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Double layer R—P manganate phases Sr;Mn,0,.s were stabilized by partial substitution of Mn with Fe in air atmosphere. The
minimum amount of Fe needed to stabilize single phase of R-P in air atmosphere was about x = 0.15. As the Fe content x
increased, the optimum reaction temperatures were lowered from 1530°C for x = 0.15 sample to 1400°C for x = 1.0 sample.
The structural parameters were refined on the basis of space group 14/mmm by Rietveld method with powder X-ray diffrac-
tion data. Magnetic susceptibility data indicate that these samples have very complicate magnetic properties. It also shows
spin-glass like transitions at low temperatures when x was larger than 0.5.

INTRODUCTION

The manganese-based Ruddlesden—Popper (R—P)
phase (AO)(AMnOQO;), with n = 2 has received conside-
rable attention recently since the observation of the
colos-sal magnetoresistance (CMR) in La,,,Sr, . Mn,O,
[1-6]. R—P phases have the general formula (AO)
(AMO:;), and they consist of n consecutive perovskite
blocks (AMO;),, which are separated by rock salt layers
(AO) where the perovskite structure is the n = o end
member. The n = 2 R-P phase, figure 1, can be thought
as of double layers of MO, octahedra along the c-axis
separated by an insulating rock-salt layer (AO).

It is well known that the titanium-based R—P pha-
ses A, T1,0;,., are relatively easily obtained for A = Ca
or Sr, but the homologous manganate A,.,Mn,Os,., can
only be synthesized in the case of calcium in conven-
tional oxide method [7]. In case of strontium, it is much
more difficult to synthesize R—P phase and the substitu-
tion of lanthanide for strontium is necessary [8,9].
Mono layer R—P phase (K,NiF, type) B-Sr,MnO, is
transformed into low temperature type o phase at
1600°C, which is in fact a mixed phase of SrO and
Sr;Mn,O,; [10]. High temperature B-Sr,MnO, can be
obtained by only quenching from above 1600°C to
room temperature [11]. Triple layer manganate R—P
phase Sr,Mn; Fe,O,,; could be stabilized by partial sub-
stitution of Mn with Fe, and their properties were inves-
tigated by Fawcett et al.[12]. Synthesis of triple layer
R-P phase Sr,Mn, Fe,O,,; requires long heating times.

The smaller the value of x, the longer the heating time
needed to obtain a single R—P phase. The minimum
amount of Fe needed to obtain pure R-P phase was
x = 0.4. These phases showed semiconducting, and
strong antiferromagnetic interactions and spin-glass
type behavior at low temperature [12-14]. Synthesis of
double layer R—P phase Sr;Mn,0,; which is the parent
compound of the n =2 CMR manganate La,.,Sr, . Mn,0,
was first reported by Mizutani et al.[15] and its proper-
ties were investigated by Mitchell et al. [16]. It is
metastable below 1660°C and must be quenched into
dry ice to prevent its decomposition to ¢-Sr,MnQO, and
Sr,Mn;0,, neither of which is a layered R—P phase. The
oxygen vacancies were in the MnO, plane and could be
reversibly filled at 400°C to yield stoichiometric
Sr;Mn,O, which was antiferromagnetic insulator with
Tx = 160K. A series of Mn substituted R—P strontium
ferrate were prepared and their structure and magnetic
properties were reported by Veith et al. [17].

Recently the oxygen deficient double layer perov-
skite Sr;Mn,O, phases were synthesized in N, atmo-
sphere and its structure and properties are reported [18].
TEM experiment showed that this phase crystallized in
a superstructure of the simple R—P subcell. Magnetic
susceptibility studies suggested a canted antiferromag-
netic transition and showed no divergence between ZFC
and FC curves [18].
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In this study, double layer R—P manganate phase
was stabilized in air atmosphere without quenching by
partial substitution of Mn with Fe. The synthesis and
magnetic properties are discussed in detail.

rock salt layer

perovskite layer

rock salt layer

Figure 1. The n =2 Ruddlesden—Popper Structure.

EXPERIMENTAL

Polycrystalline phases of Sr;Mn, Fe O,; were pre-
pared by conventional solid state reaction of SrCO,,
MnO,, and Fe,0; (99.9 %, Aldrich). Mixtures of these
starting materials in desired ratios were heat treated at
800°C, 1000°C, and 1400°C for 24hrs, respectively,
with intermittent grinding. Finally pelletized samples
were reacted for 48hrs at optimum reaction temperature
between 1450°C and 1530°C. The samples then furnace
cooled in air atmosphere. The progress of the reactions
was monitored by x-ray powder diffraction in every
step. Powder x-ray diffraction data were collected with
a Rigaku diffractometer with momochromatized Cu Ko
radiation in the range of 5°-120°, with a step size of
0.02°. X-ray data were analyzed with the Rietveld pro-
gram FullProf [19].

The oxygen stoichiometries of the samples were
determined by iodometric titration method [20]. About
25 mg of samples were weighed directly in the titration
cell. Excess oxygen free KI solution (10 wt.%, 10 ml)

and diluted HCI solution were added in sequence. The
formed I, was back titrated by the standardized Na,S,0;
solution. The entire iodometric titrations were carried
out under a nitrogen atmosphere to avoid the formation
of I, by oxidation in air. The magnetic susceptibility
curves of the samples were obtained using a Quantum
Design SQUID magnetometer over the temperature
range of 5-300 K. Data were collected after cooling in
the absence (ZFC) and with an applied magnetic field
(FC) of 1000 gauss, respectively. Electrical resistivity
of the sample was measured using a standard four-probe
method over a temperature range of 200-300 K.

RESULTS AND DISCUSSION

X-ray powder diffraction data showed that single
phase of Sr;Mn,.Fe,O,; compounds were stabilized suc-
cessfully when x was larger than 0.15 by solid state
reaction in air atmosphere. When x was less than 0.15,
Sr,Mn,O,; phase formed at about 1200°C did not trans-
form into R—P phase completely, even when the reaction
temperature was higher than 1600°C. This was most
likely due to the effects of size and the stable Sr;Mn,O;
phase formed during the reaction in air atmosphere. As
the amount of Fe increased, the optimum reaction tem-
perature was lowered and the reaction time needed to
prepare a single phase was shortened. In fact, when x
was 0.15, the range of the optimum reaction tempera-
ture for the pure R—P phase was around 1530°C £ 10°C.
When x was around 1.0, however, the reaction tempera-
ture could be lowered to around 1400°C and the range
of the reaction temperature was about 1400°C + 50°C.
When the reaction temperature was higher than opti-
mum temperature, the R—P phase began to decompose
to perovskite and unknown phases.

The crystal structures of Sr;Mn,.Fe,O,; phases
were refined by Rietveld method based on the space
group I4/mmm with the parameters from Mizutani et al.
[15]. The background was modeled by Chebyschev
polynomials of the first kind and the peak shape was
described by a Pseudo-Voigt function. The oxygen
occupancies were assumed to 1.0 during the refinement.
The observed and calculated diffraction pattern of
Sr;Mn, ;Fe, ;0,5 is given in figure. 2. The structural
parameters are listed in table 1.

As expected the lattice parameters and unit cell vol-
umes increase with the increasing Fe content due to the
substitution of large Fe’* for smaller Mn* and oxygen
vacancies. But c/a ratio of the lattice parameters
decrease with increasing Fe content, which is different
from the results reported by Fawcett et al.[12] for the
n=3 phase. Oxygen vacancies determined by iodometric
titration were listed in table 1. The oxygen vacancies
increased as the amount of Fe increased due to the dif-
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ficulty of synthesizing Fe*" containing compounds in
air. Assuming that Fe is only presents in the +3 state the
mean oxidation states of Mn is 3.67 and 3.88 for the
sample with x = 0.2 and x = 1.0, respectively.

Some of the R—P phases showed phase instability in
ambient air at room temperature because they react with
CO, gas or moisture present in ambient air [21]. X-ray
diffraction patterns for the Sr;Mn, Fe,O,; samples
exposed to ambient air atmosphere for 1 month did not
show any sign of decomposition, which means these
phases are fairly stable at air atmosphere.
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The temperature dependence of the molar magnet-
ic susceptibility and inverse magnetic susceptibility of
the Sr;Mn,.Fe,O;; phases are shown in figure 3. The
parameters derived by fitting the high temperature
region (150-300 K) to a Curie-Weiss law are listed in
table 2. Magnetic susceptibilities of the n=2 R—P pha-
ses qualitatively showed very similar behaviors with the
n=3 R-P phase Sr,Mn,Fe,O,,;[12,13] and the n=2 R—P
phase Sr;Fe, M,O.; (M = Co, Mn) [18,21]. As the Fe
content increased the Weiss constant increased from -
95.2 K for the x=0.2 compound to -3.13K for the x=1.0
compound. The large negative value of the Weiss con-
stant indicates that the antiferromagnetic interaction
dominates in these compounds. It also shows a local
maximum at 120 K and 80 K for the x=0.2 and x=0.5
samples, respectively. This is in good agreement with
the previous report in n=3 R—P phases [12,17]. When x
was small, the ZFC and FC curves showed no diver-
gence, but when x was larger than 0.5 these curves
showed divergence with a maximum in the ZFC curve
at 10 K for the x=0.5, and 20 K for the x=1.0. The ten-
dency for magnetic frustration increases as the amount
of Fe increases. This is typical of spin-glass type behav-
ior seen in other R—P [12,17]. In fact, these triple layer
manganate R—P phase Sr,Mn; Fe O,; revealed spin
glass transitions at about 10 K when x was 1.0 .

Table 2. Magnetic properties of Sr;Mn, Fe O
e LK) T.K) 0K C  pa
20 40 60 80 100 St;Mn, gsFeg 15075 115 - -148.7  3.53 5.32
— CuKa 20 (degree) Sr;Mn, sFe,,05 120 - -95.23  3.85 5.55
Fi ’ X Rietveld Refi ¢ Profil tai St;Mn, ;Fe, ;0,5 110 - -45.76  4.53 6.02
igure 2. X-ray Rietve efinement Profile contains room StMn, Fe, 0.4 20 10 2433 513 6.41
temperature XRD patterns, calculated profiles, peak positions,
and the difference between the observed and calculated profiles St:Mn; ;Fe, ;055 B 15 643 618 7.04
for (a) SrsMn, 4Fe,,0-5, and (b) SrsMn, Fe, (O St;Mn, oFe, 055 - 20 -3.13 7.5 7.75
Table 1. Structural parameters of Sr;:Mn, Fe,O;;.
Parameters x=0.15 x=0.20 x =0.30 x =0.50 x =10.70 x=1.0
Space group® 14/mmm I4/mmm 14/mmm 14/mmm 14/mmm 14/mmm
a(A) 3.8088(1) 3.8120(1) 3.8183(1) 3.8262(1) 3.8335(1) 3.8422(1)
c (A 20.1030(5) 20.1035(5) 20.1059(4) 20.112(1) 20.1215(4) 20.1319(4)
V(A 291.633 292.131 293.132 294.436 295.698 297.197
“Sr(2) 0.1832(1) 0.18325(5) 0.1831(1) 0.1828(1) 0.1830(1) 0.1828(1)
‘Mn/Fe 0.0974(2) 0.0976(6) 0.0979(2) 0.0984(2) 0.0987(2) 0.0995(2)
‘0(2) 0.1931(5) 0.1943(9) 0.1947(6) 0.1945(5) 0.1937(5) 0.1920(6)
“‘0(3) 0.0974(4) 0.0970(5) 0.0974(4) 0.0976(1) 0.0971(3) 0.0964(4)
R, 0.1 0.115 0.107 0.103 0.0959 0.0961
R, 0.132 0.147 0.138 0.133 0.125 0.124
e 6.43 6.41 4.48 4.75 4.17 5.44
0.18 0.40 0.47 0.50 0.52 0.54
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The temperature dependent resistivity plots in fi-
gure 4 show that all of these samples are insulating and
the resistivity of the samples decreased with the addi-
tion of Fe. The thermal activation energy of the samples
with x=0.7 and x=1.0 are 0.126eV and 0.119¢V, respec-
tively.
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Figure 3. The temperature dependence of the molar magnetic
susceptibility and inverse magnetic susceptibility(inset) for a)
Sr;Mn, sFe,,0,5, b) SrsMn, sFe 0.5, and ¢) SrsMn, Fe, (O
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Figure 4. The temperature dependence of the resistivities of
Sr;Mn, Fe,O.

CONCLUSIONS

In this study, double layer R-P phases
Sr;Mn,.Fe,O,; have been successfully synthesized by
the conventional oxide method in air atmosphere and
their structural parameters were refined by Rietveld
method with powder X-ray diffraction data on the basis
of space group [4/mmm. The minimum amount of Fe
needed to stabilize R—P phase was about 0.15 and as the
Fe content x increased, the optimum reaction tempera-
ture was lowered. These phases showed very complicat-
ed magnetic properties and revealed spin-glass like
transitions at low temperatures when x was larger than
0.5.
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SYNTEZA A FYZIKALN{ VLASTNOSTI
RUDDLESDEN-POPPEROVYCH FAZI{
Sr;Mn, Fe,O.; (x =0.15 ~ 1.0)

MIN-SEOK SONG, SUK-YOUNG KIM, JAI-YEOUL LEE

School of Metallurgical and Materials Engineering
Center for Materials Research, Yeungnam University
214-1 Daedong Gyongsan Gyoungbuk, 712-749, Korea

Podvojné vrstevnaté Ruddlesden—Popperovy (R—P) man-
ganiCitany Sr;Mn,0,; byly stabilizovany ¢éasteCnou substituci
manganu zelezem na vzduchu. Minimalni mnozstvi Fe stabi-
lizujici jednofazové R—P faze na vzduchu bylo kolem x = 0.15.
S rostoucim obsahem Fe se snizuje optimalni synteticka teplota
z 1530°C pii x = 0.15 na 1400°C pii x = 1.0. Strukturni para-
metry byly upfesnény na zakladé prostorové grupy symetrie
[4/mmm Rietveldovou metodou z dat rentgenové praskové
difrakce. Podle magnetické susceptibility maji vzorky velmi
slozité magnetické vlastnosti. Rovnéz je z nich patrny ptrechod
do stavu podobného spinovému sklu pfi nizkych teplotach pii
x > 0,5.
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