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Structural study of the electron-doped manganites Sm0.1Ca0.9MnO3 and Pr0.1Sr0.9MnO3:
Evidence of phase separation
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The investigation of two perovskite manganites with the same carrier concentration of 0.1 electron per Mn
has been performed using neutron powder diffraction and electron microscopy, and completed with transport
and magnetic measurements. For Sm0.1Ca0.9MnO3, whatever the temperature~from 2 to 300 K!, a unique
crystalline structure~Pnma space group! is observed. The magnetic state belowTN5TC5110 K is phase
separated, consisting of ferromagnetic domains of different sizes ranging from small clusters to macroscopic
regions, which are embedded in an antiferromagneticG-type matrix. The high conductivity observed in
Sm0.1Ca0.9MnO3 at low temperature is established through a percolation of the ferromagnetic domains. At
room temperature, the structure of the analogous compound Pr0.1Sr0.9MnO3 is cubic (Pm3m space group!. At
low temperature (T,200 K), this manganite exhibits a complex microstructure, consisting of an intergrowth
of G andC-type antiferromagnetically ordered layers, both from tetragonalI4/mcmstructure, with appreciable
lattice distortion. In agreement with the insulating behavior of Pr0.1Sr0.9MnO3 at low temperature, no ferro-
magnetism is observed.
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I. INTRODUCTION

The exploration of the electron doped mangani
Ln12xCaxMnO3 has shown the existence of colossal mag
toresistance~CMR! for x values close to 0.85, i.e., for dopin
level of 0.15 electron per Mn~formally 15% Mn31), varying
with the nature of the Ln cation.1 The previous neutron dif-
fraction investigation of Sm0.15Ca0.85MnO3 has evidenced, a
low temperature, a mixture ofG and C-type antiferromag-
netic ~AFM! phases associated withPnmaandP21 /m crys-
talline structures, respectively.2 In the phase denoted as th
G-type by Wollan and Koehler3 ~which prototype is
CaMnO3), each Mn ion is surrounded by six Mn neighbo
whose spins are antiparallel to the given ion. In theC-type
arrangement, all atoms have two ferro- and four antifer
magnetic nearest neighbors, leading to ferromagnetic~FM!
chains which are AFM coupled. The CMR properties
Sm0.15Ca0.85MnO3 have been attributed to the coexistence
both magnetic arrangements and to the closeness of
TN’s which allow a C to G-type transition by applying a
magnetic field of only few teslas.2

It is of importance that theG-type AFM phase in these
electron-doped manganites allows a ferromagnetic~FM!
component to develop for some critical doping level of ab
5% Mn31.1,4–7 This result is in marked contrast with th
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situation encountered in the hole-doped perovskite mang
ites. For instance, 16% and 20% of Mn41 in the Mn31 matrix
are required to reach a FM metallic state in t
La12xSrxMnO3 and La12xCaxMnO3 series8,9 whereas only
10% of Mn31 in the Mn41 matrix are sufficient to obtain an
itinerant behavior, as for Sm0.1Ca0.9MnO3.

5 This absence of
symmetry between hole- and electron-doped manganite
also evidenced by the size effect: for a FM Mn31 rich com-
pound, the Curie temperature (TC) increases with the aver
ageA-site cationic size (̂r A&),10,11 in contrast to the Mn41

rich manganites where small^r A& values favor the FM state.1

Furthermore, the FM-like behavior of electron-dop
samples is original and is rather characterized by a clu
glass signature,5 the magnetization increases with the ele
tron doping in CaMnO3, reaching an appreciable value o
about 1mB per Mn site for 10–12 % Mn31, instead of the
expected 3.1mB . For higher doping level, theG-type phase
disappears at the benefit of aC-type one. Such particula
behavior, forx'0.90, has motivated a detailed structural a
magnetic study of the Ln0.1Ca0.9MnO3 manganites.

The present paper deals with the structural study ver
temperature of the compound Sm0.1Ca0.9MnO3 and, in less
extent, of analogous compound Pr0.1Ca0.9MnO3 in connec-
tion with their transport and magnetic properties. The res
6442 ©2000 The American Physical Society
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TABLE I. Summary of structural parameters for Sm0.1Ca0.9MnO3.

~a!

~1! Crystallographic data for Sm0.1Ca0.9MnO3 at room temperature
SG: Pnma, V5210.47 Å3

a55.3101(1) Å
b57.4893(1) Å
c55.2924(1) Å

x y z B(Å 2)
~Ca, Sm! 20.0339~3! 0.25 0.0066~5! 0.59~2!

Mn 0 0 0.5 0.12~2!

O1 0.5105~2! 0.25 20.0669~3! 0.50~2!

O2 0.2872~1! 20.0341~1! 0.7123~1! 0.43~1!

Rp53.73,Rf52.34
~2! Selected interatomic distances~in Å! and angles~deg!

Mn-O1 1.906(1)32
Mn-O2 1.911(1)32

1.913(1)32
Mn-O1-Mn 158.30~4!

Mn-O2-Mn 157.20~4!
~b!

~1! Crystallographic data and ordered magnetic moments for Sm0.1Ca0.9MnO3 at 10 K

SG: Pnma,V5209.31 Å3

a55.3051(1) Å
b57.4734(1) Å
c55.2793(1) Å

x y z B(Å 2)
~Ca, Sm! 20.0365~2! 0.25 0.0059~5! 0.29~2!

Mn 0 0 0.5 0.03~1!

O1 0.5113~2! 0.25 20.0678~2! 0.25~1!

O2 0.2876~1! 20.0349~1! 0.7115~1! 0.24~1!

Rp54.59,Rf51.94
m(G)52.10(1)mBiz MagneticR52.19

m(F)51.17(3)mBiz or y MagneticR54.80
~2! Selected interatomic distances~in Å! and angles~deg!

Mn-O1 1.903(1)32
Mn-O2 1.909(1)32
Mn-O3 1.912(1)32
Mn-O1-Mn 158.02~4!

Mn-O2-Mn 156.68~4!
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on Pr0.1Sr0.9MnO3 are also reported, in order to compare t
structures of calcium and strontium systems which exh
very different magnetotransport properties.12 We show
herein that the low temperature phase of Sm0.1Ca0.9MnO3
and Pr0.1Ca0.9MnO3 consists of aG-type antiferromagnetic
matrix containing ferromagnetic clusters, which coalesce
leads to a percolation path and is thus responsible for
metallicity. In contrast, for Pr0.1Sr0.9MnO3, we observe an
intergrowth ofG andC-type AFM structures, without ferro
magnetism, in agreement with the insulating behavior of t
compound at low temperature. The results—structures
properties—are first given for the Sm0.1Ca0.9MnO3 and
Pr0.1Sr0.9MnO3 samples separately and then discussed
gether.

II. EXPERIMENT

The Sm0.1Ca0.9MnO3 sample has been prepared by mixi
MnO2, CaO, and Sm2O3 ~with isotope Sm152) in stoichio-
it

e
e
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nd

-

metric proportions. The powders were first heated at 1000
with intermediate grindings and then pressed in the form
pellets. They were then sintered at 1500 °C for 12 h in
with a slow cooling down to 800 °C and finally quenched
room temperature.

As previously reported, the synthesis of Pr0.1Sr0.9MnO3

needs more precautions to obtain a single cubiclike per
skite phase, without hexagonal polytype defects.13 Stoichio-
metric amounts of Pr6O11, SrCO3, and MnO2 were thor-
oughly mixed and heated in Ar flow at 1000 °C. Th
powders, pressed in the form of pellets, were then heate
1500 °C for 12 h, and slowly cooled down to room tempe
ture in Ar flow. These pellets were annealed at 600 °C dur
12 h under oxygen pressure (PO25100 b).

The x-ray data, iodometric titration and the EDS~energy
dispersive spectroscopy! analyses attested that th
compounds are monophasic, and exhibit homogene
compositions, close to the nominal one
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Ln0.1060.02~Ca, Sr!0.9060.02MnO3.0060.02.
Neutron experiments were carried out at LLB~Saclay,

France! on the G41 diffractometer (l52.4266 Å) to evi-
dence the structural and magnetic evolution versus temp
ture. The samples were first cooled and the powder diffr
tion patterns were recorded, from 2 K to room temperature
~RT! by steps of 5 K over an angular range 17<2u<97°.
Additional patterns using the 3T2 diffractometer (l
51.227 Å) were registered in the range 6°<2u<125° at 10
K for both samples, at room temperature for the Ca-ba
compound and at 350 K for the Sr-based one in order to b
the paramagnetic state. The diffraction data were analy

FIG. 1. Sm0.1Ca0.9MnO3 NPD pattern, recorded on theG41 dif-
fractometer at 2 K.~The symbols are for the experimental plot a
the line for the calculated one. The upper set of Bragg sticks is
the nuclear phase, the middle one for theG-type AFM, and the
lower one for the FM.!

FIG. 2. Sm0.1Ca0.9MnO3; Temperature dependence of the latti
parameters~upper panel, left scale!, of the cell volume~upper
panel, right scale! and of the average magnetic moments refined
the G-AFM and FM components~lower panel!.
ra-
c-

d
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by using theFULLPROF program.
The resistivity measurements were performed from ro

temperature down to 5 K, by the four probe method and
magnetizations were registered on warming with a vibrat
sample magnetometer, in 1.4 T applied at 4 K after zero field
cooling. The high-temperature susceptibilities were reg
tered with a Faraday balance.

III. RESULTS

A. Sm0.1Ca0.9MnO3

The analysis of the high resolution neutron diffractio
patterns recorded at 300 and 10 K leads to the struct
parameters summarized in Table I. At room temperature,

r

r

FIG. 3. Pr0.1Ca0.9MnO3: Temperature dependence of the latti
parameters and volume~upper part! and of the G-AFM and FM
moments ~lower part!. The moment in minorityC-type phase,
which is formed below 125 K, is also shown.

FIG. 4. Temperature dependence of the magnetization for
Sm0.1Ca0.9MnO3, Pr0.1Ca0.9MnO3 and Pr0.1Sr0.9MnO3 samples~1.45
T, zero field cooled!.
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Sm0.1Ca0.9MnO3 sample shows the perovskite structure
Pnmaspace group, common for all the Sm12xCaxMnO3 se-
ries. The MnO6 octaedra are nearly regular, with Mn-O di
tances and Mn-O-Mn tilt angles similar t
Sm0.15Ca0.85MnO3. The low-temperature structures are, ho
ever, different. The marked monoclinic distortion
Sm0.15Ca0.85MnO3 below 125 K and the magnetic lines ass
ciated with theC-type AFM have disappeared. Instead, t
Sm0.1Ca0.9MnO3 compound preserves itsPnmaregular struc-
ture and exhibits a particular magnetic order: a mixture
the G-type AFM structure with a FM component~Table I!.
The temperature dependence of cell parameters and mag
moments in Sm0.1Ca0.9MnO3 has been determined using th
G41 patterns~see Fig. 1 forT52 K). The results are re
ported in Fig. 2. At about 110 K, the FM and AFM comp
nents appear simultaneously and only a small decreas
observed on the temperature dependent volumeV(T) curve,
which in fact corresponds to a decrease of thea and c pa-
rameters and an increase of theb one. A similar anisotropic
contraction is encountered in the analogous compo
Pr0.1Ca0.9MnO3 ~Fig. 3!. It should be noted that these volum
effects are too subtle to be associated with any observ
change of distances or tilt angles. Absence of structural t
sition in the Sm0.1Ca0.9MnO3 sample has been confirmed b
the electron diffraction study. Furthermore, the bright fie
images showed that no twinning phenomena were gener
at low temperatures. This behavior excludes the presenc
the monoclinic phase, which would be reminiscent of t
Sm0.15Ca0.85MnO3 low temperature structure.2,14

The magnitudes of the magnetic moment determined fr
neutron diffraction data on the Sm0.1Ca0.9MnO3 and
Pr0.1Ca0.9MnO3 samples are practically identical and th
show similar temperature dependencies—more continu
for the m(G) component and more step-like for them(F)
one. The antiferromagnetic momentsm(G) are oriented
along the shortest orthorhombicPnmaaxis @001#. The ferro-
magnetic momentm(F) is oriented either along@001# or
@010# axis, but the first case yields a slightly better fit f
both compounds. In addition, the Pr0.1Ca0.9MnO3 sample

FIG. 5. Inverse susceptibility versusT for Sm0.1Ca0.9MnO3

~squares!, Pr0.1Ca0.9MnO3 ~triangles!, and for Pr0.95K0.05MnO3 in the
inset.
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contains 6–7% of the monoclinicC-type phase of the
P21 /m symmetry, with ordered moments oriented along t
elongated@1 0 21# diagonal direction@m(C)52.6mB per
Mn site#, in agreement with the previous results on t
C-type phase observed in Sm0.15Ca0.85MnO3.

2

The isothermal magnetization curvesM (H), registered
with 0<H<5 T on Sm0.1Ca0.9MnO3, have already been
reported.5 At 10 K, the magnetization first jumps at'1mB in
only 0.5 T but does not saturate in 5 T. More recently, t
M (H) data have been collected up to a maximum appl
field of 45 T.15 The magnetization shows only a very wea
linear increase in high fields and thus no tendency to ach
3.1 mB per Mn, as expected for fully aligned spins. The te
perature dependent magnetizationM (T) measured in applied
field of 1.45 T ~Fig. 4! gives for Sm0.1Ca0.9MnO3 and
Pr0.1Ca0.9MnO3 similar ferromagnetic moments of about 1
mB per Mn; the closeness of this value with the FM mome
refined from neutron data will be discussed later. The m
netization vanishes atTC5110 K and a concomitant increas
of the electric resistivity is observed, in agreement with t
scattering increase@see Fig. 8~a!#. The temperature depen
dence of the inverse susceptibilityx21(T) is also a suitable
tool to characterize the magnetic state and thus to comp
the neutron diffraction studies. Thex21(T) curves of the
electron doped Sm0.1Ca0.9MnO3 and Pr0.1Ca0.9MnO3 com-
pounds are displayed in Fig. 5 and compared with the s
ceptibility of a hole-doped manganite with a comparable c
rier concentration, namely the sample Pr0.95K0.05MnO3. This
hole doped manganite exhibits a true canted structure as
denced by reorientation phenomena.16 The antiferromagnetic
component~A-type! achieves 2.64mB and the ferromagnetic
one 1.05mB ,17 which are very similar to the determined mo
ments for the Sm0.1Ca0.9MnO3 sample. Though these mo
ments are similar for both electron- and hole-doped man
nites, thex21(T) curves strongly differ at low temperatur
~a curvature and an ideal Curie-Weiss behavior are obse
respectively!, indicating that the ferromagnetism of the Mn41

rich compounds does not come from a canting.

B. Pr0.1Sr0.9MnO3

The analysis of the high resolution neutron diffractio
patterns recorded at 350 and 10 K for Pr0.1Sr0.9MnO3 leads to

FIG. 6. NPD pattern collected at 2 K for Pr0.1Sr0.9MnO3 ~experi-
mental and calculated plots!; the Bragg sticks are, from top to bot
tom, for theC-type phase~nuclear and magnetic lines! and similarly
for the G-type one.
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TABLE II. Summary of structural parameters for Pr0.1Sr0.9MnO3.

~a!

~1! Crystallographic data for Pr0.1Sr0.9MnO3 at 350 K
SG: Pm3m, V555.72(222.88)Å3

a53.8195(1)Å
x y z B(Å 2)

Pr, Sr 0.5 0.5 0.5 0.50~1!

Mn 0 0 0 0.25~2!

O 0.5 0 0 0.72~1!

Rp54.55,Rf52.24
~2! Interatomic distances~in Å!

Mn-O 1.910(1)36

~b!

~1! Crystallographic data and ordered magnetic moments for Pr0.1Sr0.9MnO3 at 10 K
SG: I4/mcm

x y z B(Å 2)
Pr, Sr 0.5 0 0.25 0.19~2!

Mn 0 0 0 0.01~3!

O1 0 0 0.25 0.45~4!

O2 ~C-type! 0.2633~4! 0.75633~4! 0 0.41~2!

O2 ~G-type! 0.250~3! 0.750~3! 0 0.41~2!

42% C-type a55.3605(3) Å V5221.54 Å3

c57.7099(6) Å m(C)52.97(7)mbiz
58% G-type a55.3655 Å V5220.99 Å3

c57.6763(5) Å m(G)51.78(6)mB'z
Rp58.02a

C-type Rf56.22
Magnetic R58.60

G-type Rf56.39
Magnetic R57.54

~2! Interatomic distances~in Å!

in C-type phase inG-type phase
Mn-O1 1.927(1)32 1.919(1)32
Mn-O2 1.898(2)34 1.897(2)34

aThe fit (Rp) can be improved significantly using anisotropic temperature factors.
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the structural parameters summarized in Table II. At 350
the compound shows a cubicPm3m perovskite structure
Similarly to the previously studiedC-type antiferromagne
Pr0.15Sr0.85MnO3,

2 the low temperature structure is tetrag
nally elongated~space groupI4/mcm). However, the high
resolution data, taken at 10 K, reveal that this sample c
sists of two crystallographicI4/mcm phases, with slightly
different lattice parameters, associated withC and G-type
AFM arrangements. The results in Table II~b! show that the
MnO6 octahedra in the low-temperatureC-type phase are
stretched with Mn-O axial ratio of 1.016. There is a rotati
of the octahedra along the crystallographic@001# axis by
3.0°, which leads to the Mn-O-Mn angle in the basal plane
174.0°. Thisc-axis rotation and MnO6 distortion are slightly
lower than those observed in theC-type phase of
Pr0.15Sr0.85MnO3. A significant stretching of octahedra ap
pears, due to lattice distortion, also for theG-type domains
~axial ratio 1.011!. The structural refinement does not ev
dence any significant octahedral rotation. Apparently,
Mn-O-Mn angles in theG-type domains are very close t
,

n-

f

e

180°. It should be noted that the fit of Pr0.1Sr0.9MnO3 at 10 K
can be improved significantly using the anisotropic tempe
ture factors. They show exceptionally largez-components,
both for oxygen and cationic sites. Such a situation was
previously encountered in the homogeneousC-type system
Pr0.15Sr0.85MnO3.

The temperature dependence of lattice parameters, d
mined from theG41 patterns~the 2 K record is given in Fig.
6!, reveals a complex behavior of the structural and magn
transitions in the Pr0.1Sr0.9MnO3 sample~Fig. 7!. Essentially,
the cubicPm3m phase is retained down to'200 K. Never-
theless, a detailed profile analysis of the patterns evidenc
very small amount of a distorted phase with theC-type mag-
netic arrangement, arising just below RT. This may be id
tified to regions in the sample with larger electron carr
concentration. Namely, the tetragonal distortion, which c
be determined with certainty at about 240 K where fract
of the distorted phase achieves 3%, is markedly larger t
the distortion at helium temperature and reminds the va
observed for the Pr0.15Sr0.85MnO3 compound.2 The fraction
of the C-type phase increases slowly with decreasing te
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perature and reaches 8% at 220 K. Below this temperatu
tetragonal distortion develops also in the main cubic ph
and, at the same time, the fraction of the minorityC-type
antiferromagnetic phase starts to increase more rapidly
saturates to 42% at about 170 K. TheC-type ordered mo-
ments, 2.97mB at 10 K, are oriented along the tetragon
elongated@001# axis. The G-type antiferromagnetic main
phase appears in a rather diffuse way, as shown in them(G)
versusT curve in Fig. 7, and the corresponding momen
1.78mB at 10 K, are perpendicular to the tetragonal@001#
axis.

At this stage of the characterization, it is of first impo
tance to determine whether the biphasic magnetic stat
Pr0.1Sr0.9MnO3 is due to a cationic segregation. The comp
sition and structural homogeneity of the sample was t
investigated in detail by the EDS technique coupled w
electron diffraction by varying the size of the analyzed are
It is determined that even at the scale of selected areas
few tens nanometer wide, the Pr/Sr ratio is highly const
and corresponds to the nominal one, in the limit of accur
of the technique. Thus, the maximum deviation from nom
nal composition measured on several tens of crystallite
0.02, i.e., Pr0.1060.02Sr0.9060.02Mn. Compared to the analyse
usually obtained in such complex oxides, the cationic dis
bution can be considered as homogeneous. These re

FIG. 7. Temperature dependence of the refined crystallogra
parameters of Pr0.1Sr0.9MnO3: Cell parameters~upper panel! and
magnetic moments~middle panel! for both phases~coupled withC
andG-type AFM! and ratio of both phases~lower panel!.
, a
e

nd

l

,

of
-
s

s.
f a
t
y
-
is

i-
ults

show that there is no cationic phase separation at the nan
eter scale. Furthermore, the neutron diffraction refinemen
the Pr/Sr occupation factors at 350 and 10 K, independe
for both crystalline phases at low temperature or togeth
leads to similar results: the differences observed on this P
ratio are within the experimental errors.

The M (T) curve ~dashed line in Fig. 4! shows a typical
decrease belowTN'200 K, as expected for an antiferroma
net. The magnetization of only 0.02mB per Mn, observed at
low temperature, excludes the presence of significant fe
magnetic component in theG-type domains, in contrast to
Sm0.1Ca0.9MnO3. The discrepancy between Pr0.1Sr0.9MnO3

and Sm0.1Ca0.9MnO3 is further manifested in the electroni
properties, as shown from ther(T) curves of Fig. 8. The
resistivity of Pr0.1Sr0.9MnO3 exhibits first a steep increase i
the 200 K region, associated with the occurrence of
C-type distorted phase, followed with further localization
the lowest temperatures. In this respect, the absence of s
resistivity increase for the less doped mangan
Pr0.05Sr0.95MnO3 @Fig. 8~b!# is consistent with a decrease o
the C-type phase fraction in that compound~16% at 10 K!.

ic

FIG. 8. Resistivity versus temperature for the Sm12xCaxMnO3

~a! and Pr12xSrxMnO3 ~b! series. Thex values are labeled on th
graphs.
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TABLE III. Lattice constants~in Å! for Sm0.15Ca0.85MnO3 ~from Ref. 2! at 10 and 110 K and
Pr0.1Sr0.9MnO3 at 10 K, in doubled cells.

Sm0.15Ca0.85MnO3

10 K
Sm0.15Ca0.85MnO3

110 K
Pr0.1Sr0.9MnO3

10 K

7.4547 7.4629 7.5809
C-type 94% 7.4432 64% 7.4499 42% 7.5809

7.5942 7.5870 7.7099
(b590.28°) (b590.28°)

7.5005 7.5023 7.5880
G-type 6% 7.4826 36% 7.4839 58% 7.5880

7.5005 7.5023 7.6763
(b590.30°) (b590.30°)
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IV. DISCUSSION AND CONCLUDING REMARKS

The present study of electron doped manganites ra
two important questions: what is the microscopic nature
the coexistence of theG-type antiferromagnetic and ferro
magnetic components in the Ln0.1Ca0.9MnO3 systems, and
why is ferromagnetism absent in theG-type phase of
Pr0.1Sr0.9MnO3?

Concerning the latter problem, it is useful to compare
lattice parameters observed at 10 K with previous high re
lution neutron diffraction data of Sm0.15Ca0.85MnO3 at 10 K
and 110 K,2 which also exhibit different mixtures of theG
andC-type phases. It is seen in Table III that, irrespective
the G-type phase fraction in Sm0.15Ca0.85MnO3, the G-type
lattice parameters are pseudocubic and incompatible
any parameter of the distortedC-type cell. This means tha
the intergrowth of both phases within one crystal grain
unlikely or otherwise it would involve detectable structur
effects. In contrast, theG and C-type phases in
Pr0.1Sr0.9MnO3 show very closea parameters, and the unex
pected tetragonal distortion of theG-type structure strongly
suggests that both phases are elastically coupled. Taking
account also the large anisotropy of temperature factors
conclude that the Pr0.1Sr0.9MnO3 structure should be re
garded as an intergrowth of theG andC-type ~0 0 1! layers.
This intergrowth could be viewed as a microscopic ph
separation, coming from a room temperature homogene
system.18 Moreover, the enhancement of theC-type volume
with a steep increase of theG-type ordered moment below
'200 K ~Fig. 5! suggests that some electrons are expe
from the G-type regions and that they stabilize theC-type
ordering in other parts of the sample. In the low temperat
G-phase of Pr0.1Sr0.9MnO3, both the large local distortion
caused by the intergrowth and the electronic separation
duce necessarily the itinerancy of manganeseeg electrons.

Concerning the ferromagnetic component in theG-type
phase of calcium systems, a homogeneous canted mod
the GzFy coupling was proposed in the recent neutron d
fraction study of Ho0.1Ca0.9MnO3.

19 On the basis of presen
high resolution neutron diffraction data on Sm0.1Ca0.9MnO3
and Pr0.1Ca0.9MnO3 and considering new arguments, we su
gest an alternative model consisting of an inhomogene
mixture of antiferromagnetic and ferromagnetic arran
ments ~the magnetic two-phase modelGz1Fz). The most
direct evidence comes from a preliminary NMR~nuclear
magnetic resonance! study on Pr12xCaxMnO3 (x50.9, 0.95,
es
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and 0.975!,20 which shows indeed a superposition of signa
from the majority antiferromagnetic and minority ferroma
netic regions and by the above mentioned shift of the re
tivity anomaly with applied magnetic field. This observatio
suggests that the resistivity drop belowTN5TC5110 K
comes from the ferromagnetic regions in the sample. Wit
the inhomogeneousG1F model, the neutron data should b
recalculated with respect to those given in Table I~b! and
presented, instead, in terms of volume fractions. The amo
of the long range ordered FM domains~reflected in the mag-
netic diffraction! can be estimated to'15%, supposing tha
the manganese moments reach the theoretical limit
3.1mB . On the other hand, moments in theG-type matrix
may be lower, due to the Mn(3d)-O(2p) hybridization and
cancelling of the spin density on the oxygen site. A value
2.6mB is a reliable estimation based on the neutron diffra
tion data of Wollan and Koehler on CaMnO3.

3 In that case,
the antiferromagnetic phase would occupy'65% of the
sample. The remaining 20% is assumed to be occupied
ferromagnetic clusters not detected by neutron diffraction
which can be easily polarized in a weak external field.
total, about 15% of long-range ordered domains and'20%
of clusters are responsible for the observed net magnetiza
of about 1.0mB at the helium temperature.

The origin of ferromagnetism in the antiferromagne
G-type matrix can be understood considering the early i
of Goodenough21 that the electron carriers, in low enoug
concentration, are trapped by potential of trivalent Ln c
ions. In this framework, the extra electron added by the
substitution is shared in a cube of eight Mn41 ions—four of
spin up and four of spin down in the idealG-type arrange-
ment. In the dilute limit, such octants (8 Mn411e2) are
isolated in the lattice and the electron is localized in a r
dom position with reversal of one Mn41 spin. With increas-
ing doping, the randomly distributed Ln centered octa
form clusters in which the extra electrons are no more i
lated, giving rise to the electron itinerancy and persist
ferromagnetism according to the double-exchange mec
nism. This means that the average size of the metallic fe
magnetic clusters will depend critically on the Ln concent
tion, i.e., on the electron doping level, in accordance w
previous observations.1,4 For a real knowledge of this loca
ferromagnetism, a more complex analysis of the NMR sp
tra of the Ln12xCaxMnO3 manganites in the rangex
50.90– 1.0 is absolutely necessary.
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In conclusion, the low temperature state of the elect
doped systems with about 10% Mn31, injected by the Ln31

for Ca21 substitution in CaMnO3, involves ferromagnetic re
gions in theG-type antiferromagnetic matrix. The ferroma
netically ordered spins form regions of various sizes and
pologies, from small clusters and dendritic objects to lar
3D regions detected by the neutron diffraction. The h
conductivity observed in theseG-type systems could be es
tablished through the coalescence22 of the larger metallic do-
mains, which content~'15%! is close to the percolation
threshold ~'16%!.18 In the strontium based system
Pr0.1Sr0.9MnO3, the AFM ordering appears at temperatu
well above theTN of Sm0.1Ca0.9MnO3 and is thus more
stable. Moreover, the large distortions of theG-type domains
imposed by the intergrowth with theC-type phase do no
allow the charge delocalized ferromagnetic state to deve
Consequently, the absence of ferromagnetism can be
cribed to the particular microstructure of this compoun
:

e
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h
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,

characterized by large averageA-site cationic size (̂r A&
51.297 Å) and A-site cationic size disorder (s251.52
31023 Å 2) values.10,11,23 Finally, although two different
magnetic phases~G-type antiferromagnetic and ferromag
netic one! have been evidenced in the Sm0.1Ca0.9MnO3 com-
pound a unique crystallographic phase was identified. Thi
in contrast to Pr0.1Sr0.9MnO3 where theG and C-type anti-
ferromagnetic arrangements are associated with two cry
lographic phases. These electron doped manganites pre
thus two different examples of the magnetic and electro
phase separations.
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