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Correlations between the magnetic and structural properties of Ca-doped BiMnO3
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The Bi12xCaxMnO3 system is known to exhibit charge ordering for a much broader range ofx than the
La12xCaxMnO3 system. However, the properties of Bi12xCaxMnO3 over the entire doping range are not well
understood. We have performed magnetization and resistivity measurements as well as x-ray absorption and
x-ray diffraction measurements on Bi12xCaxMnO3 to correlate structural, magnetic, and transport properties.
The system is insulating and antiferromagnetic for the entire range ofx studied (x>0.4) except nearx;0.9,
where we find a canted spin arrangement with approximately one Bohr magneton per Mn site. Detailed
magnetization measurements were performed as a function of field and temperature to explore the net moment
on the Mn sites as a function ofx and reveal the charge ordering and Ne´el temperatures. X-ray absorption
measurements reveal significant structural distortions of the Mn-O bond distributions with increasing Bi con-
tent that correlates directly with increasing charge-ordering temperatures. Moreover, the x-ray diffraction data
reveal peak splittings consistent with lower-symmetry cells as Bi content increases. These structural-magnetic
correlations point to the importance of Mn-O distortions in stabilizing the charge-ordered state in the manga-
nites.

DOI: 10.1103/PhysRevB.63.134412 PACS number~s!: 75.30.Vn, 78.70.Dm, 75.70.Pa, 61.10.Ht
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I. INTRODUCTION

As a function of temperature, pressure, doping, a
A31/A821-site ionic radius, perovskite mixed-valent mang
nites A12x

31 Ax8
21MnO3 ~e.g., A315Bi, La, Pr, Nd, etc. and

A8215Ca, Sr, Ba, Pb, etc.! show intriguing properties suc
as structural transformations, charge ordering~CO!, metal-
insulator transitions, and magnetic ordering@ferromagnetic
~FM!-antiferromagnetic~AF!# transformations.1–4 In addi-
tion to the rich basic physics exhibited by these materi
there is also much interest from the technological perspec
in these materials because they are known to exhibit ‘‘co
sal’’ magnetoresistance~CMR!.5

The phase diagram of the prototypical La12xCaxMnO3

~LCMO! system is well documented, and extensive str
tural, magnetic, and transport measurements have b
performed.1,9 For 0,x,;0.21, the system is an insulator~I!
with a canted antiferromagnetic~CAF! or ferromagnetic
ground state. For the range;0.21,x,0.5, a ferromagnetic
metallic ~FM! ground state occurs that undergoes a coin
dent metal-to-insulator~MI ! and FM-to-paramagnetic~PM!
transformation on the temperature scale 150–250 K.2,6,7 In
the 0.50,x,0.875 region, the materials are insulators with
charge/orbital-ordered~CO ordered! and AF-ordered ground
state, which, upon elevating the temperature, first loses
AF ordering~at TN! and then, at a higher temperature (TCO),
its CO ordering.8

Bi12xCaxMnO3 ~BCMO! constitutes a very interesting bu
less-studied system. Early experiments showed that the
tem is insulating over a broad region of Ca doping 0.2,x
,1.0.10 In addition, strong charge ordering has been o
served in neutron-scattering measurements forx;0.8.4,14

Thex50 end member was found to be ferromagnetic wit
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moment per Mn approaching the theoretical maximu
These intriguing properties, contrasted with those of
LCMO system, make this system ideal for understanding
correlations between structure, transport, and magnetic p
erties in manganite materials.

In this work we first draw together structural, magnet
and resistivity results, both from the literature and from wo
in our group, into an overall phase diagram for the BCM
system for 0.4<x<1.0. We then focus on systematic x-ra
absorption spectroscopy~XAS! measurements of the BCMO
materials. Despite substantial disparities with other mo
studied systems, the continuous Bi-induced stabilization
the Mn31 state is demonstrated with Mn-K near-edge XA
measurements. Both near-edge and extended x-ray ab
tion fine-structure~EXAFS! XAS measurements provide d
rect evidence of significant local distortions accompany
increasing Bi content in this system.

II. PREVIOUS WORK ON Bi 1ÀxCaxMnO3

A large, but somewhat scattered, body of work has b
performed on the doped BCMO system. This work is su
marized in this section.

Bokov, Grigoryan, and Bryzhina10 studied the structural
magnetic, and resistivity properties of the BCMO system
0.2<x<1.0. Their phases included two monoclinic phas
and one orthorhombic phase as a function of temperature
x,0.4; one of the monoclinic phases disappears forx above
;0.4, for 0.4<x<0.83 a high-temperature cubic pha
transforms to a monoclinic low-temperature phase, a
above x;0.83 the more distorted monoclinic phase giv
rise to a higher-symmetry orthorhombic phase. Their m
netic measurements showed a FM-like Curie constant~u! at
©2001 The American Physical Society12-1
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high temperatures for allx,0.9.
Chiba et al.11,13 contrasted the magnetic, electrical, a

magnetoresistance properties of (Bi,AE)MnO3 (AE
5Ca, Sr) with those of LCMO in the highly dopedx>0.8
regime. They noted that while the Bi- and Ca-based syst
had the same crystal symmetry and weak ferromagnetism
this Ca-rich region, the magnetic moments in the Bi syst
were larger than those in the La system at the same Ca
tent. CaMnO3 was found to exhibit semiconductor-type an
antiferromagnetic behavior.12 Chiba et al.11 found that the
low-temperature resistivity drops continuously wh
CaMnO3 is doped with Bi31 ~electron doping! and reaches
minimum resistivity atx50.875 with a weak temperatur
dependence. Atx50.85 ~also x50.8!, a sharp increase in
magnetization with increasing temperature was found, wh
suggests anomalous magnetic transition temperatures.
Néel temperature was found to be almost constant
0.875<x<0.95, while the paramagnetic Curie temperatu
decreased with increasing Ca doping. Atx50.875, the Ne´el
temperature approaches the paramagnetic Curie temper
and a maximum saturation magnetization of 1.1mB per Mn
site is obtained—this is about1

3 of the fully aligned value of
3.1mB , suggesting spin canting.

Cheong and Hwang expanded on the magnetic phase
gram of Chibaet al. by studying the charge-ordered phas
for 0.5,x,0.7.9 For this range, the charge-ordering tem
perature is always above 300 K. The maximum char
ordering temperature of 332 K was found to occur atx
;0.63; the same behavior of the charge-ordering temp
ture was observed in the LCMO system.

Bao et al.4 performed neutron-scattering, electro
diffraction, and bulk magnetic measurements on sing
crystal BCMO (0.74<x<0.82). For x50.82, a structural
transition was found at the charge-ordering tempera
TCO5210 K in which the lattice parameters chang
abruptly. This coincides with the transition from orthorhom
bic to monoclinic II found by Bokov, Grigoryan, and
Bryzhina.10 AboveTCO ferromagnetic spin fluctuations wer
found by neutron diffraction. These fluctuations switch ov
to antiferromagnetic fluctuations belowTCO . Strong compe-
tition between FM double-exchange charge ordering and
superexchange occurs in this system. The Ne´el temperature
was found to be 160 K. The same trends were also foun
earlier neutron-diffraction measurements by Turkevich a
Plakhtii14 on Bi0.15Ca0.85MnO3. They found the signature o
the onset of antiferromagnetic Mn-Mn interactions at lo
temperatures as evidenced by appearance of$110% and$211%
superstructure lines.

Optical conductivity measurements by Liu, Cooper, a
Cheong15 divide the phase diagram of this system into thr
distinct temperature regions. ForT.TCO ferromagnetic cor-
relations exist, forTN,T,TCO phase separation into CO
~AF! and ferromagnetic regions coexists, and forT,TN a
charge gap develops, and a long-range antiferromagnetis
observed.

Murakami et al.16 found evidence for charge ordering
Bi0.2Ca0.8MnO3 concomitant with 32- and 36-fold periodic
ity. The charge-ordering temperatureTCO was found to be
;160 K and belowTCO , the magnetic structure was tran
13441
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formed from a paramagnetic to an antiferromagnetic pha
Long-period structures with 32- and 36-fold periodicity a
sociated with charge ordering in Bi0.2Ca0.8MnO3 were found.

Utilizing high-pressure synthesis, Sugawara and Iida17 ob-
tained the end member BiMnO3. It was found that unlike
LaMnO3, BiMnO3 is ferromagnetic with a Curie temperatu
of 103 K. The saturation magnetization was observed to
;4mB per Mn site. A distorted perovskite structure with
triclinic pseudounit cell was found.

Recently, Atou et al.18 reported powder-neutron
diffraction measurements of the structure of the ferrom
netic perovskite BiMnO3 formed under high pressure. A
distorted perovskite structure was found with monoclin
C2 space-group symmetry. They suggested that the dis
tions were caused by the polarized Bi-6s2 lone pairs.19

The combined Jahn-Teller instability of Mn31 and lone
pair-induced distortions result in a highly disorder
BiMnO3 system with a range of Mn-O bonds between 1.
and 2.32 Å. The origin of the ferromagnetic tendency
uncertain.

Recently, Ohshimaet al.20 prepared films of BiMnO3 on
SrTiO3 substrates. Although the films~200–1200 Å! exhib-
ited the ferromagnetic behavior seen in the correspond
bulk material, the saturation moment of the thick films fe
short (M52.8mB) of the bulk value (M53.6mB). In addi-
tion, a strong dependence of the saturation moment on
thickness was found. Also, unlike the bulk material, stro
hysteresis was found in the film samples.

The broad array of interesting properties suggests a d
correlation between the long-range and local structure,
the magnetic and transport trends in the BCMO system.

III. EXPERIMENTAL METHODS

We have prepared a series of BCMO (x>0.4) polycrys-
talline samples using the standard solid-state reac
method. Stoichiometric mixtures of Bi2O3, CaCO3, and
MnO2 were mixed, ground, and pressed into pellets, wh
were calcined at 900 °C. After calcination, the samples w
reground and sintered at 1000 °C in air. This was repea
one more time. BiMnO3 was synthesized under high pressu
~25 kbar! at 800 °C by using a cylinder-piston-type pressu
furnace. The purity of BiMnO3 was checked by x-ray fluo
rescence spectroscopy.

Magnetization, resistivity, x-ray diffraction, and x-ray ab
sorption measurements were performed. Magnetic meas
ments were performed using a superconducting quant
interference device magnetometer. The standard four-pr
method was used for resistivity measurement. X-ray diffr
tion ~XRD! measurements were carried out using a x-
diffractometer with a liquid-nitrogen-cooled Li-drifted ge
manium detector and Cu-Ka radiation. Lattice parameter
were extracted usingDICVOL andITO software packages.21

X-ray-absorption spectra were measured at Brookha
National Laboratory’s National Synchrotron Light Sour
beam lines X11A, X18B, X19A, and X23A2. Si~111! mono-
chromator crystals were used on X18B and X19A wh
Si~311! crystals were used on X23A2. Spectra were taken
2-2
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transmission mode using N2-filled ion chambers. The reduc
tion of the x-ray absorption measurements was perform
using standard procedures.22 Calibration was accomplishe
by defining the first inflection point in a simultaneous M
foil as 6539 eV, the ionization threshold. Consistency
tween different beamlines was checked by using
MnO2-powder reference sample over the complete d
range.

The background and signal extraction was carried out
ing AUTOBK.23 The fine-structure signals were extracted fro
the spectra as the difference between the normalized sp
and an adjustable spline function fit through the post-e
region normalized by the absorbance decrease with ene
the parameters of which were adjusted to minimize lo
frequency residuals in the Fourier transform. After compa
son, two to ten individual scans were averaged. Represe
tive data are given in the inset in Fig. 10. Information abo
the Mn-O bond distributions was obtained by fitting thek3

weighted raw data over the range 2,k,12.3 Å21 @k
5A(2m/\2)(E2E0)#. Fitting was made using the func
tional form

xmodel~k!5 (
i

shells

S0
2 Ni

kRi
2i f i~p,k,Ri !exp~22s i

2k21 2
3 C4ik

4!

3sin@2kRi2
4
3 C3ik

31f i~p,k,Ri !#, ~1!

whereS0
2 is the scale factor for the multielectron effects,Ni

is the coordination number of thei shell, Ri is the radius of
the i shell, s2 is the mean-square radial displacement
Debye-Waller factor,f i is the backscattering amplitude o
the photoelectron due to the atoms of thei coordination shell,
C3 andC4 are cumulants24,25 of a distribution to model an-
harmonic effects and/or non-Gaussian disorder,25,26 respec-
tively, andf i is the phase shift.

The inhomogeneously broadened~fine structure! x based
on the statistical ensemble of scattering path lengths27 is
written as

^x~k;R!&5E dR P~R!x~k;R!. ~2!

In the cumulant approach to distributions one represe
the Fourier transform of a distribution by its moments. F
small deviations from Gaussian distribution a rapidly co
verging series makes possible a description by a small n
ber of parameters. For the effective distribution we have

ln E
0

`

P~r ,l!e2ikr dr5C01 (
n51

`
~2ik !n

n!
Cn , ~3!

where

P~r ,l!5r~r !
e22r /l

r 2 .

The leading cumulants (Cn) are

C15^R&,
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C35^R3&23^R2&^R&12^R&3,

C45^R4&24^R3&^R&23^R2&2112̂ R2&^R&226^R&4. ~4!

For an effective Gaussian distribution, cumulants (Cn)
higher than the second vanish. In a convergent series theC3
andC4 parameters are related to asymmetry and flatnes
the distribution, respectively@see Eq.~4!#. We performed fits
with parameters up toC4 . Photoelectron scattering factor
utilized in these fits were obtained using the codeFEFF7.28

These complex phase shifts included the electron damp
By defining the coordination numbersN as the values known
for perovskite systems, average bond lengthsR and Debye-
Waller factorss were extracted from the fits as well asC3
andC4 for the Mn-O ~first-shell! bond distribution. The er-
rors in these parameters were estimated based on the s
tical spread found for fits to individual scans.

IV. RESULTS AND DISCUSSION

A. X-ray-diffraction measurements

Figure 1 shows representative room-temperature x-
diffraction profiles for thex50.4 and 0.9 materials. Thex
50.9 material was indexed with the orthorhombic (a5b
5g590°) perovskite structure and the extracted lattice
rameters werea55.314,b57.480, andc55.297 Å. On the

FIG. 1. Powder x-ray-diffraction curves forx50.4 and 0.9. The
splitting and broadening of thex50.4 peaks are indicative of a
lower space-group symmetry. The region above 60°~52u! for the
x50.4 pattern manifests closely spaced multiple reflections and
indices have been omitted.
2-3
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other hand, thex50.4 pattern was indexed with a triclini
~nearly monoclinic! cell with the structural parameters ofa
53.848, b57.655, and c53.855 Å, a590.166, b
590.877, andg589.997°. This is consistent with the spli
ting of thea, b, andc lattice parameters founded by Boko
Grigoryan, and Bryzhina.10 The x50.6 exhibited a similar
triclinic structure but with the triclinic splittings much re
duced. Thex50.8 assumes a structure with lattice para
eters similar to that forx50.9. Hence, reduced Ca conte
coincides with reduced space-group symmetry.

B. Resistivity measurements

We performed resistivity measurements forx50.4, 0.6,
0.8, and 0.9~see Fig. 2, top panel!. The BCMO system is
insulating forx>0.4 except nearx;0.9. We noticed that the
resistivity curves jump at the charge-ordering temperatu
(TCO) at 315, 330, and 190 K forx50.4, 0.6, and 0.8, re

FIG. 2. Temperature dependence@1/T4(K24)# of the electric
resistivity forx50.4, 0.6, 0.8, and 0.9, respectively. Note that the
are anomalies atTCO5315, 330, and 190 K forx50.4, 0.6, and 0.8,
respectively.TN5160 and 130 K forx50.4 and 0.6, respectively
In the lower panel we compare the logarithmic resistivity variat
for the x50.9, Bi12xCaxMnO3 material plotted versus 1/T ~upper
curve! and 1/T1/4 ~lower curve!.
13441
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spectively. At the Ne´el temperature thex50.4 sample shows
a little dip indicating phase transition.

Zeng, Greenblatt, and Croft29 have reported an activate
variation of the resistivity@r5rOee

T0/T
# with T05778 K and

rO512.3V cm for CaMnO3. In the bottom of Fig. 2 we
compare the logarithmic resistivity variation for thex50.9,
BCMO material plotted versus (1/T) and (1/T)1/4. Unlike
the purex50.0 system, the strong curvature of thex50.9
material in the 1/T plot indicates that~i! its resistivity cannot
be characterized as activated, and~ii ! a simple crossover be
tween two activation regions appears untenable. On the o
hand the (1/T)1/4 plot manifests a wide range of high
temperature linearity crossing over rather sharply to a lo
temperature linear range. Fitting the data to the form@r
5rO exp(T0 /T)1/4# yields T0 andrO values of 1.42 MK and
1.19 mV cm at higher temperatures and 5470 K and 0.01
V cm at lower temperatures.

As discussed below, at high temperatures these do
manganites manifest FM correlations. Models of these m
rials picture the FM correlations as local polarons random
distributed and fluctuating.1 In this picture, the carrier hop
ping between FM fluctuations would involve disordered a
potentially variable range hopping. In view of this, Fontc
bertaet al.30 used the (T0 /T)1/4 dependence of the log of th
resistivity data to characterize manganite system resu
Varma31 argued in favor of a (T0T)1/2-type behavior for
manganite systems due to the importance of electron in
actions in the localization. This provides some motivation
trying the three-dimensional variable range hopping fo
@r5rO exp(T0 /T)1/4# as an ansatz for plotting the data. A
this juncture, however, we prefer to view the (1/T)1/4 display
of the data simply as an empirically useful method of ch
acterizing the high-temperature variation of the resistivity

In Fig. 2 ~upper panel! the logarithmic variation of the
resistivities of thex50.4, 0.6, 0.8, and 0.9 materials is plo
ted versus (1/T)1/4. In the smaller range of this plot thex
50.9 variation is quite linear. Thex50.4, 0.6, and 0.8 ma-
terial resistivities can also be well approximated by a@r
5rO exp(T0 /T)1/4# form for T.TCO ~the charge/orbital-
ordering temperatures!. For the high-temperature-region ma
terials the values ofrO andT0 are given by 3.3 nV cm, and
53 MK at x50.4; 0.30 nV cm, and 43 mK atx50.6; 176
mV cm and 0.15 mK atx50.8. The onset of the charge
ordered phase is characterized by a clear increase in th
sistivity for all of the materials~see top of Fig. 2!. This is
consistent with the suppression of the carrier hopping as
ciated with the charge-ordered phase. No clear resisti
anomalies associated with the AF-ordering temperatu
(TN) were observed.

It is worth noting for later reference that the magnitude
the resistivity at 300 K versus composition@see Fig. 3~b!#
from our and previous work11 shows a distinctive dip~of
nearly 2.5 orders of magnitude! in the 0.8,x,0.95 range. A
similar drop in the localization energy-scale parameters (T0)
is evident from our data. The low-x side of this dip is asso-
ciated with the suppression of CO correlations whereas
rise, approaching CaMnO3, is related to the crossover to in
sulating behavior with the disappearance of doped carrie
2-4
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C. Magnetic measurements

Magnetization measurements@see Figs. 4~a!–~d!# were
performed with magnetic fields of 1, 2, and 4 T forx50.4,
0.6, and 0.8, and 0.01, 0.1, and 1 T for x50.9. The magnetic
susceptibility at the high temperatures showed Curie-We

FIG. 3. ~a! The high-temperature Curie-Weiss temperatu
variation versusx in the BCMO system from our work~filled
squares! and from that of Chibaet al. ~open squares! ~Ref. 11! and
Bokov et al. ~back-slashed squares! ~Ref. 10!. Note that the suscep
tibility u values from our group@and from Chibaet al. ~Ref. 11!#
were determined forT,400 K ~in the PM phase! and from Bokov
et al. ~Ref. 10! in the 400 K,T,700 K range. ~b! The low-
temperature magnetization~at H51 T! and room-temperature resis
tivity variation versusx in the BCMO system from our work~filled
squares and filled circles! and from Chibaet al. ~open squares and
open circles! are presented~Ref. 11!. ~c! A summary phase diagram
of the BCMO system. We indicate phases including the AF ord
ing temperatures and AF phase, canted AF~CAF! phase with large
moment,~LM !, canted AF~CAF! phase with small moment~SM!,
high-temperature range supporting ferromagnetic fluctuati
~FMF!, charge/orbital-ordered phase, and its ordering tempera
Note that the data comes from our work~filled triangles and filled
squares!, Chiba et al. ~open squares and open inverted triangl!
~Ref. 11!, Bokov et al. ~back-slashed squares! ~Ref. 10!, and
Bao et al. ~open triangle with vertical bar and squares with cro!
~Ref. 4!.
13441
s-

type behavior@x5C/(T1u)# with an FM-like ~i.e., nega-
tive! u value over the 0.4<x<0.95 as illustrated in Fig. 3~a!.
Here the Curie-Weiss behavior is for temperatures above
charge-ordering and antiferromagnetic transition tempe
tures. Thus this high-temperature range appears to be d
nated by local ferromagnetic fluctuations~FMF! that are pre-
sumably mediated by Mn31/Mn41 hopping-induced double
exchange interactions. With decreasing temperature oux
50.4, 0.6, and 0.8 magnetization curves@see Figs. 4~a!–~d!#

r-

s
re.

FIG. 4. Temperature dependence of the magnetization fox
50.4, 0.6, 0.8, and 0.9 as~a!, ~b!, ~c!, and~d!. The magnetization
measurements atx50.4, 0.6, and 0.8 were taken with magnet
fields of 1, 2, and 4 T for cooling down and warming up. Forx
50.9 measurements were made with magnetic fields at 0.01,
and 1 T.
2-5
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exhibit distinct maxima at the charge-ordering temperatu
(TCO) indicated. The neutron-scattering results of Baoet al.4

and Turkevich and Plakhtii14 ~on anx50.82 material! have
nicely correlated such maxima with the suppression of
FMF when the charge ordering freezes out the hopp
mechanism. In the charge-ordered phase, AF superexch
interactions dominate,4 leading to an AF ordering at a tem
perature (TN) in the 129–171 K range.TN is identified with
a lower-temperature local-magnetization maximum. In
x50.8 material the signature of the AF ordering is perce
tible only as a subtle shoulder on the low-temperature sid
the CO-related peak in the magnetization@see Fig. 4~c!#.

The CO phase is suppressed forx values above;0.85.
Our x50.9 magnetization curves, for example, reflect t
development of a robust net moment, which depends on
field strength, below a magnetic ordering temperature n
110 K. The onset of an AF-type order in this temperatu
range is common to materials with 0.85,x<1.0 in this sys-
tem as is the appearance of a net FM moment in a magn
field. This FM moment has been attributed in the past
FM-interaction induced moment canting. However the m
nitude and nonlinear field onset of the FM moment var
strongly in this 0.85,x<1.0 range as illustrated by theH
51 T moment variation vsx ~from our and other work! in
Fig. 3~b!.11 The rapid rise in the FM moment asx increases
through 0.85 marks the exit from the CO-AF state. The si
larly rapid magnetization drop nearx50.95 correlates with
the suppression of a FM-u value ~high-T FMF! in the same
range. As has been noted previously, theu value of thex
51.0 material is several folds larger than the AF-TN , sug-
gesting possible low-energy-scale nonmagnetic~covalency!
effects in the pure Ca material.

The nonlinear field dependence of the magnetization
CaMnO3 and its response to electron doping has be
touched upon~although too briefly! in the literature. The
roles of magnetic frustration, AF-domain-spin canting,29 ho-
mogeneous canted antiferromagnetic~CAF! order, and~most
recently! local-scale FM/AF coexistence have all be
brought up in this regard.29,32 In Fig. 5 we illustrate a subtle
field-dependent behavior in these BCMO materials that m
reflect a competing FM component in the CO-AF state
this system.

The M /H curves in Fig. 5 represent the finite field su
ceptibility ~as opposed to the differential susceptibili
dM/dH! and help to highlight field-dependent saturation
fects in the magnetic response. For thex50.9 material@Fig.
5~d!# theM /H curves at low field~e.g.,H50.1 T! manifest a
tremendous response at the ordering temperature. ThH
51 T, M /H curve shows a typical FM component respon
belowTN and its smaller magnitude simply indicates that t
FM response saturated at a much smaller field. This typ
behavior is the basis for CAF or locally coexisting FM-A
order proposed for suchx.0.85 range materials.

In a simple AF system, where the field energy is mu
less thanTN , the field response should be small andM /H
would be expected to increase with increasing field~at least
until spin-flop effects saturate!. The M /H curves of thex
50.4 material in Fig. 5~a! illustrate this type of behavior.
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In Fig. 5~c! the M /H curves within the CO-AF phase o
the x50.8 material are shown. There is a small but cle
nonlinear field response below about 100–120 K in the 1
curve that is saturated in the higher-field curves. Compari
of Figs. 5~c! and ~d! shows that this field effect in thex
50.8 material is similar in thermal variation, although mu
smaller in magnitude, to that in thex50.9 material. Again in
the M /H results forx50.6 ~Fig. 5! a similar ~albeit quite
small! low-T low-field increase in the response can be se
For x50.6 the energy scale for this effect has moved do
to about 50 K. If one refers to the 1 T susceptibility results o
Chiba et al.,11 one notes the presence of low-temperatu
FM-moment response in thex50.8 and 0.85 materials in
their CO/AF states. Whether these effects are related to l
composition fluctuations, CO/AF-domain interface, or FM
like impurity site effects are at present unclear and furt
work on these effects is warranted.

D. Phase diagram

In Fig. 3 we summarize our results and previous magn
results for the BCMO system as a phase diagram. Here

FIG. 5. The finite field susceptibility (M /H) in units of
emu•mol21

•T21 in the low-temperature ordered phase of thex
50.4, 0.6, 0.8, and 0.9 materials. Note the nonlinear satura
effects that occur in field~see text!.
2-6



te
t t
to
tu

,

o

ti
f

hi
em
t

r
f t
ro

e
-

rie
ce
nt
to
n

a
n

re

t the

int
s of

ed
-
-

ys-
ce/
ture
.

of

ig.

te
s

gion

ie

in
e-
po-

CORRELATIONS BETWEEN THE MAGNETIC AND . . . PHYSICAL REVIEW B63 134412
previous work on this system focused either on restric
temperature or composition ranges. Our results augmen
previous work and we have carefully attempted to draw
gether both our and previous results. The high-tempera
phase is a paramagnet~PM! with ferromagnetic fluctuations
~FMF! for the rangex,0.95. The loss of FM correlations
approaching thex51.0 ~pure-Ca! material is marked by a
dotted line. For thex,0.85 range the Mn31-Mn41 hopping,
supporting the FMF, is quenched upon crossing a line
charge-ordering transitions~TCO!. With further cooling, in
the x,0.85 range, a transformation to an antiferromagne
~while still CO ordered! ground state occurs below a line o
temperaturesTN ~in the 110–160 K range!.

It is worth noting that the charge-ordered phase of t
system is stable over a wider range of compositions and t
peratures than in any of the other manganite systems. In
case of the LCMO system, for example, in the 0.4,x,0.5
range an FM metallic phase has replaced the charge-orde
state found here as the ground state. Moreover, in none o
other systems does the CO ordered state persist above
temperature.

The loss of CO correlations forx.0.8 appears to enabl
the Mn31/Mn41 hopping and FMF to persist to room tem
perature and below, as evidenced by a wider FM Cu
Weiss range for the susceptibility and the strongly redu
resistivity in this x range. Moreover, an FM compone
~peaking nearx50.875! also appears to be incorporated in
the AF ground state in this range as reflected by the mag
tization at 10-K variation versusx in Fig. 3~c!.

E. Mn-K near-edge XAS

Previous work has shown the Mn-K near-edge spectr
be useful in chronicling the Mn-valence/configuratio
change in the LCMO system.29 In Fig. 6 the main-edge~and
pre-edge in the inset! spectra forx50.0, 0.5, and 1.0 in this

FIG. 6. The Mn-K near-edge spectra for the extensively stud
La12xCaxMnO3 system, forx50.0, 0.5, and 1.0.
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system are shown. It should be noted that the peak featuB
shifts markedly between the formally Mn31 and Mn41 com-
pounds withx50.0 and 1.0; thex50.5 material has an in-
termediate chemical shift while preserving a quite-sharpB
feature. Indeed, it has been noted by several authors tha
intermediate spectra in this series~e.g., see thex50.5 spec-
trum! are far too sharp to be a superposition of the end-po
spectra, despite conventional discussions of the system
magnetic properties in terms of dynamic Mn31-Mn41

mixtures.33 This quandary is underscored and compound
by noting that the structure of thex50.5 main-edge spec
trum changes only very slightly upon entering its low
temperature charge/orbital-ordered state.34

The Mn-K pre-edge feature spectral strength in this s
tem has also been shown to track the Mn-valen
configuration change. The increase in the pre-edge fea
strength, with increasingx, is illustrated in the inset of Fig. 6
The presence of three identifiable featuresa1/a2/a3 in the
pre-edge of CaMnO3 has been found to be characteristic
such Mn41 compounds.29 The crossover to a bimodala1/a2
structure in LaMnO3 is also clear in the Fig. 6 inset.

The main-edge spectra of the BCMO series shown in F
7 sharply contrasts with these previous results~the differing
crystal structure of thex50.0 material motivates its separa
consideration!. While theB feature of the BCMO series doe
shift systematically to lower energy with decreasingx, theB
feature also rapidly broadens and loses intensity to the re
of the spectrum labeledA in Fig. 7. Interestingly, plotting the

d

FIG. 7. The Mn-K near-edge spectra showing the evolution
the Bi12xCaxMnO3 system with doping. Note the changes in pr
edge and main-line amplitudes. The inset shows the evolution
sition of the main line~B feature! as a function ofx in both
Bi12xCaxMnO3 ~solid circles! and La12xCaxMnO3 ~x’s! indicating
similar changes in valence with doping.
2-7
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B-feature energy position versusx for the ~Bi, Ca! system
~see Fig. 7 inset, lower right! reveals a quite good correlatio
with the ~La, Ca! system despite the dramatically differe
edge-structural evolution in the two.

In Fig. 7, upper left, the pre-edge spectra of the BCM
series are shown. The spectral strength of these pre-e
decreases with decreasingx. This is consistent with the pre
vious results on the LCMO system and with the decreas
Mn valence. The shift of intensity away from thea2 to the
a1 portion of the spectrum is also consistent with that o
served in the~La, Ca! system, with decreasingx and decreas-
ing Mn valence. The formation of a particularly sharp pr
edge feature in the BiMnO3 is worth noting. In previous
studies by our group on defected perovskites, the appear
of such features has correlated with the formation of nonc
trosymmetric MnO6 octahedra.29 Such local deviations from
centrosymmetry would be consistent with the propos
‘‘ferroelectric’’ distortions in BiMnO3.

35

The crystal structure of BiMnO3 is highly distorted.18 In-
deed, it has been suggested that this material is in
ferroelectrically/ferrodistortively distorted.35 The Mn-K
main-edge spectrum for BiMnO3 ~see Fig. 7! displayed mul-
tiple unresolved features at the edge~see the labeled feature
1–4 in Fig. 7!. Ti-K edge studies of theATiO3 (A5Ca, Sr,
Ba, Pb! systems36 have shown that the multiplicity and spli
ting of the main-edge features increase with the increas
distortion in these ferrodistortive/ferroelectric perovskite
These main-edge splittings persist far above the ferroele
transition temperatures in these Ti-based materials, lea
authors to propose reinterpretation of the ferroelectricity
an order-disorder transition of the local distortions.37 The
exceptionally large distortions in PbTiO3 and BiMnO3 have
been attributed to the polarizability of the Pb/Bi 6s2 states
and their incorporation into covalent bonding with the O.18,35

The pronounced splitting of the Mn-K main-edge features
consistent with such local distortion effects.

It is tempting to associate the large modifications of
Mn main edge~upon Bi substitution into CaMnO3! with dis-
ordered local distortions of the same sort that lead to
ferroelectricity in BiMnO3. That such local distortions would
persist atx values far from the pure ferroelectricx50.0 ma-
terial is not unexpected in view of the local stability of di
tortions in the Ti compounds at temperatures far above
ferroelectric transition.37 To empirically test this notion, we
have formed the difference spectraDm5@ I (x)2xI(1.0)#/x
for the BCMO series, whereI (x) is the Mn-K edge spectrum
at a givenx ~Fig. 8!. This procedure ‘‘subtracts off’’ a frac
tion x of sites assumed to remain CaMnO3-like. While the
authors believe that the CaMnO3-like sites must in fact also
evolve substantially withx, this method does provide
means of identifying subtle features in theB-feature broad-
ening process.

Figure 8 displays the CaMnO3 and BiMnO3 spectra along
with a series ofDm difference spectra. As alluded to abov
the subtraction procedure appears overzealous in the en
region of the CaMnO3 B-feature peak ~i.e. the
‘‘CaMnO3-like’’ sites should not bex independent!. Never-
theless, there are strong structures in theDm spectra at ener
gies close to the features labeled 2 and 4 in the BiMn3
13441
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spectrum. There is also a distinct shoulder at the featu
energy despite the fact that it rides on the oversubtrac
B-feature dip. At the highest concentration (x50.4) the
buildup of intensity in the feature-1 region is also appare
Thus our Mn-K main-edge XAS appears consistent with
notion that Bi substitution introduces locally distorted M
sites into the BCMO system that are similar to those that l
to the ferroelectric distortion in BiMnO3.

Work by Bridgeset al.38 has shown modest but clear tem
perature dependences in the pre-edge spectra of the LC
system in the ferromagnetic 0.2,x,0.5 range. Recently
Qianet al.34 have confirmed this effect and also discovere
different thermal dependence accompanying the onset o
bust charge/orbital ordering for 0.5<x<0.8 in the LCMO
system.

Figure 9 illustrates the variation of the Mn-K pre-edg
features of the 0.6 material from above to below the char
orbital-ordering temperature. As observed by Qianet al.34

~for the La-Ca system! the spectral intensity in the lowes
energy portion of the pre-edge~the a1-feature region! is re-
duced modestly in the CO phase. The same effect was
in the x50.8 system but with a much-smaller change, p
sumably due to the much-weaker charge ordering near
phase’s stability limit. The interpretation of these mode
charge/orbital ordering induced that spectral changes are
clear at present, but two suggestions will be made here

FIG. 8. The Mn-K near-edge spectra for BiMnO3 and CaMnO3.
Lower set of curves gives the difference spectraDm for
Bi12xCaxMnO3 at x50.4, 0.6, 0.7, 0.8, and 0.9. HereDm(E,x)
5@ I (E,x)2x,I (E,x51)/(12x)# was formed to approximate th
spectrum of ‘‘Bi-modified’’ sites by subtracting off the fraction~x!
of ‘‘CaMnO3-like’’ sites and renormalizing. In doing so the autho
only wish to qualitatively highlight the subtle Bi-induced loc
modifications and do not intend to imply the actual admixture
two such simple unmodified end-point states.
2-8
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motivate theoretical calculations. A small increase in the
gree of Mn41 admixture accompanying the loss of ferroma
netic interactions upon entering the charge-ordered ph
would at least be qualitatively consistent with the pre-ed
feature change~i.e., thea1 feature is weakened/shifted u
with increasing Mn valence!. A second possibility involves
the orbital component at the increased Mn31 sites of the
charge-ordered phase. Specifically, the static orbital al
ment at these sites should be accompanied by a Jahn-T
energy up-shift in the unoccupiedeg states. Since thea1
feature involves sucheg states, the charge-ordered induc
degradation of the low-energy side of thea1 feature would
be reasonable. Clearly the emergence of consistent pre-
feature changes accompanying the phase changes in
materials should stimulate theoretical calculations of th
spectral features.

F. Mn-K EXAFS

In order to compare the local structure unique of BCM
samples with LCMO samples, we have performed Mn-
edge x-ray-absorption spectra measurements. Represen
raw x-ray-absorption spectra data are shown in Fig. 10 as
inset forx50.9. Note that only small changes in amplitu
occur with temperature.

In Fig. 10, we show the magnitude of the Fourier tran
form of the EXAFS* k3 spectra for selected materials in th
BCMO system at 300 K. The first peak~1–2 Å! corresponds
to the Mn-O bond distribution. The second~;2.5 Å! and
third peaks~3.3 Å! contain the Mn-Ca/La and Mn-Mn cor
relations, respectively. The higher coordination peaks sho
also be noted. The corresponding curves for the LCMO s
tem at 300 K are shown in Fig. 11.

The position of the first peak is related to the avera
Mn-O bond distance and its width is related to the spread
Mn-O bond distances. The amplitude of this peak is char
terized by a Debye-Waller-factor-type reduction due to sta

FIG. 9. Temperature-dependent pre-edge spectra
Bi0.4Ca0.6MnO3. Note that the same trend occurs forx50.4 and 0.8.
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and thermal disorder effects. Thus the Mn-O first shell in
Bi-substituted system appears to be disordered on a l
scale relative to the LCMO system. The Bi-induced onse
charge/orbital-ordering correlations could contribute to t
effect; however, work in our group has shown that the fi
Mn-O shell feature in the La0.5Ca0.5MnO3 spectra do not
show significant change upon entering the ordered state.
spectra above and below the charge-ordering temperatur
the Bi0.2Ca0.8MnO3 material also does not reveal an appr
ciable first-shell modification~Table I!. Thus the local dis-

of

FIG. 10. Magnitude of the Fourier transform o
EXAFS* k3 (2.5 Å21<k<12.3 Å21) for the system
Bi12xCaxMnO3 at 300 K. The first peak~;2 Å! corresponds to the
Mn-O bond distribution. The second~;2.5 Å! and third peaks
~;3.3 Å! contain the Mn-Ca/Bi and Mn-Mn correlations, respe
tively. The inset displays raw EXAFS* k3 data forx50.9 at 300 K
~solid line! and 10 K ~dotted line!. Note that the temperature
dependent changes in amplitude are quite small.

FIG. 11. Magnitude of the Fourier transform o
EXAFS* k3 (2.5 Å21<k<12.3 Å21) for the system
La12xCaxMnO3 at 300 K. The first peak~;2 Å! corresponds to the
Mn-O bond distribution. The second~;2.5 Å! and third peaks
~;3.3 Å! contain the Mn-Ca/La and Mn-Mn correlations, respe
tively.
2-9
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TABLE I. EXAFS derived structure atx50.8, 0.9, and 1.0.

Sample T ~K! R ~Å! s2 C3 C4

Bi0.2Ca0.8MnO3 50 1.89860.002 0.003860.0001 28.003102666.7531026 25.023102664.1431026

TCO5190 K 100 1.90560.004 0.003760.0003 26.003102666.0831025 22.183102761.1231025

S0
250.81 150 1.90860.005 0.003260.0002 21.103102567.8031025 22.503102561.0631025

160 1.90360.006 0.003760.0004 26.203102567.2331025 26.503102661.0831025

170 1.90560.008 0.003860.0004 25.303102561.0731024 23.163102661.2831025

180 1.92460.008 0.003160.0005 2.173102461.1131024 22.243102561.4931025

190 1.91060.005 0.003460.0004 1.303102567.1031025 21.713102561.3931025

200 1.91860.007 0.003460.0004 1.263102461.0731024 21.513102561.1331025

210 1.92760.010 0.003160.0002 2.463102461.4031024 21.963102565.9331026

220 1.92260.011 0.003160.0008 1.403102461.6931024 23.033102561.2131025

230 1.91860.008 0.003560.0006 1.043102461.1231024 21.903102561.3331025

240 1.92060.003 0.003460.00004 1.103102464.7531025 21.773102562.3731026

250 1.91560.003 0.003660.0003 4.133102464.8831025 21.773102561.4531025

300 1.91860.007 0.004060.0004 9.403102461.0431024 21.543102561.3731025

Bi0.1Ca0.9MnO3 10 1.89560.002 0.005360.0002 23.403102461.4731025 4.473102562.3431027

S0
250.88 50 1.89860.008 0.005060.0002 22.783102461.0131024 4.553102564.8431026

85 1.89760.005 0.006260.0001 22.773102469.1831025 7.833102561.5031025

100 1.90260.012 0.005660.0004 22.373102462.3831025 5.013102564.9531026

125 1.88960.015 0.006260.0004 23.893102469.2731025 5.463102561.6231025

150 1.90260.002 0.005760.0011 22.503102465.7331025 5.193102561.6231025

220 1.90360.003 0.005660.0003 22.013102467.8131025 5.313102567.8131025

300 1.89860.003 0.005460.0004 23.263102461.6331025 5.203102566.1031026

CaMnO3 300 1.88560.003 0.003760.0001 21.793102465.6931025 7.913102662.5731026

S0
250.90

CaMnO3 XRD ~Ref. 39! 300 1.899
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tortions in the Mn-O shell in the BCMO system appear
be related to the local effect of the Bi substitution and no
the longer-range charge/orbital-ordering distortions. In fa
in systematic temperature dependent on x-ray-absorp
spectra measurements of the 0.8 and 0.9 systems
significant changes in the Mn-O peak shape occur w
temperature.

Detailed first-shell fits were performed onx50.8 and 0.9
as well as on thex51.0 and these results are reported
Table I. For high-Bi content (x,0.8) the spectra can not b
modeled by Gaussian distributions or cumulants~expansion
does not converge! because of the high level of local stru
tural distortions. This is consistent with the very large dis
bution of Mn-O distances found by neutron diffraction in t
x50 end member BiMnO3.

18

Referring again to the BCMO results in Fig. 10, th
higher-shell Mn-Bi/Ca and Mn-Mn coordination peaks a
seen to be systematically reduced in amplitude with
creased Bi content and in Fig. 11 they were compared to
LCMO system. This implies that the higher Bi-concentrati
samples are increasingly disordered. Again the potential
of charge/orbital ordering in this disordering effect must
considered. Work in our group has shown that the third-s
~Mn-Mn! feature is strongly reduced in the ordered~low-
temperature! phase of the La0.5Ca0.5MnO3 material. Thus the
increasing higher-shell disorder~with increasing Bi content!
in the BCMO system would appear to involve a charg
13441
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orbital-ordering contribution in addition to the local B
distortion contribution. Hence, local disorder induced by t
Bi-6s2 lone pairs stabilize charge ordering over a larg
doping ~x! range and suppresses theeg hopping mediated
metallic state.

V. CONCLUSION

Systematic structural, magnetic, and transport studies
the BCMO system were reported for the doping rangex
>0.4. These measurements were correlated with x-ray
sorption spectroscopy measurements. The XAS meas
ments clearly indicate that increasing Bi content in CaMn3
stabilizes increasing Mn31 character similar to the LCMO
system. However, the XAS results also indicate that v
substantial local distortions about the Mn sites accomp
the Bi substitution in contrast to the LCMO system. Indee
the x-ray diffraction data reveal splittings consistent w
lower-symmetry cells as Bi content increases.

The phase diagram of the BCMO system~and the mag-
netic and transport properties on which it is based! resembles
the LCMO system in some aspects, and differs in othe
The similarities to be noted are as follows. At room tempe
ture FM interactions and enhanced electrical conductiv
~decreased resistivity! are rapidly stabilized by small level
of A31 substitution. FM fluctuations dominate th
2-10
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high-temperature region forx<0.95. A robust FM compo-
nent is incorporated into the AF ground state with the ma
mum of this FM component correlating with the maximu
conductivity enhancement nearx50.875. A charge/orbital-
plus AF-ordered phase onsets nearx50.83, below which a
line of CO ordering transition temperatures (TCO) rises
steeply, with decreasingx, in the phase diagrams.

A strong disparity with the LCMO system lies in the su
stantially more robust character of the charge-ordered sta
the BCMO system. Specifically, the charge-ordering te
perature rises to the 330-K range as opposed to about 25
in the LCMO system. This remains high forx extending
down to 0.4 as opposed toTCO declining and the ground
state converting to an FM metal belowx50.5 in the LCMO
system. Presumably the local Mn-O distortions stabilize
local charge/orbital-ordering process.

In general the FM-metal-to-CO-ordered insulator tran
tion manifests the most precipitous field-sensitive conduc
ity change in manganite materials. Bi substitution appear
most efficiently stabilize the CO-ordering to above roo
temperature. Thus the use of Bi admixture in materials w
high-temperature FM-metal transition temperatures may
an avenue to bring these two phenomena into competitio
the room-temperature range.
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