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H. L. Liu,1 S. L. Cooper,1 and S-W. Cheong2
1Department of Physics and Frederick Seitz Materials Research Laboratory, University of Illinois at Urbana-Champa

Urbana, Illinois 61801
2Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974

and Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08855
(Received 6 August 1998)

We report an optical reflectivity study of charge and spin ordering in Bi12xCaxMnO3 (x ­ 0.74 and
0.82) single crystals. In the high temperature phase,T . Tco, which is characterized by ferromagnetic
correlations, the low-energy contribution to the optical conductivitys1svd is dominated by small
polaron dynamics. ForTco . T . TN, the presence of both small polaron and charge-gap-like features
signifies “phase separation” behavior in which domains of ferromagnetic and antiferromagnetic order
coexist. BelowTN, the polaron response is completely suppressed, and a complete charge gap develops,
coincident with the onset of long-range antiferromagnetic order. [S0031-9007(98)07698-4]

PACS numbers: 71.30.+h, 75.70.Pa, 78.30.– j
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The diversity of electronic and magnetic propertie
in the perovskite manganese oxidesR12xAxMnO3 (R
and A being trivalent rare-earth and divalent alkaline
earth ions, respectively) has received a great deal
attention in recent years [1–3]. In the doping rang
0.2 , x , 0.5, the manganites, e.g., La12xCaxMnO3,
undergo a paramagnetic insulator to a ferromagnetic (F
metal phase transition upon cooling and exhibit coloss
magnetoresistance near the Curie temperature. Th
phenomena have been described within the framewo
of the double exchange (DE) mechanism [4] augment
by strong Jahn-Teller (JT) lattice distortions [5], althoug
there remains some disagreement as to the significanc
JT effects in these systems [6].

More recent interest has concentrated on the antif
romagnetic (AFM) insulating ground state observed
the perovskite manganites at higher dopingx $ 0.5,
which results in part due to the long-range ordering
charges below a charge ordering temperatureTco. This
long-range ordering of the charges was first observ
in La12xCaxMnO3 with x $ 0.5 by electron diffraction
and real-space images [3,7–9], which show that t
doped holes tend to order in stripes along the diagon
direction of the Mn-O square lattice. Neutron diffrac
tion measurements indicate the presence of FM c
relations aboveTco and show that AFM spin order
associated with the charge ordered (CO) state devel
at the Néel temperatureTN below Tco [10,11]. The CO
behavior also manifests itself in many other experime
tal measurements, including in a lattice modulation
x-ray diffraction [10], a steep increase of dc resistivit
[1,3], an inflection in the magnetic susceptibility [1,3]
and anomalies in the sound velocity, thermopower,
well as specific heat [3]. These findings demonstra
that the CO properties of the manganites are driven
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a strong coupling of charge, lattice, and spin degrees
freedom.

In this paper we describe optical spectroscopic me
surements aimed at exploring the dynamic behavior of th
charge and spin ordering in Bi12xCaxMnO3 (x ­ 0.74 and
0.82), a material isostructural to La12xCaxMnO3 with a
similar phase diagram. As discussed below, these stud
allow us to directly probe the influence of charge order
ing on the response of the quasiparticle state and to i
vestigate the impact of charge ordering on both the ma
netic correlations and the lattice in the low temperatur
phase. We show that the peculiar temperature depende
of the optical conductivitys1svd in sBi,CadMnO3 can be
divided into three regimes: (1) In the high temperatur
phase,T . Tco, which is dominated by FM correlations
[12], the s1svd spectrum below 1.5 eV is characterized
by a weak, overdamped Drude-like response atv ­ 0 eV
and a broad midinfrared (MIR) absorption near 0.25 eV
These two features can be attributed, respectively, to a
tivated Mn31 ! Mn41 hopping and photoionization of a
self-trapped carrier, i.e., a small polaron, similar to tha
observed in the paramagnetic response of the mangan
in the low doping regime [13,14]. (2) In the intermediate
temperature regime,Tco . T . TN, the MIR band splits
into two components: (i) a remnant of the small polaro
contribution observed in the high temperature phase, whi
decreases in intensity with decreasing temperature due
the progressive freezing out of small polarons via charg
ordering; and (ii) a higher-energy contribution near 0.6 e
that gradually evolves into a charge gap belowTN. The
presence of these two components suggests “two-pha
behavior in this temperature range in which domains o
predominantly FM and AFM spin correlations coexist
(3) ForT , TN, the small polaron response is completely
suppressed, and the optical conductivity is characteriz
© 1998 The American Physical Society
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by a clear charge gap and splitting of the optical Mn-O
stretching mode due to long-range charge ordering.

Single-crystalline samples of Bi12xCaxMnO3
(x ­ 0.74 and 0.82) used in the present study wer
grown by the flux method. The critical transition tem
peraturesTco and TN are found to be 290, 120 K for
x ­ 0.74 and 210, 160 K forx ­ 0.82, respectively [12].
The reflectance spectra at various temperatures w
measured on the (001) face of the two crystals in th
photon energy range (0.01–2 eV). The optical condu
tivity was obtained from a Kramers-Kronig (KK) analysis
of the reflectance, supplemented by room-temperatu
ellipsometric measurements in the higher-energy regi
(1.5–6 eV). We found that the choice of the low-energ
extrapolation does not effect the conductivity resul
above 0.01 eV. As a check on our KK results, th
v ! 0 limit of the far-infrared optical conductivity is
consistent with the measured dc conductivity in all cas
(see Fig. 2) [12]. Between the highest-energy data po
and 30 eV, the reflectance was merged with the data
Junget al. for La0.2Ca0.8MnO3 [15]; beyond this energy
range a free-electron-like behavior ofv24 was used.

Figure 1 shows (a) reflectance and (b) optical condu
tivity spectra for Bi0.18Ca0.82MnO3 at several tempera-
tures. Thex ­ 0.74 sample gave qualitatively similar
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FIG. 1. (a) Reflectance and (b) optical conductivity spectra
Bi0.18Ca0.82MnO3 below 6 eV for various temperatures.
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results. We begin by examining the room-temperature
sults. There are three notable features seen in the meas
spectra: first, sharp phonon resonances below 0.1 eV; s
ond, a broad absorption band at,0.25 eV, but no pro-
nounced Drude-like response typical of a good metal; a
third, optical excitations near 3.5 and 5.3 eV that can
associated with charge-transfer transitions between O2p
and Mn3d states [16]. AboveTco , 210 K, we observe
only small changes in the optical response. However, up
crossing the CO transition, the optical conductivity ex
hibits a dramatic change as a function of temperature:
low-energy spectral weight is suppressed and transfer
to energies as high as 3 eV, indicating that charge ord
ing causes significant changes in the electronic struct
over a wide energy range. A similar temperature depe
dence has been observed in the optical spectra of ot
CO systems including pseudocubic perovskite mangan
Pr0.6Ca0.4MnO3 [17] and two-dimensional layer structure
nickelate La1.67Sr0.33NiO4 [18].

Consider first the phonon response in Fig. 2, whic
shows the expanded portion of the conductivity spec
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FIG. 2. Temperature dependence of optical conductiv
spectra in the low-energy region (0–0.1 eV). The symbo
(filled triangles) on the vertical axis represent the dc condu
tivity at respective temperatures [12]. The insets (a) and (
show the phonon frequencies versus the temperatures.
inset (c) displays lattice parameters as a function of tempe
ture [12]. AFM: antiferromagnetic; CO: charge ordered; PM
paramagnetic.
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in the low-energy (0–0.1 eV) region. The 300 Ks1svd
exhibits four vibrational features on top of the electroni
background. The phonon eigenfrequencies are not clo
to those reported for underdoped La12xCaxMnO3 [19,20].
In particular, in sBi,CadMnO3, there is a double mode
at ,307 and 347 cm21 and an additional phonon peak
near436 cm21, whereas only one bending mode aroun
330 cm21 is observed in La12xCaxMnO3. This differ-
ence demonstrates that the replacement of La ions w
smaller Bi ions causes significant changes in the enviro
ments surrounding the MnO6 octahedra. While the fre-
quency of the observed phonons is nearly independ
of temperature above the CO temperature, there are s
eral important changes in certain modes belowTco: (i) a
softening of the436 cm21 Mn-O bending mode through
the CO transition, which betrays some coupling of th
mode to electronic degrees of freedom; and (ii) a gradu
splitting of the 555 cm21 Mn-O stretching mode. This
behavior is consistent with electron diffraction measur
ments ofsBi,CadMnO3, which show that the CO transi-
tion is coincident with a structural transition, as evidence
by the observation of superlattice peaks and large chan
in the lattice parameters belowTco (see open circles in
Fig. 2 [inset (c)] [12]. In particular, the splitting of the
555 cm21 Mn-O stretching mode is a direct reflection o
the ordering of theeg orbitals on the Mn31 sites.

As mentioned above, the most interesting changes b
low Tco occur in the electronic contribution to the opti-
cal conductivity. We analyze our results in terms of
Drude-Lorentz model and focus on the temperature beh
ior of the low-energy (,1 eV) spectra shown in Fig. 3.
Above Tco, the optical conductivity insBi, CadMnO3 can
be well described by a weak, overdamped Drude cont
bution and a large peak (A) near 0.25 eV. This optical
response is quite similar to that in the paramagnetic pha
of the manganese perovskites forx , 0.5 [13,14], and can
be attributed to the presence of small polarons, i.e., a sm
far-infrared conductivity associated with the activated ho
ping of small polarons, and a peak at higher energies d
to photoionization of the small polarons [21]. By lowering
the temperature and crossing the CO transition, the pola
response changes dramatically: (i) The far-infrared co
ductivity drops rapidly; and (ii) the integrated intensity o
peak (A) decreases systematically to zero betweenTco and
TN [see Fig. 3, inset (a)]. This behavior illustrates tha
charge ordering evolves as a consequence of the fre
ing out of small polarons. Also, as the temperature is d
creased betweenTco . T . TN, an additional peak (B) in
the conductivity develops near 0.6 eV, eventually evolvin
into a clean charge gap belowTN. Notably, the develop-
ment of the complete charge gap atTN coincides with the
fully resolved splitting of the555 cm21 stretching mode,
providing further evidence that the charge gap is assoc
ted with long-range charge ordering nearTN.

Significantly, the development of the two componen
(A and B) in s1svd at Tco . T . TN is consistent with
4686
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FIG. 3. The s1svd spectra below 1 eV at 300, 190, an
150 K. The dashed and dot-dashed lines show the fitting res
by a Drude-Lorentz model (see text). The contributions
the Drude term and the high-energy (above 1 eV) interba
transitions are omitted for clarity. The inset (a) show
the temperature dependence of the magnitude of the ene
gap 2D (filled squares) and the polaron oscillator streng
normalized to its 300 K value (open circles). The sol
line represents the BCS function. The inset (b) shows t
effective number of carriers integrated up to 1.0 eV (fille
diamonds) versus the temperatures. The solid line repres
the temperature dependence of the magnetic susceptib
[12]. AFM: antiferromagnetic; CO: charge ordered; PM
paramagnetic.

neutron scattering evidence that the magnetic intens
from AFM clusters develops at the expense of magne
intensity from FM clusters [12]. Indeed, our optical da
strongly suggest that the wide temperature range betw
Tco and TN is typified by two-phase behavior, i.e.,
coexistence of charge ordering regions, perhaps in
form of stripe fragments along with regions typical o
the high temperature phase in which thermally activat
(ferromagnetic) Mn31 ! O ! Mn41 hopping persists.
This observation of phase separation between hole-r
FM domains and hole-poor AFM domains near the C
regime of the highly doped manganese perovskites
consistent with recent predictions [22] and demonstra
the process by which this material transitions between t
distinct phase regimes while minimizing the strain energ

The nature of the charge gap we observe in t
optical conductivity, as well as its relationship to th
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magnetic structure belowTN in sBi, CadMnO3, can be more
carefully explored by considering the evolution of the low
energy spectral weight and the gap energy with tempe
ture. First, Fig. 3 [inset (b)] compares the temperatu
dependence of the effective number of carriers per M
atom, Neffsvd ­ s2m0Vype2d

R
v

0 s1sv0ddv0, integrated
to 1 eV, wherem0 is taken as the free electron mass, andV
is the volume containing one Mn atom, to that of the mag
netic susceptibility, showing that the development of th
charge gap correlates well with the onset of AFM ordering
Second, we have estimated the magnitude of the cha
gap (2D) by linearly extrapolating the leading edge of the
band (B). The resulting2D versus temperature is plotted
in Fig. 3 [inset (a)]. This plot shows that the energ
gap is approximately zero atTco , 210 K, then gradu-
ally increases with decreasing temperature to a maximu
value of 0.43 eV, in a manner consistent with the (mea
field) BCS function. The fact that the temperature varia
tion of the energy gap follows a BCS functional form
suggests that it is connected with the fundamental ord
parameter associated with the AFM state and hence mig
be associated with a charge-density-wave/spin-densi
wave-type gap. Indeed, very similar behavior of a
opening of the charge gap has been observed in other s
tems with AFM ground states, such as Cr metal [23] an
NdNiO3 [24]. Notably, the ratio of2DsT ­ 0 KdykBTco
for bothx ­ 0.74 and 0.82 samples is,18 and 24, which
is significantly larger than the mean-field gap paramet
value of 3.5. A large value for the gap parameter wa
also observed in Cr metal (,5.2) [23] and NdNiO3 (,20)
[24] as well as that of the CO state of Pr0.6Ca0.4MnO3
(,9) [17] and La1.67Sr0.33NiO4 (,13 ) [18] and appears
to reflect the effects of strong electronic correlations.

In summary, the optical response of single-crysta
Bi12xCaxMnO3 (x ­ 0.74 and 0.82) clearly demon-
strates that there exists a strong interplay between cha
ordering, magnetism, and lattice coupling. At high
temperatures aboveTco, the low-energys1svd exhibits
Drude-like and MIR features consistent with the pictur
that this phase involves thermally activated hopping o
self-trappedeg electrons between Mn31 and Mn41 sites,
resulting in FM spin correlations induced by the DE
mechanism [12]. ForTco . T . TN, the coexistence
of a polaron response and a charge-gap-like structu
in the optical response signifies two-phase behavi
characterized by domains of both FM and AFM spi
correlations. Charge ordering gives rise to a structur
transition that is also observed in the softening of th
Mn-O bending mode and splitting of the Mn-O stretchin
-
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mode. BelowTN, our optical data exhibit a fully formed
charge gap that coincides with a resolvable splitting o
the Mn-O stretching mode, both indications of long-range
charge ordering. The change in the low-energy optica
spectral weight,Neff, correlates well with the magnetic
susceptibility reflecting a close correspondence of charg
ordering with the development of the AFM state.
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