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Raman spectroscopy of the charge-orbital ordering in layered manganites
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The lattice and electronic response in the course of concomitant charge and orbital-ordering transition has
been investigated for single crystals of layered manganites, single-layered La0.5Sr1.5MnO4, and bilayered
LaSr2Mn2O7, by Raman-scattering spectroscopy. In the charge-orbital-ordered state (T,217 K for
La0.5Sr1.5MnO4 and ;100 K,T,210 K for LaSr2Mn2O7), four phonon modes are activated in the MnO2

plane, indicating the existence of both Jahn-Teller type and breathing mode type lattice distortions. The diffuse
scattering response withB1g symmetry is suppressed in the charge-orbital-ordered state, both for
La0.5Sr1.5MnO4 and LaSr2Mn2O7, signaling that the fluctuation caused by the dynamical charge-orbital corre-
lation is suppressed in the charge-orbital-ordered state. These features reveal the unique nature of the charge-
orbital-ordering transition realized by the complex interplay of charge and orbital degrees of freedom.
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I. INTRODUCTION

There is growing interest in charge-ordering phenom
in transition metal oxide systems such as La2NiO41d ,1,2

La22xSrxNiO41d ,3,4 La22x2yNdySrxCuO4,5–7 and also in
manganites.8–14 The current interest arises not only from th
importance of the ‘‘electron-crystallization’’ in the strong
correlated electron systems, but also from the possible
evance to novel mechanisms of high-temperature super
ductivity in the cuprates and colossal magnetoresista
~CMR! in the manganites.15,16In particular, the charge order
ing in the manganites is closely correlated with the orb
degree of freedom,17 which arises from doubly degenerateeg
state of conduction electron. Such a cooperative orbi
ordering produces not only local and asymmetric lattice d
tortion due to the Jahn-Teller effect, but also macrosco
lattice strain. Thus, the various phenomena in manganite
tems occur as a result of complex interplay of charge, s
lattice, and orbital degrees of freedom.

By narrowing the one-electron bandwidth, or reducing
electronic dimension from the prototypical double exchan
system, e.g., La12xSrxMnO3, the ferromagnetic metal phas
is destabilized, and instead a charge-ordered state ten
appear at low temperatures. In Fig. 1 are depicted cry
structures of Ruddlesden-Popper series manganites,~a!
La0.5Sr1.5MnO4 and ~b! LaSr2Mn2O7, with inherent charge-
ordering instability. As seen in the figure, these crystals w
the general formula (La,Sr)n11MnnO3n11 are composed o
n-MnO2 layers separated by a (La,Sr)2O2 blocking layer.
La0.5Sr1.5MnO4 with n51 and with hole doping level ofx
51/2, is one of the most typical charge-ordering syst
PRB 610163-1829/2000/61~21!/14706~10!/$15.00
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among the manganites. Recent electron-diffraction12 and
neutron-diffraction18 measurements on La0.5Sr1.5MnO4 have
confirmed the onset of charge ordering atTCO5217 K and
spin ordering atTN5110 K, confirming the formation of the
so-called CE-type spin structure. Its resistivity steeply ris
below around 220 K in accord with the onset of the cha
ordering.12 The checker-board-like ordering of Mn31/Mn41

sites and thed3x22r 2 /d3y22r 2-type orbital-ordered state a
shown in Fig. 1~d! have been directly evidenced by the res
nant x-ray diffraction belowTCO.19 For LaSr2Mn2O7 with
n52, on the other hand, a reentrant feature shows up for
charge-orbital-ordered state. At first, th
d3x22r 2 /d3y22r 2-type orbital ordering at Mn31 sites occurs
accompanying the checker-board-like ordering of t
Mn31/Mn41 sites@Fig. 1~d!# below TCO;210 K. With the
decrease of temperature, the CE-type spin ordering sets
around 145 K. However, the ordering turns into a layer-ty
(A-type! antiferromagnetic below;100 K with the ferro-
magnetic spin ordering within the constituent single lay
accompanied by the disappearance of charge-orbital and
type spin ordering.13,14,20,21The transition from the charge
orbital-ordered state to theA-type antiferromagnetic phase
of the first order as evidenced by the hystereses
resistivity14 and in the superlattice-peak intensity observ
by diffraction measurements.20,21 The A-type antiferromag-
netic ground state has been interpreted as due to the ‘‘fe
magnetic’’ ordering of thedx22y2-type orbital.22–24This situ-
ation seems to be quite generic for the highly doped~around
x50.5) manganites. Notably, interaction along thec axis (z
direction! in the dx22y2-type orbital ordered state is abse
for the single layer compound, whereas, it is present
14 706 ©2000 The American Physical Society
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PRB 61 14 707RAMAN SPECTROSCOPY OF THE CHARGE-ORBITAL . . .
restricted within the double-layer unit for the bilayer mang
nite. This may give rise even a more complex feature for
bilayer manganite than the corresponding pseudocubic m
ganites.

To investigate the possible novel interplay of charge a
orbit with lattice dynamics in the course of phase transitio
we have performed Raman-scattering measurements, u
single crystals of La0.5Sr1.5MnO4 and LaSr2Mn2O7, where
little deviation from the original crystal structure wit
I4/mmmsymmetry@Figs. 1~a! and 1~b!# has been detecte
by the diffraction measurements. As confirmed by studie
the pseudocubic perovskite system La12xSrxMnO3,25,26

Raman-scattering is a very sensitive probe of local or
namical structural change. Furthermore, by electronic Ram
response, we can derive the information about the lo
energy electronic excitations including their symmetries.
far, Raman-scattering studies on these layered manga
have been reported for the insulator to metal transition
compositionally adjacent bilayer compound La1.2Sr1.8Mn2O7
(x50.4),27–29 which has the ground state of ferromagne
metal. In this study, we will reveal the characteristic chan
of lattice ~orbital! and charge dynamics in the course of co

FIG. 1. The crystal structures of~a! La0.5Sr1.5MnO4 with MnO2

single-layer units and~b! LaSr2Mn2O7 with MnO2 bilayer units.
Possible unit cells~enclosed by thick solid lines! of ~c! a charge-
ordered state with simple breathing-mode-type lattice distor
with P4/mmm symmetry, where the volume of the unit cell
doubled from those of the original structures@~a! and~b!# and~d! a
charge-orbital-ordered state with Jahn-Teller distortion aro
Mn31 sites with Pmamsymmetry, where the volume of the un
cell is quadrupled from those of the original ones. Dotted lin
represent deformed Mn-O6 octahedra.
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comitant charge-orbital-ordering transition by Raman sp
troscopy. The presently obtained results can also be the b
of the assignment of charge-orbital correlation which a
likely relevant to the CMR physics.

II. EXPERIMENTAL PROCEDURE

The samples studied in this work are single cryst
grown by the floating zone method,12,14,30 and have the te-
tragonal I4/mmm symmetry @Figs. 1~a! and 1~b!# at room
temperature. In Raman measurements for theab planes, we
cleaved the crystals just prior to the measurement and u
such a cleaved flat surface of theab plane. As for the mea-
surement for theac plane, we have cut and polished to th
optical flatness. To remove possible stress of the polishedac
plane surface, we annealed the crystal in O2 atmosphere at a
temperature of 950 °C for 100 h, although we found th
there was little difference in the temperature dependence
the line shapes of the Raman spectra between the anne
ac plane and as-polishedac plane. A 514.5-nm light from an
argon ion laser~less than 20 mW! was focused into a 0.1
mm-diameter spot. The temperature values referred to in
paper are the nominal ones inside the cryostat. Compa
Stokes and anti-Stokes spectra, we estimated the rise of
perature caused by the local laser heating that does no
ceed 10 K at 120 K, which is around the transition tempe
ture for LaSr2Mn2O7.31 Spectra were measured in fou
polarization configurations (x8x8)5(x1y,x1y), (x8y8)
5(x1y,x2y), (xy), and (zz); the notationx or y repre-
sents the polarization of incident or scattered light along
in-plane Mn-O direction, andz represents the direction ofc
axis of the crystals, i.e., the direction of the out of pla
Mn-O bond. Each polarization spectrum is composed
A1g1B2g , B1g1A2g , B2g1A2g , and A1g respectively,
which are irreducible representations of the space gr
I4/mmm, i.e., the tetragonal form of these compounds. T
A2g component is likely to be much weaker thanA1g and
B1g components.32 We have also measured the Raman sp
tra in the (zx) polarization configuration that corresponds
the Eg symmetry. We found that the spectral intensity
(zx) is less than about 25% that of (zz) spectra and observe
no phonon peaks except for leak of theA1g modes in (zz)
configuration with very tiny spectral intensity, both i
La0.5Sr1.5MnO4 and LaSr2Mn2O7. Therefore, we have ne
glected theA2g and Eg component in the following discus
sion of this paper.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Overall feature of Raman spectra and mode assignment

Figure 2 shows the Raman spectra for La0.5Sr1.5MnO4
with ~a! (x8x8) and (x8y8) configuration,~c! (zz) configu-
ration, and for LaSr2Mn2O7 with ~b! (x8x8) and (x8y8), and
~d! (zz) configuration. What we will discuss below are tw
spectral features; phonon peaks with large scattering in
sity in a charge-orbital-ordered state, as seen in the lo
panel of Fig. 2~a!, and the middle panel of Fig. 2~b!, and
diffuse scattering in a lower-frequency region of Ram
spectra (<300 cm21), as seen at the top panel of Figs. 2~a!,
2~b!, and 2~d!.
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14 708 PRB 61K. YAMAMOTO et al.
First, let us focus on the phonon peaks. The Raman s
tra in the prototypical charge-orbital-ordered state@Fig. 1~d!#
in the single-layer manganite La0.5Sr1.5MnO4 are exemplified
in the lower panel of Fig. 2~a!, where four phonon modes ar
observed with large scattering intensities, at 532 and
cm21 for the (x8x8) polarization, and at 532 and 693 cm21

for the (x8y8) polarization. The original structure with te
tragonalI4/mmm symmetry@Fig. 1~a!# allows four Raman
active modes (2A1g12Eg), but they should not be observe
for the ab-plane polarizations. Since these peaks quickly
crease their intensity just belowTCO, as will be later dis-
cussed in more detail, they can be assigned to the pho
modes activated by the lattice distortion upon the char
orbital ordering. There also are several tiny phonon peak
97, 204, 280, 395, 436, and 695 cm21 for the (x8x8) polar-
ization, and at 176, 196, 268, 360, 434, 594, and 635 cm21

for the (x8y8) polarization. Though their temperature depe
dences are not as clear as those of the major peaks, the
be also the phonon modes activated by the lattice distor
upon the charge-orbital ordering.

Let us focus on four major peaks appearing in the char
orbital ordered state. From their fairly large scattering inte
sities, they must be reflecting the major lattice distortion
the charge-orbital ordered state. From their rather large
ergies (5002700 cm21), they are likely assigned to the in
plane Mn-O bond stretching modes. Since the detailed c
tal structure and symmetry in the charge-orbital ordered s
is unknown, we will show from the group theoretical point
view that both breathing modes and Jahn-Teller type mo
are likely responsible for these phonon peaks with assu
tion of the lattice distortion depicted in Fig. 1~d!. This lattice
distortion taking account of the cooperative Jahn-Teller d
tortion is the most probable one in such a charge-orbi
ordered state for La0.5Sr1.5MnO4 as demonstrated by th
resonant x-ray scattering study. Since none of the infra

FIG. 2. ~a! In-plane and~c! out-of-plane Raman spectra of par
magnetic insulating phase~290 K! and charge-orbital-ordered sta
~10 K! of a single-layer compound La0.5Sr1.5MnO4. The panels~b!
and ~d! show in-plane and out-of-plane Raman spectra
LaSr2Mn2O7, respectively, in paramagnetic insulating phase~290
K!, charge-orbital-ordered phase~120 K!, and layer-type (A-type!
antiferromagnetic phase~10 K!.
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active modes coincide with the activated Raman pe
energies,33 they are expected to be phonon modes charac
istic of the charge-orbital-ordered state. First, let us cons
the case of the alternate breathing distortion@Fig. 1~c!# that is
probable in the simple ‘‘charge’’-ordered state. This unit c
has the symmetry withP4/mmm, and its volume is doubled
from the original unit cell@Fig. 1~a!#.34 With this unit cell, 12
modes (4A1g1B1g12B2g15Eg , except for one A2g
mode!35 become Raman active. Among them, we expect t
three modes (A1g12B2g) be observed in the (x8x8) polar-
ization and oneB1g mode in the (x8y8) polarization. In this
case, theA1g andB1g modes correspond to a breathing mo
~1! and a Jahn-Teller~JT-! type mode~1!, respectively, as
depicted in Fig. 3~a!. However, it is obvious that the lattic
model of Fig. 1~c! is not enough for explanation of the num
ber of observed phonon modes withB1g symmetry in the
layered manganites, even if we consider only the major p
non peaks. We have to assume the unit cell with the co
erative Jahn-Teller distortion@Fig. 1~d!# as may be realized
in the concomitantly charge and orbital ordered state
La0.5Sr1.5MnO4.19 Such a lattice distortion is present in oth

f

FIG. 3. ~a! In-plane Raman active modes in the charge-orbit
ordered states, and out-of-plane modes with out-of-plane M
stretching motion of~b! La0.5Sr1.5MnO4 and~c! LaSr2Mn2O7. Each
mode is named tentatively in this study. Symmetries of the mo
described out of parentheses are the one corresponding to the
cell described in Fig. 1~d! and those in parentheses to the simp
charge-ordering model shown in Fig. 1~c!. The observed energies o
the Raman peaks, which are assigned to the respective mode
also indicated for La0.5Sr1.5MnO4 ~SL!, and LaSr2Mn2O7 ~BL!. As
for assignment, see the text.



tal-
e
y in the
he

PRB 61 14 709RAMAN SPECTROSCOPY OF THE CHARGE-ORBITAL . . .
TABLE I. The frequencies~in the unit of cm21) of the observed phonon peaks in the charge-orbi
ordered state of La0.5Sr1.5MnO4 ~10 K! and LaSr2Mn2O7 ~120 K! in in-plane polarization. Also shown are th
numbers of the observed phonon peaks and the expected ones with their corresponding symmetr
respective unit cells depicted in Figs. 1~c! ~CO! and 1~d! ~CO/OO!. The numbers in parentheses are for t
number of the major phonon peaks.

La0.5Sr1.5MnO4 LaSr2Mn2O7

(x8x8) (x8y8) (x8x8) (x8y8)

97 176 85 173
204 196 195 248
280 268 390 310
395 360 502 330
436 434 581 433
532 532 623 505
637 594 532
695 635 621

693 671
observed 8 9 6 9

~2! ~2! ~2! ~2!

expected CO 3 1 at least 5 4
P4/mmm A1g12B2g B1g 4B2g 1 at leasta 1A1g 4B1g

CO/OO at least 3 9 at least 2 14
Pmam at least 3Ag 9B1g at least 2Ag 14Bg

aSee Ref. 37.
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charge-orbital-ordering system with the checker-board-
ordering of Mn31/Mn41 sites and thed3x22r 2 /d3y22r 2-type
orbital-ordered state, such as perovskite-type mangan
Pr0.5Ca0.5MnO3 ~Ref. 9! and La0.5Ca0.5MnO3.38 In the
present case, the unit cell becomes orthorhombicPmam
symmetry,36 and 39 modes (11Ag19B1g18B2g111B3g)
become Raman active. Among the activated modes@at least
threeAg modes37 and all of B1g modes are expected to b
observed in the (x8x8) and (x8y8) configurations, respec
tively#, we can choose four modes as reflecting both
breathing type and JT lattice distortion. Two of them are
breathing mode~1! and the JT mode~1! @see Fig. 3~a!#, cor-
responding to the modes discussed above, but their sym
tries turn toAg andB1g . Other two modes in this deforme
lattice are also depicted in Fig. 3~a! as a breathing mode~2!
with B1g symmetry and a JT mode~2! with Ag symmetry.
We can consider that the breathing mode~1! and the JT
mode ~1! are activated by the lattice distortion upon t
‘‘charge’’ ordering alone, while the breathing mode~2! and
the JT mode~2! are activated by theconcomitantcharge-
orbital ordering. Concerning the plausible frequencies
these modes, we can refer to the lattice dynamical calcula
~LDC! on LaMnO3, which gives the frequencies of th
modes corresponding to the JT and breathing modes as a
580 and 670 cm21, respectively.39 On the bases of abov
discussions on the symmetry of phonon modes and the re
of LDC, we can assign phonon peaks at 532 and 637 cm21

in the (x8x8) spectrum of La0.5Sr1.5MnO4 @Fig. 3~a!# to the
JT mode~2! and the breathing mode~1! and phonon peaks a
532 and 693 cm21 in the (x8y8) spectrum to the JT mode~1!
and the breathing mode~2!, respectively. Table I summarize
the frequencies and the number of activated phonon pea
the in-plane polarized Raman spectra of La0.5Sr1.5MnO4, as
e
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e
e

e-
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well as the expected number of phonon modes both for
unit cell for merely ‘‘charge’’-ordered state@Fig. 1~c!# and
charge-orbital-ordered state@Fig. 1~d!# together with their
symmetry.

The in-plane spectra of LaSr2Mn2O7 ~bilayer structure! in
the charge-orbital-ordered state at 120 K@Fig. 2~b!# quite
resemble those of La0.5Sr1.5MnO4. Two modes are observe
in the (x8x8) polarization spectrum at 502 and 623 cm21,
and other two modes are observed for the (x8y8) polarization
at 505 and 671 cm21. These four Raman modes almost d
appear aboveTCO;210 K and more importantly in the
A-type antiferromagnetic phase below;100 K as exempli-
fied by the 10 K spectra of Fig. 2~b!. Among ten Raman
allowed modes (4A1g1B1g15Eg) in the original structure
with tetragonalI4/mmmsymmetry@Fig. 1~b!#, only oneB1g
mode, perhaps corresponding to the sharp phonon peak
served at 330 cm21 in (x8y8) configuration of theab plane
spectra, can show up in theab plane spectra.40 Therefore, we
can also regard these four modes in a region of 5
2700 cm21 as phonon modes reflecting the order parame
of the concomitant charge-orbital ordering. The resembla
to the in-plane Raman spectra for La0.5Sr1.5MnO4 indicates
that the Raman spectra of LaSr2Mn2O7 are determined by
the lattice distortion within a MnO2 layer whose pattern o
lattice distortion within ab plane in the charge-orbital
ordered state are expected to be the same as tha
La0.5Sr1.5MnO4.14,21 This and the reasons described belo
allow us the same mode assignment to the phonon peak
LaSr2Mn2O7 in the charge-orbital-ordered state, name
peaks at 502 and 623 cm21 in the (x8x8) spectrum to JT
mode~2! and breathing mode~1!, and peaks at 505 and 67
cm21 in the (x8y8) spectrum to JT mode~1! and breathing
mode~2!, respectively~see Fig. 2!. In order to confirm that
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14 710 PRB 61K. YAMAMOTO et al.
the Raman spectra of LaSr2Mn2O7 is mostly determined by
the lattice distortion within a MnO2 layer, and to show tha
the four phonon modes in Fig. 3~a! can also appear in th
Raman spectra with the same polarization configuration
those in the single-layer case, we first examine the expe
phonon modes in the bilayer compound, and then, disc
the symmetry of the four modes in the bilayer case.

According to electron13 and x-ray14,21 diffraction studies,
the coupling along thec axis within a bilayer unit is in phase
Furthermore, a recent x-ray study41 has revealed that th
‘‘herring bones’’ of the orbital ordering direct the same d
rection between the adjacent bilayer units. The space gr
of the charge or charge-orbital-ordered state correspon
to Figs. 1~c! and 1~d! areP4/mmmandPmam, respectively.
According to the factor group analysis for the bilayer ca
the expected numbers of the phonon modes in the unit c
in Figs. 1~c! and 1~d! are 22 (9A1g 1 4B1g14B2g15Eg ,
except for 3A2g) and 66 (17Ag114B1g115B2g120B3g),
respectively. The expected number of phonon modes in
bilayer case increases~for in-plane mode, see the number
B1g modes that represents only that of the in-plane mod!
from the single-layer case in both unit cells.

This is contrary to the present Raman result~see also
Table I!, where the number of the major phonon modes d
not increase. These confirm that the number of the in-pl
phonon peaks in LaSr2Mn2O7, especially for major peaks, i
almost determined by the symmetry of a MnO2 layer; that is,
the effect of the interlayer interaction of the modes within
bilayer unit hardly appears in the in-plane Raman spectr

Obviously, however, the four modes within each lay
within a bilayer unit should not be completely independe
of those in the counter layer for the symmetry of the u
cell. Since the interlayer mode coupling seems to be wea
this case, the activated in-plane phonon modes
LaSr2Mn2O7 is composed of the in-phase and out-of-pha
linear combination of the mode within each MnO2 layer that
is described by the in-plane mode for La0.5Sr1.5MnO4 in Fig.
3~a!. The modes between two layers within a bilayer u
should be the same owing to the symmetry of the unit c
The in-phase coupling of the atomic motion between t
layers yields a mode with the same symmetry~polarization
dependence! as that of La0.5Sr1.5MnO4; for example, breath-
ing mode~1! in La0.5Sr1.5MnO4 with Ag symmetry can also
be breathing mode~1! with Ag symmetry in LaSr2Mn2O7.
On the other hand, the out-of-phase coupling yields an
active mode, or optical inactive mode; for example, the co
bination of two breathing mode~1!s becomes aB1u mode.
Thus, in the bilayer compound, each symmetry of the mo
in Fig. 3~a! remains the same as those for single layer co
pound, and the increased four modes are IR active mode
optical inactive modes.42 This explains why the four mode
in Fig. 3~a! can also be observed in the Raman spectra of
bilayer LaSr2Mn2O7 as four phonon peaks with the sam
symmetry as those in La0.5Sr1.5MnO4.

There are also observed several tiny peaks at 85,
390, and 581 cm21, for the (x8x8) polarization and at 173
248, 310, 433, 532, and 621 cm21 for the (x8y8) polariza-
tion. They also can be considered to be the activated mo
as well by the lattice distortion induced by the charge-orb
ordering, although the detailed assignments are not mad
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The phonon peaks observed in the (zz) configuration, on
the other hand, are classified into two cases: Raman allo
modes in the original structure with tetragonalI4/mmmsym-
metry, and activated modes by the lattice distortion upon
charge-orbital ordering. The two phonon modes at 222
520 cm21 in the single-layer compound La0.5Sr1.5MnO4 are
assigned to the twoA1g modes expected in the original stru
ture: the peak at 222 cm21 is assigned to the motion alon
thec direction of rare-earth–alkaline-earth ions and the ot
at 520 cm21 with large intensity is to the motion of out-of
plane oxygen@described as a stretching mode in Fig. 3~b!#.
The other modes at 290, 401, 560, 630, and 710 cm21 are
characteristic of the charge-orbital-ordered state. The
major modes observed in the bilayer LaSr2Mn2O7 at 466 and
582 cm21 are also the Raman-allowed modes in the origi
structure with tetragonalI4/mmm symmetry, and are as
signed to the stretching mode~1! and stretching mode~2!,
respectively, as depicted in Fig. 3~c!. Among the rest of the
modes with tiny intensities, two modes at 178 and 247 cm21

are also assigned to the Raman allowed modes in the orig
structure: the atomic motion of rare-earth–alkaline earth i
along thec direction. The rest of the modes at 362, 420, 68
and 740 cm21 may be the activated modes by the latti
distortion upon the charge-orbital ordering.

Then let us turn our eyes to the diffuse-scattering feat
in the lower-energy part (<300 cm21). The diffuse scatter-
ing are observed for in-plane spectra both of single-layer
bilayer compounds La0.5Sr1.5MnO4 and LaSr2Mn2O7 and
only for out-of plane spectra of LaSr2Mn2O7 @see Figs. 2~a!,
2~b!, and 2~d!#. Comparing Stokes and anti-Stokes spec
we confirmed that they arise from the Raman process. Th
features are reminiscent of the electronic Raman proces
metals that arises from the strongly incoherent carrier mo
described by the collision limited model.43–47 In these lay-
ered manganites, however, the values of resistivity are ra
insulating ~of the order of 10212100 V cm! even in the
paramagnetic phase aboveTCO. Therefore, it is unlikely that
such an electronic Raman process as in conventional m
with well-defined Fermi surface,48 where the incident light is
scattered by the energy density fluctuation of electron w
anisotropic mass tensor, is applicable to this case. The
fuse scattering part as observed in the present Raman sp
is likely to arise from the fluctuation of the real-spa
charge-spin density, and that withB1g symmetry is reflecting
the locally anisotropic one caused by dynamical correlat
of charge orbital, as will be evidenced by the following su
sections.

B. Charge-orbital ordering transition in La 0.5Sr1.5MnO4

On the basis of the mode assignment established as ab
we argue the lattice dynamics in the course of charge-orb
ordering transition as well as the dynamical charge-orb
correlation. Figure 4 shows the temperature dependenc
Raman spectra of La0.5Sr1.5MnO4; ~a! the diffuse-scattering
part in (x8x8), (x8y8), and (xy) configurations, and the pho
non peaks in~d! (x8x8) and ~e! (x8y8) configurations.

The four phonon modes appearing in Figs. 4~d! and 4~e!
are the ones we have assigned to the finger print of the c
comitant charge-orbital ordering. These peaks are obse
even at 290 K as broad structures, perhaps due to the
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sisting charge-orbital correlation aboveTCO, but suddenly
increases their intensities belowTCO. The larger scattering
intensity of JT modes than those of breathing modes perh
may relate to a difference in the amplitudes of breathing-t
and Jahn-Teller distortion in the charge-orbital-ordered st
In fact, a LDA calculation concludes that Jahn-Teller dist
tion is about eight times larger than that of breathing-mo
type.49 Incidentally, the phonon peak at 520 cm21 in the (zz)
configuration@see, Fig. 2~c!# monotonically decreases in in
tensity with the decrease of temperature.

Next, let us scrutinize the temperature dependence of
diffuse-scattering part by Fig. 4~a!. The scattering intensity
decreases with the decrease of temperature, but tha
(x8y8) configuration is different from those of (x8x8) and
(xy). In crossingTCO5217 K ~220 to 150 K!, the crystal
shows larger reduction of the scattering intensity for (x8y8)
configuration than for (x8x8) and (xy). This can clearly be
observed in Fig. 2~a!: the intensity of diffuse scattering o
(x8y8) configuration obviously exceeds that of (x8x8) at 290
K, but becomes comparable or even smaller at 10 K. T
temperature dependence of these scattering parts ar
fected, and hence should be corrected, by the Bose-the
factor, yet the above features remain transparent after
correction.

In order to discuss the quantitative aspect, we have fit
(x8x8), (x8y8), and (zz) Raman spectra with Lorentzian o
cillators for the phonon part, and with the relaxational fo
for the lower-energy diffuse scattering part, the latter
which is based on the fluctuation-dissipation theorem in
case of strong damping

I ~v,T!5
1

12 exp~2\v/kT!

3S I diffusevG

v21G2
1(

i 51

m
Sivg i

~v22v i
2!21v2g i

2D . ~1!

FIG. 4. Temperature dependence of Raman spectra
La0.5Sr1.5MnO4. Panel ~a! shows the diffuse-scattering part wit
(x8x8), (x8y8), and (xy) configuration. Panels~b! and~c! show the
results of curve fitting for Raman spectra in (x8x8) and (zz) con-
figuration, respectively. The fitting curve~solid line! is composed of
a relaxational component~broken curve! and Lorentzian oscillators
~dotted curves!. Panels~d! and ~e! show the temperature depen
dence of phonon peaks in (x8x8) and (x8y8) configurations, respec
tively.
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Here,v is the Raman shift,I diffuse the symmetry-dependen
scattering amplitude,G the scattering rate, andv i , g i , and
Si correspond to the frequency, width, and intensity of ea
phonon mode. We have fixedG580 cm21 for in-plane
(x8x8) and (x8y8) spectra because of large arbitrariness
deciding it, and hence can only compare the change in s
tering amplitudeI diffuse. As for the out-of-plane (zz) spectra,
we fixed I diffuse5 0. The result of the curve fitting is exem
plified in Figs. 4~b! and 4~c!. The Lorentzian curve fitting
other than the major phonon peaks is only to reproduce
experimental results better.

Figure 5 shows the temperature dependence of the fit
parameters. There is also displayed the temperature de

dence of the superlattice peak (3
2 , 3

2 ,1) intensity for the
charge ordering that is concomitant with the orbi
ordering.18 The temperature dependence of peak energy
in-plane modes@JT mode~1! and JT mode~2!# and out-of-
plane mode~stretching mode! shows a contrastive behavio
~see, the second panel in Fig. 5! although these commonly
correspond to the modes with the length modulation
Mn-O bonds. The peak energies of in-plane Mn-O stretch
modes increases belowTCO, while that of out-of-plane
Mn-O stretching mode~assigned to stretching mode! shows
little temperature dependence. Such a selective hardenin
the in-plane Mn-O mode may reflect the in-plane directio
ordering of theeg orbital, such asd3x22r 2 /d3y22r 2 @see Fig.
1~d!#, and resultant change in bond covalency upon
charge-orbital ordering.

or

FIG. 5. Temperature~T! dependence of peak energies (v0) and
intensities (Sph) of phonon modes~the second and third panels from
the top, respectively!. Open circles, filled circles, and filled triangle
correspond to peak energies and intensities of Jahn-Teller mode~1!,
Jahn-Teller mode~2!, and stretching mode~see also Fig. 3!. The
bottom panel shows the intensity (I diffuse) of diffuse scattering with
(x8x8) ~filled circles! and (x8y8) ~open circles! configuration. The
temperature dependence of the neutron diffraction intensity (I 0) of

the (3
2 , 3

2 ,1) peak due to the charge ordering is shown on the
panel for comparison.
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A difference in temperature dependence between in-p
and out-of-plane modes are also seen in the phonon spe
intensity ~see the third panel from the top in Fig. 5!. The
activated intensity of the in-plane modes that reflects
order parameter of charge-orbital ordering increases be
TCO, while that of out-of-plane mode monotonically d
creases, as if the spectral intensity were transferred from
out-of-plane mode to in-plane modes. The change of pho
spectral intensities in the course of the charge-orbital ord
ing may arise from two mechanisms: One is the activat
due to the lowering of the local symmetry, and the othe
the change of the bond character@the change of absorptio
coefficient or dielectric constant in the relevant energy
gion (2.422.5 eV! of the incident and scattered lights
minimal with change of temperature30#. Obviously, the Ra-
man signal intensity for the in-plane Mn-O modes cor
sponds to the former case and can be used as a loca
dynamical probe of the charge-orbital ordering or corre
tion. The observed activation of the in-plane mode subsis
aboveTCO is a clear indication of~perhaps two-dimensional!
dynamical charge-orbital ordering. The behavior is contr
tive with the behavior of the superlattice peak intensity~the
top panel of Fig. 5! that only probes the average symmet
On the other hand, the out-of-plane Mn-O stretching mo
phonon in (zz) configuration is originally Raman-active i
the regular tetragonal lattice. The degrease in its intensit
the course of the charge-orbital-ordering transition is due
the second mechanism. Namely, the in-plane directional
dering of theeg orbital decreases thed3z22r 2 character of the
out-of-plane Mn-O bonding, and hence reduces its coup
with the electronic state.

As for the in-plane diffuse scattering responses, th
show the clear symmetry-dependent variation with tempe
ture. The scattering intensity of the (x8x8) configuration
~dominantly composed ofA1g1B2g) scarcely varies, while
that of (x8y8) configuration~dominantly composed ofB1g)
decreases just belowTCO, and becomes constant aroundTN .
We confirmed that the intensity of (xy) configuration~domi-
nantly composed ofB2g) shows no temperature dependen
either. Therefore, only theB1g component shows the tem
perature dependence. The plausible origin for the diff
scattering response withB1g symmetry is the spin densit
fluctuation, or a novel fluctuation correlated with dynamic
correlation of charge and orbital. The relation between
diffuse scattering response withB1g symmetry and the dy-
namical correlation of charge and orbital is clearly evidenc
by the broadened but well-subsisting feature aboveTCO of
the phonon peaks which can be assigned to the finger prin
the concomitant charge and orbital ordering at lowerT
,TCO) temperatures. The scattering intensity arising fro
such a microscopic process should decrease in accord
with the onset of the charge-orbital ordering, and beco
constant belowTN , where the long-range charge-orbital o
dering almost completes and the fluctuation is suppresse50

C. Reentrant charge-orbital ordering transition
in LaSr2Mn2O7

Figure 6 shows the temperature dependence of Ra
spectra of LaSr2Mn2O7, in which a reentrant behavior of th
charge-orbital ordered state is observed;~a! the diffuse scat-
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tering part in (x8x8), (x8y8), and (xy) configurations, and
the phonon peaks in~d! (x8x8) and ~e! (x8y8) configura-
tions, respectively.

First, let us focus on the temperature dependence of
phonon peaks. The four phonon peaks in the (x8x8) and
(x8y8) configuration can be seen even at 290 K as bro
structures, indicating the existence of dynamical char
orbital correlation aboveTCO. With the decrease of tempera
ture belowTCO, they quickly gain their intensity. With fur-
ther decreasing temperature, say, below 100 K, the spe
intensity rather decreases and then almost disappear
enough low temperatures, e.g., at 10 K. It has recently b
confirmed by electron, x-ray, and neutron-diffraction stud
that the charge-orbital ordered state with CE-type antifer
magnetic spin structure melts again below about 100
~Refs. 13,14,20,21! to the A-type antiferromagnetic stat
with the ferromagnetic spin arrangement within the const
ent single layers. The observed temperature dependenc
these four phonon peaks confirms that these modes ar
flecting the order parameter of charge-orbital ordering. T
larger intensities of JT modes than those of breathing mo
indicate again that the major lattice distortion is Jahn-Te
type, as in the case of single-layer compound. A sharp
peak at 466 cm21 in (x8x8) configuration, which remains to
the lowest temperature, corresponds to the stretching m
~1! in the (zz) configuration and is observed for in-plan
polarization perhaps due to the existence of structural mo
lation even in theA-type antiferromagnetic phase. The ene
gies and intensity of phonon peaks in the (zz) configuration,
which are originally Raman active, shows little change in t
course of successive phase transition with decreasing
perature, contrary to the case of the single-lay
La0.5Sr1.5MnO4.

The temperature dependence of in-plane diffuse scatte
@Fig. 6~a!# shows quite an analogous feature to the case
the single-layer compound. The scattering intensity

FIG. 6. Temperature dependence of Raman spectra
LaSr2Mn2O7. Panel ~a! shows the diffuse scattering part wit
(x8x8), (x8y8), and (xy) configuration. Panels~b! and~c! show the
results of curve fitting of Raman spectra in (x8x8) and (zz) con-
figuration, respectively. The fitting curve~solid line! is composed of
relaxational component~a broken curve! and Lorentzian oscillators
~dotted curves!. Panels~d! and ~e! show the temperature depen
dence of phonon peaks in (x8x8) and (x8y8) configuration, respec-
tively.
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(x8y8) configuration considerably decreases with the
crease of temperature belowTCO ~5 210 K!, but those of
(x8x8) and (xy) do not@see also the top and second panels
Fig. 2~b!#. The intensity of diffuse scattering of (x8y8) con-
figuration is slightly larger than that of (x8x8) at 290 K, but
at 120 K and also at 10 K, the intensity for (x8x8) configu-
ration rather exceeds that of (x8y8).

We fitted the in-plane and out-of-plane spectra with E
~1! to discuss the temperature dependence of these com
nents more quantitatively. For the diffuse scattering part,
have fixedG580 cm21 for in-plane (x8x8) and (x8y8) spec-
tra, andG5100 cm21 for (zz) spectra. The discrepancy be
tween the values ofG for in-plane and out-of-plane ma
arise from the difference of the damping mechanism, but
will not discuss this any longer, because of large arbitrarin
in deciding them. We will only discuss the temperature d
pendence of total magnitudes (I diffuse) for the diffuse-
scattering part. The result of the curve fitting is exemplifi
in Figs. 6~b! and 6~c!.

The temperature dependence of the fitting parameters
shown in Fig. 7. The second and the third panels from
top represent the temperature dependence of peak ene
and intensities of the phonon modes, respectively. The
tom panel shows the temperature dependence of the int
ties of the diffuse-scattering part of the respective configu
tion spectra. On the top panel of Fig. 7, we also display,
comparison, the temperature dependence of x-ray diffrac

( 7
4 ,2 1

4 ,0) peak intensity corresponding to the orbit
ordering.14 The intensity of in-plane phonon modes@JT
mode~1! and~2!# goes almost parallel with that of the x-ray
scattering intensity probing the orbital ordering, as expec
apart from the two-dimensional correlation aboveTCO seen

FIG. 7. Temperature~T! dependence of peak energies (v0) and
intensities (Sph) of phonon modes~the second and third panel from
the top, respectively!. Open circles, filled circles, and filled triangle
correspond to peak energies and amplitudes of Jahn-Teller m
~1!, Jahn-Teller mode~2!, and stretching mode~2! ~see also Fig. 3!.
The bottom panel shows the intensity (I diffuse) of diffuse scattering
with (x8x8) ~filled circles!, (x8y8) ~open circles!, and (zz) ~filled
triangles! configuration. The temperature dependence of the x

diffraction intensity (I 0) of the (7
4 ,2 1

4 ,0) peak due to the orbita
ordering is also shown on the top panel for comparison.
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in the phonon modes. The peak energies of these mo
monotonically increases belowTCO, and saturate in the
A-type antiferromagnetic phase where the phonon peaks
most disappear. It is worth noting here that the activa
phonon modes gradually disappears below 100 K, but w
out being broadened significantly, as seen in Figs. 6~d! and
6~e!. This makes sharp contrast with the broadening beha
of phonon peaks aboveTCO. According to a recent neutron
diffraction study,20 the A-type antiferromagnetic phase se
in around 210 K and undergoes the reentrant transit
Since the phase transition between theA-type antiferromag-
netic phase and the charge-orbital-ordered state around
K is typically of the first order, even in the intervenin
charge-orbital-ordered state there coexists theA-type antifer-
romagnetic phase, as evidenced by a recent neut
diffraction study.20 Likewise, the fragment of the charge
orbital-ordered region appears to still survives in t
reentrantA-type phase region below 100 K: The correlatio
length of charge-orbital-ordering monotonically decrea
down to 50 K with decreasing temperature.41 The remnant of
the in-plane phonon peaks@JT modes~1!, ~2!, etc.# below
100 K reflects such a microscopic charge-orbital-ordered
main in A-type antiferromagnetic phase. From their diffe
ence in phonon peak widths betweenA-type antiferromag-
netic phase below 100 K and paramagnetic phase ab
TCO, we can speculate that the charge-orbital ordering
frozen as the fragment of the charge-orbital-ordered s
embedded in theA-type antiferromagnetic phase, contrary
the case aboveTCO, where the charge-orbital correlation
expected to be dynamical and shortlived.

As for the out-of-plane stretching mode~2! ~at 582 cm21)
in the (zz) configuration, not only the peak energy but al
the intensity are almost temperature independent, contrar
the corresponding out-of-plane mode of the single-la
compound. This difference between the single-layer case
the bilayer one may arise from the bond characters of
out-of-plane Mn-O bond aboveTCO. In the bilayer com-
pound, the out-of-plane Mn-O bond length is already co
pressed at room temperature and the ratio of the bond le
of out-of-plane Mn-O to in-plane one is unchanged betwe
room temperature and 10 K.51 This crystal environment al-
ready stabilizes thedx22y2 character ofeg electron of Mn31

site, and reduces thed3z22r 2 character even well aboveTCO.
The weaker out-of-plane Mn-O bonding leads to the redu
coupling of the out-of-plane stretching modes with the el
tronic state that determines the phonon spectral intens
Thus, irrespective of the ordering ofeg orbital belowTCO,
the coupling of the out-of-plane stretching modes with t
electronic state remains weak, giving rise to the temperat
independent spectral intensity of stretching mode~2!.

Finally, let us briefly discuss the temperature depende
of the intensities of diffuse scattering. As for the in-pla
components, they show a parallel behavior with those of
single-layer case: The scattering intensity of the (x8x8) and
(zz) configuration~dominantly composed ofA1g1B2g and
A1g component, respectively! scarcely varies, while that o
(x8y8) configuration~almost consists ofB1g component! de-
creases just belowTCO, and becomes constant aroundTN .
We also confirmed that the scattering intensity of (xy) con-
figuration shows essentially no variation with temperatu
Therefore, as in the single-layer compound, the dynam
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correlation of the charge-orbital ordering may cause the fl
tuation withB1g symmetry aboveTCO.

IV. CONCLUSION

We have measured Raman spectra of the layered ma
nites La0.5Sr1.5MnO4 and LaSr2Mn2O7, showing the charge
orbital-ordering transitions. In both systems, the activa
phonon modes with large scattering intensities are obse
in the charge-orbital-ordered state for the in-plane polar
tions; two modes withA1g symmetry, and other two with
B1g symmetry. They are considered to be activated by c
comitant charge and orbital-ordering accompanying b
breathing-mode type and Jahn-Teller-type lattice distortio
The intensity of these in-plane Mn-O bond stretching mo
shows almost parallel temperature dependence to that o
superlattice diffraction peaks caused by the charge-orb
ordering, although the dynamical charge-orbital correlat
aboveTCO is also clearly sensed by the remnant intensity a
broadened profile of these phonon peaks. These pho
modes show appreciable hardening belowTCO, perhaps due
to the change in the in-plane Mn-O bond character in
orbital ordered state. On the other hand, the out-of-pl
Mn-O bond stretching modes do not show hardening w
decrease of temperature and their intensities temperatur
c-

ga-

d
ed
a-

n-
th
s.

es
the
tal
n
d
on

e
ne
th
in-

dependent~for the bilayer compound!, or rather weakened
~for the single-layer one!. This indicates that the coupling of
out-of-plane Mn-O mode with the electronic state is wea
ened due to the directional ordering ofeg orbital within the
ab plane.

The diffuse-scattering response dominantly withB1g sym-
metry is suppressed in the course of charge-orbital orderi
both for La0.5Sr1.5MnO4 and LaSr2Mn2O7. The suppression
of diffuse scattering starts just belowTCO, and completes
aroundTN , where the long-range order of charge and orbit
is almost fully developed. On the other hand, diffuse scatt
ing with other symmetries (A1g and B2g) are temperature
independent. Such a diffuse-scattering response withB1g
symmetry is likely to arise not from the electronic Rama
process in conventional metals but from the spin dens
fluctuation or a locally anisotropic fluctuation caused by th
dynamicalcorrelation of charge and orbital.
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31Especially in the strongly correlated electron systems, the sim
estimate of temperature using Stokes and anti-Stokes is no
ways justified. In the present systems, however, we have c
firmed that Stokes spectra coincide with anti-Stokes spectra
dividing out Bose factor at 290 and at 200 K, where the lo
heating effect is expected to be less serious. Therefore, we
expect that the simple relation between Stokes and anti-St
spectra is not a bad approximation in these systems in evalua
the local temperature raise. We thus confirmed that the lo
heating effect by laser is not so serious even at around trans
temperatures as to affect our following discussions.

32The scattering intensity of (xy) polarization spectra does not ex
ceed, at most, 50% of those of (x8x8) and (x8y8) configuration
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