Chem. Mater2006,18, 1029-1035

1029

Magnetic and Transport Properties in Gd;—xSrCo00s3-s
(x = 0.10-0.70)

X. G. Luo, H. Li, X. H. Chen,* Y. M. Xiong, G. Wu, G. Y. Wang, C. H. Wang,
W. J. Miao, and X. Li

Hefei National Laboratory for Physical Scien
University of Science and Technology of China,

ce at Microscale and Department of Physics,
Hefei, Anhui 230026, People’s Republic of China

Receied September 25, 2005. #sed Manuscript Receéd December 4, 2005

Magnetic and transport properties of polycrystall
the oxygen pressure of 165 atm at S@are systemati

ine GEKC0O;_s (X = 0.10-0.70) annealed under
cally investigated. Cluster-glass behavior is observed

in the low doping range, while a ferromagnetic transition occurs at the high doping level. Transport
measurements indicate insulator-like behavior for the samplesitB.30, an insulatermetal transition
aroundx = 0.35, and metallic behavior for highersamples. However, the large oxygen deficiency
leads to a re-entrance of insulator-like state for the samplesxvith0.60. The annealing procedure
under the high oxygen pressure at high temperature can diminish the oxygen deficiency and leads to
restoration of the metallic state. The small radius of thé"Gah results in less conduction and lowgyr
compared to those of LaSrKCo0; and Nd—,SKCoO; as a result of the large structural distortion and

the stability of the low-spin state.

|. Introduction

To understand the peculiar electromagnetic properties of
the perovskite-type cobalt oxides, 1 RAC00; (Ln = rare
earth element, A= alkli earth metal), such as the large
negative magnetoresistance (MRj,spin- (or cluster-) glass
magnetisnt;’ spin-state transitioh? and insulator-metal
(IM) transition induced by doping or temperatdfé numer-
ous works have been performed by many researchers. On
important part of these works is to change*Lior A%*, to
get information of the electronic structure and magnetic states
with different ionic radii or hole concentration$:12-15

* Corresponding author. E-mail: chenxh@ustc.edu.cn.

(1) Brinceno, G.; Chang, H.; Sun, X.; Shulz, P. G.; Xiang, XS8ience
1995 270, 273.

(2) Golovanov, V.; Mihaly, L.; Moodenbuagh, A. Rhys. Re. B 1996
53, 8207.

(3) Mahendiram, R.; Raychaudhuri, Rhys. Re. B 1996 54, 16044.

(4) Itoh, M.; Natori, I.; Kubota, S.; Motoya, KJ. Phys. Soc. Jpri994
63, 1486.

(5) Senaris-Rodriguez, M. A.; Goodenough, J.JB.Solid State Chem.
1995 118 323.

(6) Mukherjee, S.; Ranganathan, R.; Anilkumar, P. S.; Joy, FPHys.
Rev. B 1996 54, 9267.

(7) Anilkumar, P. S.; Joy, P. A.; Date, S. K. Phys.: Condens. Matter
1998 10, L487.

(8) Mukherjee, S.; Raychaudhuri, P.; Nigam, A. Rhys. Re. B 200Q
61, 8651.

(9) Loshkareva, N. N.; Gan’'shina, E. A.; Belevtsev, B. |.; Sukhorukov,
Y. P.; Mostovshchikova, E. V.; Vinogradov, A. N.; Krasovitsky, V.
B.; Chukanova, |. NPhys. Re. B 2003 68, 024413.

(10) Tsubouchi, S.; Kyomen, T.; Itoh, M.; Ganguly, P.; Oguni, M.; Shimojo,
Y.; Morii, Y.; Ishii, Y. 2002 66, 052418.

(11) Moritomo, Y.; Takeo, M.; Liu, X. J.; Akimoto, T.; Nakamura, Rhys.
Rev. B 1998 58, R13334.

(12) Saitoh, T.; Mizokawa, T.; Fujimori, A.; Abbate, M.; Takeda, Y.;
Takano, M.Phys. Re. B 1997, 56, 1290. Saitoh, T.; Mizokawa, T.;
Fujimori, A.; Abbate, M.; Takeda, Y.; Takano, Mhys. Re. B 1997,
55, 4257.

(13) Sehlin, S. R.; Anderson, H. U.; Sparlin, S. Phys. Re. B 1995 52,
11681.

(14) Ganguly, R.; Hervieu, M.; Nguyen, N.; Maignan, A.; Martin, C.;
Raveau, BJ. Phys.: Condens. Matt&x001, 13, 10911.

10.1021/cm0521471 CCC: $33.50

One striking feature for the richness of the physical
properties of La,ACoQO; compared to other transition
oxides such as CMR manganites, nickelates, and cuprates,
is the presence of the various spin states for trivalent cobalt
ions [low-spin (LS), CY, t,°e,’; intermediate-spin (1S), Co
tog°egt; high-spin (HS), C#', tx4'e,?] and tetravalent cobalt
ions (LS, C¥, tx°e0; IS, CdY, tyd'esl; HS, Cd*, ty'es?d)

nd the relative narrow energy gap between these spin states.

his makes a thermal spin-state transition occur easfly.
Recent experimental and theoretical investigations indicate
that the spin states are LS and a mixture of IS/LS for
tetravalent and trivalent cobalt ions, respectiviéR” 22 The
conversion of different spin states arises from the competition
between the comparable magnitudes of the crystal field with
energy Ace (tog—€y splitting) and the intraatomic (Hund)
exchange with energyey, leading to the redistribution of
electrons between thggtand the glevels. Acg is found to
be very sensitive to the variation in the €0 bond length
(dco-0), SO the subtle balance betweaAsr and J.x may be
easily disrupted by different kinds of effects, such as the
hole-doping and the chemical/external presgénm.Among
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them, chemical pressure on Cg@ctahedra is usually from those of the L& ion, for example, an ionic radius
generated by decreasing the average Ln-site ionic radlijus ~ smaller than that of the Baion and a high magnetic moment
which can cause the insulating nonmagnetic LS state becausevith no L—S anisotropy [ = 0, S= 7/2) in contrast to
of the increase of thécr with the reduction of the Cof the nonmagnetic 1% (L = 0, S= 0). Therefore, behavior
octahedra volume, which results in the depopulation of the contrasting that of La(Sr) compounds should be expected in
magnetic g level. Gd(Sr) compounds. In fact, some distinct properties from
Another pronounced feature in perovskite cobaltites is that La(Sr) compounds have been reported in the Gd(Sr) com-
the ferromagnetic (FM) state evolves as a result of increasingpounds. In undoped sample GdGphe cobalt ions are in
hole doping level in lowk, in the paramagnetic matrix with  a LS state below 270 K2 while in LaCoQ, the mixture of
dominant antiferromagnetic (AFM) superexchange interac- the LS/IS state is observed above about 105 K2 Specif-
tions between CU ions through a spin- or cluster-glass- ically, no metallic behavior is reported in the GgSrCoO;—s
state regior”?8 The competition between FM and AFM  system below 300 K so f&?;*%4lin contrast to the metallic
interactions leads to a highly inhomogeneous ground stateresistivity forx > 0.20 in La(Sr) compounds. In this paper,
exhibiting the coexistence of FM regions, spin-glass (SG) samples annealed under the oxygen pressure of 165 atm at
regions, and hole-poor LS regiof& 3! The evolution of 500°C are systematically investigated. Cluster-glass behavior
these regions and the spin states with hole concentration leads$s found in the low doping range, while a FM transition is
to the intricate magnetic and electronic behaviors. Studiesobserved at a high doping level. Transport measurements
on the La SKCoO; system (La(Sr) compounds) reveal a indicate insulator-like behavior for the samples witk 0.30,
rather rich magnetic and electronic phase diagram with the an IM transition around = 0.35, and metallic behavior for
doping level: SG foix < 0.18, cluster FM behaviors for the samples with highet The system re-enters the insulator-
> 0.18, insulator-like/metallic resistivity, IM transition at like state forx = 0.60, resulting from the existence of large
~ 0.20, and so oA?’ Ca- and Ba-doped compounds oxygen deficiency, and the metallic state can be restored by
La;—xAxCoO; (A = Ca and Ba) have also been studied annealing the samples at 90C under the high oxygen

intensively$2.33 pressure of 240 atm. We found that the Gd(Sr) compounds
Besides the La compounds, other important perovskite possess less conductance and a lower FM transition tem-
cobaltites such as LnSKCoO; (LNt = PR, Nd®t, Snt, perature relative to La(Sr) compouitiand Nd—,SiCoO;

Ewt, Gd*, etc.) also exhibit complex magnetic and electrical (Nd(Sr) compoundsy, which is attributed to the large
properties’> 3 In this paper, we investigated Sr-doped structural distortion and the stability of the LS state arising
gadolinium cobaltites systematically. However, most of the from the smaller radius of the Gdion.

work on Gd_,SKC00;s-s (Gd(Sr) compounds) was focused

on the evolution of crystal structure with Sr dopittf and Il. Experiment

magnetic and transport properties at relatively high temper-

. . Polycrystalline Gg-,SrC00;-5 (x = 0.10-0.70) samples were
ature [ > 77 K).3#4°The Gd&* ion has characters different yery €xSKC00s- ( ) samp

prepared through conventional solid-state reaction. The stoichio-
metric amounts of GM;, SrCQ, and CgO, powders were
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Figure 1. X-ray powder diffraction patterns for GSKrC00;- (0.10 <
X < 0.70).
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Figure 2. Reduced lattice constants vs Sr contedtit Gdy—xSKC00s—
(0.10< x < 0.70). Inset: The variation of the lattice volume with Sr content

(*).
Fe*t ions, and finally the excess Feions were titrated with
K>Cr,O7 solution.

[ll. Experimental Results

A. XRD Patterns. Figure 1 shows the XRD patterns for
Gth—«SKC0Gs-5 (x = 0.10-0.70). The XRD patterns indicate

that the obtained samples were all single phase and exhibite

an O-type orthorhombic GdFedike distorted perovskite
structure (SGPNM3 ao/v/2 < Cor2 < born/2), which has
been used in GdCof¥ and Gd sSr sC00s.¢ The variation
of lattice parameters witlx was plotted in Figure 2. The
lattice parametera andc increase monotonically with the
doping level, whileb first decreases witlx < 0.4 and then
increases with further increasing It is found that the

difference among the reduced parameters becomes less wit

increasingx and is nearly the same for= 0.7, indicative

of a tendency of cubic symmetry. This is reasonable becaus
SrCoQ is cubic#” The lattice volume, shown in the inset of
Figure 2, increases monotonically withwhich is consistent
with the substitution of the larger Brions (''rs?* = 1.58

A) for the smaller G& ions ('rest = 1.22 A)48:49

(46) Vanitha, P. V.; Arulraj, A.; Santhosh, P. N.; Rao, C. N.Ngater.
Chem 2002 12, 1666.

(47) Shaplygin, I.; Lazarev, VRuss. JInorg. Chem.1985 30, 1828.

(48) Shannon, R. DActa Crystallogr, Sect. A1976 32, 751.
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Figure 3. ZFC and FC molar magnetic susceptibility of G@rCo0;-s
(x=10.10, 0.30, 0.45, and 0.60) as a function of temperatuk¢ &t1000
Oe.

B. Magnetic Properties. Figure 3 shows the molar
magnetic susceptibilitym(T) as a function of temperature
in zero-field-cooled (ZFC) and field-cooled (FC) procedures
for the four typical samples. For the sample witks 0.60,
the ym(T) curve behaves as a typical ferromagnet so that a
pronounced increase inn(T) occurs below a temperature
T. (=180 K), with a paramagnetic signal at low temperature,
which comes from the contribution of magnetic Gdons.
The T, corresponds to the FM transition temperature. With
decreasing Sr concentration, the rise begins to slowTand
decreases sharply (from about 120 K for= 0.45 to 80 K
or x = 0.10). A rounded maximum appears beldwin the

FCxm(T) curves. This behavior may be ascribed to the SG
magnetism, which has been reported in La(Sr) and Nd(Sr)
compounds with a low doping levef’3” In La(Sr) and
Nd(Sr) compounds, the ZFC curve shows a cusp at the
freezing temperature of S&73"However, the ZFC and FC
curves in the two compounds bifurcate at a temperature much
higher than that of the cu$g/2"in contrast to the behavior
observed in present Gd(Sr) compounds. Therefore, one may
assume that Gd(Sr) compounds have magnetic property
different from those of the La(Sr) and Nd(Sr) systems in
the low doping region. To clarify this, the frequency
dependence of ac susceptibility was measured. Figure 4a,b
shows the temperature dependencg.&fT) andy,"(T) (the
in-phase and out-of-phase component of the ZFC ac sus-
ceptibility) for the sample withx = 0.10 taken at 10 and
1000 Hz. A peak can be observed in bgth(T) andy,''(T)

(49) Shannon, R. D.; Prewitt, C. RActa Crystallogr, Sect. B1969 25,
925.



1032 Chem. Mater., Vol. 18, No. 4, 2006 Luo et al.

T T v T T T y y T T T T T y
0.04 [ R i
os @ ®

~ i 1./

"o 06} 170 003} i
8 Gd0.9sr0.lC003-5 o | j[. Gd0,9sr0.lC003-5 ]
3 04t e f-10H] S 002} —&—f =10 Hz
g & z
= —&—f=1kHz{ = —a—f =1k Hz |
g o2} l gom - .
' -
= 00k o

n 1 n 1 n 1 n 0.00 n 1 n 4
200 0 50 100 150 200
'K
T T ] T T T
d s ©

PN i /'j:/f/\ 6.0 LN 7

- / o
L /.//://.. /e / % r*%

O ./0/'/ L .//:/ o X

—",_ /o/ /' f / ./'/ o \

S | - 1Hz = 1 H
§ : {//' 10Hz 40pe 10Hz §
g ;// 100 Hz y 100 Hz
g * 1k Hz 1k Hz
.x - Gd0.7sr043C003—8 Gd0.4sr0A6C003-6

" X 1 X 1 " 20 1 n 1 n
72 76 80 84 112 116 120 172 176 180
() T (X) T (K)

Figure 4. (a, b) Temperature dependence of the in-phase and out-of-phase components of the ac suscepib#iy.I6r The data were taken at 10 and
1000 Hz as indicated in the figure.{e) Closeup of the temperature dependence of the in-phase ac susceptibility at the four frequencies in the range
1-1000 Hz for the samples witk = 0.10, 0.30, and 0.60, respectively.

at 75 K. In La(Sr) and Nd(Sr) compounds, the temperature
corresponding to the peak'(T) is the same as that of cusp I
in ZFC direct current (dc) susceptibility3” However, this
temperature is much higher by 30 K than that corresponding 30
to the maximum of the ZF@qy(T) in Gdy oStr1C00s—s. It is
well-known that the peak temperature in ac susceptibility
for a SG should be the same as that in ZFC susceptibility,
which represents a magnetic freezing temperature of SG.
Thus, the ac susceptibility data exclude the possibility of
the existence of a SG in Gd(Sr) compounds with low doping.
The absence of the SG frr= 0.10 is illustrated more clearly
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by the near frequency independence of the peak temperature 5 i Gd _xerCOOM
of ym'(T) in Figure 4c, which shows a “closeup” of this peak . x =045
in xm'(T), measured with a temperature spacing of 0.5 K. 0 “ = i e S

Measured from 1 to 1000 Hz, the peak temperature of

xm (T) shifts to the higher side by less than 0.65% @.5 . i o _

KI77 K), while it is much larger than this value in La(Sr) {808 & R S0 T Moot o et e fting suve.
and Nd(Sr) compounds (for instance, it changes about 2% according to the CurieWeiss law for the high-temperature data. The inset
in La(Sr) compoundsy-®” Consequently, the peak in ac shows theM—H loop for the samples witi = 0.10, 0.30, and 0.45 at 5 K
susceptibility could not be an indication of a SG behavior. tboeﬁve:eg_tﬁ gett% rzmﬁ;eT{‘h‘zdszs(;‘ign'gnfuss'%?gengisgtgffapo'atemb')
Figure 4d,e also displays the “closeup” of the ac susceptibility

xm' (T) for the samples withk = 0.30 and 0.60. With the  cluster-glass, while the frequency independence of the peak
frequency changing from 1 to 1000 Hz, the peaky@f(T) position for the sample witbk = 0.60 indicates a FM
for x = 0.30 shifts to higher temperature by less than 0.5 K, transition.

while the peak position fox = 0.60 is independent of the Figure 5 shows the ZFC #4(T) as a function ofT for
frequency. From Figure 3a,b, it can be concluded that therethe sample withx = 0.45. Theyw(T) can be well fitted with

is a small FM component in the samples with= 0.10 and the Curie-Weiss law in the temperature range abdveOn
0.30. Apparently, FM clusters are very diluted by a non- the basis of the fitting result, the effective magnetic moment
magnetic matrix in this compound and interact very weakly per cobalt ionsues—co can be obtained by subtracting the
with each other. Therefore, the weak frequency dependenceGd®* contribution ftef(GAP) = 7.94 ug) from the totalues

of the temperature corresponding to the pealg,g{T) in = J/(8C) (C, the Curie constanff. The obtainegues—co is

the samples witlx = 0.10 and 0.30 suggests existence of a 2.96 ug, which is much less than 3.G#s in La;—xSrCoOs

T (K)
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C) ] increasing Sr content up to 0.4%T) decreases dramatically.
O 0.0016 — At 4.2 K, p(T) drops by more than 1000 times for the sample
o) I ol with x = 0.30 and by more than $@imes for the sample
< with x = 0.45 relative to the sample with= 0.10. An IM
0.0012 | an, transition occurs around 110 K as the Sr content increases
up to 0.35. The sample witk = 0.45 shows metallic
i ool behavior down to 4.2 K and a kink around 120 K, which

0 100 200 300 coincides with the FM transition temperature. Such a kink
in p(T) is a common feature for an itinerant ferromagnet
T(X) because of the reduction of scattering from spin disorder in
Figure 6. Temperature dependence of resistivity forG&rC00;-s the FM state as observed in CMR mangaﬁi*teand
(0.20< x = 0.70). La;—xSKkCo0; (0.30 < x < 0.60)° With further increasing

with the same doping levélindicative of a lower spin state ' content above 0.45, thgT) increases rapidly. The(T)

for Gd(Sr) compounds relative to La(Sr) compounds. The for the sample withx = 0.50 shows still metallic behavior
inset of Figure 5 shows thil(H) loop for the sample with " whole temperature range, while an upturn in low tem-
x = 0.45 at 5 K, exhibiting FM behavior with spontaneous Perature is observed pp(T) for the sample withx = 0.55. It
magnetization and clear hysteresis with a paramagneticShould be pointed out that the position of the kinko(T)
component. The nonsaturating component comes from theShifts to higher temperature with increasingrom 0.40 to
corporate effect of large paramagnetic signal fron¥'Gadns 0.55, which is consistent with the enhancemenT otvith

and the cluster nature of the FM st&#8-3! where some increasingk as shown in Figure 3. As the Sr content increases
fraction of the Co spins exists in the paramagnetic matrix. to 0.60, the resistivity shows a re-entrance of the insulating
It should be pointed out that the coercive field for this sample State- _ .

at 5 K is aslarge as 2850 Oe, which is much larger than ~ Figure 7 shows the isothermal MR at 20 K as a function
that in La(Sr) compoundg” but comparable to that in Nd-  0f magnetic field for Gg-,SKC0Os-» with x = 0.10, 0.45,
(Sr) compoundd’ This pronounced coercive behavior is and 0.60, respectively. A large negative Mi([) — p(H))/

believed to reflect the magnetic inhomogeneity and the ~(0)] x 100% as high as-28.5% is achieved in the sample
formation of EM cluster&2%-31 We note that in the inset of  With x=0.10 at 13.5 T. In the sample wik~ 0.45, which

Figure 5 the samples witk = 0.10 and 0.30 also show a is the most metallic among all the samples, exhibits a smallest
small spontaneous magnetization, which can be comparablg€gative MR~ —6% at 13.5 T. The MR in the sample with
with that observed in low doping La(Sr) compoufidéSuch X = 0.60 increases te-14% at 13.5 T. This suggests that

a small spontaneous magnetizatian5akK and the weak  magnetic field has the strongest effect on the most insulating
frequency dependence of the temperature corresponding te3@mples. It suggests that the MR depends on not only the
the peak inyy'(T) for the two samples indicate a cluster- FM state but also the insulating state.

glass. Actually, Rey-Cabezudo et“alhave considered a Attention should be paid to the insulator-re-entering
cluster picture about the magnetism for the Gd(Sr) samplesbehavior forx = 0.60 because the end compound SrgsO
with x < 0.30. metallic. To consider the origin for the re-entrance of the

C. Transport Properties. Figure 6 shows the temperature insulating state, one must note the fact that it is difficult to
dependence of resistivigy(T) for the Gd_,SKC00s-s System achieve full oxygen stoichiometry at a high-doping level in
(0.10 < x < 0.70). Thex = 0.10 sample exhibits an the Lm_,SKCoQO; system. Yo et at? found that there exists

insulating behavior in the whole temperature range. With large oxygen deficiency in DyxSKC00s;-s and Sm-—,Sk-

(50) Dekker, A.Solid State Physi¢sPrentice-Hall: New York, 1970; (51) Colossal Magnetoresiste Oxides Tokura, Y., Ed.; Gordan and
p 450. Breach: Amsterdam, 2000.
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Figure 8. Temperature dependence of the resistivity for the samples with
x = 0.40-0.70 after annealing under the high oxygen pressure of 240 atm
at 900°C for 48 h. Figure 9. Schematic drawing of thél—x phase diagram for the

Gd1—xSKC00s-5 (0.10 < x < 0.70) systemT.: determined from both the

s dc susceptibility and the ac susceptibility,(the samples annealed under
CoQs-5, and the oxygen deﬂCIenCy reaches 0.29 and 0.36 the oxygen pressure of 165 atm at 5@ @, the samples annealed under

for the samples withx = 0.75 for the two systems, the oxygen pressure of 240 atm at 980); CG, cluster-glass; FMM,
respectively_ Ryu et &8 reported that there also exists |arge ferromagnetic metal; PMI/PMM, paramagnetic insulator/metal; MIT, insula-

" ; ; tor—metal transition. Inset: possible hopping procedure between trivalent
O?(ygen d_eﬂCIenCy in G@,SKCO0;-, for the samples with cobalt ions and C¥. Ace the energy of crystal field splitting.
high doping level. Therefore, to understand the re-entrance

of the insulator state, the oxygen content is determined. TheLaoA58r0_5C003 it is about 240 K. Another feature in Figure
K:Cr,O; titration experiments indicate that the oxygen g s that the critical Sr concentration for IM transition@.35)
contents are 2.912, 2.728, and 2.602 for as-grown sample§s much larger than that in La(Sr) and Nd(Sr) compounds.
with x = 0.45, 0.60, and 0.70, respectively, while they are Taking into account the fact that the less conducting
2.935, 2.745, and 2.703 after annealing under the OXygenGg, ,SrCo0s_s samples have the lowd, one may suppose
pressure of 165 atm at S0 for 48 h. It tums out that 5 correlation between metallic conductivity and FM order
there really exists a large oxygen deficiency at a high doping s it would be expected with a double-exchange model as
level, and an anpgallng procedure under high OXYgen pressurgn goped manganites. This opinion could be supported by
reduces the deficiency. Compared to the anneallng procedurgne fact that both the conductance ahdncreases as oxygen

at 500°C, the samples are annealed under the high oxygencontent increases, as inferred from Figures 6, 8, and 9. It is
pressure of 240 atm at 90C, and the resistivity for these  yg|l-known thatT, in doped manganites is argued to be
samples is shown in Figure 8. The sample witk= 0.60 mainly determined by two kinds of structural distorti&n.
exhibits metallic resistivity in the whole temperature range This is also believed to be plausible in cobaltite€ The
below 300 K. The sample witk=0.70 also becomes much  fist is a global distortion arising from the deviation of the
less insulating, witho(T = 5 K)/p(T = 300 K) < 4/3,in gyrycture from the cubic symmetry, which is described by
contrast to that annealed at 500 (larger than 100). The  ne deviation of the tolerant factof= (TaTH ro)/v/2(rco

metallic state should be restored in the sample with0.70 + o) for the formation of ACo@. The much smaller ion
after further annealing under higher oxygen pressure. The gdius of the G# ion relative to L&* (3 = 1.36 A)
K2CrO; titration experiments indicate that the oxygen o N+ (Mryg® = 1.30 A) iong849leads to a much smaller
contents are 2.787 and 2.755 for= 0.60 and 0.70 after  tg|erant factor in Gd(Sr) compounds compared to those in
annealing under the oxygen pressure of 240 atm at’@00 La(Sr) and Nd(Sr) compounds. The second is a local
respectively. It is clear that the oxygen deficiency leads 1o gjstortion arising from the different ion radii at the A site,

the re-entrance of the insulating behavior for the samplesyhich is described by the variance of the A-site ionic radii

x (Sr content)

with x = 0.60. 02 [= (1 — X)run? + xry2 — MaOfor Lni—,M,CoOs, where
) ) WA= (1 — X)r.n, + xryv]. The radius of the St ion is much
IV. Discussion larger than that of the Gd ion, which results in a large

Figure 9 shows the phase diagram of :G8rC00;-s local distortion (such as, when b1 sCo0, 0* = 0.0123
(0.10 = x =0.70) according to the above results. In Figure for Ln = Gd, while 0 = 0.0016 for Ln= La, ando? =
9, one can find a pronounced feature that the G&5C00;_ 0.0072_ for Ln= Nd).*¢ Consequently, the small tolgra_nt
system has a much lower FM transition temperature com- factor in Gd-.SxCo0;-, samples means a large deviation
pared to La(Sr) and Nd(Sr) compounds, for instaffcen from CL_JbIC symmetry, and the Iargésuggests a_pror_munced
Gh.sSto.£C00s_ annealed under the high oxygen pressure local disorder. They lead to a dramatic reduction in the FM

of 240 atm at 900C (0 ~ 0.032) is around 150 K, while in exchange and, thus, the FM transition temperature and
conductance. In addition, G4dSrCoOs—, is @ more complex

(52) Kang, J. W.; Ryu, K. H.; Yo, C. HBull. Korean Chem. Sod 995
16, 600. Jeong, S. K.; Kim, M. G.; Kim, K. H.; Yo, C. HBull. Korean (53) Rodriguez-Martinez, L. M.; Attifield, J. PPhys. Re. B 1996 54,
Chem. Socl1996 17, 794. R15622.
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system because of the large oxygen deficiency at high dopingtransport behavior is observed except for a strong paramag-
level, which would influence the structural distortion and netic signal in low temperatures. Nevertheless, a larger
the carrier concentration markedly. This could be another effective field than the applied field on the Co ions system
cause for the low FM transition temperature and conductance.can be achieved because of the easy orientation of the Gd
Actually, there is a further reason for the suppression of sublattice in a magnetic field. Rey-Cabezudo €t gointed
conductance and ferromagnetism in;G&rCo0;_s. Com- out that the paramagnetic &dsublattice polarizes the cobalt
pared to manganites, the conversion of various spin-statesmagnetic clusters. It has been considered as one possible
of Co ions in cobaltites seriously influences the magnetic reason for the low-temperature MR. However, it has been
and the transport properties of cobaltites. The FM exchangereported that large negative MR (more than 809 & for
and charge transport are thought to occur mainly through x = 0.09) was observed in low temperatures for insulator-
the hopping of gelectrons, as shown in the inset of Figure like compositions of La ,SrC00;.2” Considering the fact
9. The 4 electron hopping can also occur, but it has a much of the nonmagnetic L*4 ion, the interpretation proposed by
smaller possibility of taking place. Therefore, the existence Rey-Cabezudo et al. based on3Gibns may be in doubt.
of e electrons is vital for metallic FM order. Recently, Wu and Leighto interpreted such a negative MR at low
Lengsdorf et af* reported a transition from the conducting temperature in terms of a short-range FM ordered cluster
state to the insulating state and a decreask afduced by model. The C8 and Cd’ in the hole-rich clusters are aligned
pressure in Lag:Sly 14C00s. This peculiar behavior has been by the magnetic field so that an increase in the electron
attributed to a gradual change of the spin state for the trivalenthopping possibility results in a negative MR. Therefore, the
ions from a magnetic to a nonmagnetic spin state undersmallest MR observed in most metallic compositions
pressure. In LaCogit was found to undergo an intermedi- 0.45 can be understood with the picture proposed by Wu
ate- to low-spin-state transition under pressifehe change  and Leighton in the La(Sr) system. It should be pointed out
of the spin state with pressure is realized because of thethat such low-temperature smallest MR in the most conduc-
increase in the energy of the crystal-field splittifdg:§) under tive samples is also observed in La(Sr) systénThis
pressure. The increase &fr makes the LS Cthmore stable. indicates that the large negative in the low temperature in
The Gd&* ion has a much smaller radius tharft;aherefore, Gd(Sr) compounds has the same origin as that in La(Sr)
the replacement of the @Gtdfor the La&" ion has the similar ~ compounds.
effect like a pressure applied to some extent. It naturally leads ]
to an increase oAcr and the more stabilized LS state than V. Conclusion
in the La(Sr) compounds. Indeed, very recently Knizek et The evolution of magnetic and transport properties with
al. observed a\cr of Co ions in GdCo@much larger than  in Gd,_,SKC00s 5 (0.10 < x < 0.70) annealed under the
that in LaCoQ.*®* The much smaller effective magnetic oxygen pressure of 165 atm at 500 has been systemati-
moment at the Co ions in the Gd(Sr) compounds relative to cally investigated. Cluster-glass behavior is observed in the
the La(Sr) system, suggested in Figure 5, confirms the lower Jow doping range, while the samples show the FM transition
spin state in the Gd(Sr) system. Furthermore, as a result ofin the high doping region. The samples show insulator-like
the higher acidity (i.e., a higher charge/radius ratio) o#Gd  behavior forx < 0.30, and an IM transition occurs arouxnd

the Gd* ions compete more strongly thanaons with = 0.35. The optimal doping is = 0.45. A striking feature
cobalt ions in covalent bonding to the oxygen atoms. This is a re-entrance of insulator-like behavior in the samples with
leads to narrower CeO bands and more stabi¢(Co—O0) x > 0.60, arising form the large oxygen deficiency in the

levels®* This also causes a more stable LS configuration in samples. The annealing procedure under higher oxygen
Gd(Sr) compounds. Therefore, the smaller ion radius and pressure at higher temperature can restore the metallic state.
the higher acidity of the Gt ion relative to that of the L& Relative to the La(Sr) and Nd(Sr) compounds, the_G8k-

ion lead to a largerAcr, which favors a LS C8. The Co0;_s system exhibits less conduction and lowgrwhich
stabilized LS Co ions results in the reduction of the can be attributed to the large global and local structural
population of g electrons. This is another important cause distortion and the more stable LS state of Co ions arising

for the less conductance and lowkyin Gdi—xSKC0O;-s from the small radius of the Gd ion.
relative to La(Sr) and Nd(Sr) compounds. _
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