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Orbital fluctuating state in ferromagnetic insulating LaMnO3, 5 (0.085< 6=<0.125) studied
using Raman spectroscopy

K.-Y. Choi,! Yu. G. Pashkevich,? V. P. Gnezdilov,? G. Giintherodt,* A. V. Yeremenko,?> D. A. Nabok,? V. I. Kamenev,>
S. N. Barilo,” S. V. Shiryaev,’ A. G. Soldatov,’ and P. Lemmens®
Unstitute for Materials Research, Tohoku University, Katahira 2-1-1, Sendai 980-8577, Japan
2A. A. Galkin Donetsk Phystech NASU, 83114 Donetsk, Ukraine
3B. I Verkin Institute for Low Temperature Physics NASU, 61164 Kharkov, Ukraine
42, Physikalisches Institut, RWTH Aachen, 52056 Aachen, Germany

SInstitute of Physics of Solids & Semiconductors, Academy of Sciences, 220072 Minsk, Belarus
SInstitute for Physics of Condensed Matter, TU Braunschweig, D-38106 Braunschweig, Germany

(Received 8 April 2006; revised manuscript received 24 June 2006; published 10 August 2006)

A giant softening by 30 cm™" of the 490 and 620 cm™' Jahn-Teller and breathing optical phonon modes is
observed in Raman spectroscopy below the Curie temperature of single crystalline LaMnO;3, s (0.085<6
<0.125). A pseudogaplike suppression of a continuum and a Fano antiresonance at 144 cm™! appear below the
charge-ordering temperature. Upon going through the antiferromagnetic/ferromagnetic insulating phase bound-
ary a high-frequency maximum of three-peaks structure evolves to a unstructured, broadened maximum while
undergoing a softening in the peak energy. This is interpreted in terms of the presence of fluctuating orbitals
and mobile holes which form a stripelike state in the lightly doped, insulating manganites.
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I. INTRODUCTION

One topical issue in the physics of manganites is the role
of orbital degrees of freedom as well as the state of the
orbital subsystem at different doping levels in explaining the
complex phase diagram.!” The most intriguing feature is
found in a ferromagnetic insulating (FMI) phase of the
lightly doped La;_,Sr,MnO; (x=0.11-0.17).3-12

With lowering temperature the FMI samples exhibit co-
operative Jahn-Teller (JT) distortions at 7, Upon further
cooling a transition from a paramagnetic insulating (PI) to a
ferromagnetic (FM) state takes place at T where the resis-
tivity starts to decrease. Between T and T¢ a ds2_,2/d5,2 2
orbital ordering is present, which is similar to that of
LaMnO;.%!° Finally, with decreasing temperature the FM
state undergoes a transition to a FMI state at T,, while the
resistivity shows a sharp upturn. At the respective low tem-
peratures, neutron and x-ray studies®’ show a superstructure
interpreted in terms of long-range charge order. Recently,
resonant x-ray scattering has proved the related formation of
orbital polarons.””!' In addition, Raman scattering measure-
ments have observed the giant softening of Mn-O stretching
mode, interpreted in terms of fluctuating orbital state.'” Fur-
ther, there is considerable evidence for a structural modula-
tion with alternating hole-poor and hole-rich planes along the
c axis as well as a nonuniform charge distribution.%71314 Tn
spite of extensive studies, however, the full aspect of the
orbital and charge correlations has not yet emerged because
of the formation an inhomogeneous Mn subsystem where
spin, orbital, and charge are closely coupled.

In this situation, a study of the nonstoichiometric counter-
part LaMnOs5_ 5 (0.071 < 6<0.125) can provide new insight
into this issue. This is because vacancies on Mn and La sites
and the related disorder can disturb the delicate balance of a
charge- and orbital-ordered state. In addition, the availability
of detwinned single crystals enables us to extract more spe-
cific information, which is not possible in twinned
La,_.Sr,MnOj; samples.
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The structural and magnetic properties of the studied
samples are summarized in Table I. Our results are consistent
with previous studies.'>!® As & increases, a distorted ortho-
rhombic O’ phase (6=0.071-0.085) transits to a pseudocu-
bic one (6=0.092—-0.096) and then to a thombohedral one
(6=0.096—-0.125). This implies a systematic reduction of the
distortions of the MnOg4 octahedra by changing continuously
the Mn**/Mn3* ratio in a wide range. For the ferromagnetic
samples (0.085 < §<0.125) the magnetization shows a step-
like jump at T and T¢p.'” The overall behavior is quite
similar to the lightly doped La,_.Sr,MnO; (0.11<x=<0.15)
(compare Refs. 10 and 17). This tells us that the crystal sym-
metry is reduced to triclinic for temperatures below T, as
observed in the La,_.Sr,MnO; compounds.”!® However,
there also appear some discrepancies;'’ (i) the irreversibility
in the field-cooled and zero-field cooled magnetization, and
(ii) the drop of magnetization under zero-field cooling for
low temperatures below T,. This might be related to addi-
tional cation vacancies leading to the metastability of the
charge- and orbital-ordered state.

We report Raman scattering measurements on the lightly
oxygen-doped manganites LaMnOs,s. A giant and continu-
ous softening of Mn-O bond stretching modes below the
Curie temperature and an unstructured, broadened mul-
tiphonon feature suggest a fluctuating orbital state in FMI
samples (0.085=< §<0.125). A pseudogaplike electronic re-
sponse below the charge-ordering temperature together with
a Fano antiresonance at 144 cm™' signals the significance of
hole mobilities in the charge-ordered background. This is
ascribed to a formation of a stripelike state of holes.

II. EXPERIMENTAL DETAILS

LaMnO4_ s single crystals were grown by using a modi-
fied method of McCarrol et al.,'® which allows for doping
without inducing a large cation mass difference and related
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TABLE 1. Structural

and magnetic properties
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of LaMnOs,s with O (c¢c<b/2<a) and

O’ (b/ |2 <c<a) orthorhombic phases with Pnma space-group symmetry and R a rhombohedral phase with

R3¢ space-group symmetry.

Sample Charge Magnetic V/fu. (A% Lattice Crystal
3+6 ordering ordering T=300 K parameters structure
3.071 Ty=128 K 59.73 a=5.529, b=5.572, ¢=7.756 o’
3.085 Tco=131K Tc=148 K 59.54 a=5.524, b=5.549, ¢=7.770 (0}
3.092 Tco=146 K Tc=178 K 59.45 a=5.493, b=5.536, c=7.821 0]
3.096 Tco=152 K Tc=186 K 59.41 a=5.493, b=5.537, ¢=7.818 (0]
3.125 Tc=248 K 59.06 a=3.894, @=90.56 R

disorder and effects of clustering. The samples are de-
twinned. The true crystallographic formula corresponds to
La;_,Mn;_,O; with 3/2(x+y)=~=4. Cation vacancies were
controlled by varying the melting temperature. Samples were
characterized by x-ray diffraction, magnetic susceptibility,
and chemical analysis as summarized in Table I.

Raman scattering experiments were performed using the
excitation line A=514.5 nm of an Ar* laser in a quasiback-
scattering geometry. The laser power of 5 mW was focused
to a 0.1 mm diameter spot on the (010) surface. The scat-
tered spectra were collected by a DILOR-XY triple spec-
trometer and a nitrogen cooled charge-coupled device detec-
tor.

III. RESULTS AND DISCUSSIONS

Figure 1 displays the doping dependence of Raman spec-
tra of LaMnOs, 5 (6=0.071, 0.085, 0.092, 0.096, and 0.125)

in (x'x") polarization at 5 and 295 K, respectively. The data
are compared to lightly doped manganites La;_,Sr,MnO;
(x=0.06, 0.11, 0.125, and 0.14) that are the counterpart to the
title compound.'?> Remarkably, the observed Raman spectra
resemble each other. The antiferromagnetic (AFI) samples
(6=0.071 and x=0.06) show weak peaks arising from vibra-
tions of (La/Sr) cations and rotations of the MnOg octahedra
in addition to the three main peaks: the out-of-phase rota-
tional mode around 250 cm™!, the JT mode around 490 cm™,
and the breathing mode around 620 cm™'. No drastic tem-
perature dependence is observed. In contrast, at low tempera-
ture the FMI samples (5=0.085-0.125 and x=0.11-0.14)
exhibit extra phonon peaks, which are split off from the
high-temperature modes. Since the crystal symmetry is low-
ered due to the orbital rearrangements at Tcp,'" the extra
phonon modes might arise from the symmetry reduction. In
this case, activated modes are expected to be weak. How-
ever, the observed modes are sharp as well as intense. More-
over, they show up as a shoulder of the high-temperature
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FIG. 1. (Color online) (Left panels) Raman
spectra of LaMnOs,s (6=0.071, 0.085, 0.092,
o 0.096, and 0.125) in (x’x") polarization as a func-

tion of doping at 5 and 295 K, respectively.
(Right panels) For comparison, Raman spectra of
La,_Sr,MnO;3 (x=0.06, 0.11, 0.125, and 0.14)
are presented together at the respective tempera-
ture (Ref. 12).
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FIG. 2. (Color online) Temperature depen-
dence of Raman spectra of LaMnOs,s
(6=0.092) in (a) (xx) and (b) (x"y") polarizations.
The horizontal dotted lines are a guide to the eye
to emphasize the electronic background. The ver-
tical arrows indicate the antiresonance at
144 cm™!. The dashed line on Raman spectrum at
295 K represents a fitting of the low-frequency
electronic response using a diffusive scattering
formula (see the text). Inset: The inset gives the
normalized scattering amplitude, /7.
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modes. This suggests that most of them are zone-folded
modes induced by the charge ordering and orbital ordering.

Noticeably, all FMI samples have identical Raman spec-
tra, irrespective of doping and composition. This implies that
all FMI samples are characterized by the same charge- and
orbital-ordering structure in spite of additional, disordered
holes as well as of chemical disorder induced by doping.
This is substantiated by (i) x-ray measurements of
La;_ . Sr,MnOj3;, which exhibits the same superstructure re-
flections of nearly equal scattering intensity for all x> and (ii)
a resonant x-ray scattering study that uncovers the forbidden
reflection induced by an orbital rearrangement at the same
position for all x."

Shown in Fig. 2 is the temperature dependence of the
Raman spectra of a representative sample with 6=0.092 in
(xx) and (x'y’) polarizations. These data have several in-
triguing features. With decreasing temperature the Mn-O
stretching modes undergo a large softening and new phonon
peaks show up. Furthermore, the low-frequency quasielastic
response exhibits a substantial redistribution of spectral
weight as a function of temperature. Significantly, a strong
Fano antiresonance is observed at the 144 cm~! mode, which
corresponds to the mixed vibrations of the La and O1 atoms
in the xz plane.”® As shown in Ref. 21, a ferro-orbital order-
ing along the ¢ axis is favored when all O1 ions push the La
ion in the same direction. On the other hand, an antiferro-
orbital ordering is stabilized when the O1 ions between the
upper and lower plane push the La ion in the opposite direc-
tion. This implies that an orbital ordering forms along the ¢
axis and this ordering is characterized by the type of static
distortion of the La and O1 ions. Thus, the 144 cm~! mode is
intrinsically coupled to the pattern of the orbital ordering.
Since the antiresonance arises from electron-phonon cou-
pling, the observed Fano antiresonance gives evidence for
the presence of a continuum arising from orbital fluctuations
between antiferro- to ferro-orbital ordering along the ¢ axis.

We notice that the weak antiresonance is already present
in the AFI sample and becomes stronger in the FMI samples
(see the left lower panel of Fig. 1). This suggests that a
ferromagnetic orbital droplet is formed in the antiferromag-
netic orbital background. Upon going through the FMI
phase, the ferromagnetic orbital state, composed of an orbital

I - 4]
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polaron, becomes predominant, while being in a fluctuating
state.”!%!2 This explains the strong antiresonance in the FMI
samples. Hence, we conclude that holes are not totally
frozen-in below T, leading to orbital fluctuations via hole-
orbital coupling.

To get more information on the evolution of hole dynam-
ics we will inspect the electronic response. At high tempera-
tures the observed quasielastic Raman response is well de-
scribed by a diffusive scattering,?

(,T) = 1/[1 - exp(- fi/kT)(LywD)/(0* + T?).

Here the first term is the Bose-thermal factor, I,y is the
scattering amplitude, and T is the scattering rate. The dashed
line represents a fit to the data at 295 K. The scattering rate
of '=13.5-14.5 cm™! is very small and hardly varies with
temperature (not shown here). This is characteristic for a
collision-dominated scattering of the insulating state. Note
that its magnitude is two orders of magnitude smaller than
that of the metallic La,_,Sr,MnO;.?* Since a scattering am-
plitude varies strongly with scattering channels, we plot the
scattering amplitude divided by temperature, I/ T, in the
inset of Fig. 2(b). Upon cooling, the I/T shows a subtle
but distinct upsurge between T, and T and then decreases
rapidly. This feature evidences the presence of the diffusive
scattering from orbitals since an orbital rearrangement occurs
in the corresponding temperature interval. However, the
small upsurge implies that orbital disorder is not significant
through the reordering in the orbital sector. Therefore, the
diffusive scattering might be governed by electronic scatter-
ing of spins. This is consistent with thermodynamic experi-
ments that show a dominant magnetic contribution to the
entropy change below T.%

At low temperatures the spectral weight of the diffusive
scattering is suppressed for frequencies below 250 cm™.
Such a behavior is typical for a pseudogap state in strongly
correlated systems. Thus, our study provides spectroscopic
evidence for the presence of a pseudogap state in the FMI
state. We mention that it has been reported in a ferromagnet
metallic state of the bilayer manganite La,,Sr; sMn,0;.%
Remarkably, similar electronic excitations have been ob-
served in La, Sr,NiO, with a pronounced Fano
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antiresonance.?* In the nickelates, a hole-stripe ordered state
is responsible for the formation of a pseudogap. Actually, a
hole-stripe phase has also been discussed for the manganites
to maximize locally the gain of double-exchange energy
while keeping globally an insulating behavior.!> Recent
NMR measurements display a nonuniform charge
distribution.!'* Therefore, we arrive at the conclusion that
holes form a stripe-like state and are mobile within a stripe.
Here we stress that an orbital polaron state and a stripe are a
natural consequence of gaining a kinetic energy of holes in
an insulating background.

We will turn to the distinct shift of the phonon frequencies
as a function of temperature observed for the main peaks at
250, 490, and 620 cm™'. It is summarized in Fig. 3 as a
function of &. The experimental spectra are analyzed by a
sum of Lorentzian profiles.

First, let us begin with the out-of-phase rotational mode
around 250 cm™'. This mode is associated with the tolerance
factor of the manganites. That is, it provides direct informa-
tion about octahedral tiltings and Mn-O-Mn bond angles.
With increasing & the mode softens by 40 cm™!. The large
doping dependence is due to the suppression of the static JT
distortion as reflected in the structural transition from ortho-
rhombic to rhombohedral phase (see Table I). Further, upon
cooling, the 250 cm™' mode first hardens up to T and then
softens slightly. The magnitude of the hardening decreases as
dincreases, for example, from 12 cm™ at §=0.085 to 4 cm™'

at 6=0.125. Since a dx,2_,2/d5,2_,> orbital ordering is present
between T,y and T,%10 the decrease of the hardening with
increasing O is ascribed to the respective reduction of the
LaMnOs-type orbital order, that is, the weakening of the co-
operative JT distortion with increasing hole contents. In this
regard, the softening by 2—3 cm™! below T, can be inter-
preted in terms of the fact that the LaMnOs;-type orbital
above T evolves to the different type of orbital below 7.
Actually, RXS measurements unveil the rearrangement of the
orbital ordering through 7.%1°

Next, we will discuss the temperature dependence of the
MnOg vibrational modes. Upon cooling, the JT mode of the
AFI sample at about 490 cm™' shows a slight hardening by
3 cm™! while the breathing mode at about 620 cm™' under-
goes a moderate softening by 6 cm™'. For the FMI samples
the respective modes exhibit a giant softening by
20-30 cm™! below Tc. As S increases, the softening be-
comes enhanced without showing any saturation even at very
low temperatures.

As a possible origin we should reflect related lattice
anomalies. As pointed out above, the crystal symmetry is
reduced around T due to the strain caused by the orbital
rearrangement. In the respective temperature range lattice pa-
rameters undergo an appreciable change.'® However, these
effects are not large enough to explain the observed huge
softening of Aw/w=5%. Furthermore, the giant softening is
nonexisting in the 250 cm™' mode which is sensitive to lat-
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tice anomalies. This suggests that the lattice contribution to
the softening is minor and cannot account for the magnitude
of this effect.

We recall that a giant softening is seen at the breathing
mode of the FMI phase of La;_,Sr,MnO; and is attributed to
orbital-lattice coupling.'?> In this mechanism, the frequency
shift of a phonon mode relies on whether the respective ion
displacements involve an orbital-ordering pattern. For the
manganites the JT and breathing mode are intrinsically
coupled to the LaMnO;-type orbital ordering and orbital po-
laron, respectively.!! In this light, the giant softening of the
JT mode implies that the LaMnO;-type orbital ordering be-
comes disordered below T while the giant softening of the
breathing mode is related to the development of orbital po-
larons. This is compatible with the alternating model consist-
ing of orbital polarons in the hole-rich planes and a
ds2_2/d;p_ 2 orbital in the hole-poor planes.'! If the or-
bital rearrangement occurs into the alternating orbital-like
state, the phonon frequency will exhibit a steplike tempera-
ture dependence. However, the expected saturation is miss-
ing, indicating the unstable orbital state. Recent NMR mea-
surements show the instability of the FMI state against the
formation of FM nanodomains below 30 K.'* The
irradiation-induced decay of the FMI phase into another in-
sulating phase further supports this.” Moreover, the giant
softening of the JT mode, which is not pronounced in
La,_,Sr,MnO;,'% is due to the destabilization of the FMI
phase induced by La-site disorder.

Finally, we will address high-frequency Raman spectra of
LaMnOs, s at 5 K, which are displayed in Fig. 4(a) as a
function of 8. The AFI sample shows similar results as
La;_,Sr,MnOj; with respect to frequency, number of modes,
and temperature dependence.”> For the FMI sample of
6=0.085 the three peaks coalesce into a broad maximum
near 1100 cm™'. Upon further going to 6=0.092 the
broad maximum is shifted to about 950 cm™!. For &
=0.092-0.125 the maximum remains more or less the same.
The drastic softening of the broad maximum by 20% through

Temperature (K)

0=0.071-0.125 is contrasted by the tiny softening of one-
phonon scattering of the 490 and 620 cm™! modes by several
percentages. Such a behavior can definitely not be under-
stood within pure multiphonon processes. Note that
La;_,Sr,MnO; shows also a broadened maximum around
1000 cm™! at x=0.125.% This rules out chemical disorders as
its plausible origin. Rather, it pertains to the FMI samples.
Since the multiphonon scattering in LaMnOj5 is mainly due
to the Franck-Condon mechanism via orbiton excitons,® the
anomalous features of the multiphonon scattering might be
closely related to an orbital state.

In the AFI phase the multiphonon scattering is governed
by a resonant process induced by an orbital flip of a
ds_2/dyp_ 2 orbital ordered state.” In this situation, the
detailed features of the multiphonon scattering are deter-
mined by the underlying orbital-ordering pattern. Upon go-
ing through the AF/FMI boundary the d3,2_,2/d5,2_,> orbitals
are rearranged to the alternatinglike orbitals as discussed
above. Thus, orbital excitons, which are responsible for the
three-peaks feature in the AF phase, will be damped out in
the FMI phase. At the same time, gapless orbital excitations
will be created due to ferromagnetic spin ordering.?’ As a
consequence, the spectral weight of orbital excitations in the
FMI phase is expected to shift to lower energy compared to
the AFI phase. This explains the unstructured broadening of
the multiphonon scattering. Further, its peak energy shifts to
lower energy with increasing o parallel to the enhanced hole
mobility and ferromagnetic behavior. The temperature de-
pendence of the integrated intensity of the maximum at
6=0.092 is given in Fig. 4(b). A strong increase of the inten-
sity with decreasing temperature indicates that the intensity
is largely determined by the evolution of the charge and or-
bital states of the FMI phase.

We mention that the observed anomalies of the giant soft-
ening of Mn-O modes, the pseudogap state with a Fano an-
tiresonance, and the softening multiphonon scattering
through the AF/FMI boundary have a common origin as the
orbital fluctuations and significant hole mobilities. This tells
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us that the FMI phase is in a delicate balance between the
gain of double-exchange energy and the localization of
holes.

IV. CONCLUSIONS

In summary, our Raman study of the lightly doped man-
ganites LaMnOs, 5 uncovers a significant hole mobility and
an orbital fluctuating state, which form a stripelike state in
the FMI state This is demonstrated by the observation of a
Fano antiresonance, a giant softening of Mn-O vibration
modes, and a broadened multiphonon scattering. Our study

PHYSICAL REVIEW B 74, 064406 (2006)

hightlights the importance of double-exchange interactions
and electronic correlation effects in understanding the occur-
rence of a ferromagnetic insulating state in the manganites.
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