
Phase separation and magnetoresistivity in Sm0.1Ca0.9−xSrxMnO3

C. Martin, A. Maignan, M. Hervieu, and S. Hébert
Laboratoire CRISMAT, UMR 6508 CNRS ENSICAEN, 6 bd Maréchal Juin, 14050 Caen Cedex, France

A. Kurbakov
Petersburg Nuclear Physics Institute, Orlova Grove, Gatchina, Leningrad District 188 300, Russia

G. André and F. Bourée-Vigneron
LLB, CEA-Saclay, 91191 Gif Sur Yvette, France

J. M. Broto, H. Rakoto, and B. Raquet
LNCMP, 143 Avenue de Rangueil, 31432 Toulouse Cedex, France

�Received 12 October 2007; published 1 February 2008�

The structural and physical properties of the electron-doped Sm0.1Ca0.9−xSrxMnO3 perovskite manganites
�0�x�0.8� have been studied by combining x-ray and neutron diffractions with measurements of magneti-
zation �in static or pulsed magnetic fields�, magnetic susceptibility, and resistivity. A structural change, from
Pnma �for x�0.4� to I4 /mcm �0.5�x�0.8�, is observed at room temperature. A detailed study of two
compounds �x=0.3 and 0.6�, belonging to each structural region, demonstrates different phase separations at
low temperature, with mixtures of C- and G-type antiferromagnetisms associated with different crystallo-
graphic structures �P21 /m for x=0.3 and I4 /mcm for x=0.6�. The stabilization of different �crystallographic
and magnetic� states together with the different Néel temperatures gives the opportunity to control the robust-
ness of the antiferromagnetism versus A-site size parameters, such as �rA� and �2. Since 50 T are not sufficient
to collapse the antiferromagnetism in Sm0.1Ca0.3Sr0.6MnO3, a spontaneous magnetization is observed for x
�0.2. It is demonstrated that, also in Mn+4-rich manganites, the magnetoresistive properties can be optimized
by chemical pressure, the Sr for Ca substitution increasing the octahedra tilting in the Pnma structure.
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INTRODUCTION

The asymmetry of the magnetic and transport properties
between hole- and electron-doped perovskite manganites
partly results from their different concentrations of Jahn-
Teller Mn3+ cations. The electric transport of the
Ln1−xCaxMnO3 manganites is insulating in the paramagnetic
�P� state on the hole-doped side �x�0.5�,1,2 whereas on the
electron-doped side, only a low concentration of Mn3+, such
as x�0.95, is sufficient to induce metallicity.3–6 In particular,
the metallic behavior often reported for CaMnO3 is under-
stood by the existence of a slight oxygen nonstoichiometry
responsible for the creation of electrons delocalized in an eg
narrow band.7,8 Furthermore, the magnetism of electron-
doped manganites differs also from that of hole-doped
ones.9,10 The ferromagnetism of the former exists only in a
narrow range of Mn3+ concentration and corresponds to a
magnetic phase separation between a G-type antiferromag-
netic �AF� insulating matrix and ferromagnetic �F� metallic
clusters.11–15 The percolation of the latter enhances the me-
tallicity below the Curie temperature. For all these mangan-
ites, the competition between the different ground states �me-
tallic double-exchange ferromagnetism, superexchange
antiferromagnetism, orbital order and disorder� is, however,
not only controlled by the band filling but also by the effec-
tive one-electron bandwidth of the eg band, that is, the Mn-
O-Mn bond angles and Mn-O bond lengths, via the choice of
the A-site cations �Ln, Ca�. The key role of these structural
parameters is exemplified by the comparison of two electron-
doped manganites, Sm0.1Ca0.9MnO3 and Pr0.1Sr0.9MnO3,

having the same Mn3+ concentration.11 The former under-
goes a magnetic transition from P- to G-type AF+F, without
structural transition, whereas the latter exhibits magnetic and
structural transitions from paramagnetic cubic to a mixture
of two antiferromagnetic phases, C-type+G-type, crystalliz-
ing both in the I4 /mcm space group. The C-type AF is de-
scribed as F files which are AF coupled, whereas in the
G-type structure each Mn is AF coupled with its six Mn
neighbors.9,10 Thus, the A-site average ionic radius allows
controlling the nature of the phase separation in the electron-
doped manganites and, in principle, the amount of F phase.
In order to study the change of electronic and magnetic
ground states in the electron-doped manganites, the struc-
tural and magnetic properties of the Sm0.1Ca0.9−xSrxMnO3
series have been investigated, by x-ray and neutron diffrac-
tions in connection with transport and magnetic measure-
ments. The choice of the composition Sm0.1Ca0.9MnO3 in the
series Sm1−xCaxMnO3 is motivated by the larger amount of F
component associated with the more metallic behavior for a
manganese oxidation state of +3.9.

EXPERIMENTAL SECTION

The Sm0.1Ca0.9−xSrxMnO3 samples have been prepared
from x=0 to 0.2 by 0.02 step and from 0.2 to 1 by 0.1 step,
by using a conventional synthesis process in air.5,11 Stoichi-
ometric ratios of Sm2O3, CaO, SrCO3, and MnO2 were
weighted, mixed, and heated in air 12 h at 1000 °C. These
powders were then crushed and pressed in the form of bars
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and synthesized in two steps at 1200 and 1500 °C during
12 h with a slow cooling down to 800 °C. Two samples
�Sm0.1Ca0.6Sr0.3MnO3 and Sm0.1Ca0.3Sr0.6MnO3� were also
prepared in larger amounts �5 g� by using 152Sm2O3 as pre-
cursor, in order to perform neutron powder diffraction
�NPD�.

The purity of the samples was checked by x-ray powder
diffraction �XRPD� at room temperature �RT� by using a
Philips diffractometer �Cu K� radiations� and an angular
range 10�2��100° with 0.02° steps. The neutron powder
diffraction study was performed in LLB-Saclay �France�
for Sm0.1Ca0.6Sr0.3MnO3 and Sm0.1Ca0.3Sr0.6MnO3. The tem-
perature dependence was followed from 1.4 to 300 K
by using the G4.1 diffractometer �	=2.4245 Å, from 14° to
94° in 2��. A second set of measurements was performed
with the 3T2 diffractometer �	=1.2261 Å, from 4.15°
to 121.95° in 2�� at 300 K for both samples and at
500 K for Sm0.1Ca0.3Sr0.6MnO3. The G4.2 diffractometer
�	=2.3426 Å with 3° �2��143°� was also used for mag-
netic determinations at several temperatures �1.5, 60, 100,
135, and 150 K for Sm0.1Ca0.6Sr0.3MnO3 and 1.5, 90, and
150 K for Sm0.1Ca0.3Sr0.6MnO3�. The diffraction data were
refined with the FULLPROF suite.16

The magnetization curves �M�T�� were recorded with a
vibrating sample magnetometer �Tmax=300 K� or a SQUID
magnetometer �Tmax=400 K�, in increasing temperature and
under 1.45 T �after a zero field cooling �zfc� or a field cool-
ing �fc��. The ac magnetic susceptibility data were recorded
up to 350 K with an excitation field hac=10 Oe for frequen-
cies f =102, 103, and 104 Hz, increasing or decreasing tem-
perature.

Electrical resistances were measured, decreasing the tem-
perature, with the four-probe technique, by using bars with
typical dimensions 2
2
10 mm2, in a Physical Properties
Measurements System �PPMS, Quantum Design�, that also
allows magnetic field scans in the range of 0–9 T.

Experimental measurements of transport and magnetiza-
tion under high magnetic field were performed using the
pulsed field facilities of the LNCMP �Toulouse, France�. The
magnetization experiments were performed using a classical
compensated pickup coils technique. The signal was re-
corded during both the increasing and decreasing parts of the
field at a constant temperature after a zfc procedure. Increas-
ing time of the field is 25 ms and the total time of the field is
150 ms. The magnetoresistance is measured by the four-
probe technique under ac current �3 kHz�, in this case the
increasing time of the field is 43 ms and total time 350 ms.

Thermopower was measured using a steady state tech-
nique in a home-made sample holder inserted in a PPMS.

RESULTS

Room temperature x-ray structural study

The refinements of the room temperature XRPD data
show a transition from Pnma �ap

�2
2ap
ap
�2� for x

�0.4 to I4 /mcm �ap
�2
ap

�2
2ap� space group for 0.5
�x�0.8 �ap referring to the cell parameter of cubic perov-
skite�. For higher x values ��0.8�, a mixture of hexagonal

and cubic phases is observed. In fact, it is well known that
for such compounds �close to SrMnO3�, syntheses in reduc-
ing atmosphere are needed to avoid the hexagonal
phases.17–19 This part of the diagram being not of first impor-
tance for this study, no new samples have been prepared in
the adequate conditions.

The x dependence of the cell parameters and unit cell
volume is shown Fig. 1. The volume increases regularly with
x in agreement with the larger size of Sr+2 compared to Ca+2

�Ref. 20� but a clear discontinuity appears for the cell param-
eters, at the boundary between both structural domains �i.e.,
for x�0.45�. The Pnma structures are slightly distorted �the
distortion parameter ��a+c� /b�2� remains close to 1�,
whereas the cell parameters present a clear splitting in the
I4 /mcm space group �leading to a distortion �a�2 /c� around
0.98�. In the Pnma domain, the structure is pseudocubic, in
agreement with the absence of cooperative Jahn-Teller effect
due to the +3.9 valency of manganese;21 nevertheless, two
kinds of lattices are observed, a�b / �2�c for x�0.2 and
c�b / �2�a for x�0.2. This evolution is due to a smaller
and a larger increase of a and c, respectively, when the Sr
content increases. The slight x dependence of a is in agree-
ment with a low and constant amount of Jahn-Teller Mn3+

and the increase of c reflects an increase of the octahedral
tilting.22

In this Sm0.1Ca0.9−xSrxMnO3 series, the average A-site cat-
ion size ��rA�� increases regularly with x, but the mismatch
values ��2, reflecting the disorder induced by several cations
with different sizes on the same crystallographic site23,24� go
through a maximum for x=0.5 �Fig. 1, inset�, which can be
thus associated with the Pnma to I4 /mcm structural transi-
tion. Such an evolution from Pnma to I4 /mcm, at fixed Mn
valency, was previously observed in various series. It differs
from the results obtained for Pr0.5Sr0.5−xCaxMnO3 where an
Imma domain is observed �for a small x range� between the
Pnma and I4 /mcm areas,25 but it is similar to the one re-
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FIG. 1. �Color online� Cell parameters �left y axis� and volume
�right y axis� versus the Sr content �x�, Inset: Mismatch parameter
��2� versus the average A-site size �rA�� along the
Sm0.1Ca0.9−xSrxMnO3 series, the corresponding x values are given
in the plot; rA are taken from Ref. 20 in coordination IX and �2

=	xiri
2− �rA�2. The crosses on the x axis indicate the compositions

studied by neutron diffraction �this work and Ref. 11 for x=0�.
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ported for the Ca1−xSrxMnO3 system.19 Nevertheless, the
Pnma to I4 /mcm transition appears at lower �rA� in the title
series, in connection with its larger �2 values due to the
small size of Sm+3 compared to Ca+2 and Sr+2.

Magnetic properties

Magnetization and susceptibility

The magnetization data as a function of temperature
�Fig. 2� recorded up to 300 K �zfc process, 1.45 T� show that
the F component, corresponding to about 
1�B / f.u. for
Sm0.1Ca0.9MnO3, is very sensitive to the strontium for
calcium substitution, and seems to be totally suppressed as
soon as 0.2 Sr are substituted for Ca �i.e., x=0.2 in the fig-
ure�. This “upper” x limit for the F component corresponds
to the crossing point a�c�b / �2 observed in Fig. 1. As
described in the Introduction, the magnetic ground state of
Sm0.1Ca0.9MnO3 at low temperature corresponds to F clus-
ters embedded in a G-type AF matrix. Its magnetic signature
in the macroscopic measurements is the existence of a sharp
peak on the magnetic susceptibility curves collected with a
low ac magnetic field �10 Oe�, developing just below TN

=TC=110 K, followed by a broad  shoulder as T
decreases.4 In this lower temperature range, the ac-� de-
pends on the frequency �f� of the excitation of the magnetic
field, as shown for Sm0.1Ca0.8Sr0.1MnO3 �Fig. 3, inset�. The
��T� curves of the Sm0.1Ca0.9−xSrxMnO3 samples �Fig. 3�,
where � values are given in a logarithmic scale, show that
the cluster-glass �CG� characteristic shape of the ��T� curve
is still present for up to Sm0.1Ca0.72Sr0.18MnO3, with TC val-
ues kept roughly unchanged, though the � magnitude has
dropped by 1 order of magnitude. For this small x range �x
=0.10 and 0.18 in Fig. 3�, the ��T� curves exhibit a strong
increase at low temperature �T�15 and 10 K, respectively�
whose origin remains unclear. However, as shown from the

M�T� curves �Fig. 2, inset�, the Sr for Ca substitution gener-
ates an additional magnetization broad maximum developing
at higher temperature. This feature is also well defined at
120 K on the ��T� curve for Sm0.1Ca0.72Sr0.18MnO3 �Fig. 3�.
The characteristic temperature of this maximum shifts up
progressively with x, reaching 315 K for x=0.6 �Fig. 4�.
Both characteristic temperatures increase thus with the Sr
content; the low transition temperature evolves from 70 K
�x=0.3� to 120 K �x=0.6� and the higher one moves from
140 K �x=0.3� to 315 K �x=0.6�. The lower temperature
transition is associated with a field cooled and/or zero field
cooled effect which is clearly shown in inset by the sus-
ceptibility curves measured in 100 Oe �Fig. 4, inset�. This
behavior is characteristic of ferromagnetic interactions at
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low temperature even for the x=0.6 composition. The rapid
decrease of this F component with the Sr increase goes
with the decrease of �p determined from the linear part
of the inverse susceptibility curves ��T� �Fig. 5�, from
78 K for Sm0.1Ca0.8Sr0.1MnO3 down to 44 K for
Sm0.1Ca0.6Sr0.3MnO3. For larger Sr content, the lack of linear
regime �up to 350 K� precludes the extrapolation of the
��T� curve as shown for the x=0.6 composition in Fig. 5.
All the determined �p values are positive, characterizing thus
ferromagnetic interactions. Nevertheless, the AF state stabi-
lized at low temperature is robust, as shown by the M�H�
curves collected at 5 K up to 5 T in Fig. 6 �insets� for x
=0.3 and 0.6. The fact that the maximal magnetization values
remain small in 5 T has motivated magnetization measure-
ments under high magnetic fields for both compounds �x
=0.3 and 0.6� studied by neutron diffraction.

The magnetization curves recorded under magnetic field
up to 50 T from 4.2 K to room temperature are reported in
Fig. 6. In the case of x=0.6, the magnetization is essentially
linear up to 50 T for all temperatures, characteristic of an AF
state, with magnetization values far below the saturation
value for Mn. The compound with x=0.3 presents below TN
��140 K� metamagnetic transitions with a hysteresis be-
tween the sweep-up and sweep-down measurements, wider
when the temperature is lower. The characteristic magnetic
field of the AF to F transition decreases from 45 T at 4.2 K
down to 27 T at 110 K. The saturation of the magnetization
corresponding to the F state is never reached whatever the
temperature at the maximum magnetic field. At low field and
low temperature, only a small deviation of the linear varia-
tion is observed, which could be due to a small canting.
These measurements clearly evidence that the Sr for Ca sub-
stitution stabilizes the AF state. For Sm0.1Ca0.3Sr0.6MnO3,
this state cannot be destroyed by a magnetic field as high as
50 T; in the case of Sm0.1Ca0.6Sr0.3MnO3, the application of
a high magnetic field can induce a transition toward a ferro-
magnetic state.

Neutron diffraction study

The neutron diffraction study first confirms the space
groups evidenced by x-ray diffraction at RT for

Sm0.1Ca0.6Sr0.3MnO3 �Pnma� and Sm0.1Ca0.3Sr0.6MnO3

�I4 /mcm�. The temperature dependence of the NPD patterns
is reported in Figs. 7�a� and 7�b�, respectively. It shows
two magnetic transitions without structural ones for
Sm0.1Ca0.3Sr0.6MnO3. At �240 K, peak characteristics of
C-type AF start to develop and at �120 K, a peak character-
istic of G-type AF appears �Fig. 7�b��. The magnetic behav-
ior of Sm0.1Ca0.6Sr0.3MnO3 is similar, with C- and G-type
AFs establishing at �150 and 70 K, respectively. Neverthe-
less, for this compound a structural transition is associated
with the magnetic one at 150 K �from P-Pnma to
C-AF-P21 /m� �Fig. 7�a��. In both cases, no clear F compo-
nent is evidenced whatever the temperature. The TN�G�’s de-
termined by neutron diffraction correspond to the lower char-
acteristic temperatures observed in the magnetization curves
for both compounds �Fig. 4�. In contrast, if the TN�C� of
Sm0.1Ca0.6Sr0.3MnO3 fits well with the kink evidenced in the
M�T� curve, there is no clear correspondence between TN�C�
of Sm0.1Ca0.3Sr0.6MnO3 ��240 K� and the bump observed in
the M�T� curve at higher temperature. This point will be
discussed later. The temperature dependences of the crystal-
line and magnetic structures were analyzed by using the me-
dium resolution G4.1 data rows and consequently with only
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one crystallographic phase for each temperature. Neverthe-
less, these calculations, completed by the 3T2 and G4.2 data,
lead to a coherent picture.

The room temperature crystallographic parameters were
first obtained from analysis of the high resolution 3T2-NPD
data, whose results agree with the preliminary x-ray study.
The quality of the fit is attested in Figs. 8�a� and 8�b� for the
x=0.3 and 0.6 compositions, respectively, and the corre-
sponding crystallographic parameters are summarized in
Table I. For both compounds, the actual compositions seem
to be very close to the nominal ones. Due to the occupancy
of the A site of the perovskite by three cations with coherent
scattering length of -0.50, 0.49, and 0.702 �
10−12 cm� for
152Sm, Ca, and Sr respectively, and to the absorption cross
section of 152Sm, successive trials were performed to check
the occupancy of this site and they did not show any evi-
dence of deviation from the expected formula. A careful at-
tention was also paid to the oxygen content, and the calcu-
lations lead to oxygen stoichiometric samples.

The structure of Sm0.1Ca0.6Sr0.3MnO3—refined in the
Pnma space group—is very regular, leading to slightly com-
pressed MnO6 octahedra: the apical interatomic Mn-O dis-
tances �1.903 Å� are slightly smaller than the equatorial ones
�1.906 and 1.909 Å�. These results obtained at room tem-
perature are similar to those reported for Sm0.1Ca0.9MnO3.11

The space group is the same and the cell parameters are close
but the increase of the cell volume due to the larger size of
strontium, compared to calcium, is not reflected in the MnO6
size. In fact, the shape of the octahedra is similar �slightly
compressed� but the Mn-O distances are smaller in
Sm0.1Ca0.6Sr0.3MnO3 in connection with an increase �of
around 5°� of the Mn-O1-Mn angles. This evolution is
clearly different from the one observed between
Sm0.1Ca0.9MnO3 and Sm0.15Ca0.85MnO3 �Ref. 26� for which
the lattice volume increase �due to the increase of the Mn3+

amount� maintains the MnO6 distortion with a slight increase
of all the Mn-O distances without variation in the Mn-
O1-Mn angles. It clearly shows the strong impact of �rA� and
�2 upon the structure.

For Sm0.1Ca0.3Sr0.6MnO3, due to a small anisotropic
broadening of Bragg peaks, using in the refinements of mi-
crostrain parameters16,27 allows an improvement of the fit in
I4 /mcm. Nevertheless, the higher strain parameter, that is,
S�220, remains small �0.42�6�, with a Lorentzian strain coef-
ficient of 0.34�1��. Moreover, the value obtained for the O1
thermal factor remains slightly high �0.94 Å2�, and is prob-
ably associated with an oxygen disorder. Refinements of an-
isotropic thermal parameters of oxygen improve slightly the
fit �Rp=1.94, Rwp=2.49, and Rexp=1.59%� without any no-
ticeable changes in the crystallographic parameters and the
Bequi. A small value of mean square displacement is observed
along the z axis �0.05 Å�, whereas larger values �0.13 Å� are
refined along the �x ,y� diagonal. These results are in good
agreement with the observations reported for high mis-
matched manganites24 but our last refinements should be
taken with caution due to the numerous refined parameters.
The distortion of the MnO6 octahedra is different from the
one observed for x=0.3, since they are elongated along the c
axis �with apical Mn-O distances of 1.913 Å for four dis-
tances of 1.897 Å in the basal plane�.

The structural and magnetic transitions are then followed
by using the G4.1 patterns �Fig. 7�. Dealing with the x=0.3
sample, at about 150 K, C-type AF appears, associated with
a Pnma to P21 /m structural transition, going with a small
increase of the a and c parameters and a stronger decrease of
the b one. At lower temperature, that is, around 70 K, the
G-type AF starts to develop, without visible structural
changes. The low temperature state ��70 K� is thus de-
scribed with one monoclinic cell associated with two antifer-
romagnetic components �with about 2�B and 1�B for C and
G, respectively�. The high resolution—G4.2—NPD data al-
low an improvement of the fit by adding a second crystalline
phase of Pnma space group, corresponding to the G-type AF.
At 1.5 K, the main part of the sample ��95% � corresponds
to the P21 /m space group and is associated with the C-type
AF. The small amount of Pnma, the overlap of the Bragg
peaks belonging to both phases �Pnma and P21 /m� due to
the closeness of their cell parameters �ap

�2
2ap
ap
�2�,

and the fact that F appear in addition to the nuclear peaks
make unrealistic the complete refinement of both structures
with our data; it is why only the parameters corresponding to
the main P21 /m phase are reported in Table II. The magnetic
moments �2.1�B� are lying in the basal �x ,z� plane in agree-
ment with the distortion of the cell in this plane. The two

Sm0.1Ca0.6Sr0.3MnO3

70K

150K

Sm0.1Ca0.3Sr0.6MnO3
I4/mcm

120K

240K

C-type AF

G-type AF

C-type AF

G-type AF

Pnma

P21/m

FIG. 7. �Color online� Temperature dependence �from
1.4 to 300 K� of NPD patterns �G4.1, 	=2.4245 Å� observed for
�a� Sm0.1Ca0.6Sr0.3MnO3 and �b� Sm0.1Ca0.3Sr0.6MnO3. This en-
largement, from 23° to 73° in 2�, was chosen to highlight the mag-
netic peaks.
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MnO6 octahedra of this monoclinic phase exhibit the same
distortion: the smaller distance is the apical Mn-O �1.890 Å
in both cases� and one of the equatorial ones is longer �1.920
or 1.921 Å� than the other one �1.896 or 1.895 Å�. This elon-
gation is associated with the d3z2−r2 orbital polarization, char-
acteristic of C-type AF. Thus decreasing the temperature, the
MnO6 octahedra become more flattened and a strong distor-
tion appears in the basal plane.

These results are different from those observed for
Sm0.1Ca0.9MnO3 �Ref. 11� that remains Pnma and does not
exhibit C-AF, but are reminiscent of those reported for
Sm0.15Ca0.85MnO3 �Ref. 26� with a mixture of P21 /m-C and
Pnma-G AF at low temperature. The main difference deals
with the characteristic temperatures TN �C and G� very close
in the case of Sm0.15Ca0.85MnO3 �about 110 K� but differing
by about 80 K in Sm0.1Ca0.6Sr0.3MnO3 �150 and 70 K for C
and G, respectively�. The competition between both mag-
netic orders is thus clearly different, due to the strong stabi-
lization of the C-type AF in Sm0.1Ca0.6Sr0.3MnO3. It is diffi-
cult to exclude the existence of F in Sm0.1Ca0.6Sr0.3MnO3,

due to the fact that such component induces only an increase
of intensity on nuclear peaks and because the amount of
Pnma phase �better adapted for F than P21 /m� is small.
These observations fit pretty well with the results of magne-
tization under high magnetic field, and also with those pre-
viously reported for the Sm1−xCaxMnO3 series.28 In fact, the
4.2 K-M�H� curve of Sm0.1Ca0.6Sr0.3MnO3 is clearly differ-
ent from the one of Sm0.1Ca0.9MnO3 �despite the same Mn
valency� but mimics the one of Sm0.15Ca0.85MnO3. For the
latter, a small F component is first observed at low fields,
which does not exist for Sm0.1Ca0.6Sr0.3MnO3, showing the
disappearance of F interactions induced by the Sr for Ca
substitution. At higher fields, a metamagnetic transition oc-
curs in both compounds, but the critical field is higher for
Sm0.1Ca0.6Sr0.3MnO3 �about 45 T� than Sm0.15Ca0.85MnO3
�about 13 T in sweep-up process�.

The data recorded with G4.1 for Sm0.1Ca0.3Sr0.6MnO3
were all refined by using one phase with the I4 /mcm space
group and C-type and then G-type antiferromagnetic struc-
tures were added for T�240 and 120 K, respectively �lead-

(a) Sm0.1Ca0.6Sr0.3MnO3 [RT]

(b) Sm0.1Ca0.3Sr0.6MnO3 [RT]

(c) Sm0.1Ca0.3Sr0.6MnO3 [500K]

(d) Sm0.1Ca0.3Sr0.6MnO3 [500K]

[001] [010] [1
−
11]

FIG. 8. �Color online� 3T2 �	=1.2261 Å� neutron diffraction patterns �calculated, dark solid line; experimental, red points and Bragg
ticks� of Sm0.1Ca0.6Sr0.3MnO3 �a� and Sm0.1Ca0.3Sr0.6MnO3 �b� measured at room temperature; of Sm0.1Ca0.3Sr0.6MnO3 at 500 K �c� and

corresponding �001�, �010�, and �11̄1� ED patterns, characteristic of I4 /mcm.
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ing to manganese magnetic moments of �2 and 1.1�B, re-
spectively, �at 1.4 K��. The temperature dependence of the
lattice parameters was studied from 1.4 to 300 K �not
shown� showing a smooth evolution, comparable with those
of Pr0.1Sr0.9MnO3;a increases and c slowly decreases as the
temperature increases, but Pr0.1Sr0.9MnO3 is cubic at RT
�Ref. 11� that is not the case for Sm0.1Ca0.3Sr0.6MnO3. The
low temperature structure was then analyzed by using the
higher resolution NPD-G42 data. Two I4 /mcm unit cells,
whose parameters are reported in Table II, are used to de-
scribe the low temperature state. Both unit cells are elon-
gated along the c axis, the more distorted one corresponds to
the main phase �70%� and C-type AF �with 2.3�B� and the
more regular one �30%� is associated with G-type AF
�2.4�B�. The magnetic moments are along the c axis, corre-
sponding to the longer Mn-O distances in the C-AF phase,
and perpendicular to this axis in the G-type phase.

These observations are similar to what was reported for
Pr0.1Sr0.9MnO3,11 with mixtures of C- and G-AFs in I4 /mcm
phases with close distortions. In both cases, the C-type Néel
temperatures �300 K for Pr0.1Sr0.9MnO3 and 240 K for
Sm0.1Ca0.3Sr0.6MnO3� are higher than the TN�G� �220 and
120 K, respectively�. All characteristic temperatures are thus
lower for Sm0.1Ca0.3Sr0.6MnO3 but the difference �TN�C�
−TN�G�� is larger, showing the structural effect due to the Sr
for Ca substitution upon the stability of the magnetic phases
in competition, particularly the destabilization of the G-type.
Despite this effect on the Néel temperatures, the description
of a microscopic phase separation in two elastically coupled
phases proposed for the Pr compound seems available for the
manganite under study. Nevertheless, to complete the struc-
tural study and in order to understand the broad kink in the
M�T� curve at temperatures higher than 300 K, a high reso-
lution 3T2-NPD measurement was performed at 500 K. It
shows that the tetragonal distortion of the structure de-
creases, though at 500 K the transition is not complete �Fig.
8�c��. The best fit is obtained by refining the NPD diagram
in I4 /mcm, but with a small tetragonal distortion, very
close to one, corresponding to the refined cell parameters

TABLE I. Room temperature crystallographic parameters �from
3T2 data�. In Pnma �SG 62�, the positions are Mn in 4b
− �0,0 ,1 /2�; �Sm,Ca,Sr� in 4c− �x ,1 /4,z�; O1 in 4c− �x ,1 /4,z�;
O2 in 8d− �x ,y ,z�. In I4 /mcm �SG 140�, the positions are Mn in
4c− �0,0 ,0�; �Sm,Ca,Sr� in 4b− �1 /2,0 ,1 /4�; O1 in 4a
− �0,0 ,1 /4�; O2 in 8h− �x ,1 /2+x ,0�.

Space group
Sm0.1Ca0.6Sr0.3MnO3

Pnma
Sm0.1Ca0.3Sr0.6MnO3

I4 /mcm

a �Å� 5.32425 �7� 5.33548 �3�
b �Å� 7.53383 �7�
c �Å� 5.33510 �9� 7.65127 �5�
V �Å3� 214.002�5� 217.812�2�
Mn

B �Å2� 0.06�2� 0.03�2�
�Sm,Ca,Sr�
x 0.0173�4�
z −0.0025�7�
B �Å2� 0.47�2� 0.37�1�
O1

x 0.4947�4�
z 0.0502�4�
B �Å2� 0.56�2� 0.94�2�
O2

x 0.2784�2� 0.27705�8�
y 0.274�2�
z −0.2779�2�
B �Å2� 0.69�2� 0.71�1�
Rp, Rwp, Rexp �%� 2.93, 3.76, 1.53 2.83, 3.74, 1.60

Mn-O1 �Å� 1.9030 �3� �
2� 1.913 �
2�
Mn-O2 �Å� 1.909 �12� �
2� 1.8980 �4� �
4�
Mn-O2 �Å� 1.906 �12� �
2�
Mn-O1-Mn �°� 163.72 �7� 180.00

Mn-O2-Mn �°� 162.14 �8� 167.44 �3�

TABLE II. Low temperature �1.5 K� crystallographic parameters �from G4.2 data�.

Space group

Sm0.1Ca0.6Sr0.3MnO3

��95% �
P21 /m

Sm0.1Ca0.3Sr0.6MnO3

�70%�
I4 /mcm

Sm0.1Ca0.3Sr0.6MnO3

�30%�
I4 /mcm

a �Å� 5.3224 �1� 5.304 46 �5� 5.304 46 �5�
b �Å� 7.4801 �2�
c �Å� 5.3353 �1� 7.685 7 �4� 7.669 1 �7�
� �°� 90.767 �2�
V �Å3� 212.391 �9� 216.25 �1� 215.79 �2�
M ��B� Cxz 2.08 �2� Cz 2.34 �8� Gxy 2.4�2�
Mn1-O1 �Å� 1.890 �1� 
2 1.921 
2 1.917 
2

Mn1-O2 �Å� 1.896 �2� 
2 1.890 �1� 
4 1.890 �1� 
4

Mn1-O2 �Å� 1.920 �2� 
2

Mn2-O1 �Å� 1.890 �1� 
2

Mn2-O2 �Å� 1.895 �2� 
2

Mn2-O2 �Å� 1.921 �2� 
2
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a=5.372 36�4� and c=7.621 83�8� Å. No more anisotropic
broadening of the peaks is observed, in agreement with the
more cubic metric of the lattice; the fact that the B factors are
high �1.47 and 1.28 Å2 for O1 and O2, respectively� is dif-
ficult to discuss due to the temperature �500 K�. To finish the
structural characterization of this x=0.6 sample, it was then
studied by transmission electron microscopy, from
300 to 500 K. The bright field images show the very good
crystallinity of the sample. The electron diffraction confirms
the I4 /mcm-type structure at room temperature as well as the
existence of twinning domains resulting from the tetragonal
distortion of the perovskite cell. By increasing slightly the
temperature, the reflections keep a pointlike shape and re-
main characteristics I4 /mcm up to 500 K as shown in Fig.
8�d�.

The origin of the bump above RT in the magnetization
curves is thus not due to the structural transition nor long
range magnetic ordering. As explained in the case of the
Bi-based manganites,29 it could be accounted for by the
switch from F to AF fluctuations.

Transport properties

The interplay between charge and spins is illustrated in
Fig. 9�a� by selected T-dependent resistivity ��T� curves. The
metallic state associated with the CG for Sm0.1Ca0.9MnO3 is
already suppressed for Sm0.1Ca0.8Sr0.1MnO3 �x=0.1 in Fig.
9�a�� for which the resistivity shows an increase as the tem-
perature decreases. This tendency toward localization at low
temperature becomes more pronounced with the Sr content
increase, as shown in the x=0.2 curve by the strong increase
of � below �120 K. This temperature is in good coincidence
with the TN of the C-type AF state, taken at the top of the
peak in the magnetization curve �Fig. 2�. Finally, the resis-
tivity increases continuously with the decrease of tempera-
ture from 400 K for x=0.6 �Fig. 9�a�, inset�, consistently
with the M�T� curve �Fig. 5�. For this compound, the mag-
netic transition corresponding to the C-type order is better
seen in the derivative curve whereas the Tbump and the
G-type magnetic one are clearly visible in the resistivity
curve. As expected, the rapid disappearance of the metallic F
clusters has a strong impact on the resistivity. Nonetheless, it
must be pointed out that in the paramagnetic state the resis-
tivity keeps similar values �2 m� cm whatever the Sr con-
tent is, showing that if the magnetic exchange energies are
sensitive to �rA�, this is not the case for the mechanism of
electron delocalization in the disordered magnetic state.

According to previous reports on the negative magnetore-
sistance of electron-doped manganites, the coexistence of the
G- with C-type AFs in the vicinity of existence of F compo-
nent is necessary to reach the best effects. Since the Sr for Ca
substitution allows to control �F /G-AF� / �C-AF� amounts,
the MR vs x goes through a maximum, as shown by the
��0 /�7 T��T� curves �Fig. 9�b�� showing the highest value for
x=0.16. In contrast, for the heavily Sr substituted samples
�x=0.6�, the MR has almost totally disappeared.

The R�H� curves measured up to 50 T for
Sm0.1Ca0.6Sr0.3MnO3 show a transition for T�150 K �Fig.
10�. Even if the decrease of the resistivity reaches almost 2

orders of magnitude at 4.2 K, no metallic state is induced by
the magnetic field application. In fact, the percolation thresh-
old is probably not attained, in agreement with the magnetic
field induced ferromagnetic component �1.2�B / f.u.� that re-
mains far from the theoretical one �3.1�B / f.u.� even in 50 T
�Fig. 6�. The characteristic magnetic fields, deduced from
magnetization and resistivity curves, are in good agreement.
The transitions observed for T�150 K are thus attributed to
the disappearance of the C-type antiferromagnetic state �TN

=150 K�. The 4.2 K curve clearly shows a second transition
at lower magnetic field, also characterized by an irreversibil-
ity, which could be linked to the destruction of the small
amount of the G-type antiferromagnetism �TN=70 K�. This
observation was unexpected since only one metamagnetic
transition is shown in the corresponding magnetization curve
�Fig. 6�a��.
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FIG. 9. �Color online� �a� T-dependent resistivity ��� curves of a
selection of Sm0.1Ca0.9−xSrxMnO3 samples �x values are given in
the figure� in 0 or 7 T, decreasing temperature. Inset: ��T� curve
�right y axis� and corresponding d log � /dT�T� up to 400 K. �b�
T-dependent MR values obtained by dividing data obtained upon
cooling in 0 T ��0 T� by data obtained in 7 T ��7 T�.
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Such R�H� curves were not measurable for
Sm0.1Ca0.3Sr0.6MnO3 due to its too insulating behavior. Its
transport properties were thus completed by thermoelectric
power measurements �Seebeck, S�, which are compared to
those of other Mn4+-rich manganites �Fig. 11�. At high tem-
perature �TN�C��T�300 K�, i.e., in the paramagnetic state,
the T-linear regime—observed in the metal-like state of
Sm0.1Ca0.9MnO3 �Fig. 11�—is not reached, probably in con-
nection with the very broad structural transition observed in
this temperature range for Sm0.1Ca0.3Sr0.6MnO3 �as described
before�. For the latter, the S minimum value �about
−66 �V K−1� is observed for temperatures close to TN�C�
�240 K, indicating that below that temperature the carrier
localization related to the AF is starting. Decreasing T, S
changes of sign reaching positive values, up to 150 �V K−1.
Such large positive thermoelectric power values associated
with AF are always observed in the case of Sr-rich electron-
doped manganites. It is illustrated by the very similar S�T�
curves of Sm0.1Ca0.3Sr0.6MnO3 and Pr0.1Sr0.9MnO3 in Fig.

11. As explained above, both samples are characterized by a
similar low temperature state with a mixture of G- and
C-AFs, but the higher mismatch in Sm0.1Ca0.3Sr0.6MnO3
leads to a destabilization of the G-AF, that does not appear in
the S�T� curves. Since similar S�0 values are not observed
in Ca-rich electron-doped manganites, this behavior is attrib-
uted to the A-site cation size effect on the electronic band
structure, as reported in both electron-doped manganites, as
in Ca1−xSrxMn0.96Mo0.04O3,30 and hole-doped manganites.31

In all cases, increasing the size of the A-site cations decrease,
the structural distortion �as discussed in the first section for
the present compounds�, which affects the band structure. In
the series under study, it seems difficult to go further in the
interpretation due to the coexistence of two crystalline and
magnetic phases for Sm0.1Ca0.3Sr0.6MnO3.

Discussion, „ŠrA‹ ,T… phase diagram, conclusion

The magnetic and structural phase diagram presented in
Fig. 12 is built from the magnetic measurements described in
this paper and the NPD results are added for x=0,11 0.3, and
0.6 �this study�. There is a clear correlation between Figs. 1
and 12, showing the strong relationships between structures
and properties in this Mn+3.9 series.

With the Sr content increase, the average cationic radius
of the A-site increases and a structural discontinuity—from
Pnma to I4 /mcm—is observed at the maximal mismatch
value. Nevertheless, this change in the octahedral tilt system
�from three tilt for Pnma to one tilt for I4 /mcm �Ref. 32�� at
room temperature is not linked to changes in the low tem-
perature magnetic structure, as it was reported for the
Ln1/2A1/2MnO3 perovskites.22 This behavior is similar to the
one reported for the �Sr,Ca,Ba�MnO3 series,19 i.e., contain-
ing only Mn+4, or for Ca1−xSrxMn0.96Mo0.04O3 �Ref. 30�
�where the Mn valency is +3.92�.

The ferromagnetic component, observed for
Sm0.1Ca0.9MnO3 in addition to the G-type AF, decreases pro-
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FIG. 10. �Color online� Sm0.1Ca0.6Sr0.3MnO3: High field resis-
tance curves at several temperatures given in the figure.

0 50 100 150 200 250
-100

0

100

Sm0.1Ca0.3Sr0.6MnO3

Pr0.1Sr0.9MnO3

Sm
0.1
Ca

0.9
MnO

3

S(
µV
.K

-1
)

T(K)

FIG. 11. �Color online� Thermopower curve �S�T�� of
Sm0.1Ca0.3Sr0.6MnO3, the S�T� curves of Sm0.1Ca0.9MnO3 and
Pr0.1Sr0.9MnO3 are given for comparison.

x (Sm0.1Ca0.9-xSrxMnO3)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

T
(K
)

0

50

100

150

200

250

300

350

ρ 0/ρ
7 T

0

20

40

60

80

100

TN-G

TN-C

TC/TN-G

� � �

CMR (ρ0/ρ7T)

Tbump

TN-C

TN-G

or
Μ

∗1
00
(µ

Β
/f.
u.
)

µΒ

M5K,1.45T

FIG. 12. �Color online� Phase diagram of Sm0.1Ca0.9−xSrxMnO3,
built from magnetic and transport measurements. The points studied
by NPD �x=0, �Ref. 11� 0.3 and 0.6� are shown by �yellow� crosses.
The CMR ratio �blue triangles� and value of magnetization at 5 K
in 1.45 T are also reported �right y axis� to show the strong corre-
lations between magnetism and transport properties.

PHASE SEPARATION AND MAGNETORESISTIVITY IN… PHYSICAL REVIEW B 77, 054402 �2008�

054402-9



gressively with x and vanishes for x close to 0.2. At this
point, C-type antiferromagnetism appears that will coexist at
low temperature with G-type AF. The TN of the G component
exhibits a small evolution, between 70 and 120 K, compared
to the TN of the C type which increases from 100 �x
=0.2� to 240 K �x=0.6�. Depending on x, the nature of the
�crystallographic and magnetic� phase separation evolves;
the distortion of the lattice increasing with x, the coexistence
of different states should lead to particular microstructures at
low temperatures.

The competition F /G-AF /C-AF gives thus various and
puzzling properties, particularly for the small x values with
the appearance of metastable diamagnetism for x=0.06, for
instance.33 The disappearance of F with x is also observable
by the different pressure effects observed for x=0.2 and 0.3,
compared to x=0.1.34 Finally, such a study allowing the con-
trol between competing ground states is useful to maximize
the colossal magnetoresistance �CMR� effect, it provides an
alternative way to the optimization by changing the Mn va-
lency �as in Sm1−xCaxMnO3�.
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