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Low-energy excitations in La, ,Sr; §Mn,0 investigated by ellipsometry
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The low-energy excitations of the bilayered manganite La; ,Sr; gMn,0; have been explored by spectral
ellipsometry from two faces of a single crystal over the range from 0.006 to 0.6 eV. This compound is a
paramagnetic insulator at ambient temperature, with a transition to a ferromagnetic metal below a Curie
temperature (7,) of 125 K. Both the ab-plane and c-axis temperature-dependent conductivities have been
determined. Essentially no temperature-dependent behavior is observed above 7, although below 7, both the
phonon and electronic contributions are strongly temperature sensitive. The highest-frequency phonons, espe-
cially those involving Mn-O bond stretching, split and show frequency changes consistent with structural
results in the literature, and furthermore there is clear evidence of an increase in electron-phonon coupling at
and below 7. We interpret the temperature-dependent electronic spectral contribution in the light of recent
calculations that indicate that a mixed phase exists in the doped manganites below T, with coexisting regions

of an itinerant large-polaron phase and a localized small-polaron phase.
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I. INTRODUCTION

Despite a decade of intensive study the colossal magne-
toresistance (CMR) manganites are poorly understood.! The
conventional picture for the CMR effect is based on the
double exchange mechanism proposed more than 50 years
ago by Zener.> Within this description the hopping conduc-
tion between spin-polarized Mn ions is permitted only if
their spins are parallel, so that only in an appropriately doped
and ferromagnetic state can charge flow throughout the ma-
terial. It has been recognized for some years that this model
is an inadequate explanation of the coincident ferromagnetic-
paramagnetic and metal-insulator (FM-PI) transitions which
drive the CMR phenomenon.** Although a full description
has not been arrived at, recent experimental and theoretical
work indicates that the orbital, charge, spin, and lattice de-
grees of freedom are strongly coupled.’

The most thoroughly studied CMR materials are the
pseudocubic doped rare-earth manganites, (RE,_,AE,)MnOs.
A series of compounds can be derived through partial substi-
tution of the rare earth (RE) ion by an alkaline earth (AE) in
the insulating paramagnetic parent compound (x=0). The
parent compound is known to undergo a cooperative Jahn-
Teller (JT) distortion, accompanying a structural transition
below 720 K, indicating significant electron-phonon
coupling.’ The transition to the CMR state, which is coinci-
dent with the magnetic/transport transition, depends on the
AE concentration."®” The conductivity both above and be-
low the transition is characterized most naturally within a
polaron picture, with small- or large-polarons contributing in
various temperature and doping regimes.>~!® Recent evi-
dence suggests that near and possibly below the transition
there exist phase-separated small- and large-polaron
regions.'!-13
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The pseudocubic manganites, discussed above, are an
end member of a  Ruddelsden-Popper  series,
(RE|_4AE,),;1Mn,053,,; (n=1,2,...,2)."417 In the n=2
layered manganites, each sheet of double-stacked MnOg oc-
tahedra is sandwiched by insulating rocksalt layers consist-
ing of the rare- and alkaline-earth atoms. These so-called
double-layer systems show a strongly two-dimensional con-
ductivity; a much weaker and possible purely incoherent
conductivity is measured perpendicular to the MnO, sheets.
Although some members of the Ruddelsden-Popper manga-
nites are known to undergo phase transitions, controlled by
the valence state of the Mn ions, they have been much less
thoroughly investigated.'®

One of the most revealing probes of the unusual conduc-
tion states in these materials is the conductivity at frequen-
cies that correspond to specific excitations within the charge
carriers.'>!319-28 There have been a few earlier determina-
tions of the optical conductivity in the double-layer
La, ,Sr; §Mn,0, although to our knowledge most are based
on reflectivity measurements;>>~2% the exception?® does not
extend to the low-energy spectral region probed in the work
presented here. Within those studies one finds a number of
features familiar from studies of the pseudocubic CMR man-
ganites, including the formation of a polaron band near 1 eV
and the appearance of a Drude-like feature that develops as
the materials enter the FM phase at low temperature. A ques-
tion that arises with most of these data sets is that a Kramers-
Kronig (KK) analysis requires an extrapolation of the reflec-
tance toward zero frequency, compromising the reliability of
the derived optical conductivity in the most important low-
energy range of the reflectivity measurements. In this paper
we report an ellipsometric study of the ab-plane and c-axis
conductivities at energies from 0.006 to 0.6 eV, measure-
ments that avoid the necessity to extrapolate data outside the
measured range.
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II. EXPERIMENTAL DETAILS

The crystal used in the study was prepared by a floating
zone method as described in an earlier publication.>* Magne-
tization measurements using a vibrating sample magnetome-
ter confirmed the expected FM transition at a Curie tempera-
ture (T,) of 125 K. Spectral ellipsometry was performed both
on a cleaved ab-plane surface and on an ac plane that was
wet polished using Al,O5 grains to 1 um. Oblique incidence
ellipsometry from the ab-plane was performed using a home-
built ellipsometer in combination with a commercial Bruker
113 V Fourier transform interferometer (FTIR) at the Max-
Planck-Institut fiir Festkorperforschung in Stuttgart. The
angle of incidence was set at 80° with an angular spread of
less than 3°. The ellipsometry measurements from the small
(2X3 mm) ac surface were performed at the high brilliance
source at the U4IR beamline of the National Synchrotron
Light Source in Brookhaven National Laboratory. Here we
used a home-built ellipsometer in combination with a com-
mercial Nicolet Magna FTIR spectrometer.3!3> The angle of
incidence was 75° with an angular spread of less than 1.2°.
Ellipsometry data from these two faces were then used to
extract the ab-plane and c-axis conductivities, via a numeri-
cal decoupling procedure, for energies between 0.006 and
0.6 eV. For temperature-dependent measurements, the
sample was placed in a flow-through liquid helium cryostat
with diamond windows, enabling spectra to be measured
from room temperature down to 10 K.

The inversion of the Fresnel equations from the measured
ellipsometric reflection coefficients yields the so-called
pseudodielectric function for the measured face. For an op-
tically isotropic material this returns the dielectric function
directly. However, if the sample is optically anisotropic, the
pseudodielectric function consists of a nontrivial combina-
tion of a-, b-, and c-axis dielectric functions. For our uniaxi-
ally anisotropic samples, the pseudodielectric functions mea-
sured on the ab and ac planes were decoupled to determine
the in-plane and out-of-plane responses with an analysis
based on a procedure suggested by Azzam and Bashara.’?
The absence of temperature-dependent ac-plane data at en-
ergies above 0.087 eV was handled by using the ambient-
temperature c-axis conductivity at all temperatures. Previous
reflectivity measurements justify the procedure, for they con-
firm the absence of any strong c-axis temperature-
dependence above the phonon energies.?’

The uncertainty in the spectral conductivity is 3% for
most of the energy range measured. However, for a small
range of energies between 0.07 and 0.1 eV, the uncertainty
rises to over 10% due to the sensitivity of the decoupling
process to rapid changes in each of the ac and ab spectra at
these energies.

III. RESULTS

Displayed in Fig. 1 is the real part of the ab-plane (in-
plane) and c-axis (out-of-plane) conductivities. The ab-plane
spectra display phonon modes and a significant electronic
background, both of which exhibit considerable temperature
dependence that will be discussed below. In contrast the

PHYSICAL REVIEW B 72, 214437 (2005)

2000

Q'1cm'1)

1000

~
o

Il ¢, 250K

0 } T T L 1 L L

0.0 0.1 0.2 0.3 0.4 0.5 0.6
energy (eV)

FIG. 1. Energy-dependant ab-plane and c-axis conductivities.
Data at only a selection of temperatures are displayed.

c-axis conductivity (250 K only) exhibits four phonon peaks
at low energy, with a very low conductivity background ris-
ing with frequency through the mid-IR.

As mentioned above the ab-plane spectra are striking in
their temperature-induced changes across the entire energy
range. The mid-IR 250 K conductivity rises steeply from
essentially zero (except for phonon absorption) just below
0.1 eV. Earlier optical measurements have established that
this is the low energy side of a broad polaron absorption
feature centered at ~1 eV which increases in spectral weight
and moves to lower energy with decreasing
temperature.®?20-28:34 Interestingly the present data show an
additional temperature-dependent feature centered at 250
meV superimposed upon the rising low energy tail of the
polaron band, first evident in the 125 K spectrum. This fea-
ture grows rapidly in spectral weight with decreasing tem-
perature, at and below T, becoming a significant feature at
50 K. The position of the peak displays little temperature
dependence.

In addition to the evolving broad feature centered on 250
meV, Fig. 2(a) shows the development of another absorption
band below 70 meV again as the material enters the FM
phase. At the lowest temperature measure, 10 K, and on the
low energy side this band drops sharply towards the mea-
sured dc conductivity value. It is important to recall in this
connection that the analysis of ellipsometric data does not
require an extrapolation to zero energy so these hard to de-
termine, very low energy, conductivity features do not suffer
from assumptions contained in the low-energy extrapolation
required by a KK analysis. Although the band lies under the
phonon modes we believe it to be electronic in origin, a view
encouraged by the fact that its low-frequency extrapolation
coincides with the measured dc conductivities?” as shown by
the symbols along the conductivity axis connected by arrows
to the corresponding optical conductivities. The band is dis-
tinctly non-Drude-like in its energy dependence, forming in-
stead a broad peak centered at about 37 meV. A similar fea-
ture has been reported earlier in (Lag 4Pry6); ,S1; §Mn,05 and
ascribed to disorder-induced localization of the parent com-
pound (zero Pr concentration) carrier excitations.?
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FIG. 2. Spectral conductivity in the low energy region with both
phonon and charge carrier contributions. (a) ab-plane and (b) c-axis
conductivity. The ab-plane dc conductivities are indicated along the
zero-energy axis, and connected to the corresponding spectral data
with arrows. Data for only a selection of temperatures are shown.

Figure 2(a) also shows three phonon modes in the
ab-plane conductivity, fewer than the six E, zone-center
modes predicted by a factor-group analysis.’> At 250 K the
three distinct vibrational peaks lie at 20, 43, and 76 meV, on
a very weak background as expected for the low dc conduc-
tivity measured at these temperatures. There is no measur-
able temperature dependent behavior of these modes down to
150 K, but at lower temperatures there is evidence for
electron-phonon interactions involving the phonons at 43 and
76 meV. The 43 meV phonon narrows significantly below T,
while the 76 meV phonon grows substantially at 7, and be-
low. At 125 K this phonon develops a distinct Fano line
shape that continues to evolve with decreasing temperature
indicating the onset of a strong interaction between this pho-
non and an electronic continuum. The temperature dependent
behavior of this mode, and in particular the observed loss of
spectral weight from the electronic background at high en-
ergy (Fig. 1), is dissimilar from the broadening seen in Pr
substituted (for La) bilayered manganite.?

Figure 2(b) displays the low-energy (<0.1 eV) out-of-
plane conductivity as a function of temperature. At 250 K the
spectra are dominated by four vibrational features. Factor
group analysis indicates that there are five c-axis IR-active
A,, modes, so again we observe fewer than the entire set,
although the asymmetric feature at 59 meV is likely to be
composed of two modes. The spectra show little sensitivity
to temperature down to 7, and the modes at 21, 24, and 43
meV display essentially no temperature dependence down to
10 K. Of particular interest is the observation that the high
energy asymmetric mode at 59 meV resolves into two dis-
tinct modes at 7.

Between the 24 and 43 meV modes a small increase is
observed in the out-of-plane absorption as the temperature is
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lowered below T,. The broad additional absorption in this
region bears some similarity to the 37 meV band in the ab
plane, but it is more than an order of magnitude weaker. It is
plausible that the excess absorption in the phonon region is a
result of disorder-induced coupling to phonons, though it is
then not clear why it is present only in the FM phase. The
possibility also exists that there is a weak large-polaron con-
tribution even along the ¢ axis; again there is no evidence of
it in the dc conductivity.

IV. DISCUSSION
A. Phonon spectra

It was mentioned in the previous section that the highest
frequency ab-plane and c-axis phonons both display a
strongly temperature-dependent behavior at and below T..
These modes involve the oxygen atoms of the MnOg4 octahe-
dra moving against the manganese; they are Mn-O bond
stretching modes, and as an aid to understanding the changes
with temperature we review the literature as it relates to the
configurations of those bonds. Neutron diffraction measure-
ments by Mitchell and co-workers'>!7 have shown that on
traversing T, to lower temperatures and entering the conduct-
ing state there is an increased JT distortion of the MnOg
octahedra. A rapid change in the unit cell axes over a narrow
temperature range near 7, is observed; the a axis contracts
~0.16% and the c-axis expands 0.06%. These changes in the
unit cell are reflected in changes in the bond lengths; the
bond to the O(1) oxygen connecting the Mn bilayers is only
weakly temperature dependent, the ab-plane Mn-O(3) bond
lengths decrease rapidly by 0.14% around T, and the apical
O(2) bond to the Mn atom ionically bonded to the rocksalt
layer increases by 0.91% immediately below 7. The ob-
served resolution of two modes from the asymmetric 59 meV
c-axis mode, which is dominated by motion of the out-of-
plane octahedral oxygen atoms against the manganese [Fig.
2(b)], is consistent with the observed increased distortion of
the MnOg octahedra at and below T,.. Moreover, the rapid
evolution of the ab-plane 76 meV mode from a symmetric
mode with relatively low oscillator strength to a mode with
considerably more strength and a Fano line shape [Fig. 2(a)]
indicates again an electron-phonon interaction in this mate-
rial, facilitated by the JT distortion, that is enhanced at and
below T..

B. Electronic/polaronic spectra

The most striking feature of the spectra in the FM phase is
the rising absorption beginning at 7, and across the entire
measurement region of 0.006 to 0.6 eV. A significant fraction
of the increased absorption is contained in two bands cen-
tered at 37 and 250 meV and, as illustrated in Fig. 3, the two
bands grow in perfect concert suggesting a common origin.
It is natural to view them as a single polaronic feature that is
enhanced by resonance with phonons below 0.085 eV.

It has been demonstrated that the pseudocubic doped rare
earth manganites display a significant electron-phonon inter-
action and it is widely agreed that JT polarons play a
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FIG. 3. Comparison of the spectral strengths of the two low-
energy ab-plane broad peaks. The erect triangles and the right-hand
axis represent the strength of the feature centerd at 250 meV, inte-
grated from 0.09 to 0.5 eV (MIR), while inverted triangles and the
left-hand scale present the integrated strength of the 37 meV peak
between 0.01 and 0.09 eV (FIR). Note that the integrations have
omitted both the phonon lines and the rising background from the
small-polaron tail represented by the 250 K data.

significant role in charge transport. The current IR study
clearly shows that this is also true for bilayered
La, ,Sr; sMn,0,. Moreover, Perroni and co-workers'' using
a theoretical argument applied to (La;_,A,)MnO; at x=0.3
suggested that there is a transition, with decreasing tempera-
ture, from a paramagnetic insulating phase dominated by
small polarons to a ferromagnetic metallic phase dominated
by large polarons, passing through a mixed phase with sepa-
rate regions of high and low charge density. Our data are
broadly in agreement with this suggestion. Above T,
La; ,Sr; gMn,O5 is paramagnetic and as observed in Fig. 1
the IR spectra are dominated by a small polaron centered at
about 1 eV having a low energy tail extending to about 0.1
eV. There is no observable electronic contribution below 0.1
eV. Below T, a population of polarons forms accounting for
the growing broad absorption below 0.4 eV and the rising dc
conductivity. As discussed above strong electron-phonon
coupling is clearly indicated by the Fano line shape of the
highest frequency 76 meV mode that develops in the FM
phase. Thus the dip at 85 meV separates coupled electron-
phonon excitations below that frequency from higher energy
small-polaron excitations. It has been impossible to decom-
pose the conductivity into unique small- and large-polaron
contributions, especially in the presence of phonons coupled
strongly to the electronic excitations. Nonetheless the pres-
ence of the two distinct electronic features centerd on 250
and 37 meV then suggest that below 7, there is a mixed-
phase region, with a FM phase in which delocalized large
polarons are the primary current carriers contributing to the
low energy excitation spectra, coexisting with the high-
temperature-stable paramagnetic phase dominated by small
polarons and contributing to the conductivity above 0.5 eV.

A low-energy feature appearing under the phonons, below
0.1 eV, has previously been associated with excitations in the
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presence of dynamic orbital disorder, an “orbital liquid.”36-3°

At first glance the Fano resonance would appear to disagree
with the proposal, for it establishes that a strong role is
played by phonons rather than orbital excitations. However,
the orbital disorder is accompanied in this JT dominated sys-
tem, with a lattice reorganization, involving just the high-
frequency O(Mn) bond stretching vibrational mode that
shows the Fano resonance. It has therefore not been possible
to discard the orbital-liquid model on the basis of these data.

The broad feature lying under the c-axis phonons is su-
perficially similar to the band discussed in the preceding
paragraph, but it is a factor of 15 smaller that the in-plane
response. It is furthermore not accompanied by a rise at
higher frequencies, and we ascribe it to no more than a
disorder-induced photon-phonon coupling, which then ren-
ders the entire phonon density of modes IR active. It is im-
portant to note that this broad and weak band is found only
in the FM state, just where various forms of disorder (orbital,
structural, phase separation) are indicated by the ab-plane
spectral conductivity.

V. SUMMARY AND CONCLUSIONS

Spectral ellipsometry has been used to investigate the
energy- and temperature-dependent conductivity tensor of
the bilayered manganite, La;,Sr;sMn,05, in the spectral
range from 0.006 to 0.6 eV. Both the in- and out-of-plane
temperature-dependent conductivities have been determined.
Very little temperature-dependent behavior is observed in the
paramagnetic insulating phase above the Curie temperature
but in common with other CMR results there are striking
changes across T, and into the ferromagnetic metallic phase.
The strong temperature dependence of especially the
ab-plane vibrational and electronic spectral conductivities,
signals changes to the structure and coupling between the
charge and phononic excitations. The changes are particu-
larly strong in the highest-energy ab-plane phonon and the
electronic contribution at low energy; a broad electronic
band is found to grow in the FM phase, extending from the
dc limit up to 0.4 eV. Coupling between the band and in-
plane phonons leads to changes in the phononic lines, includ-
ing the development of a clear Fano line shape for the
ab-plane Mn-O bond stretching excitation. Furthermore, the
electronic absorption, which at all temperatures shows evi-
dence of polaronic absorption, is substantially enhanced in
the phonon energy region below 0.08 eV upon entering the
FM phase. We suggest the enhancement is related to JT
disorder-induced electron-phonon coupling across the entire
vibrational density of modes as the developing large polarons
gain spectral weight at phonon frequencies.

The c-axis response similarly shows developments below
the Curie temperature, though these changes are not accom-
panied by an increasing electronic response. In particular the
high energy c-axis phonon resolves into two clearly defined
peaks below T. There is, however, a weak rising background
in the c-axis response, again resembling the phonon density
of modes, which confirms the presence of disorder-induced
coupling, in this case between phonons and photons.
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It is concluded that the temperature-dependent behavior
of the phonons indicates an increased electron-phonon
coupling at and below 7. consistent with the observed
increased lattice distortion upon entering the FM state.
In light of the evidence of an increase in electron-phonon
coupling we have suggested that the increased ab-plane con-
ductivity with decreasing temperature in the FM phase is
consistent with recent calculations indicating that with the
onset of large polaron formation at 7 there is a development
of a mixed phase state consisting of coexisting regions
of itinerant large polarons and regions of localized small
polarons.
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