (K) !32(3) !8(3) !7(5)

C (emu K mol~1) 7.60(4) (150}300K) 8.37(5) (100}300K) 8.53(6) (100}300K)

C
5)%0

(emuKmol~1) 7.43 8.34 9.25

k
%&&

(k
B
) 7.79 8.18 8.26

k
5)%0

(k
B
) 7.71 8.16 8.60

o
RT

()-cm) 1.1]103 2.4]102 28

E
!
(eV) [¹

3!/'%
(K)] 0.22 eV (300}237) 0.22 eV (300}260) 0.19 eV (290}240)

Note. ¹
'
is the spin-glass transition temperature.
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patterns were consistent with the formation of n"3 RP
phases. The lattice parameters, listed in Table 1, show a lin-
ear increase with x, as would be expected from the substitu-
tion of larger Fe3` (r

%&&
"0.785 As ) and Fe4` (r

%&&
"0.72 As )

for the smaller Mn4` (r
%&&
"0.670 As ) (7).

Iodometric titrations show that the samples are all oxy-
gen de"cient, the de"ciency increasing with x, due to the
di$culty of synthesizing Fe4`-containing compounds in
air, Table 1. Typically, only mixed Fe4`/Fe3` phases can be
obtained under ambient oxygen pressure. Further analysis
of the transition metal oxidation states was performed using
XAS, as described below.

Re"nements of the room temperature neutron di!raction
data for Sr

4
MnFe

2
O

10~d were performed in the space
group I4/mmm using the parameters for Sr

4
Mn

2
FeO

9.80
as

a starting model (4). The distribution of transition metals
over the two available sites was varied, constraining the
Mn:Fe ratio to 2:1, and the oxygen occupancy was re"ned.
Since the occupancy of O(2) and O(3) (Fig. 1) re"ned to
TABL
Structural Parameters of Sr4MnF

Atom Site Occupancy

Sr(1) 4e 1
Sr(2) 4e 1
Mn/Fe(1) 2a 0.153/0.847(11)
Mn/Fe(2) 4e 0.423/0.577(6)
O(1) 4e 0.904(15)
O(2) 4e 1
O(3) 8g 1
O(4) 4c 0.851(15)

Note. Space group I4/mmm; a"3.8509(2) As , c"27.964(1) As , <"414.70(
a value close to unity they were "xed at one in the "nal
re"nement. The structural parameters are listed in Table 2,
and the derived bond lengths and bond angles are presented
in Table 3. The observed and calculated di!raction patterns
are shown in Fig. 2. The re"nement suggests that the
majority of anion vacancies occur on sites O(1) and O(4),
which are coordinated to the cation at the center of the
perovskite trilayers. Mn and Fe preferentially occupy the
outer and central layers, respectively. The Mn/Fe(2)}O(1)
bond distances are longer than the Mn/Fe(2)}O(2) bond
lengths. These results can be rationalized using similar
arguments as those of Battle et al. (4). If we reason that
the larger Fe3` is located in the central layer and the
smaller Mn4` and Fe4` ions are located in the outer
layer, the higher oxidation state metals in the outer
layer pull the axial oxygen O(2) closer. Indeed there is
a decrease in the bond length between Mn/Fe(2) and O(2)
from those reported by Battle et al. (4), 1.901 vs 1.919 As , and
an elongation of the Mn/Fe(2)}O(1) bond, 2.076 vs 1.997 As
(4), due to an increase in oxygen vacancies and a larger
concentration of higher valent ions in the Mn/Fe(2) site in
our compound.

The use of neutrons to study order/disorder in these
compounds is advantageous due to the di!erent scattering
lengths of the Mn and Fe for neutrons versus X-rays. The
neutron data for the x"2 phase would be expected to have
superlattice lines, if, for example, the 2a site (middle oc-
tahedra in the MnO layer) had 100% Fe occupancy. The
absence of any superlattice re#ections rules out ordering of
the cations. Thus the Mn and Fe ions appear to be distrib-
uted randomly in all the layers, but with a majority of Fe
ions (15.3/84.7%) located within the middle Mn/Fe(1) layer
(Fig. 1). It is interesting to note that the substitution of the
larger Fe into the middle layer of the n"3 phase seems to
stabilize the structure, allowing it to form the Ruddlesden}
Popper phase rather than the face-sharing octahedral struc-
ture seen in the Sr

4
Mn

3
O

10
compound. Hexaganol

Sr
4
Mn

3
O

10
could only be synthesized by doping a small

amount (1%) of platinum impurity into the structure (6).
E 2
e2O10 2d at Room Temperature

x y z ;
*40

(As 2)

0 0 0.5713(3) 0.006(1)
0 0 0.70209(2) !0.003(1)
0 0 0 0.003(2)
0 0 0.1422(3) !0.003(2)
0 0 0.0679(3) 0.020(3)
0 0.5 0.2102(2) 0.001(2)
0 0.5 0.6371(2) 0.003(1)
0 0.5 0.5 0.011(3)

5) As 3. R
81

"7.90%, R
1
"5.57%, s2

3%$
"3.457 for 39 variables.



TABLE 3
Bond Lengths (As ) and Bond Angles (3) in Sr4MnFe2O10 2d

at Room Temperature

Sr(1)}O(1)]4 2.7246(8)
Sr(1)}O(3)]4 2.665(6)
Sr(1)}O(4)]4 2.770(4)
Sr(2)}O(2)]1 2.454(6)
Sr(2)}O(2)]4 2.7322(5)
Sr(2)}O(3)]4 2.647(5)
Mn/Fe(1)}O(1)]2 1.899(8)
Mn/Fe(1)}O(4)]4 1.9254(5)
Mn/Fe(2)}O(1)]1 2.076(9)
Mn/Fe(2)}O(2)]1 1.901(6)
Mn/Fe(2)}O(3)]4 1.9306(6)
Mn/Fe(1)}O(4)}Mn/Fe(1) 180
Mn/Fe(2)}O(3)}Mn/Fe(2) 171.5(6)
Mn/Fe(1)}O(1)}Mn/Fe(2) 179.97(2)

FIG. 3. The Mn}K main edges of CaMnO
3
, Ca

4
Mn

3
O

10~d, and
A

4
Mn

2
FeO

10~d (A"Ca and Sr). The spectral feature labeling is provided
to clarify the discussion in the text. (Inset) The Mn}K preedges of
CaMnO

3
, Ca

4
Mn

3
O

10~d, and A
4
Mn

2
FeO

10~d (A"Ca and Sr); coordi-
nate axis labels are the same as those of the main "gure.
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The larger Pt4` ion (r
%&&
"0.765 As ), like Fe4` in the analog-

ous RP phases, is located in the middle of the three face-
sharing MnO

6
octahedra in the Sr

4
Mn

3
O

10
structure, ap-

parently stabilizing the phase (6). While several groups have
attempted to synthesize Sr

4
Mn

3
O

10
in the past (6, 10), only

very recently Flores et al. have been able to prepare pure
Sr

4
Mn

3
O

10
without incorporating a larger cation in the

B site (11). However, we have preliminary evidence that the
preferential ordering of Fe within the middle layer of the
n"3 RP, Sr

4
Mn

3~x
Fe

x
O

10~d stabilizes the structure and
is essential for the formation of the RP phase. It is note-
worthy that the other end member of the series, Sr

4
Fe

3
O

10
,

has never been synthesized either. While we and others (12)
have attempted to form the n"3 strontium ferrate, the
FIG. 2. Observed (#), calculated (solid line), and allowed re#ections
(tic) neutron di!raction data for Sr

4
MnFe

2
O

9.51
. Di!erence plot is at the

bottom.
product is always a mixture of SrFeO
3

perovskite and the
n"2, Sr

3
Fe

2
O

7
compound. Thus the mixture of Mn and

Fe at the perovskite B site seems to be essential to stabilize
the n"3 RP phase, Sr

4
Fe

3
O

10~d.
It is well documented that these RP phases are susceptible

to a variety of defects (4,13), such as stacking faults. Instead
of a well-ordered system with 1, 2, or 3 perovskite layers (i.e.,
for the n"1, 2, and 3 phases respectively) separated by the
AO rock-salt layer, there are often stacking faults with
higher order members incorporated into the structure.
These stacking faults can only be elucidated with high-
resolution electron microscopy (HREM); hence it is impos-
sible to rule out the presence of higher (or lower) member
slabs of intergrowth in the compounds studied here.

XAS. Figure 3 compares the Mn}K main and pre-edges
of the formally Mn4` standards CaMnO

3
(113) and

Ca
4
Mn

3
O

10
(4310) with the Fe-substituted A

4
Mn

2
FeO

10~d
(A"Ca and Sr) compounds. The main edges of the Ca-113
and -4310 compounds are very similar. The spectrum of the
Fe-substituted Ca-4310 material manifests several changes:
the B peak has shifted slightly to lower energy and has
become less intense; there has been a loss of intensity in the
C feature region relative to the D region of the spectrum; the
foot-F feature has lost intensity; and there are strong
pre-edge feature changes (discussed below). The downward
shift in energy of the B feature has been correlated with a



FIG. 4. The Mn}K main edges of Ca
4
Mn

3
O

10~d, and
Sr

4
Mn

3~x
Fe

x
O

10~d (x"1.0, 1.5, and 2.0). (Inset) The Mn}K preedges of
Ca

4
Mn

3
O

10~d, and Sr
4
Mn

3~x
Fe

x
O

10~d (x"1.0, 1.5, and 2.0); coordinate
axis labels are the same as those of the main "gure.
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decreasing average Mn valence in previous Mn}perovskite-
based compound studies (14). In a more secondary way the
loss of intensity in the D feature has also been correlated
with a decreased Mn valence in such systems (15). The small
magnitude of the B feature shift indicates that any Mn
valence change is quite small.

In the Sr
4
Mn

2
FeO

10~d spectrum (see Fig. 3) the B feature
has been shifted to lower energy, decreased in amplitude,
and broadened with respect to that of Ca

4
Mn

2
FeO

10~d.
Indeed the B broadening partially takes the form of addi-
tional intensity on the leading edge near the position labeled
A. The "ne structure in the D}C regions of the Sr com-
pound spectrum are strongly changed presumably due to
the very di!erent photoelectron backscattering of Sr relative
to Ca. The downward shift of the B feature is not likely to be
due to a decrease of the Mn valence in the Sr-based (versus
the Ca) material as a higher valence of Mn is expected for
the more basic Sr cation.

The preedge features of these Mn spectra (see Inset of
Fig. 3) are associated with transitions involving d "nal
states through either quadrupole or dipole (through d}p
hybridization) transitions. Again the Ca-based materials
will be discussed "rst. In the preedge spectra of the Ca-113
and -4310 compounds (Fig. 3), three distinctive features (a1,
a2, and a3) of the Mn4` state are identi"able. Of the preedge
changes between the 113 and the 4310 spectra the pro-
nounced a1 feature enhancement is the most noticeable.
Electronic structure calculations (16) and optical absorption
(17)-based electronic state distributions both clearly support
the majority-spin e

'
-states assignment for the a1 feature (the

lowest lying of the un"lled 3d states in Mn4`). Within this
assignment two e!ects could contribute to this a1-feature
enhancement in the 4310 spectrum: the loss of centrosym-
metry about the Mn sites (particularly at the perovskite-
layer/CaO -layer boundary) in the apical direction could
enhance d}p mixing, and with it, strengthen dipole allowed
transitions to e

'
states aligned along the apical direction.

The e
'

states aligned in this apical direction could also be
more localized and therefore have a larger transition matrix
element.

It is important to note that upon Fe substitution into the
Ca-4310 material, the a1 feature is dramatically enhanced.
The Sr

4
Mn

2
FeO

10~d compound shows an even stronger
enhancement of the a1 feature. Indeed Fe substitution into
113 and 327 manganites has consistently been shown to
induce similar (albeit somewhat smaller) a1-feature en-
hancements (18, 19). Again based on the above a1 assign-
ment, this would imply a Fe substitution-induced
enhancement of transitions into the majority-spin e

'
"nal

states. It has been proposed that this e!ect is related to the
localization of the Mn e

'
orbitals upon Fe substitution (17,

20}22). Speci"cally the energy mismatch between the Fe
and Mn d orbitals leads to the removal of Mn-intersite
hopping paths (channels) with Fe substitution and therefore
to increased Mn localization (22). Indeed XAS results in our
lab have con"rmed this Fe-modi"cation trend in the
Sr

3
Mn

2~x
Fe

x
O

7~d and SrMn
1~x

Fe
x
O

3~d Ruddlesden}
Popper phases of the manganates (18, 19). Further, it should
be pointed out that extension of the same argument to the
Fe sites would imply an analogous Mn-substitution-in-
duced localization of the Fe d states. The MoK ssbauer results
unambiguously favor such localization. Namely, similar to
SrFeO

3~d, which exhibits mixed valent Fe4`/Fe3`, our
Mn-substituted materials all exhibit a &&disproportionated''
localization of the Fe d states with di!ering d counts at
di!ering sites (18). Thus the mutual localization of the
Mn and Fe d states (near the Fermi energy) in the mixed
(Mn,Fe) materials is supported.

The compositional dependence of the Mn}K main and
preedges in the Sr

4
Mn

3~x
Fe

x
O

10~d compound series is
illustrated in Fig. 4. The central observation regarding
Fig. 4 is that the structure and chemical shift of the edge
remain essentially constant as a function of Fe substitution.
In contrast, in the preedge spectra of Fig. 4 (Inset), the Fe
substitution systematically enhances and sharpens the a1
feature while degrading the a2 feature. This result is consis-
tent with the argument for Fe-induced localization of the
Mn e

'
orbitals mentioned above.

The Sr
4
Mn

3~x
Fe

x
O

10~d (x"1.0, 1.5, and 2.0) Fe}K
main edge spectra show only modest changes with increas-
ing Fe content, Fig. 5. There is some sharpening of the main



Sr
4
Mn

3~x
Fe

x
O

10~d (x"1, 1.5, 2) 101
peak with increasing Fe content; however, the chemical shift
at all x values is consistent with that of to SrFeO

3~d. Thus
the formal Fe valence appears to remain close to Fe4` in
these Sr

4
Mn

3~x
Fe

x
O

10~d materials. It must be emphasized
however that previous work within our group has shown
Fe}K edge XAS to be rather insensitive to partial Fe-
valence disproportionation (18, 19). In general the Fe}K
main edges have a less well-de"ned peak and more intensity
in features both below and above the main peak as com-
pared to the Mn}K spectra discussed above. This presum-
ably re#ects the greater importance of a con"gurational
admixture for Fe in these materials relative to the Mn.

The Fe}K preedge spectra of Sr
4
Mn

3~x
Fe

x
O

10~d (x"
1.0, 1.5, and 2.0) manifest a rather strong variation with
increasing Fe content. The x"2 spectrum exhibits a peak
at a position, identi"ed as b1 in Fig. 5 (Inset), that is close to
the sharp peak in SrFeO

3~d. With increasing Fe content
this b1 feature appears to remain, however a second higher-
energy feature, at the position labeled b2, gains intensity.

Association of the Fe}K preedge features with speci"c
d states, as in the Mn case, is not possible with the spectral
resolution of the present data. However, the rather distinct
change from a sharp single feature for the x"2.0 com-
pound to distinctly bimodal features for the Mn-substituted
compounds are supportive of the Fe-site localization into
two sites.
FIG. 6. MoK ssbauer spectra of 57Fe in Sr
4
Mn

3~x
Fe

x
O

10~d at 4.2 K.

FIG. 5. The Fe}K main edges of the Sr
4
Mn

3~x
Fe

x
O

10~d (x"1.0, 1.5,
and 2.0) compounds along with those of the a-Fe

2
O

3
and SrFeO

3~d. (Inset)
The Fe}K preedges of the Sr

4
Mn

3~x
Fe

x
O

10~d (x"1.0, 1.5, and 2.0)
compounds along with those of a-Fe

2
O

3
and SrFeO

3~d coordinate axis
labels are the same as those of the main "gure.
The MoK ssbauer spectra of the three samples are given in
Fig. 6 (4.2 K) and Fig. 7 (200 K). The spectra were analyzed
in terms of two inequivalent iron species corresponding to
two di!erent iron valence states, in terms of their isomer
shift (IS) values, quadrupole splitting (*E

Q
), and magnetic

hyper"ne "eld (B
)&
), all of which are given in Table 4. In

principle, the spectra had to be analyzed in terms of four
iron species (two valences in two inequivalent crystallo-
graphic sites, 2a and 4e). However since the hyper"ne para-
meters have a wide distribution (in the actual analysis they
were assumed to have a Gaussian distribution), such an
analysis is impossible. The fact that the spectra could be
analyzed assuming only two iron species indicates that Fe
ions of the same valence located in the two crystallographic
sites have similar hyper"ne interaction parameters. An al-
ternative possibility is that the Fe ions prefer to occupy
a single site (2a).

The spectra shown in Figs. 6 and 7 look very similar to
the spectra previously observed for the n"2 and n"R

Ruddlesden}Popper systems (18, 19). Also the hyper"ne in-
teraction parameters are similar. However there is one ma-
jor di!erence, in contrast to the measured relative spectral



FIG. 7. MoK ssbauer spectra of 57Fe in Sr
4
Mn

3~x
Fe

x
O

10~d at 200 K.

TABLE 4
MoK ssbauer Parameters for Sr4Mn3 2 xFexO10 2d

x"1, d"0.28 x"1.5, d"0.32 x"2, d"0.49

Temp(K) 4.2 200 4.2 200 4.2 200

Site 1
IS 0.40 0.35 0.41 0.35 0.41 0.35
*E

Q
0.0 0.58 0.0 0.60 0.0 0.62

B
)&

494 0.0 491 0.0 483 0.0
Area (%) 58 61 57 58 58 60

Site 2
IS 0.06 0.00 0.09 0.01 0.06 !0.02
*E

Q
0.0 0.38 0.0 0.41 0.0 0.41

B
)&

261 0.0 283 0.0 286 0.0
Area (%) 42 39 43 42 42 40
*IS 0.34 0.35 0.32 0.34 0.35 0.37
*B 233 0.0 208 0.0 197 0.0

Note. The IS ($0.02, relative to iron metal) and *E
Q

($0.02) have units
of mm s~1; B

)&
($10) has units of kOe. The error on the relative Area is

$2%.
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areas in the other systems. In the present case, the relative
amount of the two iron species (Area in Table 4) is temper-
ature independent, and surprisingly enough also Fe concen-
tration (x) independent. Using the IS values of LaFe3`O

3
(0.47) and La

2
LiFe5`O

6
(!0.43), the estimate of Fe val-

ences of the two species observed here are &#3.2
(IS+0.35}0.4) and #4.3 (IS+!0.2}0.06) (18, 19). This
behavior is consistent with the observations in the other
Ruddlesden}Popper systems, in which the Fe ions &&dispro-
portionate'' into two sites, each with a fractional valence
(18, 19). Here the term &&disproportionation'' refers to a gen-
eralization of 2Fe4`PFe3`#Fe5` to 2Fe4`PFe3`e
#Fe4`d. Indeed the Fe valence state of the IS&!0.2 to
0.06 MoK ssbauer sites must fall in the range #4.5 or below
to be reconciled with the estimated oxygen content.

The temperature dependence of the molar magnetic sus-
ceptibility is shown in Fig. 8. A local maximum is observed
at 90 K when x"1, which is in good agreement with data
reported for Sr

4
Mn

2
FeO

9.80
(4). The ZFC and FC suscep-

tibilities diverge at lower temperatures, with a maximum in
the ZFC curve at 10 K for x"1, and 25 K for x"1.5 and 2.
Fitting the high-temperature region to a Curie}Weiss law
gave the parameters listed in Table 1. The Weiss constants,
h, are negative indicating antiferromagnetic interactions be-
tween the disordered magnetic ions dominating in the n"3
RP phases. The magnetic susceptibility of these iron-sub-
stituted strontium manganates is very similar to other
mixed transition metal compounds (23). Reported neutron
scattering experiments on the x"1 compound indicate that
there is no magnetic ordering in the inner iron-rich layer,
while the magnetic ions in the outer layer interact weakly
(4). Some ions do not order at all and are responsible for the
spin-glass-like ordering at low temperatures (4).

The calculated Curie constants, C, and k
%&&

for the x"1
and 1.5 phases are close to the spin-only predicted values,
while for the x"2 sample the value is signi"cantly lower
than predicted (Table 1). Our calculated C value for the
x"2 material is smaller than previously reported (4). Per-
haps this is due to the lower oxygen content of our sample,
which would increase the Fe3` content; Fe3`}O}Fe3`
interactions are AFM (4). Thus even with a random distri-
bution of ions, the domains of Fe3`}O}Fe3` with AFM
interactions increase, thereby e!ectively lowering C (24).

Due to preparatory techniques and the necessity of high
reaction temperatures and long reaction times, it is not
surprising that the compounds are oxygen de"cient. This
oxygen de"ciency leads to complicated magnetic interac-
tions. It is di$cult to draw an accurate description of the
magnetic results without performing further neutron experi-
ments on our compounds at low temperatures. We note that
the randomly distributed ions introduce a large number of
potential interactions including AFM Mn4`}O}Mn4`,
and Fe3`}O}Fe3`, and both FM and AFM interactions
between the Fe and Mn ions through the p and n orbitals
respectively. These complicated magnetic interactions can



FIG. 8. Temperature-dependent magnetic susceptibility data for
Sr

4
Mn

3~x
Fe

x
O

10~d. (Inset) Inverse susceptibility vs temperature.

FIG. 9. Temperature-dependent resistivity data for Sr
4
Mn

3~x
Fe

x
O

10~d. (Inset) ln o vs 1000/¹.

Sr
4
Mn

3~x
Fe

x
O

10~d (x"1, 1.5, 2) 103
result in spin-glass transitions similar to those seen in other
disordered RP phases (4, 18,19).

The temperature dependence of the resistivity is shown in
Fig. 9. Plots of ln o vs 1/¹ are nonlinear with the high-
temperature region activation energies given in Table 1. All
these compounds are insulating with the x"1 sample hav-
ing the highest and the x"2 phase having the lowest
resistivity. These trends have been reported in other RP
phases (18, 19, 25). The lower resistivity can be rationalized
using similar arguments as these of MacChesney et al. (26).
The larger iron concentration in the x"2 phase requires
a higher average oxidation state for the Fe ions. The overlap
between the Fe t
2g and O p orbitals form a conduction band

lowering the resistivity. If the oxygen content can be in-
creased we predict that the resistivity would further drop
due to better overlap.

CONCLUSIONS

We have prepared a series of iron-substituted Sr
4
Mn

3~x
Fe

x
O

10
(x"1, 3/2, and 2) compounds that form in the

n"3 RP structure. The Mn and Fe ions are randomly
distributed; however, the Fe ions preferentially occupy the
middle perovskite layer Mn/Fe(1), and this e!ectively stabil-
izes the RP, in contrast to the Sr

4
Mn

3
O

10
structure. The

samples are oxygen de"cient with both Fe3` and possibly
some Mn3` present as evidenced by XANES. The
Sr

4
Mn

2
FeO

9.72
sample orders antiferromagnetically

around 90 K; all the samples studied here show spin-glass-
like behavior at low temperature consistent with the ran-
dom distribution of magnetic interactions. MoK ssbauer spec-
troscopy indicates that Fe4` undergoes charge
disproportionation (2 Fe4`PFe3`e#Fe4`d), further com-
plicating interpretation of the electronic and magnetic data.
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