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ties of SrFe12xCoxO3 . Both SrFeO3 (x 5 0) and SrCoO3

SrFe12xCoxO32d (0 # x # 1, d # 0.06) of the cubic perovskite (x 5 1) contain transition metals with high oxidation num-
type was prepared by treating mixtures of grossly oxygen-defi- bers; Fe41 and Co41, whose 3d levels are deep and close
cient samples obtained at ambient pressure with an oxidizer, in energy to the oxygen 2p levels, have cubic perovskite
KClO4 , at 6 GPa and 873 K. The lattice parameters were structures in which metal–oxygen–metal interactions are
determined by X-ray diffraction measurements and their mag- enhanced, and are rather good conductors with resistivities
netic properties were characterized by measurements of magne- (r) on the order of 1021 p 1024 V cm (3). We believe thattization and Mössbauer spectroscopy. The ferromagnetic Curie

the present system provides an opportunity to study howtemperature has been found to be raised above 300 K for
the electronic properties change as a function of d-electron0.4 # x # 0.9 (340 K at x 5 0.6) by the high pressure treatment,
density and oxygen content. The background is brieflyand the composition dependence of saturation magnetization
described below.for x $ 0.4 is consistent with a simple picture in which Fe41

ions with 4 mB and Co41 ions with 1.8 mB align their moments SrFeO3 is an antiferromagnet with a Neel temperature
ferromagnetically. The saturation magnetic hyperfine field, (TN) of 134 K. The spin structure is of a screw type with
which is 330 kOe for SrFeO3 , decreases quickly at first (x # a wave vector along the k111l axis. Assuming Heisenberg-
0.15) and then slowly to about 290 p 300 kOe, or exponentially, type exchange interactions, Takeda et al. estimated the
as Co content increases, suggesting that the Co substitution magnitude as J1 5 1.2 meV, J2 5 20.2 meV, and J4 5 20.3tends to delocalize electrons of Fe parentage in a broadened

meV from neutron paramagnetic scattering measurements,s* band. SrFeO3 , an antiferromagnet with a relatively low TN
where Ji stands for the interaction of an Fe ion with theof 134 K, and Sr2FeCoO6 , a ferromagnet with a high TC of 340
ith nearest neighbors (4, 5). The coexistence of the ferro-K, seem to represent the two electronic phases switched from
magnetic nearest-neighbor interaction and the consider-one to the other at x 5 0.1 p 0.15.  1996 Academic Press, Inc.

ably strong antiferromagnetic second- and fourth-nearest-
neighbor interactions leads to the specific spin structure.

INTRODUCTION Various physical measurements including magnetization
(6), Mössbauer spectroscopy (7), neutron diffraction (4,

3d-transition metal oxides have been studied exten- 5), photoemission (8), soft X-ray absorption spectroscopy
sively, since they offer many advantages including a variety (9), and also a theoretical calculation using a DV-Xa
of excellent physical and chemical properties, ease of fabri- method (10) all showed that the Fe41 ions are basically in
cation, and chemical stability. However, proposal of a clas- high-spin state (t3

2ge1
g). More exactly, however, the elec-

sification of electronic structures as Mott–Hubbard type tronic configuration of the ground state is almost d5L (L : li-
(U , D) or charge-transfer (CT) type (U . D) (1) and the gand hole), resulting from an O2p R Fe3d electron transfer
discovery of high-Tc superconductivity in complex cupric (8, 9, 10). The effective values of D and U estimated by
oxides (2) have shed a new light on the investigation of the photoemission study (8) are 23.1 eV and 7.0 eV, re-
transition metal oxides, where U and D represent the d-d spectively. According to MacChesney et al. (11), a sintered
Coulomb energy and the ligand to metal electron-transfer pellet keeps a nearly temperature-independent resistivity
energy, respectively. Of particular interest for us is to clar- of P1022 V cm. This means that SrFeO3 has a narrow
ify the interplay of anions and cations under this new light, conductive band to which the O2p levels contribute signifi-
which becomes important for oxides of late-transition met- cantly.
als of the CT type. As a part of our systematic study of Takeda et al. (6) reported that Co-substituted samples
suitable systems characterized by small or even negative equilibrated at 623 K under an oxygen pressure of 0.14

GPa were ferromagnetic for x $ 0.2. The Curie tempera-charge transfer energies, here we report magnetic proper-
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ture (TC) was P260 K for x 5 0.2 p 0.3 and then decreased
monotonically to P210 K for SrCoO3 . Magnetization (M)
was not easily saturated, but the experimental values at
4.2 K in an external field (H) of 50 kOe were used to
estimate the atomic moments approximately. The magni-
tude of M was also highest at x 5 0.2 and then decreased
quite linearly with increasing Co content, from which the
atomic moments of 3.8 eB/Fe and 1.5 eB/Co were deduced.
It was thus concluded that the Co41 ions were nearly in
low-spin state (t5

2g, S 5 As), while it was also suggested that
such a partial occupation of the up-spin band of eg symme-
try leads to the increased magnetic moment and also to
metallic conductivity.

By the way, more recent measurements on electrochemi-
cally oxidized Sr2FeCoO6 (x 5 0.5) and SrCoO3 showed
considerably higher TC’s of 325 and 280 K, respectively,
and larger saturation moments of 5 eB/(Co 1 Fe) and FIG. 1. Lattice parameter plotted against composition for

SrFe12xCoxO3 .2.1 eB/Co, respectively (12, 13). Another intriguing issue
raised more recently is the possibility of a new intermediate
spin state for Co41. According to Potze et al. (14), a compar-
ison of the experimental Co 2p X-ray absorption spectrum using the low-field data. For some typical compositions
with theoretical calculations leads to an intermediate spin magnetic hysteresis curves were measured up to 50 kOe
ground state with S 5 Ds where a high-spin Co31 (d6, using another SQUID magnetometer (Quantum Design,
S 5 2) ion is accompanied by a ligand hole carrying antipar- MPMS). Mössbauer spectra were obtained at 4, 77, and
allel spin. This possibility needs to be tested by making 300 K using a 57Co/Rh c-ray source. The source velocity
various physical measurements using well-characterized (V) was calibrated by using pure iron metal as a con-
samples. The purpose of this paper is to clarify the composi- trol material.
tion dependence of electronic properties broadly using
samples with minimized oxygen deficiency, before looking RESULTS AND DISCUSSION
into physical properties in further detail.

The oxygen content for a series of samples estimated
by iodometry ranged from 2.94 (d 5 0.06) to 2.99 (d 5EXPERIMENTAL
0.01) within experimental error of 60.03. The rather large
uncertainty was caused by the limited sample quantity ofSamples with x 5 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6,

0.8, and 1 were prepared as follows. SrCoO3 and a-Fe2O3 , about 60 mg. On the other hand, the structural and mag-
netic properties to be described below were confirmedCo3O4 , each with a purity of 99.9%, were mixed at ratios

of 2 : 1 2 x : 2x/3, pelletized, and calcined at 9008C for 24 hr. using several series of samples.
SrFe12xCoxO3 keeps cubic perovskite structure for theThe products were ground, mixed, pelletized, and heated at

11008C for 24 h in air. This process was repeated again. whole composition range. Figure 1 shows the composition
dependence of the lattice parameter, a. The values for theThe oxygen-deficient samples thus obtained were mixed

with 10 wt% of KClO4 , sealed into gold cupsules, and end members agree well with the literature values (4, 7,
11, 12, 13). However, the change at intermediate composi-treated under a pressure of 6 GPa at 6008C for 30 min

using a cubic-anvil-type high-pressure apparatus. tions is not simple; there seems to be a gap at x 5
0.3 p 0.4 in Fig. 1.X-ray diffraction (XRD) measurements on powdered

samples were carried out using CuKa radiation (Rigaku Plotted in Fig. 2a are typical M vs T curves measured
at H 5 10 kOe on cooling. It is evident that the Co substitu-Ru-200) at room temperature. Oxygen content was

checked by iodometric titration using an aqueous solution tion induces ferromagnetism as reported by Takeda et al.
(6). Shown in Fig. 2b are the first quadrants of typical M–Hof sodium thiosulfate as a standard solution. Magnetiza-

tion was measured with a SQUID magnetometer (Quan- hysteresis curves measured at 5 K, which are raw data
without any correction of demagnetizing effects. Composi-tum Design, MPMS2) between 5 and 350 K at H 5 10

kOe and 10 Oe. The sign and the magnitude of the tions with 0.2 # x # 1 are soft ferromagnets with coercive
fields of #0.1 kOe. However, Fe-rich compositions withsmall magnetic field were determined by using a granular

lead metal as a standard material. The Curie temperature 0.05 # x # 0.1 showed complex behavior suggesting the
existence of ferromagnetic islands which were coupledwas determined by a conventional M2 2 T method
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FIG. 2. Temperature dependence of magnetization at H 5 10 kOe (a) and magnetization vs applied field curves at T 5 5 K (b).

antiferromagnetically with each other at low temperatures. magnetization is much more easily saturated. Third, the
composition dependence of saturation magnetizationFor example, as seen in Fig. 3a, the M–T curve for

x 5 0.1 measured at 10 Oe exhibited a well-defined cusp peaked at x 5 0.4. For x . 0.4 it decreases with increasing
Co content simply because Co carries a small magneticat 80 K which might well be taken as reflecting the onset

of antiferromagnetic transition, but the M–H curves at moment, while for 0.2 # x , 0.4 it decreases with increasing
Fe content probably because antiferromagnetic Fe–Fe in-higher temperatures of 90 and 150 K were not linear but

were both S-shaped, as shown in Fig. 3b, revealing the teractions cause a partial and local cancellation of the
atomic moments. Electrochemically oxidized Sr2FeCoO6presence of ferromagnetic islands. On the other hand, the

data for x 5 0.15 showed a rather well-defined ferromag- and SrCoO3 have similar TC’s as those of the present sam-
ples (12, 13).netic transition at 235 K accompanied by a very broad low-

temperature anomaly. Another point to be remarked here is the possibility
of magnetovolume effect, i.e., the correlation betweenFigure 4a shows the composition dependence of the

magnetic transition temperature determined from the unit cell volume and magnetism. There is a gap of about
0.28% in the a vs x curve between x 5 0.3 and 0.4 inmeasurements at 10 Oe, where the TN’s for x 5 0.05

p 0.1 correspond to the cusp temperatures mentioned Fig. 1, where the magnetic properties at room tempera-
ture change from paramagnetic to ferromagnetic withabove, while plotted in Fig. 4b is the composition depen-

dence of M at 5 K and 10 kOe measured on cooling increasing x. It is known that Fe and Ni metals show a
positive and a negative magnetovolume effects, respec-from 300 K. For x $ 0.2, the magnitude of M is almost

coincident with the saturation magnetization, being tively (15). That is, the normal tendency of cell volume
to decrease with decreasing temperature is suppressedsmaller by less than 5%. It is evident that M increases

rapidly with increasing x around x 5 0.1, reaching a for Fe in its ferromagnetic state, while it is enhanced
for Ni. For either case, the change in the coefficient ofmaximum (1.80 3 104 emu/mol) at x 5 0.4. And the

experimental values for x $ 0.4 are near the calculated thermal expansion due to this effect is maximized in the
vicinity of TC where dM/dt is sharp. In the case of thesum of atomic moments of 4 eB/Fe and 1.8 eB/Co as

compared in Fig. 4b. The corresponding literature data present system the magnetism at 300 K changes both at
x P 0.35 and 0.9, while the magnetovolume effect wouldare also included in Figs. 4a and 4b.

In comparison with the previous systematic data (6), the be more important at the former composition because
both dTC/dx and dM/dx are sharper. This possibility ofpresent result is distinguished by the following points. First,

the TC is considerably higher for x $ 0.4. Second, the a negative magnetovolume effect should, however, be
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FIG. 3. Temperature dependence of magnetization for Fe-rich compositions with x 5 0.1 and x 5 0.15 in a small external field of 10 Oe (a)
and magnetization vs applied field curves for x 5 0.1 measured above and below the cusp temperature (b).

examined carefully in the furture by measuring the cell rentzian lines are summarized in Table 1. The spectrum
of SrFeO3 at 300 K shows a single peak the width (G) ofvolume as a function of M and T in detail.

Typical Mössbauer spectra for x 5 0, 0.2, 0.4, and 0.6 which, 0.33 mms21, is near the resolution limit of the pres-
ent spectrometer, 0.28 mms21. This shows good stoichiome-measured at 300 and 4 K are shown in Figs. 5a and 5b,

and the hyperfine parameters determined by fitting to Lo- try of the present sample (16). On the other hand,

FIG. 4. (a) composition dependence of the Curie temperature (TC) (d, s, 3) and the Néel temperature (TN) (d and m, the present work; s,
from Refs. (12) and (13); 3, from Ref. (6)). (b) The magnetization at 5 K and 10 kOe (d, s, 3) and 50 kOe (h) (d, the present work; s, from
Refs. (12) and (13), 3 and h, from Ref. (6)). The TN’s for x 5 0.05 p 0.1 correspond to the cusp temperatures measured at 10 Oe (see text) in
(a). The dotted line in (b) represents the calculated magnetization for the Fe41 ions with 4 eB and the Co41 ions with 1.8 eB aligning their moments
ferromagnetically.
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FIG. 5. Typical Mössbauer spectra at 300 K (a) and 4.2 K (b). The solid lines are the computed spectra. The velocity scale was calibrated
against pure iron metal.

magnetic hyperfine interactions appear in the spectra for in Fig. 4a, TC remains above 300 K for 0.35 # x # 0.9.
So, a local fluctuation in Co content of, say, 60.1 wouldx 5 0.4 and 0.6. This is consistent with the magnetization

data revealing the ferromagnetic ordering above room lead to the coexistance of a paramagnetic component
for x 5 0.4, but not for x 5 0.6.temperature. However, the spectrum is considerably

broadened for either sample, and, moreover, a sharp An inhomogeneity effect appears also at low tempera-
tures, as seen in Fig. 5b. None of the magnetic spectra forparamagnetic component is mixed for x 5 0.4. Local

statistical inhomogeneity in the Fe : Co ratio within a x 5 0.4 and 0.6 at 77 and 4 K could be fitted to a single
magnetic pattern, but they could be resolved into two com-crystal seems to contribute to the smearing. As shown
ponents with a composition-dependent relative intensity
(I) of 63 : 37 for x 5 0.4 and 44 : 56 for x 5 0.6 (see Table
1). Component 1 is characterized by a larger hyperfineTABLE 1
field (HF). If it is assumed that the d-electron density and,Mössbauer Data for the Fe41 Ions in SrFe12xCoxO3 at
therefore, the magnitude of HF of an Fe ion depends upon300 K and 4 K
the Fe : Co ratio at neighboring sites, components 1 and 2

x T (K) IS (mm ? s21) HF (kOe) I (%) Ga (mm ? s21) would be assigned to a relatively Fe-rich and a Fe-poor
configurations, respectively. This assignment is consistent

0 300 0.066 0 100 0.33 with the composition dependence of I and also with the4.2 0.11 334 100 0.36
tendency of HF to decrease from SrFeO3 (330 kOe) (17) to0.2 300 0.045 0 100 0.35
SrFe0.01Co0.99O3 (296 kOe) (18). Here, it should be stated,4.2 0.145 310 100 0.33

0.4 300 — p165 — — however, that the resolution of the spectra into the double
4.2 components was made for convenience, or for the purpose

Component 1 0.12 304 63 0.32 of clarifying tendency, neglecting the probability of a wideComponent 2 0.11 288 37 0.31
distribution in the local Fe : Co ratio.0.6 300 — p165 — —

Shown in Fig. 6 is the composition dependence of HF4.2
Component 1 0.12 305 44 0.30 at 4 K. It is remarkable that HF decreases quickly or
Component 2 0.11 290 56 0.29 exponentially as x increases to p0.2. The change from

0.99b 4.2 0.19 296 100 —
antiferromagnetism to ferromagnetism found by the mag-
netization measurements can thus be considered to bea Full peak width at the half maximum.

b See Ref. (18). parallel to the change in HF reflecting microscopic elec-
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ried out with great interest and will be published soon
elsewhere. Interpretation of the relation among various
experimental results and theoretical calculations, including
the atomic moments of 4 eB/Fe and 1.8 eB/Co, the HF
values of 330 p 290 kOe, and the description of the ground
state as d5L for Fe41 and as d6L for Co41, needs to be
established in the future.

CONCLUSION

SrFe12xCoxO32d with its oxygen deficiency minimized
by using a high-pressure technique shows ferromagnetism
with TC above 300 K for 0.4 # x # 0.9. In relation to this,
a possibility of negative magnetovolume effect has been
raised for the composition dependence of the lattice con-
stant at 300 K. The composition dependence of the mag-
netic hyperfine field suggests that the Co substitution

FIG. 6. Dependence of the magnetic hyperfine field at 4 K on
makes Fe3d electrons more delocalized. From these experi-Co content (see Table 1). The solid line is an exponential function,
mental results a phase change in the s* band propertiesHF/kOe 5 291 1 39.5 exp(25.56x), reproducing the experimental compo-

sition dependence approximately. from the SrFeO3 type to Sr2FeCoO6 type has been
proposed.
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