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Charge ordering in Bi;_,Ca,MnO 5 (x=0.75 studied by electron-energy-loss spectroscopy
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The effect of charge ordering of Mh and Mrf* ions on bonding features between oxygem &hd man-
ganese 8 orbitals in By, _,CaMnO; (x=0.75) was studied along with the oxygkredge by electron-energy-
loss spectroscopy. A peak at 529 eV in the oxy#esdge was found to be sensitive to the mangaegsele
content via strong hybridization between oxygem &hd manganesed3orbitals. It was demonstrated that the
intensity was slightly reduced with the charge ordering igBig, MnO;. This effect was rationalized by
considering such a mechanism that the strong hybridization with mangadesghisal 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 platE80163-1829)05509-3

[. INTRODUCTION the competing instability of charge ordering became signifi-
cant, and the ferromagnetism due to the double-exchange
Manganese oxides with the perovskite-type structurénteraction was depressed. Actually, ingBCa, gMnOg3, su-
R;_«A,MnO; have attracted considerable attention be-perlattice reflections attributed to the charge ordering were
cause of the peculiar magneti$mmetal-to-insulator observed by electron microscdpyelow 160 K, and the re-
transformations and charge ordering of Mf and Mrf* sistivity was largely enhanced below this temperature.
ions? etc., whereR and A represent trivalent rare-earth and  The conductivee, electrons(or ey holes in perovskite
divalent alkaline-earth ions, respectively. Some of the phemanganese oxides migrate via the oxygend2bital, which
nomena seem to be rationalized by considering the behavids strongly hybridized with the manganesd 8rbital. Be-
of e, electrons in the manganese 8rbital. For example, if cause of this fact, the conductivity @&; electrons(or e,
the e, electrons show an itinerant character, where the trangioles is largely affected by a feature of Mn-O-Mn bonding,
fer interaction is large, ferromagnetism due to the doublel.€., deviation of the bond angle from 180°. For example, in
exchange interaction appears. However, in several mang&ai-xSxkMnOz; (x=0.17), the conductivity in a rhombohe-
nese oxides, the transfer interaction is reduced with coolin%_ral phase was shown to be larger than that in an orthorhom-
and competing instabilities such as the charge-ordering inteRiC Phase, where the angular distortion in the former was
action and antiferromagnetic superexchange, etc., beconfgnaller than that in the .Iatt.ér]’ms is because the transfer
significant. Since the, electrons are mobile via migration of interaction is reduced with increasing the angular distortion

holes in the manganesel Drbital (e, holes, the above phe- through changes in electronic _bandwu_jth, etc. It has been
. demonstrated that the transfer interaction was also affected
nomena can be also discussed based on the natueg of

) " by varying the averaged ionic radius of the;(_,A,) site in
holes. The content a holes can be controlled by varying tr?/e pe)rlov%kite structgtge‘,loi.e., it is also resé(c)as;(t))le for the
the relative content of ionsx. For example, the concentra- o nqidth, while this effect seems to be rather small in the
tion of e, holes tends to be enhanced with increasinghile  , o5ant system because of the similar ionic radii between Bi
that of e, electrons tend to be reducédhis is prgctlcauy and Ca. It is expected that the observed changes in electric
observed as a change in the relative concentration df'Mn 5,4 magnetic properties associated with the charge ordering
ions to Mr#* ones. in Biy ,Ca, gMNO; (Refs. 5, F are also accompanied by some

Recently, the effects of doping, electrons into an anti- - giate change in the Mn-O-Mn bonding, while a detailed in-
ferromagnetic insulator CaMnOwheree, electrons are ba-  yestigation has not been carried out for this problem.

sical_ly absent as far as the doping. is_not carrie_d out, Wereé The purpose of the present work is to investigate the ef-
studied along with partial sglgstltutlon of Bi for Ca fect of charge ordering on bonding features between oxygen
(Bi;—«CaMn0;, 0.75<x=<0.995.>" It was found that the 2p and manganese @3 orbitals in Bi_,CaMnO; by
magnetic moment increased with the substitutior ( glectron-energy-loss spectroscofELS) coupled with a

=0.875), exhibiting the maximum value of g atthe Ca  nrecise electron-diffraction method with energy filtering.
contentx=0.875. The conductivity was also enhanced with

dopingey electrons, although a completed metallic state was
not achieved. These phenomena were explained to be attrib-
uted to the double-exchange interaction, which was realized
by the doping ofey electrons into the antiferromagnetic in- A way to fabricate Bj_,CaMnO; (0.75<x=<0.95) ce-
sulator. In the composition range 0%%<0.875, however, ramic specimens was described in the previous paper in

Il. EXPERIMENTAL PROCEDURE
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manganesd_; edge at 641.0 eV, which was visible in a

§ g a x=0.95 ] higher energy-loss region. In electron-energy-loss spectros-
£ a A ] copy, a prominent peak is visible at the threshgld., near

= | ' N{\ ] the Fermi level of theK edge if some amount off2density-

z 4 A \,../“"’ of-states are vacant, since theedge is attributed to elec-

g i \,' ] tronic excitations from & to 2p bands. (Strictly speaking,

% ' } : ‘ : excitations satisfying the dipole selection rulé= =1 are

: 200 540 360 permitted) Hence, the fine structure in Fig(d) represents

.«gl [ T T '=0 és ] that the oxygen @ orbital is partially vacant in this oxide.

_’;ﬁ g b A X8 As mentioned in the previous section, hole content of perov-
g d ] skite manganese oxides can be controlled by substitution of
2 | i '\/‘\ . trivalent alkaline-earth ions for divalent rare-earth ones,
ﬁ 4_‘ »\/z M where the substitution is thought to directly affect the va-
mﬁ 2 g lency of manganeseddorbital rather than that of oxygerp2
=1 i L one. This point is reasonable if we consider that manganese
1 52|0 ' 5‘1‘0 . 5?0 ' ions can take a few different ionic statesuch as MA" and

£ 1e =075 | Mn**, while in oxygen the & state is the most stable

; 8_‘ A T where the P orbital is entirely occupied. The presence of a
g ¢ 4 peak at the threshold of oxygéhedge in this specimen can

g A f\f/\ ] be elucidated as in the following. Since the oxygem @&-

8 1 ; M bital is extended to the same direction as that of the manga-
f 2 7 nese 3 (eg) orbital in this oxide, they are strongly hybrid-

= ] ized to each other. Thus, some amount of holes in the

I J " 1 n
>20 540 >60 manganese@orbital are thought to be occupied by the oxy-
Energy Loss (¢V) gen 2 orbital as a result of the strong hybridization. This
FIG. 1. Electron-energy-loss spectra of the oxy¢erdge ac- feature was also pointed out |nl4sgme other types of manga-
quired from Bi_,CaMnO; (x=0.95, 0.85, and 0.7%t room tem-  N€se oxides such as M, etc:™™ In manganese oxides,
perature. The peak at 529 eV is defined as “peak A” in the text. the manganesedlevels are splitting due to the crystal field,
and the magnitude of splitting is dependent on materials. For
detail>® Oxygen content of the fabricated specimens was irexample, a relatively large splittinge.g., 3.3 eV was ob-
the range 2.98—3.0flwhich were determined by an iodine Served in MnQ,*® while that of the perovskite-type oxides is
titration method. It was ascertained by both electron microbelieved to be smallee.g., 1-2 eV. This point was actually
scopic observations and powder x-ray-diffraction measureconfirmed in some recent investigatiofisThe energy reso-
ments that the crystal structure of ;BiCaMnO; was lution in the present EELS measurements is 1.8-2.0 eV,
pseudocubi¢Pbnm at room temperature in the composition Which was determined by the full width at half maximum of
range 0.75:x<0.95° Electron-energy-loss spectra were the zero-loss peak. But the actual resolution in a higher
measured at 293 K for the room-temperature phase €nergy-loss region, e.g., around the oxygerdge, may be
=0.75, 0.80, 0.85 and 0.95and at 130 K for the low- somewhat poorer than this value due to the character of the
temperature phaséin a charge-ordered state=0.80 by utilizgd spectrometer. Hence, it is thought that thg small
utilizing a Gatan PEELS System 666 attached to a transmigPlitting of the manganeseddevels is not clearly seen in the
sion electron microscop6JEM-2010. Those spectra were ©XygenK edge with the present energy resolution.
measured in the image mode at magnificationxdf0,000 Then, we expect that a peak near the Fermi level in the
with an objective aperture of 10 mrad, where every specimefXygenK edge will show a meaningful change with the man-
was in nonaxial conditions. A spectrometer collection aperganeseg, hole content if it is directly related with the hy-
ture of 1 mm was employed, and the dispersion setting waBridization between manganesd and oxygen p orbitals.
0.2 eV/channel. The energy resolution was between 1.8 anbo check this point, energy-loss spectra were acquired from
2.0 eV. Electron-diffraction patterns were recorded in athe oxides with different Ca content, i.e., where thehole
quantitative manner by using imaging pldte¥ (Fuji FDL- content tends to be enhanced with increasing Ca content. The
UR-V). To precisely observe the intensity distribution of the results were shown in Figs.(d (x=0.85) and(c) (x
superlattice reflections, the strong background in electron=0.75). It was ascertained that similar fine structures to that
diffraction pattern was reduced by utilizing a recently devel-of x=0.95 were observable in the both cases. Changes in the

oped omega-type energy filter which was attached to a JEMPeak positions were not observed within the experimental
2010 electron microscope. accuracy. However, we notice a systematic change in the

peak profile at 529 eV, which is just above the Fermi level,
while an appreciable change was not observed in the other
ones at 536 and 542 eV. The peak at 529 eV is hereafter
Figure Xa) shows a typical electron-energy-loss spectrumcalled peak A. To inspect this composition dependence more
of the oxygenK edge acquired from Bi,CaMnOj (X in detall, intensity of the peak A was plotted as a function of
=0.95) at room temperature, where the background compdza content in Fig. 2. Here, integrated intensity of the peak A
nent was subtracted by means of a curve-fitting metfiod. was determined by means of a profile fitting method with
Here, the energy-loss value was calibrated by setting th&aussian functions as shown in the inset in Fig. 2. It was

Ill. RESULTS AND DISCUSSION



PRB 59 CHARGE ORDERING IN Bj_,CaMnO; (x=0.75) . .. 6397

2 085 ]
5 .
£ .
> 0F o o 1
g7 A, x=095)
5 [ \
= 074 ]

[ . 530350 iy x

0.7 0.8 0.9 ?é-é

Ca content / X ::o.s- Ul
2 200 000 200 -200 000 200

FIG. 2. Composition dependence of intensity of the peak at 529
eV. See text for details. FIG. 3. Conventional electron-diffraction patterns of

. . . . Big sCa gMNnO; (a) at 293 K and(b) at 130 K(in a charge-ordered
then normalized with the peak intensity of the one at 536 ev_’state). (c) Electron-diffraction pattern after reducing the background

which did not show an appreciable change in this coOmposiy, (b) by energy filtering. Intensity profiles of superlattice reflec-

tion range, for the sake of a quantitative comparison. It waaonS visible in(b) and (c) were represented ifd) and (e), respec-
found that the intensity of peak A tended to be enhancede|y Both the room-temperature and low-temperature phases were
with increasing Ca content. In Fig. 2, the resultxof0.80  jhgexed by using a unit cell od~v2a,, b~v2a,, andc~2a,
was obtained from thin-foiled specimens prepared by ionRefs. 6 and ¥ where a, represents the lattice constant of the
milling, which were originally prepared for detailed observa- simple perovskite structure.
tions of the structural transformation upon cooling, while the
other ones were from powder specimefsushed speci- thought to be well reflected on the peak intensity at the
meng, i.e., for example, the surface condition of the thin-threshold of the oxygeik edge. The systematic change in
foiled specimens may be somewhat different from thethe peak intensity at the threshold with hole doping was also
crushed specimens. Hence, the difference of the specimashserved in La ,CaMnO; by means of XAS
preparations may cause some numerical deviation of the dataeasurement€ As far as these points are considered, we
betweernx=0.80 and the other ones. If we observe the peakelieve that the change in the peak intensity observed in Fig.
profile in Fig. 1 carefully, the profile change in the peak A 2 is mainly due to the change in the hole content ofege
seems to occur at the high-energy side of this peak, i.e., somevels.
broadening of the peak may take place at the high-energy It was recently reported that Bi,CaMnO; (0.75<x
side. Zampieriet al*” recently carried out a careful x-ray- <0.875) exhibited charge ordering of manganese ions with
absorption spectroscoXAS) measurement of the oxygen cooling>’ Figure 3a) shows a conventional electron diffrac-
1s spectra of CaMn@with an energy resolution of 0.6 eV. tion pattern at room temperature, while FigbBwas taken
They discovered a small splitting of the peak at the threshin a charge-ordered state at 130 K. The charge ordering is
old, and this was interpreted as the splitting of the mangaobservable as the appearance of superlattice reflections along
nese 3 levels. If we consider this point, the small broaden-the a* axis (or theb* axis) of the room-temperature phase
ing in the peak A in Fig. 1 may be due to the change in theas shown in Fig. ®). To discuss structural changes with
crystal-field splitting of the manganese Zevels with com-  charge ordering, those diffraction patterns should be ana-
position. However, this slight peak broadening does not distyzed so carefully. However, since the superlattice reflections
turb the present investigation, since we are interested in thgre quite weak, the precise observations are sometimes dis-
composition dependence of the total intensity of peak Aturbed by the strong background in electron-diffraction pat-
which is related to the unoccupied density of states. Theerns, which originates from inelastic scattering such as plas-
result of Fig. 2 explicitly indicates that the manganege mon scattering. To reduce the strong background, in the
hole content is reflected on the intensity of peak A of thepresent work, inelastically scattered electrons were removed
oxygenK edge via the strong hybridization. Thus, we canby using a recently developed omega-type energy fiftém.
conclude that the peak at 529 eV in the oxydéredge is  this method, transmitted electrons are energy dispersed by
closely related to the hybridization between the oxygen 2 the omega-type magnet, and we can obtain an electron-
and manganesed3orbitals. energy-loss spectrum. Then, if an energy slit is inserted in
If we try to perfectly describe the intensity of the peak A, the spectrum so as to select elastically scattered electrons
we may have to also consider the hybridization between oxyalone, contributions of inelastic scattering can be eliminated.
gen 2 and manganesky levels in addition to the one be- Figure 3c) shows an electron-diffraction pattern after the
tween oxygen P and manganesg, levels. However, in the energy filtering, which was taken from the same region at the
interpretation of the result of Fig. 2, the latter one seems t@ame temperature as those in Fi¢h)3We notice that the
play an important role rather than the former one. In thestrong background has been effectively removed, and the
electron-dopedor hole dopegl perovskite manganese oxide, weak superlattice reflections can be observed much clearly.
the manganesg,; band is basically fully occupied while the The efficiency of the background subtraction is apparent if
eq; band, where the Fermi level is located, is only partiallywe compare the intensity profiles in FigsdBand 3e) to
occupied. The presence of unoccupigg states just above each other. (It is noted that peak positions of superlattice
the Fermi level was actually shown in a recent investigatiorreflections were dependent on observed specimens and re-
for CaMnQ;.1’ Thus, electron dopingor hole doping will gions, although the characteristic feature in the intensity pro-
dominantly change the occupancy of g band, and thisis  file as described below was observed in every case. The na-
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' ' e o several specimens. It may be seen that there is a quite small
x=08 T foomiemp.phase change in the peak profile at around 536 eV, where the peak
seems to be somewhat broadened with the phase transforma-
tion. However, the intensity change of peak A is much larger
than that of the peak at around 536 eV upon cooling, e.g., the
former is reduced about 20% with the transformation while
the latter is increased only 2% as far as the result in Fig. 4 is
analyzed. The magnitude of the intensity change should be
carefully discussed along with the spectra collected with a
higher-energy resolution elsewhere. Despite this fact, we can

FIG. 4. Changes in the oxygdf edge associated with charge say in the present investigation that the principal feature of
ordering in B} ,Ca, gMnO;. See text for details. the change in the oxygdf edge with charge ordering is the

reduction of the peak intensity at 529 eV.
ture of the appearance of the superstructures with different As described in the previous section, the peak at 529 eV is
periodicity will be discussed elsewhere. thought to be closely related with the hybridization between

By virtue of the precise electron-diffraction method with oxygen 2 and manganesed3orbitals, and the intensity was
energy filtering and imaging plates, some crystallographicshown to be sensitive to the manganegehole content. In
features of the charge ordering ingBCa, ;MnO; were dis-  the case of Fig. 4, however, the total hole content is equal
closed, and they can be summarized as in the followingbetween the two spectra, since they were acquired from the
First, it was confirmed that the charge ordering was accomsame position of the same specimen. Thus, the observed ef-
panied by an appreciable lattice strain, which is thought tdect is to be due to some state change in the hybridization. It
originate from the Jahn-Teller effect of Mhions. Presence is interpreted for the experimental result that the strong hy-
of the periodic lattice strain in the charge-ordered state idridization between oxygenf®and manganesed3orbitals
evidenced by the feature of the intensity distribution of theare somewhat weakened as a result of the charge ordering.
superlattice reflectionFig. 3(e)], where the intensity is This interpretation can be supported by the following aspects
asymmetric around the fundamental reflections, i.e., higheof the structural transformation. As mentioned in the previ-
intensity at larger scattering angté%2*Although the differ-  ous part, the orthorhombic distortion is somewhat enhanced
ence of the scattering amplitudes betweerPMand Mrf* is  with the charge ordering. This is thought to be caused by the
too small to create obvious superlattice reflections as showdistortion of Mn-O-Mn bond angle, i.e., enhancement of de-
in Fig. 3(e), they can be detected as the periodic lattice strairviation from 180°. Since the distortion reduces the transfer of
attributed to the charge ordering. Secondly, the orthorhombiey holes (e, electrong,® it will contribute to weaken the
distortion, which was evaluated at’b, was found to be strong hybridization between oxygem Znd manganesed3
slightly enhanced with the charge ordering, wharandb  orbitals. Actually, in the present system o{,BCa ¢gMnO;, a
represent the lattice parameter aldd§0] and[010] axes, significant increase of the electric resistance was observed
respectively. In the room-temperature phase, the oxidéelow the charge-ordering temperature at 160'Kence, it
showed pseudocubic symmetra/b~1.00). However, in was demonstrated that the peak at 529 eV was sensitive not
the low-temperature phase, the orthorhombic distortion waenly to theey hole content but also to the state of hybridiza-
about 0.99, which represents a change in the symmetry frofion between oxygen 2 and manganesed3orbitals, and the
pseudocubic to orthorhombic with charge ordering. Thislatter was shown to be affected by the charge ordering. Simi-
orthorhombicity is thought to originate from a distortion of lar fine structures in the oxygef edge were also observed
the Mn-O-Mn bond angle, as in the case of other perovskitén La; _,SL,MnO; (0<x=<0.7) > where a peak at the thresh-
manganese oxides such as Lg5r,MnO,,8 and this effectis  old was shown to be related with the conductivity, although
to be related with the periodic lattice strain creating the suchanges in the fine structures with charge ordering were not
perlattice reflections. discussed.

Considering the crystallographic changes with charge or- The reduced intensity of the peak A with charge ordering
dering as described above, electron-energy-loss spectra wfas rationalized by considering the weakened hybridization
the oxygenK edge were measured from both the room-between oxygen 2 and manganesed3orbitals. This will be
temperature phasg@93 K) and the low-temperature phase reasonable if we consider that enhancement of the ortho-
(130 K, in a charge-ordered stat® Bij ,Ca gMnOz. The  rhombic distortion, which depresses the transfeepholes
results were shown in Fig. 4, in which both the spectra werée, electron, occurs with the structural transformation.
acquired from the same position in a specimen to eliminate &lowever, to perfectly explain the intensity change of the
spectrum modulation effect due to difference in specimerpeak A with charge ordering, we should also take into con-
thickness. It was found that the intensity of peak A of thesideration the difference of energy levels between the oxygen
low-temperature phasédashed-ling was slightly weaker 2p and manganesed3orbitals, which may be somewhat
than that of the room-temperature phaselid-line). Magni-  changed with the structural transformation. This point, which
tude of the intensity change was basically small and depermay be also responsible for the weakened hybridization,
dent on observed regions. Furthermore, the spectra wehould be investigated by measurements with a higher en-
sometimes modulated by the radiation damage, when the irergy resolution in the future.
cident electron beam was strong. These points disturbed the To summarize, a change in the oxygé&nhedge with
guantitative analysis for this problem. However, the abovecharge ordering was observed by electron-energy-loss spec-
tendency was derived from the repeated measurements withoscopy in B ,Ca gMnO;, where intensity of the peak at

————— low-temp. phase

10* Intensity (arb. units)

T56 340560 580 600
Energy Loss (eV)
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529 eV was reduced with the charge ordering. This peak wagoped system of Bi,Ca, gMnOs, where the concentration of
shown to be closely related with the hybridization betweenvin3* was much smaller than that of Mih This effect

oxygen 2 and manganesed3orbitals by analyzing the com- seems to be an essential feature of charge ordering in perov-
position dependence of peak intensity. The observed interskite manganese oxides.

sity change in BjCa, gMnO; was rationalized by consider-
ing such a mechanism that the strong hybridization was
somewhat weakened as a result of the distortion of Mn-
O-Mn bond angle, which was caused by the charge ordering. The authors are grateful to T. Kaneyama and Dr. T.
In general, the most favorable condition for the occurrence oDikawa at JEOL Ltd. for their help in utilizing the omega-
charge ordering is that the concentrations offMand Mrf* type energy filter. This work was supported by a Grant-in-
are equivalent. However, it was ascertained in the preserid for Scientific Research on Priority Area and for the En-
work that an appreciable change in the electronic structureouragement of Young Scientistg. M.) from the Ministry
(hybridizatior) was observed even in the presegelectron-  of Education, Science and Culture of Japan.
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