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TABLE I. Room-temperature lattice parameters and magnetic properties of CaMrilthe Nesl temperatures and ordered moments are
quoted from the refinements. The two values under the CalnEmpound are for the Mh and Mr! sites, respectively. The lattice
constants for the CaMnQg impurity phase are listed for comparison.

Mg(eXp)
a b c TN Mordered meff(calc) Uc
CaMnQ,,, 5.27296! A 7.44166! A 5.25546! A 126.08! K 2.36(4)m 4.44(1ym 252941 K
3.997%
CaMnQ,gg 5.2702! A 7.4732! A 5.2842! A 1262! K 2.45(20Y1% 4.89(1)7% 2 4502! K
12731 K 4.00(30)13 4.10m%
CaMnQ g 5.2202! A 7.4833! A 5.3252! A
impurity

tained using a SCINTAG PAD V diffractometer with €y  positions of & symmetry @able Il and figure 2l# The
radiation and a silicon standard. The resultant lattice pararrdefect concentration correlates well with the titration analy-
eters were refined using a least squares minimization tecl$is toughly 6% oxygen defects or 12% Mnconcentration
nique. The magnetic susceptibility from 4—400 K was meafor CaMnQ, o/. Each O defect creates two Finsites in the
sured using a SQUID magnetometeVlPMS, Quantum lattice, which effectively provides a method for electron dop-
Desigrl, and magnetoresistive properties were observed udng these materials, in contrast to hole doping as in the
ing a standard four-probe technigle. La;, ,CaMnO; seriest?

Magnetic measurements were confirmed at McMaster Structure of CaMn@g, The full refinement of the
University using a Quantum Design MPMS SQUID magne-CaMnG, gg sample proved to be much more difficult than the
tometer. Field cooledFC! and zero field cooled rungFC! CaMnG, o, member in the series. Attempts were first made
were completed in a temperature range of 5 to 350 K with anusing the lattice constants and space group Pnma as reported
applied magnetic field of 0.01 T. previously’ The results of these refinements were not unrea-

Neutron scattering experiments were completed on theonable, but upon closer examination, it was clear that some
powder samples at the Dualspec C2 beamline operated hglatively strong reflections, in particular the strong second-
the Neutron Program for Materials Research of the Nationahry peak at 2, 66° could not be indexe®ee Fig. 2ol#
Research Council of Canada at the Chalk River Laboratoryl'here were also a set of weak peaks which were first thought
The wavelength of the neutrons wia§ 2.37086(9) A. The to be due to an impurity phase.
samples were sealed in vanadium cans in a He atmosphere
with an indium wire gasket. Data were taken over a tempera-
ture range of 11 K to room temperature, covering a range in
2u of 10° to 90°. The room temperature data sets were ob-|
tained out to 2/5 120° to obtain a very accurate determina- ’
tion of the crystallographic unit cell. The Rietveld refine-
ments of the datasets were completed usmgLPROF
~+uLLeg!. The CaMnQ gg sample was found to have two
very similar crystallographic phasesne of them comprising
approximately 25% of the materialvhich was confirmed by
x-ray experiments done at McMaster using aKGy source
and a Guinier-Hgg camera with Si as an internal standard.
As a result, a three-phase refinement was carried out on thit
material, two crystallographic and one magnetic in origin.

RESULTS

Structure of CaMn@g, The crystal structure and lattice
parameters of CaMnf, were consistent with the values
found using x-ray diffraction at Rutgers University.
CaMnG, g, crystallizes in an orthorhombic perovskite struc-
ture with space group Pnmdable I. The Mn ions form a
network of corner-shared octahedra, with Ca ions occupying
the interstitial positions¥ig. 1!. The increased size of the
unit cell as oxygen defects are introduced is expected as the
Mn®! ion has a slightly larger radius than Kn'? The oxy-
gen defects are found from refinement to be on the shared
corners of the equatorial plane of the Mn octahedra; the O2 FIG. 1. The crystal structure of CaMpQ@,
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TABLE II. Refined atomic positions and their estimated stan-
dard deviations at T5 11K (CaMnQg) and T5 14K
(CaMnQ,49). The thermal parameters were refined from the
CaMnG; o, data and left constant in the CaMpga refinements.
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In a first attempt to analyze the data the presence of ¢ %]

structurally similar impurity phase was assumed. In this dop-
ing regime, reports of impurity phases are not uncommon.;
For example, Chiang and Poeppelmeier found such an impu
rity phase in CaMn@-5* Santhoshet al. investigated the
series of related materials GgBi,MnOg in the regimex
< 0.25, and found that for the Bj{Ca& gMnO3; compound in
particular, a crystallographically similar impurity phase was
present at about 29 wt. % concentratiSrClearly, this re-
gion of the phase diagram is prone to phase separation. T 'Ah \ IHW .ﬁ ‘1 ﬁ
Cell constants for a perovskitelike orthorhombic impurity _10000' PR R A ek
phase were refined from powder x-ray data obtained with o 10 20 a0 4 s e 70 8 9%
CuK,, radiation and a Guinier-Hm camera @ (b)
55.228(1) A, b5 7.488(1) A, andc5 5.3302(9) A atT
5 290 K# In the two phase refinement the atomic positions FIG. 2. ~a The neutron diffraction pattern of CaMp@y at T
of the impurity phase were fixed to those of CaMn@and 5 14K andT5 130K. The upper set of tickmarks are for the crys-
the scale factor was varied. The concentration of the impurityallographic reflections, and the lower are for the magnetic phase.
phase was seen to hbe25 wt. % by comparison of the scale ~b! The neutron diffraction pattern of CaMn@, at T5 11K and
factor for the two phases. Final atomic positions for the ma-T> 130K. The upper set of tickmarks are for the primary
jority phase are listed in Table lllb. The temperature factor<caMnG; g phase, the middle set are for the crystallographic impu-
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were found to be unstable in the refinements, and were set f§y, and the bottom set is for th&-typel charge-ordered struc-

the values found for CaMnQ,. tures.

While the two phase approach accounts for the strong
reflections in the powder pattern, several very weak reflec-

TABLE lll. Selected interatomic distances and bond angles.

tions ~ 1% intensity of a strong reflectibmemained unin-

dexed~Fig. 3. Thus, an attempt was made to index these on
a supercell. Again, Chaing and Poeppelmeier observed a set

CaMnQ, g4
(T5 14K)

CaMnQ, g9
(T5 11K)

of weak reflections in CaMng,5 which could be indexed on
aa3 b3 4c superceliPnma settingwhich they attributed to  Mn-O-1!

the ordering of oxygen vacancies. They were not successfuMn-O-2!
however, in refining an unique model for the vacancy order-

ing. Using 8—10 weak reflections of the type shown in Fig. 3,0-2!-Mn-O-2!
a supercell, also of dimensioa8 b3 4c Pnma subcell set-

ting! could be assigned to the major phase in CaMgOAs  O-1!-Mn-O-2!
in the case of Chiang and Poeppelmeier, attempts to refine a

uniqgue model for the vacancy ordering were unsuccessful

due in part to the weakness of the superlattice reflections and

the complicating factor of the second phase. It is thus likelywmn-0-<11-Mn
that even at room temperature there exists oxide vacangyin-o-21-Mn

1.8840(14) &8 2

1.9077(14) B 2

1.8986(52) A8 2
88.8936!
91.1139!
87.6338!
92.3734
91.7522!
88.2536!
161.85664!
155.8722!

1.9173(74) B 2

1.965(40) A8 2

1.806(45) &8 2
89.8279
90.1891!
84.1686!
95.8488!
95.20:84!
85.8180!
154.0431!
163.2892!

ordering in the majority phase in CaMgg) but a detailed
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FIG. 3. Evidence of possible vacancy order-
ing in CaMnG g4 The superstructure peaks 0,
(0, 1, 7/4) 11,0,0, 2, and-9, 1, &I are shown here af
5 130K, which along with other weak reflections
can be indexed on the celB b3 4c.
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model is not available. Although it has been suggested thataMnO, ¢, and CaMnQ gqdata setsFig. 4. The sharp cusp
oxide vacancy ordering may induce fidMn*" charge or- in the ZFC susceptibility aT; 125K is a tell-tale sign of
dering, this cannot be confirmed from the present data.  antiferromagnetic ordering in both materials. The values for
Magnetism in CaMnggy, The magnetic structure of the effective moments and the Weiss constants extracted
CaMnQ; was among the first to be studied with neutronfrom high-temperature Curie-Weiss fitsT§ 300—350 K)
diffraction!! The magnetic Mft sublattice consists of two agreed well with the published results, indicating a mixture
interpenetrating face centred arrays of moments with antipaef Mn®' and Mrf! moments and strong antiferromagnetic
allel nearest neighbor spin arrangements, the so-called typeteractions. The differences between the experimental and
G structureFig. 5. The Nesl temperature is 130 K, and the calculated effective moments have been attributed to ferro-
effective magnetic moment is 2.4%, which agrees well magnetic interactions from Mh2 Mn* clusters:°
with the spin-only value for Mft (3.0073) .1t From the neutron diffraction data, Fig-e2 the magnetic
Previous magnetic susceptibility measurements indicatedtructure of CaMn@q, was readily identified as thé type
a feature at 125 K which implied the possibility of long found for CaMnQ@ ~Fig. 5. The Rietveld refinements pro-
range antiferromagnetic ordering in both CaMn@®and duced very acceptabR values for the crystallographic and
CaMnQ, g, Our measurements confirm this in the FC/ZFC magnetic phasesR,5 4.02, R,,5 5.58, Ryap 2.12 atT
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FIG. 4. The magnetic susceptibility of CaMpg Heft! and CaMnQ o, ~fight! for an applied field oH5 0.01T.

5 14 K!. The value for the ordered moment was found to beegories: the sameG-type” reflections as CaMng,, albeit
slightly smaller,n6 2.36(4 )1, compared to the value for of slightly altered intensities, and a set of reflections that can
CaMnO; of 2.4375.%* This is somewhat surprising as the be indexed on &0, 0, 3! ordering wave vecto@uch as9, 1,
average Mn moment should be larger, given that a larget!, -1, 1, 3! and-0, 1, 3!# Since the CaMn@ge Sample has a
spin-only moment (4.8) should be associated with Mn  higher concentration of oxygen defects, and hence a larger
which comprise; 12% of the Mn sites. density of Mt moments than CaMnQ, it was hypoth-

The behavior of the ordered moment as a function of temesized that the new Bragg peaks were due to an ordering of
perature is typical of three-dimensional Heisenburg-like orvin3* moments in the M G-type network. The strongest
deringFig. 6. More precise measurements of the order panew magnetic reflection in the diffraction pattern can be in-
rameter are needed t_o get an exact determination of thgayeq as0, 1, 1. This points to an arrangement of fin
phenomena, but a guide to the eye has been drawn basgthments that are antiferromagnetically coupled in rows
upon the following scaling relationshif: along theb direction and stacked with a periodicity of four in

M~T!; $T2 Tl/To%P. the c-axis direction-Fig. 5. This model is app-ealing in that
the G-type structure of CaMn@and CaMnQ g, is preserved
The values extracted from the fith5 0.32(4) andTc  for low Mn3! doping levels while allowing for charge-
5126.0(8) K, are consistent withS 0.33 andT¢; 125K,  ordering at higher doping levels. The full refinement of this
as determined from the magnetic susceptibility measureq,qel for the CaMnQg, dataset was complicated by a num-
mehr;ltasénetism nCaMnG,gs The magnetic Bragg peaks ber of factors. Among them include the existence of a second

) -89 o ; crystallographic phase&omprising 25% of the sampleand
which appear belowy; 125K can be divided into two cat- a set of weak supercell reflections indicative of oxygen va-
cancy ordering. Several refinements were completed of the
magnetic and charge ordered structures independently of one
another until a suitable model was found to describe the
observed diffraction pattern. Once a proper model was
found, the charge and spin ordered phases were combined
into one coherent modeR,5 7.86%, R,,;5 10.71%, Ryag
5 25.6% atT5 11K!.

However, the concentration of ordered #nions in the
model, 12.5%, is not consistent with the concentration, 22%,
expected from the chemical analysis if one assumes that the
electrons are completely localized on the Mrsites. This
suggests only partial charge ordering, with the residua*Mn
moments distributed randomly on the lattice. Previous works
have indicated that there is a significant reduction in the
resistivity of this sample as compared to CaMr®’ which
suggests that there is an increase in the density of states at

FIG. 5. The magnetic structure of CaMpQ) ~G-type structure, the Fermi energy even below the ordering temperature. Fur-
on the left and CaMnQ g4 ~G-type charge-ordered structlire ther transport studies are needed to resolve this problem.

e Mn 4+
e Mn 3+
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FIG. 6. The ordered moment as a function of temperature for CaMn&eft! and CaMnQ g fight! as determined from neutron
scattering measurements. The fits are guides to the eye based on the powefTawH T2 Tc)/Tc%P.

Although the magnetic structure described above appearhis shows either that the, electrons are much less mobile
to be unique for manganate perovskites, there is a recemt that the nominal carrier density is much lower in the oxide
report by Santhosket al. which indicates that a weak mag- vacancy than in the cation doped systems. Nonetheless, the
netic superstructure has been reported foyBla, gMnO; observed negative magneto-resistances are of the same order
of the form a3 b3 4c but no detailed model has been pf magnitude, 40—50% for both series.
proposed’ As well, aC-type, notG-type AF order is found. Concerning the issues of charge and magnetic ordering,
There is clearly a structural analogy between the two matefoy the cation doped compounds anomalies in the resistivity
rials, and further work is needed to unQerstand them_both. and magnetization at temperatures abdye for magnetic

The ordered moments for the two kinds of magnetic SPear order have been taken as evidence of charge ordéring.

cies seem to correlate well with the expected spin-only VaIFor exampl :
1 1 ple, Lg,dCa gMNO; shows such anomalies at
ues for Mif" and M @.45(20)n; and 4.00(30p, re- about 195 K whereas AF order sets in only belpwi20

spectivelyt The Neel temperatures for the typ€& and k K.1819 Similar results are found for BiCay s MNO; where
5 (0,03) components, as determined by power law fits,-l—CO ~harge orderingis 210 K and'TC~A'F!5 160K. In

agree to within experimental err@262! K and 123! K, gharp contrast CaMnQ, and CaMnQ g, show only a single
respectively, Fig. & anomaly in the susceptibility at 125 K which corresponds to
Tc-AF! already shown. There is no indication of a higher
DISCUSSION temperaturd o up to 300 K for either material, although, as

It is natural to compare and contrast the results obtaine@as been argued, it is difficult to understand the magnetic
trivalent cation doped materials of similar electron dopinglating charge ordering. One is left witiat least two alter-
levels Mn3 concentrationis in terms of issues such as natives, namely, thafico and Tc-AF! are coincident for
charge-ordering and magnetic ordering, including the magEaMnQ, g9 OF that Teo. 300K, Tc-AF!. Possible support
netic structure and magneto-transport properties. In fact, daf@" the latter hypothesis is found in the form of the weak
on such systems are relatively sparse as most attention ha4percell reflections present already at 300 K which could be
been focused on the hole-doped regime, i.e.3Meoncen- attributed to oxide vacancy ordering which may induce
trations. 50% where CMR effects are observed. Nonethe-charge ordering as well by trapping Fncenters in the vi-
less, the available data on systems suchMgsCa, gMNnOs, cmlty_ of the vacancy. It should be noted that the charge
where M5 La® or Bi*!,'7 indicate that significant differ- ordering wave vector for BidCa gMnO; was found to be
ences exist. incommensurate, while the oxide vacancy ordering wave

In the case of transport behavior, the CaMp@materi-  vector appears to be commensuratk5 (0,03). In
als are much less conducting than their cation doped cour-a, ,dCa, ggMNO5 two supercells were found from electron
terparts. As the previous study indicatethe room tempera- diffraction with “fourfold” and *“23-fold” periodicities
ture resistivities for CaMng) ,are in the range from 2 to 10 which were attributed to charge orderihglt is not clear at
Vcm even for relatively high doping levelsg5 0.11  present if the “fourfold” structure is truly commensurate or
(; 22%Mr™t) whereas the corresponding cation doped maif it is related to the one found in CaMn@g in the neutron
terials show values which are lower by factors of 1010°,  diffraction data.

i.e., approachingbut not quite reachirighe metallic regime. Finally, the basic magnetic structures are different for the
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cation and oxide vacancy doped phases. THgpe structure  fraction. The CaMn@y, structure orders in th&-type AF
is found for both Lg,dCa gMnO; and Bp18Ce sMnO;,  structure as reported by Wollan and Koehler, but the
while the G-type structure of CaMn@is conserved for both  CaMnQ, g4 exhibits charge ordering of the MMn*' mo-
oxide vacancy compounds studied here. In@gype struc-  naiq in a magnetic structurk5 (0,02) that has not been
ture, one has ferromagnetic chains which are coupled amFeported before. ThE-type arrangement of the moments is
parallel to nearest neighbor chains while all near neighbo[ﬁreserved as in CaMng@, but now there is an ordering of
Ssgﬁlcz)ittéot?;iger qntlferrom?]gglenc S'nlg?éypael;:r:a%;ef_ the Ml moments in Ieiyers along theaxis. There is some
B.1C2,MNOs, Uc ' Y€ POSI-  qyjidence for an ordering of the oxygen vacancies, which has

tive value consistent with dominant ferromagnetic exchangerhe same supercell as the magnetic/charge ordered cell, illus-

vah(:/lreaS,uCSZ 52?K| andhg i‘r’g K fort Cial\/cljnq% a?d i trating the strong interplay between the structure, electronic,
amMnQ, g5 respectively, which demonstrate dominant anti-,§ ‘agnetic properties of these materials. A complete

ferromagnetic exchange. . . model of the MR mechanism in these materials is
Further work on these materials, especially CaMp& still elusive

should include high resolution x-ray diffraction, as for ex-

ample reported recently for several members of the series,
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