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Charge ordering in Bi12xCaxMnO3 „x>0.75… studied by electron-energy-loss spectroscopy
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The effect of charge ordering of Mn31 and Mn41 ions on bonding features between oxygen 2p and man-
ganese 3d orbitals in Bi12xCaxMnO3 (x>0.75) was studied along with the oxygenK edge by electron-energy-
loss spectroscopy. A peak at 529 eV in the oxygenK edge was found to be sensitive to the manganeseeg hole
content via strong hybridization between oxygen 2p and manganese 3d orbitals. It was demonstrated that the
intensity was slightly reduced with the charge ordering in Bi0.2Ca0.8MnO3. This effect was rationalized by
considering such a mechanism that the strong hybridization with manganese 3d orbital was weakened as a
result of the lattice distortion caused by the charge ordering, which was detected by a precise electron-
diffraction method with energy-filtering and imaging plates.@S0163-1829~99!05509-5#
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I. INTRODUCTION

Manganese oxides with the perovskite-type struct
R12xAxMnO3 have attracted considerable attention b
cause of the peculiar magnetism,1 metal-to-insulator
transformations2 and charge ordering of Mn31 and Mn41

ions,3 etc., whereR andA represent trivalent rare-earth an
divalent alkaline-earth ions, respectively. Some of the p
nomena seem to be rationalized by considering the beha
of eg electrons in the manganese 3d orbital. For example, if
theeg electrons show an itinerant character, where the tra
fer interaction is large, ferromagnetism due to the doub
exchange interaction appears. However, in several ma
nese oxides, the transfer interaction is reduced with cool
and competing instabilities such as the charge-ordering in
action and antiferromagnetic superexchange, etc., bec
significant. Since theeg electrons are mobile via migration o
holes in the manganese 3d orbital ~eg holes!, the above phe-
nomena can be also discussed based on the nature oeg

holes. The content ofeg holes can be controlled by varyin
the relative content ofA ions x. For example, the concentra
tion of eg holes tends to be enhanced with increasingx, while
that of eg electrons tend to be reduced.4 This is practically
observed as a change in the relative concentration of M41

ions to Mn31 ones.
Recently, the effects of dopingeg electrons into an anti-

ferromagnetic insulator CaMnO3, whereeg electrons are ba
sically absent as far as the doping is not carried out, w
studied along with partial substitution of Bi for C
~Bi12xCaxMnO3, 0.75<x<0.95!.5,6 It was found that the
magnetic moment increased with the substitutionx
>0.875), exhibiting the maximum value of 1.1mB at the Ca
contentx50.875. The conductivity was also enhanced w
dopingeg electrons, although a completed metallic state w
not achieved. These phenomena were explained to be a
uted to the double-exchange interaction, which was reali
by the doping ofeg electrons into the antiferromagnetic in
sulator. In the composition range 0.75<x,0.875, however,
PRB 590163-1829/99/59~9!/6395~5!/$15.00
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the competing instability of charge ordering became sign
cant, and the ferromagnetism due to the double-excha
interaction was depressed. Actually, in Bi0.2Ca0.8MnO3, su-
perlattice reflections attributed to the charge ordering w
observed by electron microscopy7 below 160 K, and the re-
sistivity was largely enhanced below this temperature.

The conductiveeg electrons~or eg holes! in perovskite
manganese oxides migrate via the oxygen 2p orbital, which
is strongly hybridized with the manganese 3d orbital. Be-
cause of this fact, the conductivity ofeg electrons~or eg
holes! is largely affected by a feature of Mn-O-Mn bondin
i.e., deviation of the bond angle from 180°. For example,
La12xSrxMnO3 (x50.17), the conductivity in a rhombohe
dral phase was shown to be larger than that in an orthorh
bic phase, where the angular distortion in the former w
smaller than that in the latter.8 This is because the transfe
interaction is reduced with increasing the angular distort
through changes in electronic bandwidth, etc. It has b
demonstrated that the transfer interaction was also affe
by varying the averaged ionic radius of the (R12xAx) site in
the perovskite structure,8–10 i.e., it is also responsible for the
bandwidth, while this effect seems to be rather small in
present system because of the similar ionic radii between
and Ca. It is expected that the observed changes in ele
and magnetic properties associated with the charge orde
in Bi0.2Ca0.8MnO3 ~Refs. 5, 7! are also accompanied by som
state change in the Mn-O-Mn bonding, while a detailed
vestigation has not been carried out for this problem.

The purpose of the present work is to investigate the
fect of charge ordering on bonding features between oxy
2p and manganese 3d orbitals in Bi12xCaxMnO3 by
electron-energy-loss spectroscopy~EELS! coupled with a
precise electron-diffraction method with energy filtering.

II. EXPERIMENTAL PROCEDURE

A way to fabricate Bi12xCaxMnO3 (0.75<x<0.95) ce-
ramic specimens was described in the previous pape
6395 ©1999 The American Physical Society
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detail.5,6 Oxygen content of the fabricated specimens was
the range 2.98–3.01,6 which were determined by an iodin
titration method. It was ascertained by both electron mic
scopic observations and powder x-ray-diffraction measu
ments that the crystal structure of Bi12xCaxMnO3 was
pseudocubic~Pbnm! at room temperature in the compositio
range 0.75<x<0.95.6 Electron-energy-loss spectra we
measured at 293 K for the room-temperature phase~x
50.75, 0.80, 0.85 and 0.95!, and at 130 K for the low-
temperature phase~in a charge-ordered state,x50.80! by
utilizing a Gatan PEELS System 666 attached to a transm
sion electron microscope~JEM-2010!. Those spectra were
measured in the image mode at magnification of310,000
with an objective aperture of 10 mrad, where every specim
was in nonaxial conditions. A spectrometer collection ap
ture of 1 mm was employed, and the dispersion setting
0.2 eV/channel. The energy resolution was between 1.8
2.0 eV. Electron-diffraction patterns were recorded in
quantitative manner by using imaging plates11,12 ~Fuji FDL-
UR-V!. To precisely observe the intensity distribution of t
superlattice reflections, the strong background in electr
diffraction pattern was reduced by utilizing a recently dev
oped omega-type energy filter which was attached to a JE
2010 electron microscope.

III. RESULTS AND DISCUSSION

Figure 1~a! shows a typical electron-energy-loss spectr
of the oxygenK edge acquired from Bi12xCaxMnO3 (x
50.95) at room temperature, where the background com
nent was subtracted by means of a curve-fitting metho13

Here, the energy-loss value was calibrated by setting

FIG. 1. Electron-energy-loss spectra of the oxygenK edge ac-
quired from Bi12xCaxMnO3 ~x50.95, 0.85, and 0.75! at room tem-
perature. The peak at 529 eV is defined as ‘‘peak A’’ in the tex
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manganeseL3 edge at 641.0 eV, which was visible in
higher energy-loss region. In electron-energy-loss spect
copy, a prominent peak is visible at the threshold~i.e., near
the Fermi level! of theK edge if some amount of 2p density-
of-states are vacant, since theK edge is attributed to elec
tronic excitations from 1s to 2p bands. ~Strictly speaking,
excitations satisfying the dipole selection ruleD l 56 l are
permitted.! Hence, the fine structure in Fig. 1~a! represents
that the oxygen 2p orbital is partially vacant in this oxide
As mentioned in the previous section, hole content of per
skite manganese oxides can be controlled by substitutio
trivalent alkaline-earth ions for divalent rare-earth on
where the substitution is thought to directly affect the v
lency of manganese 3d orbital rather than that of oxygen 2p
one. This point is reasonable if we consider that mangan
ions can take a few different ionic states,4 such as Mn31 and
Mn41, while in oxygen the O22 state is the most stabl
where the 2p orbital is entirely occupied. The presence of
peak at the threshold of oxygenK edge in this specimen ca
be elucidated as in the following. Since the oxygen 2p or-
bital is extended to the same direction as that of the man
nese 3d (eg) orbital in this oxide, they are strongly hybrid
ized to each other. Thus, some amount of holes in
manganese 3d orbital are thought to be occupied by the ox
gen 2p orbital as a result of the strong hybridization. Th
feature was also pointed out in some other types of man
nese oxides such as Mn2O3, etc.14,15 In manganese oxides
the manganese 3d levels are splitting due to the crystal field
and the magnitude of splitting is dependent on materials.
example, a relatively large splitting~e.g., 3.3 eV! was ob-
served in MnO2,

15 while that of the perovskite-type oxides
believed to be smaller~e.g., 1–2 eV!. This point was actually
confirmed in some recent investigations.16 The energy reso-
lution in the present EELS measurements is 1.8–2.0
which was determined by the full width at half maximum
the zero-loss peak. But the actual resolution in a hig
energy-loss region, e.g., around the oxygenK edge, may be
somewhat poorer than this value due to the character of
utilized spectrometer. Hence, it is thought that the sm
splitting of the manganese 3d levels is not clearly seen in th
oxygenK edge with the present energy resolution.

Then, we expect that a peak near the Fermi level in
oxygenK edge will show a meaningful change with the ma
ganeseeg hole content if it is directly related with the hy
bridization between manganese 3d and oxygen 2p orbitals.
To check this point, energy-loss spectra were acquired fr
the oxides with different Ca content, i.e., where theeg hole
content tends to be enhanced with increasing Ca content.
results were shown in Figs. 1~b! (x50.85) and ~c! (x
50.75). It was ascertained that similar fine structures to t
of x50.95 were observable in the both cases. Changes in
peak positions were not observed within the experimen
accuracy. However, we notice a systematic change in
peak profile at 529 eV, which is just above the Fermi lev
while an appreciable change was not observed in the o
ones at 536 and 542 eV. The peak at 529 eV is herea
called peak A. To inspect this composition dependence m
in detail, intensity of the peak A was plotted as a function
Ca content in Fig. 2. Here, integrated intensity of the peak
was determined by means of a profile fitting method w
Gaussian functions as shown in the inset in Fig. 2. It w
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PRB 59 6397CHARGE ORDERING IN Bi12xCaxMnO3 (x>0.75) . . .
then normalized with the peak intensity of the one at 536
which did not show an appreciable change in this comp
tion range, for the sake of a quantitative comparison. It w
found that the intensity of peak A tended to be enhan
with increasing Ca content. In Fig. 2, the result ofx50.80
was obtained from thin-foiled specimens prepared by
milling, which were originally prepared for detailed observ
tions of the structural transformation upon cooling, while t
other ones were from powder specimens~crushed speci-
mens!, i.e., for example, the surface condition of the thi
foiled specimens may be somewhat different from
crushed specimens. Hence, the difference of the speci
preparations may cause some numerical deviation of the
betweenx50.80 and the other ones. If we observe the pe
profile in Fig. 1 carefully, the profile change in the peak
seems to occur at the high-energy side of this peak, i.e., s
broadening of the peak may take place at the high-ene
side. Zampieriet al.17 recently carried out a careful x-ray
absorption spectroscopy~XAS! measurement of the oxyge
1s spectra of CaMnO3 with an energy resolution of 0.6 eV
They discovered a small splitting of the peak at the thre
old, and this was interpreted as the splitting of the man
nese 3d levels. If we consider this point, the small broade
ing in the peak A in Fig. 1 may be due to the change in
crystal-field splitting of the manganese 3d levels with com-
position. However, this slight peak broadening does not
turb the present investigation, since we are interested in
composition dependence of the total intensity of peak
which is related to the unoccupied density of states. T
result of Fig. 2 explicitly indicates that the manganeseeg
hole content is reflected on the intensity of peak A of t
oxygenK edge via the strong hybridization. Thus, we c
conclude that the peak at 529 eV in the oxygenK edge is
closely related to the hybridization between the oxygenp
and manganese 3d orbitals.

If we try to perfectly describe the intensity of the peak
we may have to also consider the hybridization between o
gen 2p and manganeset2g levels in addition to the one be
tween oxygen 2p and manganeseeg levels. However, in the
interpretation of the result of Fig. 2, the latter one seems
play an important role rather than the former one. In
electron-doped~or hole doped! perovskite manganese oxid
the manganeset2g↑ band is basically fully occupied while th
eg↑ band, where the Fermi level is located, is only partia
occupied. The presence of unoccupiedeg↑ states just above
the Fermi level was actually shown in a recent investigat
for CaMnO3.

17 Thus, electron doping~or hole doping! will
dominantly change the occupancy of theeg↑ band, and this is

FIG. 2. Composition dependence of intensity of the peak at
eV. See text for details.
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thought to be well reflected on the peak intensity at
threshold of the oxygenK edge. The systematic change
the peak intensity at the threshold with hole doping was a
observed in La12xCaxMnO3 by means of XAS
measurements.18 As far as these points are considered,
believe that the change in the peak intensity observed in
2 is mainly due to the change in the hole content of theeg↑
levels.

It was recently reported that Bi12xCaxMnO3 (0.75<x
,0.875) exhibited charge ordering of manganese ions w
cooling.5,7 Figure 3~a! shows a conventional electron diffrac
tion pattern at room temperature, while Fig. 3~b! was taken
in a charge-ordered state at 130 K. The charge orderin
observable as the appearance of superlattice reflections a
the a* axis ~or theb* axis! of the room-temperature phas
as shown in Fig. 3~b!. To discuss structural changes wi
charge ordering, those diffraction patterns should be a
lyzed so carefully. However, since the superlattice reflecti
are quite weak, the precise observations are sometimes
turbed by the strong background in electron-diffraction p
terns, which originates from inelastic scattering such as p
mon scattering. To reduce the strong background, in
present work, inelastically scattered electrons were remo
by using a recently developed omega-type energy filter.19 In
this method, transmitted electrons are energy dispersed
the omega-type magnet, and we can obtain an elect
energy-loss spectrum. Then, if an energy slit is inserted
the spectrum so as to select elastically scattered elect
alone, contributions of inelastic scattering can be eliminat
Figure 3~c! shows an electron-diffraction pattern after th
energy filtering, which was taken from the same region at
same temperature as those in Fig. 3~b!. We notice that the
strong background has been effectively removed, and
weak superlattice reflections can be observed much clea
The efficiency of the background subtraction is apparen
we compare the intensity profiles in Figs. 3~d! and 3~e! to
each other. ~It is noted that peak positions of superlattic
reflections were dependent on observed specimens an
gions, although the characteristic feature in the intensity p
file as described below was observed in every case. The

9

FIG. 3. Conventional electron-diffraction patterns
Bi0.2Ca0.8MnO3 ~a! at 293 K and~b! at 130 K~in a charge-ordered
state!. ~c! Electron-diffraction pattern after reducing the backgrou
in ~b! by energy filtering. Intensity profiles of superlattice refle
tions visible in~b! and ~c! were represented in~d! and ~e!, respec-
tively. Both the room-temperature and low-temperature phases w
indexed by using a unit cell ofa;&ap , b;&ap , and c;2ap

~Refs. 6 and 7!, where ap represents the lattice constant of th
simple perovskite structure.
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ture of the appearance of the superstructures with diffe
periodicity will be discussed elsewhere.!

By virtue of the precise electron-diffraction method wi
energy filtering and imaging plates, some crystallograp
features of the charge ordering in Bi0.2Ca0.8MnO3 were dis-
closed, and they can be summarized as in the follow
First, it was confirmed that the charge ordering was acco
panied by an appreciable lattice strain, which is though
originate from the Jahn-Teller effect of Mn31 ions. Presence
of the periodic lattice strain in the charge-ordered state
evidenced by the feature of the intensity distribution of t
superlattice reflections@Fig. 3~e!#, where the intensity is
asymmetric around the fundamental reflections, i.e., hig
intensity at larger scattering angle.7,20,21Although the differ-
ence of the scattering amplitudes between Mn31 and Mn41 is
too small to create obvious superlattice reflections as sh
in Fig. 3~e!, they can be detected as the periodic lattice str
attributed to the charge ordering. Secondly, the orthorhom
distortion, which was evaluated ata/b, was found to be
slightly enhanced with the charge ordering, wherea and b
represent the lattice parameter along@100# and @010# axes,
respectively. In the room-temperature phase, the ox
showed pseudocubic symmetry (a/b'1.00). However, in
the low-temperature phase, the orthorhombic distortion w
about 0.99, which represents a change in the symmetry f
pseudocubic to orthorhombic with charge ordering. T
orthorhombicity is thought to originate from a distortion
the Mn-O-Mn bond angle, as in the case of other perovs
manganese oxides such as La12xSrxMnO3,

8 and this effect is
to be related with the periodic lattice strain creating the
perlattice reflections.

Considering the crystallographic changes with charge
dering as described above, electron-energy-loss spectr
the oxygenK edge were measured from both the roo
temperature phase~293 K! and the low-temperature phas
~130 K, in a charge-ordered state! in Bi0.2Ca0.8MnO3. The
results were shown in Fig. 4, in which both the spectra w
acquired from the same position in a specimen to elimina
spectrum modulation effect due to difference in specim
thickness. It was found that the intensity of peak A of t
low-temperature phase~dashed-line! was slightly weaker
than that of the room-temperature phase~solid-line!. Magni-
tude of the intensity change was basically small and dep
dent on observed regions. Furthermore, the spectra w
sometimes modulated by the radiation damage, when the
cident electron beam was strong. These points disturbed
quantitative analysis for this problem. However, the abo
tendency was derived from the repeated measurements

FIG. 4. Changes in the oxygenK edge associated with charg
ordering in Bi0.2Ca0.8MnO3. See text for details.
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several specimens. It may be seen that there is a quite s
change in the peak profile at around 536 eV, where the p
seems to be somewhat broadened with the phase transfo
tion. However, the intensity change of peak A is much larg
than that of the peak at around 536 eV upon cooling, e.g.,
former is reduced about 20% with the transformation wh
the latter is increased only 2% as far as the result in Fig.
analyzed. The magnitude of the intensity change should
carefully discussed along with the spectra collected with
higher-energy resolution elsewhere. Despite this fact, we
say in the present investigation that the principal feature
the change in the oxygenK edge with charge ordering is th
reduction of the peak intensity at 529 eV.

As described in the previous section, the peak at 529 e
thought to be closely related with the hybridization betwe
oxygen 2p and manganese 3d orbitals, and the intensity wa
shown to be sensitive to the manganeseeg hole content. In
the case of Fig. 4, however, the total hole content is eq
between the two spectra, since they were acquired from
same position of the same specimen. Thus, the observe
fect is to be due to some state change in the hybridization
is interpreted for the experimental result that the strong
bridization between oxygen 2p and manganese 3d orbitals
are somewhat weakened as a result of the charge orde
This interpretation can be supported by the following aspe
of the structural transformation. As mentioned in the pre
ous part, the orthorhombic distortion is somewhat enhan
with the charge ordering. This is thought to be caused by
distortion of Mn-O-Mn bond angle, i.e., enhancement of d
viation from 180°. Since the distortion reduces the transfe
eg holes ~eg electrons!,8 it will contribute to weaken the
strong hybridization between oxygen 2p and manganese 3d
orbitals. Actually, in the present system of Bi0.2Ca0.8MnO3, a
significant increase of the electric resistance was obse
below the charge-ordering temperature at 160 K.5,7 Hence, it
was demonstrated that the peak at 529 eV was sensitive
only to theeg hole content but also to the state of hybridiz
tion between oxygen 2p and manganese 3d orbitals, and the
latter was shown to be affected by the charge ordering. S
lar fine structures in the oxygenK edge were also observe
in La12xSrxMnO3 (0<x<0.7),22 where a peak at the thresh
old was shown to be related with the conductivity, althou
changes in the fine structures with charge ordering were
discussed.

The reduced intensity of the peak A with charge order
was rationalized by considering the weakened hybridizat
between oxygen 2p and manganese 3d orbitals. This will be
reasonable if we consider that enhancement of the or
rhombic distortion, which depresses the transfer ofeg holes
~eg electrons!, occurs with the structural transformatio
However, to perfectly explain the intensity change of t
peak A with charge ordering, we should also take into co
sideration the difference of energy levels between the oxy
2p and manganese 3d orbitals, which may be somewha
changed with the structural transformation. This point, wh
may be also responsible for the weakened hybridizati
should be investigated by measurements with a higher
ergy resolution in the future.

To summarize, a change in the oxygenK edge with
charge ordering was observed by electron-energy-loss s
troscopy in Bi0.2Ca0.8MnO3, where intensity of the peak a
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529 eV was reduced with the charge ordering. This peak
shown to be closely related with the hybridization betwe
oxygen 2p and manganese 3d orbitals by analyzing the com
position dependence of peak intensity. The observed in
sity change in Bi0.2Ca0.8MnO3 was rationalized by consider
ing such a mechanism that the strong hybridization w
somewhat weakened as a result of the distortion of M
O-Mn bond angle, which was caused by the charge order
In general, the most favorable condition for the occurrence
charge ordering is that the concentrations of Mn31 and Mn41

are equivalent. However, it was ascertained in the pre
work that an appreciable change in the electronic struc
~hybridization! was observed even in the presenteg electron-
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doped system of Bi0.2Ca0.8MnO3, where the concentration o
Mn31 was much smaller than that of Mn41. This effect
seems to be an essential feature of charge ordering in pe
skite manganese oxides.
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