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Anisotropic optical spectra of doped manganites with pseudocubic perovskite structure
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To investigate the effect of charge-spin-orbital correlations on electronic structures, anisotropic optical
conductivity spectra have been investigated for twin-free crystals of various doped manganitdgMnO;
(R=Pr and Nd,A=Ca and Sr; 0.4x=<0.7) with pseudo-cubic perovskite structure. In doped manganites
having an antiferromagnetic ground state, a remarkable anisotropy has been observed in their optical spectra,
reflecting the respective ferroic/antiferroic orderegforbital on Mn sites. Such orbital-order patterns give rise
to characteristic optical spectra that show a strong spectral weight befwV with light polarization parallel
to the direction of orbital lobes. Moreover, even in the ferromagnetic-metallic phases &rMnO; and
Nd,»,Sr,,MnO;, we observed substantial anisotropy in optical spectra. The results indicate the existence of
orbital-polarized ferromagnetic-metallic phase in doped manganites although the ferromagnetic-metallic state
attributed to the double-exchange interaction has been normally believed to accompany the orbital disordering.
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[. INTRODUCTION form (ferroic) order of a planad,z_ 2 orbital® To fully un-
derstand the orbital correlation effect of the doped mangan-
Doped manganites with a perovskite structure,ites, including the insulating phase as well as the metallic
R;_xAMnO; (R and A being rare-earth and alkaline-earth one, the anisotropic electronic structure should be clarified
ions, respectively show a wide variety of magnetoelectronic by means of a spectroscopic investigation. Although a num-
phenomena such as colossal magnetoresist@id®) and a  ber of experimental investigations have been reported for the
metal-insulator transition because of the mutual strong coueptical spectra of orbital ordered manganfte¥, most of
pling among spin, charge, and orbital degrees of freedom dhem have neglected the existence of anisotropy in the di-
Mn d electrons:? The electronic configurations of the e€lectric function(optical response This is partly because of
mixed-valent manganese ions (fhand Mr#*) aretgg and the difficulty in preparing sufficiently size of twin-free single

5 . : : —14
tggel respectively. In doped manganites, such Configurag:rystals. Only a few studies of anisotropic specfra*have

g9 : . ) )
tions give rise to the coexistence and competition betwee?een reportgd for manganites W'th efiorbital order. There
ore, the anisotropy of electronic structure has seldom been

the antiferromagnetic superexchange interaction produced b(%scussed for the doped manganites with a pseudocubic per-

the hhalf-ﬂll_ed t2g (_)rbltaI§ _andf the fﬁrromagnet: d((j),uble; ovskite structure. In this paper, we report a systematic optical
exchange interaction arising from the strong Hund's ruleg,qy on anisotropic charge dynamics of orbital ordered
coupling between ar, conduction electron spin antd,

/ >l . manganites with various doping levelR; ,A,MnO; (R
local spins. Furthermore, when teg electron’s itinerancy is  _p, gnd Nd,A=Ca and Sr; 0.4x=<0.7). The technical
reduced, the Jahn-Teller interaction lifts the orbital dege”breakthrough was the successful preparation of twin-free
eracy and favors the occupation of either ttig_,2 or  single crystals, which enabled us to measure the detailed
ds,2 2 orbital on theey states. Essentially, the orbital degree polarization dependence of the optical conductivity spectra.
of freedom controls the interplay between the superexchangehe study of polarized optical conductivity spectra is ex-
and the double-exchange interactions, and hence has an infiected to clarify the role of orbital ordering in anisotropic
mate connection to the charge and spin dynamics in theharge dynamics of the manganite system.
doped manganites. To overview the spin and orbital states of the doped man-
In recent years, the effect of tieg orbital order(or orbital ~ ganites, in Fig. 1 we display the bandwidi¥) versus hole
polarization has been focused on to explain a variety ofconcentration(x) phase diagram at the ground state for
magnetic and electronic phases in the doped manga”rﬁtes.Rl_xAXMnOS.15‘22In the insets of Fig. 1 we also illustrate
The order of theg, orbital gives rise to the anisotropy of the the schematic pictures of spin amg-orbital states in the
electron-transfer interaction. The anisotropic charge dynamrespective phases. In undopB¥nO; (hereR=La, Pr, and
ics arising from such an orbital order was first observed inNd), ds.2_,2- and dy2_,2-like orbitals foreg electrons are
the dc transport for metallic NdlsSr, sgMnO; with the uni-  alternately ordered on MiA sites on theab plane and are
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experimental procedures. In Sec. lll, we present the experi-
mental results of optical conductivity spectra and discuss the
electronic structures of doped manganites. Section Il is
composed of three subsections. In Sec. Il A, we discuss the
anisotropic spectra of charge-orbital ordered state in a half-

' ' L ' doped manganite NgCa;sMnOs. In Sec. Il B. We discuss
charge dynamics of double-exchange systems with varying
Lal 3?2}’:0%’:;)}’2 18" dimensions, N¢g_,Sr,MnO; (x=0.4, 0.55, and 0)7 Section
2 Metal fo) 11l C describes spectral variation affected by orbital polariza-
% 1 F 3252 tion in the course of the paramagnetic-to-ferromagnetic and
2 oAl F Ingtistor R the  ferromagnetic-antiferromagnetic  transitions  in
2 r 3P ,3yz_,2“~. © P.rl/ZSr;,zMnog and Nd;Sr,MnO;. A brief summary is
3 . /n\sulator C.0.Insulator c given in Sec. IV.
Nd i CE CEry 1¢Ca
; . Il. EXPERIMENT
002 04 06 08 1 A. Sample preparation

hole concentration X ™-._

The single crystals oR;_,A,MnO; (R=Pr and Nd,A
=Sr and Ca; 0.4x=<0.7) investigated here were grown by
the floating-zone method. The crystal growth was performed
with use of a halogen-lamp image furnace at a rate of 6—8
mm/h under an atmosphere of 1-atrp. @he grown crystals

FIG. 1. Bandwidth vs hole concentration phase diagram at thgyere characterized by powder x-ray diffraction, which con-
ground state oR; ,A,MnO;. F denotes a ferromagnetic state. A, firmed that the crystals have a single phase of distorted per-
CE, C, and G denote A-type, CE-type, C-type, and G-type antiferyysiite with a Pbnm orthorhombic orl4/mcm tetragonal
romagnetl_c states, r_espect_lvely. _IIIustratlons s_how schematic V'?W§tructure at room temperature. The as-grown crystals have
of the orbital and spin conflguratlons_ on Mn sites _for the reSpeCt'Vqﬁeavin twinned microstructures. To obtain twin-free crys-
?hhea:eji(z;erb?tr;?ws represent the direction of spin. The lobes shayq \ve have carried out the following annealing procedure.

9 : We first oriented the crystal using Laue patterns, and cut into

stacked parallel along theaxis (in the Pbnmorthorhombic ~ parallelepipeds £ 3x 3% 2 mn?) with faces perpendicular
notation), which is responsible for a layer-typeo-called to the direction of a Mn-O-Mn bond, tentatively assuming a
A-type) antiferromagneti¢AF) order. The carrier doping in- Simple cubic perovskite structure. We polished the face of
duces the charge degree of freedom. Whki¢is large(e.g.,  the specimen with alumina powder to a mirrorlike surface for
La, ,Sr,MnOs), the ferromagnetic metallic phase with or- optical measurements. Then we heated the face-polished
bital quantum disorder is stabilized by maximizing the ki- specimens to 1250 K in flowing gas, then slowly cooled
netic energy of the conductiogy-like electrons forx be- ~ down to room temperature at the cooling rate of 5 K/h. Be-
tween ~0.2 and ~0.5. With exceedingx=1/2, various cause of the strong orthorhombicity in the orbital ordered
magnetic and orbital ordered states appear successively; teéate ofR; _,A,MnO;, we can visualize twinned structures
A-type AF metallic state with uniforntl,2_,2 orbital order ~ With an optical microscope having crossed polarizers. In
for x~0.55, the C-typdchain-typé AF insulating state with  these annealed samples, the bright twin-free region has been
uniform ds,2_,2 orbital order for k~0.7), and the G-type oObserved to expand to millimeter siisee insets of Fig.
(staggereplAF insulating state withoug, orbital. In addition ~ 2(a)]. _ . .
to the above-mentioned sequence of magnetic and orbital It has been pointed out that the optical conductivity spec-
ordered states, in intermediatelV systems (e.g., trafor some doped manganites are sensitive to residual stress
Nd; _,SrMn0O3), the staggered charge ordering betweerof the crystal surface prepared by polishing procedure for
Mn3* and Mrf* ions is realized within thab plane, and is optical measurementS§* However, the above-mentioned
accompanied by the order df,2_ 2 andds,>_2 orbitals at ~ @nnealing procedure plays significant roles not only in de-
Mn3* sites and the so-called CE-tyjfEigzag-typg AF or-  twinning but also in removal of the rg&dual_strelss. The de-
dering (illustrated in the lower right insgin a narrow dop- thnneq crys_tals were also charact'erlzed Wlth single-crystal
ing range neak=0.5. By contrast, in smallV systems such X-ray diffraction measurements which confirmed the separa-
as Nd_,CaMnOs, the CE-type AF state appears over ation of'thec axis from thea (or b) axis in thePbnmortho-
wide doping range €0.3<x=<0.5). Furthermore, the so- "hombic orl4/mcmtetragonal structure.
called GE; _, AF insulating state with alternat;,2_,2 and
dsy2,2 orbital order is stabilized, being distinct from the
systems with wide and intermediaie¢ at x>0.5. The phase We performed measurements of near-normal-incidence
diagram ofR;_,A,MnQO; in Fig. 1 will be a guide map for reflectivity spectra on thél 1 0 surface(in the Pbnmor
understanding a variety of optical spectra presented in this4/mcm setting with the configurations of the electric field
paper. of incident light(E) parallel and perpendicular to theaxis.

The paper is organized as follows. Section Il describes th&ourier transform type spectrometers were used for the pho-

B. Optical measurements
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FIG. 3. Temperature dependence of the optical conductivity
spectra of Ngl,Ca;,MnO; for (a) E||ab and(b) EL ¢ polarizations.

ture Ty~ 170 K (Refs. 24 and 28. First, let us overview the
optical spectra at the ground state. In Fi¢p)2ve display the
T=10 K reflectivity spectra foE||ab andE||c polarizations.
An appreciable polarization dependence is readily seen in the
. reflectivity spectra. Spiky structures in the far-infrared region
005 . (Aw<0.08 eV) are due to optical phonon modes. In Figs.
Photon Energy (eV) Photon Energy (eV) 2(b) and 2c) we show the optical phonon region of the
oap(w) and o (w) spectra, which were deduced by the
Kramers-Kronig analysis of the reflectivity spectra. Three
dominant peaks, commonly observed in Fig&)2and Zc)
(indicated by open trianglgsre the external, Mn-O bending,
and Mn-O stretching phonon mod&sThe other peaks indi-

Optical Conductivity (10° @'cm™)

FIG. 2. Optical spectra of a detwinned crystal of
Nd,,,Ca;,MnO; at 10 K. (a) Reflectivity spectra foE|ab (a solid
line) andE||c (a dashed lingpolarization.(b) and(c) Optical con-
ductivity spectra in the optical phonon regi@0.08 eV. (d) Po-

larization dependence of the optical conductivity spectra for low- .
lying transitions (0—2.5 eVj. The insets in(a) are polarization ~Cated by arrows are additional phonon modes observed be-

microscope images of a detwinned crystal of, Mga, ,MnO; at 77 1OW Tco0o- These are induced by a lowering of the lattice
K (see the text symmetry concomitant with the charge-orbital order. Note
that some of the additional modes are observed only in the

ton energy range of 0.01-0.8 eV and grating monochroma@an(®) spectrum, indicating that the crystal investigated
tors for that of 0.6—36 eV. For the high-energy % eV) here is sufficiently detwinned with respect to the incident
measurements, we utilized the synchrotron radiation at Instilight polarization.

tute for Molecular Science as a polarized light source. The In Fig. 2d) we show the polarization dependence of the
temperature dependence (18R <700 K) of the polarized ¢ (w) spectra at 10 K for low-lying transitions. The(w)
reflectivity spectra were measured for 0.01-5 eV and thé&pectra below-2 eV show a huge anisotropy, reflecting the
room-temperature data for respective polarizations above Bighly anisotropic electronic structure in the charge-orbital
eV were connected to perform the Kramers-Kroning analysignd CE-type AF ordered state. Thgy(w) spectrum shows
and deduce the optical conductivify-(w)] spectra at the @ prominent peak around 1 eV, forming a gapQ.4 eV)
respective temperatures. To prevent the reductiotygen  structure, whereas the(w) spectrum has little spectral
los9 of the crystals, we performed the optical measurement#¥eight around 1 eV. It is worth mentioning that the anisot-
above room temperature in flowing, @as. For the analysis, opy in theo(w) spectra of Ng,Ca,,MnO; is as large as
we assumed the constant reflectivity below 0.01 eVand the one observed in layered manganite crystals such as
extrapolation above 36 eV. Variation of the extrapolation pro-Single-layered Lg,Sr;,MnO, (Ref. 27 or Dbilayered
cedures was confirmed to cause negligible difference for thé@z—2,St + 2xMn,07.%°

calculated conductivity spectra above 0.02 eV. The T evolution of theo,,(w) ando(w) spectra for the
Nd,;,,Ca,,MnO; is shown in Fig. 3. As for ther,,(w) spec-
IIl. RESULTS AND DISCUSSION tra[Fig. 3@], the peak structure is gradually suppressed and

shifted to the lower energy region with the increasd ofhe

: . . gap structure that exists in the lolwr,,(w) spectra gradu-

A. Anisotropic spectra of charge-orbital ordered state ally diminishes at highT, while forming a pseudogap struc-
in Ndy2Cay,MnO ture with a nonzerao,,(w=0) value. As for theo (w)

In this section, we discuss the electronic structure of apectra, by contrast, the low-energy<1.5 eV) spectral
half-doped manganite NgCa,,MnO;. As shown in Fig. 1, weight, that is suppressed at Iatends to increase with the
Nd,,Ca,,MnO; has a relatively smallvand shows a typical increase ofT. At T=Tco 00, the spectra show a nearly
CE-type charge-orbital-spin orderirithe charge-orbital or- polarization-independent shape with a broad peak around 0.7
dering temperatur& o o~ 250 K, while the Nel tempera-  eV. This is distinct from the spectra of layered manganites
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Nd4,»,CaqsMnO3 T-dependent spectral change occurs. At 10N¢q ab] is
— r T — T more than twice as large as tidy4c], showing a clear
< 5.5} (a) TN Tco T anisotropic feature. In the mid@l-region, Ty\<T<Tco oo
w : : N[ ab] decreases whildl.¢ c] increases with the increase
% of T, leading to the decrease of the anisotropy. Traepen-
€ 54} dence ofNg4 appears to be related to that of the lattice pa-
o rameterq Fig. 4(a)] which is tied to the orbital state via the
& collective Jahn-Teller effect. This result clearly indicates the
g strong relationship between the spectral anisotropy and the
£ 5.3 formation of the orbital ordering. We also estimated the onset
© energy of the peak structure in the,,(w) spectra by ex-

trapolating linearly the rising part to the abscissa. Figuoe 4
displays therT profile of the onset energy far,,(w) spectra
as a measure of the optical gap energy. At the lowest
(=10 K), the gap magnitude is approximately 0.4 eV, and
gradually decreases dsis increasede.g., 0.18 eV at 230
K), and then is suppressed abruptly to zerd @ oo. These
results demonstrate that the onset of the long-range CE-type
AF order scarcely induces the abrupt change in the aniso-
tropic electronic structure below 2 eV and the gap magni-
3 tude, while the charge-orbital order plays a major role in
. determining them. In Fig. @) we also show the averaged
. spectral weighiNq4 av]= (2N ab]+ N c])/3 at 2.0 eV,
I as a measure of the total spectral weight below 2 eV. In spite
of the remarkableT dependence inr,(w) and o (),
Nel@v] is nearly T independent, which indicates that the
| total kinetic energy measured on an energy scale of 2.0 eV is
4 preserved during the charge-orbital ordend CE-type AF
transitions.

L 1 There have been reported several theoretical studies on
0 100 200 300 the optical properties of the charge-orbital ordered mangan-
Temperature (K) ites. Solovye¥ interpreted the optical conductivity in the
CE-type AF phase to dipole transitions from Mg) to
Mn(4p) states by means of tight-binding approaches and
first principles band-structure calculations in the local spin-

deduced by integrating the observetw) spectra over the region, density approxima_tion. To reproduge the experimental results
0 eV=w=2.0 eV. N,Jav] denotes the averaged spectral weight SUCh as large optical gap and anisotropy, the effect of the
defined byNeg av]=(2Neq ab]+Neg c])/3. (c) Temperature de- Jahn-Teller distortion and the zigzag-type., CE-type AF
pendence of the optical gap magnitude as estimated by |inear|9rder|ng are indispensable in his calculation. This means that
extrapolating the rising part of the optical conductivity spectra forthe calculation may explain the optical conductivity spectra

Ellab. Solid lines are merely guides to the eyes. at the ground state but hardly reproduce thoseTgsT
<Tco,00Where the magnetic ordering disappears. More re-
31 H
such as Lg,Sr,sMnO,, in which remarkable anisotropy re- cer_ltly,.Cuocoet al. _stud|eq the .model for thg CE p.hase,
which includes on-site and intersite Coulomb interactions as

mains even abov& o oo.2° It is noteworthy that a discon- . N :
tinuous spectral change from pseudo-gap to real-gap likivell as the Jahn-Teller orbital polarization by the exact di-

structures is discernible in Fig. 3 @t while no re- agonalization method. They investigated the nature of the
markable change in the spectré takesobcljaoé:e ardynd optical excitation as due to transitions between the correlated

To evaluate tha dependence of the spectral weight, we States ofég electrons at MR" sites, and explained the
use the effective number of electroNgy(w), as defined by PSeudogap feature in a higfregion as observed experimen-

: i tally.
the following relation:
g The undopedRMnO; is classified as a charge-transfer

om type insréjzlaslgor located near the boundary of a Mott type

_ ¢ , / insulator’>?In doped manganites, therefore, the hybridized

Ner @) 2Nfo olw’)dw’. @ O 2p—Mn g4 state may form a conduction band and the

intraband and interband transitions of the hybridized states

Here, N represents the number of formula uniis., the  dominate the lower-lying electronic excitations in doped
number of Mn atoms per unit volumeéNe plot theN 4 ab] manganites. The spectra below?2 eV investigated here
andNegq{ c] values in Fig. 4b) as a function off, adopting a  should reflect such O2-Mn ey hybridized bands. The ob-

cutoff energy athw=2.0 eV, below which most of the served anisotropy of the(w) spectra indicates that the ki-

Negr at 2.0eV

Optical Gap (eV)

FIG. 4. (a) Temperature profiles of the lattice parameters of
Nd,,Ca;,MnO;. (b) Temperature dependence of the effective num-
ber of electrons\4 for the E||ab andE| ¢ polarizations which are
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netic energy of conduction electrons measured on this energy

scale (-2 eV) is suppressed for the component alongahe Nd 1, Sr,MnO,
axis at the ground state. In the framework of the interdite 3 ' T
transition model, the peak structure in th€éw) spectrum 10K

can be assigned to the photoinduced hopping okthelec-

tron between MA" and Mrf* sites, whose anisotropy can
be interpreted in terms of thi@) charge,(b) orbital, and(c)

spin orders as follows(@) The charge stacking along tle

axis prohibits the hopping to the direction by the strong
on-site Coulomb repulsiorib) The spectral weight depends

on the electron transfer energy, and hence becomes aniso-

tropic in the dgs ,2/d32 ,2-type orbital ordered state 3272 5@ g
[stronger foro,u(w) than o¢(w)]. (c) Since the total spin 0 1 7 ",
quantum number is preserved during the optical excitation, Photon Energy (eV)

intersite transitions along theaxis between AF-coupled Mn o ) o
sites should be forbidden by the large Hund's-rule coupling FIG. 5. Polarization dependence of the optical condgctlvny
energy. All of them may be relevant to the observed anisot>Pecta at 10 K fox=0.4, 0.55, and=0.7 crystals. lllustrations
ropy in the optical spectra to some extent: Mechani¢ans show schematic views of the orbital and spin configurations.
and (b) simultaneously work for the suppression of the
c-polarized spectral weight since the charge and orbital orsets of Fig. 5. The details of thedependence of the spectral
ders occur concomitantly. Mechanidg) is effective even in  anisotropy for x=0.55 and 0.7 have been reported
the case of short-range correlation, and hence may be alsdsewhereé? Here, we focus on another noteworthy feature,
responsible for the decrease Nfs c]/Nes ab] [Fig. 4b)] i.e., the evolution of the gap structure with reducing dimen-
aboveTy. sionality of the DE interaction, from the Drude-like coherent
peak forx=0.4 to apseudgap forx=0.55 and then to eeal
gap forx=0.7.[Here the pseudogap means the peaked spec-
tral feature with an appreciable(w>0) value but with no
Drude peakK. This signals an extremely diffuse charge dy-
In this section, we discuss the optical spectra ofnamics within ferromagnetic two-dimensional sheets and
Nd; _,SrMnO; (x=0.4, 0.55, and 0)Awith controlled band one-dimensional chains.
fillings (doping levels. We begin with the features at the  In the following, we discuss the relationship between the
ground state. As shown in Fig. 1, the orbital and spin struccharge dynamics and the dimensionality of spin/orbital struc-
tures for Nd_,SrMnO; are summarized as follows: the ture on the basis of the- and T-dependent spectra for
ferromagnetic-metallic state with ridong-range orbital or-  Nd; _,SrMnO;. TheT variation of theo(w) spectra for the
der (Tc=270 K) for x=0.4, the layer-type(A-type) AF respective doping levels is shown in Figgae-6(c). In each
state withd,2 2 orbital order y~240 K) forx=0.55, and  case, a conspicuous spectral weight transfer is observed over
the chain-type(C-type AF state withds,2_,2 orbital order a wide energy rangex2 eV). With the increase of from
(Ty=270 K) for x=0.7. The ferromagnetic spin arrange- 10 K, the low-energy spectral weight is gradually sup-
ment with spatials extents of three dimensiofidD) (x  pressed, and some part is transferred to a higher energy re-
=0.4), 2D =0.55), and 1D x=0.7) is all due to the gion (w>0.7 eV forx=0.4, andw>1.5 eV forx=0.55 and
double-exchangéDE) interaction. In other words, the in- 0.7). The gap structure, which exists in the IGweo(w)
crease ofx gives rise to the reduction of the dimensionality spectra for thex=0.7 compound, gradually diminishes with
of the DE ferromagnetic interactiohFigure 5 shows thd  the increase off. At high T, the spectra show a nearly
=10 Ko(w) spectra for N¢g_,Sr,MnO; (x=0.4, 0.55, and x-independent shape with a broad peak structure for the re-
0.7). In the figure, solid and dashed lines denote dt{@) spective compounds.
spectra withE parallel[ oy(w)] and perpendiculdro, (w)] To evaluate the spectral variation quantitatively, we cal-
to the ferromagnetically coupled Mn sitésee and compare culatedNg«[||] as defined by Eq(1). Figure &d) shows the
the right insets of Fig. 6 For x=0.4 with ferromagnetic- N{||] at 0.1 eV, as a measure of the coherent component of
metallic orbital-disordered state, thg(w) forms a Drude- the oy(w) spectra. TheNgd |1 (w=0.1 eV) values are dis-
like peak centered ab=0, which reflects the coherent mo- tinct for the respective compounds in the IGwspin ordered
tion of charge carriers.Here, we used the terms “Drude- phase, but nearly converge to a comparable vatuéQq ?)
like” and “coherent” for the shape ofo(w) with a peak in the highT paramagnetic phase. This indicates that the
centered at»= 0, although the whole infrared spectral shapeeffect of the spin order on the coherent motionegfelec-
of the x=0.4 compound, whose broad tail of conductivity trons, that is closely related to the dc transport, strongly de-
persists up to=1 eV, cannot be described with the conven-pends on the spin and orbital structure. We also show the
tional Drude form aloné*®9 In thex=0.55 and 0.7 crystals, Neg[||] at 2.0 eV in Fig. €). The overall features dfleq{||]
o(w) spectra show a remarkable polarization dependencet 2.0 eV[Fig. 6(e)] rather resemble each other for the re-
reflecting the highly anisotropic electronic structure in thespective compositions, although tfievariation ofN{||] for
spin- and orbital-ordered state, as illustrated in the right inx=0.55 and 0.7 persists up to much higighanT,. These

B. Charge dynamics in an anisotropic double-exchange
system, Nd_,Sr,MnO; (x=0.4, 0.55, and 0.Y
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5','010'2 EI;° FIG. 7. (a Magnetic and electronic phase diagram of
- - R1/,Sr,,MnO;. Broken lines are merely guides to the eyés).
; - é 0l TC=;80 K Temperature dependence of resistivity ®y,,Sr;,MnO; (R=La,
2 T = 280K 2 );=_0.25250 < Pr, and Nd crystals. Arrows denote thE; (Curie temperatur‘)efor

10° ; ; A A N the respective compounds. Closed triangles indicateTfhéNeel

0 T;(r’gpera%&ore (K3)00 0 Teﬁsgeratu‘r‘go(K) 600 temperaturgfor R=Pr and Nd crystals.

FIG. 6. (a)—(c) Temperature dependence of optical conductivity tjcg| spectra of half-doped manganite crystalg8r; ,MnO,
spectra with the light polarization along the ferromagnetic directiong g Nd,,Sr,,MNnOs. In the vicinity of the doping levek
for Nd, _,Sr,MnOs [(a) x=0.4, (b) x=0.55, and(c) x=0.7]. (d),  _g 5 the ferromagnetic metallic, A-type AF metallic, and
and (e) Temperature dependence of the effective number of elecbharge-ordered CE-type AF insulating phases compete
trons N for the respective polarizations, deduced by integratingStrongly with each other, and the phase diagram becomes
tﬁu(e) ;bzesr\s/eic;(dwg‘yfggcgaig@ﬁlaé\s/a;ﬁ d(oef) dezx‘z&x/?o?’séﬁd complicated, as seen in Fig. 1. This multicritical feature is
Lo R ' coT c = ' closely tied with dramatic phase conversions attained in
lines in (d) and(e) are merely guides to the eyes. dopedymanganites such as tt?e CMR effect. Fig@agshows

results represent that the kinetic energy of conduction elec;f—he magnetic/electronic phase diagranRagSr,,MnO; as a

trons scarcely changes when measured on a larg éV) unction of the tolerance factdy** which is taken from Ref.

energy, whereas the coherent motion as measured on a low2- In the largek region, say Lg,Sn,,MnO;, the ground

energy scale is critically suppressed with a reduced diments_tate is the ferromagnetic and the dc resistivity shows a me-

sionality of DE interaction. One of the plausible scenarios allic f(;aature beIOWTC. ['T'g'h7(b)]' Wlthhdexreas&ngéthe AF
for the x dependence ofr|(w) is that electron correlation gLoun state SUCCGST'Ve yBc angeos t?]t € h- an “ype
such as short-range charge ordand its coupling with lat- phases. For example, [36r,,MnO; has the A-type AF
tice dynamicgis enhanced by the increased Iow—dimensionalphase with — the dyo_2-type orbital or_der, while
nature of spin and orbital order. The formation of short-rangé\ldl_/2sr1/2Mno3 has the CE-type AF phase with the charge-
charge ordering at the A-type AF and/dy._.-type orbital orbital order (also see Fig. L In P1251,,MnO; and
ordered phase was indicated by the structural modulatioh\ldlf2.s.r1/2Mno3’ the fOHO\.ng successive magnetic phase
observed by neutron diffraction measurem&hes well as transitions take place W'th increasing from th? ground
angle-resolved photoemission spectrosctpin which a  Staté: the antiferromagneti&\F) — ferromagnetic(F) —
Fermi surface nesting corresponding to the structuraParamagnet'c(P) phase. These magnetic transitions are ac-
modulatiori® was observed. The tendency of charge orderingcompar."ed. by remarkable changes in the dc resistivity as
at the A-type AF andl,2_,2-type orbital ordered phase has Shown n Fig. Tb). . .

also been suggested theoretically. Mizokawa and Fujihori " Figs. 8 and 9 we show the polarized reflectivity and
proposed, on the basis of Hartree-Fock calculations, that th&(w) spectra for the AF, F, and P phases of8n,,MnO;
A-type spin ordering in a half-doped manganite is accompa@'d Nd/2SrMnO;. First, let us focus on the spectral varia-
nied by a checkerboard-type charge ordering ofMiand 10N With ~ the ~ successive magnetic transitions i
Mn**. Mack and Horscff calculated thel,2_ 2 orbital cor- Pr1/2s.r1/2Mno3' At a glance, one may hotice a conspicuous
relation between the nearest neighbor sites in the ferroi@0larization dependence for the respective phases. The

Ao bital ordered state, and ted the tend |(w) spectrum at the A-ty_pe AF phagd0 K) shows.a
tﬁ‘é g;e?rz:]el 2;;&[; state, and stiggested the tencency (groad peak around 0.5 eV withpseudgap structure, having

a much larger spectral weight than tlae (w) spectrum.
L ) ) ) ) These features bear a close resemblance to those of
C. Spectral variation W.Ith anuferromagnetlc-fgrromggnetlc Nd,_,Sr,MnO; (x=0.55) (see Fig. 5 and Ref. d4with the
and ferromagnetlc-paramagnetlc transitions In same type of the SpifA-type) and orbital dxz_yz-type) or-
Pry2Sr,MnO5 and Ndy,Sr;,;MnO; der patterr{the inset of Fig. &)]. In the F phas&150 K),
In this section, we discuss the anisotropic orbital correlathe broad peak around 0.5 eV is suppressed and is shifted
tion in the ferromagnetic-metallic phase in terms of the optoward lower energy. Then, the(w~0) is increased. With
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Pr1/2Sr1,oMnO3
A-AFM FM PM

Reflectivity

o) (10°Q"'em™)

Photon Energy (eV)

FIG. 8. Optical reflectivity[ (a)—(c)] and conductivity[ (d)—(f)]
spectra of a detwinned crystal of |R8r;,MnO; at representative
temperatures(a) and (d) 10 K (T<Ty), (b) and (e) 150 K (Ty
<T<Tc), and(c) and(f) 300 K (T>T¢).

a further increase of, the peak inoy(w) again shifts to

PHYSICAL REVIEW &9, 014407 (2004

Pr1/28r1/2Mn03 Nd1/28r1,2MnO3
Tn Tc Ty Tc
@A-AF' F 'P| |@w)ycE-AF! F

0.2

P
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FIG. 10. Temperature dependence of the effective number of
electronsNgi of (a) Pry;Sr,MnO3 and(b) Nd;,Sr;,MnO; for the
respective polarizations, deduced by integrating the obser¢ed
and o(w), spectra (0 e¥sAhw=<0.5 eV). Solid lines are merely
guides to the eyes. A-AF, CE-AF, F, and P stand for A-type antifer-
romagnetic and CE-type antiferromagnetic, ferromagnetic, and
paramagnetic phases, respectively.

higher energy, although the peak height decreases. ThE:. The most striking is that the anisotropy is also evident
T-variation of the spectra is well in accord with that of the dceven in the ferromagnetic-metallic phadé0 K). This is in

resistivity.

To further clarify theT dependence of the low-energy
spectral weight, we plot th&l{||] and Ngg[ L] values in
Fig. 10@) as a function ofT, adopting the cutoff energy of

contrast to the ordinary F state of the manganite. Typical DE
ferromagnetic-metallic phases in doped manganites are ac-
companied by orbitalquantum disordering, which makes

their electronic structure nearly isotropic. Such an anisotropy

0.5 eV. At the A-type AF phase, a remarkable anisotropy carmf the electronic structure in the F state manifests itself in the

be seen iMNg, andNgg{||] and Ngg[ L] are both nearlyl
independent. AfTy, the N/, ] are discontinuously in-
creased but their anisotropy still remains even ab®ye
Further increasingl toward T, Ngs gradually decreases.
Nevertheless, the anisotropy Nf; appears to subsist above

Nd1/2Sr12MnO3
FM PM

Reflectivity

o(@) (10° Q'em™)

0 1 2
Photon Energy (eV)

FIG. 9. Optical reflectivity[ (a)—(c)] and conductivity (d)—(f)]
spectra of a detwinned crystal of Nsbr;,MnO; at representative
temperatures(a) and (d) 10 K (T<T)), (b) and (e) 150 K (Ty
<T<Tg), and(c) and(f) 300 K (T>Ty).

spin-wave dispersion relation. For example, the isotropic
spin-wave dispersion relation, e.g., irrespective along the
[hh 0] and [0 O 1] directions, has been reported for the
ferromagnetic-metallic phase in LaSrMnO; (0.12<x
<0.3).** More recently, however, a strong anisotropy in the
spin wave excitations has been observed in the Tielme-
tallic region of Pg,Sr,MnO; by Yoshizawa and
co-workers!**> They inferred from the anisotropic spin-
wave dispersion that the,2_,2-type orbital ordering which

is identical with that in the lowF phase persists in the inter-
mediate F phase, and causes a strong anisotropy in the spin
dynamics. If we follow their interpretation, the stronger
spectral weight otr(w) spectra in our results is attributable
to the stronger DE interaction caused by the_2-type or-
bital ordering. However, the observed anisotropic spectra at
the P phase is rather similar to that in NgSr,MnO; (X
=0.55), in which the directional order af,2_,2-like (rod-
type) e, orbital seems to persist far abovig,.** Further-
more, the crystal structure at the respective phases in
Pr,,Sh,,MnO; are still under controvers§®4647 at the
present stag® With respect to the possible pattern of the
orbital polarization or correlation, therefore, there is also an-
other option that the directional order of rod-type
dsu2r2-like g4 orbital exists in the F and P phases through
the switching of the orbital ordering pattern &ky
(dy2_y2-type < d3,2_2-type). In this case, the observed an-
isotropic optical spectra in the F and P phases should be due
to the rod-type orbital ordering. In any case, a remarkable
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change in the crystal structure occurs onlyTat not atTe,  optical spectra, their contribution to the spectra may mono-

suggesting the occurrence of the same orbital ordering patonically increase with decreasing temperature frégto

tern at the F and P phases. It should be noted that the spectrl, because, in terms of electronic phase separation, the

weight is shifted toward low energy by the ferromagneticcharge-ordered region may expand as temperature ap-

ordering, which clearly indicates that the three-dimensionaproachesTy. As shown in Fig. 10, howevelNg; (w,

development of the DE ferromagnetic interaction makes the=0.5 eV) monotonically increases with decreasing tempera-

charge dynamics more coherent even in the orbital orderetiire in the F phase. This suggests that the charge-ordered

phase. region with a real-gap structure is not significantly reflected
Let us turn to the optical spectra of lNgSr; ,MnO; (Fig.  in the spectra or does not exist in the F phase of the stress-

9). In all three phases, the spectra show an anisotropy as fiiee single crystals investigated here.

Pr,,Sr,,MnO5. However, one significant difference appears

in the low-T AF phase because of the different patterns of IV. SUMMARY

rel it rdr o 1 (o588 e nave nustgaed ne plrzaonand emporar -

feature is similar to that in Ng,Ca,,MnOs (Fig. 3, and can p_endence of the optical condpctmty spectra in various or-

be attributed to the Mt -Mn®* charge ordering accompa- bital ordered phases for detwinned single crystals of doped

. . i perovskite manganite®; _,A,MnO; (R=Pr and Nd, A
nied by the ordering of the alternatiy,_2/dsy22-type =Ca and Sr; 0.4x=<0.7). The present study has revealed

orbital and CE-type spin. At the F and P phases, the spectr%at the electronic structures of heavily hole-doped mangan-

shapes are similar to those iny381,;MnO;, although the . oo remarkable anisotropy due to the orde,dike
magnitude of anisotropy is small&These differences and . . . . . . 9
orbitals in spite of their pseudocubic lattice structure. The

similarities in spectral feature between 481,,MnO; and orbital polarization causes anisotropic interactiery. super-

PryzS1,,MNnO; are also manifested in thE profiles of Ne exchange and double-exchange interactioasd then gives
(see Fig. 10 rise to the low-dimensional spin structure such as the

b A: ?)nIS:)Vtrodpilr(]: tﬁp'gwﬂve d'?perf'o&nglaﬂ?‘gVcrﬁshalsqayered—type, the chain-type, and zigzag-type antiferromag-
een observe e F phase of 8n, 3 ¢ netic orderings. In such antiferromagnetic ground states, the

may be closely related to the observed anisotropy in opticaII : ; : . L
; r nisotr is present in optical conductivit tr
spectra as in RpSr,MnO5. Furthermore, the smaller mag- arge anisoropy 1S prese optical conductivity spectra

! . : . with respect to light polarization. Surprisingly, we have also
mtude of the optical §n|§otropy n Ngs rl’ZMno3 t_ha_n that observed a substantial optical anisotropy even in some ferro-
in Pry»Sr,,MnO; qualitatively coincides with a similar ten-

] . . . . magnetic phases adjacent to the orbital-ordered antiferro-
dency of the anisotropy in the spin-wave dispersion. All the 9 P J

. o . ; . magnetic phase. This is indicative of the existence of the
observations in this section clearly point to the existence of Brbital-polarized ferromagnetic phase in some doped manga-
directional order of the orbital persisting even in the F me

tallic phase of Py,Sr,,MnO; and Nd ;,Sr;,MnO;. nites such as Stk MnO; and Nd 2S5k MnOs.

There are several microscopic observations which suggest
the existence of a spatially fine mixture of charge-ordered
and ferromagnetic-metallic phases in the vicinityTgf for We thank Y. Okimoto, E. Saitoh, and R. Kajimoto for
Nd,,Sr,,MNn0;.%%* In addition, based on the observation of fruitful discussions. This work was supported in part by the
diffuse streaks in electron diffraction patterns, FukumotoNew Energy and Industrial Technology Development Orga-
et al. insisted that the charge-ordered phases exist as micraization (NEDO) and Grant-in-Aid for Scientific Research
domains even far abov&y in the F phasé’ If charge- Priority Area from the Ministry of Education, Culture,
ordered microdomains exist in the F phase and affect th&ports, Science, and Technology of Japan.
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