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The superstructure of BixCaMnO; (x = 0.4 or 0.45), which exhibits a charge/orbital-ordered state
at room temperatureléo ~ 330 K), has been successfully determined at different temperatures using
single-crystal X-ray diffraction data and the superspace formalism. This peculiar approach provides a
very convenient way to analyze all possible 3D symmeéa2sfm, Pm andPnn?;) of the superstructure.
The structural model of the ordered state has been confirmed thanks to complementary data from several
other techniques (electron diffraction, high-resolution electron microscopy (HREM), and synchrotron
high-resolution X-ray powder diffraction, all v§). It is compatible with an orthorhombic cela (=
11.002(2) Ab = 7.588(1) A,c = 5.425(4) A at 150 K) and the space groBpn?;. The structural
model is based on the alternation of one double band of Mnr(dgahedra and one double band of
Mn(2)Os octahedra, the two octahedron types exhibiting almost similar distortion. HREM images were
then simulated from the refined atomic positions; the good agreement with the experimental images
confirms the model. Finally, the relationships between structural characterizations and magnetic properties
have been investigated for these compounds.

Introduction angles) and average MO distances provides information
Charge ordering (CO) is one of the most fascinating but ‘?OUt the.elecftromc Stat? .Of eagh Mn S'Fe' Un;‘ortungtely,
controversial phenomena that have been studied to date int e majority 0 ;tructura Investigations Is per ormed on
manganites since the discovery of colossal magnetoresistanc owder manganite samples, so the results are subject to
in these compounds. First established in the J@aMnOs controversy du_e to pseudosymmetry effects. Moreover, the
intrinsic twinning of the crystals makes the structural

seried? with x ~ 0.5 as a 1:1 ordering of M and Mrf* . oo e
species, this effect has been more recently discussed mrefmements tricky®: and it is difficult to prepare large

different L, sCa,sMnOs manganites (L= lanthanidep-® sjngle crystals of half-doped manganites for neutron diffrac-
Charge ordering is associated with orbital ordering (OO) due tion studles.. ,

to the cooperative JahiTeller distortion that exists for Mri However, in a recent accurate single-crystal study e&Pr
and which is detectable by structural studies. Thus, the C%4VInOs, Daoud-Aladine et al. concluded that the standard

magnetic and transport transitions observed in theCey s CO/O0 model is not valid, but that the transition &io '
MnO; manganites are often interpreted as the combined corresponds to a so-called Zener polaron order, the atomic

influence of CO and OG:® The analysis of the Mng® positior_ls suggesting the trapping of electrons within pairs

octahedron distortion (i.e., the Mi© distances and ©Mn—0 of Mn, involving a local double-exchange phenomenon and
a polaronic-like distortiod! For this Pp¢Ca 4MnOz; man-
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space group (SG) while the Zener polaron médeés X-ray data explains the high-resolution electron microscopy
described with thé>nm2, SG (as approximate fdP1ml), contrast.

both SGs belonging to the possible isotropy subgroups of

Pnma which is that observed abovio. Let us note that Crystal Growth

P12,/m1 andPnn®; are supergroups ¢flml. The symmetry

of the structural model of ordering in manganites is currently

still being debated. Recently, a stddlyas performed with ) o ,
time-of-flight neutron diffraction on a high-resolution powder Precursors BOs;, CaMnQ (prepared in air at 80tC, starting

diffractometer at ISIS and with synchrotron high-resolution from CaCQ and MnCQ), and MnQ were mixed in an agate

powder diffraction (SHRPD) on diffractometer ID31 at mortar in stoichiometric ratips Bi:Ca:M# 60:40_:100 _and
ESRF. The authors proposed indeed that thg/2 x 2a, Bi:Ca:Mn = 55:45:100. A BiO; excess (82.5% n weight)
« ap\/2 supercell observed belofio for Pro<CasMnOs was added, placed in a 35 &nmplatinum crucible, and

has aP12//m1 SG and that this compound is compatible with pr%hﬁatgéj at 708C for 12 h. For :jhis mi>.<tur§, the eutectic
the “P2;/m model”, corresponding to Goodenough'’s original ana liquiaus ter?peratures were etermineeat= 720 C_
striped CO picture. and T, = 1044 °C, respectively. The growth was carried

. . i i . out by increasing the temperature upTio+ 50 °C, with a
Bearing in mind the above considerations, the studies \aq of 100°C/h. After a soaking time at this temperature of
carried out on Bi,StMnO3'%16 and Bi—xCaMnOsl7—2!

X 12 h, the mixture was cooled to room temperature with a
systems are of great interest. Bor= 0.5 these compounds 446 of 4°C/h, The crystals isolated from the bulk by heating

exhibit indeed a resistive transition, attributed to the CO/ the mixture in a nitric acid solution had the shape of cubes

OO effect, with high values ofco, ~475 K for BiosSto.s- with a typical dimension of 5 mm, but after a few hours,
MnOs'* and~325 K for BiosCa sMNOs.1"1° However, due  hey were split in the form of small platelets. The energy-
to the lack of single crystals, no precise information has been dispersive spectroscopy analyses of numerous crystallites
reported about the nature of charge and orbital ordering. 5 owed the cationic COMPOSitions “BosCab.4oeMn:” and

Neverthelessj thanks to their _hi'g"bo,_these systems provide  «p; 0.555C.45sMNy” to be confirmed (calculated for one Mn
the opportunity to characterize this ordered state at room per formula).

temperature by combining X-ray diffraction and high-
resolution electron microscopy (HREM) data. As previously
reported for BisStsMnOs,'®* HREM supplies images which
cannot be interpreted assuming the model of the simple A preliminary X-ray diffraction investigation was per-
alternation of M&" and Mrf* octahedra. We have prepared formed on single crystals at room temperature, using Mo
single crystals for revisiting in that viewpoint the systems Ko radiation on a Kappa CCD (Bruker Nonius) diffracto-
Bi—Ca—Mn—0 and Bi-Sr—Mn—0. The crystals obtained meter. LargeQ and y scans were used to control the
in the Ca-based system are sm¥ll 0.1 x 0.1 x 0.1 mn?), crystalline quality of different crystals and to determine the
but the majority of the selected ones have the advantage ofcell parameters. A single crystal of suitable sizé€(10 x
being almost free of twinning (see further), allowing then 0.10x 0.10 mn¥) was then selected. Frames were collected,
an accurate X-ray diffraction (XRD) study. In the present for 0 < 6 < 30°, with a classical strategy using scans at
paper, we report in detail the structural properties of gBi  constantQ andQ scans at constaidt (®/Q2 scans), a small
Ca4MnOs single crystal. The results obtained by single- scan angle (0.3 deg/frame), and a short samgttector
crystal XRD have been completed by crushing the analyzeddistance Dx = 34 mm). The absence of splitting of the
crystal for electron microscopy study and by SHRPD reflections evidenced that the data have been recorded for a
measurements in connection with the physical properties.single domain, as further confirmed during the refinement.
They are last compared with those obtained farsBla 45 The plots of reciprocal lattice planes assembled from these
MnO;, leading to a unique picture for the description of the series of experimental frames are sufficiently complete and
low-temperature state. The model refined from single-crystal have sufficient resolution to examine the presence or absence
of superlattice reflections.
(12) Goff, R. J.; Attfield, PPhys. Re. B 2004 70, 140404. BigsCa sMnO3 exhibits a transition at about 330 K, as
(13) Garcia-Munoz, J. L.; Frontera, C.; Aranda, M.; Llobet, A.; Ritter, C. previously mentioned by Bokov et #.To characterize the
(19) Z%?ﬁe’?%? ég(rﬁ'irgi 2‘.‘"‘31.;5&0’ W.: Cheong, S.Alys. Re. Lett, phase transition, X-ray diffraction experiments were per-
1995 75, 3336. formed at 373 K (abov@cg), at room temperature (rt) (just

(15) Frontera, C.; GaratMufoz, J. L.; Aranda, M.; Hervieu, M.; Ritter, belowTco), and at 150 K (far fronTco) to prevent an artifact
C.; Mafosa, L.Phys. Re. B 2003 68, 134408.

(16) Hervieu, M.; Maignan, A.; Martin, C.; Nguyen, N.: Raveauem. during the structural investigations. Belolio, two types
Mater. 2001, 13, 1356. of reflections can be identified in the diffraction patterns (see

an I\jrogfaesrs&?d;\?aagachu%?i}slFle_fe; /g‘;r(‘)%i' M. Riter, C.; Llobet, A Figure 1 recorded at 150 K). The intense spots, called main

(18) Bokov, V. A.; Grogoryan, N. A.; Bryzhina, M. Rhys. Status Solidi reflections, are characteristic of an orthorhombic subcell with

Crystals were grown by the flux technique, using@i
as a flux, to avoid contamination. For the two batches, the

Single-Crystal X-ray Diffraction

(29) %/3% I2—|0 ;ﬁon T. A,; Croft, M.; Cheong, S.-W.; Woicik, J.Rhys. ap\/2 x .Zap X ap\/Z .(ap being the parameter of the CUbiF
Re. B 2001, 63 134412, ' ' ' perovskite cell), while the weaker ones, called satellite

(20) Chiba, H.; Kikushi, M.; Kusaba, K.; Muraoka, Y.; Syono, Solid reflections, induce a doubling of thee parameter. All the
State Communl996 99, 499. . - . . .

(21) Hervieu, M.; Malo, S.. Perez, O.; BeraP. Martin, C.; Baldinozzi reflections are sharp. The main reflections are consistent with

G.; Raveau, BChem. Mater2003 15, 523. thePnmaspace group for the subcell. The whole diffraction
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Table 1. Single-Crystal X-ray Data of BipsCap4MnO3

room
T=373K temperature T=150K

cell parameters

a(h) 5.484(5) 10.994(7) 11.002(2)
b (A) 7.669(4) 7.589(2) 7.588(1)
c(A) 5.403(5) 5.430(2) 5.425(4)
space group Pnma Pnrg; PnnR;
no. of obsd reflnsi(> 30()) 210 2738 2338
hkl, h=2n 1531 1314
hkLh=2n+1 1207 1024
(sin 6)/Amax 0.67 0.90 0.90
internal reliability factor (%) 5.5 3.8 6.8
refinement program Jana2000 Jana2000 Jana2000
R factor (%)
all 3.8 6.6 6.8
hkl, h=2n 7.0 5.7
hk,h=2n+1 6.1 10.3

necessary, as a function of the exposure time. Data were
corrected for absorption using the Jana2000 progfraithin
the analytical option based on the crystal morphology. The
absorption correction is crucial in our case because of the
bismuth absorption coefficient. The crystal data are gathered
o ' . in Table 1.

i TR - B At 150 K as at room temperature, the observed conditions
Figure 1. (a) (hk0) and (b) hik2) diffraction planes calculated from low-  limiting the possible reflections in the 4D approadax(Z,
temperature (150 K) experimental frames. Indices are given in the modulated 2ay, ap\/Z, 9@, 90, 9, g* ~ 1/2a*) are KIm, k + | = 2n;
cell a2, 28, a2, 90, O, 90", g* = 1/2". hkom, h = 2n; h00, h = 2n; Okom, k = 2n; and 00m,

it be d ived eith ithi lassical orthorh I = 2n, which are consistent with the superspace group
patern can be described either within a classical orthor 0m'ana(OLOO)OOs. Note that the intensity of the satellite

bic supercell approach (supercell parametegs/2 x 2a,

x apy/2) or using the 4D formalism (cell parametexs,/2

X 2ap X ap\/2 and wave vectog* = 1/2a*) developed for

modulated structured Note that the norm of the modulation

vector is invariant in the investigated range of temperatures.
In the superspace approach, a linear combination of four

vectors g, b*.’ ¢*, %), with mteger coefficientsikim are sis of the possible 3D sections of the supercrystal leads to
necessary to index all the reflections. The two types qf peaksthe following space groupsPnn®y, P12:/mil, andP1ml for
described above are then callekdO for the main reflections the supercell (@2, 28, apv'2, 90, 9C°, 9C°)
andhklimwith m= 0 for the satellite reflections. Note that } e IR '
the exact superposition of satellite reflectidiidl and 1 — Finally, a data set was collected at 373 K, abdvg ~
1)ki1 clearly evidences, indeed, the commensurate characteP30 K, as determined by the physical properties and electron
of the modulation (Figure 1b). microscopy (see the_ foIIowmg)_, on a three-circle Bruker AXS
A suitable strategy for data collections was defined, using SMART CCD 1K with a classical2/® scan Dx = 54 mm,
the precession pictures. Owing to the cell parameters and0-3 deg/frame and 45 s for the exposure time). Satellite
the small spot size, a scanning angle oPGfd aDy value reflections are not observed anymore, and the cell parameters
of 34 mm have been choseM/Q scans were used. To beco'rrlleap«/.z,'z'ap, V2, 90, 9C°, and 90. The observed
collect a great number of weak reflections, notably the conditions limiting the possible reflection&IlQk + | = 2n;
reflections corresponding to the superstructumdr, m = hk0, h = 2n; h0O, h = 2n; OkO, k = 2n; and 00, | = 2n are
0 in the 4D approach, dikl, h = 2n + 1 in the supercell consistent with thg space grolfmma These crystal data
description), but avoiding any detector saturation by reflec- aré also gathered in Table 1.
tions of strong intensity, two different exposure times (240  The cell parameters obtained for the ordered state (that
s/deg and 24 s/deg) have been used to collect data at roonis, 150 K and rt) are very close; they are characteristic of an
temperature. For the low-temperature measuremdhts ( O'-type distortion &2 > ¢ > b/+/2), usually associated in
150 K), an exposure time of 40 s/deg has been chosen. Thenanganites with a cooperative Jatifeller effect. In the
diffracted intensities were collected up th = 45°. A disordered state (i.e., 373 K), the lattice exhibits an O-type
redundancy of 2 for 90% of the reflections was chosen. The distortion @& > b/v/2 > ¢), due to the increase of the
EvalCCD software® was used to extract reflections from the parameter associated with the decrease of the others.
collected frames; reflections were merged and rescaled, if

reflections increases with tHandex; this is clearly visible
both on the I(0l) plane and, by comparison, on thiekQ),
(hk1), and pk2) planes (Figure 1a). This effect results from
the transverse nature of the modulation: the main atomic
displacements are thus expected along thelirection.
Considering the superspace grdapmgo.00)00s, the analy-

(24) Petricek, V.; Dusek, Mlana2006-The Crystallographic Computing

(22) De Wolff, P. M.Acta Crystallogr., A1974 30, 777. System Institute of Physics: Praha, Czech Republic, 2000. The

(23) Duisenberg, A.; Kroon-Batenburg, L.; ShreursJAAppl. Crystallogr. program can be obtained from http://sdpd.univ-lemans.fr/DU-SDPD/
2003 36, 220. nexus/jana-sds/janal/jana.htm.
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Structure Determination Table 2. Bip 6Cap.4MnO 3 Average (av), DisplacementA; and B,
Fourier Terms from _Eq 1), and Isotropic Thermal Motion
The interest of a superspace approach is not inmediately Parameters Refined in the 4D Approach at 150 K
obvious for short-period commensurate structures, but it does atom ha{go' « y , o)
provide a general way to unify the description of series where — -

X . Bi/Ca  av —0.54609(10) 0.25§ 0.49153(9) 0.00486(17)
the modulation evplves from commensurate to incom- _ A 0.00245(18) D ~0.01835(15)
mensurate, depending on the temperature or on the composi- B 0° o 0.00329(13)
tion. Moreover, it allows analysis the different possible space av %Cscgg?l”f)i’o 420012)
groups of the supercelPfn?,;, P12,/ml, andP1ml) just A, —0.029(3)/0.029(3)

i iqi i B —0.013(3)/0.013(3)
by changlng the origin of the_ se_ct|0n (_)f the sgpercrys_tal,_as Mn(L) a\ll A 05 0.5 0.0016(4)
detailed b_elow. This I{ist point is particularly interesting in A —0.0020(4) ~0.0021(3)  0.0196(3)
our case since three different space groups can be considered B, O° o » o
. : 0(1) av 0.0203(12) 0. 0.5804(13) 0.0061(14)

to model the superstructure of the;BiCaMnOs series. A 0.0061(15) B 0.0201(17)

Using only the main reflections, the average structure in o0 By %02%8%%7) %5416 . an 0879 0.0065(11
the cellapy/2, 22, 8,v/2, 9C°, 90, 9C° has been solved at rt @ A pEeree Oldoog(é)),o_o(')%(lé)) 006511
as well as at 150 K, allowing the localization of all the atoms. B, —0.0030(11) 0.0016(10)-0.0359(14)

To evidence the existence of possible twinned domains, the  arixed because not significartFixed by symmetry.
twin laws referring to the pseudocubic nature of these
perovskite-type structures were introduced in the refinement
procedure for the two crystals BCa sMnO; and Bps£Ca 45
MnOs. The ratios of the six twinning variants have been
refined. The main domain represents about 99% of the crystal
volume, confirming the quasi-single-domain character of the
crystals and, by the way, their high quality for X-ray

duced for describing the Bi/Ca distribution, is not significant,
outlining a random Bi/Ca distribution on the site.
Crystallographic analysis based on the superspace formal-
ism provides the structure of a supercrystal in a space of
higher dimension; the actual structure of the crystal corre-
sponds to a section of the supercrystal by the physical space.

. . . In the supercrystal atoms are described using atomic strings
refinement. The two Bi nO; and B nO ) ) .
BleC 2o MnOs bseCa.4MNOs running along they axis. For an incommensurate phase, due

single crystals selected for the X-ray diffraction study were o the irrational value of the* wave vector. all the points
crushed and characterized by transmission electron micros- ° ' P

copy. The electron diffraction investigation confirmed the of thq "’.‘tom'c strings can be reached and then all the choices
rareness of twinning domains, and the bright/dark-field of origin to along x, for the sectlon. are relevant, .For a
imaging study showed that they only appear in the form of commensurqte phase,.only some points of the atom!c str.m'gs
very small twinned areas corresponding to two variants have a phy3|cal_mean|ng and t_hen the ph0|ce of this origin
generated by the permutation @andg, on one hand, and to becom_es crucial. All th_e pos_s_lble sections as well as their
of band [101], on the other hand. The presence of oriented symm_etrles s?ould be_ |dent|I|ed. A symmetry operator
domains often hinders accurate refinement of the distor'ced(:h":”.]glng thqq vector into —q* would belong .to al! the
perovskite-type manganites; the weak amount of observedsecnons’ while the symmetry operators leawjignvariant

twinned domains in our samples prevents such effects. are present only in some particular sections. _Thus, in the
present case, the particutge= 0 andt, = 1/8 sections have

Thereafter, to simplify the description of the refinement oo, igentified: they correspond to the 3D symmefPiEa,/
procedure, only BjeCa s;MnO; will be considered; it could 11 andpnne,, respectively. For any other section of the

be generalized for BssCa 4MnOs. supercrystal, the corresponding 3D space gro@iisl. All
Using only satellite reflections, a starting superspace modelthese sections of the supercrystal have been tested. Fgr Bi
is determined by applying small displacements alang, Ca.4MnO;, the sectiorty = 0 leads to an agreement factor
andz to the different atoms. Each atom is thus described of 19.5% on the satellite reflections against 11.8% in the
with an average positiomy and a displacement; this sectionty = 1/8, showing that thé?12/ml space group
displacement is expanded using a Fourier series: cannot allow a good modeling of the structure. Therefore,
the sectiorty = 1/8 was considered afterwards. As expected
U, = ZAn sin 27X, + B, cOS 21X, 1) for such a transverse modulation, the main displacement
n direction of all the atoms is observed along taxis. The

] _ ) _ ] main results of this refinement are given in Table 2. At this

The sign of these displacements is tested via a trial and eIMOlstage of the refinement, the atomic displacements are
method. All the reflections can then be used; a unitary modeled using harmonic functions (Fourier series developed
weighting scheme is considered to increase the weight of yp tg the first order). Real displacements are certainly more
the satellite reflections in the refinement and then to improve complex, and then such a 4D treatment is oversimplified.
the convergence. The harmonics used to describe therq relax the resulting restraints, the superstructure (cell
displacements of all the atoms have been developed up top5 /2 2a, a,v/2, 9, 90°, 90°) was extracted and refined
first order o= 1in eq 1). in a classical 3D way. This procedure has been applied for

To take into account the partial occupancy of the Bi site the data collected at 150 and 300 K. The model is then
by Ca species, a modulation of substitution has beenrefined, and it quickly converges. The atomic positions in
introduced. The average occupancy of the site correspondghe Pnn2; supercell, obtained for BiCa 4MnOs at 150 K,
to 0.60(1) Bi/0.40(1) Ca. The modulation function, intro- are reported in Table 3a. Different refinements in fienl
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Table 3. Atomic Coordinates and Thermal Parameters at 150 K in the peak should be observed in the monoclinic one, as
the Supercell evidenced for RrCay /MnOs.1 Figure 2b shows a simulation
atom site  x y z occupation  Usso (A?) of the 402 and @2 reflections using a monoclinic hypothesis
_ (8) BiosCa.aMnOs3 (8 = 90.08) and the profile parameters of the ID31
Bi/Ca(l) 2a 0.85084(9) 025 0.5 0.62(2)/0.38(2) 0.0055(3)

BilCa(2) 2a 0.35192(10) 0°5 0.4679(4) 058(2)/0.42(2) 0.0058(3) diffractometer. Despite.the tiny deviat_ions expected for
Bi/Ca(3) 2a 0.39751(11) (°0 0.4932(3) 0.58(2)/0.42(2) 0.0039(2) (B = 90° + ¢), the experimental resolution should allow the

Bi/Ca(4) 2a 0.89721(10) 020 0.5085(4)  0.60(2)/0.40(2) 0.0076(3) ; it —
M) _ 4b 0.12493(18) 0.7489(3) 0.5067(6) © 1 0.0023(4) observation of such a small splitting up to= 0.025.

Mn(2) 4b 0.62623(19) 0.7521(3) 0.4799(5) b 1 0.0015(4) Comparing parts a and b of Figure 2 confirms the absence

O(1) 2a 0.8614(14) 0% 0.085(3) i 0.007(2) of a8 deviation with regard to 90for Big ¢Ca 4sMnOs. This

8% gz 8%12383 8::3 8:@3322 b 8:88%?2()17) ESRF study allows confirmation of the orthorhombic metric

0@ b 023403 07112 01963 1 ooisgy O system.

0() 4b 0.9809(8) 0.7106(13) 0.3179(19) 1 0.0029(12) The reco_nstrucnon of the reciprocal space was carried out

O(7)  4b 0.4789(7) 0.7086(13) 0.2487(16)" 1 0.0007(11) at 90 K using a JEOL 2010 electron microscope. For the

O(®)  4b 0.7314(8) 0.7062(13) 0.1951(17)° 1 0.0026(12) different crystal flakes, the selected area in the ED working
, (b) BiossCav.4MNOs mode was varied, using different apertures for recording the

Bi/Ca(1) 2a 0.85065(9) %5 0.5 0.54(2)/0.46(2) 0.0058(2) ~\\hole crystallite or selecting small zones and testing the

Bi/Ca(2) 2a 0.35272(9) 0%5 0.4695(3)  0.52(2)/0.48(2) 0.0071(3) ys g ar g

Bi/Ca(3) 2a 0.39565(10)20 0.49646(18) 0.52 (2)/0.48(2) 0.0059(2) homogeneity of the crystal. Three characteristic ED patterns,

Bi/Ca(4) 2a 0.89685(11)%0 0.5120(3)  0.54(2)/0.46(2) 0.0106(3) ; ;

Mn(1) 4b 0.12319(19) 0.7469(2) 0.5067(4) b 1 0.0062(3) [010], [,100]’ and'[OOl], are given in parts a, b, and c,

Mn(2) 4b 0.62630(17) 0.7508(2) 0.4811(4) ° 1 0.0020(3) respectively, of Figure 3, where they are compared to the

8&; ga g-?fﬁgggg g g-igig; i 8-8(1)252()14) theoretical ones calculated using the atomic positions refined

a . . . . .

0(B) 2a 06162(12) © 0417(2) ® 0.0076(19) in the Pnn_Ql space group (Table 3a). The_le_lrge majority of

O(4) 2a 0.3717(13) ® 0.074(3) @® 0.013(2) the experimental [100] ED patterns exhibit the condition

O(5)  4b 0.2335(11) 0.7099(16) 0.207(2) ® 1 0.026(2) i ; ; _ e

O() 4b 09819(7) 0.7101(11) 0.3207(16)° 1 0.0078(13) Ilmltmg possible rgflectlpnslq, k+1=2n, copﬁrmmg the

O(7)  4b 0.4790(6) 0.7073(9) 0.2554(12)° 1 0.0008(9) existence of am glide mirror in agreement with thenn;

0O(8) 4b 0.7320(9) 0.7067(12) 0.2052(16)° 1 0.0114(15) space groups for tha ~ 2ap\/2, b ~ 2ap, Cc ~ ap\/z
aFixed by symmetry? Parameters fixed during the refinement. supercell. When working with small apertures, very weak

extra reflections K, k + | = 2n + 1, can be observed in

space group, starting from different initial atomic positions, some [100] SAED (small-area electron diffraction) patterns,
deduced from thé®12,/ml andPnn®; space groups, were  suggesting local structural distortion, which could be gener-
carried out. All these refinements converge toward the model ated by different effects such as the oxygen content, the Bi/
previously obtained in thEBnn; space group; no significant  Ca distribution, and also the role of the?Gsne pair of Bf*.
deviation is observed. Moreover, despite the increasing Nevertheless, this local distortion is both very weak and
number of refined parameters, the reliability factors are not rarely observed. Moreover, the bright/dark-field imaging
improved. Then a lowering of symmetry froRnng; to study confirmed the absence of microtwinning phenomena
P1ml cannot be proved on the basis of the XRD refinements. and tweedlike contrasts, which are commonly associated with

Finally, a refinement has been performed to determine thesuch small monoclinic distortion in manganif&sThis
orthorhombic structureRnm3g of BiosCa.4MnO; at high electron microscopy study is then in agreement with all our

temperature (373 K). XRD experiments.
_ SHRPD and ED investigations are both in agreement with
Accurate Symmetry Analysis the orthorhombic metric (in the limit of accuracy of the

techniques, i.e3 = 90° with AS < 0.02). They validate
the choice of thé>nn; space group for the refinement of
the Bip¢Ca 4qMNnO; superstructure.

In the previous section, it is clearly shown that tfRnir;
model” allows a better fit of our data than the2;/m model”.
However, a tiny as previously reported fop B€a MnO3,*t
cell distortion f = 90.76(2}) and possible lowering of
symmetry leading to theP1ml space group could be Temperature Dependence of the Structures

considered (cell &2, 28y, 2pv/2, 90, , 9C°). An accurate Analysis of the Pnma Structure at T = 373 K. At high
analysis of the symmetry has thus been performed by temperature, i.e., aboves,, a single Mn site is used for
combining SHRPD and electron diffraction (ED) at low  gescribing the structure in tinmaspace group. Two apical
temperature. _ _ _ Mn—0(1) distances equal to 1.959(2) A and four equatorial

The X-ray powder diffraction experiment was performed Mn—0(2) distances equal to 1.977(6) A are observed. The
at ESRF (Grenoble, France) on the ID31 beam line. Severalegyiting Mn environment corresponds thus to a quite regular
crystals picked from the batch of that used for XRD were gctanedron (slightly flattened), and the angle MB(2)—
crushed to obtain 30 mg of powder. Data were collected at \j ~ 154° evidences the octahedron tilt in the polyhedral
373 K, rt, and 150 K using a wavelength of 0.4 A. Figure framework. This structure provides us with a reference for
2a shows a focus on thg experimental p.eak obgerved9for 2 the geometry of one MnQoctahedron unaffected by CO/
close to 11.9 at 150 K; it can be associated with the 402 o0 gistortion, useful for analyzing low-temperature results.
and D2 reflections in the supercell description (ceih?2,

ZaP*_ ap‘/z*_ o0, 9C°, 90). These two rEﬂeCtion_S _are (25) van Tendeloo, G.; Lebedeyv, O. I.; Hervieu, M.; RavealR&. Prog.
equivalent in the orthorhombic symmetry, but a splitting of Phys.2004 1315 67.
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Figure 2. High-resolution synchrotron diffraction patterns. Focus on the position of the 402 reflection: (a) observed and (b) simulated in monoclinic
symmetry withg = 90.05. The indices are those of thinn2; supercell.

Analysis of the Pnm2; Structure at T = 150 K. The oriented, are shorter (1.88(1) A) and longer (2.07(1) A). It
projection of the structure of BiCa 4MnO3 along b and still results in an elongation of the octahedron, which is
the calculated interatomic distances obtained from the datahowever less pronounced than that of Mn(d.)The longer
at 150 K are given in Figure 4. One observes two sites for diagonals O(5yMn(2)—O(7) are evidenced in Figure 4. Two
manganese, labeled Mn(1) and Mn(2), whose average®Iin  descriptions of the structure can be proposed.
distances are close, i.eMn(1)-O0= 1.98(3) A and In the first description, the Mn(1)$£and Mn(2)Q@ octa-
Mn(2)—O00= 1.96(3) A. Bearing in mind the significantly  hedra form double layers [Mn(1)/Mn(1)and [Mn(2)/Mn-
larger size of MA&" (0.64 A) compared to Mt (0.53 A) (2)]», parallel to (100) and alternating alof@g(Figure 4,
according to Shannaof this similarity suggests the absence left part).
of formal charge (MA" and Mrf*) ordering in this oxide. In the second description, one considers that the structure
This is also in agreement with the bond valence sum s built up from double ribbons of Mn(1)/Mn(2)](Figure
calculations which lead to 3.42 and 3.55 for Mn(1) and 4, right part). The elongated diagonals of the octahedron
Mn(2). However, the comparison of the Mi©® distances  within “Mn(1)/Mn(2)” pairs, i.e., @ orbitals, are almost
(Table 5) in the basal plane of the high-temperature and 150collinear, with Mn(1>-0O(5)—Mn(2) angles of 158 Thus,

K structures outlines the distortion of the octahedra. the structure of BjigCa.MnO;z is strongly governed by a
The Mn(1)Q octahedra are clearly elongated in the basal fish-bone-type ordering of thezabrhitals of manganese based
plane, with two opposite long MrO equatorial distances  on the existence of Mn(1)/Mn(2) pairs characterized by an
(2.08(2) and 2.07(1) A), two short equatorial distances orbital overlappingThese atomic pairs have been associated

(1.90(1) and 1.91(1) A), and two medium apical distances with Zener polarons in ref 11.

(1.94(1) and 1.95(1) A). The direction of the longer M@ The right part of Figure 4 shows the distribution of the
equatorial distances corresponds to the orientation of the d different oxygens in the basal plane; the role of O(7) and
orbitals. Consequently, the elongation of this Mn(d)O O(6), which connect two adjacent [Mn(1)/Mn(2)] pairs of
octahedron resembles a “small” Jatifeller distortion; they  octahedra, will be detailed in the analysis of HREM images.
can be compared, as examples, to those observed at rt in Analysis of the Structure at T = rt: Average Effect?
LaMnO; (two long Mn—0 equatorial distances, 2.178(1) A, At rt, due to the width of the CO/OO transition and the
two short Mn-O equatorial distances, 1.907(1) A, and two proximity of the data collection temperature frofgo, the
medium apical distances, 1.9680(3f)fand in BiMnQ; (two transition could be considered to be still evolving. As

long Mn—0 equatorial distances, 2.2 AZ two short MO mentioned above, the extra reflections in the ED patterns,
equatorial distances, 1.8 A, and two medium apical distances which are the signatures of the ordering, are clearly visible
2.0 A%, at room temperature for numerous crystallites. The room

The description of the Mn(2)0octahedron is more  temperature structure of &CaMnO;is considered as also
ambiguous; the basal plane of the octahedron is less distortedcharacterized by a doubling of tlgparameter and the same
Two intermediate Mn(2)O distances (1.95(3) and 1.96(1) symmetry as the low-temperature one, i.e., an orthorhombic
A), 90° oriented, are observed, and the two others, al$o 90 cell with 2apJ2, 2ay, andapJZ and the space grolgnn®;.
However, for some crystallites, even working as further

(3675) Shannoln,;i. Dﬁcte} Crystalll?gr-,lAlE)?g 331,775i—767. described with a low electron beam intensity and quickly
2283 prown, Do é’r’;,s'tglgztf %%93928 ey recording the ED patterns, satellite reflections are not

(29) Brown, D.; Altermatt, D Acta Crystallogr., B1985 41, 244—247. observed. The as-observed state could be thus associated with
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Figure 3. (a) [010], (b) [100], and (c) [001] ED patterns, recorded at 92 K, indexes iRtim; supercell. The conditionkd, k + | = 2n (b), confirms the
existence of am glide mirror. Thehk0 extra reflections of the ordered phase are more intende=fo2n than forh = 2n+ 1 (outlined by small white arrows
in (c)). This is more easily visible in the enlarged pattern; the 003 reflection (denoted also as 200UD formalism, usindnkimindices). The patterns
on the right-hand side correspond to ED calculated from the refire2; model.

an intermediate state between the nonordered (with the high-displacements and justifies its use to explore such CO/O0
temperature structure) and ordered (with the low-temperaturetransitions.

structure) ones, and it outlines that the coexistence of two Temperature Dependence of the Lattice Parameters.
domains induces an average rt structure. This is in agreementCrushing crystals to record X-ray powder diffraction patterns
with the SHRPD measurements, which evidence only one complements this X-ray single-crystal analysis. The tem-
set of cell parameters at 373 K Tco) and at 150 KTco) perature-dependent structural characterization over the range
but two sets of cell parameters at rt (slightylco). 150-700 K was realized using the X-ray powder diffrac-
tometer Bruker D8 (Cu K, energy-dispersive SOL-X
detector) equipped with an MRI TC-wide-range temperature
chamber. The measurements were performed under an
. ambient atmosphere. Two scans were measured for each
!ong .(.2'07.(2) As d < 2.08(1) A) Mn-O opstances are temperature and the measured intensities compared to check
|der1t|f|ed in the basa! plane for each Mn (Figure 5), bat d the thermal stabilization of the sample structure. The X-ray
orbitals (_:annot be evidenced by long d'ag9”a'3 as at 150 K. yittraction patterns were evaluated by Rietveld profile
Accounting for the SHRPD and electron microscopy results, analysis using the FullProf_Suite of progra#i$lo spec-

the interatomic distances and bond angles calculated on th&gcylar structural transition is observed in this temperature
basis of the refined model are no longer discussed herein.

How_eygr, thls_result is mterestmg_beca_use it underllnes_the(3o) Rodriguez-Carvajal, J.: Hennion, M.; Moussa, F.: Moudden, A. H.:
sensitivity of single-crystal X-ray diffraction to small atomic Pinsard, L.; Revcolevschi, &hys. Re. B 1998 57 (6), R3189.

The XRD data on the single crystal have been refined at
rt. The oxygen environments of Mn(1) and Mn(2) are quite
similar; two short (1.82(1) A< d < 1.95(1) A) and two
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Mn(1)O, Mn(2)O, Mn(1)/Mn(2)Mn(1)/Mn(2)
ribbons ribbons pair pair

Figure 4. Drawing of the 150 K structure of BsCa.4MnQOs, projected in theac plane. In the left part, the light gray and dark gray polyhedra correspond

to Mn(1)Gs and Mn(2)Q ribbons, respectively. In the middle part, the in-plane interatomic distances are reported, while in the right parititaldrder

is modeled. Mn(1) and Mn(2) are symbolized using light gray and dark gray circles of medium size, respectively; oxygen atoms are represented by small
circles and Bi/Ca atoms by large circles.

Table 4. Bip€CapsMnO 3 Atomic Positions and Isotropic Thermal recorded at rt. It should be noted that the extra reflections
Parameters atT = 373 K of a few crystallites are scarcely detectable or absent.
name site X y z occupation  Uiso (A) Nevertheless, the HREM images recorded in the latter
Bi/Ca 4c 0.04345(15) 0.25  0.99448(14) 0.58(2)/0.42(2) 0.0126(3)  conditions are of interest since they are characteristic of the
Mn 4b 0.8 0.5 0.0 1 0.0068(8) d th . ' h
01 4c 04825(19) 0.25  0.0722(18) 0.015(3) Pnmatype structure, and the expgnmenta omogeneous
02 8d 0.2077(11) 0.5402(9) 0.2063(11)" 1 0.0159(18) contrasts of the through-focus series attest to the random
aFixed by symmetryb Parameters fixed during the refinement. distribution of the Bi and Ca atoms in the crystallites, in

agreement with X-ray diffraction results. For the majority
range. Consequently, due to the quality of the data andof the crystallites, the intensity of the satellites and the
notably the weak intensity of the satellite reflections, all specific contrasts of certain HREM images associated with
patterns were refined using tiRnmasubcell g,v/2, 2a,, the CO/OO effect are clearly visible at rt. However, after a
a2, 90, 90°, 90°). These calculations lead to an interesting  long exposure time under an intense electron beam (typically,
evolution, which is reported in Figure 6. As previously 10 min or a few tens of minutes, which are common
discussed, the low-temperature structure exhibits ‘aty(i conditions for HREM observations), they could decrease, so
distortion @ > ¢ > b/+/2), associated with a cooperative e worked using a low electron beam intensity and shorten-
Jahn-Teller effect in the manganites. The three parameters jng the observation times for avoiding transition phenomena.
increase slowly with the temperature, and a variation of the Theoretical images have been calculated for the ordered
lattice parameters appears Bt~ 310 K. The structure  stryctures, using the refined parameters in Table 3 and
becomes at that ime an O type b/v/2 > ¢); the transition  yarying the crystal thickness in the range-2®0 A and

occurs in a temperature range o0 K. This structural  the focus values. They allow correlation of the observed
effect, associated with the orbital ordering phenomenon, is images with the refined structural characteristics.

also visible in the volume v3 curve given in the inset of The experimental through-focus series shows that/2
Figure 6. The hysteresis effect has also been studied in the P g

vicinity of the structural transition, from 180 to 360 K. This a_nq the per'Od'(_:'ty’ which are the signatures of CO/OO’. are
study shows a difference 0£10 K for the characteristic visible for certain focus values. Two of these characteristic

temperatures in increasing and decreasing modes; the transi(-:r? ntr_astsl ar((ajgwen n Flggre /- .m thﬁ top parF of eaclh panel,
tion temperature is of course higher in the increasing branch.! ﬁ simulate hlmsges are mse; mtort] e explerlment?l Images,
These modifications in the cell parameters, which arise just WNe'eas In the bottom part of each panel, a small zone is

around room temperature, are thought to be responsible foreX@ggeratedly enlarged to be compared with the [010]
s Projections of the structure, by considering the octahedron

the fragility of the crystals, and thus for their small size, a ;
mentioned in the experimental part. They also lead to an framework with gray Mn(1)@octahedra and dark Mn(2)0

average structure for the state observed at rt in the previous®ctahedra.

section. The first signature, obtained for focus values where the
ED and HREM Study at rt. The high-resolution electron  high electron density areas are imaged as brighter dots, is

microscopy studies were carried out at room temperature,the “double-band” contrast. This effect is only observed in

with a TOPCON 002B electron microscope, having a 1.7 A the thicker parts of the crystallites (estimated between 60

point resolution ¥ = 200 kV andCs = 0.4 mm). and 100 A), in the form of two adjacent rows of gray spots
Keeping in mind the previous results, it is important to alternating with two adjacent rows of less gray spots. The

note that the [010] ED patterns and [010] images have beencalculated images & 90 A andAf ~ —900 A for the inset
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Table 5. Cation—Oxygen Distances (A) at 150 K

Bi(1)—O(1) 3.191(16) Bi(2)-O(1)i 2.424(16)
Bi(1)—O(2)i 3.101(15) Bi(2)-O(3)' 3.099(18)
Bi(1)—O(2)i 2.361(15) Bi(2)-O(3) 2.358(18)
Bi(1)—O(4)i 2.415(18) Bi(2)-O(4)i 3.119(18)
Bi(1)—O(5)¥ 2.600(15) Bi(2)-0(5) 2.535(15)
Bi(1)—O(5) 2.600(15) Bi(2)-O(5) 2.535(15)
Bi(1)—0(6) 2.356(10) Bi(2)-0(7) 2.418(9)
Bi(1)—O(6)" 3.343(10) Bi(2}-O(7)¥ 3.260(9)
Bi(1)—O(6) 2.356(10) Bi(2)-0(7) 2.418(9)
Bi(1)—O(6)i 3.343(10) Bi(2)-0O(7) 3.260(9)
Bi(1)—0(8) 2.623(10) Bi(2)-O(8) 2.702(10)
Bi(1)—O(8) 2.623(10) Bi(2)-0O(8)" 2.702(10)
Mn(1)—O(L)i 1.939(5) Mn(2)-O(3)¢ 1.932(5)
Mn(1)—O(2)i 1.949(4) Mn(2)-O(4)i 1.959(5)
Mn(1)—0(5) 2.080(15) Mn(2)}0(5) 1.953(15)
Mn(1)—O(6)i 1.904(10) Mn(2)-0(7) 2.070(8)
Mn(1)—O(6)" 2.068(10) Mn(2)-0(7)¥ 1.880(9)
Mn(1)—O(8)" 1.908(9) Mn(2)-O(8) 1.956(10)

Bi(3}-0(2) 3.114(13) Bi(4)-0(1) 2.325(18)
Bi(3)-0(3) 2.450(16) Bi(4)- O(1)* 3.144(18)
Bi(3)-0(4) 2.37(2) Bi(4)-O(2)¢ 2.430(13)
Bi(3)-O(4) 3.08(2) Bi(4)-0(3) 3.143(16)
Bi(3}-O(5)¢ 3.259(15) Bi(4)-O(5)i 2.376(15)
Bi(3)-O(5) 3.259(15) Bi(4)-O(5) 2.376(15)
Bi(3}-O(7) 2.724(9) Bi(4)-O(6)" 2.592(10)
Bi(3)-O(7)i 2.500(9) Bi(4)-O(6) 2.671(10)
Bi(3)-O(7) 2.724(9) Bi(4)-O(6) 2.592(10)
Bi(3)-O(7)" 2.500(9) Bi(4)-O(6)"ii 2.671(10)
Bi(3)-0O(8)i 2.374(10) Bi(4)-O(8)¢ 3.338(10)
Bi(3)-0(8) 2.374(10) Bi(4)-O(8)"i 3.338(10)

aKey: ()2—x12—y,12+z (i)l —x 12—y, —12+z (i)l —x, 12—y, 12+ z (V)1 —x 32—y, 112+ z (V) 1—x —1/2+y,1/2
+z(Vi)2—x 32—y, 12+ z (i) X1 —y,z (Vii)2 —x, —12+y, 12+ z (iX) X,y, 1 + z (X) X, =1+ vy, z (Xi) 1 + Xy, z (xii) x,1+y, z (xiii)

-1+xVyz

Mn(1)O, Mn(2)O,
ribbons ribbons

Figure 5. Drawing of the rt structure of B&Ca 4MnOs, projected in the
acplane. In the left part, the light gray and dark gray polyhedra correspond
to Mn(1)Gs and Mn(2)Q ribbons, respectively. In the right part, the in-
plane interatomic distances are reported.
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with the cation positions: the double rows of gray spots are
associated with the double rows of Mn(1), and Bi/Ca(1) and
Bi/Ca(4), whereas the darker ones correspond to the double
rows of Mn(2), and Bi/Ca(2) and Bi/Ca(3). From the
calculated images, it appears that the tiny contrast difference
between the two types of double rows (gray and less gray)
is generated by the difference in the cation environments.
Such image contrast is of interest since it shows that one
important signature of the ordering is the existence of
alternating cation double rows.

The second contrast (Figure 7b) is more easily visible and
characterized, for focus values where the low electron density
zones are highlighted, by the appearance of single brighter
rows (see the vertical bright arrows in Figure 7b), spaced
by 11 A alonga. The origin of the single bright row, as
observed in Figure 7k & 30 A andAf ~ —225 A) is more
difficult to interpret directly in terms of the projected
structure. The rows of brighter spots are indeed associated
with the positions of the oxygen O(6), which is the common
vertex between the two Mn(1)®ctahedra in the equatorial
plane (Figure 4). The positions of the oxygen O(7), which
is the matching atom in the adjacent double band, i.e., the
common vertex between the two Mn(2)6ctahedra in the
equatorial plane, exhibit a darker contrast (top of Figure 7b).
We have to keep in mind that tiRnmastructure exhibits a
single position for the equatorial oxygens which, through
the ordering phenomena, turns into four different positions,
0O(5), O(6), O(7), and O(8). This peculiar image highlights
the different “roles” played by O(6) and O(7), separating
the two types of double rows of octahedra.

Note that, in a general way, the associated contrasts are
similar but considerably lighter than those previously reported
for the Bi,—,Sr,MnO; compound® and that the quality of
the image is lowered by the fact that we work at a

Figure 6. Temperature dependence of the lattice parameters, from X-ray temperature close to the transition and that several contrast

powder diffraction Pnmaspace groupap«/z, 2ap, ap«/2); the cell volume
is also plotted in the inset.

one in Figure 7a) confirm that the double-band effect with

effects are recorded in rather thick zones. To draw a definite
conclusion on the symmetry of this ordered state, calculations
based on th®2;/m model have also been carried out; none

double rows of gray and less gray spots is generated forof these simulated images provide contrasts completely fitting
crystal thicknesses higher than 60 A, as experimentally with the characteristic experimental ones, whatever the focus
observed. They confirm that all the bright spots are associatedand crystal thickness. The model of the alternating single
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Figure 7. Examples of [010] HREM typical images, showing two signatures of the modulated structure. The simulated images are inset into the experimental
ones. At the right of each panel, simulated image and structure are associated. (a) “Double-band” contrast, where the cation positions ace Tighlight
double bands are associated with the double rows of Mr(&j@ Mn(2)Q octahedra. (b) Example of an image showing 11 A spaced rows of bright spots,
associated with the positions of the O(6) oxygens. White and gray arrows are associated with O(6) and O(7) oxygen positions, respectively.

rows of “Mn*” and “Mn**” can then be definitively refuted  refinements carried out lead to atomic coordinates and
for Big.¢Céa sMnOs. thermal parameters which are very close to those obtained
Comparison with BigssCap4gMnO3. The two samples  for BiggCa sMnOs. This is only illustrated by the 150 K
Bip.cCa 4MNnO; and BpsCa 4sMNO3 are characterized by  results given in Table 3b. They lead to similar descriptions
similar ED patterns, HREM images, and behavior under the of the supercell and MnO framework, but the M@
electron beam. The same procedure has been followed tadistances between the two samples are not compared due to
study a single crystal of this close composition. The different the lack of precision concerning the oxygen positions in the
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to confirm (or not) this evolution and particularly to know
if the domain betweeiico and Ty continues to increase. For
each compound, two linear paramagnetic domains are
evidenced abovd@co and betweeMco and Ty; they allow
determination of two critical paramagnetic temperatués.(
The highes®, is similar for both compound€8(, nr = 160
K), evidencing ferromagnetic correlations. The lowext
corresponds to the Debye temperature; it decreasesi@dn
K for BiggCa4MnOs; to —10 K for BigssCay4sMNnOs,
indicating a reinforcement of the antiferromagnetic interac-
tions when the Bi/Ca ratio decreases. It is difficult to fit the
data by a CurieWeiss law due to the short temperature
range of the linear regions, particularly for the high-
temperature domains. In fact, it should be interesting to
extract theuer value for each domain to compare them and
test the validity of the Zener polaron proposed fay e 4
Mn03.11

The bump (Figure 8b) attributed to the CO is moved to
lower temperatures (fromy10 K) when the measurement is
made at decreasing temperature in agreement with the X-ray
data.

Unfortunately, transport properties have not been studied
due to the too small siz&/(< 0.1 x 0.1 x 0.1 mn¥) of the
samples.

Discussion and Concluding Remarks

The difficulty in obtaining one “ideal sample” (large
crystals without twinning domains), the number of various
intrinsic parameters in such ternary oxides, and the pseudo-
symmetry of the structures make necessary the use of
complementary techniques. The structures f BlaMnOs
with x = 0.4 and 0.45 have been solved using single-crystal
X-ray diffraction at different temperatures, above, just below,

Grey and black symbols correspond to measurements performed increasingand far belowlco, HREM, in connection with X-ray powder

and decreasing, respectively.

absence of neutron diffraction data (not yet performed, due

to the too small size of the crystals).

Magnetic Properties

diffraction, and magnetization measurements. The structure
determination has been successfully performed thanks to the
growth of the single-variant nature of the crystals.

The most important result deals with the determination of
the space group of the ordered phase at 150 K, using the 4D
formalism as the starting point, combined with information

The magnetic measurements were performed by usingfrom SHRPD and TEM techniques. The study at 150 K leads
several crystals together for each compound to have 0.03 gto the Pnn2; space group, and the atomic positions show
in a SQUID magnetometer, at 1.4 T, increasing the temper-that orbital ordering is the driving force of the structural

ature from 5 to 400 K.

transition. The elongation of the M@ctahedra in the basal

The magnetization curves of both samples have similar plane is associated withzdrbital ordering and with small
shapes. They are characteristic of antiferromagnets with Jahn-Teller distortions, in agreement with the cooperative

maximal moments reaching ondy0.075ug at 1.4 T with a
small field-cooled-zero-field-cooled effect. Only the inverse
susceptibility versug curves are shown Figure 8. They allow

effect shown by the evolution of the cell parameters versus
temperature. The distortion of the MaOctahedra leads to
the formation of manganese pairs exhibiting almost collinear

two characteristic temperatures to be determined for eachdz orbitals.
sample. The charge order temperatures are very close, slightly The results of the structural refinement and double-band

higher for Bp s8Ca.49VINO3 (Tco = 330 K) than By eCap s
MnO;s (Tco = 327 K). In contrast the difference between
the Neel temperature3y) is more important and lower for
Bi0,55C6b,4gNIn03 (TN = 122 K) than Bd)gC&)g;MﬂOg (TN =
140 K). In the same way, the structural Tat) and magnetic
(at Ty) transitions are a little bit broader for &Cay MnO3
than Bpss:Ca.49VINO3. Note at this point that it should be
very interesting to characterize crystals of &a sMnO;

contrast of HREM images are notably consistent. They show
that the structure is thus better described by a 2:2 manganese
order—as proposed in BkCa MnOz—than by a 1:1 order.
Note that the structure analysis shows that the average
charges of the two different manganese types are very close
in BipeCa.sMnO;z; and Bp s:Ca& 49VINO3, in agreement with

the structure proposed for R€a MnOstt and in contrast

with the classical picture of the 1:1 model.
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Bi1—xCaMnO; (Tco = 330 K forx = 0.45 and 0.4) behave  compared with the rare-earth manganites, in which the
in the same manner as Ln-based manganites for the temdinteraction is essentially purely ioni€. These Bi-based
perature dependence of their cell parameters, related to thgerovskites behave as Ln-based manganites for the temper-
cooperative JahnTeller effect, but exhibit a higher ordering ature dependence of their cell parameters, related to the
transition temperaturel¢o = 240 K for PpCay MnOzlY). cooperative JahnTeller effect, but exhibit a higher stability
The strong antiferromagnetic character of the Bi-based of the CO/OO (high values for boffio andueHc) than the
compounds was previously outlined by the marked differ- Ln-based manganites. This peculiar behavior justifies further
ences in the critical magnetic fields found to induce ferro- investigations of other Bi-based perovskite manganites,
magnetism in BjsCasMnO; and LmsCasMn0s.3t As especially for correlating the evolution of the double-band
previously observed in ref 32, the steric rules, characterized ordered structures with the different properties. Single-crystal
by the A-site size and the associated mismatch, establishecheutron diffraction data have been collected, and their studies
in the (Ln, A)MnQ; systeni®—3% cannot however be applied are in progress.
for the Bi series. The particular effect of bismuth may be
due to the stereoactivity of its electronic lone pair. In fact,  Acknowledgment. We gratefully acknowledge the European
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