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The electronic structure of bilayered manganite {LgSr, ,,,Mn,0;) has been investigated by optical
measurements. In the paramagnetic phase, the in-plane and out-of-plane optical spectra show a doping depen-
dence reflecting the change in the orbital character of conduction electrons. A drastic electronic structural
change has been observed with the evolution of in-plane magnetic ordering irrespective of the ferromagnetic
(e.g.,x=0.4) or antiferromagneticx= 0.3) interbilayer magnetic coupling. The optical conductivity spectra of
the ferromagnetic state show a strongly incoherent feature, such as a minimal Drude component followed by a
dominant broad peak centered around 0.4 eV. Anomalies in the phonon spectra are found in the antiferromag-
netic state of thex=0.45 and 0.5 compounds, indicating a different structural change accompanied by the
A-type antiferromagnetitand perhaps?— y?-type orbita) ordering. The relevant charge ordering and lattice
distortion may be responsible for the nonmetallic nature ofAtigpe antiferromagnetic phase.

. INTRODUCTION ites, La_,,Sr 4+ 2sMn,05, may offer another unique oppor-
tunity to investigate the generic features of the CMR
Perovskite-type manganiteR; - ,A,MnO; (R andA be-  manganites. This bilayered compound with a tetragonal
ing the rare-earth and alkaline-earth ions, respectiyélgve  structure at room temperature is the two-dimensid@al)
been investigated extensively since the late rzadiscovery %nalog of the pseudocubic perovskite-type manganites, in
colossal magnetoresistan¢€MR) .phenomené.‘_ One of  \hich the DE interaction essentially works only within the
the essential ingredients in physics of CMR is the dOUbIerespective MnQ layers?2-2* A preliminary study on the op-
exchangdDE) interaction;~’ which is the ferromagnetic in- tical spectra of thec=0.4 compound has been reported in

teraction arising from the strong qn-si(tlglund’s-rule) COU- pef. 25. In this context, we report the systematic doping
pling (‘]*.‘) betwgen the charge carriergylike statg and the dependence. The layered structure is expected to induce the
local spins {,,-like statg. However, the features not only of . L0 .

g effective magnetic field on the Mm, orbital as a

CMR but also of the ferromagnetic metalliEM) state at . ) ) .
low temperatures cannot fully be explained only by the DEpseudospm and hence partially lift the orbital degeneracy of
conduction electrons. The anisotropic interaction causes

model. Some additional or competing interactions/®g .
instabilities appear to be important as well, such as the Jahfiémarkable phenomena such as enhance Msomalous

Teller (JT) interaction or thee, orbital degree of freedom. (€mperature dependence of the lattice constifftand so
Relevant anomalous features of the electronic structure hav-
been found in optical specfd® and photoemission Figure 1 shows th@ dependence of the dc resistivity at 0
spectrat*1° Drastic temperaturéT) dependence of the elec- T and the magnetizatiotM) at 0.5 T H.Lc; c axis is per-
tronic structure has been observed and interpreted by variowendicular to the Mn@ plang for La, 5,Sr;,Mn,0,
scenarios such as the magnetization-dependkpsplit  crystals &=0.3-0.5,x representing the nominal hole con-
band®'® change of effective coupling strength of JT centration investigated in the present study. As for tke
polaron?1°121718r other mechanism$2* However, even =0.3 and 0.4 compounds, a fully spin-polarized metallic
the assignment of the major optical conductivity peak(half-metallig state is realized as the ground state, while the
(around 1 eV is not settled because of the existence of thebilayer units are antiferromagneticaffor x=0.3; A; type)
various mechanisms to be considered. or ferromagneticaly(for x=0.4) coupled along the axis,
Thus further investigation is required for understanding ofrespectively(see Fig. 2 The in-plane [(Lc) and c-axis
the mechanism of CMR in connection with electronic struc-(1/|c) resistivity of the metallic compounds both show sharp
tural change. Among them, the bilayered-structure mangardrop concurrently with the appearance of the spontaneous
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La, , Sry,,, Mn,0, A cusp feature of magnetization for=0.3 corresponds to
—————a I the rotation of the easy axis of Mn local moment which was
~10°r (@  x=031 5 T10°Lbh) x=04{ o observed in a recent neutron-scattering measureffient.
g [ 1% g I+« 1 = On the other hand, the loWw- magnetization of thex
¢ ¢ e S 2 & Ie| S =0.45 and 0.5 crystals, which are much smaller than those
2 25 £ P 12 5 _ ; ; :
Z 1ok 2z 1o & of x=0.3 and. 0.4, arise from the spin canting between the
B} | E Z7% | E MnO, planes in each bilayer unit. In other words, each crys-
é 1 g 1 1le tal shows(canted antiferromagneti¢AF) coupling along the
Y : c axis between fully spin-polarized ferromagnetic MnO
gemﬁ?afﬁg (312;% geml;]gatzuorg (312{)8) single Iayers_°’.0 Corre_sponding to the 'absence of 'th purely
ferromagnetic order in the bilayer unit, the dc resistivity for
2 . — 1 each compound remains nonmetallic even in the magneti-
e 3 EON@  x=05 3 cally ordered lowT phase. The ground state of tke-0.45
g‘i z @ z compound is canted AF phase and for the0.5 is A-type
= L= E _ llely 5= AF phase(see Fig. 2 It is worth noting that the difference
2 2 Z210%- 11l 2 between the FM phase and tldetype AF (or canted AF
Z = 7 N\J\ = phase is only the relative spin direction between the MnO
2 i 2 | — planes in each bilayer unit. Thus the magnetic structure of
0 100 200 30 0100 200 300 each single Mn@ plane remains ferromagnetic irrespective
Temperature (K) Temperature (K) of the x value in the ground state for these crystals €0x3

=<0.5). We discuss in Secs. IV and VI the significant conse-
FIG. 1. Temperature dependence of the in-plahec) and  quence of this apparently minor difference.
c-axis (l||c) resistivity together with that of magnetization at 0.5 T The outline of this paper is as follows. Section Il de-
(HLc) for Lay_,Sr 1 5Mn,0;7 single crystals(a) x=0.3,(b) 0.4, scribes the experimental procedures. We discuss tiepen-
(c) 0.45, and(d) 0.5. dence of orbital character on the basis of the optical spectra
in Sec. lll. Sections IV-VI are devoted to the discussion of
magnetization, which may correspond to the similar physicSI-dependent electronic structure; Sec. IV for the compounds
for the transition from paramagnetic insulatif@l) to FM  (x=0.3 and 0.4 with the ferromagnetic metallic ground
phase in the pseudo cubic manganites. Metdllidepen- states, Sec. V for these metallic but anomalously incoherent
dence of the in-plane resistivity of the=0.3 crystal even charge dynamics showing up in low-energy conductivity
above the magnetic ordering temperatufg) (may be attrib-  spectra, and Sec. VI for the compounds=(0.45 and 0.5
uted to the short-range ferromagnetic ordering in MnO with the (canted antiferromagnetic ground state. In Sec. VI,
plane due to the strongly anisotropic exchange coupfify. we argue the possible lattice distortion Aatype AF phase
based on the phonon-spectral anomaly. We summarize the

ﬁ ﬁ results and discussion in Sec. VIII.

Il. EXPERIMENT

All the samples are single crystals grown by a floating-
zone (FZ) method. Details were described in Refs. 22,23,
puN| and 31. Stoichiometric mixture of L&;, SrCG;, and

M Mn3;O, powder was calcined and sintered. Then, single crys-
tals were grown by the FZ method at the feeding speed of
10-15 mm/h inO, gas flow. We confirmed the sample sto-

ichiometry by inductively coupled plasma atomic emission
% S = spectroscopy. Atomic positions were determined by using
»

the four-circle x-ray-diffraction measurement. Resistivity
t5> was measured by the conventional four-probe method and

magnetization was measured by a commercial superconduct-
ing quantum interference devi¢8QUID) magnetometer.

¥=0.3 ¥=04 x=0.45 and 0.5 We measured near-normal-incidence reflectivity spectra
[R(w)] over a wide photon energy regi@f.008-36 eV at
¢ room temperature using the several light sources, polarizers,
)_." and detectors depending on the energy region. The polarized
4 R(w) spectra were measured on thb (for ELc) andac

(for El|lc) faces of each single crystal with a typical size of
FIG. 2. Schematic magnetic structure in bilayer mangariges 6X6X2 mn?. Theab face of the crystal was prepared by
ter Refs. 25, 26, and 28Ac-type antiferromagnetiéAF) ordering ~ cleaving the crystal boule, while thec face of the crystal
(left), ferromagnetic orderingmiddle), and A-type AF ordering ~Was polished with alumina powder to a mirrorlike surface.
(right). In each figure, arrows represent local spins and closed 0 obtain the absolute value of reflectivity, we measured the
circles Mn ions. reflection of a Au mirror as a reference below 1.5 eV. Above



12 356 ISHIKAWA, TOBE, KIMURA, KATSUFUJI, AND TOKURA PRB 62

La, ,,St,,, Mn,0;, 290K in-plane conductivity spectrgFig. 3(@)] show a broad peak
w . around 1 eV, forming a pseudogas 0.2 eV) structure.

This 1-eV peak may correspond to the intersite tran-
sition between MA' and Mrf* site as in the case of
Lay»Sr;,Mn0O, (Refs. 34 and 3bwhich shows charge order-
ing at low T. However, a relatively large spectral weight of
this peak implies strong hybridization of Op2and Mn 3
states, i.e., CT-transition character. The mechanism that de-
termines the peak energy as high as 1 eV remains unsettled

cm_l)
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P

£

3 Q_l
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Optical Conductivity

f'g -0 at the present stage. The electron conrrelation effects or
87y 2 -0 short-range charge/orbital ordering may be taken into
By, -0 account® Anisotropic band dispersion should also be con-

= 31_ sidered to account for the strong in-plane polarization of the
8 1-eV peak.

& The spectral weight of this 1-eV peak apparently in-

% ' ) 4 creases and the peak energy rather decreases with the doping
Energy (eV) level x. As for the c-axis spectrdFig. 3b)] in the energy

_ region below 3 eV, a rather broad peak around 1.8 eV exists
FIG. 3. The doping(x) dependence of the room-temperature for the x=0.3 spectrum. To evaluate the doping dependence
(290 K) polarized optical conductivity spectra for the of the |ow-energy spectral weight, we have calculated the

L8, 5,Sh+2:Mn,07 single crystalsi(@ in-plane €Lc) and (b)  effective number of electrons\gy), which is defined as
c-axis (E|c) spectra. Inset tqa): the doping dependence of the

effective number of electrondNgg) at 3.0 eV. Closed, open, and m (o
double circles represent thid,; values for(1) the in-plane spectra, Ner( @) = J' o(w)do’. (1)
(2) the c-axis spectra, and the sum @) and(2), respectively. Inset me’NJo

to (b): Schematic repeated cell of the bilayer manganite.

Here, m represents the free-electron mass &htheing the

1.5 eV, where th&R(w) of Au is less than 98%), we directly number of Mn atoms per unit volume. The inset to Figa_)3
detected the incident light by changing the light path. For theshows that the value df at the cutoff energy 3 eV which
higher-energy 6 eV) measurements, the synchrotron ra_corresponds to the onset_ energy of CT excitation totghe
diation at INS-SOR, Institute for Solid State Physics, Uni-Orbital. The observed anisotropy of the absolbig; value
versity of Tokyo, was utilized as a polarized light source. for ELc andE||c indicates that the kinetic energy of con-
The temperature dependence of the polarRéd) spec- duction electrons measured on this energy s¢ale eV) is
tra was measured by setting the sample and the referenééPPressed for the axis due to the layered structure. The
mirror in a He gas-exchange-type cryostat. Above 4 eV, weéaXIs Nesf v_alue te_nds to decreas_e in accord with the increas-
were not able to detect a significafitdependent change of N9 of x Whlle the in-plane value increases. As shown in the
spectra beyond the experimental error and use the rooni?Set to Fig. 8a), the sum(double circles of the Ny values:
temperature data above 6 eV to perform the Kramers-Kroni%;r ELc andEl[c shows a nearlx-independent value as if
transformation. For the analysis, we assumed the constaHi® Spectral weight transfer occurred between the in-plane
reflectivity or Hagen-Rubens relation below 0.01 eV and@nd thec-axis spectrum. This tendency signals the change of
™% extrapolation above 36 eV. Variation of the extrapola-aN €lectron occupation of the nearly degeneggterbitals,

tion procedures was confirmed to cause negligible differencé —y* vs 322fr2- Recent diffraction measureméht .
for the calculated conductivity spectra above 0.02 eV. shows that the increase of the doping decreases the lattice
parameter of the axis, especially the Mn-@) bond length

[see the inset to Fig.(B)]. For example the ratio of the
average Mn-O bond length along tbeaxis to the Mn-@3)
bond length[see the inset to Fig.(B)] is about 1.05 forx
Figures 3(a) and (b) show thex dependence of the in- =0.3 and 1.02 fox=0.4 at room temperaturé.This struc-
plane EL c) andc-axis (E[/c) optical conductivity spectra at tural change can induce the change of the charactes of
290 K, which were obtained by Kramers-Kronig analysis ofelectrons, from the &—r? to thex?—y? orbital as the dop-
the polarized reflectivity data. At this temperature, all theing increases. The change of thg orbital character can be
samples are in the paramagnetfeM) phase, thus we can closely related to the-axis spectral weight, since the hybrid-
compare the spectra without considering the difference oization between Mn 8 xX>—y? and O 2, orbitals along the
magnetic structure. Spiky structures in the far-infrared regiorc axis (z axis) is zero by the symmetry, while thez3—r?
(hw<0.07 eV) are due to optical-phonon mod&sdepen- electron can hop along theaxis through the 85,2 ,2-p, o
dence of these phonon structures is discussed in Sec. VIl ibonding state. In other words, the?-r? character ofeg
detail. The both in-plane andtaxis spectra show a peak at 4 electrons produces the spectral weight for thaxis spec-
eV. These peaks can be assigned to the charge-tra@sfer  trum. Therefore the relative change of the spectral weight
type transition between the Op2and Mn 3 down-spin  with x is caused by the change of orbital character induced
states’>33 The spectra below 3 eV, which show a clear an-by the structural change. Such an idea of the orbital-character
isotropic feature, are dominated by the intra- and interbandhange with doping is also supported by the magnetic phase
transitions of the O @ and Mn e, hybridized states. The transition withx. For exampleA-type AF phase in the highly

Ill. CHANGE OF THE ORBITAL CHARACTER
WITH HOLE DOPING
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FIG. 4. Reflectivity spectra for L.a ,,Sr; ; »,Mn,0; at the tem- 0 2 3 4 >
s 2x211+2x 27 Energy (CV)

peratures below the magnetic ordering temperafijre(a) In-plane
reflectivity spectra for thex=0.3 crystal, (b) c-axis reflectivity FIG. 5. Temperature dependence of in-plage ¢) and c-axis
spectra for thex= 0.3 crystal|(c) in-plane reflectivity spectra for the (E||c) optical conductivity spectra for La »,Sr . ,,Mn,0; crystals
x=0.4 crystal, andd) c-axis reflectivity spectra for the=0.4 crys- o (a) x=0.3 and(b) x=0.4 with the 3D spin-ordering temperature
tal. T~90 K (x=0.3) and 120 K x=0.4), respectively. Solid lines
represent the spectra at 10 K, 90 K<0.3), or 130 K k=0.4).
doped crystaf is also explained by the dominant The insets to@ and (b) are magnified spectra of in-plane low-
x%—y?-orbital character as argued in the following section. energy optical conductivity at temperatures ab®yéor x=0.3 and
0.4, respectively.

IV. TEMPERATURE DEPENDENCE OF OPTICAL
SPECTRA FOR x=0.3 AND 0.4 WITH METALLIC
GROUND STATE

of the low-energy spectral weiglisee the inset to Fig.)5
Thus the optical conductivity spectra are consistent with the
extremely bad metalor insulating behavior of the resistiv-
In this section, we discuss the electronic structural changiy aboveT.. Below T, a conspicuou3-dependent change
in the course of the transition from PI to a magneticallyfor the in-plane EL ¢) spectra is observed up to 3 eV, where
ordered metallic state for th&=0.3 (T,~90 K) and the spectra are dominated by the intra- and interband transi-
0.4 (Tc~120 K) crystals using the optical spectra on antions relevantto O R-and Mn 3 eg-like hybridized states
energy scale of several eV. Both samples have a ferromagis mentioned in the previous section. By contrast, Ehe
netic bilayer unit at lowT, while the adjacent bilayer units spectra show a minimal dependence, except for slight ac-
are ordered antiferromagnetically fa—=0.3 and forromag- cumulation of the spectral weight below 1.5 eV with de-
netically forx=0.4. creasingT below T.. A difference in the interbilayer cou-
We show in Fig. 4 thd dependence of reflectivity spectra pling least affects the optical conductivity spectra since the
for the respective polarizationg L ¢ and E||c, and for the interbilayer exchange coupling along thexis may be two
respective compositiong=0.3 and 0.4, at the temperatures orders of magnitude smaller than the intrabilayer She.
below T.. Spiky structures in the far-infrared region ¢ With decreasingrl below T, a large spectral change oc-
<0.07 eV) are due to optical phonon modes. The number ofurs in theEL ¢ spectra over an energy range of 0-3 eV.
phonon modes is found to be consistent with the factor groupmportantly, most of the transferred spectral weight does not
analysis(six in-plane and five out-of-plane modealthough  form the Drude-like coherent peak centeredwat0 ex-
all the phonon modes are not clearly discerned in this figurepected for the simple DE model, but makes a peak around
As T is decreased beloW., the bothELc spectra show a 0.4 eV. This signals unconventional charge dynamics in the
drastic change on a large energy scale up to 3 eV. By commetallic state of these bilayered manganites. This low-energy
trast, theE||c spectra show little change. Thus tB#c spec- feature is discussed in the following section using the mag-
tra behave like insulating ones over the whdleegion in  nified low-energy spectrésee the insets to Fig.) 6Here, let
accord with their high resistivity value even in the FM phaseus first discuss the overall spectral-weight transfer as ob-
[see Figs. (@) and(b)]. served. To estimate the transferred spectral weight, we have
Figure 5 shows th@ dependence of the optical conduc- calculated théN.(w) spectra, which was defined by EG).
tivity spectra of(a) the x=0.3 and(b) 0.4 single crystals for Figures Tc) and (d) show theT dependence oNgx at w.
ELc and E[|c which were deduced by Kramers-Kronig =0.8 eV, a cutoff energy for the estimate of the transferred
analysis of the reflectivity data. AB decreases from 290 K low-energy spectral weight. Between 290 K anfd,
to just aboveT, the spectra remains almost unchanged folN.x(w.) are nearly constant. Once the compound undergoes
bothx=0.3 and 0.4 except for the slight incregslecrease  the 3D spin ordering transitiomN.«(w.) shows a conspicu-
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La, , Sr;,,Mn,0, E Lc¢ crystals®~*?Such a large spectral change as observed in per-
2 — . . , ovskite manganites has been discussed in various contexts;
3 H@)  figting pal:;mete 1 (1) the T-dependent change of the density of states for the
E 'Q\ e o ] spin-polarizede,-state conduction bands with a large ex-
2y | 7 change splitting exceeding the bandwifff,(2) the JT po-
= \ o : : -
Eo 1 O B N e laron band with T-dependent effective coupling
RS SV A 1 strength?1#17(3) the T-dependent change of the interband
=] 3 "< Lorentzian curve | | e h .
g Lo e transitions between the different-orbital branches at nonspe-
© 03 0 010 e 7 cific k points!®2° All the scenarios may be relevant to the
= Y observed features, perhaps depending on the energy region.
— &)@ N T : For example, the spectral change extending up to as large an
'e 1 e §2 =04 R 1 energy scale as 3 eV cannot be accounted fot2hor (3),
5 - 100K | . . .
e | \Q% [ %R but should be interpreted in terms of the electronic-structural
Eah Rl 2 change on an energy scale of Hund’s-rule coupling a4)in
‘g = 39 38 ] Namely, the model considers the conduction band split by
5=t L E% 0.0 o the Hund’s-rule coupling energf~2 eV), that is, in fact,
S T fitin E‘:rfgin(z‘t’e)r 1 demonstrated by the local spin density approximation band-
NIl W Rl - S structure calculation on this compoufif® Above T, the
0 100 200, 300 lower-lying up-spin and down-spin bands are equally occu-

Temperature (K) pied, while in the ferromagnetic ground state with full spin

FIG. 6. Temperature dependence of the optically dedused polarization the partially O.CCUpiEd up-spin band and the to-
—0 conductivity as the fitting paramet&ee text compared with tally unoccu_p_led down-spin band are separated by the_ex-
the dc conductivity data fof@) x=0.3 and(b) 0.4 crystals. Insetto change splitting. The presently observed spectral weight
(@): The 10-K in-plane optical conductivity spectisolid lineg for  transfer with onset of the magnetization can partly be as-
the x=0.3 crystal with the fitting curvédashed and dot-dashed Signed to the change in the character of the conduction-
lines). Inset to(b): The magnified optical conductivity spectra in the €lectron related transitions, namely, from the interband tran-
low-energy region below 0.1 eV as well as the dc conductivity dataSition between the exchange-split conduction bands to the
(open circles Dashed lines in this inset are merely the guide to theintraband excitation within the up-spin band, as in the case of
eyes. Lal,XSI’XMnOQ,.8

The overall feature of th&-dependent change of the in-
ous increase in accord with the occurrence of the metalliplane low-energy conductivity spectrum can thus be ex-
conduction. plained similarly to the case of the 3D analog,

Similar spectral change with the decreaseTobr with La; ,Sr,MnOg, yet some distinct features can be noticed for
evolution of the spontaneous magnetization was also olthis quasi-2D ferromagnet in addition to their anisotropic
served for the underdoped pseudocubic perovskite manganibehavior. While the low-energy(1 eV) spectral weight is

rapidly accumulated with the decreaseTofthe 1-eV peak

La, ,,St1p,Mn,0; Elc¢ shift towards the lower energy to form the broad peak around
2-2x90 14+2x 27 . Ll
> 0415 0.4 eV at the lowest. The formation of such a mid-infrared
=gt _(C)@fe——e—?l peak and the shift withl might imply the small-polaronic
E-° 02y =03 conduction in this system. According to a conventional
5 G bo e o o 05 small-polaron modé€i! the peak energy of the(w) corre-
"§ 21 0 . ::040 sponds approximately to twice the polaron binding energy.
© Gy Lgﬁl < In fact, the 290 K(or higherT) in-plane spectrum for the
g ' 0.2¢ :ﬁ N 53 x= 0.4 can be fit with a set of polaron paramete@rg., bind-
s , poosfhy o odll- 2 ing energy E,=0.535 eV and hopping energyJ
o 0 © CEYTAE- =0.59 eV). However, such a calculation fails to reproduce
= 's [ oo —1 the shape of the lower-o(w) spectrum that shows a sub-
‘g0 02 '%é .. .
Z P S (X7 sisting low-energydown tow=0 eV) tail as well as a pro-
ER L nounced peak structure around 0.4 eV. As a more suitable
== 0 - v 0 . . .
5= (H x=05 model, we may consider the dynamical mean-field calcula-
T‘: 0.25\(&‘?‘“ tion (infinite-dimensional approagton the dynamic JT ef-
2 | P e, J05 fect[the above scenari@)] by Millis et al. (see Ref. 1Y, In
& 0 — % fact, the calculated JT polaron spetfravith the electron-
Energy (eV) %eréggraigfe (312) phonon coupling strength~1.08 can qualitatively repro-

duce the observed-dependent feature that the 1-eV peak

FIG. 7. Left panel: Temperature dependence of the in-plane op@round and abové. is gradually shifted to a lower energy
tical conductivity spectra of La S, ,Mn,O; single crystals (down to 0.4 eV with increasing spectral weightin this
which show theA-type magnetic ordering in the ground stata), calculation,Jy is assumed infinite, so that the spectral fea-
x=0.45 and(b) x=0.5. Solid lines represent 290 and 10 K spectra.ture with higher-energy than the JT coupling energy cannot
Right panel: Temperature dependence of the effective number dfe discussedl.The peak shift is assigned to the decrease of
electrons at 0.8 e\closed circlesand the lowest-peak energsee  the effective electron-phonon coupling due to the increase of
text; open circlesfor (c) x=0.3, (d) 0.4, (e) 0.45, and(f) 0.5. the kinetic energy. To be more quantitative about the singu-
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lar shape of ther(w) observed in thenetallicground state, with the measured dc conductivity beldw are shown in the
however, the consideration of the collective nature of thdigure. The zero-frequency extrapolation of the optical con-
dynamic JT distortion or the short-range orbital orderingductivity are apparently higher than they. values. The
would be necessary for this quasi-2D system beyond th®rude-like increase ofr(w) is barely observed below 0.05

infinite-dimensional approach. eV, buto(w) seems to fall again below 0.02 eV towards the
o4 value. In other words, low-energy spectra are not con-
V. INCOHERENT CHARGE DYNAMICS sistent with a Drude model below 40 K. Recent measure-

IN THE LOW-ENERGY REGION ments of lowT (down to 30 mK resistivity in the bilayered

) . ) ] compounds show that the resistivity is proportional\{®

Let us discuss in this section the low-energy electronicang remains finite at the lowedt implying 3D localization
structure which manifests itself in the in-plane spectrum ofhehavio*2 Thus in the present quasimetallic layered manga-
the barely metallic compounds. Since the zero-energy exjtes (x=0.3 and 0.4 the diffuse carrier motion even in the
trapolation of the optical conductivity spectra should coin-fu"y spin-polarized ground state is governed by two energy
cide with the dc conductivity value, the lowest energy specxcales: One is due to the presence of 0.3—0.4 eV incoherent
tral shape is important from the view point of the metal- hang that is ascribed to the dynamical lattice distortion and
insulator transition. As seen in the magnified opticalre|atively reduces the DW. The other is the suppression of
conductivity spectrunjthe inset to Fig. @], the spectrum  the Drude peak below 0.02 elgee the inset to the lower
may consist of two parts, a coherent pavhich bears quite  pane| of Fig. 6. The latter localization effect perhaps arises
a small spectral weightind an incoherent part dominated by from the quasi-2D electronic structure and/or the inherent

the 0.4-eV peak. For the quantitative analysis, we adopt @nharge/orbital density wave instabilitgee the discussion in
conventional Drude(coherent and Lorentz (incoherent  gec. vi).

curve fitting procedure to separate the spectrum into the re-

spective components. We used following formula=( in VI. TEMPERATURE DEPENDENCE OF THE OPTICAL

this cas
. SPECTRA IN CANTED ANTIFERROMAGNETIC
Sw2ve? OR A-TYPE ANTIFERROMAGNETIC
o(w) 70 oY 2) NONMETALLIC PHASE

- 2 + T 2 2\2 2 27
1+ (o) " (wpm oY e We show in Figs. @ and (b) the T dependence of the
Here, o, represents the dads— 0) conductivity, andr and  in-plane optical conductivity spectra for tte=0.45 and 0.5
1/v represent relaxation timev, and S are resonance fre- crystals, respectively, which shotvtype AF (or canted an-
qguency and oscillator strength, respectively. The inset to Figtiferromagneti¢c nonmetallic phase in a low-region. The
6(a) exemplifies the comparison of the fitting curves with thelowestT (10 K) spectral shape of each compound rather re-
experimental datax=0.3) at 10 K. In this energy region, we sembles that of the FM phase in this energy range except for
have a good agreement between fitting and experimentahe slight difference of peak positighigher forx=0.45 and
curves for each composition, except for the very low-energy0.5 and the existence of the clear gap. The gap feature is
region below 0.03 e\(due to the localization effect as men- consistent with the observed high resistivity. To compare the
tioned below. The agreement assures the adequacy of thig-type AF case with the FM one in the light of tiedepen-
procedure. Thus we could roughly decompose the Drude padent spectral change, we show in Fig&)#(f) the T depen-
and calculate the Drude weightoo/Ne?7 (DW). The DW  dence of theNg; at 0.8 eV, which measures the low-energy
is proportional to the ratio of carrier number to effective transferred spectral weight, and the energy of the lowest peak
mass in the case of a conventional metal. The calculated DW~ 1 eV at 290 K of the optical conductivity spectrum for
at the lowest temperatufé0 K) are 0.03 k=0.3) and 0.035 each composition. In the nonmetallic compounds-0.45
(x=0.4). These small values mean that the effective massemd 0.5, the magnitude of the transfered spectral weight and
are ten times heavier than free electron one, given that thalso the shift of the peak energy wilhis as large as that of
carrier density per Mn is equal to the nominal hole doping the FM case, yet th& dependence of each value is distinctly
This is consistent with the “ghost” Fermi surface or “soft- different. For the FM case, the spectral change is very sharp
gap” feature observed in the photoemmission spettra. and limited in a narrowl region near belowl ., while more
Such a small DW has been also observed for the pseudocgradual for theA-type AF case below .~200 K. However,
bic manganite§, while the interpretation by the enhanced this tendency is consistent with the differdhtlependence of
carrier mass is not consistent with the magnitude of electrothe order parameter for the magnetic ordedh&***In other
specific heat which shows the least mass renormalizatiowords, the large spectral weight transfer for these nonmetal-

effect?? lic compounds are also due to the ferromagnetic ordering in
We show in Fig. 6 th& dependence of the fitting param- each MnQ monolayer.
eteroy (w—0 optical conductivity with comparison of dc In the case oA-type AF phase there is a clear gap feature

conductivity values ¢4.) by a conventional four-probe mea- and no Drude-like response even at the lowle&l0 K). The
surement. Th& dependence af, ando g, is nearly parallel  difference between tha-type AF phase and the FM phase is
aroundT,., but not below 40 K. In the loviF region below only the spin direction, i.e., antiparallel or parallel, between
40 K, the oy value monotonously increases, whereag  each MnQ single plane within a bilayer unit, and such dif-
decreases with decreasifig The inset to Fig. @) shows ference cannot explain the difference ®fw) between AF
this situation more clearly. The optical conductivity spectraand FM phase. The AF coupling between the Mn@ane
magnified in the low-energ§0-0.1 e\j region in comparison restricts the carrier motion within each plane. This sup-
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FIG. 8. The doping dependence of the magnified in-plane opti- TE -
cal conductivity spectra at 10 K. Triangles indicate the activated 70200-
modes forx=0.45 and 0.5, and arrows the traces of these modes for /8\@/
x=0.4 (see texk ‘6’ 0
0
presses the splitting of the in-plane band dispersion arising 0
from the 32— r? orbital-mediated interplane interaction, and Energy (eV)

hence may enhance the electronic or lattice instability due to

the 2D nature. A mean-field calculation which assumes the FIG. 9. Temperature dependence of the optical-phonon mode
orbital ordered structure suggests thetallic Atype AF spectra for the Iayere(cRuddIesden-Popper serjepmpounds with
phase with the ordering of thé—y? orbitals in such a high- *=0-5- (@ The in-plane spectrum for baSnMn20; (x
doping region. On the other hand, according to the exact:O'S)‘ Arrows _and triangles indicate tht_a original and activated
diagonalization calculation based on the 2D orbital modes, respectivelfsee the t?m (b) The in-plane spectrum fpr
model®® the X2—y2 orbital ordering as well as the La; _,Sr,MnO, (x=0.5) which shows charge-orbital ordering

f th btIr$1e[‘nsition at about 210 K. Inset {@): Temperature dependence of
pseudo_gap structure appears as_ a consequence O, the or t2 oscillator strength of the activated phonon mo@geand (ii).
correlation. However, both theories suggest the existence of

large Drude(or low-energy spectralveight, which is in con-  we adopt the aforementioned Lorentz curve fitting procedure
tradiction with the present experimental result. ConcerningEq. (2)]. The results are shown in the inset to Figa)9The

this contradiction, we argue a possible effect of short-rangescillator strengths of these modes gradually increase in a
charge ordering, and the present spectroscopic evidence forgarallel manner with decreasifiy as if it were correlated to

in the next section. the evolution of theA-type magnetic orderint}
Factor group analysis tells us the existence of six infrared-
VII. IMPLICATION OF SHORT-RANGE CHARGE active in-plane optical phonon modes for the simple bilayer
ORDERING IN OPTICAL-PHONON SPECTRA manganites witlD 4;, symmetry. For the single-layered com-

pound[Fig. 9b)], distinct four phonon peaks are observed in

Figure 8 shows the optical phonon spectra for the respeche 290-K spectrum and this spectral shape is similar to the
tive crystals at 10 K, i.e., in the spin-ordered ph&s® or  shape of the bilayered one in the paramagnetic phase, in
A-type AP. As clearly seen, the number of observed phonorwhich four peaks, 0.02, 0.032, 0.04, and 0.075 eV, are also
modes is different depending on the doping lexedr the  observed. This means that these phonon modes in the para-
magnetic structure. Tha-type AF phaseX=0.45 and 0.5  magnetic phase have the common origin. In addition, these
spectra show at least six modes, while the FM phase (four modes are also observed in théype AF phase, though
=0.3 and 0.4 spectra show only three modes. In theype  the 0.032-eV peakindicated by arrowsmay be difficult to
AF phase additional modes are observed around 0.028 arimk separated by the other peak structures because of its quite
0.038 eV(indicated by triangles which are rather broad in small spectral weight. In contrast, the modis(ii), and also
shape compared with other modes and hardly discernible ithe broad peak around 0.06 eV are absent in the 290-K spec-
the FM phase spectra. THedependence of these modes aretrum of the single-layered compound. Then, two possibilities
peculiar. We show th& dependence of the in-plane optical are to be considered in the preséntiependent oscillator
phonon spectrum for th&=0.5 crystal in Fig. 88). With  strength change(a) enhancement of the intensity of the
decreasingl below about 200 K the above-mentioned two original phonon modes which exist already but are too weak
modes, namedi) and (ii), gradually grow in intensity, in to be discernible abov&y, (b) appearance of newly acti-
accord with onset of thé\-type magnetic ordering and the vated modes or splitting of original modes due to the lower-
electronic structural changesee Ref. 43 and the previous ing of the symmetry. The present case is likely interpreted by
section). To evaluate the oscillator strength of these modesthe latter scenario because of distinct change in the observ-
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able mode number. In addition, the broadened feature of thkattice coupling also plays an important role in producing the
relevant modes may suggest presence of fluctuation or sp@-4-eV peak of the in-plane spectra for=0.3 and 0.4 crys-

tial inhomogeneity of local lattice distortion. One of the can-tals even in the FM phase, although the value of reflectivity
didates for such a lattice distortion might be a CE-typeis too high to assure the existence of the activated-phonon
charge orderingCO) phenomenon since a recent neutron-structure from the reflectivity or transformed conductivity
scattering study shows the coexistence of the CE-type C@pectra.

and A-type AF phase in the low- region®® However, judg-

ing from the pattern of the phonon spectra for the single- VIll. SUMMARY

layered crystal Lg,Sr;,MnO, in the CE-type charge order-
ing (CO) phase[see the 10-K spectrum in Fig(l9], these
activated modes are not characteristic at all of the CE-typ i 1+ :
CO phase. For example, the 0.07-eV mode, that is hallmar e optical .conductlwty §peptra. The change n the out-of-
of the CE-type CO state, does not show up in the spectrurﬂlane polarized spectra |nd|_cates that hole doping gzjradually
for the bilayered compourftf. Thus the origin of thdi) and c?angzeg thes, electron orbital character 'fromz?,—r to

(ii) modes should be the lattice distortion accompanied by Y _l'ke' In t_he course of the_thermally induced P to FM
the A-type spin ordering. By now, tha-type ordering of the ransition, the in-plane electronic structure as probed by the

manganites in the higher doping region has been attributed t%ptical conductivity spectra s_hows drastic.change on allarge
the x2—y?2 type orbital ordering00).*"*€ This OO pattern energy scale due to the various mechanisms depending on

itself, even accompanied by coherent JT distortion, is considhe respective energy regions with lowering temperature, the

: L : , tral weight is accumulated in a low-energy region
tent with the original KNiF,-type structure of this system spec X
and may not need to further lower the lattice symmetry nolt =0-8 €V) for the FM compounds«{=0.3 and 0.4, while

to increase the phonon number. Therefore we have to seépe conductivity spectrum still show a broad peak profile
another mechanism for the origin of lattice distortion. around 0.4 eV. Thus the FM ground-state spectrum shows an

A plausible lattice distortion accompanied by theype extremely incoherent nature down to zero energy with ex-
spin-ordered anat?—y? type orbital-ordered state is the al- tremely small Drude weight. In afur_the_r '°".Ver energy region
ternate breathing-type lattice deformation. Such a lattic <0.02 eV), the effect of the_ Iocallzanon_ IS clearly seen as
structural change has not been confirmed experimentally tife steep decrease of the optical conductivity toward the low

We have measured the reflectivity spectra of the bilayered
anganites La ,,Sr  »,Mn,0; (0.3<x=<0.5) and deduced

yet for the pseudocubic manganite, but been suggested conductivity. Even in thé\-type antiferromagnetic non-

unrestricted Hartree-Fock calculations on the multibprdi | etallic ph?ﬁe’;&w'ﬁner% transferrtgd Spiﬁt?l welgfht Its as
model*® According to the above calculation, tietype AF arge as In the phase. in connection with 1ts gap feature,

state is stabilized by ther(, =) ordering of the breathing- we found the spectroscopic evidence for the different lattice
type distortion within the Mn@plane, that is the ordering of d'Stog'Onth'Ch strongly correlates with tetype magneﬂc
Mn3* ion with an electron i2—y? orbital and MA* ion. " (x”—y")-type orbital order and suggests a different type

Such a two-dimensional metallic state as fig/pe state of concomitant charge- and orbital-ordered state.
is amenable to the electron-lattice coupled instability, e.qg.,
the charge-density-wave instability. Themr,Gr) charge-
density modulation as suggested by the calculattfiand We thank Y. Moritomo and K. Ookura for their collabo-
its coupling to the breathing-type lattice modulation is likely ration at the early stage of this study, and T. Saitoh, D. S.
responsible for the observed phonon-spectral anomaly. ThiBessau, Y. Okimoto, K. Yamamoto, E. Saitoh, A. Fujimori,
may also give rise to a plausible mechanism that prevents thend M. Kubota for fruitful discussions. One of the authors
coherent carrier motion and produces the pseudogap stru¢t.l.) was supported from the Japan Society for the Promo-
ture in theA-type phase as observed. It is noted in Fig. 8 thation of Science for Japanese Junior Scientists. This work was
a trace of the activated modes is barely discernible even fasupported by the Grant-In Aids for Scientific Research from
thex= 0.4 spectruniindicated by arrowsat the nearly iden- the Ministry of Education, Science, Culture and Sport, Japan
tical energy positions. This may signal that such an electronalso by the NEDO.
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In the bilayer system, there is static and coherent distortion of
MnOg octahedra (2% change in the equatorial and apical Mn-O
bond lengths (Refs. 27 and 3)7 and hence they level already

lattice parameters, might be relevant to the formation of the JT
polaron with such a large binding energy. Then the local JT
distortion should be as large as 10% of the difference of the
relevant two Mn-O bond lengths. A recent study of pulsed neu-
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and A.R. Bishop[Phys. Rev. B56, R8475(1997)] has evi-
denced such a large<{10%) local distortion of octahedron in
pseudocubic La ,Sr,MnO; system (G=x=<0.4). Conversely,
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