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Magnetism, Charge Order, and Giant Magnetoresistance in SrFeQ;.; Single Crystals
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The electronic and magnetic properties of SrFeOs_5 single crystals with controlled oxygen content
(0 = 6 = 0.19) have been studied systematically by susceptibility, transport, and spectroscopic tech-
niques. An intimate correlation between the spin-charge ordering and the electronic transport behavior
is found. Giant negative as well as positive magnetoresistance are observed.
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The relationship between spin ordering, charge order-
ing, and magnetotransport effects has recently received
much attention in the context of the *“colossal magneto-
resistance” (CMR) phenomenon in manganites [1].
Experiments have revealed a key role of phase separation
between charge-ordered (CO) insulating and charge dis-
ordered metallic phases in driving the CMR effect [2],
but many questions about the detailed interplay between
spin, charge, orbital, and lattice degrees of freedom re-
main unresolved. A comparison to other compounds
with similar electronic structures can provide insight
into the physical properties of the manganites. Iron(IV)
perovskites form a Ruddlesden-Popper series of lattice
structures akin to the manganites and are particularly
suitable for such a comparison, because the high spin
Fe** ion present in these phases [3] is isoelectronic to
the Jahn-Teller ion Mn": both ions have three electrons
in the #,, level and one electron in the e, level of the
crystal field generated by the surrounding oxygen octa-
hedron. However, while the parent compound of the CMR
manganites, LaMnOs, is insulating and shows a coopera-
tive Jahn-Teller effect, its analog SrFeO; remains metal-
lic and cubic at all temperatures [4,5]. Its helical magnetic
structure [6,7] has no counterpart in the manganites,
which generally exhibit collinear magnetic order [8].
The different electronic properties of manganites and
ferrates have been ascribed to the more pronounced hy-
bridization between transition metal and oxygen orbitals
in the ferrates [9], but a detailed theoretical description is
still lacking. Moreover, in contrast to the Mn**-Mn*" al-
ternation observed in charge-ordered manganites, SrFeO;
frequently adopts charge-disproportionated Fe’*-Fe3*
configurations when the valence electron density is modi-
fied by substitutions on the Sr site [3,10-12].

Most remarkably, recent experiments on polycrystal-
line samples of pseudocubic SrFeO, s have uncovered
anomalies in the magnetic susceptibility and electrical
resistivity curves as well as a pronounced negative mag-
netoresistance (MR) below 50 K [13]. Substantial nega-
tive MR was also observed in codoped iron (IV)
perovskites [14]. The origin of these effects is not yet
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clear, and substantial sample-to-sample variations were
observed. In order to advance our understanding of the
magnetotransport properties of the ferrates and their
relation to magnetic and charge order, we have synthe-
sized a series of SrFeO; s single crystals with con-
trolled oxygen content (6 <0.2). It is known that the
structural phase diagram of SrFeOs;.s encompasses the
stoichiometric cubic perovskite phase (C, 6 = 0) as well
as the oxygen vacancy ordered tetragonal (7, 6 = 0.125,
SrgFeg0,3) and orthorhombic (O, § = 0.25, Sr,Fe,O))
phases separated by miscibility gaps [15,16]. Our exten-
sive investigations on SrFeO;.s5 single crystals with a
variety of techniques including magnetometry, resistiv-
ity, Mossbauer spectroscopy, and optical spectroscopy
reveal a detailed picture of the evolution of the physical
properties with oxygen concentration. Specifically, we
report three different MR effects in this system. A large
negative MR is observed for cubic SrFeO; near 55 K in
the temperature range of a previously unobserved mag-
netic phase transition. A giant negative MR effect of up to
90% at a magnetic field of 9 T in mainly tetragonal
SrFeO, g5 is related to a combined Fe3*-Fe*" charge—
magnetic ordering transition near 70 K. Furthermore, a
large positive MR is found in even more oxygen-deficient
SrFeO, g, at low temperatures.

The experiments were performed on high quality
SrFeO;_s single crystals synthesized in a floating zone
furnace [17]. The oxygen contents were determined to an
accuracy of ~0.02 by thermogravimetry in a reducing
atmosphere. As-grown oxygen-deficient crystals with
6 =0.13, 0.15, and 0.19 were obtained under slightly
different growth conditions. Stoichiometric SrFeO; was
prepared by postannealing under high oxygen pressure of
5 kbar at 400 °C. Mdssbauer spectra (see below) con-
firmed that the high-pressure annealed sample consists
of the pure C phase (6 = 0), whereas the 6 = 0.13 and
6 = 0.19 crystals are phase separated with fractions of
about 80% T/20% C and 70% T/30%O phase, respec-
tively [18]. Powder x-ray diffraction patterns are consis-
tent with the Mossbauer results. Magnetic susceptibility
and electrical resistivity were measured with a PPMS
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system (Quantum Design). Cr/Au electrodes were de-
posited to perform four-point resistivity measurements.
37TFe Mossbauer spectra on ground crystals were collected
with a standard spectrometer operating with a sine-type
drive signal and a >’Co source in a Rh matrix. All spec-
tra are referenced to a-Fe. The infrared spectra were
collected on an infrared ellipsometer at the ANKA syn-
chrotron [19].

Figure 1 shows the magnetic susceptibility of selected
single crystals measured at 1 T in field cooling and heat-
ing runs. In the 6 = 0 sample, a maximum heralding the
onset of helical magnetic order at 130 K is observed
together with a small cusp of the susceptibility at
~55 K. The latter shows a thermal hysteresis. The 6 =
0.15 sample exhibits a sharp maximum at 70 K with a
noticeable thermal hysteresis and evidence of residual C
phase with its characteristic peak at 130 K. The 70 K
feature remains for 6 = 0.19.

We now turn to the magnetotransport properties of the
SrFeO;_s system. In agreement with earlier work [5], the
temperature dependence of the resistivity indicates that
the C phase is metallic [Fig. 2(a)]. In addition, however, a
decrease in resistivity by a factor of 2 is observed at 55 K.
This transition exhibits a hysteresis and is obviously
related to the 55 K anomaly in the susceptibility data.
Application of a 9 T magnetic field shifts the transition to
higher temperatures, and accordingly a large negative
MR effect occurs in a narrow temperature range around
55 K (AT, ~ 8 K, max. MR ~ 25%). The two oxygen-
deficient samples display a weakly activated, semicon-
ducting behavior upon cooling from room temperature to
70 K, where the resistivity increases abruptly by an order
of magnitude [Figs. 2(b) and 2(c)]. The transition is
characteristic of the T phase and shifted to lower tem-
peratures by a magnetic field of 9 T, in contrast to the 55 K
transition in cubic SrFeO5. Although the two transitions
are evidently of different origin, the field-induced shift of

bt

(=

a
T

SrFe03.00+0.01

o

o

=Y
T

x(emu/mol)
o
&

0 50 100 150 200 250 300
Temperature (K)

FIG. 1. Susceptibility of SrFeOj;,, SrFeO,gs, and SrFeO, g
single crystals, measured in field cooling and subsequent field
heating runs at B = 1 T. The curves for the latter two samples
were shifted in y by the amounts indicated in the legend.
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the transition again gives rise to a large negative MR
effect that peaks sharply in a narrow temperature range.
In particular, for SrFeO, g5 a giant negative MR of 90% at
~69 K is found (AT, ~ 3.8 K). Finally, a pronounced
positive MR effect is apparent in the low-temperature
insulating phase of SrFeO, ;.

In order to elucidate the nature of the magnetic phase
transitions, we have carried out Mdssbauer experiments
on the 6 = 0 and 6 = 0.13 samples. The spectra of the
6 = 0 sample below ~130 K [Fig. 3(a)] consist of a single
sixline pattern due to magnetic hyperfine interactions
(isomer shift IS = 0.16 mm s~ !, magnetic hyperfine field
By =323 T at 8 K) which verifies that only Fett is
present. The shapes of the spectra are very similar below
and above 55 K where the magnetization and resistivity
data indicate an additional phase transition. No anomalies
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FIG. 2 (color). Resistivity in zero field cooling and heating
runs (black) compared to field cooling and heating runs with
a 9 Tesla field (red) for (a) SrFeO;, (b) SrFeO,gs, and
(c) SrFeO, ;. As the absolute value of the resistance measure-
ments (lines) was influenced by microcracks, these data were
normalized around room temperature to IR data extrapolated to
zero frequency (open circles; see Fig. 4 for IR data on
SrFe0,gs5). Insets: Magnetoresistance (MR) measured at 9
Tesla after isothermal field scans between 0 and 9 T. MR is
defined as [p(H) — p(0)]/p(0).
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FIG. 3 (color). Selected Mossbauer spectra of (a) cubic
SrFeO; and (b) mostly tetragonal SrFeO,g,; (c) Decomposi-
tion of the 30 K spectrum of SrFeO,g; into subspectra.
(d) Temperature dependence of isomer shifts IS (top), hyperfine
fields Bj,; (middle), and area fractions (bottom) for the various
iron sites of SrFeO, g7. Full and open symbols correspond to the
magnetically ordered and paramagnetic phases, respectively. In

the area fraction plot the full circles correspond to the sum of
sites A and B.

are observed in the temperature dependence of IS and
Bj,s. This excludes any change in the charge states of the
iron ions and suggests that the 55 K transition corre-
sponds to a rearrangement of the Fe** moments [20].

In the spectra of the SrFeO,g; sample, on the other
hand, there is clear evidence for a combined magnetic-CO
transition. Above 130 K the whole material is in a para-
magnetic state, and similar to earlier work on polycrys-
talline SrFeO,g¢ [21] the spectra (not shown) were
analyzed in terms of two components only: one Fe**
single line and one average charge Fe*>" quadrupole
doublet. The charge assignments are based on the IS
values [Fig. 3(d)]. A first magnetic transition below
~130 K leads to single sextets D [Fig. 3(b)] that can be
assigned to the cubic fraction of the sample by compari-
son to SrFeO;.

The second transition, seen at 70 K in the magnetiza-
tion data, leads to complicated but well-structured low-
temperature spectra, which were successfully modeled by
a superposition of five (15 K) or six (>15 K) hyperfine
sextets. A typical decomposition is illustrated in Fig. 3(c)
for 30 K, and the results of the data evaluation are given in
Fig. 3(d). From B,,;(T) it is evident that the magnetic order
for all components except D vanishes near 70 K. Thus all
sites except D are considered as intrinsic to the T phase,
which is the majority component in this sample. From the
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IS and B, values, charge states of 3+ ,4+ , and 3.5+ are
assigned to the sites (A, B), (D, E, F), and C, respectively.
Considering the low-temperature area fractions and as-
suming equal Debye-Waller factors for the various Fe
sites, this leads to an average iron oxidation state of
3.74 and an oxygen content of 2.87 (0 = 0.13), in good
agreement with the thermogravimetric analysis. The area
fraction of the Fe*>™ sites decreases from ~55% in the
paramagnetic phase to ~10% in the magnetically ordered
phase. This suggests that the magnetic ordering of the T
phase near 70 K coincides with charge ordering of Fe*3*
into Fe3* and Fe**. The sum of the area fractions of the
Fe’* sites A and B is approximately equal to the area
fraction of the Fe*' site F, which supports the CO sce-
nario [22]. The residual Fe?>* sites in the CO state could
be related to an oxygen deficiency in the present T phase
compared to stoichiometric SrgFegO,3. A charge dispro-
portionation of Fe*' is excluded as this should lead to
higher Fe*" fractions, as for instance observed in
Sr2/3La1/3FeO3_5 [23]

Additional support for a CO transition is obtained from
infrared ellipsometry measurements on the & = 0.15
sample. Figure 4 shows that the optical conductivity
suddenly drops between 90 and 70 K, in agreement with
the dc resistivity [Fig. 2(b)]. Further, a change of the
lattice structure related to the CO process is indicated
by the appearance of numerous additional optical phonon
modes at low temperatures. The real part of the dielectric
function, also displayed in Fig. 4, confirms the Kramers-
Kronig consistency of all phonon features. Studies of the
low-temperature crystal structure of the T phase are
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FIG. 4 (color). Real part of the IR conductivity o;(w) of
SrFeO, s measured at different temperatures. The bottom

line shows the real part of the dielectric function &,(w) at
T =10 K.
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required before an assignment of these modes can be
obtained.

In summary, we have observed three different magne-
toresistance effects in SrtFeO;_5 single crystals (0 = 6 =
0.19). Two of these effects are superficially similar, but
arise from entirely different physical mechanisms: First,
the large negative MR in cubic SrFeO; does not involve
charge order and is probably related to a rearrangement of
the helical structure of Fe** moments. Second, a com-
bined Fe*'-Fe3' charge—magnetic ordering, which is
different from the Fe>"-Fe>* CO in other iron(IV) con-
taining ferrates [10—12], leads to an even larger negative
MR in oxygen-deficient samples containing the T phase
as majority component. The giant negative MR near the
CO transition of the T phase is reminiscent of a similar
(though smaller) effect near the first-order Verwey tran-
sition in Fe;O,4 [24]. Finally, the positive MR in SrFeO, g;
is more difficult to understand. Positive MR due to a field-
induced decrease of the localization length is commonly
observed in the variable range-hopping regime of doped
semiconductors, but these effects are typically smaller
and are obtained for substantially higher fields [25].
Further experiments are required to ascertain whether
an “extraordinary magnetoresistance” effect [26] due to
small inclusions of the cubic metallic phase (below the
sensitivity limit of the Mdssbauer data) can account for
this observation. In view of the present results it appears
likely that the physical properties previously reported for
oxygen-deficient StFeO, ¢5 [13] reflect a superposition of
effects due to the majority C phase and minority T phase.
In contrast to Ref. [13], our SrFeOj;.5 single crystals do
not show negative MR behavior below 50 K. The latter
possibly corresponds to grain boundary effects in poly-
crystalline samples.
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