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Doping effects of Ru inL 0.5Sr0.5CoO3 „LÄLa, Pr, Nd, Sm, and Eu…
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Structure, magnetism, and transport have been investigated forL0.5Sr0.5Co12xRuxO3 (L5La, Pr, Nd, Sm,
and Eu,x50, 0.1, and 0.2!, in which Ru is doped at the Co site in perovskitesL0.5Sr0.5CoO3 . The structures
of most of the compounds were refined to orthorhombicPnma. The compoundsL0.5Sr0.5CoO3 (x50) are
metallic ferromagnets below Curie temperatures between;250 and;150 K. We found that Ru doping brings
about the suppression of ferromagnetic order as well as the loss of metallicity. The Curie-Weiss analysis
showed that the order~except forL5La) commonly changes into an antiferromagnetic type with the doping.
For L5Sm and Eu withx50.2, sharp cusps at around 50–60 K in the magnetization-temperature curves were
ascribed to a spin-glass transition, a finding which was supported by measurements of ac magnetic suscepti-
bility and magnetization relaxation. An origin of these phenomena is proposed by considering several factors
such as the change of the spin states of Co induced by Ru doping.

DOI: 10.1103/PhysRevB.67.094408 PACS number~s!: 75.50.Cc, 75.50.Lk, 72.20.2i, 71.27.1a
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I. INTRODUCTION

Recent studies have revealed peculiar magnetic and tr
port properties of perovskite cobalt oxidesL12xAxCoO3 ~L,
lanthanides:A, alkaline-earth metals!.1–23 LCoO3 (x50)
containing only Co31 (3d6) is an insulating material show
ing no magnetic order. Substitution of theA21 ions gives rise
to a partial oxidation of Co31 into Co41 (3d5) and results in
ferromagnetic order with Curie temperatures (TC) lower
than ;280 K. Their properties have been most intensiv
studied for La12xSrxCoO3 ~Refs. 1–8!, in which the six spin
states of Co are possible: low-spin state~LS state: t2g

6 eg
0

for Co31, t2g
5 eg

0 for Co41), intermediate-spin state~IS
state: t2g

5 eg
1 for Co31, t2g

4 eg
1 for Co41), and high-spin state

~HS state: t2g
4 eg

2 for Co31, t2g
3 eg

2 for Co41). Complex
changes in the magnetic behavior againstx have been inter-
preted as is described in the following.1,3 In a very low Sr
substitution (x,;0.1), each Co41 ion is preferably sur-
rounded by six Co31 ions. The intermediate spin state
tg
5eg

(12x) is formed among the Co ions. These Co31 and Co41

ions are ferromagnetically coupled due to an electron tran
between theeg orbitals. Small Co clusters exhibit superpar
magnetic behavior. The size of each cluster becomes la
for ;0.1<x<;0.18. Antiferromagnetic interactions be
tween the clusters lead to spin-glass phenomena. In
larger-x region, the clusters become large enough to cha
the system into a metallic ferromagnet showing cluster-g
behavior. In this region, the ferromagnetism is assumed to
of an itinerant electron type.

This mechanism is very analogous to that for perovsk
manganitesL12xAxMnO3.24 LMnO3 (x50) containing only
Mn31 (3d4,t2g

3 eg
1) is an antiferromagnetic insulator. With th

substitution of theA21 ions for L31, ferromagnetic order is
observed withTC below ;400 K due to the ferromagneti
interaction between Mn31 (t2g

3 eg
1) and Mn41 (t2g

3 eg
0)

through an electron transfer between theeg orbitals, called
the double-exchange interaction. The discovery of the co
sal magnetoresistance in these compounds has stimu
0163-1829/2003/67~9!/094408~8!/$20.00 67 0944
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considerable renewed attention to their magnetic and e
tronic properties. Recently, the effects of Ru doping at
Mn site in Sm12yCayMnO3 were investigated.24 The results
showed that expansion of ferromagnetism and metallicity
curs in a wide composition region. This phenomenon w
much more pronounced than in Cr doping. These res
were explained in connection with several factors, such
orbital reorientation and ferromagnetic interactions betwe
Mn and Ru.

In this work, structure, magnetism, and transport ha
been investigated forL0.5Sr0.5Co12xRuxO3 (L5La, Pr, Nd,
Sm, and Eu! in a low-doping region of Ru (x50, 0.1, and
0.2!, where Ru is doped at the Co site in perovskit
L0.5Sr0.5CoO3. We recently reported the properties
L0.5Sr0.5CoO3 (x50) for L5Pr, Nd, Sm, and Eu~Refs. 17–
19! and compared them to those of similar compounds
L0.5Ba0.5CoO32d .20–23 It was found that the former com
pounds were metallic ferromagnets below;230 K, while
some of the latter compounds have been reported to ex
additional antiferromagnetic order belowTC and to become
insulators owing to the metal-insulator transitions. Main
from magnetic measurements, the properties
L0.5Sr0.5Co12xRuxO3 were different from those of the above
mentioned manganite Sm12yCayMn12xRuxO3.

II. EXPERIMENTAL PROCEDURES

The L0.5Sr0.5Co12xRuxO3 samples (x50, 0.1, and 0.2,L
5La, Pr, Nd, Sm, and Eu! were prepared by a solid-stat
reaction in air; they were prepared twice to confirm the
producibility of their properties. Stoichiometric mixtures o
L2O3 , SrCO3, and Co3O4 and RuO2 ~99.9%–99.99%,
Soekawa! were ground, pressed into pellets, and fired in
at 1473–1573 K for 24–48 h. The firing was repeated 2
times with intermediate grindings. The samples were fou
to contain oxygen nonstoichiometry from thermogravimet
and inductively coupled plasma~ICP! measurements. For th
x50.2 compounds discussed mainly below, thed value in
L0.5Sr0.5CoO31d showed a tendency to decrease very sligh
©2003 The American Physical Society08-1
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K. YOSHII AND H. ABE PHYSICAL REVIEW B 67, 094408 ~2003!
from ;0.04 to ;20.03 ~60.01–0.02! with increasing the
atomic number ofL. The crystal structures were determin
by powder x-ray diffraction~XRD! using CuKa radiation
@Mac Science Co., M03XHF#. The XRD patterns were ana
lyzed by means of the Rietveld method using the progr
RIETAN-2000.25 Here dc magnetization measurements w
performed in a superconducting quantum interference de
~SQUID! magnetometer ~Quantum Design MPMS!.
Magnetization-temperature~M-T! curves were measured i
both field-cooled~FC! and zero-field-cooled~ZFC! modes
between 4.5 and 400 K with an applied field~H! of 1000 Oe.
Magnetization-applied field~M-H! curves were measure
within H5650 000 Oe at 4.5 K. Here ac magnetic susc
tibilities were measured in the same apparatus. The meas
ment was done upon heating the sample after zero-field c
ing down to 4.5 K. The field strength and frequencies of
ac field were 4 Oe and 0.8–1000 Hz, respectively. Electr
resistivity was measured by the conventional four-pro
method between 4.2 and 300 K.

III. RESULTS

Figure 1 shows the XRD patterns o
Sm0.5Sr0.5Co0.8Ru0.2O3 . The experimental pattern could b
well refined assuming a space group of orthorhombicPnma
with random occupation of Co and Ru at the same site.
ting parameters such as atomic positions are comparab
those reported for other perovskites such as SmTiO3 .26 The
patterns of the other Ru-doped compounds could be fitted
the samePnmastructure exceptL5La, for which a rhom-
bohedral R3̄c structure was assumed. As report
previously,8,18 the data for the end compounds withx50
(L0.5Sr0.5CoO3) were fitted withR3̄c, P21 /n, Pnma, and
Pm3̄m for L5La, Pr, Nd, and Sm and Eu, respectively.

All the lattice parameters increased slightly with increa
ing Ru content. The plausible valences of the Ru ion are1

FIG. 1. XRD patterns of Sm0.5Sr0.5Co0.8Ru0.2O3 ~space group
Pnma, RWP512.38%, RP58.67%, Re58.32%, RI54.13%, RF

53.97%). The lattice parameters area55.4319(3) Å, b
57.6657(3) Å, andc55.4228(2) Å. The cross markers and upp
solid line stand for the experimental and calculated patterns, res
tively. The vertical markers represent the calculated Bragg ang
The lower solid line shows the difference between the experime
and calculated intensities.
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or 51.24 From the previous studies of cobaltites,14,18 the Co
ions are likely in the LS or IS states. Though details of t
change of parameters cannot be discussed here consid
that the ionic radii of Co31 and Co41 were given only for the
LS and HS states in the literature,27 this result means that th
average ionic radius of Co and Ru becomes larger with
Ru doping, which is reasonable because the 3d-metal~Co! is
partially replaced by the 4d-metal ~Ru! in the present sys-
tems. The Co~Ru!-O-Co~Ru! angles showed a tendency
decrease with the doping. This is qualitatively understood
terms of an enhancement of lattice distortion, which ori
nates from the large average radii of theB-site ions~Co and
Ru!, as has been elucidated from many studies of pero
kites. For example, the angle decreased from;166° to
;161° with increasing x from 0 to 0.2 for
Sm0.5Sr0.5Co12xRuxO3.

Figure 2~a! shows the lattice parameters for the orth
rhombic L0.5Sr0.5Co12xRuxO3 compounds withx50.2 as
well as the rhombohedral La0.5Sr0.5Co0.8Ru0.2O3 . The mono-
tonic decrease in the parameters for the orthorhombic c
pounds is relevant to the lanthanide contraction. Figure 2~b!
shows the averaged Co~Ru!-O-Co~Ru! angles plotted agains
the L ions. The angle decreases from;167° (L5La) to
;159° (L5Eu). This is attributable to the enhanced latti
distortion arising from the shrinkage of theA-site ion. The
slight decrease in the oxygen content for the heavierL ions
may also be responsible for this behavior, since an avera
ionic radius of theB-site ions~Co and Ru! becomes larger
for a lower oxidation state.

Figure 3~a! shows the M-T curves measured with

c-
s.
al

FIG. 2. ~a! Lattice parameters plotted against theL ion for
orthorhombicL0.5Sr0.5Co0.8Ru0.2O3 (L5Pr, Nd, Sm, and Eu!. Thea
length for rhombohedral La0.5Sr0.5Co0.8Ru0.2O3 is also plotted
~shown as La!. ~b! Averaged Co~Ru!-O-Co~Ru! angle plotted
against theL ion for all theL0.5Sr0.5Co0.8Ru0.2O3 compounds.
8-2
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DOPING EFFECTS OF Ru INL0.5Sr0.5CoO3 . . . PHYSICAL REVIEW B67, 094408 ~2003!
H51000 Oe for La0.5Sr0.5Co12xRuxO3 with x50 and 0.1.
The ferromagnetic order takes place atTC;250 K for x
50, as reported in previous papers.3,6 From a magnetic hys
teresis loop at 4.5 K, the saturation of magnetization w
;104 emu/mol, which is close to the literature values.
high-temperature region aboveTC was found to obey the
Curie-Weiss~CW! law. The calculated Weiss temperatu
was a ferromagnetic value of;280 K. The paramagnetic
moment obtained from the CW fit (;3.6mB) exhibited a
deviation from a saturation moment (;1.7mB),3 as can be
seen for itinerant magnetism.

The figure also shows that the transition temperature
lowered with a Ru doping of 10%. The transition at;170 K
is brought about by the ferromagnetic order on the basis
the CW analysis, providing that there is a ferromagne
Weiss temperature of;215 K ~see Table I for brevity!. The
weakening of the ferromagnetic interactions is supported
the slightly smaller ordered magnetization than that for
x50 compound. The deviation between the FC and Z

FIG. 3. M-T curves for~a! La0.5Sr0.5Co12xRuxO3 for x50 and
0.1, ~b! La0.5Sr0.5Co0.8Ru0.2O3 (x50.2), and ~c!
Pr0.5Sr0.5Co12xRuxO3 and Nd0.5Sr0.5Co12xRuxO3 . Each compound
is expressed asL(x), whereL andx stand for the lanthanide and R
content, respectively. The magnetization forL5Pr and Nd withx
50.2 was multiplied by factors of 40 and 30, respectively.
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curves below;100 K is in qualitative accord with the pres
ence of magnetic transition. Figure 3~b! shows that the mag
netic order is more suppressed forx50.2. The ordering tem-
perature is;70 K. The transition profiles with the absence
a steep upturn of magnetization below this temperature
antiferromagnetic rather than ferromagnetic. The FC mag
tization at 4.5 K is only;1/80 as large as that ofx50.

The same qualitative phenomenon has also been obta
for the other systems. Figure 3~c! shows theM-T curves for
L5Pr and Nd. The results for the smaller lanthanide syste
of L5Sm and Eu are shown in Figs. 4~a!–4~c!. Ferromag-
netic order is observed between;230 and;150 K for the
x50 compounds.18 The decrease in magnetization fo
Nd0.5Sr0.5CoO3 below;70 K @Fig. 3~c!# and Sm0.5Sr0.5CoO3
below ;20 K @Fig. 4~a!# implies the evolution of ferrimag-
netic coupling between theL and Co moments, as found fo
Nd0.66Sr0.33CoO3.15 The ordering temperatures are lower
to ;50–160 K with the doping. The transitions forL5Pr
and Nd withx50.2, exhibiting a slight inflection of magne

FIG. 4. M-T curves for~a! Sm0.5Sr0.5Co12xRuxO3 with x50 and
0.1, ~b! Sm0.5Sr0.5Co0.8Ru0.2O3 (x50.2), and ~c!
Eu0.5Sr0.5Co12xRuxO3 . Each compound is expressed asL(x),
whereL andx stand for the lanthanide and Ru content, respectiv
The magnetization forL5Eu with x50.2 was multiplied by a fac-
tor of 40.
8-3
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K. YOSHII AND H. ABE PHYSICAL REVIEW B 67, 094408 ~2003!
tization at the ordering temperatures, are pointed out by
arrows in Fig. 3~c!. Low-temperature magnetization is als
greatly lowered by the doping in all the systems. F
example, the magnetization of Eu0.5Sr0.5Co0.8Ru0.2O3 is
;1/160 compared to that of Eu0.5Sr0.5CoO3. The ZFC
curves of Sm0.5Sr0.5Co0.8Ru0.2O3 @Fig. 4~b!# and
Eu0.5Sr0.5Co0.8Ru0.2O3 @Fig. 4~c!# show sharp cusps at th
transition temperature of;50 K. This behavior is reminis-
cent of a spin-glass transition.28

Figure 5 shows inverse magnetization plotted as
function of the temperature for Nd0.5Sr0.5CoO3,
Nd0.5Sr0.5Co0.8Ru0.2O3 , and Sm0.5Sr0.5Co0.8Ru0.2O3 . The
Curie-Weiss behavior is observed at high temperatu
Bending of the curvature was found at;300 K for
Sm0.5Sr0.5Co0.8Ru0.2O3 , which may be associated with th
thermal excitation of 4f electrons in Sm31. The slope of the
curve becomes slightly less steep with the doping, as sp
lated from the data of Nd0.5Sr0.5Co12xRuxO3. This change
means an increase in the effective paramagnetic moment
result of the doping. For allL0.5Sr0.5Co12xRuxO3 systems,
the Weiss temperatures become smaller monotonically w
increasing the Ru content, as shown later. This weakenin
ferromagnetic correlation is responsible for the suppress

FIG. 5. Inverse magnetization plotted against temperature
Nd0.5Sr0.5Co12xRuxO3 (x50 and 0.2! and Sm0.5Sr0.5Co0.8Ru0.2O3 .
Each compound is expressed asL(x), whereL andx stand for the
lanthanide and Ru content, respectively.

FIG. 6. M-H curves for Sm0.5Sr0.5Co12xRuxO3 at 4.5 K for x
50 and 0.2. The inset shows a low-applied field regi
for x50.2.
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of magnetic order shown in Figs. 3 and 4. The change of
M-H curve with Ru doping, shown in Fig. 6, indicates th
disappearance of magnetization saturation, which is qua
tively consistent with the behavior of theM-T curves.

The results obtained from the magnetization data are s
marized in Table I for all compounds. The following fea
tures, including those noted above, were obtained from th
figures and table. Possible origins of these phenomena
be discussed later in Sec. IV.

~1! The transition temperatures are monotonically d
creased by the Ru doping in allL0.5Sr0.5Co12xRuxO3 sys-
tems.

~2! Low-temperature magnetization is suppressed with
doping, which is accompanied by the disappearance of s
ration magnetization.

~3! The effective paramagnetic moments tend to incre
with the doping.

~4! The Weiss temperature monotonically decreases w
doping. ForL0.5Sr0.5Co12xRuxO3 with L5Pr–Eu, a cross-
over from ferro- to antiferromagnetic interactions occurs b
tweenx50.1 and 0.2.

~5! Both the transition temperature and the Weiss te
perature decrease with increasing the atomic number ofL in
L0.5Sr0.5Co12xRuxO3, with x having the same value.

The Ru doping also changes the electrical transport pr
erties. Electrical resistivity~r! was plotted against the tem
perature~T! for Sm0.5Sr0.5Co12xRuxO3 in Fig. 7~a!. All of
theL0.5Sr0.5CoO3 (x50) compounds are metallic below 30
K.3,18 The present system shows a monotonic increase
resistivity with doping and changes to an insulator atx
50.2. Figure 7~b! shows the insulating nature o
La0.5Sr0.5Co12xRuxO3 and Eu0.5Sr0.5Co12xRuxO3, exhibit-
ing nearly identical curve shapes to those shown in Fig. 7~a!.
Figure 7~c! displays the plot of resistivity against 1/T for
Sm0.5Sr0.5Co0.8Ru0.2O3 , which is shown as ‘‘experimenta

r

TABLE I. Transition temperature, effective paramagnetic m
ment per formula unit~including the contribution ofL ions!, and
Weiss temperature for all systems.

x
Transition

temperature~K!
Paramagnetic
moment (mB)

Weiss
temperature~K!

La 0 250 3.60 275
0.1 168 3.32 215
0.2 68 3.78 30

Pr 0 234 3.82 260
0.1 159 3.91 180
0.2 65 4.49 25

Nd 0 222 3.87 245
0.1 150 4.03 165
0.2 55 4.50 234

Sm 0 184 3.46 220
0.1 117 3.57 145
0.2 50 3.87 240

Eu 0 155 3.86 175
0.1 105 4.06 115
0.2 47 4.79 295
8-4
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DOPING EFFECTS OF Ru INL0.5Sr0.5CoO3 . . . PHYSICAL REVIEW B67, 094408 ~2003!
data’’ ~Exp!. The curvature shape indicates that there is
suitable fit on a simple semiconductor model ofr
}exp(E/kT) in the whole temperature region. The activati
energiesE determined in the high- and low-temperature
gions are shown in Table II. A successful fit at all tempe
tures could not be attained for other models either, such
polaron model assumed for LaCoO3 ~Ref. 2! and a variable-
range hopping model.29 The parameters obtained from the
models are listed in Table II. As is seen in the figure,
curve could be fitted on the magnetic polaron model
magnetically disordered systems@spin-glass polaron mode
shown as ‘‘stretched exponential fit’’~Fit!#,30 in which corre-
lation effects are included in the electron-hopping proces

FIG. 7. Electrical resistivity~r! plotted as a function of the
temperature ~T! for ~a! Sm0.5Sr0.5Co12xRuxO3 and ~b!
L0.5Sr0.5Co0.8Ru0.2O3 with L5La, Sm, and Eu.~c! r values plotted
against 1/T for Sm0.5Sr0.5Co0.8Ru0.2O3 . The experimental and fitted
curves are shown as ‘‘Exp’’ and ‘‘Fit,’’ respectively. The fit wa
done on the basis of the magnetically disordered model or
}exp@EH /kT1(T0 /T)1/4#.
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The fitting parametersEH and T0 in r}exp@EH /kT
1(T0 /T)1/4# were 82 meV and 1.33107 K, respectively.

Figure 8 shows the real part of the ac susceptibility~x8!
for Sm0.5Sr0.5Co0.8Ru0.2O3 . A susceptibility peak at;50 K
corresponds to the magnetic transition in theM-T curves
shown in Fig. 4~b!. It shifts slightly to higher temperatures a
the frequency of the ac field is increased. The result supp
the speculation of a spin-glass transition. The tempera
shift defined as (DTg /Tg)(1/D log10n) was calculated to be
;0.01–0.02~D, change ofTg and log10n; Tg , spin-glass
transition temperature; andn, frequency!, assuming thatTg is
the peak temperature ofx8. This value is comparable to
those reported for typical spin glasses.28 Almost the same
shift value was also obtained for the imaginary part of t
susceptibility. Much smaller shift values of;0.002 were also
obtained for thex50 compounds,19 which are comparable
values to those for the Ba cobaltitesL0.5Ba0.5CoO32d .23 This
result shows the existence of a weakly frustrated state, s
as cluster glass, also in non-Ru-doped systems, origina
from coexisting antiferromagnetic interactions between
Co ions.6,14 The enhancement of the peak-temperature s
together with both the suppression of ferromagnetism
the sharp cusp, all of which are caused by the Ru dop
indicates the development of magnetic frustration originat

FIG. 8. Real part of the ac susceptibility fo
Sm0.5Sr0.5Co0.8Ru0.2O3 measured with several ac frequencies~n! be-
tween 1 and 1000 Hz.

TABLE II. Some parameters, such as an activation energy,
culated on the basis of the four representative models of con
tion.

Model E ~meV! E ~meV!

Semiconductor
r}exp(E/kT)

21.5~,40 K! 81.8~.170 K!

Polaron
r}(1/T)exp(E/kT)

18.9~,40 K! 64.6~.180 K!

T0 ~K! T0 ~K!

Variable-range hopping
r}exp(T0 /T)1/4

4.503107 ~,50 K! 2.073107 ~.140 K!

Magnetically disordered
system
r}exp@EH /kT1(T0 /T)1/4#

EH582 meV
T051.33107 K
8-5
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K. YOSHII AND H. ABE PHYSICAL REVIEW B 67, 094408 ~2003!
from the strengthened antiferromagnetic interactions. Fig
9 presents the temperature dependence of thermorema
magnetization~TRM! measured for Eu0.5Sr0.5Co0.8Ru0.2O3 .
The sample was cooled from room temperature to 5 K in an
applied field of 1000 Oe. The measurement was done im
diately after reducing the field to zero. The relaxation
magnetization could be fitted with a stretched exponen
form M0 exp(2atn) (M0 , initial magnetization;t, time! for
some glassy compounds.31,32 The a andn values were esti-
mated to be;0.0022 and;0.24, respectively, both of which
could change from system to system depending on s
physical parameters as well, such as the measurem
temperature.31,32

IV. DISCUSSION:
POSSIBLE ORIGINS OF MAGNETIC BEHAVIOR

The metallic ferromagnetism in the Ru-freeL0.5Sr0.5CoO3
(x50) is interpreted likely on the basis of the discussion
La12xSrxCoO3, in which a ferromagnetic interaction be
tween Co31 and Co41 arises from the averaged intermedia
spin state oft2g

5 eg
(12x) .1,3 From isothermal magnetizatio

measurements at 4.5 K, this spin state is plausible also
L0.5Sr0.5CoO3 with L5Pr–Eu, implying the coexistence o
IS Co31 (t2g

5 eg
1) and LS Co41 (t2g

5 eg
0).18 For the analogous

system L0.66Sr0.33CoO3 (L5La, Pr, Pr0.5Nd0.5, Nd,
Nd0.5Sm0.5, and Sm!, the presence of IS Co31 (t2g

5 eg
1), LS

Co41 (t2g
5 eg

0), and IS Co41 (t2g
4 eg

1) was suggested.14

The expansion of ferromagnetism and metallicity in t
manganite Sm12yCayMn12xRuxO3 ~Ref. 24! is in contrast
with the present results and is somewhat unexpected bec
similar mechanisms are assumed for the ferromagnetism
both LxAxMnO3 andL12xAxCoO3. One possible reason fo
the behavior in Sm12yCayMn12xRuxO3 is that the Mn ions
remain in the Mn31 (t2g

3 eg
1) and Mn41 (t2g

3 eg
0) states, which

have ferromagnetic interactions with the low-spin ions
Ru41 (t2g

4 eg
0) or Ru51 (t2g

3 eg
0) via an electron transfer be

tween theeg orbitals.
On the other hand, all the presentL0.5Sr0.5Co12xRuxO3

systems show the evolution of antiferromagnetic correlat

FIG. 9. Thermoremanent magnetization~TRM! plotted against
time for Eu0.5Sr0.5Co0.8Ru0.2O3 measured at 6 K. The experiment
data and stretched exponential fit are shown as ‘‘Exp’’ and ‘‘Fi
respectively.
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by the Ru doping. It is plausible that the Ru ions are sta
lized in the low-spin state for both Ru41 and Ru51, as sug-
gested by the experimental results of perovskite ruthen
such as CaRuO3 and SrRuO3.33–35A valence fluctuation be-
tween Ru41 and Ru51 is likely to occur as well. Different
from the case of theL0.5Sr0.5CoO3 (x50) metallic com-
pounds, paramagnetic moments obtained from the Cu
Weiss analysis for the Ru-dopedx50.2 compounds reflec
actual spin states because of their localized nature, as i
vealed from the resistivity measurements~Fig. 7!. The cal-
culated paramagnetic moments for the two ionic states of
together with the spin states of Ru and Co, are listed in Ta
III for Nd0.5Sr0.5Co0.8Ru0.2O3 , which was selected as a rep
resentative system considering the ambiguity of the Sm
Eu systems due to the thermal excitation of 4f electrons. The
effective Nd31 moment of 3.68mB was used in the
calculation.36 From the experimental work on
L0.66Sr0.33CoO3 ~Ref. 14! and L0.5Sr0.5CoO3 ~Ref. 18!, it
seems to be plausible that the Co31 and Co41 ions are in the
LS and/or IS state. However, Tables I and III show that ea

’

TABLE III. Upper panel: valence of Ru, average valence
Co, some representative electronic states of Co, and calcu
paramagnetic moment including the contribution of Nd31 for
Nd0.5Sr0.5Co0.8Ru0.2O3 . Lower panel: Electronic states of the sp
states of Co and Ru ions and spin-only magnetic moments, w
were used for the calculation of the values in the upper panel.

Ru41

Co3.3751 Electronic state of Co

Estimated
paramagnetic
moment (mB)

Co311(LS)Co41(LS) 3.04
Co31(IS)Co41(LS) 3.64
Co31(IS)Co41(IS) 4.11
Co31(HS)Co41(IS) 4.99
Co31(IS)Co41(HS) 4.78

Ru51

Co3.1251 Electronic state of Co

Estimated
paramagnetic
moment (mB)

Co311(LS)Co41(LS) 3.17
Co31(IS)Co41(LS) 3.96
Co31(IS)Co41(IS) 4.11
Co31(HS)Co41(IS) 5.30
Co31(IS)Co41(HS) 4.34

Electronic states
Spin-only

moment (mB)

Co31 LS(t2g
6 eg

0) 0

IS(t2g
5 eg

1) 2.83

HS(t2g
4 eg

2) 4.90

Co41 LS(t2g
5 eg

0) 1.73

IS(t2g
4 eg

1) 3.87

HS(t2g
3 eg

2) 5.92

Ru41 LS(t2g
4 eg

0) 2.83

Ru51 LS(t2g
3 eg

0) 3.87
8-6
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calculated moment on this assumption is smaller than
experimental value, even in the case for the IS state for b
Co31 and Co41, which provide the largest paramagnetic m
ments. This result was true also for the otherx50.2 com-
pounds from the calculation using the effectiveL31 mo-
ments in Ref. 36. If the oxygen nonstoichiometry is tak
into account, the average valences of Co are;3.3–3.51 and
;3.0–3.31 for the Ru41 and Ru51 substitutions, respec
tively. These values give the same qualitative result from
same type of calculation. The analyses described h
strongly suggests that the Co ions are partially converted
the HS state and have larger spin-only moments, though
contents of the spin states of the Co ions cannot be de
mined from the magnetization data alone.The larger radiu
the HS ion than that of the LS ion calculated for Co31 ~Ref.
27! is consistent with the enhancement of the lattice dis
tion noted in Sec. III.

The crystallographic change is not responsible for
conversion of the spin state. As was noted, the Ru dop
makes the Co~Ru!-O-Co~Ru! angle smaller for each system
This change reduces energy widths of thet2g–eg bands due
to a decrease in electron transfer. Thus the energy gap
tween thet2g and eg bands is increased, which suppress
the electron excitation fromt2g to eg . Widening of the en-
ergy gap was suggested from the optical study on the
ovskites, including the cobaltites LaCoO3 and YCoO3,
where the latter compound has a larger lattice distortion.37

The spin-state conversion is interpreted in connect
with the stronger covalency of Ru 4d orbitals than of Co 3d,
as was commented previously.24 The Ru doping broadens th
energy widths of both thet2g andeg bands and consequent
leads to a narrowing of the energy gap. Therefore, elec
excitation from t2g to eg , which leads to the HS state,
promoted. The presence of the HS state explains the w
ening of ferromagnetic interactions revealed from the Cu
Weiss analysis~Table I!, since electron transfers between t
eg orbitals of the HS Co ions dominantly generate antifer
magnetic interactions. As a result of magnetic frustrat
intensified by the strengthened antiferromagnetic corr
tion, the transition temperature and the ordered magn
zation become lower ~Table I!. For the manganite
Sm12yCayMn12xRuxO3, a wider energy difference betwee
the t2g and eg states is assumed. This situation may be
lated to the smaller optical gap in the perovskite LaCo3
than in LaMnO3.37

The insulating behavior caused by the doping~Fig. 7!
means that the on-site Coulomb energy~U! at Co overcomes
the energy width of theeg band ~W!.4 In other words, this
band is not wide enough to contain the three or four electr
that are required for electrical conductivity. The insulati
nature of the present compounds, different from the me
licity of Sm12yCayMn12xRuxO3, can be understood in term
of a largerU value per 3d electron in the Co ions than in th
Mn ions, owing to the larger number of 3d electrons in the
former ions. In spite of very slight differences in theU val-
ues, this tendency is found from the theoretical calculat
for some compounds.38 The fit for the experimental data o
the magnetically disordered model@Fig. 7~c!# indicates that
correlation effects and disorder play a significant role in
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conduction process, which is in accordance with the prese
of magnetic frustration.

The antiferromagnetic interaction for each of thex50.1
andx50.2 series also became stronger for the heavierL ions
~Table I!. The magnetic frustration is the largest fo
Eu0.5Sr0.5Co0.8Ru0.2O3 , which shows the lowest transitio
temperatures of 47 K accompanied by the spin-glass be
ior. The tendency is likely associated with weaker ferroma
netic Co31-Co41 couplings, owing to the narrowing of th
Co~Ru!-O-Co~Ru! angle for the heavierL ions @Fig. 2~b!#, as
suggested for the monotonic decrease inTC for
L0.66Sr0.33CoO3 with increasing the atomic number ofL.14

However, as such narrowing also lowers the antiferrom
netic interactions between Co and Ru, the tendency could
be understood only in this context alone. Theoretical inv
tigations for estimating the strengths of ferro- and antifer
magnetic interactions are necessary. Another possibility
the enhancement of the antiferromagnetic correlation is
tendency of a slight decrease in d for
L0.5Sr0.5Co0.8Ru0.2O31d as the atomic number ofL is in-
creased~Sec. II!; however, it should be noted that the chan
of d is very slight and is comparable to the experimen
errors. As it is plausible that such a change lowers the c
tent of Co41 because of the reduction of Co and Ru, t
ferromagnetic coupling between Co31 and Co41 is further
weakened for the heavier lanthanides. A similar explanat
is also applicable to the metallicL0.5Sr0.5CoO31d (x50)
compounds, which show a monotonic decrease in bothTC

andd with increasing the atomic number ofL ~Refs. 18 and
39! and in which no clear relationship betweenTC and the
Co-O-Co angle is observed.

V. SUMMARY

Structure, magnetism, and transport have been inve
gated forL0.5Sr0.5Co12xRuxO3 (L5La, Pr, Nd, Sm, and Eu
x50, 0.1, and 0.2!, where Ru is doped at the Co site
perovskite cobaltitesL0.5Sr0.5CoO3. The structures of mos
of the compounds were refined to orthorhombicPnma. The
compoundsL0.5Sr0.5CoO3 (x50) are metallic ferromagnet
below Curie temperatures between;250 and;150 K. It
was found that Ru doping brings about the suppression of
ferromagnetic order as well as the loss of metallicity. T
Curie-Weiss analysis showed that the order~except for
L5La) commonly changed into that of the antiferromagne
type with the doping. ForL5Sm and Eu withx50.2, sharp
cusps at around 50–60 K in the magnetization-tempera
curves were ascribed to a spin-glass transition, a find
which was supported by measurements of ac magnetic
ceptibility and magnetization relaxation. An origin of the
phenomena is proposed by considering several factors
as the change of the spin states of Co induced by Ru dop

Note added in proof.The crystal structure of one of th
x50 compounds, Eu0.5Sr0.5CoO3 was reported recently to
be monoclinicP21/m ~No. 11!.40 As a crystallographic dis-
tortion is expected to be larger for heavier lanthan
8-7
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ions, this result seems to be relevant, as noted by
authors of this paper. This structure for our samp
led to lattice lengths@a55.3721(11),b57.5947(6), and
c55.3718(10) Å, b589.713(8)°,RWP;11%, good-
ness-of-fit;1.4# which are close to those in this paper. F
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dress: yoshiike@spring8.or.jp
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