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Metal-insulator transition due to charge ordering in R4,,Ba;,,C00;
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Lattice constants, resistivity, and Raman scattering spectra have been investig&gsBay;,Co0O;, where
R is a trivalent rare-earth ion, with systematically changing the averaged ionic rgdafsghe rare-earth ion.
ForR=Gd, Eu, Sm, prominent metal-insulatdl) transition is observed aty,~ 360 K, but the transition is
suppressed foR=La. The MI transition becomes also blurred for GgBa; s/C00;, suggesting that the
transition is due to charge ordering. We have observed enhancement of intensity of Raman scattering from the
Co-O stretching mode in the insulating stafe{(T,,), and have interpreted it in terms of folding of the
oxygen phonon branch due to doubling of the cell sj80163-182808)51444-Q

A charge-ordering phenomenon, that is, real-space ordecharge-ordered state. We have investigated effects of chemi-
ing of the doped carriers, is commonly observed incal substitution ofR** ions on the charge-ordering transi-
perovskite-type transition-metal oxides when the nomination, and have derived an electronic phase diagram.
hole concentrationx takes a commensurate value, e.g., Melt-grown crystals ofR;,Ba;,C00; (R=Gd, Eu, Sm,
LassSryNiOy  (x=3)," LaySrpMnO,  (x=3),% and  Sm, Ndys, Nd, Nehelaos and La were obtained by the
LayseSheCuQ, (x=4).% In doped manganites, the charge- fioating-zone method at a feeding speed of 50-60 mmvh.
ordering transition frequently accompanies significant latticésigichiometric mixture of commercial GOs;, Ew,0s,
d|stort|o_n as_welzlﬁ.;, orderings of spin and orbitat Jahn- SmOs, Nd,Os, La0s; BaCQ, and CoO powder was
Teller d|stort|9rj. “~"For example, Ng,Sr,MnO; (Ref. 4) ground and calcined twice at 1000—1100 °C for 8 h. The
is a conducting ferromagnet (158KI<250K), but is resulting powder was pressed into a rod with a size of

transferred into an antiferromagnetic charge-ordered insulas- mméx 60 mm and sintered at 11001150 °C for 24 h. The
L%ragefvovﬂwa%ﬁsfeK'a:;rﬁeiggélr;?t?cgi%%n;gﬂ'fes djégergf'gamingredient could be melted congruently in a flow of oxygen.
g P ' Y Powder x-ray diffraction measurements at room temperature

more than 1%, whilea andb elongate in the charge-ordered d Rietveld vsI€ indicate that th tal |
states. The variation of lattice parameters suggests that grfd!d Ietveld analysisindicate that the crystals were nearly
single phase except foR=La. The crystal symmetry is

charge-ordering transition is coupled with Jahn-Teller insta: X
bility inherent to the MA* ions, or equivalently with the found to be orthorhombicRbnm Z=4) for all the samples
orbital degrees of freedom. Recently, Murakaetial® di- ~ investigated. _
rectly observed the charge and orbital ordering for We show in Fig1 a prototypical example of the x-ray
Lay,Srs,MnO, single crystal by means of synchrotron x-ray Powder pattern together with the best-fitted resul,(
experiments, which will lead us torbital physics =19.44; open triangles indicate impurity peakd.attice

In this Communication, we propose another candidate ofonstants are determined to ba=5.5284(4) A, b
the charge-ordering material, perovskite-type cobalt oxides=5.5336(6) A, ancc=7.5147(3) A. Thus obtained lattice
R,,Ba;,C00;, whereR "3 is trivalent rare-earth ions. In the parameters are plotted in Fig. 2 against The lattice struc-
GdFeQ-type distorted perovskite system, reduction of theture for Gd,,Ba;,C00; is pseudotetragonal with shortened
averaged ionic radius, of the perovskiteA site decreases lattice constant, i.e.,a~b>c/v2. With increasing g, the
the transfer integral between the transition-metal sites via ¢ value gradually increases from 7.515 A = Gd to 7.631
variation of theM-O-M bond angle(chemical pressure A for R=Ndyslays, while a andb remain nearly constant.
effect). The compounds with smaller rare-earth ions, i.e.,Such a systematic change of the lattice parameters should
R=Gd, Eu, and Sm, show a prominent phase transition fronaffect transport properties oR;,Ba;,C00;. We further
metal to insulator aff,,~360 K. We have observed en- measured powder pattern of ceramics sample of
hancement of intensity of Raman scattering from the Co-G5d;;,Ba;,,C00;, and found that the lattice symmetry is dif-
stretching vibration, and interpreted it in terms of folding of ferent from the melt-grown sample; tt{#,0,1 and (2,0,2
the phonon branch due to doubling of the cell size in thereflection which locate at-23° and ~47°, respectively,
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FIG. 1. Powder x-ray patterifilled circles for melt-grown
Gd,,Ba;,C00;. Solid curve is the result of the Rietveld analysis
(Ryp=19.44). Open triangles indicate impurity peaks. $0)  10°~

" g | 7 P\~GdBaCoo;| G4
were split into two reflections, indicating that the symmetry o 4 S IOl:r X ~3=0.50
is lower in th_e ce_ramics sample. o Ea L :10“{ 12052 SN T

We show in Fig. 8) temperature dependence of resistiv- 5 3 I U
ity p up to ~400 K for Ry,,Bay,C00;. For four-probe resis- g 100 200T (12;)0 400
tivity measurements, the crystal was cut into a rectangular ~ § 2- Sm
shape, typically of X2x1mn?, and electrical contacts st Sme Nd
were made with a heat-treatment-type silver paint. In the & 1 037703
case of Gg¢,Ba;;,C00;, the p—T curve is metallic above -

— 1 H 1 [ I ] PR PR
Tw=363 K, but sudd_en_ly_Jumps aqd b_ecome_s_lnsulatlng be- 0 100 200 300 200
low Ty, . Such a resistivity behavior is reminiscent of the
charge-ordering transition of NgSr,,,MnO3,* which shows Temperature (K)

a charge-ordering transition &to=158 K. The overall fea-
ture of resistivity agrees with the work by Troyanchuk
et al,'! although the resistivity jump at-240 K cannot be

FIG. 3. Temperature dependence(a¥ resistivity and(b) acti-

reproduced. We further measured resistivity of the ceramicg, ¢
sample(not shown, but could not find the resistivity jump at Gd,_,Ba,Co0;,

~240 K. Therefore, we suspect that the resistivity anomaly
is not intrinsic but possibly due to some impurities. Hereaf-,

shows

the

vation energy forR,,,Ba;;,C00;. Arrows in the lower panel indi-
cate the critical temperaturg,, for the metal-insulator transition.
filling dependence of

resistivity  for

ter, we will concentrate our attention on the phase transitiogd'cates filing dependence of the—T curves for

at TMI (:363 K)

The insulating state below,, is considered to be a
charge-ordered stat® because the MI transition is fairly
suppressed when the nominal hole concentration deviat
from the commensurate valug< 3). The inset of Fig
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FIG. 2. Lattice constants fd®;,,Ba;,C00;, whereR®" is triva-
lent rare-earth ions, at 300 K against averaged ionic raglius the

rare-earth ion.

R (A)

d,_,BaCo0;. At x=0.50, a definite phase transition is
observed afl,, =363 K. The phase transition is, however,
fairly dimmed atx=0.52; a trace of the phase transition is

Seen at~ 230 K. Such a behavior is characteristic of charge-

ordering transitiort>

The effect of the charge ordering also appears in Raman
scattering spectra, which are the most sensitive probes for
local symmetry** We show in the inset of Fig. 4 temperature
dependence of Raman scattering spectra foy.Bd,,,Co0;
in the Co-O stretching mode region; solid and broken curves
are for the low-temperature <(T,,) and the high-
temperature £T)y,) phase, respectively. The melt-grown
sample was excited at 514.5 nm with an argon ion laser in a
backward configuration. In the high-temperature phase-
ken curve, the scattering intensity due to the Co-O stretch-
ing vibration is fairly weak, reflecting Raman inactivity of
the mode'® By contrast, enhancement of the intensity is ob-
served in the insulating statsolid curve. Intensity of the
mode was estimated and plotted in Fig. 4. As temperature
decreases, the intensity steeply rises arotlipgd (indicated
by an arrow, and continually increases beldly,, . The en-
hancement can be ascribed to the folding of the oxygen pho-
non branch due to doubling the cell volume in the charge-
ordered state.

Now, let us see the lattice effect on the charge-ordering
transition. In Fig. 8a) are shown effects of rare-earth size on
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FIG. 5. Electronic phase diagram f&;,,Ba;;,C00; against av-
eraged ionic radiusg of the rare-earth ion. The critical tempera-
tures are determined from the temperature dependence of activation
energyE,. (see text
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Finally, let us comment on the interrelation between the
charge-ordering transition and lattice structure. Troyanchuk

FIG. 4. Temperature dependence of Raman scattering intensi§t @l-° have observed a significant reduction of the crystal-
due to the Co-O stretching vibration. Curve is merely a guide to thdographicc axis of more than 2% at the metal-insulator tran-
eyes.T,, is the critical temperature for the metal-insulator transi- sition. Such a reduction af is advantageous to the charge-
tion. Inset shows Raman scattering spectra at 30&K;) and at  ordered insulating state because the resultant lattice
387 K (=Twm). distortion reduces the transfer integrddetween the Co sites.

This also explains why the charge-ordered state is stable in

temperature variation of resistivity. The absolute value ofthe smalle compound, e.gR=Gd, Eu, and Snisee Fig. 2
resistivity decreases ag increases fronR=Gd to La, re- and Fig. 3 However, we should recall that the €o(d®) ion
flecting release of the GdFedype distortion (chemical can take the intermediate spiitS; S=1) state in oxide
pressureeffect; see also Fig.)2 Accordingly, the charge- system'’ Then, it is probable that the charge-ordered state is
ordering transition becomes blurred; the transition is bareltabilized by a cooperative Jahn-Teller distortion of G
discernible forR=Sm in thep—T curve. In the case OR  octahedra within thab plane. In this sense, the present co-
=La, the charge-ordering transition disappears and a metabalt oxide system is analogous to the prototypical charge-
lic resistivity is observed down te-80 K. In order to pre- ordering material Ng,Sr;,,MnOs, in which cooperative
cisely determine the charge-ordering temperafliye, we  Jahn-Teller distortion of M Qg octahedra(or the orbital
plotted in Fig. 3b) temperature variation of activation en- ordering results in shrinkage of more than 1%.

Temperature (K)

ergy E,., which is defined by In summary, we have systematically investigated the lat-
tice constant and resistivity fd®;,Ba; ,C00;, whereR3" is
E.—=dIn(p)/d(1/T). (1) a trivalent rare-earth ion. In small&*" region, the com-

pounds show prominent metal-insulatvll) transition at
Tw~360 K. The MI transition becomes blurred when the
nominal hole concentration deviates from a commensurate
value. We further found significant enhancement of the Ra-
man scattering intensity due to the Co-O stretching vibration

Steep rise ok, is observed af,, =363 K for R=Gd and
Twm=361 K for R=Sm. The rise, however, becomes burred
in R=Sm, sNd, 5, reflecting gradual change of the electronic

and lattice structure. So, we tentatively defirBg as the i, yhe insulating state<tT,,), and interpreted it in terms of

temperatlure wThhere trfac_vagje b_e_\colmes half of the rfnaxrh folding of the oxygen phonon branch. These results suggest
mum value. Thus obtained critical temperatures for they i the |ow-temperature insulating state is a charge-ordered

ch_ar:g.e-ordering transition are plotted in Fig. 5 agamst  giate  Detailed x-ray diffraction measurements as well as
With increasing g value, Ty, gradually decreases, and even- gjactron diffraction measurements are now in progress to de-

tually the transition vanishes ag=1.36 A (R=La). Inad-  armine the pattern of the charge ordering.
dition, character of the transition changes with as well.

Steep rises op andE,. are observed in the smalk region, The authors are grateful to S. Mori and C.-H. Chen for
reflecting first-order nature of the transition. In fact, we ob-fruitful discussions. This work was supported by a Grant-in-
served thermal hysteresis of4 K for Gd;,Ba,,Co0;  Aid for Scientific Research from the Ministry of Education,
around T,, =363 K. The transition, however, becomes Science and Culture, Japan, and also from Precursory Re-
dimmed as  increases, suggesting that the transition is ofsearch for Embryonic Science and TechnoldB\RESTO,
second-order or of crossover-type. Japan Science and Technology Cooperafit$il), Japan.
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