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The change of the electronic and magnetic properties as well as the charge-ot@&jricansition related
with lattice dynamics has been systematically investigated for crystdts 8r,,sFeO; (R=La, Pr, Nd, Sm,
and Gd by transmission electron microscopy and measurements of transport, magnetic, and optical properties.
In Ry5SKsFe0;, the hybridization of O p and Fe 3l states, or the effective electron hopping interaction,
can be controlled to some extent Bydependent lattice distortion. The 145r,,sFe0; with least rhombohedral
lattice distortion undergoes a CO phase transition Wigh= 198 K accompanying charge disproportionation
into nominally Fé* and F&" sites, as well as antiferromagnetic spin ordering. WherRtsite ion is changed
from R=La to smaller-sizeR ion towardsR= Gd, and hence thp-d hybridization interaction is decreased,
Tcois decreased and finally the CO transition disappearRfoeSm and Gd. The optical conductivity spectra
for theR=La — Nd compounds show a gap opening below and several activated phonon modes due to the
periodic charge modulation. The spectral intensity of the new phonon modes shows a discontinuous increase at
Tco reflecting the first-order nature of the CO transition. In the cases dRth&m and Gd compounds with
no CO transition, the gap feature is observed over a whole temperature region, while no phonon anomaly is
discerned. These results imply that the strprd hybridization as realized fdR=La, Pr, and Nd is necessary
for stabilizing the specific valence-skipping charge-ordered {t8&163-18209)03039-9

l. INTRODUCTION lence states of-3 (F€*) and +5 (F€*) were found with

the ratio of 2:1. Such an anomalous valence state as well as

The study on transition-metal oxid€BMO’s) with strong  the real space ordering of valence-skipping sites was ob-

electron correlation has been unraveling many intrigueserved also by measurements of magnetic neutron
phenomena,for example, highT ¢ superconductivity in cu-  scatteringt? which indicated that the ordered layers ofFe
prate and colossal magnetoresistance in manganites. Ordgjng F&* ions are in the sequences of.33533%... along

disorder phenomena of charge, spin, and orbital in TMO'S§he thombohedrat direction or the pseudocubic-perovskite
are important issues in the light of metal-insulator trans%

i A th h derina/disordering t i 111], direction. More lately, such a CO state was verified
e e e s VaMSTISEon lecion miCTGSCahYTEN) i proe

9 9 p o . 9 ... the presence of structural modulation related to the charge-
The charge-orderingCO) transition is seen in many TMO's; . .

" . . . ordered state. In this paper, we report on variation of such a

for example, Verwey transition in E®, with spinel CO t ition IR S th ina R site (La. P
structuré? x (hole doping=1/8 anomaly of the high Nd Sran5| '%n(;"n 132213 T‘Q IWI . %/arym.g i' e (La, . r'd
Tc-superconducting cupratés,colossal magnetoresistive » Sm, and Gylor equivalently with varying the magnitude

manganites X~ 1/2) *5 layered nickelatesx=1/3) ¢ lay-  Of P-d hybridization. -
ered manganitesx&1/2) € and so on. The perovskite-type M_0d|f|cat|(_)n of chemical (_:omposmon on the perovs_kéte
La, _,Sr,Fe0; is one such example. The end compound ofsite is effective for controlling fur_]damental (_alectronlc pa-
this system LaFe® (x=0) is a charge-transfer type insula- rameter;, such as .electron hopping interaction and doping
tor with a charge gap of about 2 eV due to the strong on-sité€Vel, in  perovskite-type TMO'S. In the case of
coulomb repulsiori. The valence of the Fe ion, or the nomi- R1-xSKiFeG;, it is possible to control the hybridizatiom,)
nal hole doping level, in this system can be varied fre/® ~ between Fe 8 and O 2 states or the one-electron band-
(3d%, x=0) to +4 (3d* x=1) by substitution of trivalent width (W) of the conduction electron band by changing the
La ions with divalent Sr ions. The hole doping greatly re-average ionic radius of the perovskitesite (R, Sr while
duces the value of resistivity, although the compound rekeeping the doping level fixed at=2/3. When theR-site ion
mains insulating at low temperatures, at least up4e0.7.  on theA site is changed from La to Gghamely, decreasing
One of the origins of the insulating ground state of the mod-the ionic radiug the distortion of Fe@octahedral structure
erately hole-doped compound is the CO, which shows ups increased to decrease the bond angle Ke-O-F¢ from
most conspicuously around=2/3 in La _,Sr,Fe0,.* 180° in an ideal cubic perovskite structure. Therefore, the
A pioneering research on this phenomenon was carrietlybridization between oxygenp2 o and Fe 8 g, states is
out by Takancet al!! with use of Mmsbauer spectroscopy. weakened and accordingly electron transfer interaction is de-
The charge disproportionation was detected at low temperateased or theN is narrowed. Intuitively, the long-range
tures below 200 K, in which two kinds of Fe ions with va- Coulomb interaction, which should compete witth might
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Average lonic Radius of R,;Sr;; R,/sShsFeQ; crystals withR ion at room temperature. The
136 1.38 1.40 1.42 decrease of the average ionic radius of tRe $n site leads
5.50 R1/33r213Feoal " lees to the decrease of the lattice constanag) from

547 A (R=La) to 5.39 A R=Gd) and to the increase
of the edge angle dg) from 60.10° R=La) to
60.22° R=Gd), namely the increase of the rhombohedral
lattice distortion. We use the tolerance fattdl’) as a mea-
sure of the lattice distortion instead of the detailed crystal
lattice parameters, defined as

} at room temperature

5.46[ +160.2

ag (A)
ar (deg.)

5.42} 160.1 (rrsptro
=0 2
V2(reet o)

Here,(rr sy, rre @ndrq are the average ionic radii of the
; 1 . L ] (R, Sn site, Fe, and O, respectively. Whéhis closer to 1,
0.985 0.990 0.995 1.000 1.005 the crystal lattice should be, by definition, closer to the ideal
Tolerance Factor I~ cubic structure. When the-site ion changes from La to Gd,
the value ofl" for Ry3SKr,sFe0; is changed from 1.008.a)
to 0.985(Gd), as indicated on the lower abscissa of Fig. 1.

@

538 Gd  Sm Nd  Pr La lgo.0

FIG. 1. R dependence of the lattice parameters for
Ry/sSh;sFe0; (R=La, Pr, Nd, Sm, and GQdsystem at room tem-
perature.

B. Transmission electron microscopy and measurements
favor the charge-ordered state in the sniallsystem, of transport, magnetic, and optical properties
whereas we may have to consider the anomalous high-
valence nature of P& state that should be stabilized by ize
strongd-p hybridization, which causes Op2hole character.
To clarify such a complicated but interesting effect of the

For measurements of the TEM, the samples were pulver-
d together with CGland dispersed on Cu grids coated
with holy-carbon support files using an apparatus of Hitachi
S S H-1500 high-resolution microscope operated at 800 kV. Re-
or W on the CO transition is one of motivations of the sistivity measurement§5—300 K were performed on the
present systematic study ORy;StysFeQ, with varying specimen of a rectangular shapgypically 1.5x1.0
R (=La, Pr, Nd, Sm, and GdWe have investigated the g5 mnd) by the conventional four-probe technique using
change of the electronic and magnetic structure as well as tn‘?eat—treatment-type silver paint as an electrode. Magnetic
lattice structure and dynam_ics_ in tﬁq,38r2,3FeQ_ system by measurement—300 K) were performed using a supercon-
measurements of transmission electron microscopy, ancting quantum interference device magnetometer. For op-
transport, magnetic, and optical properties. tical measurements a disk was sliced out from the crystal
baule and polished to a mirrorlike surface with alumina pow-
Il. EXPERIMENT der. The near-normal incidence reflectivity spectra were
measured by Fourier spectroscopy for the photon energy
] _ ~range of 0.008-0.8 eV and by grating spectroscopy for 0.6
All samples used in the present paper were obtained Usingsg ev. For the measurements above 6 eV, we utilized syn-
the floating-zone method. Starting materials wBs®; (R chrotron radiation at the Institute for Solid State Physics,
=La, Pr, Nd, Sm, and GdSrCQ;, anda-Fe,0; which was  ynpjversity of Tokyo(INS-SOR. Measurements with chang-
well dried at 900°C for 5 h. A stoichiometric mixture of |ng temperaturélo_zgo }Q were carried out between 0.008
respective materials with a prescribed ratioRapStFeO; 1.0 eV. Optical conductivity[o(w)] was obtained by
was ground fol h in anautomatic ball mill and calcined at - Kramers-Kronig analysis of the reflectivity spectra at the re-
1100°C for 20 h in air, and the process was repeated threghective temperatures. Here, the respective spectra were
times. Then the reSUlting pOWder was preSSEd into a feed r mbined with the room_temperature data in the higher-
with a size of 5 mmp X100 mm and sintered in oxygen gas energy region £1.0 eV), which was confirmed to be al-
at 1260 — 1310 °C for 50 h. The apparatus used for thenpst temperature independent, and constant reflectivity be-
crystal growth was the floating-zone furnace equipped withow 0.008 eV ando* type extrapolation above 36 eV were
two halogen incandescent lamps and hemielliptic focusingissumed for the Kramers-Kronig analysis. Below 0.008 eV
mirrors. The feed and seed rods were rotated in oppositgyr the metallic spectra, we attempted another type extrapo-
directions at a relative rate of 20 rpm and the feeding speeghtion, e.g., Hagen-Rubens type, but the deduced conductiv-

of crystal wes kept at 1.0 mm/h for all the samples. Thejty spectra did not show appreciable difference for an energy
atmosphere during the crystal growth was about 6 atm Ofegion above 0.02 eV.

oxygen for all the samples. Homogeneity of the composition
was confirmed by electron probe microanalysis. The crystal
structure was characterized by x-ray powder diffraction with
Cu Ke radiation, which indicated that all the samples were
single phase and exhibited distorted perovskite structure with Recently, the TEM has been proved to be a powerful
rhombohedral R3c) form. probe for the CO phenomena in many TM&s!® More

In Fig. 1, we show a variation of the lattice parameters oflately, we have successfully probed the existence of the CO

A. Sample preparation and characterization

IIl. STRUCTURAL TRANSITION
DUE TO CHARGE ORDERING
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_ ) ) ) FIG. 3. Temperature dependence of resistivityRgpSr,,sFeC;
FIG. 2. [011] zone-axis electron diffraction patterns for system in a cooling process. Open triangles indicate the critical
NdysSrysFe0; observed at 200 K and 110 K. The superlattice re-temperature ) for the antiferromagnetic phase transition. The
flections appear along the pseudocupld 1] direction with the  for R=La, Pr, and Nd coincides with the transition temperature

modulation vector of* =(3, 3, ). (Tco) for the charge ordering.

We begin with the argument on the resistivity features for
aroundx = 2/3 by means of TEM? In the present paper, we the R=La, Pr, and Nd compounds, which undergo the CO

) . ansition. Their resistivity-values at room temperature are
have carried out TEM measurements on a series o

. N 73 . - . _
RysShFe0; (R=La, Pr, Nd, Sm, and Gccrystals at low elatively low (~10"° Q cm) and slightly increase with de

\ ' ._creasing ionic radius of thR site (or with a decrease V).
temperatures in ordgr to confirm whether the_ CQ state exis hen temperature is decreased, the resistivity shows gradual
or not in the respective crystals. We exemplify in Fig. 2 the

] i _ semiconductorlike increase down 1@, and then under-
electron diffraction patterns f011] zone axis for the case goes a sudden change upon the CO transition, followed by a
of R=Nd at 200 and 110 K, and indicate the reciprocalsteep increase beloWo. On the other hand, for th&
lattice vectors in the simple cubic setting. With decreasing_ gy or Gd compounds with smallv, in which CO is not
temperature below 200 K, a series of sharp superstructurglserved in the TEM, the resistivity shows an insulating fea-
reflections show up along thd 11]. direction in addition to e without any distinct anomaly or jump over the whole
the Bragg diffraction spots, as also confirmed previoulsly follemperature region. In the low-temperature region these re-
the case of th(R=La.”” The superlattice reflections™(z, sjstivity (p) data can be described well by variable range
+1, +3) indicate atomic displacements induced by CO:hopping(VRH)—type formuld®7[In p(T)=T~Y4] rather than
Nominal FEé" and Fé" species show the real-space order-the activation type[In p(M)=T~1], in particular for theR
ing along the pseudocubic perovsl@flall]C dirgction witha —gsm and Gd compounds showing no CO transition. The
sequence of ..53353... (see the inset to Fig.)2perhaps  yRH model represents a tunneling conduction between the
accompanying the periodic breathing-type distortion of £€0 grpjtals in the presence of random potential. Presumaly Cou-
octahedra. Essentially identical superlattice patterns were ollsmb disorder due to theR, Sn substitution is a likely origin
served not only foR=La but also forR=Pr, in addition to  of VRH for such a near-localized state in the antiferromag-
the presenR=Nd case. Importantly, however, such super-petic phase(vise versa) Incidentally, the resistivity of
structural spots do not show up fB=Sm and Gd down to LaFeQ, (x=0), and perhaps of otheRFeO; (x=0), is
the lowest temperature for the TEM measuremengypically insulating,>10° Q cm below room temperature,
(=20 K). From this, it is anticipated that thit=Smand Gd  gue to the large charge gap-@ eV)? The remarkably
compounds do not undergo the CO transition in contrast withk_gependent features of resistivity are summarized as fol-
the largerR (=La, Pr, and Ndf compounds. Such presence |ows: (1) The resistivity increases fro=La to Gd with a
or absence of the CO transition dependingFospecies has gecrease ofV due to increasing lattice distortioii2) The
been. more f|rmly con'flrmed by spectroscopic measurementgesistivity for R=La, Pr, and Nd shows an abrupt increase at
as will be described in Sec. V. Tco due to the CO transition, which is of the first order with
a thermal hysteresis of 3 K in width. (3) With increasing
lattice distortion in going from La to Nd, the CO state be-
comes unstableT o shifts to lower temperature, and the
We show in Fig. 3 temperature dependence of resistivityesistivity jump atTco becomes blurred. In the case Bf
for crystals ofRy3Sr,sFe0; (R=La, Pr, Nd, Sm, and Gd =Sm and Gd with larger lattice distortion, the resistivity

phenomena in the hole-doped LgaSr,FeQ; (0=x=<0.7)

IV. ELECTRICAL AND MAGNETIC PROPERTIES



PRB 60 VARIATION OF CHARGE-ORDERING TRANSITIONS IN ... 10 791

. (a) 4 (b) 4 (c)
[x10]10 T Tt [x10]4'0"“l T [x10]6.01....v..-,.f1

™ La1l3sr2/3Feo3 i m Pr1,3Sr2,3Fe03 | - Nd 1,3Sr2,3Fe03,.

"5 Tco =198K '5 Tco =182K 'g Tco =165K

B 0.5 - 3 2.0 - < 3.0 .

2 TN | =8 3

» / o TN » Tn

S b —10° _ = 0 D, UL PLIN S e 10°

- ' { E - { E 003 7 { E

©0.02} : 1. 6 To0.02 06 oY . 3

g ! :10 3 g 410 S g i 10° 9

E S T j100 & 309 ! 10' >

€o0.01} ! 2 E£0.01 2 E | S

o 1 1 s o s @ 2

~ | -1 8B - E 10-1 0 ~<=0.01 . 3 10-1 .-t

T S LA I A 2

= Tco 1 D o : [T 8

= ....#.’I....:'10-3zs ...‘n...ll...."“)':sms ety ——d 0%

0 100 200 300 0 100 200 300 0 100 200 300

Temperature (K) Temperature (K) Temperature (K)

FIG. 4. Correlation between the temperature dependencies of resi¢litgr panels magnetizatiorM at ugH=1 T (lower panels
and spontaneous magnetizatibhy (upper panelsfor Ry;sSrsFe0; systems(a) R=La, (b) Pr, and(c) Nd, all of which undergo the CO
transition accompanying with the antiferromagnetic spin orderfgh€ Ty).

jumps as a signal of the CO transition no longer shows umntiferromagnetic transition, at which the resistivity shows

while the resistivity shows VRH-type insulating behavior abrupt increase. Thus, these systems undergo the phase

over the whole temperature range. change from a paramagnetic metallic state to an antiferro-
The CO transitions in TMO’s show up occasionally ac- magnetic charge-ordered stateTaly (=Ty). The charge-

companied by the antiferromagnetic spin ordering as well asrdered state has in fact been assigned to the ordering of

by the concomitant lattice distortidn. The present magnetically different Fe sites composed of the nominal

Ry/5ShsFeQ; system is also the case. We show in Figs.Fe* (3d°) and F&" (3d3) sites with the ratio of 2:1Refs.

4(a)—4(c) the temperature dependence of the magnetization1-13. However, in the case &= Sm and Gdsee Fig. 5,

and resistivity(lower panels together with the spontaneous the cusp structure in th®—T curve is weak R=Sm) or

magnetizationupper panelsfor R=La, Pr, and Nd, which nearly vanishesR= Gd) and no distinct change of the resis-

undergo the CO transition. The corresponding resultsRfor tivity is observed aroundy,. This confirms again that there

=Sm and Gd are shown in Figs(ab and 8b), respectively. occurs no CO transition foR=Sm and Gd.

We could deduce the magnetic ordering temperatiig: ( Looking at Figs. 4 and 5, one may notice that Thgis

Neel temperature from the onset of the tiny spontaneous shifted to lower temperature by increasing lattice distortion

magnetization 1y at O T, which arises from minute spin (with decrease of th&V). This is perhaps because the mag-

canting in the antiferromagnetically ordered state in thenitude J,g) of an antiferromagnetic interaction between the

slightly distorted perovskite structufgee the upper panels Fe spins is reduced due to decrease of \tfgor the p-d

of Figs. 4 and % In the case oR=La, Pr, and Ndi.e., the  hybridization. Furthermore, the decrease of the- appears

CO system, the magnetizationN|/H) at a higher magnetic also to destabilize the CO phase, since the antiferromagnetic

field (1 T) shows a clear cusp structure characteristic of thespin ordering in the present system always shows up con-

comitantly with the CO transitionTy=Tcp). The T is

109 (a) (b) shifted to a lower temperature together with decrease of the
_ MysSrysFe0s __10°™N Gdy3SrasFe0s Ty (S(_ae also Fig. Band finally dlsappears W|th_ further de-
2 10 E 2 creasingJ e (for R=Sm and Gd while Ty remains around
3 g 10 100 K
< 109 Ty=120K 1 . '
=" S =
g 10°® : 10° g 10° _
Fooal \ | Yo § got i V. OPTICAL SPECTROSCOPY

' a . .

§ 1 :101 E. % 10" E To argue the effect of the CO transition on the electronic
Eo.01f : 2 Eo005 s structure and lattice dynamics, we have previously investi-
5 1 € & 3 y previously St
T ! 10 ﬁ Y 10 gated the temperature dependence of the optical reflectivity
o~ ] -~ .
s i Y- ) ey spectra for theR=La compound? In this paper, a system-

11 1 n 1
0 Ten11°° t2°° K3°° 0 T 100 t2°° K3°° atic study of optical spectra has been extended to a whole
perature (K) emperature (K) series 0fRy3SK;sFe0; (R=La, Pr, Nd, Sm, and Gdto
FIG. 5. Correlation between the temperature dependencies girobe the CO transition in terms of changes in lattice dynam-
resistivity, magnetization, and spontaneous magnetizationfaor ICS as well as optical-gap structures in a low-energy region
R=Sm and(b) Gd which do not undergo the CO transition, al- (<1.0 eV).
though the spin ordering occurs beldy. The measurement con- We show in Fig. 6a) the temperature dependence of the
dition was the same as in Fig. 4. reflectivity spectra below 1.0 eV for the=Pr, as a repre-
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FIG. 6. Temperature dependence(af the reflectivity spectra antb) the optical conductivity spectra below 1 eV for,B8r,Fe0;. A
dashed line inb) is extrapolation of the onset part of the 0.9 eV-peak for the estimate of the optical gap energy at 10 K.

sentative example for the CO transition system. The reflecerude measure for®2. We show in the bottom panel of Fig.
tivity below 1.0 eV steeply increases toward 1 with lower- 8 the R-dependence of 2. The value of A gradually in-
ing photon energy at temperatures abdvg, (182 K), re-  creases with increasing lattice distortion. This may be as-
flecting the metallic value of resistivity~10"3 Q cm).  cribed to the increase of the effective intersite Coulomb re-
Once the temperature is decreased belpy, the reflectiv-  pulsion due to the decrease in the hopping interaction, since
ity is abruptly suppressed and the shape of the spectrumime optical gap has a character of the interatodait transi-
shows an insulating feature. Spiky structures below 0.1 eMion. As exemplified forR=Nd in Fig. Gb), the gap ob-
are due to the optical phonon modes, the number of which iserved for the charge-ordered ground statRefLa, Pr, and
clearly increased after the system undergoes the CO tranditd disappears or tends to zero with increaseing temperature
tion. aboveT,.,. Likewise, the real-gap feature for the non-CO
The electronic-structural change upon the CO transition i§R=Sm and Gd compounds at the ground state arises from
more clearly visible in the optical conductivifyr(w) ] spec-  the antiferromagnetic spin ordering. However, the reduced
tra shown in Fig. @b), which were derived by the aforemen- p-d hybridization of these non-CO systems already gives
tioned Kramers-Kronig transformation of the reflectivity rise to a gaplike feature in the(w) spectra even above the
spectra. The conductivity value obtained by the zero-antiferromagnetic transition temperatur,j, as typically

frequency extrapolation of the spectrum is in accord with theseen in the reduced low-energz 0.1 eV) spectral weight
dc conductivity value, suggesting that the electronic structure

in this energy region must dominate charge transport as well.

. 1 — .
Above T¢o, a Drude component, namely a sharply increas- 500 ' '

ing component toward=0, is observed below 0.1 eV, sig- Ry3Srz3Fe0,
at 10K

naling the existence of the carriers in coherent motion corre-
sponding to a metallic value of the resistivity. The Drude
weight below 0.1 eV is decreased with decreasing tempera-
ture. Once the system undergoes the CO transition by further
decreasing temperature, the spectral weight below 0.7 eV
decreases significantly, resulting in the opening of an optical
gap. The broad conductivity maximum around 0.9 eV can be
assigned to charge-transfer-type transitions betweenpO 2
and Fé" e, states with the final states 6f; €5, as in the
case ofR=La.!®

Figure 7 compares the ground-stét® K) spectra of op-
tical conductivity for all theR,5Sr,,5FeO; (R=La, Pr, Nd,
Sm, and Ggcompounds, which all show the gaplike feature.
We attempted to estimate the magnitude of the optical gap 06 0.8 1.0
energy in the ground state by extrapolating the onset part
linearly to the base line of the(w)=0, as exemplified by a Photon Energy (eV)
dashed line for the 10 K spectrum for the= Pr compound FIG. 7. Optical conductivity spectra at 10 (Kiewed as repre-
shown in Fig. 6b). Due to the blurred feature of the onset senting the ground statéor R,;StFe0; (R=La—Gd. Dashed

part of the spectra, it is not straightforward to accuratelylines are extrapolations of the onset parts for the estimate of the
estimate the optical gap (9, but the crosspoint may give a respective optical gaps.

1000

500

Optical Conductivity (Q 'ecm™)

0 0.2 0.4
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Tolerance Factor I FIG. 9. Temperature dependence of the optical conductivity
spectra in the optical phonon region below 0.1 eV for the
R/3Sr5Fe0; (R=Pr—Gd system. Filled triangles indicate the
new optical phonon modéeferred to as the A pealof the Fe-O
stretching which is utilized for estimate of the CO-induced lattice
deformation.

FIG. 8. R dependence of various physical quantities for the
R1/3ShsFe0; (R=La—-Gd system. The top panel: the critical tem-
peratures Ty) for the antiferromagnetic phase transition; the
middle panel: the oscillator strengtls/{) of the activated optical
phonon mode at 10 Ksee also the caption of Fig. Ghe bottom

panel: the optical gap (®) (see Fig. 7 and text ) )
phonon modes confirms again the preseffoe R=La, Pr,

(apart from the optical phonon peaksee in the lower panel ke N.d and the absencdfor R=Sm and Gii of the CO
(for R=Sm and Gd of Fig. 9. tranS|t|on._ . . .

Next, to argue the possible lattice-structural change upo We utilize the spectral intensity of the activated mode at
the Co7transition we show in Fig. 9 the(w) spectra in a %.083 e\_/(inc_iicated by closed triangles and referred to as the
lower-energy regi’on below 0.1 eV f&RR=Pr—Gd. As dem- A peakin Fig. 9 as a measure of the CO order parameter.
onstrated for the case &=La,'® the infrared phonon spec- TheA peak is due to folding of branches of the Fe-O stretch-

’ r{'ng mode by the periodic charge modulation and/or associ-

tra can furnish a conclusive evidence of the CO transitio . : : P
accompanied by the lattice distortion: The optical phononateOI lattice distortion along thed 11]; direction in the CO

modes in the CO state are split due to the folding of theState' The oscillator strength of tliepeak should reflect the

phonon dispersion branch caused by the periodic lattice digpagmtude of the I Q|stort|on arising from .the
tortion. All the samples show sharp peak structures in th harge modulation. Such an activated-phonon spectral inten-

optical conductivity spectra at room temperature due to thé'tf)l/ |st_h|gkglhy slenS||t|ve dalhs.o r;[of short-range to ' dyr:catrk?lcal CbO '
optical phonon modes, the number of which is consisten efiecting the local and high-requency hature of fis probe.

with the expectation for the cubic perovskite structure; e have estimated the oscillator strength of fipeak by

namely the external mode around 0.02 eV, the bending modtg.e conventional Drude and Lorentz curve fitting analysis

around 0.033 eV, and stretching mode around 0.073 eV, rev-v'th use of the following formula:

spectively. Although all the samples have rhombohedral

k 2 2
symmetry slightly distorted from a cubic perovskite structure o(w)= %0 n 2 Sjwj Y . ©
at room temperature, the rhombohedral distortion is too 1+(w7rp)? =1 (wjz—wz)2+ y]?wz
small for any activated phonon modes to be discerned. Once
the temperature decreases beldw,, the bending and Here, o represents the dc conductivity, and 14; rep-

stretching modes are subject to the large spectral changegsent lifetime, andw; and S; are phonon frequency and
shift and splitting, forR=Pr and Nd, as seen in Fig. 9. In oscillator strength, respectively. For the fitting, we assumed
fact these modes are more sensitive to the Fe-O bond distok=4 aboveT.o andk=8 belowTg in the cases of th&

tion than the external mode. The breathing type distortion of= Pr and Nd, or below 200 K foR=Sm and Gd. We show
FeQ, octahedra may occur on the nominaPFesite in the in Fig. 10 the temperature dependence of the oscillator
CO state to acquire the energy gain due to the crystal field ostrength S,) in the A peak for all the sample$The data for
p-d hybridization. By contrast, th&k=Sm and Gd com- R=La are quoted from our previous result in Ref.)18he
pounds show merely a small spectral change for the bendingalue ofS, steeply increases acrosgg, and is nearly satu-
modes and essentially no spectral change for the stretchingted below 130 K for the CO systems wi=La, Pr, and
modes. Such &-dependent temperature variation of optical Nd. It is worth noting that the value of th8,, e.g., at the
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200 . T T La to Gd increases a rhombohedral lattice distortion in this
R,;;Sr,;Fe0, system, which leads to decrease in hybridization between O
®--0--0-004 2p and Fe 3 states or the one-electron bandwidt)(
‘ There are observed several remarkddigependent features:
150 S A With change ofR from La to Gd,(1) the resistivity at room
s : temperature gradually increases due to decreas¥ iisee
K] o-------a----m Figs. 4 and 5 (2) the Neel and charge-orderingCO) tem-
§ 100} ) :- ::: ||;a | peraturesTy andT¢q, are shifted to lower temperature, and
> A--h oA v VA N:I for R=Sm and Gd no CO transition takes place whilg
z .tV O-sm | remains around 100 Ksee the top panel of Fig.)8(3) A
% A, -{}-Gd clear gap opening due to the CO transition is observed in the
s0l- \ \ '; ] optical conductivity spectra fdR=La, Pr, and Nd, while the
(I gap energy () in the ground state gradually increases by a
N decrease of th&V irrespective of the presence or absence of
O---O--__ : -. '; the CO (see the middle panel of Fig.).8(4) New optical
ﬂr_—.;.ﬂ:ga;&;;:ﬁhhﬂ*c-_n phonon modes are activated, or the original modes are split
0 50 100 150 200 250 300 due to the charge modulation and associated breathing-type
Temperature (K)

lattice distortion alondg111].. With decreasing temperature
_ acrossTo, the oscillator strength for the activated mode
FIG. 10._ Temperature dependence of_the oscul_ator strer@yth ( steeply increases in the casesRof La, Pr, and Nd, while for
of the activatedA peak (see the caption .Of Fig. )ofor the R=Sm and Gd the corresponding modes remain almost si-
Rl,_3Sr2,3FeO3 (R=La-Gd system. Dashed lines are merely the lent over a whole temperature regiésee Fig. 10
guides to the eyes. All these results indicate that the CO instability is rather
. . decreased with decrease of fRaite ionic radius or decrease
Iowes_t temper_aturé_lo K), decreases systematically W'.th de- of the p-d hybridization effect. This is apparently in contra-
creasing th_eR-|on_S|z_e fr_om La to Ndsee also the middle diction with the intuition that the reduced bandwidth may
panel of F[g. 8.’ indicating the_ decrgase OT the CO Orderfavor the charge-ordered state. However, we may have to
garafme;eilf th;s ord((jer,.\l;'he dd'sfoniwuﬁﬁs lgc(:)r(?[assA_(f_ﬁt __consider the unusual valence state of nominal"Fevolved
thco fort _d a L an ¢ Ir']t' Ica ?I_S%:as € q Gre(ljn3| ON 18§ the charge-ordered state of the present compounds. Such a
N '(;S —ohr er phase 1ans|| on. hm ahnl com- high-valence state witts=3/2 is obviously stabilized not
pounds show a minimal vajue &), over the whole tempera- only via the coupling with the breathingtype distortion, but
ture region, in accord with the absence of the CO transition, |« via the strong-d hybridization endowing the Bé site
in these compounds. The tiny signal intensity &= Sm

; . ) with dominantp-hole character.
may imply the dynamical or short-range CO correlation left P
in this compound.
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