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Polaron Absorption in a Perovskite ManganiteLag7Cag3MnOj3
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Temperature dependent optical conductivity spectra of g;Ca;MnO; (LCMO) sample were
measured. In the metallic regime at very low temperatures, they clearly showed two types of absorption
features, i.e., a sharp Drude peak and a broad midinfrared absorption band, which could be explained
as coherent and incoherent bands of a large lattice polaron. Electrodynamic analyses suggest that the
elementary excitation in LCMO should be in a strong coupling regime and have interactions with the
spin degree of freedom. [S0031-9007(98)06851-3]

PACS numbers: 78.20.Ci, 72.15.Gd, 75.30.Kz, 75.50.Cc

The recent discovery of colossal magnetoresisdence reflectivity spectrak(w), were measured between
tance phenomena in doped perovskite manganite§ meV and 30 eV. A Fourier transform spectrophotometer
La;—A,MnO; (A = Sr,Ca) has generated considerablewas used foB meV-2.5 eV and a grating type monochro-
interest. For doping concentrations will2 < x < 0.5, mator was used between 0.4 and 7.0 eV. Above 6.0 eV,
the materials show a transition from a paramagnetithe synchrotron radiation source from the Normal Inci-
insulator to a ferromagnetic metal upon cooling neardence Monochromator beam line at Pohang Light Source
the Curie temperaturelc. The correlation between (PLS) was used [16]. To measufedependenR(w) be-
metallicity and ferromagnetism has been explained byow 2.5 eV, a liquid He-cooled cryostat was used.
the double exchange (DE) model which is based on the Optical conductivity spectrag(w), were obtained us-
strong Hund coupling betweef, ande, electrons [1,2].  ing the Kramers-Kronig transformation. For this analysis,

In addition to the coupling between charge and spin deR(w) below 8 meV were extrapolated with the Hagen-
grees of freedom, many theoretical [3,4] and experimentadRubens relation [17]. For a high frequency region, re-
[5-9] papers have shown that a coupling between chargiectivity, R, at 30 eV was extended up to 40 eV, above
and lattice degrees of freedom is quite significant. Espewhich » * dependence was assumed. We found that
cially, giant oxygen isotope shifts @l in (La,CaMnO;  there were less than 2.0% changeskofvith T in a fre-
compounds have indicated that the electron-phonon cowtuency region between 2.0 and 2.5 eV, so we attached
pling is very large for the Ca-doped manganites [10].low temperaturek data below 2.5 eV smoothly with room
Therefore, it is widely accepted that a polaron plays anemperature data above it. The errors due to such an
important role near and abo& in the manganites. extrapolation were estimated to be about 10%oifw)

Some experimental papers demonstrated that local laground 2.5 eV and smaller below 2.0 eV.
tice distortions exist even in the metallic phase [7,11]. Figure 1(a) shows that there are significant spectral
Recently, we observed that the internal phonon modegeight (SW) transfers from high to low energies with de-
of Lay7Ca3Mn0O; (LCMO) showed significant frequency creasingT. A crossover energy is about 0.5eV. ltis
shifts, which were explained in terms of changes in elecnoted that the spectra below 0.5 eV, shown in Fig. 1(b),
tronic screening during a crossover from a localized po€an be characterized by two types of responses, i.e., a sharp
laron regime abov& to a delocalized one belo®e. For  Drude peak in a far-infrared (far-IR) region and a broad
the low temperaturel) state, there are numerous theoreti-absorption band in a mid-IR region. So, a correspond-
cal predictions based on a large polaron coherent motioimg conductivity spectrum can be written as a sum of the
[4], a small polaron tunneling [12], and a formation of or- two contributions: o(w) = opuge(®w) + omir(@w). A
bital liquid states [13]. However, at this moment, the exactlearer picture on the development of the far-IR Drude
nature of the lowF metallic state is not clearly understood. peak is also shown in the inset of Fig. 1(b). Asde-

In this Letter, we will address polaron absorption creasesyyr(w) increases initially but becomes saturated
features, especially a very unusual polaron state at lowround 120 K. Howevergpg. (@) increases continu-
T, in LCMO. Detailed characteristics of the polaron ously without any saturation. The behaviorsafw) in
absorption at lowI" could be explained in terms of the LCMO are quite different from those in a hgSr 3MnO;
large lattice polaron picture by Emin [14]. Moreover, anfilm [9], which showed no Drude peak and a strong and
electrodynamic analysis revealed tkiaé¢ large polaron in  quite symmetric mid-IR band. On the other hand, the gen-
LCMO should be in a strong coupling regimas far as eral behaviors oftr(w) in LCMO are somewhat similar
we know, which has not been realized in other physicato those in a Lg;Srp3MnO; single crystal [18]. How-
systems before. ever, for Lg 7S 3MnO;, quantitative information of both

A polycrystalline LCMO sample was prepared by a stan-opng. (@) and oyir (@) was still lacking, and the origin
dard solid-state reaction method [15]. Near normal inci-of the mid-IR band has not been clearly explained yet [18].
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1000

T = 120 K, shown in Fig. 1, are quite consistent with the
large polaron absorption features, predicted by Emin. As
shown in the inset, the Drude peak becomes evident below
the bending phonon mode frequency, i.330 cm™!,

and its width does not change too much. Moreover,
omir(w) near 20 K is quite asymmetric and shows a
long tail above its peak position. From this observation,
opmde(w) at T < 120 K can be attributed to a coherent
motion of a large polaron, angyr(w) can be attributed

to its incoherent absorption band [22].

To get quantitative information on electrodynamic re-
sponses of the large polaron in LCMO, we looked into
0 the real part of its dielectric functior,. Figure 2 shows
0.0 . . ) ) T-dependent; spectra. At a low frequency,; becomes
negative, indicating that LCMO is in a metallic state. In
the Drude model, the complex dielectric functiélw)
can be written as
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where w, and 7 are a bare plasma frequency and a
relaxation time of free carriers, respectively. In addition,
€» IS the dielectric constant at a high frequency. If
w > 1/7, 8w) = &x — w;/w?. In a real metallic
sample, however, mid-IR and interband absorptions also
500 b e = contribute to&(w). If their contributions tog(w) vary
_ slowly in w, &, can be approximated as, — w,/®?,
whereeg), represents a “background” dielectric constant at
a high frequency determined lay, and contributions from
0.0 0.1 0.2 0.5 0.4 0.5 theinterband and the mid-IR absorptions. Then, the slope
Energy (eV) in ae; vs 2 plot will provide the value ofw; for the
coherent band. The inset of Fig. 2 shows thevs w 2

FIG. 1. (a) Optical conductivity spectra below 2 eV. (b) Op- piot (5, was estimated to be about 4.9.) The solid and
tical conductivity spectra below 0.5 eV. Temperature rangesD

are the same as those in (a). Inset shows detailed optical
conductivity spectra in a far-IR region.
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Above T¢, i.e., in the insulating regime, it is widely
accepted that a small polaron, called the “Holstein po-
laron,” plays an important role. In additiomryr(w)
below 0.8 eV at 260 K can be fitted reasonably well
with the small polaron model [19,20], just like the case -20
of (La,Sn,NiO4+5 [21]. However, belowT, it is not S e

known clearly whether a large polaron coherent motion _  _4o [l 1 .o SNV
w

[4] or a small polaron tunneling [12] will be the origin of
the metallic behavior in LCMO.

Emin investigated frequency responses of large and
small polaron absorption [14]. A coherent band of the

120 K

—60 80 K

large polaron should show up only at lower frequencies —-80 T TR
below characteristic phonon modes and become more w2 (cm?)
significant agl" decreases. In addition, its photoionization ~100 | ! |
should bring out an incoherent mid-IR band which is 0.0 0.5 1.0 1.5
very asymmetric and shows a long tail above its peak Wave number (cm™") x10

position. _On the other hand_, a coherent band of the Small'—llG. 2. The real part of the complex dielectric function,
polaron, i.e., polaron tunneling band, should occur at al “spectra. Inset shows the, vs w2 plots at various

energy region much lower than the characteristic phonogemperatures. Temperature ranges are the same with those
modes. Behaviors of botlrpg(w) and oyir(w) at shown in the inset except 260 K.
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dotted lines are experimental data and linear guidelined,[= 77 (372n)"/3/m*]. If we assume thak is equal
respectively. Except phonon frequency regions,sdhgs to 0.3 hole per Mn at 20 K, theuf, value predictsm™
o ~? plots are quite linear. as 13m,. Using the experimental values af [ could
The experimental values mflz, are plotted in Fig. 3(a). be estimated. At 20 K[ ~ 25 A which is much larger
Interestingly,wg is approximately proportional taf¢ —  than the lattice constant of about 3.9 A. However Tas
T). The increase Ofog upon cooling is in good agree- increases/ becomes smaller and approaches the lattice
ment with photoemission data which showed that the denconstant value neafc: [ ~ 4.2 A at 240 K. Note that
sity of states at the Fermi energy increased progressivemis result is consistent with the loffe-Regel criterion for
belowT¢ [23]. Note thatw[% = 4d7ne?/m*, wheren and ~ Metal-insulator transitions; i.€.,~ lattice constant [26].
m* represent a density and an effective mass of the free The solid squares and the solid circles in Fig. 4 represent
carriers, respectively. In the large lattice polaron picturespectral weights of the Drude peak and the mid-IR band,
m* = my, + M,, wherem, is the band mass of the carri- respectively. (_The open diamonds represent the total SW.)
ers andM,, represents the atomic contribution due to theThe Drude weight (DW) of the coherent polaron motion
shift of the equilibrium position of each atom when the was evaluated usin@m, /me*N) (w,/8), wherem, is an
polaron moves by a lattice constant [14,24]. electron mass anty is the number of Mn atoms per unit
To get a further insight on the coherent polaron motionVO'Ume. Then, the total effective carrier number below a
in LCMO, we need information on its dc resistivity, cutoff energy Ner(w.), can be estimated from

p. Since thep data for a LCMO single crystal were 2m, @e
Narlwo) = 255 [T o@rdo. @

not available, they were estimated from the data
using the Hagen-Rubens relation [17,25]. As shown ir\N .
Fig. 3(b), p i idlv ab 150 K. Usi e chose the cutoff enerdgyw_ as 0.5 eV._ By subtractlng
'g. 3(b), p_increases rapidly above >'ng athe DW from Negs(w.), the spectral weight of the mid-
IR band (SWMB) was obtained. A% decreases, the

relation such thap = m*/ne’r, the scattering raté/r
for the Drude peak was estimated and plotted in Fig. 3(c :

P b g. 3( )SWMB increases but saturates at low temperatures. On
the other hand, the DW can be scaled witfy (— T)

Another interesting physical quantity is its mean free path
reasonably well. The DW comprises a small portion of

Nets(w.) below Te: at 240 K, DW= 0.07Nyt(w.) and

4x107 - . ' ' ' ' ' even at 20 K, DW= 0.33N.s(w.). The values of the DW
& sl L (@) are very small at overall temperatures, compared with the
£ ‘ doped carrier density, i.e., 0.3 hole per Mn. The small
E 2+ ii values of the DW might come from the large effective mass
~ . g of the coherent polaron motion, especially at [6w In the
s 1F L case of a strongly coupled large polarsf), = 0.02m,,a*,
0 | | | | "’} wherea represents the Fréhlich coupling constant [24]. If
_23 we assumen;, = m,, a IS estimated to be about 5, which
° 10 e (b) { suggests that the large polaron in LCMO remains in a
5 {{
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FIG. 3. (a) Values ofw? determined from thes; vs o > O.OOO 5'0 160 1t|'>O 2CI)O .;‘:%O

plots. The dotted line is a linear guide for the eye. (b) Re-

sistivity values determined from the Hagen-Rubens relation.
(c) Scattering rates of the free carriers (solid squares) deter-
mined from (a) and (b). For checking the internal consistencyFIG. 4. T dependence of N (0.5 eV) (open diamonds),
of our analysis, the scattering rates (crosses) were also estrude weight (solid squares), and spectral weight of the mid-IR
mated using other methods, i.e., fitting the fardRw). The band (solid circles) in LggCa3;MnO;. A solid line represents
behavior ofl/ypg(T) is overlapped as a solid line. the behavior ofypg(T). A dotted line is a linear guide.
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