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Magnetic impurities in conducting oxides. II. (Sr1-xLax)(Ru1-xCox)O3
system

Abstract
The perovskite solid solution between ferromagnetic SrRuO3 and antiferromagnetic LaCoO3 is studied and
its structural, electronic,and magnetic properties are compared with (Sr1-xLax)(Ru1-xFex)O3. The lower 3d
energy levels of Co3+ cause a local charge transfer from 4d Ru4+, a reaction that has the novel feature of being
sensitive to the local atomic structure such as cation order. Despite such a complication, Co, like Fe, spin-
polarizes the itinerant electrons in SrRuO3 to form a large local magnetic moment that is switchable at high
fields. In the spin glass regime when Anderson localization dominates, a large negative magnetoresistance
emerges as a result of spin polarization of mobile electronic carriers that occupy states beyond the mobility
edge. A phenomenological model predicting an inverse relation between magnetoresistance and saturation
magnetization is proposed to explain the composition dependence of magnetoresistance for both
(Sr1-xLax)(Ru1-xCOx)O3 and (Sr1-xLax)(Ru1-xFex)O3 systems.
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Magnetic impurities in conducting oxides. II. „Sr1−xLax…„Ru1−xCox…O3 system
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The perovskite solid solution between ferromagnetic SrRuO3 and antiferromagnetic LaCoO3 is studied and
its structural, electronic,and magnetic properties are compared withsSr1−xLaxdsRu1−xFexdO3. The lower 3d
energy levels of Co3+ cause a local charge transfer from 4d Ru4+, a reaction that has the novel feature of being
sensitive to the local atomic structure such as cation order. Despite such a complication, Co, like Fe, spin-
polarizes the itinerant electrons in SrRuO3 to form a large local magnetic moment that is switchable at high
fields. In the spin glass regime when Anderson localization dominates, a large negative magnetoresistance
emerges as a result of spin polarization of mobile electronic carriers that occupy states beyond the mobility
edge. A phenomenological model predicting an inverse relation between magnetoresistance and saturation
magnetization is proposed to explain the composition dependence of magnetoresistance for both
sSr1−xLaxdsRu1−xCOxdO3 and sSr1−xLaxdsRu1−xFexdO3 systems.

DOI: 10.1103/PhysRevB.70.104410 PACS number(s): 75.30.Hx, 73.43.Qt, 75.50.Lk, 74.70.Pq

I. INTRODUCTION

Perovskite SrRuO3 is a Stoner ferromagnet despite its
relatively low (bad metallic) conductivity.1 The Stoner crite-
rion is satisfied because of high density of states at the Fermi
level that critically enhances the electron magnetic suscepti-
bility. Metals that possess high-density of states at the Fermi
levels can form giant localized magnetic moments around
magnetic impurities that polarize the neighboring itinerant
electrons. This has been well documented in alloys of palla-
dium, which has the highest density of states among 4d
metals.2,3 The first evidence for this phenomenon in oxides
was found in our previous study(hereafter referred to asI )
on SrRuO3 substituted with LaFeO3, in which Fe3+ cations
induce an enhanced saturation moment in the host SrRuO3
matrix.4 Unlike Pd alloys, however, SrRuO3 suffers from
Anderson localization at high Fe concentration, resulting in a
metal-to-semiconductor transition.4,5 Nevertheless, by align-
ing the spin-polarized electron atmospheres around Fe3+ un-
der a field, a large negative magnetoresistance(MR) emerges
at low temperatures in sSr1−xLaxdsRu1−xFexdO3

semiconductor.4,5 The presence of Fe3+ also gives rise to
similarly large negative MR in paramagnetic conducting
CaRuO3 and Sr2RuO4, presumably because they are already
on the verge of Stoner ferromagnetism.5 In this study, we
have investigated a closely related system, SrRuO3 partially
substituted with LaCoO3 to further establish this mechanism
in Stoner ferromagnetic conducting oxides.

Like Fe3+, Co3+ provides 3d electron energy levels that
are in the vicinity of the Fermi level of SrRuO3. This is an
important prerequisite for forming a large localized magnetic
moment according to Anderson, Wolff, and Clogston, who
treated localized moments as virtual bound states that arise
by resonance.6–8 Therefore, if our hypothesis of electron po-
larization is correct, then very similar behavior, including
enhanced saturation magnetization and a large negative
MR, should also be observed in Co-substituted SrRuO3.
On the other hand, Co3+ has somewhat lower energy

levels compared to Fe3+, and there have been numerous re-
ports of the complicated transitions between the various elec-
tronic states of Co, including high-spin Co2+, Co3+,
and Co4+, intermediate-spin Co3+ and Co4+, and low-spin
Co3+ and Co4+.9–13 Therefore, it is by no mean obviousa
priori that sSr1−xLaxdsRu1−xCoxdO3 should behave like
sSr1−xLaxdsRu1−xFexdO3. A previous investigation of
SrRu0.9Co0.1O3 did suggest an enhanced saturation magneti-
zation, but the negative MR in this solid solution was limited
to the vicinity of Curie temperature and could not be attrib-
uted to the localized moments at Co.14 A negative MR was
also observed in La0.5Sr0.5Co0.9Ru0.1O3,

15 however, this is re-
lated to the negative MR in La0.5Sr0.5CoO3 caused by the
mixed valency of Co3+/Co4+.16 In this study, we will show
that, despite the complication of electronic transitions be-
tween high-spin Co3+ and Co2+, which cause ordering and
clustering among Ru and Co,17 the basic phenomena of lo-
calized moment formation and large negative MR remain
intact in thesSr1−xLaxdsRu1−xCoxdO3 system.

II. EXPERIMENTAL PROCEDURES

Ceramic samples of compositionsSr1−xLaxdsRu1−xCoxdO3

s0øxø0.5d were prepared by the solution polymerization
technique described elsewhere.18 The procedure started with
the thermal decomposition of a polymeric gel made from
mixing RuO2, nitrates of Sr, La and Co, and poly(ethyleneg-
lycol). After thermal decomposition, pressed powders were
sintered at temperatures between 1200°C and 1300°C. Dur-
ing sintering, pellets were packed in an excess amount of
SuRuO3 powder to prevent Ru volatilization. After sintering,
the surface layers of the pellets were removed before further
characterization.

X-ray powder diffraction(XRD) was conducted using
Cu Ka radiation with Si powder added as an internal stan-
dard. Crystal structure refinement was conducted for the
sample withx=0.2 using powder diffraction data(0.70309 Å
wavelength) collected at the X−7A beamline at the National
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Synchrotron Light Source(NSLS), Brookhaven National
Laboratory. These XRD data were collected at room tem-
perature. In addition, diffraction data at 10 K were collected
using time-of-flight(TOF) neutron diffraction at GPPD sta-
tion at IPNS at Argonne National Laboratory.

The valence state of Ru in the compounds was determined
by synchrotron x-ray absorption near edge structure
(XANES) on the RuLIII edge at the X19B beamline at
NSLS. The spectra were collected in the fluorescence mode
using a solid-state detector. Measurements were performed
using a step width of 0.1 eV and a counting time of 1 s per
datum point in the energy range of 2820–2850 eV selected
by a Sis111d monochromator. TheK edge of elemental
S s2472 eVd was used for photon energy calibration before
measurements.

Four-point resistivity and magnetic measurements were
performed in a physical property measurement system
(PPMS; Quantum Design) in the temperature range of
5–350 K and under a magnetic field up to 9 T. The field
direction is perpendicular to the long axis of the specimen
for resistivity measurements and along the long axis for mag-
netic measurements. The magnetocrystalline anisotropy was
not studied because of the absence of texture in the ceramics
and in view of our previous finding of insignificant magne-
toresistance anisotropy in epitaxial thin films. The MR value
was calculated with reference to the zero field resistance
taken after a complete field cycle to remove the effect of
shape anisotropy and irreversible changes during the first
cycle. Other details of the experiments have been described
elsewhere.4,18

III. RESULTS

A. X-ray and neutron diffraction data

The XRD of all the samples used in this study had a
single-phase pattern with all the reflections identifiable with
those of perovskite lattice.(See Table I.) It is known that
perovskite-based structures are also adopted by the end-

member compounds, space groupPnmafor SrRuO3 andR3c
for LaCoO3.

13,19,20 The intermediate compound,
Sr1/2La1/2Ru1/2Co1/2O3, however, is monoclinic according to
Kim and Battle,17 with the B-site cations, Ru and Co, 1:1
ordered in the NaCl pattern in the space groupP21/n (No.
14). Direct evidence for B-site ordering was found in our
study for x=0.4 and 0.5, most prominently by the presence
of the s1/2 1/2 1/2d superlattice reflection in the XRD pat-
tern. This is consistent with a doubling of the unit cell along
the f111g pseudocubic direction and the 1:1(B-site) order of
the NaCl type.

For thex=0.5 samples, the order/disorder transition oc-
curs between 1500°C and 1600°C as illustrated in Fig. 1
which shows the XRD patterns of several samples heat
treated at various temperatures from 1300°C to 1600°C.
The figure also illustrates that the disordered sample(air-
quenched from 1600°C) can be ordered again by reanneal-
ing at 1200°C. The relative peak intensity of the superlattice

TABLE I. Summary of structure and magnetic data in Sr1−xLaxRu1−xCoxO3. Standard deviation of tem-
perature(T) is estimated to be +/−1 K, taking into account the instrumentation precisions0.1 Kd, cooling/
heating rates2%mind, and sampling intervals1–3 Kd for data that were then smoothed by interpolation.msat

is the average moment, in Bohr magneton, of each B-site cation, calculated fromMs9 Td at 10 K using the
conversion factor of 5584.8 emu/mol=1mB.

x 0.0 0.1 0.2 0.3 0.4 ord 0.4 disord 0.5 ord 0.5 disord

asÅd 5.5738(4) 5.5758(4) 5.5812(4) 5.5843(3) 5.5892(8) 5.5854(8) 5.5869(3) 5.5741(6)

bsÅd 7.8524(5) 7.8585(5) 7.8626(8) 7.8679(6) 7.865(26) 7.8660(2) 7.8740(3) 7.8678(5)

csÅd 5.5353(6) 5.5408(7) 5.5454(4) 5.5470(5) 5.560(11) 5.5565(8) 5.5611(5) 5.5613(2)

bs°d 90 90 90.01(1) 90.026(5) 90.05(2) 90.026(1) 90.076(4) 90.263(9)

VsÅ3d 242.265(1) 242.781(2) 243.346(1) 243.719(1) 244.419(4) 244.123(2) 244.639(1) 243.896(1)

TCsKd 161 102 54

TfsKd 56.5 48.5 48 53 46

uCWsKd 162.7(5) 121.0(4) 69.7(4) 1.1(8) −33.1s6d −36s1d −56s1d −56s1d
meffsmB/mold 2.608(3) 3.244(1) 3.902(3) 4.34(2) 4.61(1) 4.37(4) 4.72(3) 4.44(5)

msatsmB/mold 1.3804(1) 1.5771(1) 1.0835(2) 0.4727(2) 0.4315(1) 0.3790(1) 0.3189(2) 0.3351(1)

FIG. 1. Powder XRD patterns of Sr0.5La0.5Ru0.5O3 samples, ini-
tially sintered at 1300°C for 12 h. Additional samples were later
annealed at 1400°C,1500°C, or 1600°C for 10 min, followed by
quenching. One sample was reannealed at 1200°C for 12 h after
quenching from 1600°C. The superlattice reflections 1

2
1
2

1
2

d at 2u
,19.5° and the fundamental reflection(100) at 2u,22.6° are both
labeled in the pseudocubic notation.
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reflection with reference to the fundamental structure reflec-
tion, I s1/2 1/2 1/2d / I s100d, was compared with the calculated ra-
tio to estimate the degree of order(the relative intensity be-
ing proportional to the squared degree of order). It ranges
from 78% in the sample sintered at 1300°C or reannealed at
1200°C to 42% in the sample quenched from 1600°C. For
brevity, the two samples will be referred to as “ordered” and
“disordered” samples, respectively, even though they are nei-
ther completely ordered nor disordered. The ordering tem-
perature for thex=0.4 sample was similarly determined to be
between 1300°C and 1400°C. Obviously, the 1:1 ordered
structure was less favored because of off-stoichiometry in the
x=0.4 composition.

Although ordering occurs only in thex=0.4 and 0.5
samples, which adopt the monoclinicP21/n structure, a dis-
ordered monoclinic structure also fits the XRD data of the
x=0.2 and 0.3 samples. The fitting parameters for the mono-
clinic unit cell are tabulated in Table I, which shows that
monoclinic distortion begins at aboutx=0.2. A further veri-
fication of the assignment of the cation-disordered mono-
clinic space group was obtained for thex=0.2 sample by
Rietveld structure refinement using data of neutron powder
diffraction. The results are shown in Table II in terms of a
P21/n structure that consists of a random placement of Sr
and La on the A sites4ed as well as a random placement of
Ru and Co on the B sites(both 2c and 2d), all at the nominal
compositionsx=0.2d. The averageB–O–B angle determined
is 162.07°, which is similar to thats163°d in SrRuO3.

The lattice parameters in Table I are plotted in Fig. 2.
There appears to be a change atx=0.4 regardless of the state
of order. The unit cell volume computed from these data
gradually increases withx, even though the cell volume of
LaCoO3 s224.0 Å3d is much smaller than that of
SrRuO3 s242.26 Å3d.13,19,20This indicates that the radius of
Co in our samples is larger than that in LaCoO3, where Co is
in the low-spin state of Co3+ with a radius of 0.545 Å. There-
fore, Co in our samples is likely to be in the high-spin state,
as either Co3+ s0.61 Åd or Co2+ s0.745 Åd.21 Also note that

the cell volume is larger in the ordered samples for the rea-
son that will become clear below.

B. XANES

Previously, Kim and Battle speculated that Ru5+ and Co2+

existed in the ordered Sr1/2La1/2Ru1/2Co1/2O3 compound they
prepared.17 This speculation was based on the Möss-
bauer study of a similar double perovskite,
Ba1/2La1/2Ru1/2Co1/2O3.

22 The proposition is attractive since
it would provide a strong justification for the observed B-site
ordering, inasmuch as the charge and size contrast is much
larger in thesRu5+,Co2+d pair than in thesRu4+,Co3+d pair.
Ru4+ s0.62 Åd is rather similar in size to high-spin
Co3+s0.61 Åd, but high-spin Co2+s0.745 Åd is much larger
than Ru5+s0.565 Åd.21 We have obtained direct evidence for
the existence of Ru5+ in the Sr1−xLaxRu1−xCoxO3 series from
Ru LIII -edge XANES, shown in Fig. 3, which also includes
the spectra of the following model compounds: CaRuO3 con-
taining Ru4+; and SrY1/2Ru1/2O3, an ordered double perov-
skite containing Ru5+. Our previous study of
Sr1−xLaxRu1−xFexO3 has identified the two peaks in the
Ru LIII -edge XANES with the 2p→ t2g and 2p→eg
transitions.4 These transitions shift to a higher energy and are
more separated when Ru5+ replaces Ru4+, because Ru5+ has

TABLE II. Structure parameters for Sr0.8La0.2Ru0.8Co0.2O3 at
10 K from time-of-flight neutron diffraction data. Space group:
P21/ns#14,P121/n1d. Unique b axis, origin at 1.a=5.5714s1dÅ,
b=5.5368s1dÅ, c=7.8452s2dÅ, b=90.008s2d°, V=242.003s5dÅ3.
The refinement was performed using the GSAS software package,
(Ref. 37), and it converged with values Rp=6.70% and wRp
=10.58%.

Atom Site x y z UisosÅ2d n

Sr 4e 0.0041(4) 0.166(6) 0.2439(12) 0.0042(3) 0.8

La 4e 0.0041(4) 0.0166(3) 0.2439(12) 0.0042(3) 0.2

Co 2d 1/2 0 1/2 0.0024(2) 0.2

Ru 2d 1/2 0 1/2 0.0024(2) 0.8

Co 2c 1/2 0 0 0.0024(2) 0.2

Ru 2c 1/2 0 0 0.0024(2) 0.8

O1 4e 0.2790(1) 0.2814s5d 0.0312(4) 0.0062(7) 1

O2 4e 0.2279(14) −0.2284s2d 0.0267(5) 0.0042(6) 1

O3 4e −0.0564s3d 0.4931(5) 0.2397(20) 0.0088(7) 1

FIG. 2. Monoclinic lattice parameters, in pseudocubic represen-
tation, of the disordered and ordered samples as a function of com-
position. Ordered samples in open symbols.

FIG. 3. Ru LIII -edge XANES spectra of Sr1−xLaxRu1−xCoxO3

samples. Also included are the spectra of CaRuO3 and
sSrRu1/2Y1/2dO3. All the samples are as-sintered, therefore ordered
in the case ofx=0.4 and 0.5. Lines indicating peak positions are an
aid to eyes.
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lower core-electron energy levels and a stronger ligand field.
It is clear that, with increasingx, the spectra in Fig. 3 pro-
gressively shift from that of Ru4+ (as in CaRuO3) to that of
Ru5+ (as in SrY1/2Ru1/2O3). In contrast, in the
Sr1−xLaxRu1−xFexO3 series, there is no such shift and only
Ru4+ exists.4

Importantly, we have also found that ordering exerts a
strong effect on the XANES spectra. Figure 4 shows the
spectra of three Sr1/2La1/2Ru1/2Co1/2O3 samples, in the as-
sintered(ordered) state, the 1600°C quenched(disordered)
state, and the 1200°C reannealed(ordered) state. The disor-
dered sample show less Ru5+ features than the two ordered
samples, which have indistinguishable spectra. These results
indicate that the charge transfer from Ru4+:Co3+ to
Ru5+:Co2+ is a short range reaction that is favored when Ru
and Co are nearest neighbors to each other. In other words,
the preferred charge states for the nearest-neighbor pairs are
Ru4+–Ru4+,Ru5+–Co2+ and Co3+–Co3+. As noted above, the
cell volumes(see Table I) of the ordered samples are larger
than the disordered samples. This is now understandable
since the sum of the ionic radii of Co2+ and Ru5+ exceeds
that of Co3+ and Ru4+. To our knowledge, this is the first time
that a local-structure-dictated charge-transfer reaction is di-
rectly observed in a solid solution.

C. Induced moment

In the Sr1−xLaxRu1−xFexO3 series, Fe3+ substitution causes
the destruction of itinerant ferromagnetism in the SrRuO3
matrix. The competition of an antiferromagnetic Fe3+–Fe3+

interaction with itinerant ferromagnetism gives rise to a spin
glass state that is preceded by a cluster glass state.4,5 In ad-
dition, Fe3+ causes a magnetic polarization of the neighbor-
ing Ru electrons.4 At low Fe concentrations, this results in a
higher saturation moment for the solid solution than for
SrRuO3; at higher Fe concentrations, it participates in the
cluster glass formation. As it will become clear below, the
same phenomena were observed in the Sr1−xLaxRu1−xCoxO3
series, despite the complications of charge transfer between
Ru and Co and their tendency to order.

The direct evidence that Co causes a polarization of the
neighboring Ru electrons came from the measurement of dc

magnetization under a strong field. The saturation magneti-
zation (taken at 9 T and 10 K) of Sr1−xLaxRu1−xCoxO3 is
shown in Fig. 5, which also includes our previous data on
Sr1−xLaxRu1−xFexO3 and thex=0.5 datum measured in this
study. Both sets of data have a peak atx=0.1, and their
overall magnitude is comparable. The peak is due to a cross-
over of thex=0 andx=0.1 MsTd curves at low temperature
and high field, as shown in the inset of Fig. 5. This crossover
is also evident in theMsHd hysteresis curves at 10 K, shown
in Fig. 6. As in Sr1−xLaxRu1−xFexO3,

4 the crossover field of
Fig. 5 is roughly proportional to the temperature; e.g., in the
inset the crossover field is 9 T at 90 K, whereas in Fig. 6 it is
1.3 T at 10 K. Like Fe3+–Fe3+, the Co3+–Co3+ superex-
change interaction is antiferromagnetic.23 Therefore, the
higher magnetization atx=0.1 cannot be due to cation clus-
tering. Also, if the increased magnetization were due to the
local moment of Co alone, then the switching field to align
the moment would have been much higher because of mag-
netic anisotropy energy. Therefore, the extra, apparently
switchable, magnetization most likely comes from large local
moments induced by Co, which we believe are made of itin-
erant electrons locally polarized by Co. The fact that the

FIG. 4. Ru LIII -edge XANES spectra of three
Sr0.5La0.5Ru0.5Co0.5O3 samples, in the as-sintered(ordered) state,
the 1600°C quenched(disordered) state, and the 1200°C rean-
nealed(ordered) state.

FIG. 5. Saturation magnetization at 10 K and 9 T to
Sr1−xLaxRu1−xCoxO3 (solid circle for disordered and open circle for
ordered) and Sr1−xLaxRu1−xFexO3 (solid square, data fromI ) as a
function ofx. Also shown in a broken curve is thes1−xd7 prediction
that describes the low field data of Sr1−xRu1−xTixO3 and
Sr1−xRu1−xMgxO3 in the literature(Refs. 24 and 25). The inset de-
picts the magnetizationsM-Td curves at 9 T crossover betweenx
=0 and 0.1 in the Sr1−xLaxRu1−xCoxO3 samples.

FIG. 6. Magnetization-field hysteresis curves at 10 K for disor-
dered Sr1−xLaxRu1−xCoxO3 samples with different compositions.
The crossover of saturation magnetization ofx=0.0 and 0.1 curves
can be seen.
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magnitude and the shape of the saturation magnetization
curves in Fig. 5 are similar for the Fe and the Co series
suggests that their polarization mechanism is similar.

B-site substitution in SrRuO3 has been reported to be ex-
tremely disruptive for the magnetic properties, depressing
both Tc and saturation magnetization. For example, 10% of
Ti or Mg substitution of Ru purportedly cause a suppression
of Tc by about 50 K and a loss of magnetization of about
50% at low fields(typically 0.1 T)24,25 This has been ex-
plained using the discontinuous magnetization model origi-
nally proposed by Jaccarino and Walker, which states that the
alloy magnetism in an itinerant electron magnet depends on
the composition of the nearest neighbors.26 For both Ti and
Mg substitution of the Ru sublattice, it was found that the
magnetization follows as1−xd7 dependence, suggesting that
a single substituted atom at any one of the(six) nearest
neighbor sites around Ru is sufficiently disruptive to destroy
the magnetic moment of Ru.24,25 This dependence is plotted
in Fig. 5 as a broken curve for reference. In addition, some
disruptive effect, though less severe, has also been seen with
A-site substitution.24 Therefore, it might be expected that Fe
and Co substitution, along with the accompanyingA-site
substitution by La, would too be disruptive. Contrary to this
expectation, we found larger saturation moments at 10% Fe
and Co addition. Therefore, for these substitutional cations,
the strong magnetic polarization around them must more
than compensate the disruptive effect they cause.

In Fig. 5 at smallx, the saturation magnetization is ini-
tially lower in the Sr1−xLaxRu1−xCoxO3 series than in the
Sr1−xLaxRu1−xFexO3 series, but the trend is reversed atx
=0.4. (Both the ordered and disordered samples of
Sr0.6La0.4Ru0.6Co0.4O3 have significantly higher magnetiza-
tion than Sr0.6La0.4Ru0.6Fe0.4O3.) We can attribute this rever-
sal to the ordering tendency of Ru and Co. Atx=0.4, the
probability of forming Fe3+–Fe3+ and Co3+–Co3+ pairs of
nearest neighbors, both being antiferromagnetic, is very high
at any given B site in a random solid solution. In Co solid
solutions, however this probability should be much lower
because Ru and Co tend to order, thus having a positive
effect on overall magnetization. Atx=0.5, where this con-
trast is the sharpest, the saturation magnetization of the Co
solid solutions is twice the value of the Fe solid solutions.

D. Magnetic phase diagram

We determined the tentative magnetic phase diagram(in-
set in Fig. 7) for the disordered Sr1−xLaxRu1−xCoxO3 samples
using the ac susceptibility data shown in Fig. 7. Although it
lacks some of the details that were previously delineated for
Sr1−xLaxRu1−xFexO3,

4 the two systems feature the same set of
T−x phase boundaries between magnetic states(paramag-
netic, ferromagnetic, cluster glass and spin glass). Here the
spin glass state was assigned by noting the susceptibility
cusp at the freezing temperatureTf.

27 This assignment is also
supported by the drastically lower magnitude(by up to 100
times) of spin glass susceptibility, compared to that of the
ferromagnetic susceptibility at the Curie temperaturesTcd.
The cluster glass state was assigned to Sr0.8La0.2Ru0.8Co0.2O3
by noting the following features:(a) the peak susceptibility is

very high, and(b) the peak does not have a cusp shape but is
highly frequency dependent, shifting to a higher temperature
at a higher frequency.27,28 See Fig. 8. Like the case of the
Sr1−xLaxRu1−xFexO3 series (e.g., Sr0.75La0.25Ru0.75Co0.25O3,
which is a cluster glass),4 Sr0.8La0.2Ru0.8Co0.2O3 exhibits a
large dc magnetization under a strong field, but the magne-
tization is nearly all lost once the field is removed, even at a
temperature that is well below the peak susceptibility tem-
perature(to which we also refer asTc). This indicates that
there are ferromagnetic clusters within the material but such
clusters are weakly coupled with each other. Some details of
these studies are given in the Appendix and further docu-
mented elsewhere.18

We next examine the effect of ordering and clustering on
magnetic phases. Weak field magnetization of the(disor-
dered) x=0.3 sample under field cooled(FC) and zero field
cooled (ZFC) conditions are shown in Fig. 9(a). The ZFC
curve has a sharp cusp typical for a spin glass. The FC curve
has a higher magnetization at low temperature, which is
common for a spin glass. Note the excess magnetization

FIG. 7. ac 10 kHz magnetic susceptibility of disordered
Sr1−xLaxRu1−xCoxO3 samples. Note that the data ofx=0.3 and
above are plotted at ten times the actual values. Inset: schematic
magnetic phase diagram indicating regions for paramagnetic(PM),
ferromagnetic(FM), cluster glass(CG), and spin glass(SG) states.

FIG. 8. ac susceptibility and tand of Sr0.8La0.2Ru0.8Co0.2O3 at
various frequencies.
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starts from an unusually high temperature, about 150 K. In-
terestingly, this excess magnetization was also seen in the
x=0.5 sample when it was ordered[Fig. 9(b)], but disap-
peared when the sample was disordered[Fig. 9(c)]. In the
latter disordered case, a cusp-shaped ZFC magnetization
again appears, indicating that it is a good spin glass.[We did
verify that curves in Fig. 9(c) could be reverted to those of
Fig. 9(b) by reannealing the disordered sample to reestablish
order.]18 Similar behavior was seen for thex=0.4 sample
(data not shown.)

We believe that the excess magnetization that emerges
just below 150 K is due to SrRuO3 nanoclusters, which have
a Tc close to that of SrRuO3s162.26 Kd.29 Paradoxially, these
clusters are the natural consequence of incomplete Ru:Co
ordering. This is because the ordered state first consumes
regions where the ratio of Ru to Co is close to one. As the
excess cations are rejected from such ordered regions, the
composition of the surrounding becomes rich in either Co or
Ru, enhancing the probability of forming SrRuO3 nanoclus-
ters. The amount of these ferromagnetic clusters is probably
very small, however, since in the ac susceptibility curve there

is no indication of a magnetic phase near 150 K except at a
very low field s1 Oed when a small shoulder appeared. The
strong field magnetization curves do not indicate the pres-
ence of a ferromagnetic phase below 150 K either. There-
fore, these SrRuO3 clusters only dominate the weak field
behavior when other contributions to magnetization
are small. Similar FC and ZFC magnetization curves as
those in Fig. 9(b) were also reported for ordered
Sr0.5La0.5Ru0.5Co0.5O3 by Kim and Battle, although they did
not associate such observation with the presence of SrRuO3
clusters.17

In order to understand the magnetic behavior of the com-
pounds at high temperatures, we have employed the Curie-
Weiss analysis of the magnetization data(dc, at 1 T). The
results showed that at temperaturesT.TC susceptibility of
all samples follows the Curie-Weiss law. The parametersuCW
and mef f were extracted from the fits of 1 T FC magnetiza-
tion data, and are tabulated in Table I. It is seen that the
Curie-Weiss temperature continuously decreases withx, in-
dicating a decrease in the strength of ferromagnetic interac-
tions. This trend is consistent with the analysis of weak-field
magnetization above. The effective magnetic moment, on the
other hand, increases with the Co concentration. The increase
is larger than the ones theoretically predicted for the various
possible mixtures of Ru and Co ions: Ru4+sS=1d and high
spin Co3+sS=2d, Ru5+sS=3/2d and high spin Co2+sS=3/2d,
and their combination. The discrepancy could be due to in-
duced magnetic moments around Co that survive to rela-
tively high temperatures. The effective moments is also
larger than the “saturation moment” per B-sitemsat, calcu-
lated from the magnetization at 9 T and 10 K and listed in
Table I, by a factor of 1.9 atx=0 and 5.7 atx=0.3. Theo-
retically, this ratiosfsS+1d /Sg1/2d should be 1.4 forS=1 if all
magnetic moments are localized. The difference in the data
of the ordered and disordered samples is too small to warrant
a further interpretation.

E. Resistivity

The end members of the Sr1−xLaxRu1−xCoxO3 system are
metallic SrRuO3 and insulating LaCoO3, which undergoes an
insulator/metal transition at 500 K.9,29 The resistivity of
Sr1−xLaxRu1−xCoxO3 shown in Fig. 10 increases withx, but
remains metallic at lowx. For the ferromagnetic samples
(x=0 and 0.1) a resistivity kink atTc is present. Samples
with x.0.1 do not show metallic behavior atT,350 K and
their resistivity shows no feature at the magnetic transition
temperatures. Such behavior is qualitatively similar to that of
Sr1−xLaxRu1−xFexO3.

4 Also similar is the variable range hop-
ping behavior for the samples with higherx, when the resis-
tivity follows a rsTd=r0expsT0/Td1/4 dependence.30 For the
x=0.4 sample, this dependence is obeyed over ten orders of
magnitude, as shown in the inset of Fig. 10 for conductivity
ss=r−1d. The resistivity extrapolated to 0 K diverges for the
x=0.3 and 0.4 samples but not for others. These features are
again similar to those seen in the Sr1−xLaxRu1−xFexO3 series.
However, the resistivity is generally higher in the
Sr1−xLaxRu1−xCoxO3 series, indicating Co substitution causes
more disruption to the conductivity path of the Ru network.

FIG. 9. (a) Weak field magnetization of Sr1−xLaxRu1−xCoxO3

samples under FC and ZFC conditions(a) Sr0.7La0.3Ru0.7Co0.3O3;
(b) ordered Sr0.5La0.5Ru0.5Co0.5O3; (c) disordered
Sr0.5La0.5Ru0.5Co0.5O3.
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It also indicates that mixed valence of Co2+/Co3+ and
Ru4+/Ru5+ does not enhance conductivity in this system,
therefore polaron transport is probably not the dominant con-
duction mechanism in the temperature range studied here.

For thex=0.4 sample, annealing at 1600°C followed by
quenching caused a decrease in resistivity. Subsequent an-
nealing at 1200°C, however, did not result in further appre-
ciable resistivity change. This suggests that the decrease in
resistivity after 1600°C annealing is due to sintering and
associated microstructure changes, and that long range order-
ing does not have a strong effect on conductivity.

F. Magnetoresistance

With the application of a magnetic field, the sample resis-
tivity decreases, giving rise to a large negative magnetoresis-
tace (MR) in some compositions. The temperature depen-
dence of MR, measured at 9 T, was determined using
disordered samples and shown in Fig. 11. Except for thex

=0.1 sample, there is a monotonic increase of MR with de-
creasing temperature, without any feature at the magnetic
transition temperatures. Compared to other compositions, the
MR is small for x=0.1 at low temperatures, but there is a
peak atTc. The composition dependence of MR, measured at
9 T and at 10 K, is shown in the inset.

We have further determined the field dependence of MR
at 10 K. For such measurements we used a field sweep from
0 T to +9 T −9 T and back to 0 T, and recorded the resis-
tance along the sweep. As illustrated in Fig. 12 for disor-
dered samples, the MR at 10 K shows a symmetric field
dependence. For small x, the curve is slightly concave down-
ward. This changes to a nearly linear shape at largerxs0.2d
and finally slightly concave downward again at high
xs0.3 and 0.4d. The effect of ordering on MR proved to be
rather small and is not shown in Fig. 12.

The above MR behavior is qualitatively similar to that of
Sr1−xLaxRu1−xFexO3.. For a quantitative comparison, we plot
in Fig. 13 the MR data at 10 K as a function of magnetiza-
tion, in M2, for several compositions. Also shown in dotted
lines for comparison are data of Sr1−xLaxRu1−xFexO3 for x
=0.1,0.2,0.3, and 0.4. This plot indicates that at the same
magnetization, the MR monotonically increases withx, and
that the magnitude of MR is similar for Sr1−xLaxRu1−xCoxO3

FIG. 10. Resistivity of Sr1−xLaxRu1−xCoxO3 as a function of
temperature. Inset: conductivity plotted againstT1/4 showing vari-
able range hopping in some samples.

FIG. 11. Temperature dependence of negative magnetoresis-
tance (MR) of Sr1−xLaxRu1−xCoxO3 samples, measured at 9 T.
Negative MR is defined assr0−rHd /r0. Composition dependence at
10 K is shown in the inset.

FIG. 12. Field dependence of the magnetoresistance(MR) of
disordered Sr1−xLaxRu1−xCoxO3 samples, measured at 10 K, using
field sweep from 0 T to 9 T to −9 T and back to 0 T. Data forx
=0.4 are shifted down by 5% for clarity. The hysteresis is small in
the ferromagneticsx=0.1d sample, indicating little shape aniso-
tropy. Hysteresis was more pronounced in other samples, but it
always disappeared after the first complete field sweep.

FIG. 13. Magnetoresistace(MR) of Sr1−xLaxRu1−xCoxO3

samples, measured at 9 T at 10 K as a function of magnetization,
M2. Also shown in dotted lines for comparison are the similar data
of Sr1−xLaxRu1−xFexO3 for x=0.1,0.2,0.3, and 0.4.
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and Sr1−xLaxRu1−xFexO3 when compared at the same magne-
tization value. Note that the approximately linearM2 depen-
dence can be used to rationalize the shape of the different
MRsHd curves observed in Fig. 12 once the shape of the
nonferromagnetic portion of the hysteresis loops is taken into
account.

IV. DISCUSSION

A. Cation charge states and electronic structures

We first summarize our findings in support of a charge
transfer reaction from Ru4+/Co3+ to Ru5+/Co2+. These are
(a) direct evidence from XANES of Ru5+ structure,(b) B-site
ordering indicating a large size and charge mismatch be-
tween Ru5+ and Co2+, and(c) unit cell volume expansion of
the intermediate composition atx=0.5s244.64 Åd over that
of SrRuO3s242.26 Åd and LaCoO3s224.0 Åd and upon an
increases of order. This reaction is apparently not reversible
at low temperature, since we did not see any abrupt changes
in the magnetic and transport properties during cooling in-
dicative of a first-order transition associated with the reverse
reaction.(It is first order in view of the volume change an-
ticipated for the valence change.) This is unlike the case of
LaCoO3 in which Co3+s3d6d is known to undergo several
changes in the electronic configurations, from the low-spin
state at low temperature, with the electronic configuration of
(nonmagnetic) t2g6 and a smaller radiuss0.545 Åd, to an
intermediate-spin state with the(magnetic) configuration
t2g
5 eg

1 (radius=0.56 Å) at temperatures between 100 and
500 K, to a final high-spin state with the(magnetic) configu-
ration t2g

4 eg
2 and a radius of 0.61 Å at above 600 K.10 The

presence of highly acidic Ru5+ is apparently more stabilizing
for high-spin Co2+, so it suppresses the various electronic
transitions. Nevertheless, our XANES measurements showed
that the Ru5+ state is more prominent when Ru and Co order
on the B-site at higher Co concentrations. This suggests that
Co–Co pairs would favor the trivalent state, and likewise
Ru–Ru pairs would favor the tetravalent state. B-site order-
ing that maximizes Ru–Co pairing and minimizes Co–Co
and Ru–Ru pairing, on the other hand, facilitates the charge
transfer reaction.

The observed stability of Co2+ state in ruthenates and the
XANES data allow us to construct an approximate electronic
diagram for the Co3+ state in SrRuO3. Here we use the same
approach already applied to Fe3+ substitution in SrRuO3 in I ,
i.e., we choose the top of the O 2p band as the reference
level and assume that the energy of Ru(or Co) in
Sr1−xLaxRu1−xCoxO3, relative to this reference level, is the
same as in the end memberssSrRuO3 or LaCoO3d.4 To fur-
ther assign the energy levels of various bands, we also adopt
the Zaalen-Sawazky-Allen model(ZSA) (Ref. 31) for param-
eters W, U, andD whose values are again extracted from the
spectroscopic data of the end-member oxide compounds.32

The schematic energy diagram for Sr1−xLaxRu1−xCoxO3 is
shown in Fig. 14(a) which may be compared with a similar
diagram for Sr1−xLaxRu1−xFexO3 in Fig. 14(b).4 Here, the up-
per Hubbard band of Co3+ is located atD,1 eV above the
O 2p band according to Arimaet al.,32 for the high-spin state

(t2g↑
3 eg↑

2 t2g↓
1 eg

0 configuration). It is clear that the partially filled
3d levels of Co3+ in SrRuO3 are well below the conduction
band of Ru4+. Therefore, it is energetically favorable to trans-
fer electrons from the Ru4+ conduction band to the electronic
states of Co, even though such electrons may become local-
ized. The resulting Co2+ state would find theD to increase to
,2.4 eV (see Wei and Zi);32 thus it is lifted to a level closer
to, but still below, the Ru 4d levels.

This picture explains the fact the Co2+ is very stable in the
presence of Ru5+. In comparison with the 4d electrons, the
3d electrons of Co are more localized. Therefore, the forma-
tion of Co2+ occurs only when the Co ion has a neighboring
Ru ion to donate an electron. Those Co ions surrounded by
only Co ions have no charge transfer and stay in the Co3+

valence state.

B. Magnetism

The magnetic behavior of Sr1−xLaxRu1−xCoxO3 and
Sr1−xLaxRu1−xFexO3 is rather similar, despite the formation
of Ru5+ and Co2+ and the tendency for their ordering. Spe-
cifically, a similar phase diagram consisting of paramagnetic,
ferromagnetic, cluster glass, and spin glass is observed, with
similar transition temperatures, and a prominent enhance-
ment of saturation magnetization is found atx=0.1. The
main difference is that the phase boundaries appear to have
shifted toward the lowerx in the Sr1−xLaxRu1−xCoxO3 sys-
tem, and that the saturation magnetization in the spin glass
state is considerably higher in Sr1−xLaxRu1−xCoxO3 at large
x. These similarities and differences reflect the general com-
petition between the intinerant ferromagnetism of SrRuO3
and the antiferromagnetic superexchange coupling between
Co–Co(or Fe–Fe) pairs, further modified by the interaction
between Ru and Co/Fe. The basis consequence of the above
competition is the progressive destruction of itinerant ferro-

FIG. 14. (a) Schematic energy levels of Ru4+ and Co3+ in
Sr1−xLaxRu1−xCoxO3; (b) the same for Ru4+ and Fe3+ in
Sr1−xLaxRu1−xFexO3, from I (Ref. 4). In constructing these dia-
grams, we used literature data(Ref. 32) to define the Zaanen-
Sawatzky-Allen energiessD ,U ,10 Dqd. In units of eV, they are
(3,1.7,3) for Ru4+, (,1,7,1.3) for Co3+, and (2.6, 7, 1.3) for Fe3+.
We also let bandwidth W be 1 eV for all thet2g andeg bands.
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magnetism and the rise of a spin-glass state. In the case of
Sr1−xLaxRu1−xCoxO3 the tendency forB-site Ru:Co ordering
partially removes the antiferromagnetic contribution of
Co–Co pairs, thus allowing a larger magnetization atx
=0.4 and 0.5 than in Sr1−xLaxRu1−xFexO3. The enhancement
of saturation magnetization atx=0.1 is believed to be caused
by the ferromagnetic polarization of Ru electrons by Co/Fe
magnetic cations, creating a large effective moment, since
the bare moment of Co/Fe is too small to realign by a field at
the field-temperature parameters observed. This effective
moment is slightly lower in Sr1−xLaxRu1−xCoxO3 than in
Sr1−xLaxRu1−xFexO3 judging from the slightly lower switch-
ing temperature at the same field(Fig. 5, inset). In the pre-
vious paper, we have argued that the peak composition of
x=0.1 implies that the ferromagnetic Fe–Ru coupling is ex-
tended to the 6 first nearest neighbors but not yet to the 12
second nearest neighbors.4 The same also holds in the case of
Co–Ru coupling. This compares with the classical studies of
Fe or Mn impurities in Pd, in which impurity-Pd interaction
is believed to have extended to the second nearest
neighbors.3,33

As described inI , the mechanism that is consistent with
the ferromagnetic polarization by Fe3+ is the formation of a
virtual bound state at the empty Fet2g↓ state due to the
resonance with the Rut2g↓ electron at the Fermi level[see
Fig. 14(b)]. This implies that the filled Rut2g↓ subband is not
participating, since it would have favored an antiferromag-
netic coupling between the majority spins of Ru4+ and Fe3+.
For the same reason, the mechanism rules out the contribu-
tion of t2g electrons from Ru5+, which would also result in an
antiferromagnetic coupling.(Indeed, the Ru5+, compounds
generally show semiconducting behavior and some antiferro-
magnetically order at low temperatures, e.g., Sr2YRuO6,
BaLaZnRuO6, and Sr3Ru2O7F2.

34–36) It then follows that in
Sr1−xLaxRu1−xCoxO3 the likely contribution to ferromagnetic
polarization is by Co3+/Ru4+ or Co2+/Ru4+ resonance, in
which the Rut2g↓ electron forms a virtual bound state at the
empty Co2+/Co3+t2g↓ state.(The Co2+ has one empty state
while Co3+ has two empty states, so the final state population
would favor Co3+. On the other hand, Co2+ is closer in en-
ergy to Ru4+ than Co3+, so the transition probability would
favor Co2+.) Since most likely there are several Ru4+ neigh-
bors to each Co site in an octahedral environment, this po-
larization mechanism should be effective in
Sr1−xLaxRu1−xCoxO3 despite the formation of Ru5+, at least at
x=0.1. Meanswhile, the formation of Ru5+ weakens itinerant
ferromagnetism on one hand and disallows participation in
the resonance mechanism on the other hand. This could ex-
plain the shift of phase boundaries toward the lower x and
the slightly smaller induced magnetization atx=0.1 com-
pared to the Fe substitution.

It is interesting to compare the effect of Fe and Co sub-
stitution with that of Mg and Ti, which are known to drasti-
cally decrease the magnetization at least at low fields. The
latter data have been fitted with as1-xd7 dependence in the
literature,24,25 suggesting that the presence of merely one
nearestsMg/Tid neighbor would destroy the magnetism of
Ru. This is likely to be caused by charge localization, which
should certainly cause the loss of itinerant ferromagnetism.
Although there is definitely charge localization due to Fe and

Co substitution, the saturation magnetization can still in-
crease at a high field. At low fields, Fe and Co substitution
also decreased magnetization, but even at 0.01 T(less than
those used in Refs. 24 and 25), we have found for 10% Fe
and Co addition a much less reduction in remnant magneti-
zation (about 30%) than that(50%) reported for Mg and Ti
substitution. Therefore, the resonant scattering of Ru elec-
trons at energetically similar Fe and Co states is clearly a
very potent mechanism that negates the adverse effect of
charge localization on itinerant magnetism.

C. Transport property and magnetoresistance

We first note that, for the temperature range studied
here, Sr1−xLaxRu1−xCoxO3 is more resistive than
Sr1−xLaxRu1−xFexO3 by a factor of 10–100 for compositions
beyondx=0.1. This implies that Ru5+ and Co2+ contribute
little to electronic conduction, i.e., the polaron mechanism is
unimportant; instead, they deplete conduction electrons, pro-
mote localization, and increase scattering, presumably be-
cause of the more severe charge and size misfit associated
with them. This is consistent with our proposed picture of
electron conduction by mobile carriers whose energies lie
beyond the mobility edge.4 It is the spin polarization of these
mobile carriers that is the origin of magnetoresistance.4

Just as in Sr1−xLaxRu1−xFexO3, a large negative magne-
toresistance is observed in Sr1−xLaxRu1−xCoxO3 at the com-
position beyond the ferromagnetic regime. At 9 T, the maxi-
mum value of the MR in the Sr1−xLaxRu1−xCoxO3 occurs at
aboutx=0.2 whereas in Sr1−xLaxRu1−xFexO3 it occurs near
x=0.3. This peak is caused by the increasing difficulty in
magnetizing the samples of higher Fe/Co content since,
when compared at the same(nonferromagnetic) magnetiza-
tion value, the MR at any given temperature. monotonically
increases withx. The similar magnitude of MR in the two
systems suggests a similar mechanism, with the relatively
minor compositional shift caused by the charge-transfer re-
action involving Co and Ru ions.

We have proposed inI a model that predicts that the MR
of a random solid solution is initially of the order ofm2/ s1
+m2d, were m is M /Msaturation. This would predict that the
initial slope in Fig. 13 should be inversely proportional to
M2/Msaturation, which can be used to explain the trend in Fig.
13. For example, as the saturation magnetization in Fig. 6
monotonically decreases fromx=0.01 to 0.3 the MR depen-
dence onM2 becomes stronger. Likewise, asMsaturationbe-
comes very similar forx=0.3 and 0.4 theM2 dependence too
becomes very similar. The above composition comparison
applies to both Fe and Co systems. It also explains the rela-
tive magnitude of the slope when we compare MR
Sr1−xLaxRu1−xFexO3 and Sr1−xLaxRu1−xCoxO3. For example,
since the saturation magnetization is smaller in the Co sub-
stitutions than in the Fe substitutions forx,0.3 but the trend
is reversed for x.0.3, the MR–M2 dependence for
Sr1−xLaxRu1−xCoxO3 is stronger inx=0.2, but weaker inx
=0.3 and 0.4 than for Sr1−xLaxRu1−xFexO3. These favorable
comparisons support our claim that the MR mechanism in
these materials are the same and the model described inI is
at least phenomenologically correct.
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V. CONCLUSIONS

Unlike the Sr1−xLaxRu1−xFexO3 system sRu4+,Co3+d in
Sr1−xLaxRu1−xCoxO3 undergo a charge-transfer reaction to
sRu5+,Co2+d when they are nearest neighbors to each other.
The large difference in size and charge between Ru5+ and
Co2+ in turn motivates their ordering on the B-site sublattice.
Meanwhile the resonance between Ru electrons and the en-
ergetically similar Co2+/Co3+t2g levels causes spin polariza-
tion and the formation of a large localized magnetic moment
around Co. At higher Co and La concentrations, Anderson
localization sets in, leaving relatively few mobile electrons at
energy levels beyond the mobility edge. The population of
these mobile electrons is biased by the spin polarization, thus
allowing a large negative magnetoresistance. The common
observations of large saturation magnetization and the nega-
tive magnetoresistance in both LaFeO3 and
LaCoO3-substituted SrRuO3, despite the complication of
charge-transfer reactions andB-site ordering, provide an
overall confirmation of the proposed picture for the effect of
magnetic substitutional cations in conduction oxides.
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APPENDIX

Weak field dc magnetization of Sr0.8La0.2Ru0.8Co0.2O3
was examined to discern further evidence of spin glass, clus-
ter glass, and ferromagnetic behavior. This composition fea-
tures a strong frequency dependence in ac susceptibility, as
shown in Fig. 8. Shown in Fig. 15(a) are the dc magnetiza-
tion for the x=0.2 sample obtained under thes0.01 Td FC
and ZFC conditions. These curves are different belowTc,
suggesting a hysteretic behavior; however, the ZFC curve
does not have a cusp shape characteristic of a spin glass. The

reason for the different magnetization curves becomes appar-
ent when we examine theM-H hysteresis curves, shown in
Fig. 15(b) function of temperature. These hysteresis curves
feature a relatively large coercive field compared to a “soft”
ferromagnet. During the ZFC experiment, the sample was
first cooled without a field, then a small fields0.01 Td was
applied and the magnetization was measured on warming.
Since the coercive field was large at low temperature, little
magnetization could result until the temperature approached
Tc when the coercive field decreases rapidly, giving rise to a
sharp peak of ZFC magnetization. During the FC experi-
ment, the magnetization was recorded during cooling under a
small field s0.01 Td. The induced magnetization obtained
near Tc was then frozen at lower temperature because of
coercivity. For the above reason, a large difference in the FC
and ZFC magnetization becomes possible in the cluster glass
composition.
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