
Magnetic impurities in conducting oxides. I. „Sr1−xLax…„Ru1−xFex…O3 system

A. Mamchik and I-Wei Chen*
Department of Materials Science and Engineering, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6272, USA

(Received 24 June 2003; revised manuscript received 12 April 2004; published 20 September 2004)

The perovskite solid solution between ferromagnetic SrRuO3 and antiferromagnetic LaFeO3 is studied and
its structural, electronic, and magnetic properties are reported. With increasing LaFeO3, the solid solution
forms a spin glass and undergoes, by Anderson localization, a gradual metal-insulator transition. Meanwhile,
the saturation magnetization initially increases with LaFeO3 concentration, signaling the formation of large,
switchable local moments around Fe3+. In addition, a large negative magnetoresistance emerges as the satura-
tion magnetization decreases in the spin glass state. The solid solution is analogous to a Mn-doped, ferromag-
netic Pd alloy that contains induced local moments around Mn impurities, which themselves interact antifer-
romagnetically. However, insSr1−xLaxdsRu1−xFexdO3 the spin polarization of mobile electronic carriers persists
even in Anderson localization and is the origin of the observed magnetoresistance. Similar magnetic and
magnetoresistive behavior is expected in other 3d cation-containing ruthenates and possibly other conducting
oxides.
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I. INTRODUCTION

Although there has been extensive research of magnetic
impurities in metals over the last half century, similar studies
in conducting oxides are few until recently. This is because
oxide magnets are technologically important due to their
electrical insulating attributes. Naturally, attention has been
mostly directed toward reducing conductivity in magnetic
oxides. In recent years, however, the research on colossal
magnetoresistance has revealed an extremely rich variety of
magnetic and conducting properties in complex oxides ex-
hibiting an intricate coupling between mixed valency, Jahn-
Teller distortion, and electron correlation, which leads to in-
terrelated structural, magnetic, and metal-insulator
transitions.1 Up to the present time, though, such work is
mostly limited to Mn-containing perovskites and related 3d
transition metal oxides.

Compared to 3d transition metal oxides, metallic conduc-
tivity is rather more common among 4d and 5d transition
metal oxides, although except ruthenates they rarely
exhibit magnetism by themselves. For disordered, pseudo-
cubic ABO3 perovskites, the studies of Battleet al. on
mixed 3d/4d/5d transition metal B sites
sFe/Nb,Fe/Ru,Fe/Ta,Fe/ Ir,Co/Ru,Ni/Ru,Ni/Rh,Cu/Rud
found many spin glasses but thus far no evidence of a mag-
netic effect on electrical conduction.2 In contrast, many
B-site ordered perovskites of 3d and 4d/5d transition metals
do possess both conductivity and long-range magnetic
order.3 Indeed, several such ordered perovskites, most promi-
nently SrsFe1/2Mo1/2dO3, have been recently reported to have
large magnetoresistancesMRd at relatively high
temperatures.4 Since the large MR observed is limited to
polycrystals and not seen in single crystals or epitaxial thin
films,5 it is attributed to a grain boundary tunneling mecha-
nism, similar to the one operating between granular ferro-
magnetic particles6 but different from that in manganates.
Nevertheless, these results provide evidence of a strong cou-
pling between the 3d magnetic cations and the 4d/5d con-

ducting electrons. A strong effect of 3d cations on the mag-
netic property of CaRuO3 is also known.7 For example, a
small addition of Ti,Fe,Mn, and Ni changes CaRuO3 from a
paramagnetic to a ferromagnetic ground state, presumably
because of a strong coupling between the 3d magnetic B-site
cations and the 4d conducting electrons.

It is intuitively obvious that the strongest effect of mag-
netic cation substitution on conduction electrons should be
felt in systems of the highest magnetic susceptibility. The
theoretical basis of this argument was already provided in the
classical studies of giant localized moments, e.g., induced by
Fe and Mn impurities, in Pd which is endowed with a large
susceptibility because of a very high electron density of
states at the Fermi levelNsEFd. Among conducting oxides,
SrRuO3 and related compounds do have a highNsEFd, so
much so that they are either Stoner ferromagnets or on the
verge of becoming one.8 Indeed, we have made the first ob-
servations that several Fe-containing mixed ruthenates
(SrRuO3,CaRuO3 and Sr2RuO4, forming substitutional solid
solutions with LaFeO3) exhibit surprisingly large MR at low
temperatures, supporting a strong substitutional effect of
magnetic cations on conduction electrons.9 In agreement
with the finding of Battleet al., spin glass forms in these
solid solutions. Yet a large MR occurs in the spin glass state,
which is itself unusual since most other large-MR oxides
possess long-range magnetic order instead.1,4 This MR is not
a grain-boundary phenomenon, since the MR measured in
epitaxial thin films was identical to that obtained in the bulk
ceramics. Moreover, these ruthenates lack such features as
mixed valency, Jahn-Teller distortion, and structural/
magnetic/metal-insulator transitions that are common in
manganates. So their MR cannot operate by the same mecha-
nisms either(field-assisted metal /insulator transition.) The
present study on Sr1−xLaxRu1−xFexO3 covering the composi-
tion range up tox=0.4 is undertaken to further understand
the origin of the MR mechanism and, more generally, the
effect of 3d magnetic cation substitution on conducting ox-
ides. Polycrystalline samples were used which, according to
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our previous work, should exhibit the intrinsic magnetic and
MR behavior.

II. EXPERIMENTAL PROCEDURES

A. Materials

Ceramic samples of composition Sr1−xLaxRu1−xFexO3 s0
øxø0.4d were prepared by the solution polymerization
technique described elsewhere.9,10 The method involved the
thermal decomposition of a polymeric gel made from mixing
RuO2, nitrates of Sr,La, and Fe, and poly(ethylenglycol).
After thermal decomposition, powders were pressed into pel-
lets and sintered at temperatures between 1200 and 1400°C
while packed in an excess amount of sacrificial powder of
SrRuO3. The phase purity of the samples as well as their
lattice parameters were studied by x-ray powder diffraction
(XRD) using CuKa radiation, with Si powder added as an
internal standard. Crystal structure refinement was conducted
for the powder sample withx=0.3 at the X-7A beam line
swavelength=0.5998 Åd at the National Synchrotron Light
Source sNSLSd at Brookhaven National Laboratory. Only
room temperature XRD data are reported here since no struc-
tural transition was found during cooling scans. The valence
state of Ru of all the samples was determined by x-ray ab-
sorption near edge structure(XANES) on the RuLIII edge in
the fluorescence mode at the X19B beam line at NSLS.
[Energy range=2820–2850 eV, selected by a Sis111d,
monochromator.] Magnetization data were collected in a
physical property measurement system(PPMS) (Quantum
Design) using rectangular bars with an aspect ratio of at least
2:1. The long axis was always along the direction of applied
magnetic field since no magnetic anisotropy is expected for
sintered polycrystals. For resistivity measurements pellets
were cut into bars of approximate dimensions 8 mm
31 mm31 mm, and the measurements were performed in a
four-point-probe configuration in PPMS. The field direction
was always perpendicular to the long axis of the bar since
our previous work indicated little crystallographic MR aniso-
tropy in the epitaxial thin film samples.9 The MR was com-
puted with reference to the zero-field resistance after the first
complete field cycle to remove the effect of anisotropy due to
the shape of the sample and possible irreversible changes.

III. RESULTS

A. X-ray diffraction

The crystal structure refinement for thex=0.3 sample was
performed using the Rietveld method in the space group

Pnma (No. 62) with the SrRuO3 structure as the starting
model.11 A random placement of Sr and La on the Sr site,
and Ru and Fe on the Ru site, at the nominal fraction of
s0.7:0.3d, was assumed. Atomic positions and isotropic ther-
mal factors of ions were refined using the GSAS software
package12 with the peak shape function No. 3. The structure
parameter data are presented in Table I, and the fitted XRD
data are shown in Fig. 1. The refinement converged with
valuesRp=2.26% andwRp=2.72%sx2=5.71d. The refined
structuresx=0.3d is orthorhombic and slightly differs from
that of SrRuO3. Specifically, the unit cell volume increases
from 242.26 Å3 in SrRuO3 to 242.91 Å3, which is almost the
same as that of LaFeO3s242.88 Å3d. Correspondingly, the
averageB-O-B bond angle increases from 163° in SrRuO3 to
165.4°, despite the smaller value of LaFeO3 s157°d.13 Thus,
Vegard’s rule is not obeyed even though we did verify a
complete range of solid solution between the two end mem-
bers and detected no evidence for cation ordering on either A
or B site. The XRD patterns of all the other samples also
showed only a single orthorhombic phase. Fitted room tem-
perature lattice parameters as well as volume of the unit cell
are listed in Table II.

B. XANES

Our compositional design called for Fe3+ substitution of
Ru4+ to be charge compensated by La3+ substitution of Sr2+.
This scheme was confirmed by ascertaining the Ru4+ state in
our samples using RuLIII -edge XANES spectra, shown in
Fig. 2(b). They are compared with the spectra in Fig. 2(a)

TABLE I. Structure parameters for Sr0.7La0.3Ru0.7Fe0.3O3 at room temperature. Space group:Pnma(No.
62). a=5.5823s5d Å, b=7.8489s2d Å, c=5.5440s5d Å, V=242.914s6d Å3.

Atom Site x y z UisosÅ2d n

Sr 4e 0.5027(5) 1/4 0.99449(31) 0.0077(2) 0.7

La 4e 0.5027(5) 1/4 0.99449(31) 0.0064(2) 0.3

Ru 4a 0 0 0 0.0049(4) 0.7

Fe 4a 0 0 0 0.0037(6) 0.3

O1 4e 0.5430(14) 1/4 0.4957(68) 0.0151(8) 1

O2 8f 0.2723(16) 0.0199(11) 0.2316(20) 0.0151(8) 1

FIG. 1. Observed(cross) and calculated(solid line) x-ray
diffraction profile from the Rietveld refinement of
Sr0.7La0.3Ru0.7Fe0.3O3. Tick marks indicate the positions of allowed
Bragg reflections. The difference plot is shown at the bottom.
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(recorded in the same experiment) of the following model
compounds: RuO2,CaRuO3, and SrRuO3, all containing
Ru4+; and SrY1/2Ru1/2O3, an ordered double perovskite con-
taining Ru5+. In general, the RuLIII -edge XANES has two
peaks which can be assigned to 2p→ t2g and 2p→eg transi-
tion, respectively.14 The two transitions in Ru5+ occur at
higher energies than in Ru4+ because the 4d electrons of
Ru5+ have lower energy levels, also the energy separation
between the two transitions is larger in Ru5+ because of a
stronger ligand field. These features of Ru5+ are clearly ab-
sent in all the Sr1−xLaxRu1−xFexO3 samples.

C. Magnetic properties

The temperature dependence of molar dc magnetization is
shown in Fig. 3 using data collected during cooling to 5 K in
the magnetic field specified. The low field data of Fig. 3(a)
verified that SrRuO3 has a ferromagnetic transition(Curie
temperature,TC, at 162.26 K),15 and that ferromagnetism
weakens in the solid solution. The data at larger fields,
shown in Fig. 3(b) for 1 T and in Fig. 3(c) for 9 T, show an
unusual crossover of thex=0.1 andx=0 curves at low tem-
peratures. This is confirmed in Fig. 4 which displays the field
dependence of magnetization,MsHd, at 10 K, indicating a
crossover field of about 1 T for the two compositions. Since
the nearest neighbor(B site) Fe-Fe interaction is strongly
antiferromagnetic(Neel temperature of LaFeO3=740 K),16

the extra magnetization in thex=0.1 sample at large fields
cannot be due to Fe-Fe clusters, even if they exist. Therefore,
it must come from the alignment of the local moment of Fe3+

under a high field. The “saturation” magnetization,Msat,
taken fromM at 9 T at 10 K is plotted as a function ofx in
the inset of Fig. 4. A peak atx=0.1 and a rapid decrease at
x=0.3 are evident.

Figure 5 displays the temperature dependence of the real
part of ac susceptibilityxac8 for all the compositions. With
increasingx, the peak ofxac8 occurs at lower temperature,
which is similar to the behavior observed in Fig. 3. Note that
the curves forx=0.3 and 0.4 are shown at ten times the
actual values since the magnitude ofxac8 has drastically de-
creased fromx=0.27 to 0.3. Moreover, the shape of thexac8
peaks atx=0.3 and 0.4 is cusp-like, which is different from
that at lowerx. Such a cusp shape has been associated with
spin glass in the literature,2,17 which is reasonable given the
competition between Ru-Ru(ferromagnetic) and Fe-Fe(an-
tiferromagnetic) interactions, as well as the partitioning ef-
fect of Fe on the Ru-Ru network.

Other signatures of spin glass were also observed for
these compositions. Figure 6 depicts the dc susceptibility
curves of thex=0.3 sample obtained under thes0.01 Td
field-cooledsFCd and zero-field-cooled(ZFC) conditions. A
hysteresis is evident below the cusp temperature, which can

TABLE II. Summary of structure and magnetic data, as well as temperature for metal/insulator transition, in Sr1−xLaxRu1−xFexO3.
Standard deviation of temperaturesTd is estimated to be ±1 K, taking into account instrumentation precisions0.1 Kd, cooling /heating rate
s2° /mind, and sampling intervals1–3 Kd for data which 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 0.23 0.25 0.27 0.3 0.4

asÅd 5.5738(4) 5.5745(5) 5.5782(7) 5.5791(6) 5.5790(5) 5.5797(4) 5.5805(5) 5.5806(3)

bsÅd 7.8524(5) 7.8549(7) 7.8553(7) 7.8529(7) 7.8558(6) 7.8538(4) 7.8521(8) 7.86021(4)

csÅd 5.5353(6) 5.5364(7) 5.5398(9) 5.5414(9) 5.5409(8) 5.5425(5) 5.5436(7) 5.54585(4)

VsÅ3d 242.265(1) 242.423(2) 242.745(2) 242.781(2) 242.842(2) 242.883(1) 242.926(2) 243.278(1)

TCsKd 161 109 60.4 49.6 40.3 35

TfsKd ,5 19 30 35 39.5 47.6

TsKd 61 312 222 267 288 274

uCWsKd 162.7(5) 128.8(4) 90.0(2) 83.8(4) 83.4(1) 74.4(3) 50.5(4) −0.7s5d
meffsmB/mold 2.608(3) 2.870(5) 3.009(2) 2.987(2) 2.925(1) 2.96(2) 3.089(3) 2.95(1)

msatsmB/mold 1.3804(1) 1.6775(2) 1.3110(1) 1.1970(1) 1.0489(2) 0.9676(2) 0.5434(1) 0.2835(1)

FIG. 2. Room temperature XANES spectra of ruthenate com-
pounds:(a) spectra of model compounds: RuO2,CaRuO3,SrRuO3,
and SrY1/2Ru1/2O3; (b) spectra of Sr1−xLaxRu1−xFexO3 samples with
different compositionx. Lines indicate positions of two transitions
in the Ru4+ state.
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be associated with the freezing temperature,Tf. Hysteresis is
also manifest in Fig. 6 in the frequency dependence of the
peak ac susceptibility, whose position shifts toward higher
temperature at higher frequency indicating that freezing is
frequency dependent. These observations strongly suggest

that thex=0.3 sample is a spin glass. The same holds for the
x=0.4 sample.

For a normal ferromagnet the peak height of the ac sus-
ceptibility increases with decreasingTC. Such a trend was
observed for 0,x,0.2. Beyondx=0.2, however, we find
the peak height in Fig. 5 decreases withx, indicating a
change in the magnetic behavior. This change was further
investigated under different cooling and heating conditions.
Figure 7(a) shows the magnetization curves obtained in the
sequence of(i) strong field s1 Td cooled (SFC), (ii ) zero-
field-heated(ZFH), and (iii ) weak field s0.01 Td cooled
(WFC), for thex=0.25 sample.[The data of steps(i) and(iii )
are from Fig. 3.] Also shown for reference are the data ofxac8
during ZFH. It is clear that the SFC and WFC data are very
different. This is already evident in Fig. 3 where the satura-
tion magnetization at low temperature varies by a factor of 5
between SFCs1 Td and WFC s0.01 Td for x=0.25, com-
pared to a factor of 2 forx=0. There is also a large difference
in the magnetization between the SFC and ZFH cycle, which
indicates that the large magnetization poled by the strong
field cannot be retained at zero field in the ZFH cycle. From
the ZFH curve, we further see that the sample loses most of
its remnant magnetization at a temperature well belowTC,
taken to be the peak temperature forxac8 . This is unlike the
WFC case in which the largest magnetization change occurs
over a temperature range aroundTC. In comparison, in fer-
romagnetic SrRuO3, there is an abrupt change in magnetiza-
tion occurring atTC in all the curves(SFC, WFC, and ZFH)
shown in Fig. 7(b).

FIG. 3. Molar dc magnetization as a function of temperature for
Sr1−xLaxRu1−xFexO3 samples with different compositionx: cooling
in (a) 0.01, (b) 1, and(c) 9 T.

FIG. 4. Field dependence of dc magnetization at 10 K for
Sr1−xLaxRu1−xFexO3 samples with different compositionx. These
curves were obtained using samples cooled to 10 K without a filed.
Inset: magnetization at 9 T as a function of composition.

FIG. 5. Temperature dependence of real part of ac susceptibility
of Sr1−xLaxRu1−xFexO3 samples with different compositionx.

FIG. 6. Magnetic susceptibility of Sr0.7La0.3Ru0.7Fe0.3O3 sample
as a function of temperature showing spin-glass-like behavior, in-
cluding deviation in the FCs0.01 Td and ZFC dc magnetic suscep-
tibility below Tf and frequency dependence of ac susceptibility be-
low Tf.
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Similar ferromagnetic behavior asx=0 was also seen in
x=0.1 and 0.2 compositions, whereas similar behavior asx
=0.25 was found inx=0.23 and 0.27 compositions. Thus, a
clear distinction can be made between the ferromagnetic be-
havior of the samples withx up to 0.2, and those withx
=0.23,0.25, and 0.27. The behavior of the latter group is
typical for cluster glasses, according to the literature.17 In
such materials, ferromagnetic interactions within each cluster
are responsible for the WFC magnetization and the large ac
susceptibility response at the apparentTC (taken to be the
peak-xac8 temperature, which is proportional to the strength of
ferromagnetic interactions within each cluster.) Meanwhile,
coupling between clusters, which is too weak to sustain a
large remnant magnetization at zero field[the ZFH curve in
Fig. 7(a)], is responsible for the SFC magnetization when the
magnetic alignment between clusters is aided by an external
field.

The earlier observations allow us to construct a tentative
phase diagram for Sr1−xLaxRu1−xFexO3 in Fig. 8, showing the
approximate phase boundaries of ferromagnetic(FM), clus-
ter glass(CG), and spin glass(SG) state as the material is
cooled from the paramagnetic(PM) state. Forx from 0.2 to
0.25, we also found evidence for a reentrant transition from
cluster glass to spin glass at a lowerTf. This CG/SG transi-
tion is manifested in several ways, for example, by a low
temperature peak inxac9 sTd, shown in Fig. 9(a). Even asTC

for the PM/CG transition andTf for the CG/SG transition
draw nearer and the latter transition is smeared by the
former, the evidence for the CG/SG transition can still be
seen in a shoulder in eitherxac8 sTd [Fig. 9(b)] or xac9 sTd (not
shown.) Meanwhile, theTf for the CG/SG transition is also
responsible for a shoulder or a weak maximum in dc mag-
netization, as forMsTd in ZFH [Fig. 9(b)] or in WFC (not

shown.) These features were found for samples fromx=0.2
to 0.25 but not forx=0.27 and higher. The phase boundary
for the reentrant transition in Fig. 8 was drawn accordingly.

Magnetic behavior atT.TC was analyzed and it followed
the Curie-Weiss law. The parameters,uCW andmeff, extracted
from the fits of the FCs1 Td magnetization data are listed in
Table II. The Curie-Weiss temperature continuously de-
creases withx, consistent with the weak-field magnetization
data earlier. The effective magnetic moment, on the other
hand, shows only a small increase. However, it is larger than
the “saturation moment”msat calculated fromMs9 Td, by a
factor of 1.9 atx=0 and 5.7 atx=0.3. (Theoretically, this
ratio, fsS+1d /Sg1/2, should be 1.4 forS=1.) The Rhodes-
Wohlfarth ratio deduced frommeff andmsat in the ferromag-
netic compositions varies from 1.3 forx=0 to 1.7 for x
=0.2, indicating a mixed nature of itinerancy and localization
for the magnetic moments.18

FIG. 7. Molar dc magnetization recorded following a
SFCs1 Td /ZFH/WFCs0.01 Td measuring sequence. Real part of ac
susceptibility during ZFH is also shown. (a)
Sr0.75La0.25Ru0.75Fe0.25O3 and (b) SrRuO3.

FIG. 8. Tentative magnetic phase diagram of
Sr1−xLaxRu1−xFexO3 determined using ac/dc magnetization data.
FM=ferromagnetic, PM=paramagnetic, CG=cluster glass,
SG= spin glass.

FIG. 9. Determination ofTf, marked by arrows, in cluster glass
from a combination of ac/dc magnetization measurements.(a)
Sr0.8La0.2Ru0.8Fe0.2O3, and(b) Sr0.77La0.23Ru0.77Fe0.23O3.
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D. Electrical resistivity

The resistivityrsTd of metallic SrRuO3 displays a kink at
TC because of a change in the magnetic scattering of con-
ducting electrons. On our data, shown in Fig. 10, this is
marked by an arrow at 160 K. Substitution with LaFeO3
eventually led to an apparent metal-semiconductor transition
at the temperatureT* , empirically defined as the minimum
resistivity temperature on the curve, with metallicity prevail-
ing atT.T* . (See the upper panel of Fig. 10 for an example
in the x=0.1 sample.) In agreement with the magnetic data,
TC decreases withx, but T* roughly increases withx. These
features are absent in some curves. For example, no kink
appears when the magnetic transition occurs on the semicon-
ductor side, as inx=0.2 for which TC,T* =220 K. For x
=0.4 no metallic behavior was observed up to at least 350 K.
These data are also summarized in Table II.

The semiconducting data at low temperatures range ap-
pear to follow the variable range hopping model.19 In Fig. 11
we plot logssdss=r−1d vs T1/4. The linear dependence for the
x=0.3 and 0.4 sample is in accord with the model prediction
rsTd=r0expsT0/Td1/4. The typical hopping length, predicted
to ber =asT0/Td1/4 with a being the effective Bohr radius of
an electron localized around its trapped site, was calculated
from these data. The average hopping range at 10 K and zero
field were about 8a for x=0.3 and 28a for x=0.4, and
slightly shorter at high field.

E. Magnetoresistance

Upon the application of a magnetic field the sample resis-
tivity generally decreased, giving rise to a large negative MR
in some compositions. An example is illustrated in the inset
of Fig. 12 using the resistivity of thex=0.3 sample at zero

field and 9 T, both collected during cooling. The negative
MR, defined assr0-rHd /r0, is shown in Fig. 12 for several
samples at 9 T.(Other compositions were omitted for clar-
ity.) Unlike SrRuO3, which has a small MR that peaks at
TC,20 our samples showed monotonically increasing negative
MR with decreasing temperature, except for thex=0.1
sample that is strongly ferromagnetic. We have determined
the field dependence of MR for all the compositions at 10
and 30 K and found that the largest negative MR occurs at
x=0.3. As illustrated in Fig. 13, the MR at 10 K has a sym-
metric field dependence that lacks the cusplike feature com-
monly associated with grain boundary tunneling MR.4

The magnetization dependence of MR proves most re-
vealing. At a constant temperature, say 10 K, this can be
inspected by crossplotting theMsHd data of Fig. 4 and
MRsHd data of Fig. 13. The result shown in Fig. 14 suggests
a roughly linear relationship between MR andM2. Indeed,
for x=0.27 and above(in the spin-glass state) where there is
no remnant magnetization at all, the plots are essentially lin-
ear. The average slope, MR9 T/ sM9 Td2, shown in the inset of
Fig. 14 for 10 and 30 K, rapidly increases with composition
for x.0.27. This suggests that the ferromagnetic magnetiza-

FIG. 10. Temperature dependence of resistivity for
Sr1−xLaxRu1−xFexO3 samples with different compositionx. The data
of x=0 and 0.1 are plotted in different scale on the top to make
obvious the kink atTC and the resistivity minimum atT* .

FIG. 11. Log of conductivityssd as a function ofT−1/4 for
Sr1−xLaxRu1−xFexO3 samples with different compositionx.

FIG. 12. Temperature dependence of 9 T MR for
Sr1−xLaxRu1−xFexO3 samples with different compositionx. Inset:
temperature dependence of resistivity for thex=0.3 sample in zero
field and 9 T.
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tion, present in the lowx samples, is not responsible for the
MR. The MR-M2 relation can also be inspected by crossplot-
ting MsTd data of Fig. 3 and the MRsTd data of Fig. 12, with
the field fixed at, say, 9 T. This is shown in Fig. 15 in which
all the curves except onesx=0.1d exhibit a characteristic
shape plunging toward an asymptoticM value, which corre-
sponds to the saturation magnetization at 0 K. In this regime,
while magnetization is nearly saturated, MR continues to
rapidly increase with decreasing temperature. These curves
also show no special feature at eitherTf (indicated by arrow)
or TC (circle). The exception ofx=0.1 is again due to its
strongly ferromagnetic character, as evident from the peak
MR that concides withMsTCd as indicated by the marker.

IV. DISCUSSION

A. Energy levels and magnetic interactions ofd electrons

Ferromagnetism of SrRuO3 has been attributed to itiner-
ant d electrons and explained in terms of the Stoner
criterion.8 However, there is also clear evidence for local

moments in this compound, judging from the Curie-Weiss
behavior of magnetic susceptibility above the Curie tempera-
ture. This dual character ofd electrons is commonly recon-
ciled in the framework of spin-fluctuation theory of Moriya
that simultaneously allows spin/charge itinerancy and local-
ization in both the real and thek space.18 For SrRuO3 and the
ferromagnetic solid solutions studied here(up tox=0.2), the
Rhodes-Wohlfarth ratio is from 1.3 to 1.7, which is an inter-
mediate value consistent with the earlier interpretation. The
Stoner ferromagnetism in SrRuO3 is attributed to the high
NsEFd as a consequence of the narrows4dd band width and
the presence of a van Hove singularity.8 So, A- or B-site
substitution tends to weaken the ferromagnetism by shifting
eitherNsEFd or the van Hove singularity,20 lowering TC and
uCW.7,21,22Meanwhile, since SrRuO3 is a “bad metal,”23 the
screening length is likely to be long and the Coulomb inter-
actions, including electron correlation, are not fully screened
over oneB-O-B distance. In the subsitutional solid solutions,
further electron localization in the Anderson sense also oc-
curs because of the charge and size disorder at the substituted
sites. The earlier picture suggests that we may consider pair-
wise cation-cation magnetic interactions,JRuRu, JFeFe, and
JFeRuto understand the magnetism in the solid solutions. Ob-
viously,JRuRu is ferromagnetic and positive but its magnitude
decreases with substitution. Meanwhile,JFeFe is antiferro-
magnetic and strongly negative in view of the Fe-O-Fe su-
perexchange interaction for the high-spin Fe3+ s3d5d
cations.16 The competingJRuRu and JFeFe interactions there-
fore lead to a spin glass state in the(B) site Ru-Fe solid
solutions.17 The more interesting question is whetherJFeRuis
ferromagnetic or antiferromagnetic. In the following, we will
argue that it is ferromagnetic and it lead to the formation of
ferromagnetic Ru4+ clusters around Fe3+, and, eventually, to
a large negative MR.

The ferromagneticJFeRu arises because of electron reso-
nance between Fe3+ and Ru4+. This motivates the net spin of
Ru4+ electrons(low-spin S=1) to align with that of Fe3+

(high-spinS=5/2), i.e., they adopt the Ru4+ t2g↑3t2g↓1 and
Fe3+ t2g↑3eg↑2t2g↓0 configurations, with the resonance elec-
tron being thet2g↓ type. A direct verification of the ferromag-
netic coupling between Ru4+ and Fe3+ would have been pos-

FIG. 13. Field dependence of MR at 10 K for
Sr1−xLaxRu1−xFexO3 samples with different compositionx. The data
of x=0.3 and 0.4 have been shifted downward by 15% for clarity.
The resistance was recorded during a field sweep from 0 to +9 to
−9 T and back to 0 T. These sweeps found little hysteresis indicat-
ing very little shape anisotropy in ferromagnetic samples. However,
in ZFC spin-glass samples belowTf some irreversible changes oc-
curred during the first field sweep.

FIG. 14. MR vs dcM2 at a constant temperatures10 Kd for data
collected at different fields, for Sr1−xLaxRu1−xFexO3 samples with
different compositionx. Field, which increases with increasingM2,
is an implicit parameter for these curves. Dashed lines on the curves
are linear fit to data. Inset: compositional dependence of ratio of
MR9 T/M9 T

2 at 10 and 30 K.

FIG. 15. MR vs dcM2 at a constant fields9 Td for data col-
lected at different temperatures, for Sr1−xLaxRu1−xFexO3 samples
with different compositionx. Temperature, which decreases with
increasingM2, is an implicit parameter for these curves. Where
applicable, open circle indicatesM2 value atTC, and arrow indi-
catesM2 value atTf.
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sible if thex=0.5 compound were B-site ordered. However,
due to the relatively small mismatch between the size and
charge of Ru4+ and Fe3+, this compound is disordered and
forms a spin glass instead. On the other hand, the analogous
SrsMo1/2Fe1/2dO3 compound with an electronic structure of
Mo5+ t2g↓1 and Fe3+ t2g↑3eg↑2t2g↓0 is ordered.4 Here, a simi-
lar resonance oft2g↓ elecron between Mo5+ and Fe3+ should
compel the net spins of Fe3+ and Mo5+ to become antiparal-
lel, which is the case since the compound is ferrimagnetic.
Therefore, this resonance mechanism between 3d and 4d
electron orbitals seems viable and, around each Fe3+, it leads
to a ferromagnetic shell of Ru4+ with its net spin aligned with
that of Fe3+.

To justify electron resonance, the energy levels of the
Ru4+st2g↓1d band and the Fe3+st2g↓0d band need to be close.
This is obviously the case of thet2g↓ electrons of Mo5+ and
Fe3+, since SrsMo1/2Fe1/2dO3 is metallic having nearly com-
pletely spin-polarizedd electrons; i.e., it is “half-metallic.”4

The situation of Sr1−xLaxRu1−xFexO3 is less obvious because
of the random placement of A- and B-site cations. To gain
some insight, we will assume that the relative energy levels
of thed electrons of the B-site cation, measured from the top
of the oxygen 2p manifold, are invariant when the cation
environment changes from the “pure”sSrRuO3/LaFeO3d
state to the solid solutionsSr1−xLaxRu1−xFexO3d state. This
assumption allows us to construct the schematic energy dia-
gram in Fig. 16 for thed electrons of Ru4+ and Fe3+ in
Sr1−xLaxRu1−xFexO3 using their respective energy levels in
SrRuO3 and LaFeO3, which are known from first-principles
calculations and spectroscopy.24 It is then clear that the
(empty) Fe t2g↓ levels are located close to the(partially oc-
cupied) Ru t2g↓ levels. Therefore, electron resonance is plau-
sible in Sr1−xLaxRu1−xFexO3 and may give rise to a positive
JFeRu.

25

This energy diagram is supported by the XANES spectra
which probe the unoccupied part of the electronic density of
states. The process is fast enough that only the local environ-
ment, RuO6 octahedron, is most relevant. The XANES peaks
in Fig. 2 assigned to O 2p→Ru t2g and O 2p→Ru eg tran-
sitions thus reflect the energies and the numbers of the empty
Ru states.14 Compare the spectra of(i) Ru4+, as in CaRuO3,
(ii ) Ru5+, as in SrY1/2Ru1/2O3 and (iii ) Ru4+ in the presence
of neighboring Fe3+, as in Sr1−xLaxRu1−xFexO3, we find 10Dq
(the energy difference between the two peaks) is about 3 eV

for Ru4+, which is consistent with our assumption in con-
structing Fig. 16 and the previous spectroscopic data.24 Com-
paring (i) and (iii ), we see that there is no shift in the tran-
sition energies, but the low energy transition is stronger in
(iii ) indicating more empty states in Rut2g, possibly because
of an electron transfer to Fe3+. This is consistent with our
picture since the resonance we envisioned is a real transition
and not a virtual transition.(Similar observations have been
reported in SrFe1/2Mo1/2O3, in which the Fe band is strongly
hybridized with the Mo band. The electronic density shifts
from Mo5+ to Fe3+ in this ordered compound, thus creating,
in some experiments, evidence for the intermediate Fe va-
lence states, between 2+ and 3+.26) Comparing(i) and (ii ),
we see that both transition energies and their separation
s10Dqd are higher in(ii ), which is expected from the higher
valence state of 5+. The weight of the low energy transition
is also higher in(ii ) reflecting one fewer electron in Rut2g.
In short, the general consistency between the XANES spec-
tra and Fig. 16 lends credence to our picture of energy levels,
electron resonance, and ferromagnetic coupling between
Ru4+ and Fe3+.

B. Substitution-induced magnetic moment

To recast the discussion of Fe-Ru interaction in terms of
delocalized electrons, we note that the Fe3+ t2g↑3eg↑2 band is
full and well separate from the conductionsRu4+ t2gd band,
thus Fe3+ is a localized magnetic “impurity”27 with empty
st2g↓d states that happen to be near the Fermi surface of the
sRu t2gd conduction electrons. As a result, it can form virtual
bound states with conducting electrons. The situation is simi-
lar to that of 3d magnetic impurities in 4d metals, e.g., Fe
dissolved in Pd, which induces giant magnetic moments,
even ferromagnetism.28,29 Magnetism in both cases involves
only d electrons for which the theory of Wolff, Clogston, and
co-workers is applicable.30,31 Following this theory, we ex-
pect the scattering cross section of the conductionsRudd
electrons by thesFe3+d magnetic impurity potential to expe-
rience a maximum nearEF, due to a resonance at the empty
impurity sFe3+ t2g↓d state. Since only the down-spin conduc-
tion electrons near theEF can benefit from the resonance, the
corresponding Wannier functions located at the nearby sites
will also favor the down-spin type. Therefore, the nonpartici-
pating filled band of Rut2g will be of the up-spin type at
these locations, and will be largely responsible for the(net
up) moment for Ru which is in alignment with the local(up)
moment of Fe3+. As further shown by Clogstonet al., the
induced magnetic polarization of the surrounding conducting
electrons in the host metal is proportional toNsEfd, which is
very high in Pd,32 SrRuO3, and CaRuO3. This again justifies
the positiveJFeRu.

For CaRuO3, which is paramagnetic, we have already re-
ported induced ferromagnetism due to LaFeO3 substitution.9

For ferromagnetic SrRuO3, evidence for induced magnetic
moments is manifest in the crossover of the magnetization
curves in Figs. 3(c) and 4, giving the maximum in the satu-
ration magnetization atx=0.1. Since the crossover field is
proportional to the crossover temperature[1.5 T at 10 K in
Fig. 4, 9 T at 100 K in Fig. 3(c)], the crossover is indicative

FIG. 16. Schematic energy diagram for the electron levels in
Sr1−xLaxRu1−xFexO3. In constructing the diagram, we used data in
Ref. 24 to define the Zaanen-Sawatzky-Allen energies
sD ,U ,10Dqd.40 In units of electron-volts, they ares3,1.7,3d for
Ru4+ and s2.6,7,1.3d for Fe3+. We also let band widthW be 1 eV
for all the t2g andeg bands.
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of the field-induced rotation of certain magnetic moments.
On the other hand, the moment of Fe3+sS=5/2d itself is too
small to rotate with a field of the earlier magnitude at these
temperatures, in view of the large magnetic anisotropy ener-
gies typically associated with Fe3+ in oxides. Therefore, the
rotation strongly implies a much larger effective moment
which we believe is induced by the Fe3+ polarization of the
neighboring electrons.

In paramagnetic Pd, the range of Fe-induced ferromag-
netic alignment extends to more than 1 nm from the impu-
rity, according to neutron scattering data and electronic struc-
ture calculations.33 In Sr1−xLaxRu1−xFexO3 we can indirectly
estimate the range by noting the maximum magnetization
occurs atx=0.1. Comparing this composition with the prob-
ability of finding a nearest B-site neighbors1/6d and a next
nearest neighbors1/12d, we conclude that the polarization
cloud probably does not extend beyond the nearest Fe-Ru
pairss0.4 nmd. At higher Fe concentrations, the impingement
of the polarization clouds overlaps, so the effective moment
decreases. In addition, there is an increasing chance to form
Fe-Fe nearest neighbors(on the B sublattice), which interact
antiferromagnetically and cannot be aligned by the field, so
the effective moment also decreases. The probability of find-
ing Fe-Fe nearest neighbors at any B site is 6x2 in the case of
random B-site substitution, or 6% atx=0.1 and 24% atx
=0.2, increasing rapidly withx. Therefore, it is not surprising
that the maximum magnetization is reached at a relatively
small x given the strongly negativeJFeFe.

In this respect, a comparison with PdsMn,Fed alloy is
instructive. Like Fe,Mn also induces giant moments in Pd.29

However, unlike Fe, short-range Mn-Mn interaction in Pd is
antiferromagnetic whereas Fe-Fe interaction in Pd is ferro-
magnetic. Thus, as the amount of Mn in Pd increases, the
effective moment induced by Mn eventually decreases.34 For
a Pd-0.35%Fe host alloy, which is ferromagnetic because of
Fe doping, the addition of Mn actually causes the alloy to
undergo a transition from ferromagnetic to spin glass, with a
reentrant ferromagnetic-to-spin glass transition occurring at
an intermediate composition.35 Obviously, this behavior is
similar to the phase diagram(Fig. 8) of Sr1−xLaxRu1−xFexO3.
The amount of Mn required(about 6%) to render the Pd
alloy a spin glass, however, is much lower than that of Fe3+

(about 27%) for the ruthenate. This can be accounted for by
(i) the larger number(12) of nearest neighbors in(face-
centered-cubic) Pd compared to that(6) of B sites in perov-
skite, and(ii ) antiferromagnetic Mn-Mn interaction extends
to the(6) next nearest neighbors in Pd but antiferromagnetic
Fe3+-Fe3+ interaction extends only to the nearest neighbors.

C. Magnetoresistance

The large negative MR observed in Sr1−xLaxRu1−xFexO3
cannot be associated with Lorentz force or ferromagnetic
transition.20 MR due to Lorentz force should be positive,
which contradicts our observation. MR due to ferromagnetic
transition should peak atTC, which is not the case here ex-
cept for x=0 and 0.1 when the MR is relatively small. Be-
sides, SrRuO3 and CaRuO3 have comparable metallic resis-
tivity but only SrRuO3 is ferromagnetic. Previously, we have

proposed that an atomic spin valve mechanism, involving a
bridging Fe3+ electron state between two Ru4+ electron
states, can explain how the Fe moment regulates the conduc-
tion of Ru electrons. This mechanism is further developed
later in view of our current understanding of the polarization
and localization behavior in Sr1−xLaxRu1−xFexO3.

In the regime where strong MR is seen, the resistivity is
several orders of magnitude above that of SrRuO3. There-
fore, very few mobile carriers are available in these compo-
sitions. Yet their concentration or transport mechanism must
be highly sensitive to the overall magnetization since MR
linearly rises withM2. Meanwhile, since Anderson localiza-
tion occurs at Fe3+ and La3+ substitution sites, forming local-
ized states outside the energy bands of SrRuO3, only those
carriers that occupy states at energies lying beyond the mo-
bility edge are mobile. We now argue that these mobile car-
riers, whose concentration(i.e., conductivity) must rapidly
decrease withx as the localized states proliferates, are highly
spin polarized. This is because, as the electron states near
Fe3+ are magnetically polarized, they are split into majority
“bands” and minority bands just like in a ferromagnet.
Therefore, since there are more occupied states in the major-
ity bands than in the minority bands, there are also more
mobile electrons in the majority band than in the minority
band, given the same relative energy level of the mobility
edge in these bands. As a result, the mobile carrier popula-
tion in any “ferromagnetic” cluster, while very sparse, is al-
ways highly spin polarized just like in a metallic ferromag-
net. Electron conductivity, therefore, depends on the
correlation of the majority spin whose orientation varies
from one Fe-centered ferromagnetic cluster to another. This
correlation depends on the overall magnetization, hence, the
MR.

We now consider the simplest model with only two ori-
entations, up and down, for the spin. The probability of find-
ing a cluster in the up state iss1+md /2, wherem is M /Msat,
and likewise for the down state iss1−md /2. Next, the prob-
ability for spin alignment in two neighboring clusters, either
both up or both down, isfs1+md2+s1−md2g /4. Therefore,
the resistivity, which inversely scales with this probability, is
proportional to 2/s1+m2d. This implies a negative MR of
m2/ s1+m2d. This prediction is consistent with our observa-
tion of the strongM2 dependence. Importantly, since it pre-
dicts that the slope in Fig. 13 should inversely scale with
Msat

2 , whereasMsat rapidly decreases whenx.0.27, it ex-
plains why a larger MR is obtained at a higherx when com-
pared at the same magnetization.

The earlier simple prediction is only valid at smallm and
when the placement of magnetic substitutional cations is ran-
dom. At higherm, conductivity percolation needs to be con-
sidered, which would lead to a more rapid decrease in resis-
tivity. (Otherwise the maximum MR is 50% according to the
earlier prediction.) This, however, will be countered by the
antiferromagnetic coupling between Fe3+ cations, since
around a Fe↑ -Fe↓ pair the polarization cloud is poorly de-
veloped. On the other hand, if the magnetic substitutional
cations are orderly placed between every two Ru, it is con-
ceivable that the compound may experience a field-induced
transition from a completely insulating, antiferromagnetic(or
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ferrimagnetic) state to a conducting ferromagnetic state, giv-
ing a MR of 100%. Although most antiferromagnetic oxides
probably are not switchable because of the very high switch-
ing field required, a relatively large MRs8%d has been re-
cently reported in antiferromagnetic SrY1/2Ru1/2O3 at 10 T at
17 K.36

V. CONCLUDING REMARKS

In this study, we have shown that the structure and va-
lence states of Sr1−xLaxRu1−xFexO3 are quite normal, without
any transition or mixed valence throughout the composition
range studied. The magnetic phase diagram is also prototyp-
tical for a binary substitutional solid solution of ferromag-
netic and antiferromagnetic end members. The solid solution
undergoes a gradual metal /insulator transition due to Ander-
son localization, which is again expected because one end
membersLaFeO3d is a Mott insulator. The main effects of
magnetic Fe substitution are(a) the polarization of neighbor-
ing conducting electrons, giving rise to a large effective mo-
ment around Fe, which enables a relatively modest field to
align these substitutional cations at relatively high tempera-
tures, and(b) a robust negative MR in the insulating, spin-
frustrated states when host ferromagnetism already fades
away. The first effect can be explained by drawing an anal-
ogy with the case of Fe(and Mn) impurities in Pd, noting
that the very highNsEFd of the host and the unoccupied
electron states of the magnetic impurity at energies nearEF
provide intense virtual bound states and induce a strong mag-
netic polarization of the conducting electrons. The second
effect can be explained by noting that the population of mo-
bile carriers is strongly spin polarized even under Anderson
localization, provided the localization occurs around polariz-
ing magnetic substitutional cations. In addition to the re-
quirements of(i) energy alignment between the magnetic
substitutional cation and the host conduction band, and(ii ) a
high NsEFd of the host, some(iii ) electron localization, and
(iv) spin frustration are required to realize the large negative

MR. These latter requirements(iii ) and(iv) are obvious since
the MR was not observed in metallic PdsFe,Mnd and strong
ferromagnetism would cause a spontaneous long-range clus-
ter alignment into ferromagnetic domains, obviating the need
for field alignment. For oxides, these requirements can be
satisfied by forming a solid solution between a Stoner(such
as SrRuO3) or nearly Stoner(such as CaRuO3 and Sr2RuO4)
ferromagnet37 and an antiferromagnetic insulator(such as
LaFeO3).9

Finally, we reiterate that the mechanisms of magnetism,
conduction, and MR in these ruthernates are entirely distinct
from those in manganates, for which mixed valence and
Jahn-Teller distortion are essential. This is made obvious by
noting some fundamentally different characteristics of the
two systems. For example, the pressure dependence ofTC is
positive for manganates because the increased bandwidth fa-
vors charge delocalization and double exchange,38 but the
opposite holds in SrRuO3 because the increased bandwidth
decreasesNsEfd, adding to the kinetic energy penalty for
band polarization.39 Nevertheless, the fundamental exchange
mechanism of electron resonance between an occupied state
and an empty state, at two neighboring cation sites, applies
to both Ru4+/Fe3+ in Sr1−xLaxRu1−xFexO3 and Mn3+/Mn4+ in
manganates. Therefore, a hybrid mechanism is entirely pos-
sible when both Ru and Mn coexist in the same system.22
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