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Iron-rich Ruddlesden—Popper phases Sr3Fe, — (Co,O; — ,, (x < 1) have been synthesized by two citrate
precursor techniques and investigated in order to explore the correlation between electron transport properties,
electronic state, magnetism, and magnetoresistance effects in iron(iv) based oxides. The materials were
characterized by X-ray powder diffraction, temperature and field dependent magnetization measurements,
magnetotransport studies, and iron-57 Mossbauer spectroscopy. With increasing cobalt content there is a
smooth development of electronic properties: a gradual increase in the low-temperature conductivity of the

semiconducting materials, a successive reduction and finally suppression of the charge ordering of Fe*

— Ag)+

and Fe* * A% ites resulting from a charge disproportionation of the Fe** ions, and an evolution from
antiferromagnetic to ferromagnetic behaviour via a spin glass regime. Large magnetoresistance (MR) effects at
low temperatures were apparent for all the samples (up to —47% at 5 K and 7 T). Maximization of the MR
effects in the title system appears to involve an optimized balance between ferro- and antiferromagnetic

interactions.

Introduction

Efforts aiming at understanding and optimizing the colossal
magnetoresistance (CMR) properties in perovskite manganites,
i.e. their extraordinary strong dependence of the electrical
resistance on an external magnetic field, have been a frontier
topic in solid state and materials science during the last few
years.' It is evident from many studies that the CMR effect
involves ferromagnetic metallic-like states competing with
insulating para- or antiferromagnetic states. This has also
stimulated investigations on the magnetotransport properties
of other ferro- and ferrimagnetic perovskite related systems.
Examples include the ordered double perovskites A,Fe-
(Mo,Re)O¢ showing pronounced tunnelling MR effects even
at room temperature™ as well as cobalt-based systems.®

Recently Battle ef al. reported for the first time pronounced
MR effects in iron(iv) rich oxides, namely the perovskite
phases SrFe, oCog 1O and Sry ¢Cag 1 FeOs.” This is particularly
remarkable as Fe*" ions, like Mn>* ions which are the main
transition metal constituent of many CMR materials, in oxide
environment adopt a 12g3eg1 high-spin electronic configura-
tion. A maximum MR effect (R(B)-R(0)/R(0)) x 100 (R
denotes the electrical resistance) of —12% at 4 K and 12 T was
observed for the metallic cluster-glass system SrFeq9Cog 053.
Maignan et al investigated a more extended range of
compositions in the system SrFe; — Co,0; _ y.g However,
the low-temperature MR effects never exceeded values of
~—10% at 10 K and 7 T. MR effects up to ca. —15% at 4 K
and 7 T have also been observed for undoped SrFe0, os,”
where correlations between electrical transport behaviour and
magnetic phase transitions are found already in the absence of
a magnetic field.

Both, oxygen rich and deficient perovskites SrFe; _ ,Co,-
O; _ , reveal high electrical conductivities even at low tempera-
tures. It is well known from the studies on manganites that

tElectronic supplementary information (ESI) available: additional
characterisation data. See http://www.rsc.org/suppdata/jm/b1/b107981f/
iPresent address: Institut fiir Anorganische Chemie, Universitit
Karlsruhe (TH), EngesserstraBe, Geb. 30.45, D-76128 Karlsruhe,
Germany.

DOI: 10.1039/b107981f

strong MR effects are favoured in more localized electronic
systems. It may then be suggested that the MR effect in Fe(1v)
oxides could be enhanced by stronger localization of the metal—
oxygen antibonding (c*) e, electrons, which can be achieved
by reducing the dimensionality of the iron—-oxygen network.
In addition, incorporation of different amounts of oxygen
vacancies into the iron-oxygen network will also have a
strong impact on the delocalization of the e, electrons, the
magnetic interactions, and the magnetotransport properties.
These pre- sumptions motivated us to investigate the system
SrsFe, - - Co,O; _ , the parent compound of which is
Sr;Fe,05, the well-known n = 2 member of a Ruddlesden—
Popper (RP) series.!® 12 Its structure can be described as having
layers stacked along the c-axis with two SrFeO; perovskite
slabs separated by SrO rock-salt layers. Indeed, we have found
recently a considerably enhanced MR effect of —45% at 5 K
and 9 T for Sr3Fe; §C0g,0 7,3 having the same Co content as
the perovskite material studied by Battle et al A further
interesting feature of this system is that the undoped parent
compound reveals a charge disproportionation of Fe** which
gives rise to charge ordering of electron-rich Fe“ — 497
(frequently denoted as ‘Fe’*”) and electron poor Fe®*+A0*
(frequently denoted as ‘Fe’™) sites.

In the present paper we report the synthesis of a more
extended series of samples in the iron-rich part of the system
Sr3Fe, - Co,0O; - , (x < 1) by solution-based precursor
techniques and comprehensive studies on the properties of
this system by powder X-ray diffraction, magnetization and
magnetotransport measurements as well as by °’Fe Mossbauer
spectroscopy. Emphasis will be put on samples which have
been heated under high oxygen pressures for reaching high
M** fractions. However, the effect of oxygen deficiency y on
magnetism and magnetotransport properties will be demon-
strated for Sr3Fe; 4Co¢O7 - ,. From our studies important
clues can be drawn about the correlations between chemical
composition (Co content x, oxygen deficiency y), electronic
state, magnetism, and magnetotransport properties in this
system which may turn out to be useful in designing Fe*'-
based materials with even stronger MR effects.

During the preparation of this manuscript two other papers
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on the system Sr3Fe, — .Co,O; _ , have also been published.
Prado and Manthiram'# reported synthesis and some proper-
ties of air- and oxygen-annealed samples with x < 1 where
the M** contents are smaller than in our materials. No
magnetotransport and Mossbauer data were investigated for
these oxides. Bréard et al. observed a MR effect of —24%at 10 K
and 7 T for a Co(1v) rich material, the composition of which
was given as Sr3FeC0Qg 04.'> The MR effect is somewhat less
but comparable to our previous result in SryFe; §Co,0 7.1

2. Experimental

The title oxides were prepared by two solution based precursor
routes, viz. a citrate—glycerol hybrid gel (CGHG) technique and
a matrix trapping and decomposition (MTD) process. The
chemicals used were SrCO; (= 99%, Merck), Fe(NO3);-9H,O
(= 98%, Riedel-deHaén), Co(NO;),-6H,O (= 99%, Fluka),
Ce¢HgO7-H,0 (citric acid, Merck), C3HgO; (glycerol, Merck)
and NHj;. The metal contents of both, iron and cobalt nitrates,
were determined prior to their use by ICP-AES.

The details of the CGHG process have been given pre-
viously.!* The MTD route is described for Sr3Fe; 4Cog 07 — ¥
as a representative. To obtain ~4 g of the material the
following procedure was adopted. In one beaker, 4.69 g of
Fe(NO3)3-9H,0 and 4.88 g of C¢HgO,-H,0 were dissolved in
50 ml of doubly distilled water. The pH of this brown coloured
solution was adjusted to ~5 by NHj. The resulting green
coloured solution was kept on a magnetic stirrer at room
temperature. In another beaker, 26 g of C¢HgO7-H,O was
dissolved in 100 ml of doubly distilled water and heated. To this
solution, 3.67 g of SrCO; was added gradually, followed by
the dissolution of 1.44 g of Co(NOs),-6H,0. Thereafter the
contents of both beakers were mixed and kept on a water bath
maintained at 90 °C with continuous stirring. In the meantime,
100 ashless filter paper circles (589° Blue band from Schleicher
& Schuell, Ref. No. 300209) of 90 mm diameter were mounted
through a perforation at its centre on an alumina rod 150 mm
long and 2 mm in diameter. When the solution had been
concentrated to almost one-fourth of its original volume, with
the help of a dropper, the matrix was quickly soaked with the
whole of the viscous solution. After drying the matrix at 100 °C
for 1.5 h in a furnace, the alumina rod was placed horizontally
on a porcelain trough and was introduced into a preheated
Nabertherm PC-S27 furnace at 450 °C. The charring of the
matrix and the subsequent calcination in air was carried out
under the following conditions: at 450 °C for 2.5 h, (450-
900 °C) in 2 h, at 900 °C for 6 h, (900—450 °C) in 6 h followed by
rapid cooling to room temperature. The charred product was
crushed, compacted in an alumina cylindrical crucible and fired
in air at 1000 °C for 24 h. The powder was reground, pelletized
and fired in air again at 900 °C for 6 h.

For obtaining samples with high oxygen contents corre-
sponding to high M*" fractions, the pellets derived from the
two synthetic routes were annealed under oxygen pressure in an

autoclave applying the conditions summarized in Table 1. One
batch of air annealed pellets of Sr3Fe;4Coy¢O; - , was
subjected to flowing oxygen treatment (500 °C, 24 h) in order
to obtain increased M>* fractions. The oxygen contents of
the products were estimated from iodometric titrations. The
materials tend to degrade under prolonged exposure to air.

All samples were characterized by room temperature powder
X-ray diffraction (XRD) using a STOE STADI-P powder
diffractometer (monochromatic CuKa; radiation, linear posi-
tion sensitive detector). Data were collected in Debye—Scherrer
mode on samples in a sealed 0.3 mm diameter glass capillary
over the range 10° < 260 < 120°. Accurate lattice constants
were determined from XRD measurements with silicon as an
internal standard.

Magnetization measurements as a function of temperature
were performed with a SQUID (Quantum Design MPMS 7.0)
magnetometer in external magnetic fields of 100 Oe (0.01 T),
10 kOe (1 T), and 70 kOe (7 T). The samples were first cooled
down to 5 K without a magnetic field . Subsequently the zero-
field-cooled (ZFC) curve was measured by heating to 330 K in
the magnetic field. A field cooled (FC) curve was obtained
during cooling in the magnetic field. Isothermic magnetization
measurements M(H) up to 70 kOe were recorded at various
temperatures.

Temperature-dependent (5 K < 7 < 330 K) measurements
of the electrical resistivities at 0 and 7 T as well as isothermic
magnetoresistance measurements at some temperatures were
carried out using the cryostat of a Quantum Design MPMS 7.0
system on rectangular shaped samples (3.8 mm length, 1.5 mm
breadth and 1.0 mm thickness) by the four-point contact
method. A Keithley 2400 sourcemeter was employed to supply
dc currents of up to 1 mA. The voltage drop across the contacts
was determined by a HP 34420A nanovoltmeter.

Temperature dependent >’Fe Mossbauer spectra of pow-
dered samples (in the case of high iron contents diluted with
polyethylene) were measured in an Oxford flow cryostat with a
conventional Mdssbauer spectrometer operating with a sine-
type drive signal. A ¥’Co/Rh vy-ray source was used for the
experiments. The velocity scale was calibrated by measuring
the hyperfine splitting of an a-Fe foil. All spectra are referred
to a-Fe.

3. Results

3.1. Materials synthesis and structural characterization

In this work single phase samples of Sr3Fe, - .Co, 07 — ,, (x =
0, 0.1, 0.2, 0.3, 0.6 and 1.0) could be prepared by two solution
based precursor techniques: the CGHG and MTD methods. It
turned out that in the CGHG route a corrosion of the quartz
beakers occurred which became unusable for further experi-
ments. In the MTD route no quartzware is required and the
gelation step is avoided. Molecular mixing of the constituent
metal ions is achieved by trapping the metal chelates in
the microfibrils of the ashless cellulose matrix. Iodometric

Table 1 Synthesis conditions and oxygen deficiencies for the samples of Sr3Fe, - (Co,07 _ , studied in this work

X Synthetic route Final air annealing® Oxygen annealing Y (£0.03)
0 CGHG 1000 °C/24 h HOP (700-850 bar)" 0.09
0.1 CGHG 900 °C/6 h HOP (700-850 bar)” 0.03
0.2¢ CGHG 900 °C/6 h HOP (600-700 bar)® 0.07
0.3 CGHG 900 °C/6 h HOP (400-600 bar)f 0.29
0.3 CGHG 1000 °C/24 h HOP (700-850 bar)” 0.16
0.6 CGHG 900 °C/6 h FO? 0.40
0.6 MTD 900 °C/6 h HOP (600-700 bar)® 0.20
1.0 MTD 900 °C/13 h HOP (700-850 bar)” 0.28

“From ref. 13. ®This sample was used for MR measurements shown in Fig. 6. ‘Followed by slow cooling to 300 °C and subsequent rapid cool-
ing to room temperature. “700 bar at RT — 850 bar at 500 °C for 10 h — 800 bar at 350 °C for 10 h — 700 bar at RT. “600 bar at RT —
700 bar at 500 °C for 18 h — 600 bar at RT. /600 bar at RT — 600 bar at 500 °C for 18 h — 400 bar (due to pressure leak) at RT. éFlowing
oxygen (1 bar) at 500 °C for 24 h. "Determined from iodometric titrations.
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Fig. 1 Representative X-ray powder diffraction patterns of HOP
annealed Sr3Fe, ~ (Co,0; _ , with x = 0.3 and x = 1. Miller indices
of the most intense reflections are given. Ticks at the bottom indicate
the theoretical line positions for the x = 0.3 sample.

titrations reveal a certain oxygen deficiency y even for the high
oxygen pressure (HOP) annealed samples. The oxygen content
on average decreases as the Co content increases. In Table 1
synthesis conditions and oxygen deficiencies are summarized
for each sample.

The X-ray powder diffraction patterns of all phases reveal
only Bragg reflections expected for the tetragonal space group
I4/mmm (in Fig. 1 the patterns for x = 0.3 and 1 are given as
representative). In particular, no additional reflections corre-
sponding to a perovskite phase are seen. For our undoped
Sr3Fe,O 7 reference sample the refined « lattice constant is
somewhat smaller than that reported by Weller ez al.'® For the
HOP annealed samples which according to chemical analysis
have high M** contents (70-95%), the unit cell parameters a
and ¢ decrease with increase in the cobalt content (Fig. 2). For
flowing oxygen (FO) annealed Sr3Fe; 4Co¢ 607 — , the lattice
constants are larger than those for the corresponding HOP
annealed material.

3.2 Magnetic and magnetotransport measurements

(a) High oxygen-pressure annealed Srs;Fe,O_-. In agree-
ment with earlier studies of the parent compound!®'? the
magnetic susceptibility (not shown here) and electrical
conductivity (¢ = 1/p) curves (see below, Fig. 5) reveal that
Sr;Fe,05 is an antiferromagnetic semiconductor (7 ~ 120 K),
however with pronounced deviation of the low-temperature
conductivity from an Arrhenius-type behaviour. The low-
temperature conductivity of the present sample, which was
prepared by the CGHG route, is some orders of magnitude
smaller than for a previous material synthesized by the ceramic
technique.'> This may reflect certain differences in oxygen
content (cf. the lattice parameters, Fig.2) as well as grain
boundary effects. The magnetization curve M(H) at 5 K
(Fig. 3, top) reveals at first a linear increase of the magnetiza-
tion M with magnetic field H up to about 30 kOe, but
pronounced positive deviations from the low-field straight line
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Fig. 2 Lattice parameters a and ¢ of the tetragonal unit cells refined
from X-ray powder diffraction data of Sr3Fe, - .Co,O7 _ ,. Errors are
typically < 0.1 pm for the @ and < 0.5 pm for the ¢ parameters. Solid
circles correspond to HOP annealed samples, the open circle for x =
0.6 refers to a FO annealed material. For comparison literature data of
HOP annealed x = 0,'! oxygen annealed x = 0.6'* and HOP annealed
x = 1'% samples are included (filled squares, open squares, and filled
diamonds, respectively).

above 30 kOe. This is indicative of a ferromagnetic contribu-
tion to the exchange interactions. Similar behaviour is observed
for other temperatures below 7. Above Ty, at 130 and 250 K,
M increases linearly with H as expected for a paramagnetic
system. In Fig. 3 (bottom) the resistance ratio RR(B) = R(B)/
R(0) = p(B)/p(0) is displayed as a function of magnetic flux
density B at 10 K. Up to ~3 T no MR effect occurs, whereas
at higher fields a small albeit significant negative MR effect
is apparent. The close correspondence between M(H) and
magnetotransport data is noteworthy. At 10 K and 7 T the MR
effect (R(B) — R(0)/R(0)) x 100 is about —4%.

(b) High oxygen-pressure annealed SrsFe, _ .Co,O7 _ ,. In
Fig. 4 the development of the magnetic properties of the system
SrsFe, — Co,0O; — , (HOP annealed) with increasing Co
content x is shown (left: temperature dependence of magnetic
susceptibilities y = M/H; right: isothermic magnetization
curves M(H), relevant magnetic data for the compounds are
summarized in Table 2). As in our previous study for x = 0.2
it is found that the susceptibility curves are strongly field-
dependent. Here, the low-field data at 100 Oe are presented.
With increasing x the FC and ZFC maximum susceptibility
values increase up to x = 0.6, and the shape of the FC and
ZFC curves changes considerably. For x = 0.1, the FC and
ZFC curves show a common sharp maximum at 100 K and the
overall behaviour is similar to that observed in the case of
undoped Sr3Fe,0 _;'!2 which is diagnostic of the existence of
long range antiferromagnetic order. The latter is progressively
disturbed as inferred from the divergence of FC and ZFC
curves which becomes prominent as x increases. For x > 0.2,
both FC and ZFC curves exhibit an inflexion point where
there is an abrupt change in dy/d7. We will refer to the
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Fig. 3 Isothermic magnetization (top; magnetic moment M(H) as a
function of magnetic field H) and magnetoresistance (bottom; resis-
tivity ratio p(B)/p(0) as a function of magnetic flux density B, triangle
up: heating mode, triangle down: cooling mode) data for Sr3Fe,O ;.

corresponding temperature as T¢c. In the vicinity of T the FC
and ZFC curves show a sharp rise with decreasing tempera-
ture. This may indicate a ferromagnetic ordering transition.
However, particularly the ZFC curves (¢f. the data for x = 0.6
in Fig. 4) exhibit a complicated behaviour indicating that
antiferromagnetic interactions are still of importance. The shift
of T¢ to higher temperatures with increasing x shows that
replacement of iron by cobalt ions leads to strengthening of
ferromagnetic interactions. This is in agreement with the trend
in the ® parameters (Table 2) derived from Curie-Weiss fits
between 280 and 330 K. In all cases the inverse susceptibilities
¥~ (T) deviate from a straight line showing that y(7) does
not follow a Curie-Weiss law y = C/(T — ©) over extended
temperature ranges.

The development of pronounced ferromagnetic interactions
on Co-doping is also reflected in the isothermic magnetization
curves M(H) (see Fig. 4 right). The M(H) curves at 5 K show
for all compositions a hysteresis and they become steeper as
x increases from 0.1 to 1.0. The parameters characterizing the
curves, namely the ordered magnetic moment wu(5 K, 7 T) per
magnetic ion at 5 K and 7 T, the coercive field B¢, and the
remanent magnetization M, are also given in Table 2. The
following trends are apparent: for quite small x (e.g. x = 0.3)
a pronounced hysteresis with Bc ~ 0.8 T develops and u(5 K,
7 T) increases up to 2.7 ug. Higher Co concentrations do not
lead to further increase in u(5 K, 7 T) and B¢ decreases again.
On the other hand, the M (5 K) values increase continuously
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from x = 0 to x = 1. Only for x = 1 magnetic saturation
appears to be reached above 4 T. The M(H) curves at higher
temperatures reveal no hysteresis and develop in shape from
sigmoidal to linear with increase in temperature.

We now turn to the magnetotransport data. In Fig. 5 the
logarithm of the electrical conductivity ¢ in the absence of a
magnetic field is plotted as a function of inverse temperature
for the HOP annealed samples. All materials are still
semiconducting, however, the conductivities at low tempera-
tures are only weakly activated. Even though the detailed
transport properties are also influenced by the oxygen vacancy
concentration y, which is not constant for the various
materials, overall, the low-temperature conductivity increases
by some orders of magnitude from x = 0 to x = 1. The
resistivity values at 5 and 300 K for all the phases are given
in Table 3. The development of the magnetotransport beha-
viour in HOP annealed Sr3Fe, _ ,Co,0O; _ , is shown in Fig. 6
where the resistance ratios RR(B) are displayed for different
temperatures. All the samples show large negative MR effects
at low temperatures with MR values between —18 and —35%
at 5K and 7 T (Table 3). The shape of the MR isotherms differs
considerably for the various compositions. For x = 0.1
pronounced MR effects are only observed above 2 T, whereas
with increasing x the RR(B) curves become steeper. The field
dependence of the resistance ratios qualitatively reflects the
shape of the M(H) curves, as is particularly evident from the
hysteresis in the 5 K data. The latter is most pronounced for
x = 0.3. For the highest Co contents small MR effects are
observed even at 250 K (MR = —2%at 7 T for x = 1).

(c) Flowing oxygen annealed Srs;Fe; Co¢cO; - ,. The
magnetization data for FO annealed Sr3Fe; 4Coy¢O; — , are
in good agreement with those reported previously for an
oxygen annealed sample with x = 0.6.'% Smaller values for T
and@® as well as the shape of the M(H) curves (see Table 2)
indicate that ferromagnetic interactions are weaker in the FO
than in the HOP annealed compounds. From the electrical
transport measurements at 0 T it is observed that the low-
temperature conductivity is at least an order of magnitude less
than for the HOP sample (Table 3). However, the MR effect is
considerably enhanced in the more oxygen deficient material
(—47% vs. —28% at 5 K and 7 T) (Fig. 6).

3.3 Maossbauer spectroscopy

In Fig. 7 low-temperature Mossbauer spectra of the HOP
annealed samples of S;Fe, _ Co,O; _ , are depicted. The
spectra are evidence of magnetic ordering, in agreement with
the magnetization data. For x < 0.3 the spectra were fitted
with a superposition of three six-line patterns A, B, C which
correspond to three non-equivalent iron sites. Lorentzian
line shapes were assumed, and the intensity ratio within the
components of the sextet was restricted to 3:2:1 which is
strictly valid in the thin absorber limit. The M&ssbauer isomer
shifts IS, the hyperfine fields By and the quadrupole
interaction parameters ¢ derived from the fits are summarized
in Table 4. It is noted that most of the Mossbauer spectra
reveal strong line broadenings which is a consequence of local
variations in the environments of the iron atoms due to
disorder induced by the substitutions and oxygen vacancies.
Actually a distribution of hyperfine interactions occurs.
Considering the oxygen defect concentration y derived from
the iodometric titrations (Table 1) and the IS and By values,
pattern C in the spectra is assigned to Fe*" defect sites. The
Fe*" fraction for the x = 0.3 sample prepared at 850 bar O,
(cf. Table 1) was only weak and not included into the fits. As
for undoped Sr;Fe,O,'""'? the residual spectra for x < 0.3
consist of two sextets with an intensity ratio of about 1:1. As
for the parent compound this is evidence for a charge
disproportionation (CD) of Fe*" resulting in charge ordering
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of electron-poor Fe® * A%

Fe® ~

(sextet A) and electron-rich
ADY (sextet B) sites. Compared to Sr3Fe,O; there is a

considerable decrease in the differences ALS in isomer shifts
and ABy¢ in hyperfine fields between the two sites with

increasing x. In samples with higher levels of Co-doping (x =
0.6, 1) the CD has completely disappeared, and the spectra
consist only of one Fe** and one Fe*" sextet (Table 4).

In Figs. 8-10 the temperature dependence of the Mdssbauer

Table 2 Data derived from magnetization measurements on Sr3Fe, — Co,O; _ ,. The effective magnetic moments ¢ and the @ parameters were
obtained from Curie—Weiss fits between 280 and 330 K. Depending on magnetic behaviour characteristic magnetic temperatures are given: Néel
temperature T for the antiferromagnetic regime, 7 for the more ferromagnetic regime, and a spin freezing temperature T, for the intermediate regime.
Tc is defined by the abrupt increase in the 0.01 T susceptibility curves and does not necessarily imply long range order. The symbols u(5 K, 7 T),
Bc, and M, (5 K) denote the ordered magnetic moments per magnetic ion at 5 K and 7 T, the coercive field, and the remanence at 5 K, respectively

x, annealing Uegr( 1p/ion) /K Tc, T, Te/K w5 K, 7T) (uplion) BcIT M(5 K) (up/ion)
0, HOP 6.01 113 120 (T) 0.54 0 0

0.1, HOP 5.75 150 95 (T) 1.12 0.35 0.04

0.2, HOP"? 5.29 189 50 (Tse) 1.95 0.80 0.36

0.3, HOP 5.57 205 130 (T¢) 2.70 0.85 0.86

0.3, HOP* 5.37 213 140 (T¢) 2.57 0.80 0.86

0.6, HOP 5.35 247 210 (Tc) 2.48 0.50 1.35

0.6, FO 4.61 212 170 (T¢) 2.19 0.65 0.57

1.0, HOP” — ~300 250 (T¢) 2.50 0.20 1.73

1.0, HOP" ~260 220 (T¢) 1.75¢

“Somewhat more oxygen deficient sample used for MR measurements displayed in Fig. 6. “Even between 280 and 330 K there is no well
defined linear part in (7). <10 K, 5 T.
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spectra for x = 0.3 and x = 0.6 is shown in detail.'” The
Mossbauer spectra of Sr3Fe; 7Co 307 — , above 100 K are still
typical for a paramagnetic phase. Below 100 K line broadening
effects are obvious and a magnetic hyperfine pattern starts to
develop (¢f. Fig. 8). The broad features favour an interpreta-
tion in terms of relaxation spectra which means that the spin
fluctuation rates become comparable to the Mdssbauer time
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Table 3 Electrical resistivities and magnetoresistance effects MR =
(p(B) — p(0)/p(0)) x 100 for SrsFe, — ,Co,07 _ ,

x, annealing  p(5 K)/Qcm  p(300 K)/Qecm MR (%) at SK, 7T

0, HOP* 3 x 10° 1.0 —4
0.1, HOP 3 x 10* 0.03 28
0.2, HOP"® 30 0.4 -35
0.3, HOP? 27 0.1 -29
0.6, HOP 15 0.2 —-28
1.0, HOP 2 0.03 -18
1.0, HOP"“ 2 x 10° 1.5 —24
0.6, FO 5 x 10 0.5 —47

“p and MR at 10 K. “Somewhat more oxygen deficient sample (cf.
Tables 1 and 2).

scale and decrease with decrease in temperature. Finally, at 7 K
a hyperfine pattern is seen which reflects the CD of Fe**.
Also in the paramagnetic phase there is still a CD of Fe** as
is apparent from the asymmetric shape of the 150 K spectrum
(Fig. 9). Since the spectra are not structured enough for
obtaining a unique fit they were modelled by two doublets B
and C and one singlet A, corresponding to Fel* = A0+ Re3t,
and Fe® * 297 sites, respectively. The intensity ratio between
components A and B was restricted to 1: 1, taking into account
the 7 K spectrum. At higher temperatures the shape of the
spectra becomes more symmetric which, similar to our pre-
vious studies on Sr;Fe,O _;'* and Sr;Fe, — ,Ti,0; _ ,.,'®
indicates that the degree of charge separation is reduced with
increasing temperature. It cannot be decided with certainty
whether there is still a CD at room temperature. The corre-
sponding spectrum can be reproduced equally well either with

1.0

0.9

0.8

P(B)/P(0)

Fig. 6 Isothermic magnetoresistance properties of HOP annealed Sr3Fe, - (Co,O; — , and FO annealed Sr3Fe; 4Co 607 — ,. The resistivity ratios
p(B)/p(0) are displayed vs. magnetic flux density B. Solid lines are guides for the eye.
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Fig. 7 Low-temperature Mdssbauer spectra of HOP annealed Srj-
Fe, - (Co,O7 _ ,, illustrating the development of the electronic state.
Solid lines correspond to spectra and subspectra obtained from data
fitting.
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Fig. 8 Temperature dependence of the Mossbauer spectra of HOP
annealed Sr3Fe; ;Cog 307 — , (850 bar O,, ¢f. Table 1) illustrating the
development of magnetic hyperfine splitting.

the CD model or assuming one Fe*' site with a small
quadrupole splitting.

The Mossbauer spectra of SriFe; 4Coy60; — , (Fig. 10)
suggest a partial phase transformation to a magnetically
ordered phase between 200 and 175 K giving rise to the
appearance of a broadened hyperfine pattern in the 175 K
spectrum. Most remarkably, the coexistence of paramagnetic
and magnetically ordered (MO) phase over a large temperature

Table 4 Mossbauer parameters of HOP annealed Sr3Fe, — Co,O7 — , materials at low temperatures. The units are mm s~ ! for the isomer shifts IS
and quadrupole interaction parameters ¢, and Tesla for the magnetic hyperfine fields Bys. The statistical errors from the fits are <1 in the last digit if

not given explicitly in parentheses

Component x = 0.1(1K) x =02 (7K) x = 03(7K) x = 0.6 (8 K) x =10(7K)

A IS —0.02 0.02 0.05 0.10 0.08(1)
: 27.9 29.1 30.3 32.0 29.9(1)
e o 0’ 0’ —0.06 —0.02(1)
A (%) 43(1) 47(2) 50(3) 85(1) 78(2)

B IS 0.30 0.28(1) 0.22(1)
Bur 41.0 39.0(1) 36.2(2)
P —0.03(1) —0.02(1) —0.07(1)
A (%) 47(1) 49(2) 50(3)

B-A AIS 0.32 0.26 0.17
ABy; 13.1 9.9 5.9

C IS 0.46(2) 0.46" — 0.38(3) 0.39(3)
Buy 48.2(2) 48.5(4) — 46.1(3) 46.6(3)
P —0.08(2) —0.13(6) — -0.02(3) —0.15(3)
A (%) 10(1) 5(1) —c 15(1) 22(2)

“Sample prepared at higher oxygen pressure (cf. Table 1). “Parameter not varied.

luation.

‘At the detection limit, not taken into account in the data eva-
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Fig. 9 Mossbauer spectra of HOP annealed SrsFe,; 7Coj 307 — , in the
paramagnetic phase. Solid lines correspond to spectra and subspectra
obtained from data fitting. For 7' = 150 K a charge disproportionation
of Fe** was assumed. The arrow emphasizes the resulting asymmetric

shape of the spectrum. The room temperature spectrum was fitted with
one Fe** and one Fe’* quadrupole doublet.

range is evidenced by Mossbauer spectra recorded between 75
and 175 K. The spectra were reproduced by a superposition
of one broadened sextet for the magnetic component and two
doublets for the paramagnetic phase. In Fig. 11 the area
fractions A-MO of the MO phase and A-Fe’" of the Fe’*
component are depicted as a function of temperature. It is seen
that 4,0 increases gradually below 175 K. In the paramagnetic
phase between 75 and 175 K the relative Fe** fraction is larger
in comparison with that in the paramagnetic phase above
200 K. Furthermore, no Fe** hyperfine sextet is discernible in
spectra above 50 K, which indicates that the Fe3™ sites do not
participate in magnetic ordering for 77 > 50 K. At 50 K the
paramagnetic phase has completely disappeared. However, the
Fe*" hyperfine sextet develops only below 50 K (Fig. 11).

4. Discussion
4.1 Chemical and structural properties

In the present study citrate based precursor techniques were
used for the synthesis of single phase samples of the system
Sr;Fe, ~ (CoO;7 - , with 0 < x < 1 at temperatures 900-
1000 °C. The advantage of precursor methods lies in the mixing
of the metal constituents on a molecular level. In particular,
this facilitates the careful control of the metal ratios which
is required to prevent formation of other members of the
RP series. In a recent report Prado and Manthiram'* have
demonstrated that compositions with x < 1 can also be
prepared by the ceramic technique at temperatures 900—
1300 °C. However, for x = 1 an unknown secondary phase
was present. Bréard et al. used a two-step procedure involv-
ing strongly oxygen deficient Sr;FeCoOg4s for preparing a
material, the composition of which was given as Sr;Fe-
C006.94-15

The results of our iodometric titrations reveal that the
oxygen deficiency y of the HOP annealed samples of SrzFe, _ -
Co,07; _ , on an average increases with cobalt substitution.
Similar trends have been observed for air and oxygen annealed
samples of Sr3Fe, _ (Co,O; _ , with oxygen annealed phases
showing higher oxygen contents than the air annealed ones for
fixed x.'* The more pronounced oxygen deficiency in materials
with large cobalt fractions reflects the lower stability of Co**
with respect to Fe*" ions.

Successive replacement of iron by cobalt ions leads to a
decrease of the lattice parameters a and c¢ in the case of HOP
annealed materials (Fig. 2). By combining the data of ref. 14
with the present ones, it is seen that for a given cobalt content
the lattice parameters increase from HOP via oxygen to air
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Fig. 10 Temperature dependence of the Mossbauer spectra of HOP
annealed Sr3Fe; 4Co 607 — , illustrating the development of magnetic
ordering. Solid lines correspond to spectra and subspectra obtained
from data fitting (see text for details).

annealed materials, that is with decreasing average oxidation
state of the transition metal ion. Two counteracting factors
influence the lattice parameters: (a) due to the larger size of
M?3" ions an increasing M>" fraction results in an expansion of
the lattice, and (b) replacement of iron by cobalt ions leads to a
contraction of the lattice due to the smaller size of Co**"3* with
respect to Fe**/** jons. For the same annealing conditions the
latter effect mainly determines the trend in the lattice
parameters.

Although the lattice parameter a of the present FO annealed
sample with x = 0.6 is smaller than that given by Prado and
Manthiram'* for their corresponding oxygen annealed material
and c is nearly the same, yet they reported a higher oxygen
content (M*" fractions of 60% vs. 76%). This may point to



100 MM LR LA B B BLELELELE BLELELE
80 115
60 ] S
@) 1 10 &
3 40 : iy

. <
15
20 ]
O ....I....I....I....I....I....- 0
0 50 100 150 200 250 300

T/IK

Fig. 11 Temperature dependence of the area fractions derived from the
analysis of Mdssbauer data of HOP annealed Sr3Fe; 4Coy 07 — .
A-MO and A-Fe** correspond to the magnetically ordered phase, and
to the Fe>" species, respectively. Area fractions of the paramagnetic as
well as of the magnetically ordered Fe®* sites are shown. Solid lines are
guides for the eye.

problems in establishing accurate enough oxygen contents
from the iodometric titrations which could also be the reason
for unexpected trends when comparing lattice parameters,
physical properties (see Section 4.2), and oxygen contents of
the present Sr;FeCoO; _ ,, sample with those from ref. 15. For
a given cobalt content the M** fraction should increase and
therefore the lattice constants should decrease with increasing
oxygen pressure in the final preparation step. In fact, both
lattice constants for the present x = 1 sample, which was
annealed at 850 bar O,, are somewhat smaller than those
reported by Bréard et al. for their sample which was annealed
at a lower pressure of 140 bar O, (Fig.2)."”” However, the
analytical and Mdssbauer data indicate total M>* and Fe®*
fractions of 28% and 22%, respectively, for the present material
whereas Bréard et al. reported a high M** fraction of 94% for
their sample.

4.2 Physical properties

The Mossbauer, magnetization, and magnetotransport mea-
surements described in Section 3 clearly demonstrate the
intimate relation between electrical conductivity, electronic
state, and magnetic properties in the system SrzFe, _ .Co,-
O; _ ,. In the case of the HOP annealed samples replacement
of Fe*" by smaller Co*" ions leads to strengthening of the
covalent M—O-M interactions. This favours delocalization of
the o* antibonding e, electrons, which explains the observed
increase in low-temperature conductivity from x = O to x = 1
by several orders of magnitude (Fig.5). However all the
materials studied here are still semiconducting. The detailed
mechanism of the electrical conduction processes remains to be
elucidated further as the spin state of the Co*" ions is not clear.
Whereas Fe*" ions certainly adopt the 12g3eg1 (S = 2) high spin
configuration, the Co** ions may either have a lggs low spin
(S=1/2),a t2g4eg] intermediate spin (S = 3/2) or a 12g3eg2 high
(S = 5/2) spin configuration. Furthermore, the transport
properties are complicated by the presence of Fe*" and Co*
ions due to oxygen deficiency even in HOP annealed materials.

In any case, it is obvious from the trends in Mdssbauer
isomer shifts and magnetic hyperfine fields that the increasing
delocalization of the electronic system for small x (x < 0.3)
leads to a reduction in the charge and spin separation between
the Fe® © 20 and Fe® ~ A9 sites resulting from the CD of
Fe*" with increasing x. Finally for larger Co contents (x = 0.6,
1), corresponding to larger electron delocalization, the CD is
completely suppressed, and a single Fe*" site is seen in the

Mossbauer spectra. In this respect the present system behaves
similar to the distorted perovskite phases CaFe; _ ,Co0,05."
Replacing Fe*™ by Co** ions has a comparable effect as the
application of high pressure on undoped Sr;Fe,0,.2° High
pressure strengthens the Fe-O-Fe interactions by decreasing
the Fe-O distances which leads to suppression of the CD near
20 GPa. The increased delocalization of the electronic system
under high pressures is most evident from an insulator-metal
transition above 20 GPa in SryFe,0,.2° The opposite effect, an
increased charge and spin separation in the CD state has been
observed in our previous study of the more localized system
Sr3Fe, — [Ti,O7 _ ),.]8 All these results indicate that the CD
state in iron(1v) oxides corresponds to a collective charge- and
spin-density wave state in the vicinity of the insulator-metal
transition.'>?° Possibly, the charge ordering of Fe® * 249 and
Fe = 297 sites involves a structural modulation, which has
not yet been directly verified for Sr;Fe,O;. However, for the
classical CD compound CaFeO; a distortion attributed to a
frozen phonon breathing mode was reported recently.?!"??

The most prominent effect of Co-doping on the magnetic
properties in the system Sr;Fe, - ,Co,O; _ , is the
strengthening of ferromagnetic interactions with increasing x.
Considering the increased mobility of the electronic system,
this is attributed to spin-dependent electron transfer processes,
similar to those involved in the double-exchange mechanism in
mixed-valent manganites. Delocalization of the e, electrons
causes ferromagnetic interactions vie Hund’s rule coupling to
the more localized 7,,(n*) electrons. The latter are also the
source of competing antiferromagnetic interactions. On going
from x = 0 to x = 1 in the series of HOP annealed materials
the balance between antiferromagnetic and ferromagnetic
interactions is gradually altered and the system evolves from
antiferromagnetism for x = 0, 0.1 to ferromagnetic-like
ordering for x = 0.6, 1. In an intermediate regime (x = 0.2,
0.3) the antiferromagnetic and ferromagnetic interactions
appear to be of comparable strength which leads to spin
frustration effects and spin-glass behaviour. This situation also
gives rise to the broad hysteresis in the x = 0.2'% and 0.3
samples. The intimate correlation between electrical and
magnetic properties in Sr3Fe, — .Co,07 _ , is further confirmed
by comparing the HOP and oxygen or air annealed samples
(present FO annealed material with x = 0.6 and data of ref.
14). For a given cobalt content x both the electrical
conductivity and the strength of ferromagnetic interactions
decrease from HOP via oxygen to air annealed materials, i.e.
with decreasing M*" content. The present material with x = 1
reveals somewhat larger conductivities and ferromagnetic
interactions than the corresponding sample of Bréard et al.'®
(Tables 2 and 3). Similar to the trend in lattice parameters (see
Section 4.1) this suggests a somewhat higher M** content in
the present material, which is, however in contradiction to the
available analytical and Mossbauer data. Finally it is noted
that a development from antiferromagnetism to ferromag-
netism was found previously for the corresponding system
SrFe; -~ ,Co,03 _ ),.23’24 For a given Co content, the Curie
temperature for the 3D metallic perovskite phase is signifi-
cantly higher (e.g. Tc = 350 K for Sr,FeCoO4>*) than for its
2D analogue in the RP series and hysteresis effects in the M(H)
curves are less pronounced.

Additional information about the microscopic mechanism of
the magnetic phase transitions in Sr3Fe, _ ,Co,O; _ , can be
derived from the temperature dependence of the Mossbauer
spectra. In the case of small x (x = 0.2,'*!7 0.3) the
magnetization measurements indicate ferromagnetic correla-
tions even above 100 K. The absence of a static hyperfine
pattern in the Maossbauer spectra at these temperatures
suggests the presence of small ferromagnetic clusters, where
spin fluctuations are rapid with respect to the Mossbauer time
scale. Relaxation spectra at lower temperatures (Fig.8)
indicate a freezing of spins with decreasing temperature. The
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spectral shapes are quite similar to those of perovskite-related
oxides with spin-glass behaviour®® which further supports that
these systems are magnetically frustrated. For larger x more
extended ferromagnetic domains develop which give rise to a
magnetic hyperfine pattern in the Mdossbauer spectra near
200 K for x = 0.6 (Fig.10) and x = 17 and to the
corresponding steep increase in the magnetic susceptibility
curves. The spectra indicate that the Fe*" defects arising from
oxygen deficiency are not involved in magnetic ordering in this
temperature range. This suggests a microscopic phase separa-
tion scenario for explaining the magnetic properties. The
ferromagnetic regions develop, driven by the spin-dependent
electron transfer processes, only via the strongly covalent
M-O-M pathways, involving Fe**, Co*", and possibly Co**
ions. The electrons of the Fe’ " defects are essentially localized
and do not participate in the electron-transfer and resulting
magnetic ordering processes. Thus regions involving Fe*'—
O-M pathways remain paramagnetic. Only at lower tem-
peratures the Fe’* spins become frozen and may couple
antiferromagnetically to the ferromagnetic regions.

Coming now to the magnetoresistance properties of the
system Sr3Fe, _ Co,O; _ , it is first noteworthy that the
magnitude of the MR effect and its dependence on chemical
composition are not as spectacular as for manganites. All
Co-doped materials investigated here show quite large MR
effects at low temperatures (see Table 3) extending up to nearly
—50% at 5 K and 7 T for the FO annealed x = 0.6 phase.
As conjectured, there is a pronounced enhancement of the
MR effect in comparison with the metallic perovskite system
SrFe; - Co,03 _ , where under comparable conditions MR
effects of only about —10% were observed.”® Referring to
the MR data of HOP annealed Sri;Fe, - ,Co,O; _ ,at 5 K
(Table 3) it appears that for quite small Co-doping levels the
MR effect first increases and becomes strongest in the range
x = 0.2-0.6, and then decreases again to x = 1. Furthermore,
it is obvious that the MR effect in the more oxygen deficient
FO annealed material with x = 0.6 is stronger than in the
corresponding HOP annealed sample. Taking into account
the development of the magnetic properties these results imply
that the maximum MR effect in the system Sr;Fe, — ,Co, 07 _,
is achieved by an optimized balance between ferro- and
antiferromagnetic interactions. The large MR effects in these
materials at low temperatures may then be explained by the
favouring of parallel spin alignments at the expense of
antiparallel (or more complicated) spin alignments in a
magnetic field which facilitates transfer of the e, electrons. The
detailed dependence of the MR effect on chemical composition
remains to be further established from studies on more samples
with controlled oxygen content. The correlation between mag-
netic and magnetoresistance properties in Sr3Fe, — ,Co,07 _ ,,
appears to be similar to the system Sr,Mo; - W, O where the
maximum MR effect was observed for x = 0.85, a composition
with a spin-glass like magnetism.?*?’

5. Conclusions

The iron-rich Ruddlesden—Popper (RP) system SrzFe, _ .-
Co,07 — , (0 < x < 1) has been synthesized by two citrate-
based precursor routes, namely a citrate—glycerol hybrid gel
(CGHG) technique and a matrix trapping and decomposi-
tion (MTD) process. These materials show an intimate relation
between electronic transport properties, electronic state,
magnetic behaviour, and magnetoresistance effects. Samples
heated under oxygen pressures of 700-850 bar reveal high M**
contents (typically 70-95%, depending on x). This results in a
strongly covalent M—O-M network, favouring delocalization
of the e, electrons, which are, however, coupled to the more
localized 1,, electrons. Increasing the Co content x enhances
the charge fluctuations in the e, subshell with strong impact on
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the physical properties. In particular, this leads to a suppres-
sion of the charge disproportionation of Fe** and of the
resulting charge ordering of electron-rich Fe® ~ 29% and
electron-poor Fe ™ 297 sites, an evolution of the magnetism
from antiferromagnetic to ferromagnetic behaviour, as well as
to pronounced magnetoresistance effects. Nevertheless, all the
present materials are still semiconductors. For higher Co
doping levels even stronger oxygen deficient materials show
pronounced ferromagnetic interactions. It is remarkable that
the largest MR effect (—47% at 5 K, 7 T) in our study was
observed in a x = 0.6 sample which was annealed in flowing
oxygen. The MR effects in the RP series SrsFe, — ,Co, 07 _
with a layered crystal structure are strongly enhanced
compared to the more ferromagnetic and metallic perovskite
series SrFe; _ .Co,03 _ y.7‘8 Maximization of the MR effects in
these iron-based perovskite-related oxides appears to involve
an optimized degree of delocalization of e, electrons and an
optimized balance between ferro- and antiferromagnetic
interactions.
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