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Doping effects of Ru inLsSrysCoO5 (L=La, Pr, Nd, Sm, and Eu)
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Structure, magnetism, and transport have been investigatdd, {81, Co, _,Ru,O; (L=La, Pr, Nd, Sm,
and Eu,x=0, 0.1, and 0.2 in which Ru is doped at the Co site in perovskitgsSr, sCo0;. The structures
of most of the compounds were refined to orthorhomPiena The compoundd j 5Srp sCo0; (x=0) are
metallic ferromagnets below Curie temperatures betwe2s0 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 ordéexcept forL =La) commonly changes into an antiferromagnetic type with the doping.
ForL=Sm and Eu withk= 0.2, 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.
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I. INTRODUCTION considerable renewed attention to their magnetic and elec-
tronic properties. Recently, the effects of Ru doping at the

Recent studies have revealed peculiar magnetic and trann site in Sm_,CaMnO; were investigated! The results
port properties of perovskite cobalt oxides_,A,Co0; (L,  showed that expansion of ferromagnetism and metallicity oc-
lanthanides:A, alkaline-earth metals~2® LCoO; (x=0) curs in a wide composition region. This phenomenon was
containing only C8" (3d°) is an insulating material show- much more pronounced than in Cr doping. These results

ing no magnetic order. Substitution of tA&™ ions gives rise  Were explained in connection with several factors, such as
to a partial oxidation of Cd" into Cd** (3d%) and results in orbital reorientation and ferromagnetic interactions between

ferromagnetic order with Curie temperatures.) lower ~ Mn and Ru.

than ~280 K. Their properties have been most intensively In Fhis vv_ork, structure, magnetism, and_ transport have
studied for La_,Sr,CoO; (Refs. 1-8, in which the six spin been investigated fo sSk sC0,-xRUO; (L=La, Pr, Nd,

states of Co are possible: low-spin stétS state: tg e’ Sm, and Elin a !ow-dopmg region of Ru.>(=.0, 0.1, and_

+ .5 0 P . . 9°9 0.2, where Ru is doped at the Co site in perovskites
for Co®", 548 for Co™"), intermediate-spin statelS | d th . f
tate: 15 el for CE* 14 el for Ca**) and hiah-spin stat LosSIhsCo0;. We recently reported the properties o
stare: 1o IOr 0", 2(9)3eg or~9 ). a Lrgn-spin state ) | sy (Co0, (x=0) for L=Pr, Nd, Sm, and E(Refs. 17—
(HS state: treg for Co™", tyyey for Co™"). Complex 19 ang compared them to those of similar compounds in
changes in the magnetic behavior agaisiave been inter- LoeBaoC00;_ 5.2 It was found that the former com-
preted as is described in the follov_viﬁﬁ_.ln avery low Sr - hoinds were metallic ferromagnets belev230 K, while
substitution ((,<N0'+1),' each C‘b ion is preferably sur-  gome of the latter compounds have been reported to exhibit
rgu(qéf)d_ by six C&" ions. The |_ntermed|ate3 Spin Statf of additional antiferromagnetic order beldl and to become
tgej ) is formed among the Co ions. These’Cand C4 insulators owing to the metal-insulator transitions. Mainly
ions are ferromagnetically coupled due to an electron transfefom  magnetic measurements, the properties  of

between th@g Or-bitals. Sma” Co clusters exhibit superpara- LO.SSrO.SCOl—XRuXO3 were different from those of the above-
magnetic behavior. The size of each cluster becomes largghentioned manganite Sm,CaMn; _,RuOs.

for ~0.1=x=<~0.18. Antiferromagnetic interactions be-
tween the clusters lead to spin-glass phenomena. In the
largerx region, the clusters become large enough to change
the system into a metallic ferromagnet showing cluster-glass The L, <Sr, £Co,_,Ru,05; samples x=0, 0.1, and 0.2
behavior. In this region, the ferromagnetism is assumed to be-| 3, Pr, Nd, Sm, and Buwere prepared by a solid-state
of an itinerant electron type. reaction in air; they were prepared twice to confirm the re-
This mechanism is very analogous to that for perovskiteyroducibility of their properties. Stoichiometric mixtures of
manganites. ; |, A,MnO;.** LMnO; (x=0) containingonly | ,0,, SrCQ,, and CaO, and RuQ (99.9%-99.99%
Mn3* (3d*,t3,ep) is an antiferromagnetic insulator. With the Soekawa were ground, pressed into pellets, and fired in air
substitution of theA?* ions for L3*, ferromagnetic order is at 1473—1573 K for 24—48 h. The firing was repeated 2—3
observed withT¢ below ~400 K due to the ferromagnetic times with intermediate grindings. The samples were found
interaction between M (tggeé) and Mrf* (tggeg to contain oxygen nonstoichiometry from thermogravimetric
through an electron transfer between theorbitals, called and inductively coupled plasméCP) measurements. For the
the double-exchange interaction. The discovery of the colosx=0.2 compounds discussed mainly below, he&alue in
sal magnetoresistance in these compounds has stimulatéd sSr, sC00;, s showed a tendency to decrease very slightly

II. EXPERIMENTAL PROCEDURES
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FIG. 1. XRD patterns of SpxSry=CoygRUy O3 (Space group
Pnma Ryp=12.38%, Rp=8.67%, R,=8.32%, R,=4.13%, R¢ . : . . :
=3.97%). The lattice parameters ara=5.4319(3) A, b ~ 170 (b)
=7.6657(3) A, andt=5.4228(2) A. The cross markers and upper o_ n
solid line stand for the experimental and calculated patterns, respec- o 165 \_
tively. The vertical markers represent the calculated Bragg angles. 2 T~
The lower solid line shows the difference between the experimental < 160} e,

and calculated intensities.

La Pr Nd Sm Eu

from ,~0'04 to ~—0.03 (+0.01-0.02 with increasing the FIG. 2. (a) Lattice parameters plotted against theion for
atomic number ot.. The crystal structures were determined qhorhombic , St <Con Ry 20 (L= Pr, Nd, Sm, and BuThea

by powd_er x-ray diffraction’XRD) using CuKa radiation length for rhombohedral L@aSrKCopsRU-0s is also plotted
[Mac Science Co., MOBXH]FThe XRD patterns were ana- (shown as La (b) Averaged CERU-O-CARu) angle plotted
lyzed by means of the Rietveld method using the prograngainst the. ion for all the Ly 5St, sC0 sRUy 205 compounds.
RIETAN-2000%° Here dc magnetization measurements were

performed in a superconducting quantum in_terference devicgr 5+ 24 From the previous studies of cobaltifés®the Co
(SQUID) magnetometer (Quantum Design MPMS ions are likely in the LS or IS states. Though details of the

Magnetization-temperaturév-T) curves were measured in : L
- . change of parameters cannot be discussed here considering
both field-cooled(FC) and zero-field-cooledZFC) modes that the ionic radii of C&" and C4* were given only for the

between 4.5 and 400 K with an applied fi€k) of 1000 Oe. ) : )
Magnetization-applied fieldM-H) curves were measured LS and HS states in the literatuf&this result means that the

within H= =50 000 Oe at 4.5 K. Here ac magnetic suscep_average ionic radius of Co and Ru becomes larger with the

tibilities were measured in the same apparatus. The measurg doPing, which is reasonable because thergtal(Co) is
ment was done upon heating the sample after zero-field cooP@rtially replaced by the dimetal (Ru) in the present sys-
ing down to 4.5 K. The field strength and frequencies of thdems. The CRU-O-CaRu) angles showed a tendency to
ac field were 4 Oe and 0.8—1000 Hz, respectively. Electrica?jecrease with the doping. This is qualitatively understood in

resistivity was measured by the conventional four—probeterms of an enhancement of Iatt'i.ce distqrtiqn, which origi-
method between 4.2 and 300 K. nates from the large average radii of fesite ions(Co and

Ru), as has been elucidated from many studies of perovs-
kites. For example, the angle decreased frerh66° to
. RESULTS ~161° with increasing x from 0 to 0.2 for

Figure L ~shows ~the XRD patterns - of Snl]%ifﬁgc%a;x;%v?g.the lattice parameters for the ortho
Smy sSK sCoy gRUy JO3. The experimental pattern could be . e )
well refined assuming a space group of orthorhonitriena rhombic Lo 551 sC0;-xRuO; compounds withx=0.2 as
with random occupation of Co and Ru at the same site. Fit/Vell as the rhombohedral bgSr C0p gRUy. 0. The mono-
ting parameters such as atomic positions are comparable {gNic decrease in the parameters for the orthorhombic com-
those reported for other perovskites such as SmFOThe pounds is relevant to the lanthanide contraction. F|glﬂt_ﬁ 2
patterns of the other Ru-doped compounds could be fitted foinOWs the averaged Ru)-O-CoRu) angles E’IOtt‘id against
the samePnmastructure except =La, for which a rhom- th€ L ions. The angle decreases froml67° (L=La) to
bohedral R structure was assumed. As reported~159° (L=Eu). This is attributable to the enhanced lattice

i . distortion arising from the shrinkage of thfesite ion. The
18
prewously? the data for the end compounds wiki+0 slight decrease in the oxygen content for the heali@ns

(LosSIsCo0;) were fitted withR3c, P2;/n, Pnma and  may also be responsible for this behavior, since an averaged
Pm3m for L=La, Pr, Nd, and Sm and Eu, respectively. ionic radius of theB-site ions(Co and Ry becomes larger

All the lattice parameters increased slightly with increas-for a lower oxidation state.
ing Ru content. The plausible valences of the Ru ion are 4  Figure 3a) shows the M-T curves measured with
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FIG. 3. M-T curves for(a) LagsSr sCo; _ ,Ru,O; for x=0 and
01, (b LagsSiLomeRUp03 (x=0.2), and (o)
Pry.sS1h.5C0; _ yRU Oz and N 5Sr, Co; _,Ru,05. Each compound
is expressed ds(x), whereL andx stand for the lanthanide and Ru
content, respectively. The magnetization for Pr and Nd withx
=0.2 was multiplied by factors of 40 and 30, respectively.

FIG. 4. M-T curves for(a Smy sSr sCo; _ ,Ru,O3 with x=0 and
01, Sy 555 5C0p gRUp. 203 (x=0.2), and (0
Euy S Co; Ry O;. Each compound is expressed &$x),
whereL andx stand for the lanthanide and Ru content, respectively.
The magnetization fok = Eu with x=0.2 was multiplied by a fac-
tor of 40.

H=1000 Oe for LgsSrCo;_,RuO; with x=0 and 0.1. curves below~100 K is in qualitative accord with the pres-
The ferromagnetic order takes place Bt~ 250 K for x ence of magnetic transition. Figuréb® shows that the mag-
=0, as reported in previous papéSFrom a magnetic hys- netic order is more suppressed for 0.2. The ordering tem-
teresis loop at 4.5 K, the saturation of magnetization wagerature is~70 K. The transition profiles with the absence of
~10* emu/mol, which is close to the literature values. Aa steep upturn of magnetization below this temperature are
high-temperature region abovi- was found to obey the antiferromagnetic rather than ferromagnetic. The FC magne-
Curie-Weiss(CW) law. The calculated Weiss temperature tization at 4.5 K is only~1/80 as large as that of=0.
was a ferromagnetic value 0f280 K. The paramagnetic The same qualitative phenomenon has also been obtained
moment obtained from the CW fit~3.6ug) exhibited a for the other systems. Figuréc3 shows theM-T curves for
deviation from a saturation moment-(L.7u5),% as can be L=Pr and Nd. The results for the smaller lanthanide systems
seen for itinerant magnetism. of L=Sm and Eu are shown in Figs(a4—4(c). Ferromag-
The figure also shows that the transition temperature igietic order is observed betweer230 and~150 K for the
lowered with a Ru doping of 10%. The transition-al70 K x=0 compound$® The decrease in magnetization for
is brought about by the ferromagnetic order on the basis olNd, 5Sr; sCoO; below ~70 K [Fig. 3(c)] and Sng S sC0o0;
the CW analysis, providing that there is a ferromagneticbelow ~20 K [Fig. 4(a)] implies the evolution of ferrimag-
Weiss temperature of 215 K (see Table | for brevity The  netic coupling between thie and Co moments, as found for
weakening of the ferromagnetic interactions is supported bNd, 6S1o 34C00;.2° The ordering temperatures are lowered
the slightly smaller ordered magnetization than that for theo ~50-160 K with the doping. The transitions far=Pr
x=0 compound. The deviation between the FC and ZFCGand Nd withx=0.2, exhibiting a slight inflection of magne-
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0.25 TABLE |. Transition temperature, effective paramagnetic mo-
ment per formula unitincluding the contribution ot iong), and
0.20 Weiss temperature for all systems.
3
OEJ 0.15 Transition Paramagnetic Weiss
? X  temperaturdK) moment (wg) temperaturgK)
s 010 La O 250 3.60 275
= 0.1 168 3.32 215
0.05 0.2 68 3.78 30
Pr 0 234 3.82 260
000G ™300 200 300 400 0.1 159 3.91 180
Temperature (K) 0.2 65 4.49 o
Nd O 222 3.87 245
FIG. 5. Inverse magnetization plotted against temperature for 01 150 4.03 165
Ndy 5515,5C0; - xRUO; (x=0 and 0.2 and Sy sSrpsC0p gRUy 205 0.2 55 4.50 —34
Each compound is expressedlax), whereL andx stand forthe Sm 0 184 3.46 220
lanthanide and Ru content, respectively. 0.1 117 3.57 145
0.2 50 3.87 —40
tization at the ordering temperatures, are pointed out by theu 0 155 3.86 175
arrows in Fig. 8c). Low-temperature magnetization is also 0.1 105 4.06 115
greatly lowered by the doping in all the systems. For 0.2 47 4.79 —-95

example, the magnetization of 45 CoygRUy O35 IS
~1/160 compared to that of BgSrsCo0;. The ZFC
curves  of  SmsSisCoh R O3 [Fig. 4b)] and  of magnetic order shown in Figs. 3 and 4. The change of the
Eu sSI.sC0p dRU 203 [Fig. 4(c)] show sharp cusps at the \.H curve with Ru doping, shown in Fig. 6, indicates the

transition temperature of-50 K. This behavior is reminis- gjsappearance of magnetization saturation, which is qualita-

cent of a spin-glass transiticfi. o tively consistent with the behavior of thé-T curves.
Figure 5 shows inverse magnetization plotted as a The results obtained from the magnetization data are sum-
function of the temperature for N@SKHsCoO;,  marized in Table | for all compounds. The following fea-

Ndyo 551.5C0 gRW 203, and S sSisCheRW 3. The  tures, including those noted above, were obtained from these
Curie-Weiss behavior is observed at high temperatureigyres and table. Possible origins of these phenomena will
Bending of the curvature was found at300 K for pe discussed later in Sec. IV.

Sy 5S15.5C0 gRUp 203, Which may be associated with the (1) The transition temperatures are monotonically de-
thermal excitation of # electrons in Si#i". The slope of the creased by the Ru doping in dlly St £Co;_,RUO5 Sys-
curve becomes slightly less steep with the doping, as speciems. o

lated from the data of NgtSrsCo;—xRu,O3. This change (2) Low-temperature magnetization is suppressed with the
means an increase in the effective paramagnetic moment asi@ping, which is accompanied by the disappearance of satu-
result of the doping. For all,sSKsCo; - RU,O3 systems,  ration magnetization.

the Weiss temperatures become smaller monotonically with (3) The effective paramagnetic moments tend to increase
increasing the Ru content, as shown later. This weakening afith the doping.

ferromagnetic correlation is responsible for the suppression (4) The Weiss temperature monotonically decreases with
doping. ForlLysSrsCo; RuO5; with L=Pr—Eu, a cross-
over from ferro- to antiferromagnetic interactions occurs be-
tweenx=0.1 and 0.2.

(5) Both the transition temperature and the Weiss tem-
perature decrease with increasing the atomic numbériof
Lo.sShh sCo; — yRu,O3, with x having the same value.

The Ru doping also changes the electrical transport prop-
erties. Electrical resistivityp) was plotted against the tem-
perature(T) for Smy sSK sCo; _,Ru,O5 in Fig. 7(a). All of

T

5000}

M (emu/mol)
o

~3000 the L S Co0; (x=0) compounds are metallic below 300
add : K.>'® The present system shows a monotonic increase in

-50000 resistivity with doping and changes to an insulator xat

H (Oe) =0.2. Figure Tb) shows the insulating nature of

Lag 5S1sCo; - RuO; and EySrpCo; Ru,O5, exhibit-
FIG. 6. M-H curves for Srg<Sr, £Co,_,RuO; at 4.5 K for x ing nearly identical curve shapes to those shown in Fig. 7
=0 and 0.2. The inset shows a low-applied field regionFigure 7c) displays the plot of resistivity againstTLfor
for x=0.2. Smy 5515 5C0y gRU 503, Which is shown as “experimental
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TABLE Il. Some parameters, such as an activation energy, cal-
culated on the basis of the four representative models of conduc-
tion.

Model E (meV) E (meV)

Semiconductor 21.5(<40K) 81.8(>170K)
pcexpE/KT)

Polaron 18.9(<40 K) 64.6(>180 K)
pc(1/T)expE/KT)

To (K) To (K)
Variable-range hopping 4.50x 107 (<50 K) 2.07x 10" (>140 K)
pexp(To/M*™

Magnetically disordered Epj=82 meV
system To=1.3x10" K
prexf By KT+(To/T)Y4

The fitting parametersEy and T, in pxexgdEy/KT

) . +(To/T)¥4] were 82 meV and 1:810° K, respectively.
0 100 200 300 Figure 8 shows the real part of the ac susceptibiljt})
for Smy 5SI, sCop gRUy 205. A susceptibility peak at-50 K
Temperature (7) (K) corresponds to the magnetic transition in tkleT curves

10 T T J T shown in Fig. 4b). It shifts slightly to higher temperatures as
©) 1 the frequency of the ac field is increased. The result supports
] the speculation of a spin-glass transition. The temperature
1 shift defined as £T4/T,)(1/A log,o v) was calculated to be
1 ~0.01-0.02(A, change ofTy and loggv; Ty, spin-glass

] transition temperature; angd frequency, assuming that ; is
5 L=Sm. x=0.2 the peak temperature of’. This value is comparable to
- those reported for typical spin glas$€sAlmost the same

Resistivity (p) (ohm cm)

]
-1 o Exp T - . : .
10 Fit 1 shift value was also obtained for the imaginary part of the
| 1 susceptibility. Much smaller shift values 6f0.002 were also
103_ 0001 002 003 004 obtained for thex=0 compounds? which are comparable

values to those for the Ba cobaltitegBag <C00;_ 5.2 This
result shows the existence of a weakly frustrated state, such

FIG. 7. Electrical resistivity(p) plotted as a function of the &S Cluster_gl_ass, al_so In non-Ru_-d(_)ped SYStemS' originating
temperature (T) for (3 SmyeSteCo, RUO; and (b) from coexisting antiferromagnetic interactions between the

X - Moslos xS Co ions®* The enh t of the peak-t ture shift
L0.55h5C0p gRW /03 With L=La, Sm, and Eu(c) p values plotted ~ ~© 10NS.7" 1he enhancement of the peak-lemperature sn
against 1T for Smy, :St <C0y gRU 05 The experimental and fitted t0gether with both the suppression of ferromagnetism and
curves are shown as “Exp” and “Fit,” respectively. The fit was f[he_ sharp cusp, all of which are cagsed by the Ru (_10p|_ng,
done on the basis of the magnetically disordered modep of indicates the development of magnetic frustration originating
ocexfd Ep KT+(To/T) 4.

1/T(1/K)

data” (Exp). The curvature shape indicates that there is no 0.025

suitable fit on a simple semiconductor model @f
«exp®/KT) in the whole temperature region. The activation
energiesE determined in the high- and low-temperature re-
gions are shown in Table Il. A successful fit at all tempera-
tures could not be attained for other models either, such as a
polaron model assumed for LaCe(Ref. 2 and a variable-
range hopping modéP The parameters obtained from these 40
models are listed in Table Il. As is seen in the figure, the

curve could be fitted on the magnetic polaron model for

magnetically disordered systerfspin-glass polaron model, FIG. 8. Real part of the ac susceptibility for
shown as “stretched exponential fitFit)],>° in which corre-  Sm, .St <Cay sR, ,O; Measured with several ac frequendigsbe-
lation effects are included in the electron-hopping processesween 1 and 1000 Hz.

0.020

x' (emu/mol Oe)

Temperature (K)
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13.0 . r Y v TABLE lll. Upper panel: valence of Ru, average valence of
Eu Sr Co Ru O Co, some representative electronic states of Co, and calculated
0577057708 0273 paramagnetic moment including the contribution of Ndfor
12.9¢ 1 Nd 5515 sC0oy gRUy sO3. Lower panel:  Electronic states of the spin
3 states of Co and Ru ions and spin-only magnetic moments, which
% 12.81 i were used for the calculation of the values in the upper panel.
&EJ, Estimated
= 127} - Ru** paramagnetic
Co*375* Electronic state of Co moment (ug)
12.6L— . L . Ca®" +(LS)Cd " (LS) 3.04
0 10000 20000 30000 40000 Co** (IS)Cd* (LS) 3.64
time (sec) Ca*(IS)Cd " (IS) 4.11
L , Ca*" (HS)Cd (1) 4.99
FIG. 9. Thermoremanent magnetizatiofRM) plotted against Co** (IS)Cd+ (HS) 478
time for Ey sSIp sCop gRUy ;05 measured at 6 K. The experimental '
data and stretched exponential fit are shown as “Exp” and “Fit,” Estimated
respectively. Rt paramagnetic
Co>1%5* Electronic state of Co moment (ug)
from the strengthened antiferromagnetic interactions. Figure
9 presents the temperature dependence of thermoremanent Co®" +(LS)Cd*(LS) 3.17
magnetizationTRM) measured for EgkSty <Coy gRUy ;03 Co™ (IS)Cd**(LS) 3.96
The sample was cooled from room temperatar® K in an Ca’* (IS)Cd (1) 4.11
applied field of 1000 Oe. The measurement was done imme- Co**(HS)Cd " (IS) 5.30
diately after reducing the field to zero. The relaxation of Ca** (IS)Cd'* (HS) 4.34
magnetization could be fitted with a stretched exponential :
form Mg exp(—at” (M, initial tizationt, time) f . Spin-only
0 €xp(—at’) (Mo, initial magnetizationt, time) or Electronic states moment (g)
some glassy compounds®? The « andn values were esti-
mated to be~0.0022 and~0.24, respectively, both of which co*t LS(t54e9) 0
could change from system to system depending on some IS(tggeé) 2.83
physical parameters as well, such as the measurement HS(t4 e2) 4.90
temperaturé>2 " 299
Co LS(t5,e0) 1.73
4 1
IV. DISCUSSION: ) 3.87
POSSIBLE ORIGINS OF MAGNETIC BEHAVIOR R 'I:E(tigeg) 2:2
54 .
The metallic ferromagnetism in the Ru-freg Sty £C00; RS+ LSEéZeE’ 3.87

(x=0) is interpreted likely on the basis of the discussion for
La; ,Sr,CoO;, in which a ferromagnetic interaction be-
tween C3" and C4" arises from the averaged intermediate
spin state oft3 el ¥ .%% From isothermal magnetization
measurements at 4.5 K, this spin state is plausible also f
Lo5SI.sC0o0; with L=Pr—Eu, implying the coexistence of
IS Ca** (t34e5) and LS C™ (t3,e))."® For the analogous

SN):jSte?nbLo.gféo.ssﬁO%e é:esé_r?ée Efr’IS g%*s’\(l?é’-zl) I\Il_ds from the case of thetsSf<CoO; (x=0) metallic com-

gf 5-5’0 ' NP 29~g/ pounds, paramagnetic moments obtained from the Curie-
Co'" (t3485), and IS C6™ (t34e;) was suggestetf. Weiss analysis for the Ru-doped=0.2 compounds reflect

The expansion of ferromagnetism and metallicity in theactual spin states because of their localized nature, as is re-
manganite Sm.,CaMn;_,RuO; (Ref. 24 is in contrast  vealed from the resistivity measuremefig. 7). The cal-
with the present results and is somewhat unexpected becaugglated paramagnetic moments for the two ionic states of Ru,
similar mechanisms are assumed for the ferromagnetism igygether with the spin states of Ru and Co, are listed in Table
both L,A,MnO; andL;_,A,Co0;. One possible reason for || for Nd o sSr, <Coy gRU 05, Which was selected as a rep-
the behavior in Sﬁlyca{MnkaUsz is that the Mn ions  resentative system considering the ambiguity of the Sm and
remain in the MA* (t3,e;) and Mrf* (t3,e)) states, which  Eu systems due to the thermal excitation éfefectrons. The
have ferromagnetic interactions with the low-spin ions ofeffective N&* moment of 3.68ug was used in the
RU'™ (t3,e9) or RIPT (t3,ep) via an electron transfer be- calculation®® From the experimental work on
tween thee, orbitals. Lo 665l 300; (Ref. 14 and LysSrpsCo0; (Ref. 18, it

On the other hand, all the presengsSr,Co,_ Ru0;  seems to be plausible that the*Caand C4* ions are in the
systems show the evolution of antiferromagnetic correlatior,S and/or IS state. However, Tables | and Il show that each

by the Ru doping. It is plausible that the Ru ions are stabi-
Jized in the low-spin state for both RG and RG", as sug-
gested by the experimental results of perovskite ruthenates
such as CaRugand SrRu@.*~3°A valence fluctuation be-
tween Rd™ and Ra™ is likely to occur as well. Different
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calculated moment on this assumption is smaller than theonduction process, which is in accordance with the presence
experimental value, even in the case for the IS state for botbf magnetic frustration.

Co®* and C4*, which provide the largest paramagnetic mo-  The antiferromagnetic interaction for each of tke 0.1
ments. This result was true also for the otlxer0.2 com-  andx=0.2 series also became stronger for the hedviens
pounds from the calculation using the effectitd” mo-  (Table ). The magnetic frustration is the largest for
ments in Ref. 36. If the oxygen nonstoichiometry is takengy, .Sr, :Ca, RUy 05, Which shows the lowest transition
into account, the average valences of Co-aB3-3.5+ and  temperatures of 47 K accompanied by the spin-glass behav-
~3.0-3.3+ for the R¥™ and RE" substitutions, respec- jor. The tendency is likely associated with weaker ferromag-
tively. These values give the same qualitative result from the\aiic cé+-cot* couplings, owing to the narrowing of the
same type of calculation. The analyses described her@o(Ru)-O-Co(Ru) angle for the heaviek ions[Fig. 2(b)], as
strongly suggests that the Co ion.s are partially converted mtguggested for the monotonic decrease M for

the HS state and have larger spin-only moments, though th 5cSTo 34000, with increasing the atomic number &f!

contents of the spin states of the Co ions cannot be dete|'_—| . .
. N . owever, as such narrowing also lowers the antiferromag-
mined from the magnetization data alone.The larger radius of

the HS ion than that of the LS ion calculated foriCoRef netic interactions between Co and Ru, the tendency could not

27) is consistent with the enhancement of the lattice distor—t.)e understood only in this context alone. Theoretical inves-

tion noted in Sec. IIL. tigations for estimating the strengths of ferro- and antiferro-

The crystallographic change is not responsible for thdnagnetic interactions are necessary. Anpther poss'ibili.ty for
conversion of the spin state. As was noted, the Ru dopin?“e enhancement of the _ant|ferromagnetlc qurelatlon is the
makes the C@RU)-O-Co(RU) angle smaller for each system. tendency — of ~a  slight  decrease ind&  for
This change reduces energy widths of the-e, bands due  L05505C0 gRU 205 5 as the atomic number df is in-
to a decrease in electron transfer. Thus the energy gap bereasedSec. I); however, it should be noted that the change
tween thet,, and ey bands is increased, which suppressesf & is very slight and is comparable to the experimental
the electron excitation fror,, to e;. Widening of the en-  errors. As it is plausible that such a change lowers the con-
ergy gap was suggested from the optical study on the petent of Cd* because of the reduction of Co and Ru, the
ovskites, including the cobaltites LaCeCand YCoQ, ferromagnetic coupling between €oand C4™ is further
where the latter compound has a larger lattice distortfon. weakened for the heavier lanthanides. A similar explanation

The spin-state conversion is interpreted in connections also applicable to the metallicy<Sr, <CoO;, ;s (x=0)
with the stronger covalency of Ruldorbitals than of Co @, compounds, which show a monotonic decrease in Agth
as was commented previousfyThe Ru doping broadens the and s with increasing the atomic number bf(Refs. 18 and

energy widths of both the, ande, bands and consequently 39) and in which no clear relationship betwe&g and the
leads to a narrowing of the energy gap. Therefore, electrogo.0-Co angle is observed.

excitation fromt,y to ey, which leads to the HS state, is
promoted. The presence of the HS state explains the weak-
ening of ferromagnetic interactions revealed from the Curie-
Weiss analysigTable |), since electron transfers between the
gg orbitals of the HS Co ions dominantly generate antiferro-  Structure, magnetism, and transport have been investi-
magnetic interactions. As a result of magnetic frustratiorgated forL o sStp <Co; _ \Ru,O; (L=La, Pr, Nd, Sm, and Eu,
i_ntensified by _the strengthened antiferromagnetic correquzo, 0.1, and 0.2 where Ru is doped at the Co site in
tion, the transition temperature and the ordered magnetiyergyskite cobaltites oSt <CoO;. The structures of most
zation become lower(Table ). For the manganite f the compounds were refined to orthorhomBiema The
Smy—,CgMn;_xRuO;, a wider energy difference between 556 ndg  Sr, «Co0; (x=0) are metallic ferromagnets
the t,y and ey states is a}ssumed._Thls situation may be reyq1ow Curie iemberatures betweer250 and~150 K. It
Lﬁted.tOLthl\j Sm";‘i'ef optical gap in the perovskite LagoO was found that Ru doping brings about the suppression of the
an in LaMnQ. ferromagnetic order as well as the loss of metallicity. The

The insulating behavior caused by the dopiffdg. 7) ; . .
means that the on-site Coulomb enefgy at Co overcomes Curie-Weiss analysis ShOWEd that the ord_elxcept for .
L=La) commonly changed into that of the antiferromagnetic

h idth of th 4 In oth hi
the energy width of the, band(W). In other words, this type with the doping. Fot. = Sm and Eu withx=0.2, sharp

band is not wide enough to contain the three or four electron : o
that are required for electrical conductivity. The insulating€USPS @t around 50-60 K in the magnetization-temperature

nature of the present compounds, different from the metalCUrves were ascribed to a spin-glass transition, a finding
licity of Sm; ,Ca,Mn; ,Ru,0, can be understood in terms which was supported by measurements of ac magnetic sus-
of a largerU value per @ electron in the Co ions than in the Ceptibility and magnetization relaxation. An origin of these
Mn ions, owing to the larger number ofi3electrons in the Phenomena is proposed by considering several factors such
former ions. In spite of very slight differences in thieval- ~ as the change of the spin states of Co induced by Ru doping.
ues, this tendency is found from the theoretical calculation Note added in proofThe crystal structure of one of the
for some compound®. The fit for the experimental data on X=0 compounds, EylsSr, sCoO; was reported recently to
the magnetically disordered modélig. 7(c)] indicates that be monoclinicP2;/m (No. 11).%° As a crystallographic dis-
correlation effects and disorder play a significant role in thetortion is expected to be larger for heavier lanthanide

V. SUMMARY
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ions, this result seems to be relevant, as noted by ththis structure, no apparent relationship between the Curie
authors of this paper. This structure for our samplesemperature and the Co-O-Co angle was observed for the
led to lattice length§a=5.3721(11),b=7.5947(6), and x=0 seried_j 5Sr sC00;. Higher resolution measurements,
c=5.3718(10) A, B=89.713(8)°,Ryp~11%, good- such as synchrotron x-ray diffraction, are required to obtain
ness-of-fit~1.4] which are close to those in this paper. For further information.

*Corresponding author. FAX:#81-791-58-2740. Electronic ad- 2°l. O. Troyanchuk, N. V. Kasper, D. D. Khalyavin, H. Szymczak,
dress: yoshiike@spring8.or.jp R. Szymczak, and M. Baran, Phys. Rev58 2418(1998.
IR. Caciuffo, D. Rinaldi, G. Barucca, J. Mira, J. Rivas, M. A. 2Ly, Moritomo, M. Takeo, X. J. Liu, T. Akimoto, and A. Nakamura,
Séraris-Rodrguez, P. G. Radaelli, D. Fiorani, and J. B. Good-  Phys. Rev. B58, R13 334(1998.
enough, Phys. Rev. B9, 1068(1999, and references therein. 22y Moritomo, T. Akimoto, M. Takeo, A. Machida, E. Nishibori,
M. A. Séraris-Rodfguez and J. B. Goodenough, J. Solid State . Takata, M. Sakata, K. Ohoyama, and A. Nakamura, Phys.
,, Chem.116 224(1995. Rev. B61, R13 325(2000.
M. A. Séeraris-Rodrguez and J. B. Goodenough, J. Solid State23p Maignan, C. Martin, D. Pelloguin, N. Nguyen, and B. Raveau,
, Chem.118 323(1995. J. Solid State Cheni42, 247 (1999.
J. B. Goodenough, J. Alloys Comp62, 1 (1997. 24C. Martin, A. Maignan, M. Hervieu, C. Autret, B. Raveau, and D.

5 . . ’
M. R. Ibarra, R. Mahendiran, C. Marquina, B. Gartianda, and I. Khomskii, Phys. Rev. B63, 174402(2001), and references
J. Blasco, Phys. Rev. B7, R3217(1998.

6 . therein.
M. Itoh, I. Natori, S. Kubota, and K. Motoya, J. Phys. Soc. Jpn.st lzumi and T. Ikeda, Mater. Sci. Forug21-324, 198 (2000,
63, 1486(1994.
7P, S. Anil Kumar, P. A. Joy, and S. K. Date, J. Phys.: Condens. 26For example, G. Amow, J. E. Greedan, and C. Ritter, J. Solid
Matter 10, L487 (1998. . State Chem141, 262 (1998. . .
8A. Mineshige, M. Inaba, T. Yao, Z. Ogumi, K. Kikuchi, and M. R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.,
Kawase, J. Solid State Chert21, 423 (1996. Theor. Gen. Crystallog82, 751 (1976.
9A. Barman, M. Ghosh, S. K. De, and S. Chatterjee, Phys. Lett. A 8J. A. Mydosh,Spin Glasse$Taylor & Francis, London, 1993
234, 384 (1997). 2N. F. Mott and E. A. DavisElectronic Process in Non- -Crystalline
19C. N. R. Rao, O. M. Parkash, D. Bahadur, P. Ganguly, and S. Materials 2nd ed.(Clarendon, Oxford, 19799
Nagabhushana, J. Solid State Ch&@®.353(1977. %0A. S. loselevich, Phys. Rev. Leff1, 1067(1993.
11G, ch. Kostogloudis, N. Vasilakos, and Ch. Ftikos, Solid State®'G. C. DeFotis, G. S. Coker, J. W. Jones, C. S. Branch, H. A. King,
lonics 106, 207 (1998. J. S. Bergman, S. Lee, and J. R. Goodey, Phys. Re&8B
24, W. Brinks, H. Fjellvay, A. Kjekshus, and B. C. Hauback, J. 12 178(1998.
Solid State Cheml147, 464 (1999. 32K, Yamaura, Q. Huang, and R. J. Cava, J. Solid State Chd#).

13M. A. Seraris-Rodrguez, M. P. Breijo, S. Castro, C. Rey, M. 277 (1999.
Sachez, R. D. Sachez, J. Mira, A. Fondado, and J. Rivas, Int. 33H. Mukuda, K. Ishida, Y. Kitaoka, K. Asayama, R. Kanno, and M.

J. Inorg. Mater.l, 281(1999. Takano, Phys. Rev. BO, 12 279(1999.
M. Paraskevopoulos, J. Hemberger, A. Krimmel, and A. Loidl, 3*I. Felner, I. Nowik, I. Bradaric, and M. Gospodinov, Phys. Rev. B
Phys. Rev. B63, 224416(2001). 62, 11 332(2000.
15A. Krimmel, M. Reehuis, M. Paraskevopoulos, J. Hemberger, and®T. He and R. J. Cava, Phys. Rev.68, 172403(2001).
A. Loidl, Phys. Rev. B64, 224404(2001). 383, H. Van Vleck,The Theory of Electric and Magnetic Suscepti-
16R, Ganguly, M. Hervieu, N. Nguyen, A. Maignan, C. Martin, and bilities (Oxford University Press, New York, 1985
B. Raveau, J. Phys.: Condens. Mati& 10911(2002). 87T, Arima, Y. Tokura, and J. B. Torrance, Phys. Rev® 17 006
7K. Yoshii and A. Nakamura, Physica 831-282 514 (2000. (1993.
8K Yoshii, H. Abe, and A. Nakamura, Mater. Res. B@b, 1447 28], B. Torrance, P. Lacorre, C. Asavaroengchai, and R. M. Metzger,
(2002. Physica C182, 351(199)).
19K. Yoshii, A. Nakamura, H. Abe, M. Mizumaki, and T. Muro, 3°K. Yoshii et al. (unpublishel
J. Magn. Magn. Mater239, 85 (2002. 4R, Gangulyet al, J. Phys.: Condens. Matté#, 8595(2002.

094408-8



