Magnetoresistance in high oxidation state iron oxides
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Magnetoresistance is observed in non-ferromagnetic oxides
containing FelV which have magnetic behaviour character-
istic of small magnetic clusters.

Much attention has recently been focused on the observation of
colossal magnetoresistance (CMR, i.e. amost 100% suppres-
sion of the zero-field resistance upon application of a magnetic
field) near the coincident Curie and metal—insulator transition
temperatures of ferromagnetic manganese oxides.® Investiga-
tion of oxides of metals other than manganese has shown CMR
{Aplp = [p(0) — p(B)]/p(0) <72% in 10 T} in ferromagnetic
La; «SrCo0O32 with a similar mechanism to that of the
manganites being invoked, and Ap/p = 4%ina7T field at 150
K in the metallic ferromagnet SrRuO3.3 Ap/p = 20% a6 T in
Cr-based chal cogenide spinels has recently been reported.4 We
have been engaged in a search for magnetoresistance in first-
row transition metal oxides56 and report here the first
observation of significant magnetoresistance (Ap/p < 19% in
12T at 4.2 K) iniron-based oxides with significant cooperative
magnetic interactions but no long-range ferromagnetic order.
The systems were chosen as dilute solid solutions between the
itinerant helical antiferromagnet SrFeO3, the ferromagnetic
metal SrCoO5 and the valence-unstable CaFeO5, which under-
goes disproportionation into Fe''' and FeV.”

Perovskite oxides of composition SrFeyoCoo,0; and
SrooCao.1FeO3 were prepared by solid state reaction of the
starting oxides plus strontium carbonate in air at 1100 °C
followed by annealing under 800 bar O, at 400 °C for three days
to maximise the metal oxidation states.t Rietveld refinement of
powder neutron and X-ray (from both laboratory and high
resolution synchrotron sources) diffraction data showed that
both products were undistorted pure cubic perovskites, with an
oxygen content corresponding to a mean cation oxidation state
of +1V. Thiswas confirmed by TGA reduction under hydrogen.
Magnetic measurements over arange of fields and temperatures
indicate the presence of strong and competing exchange
interactions, consistent with the strong covalency produced by
the high metal oxidation states. The Curie-Weisslaw is obeyed
above 260 K with moments of 7.9 (Ca) and 9(Co) ug,
significantly enhanced over the high-spin Fe!V spin-only value
of 4.9 ug in both cases, in agreement with previous work on
SrFeO5008 and SrFeygCop103.2 The Weiss constant was
significantly more positive for the Co doped phase (210K cf. 10
K).

History-dependent measurements on SrFep 9Cop 103 at 100 G
show a maximum in both field-cooled (FC) and zero-field
cooled (ZFC) magnetisations at 85 K (Fig. 1). M(H) islinear at
300 K but becomes sigmoidal in shape (without hysteresis)
below 170 K and shows no sign of saturation in a 50 kG
measuring field (Fig. 1 inset). These observations are consistent
with the existence of cooperative magnetic interactions without
long-range magnetic order, resulting in the formation of small
magnetic domains often characterised as cluster glass behav-
iour.10 Mosshbauer spectroscopy has previously suggested that
the distribution of Co at low (<0.2) doping levels in
SrFe;_«Co,Oj3 is inhomogeneous, with Co-rich regions being
ferromagnetic in a non-ferromagnetic matrix.1.12

The magnetic behaviour of SrpoCap1FeOs differs. The
magnetisation is smaller than that of the Co-doped sample and
decreases after a sharp maximum at 120 K. Neutron powder
diffraction measurements (Fig. 2 inset) show that this coincides
with the onset of antiferromagnetic long-range order with the
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Fig. 1 Temperature dependence of M/H for SrFepoC0010300 iN @
measuring field of 100 G. Field-cooled (FC) data are shown asfilled circles,
zero-field-cooled (ZFC) as empty circles. Inset: ZFC M(H) isotherm of
SrFep 9C00.103.00 @ 45 K (filled circles) and 170 K. The sigmoidal shape
indicates the existent of magnetic domains within the sample. M(H)
isotherms at different temperatures do not fall on a universal curve when
plotted as a function of H/T, indicating the compound is not a classical
superparamagnet.
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Fig. 2 Temperature dependence of M/H for SrpoCag1FeOs00 in @ 100 G
measuring field. Field-cooled (FC) data are shown as filled circles, zero-
field-cooled (ZFC) asempty circles. Inset: incommensurate magnetic Bragg
peaks for the helical magnetic structure observed at 5 K (the nuclear (1 0 0)
reflection is also shown.)
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Fig. 3 Magnetoresistance isotherms of (i) SrFeygC00103 and (ii) Sroo
Cap.1FeO3

helical antiferromagnetic structure found for SrFeOs.13 There
is, however, significant divergence between FC and ZFC data
below 100 K (Fig. 2) suggesting the development of magnetic
disorder at low temperatures. The adoption of ahelical magnetic
structure by SrFeOs in preference to one of the collinear
structures common amongst perovskites, 14 demonstrates that
the competing interactions necessary to cause spin-glass
behaviour are present in this system. Furthermore, the presence
of adisordered Ca/Sr distribution will introduce an element of
randomness into the superexchange interactions; this effect is
likely to be relatively large, given the sharp contrast in the
properties of SrFeOs and CaFeOs.

Despite the clear absence of a transition to a three-
dimensionally ordered ferromagnetic state in the magnetisation
measurements on either compound, significant magne-
toresistance is observed for temperatures below 250K (Fig. 3),
with values of the conservative figure-of-merit [p(B = 12 T) —
p(B = 0)]/p(B = 0) of 9% at 50 K for SrggCap 1FeO3 and 18%
at 4 K for SrFeo.QCOO_]_O3 (11% at 100 K)

Powder neutron diffraction indicates a smooth structural
evolution with temperature. The absence of a localised to
itinerant electron transition signalled by ferromagnetism pro-
duced by double exchange and of structural features associated
with strong Jahn—Teller electron—phonon coupling provides a
clear distinction from the behaviour of mixed-valence man-
ganates. The observation of both magnetic behaviour suggestive
of ferromagnetically correlated inhomogeneities and magne-
toresistance appears to be analogous to the behaviour of the
heterogeneous, ferromagnetic Cu—Co and Ag—Co aloys which
are some of the best ‘giant’ magnetoresistance (GMR) materi-
as.i5 In the dloys, the scattering of electrons at the grain
boundaries between the ferromagnetic regions embedded in a
conducting matrix is strongly reduced by the application of a
magnetic field, which reduces the angle between the moments
of the magnetic regions and suppresses spin-dependent scatter-
ing. The presence of ferromagnetic regions in the Co-doped
system, seen by magnetisation isotherms to be present at
temperatures where significant magnetoresistance is observed,
may indicate that a similar mechanism operates in the present
materials.

The magnetisation of both phases reported here suggests the
presence of competing interactions and non-equilibrium behav-
iour due to cluster formation and blocking. The presence of
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competing ferro- and antiferro-magnetic interactions is a
common feature of the two ternary iron oxides presented here,
and suggests that this recipe for significant, albeit not colossal,
magnetoresistance in oxides deserves further exploration, a
suitable starting point being the optimisation of the effect in the
current system.
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Notes and References
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$ The high oxygen pressure was generated by diaphragm compression of
200 bar oxygen using a Fluitron compressor. The reaction mixture was
contained in gold foil within an externally heated Rene 41 cold-seal vessel.
X-Ray powder diffraction data were recorded using a Siemens D5000
diffractometer (Cu-Ka; radiation) in Bragg—Brentano geometry and also on
station 2.3 of the Synchrotron Radiation Source, Daresbury Laboratory.
Neutron powder diffraction data were recorded for 4 < T/K < 300 on the
high resolution diffractometer HRPD and on the long-wavelength IRIS
instrument at the ISIS pulsed neutron source, Rutherford Appleton
Laboratory. Rietveld refinement was carried out with the GSAS suite of
programs. The refined compositions from the neutron data were SrFep o-
C00_103_00(1) [a = 3.846 25(6) A] and Sro_gca()_lFeOzgg(l) (a = 3.846 21(5)
A], consistent with the observation that the cubic perovskite is only stable
for oxygen content 2.97 < y < 3.00%¢ and TG estimates of y = 3.00 £ 0.05.
Our synthetic method for SrFeOs; gives a = 3.85097(3) A. Magnetic
measurements were made with a Quantum Design MPMS5 SQUID
magnetometer. Magnetoresistance measurements were made using stan-
dard, low-frequency (31 Hz), four-wire ac techniques in fields of up to 14
T with the current (0.2 mA) perpendicular to the magnetic field.
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