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Simultaneous metal-insulator and spin-state transitions in PgsCay sCoOg
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Pry.sCa sC00; showed a simultaneous metal-insulator and paramagnetic-paramagnetic spin-state transition
of the first-order type at 90 K accompanied by a volume contraction-B96. Neutron diffraction analysis
revealed that the volume contraction is mainly attributed to the tilting of {Co@ahedra which causes a
decrease in the Co-O-Co angle. The electron configurations were proposed to be Id@gl(zmdalent Co
andt3, (tetravalent Cpin the low-temperature phase and itinerggye]® in the high-temperature phase.
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A temperature-induced low-spin to high-spin transition isCo and O atoms plays an important role to induce the spin-
well known in some transition-metal complexes such asstate transitions. In fact, the spin-state transitions are always
Fe(phen)(NCS),.! Similar transitions have been reported to accompanied by a change in electrical conductivity associ-
occur in certain perovskite-related cobalt oxides also. One cfted with the covalency.

these interesting materials is a perovskite oxide LagoO  Lni ,SrCoO; (Ln = La, Pr, Nd, and Smperovskite

whose ground state is the low-spin steg.>* The magnetic ~ OXides  (without  oxygen  deficiengy are — metallic

3-16 .
susceptibility shows Curie-Weiss behavior with a Curie conferromagnets: However, 1 1‘;9"" reports  describe
A,Co0; (A=Ba and Ca~"*°In this paper, we report

stant 2 emu mol'K above 650 K. The Curie constant Ln; ) . .
gradually changes to 1.3 emu molK between 350 and 110 a material PysCa sCo0; showing a temperature-induced

C - g aramagnetic-paramagnetic spin-state transition accompa-
K which is accompanied by a gradual resistivity change fromﬁied by a simultaneous MIT. To our knowledge, this is the

metal to insulatosemiconductor Moreover, the magnetic . L . .
susceptibility decreases to about zero as the temperature dﬂr—St report describing both the cooperative MIT and spin-
. ) " O&tate transition in perovskite cobalt oxides including nearly

creases after showing a maximum of around 100 K with 850:50 trivalent and tetravalent Co atoms.
large maximum in resistivity. The other interesting materials Polycrystalline Py<Ca, <CoO; was prepared using a con-
are oxygen-deficient perovskite oxides LnBaOg, s (Ln = \entional solid-state reaction method from®y,, CoG,0,
rare-earth atom In LnBaCq0s 5 (Ln = Pr, Sm, Eu, Gd, and 514,05, and CaC@. Calcination was carried out in an,O
Th), a metal-insulator transition(MIT), paramagnetic- gas flow at 1373 K for 12 h twice with intermittent grinding.
ferromagnetic, and ferromagnetic-antiferromagnetic transiThe calcined powder was pressed into a pellet, sintered in an
tions occur, e.g., around 350, 280, and 200 K, respectively, iy, gas flow at 1473 K for 24 h, and cooled down to room
the case that L= Gd*~" The inverse of magnetic suscepti- temperature at a rate 100 K/h. Powder x-ray diffraction
bility vs temperature curve shows a clear bend at the MIT(XRD) measurementéMac science MXP 18-HF system us-
temperature, implying a cooperative spin-state transition. “?ng CWK « radiation showed the absence of impurity phases.
LnBaCq,Os (Ln = Y and Ho, an antiferromagnetic ordering |odometric  titrations gave the composition —as
and a charge ordering of divalent and tnv_alent _Co atomspy, .Ca, :Co0; o2: 0.03. The lattice constants were determined
occur, e.g., ggound 350 and 220 K, respectively, in the casg the range of 30—297 K from the XRD data using crystal-
that Ln = Y.*" However, Vogtet al. have reported that the |ine silicon as an internal standard. In order to determine the
spin-state ghanges at the charge ordering temperature Hyecise crystal and magnetic structures, powder neutron dif-
YBaCq,0s,” while on the other hand, Suaed al. have not  fraction (ND) measurements were carried out using a high
mentioned it in HoBaCgOs.° resolution powder diffractometéHRPD) at 10 and 297 K in

The electronic state, low-spin or high-spin state, of thejaERI, Tokai, Japan. The wavelength of neutrons is
transition metal ion withd" (n=4, 5, 6, and Y configuration  1.824185) A. Rietveld refinements of the ND data were car-
in transition-metal complexes is determined by the two comried out by using theRIETAN-2000 progrant?® Resistivities
peting energies, crystal field energy, and Hund couplingyere measured in the range of 2—350 K by a standard dc
energy. However, it has been proposed that thefour-probe method using the Physical Property Measurement
intermediate-spin statet¥,e; or t3,e;) can be the ground System(PPMS, Quantum Designdc magnetizations were
state of perovskite oxides with trivalent or tetravalent Comeasured in the range of 2—345 K with a superconducting
atoms due to the large hybridization with hole on oxygenquantum interference device magnetomet@PMS5S,
state (3,ejL or t‘z‘geoég, whereL indicates hole on oxygen Quantum Desigh Heat capacities were measured in the
with e symmetry.19~2 This implies that the covalency of range of 13—300 K using an adaibatic method employing a
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FIG. 2. (a) dc magnetization per formula unit to magnetic field
curves at 2, 5, 75, and 100 Kb) Resistivity to magnetic field curve
at 2 K. The magnetic field was scanned in the order of H—
—5—5 T. Solid lines are visual guides.
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In Fig. 1(b), the dc magnetizatioM measured at an ex-
ternal magnetic fieldd (= 5 T) is plotted asM/H against
R s A R R temperature. The magnetization decreases abruptly on cool-
0 50 o P 200 ing below~90 K, and a small hysteresis-@2 K) is seen in
the heating and cooling cycles near the transition point. Pr’s
FIG. 1. (a) Resistivities,(b) dc magnetizationdc) heat capaci- contribution to the magnetic susceptibility was subtracted out
ties, and (d) lattice constants and unit cell volume of (tentatively using the data of Ref. Rih order to evaluate the
ProsCa sC00;. The error bars of lattice constants and unit cell net contribution of the Co atoms. This is shown in the inset
volume are in the order of the mark size. The insettofshows the  of Fig. 1(b). The high-temperature susceptibility from the Co
inverse of contribution to magnetic susceptibility from Co atoms gtoms {r>200 K) shows a Curie-Weiss behavior typical of
obtained by subtracting Pr contributiofdashed line inb)]. The 4 ferromagnet with a Curie constant of 1.7 emu moK,
soliq Iine§ in the inset.indicate the results of fitting accord?ng tocomparable to 1.8 emu nidt K for a metallic ferromagnet
B T ot 555 00, 7 The Curie consiant ncreased below 200 K.
visual guides ' ‘?ndmatmg_formathn of giant moments by a short-range fer_-

' romagnetic coupling among Co atoms. The ferromagnetic
coupling was also confirmed by the nonlinearity in teH
curve at 100 K, as indicated by the solid diamonds in Fig.

high-precision adiabatic calorimetérand in the range of 2(a), because such a nonlinearlity is not observed in antifer-
1.8-13 K and in the magnetic fields 0 and 9 T using a reyomagnet or paramagnet at such a sriell. The metallic-
laxation method employing PPMS. ity, Curie constant, and the presence of ferromagnetic inter-
The resistivity of the sample was measured on coolingaction in the high-temperature phase suggest that the
from 350 b 5 K and successively on heating from 5 to 350 K electronic and spin states are essentially identical to those in
as shown in Fig. @a). The resistivity T>100 K) on cooling the paramagnetic phase of J45f, C00s;.
is considerably less than the value of 22ram that has been The absence of magnetic neutron diffraction peaks at 297
universally observed as the maximum limiting value of the and 10 K(not shown indicates that the sample is a paramag-
resistivity for the metallic perovskite oxide system. There isnet in both the high- and low-temperature phases at least
an abrupt increasy nearly two orders of magnituglan the  down to 10 K. As a result, the contribution of Co atoms to
resistivity on cooling below 80 K. This abrupt change in the magnetic susceptibility also obeys a Curie-Weiss law be-
resistivity was observed also in the heating measurementwveen 50 and 20 K. However, the Curie constant 0.3 emu
but the temperature ro$80 K), characteristic of a first-order mol~ ! K and the paramagnetic Curie temperaturé K are
transition. Another feature is that the resistivity value onrather smaller than those of the high-temperature phase. In
heating is markedly larger than that on cooling fér addition, theM-H curve at 75 K[triangles in Fig. 2a)]
>50 K. The origin of this irreversibility in the resistivity is shows nearly linear behavior in spite of showing nonlinear
likely to be due to some extrinsic experimental artifact assobehavior at 100 K. These results indicate that the Co spin
ciated with electrical connectivitie.g., formation of crack- state and the mean field at the Co site change at the phase
ing due to the large volume change described bgli@ther  transition. The following results suggest that Co atoms are in
than some intrinsic cause, since the magnetization behavidhe low-spin statestgg and tgg) in the low-temperature
shows no such effecsee below. phase.M-H and p-H results & 2 K showed ferromagnetic
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hysteresis loops as indicated by the solid circles in Fi¢®. 2 TABLE I. Structural data of RyzCa sCoO;(Pnma).
and 2b). Since electrical conduction is associated with Co
atoms, the ferromagnetic ordering cannot be attributed to Pr 10K 297 K

atoms but to Co atoms. In addition, a heat capacity anomal
was observed aroan3 K which is collapsed at a 9 T mag- ﬁ (&) 5-32741) 5340 457)
. - . A 7.45761) 7.540 619)
netic field, characteristic of ferromagnets, as shown in the A 5 26161 5 337 647
inset of Fig. 1c). The total entropy at O T was calculated to N (A)S 26161) ' &7)
be 2.3 JK*mol™! by integratingC,/T in the temparature V(A , 209.0587) 214.94%5)
range 2 to 13 K. Since the lattice contribution to the heat(C0: 40) (A%) 0.21) 0.51)
capacity is small at such low temperatures, the entropy origi’-‘[o(l); 4c] —0.01432) —0.008@3)
nates mainly from the spin ordering. The heat capacity?lO(1): 4c] 0.58022) 0.56723)
anomaly seems to tail to both high- and low-temperaturdB[O(1); 4c] (A?) 0.31) 0.6(1)
sides. The sum of the contributions and the entropy estimatet O(2); 8d] 0.29341) 0.28472)
between 2 and 13 K would be close to RB&2 Y[O(2); &d] 0.04081) 0.03441)
(=2.9 JK mol™ 1), whereR is the gas constant. The coex- 2[0(2); &d] 0.29522) 0.28572)
istence of the low-spin trivalentS=0) and tetravalent§  B[O(2); &d] (A?) 0.31) 0.6(1)
=1/2) Co atoms in the low-temperature phase is consisterfRwp 5.40% 4.43%
not only qualitatively with the small Curie constant and Cu-R, 1.19% 2.18%
rie temperature but also quantitatively with the entropy andCo-0(1) (A) 1.91313) 1.91943)
saturation magnetization0.5ug). Co-02) (A) 1.92287) 1.9211)
Heat capacity measurements showed a sharp anomaly 1.92797) 1.9271)
around 90 K indicating a cooperative nature. The transitiorn. O(2)-Co-q2)(°) 90.741) 90.991)
entropy was estimated to be 4.7 Jkmol ! by assuming £0(1)-Co-q2)(°) 90.075) 90.127)
the dashed line in Fig.(t) as a baseline. The transition en- 90.104) 90.226)
tropy is rather smaller than 40-65 JKmol~* of the low-  , co-q(1)-Co(°) 154.107) 158.31)
spin to high-spin transition in divalent iron complexes. £ Co-0(2)-Co(°) 152.974) 157.736)

This indicates that the driving force of transition is
different from that of complexes.Senaris-Rodriguez and
Goodenough have suggestedtio*®* configuration for

X : . " hand, the mean Co-O bond length 1.922 A at 297 K is nearly
14 ’
L85 5S10.5C00;. = We also believe that this configuration is yo <, me as that at 10 K. At first glance, this seems to con-

the most probable for a metallic phase, sincedpelectron tradict the occurrence of spin-state transition at 90 K, be-

is easily trasferred because of the same numbéjgoélec- o .
trons at each Co site. In fact, the combination of trivalent®a4s€ the mean Fe-N bond length in d"’a'er.‘t ron cqmpleges
intermediate-spin and tetravalent low-spin in the high_changes by 0.16-0.22° A at the low-spin to high-spin

temperature phase corresponding to this configuration givetéans't'on'1 However, this is not strange, because the mean
the transition entropy as 4.6 JKmol"! [=0.5R(In3  C0-O bond length 1.931 A of 1@SrsCo0; at room
+In 2)—0.5R In 2], which is close to experimental one. temperatur%?_ls close to that of LaCo®at 4 K. The Co-O
XRD and ND peaks at 297 K can be indexed by the spac®0nd length in the high-temperature phase is supposed to be
group Pnma There is no superlattice reflection in both decreased from the ionic bond length by the strong cova-
XRD at 30 K and ND at 10 K. The temperature dependencéency. The remarkable change in Co-O-Co bond angles has
of the lattice constants and unit cell volume are shown irP€en also reported in carrier doping induced MIT in
Fig. 1(d). There is an abrupt change in the latticeandc ~ La1-xSKCoO; around x=0.2"> In the low-temperature
constants around 90 K with the unit cell volume decreasing®h@se, the large decrease of the Co-O-Co bond angle results
by as much as-2% between 70 and 90 K, which is mark- a.r.eductlor.l of the c;ovaler;cy and thus woulld unstabilize
edly large as compared with-0.5% at the MIT of other the itinerant intermediate-spin state as explained by Potze
perovskite oxide€224Table | shows the results of Rietveld and Korotinet al**?In addition, the large volume contrac-
refinement of ND patterns at 297 and 10 K, and several bon#on enlarges the splitting of the crystal field, leading to a
lengths and bond angles calculated from the results. A|§_tab|llzat|on of_ the Ioc_ahzed Iow-spln_ state. These observa-
Co-O bond lengths and O-Co-O bond angles are almost thdons are consistent with our suggestion.
same between 10 and 297 K. On the other hand, two Co- [N conclusion, we have reported a simultaneous metal-
O-Co bond angles change by as much-a4°, which is insul_ator and paramagnetic-pa_ramagnetic spin—stat(_a transi—
markedly large as compared with1° at the MIT's of 10N in Pl sCa sCoO; accompanied by large changes in unit
PrNiO; and NdNiQ.2* These results conclude that CoO ceI.I volume and Co-O-Co bond angles. The electron configu-
octahedra themselves tilt without deformation at the phasEations were proposed to be localize] (trivalent Cg and
transition and that the large volume change is attributed td5q (tetravalent Cpin the low-temperature phase and itiner-
the large tilting. antt3,e5° in the high-temperature phase. The connectivity
The mean Co-O bond length, 1.921 A, at 10 K is close toof the spin-state transition with the MIT, relatively small
that, 1.924 A, of LaCo@at 4 K2° This is consistent with the transition entropy, and no remarkable change in Co-O
low-spin states suggested for,R€a, Co0;. On the other bond lengths are different in nature from the low-spin to
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high-spin transition in transition-metal complexes, while oncharge/orbital ordering as another possible candidate for the
the other hand, the large volume change is similar to théMIT’s origin.
complexes. The appearance/disappearancegoélectrons Part of this work was financially supported by a Grant-in-

would constitute the primary origin of the MIT. However, it Aid for Scientific Research from the Ministry of Education,
is necessary to further investigate the possible existence &cience, Culture, and Sports of Japan.
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