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The Bi,_,CaMnO; system is known to exhibit charge ordering for a much broader rangettwdn the
La; _,CaMnO; system. However, the properties of;BiCaMnO; 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,Bi,CaMnO; to correlate structural, magnetic, and transport properties.
The system is insulating and antiferromagnetic for the entire rangestifdied «=0.4) except neax~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 ofand reveal the charge ordering andeNe&emperatures. 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.
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I. INTRODUCTION moment per Mn approaching the theoretical maximum.
These intriguing properties, contrasted with those of the
As a function of temperature, pressure, doping, and-CMO system, make this system ideal for understanding the
A3*/A’?" _site ionic radius, perovskite mixed-valent manga-correlations between structure, transport, and magnetic prop-
nites A3* A/?"MnO; (e.g., A" =Bi, La, Pr, Nd, etc. and erties in manganite materials.
A’'?T=Ca, Sr, Ba, Pb, etcshow intriguing properties such In this work we first draw together structural, magnetic,
as structural transformations, charge orderi@®), metal-  and resistivity results, both from the literature and from work
insulator transitions, and magnetic orderiffgrromagnetic  in our group, into an overall phase diagram for the BCMO
(FM)-antiferromagnetic(AF)] transformations™ In addi- ~ system for 0.4x<1.0. We then focus on systematic x-ray
tion to the rich basic physics exhibited by these materialsabsorption spectroscofXAS) measurements of the BCMO
there is also much interest from the technological perspectivBaterials. Despite substantial disparities with other more-
in these materials because they are known to exhibit “colosstudied systems, the continuous Bi-induced stabilization of
sal” magnetoresistancd(€MR). the Mr** state is demonstrated with Mn-K near-edge XAS
The phase diagram of the prototypical ;LaCaMnOs measurements. Both near-edge and extended x-ray ab_sorp-
(LCMO) system is well documented, and extensive struclion fine-structur EXAFS) XAS measurements provide di-

tural, magnetic, and transport measurements have beéﬁCt evi_dencg of signi]‘icar]t local distortions accompanying
performed-® For 0<x< ~0.21, the system is an insulatdy Increasing Bi content in this system.
with a canted antiferromagneti@CAF) or ferromagnetic
ground state. For the range0.21<x<0.5, a ferromagnetic
metallic (FM) ground state occurs that undergoes a coinci-
dent metal-to-insulato(MI) and FM-to-paramagneti®M) A large, but somewhat scattered, body of work has been
transformation on the temperature scale 150-25¢KIn  performed on the doped BCMO system. This work is sum-
the 0.56<x<0.875 region, the materials are insulators with amarized in this section.
charge/orbital-orderetCO ordered and AF-ordered ground Bokov, Grigoryan, and Bryzhirtd studied the structural,
state, which, upon elevating the temperature, first loses itmagnetic, and resistivity properties of the BCMO system for
AF ordering(at Ty) and then, at a higher temperatuiig-6), 0.2<x=<1.0. Their phases included two monoclinic phases
its CO ordering® and one orthorhombic phase as a function of temperature for
Bi,_,CaMnO; (BCMO) constitutes a very interesting but x<0.4; one of the monoclinic phases disappearsfabove
less-studied system. Early experiments showed that the sys-0.4, for 0.4<x=<0.83 a high-temperature cubic phase
tem is insulating over a broad region of Ca doping<0xX2  transforms to a monoclinic low-temperature phase, and
<1.01° In addition, strong charge ordering has been ob-above x~0.83 the more distorted monoclinic phase gives
served in neutron-scattering measurements X¥or0.8*'*  rise to a higher-symmetry orthorhombic phase. Their mag-
Thex=0 end member was found to be ferromagnetic with anetic measurements showed a FM-like Curie consténat

Il. PREVIOUS WORK ON Bi ;_,Ca,MnO4
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high temperatures for ak<<0.9. formed from a paramagnetic to an antiferromagnetic phase.
Chiba et al**® contrasted the magnetic, electrical, and Long-period structures with 32- and 36-fold periodicity as-
magnetoresistance properties of @E)MnO; (AE  sociated with charge ordering in BiCa, gMnO5 were found.
=Ca, Sr) with those of LCMO in the highly doped=0.8 Utilizing high-pressure synthesis, Sugawara and'fida-
regime. They noted that while the Bi- and Ca-based systemgined the end member BiMnOIt was found that unlike
had the same crystal symmetry and weak ferromagnetism ingmn0;, BiMnO; is ferromagnetic with a Curie temperature
this Ca-rich region, the magnetic moments in the Bi systemyf 103 K. The saturation magnetization was observed to be
were larger than those in the La system at the same Ca con=4 , . ner Mn site. A distorted perovskite structure with a
tent. CaMnQ@ was found to exhibit semiconductor-type and yiclinic pseudounit cell was found.
antiferromagnetic behavidf. Chiba et al!* found that the Recently, Atou etal’® reported powder-neutron-

low-temperature resistivity drops  continuously = when gitraction measurements of the structure of the ferromag-
CaMnQ; is doped with Bi" (electron dopingand reaches petic perovskite BiMn@ formed under high pressure. A
minimum resistivity atx=0.875 with a weak temperature gistorted perovskite structure was found with monoclinic
depend_enc_e. At<_=0_.85 (als_o x=0.8), a sharp increase N C2 space-group symmetry. They suggested that the distor-
magnetization with increasing temperature was found, whichiqns were caused by the polarized Bf6lone pairs®
suggests anomalous magnetic transition temperatures. Th§,e combined Jahn-Teller instability of M and lone
Neel temperature was found to be almost constant fopgirinduced distortions result in a highly disordered
0.875=x=0.95, while the paramagnetic Curie temperature,_a,i,\,mo3 system with a range of Mn-O bonds between 1.78

decreased with increasing Ca doping.xx0.875, the Nel 504 232 A. The origin of the ferromagnetic tendency is
temperature approaches the paramagnetic Curie temperatyifcertain.

and a maximum saturation magnetization ofilglper Mn Recently, Ohshimat al?° prepared films of BiMn@ on
site is obtained—this is abogtof the fully aligned value of SITiO, substrates. Although the film@00-1200 A exhib-
3.1ug, suggesting spin canting. ited the ferromagnetic behavior seen in the corresponding

Cheong and Hwang expanded on the magnetic phase digy, |k material, the saturation moment of the thick films fell
gram of Chlbaeg;[ al. by ;tudymg the charge-ordereq phasesghort (M=2.8ug) of the bulk value M =3.6ug). In addi-
for 0.5<x<0.7” For this range, the charge-ordering tem-jon, a strong dependence of the saturation moment on film
perature is always above 300 K. The maximum chargegckness was found. Also, unlike the bulk material, strong
ordering temperature of 332 K was found to occurxat hysteresis was found in the film samples.
~0.63; the same behavior of the charge-ordering tempera-" The proad array of interesting properties suggests a deep
ture was observed in the LCMO system. correlation between the long-range and local structure, and

4 ; . i
_Bao etal’ performed neutron-scattering, —electron- the magnetic and transport trends in the BCMO system.
diffraction, and bulk magnetic measurements on single-

crystal BCMO (0.74x=<0.82). Forx=0.82, a structural
transition was found at the charge-ordering temperature
Tco=210K in which the lattice parameters changed
abruptly. This coincides with the transition from orthorhom-  We have prepared a series of BCM®=0.4) polycrys-
bic to monoclinic Il found by Bokov, Grigoryan, and talline samples using the standard solid-state reaction
Bryzhina® Above T, ferromagnetic spin fluctuations were method. Stoichiometric mixtures of &, CaCQ, and
found by neutron diffraction. These fluctuations switch overMnO, were mixed, ground, and pressed into pellets, which
to antiferromagnetic fluctuations belolizo. Strong compe-  were calcined at 900 °C. After calcination, the samples were
tition between FM double-exchange charge ordering and Akeground and sintered at 1000 °C in air. This was repeated
superexchange occurs in this system. ThelNemperature one more time. BiMn@was synthesized under high pressure
was found to be 160 K. The same trends were also found 25 kbay at 800 °C by using a cylinder-piston-type pressure
earlier neutron-diffraction measurements by Turkevich andurnace. The purity of BiMn@was checked by x-ray fluo-
Plakhtii** on Biy 14Cay ggMNO5. They found the signature of rescence spectroscopy.
the onset of antiferromagnetic Mn-Mn interactions at low Magnetization, resistivity, x-ray diffraction, and x-ray ab-
temperatures as evidenced by appearand@i} and{21L}  sorption measurements were performed. Magnetic measure-
superstructure lines. ments were performed using a superconducting quantum-
Optical conductivity measurements by Liu, Cooper, andinterference device magnetometer. The standard four-probe
Cheond® divide the phase diagram of this system into threemethod was used for resistivity measurement. X-ray diffrac-
distinct temperature regions. Fér T ferromagnetic cor-  tion (XRD) measurements were carried out using a x-ray
relations exist, forTy<T<T¢o phase separation into CO- diffractometer with a liquid-nitrogen-cooled Li-drifted ger-
(AF) and ferromagnetic regions coexists, and T6x Ty @  manium detector and Cu-Kradiation. Lattice parameters
charge gap develops, and a long-range antiferromagnetismygere extracted usingicvoL andITo software packages.
observed. X-ray-absorption spectra were measured at Brookhaven
Murakami et al*® found evidence for charge ordering in National Laboratory’s National Synchrotron Light Source
Big ,Ca gMNO; concomitant with 32- and 36-fold periodic- beam lines X11A, X18B, X19A, and X23A2. @il1) mono-
ity. The charge-ordering temperatufe o was found to be chromator crystals were used on X18B and X19A while
~160 K and belowT o, the magnetic structure was trans- Si(311) crystals were used on X23A2. Spectra were taken in

IIl. EXPERIMENTAL METHODS

134412-2



CORRELATIONS BETWEEN THE MAGNETIC AND . .. PHYSICAL REVIEW B3 134412

transmission mode using,Milled ion chambers. The reduc- ;e
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tion of the x-ray absorption measurements was performed

using standard procedur&sCalibration was accomplished [ Bi, ,Ca, ,MnO, ]

by defining the first inflection point in a simultaneous Mn L Orthorhombic 4

foil as 6539 eV, the ionization threshold. Consistency be- L ]

tween different beamlines was checked by using a L ) i

MnO,-powder reference sample over the complete data ) 1

range. .
The background and signal extraction was carried out us- 5 J s 28,4 |s ]

ing AUTOBK. The fine-structure signals were extracted from g F et :

the spectra as the difference between the normalized spectri® |

and an adjustable spline function fit through the post-edge 2 T

region normalized by the absorbance decrease with energy 2 [ 1

the parameters of which were adjusted to minimize low- Bi Ca. MnO

frequency residuals in the Fourier transform. After compari- 06704 8

son, two to ten individual scans were averaged. Representa i Triclinic (~ monoclinic)

tive data are given in the inset in Fig. 10. Information about i

the Mn-O bond distributions was obtained by fitting tkie

weighted raw data over the range<R<12.3A™! [k

=J(2m/%?)(E—E,)]. Fitting was made using the func-

tional form

A 1 . ! . 1 \ 1 \ 1 )
shells 20 30 40 50 60 70 80

XimoceK)= 2 83@'.ﬁ(mk.Ri)exu—2cr?k2+ SCuik%) 260 (degree)
X sin 2kR, — §C3ik3+ oi(mKR)], (1) FIG. 1. Powder x-ray-diffraction curves fa=0.4 and 0.9. The

splitting and broadening of the=0.4 peaks are indicative of a
Wheresg is the scale factor for the multielectron effedt§,  lower space-group symmetry. The region above(6@¥) for the
is the coordination number of theshell, R; is the radius of x=0.4 pattern manifests closely spaced multiple reflections and the
the i shell, o2 is the mean-square radial displacement orindices have been omitted.
Debye-Waller factorf; is the backscattering amplitude of

the photoelectron due to the atoms of tlwordination shell, C,=0?=(R?»)—(R)?,
C; andC, are cumulanté-?® of a distribution to model an-
harmonic effects and/or non-Gaussian disofdéf,respec- C3=(R%—3(R?(R)+2(R)%,

tively, and ¢; is the phase shift.

The inhomogeneously broadenéihe structurg y based  C,=(R* —4(R®)(R)—3(R?)2+ 12(R?)(R)2—6(R)*.  (4)
on the statistical ensemble of scattering path lerfgtis ] ] o
written as For an effective Gaussian distribution, cumulants,)

higher than the second vanish. In a convergent serie€the
and C, parameters are related to asymmetry and flatness of
<X(k;R)>=f dR AR)x(k;R). (2)  the distribution, respectivelsee Eq(4)]. We performed fits
with parameters up t&,. Photoelectron scattering factors
In the cumulant approach to distributions one representdtilized in these fits were obtained using the couerFz>®
the Fourier transform of a distribution by its moments. For These complex phase shifts included the electron damping.
small deviations from Gaussian distribution a rapidly con-By defining the coordination numbelsas the values known
verging series makes possible a description by a small nunfor perovskite systems, average bond lendgwnd Debye-

ber of parameters. For the effective distribution we have ~Waller factorso were extracted from the fits as well &
andC, for the Mn-O (first-shel) bond distribution. The er-

- _ o (2ik)" rors in these parameters were estimated based on the statis-
In f P(r,\)e?k dr=Cy+ >, n—IC“’ (3) tical spread found for fits to individual scans.

0 n=1 !
where IV. RESULTS AND DISCUSSION

a2 A. X-ray-diffraction measurements

P(r,N)=p(r) PN Figure 1 shows representative room-temperature x-ray

diffraction profiles for thex=0.4 and 0.9 materials. The

The leading cumulantsQ,,) are =0.9 material was indexed with the orthorhombie= 3
=y=90°) perovskite structure and the extracted lattice pa-

C,=(R), rameters wer@a=5.314,b=7.480, andcc=5.297 A. On the
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[T (K™) spectively. At the Nel temperature the=0.4 sample shows
022 024 026 028 03 032 034 a little dip indicating phase transition.
10 | o lTN _‘_.-x=0.4 | - Zeng, Greenblatt, and Créfthave reported an activated
Bi1_XCaXMnO3 b . variation of the resistivity p= perOIT] with To=778K and
1000~ T o o I po=12.30 cm for CaMnQ. In the bottom of Fig. 2 we
T ’ \I;N" compare the logarithmic resistivity variation for tie=0.9,

1001 BCMO material plotted versus (L) and (1T)*4 Unlike

the purex=0.0 system, the strong curvature of the 0.9
material in the IT plot indicates thafi) its resistivity cannot
be characterized as activated, diigla simple crossover be-
tween two activation regions appears untenable. On the other
hand the (IT)Y* plot manifests a wide range of high-
temperature linearity crossing over rather sharply to a low-
temperature linear range. Fitting the data to the fdmn
=po exp(To/T)¥4] yields Ty and p values of 1.42 MK and
1.19 uQ) cm at higher temperatures and 5470 K and 0.0136
)l cm at lower temperatures.
Al As discussed below, at high temperatures these doped
00005 001 0015 002 0025 003 0035 0.04 manganites manifest FM correlations. Models of these mate-
rials picture the FM correlations as local polarons randomly
distributed and fluctuatingIn this picture, the carrier hop-
ping between FM fluctuations would involve disordered and
| potentially variable range hopping. In view of this, Fontcu-
bertaet al*° used the T,/T)** dependence of the log of the
resistivity data to characterize manganite system results.
Varma! argued in favor of a T,T)Y*type behavior for
manganite systems due to the importance of electron inter-
actions in the localization. This provides some motivation for
trying the three-dimensional variable range hopping form
0.2" o os  hm o Tous [p_=poexp(I'O/T)1’4] as an ansatz for plotting tE‘e data. At
” this juncture, however, we prefer to view the T}¥* display
(1) of the data simply as an empirically useful method of char-

FIG. 2. Temperature dependencBT4(K—4)] of the electric acterizi_ng the high-temperature var'iatio.n of t.he. resistivity.
resistivity forx=0.4, 0.6, 0.8, and 0.9, respectively. Note that there !N Fig. 2 (upper pangl the logarithmic variation of the
are anomalies & o= 315, 330, and 190 K fax=0.4, 0.6, and 0.8,  resistivities of thex=0.4, 0.6, 0.8, and 0.9 materials is plot-
respectivelyTy=160 and 130 K fox=0.4 and 0.6, respectively. ted versus ()" In the smaller range of this plot the
In the lower panel we compare the logarithmic resistivity variation =0.9 variation is quite linear. The=0.4, 0.6, and 0.8 ma-
for the x=0.9, Bi,_,CaMnO,; material plotted versus T/(upper  terial resistivities can also be well approximated by @
curve and 1Y (lower curve. =poexp(To/MY4] form for T>Tco (the chargelorbital-

ordering temperaturgskor the high-temperature-region ma-
other hand, thex=0.4 pattern was indexed with a triclinic terials the values opo and T, are given by 3.3 ficm, and
(nearly monoclini¢ cell with the structural parameters af 53 MK at x=0.4; 0.30 #2cm, and 43 mK ak=0.6; 176
=3.848, b=7.655 and c=3.855 A, «=90.166, B uflcm and 0.15 mK ax=0.8. The onset of the charge-
=90.877, andy=289.997°. This is consistent with the split- ordered phase is characterized by a clear increase in the re-
ting of thea, b, andc lattice parameters founded by Bokov, sistivity for all of the materialysee top of Fig. 2 This is
Grigoryan, and Bryzhin& The x=0.6 exhibited a similar ~consistent with the suppression of the carrier hopping asso-
triclinic structure but with the triclinic splittings much re- ciated with the charge-ordered phase. No clear resistivity
duced. Thex=0.8 assumes a structure with lattice param-anomalies associated with the AF-ordering temperatures

eters similar to that fox=0.9. Hence, reduced Ca content (Tn) were observed. .
coincides with reduced space-group symmetry. It is worth noting for later reference that the magnitude of

the resistivity at 300 K versus compositipsee Fig. 8o)]
from our and previous work shows a distinctive digof
nearly 2.5 orders of magnitugla the 0.8<x<<0.95 range. A
We performed resistivity measurements for 0.4, 0.6, similar drop in the localization energy-scale paramet&gd (
0.8, and 0.9(see Fig. 2, top panel The BCMO system is is evident from our data. The lowside of this dip is asso-
insulating forx=0.4 except neax~0.9. We noticed that the ciated with the suppression of CO correlations whereas the
resistivity curves jump at the charge-ordering temperaturesse, approaching CaMngis related to the crossover to in-
(Tco) at 315, 330, and 190 K fox=0.4, 0.6, and 0.8, re- sulating behavior with the disappearance of doped carriers.

10

p (Qcm)

0.1

0.01

p (Qcm)

0.01+-

B. Resistivity measurements
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FIG. 3. (8 The high-temperature Curie-Weiss temperature
variation versusx in the BCMO system from our workfilled
squaresand from that of Chibat al. (open squarggRef. 11) and
Bokov et al. (back-slashed squanedRef. 10. Note that the suscep-
tibility 6 values from our groupand from Chibaet al. (Ref. 11]
were determined folf <400 K (in the PM phasgand from Bokov
etal. (Ref. 10 in the 400 k<T<700K range.(b) The low-
temperature magnetizatigat H=1 T) and room-temperature resis-
tivity variation versus< in the BCMO system from our worilled
squares and filled circlgsnd from Chibeet al. (open squares and
open circlegare presente(Ref. 11). (c) A summary phase diagram
of the BCMO system. We indicate phases including the AF order- FIG. 4. Temperature dependence of the magnetizationxfor
ing temperatures and AF phase, canted(8RAF) phase with large  =0.4, 0.6, 0.8, and 0.9 &8), (b), (c), and(d). The magnetization
moment,(LM), canted AF(CAF) phase with small momerf6M),  measurements at=0.4, 0.6, and 0.8 were taken with magnetic
high-temperature range supporting ferromagnetic fluctuationsields of 1, 2, ad 4 T for cooling down and warming up. For
(FMF), charge/orbital-ordered phase, and its ordering temperature=0.9 measurements were made with magnetic fields at 0.01, 0.1,
Note that the data comes from our wdffikled triangles and filled and 1 T.
squarep Chibaet al. (open squares and open inverted triangles
(Ref. 11, Bokov et al. (back-slashed squajegRef. 10, and  type behaviof y=C/(T+ )] with an FM-like (i.e., nega-
Bao et al. (open triangle with vertical bar and squares with cjoss tive) ¢ value over the 0.4 x=<0.95 as illustrated in Fig.(d.

(Ref. 4. Here the Curie-Weiss behavior is for temperatures above the
charge-ordering and antiferromagnetic transition tempera-
tures. Thus this high-temperature range appears to be domi-

Magnetization measuremenfsee Figs. @)—(d)] were nated by local ferromagnetic fluctuatio(fSMF) that are pre-
performed with magnetic fields of 1, 2, and 4 T fo=0.4,  sumably mediated by Mri/Mn*" hopping-induced double
0.6, and 0.8, and 0.01, 0.1,chta T forx=0.9. The magnetic exchange interactions. With decreasing temperaturexour
susceptibility at the high temperatures showed Curie-Weiss=0.4, 0.6, and 0.8 magnetization cunjese Figs. é&)—(d)]

Bi ,Ca, ,MnO, 1

M (u,)

50 100 150 200 250 300 350 400
Temperature (K)

C. Magnetic measurements

134412-5



H. WOO, T. A. TYSON, M. CROFT, S-W. CHEONG, AND J. C. WOICIK PHYSICAL REVIEW &3 134412

exhibit distinct maxima at the charge-ordering temperatures T(K)

(Tco) indicated. The neutron-scattering results of Baal* o780 40 60 80 100 120 140 160
and Turkevich and Plakhtft (on anx=0.82 material have

nicely correlated such maxima with the suppression of the
FMF when the charge ordering freezes out the hoppingz 0
mechanism. In the charge-ordered phase, AF superexchanc
interactions dominatéJeading to an AF ordering at a tem- 0.06
perature Ty) in the 129-171 K rangely is identified with

a lower-temperature local-magnetization maximum. In the 0055
x=0.8 material the signature of the AF ordering is percep- 928
tible only as a subtle shoulder on the low-temperature side of
the CO-related peak in the magnetizatisee Fig. 4c)]. §

The CO phase is suppressed fovalues above~0.85.

Our x=0.9 magnetization curves, for example, reflect the
development of a robust net moment, which depends on the
field strength, below a magnetic ordering temperature neal 005
110 K. The onset of an AF-type order in this temperature

range is common to materials with 0:8%=<1.0 in this sys- 0.03
tem as is the appearance of a net FM moment in a magnetié
field. This FM moment has been attributed in the past to
FM-interaction induced moment canting. However the mag-
nitude and nonlinear field onset of the FM moment varies
strongly in this 0.85:x<1.0 range as illustrated by thHeé

=1 T moment variation v (from our and other workin

Fig. 3(b).1! The rapid rise in the FM moment asincreases
through 0.85 marks the exit from the CO-AF state. The simi- =
larly rapid magnetization drop near=0.95 correlates with

the suppression of a FM-value (high-T FMF) in the same
range. As has been noted previously, thealue of thex , , , , , , ,
=1.0 material is several folds larger than the AR5 sug- 20 40 60 80 100 120 140 160
gesting possible low-energy-scale nonmagnétimvalency T(K)

effects in the pure Ca material.

The nonlinear field dependence of the magnetization in
CaMnQ; and its response to electron doping has bee
touched upon(although too briefly in the literature. The
roles of magnetic frustration, AF-domain-spin cantfidno-
mogeneous canted antiferromagné%F) order, andmost In Fig. 5(c) the M/H curves within the CO-AF phase of
recently local-scale FM/AF coexistence have all beenyo ,_ o'g material are shown. There is a small but clear

2;?;_%? Zﬂég:}?';‘;ﬁg&??m Itrr]1(|e:slg BSCWI\/TC;”:”JnS;g:?aIz ‘;‘ﬁgtﬂfnanonlinear field response below about 100-120 K inthe 1 T
P urve that is saturated in the higher-field curves. Comparison

[ﬁiféeg;[lsatle(r:r?mpetmg FM component in the CO-AF state Ofof Figs. 5c) and (d) shows that this field effect in the

The M/H curves in Fig. 5 represent the finite field sus- =0.8 material is similar in thermal variation, although much

ceptibility (as opposed to the differential susceptibilit smaller in magnitude, to that in the= 0.9 material. Again in
P y pposed | . P Y the M/H results forx=0.6 (Fig. 5 a similar (albeit quite
dM/dH) and help to highlight field-dependent saturation ef- A ;
: ; - small low-T low-field increase in the response can be seen.
fects in the magnetic response. For the0.9 materialFig. For x=0.6 the energy scale for this effect has moved down
5(d)] the M/H curves at low fielde.g.,H=0.1T) manifest a |

tremendous response at the ordering temperature. Frhe to about 50 K. If one refers to ¢hl T susceptibility results of
P 9 P ) Chiba et al,! one notes the presence of low-temperature

;}T’_:_WH ((j:gtrve shﬁws a typItCEilJ FM C?m.p%ner:t retip?TﬁeFM-moment response in the=0.8 and 0.85 materials in
FﬁAOW N andi s::mat %r rr:agnl u he S'mﬁ y '? ;ga'ﬁ?‘ ta e(Tlheir CO/AF states. Whether these effects are related to local
response saturated at a much smailer field. 1S type q omposition fluctuations, CO/AF-domain interface, or FM-

bedhawor IS thz ?a5|s L%;%’%FS or locally co.exllsth FM-AF like impurity site effects are at present unclear and further
oraer proposed for su -85 range materials. work on these effects is warranted.

In a simple AF system, where the field energy is much
less thanTy, the field response should be small addH
would be expected to increase with increasing figitleast
until spin-flop effects saturateThe M/H curves of thex In Fig. 3 we summarize our results and previous magnetic
=0.4 material in Fig. &) illustrate this type of behavior. results for the BCMO system as a phase diagram. Here the

0.07

065]-

0.027

0.026

H

FIG. 5. The finite field susceptibility M/H) in units of
mumol 1. T™1 in the low-temperature ordered phase of the
=0.4, 0.6, 0.8, and 0.9 materials. Note the nonlinear saturation
effects that occur in fieldsee text

D. Phase diagram
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FIG. 6. The Mn-K near-edge spectra for the extensively studied
La; ,CaMnO; system, forx=0.0, 0.5, and 1.0.
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previous work on this system focused either on restricted _ o
temperature or composition ranges. Our results augment the FIG. 7. The Mn-K near-edge spectra showing the evolution in
previous work and we have carefully attempted to draw to{he Bi-xC8MnO; system with doping. Note the changes in pre-
gether both our and previous results. The high-temperatur%_d_ge and maln-ll_ne gmplltudes. The inset shqws the gvolutlon po-
phase is a paramagn@M) with ferromagnetic fluctuations Sition of the main line(B feature as a function ofx in both
(FMF) for the rangex<0.95. The loss of FM correlations, Bi1-xCa&MnQ; (solid circles and La _,CaMnO; (x's) indicating
approaching thex=1.0 (pure-Ca material is marked by a similar changes in valence with doping.

dotted line. For thex<0.85 range the M -Mn** hopping,

supporting the FMF, is quenched upon crossing a line ofyStéem are shown. It should be noted that the pefk feBture
charge-ordering transitiond@CO). With further cooling, in ~ Shifts markedly between th? formally I@fhand_ Mrf com-

the x<0.85 range, a transformation to an antiferromagnetid®ounds withx=0.0 and 1.0; thex=0.5 material has an in-
(while still CO orderedi ground state occurs below a line of termediate chemical shift while preserving a quite-shiarp
temperaturedy (in the 110-160 K range feature. Indeed, it has been noted by several authors that the

It is worth noting that the charge-ordered phase of thidntermediate spectra in this serigsg., see tha=0.5 spec-
system is stable over a wider range of compositions and tenffUm) are far too sharp to be a superposition of the end-point
peratures than in any of the other manganite systems. In tHP€ctra, despite conventional discussions of the sys}gms of
case of the LCMO system, for example, in the-0x<0.5 ~ Magnetic properties in terms of dynamic fAvin
range an FM metallic phase has replaced the charge-orderifgiXtures:” This quandary is underscored and compounded
state found here as the ground state. Moreover, in none of tHY noting that the structure of the=0.5 main-edge spec-
other systems does the CO ordered state persist above rodfHm changes only very slightly upon entering its low-
temperature. temperature charge/orbital-ordered stdte.

The loss of CO correlations for>0.8 appears to enable "€ Mn-K pre-edge feature spectral strength in this sys-
the Mr#*/Mn** hopping and FMF to persist to room tem- €M has also been shown to track the Mn-valence/
perature and below, as evidenced by a wider FM Curie_conﬂguratpn 'change'. Th'ellncrease in the'pre-edge' feature
Weiss range for the susceptibility and the strongly reducedtrength, with increasing is |Ily_strated in the inset of Fig. 6.
resistivity in this x range. Moreover, an FM component The presence of three identifiable featuegdda2/a3 in the
(peaking neak=0.875 also appears to be incorporated into pre-edge+0f CaMng)hags been found to be ch_aracterlstlc of
the AF ground state in this range as reflected by the magné&uch Mrt* compounds” The crossover to a bimodalL/a2

tization at 10-K variation versusin Fig. 3(c). structure in LaMn@is also clear in the Fig. 6 inset.
The main-edge spectra of the BCMO series shown in Fig.

7 sharply contrasts with these previous res(the differing
crystal structure of the&= 0.0 material motivates its separate
Previous work has shown the Mn-K near-edge spectra taonsideration While theB feature of the BCMO series does
be useful in chronicling the Mn-valence/configuration shift systematically to lower energy with decreaskyghe B
change in the LCMO systeRi.In Fig. 6 the main-edgéand  feature also rapidly broadens and loses intensity to the region
pre-edge in the insgspectra fox=0.0, 0.5, and 1.0 in this of the spectrum labeled in Fig. 7. Interestingly, plotting the

E. Mn-K near-edge XAS
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B-feature energy position versusfor the (Bi, Ca) system ' ' N :
(see Fig. 7 inset, lower righteveals a quite good correlation Mn-K - [
with the (La, Cg system despite the dramatically different i
edge-structural evolution in the two.

In Fig. 7, upper left, the pre-edge spectra of the BCMO
series are shown. The spectral strength of these pre-edge
decreases with decreasirgThis is consistent with the pre-
vious results on the LCMO system and with the decreasing
Mn valence. The shift of intensity away from tla2 to the
al portion of the spectrum is also consistent with that ob-
served in thé€La, Ca system, with decreasingand decreas-
ing Mn valence. The formation of a particularly sharp pre-
edge feature in the BiMnQis worth noting. In previous
studies by our group on defected perovskites, the appearanc
of such features has correlated with the formation of noncen-
trosymmetric MnQ octahedr&® Such local deviations from KL .
centrosymmetry would be consistent with the proposed 4 - [
“ferroelectric” distortions in BiMnO;. % = 4

Jo0D uondiosqy

~0.5

Ap = [I(X)x 1(1.0)}/(1x)

The crystal structure of BiMn@is highly distorted® In- 05 _
deed, it has been suggested that this material is in fac - Bl1_XCaXMn03
ferroelectrically/ferrodistortively ~distortetf. The Mn-K § { o , G5
main-edge spectrum for BiMn{dsee Fig. 7 displayed mul- 6550 6555 6560 6565 6570
tiple unresolved features at the edgee the labeled features Energy (eV)

1-4in Fig. 7. Ti-K edge studies of th&TiO; (A=Ca, Sr,
Ba, Ph system2® have shown that the multiplicity and split-
ting of the main-edge features increase with the increasingi CaMnO, at x=0.4, 0.6, 0.7, 0.8, and 0.9. Hetky(E.X)
distortion in these ferrodistortive/ferroelectric perovskites.:[ll‘(xE,X)_X,f(E’le)'/('l_'X’)] was formed to a.lpproximat’e the

Thes'e' main-edge splittin_gs persist 'far above the ferroelect.rigpectrum of “Bi-modified” sites by subtracting off the fractidn)
transition temperatures in these Ti-based materials, leading “CaMnOx-like” sites and renormalizing. In doing so the authors

authors to propose reinterpretation of the ferroelectricity agnly wish to qualitatively highlight the subtle Bi-induced local
an order-disorder transition of the local distortiGhsThe  modifications and do not intend to imply the actual admixture of
exceptionally |arge distortions in PbTé@nd BanQ:, have two such simple unmodified end-point states.
been attributed to the polarizability of the Pb/B$’6states
and their incorporation into covalent bonding with thé’@>  spectrum. There is also a distinct shoulder at the feature-3
The pronounced splitting of the Mn-K main-edge features isenergy despite the fact that it rides on the oversubtracted
consistent with such local distortion effects. B-feature dip. At the highest concentration=0.4) the
It is tempting to associate the large modifications of thebuildup of intensity in the feature-1 region is also apparent.
Mn main edggupon Bi substitution into CaMng) with dis-  Thus our Mn-K main-edge XAS appears consistent with the
ordered local distortions of the same sort that lead to theéotion that Bi substitution introduces locally distorted Mn
ferroelectricity in BIMnQ,. That such local distortions would  sites into the BCMO system that are similar to those that lead
persist atx values far from the pure ferroelectric=0.0 ma-  to the ferroelectric distortion in BiMn©
terial is not unexpected in view of the local stability of dis-  Work by Bridgeset al*® has shown modest but clear tem-
tortions in the Ti compounds at temperatures far above thperature dependences in the pre-edge spectra of the LCMO
ferroelectric transitiod! To empirically test this notion, we system in the ferromagnetic 6:X%<<0.5 range. Recently,
have formed the difference specthau=[1(x)—x1(1.0)]//x  Qianet al3*have confirmed this effect and also discovered a
for the BCMO series, whergXx) is the Mn-K edge spectrum different thermal dependence accompanying the onset of ro-
at a givenx (Fig. 8). This procedure “subtracts off” a frac- bust charge/orbital ordering for Gs=0.8 in the LCMO
tion x of sites assumed to remain CaMglike. While the  system.
authors believe that the CaMglike sites must in fact also Figure 9 illustrates the variation of the Mn-K pre-edge
evolve substantially withx, this method does provide a features of the 0.6 material from above to below the charge/
means of identifying subtle features in tBefeature broad- orbital-ordering temperature. As observed by Qetral3*
ening process. (for the La-Ca systeinthe spectral intensity in the lowest-
Figure 8 displays the CaMnand BiMnO; spectra along  energy portion of the pre-eddéhe al-feature regiohis re-
with a series ofAu difference spectra. As alluded to above, duced modestly in the CO phase. The same effect was seen
the subtraction procedure appears overzealous in the energy the x=0.8 system but with a much-smaller change, pre-
region of the CaMn@ B-feature peak (i.e. the sumably due to the much-weaker charge ordering near the
“CaMnOg-like” sites should not bex independent Never-  phase’s stability limit. The interpretation of these modest
theless, there are strong structures inAhespectra at ener- charge/orbital ordering induced that spectral changes are un-
gies close to the features labeled 2 and 4 in the BikInOclear at present, but two suggestions will be made here to

FIG. 8. The Mn-K near-edge spectra for BiMp@nd CaMnQ.
Lower set of curves gives the difference specttiqu for

134412-8



CORRELATIONS BETWEEN THE MAGNETIC AND . .. PHYSICAL REVIEW B3 134412

015 ———— — Bi1_XCaXMnO3 (300K)

012} Bi, ,Ca, MnO, 7

XAFS*K®

Fourier Transform Magnitude

Normalized Absorption Coeff.

R(A)

0.00 WL L 1 1 ! " ! N 1 ) 1

6.536 6.538 6.540 6.542 6.544 6.546 6.548
Energy (KeV) FIG. 10. Magnitude of the Fourier transform of
EXAFS*k® (25 A '<k=<123 A1) for the  system
FIG. 9. Temperature-dependent pre-edge spectra oBi;_,CaMnO; at 300 K. The first peak~2 A) corresponds to the
Biy.4Ca gMNOs. Note that the same trend occurs for 0.4 and 0.8.  Mn-O bond distribution. The secon@-2.5 A) and third peaks
(~3.3 A) contain the Mn-Ca/Bi and Mn-Mn correlations, respec-

motivate theoretical calculations. A small increase in the detively. The inset displays raw EXAP? data forx=0.9 at 300 K
gree of M admixture accompanying the loss of ferromag- (S0 line and 10 K (dotted ling. Note that the temperature-
netic interactions upon entering the charge-ordered pha&aependem changes in amplitude are quite small.

would at least be qualitatively consistent with the pre-edge

feature changéi.e., theal feature is weakened/shifted up and thermal disorder effects. Thus the Mn-O first shell in the
with increasing Mn valenge A second possibility involves Bi-substituted system appears to be disordered on a local
the orbital component at the increased Mrsites of the scale relative to the LCMO system. The Bi-induced onset of
charge-ordered phase. Specifically, the static orbital aligneharge/orbital-ordering correlations could contribute to this
ment at these sites should be accompanied by a Jahn-Tellgffect; however, work in our group has shown that the first
energy Up-Shift in the unoccupieeig states. Since thal Mn-O shell feature in the L@:_’C%SMnos spectra do not
feature involves sucke, states, the charge-ordered inducedshow significant change upon entering the ordered state. The
degradation of the low-energy side of thé feature would  spectra above and below the charge-ordering temperature for
be reasonable. Clearly the emergence of consistent pre-edgga Biy ,Ca gMNO; material also does not reveal an appre-

feature changes accompanying the phase changes in theggple first-shell modificatioriTable ). Thus the local dis-
materials should stimulate theoretical calculations of these

spectral features.

F. Mn-K EXAFS

In order to compare the local structure unique of BCMO
samples with LCMO samples, we have performed Mn-K-
edge x-ray-absorption spectra measurements. Representati' |
raw x-ray-absorption spectra data are shown in Fig. 10 as the 1
inset forx=0.9. Note that only small changes in amplitude
occur with temperature.

In Fig. 10, we show the magnitude of the Fourier trans-
form of the EXAFS k® spectra for selected materials in the
BCMO system at 300 K. The first pe&k—2 A) corresponds
to the Mn-O bond distribution. The secorid2.5 A) and 6 1 2 3 4 5 & 7 8
third peaks(3.3 A) contain the Mn-Ca/La and Mn-Mn cor-
relations, respectively. The higher coordination peaks shoula
also be noted. The corresponding curves for the LCMO sys- gjG. 11,  Magnitude of the Fourier transform of
tem at 300 K are shown in Fig. 11. EXAFS*K® (25 A"1<k=<12.3 A"Y) for the system

The position of the first peak is related to the average a, ,CaMnO; at 300 K. The first peak~2 A) corresponds to the
Mn-O bond distance and its width is related to the spread itn-O bond distribution. The secon@-2.5 A) and third peaks
Mn-O bond distances. The amplitude of this peak is charace~3.3 A) contain the Mn-Ca/La and Mn-Mn correlations, respec-
terized by a Debye-Waller-factor-type reduction due to staticively.

Fourier Transform Magnitude
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TABLE |. EXAFS derived structure at=0.8, 0.9, and 1.0.

Sample T (K) R(A) a? C3 c4
Big ,Ca gMNO; 50 1.898-0.002  0.0038 0.0001 —8.00<10 6+6.75x10°® —5.02x10°6+4.14x10°°
Tco=190K 100 1.905:0.004  0.003%0.0003 —6.00<10°6+6.08x10°° —2.18<10°7*+1.12x10°°
S5=0.81 150 1.908-0.005  0.00320.0002 —1.10<10°5+7.80x10°°® —2.50x10 °+1.06x10°°
160 1.903-0.006  0.003% 0.0004 —6.20x10 5+7.23x10°°> —6.50x10°%+1.08x10°®
170 1.905-0.008  0.0038 0.0004 —5.30<10°5+1.07x10°* —3.16x10 6+1.28x10°°
180 1.924-0.008  0.003%0.0005 2.1K10 4+1.11x10° %  —2.24x10 °+1.49x10 °
190 1.916-0.005  0.0034 0.0004 1.3x10°5+7.10x10°® —1.71x10°°+1.39x10°°
200 1.918-0.007  0.0034 0.0004 126610 4+1.07x10°* —1.51x10°+1.13x10°°
210 1.9270.010  0.003%*0.0002 24610 4+1.40x10°*  —1.96x10 °+5.93x10°©
220 1.922:0.011  0.003%*0.0008 1.4x10°%+1.69x10°* —3.03x10°°+1.21x10°°
230 1.918-0.008  0.003%:0.0006 1.0&4104+1.12x10°% —1.90x10°5+1.33x10°°
240 1.926-0.003  0.0034 0.00004 11610 4+4.75x10°° —1.77x10 5+2.37x10°®
250 1.915-0.003  0.0036:0.0003 41%10 4+4.88x10°° —1.77x10 °+1.45<10°°
300 1.918-0.007  0.0046:0.0004 9.4 10 4+1.04<10°* —1.54x10 °+1.37x10°°
Big.1Cay gMNnO; 10 1.895-0.002  0.00530.0002  —3.40x10 4+1.47x10°° 4.47<10°°+2.34x1077
S5=0.88 50 1.898-0.008  0.0058:0.0002 —2.78<1074+1.01x10°* 4.55x107°+4.84x 1076
85 1.897-0.005  0.0062 0.0001 —2.77<10°4+9.18x10°° 7.83<10°5+1.50x10°°
100 1.902-0.012  0.0056:0.0004 —2.37X10 4+2.38x10°° 5.01x 10 °+4.95x 107 ©
125 1.889-0.015  0.0062 0.0004 —3.89x10 4+9.27x 10 ° 5.46xX10°5+1.62¢x10°°
150 1.902-0.002  0.005%0.0011 —2.50x10 4+5.73x10°° 5.19x10°5+1.62<10°°
220 1.903-0.003  0.0056:0.0003 —2.01x10°4+7.81x10°° 5.31X10°5+7.81x10°®
300 1.898-0.003  0.0054 0.0004 —3.26x10°%+1.63x10°° 5.20<10°°+6.10x 10°°
CaMnQ; 300 1.885-0.003  0.003%0.0001 —1.79<10 *+5.69x 107> 7.91x10 6+2.57x10°©
S5=0.90

CaMnQ; XRD (Ref. 39 300 1.899

tortions in the Mn-O shell in the BCMO system appear toorbital-ordering contribution in addition to the local Bi-
be related to the local effect of the Bi substitution and not todistortion contribution. Hence, local disorder induced by the
the longer-range charge/orbital-ordering distortions. In factBi-6s? lone pairs stabilize charge ordering over a large-
in systematic temperature dependent on X-ray-absorptiofloping (x) range and suppresses thg hopping mediated
spectra measurements of the 0.8 and 0.9 systems, nfetallic state.
significant changes in the Mn-O peak shape occur with
temperature.

Detailed first-shell fits were performed o= 0.8 and 0.9
as well as on thex=1.0 and these results are reported in
Table I. For high-Bi contentX<0.8) the spectra can not be  Systematic structural, magnetic, and transport studies on
modeled by Gaussian distributions or cumulafspansion the BCMO system were reported for the doping range
does not convergebecause of the high level of local struc- =0.4. These measurements were correlated with x-ray ab-
tural distortions. This is consistent with the very large distri-sorption spectroscopy measurements. The XAS measure-
bution of Mn-O distances found by neutron diffraction in the ments clearly indicate that increasing Bi content in CaMnO
x=0 end member BiMn@'® stabilizes increasing M character similar to the LCMO

Referring again to the BCMO results in Fig. 10, the system. However, the XAS results also indicate that very
higher-shell Mn-Bi/Ca and Mn-Mn coordination peaks aresubstantial local distortions about the Mn sites accompany
seen to be systematically reduced in amplitude with inthe Bi substitution in contrast to the LCMO system. Indeed,
creased Bi content and in Fig. 11 they were compared to ththe x-ray diffraction data reveal splittings consistent with
LCMO system. This implies that the higher Bi-concentrationlower-symmetry cells as Bi content increases.
samples are increasingly disordered. Again the potential role The phase diagram of the BCMO systéand the mag-
of charge/orbital ordering in this disordering effect must benetic and transport properties on which it is bgsegembles
considered. Work in our group has shown that the third-shelthe LCMO system in some aspects, and differs in others.
(Mn-Mn) feature is strongly reduced in the orderédw-  The similarities to be noted are as follows. At room tempera-
temperaturgphase of the Lg.Ca, sMnO3; material. Thus the ture FM interactions and enhanced electrical conductivity
increasing higher-shell disordéwith increasing Bi content  (decreased resistivityare rapidly stabilized by small levels
in the BCMO system would appear to involve a chargefof A3* substitution. FM fluctuations dominate the

V. CONCLUSION
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