RAPID COMMUNICATIONS

Selective spin-state switch and metal-insulator transition in GdBaCgOs s

PHYSICAL REVIEW B, VOLUME 65, 180408R)

C. Fronterd, J. L. Garca-Muroz! A. Llobet? and M. A. G. Aranda
Linstitut de Ciecia de Materials de Barcelona, CSIC, Campus universitari de Bellaterra, E-08193 Bellaterra, Spain
2Laboratoire de Magnetisme Louis 8le CNRS 25 Avenue des Martyrs, BP 166, 38042 Grenoble Cedex 9, France
3Departamento de Qmica Inorganica, Cristalografa y Mineraloga Universidad de Miaga, 29071 Méaga, Spain
(Received 8 January 2002; revised manuscript received 4 March 2002; published 26 Apyil 2002

Ultrahigh resolution synchrotron diffraction data for GdBaOgs throw new light on the metal-insulator
transition of C3"* Ba-cobaltites. An anomalous expansion of Ga@tahedra is observed at the phase transi-
tion on heating, while Co®pyramids show the normal shrinking at the closing of the gap. The insulator-to-
metal transition is attributed to a sudden excitation of some electrons in the octatﬁgckmt(e into the Coey
band(final t‘z‘ges state. Thetggeé state in the pyramids does not change and the structural study also rules out
adsye_r2/d3y2_ 2 orbital ordering afly,, .
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Transition-metal oxides with perovskite structure havestate has been attributed to Coin pyramidal environment
demonstrated to present a wide variety of challenging pheta rather unusual coordinatipnfrom neutron data in
nomena. Superconductivity and colossal magnetoresistan¢goBaCgOs (exclusively pyramidalP mma structure.® In
of Cu and Mn oxides are spectacular phenomena related witgontrast, for pseudocubic LaCg(a large cubic-CF splitting
the strong spin-charge-lattice correlations occurring in thesgtabilizes, at low temperature, the LS configuratfamhile at
materials. Cobaltites are also very challenging since, in adhigh temperature the coexistence of the HS and IS state has
dition, the spin-state degree of freedom of Co ions introducepeen reported LS has been proposed for LaBafy (octa-
new effects in these narrow band oxidésThe competition  hedral environmentat low temperaturé.Here we should
between crystal fieldCF), on-site Coulomb correlations, and note that the deformation of the pyramid &0 P mma
the intra-atomic exchange energies leads to the existence gppaltites with small lanthanid®6is meaningfully different
three possible spin states of Toions: the low spin state g that observed iB=0.5 cobaltites and intermediate £h
(LS, t5,ep), the intermediate spin statéS, t3,e5), and the  size? so that the differences in the CF splitting may give rise
high spin statéHS, t‘z‘geg). HS (LS) is associated with small to different electronic configurations. Namely, the same type
(high) values of CF(when compared with the intra-atomic of coordination environment may hold different spin states
exchange energyThe IS state appears when similar valuesdepending on the lattice deformation and/or orbital
of these two energies are combined with the electron-phonoaccupancy?
coupling and the Jahn-Teller distortion that lifts the degen- Several LnBaCgOss compounds present a metal-
eracy ofey andt,y orbitals. In many cobaltites the energy insulator(MI) transition at a temperaturd ;) ranging be-
differences between spin states are small and can be eastlyeen 280 and 400 Kdepending on Lh Susceptibility mea-
overcome by thermal fluctuations and/or changed by the latsurements reveal that coinciding with this transition there is a
tice thermal evolutiohleading to spin state transitions. large change in the effective paramagnetic moment of the

More recently, a great interest on LnBaQg, s (Ln = samples. This is understood as a sudden increase, on heating,
rare earth cobaltites has appear&d-® This family of com- in the spin state of Co ioms*'° From magnetic measure-
pounds presents very interesting phenomena like spin-statgents on several samples with different lanthanides, all dis-
transitions®%®  charge  ordering® and giant playing the Ml transition, Maignaet al> suggested a coex-
magnetoresistanée® The oxygen contend (0<5<1) con- istence of IS(pyramids and LS(octahedrafor T<Ty, and
trols the nominal valence of Co ions that varies from+3.5 HS Cc@" at high enough temperatures. Nevertheless, the
(50% of Co™ and 50% of CH") for 6=1 to 2.5+ (50% of  spin state at both sides of the MI transition is still unclear. A
Co** and 50% of C8") for =0 passing through 100% of study of the structural changes was carried out for
Ca®* for 6=0.5. The oxygen vacancies, wheix 1, are ThBaCgOs s by Moritomo et al® Based on these structural
found to be placed in layers together with the rare-earth ionglata, they proposed a spin-state transition from a full IS state
Thus, these compounds are formed by the stacking sequenseheme to the HS statéor Ln=Tb) in both pyramidal and
[Co0,][BaO][CoG,][LnO;] along thec direction, and Co  octahedral sitedFor T>T), a HS state” and a coexistence
presents coexistence of two types of coordination environof HS/IS states have been propo¥ety different groups.
ments: pyramidal CoQ and octahedral Cof Moreover, The main conclusion of Moritomet al. is that the orbital
oxygen vacancies, within thELnO,] layers, present a re- degree of freedom of the IS stat@éeé) and the electron-
markably strong tendency to order. This tendency preventphonon coupling results in a Jahn-Teller cooperative distor-
the appearance of disorder in the magnetic superexchangien and ads,2 2/d3zy2 2 type orbital order belowly;, . As
interactions, which causes spin glass behavior in oxygen dehe origin of the transition they proposed a sudden distortion
ficient La, _,Sr,CoO;_ . compounds. Fo6=0.5, the oxygen of the basal planes, on cooling, that accommodate the
atoms and vacancies are located in alternating rowsHS ~ ds2_,2 (pyramid and dsy2_,2 (octahedrop orbital
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occupancy. However, the sample studied in Ref. 9 had im- ! ' !

I T
purities and the reported errors in the Co-O distances were [C[ﬁg‘)]] k‘ -
anomalously large. [Gd002_5]

In this paper, we describe striking structural features for
GdBaCgOs 5 acrossTy, . Interatomic Co-O distances ex-
hibit a very different evolution in octahedra and pyramids.
Analysis of diffraction and magnetic data through the
insulator-to-metal transition provide evidence for a low-to-
high spin transition only in octahedra. TRg-type distortion
of the basal plane of octahedra and pyramids do not increast
below Ty, ruling out ads,2 2/dzy2_,2 orbital ordering as
the driving force for the phase transition. The metallic phase "
is caused by excitation of electrons, from Co atoms placed at T —
the CoQ octahedra, into they band.

GdBaCgOs, 5 was prepared by standard solid-state reac-
tion in air atT=1125 °C during 24 h. After regrinding of the FIG. 1. Observedcrossey calculated, and difference SXRPD
pellet, the compression and annealing processes were rpatterns for GdBaG@s s at 340 K (\=0.45029 A). The com-
peated several times. As Gd has a very high neutron absorpound is orthorhombicR mmm Z=2) with a,x2a,x 2a, per-
tion coefficient, we have characterized the structural evoluovskite superstructure. The inset shows a polyhedral view of the
tion across the M| transition using  x-ray orthorhombic perovskite structure of GdBafCa 5 (large circles are
thermodiffractometry. Ultra-high resolution synchrotron B& " cations and small circles are &dcations.

x-ray powder diffractiof SXRPD patterns were collected at Eirst tto f th tal struct d th
BM16 diffractometer of ESRRGrenobl¢ in the standard Irst, we want to tfocus on the crystal structure an e
ordering of the oxygen vacancies. The structure of

Debye-Scherrer configuration. The polycrystalline samplel_bBacQo&_)5 reported in Ref. 9 was used as starting model

was loaded in a borosilicate glass capillarg=0.5 mm) : : .
and rtated g data colecton. A Shot wavelengn, [ 17 el einemerts, e use the same atomc el
—0.450294(6) A (27.54 keV), selected with a double-"3 . parison. Ir y

ture (P mmn) the simple perovskite cell is doubled along

crystal S{111) monochromator, and calibrated with Si the b axis in order to account for alternating oxygen rich and
NIST (a=5.43094 A), was chosen to reduce the sample g oxyg

! oxygen deficienta-c layers. The oxygen vacancies were
absorption. Measurements have been don&=a800, 320, .
340, 360, 380, and 400 K. Each SXRPD run took atipu checked in our GdBaG@®:s 5 sample and found to be located

to have good statistics over the angular ranges29<25°  at the lanthanide layers. Ot (0,03) is almost empty with

with 0.005° step size. The powder patterns were analyzed by refined occupation factor of 0.@8. O3 at (03,3) is fully

the Rietveld method using the GSAS suite of progrdhéo  occupied with a refined occupation factor of 0®9 So,
impurities peaks have been detected and the diffraction peaklere are octahedra chains along thaxis alternated along
were remarkably sharp for a three metal-containing perovthe b axis with the corner-sharing square pyramids in both
skite. The oxygen stoichiometry was determined to becobaltites. Figure 1 shows the SXRPD Rietveld plot at 340 K
5.531) from SXRPD data, an usual oxygen content foundas an example. Refined atomic coordinates and agreement
for air synthesis:® Moreover, according to Ref. 5 the Ml factors are given in Table I. The crystal structure of
transition is absent in Gd samples witk0.6. Characteriza- GdBaCgOs s is shown in the inset of Fig. 1. From this struc-
tion of the sample included magnetic measurementsure it is apparent that the metallic phase should be highly
(SQUID) in the temperature range 10sKT<650 K. Mag-  anisotropic. Oxygen vacancies preclude the existence of
netotransport, magnetic, and optical transmission measuréighly conducting paths along within the a-c layers of
ments under pulsed fields up to 35 T have been also carriggyramids.

out® On cooling through the transitiom, and ¢ lattice param-

Intensity (arb. units)
2.0 4.0

0.0

20 (deg.)

TABLE |. Synchrotron powder diffraction Rietveld refinements. The sites are Ba%zgo,(I); Gd 2p
(3,y.2); Col 2r (0g,2); Co2 2q (0,(); O1 1a (0,0,0); 02 le (8,0); O3 1g (03,7); O3 1c (0,03)
[occupation factor0.082)]; 04 2s (,02); 05 2t (3,3.2); 06 4u (0y,2).

T(K) Baly) Gdy) Col) Co2@z)  O4(2) 05(2) 06(y) 06() Re (%)
300 0.25002) 0.27222) 0.25225) 0.25614) 0.313216) 0.273718) 0.245Q12) 0.292911) 3.91
320 0.25002) 0.27182) 0.25215) 0.25594) 0.313416) 0.274518) 0.244912) 0.292511) 3.77
340 0.24962) 0.27082) 0.25175) 0.25584) 0.313115) 0.274417) 0.243411) 0.294410) 3.80
360 0.249%) 0.26862) 0.25215) 0.256G5) 0.311916) 0.272318) 0.241812) 0.293610) 4.20
380 0.249%2) 0.268%2) 0.25245) 0.25575) 0.311%16) 0.272418) 0.242112) 0.293910) 4.02
400 0.249%) 0.26832) 0.25245) 0.25585) 0.311616) 0.272318) 0.241912) 0.293410) 4.36
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FIG. 2. Temperature dependence (@j lattice constants{b) . o . . . .
Co-O bond distances for the Cg@ctahedrdCo-Oi stands for the ~ tronic localization. According to the Curie-Weiss fitting
bond lengths along=ia, b andc axes: (c) Co-Oi bond distances Shown in Fig. 2d) w59 per Co atom changes fromSy
for the CoQ pyramids; andd) inverse of the susceptibilityc, (the ~ =1.8(1) ug (T<Ty) to 4.3(2) ug (T>Ty,). The ex-
straight lines show the Curie fits above and belbyy). pected values for Co full IS, 1:1 mixture LS/IS, IS/HS or

full HS are, respectively, 2.83%ug, 2.00 ug, 4.00 ug, and
eters exhibit a sudden shrinf0.28% and 0.27%, respec- 4.90 ug. The possibility of a non-negligible orbital contri-
tively) while a lengthens aff, (0.35%), see Fig. 2a). The  bution to the moment in this compound is uncertsiriow-
values found, and their thermal evolution, strongly contraskever, belowT,,, (in the paramagnetic insulating phasee
with those reported in Ref. 9 for TbBagds 5, wherea effective moment found per Co atom agrees with a 1:1 mix-
>b/2, a shrinks(on cooling at Ty, andb/2 lengthens. Fig- ture of C&* in LS and IS, ruling out the full Ct" IS
ures 2b) and 2c) show the Co-O bond distances, for CalO scheme. Since IS G6 is most probable in the pyramids?
octahedron and CoZ(yramid respectively, along the three the results indicate that, beld¥y,, , the octahedron contains
crystallographic axe$Co-Oi stands for the lengths along i LS C&®" and the pyramid IS Cb'. Interestingly, the mo-
=a, b, andc axes derived from the refined atomic coordi- ment per Co atom deduced in the metallic phase below
nates given in Table I. Again, there are important difference$25 K agrees with a half of Co ions in IS and the other
with the case of ThBaG®s 5. We have found that pyramids half in HS states.
and octahedra are deformed in both the insulating and me- Before discussing the most probable scenario for the
tallic states. The longest Co-O distance is Co-Oa for thenetal-insulator transition, let us analyze in more detail the
former (Co2Q) and Co-Ob for the latter (Col{. Long  Co-O bond length variation. Does that structural evolution
and short bonds alternate along thexis at both sides of the corroborate the picture deduced from magnetic data? The
transition. This is a pattern well different to the evolution answer is positive. As shown in Fig(@, Co-Oa and Co-Ob
reported in Ref. 9 for TbBaG@®s 5, where that alternation basal distances of the pyramid both lengthen on cooling, in a
was only clearly observed beloily,, , which suggests that so similar way that the basal plane deformation remains
the basal plane deformation in pyramids and octahedra vampractically unchanged at both sides Bf;,. Moreover, the
ishes aboveTy,, . Hence, conversely with Ref. 9, our data apical Co-Oc distance of the pyramid changes little across
discard the stabilization of dg,2_,2/d3,2_,2-type orbital or-  the transition. We want to emphasize that these changes are
dering belowTy,, as the physical mechanism for the MI very different to those observed in the octahedron. They are
transition in GdBaCg0s 5. Furthermore, we show in Figs. shown in Fig. 2b) and Fig. 3a): the Co-Ob distance in the
2(b) and Zc) that the difference between long and shortoctahedra displays a pronounced shrinking on cooling, which
Co-O bonds in the basal plarithe Q,-type antiferrodistor- is accompanied by a moderate increase of the Co-Oa dis-
sive distortion remains practically unchanged in the pyramid tance(again the Co-Oc apical distances change Jitihes a
(0.06 A) but increases strongly in the octahedron wherresult, in contrast with the pyramid, the difference between
heating aboveT),,. This evolution clearly rules out the the two diagonal distances of the octahedra increases notably
aforementioned orbital order transition. when it enters metallic phase. At this point it is important to

Figure 2d) shows the temperature dependence of theecall that a transition to a higher spin-state in®Cqas
inverse susceptibilitymeasured in a field of 1 T after a deduced from magnetic datenplies a bigger effective ionic
zero field cooling procegsin the paramagnetic region up radius which should lengthen the avera@g.,.,) bond
to 625 K. The paramagnetic contribution from Gd atomslength. Hence, a very significant finding is the different evo-
[estimated between 10 and 625 Kgq=1.92<10 %(T  lution of the averagédc,.o) distance in the octahedron and
+0.4) emu/g/ O¢was subtracted in order to extract the con-the pyramid Fig. 3(a]. So, a central result is that the average
tribution coming only from Co ion$xco=1/2(x—xad)]- A  {dco.o) distance of the octahedron increases substantially at
drastic change in the effective momemnfs and the sign of Ty, on heating. This finding constitutes the first experimen-
the Curie temperature takes place coinciding with the electal result, to the best of our knowledge, establishing that the
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spin-state transition in LnBaG0s s occurs solely in the oc- (i) These findings imply the existence of spin-state or-
tahedra. Thus, in the pyramids we observe, on heating, théering below and aboveéy, .
metal-oxygen bondlength contraction normally found when (iv) The alternation of short and long Co-O bonds along
the gap closes and it enters the metallic phase, indicatinthe b axis is present in the insulating and the metallic phases
again that the transition to a higher spin-state detected in th@nd not only in the former, as reported in Ref. 9 for
susceptibility takes place in the octahedron, but not in thefTbhBaCgOs5). The Q,-type distortion (antiferrodistorsive
pyramid. This transition is also responsible for the anomaof the basal planes does not increase in the insulating phase,
lous volume expansion dt,, plotted in Fig. 3b). Normally,  ruling out ads,2_,2/d3y2_,, type orbital ordering as the ori-
the cell volume contracts in an electron delocalization pro-gin of the transition.
cess. The volume expansion observed here is another confify conclude, the driving force for the MI transition is a spin-
mation of the transition to a higher spin state. state switch in the G ions located at the octahedra. They
Reca_pl_tl_JIatlng, the analysis of the struc_tural changes anguddenly switch from LS tégeg) to HS (tggeé) states at
susceptibility data for GdBaGOs 5 has permitted us to draw T, . Thereby, the metallic conductivity in this family of

ﬁ getglleg p|fctur.(|e Off the metalc;msmélator tral?smon 'T tLheoxides(fuII Co®") seems related with the injection of elec-
nbatgss family of compounds. Lur resufts reveal e 4., in the conduction band that accompanies the stabiliza-

following. : 4 2 :
(i) There is a sudden expansion of the averadig o) tion of a HS z4ey) state in the Cogoctahedra.

distance at J;, concomitant with a spin-state transition

from LS (insulating to HS (metallic state in the C¥" ions Financial support by the MEQPB97-117% CICyT

of the octahedra. (MAT97-0699, MAT97-326-C4-4, and MAT99-0984-C03-
(i) Co atoms in the pyramids hold the same spin staté®1), and Generalitat de Cataluny@&RQ95-8029 is ac-

(Ca** IS) before and after the electronic delocalization. knowledged. ESRF is acknowledged for the provision of

Hence, the pyramid simply shrinks as commonly observed irx-ray synchrotron facilities and Dr. E. Dooryee for his assis-

Mott oxides when it enters the metallic phase. tance during data collection.
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