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Bandwidth dependence of insulator-metal transitions in perovskite cobalt oxides
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Insulator-metal transitions and related electronic structures have been investigated for single crystals of
perovskite-type cobalt oxideRCoO; (R=La, Pr, Nd, Sm, Eu, and Gdvith R-dependent variation of one-
electron bandwidth\(). All the compounds exhibit the insulating ground state but undergo gradual insulator-
metal (I-M) transitions at 500—700 K. Systematic variation of th®! transition temperaturesT(y,) as well
as the thermal and optical charge gaps in the insulating phase have been observed with cRappeie or
equivalentlyW). Anomalously lowT,, as compared with the charge gap in e&®Bo0O, suggests that the
I-M transition should be viewed as a thermally induced Mott transition.
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The perovskite-type oxideRMO; R and M being a  FeSi®!’ in which both gap energies are nearly identical
trivalent rare earth ion anddBtransition metal, respectively, (=700 K). As in the aforementioned case BNiO3, an ex-
are mostly insulating apart from a few compounds ofplicit consideration (_)f electron correlation Wpuld be neces-
M =Ni and Cu(e.g. LaNiQ and LaCu@).1"3 In these com-  S&ry for understanding _the_ IM phenomena_l in Lagadd
pounds, the origin of the charge gap can be ascribed to thHiher refatedkCo0,. In this view, a systematic control of the
strong electron correlation of thed3ransition metaM? and p-d mixing (o_r th? one-electron ban_d_W|dW) W'l! be useful
hence a variety of insulator-metal phenomena show up 0for t_he investigation of the _IM transition and this can be. best

. . chieved by the systematic replacement of Bisite as in
the.verge pf. the Mott trans_|t|0n. For gxample, a series Ofjinar RMO, perovskited:119 |n the case ofRCoO; (R
RNiO; exhlt.nts.an eIectronlc.phase dlagr_am_ composed of- La, Pr, Nd, Sm, Eu, and Gd we may change the
paramagnetic insulator, antiferromagnetic insulator, an@o-0-Co bond anglé6) from ~164° (R=La) (Ref. 5 to
paramagnetic metal phases as a function of the ionic radiuground 150YR=Gd).?° This may correspond to a change in
of the R-site; which mimics the electronic phase diagram in t, 4 by ~10%, provided that, nearly scales with cas Here
the correlated electron system as a function of correlationve show systematic variation @y, as well as transport and
strength. This is because the substitution of Rsite modi-  optical charge gaps fdRCoO; and argue the nature of the
fies the distortion of the perovskite lattice, in particular thelM transition.
-0 bond angle, and hence resuls i  sysemate U S0 L vt o vor
change of the transfer interactioh,§) between theM 3d ) '
and O 2 orbital (p-d mixing). In tt‘%is paper, we report on R0; (R=La, Nd, Sm, Eu, G PO,;, and CoO. The raw

. . materials were weighed to a prescribed ratio, mixed, and
the systematic change of the insulator-métdd) phenom- ground in a ball mill. The mixtures were heated in air at

ena with such am-site variation for the case ®Co0; (R 7050 °C for 12 h. Then, prereacted mixtures were reground
=La, Pr, Nd, Sm, Eu, and Gd _ and pressed into cylindrical form of feed rodypically 5
Among theRMO; perovskites,RCoO; shows a unique mm ¢x60 mm. The crystals were grown with use of a
electronic phase change with change of temperatdiee  floating zone furnace equipped with two halogen incandes-
ground state of LaCogis a nonmagnetic insulator : €0 cent lamps and double hemielliptic focusing mirror. The feed
shows nominally the @ configuration and forms the singlet and seed rods were rotated in opposite directions at a relative
(S=O;tgg) state due to the crystal field splitting.0Dq) speed of 40 rpm and the melted zone was vertically scanned
barely dominating over the Hund’s-rule coupling. LaGoO at a speed of 1.5 mm/h in 5 atm oxygen atmosphere. Powder
undergoes the spin state transition around 100 K from théliffraction x-ray patterns showed that the sample of
low-spin (S=0) to the high-spin(S=2) or more likely to LaCoQ; was a slightly distorted perovskite with rhombo-
the intermediate-spinS=1) state®~!* while keeping an hedral structureR3c) and all the other samplé®=Pr, Nd,
electrically insulating nature. With further increase of tem-Sm, Eu, Gd were orthorhombically distortedPnm) at
perature, electrical conduction of LaCg€hows a crossover room temperature, which are in accord with the
behavior around 500 K from a thermally activated semi-literature®222
conductive to a conducting state with metallic resistivity In Fig. 1, we show the temperature dependence of electri-
(=1x10%Q cm) (Ref. 14 and metallic Hall coefficient cal resistivity for crystals oRCoO; (R=La, Pr, Nd, Sm, Eu,
(=1x10%cm’/C).*® The important aspect of such succes-and Gd. The substitution of theR site with smaller ions
sive electronic phase changes is that the magnitude of thérom La toward Smincreases resistivity over a whole tem-
charge gap(=0.1 eV) (Ref. 14 differs significantly from perature region. All the compounds show a gradual but sig-
that of the spin gag0.02—0.03 ey and also from the energy nificant decreaséown to a metallic value of I8Q cm) in
scale of IM transition temperatuggT,y=0.05 eVj. This  resistivity at temperatures of 400-600 K. The transitional
is contrasted by the case of thenmagnetic3d compound  region shifts to higher temperature with a decrease of ionic

0163-1829/96/54.6)/110224)/$10.00 54 R11 022 © 1996 The American Physical Society



54 BANDWIDTH DEPENDENCE OF INSULATOR-META.. .. R11 023

T T T 71 10— <015 T T
RCo03 E ’ [ . g
R=Gd 4 5 g | NdCoO;
En JF — Ll -©
r Sm 10°F | o 2r
i Nd i & b
; Pr % 1 0_ =1}
r La 10 =3 T=9K
; S 2 50 T4 6
N g | H(w) (eV)
< 10 B
r 3 B 05
E g 0. 4
_2;_ ] o T=9K
107 107 / 3
3 3 I —
_4E 1 1 1 1 1 1 1 1 —4E PR R W SN N W T T 'g S ECXII)
10°6— 7200 400 600 so0 1070 0005 001 8 -------- ----Lal
T(K - ! . . . .
@ & 0.0 I 2
Photon Energy (eV)
FIG. 1. Dependence of electrical resistivity)(on (a) tempera-
ture (T) and (b) inverse of temperatureT('!) for crystals of FIG. 3. Optical conductivitys(w) spectra forRCoO; at 9 K.
RCoG; (R=La, Pr, Nd, Sm, Eu, and Gd Inset exemplifies the overall feature for NdCpGpiky peaks be-

low 0.1 eV are due to optical phonons. Dashed lines are the best-fit
results with the model function for the indirect-gap plus direct-gap

radius of R. Such a systematic change of resistivity with '
@nsmons(see text

ensures the quality of these crystals and implies a systemaﬂ
change of the charge gap. The low-temperature high-resistive

state shows a thermal activation type conduction as clearly,sm). plateaus oflin,op/d(T 1) observed at low tempera-
seen in the right panel of Fig. 1In the high-temperature {res(e.g., 60-150 K for LaCog) correspond to the ther-
region, T~1<0.02 K, the plot seemingly shows a large a1y activated conduction with well-definedi, ; the A,

activation energy. However, this is ascribed to a rapid Closi/alue shows a systematic change with the replacement of

ing. of th? gap .With an increase OT temperalure above 300 KR The decrease of thR-site ionic radius gives rise to an
which gives rise to a gradual insulator-metal transition. increase in the lattice distortion and a decrease in the

With a decrease of th&-site ionic radius or equivalently L .
. i L o Co-0O-Co bond angle. Variation of the charge gap, which
with a decrease of the-d hybridization, the activation should depend on the transfer integral of antibonding orbitals

i t tically fi 0.10 eVRorLa t
wagellrgeyvlr]‘lgrreRa:sgz'sys ematicatly from © ato between OP(o) and Coli(ey) and hence should be cru-

To argue the insulator-metal behavior in more detail ove/cially affected by such aR-site replacement, is likely to be
a wide temperature region, we show in Fig. 2 the tempera@" Origin of variation oA, . This is also evidenced by opti-
ture dependence of the quantityin,gp/d(T %), which cal_spectroscodee mfra). It is worth noting here that a
would represent the activation energi,) in the case of typical gap energy as given byA2 (for example,~2300 K
thermally activated conduction. Large peaks, which signafor LaCoQ; and 8000 K for GdCog) is by far larger than
the steep insulator-metal crossover, significantly shift tolm(~480 K for LaCoQ and 650 K for GdCog). Such a
higher temperature with a decreaseRs$ite ionic radiuglLa  large discrepancy implies that the insulator-metal crossover
in RCoO; cannot be simply argued in terms of a narrow-gap
semiconductor. The spin-gap for a thermal excitation to
high-spin t5,€5) or.intermediate-spintﬁge;) (Ref 13 state
is known to be quite sma[l~300 K (Ref. 14 or ~230 K

1.0 (Ref. 23] in LaCoQ;. Such a small spin-gap implies that
—~ ~85% (80%) of Co ions are already excited to the high-spin
2 (or intermediate-spinstate at room temperatuf2 Thus we
: cannot relate the change in transport property with the spin
s state transition.
= We show in Fig. 3 optical conductivity spectra for
q 05 RCoO; at 9 K, which were derived by the Kramers-Kronig
% (KK) analysis of the reflectivity spectra. Measurements of

reflectivity spectra were done for the photon energy region
between 0.01 eV and 35 eV on specularly polished surfaces
of the samples using Fourier spectroscdfy01-0.8 eV
and grating spectroscopy0.6—35 eV. The reflectivity
00 300200 600800 data above 6 eV, which were necessary to execute the accu-
T(K) rate Kramers-Kronig transformation, were obtained using a
synchrotron radiation at INSSOR, Institute for Solid State
FIG. 2. The quantitydinp/d(T~1) plotted against temperature Physics, University of Tokyo, as a light source. The 9 K
(T) for a series 0olRCoO; (R=La, Pr, Nd, Sm, Eu, and GdThe  spectra can be viewed as representing the electronically
ordinate, if constant, would represent the thermal activation energyground state. The inset shows the spectrum for Nd{dn@
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larger energy scale as a representative for the whole feature 1.5
of spectra. The spectrum consists of three peaksla8 eV,
3.0 eV, and 5.8 eV. According to the calculation based on
the local density approximatiofLDA +U, modef), these
bands correspond to the charge transfer excitations to the Co
ey band from the bonding and antibonding states consisting
of Cot,y and O 2 states. In the ground state configuration,
the lowest excitation may bear a character of the charge-
transfer transition between the filled Qp Xtates and the
emptye, states:

In the low-energy spectra f®CoO; below 2 eV(Fig. 3),
the conductivity shows a gradual onset at 1-1.5 eV, while a
residual broad tail is present at 0.1-1 €8piky structures
below 0.1 eV are due to the optical phonon mogégth the
R replacement from La to Gd, the spectral onset shifts to
higher energy. Sarmat al?* have pointed out by the LDA
band calculation that the band gap in LaGd®an indirect
type, which is consistent with the broad spectral feature in  F|G. 4. Characteristic energies against the tolerance factor for a
the gap region as observed for LaGo@ similar view of  series 0fRC00;. Solid circles and solid squares represent the gap
the indirect gap is likely to hold for a series BCoO; crys-  energies for the opticdbirecy transition €4 4) and for the charge
tals. To estimate a change in the band gap, we fitted theansport( 2A,; A, being the activation energyrespectively, in

Energy (eV)
5

o
n

0.0=

Tolerance factor

spectra with the following model function: the low-temperature insulating state. Open circles indicate tempera-
3 1o tures kgT,y) of the insulator-metal transition as well as their mag-
og(w)=A(fio—Eg))"+B(ho—Eg 4™ (1) nification (1&kgT,y) for a better comparison.

w.hereEg,i a'n'dEg,d are gap energies for the indirect anq thefor reference as derived from Fig. 2. An energy value of
direct transitions, respectively, aridB are the respective

spectral weight. Dashed lines in Fig. 3 indicate the best-fi{(zTr'nMe;]St.gze?;Eg]egle;;gat‘E 36;‘.’;%' n:hi RC‘?t%F‘;r.frt]"z‘)'{
results for the respective spectra which clearly indicate thé& ; Ve, vanatiorkgt jy wi :

increase in the direct gap. The indirect dagp; is difficult to S0 significant as &, or Eqq. The Eqq and A, shows a

determine accurately due to a blurred feature of the conducnear.ly parallel pehawor as a function bfAccording to the
tivity onset. We have tentatively s&,,;=0.10 eV in com- empirical relation between the metal-oxygen-metal bond

mon for all RCoO; and evaluated the direct gdp, 4 for angle(6) a”d'f“”_ distortec_i_gerovskiteg'zgain RCo0; may
further quantitative analysiglt was confirmed that the ob- ghe&nge n;aarly Imedarllys\év(l)tt]l frog\ dzgf) _If_(;r La%()? (R(faf.
tainedEy 4 value is insensitive to a choice of g ; value) .) own fo around . or e p-d transter
Because of the too simplified model function E(q), the interactiont,y approximately scales with c@sindicating

. : L that t,q changes also nearly linearly withby ~10% be-
determinedE, 4 value has still ambiguity in its absolute pd ;
g.d -
magnitude. Nevertheless, a systematic shifegf; with R is tweenR=La an(_j Gd INRCo0;. The observed _change of the .
quite clear in Fig. 3 and hence relative changE' values 9ap magnitude is quite large as compared with the change in

can bear a quantitative meaning for the measure of th&pd- Such a critical change in the charge 9ap vighas well
charge-gap variation iRC0O;. as an anomalously low,, as compared with the gap mag-

We show in Fig. 4 observed energy gaps and IMnitude suggests an important role of electron correlation for
transition temperatures against the tolerance factorI,he or|g|r.1.of tt_we charge-gap formation beldy, . Thus, the
GE(fR+ro)/ﬁ(rc +10)) 2526 which is relating to distor- M transnmn in RCoO; may bear a character o.f the Mott
tion of the perovsﬁite Iat,tice and hence the degree of thdransition rather than that of the narrow-gap semicondf€tor.

p-d hybridization. Solid circles represent the optical gap  We are grateful to N. Hamada and H. Takagi for enlight-
Eg.q for the direct transition obtained by the fitting procedureening discussions. This work was supported in part by a
shown in Fig. 3, while solid squares and open circles repreGrant-In-Aid for Scientific Research from the Ministry of
sent the transport gaf2A ;) andkgTy (and also 1kgT Education, Science and Culture, Japan, and by NEDO.
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