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Effects of Pr substitution on the magnetic properties of perovskite manganite Nd0.5Sr0.5MnO3 have
been investigated by measurements of electron spin resonance, magnetization, and powder neutron
diffraction. These experiments evidence a complex phase-segregated state at low temperatures and
coexistence of different ferromagnetic (FM) and antiferromagnetic (AFM) arrangements. Four temperature
regions are distinguished, similar for both studied samples Nd0.5-xPrxSr0.5MnO3 (x ) 0.125, 0.25). Around
the room temperature and above there is a region of a single orthorhombic perovskiteIbmmphase of
paramagnetic (PM) state, where the first signatures for FM clusters can be indicated in the electron spin
resonance spectra below∼1.1 TC (TC ) 260 K). BetweenTC and TC2 (230 K for x ) 0.25), a new
tetragonal perovskiteI4/mcm phase of FM long range order is formed at the expense of the PM
orthorhombic phase. BelowTC2, the FM order is established in both crystallographic phases, and the
amount of the tetragonal phase forx ) 0.25 achieves a maximum close to 45% of the sample. Finally,
below∼160 K, strongly distorted perovskite domains with the CE and A-type kinds of AFM order (TN

) 150 K for x ) 0.25) are segregated while the orthorhombic FM phase quickly vanishes. At the lowest
temperatures, the two structurally distorted AFM domains make up 72% of thex ) 0.25 sample, and the
remaining 28% belongs to the tetragonal FM domains.

Introduction

Manganites Ln1-xAExMnO3 (Ln is a trivalent lanthanide,
AE is a divalent alkaline earth) show a rich phase diagram
depending on the doping, temperature, and applied external
field. Special attention is attracted to regions of intrinsic
phase coexistence. The understanding of physics associated
with such phase separation in manganites is still a matter of
discussion and gives rise to special motivations for funda-
mental and applied research activities.1,2

An interesting example of this phase separation is the
coexistence of charge and orbitally (CO) ordered antiferro-
magnetic (AFM) phase with a structurally distinct ferromag-
netic metallic (FMM) phase. The prototypes of CO phase
are thex ) 0.5 manganites Pr0.5Ca0.5MnO3,3 La0.5Ca0.5MnO3,4

and Nd0.5Sr0.5MnO3.5,6 Their state is associated with the CE-
type magnetic order, which is described like ferromagnetic

(FM) zigzag chains in the base plane coupled antiferromag-
netically to each other. This kind of arrangement can be
understood considering a checkerboard distribution of the
Mn3+ and Mn4+ valences as proposed originally by Good-
enough and supported later by powder neutron diffraction
studies.4,7,8However, this classical model of Mn3+/Mn4+ CO
ordering is recently debated.9-11 Indeed, from single-crystal
neutron diffraction experiments, the low-temperature phase
is alternatively described as formed by dimers of Mn ions
having a very similar oxygen octahedral environment and
thus the same valence Mn3.5+. Instead of the charge dispro-
portionation, a formation of Zener polarons is proposed as
an electronic localization mechanism. Nevertheless, some
questions remain open.

Recently, a new mechanism of colossal magnetoresistance
was based on the multicritical fluctuations between the FM
metallic and the CO insulating state occurring nearx ) 0.5.12

Then, the enhanced fluctuations near this multicritical point
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trigger off a giant response to the external magnetic field.
In these materials, the disorder appears to play an important
role, which leads to an inhomogeneous state with competing
and coexisting phases observed experimentally.13-15 In the
perovskite structure, the disorder is defined by the variance
of the size of the Ln and AE cations. The resistivity is
determined by the percolating paths, which are sensitive to
the amount of metallic regions, leading to a large change of
the resistivity under an external applied field. So, the
percolation origin of the CMR is phenomenologically
proposed.15,16

The compound Nd0.5Sr0.5MnO3 can be taken as a marked
case of the multiphase coexistence. It shows a transition from
the paramagnetic insulator to the FMM state at 255 K and
then undergoes a structural distortion associated with charge
ordering and onset of antiferromagnetism at 160 K.5 A
number of experiments indicate that the low-temperature
phase is in fact nonuniform. The residual FMM regions were
evidenced by transmission electron microscopy and nuclear
magnetic resonance.17 Moreover, using neutron diffraction,6,18

two different AFM arrangements were found in the structur-
ally distorted phase: the majority were CE-type associated
with the charge ordering, and the minority were A-type,
described previously as a ground state in an analogous
manganite Pr0.5Sr0.5MnO3.7 The latter compound shows
also a FMM state on cooling below 265 K before it
transforms at 135 K to the A-type AFM metallic state with
traces of FMM regions.19 The local disorder that is at the
root of phase separation in Nd0.5Sr0.5MnO3 and Pr0.5Sr0.5MnO3

will be increased obviously in their solid solutions. We report
here the study of Nd0.375Pr0.125Sr0.5MnO3 and Nd0.25Pr0.25Sr0.5-
MnO3 with the aim to study the evolution of the three
magnetic states, FM, CE, and A-type AFM, with the
temperature.

Experiments

The polycrystalline samples Nd0.5-xPrxSr0.5MnO3 (x ) 0.125,
0.25) were prepared by an organic gel-assisted citrate process. The
gel obtained was calcined at 750°C for 5 h togive an intermediate
black powder. The mixed powder was pressed into pellets and
heated at 1250°C for 12 h in air.

The powder X-ray patterns were recorded at room temperature
by using a D8 diffractometer (θ-θ) with a Cu KR radiation.
Neutron powder diffraction (NPD) experiments were performed at
the Orphe´e Reactor, Le´on Brillouin Laboratory (Saclay-France),
on the two-axis diffractometers 3T2 (λ ) 1.225 Å) and G4.1 (λ )
2.4266 Å). The temperature dependence of the magnetic and
crystalline structures was studied by recording data on cooling from
300 to 1.5 K by 10 K steps on G4.1 (in the angular range 12° <

2θ < 92° by step of 0.1°). A measurement (6° < 2θ < 125° by
step of 0.05°) has been done on 3T2 at 300 K. The nuclear and
magnetic structures were refined by the Rietveld method, using
the program Fullprof.20 The oxygen ratio was determined by NPD.
It is equal to 3 in the limit of accuracy of the technique.

The magnetic susceptibility (ø) was measured with a Manics
Faraday-based magneto-susceptometer in the range 80 to 300 K
under a magnetic field of 1 T.

Electron spin resonance (ESR) measurements in the X band
(≈9.5 GHz) were performed using a Bruker ER 200-SRC spec-
trometer with a continuous nitrogen flow apparatus, upon heating
in the range 130-330 K. A small amount of loose packed powder
(1 mg) is sufficient and was placed at the bottom of a cavity. The
EMR spectra parameters were calculated with respect toR,R-
diphenyl-â-picryl hydrazyl line (DPPH is used as theg marker):
geff, line width, ∆Hpp, and double integrated intensity (DIN) were
analyzed.

Results and Discussion

1. Structural Determination. Powder X-ray diffraction
patterns of Nd0.5-xPrxSr0.5MnO3 (x ) 0.125, 0.25) at room
temperature revealed a single perovskite phase. The structure
for x ) 0.25 (Nd0.25Pr0.25Sr0.5MnO3) was refined using high-
resolution data from the 3T2 neutron diffractometer. The fit
confirms the structure of orthorhombic symmetryIbmm,
identical to that reported for the Nd0.5Sr0.5MnO3 oxide,x )
0.21-22 This structure is characterized by a tilt of octahedra
around theb axis (in Glazer’s classificationa-a-c0, denoting
an antiphase tilting about the pseudocubic [110] direction).
The orthorhombic unit cell is related to the simple cubic
perovskite lattice parameter (ap ≈ 3.8 Å) by a ≈ b ≈ apx2
andc ≈ 2ap.

Observed and simulated patterns forx ) 0.25 are given
in Figure 1. The reliability factors areRp ) 2.03%,Rwp )
2.54%,RBragg ) 4.4%, andø2 ) 1.81. The final refinements
are satisfactory and do not show any extra peaks due to an
impurity. The Nd, Pr, and Sr cations are randomly settled at
the same crystallographic site. The unit cell volume mo-
notonously increases from 226.9 Å3 for x ) 0 to 227.3 Å3

for x ) 0.25, which arises from the fact that the Pr3+ ions
are slightly larger than those of Nd3+. The respective radii
are 1.179 Å and 1.163 Å.23 Thus, the average A-site cation
radius〈rA〉 (〈rA〉 ) ∑yiri calculated from the standard ionic
radii) increases withx from 1.2365 Å to 1.2405 Å, whereas
the deviation from this relation due to the size mismatch of
A-site cations, quantified by the size variance parameterσ2

) ∑yiri
2 - 〈rA〉2, remains nearly constant. The octahedral

coordination of Mn with oxygen is only slightly distorted
with the two Mn-Oapical (along the c axis) becoming
shorter than the four Mn-Oequatorialin theab plane, 1.9305-
(4) Å and 1.9367(1) Å, respectively forx ) 0.25. The tilting
angle of MnO6 octahedra around theb axis is (8.3° as
follows from the calculated Mn-Oapical-Mn angle 163.44-
(2)°. With respect to theIbmm symmetry of thex ) 0.25
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sample, it is worth mentioning that the Pr0.5Sr0.5MnO3 oxide
(x ) 0.5) possesses the tetragonalI4/mcmsymmetry and
different kinds of distortion. Such a phase is not detected
at room temperature, and consequently, there cannot be
macroscopic Nd, Pr segregation in the present sample.
Within the resolution of the X-ray and neutron diffractome-
ters, the room-temperature phase forx ) 0.25 is thus
homogeneous.

Using the neutron diffractometer G4.1, the NPD patterns
of Nd0.25Pr0.25Sr0.5MnO3 were registered from room temper-
ature down to 1.5 K in steps 10-20 K (Figure 2). A very
complex evolution of crystal and magnetic structures was
observed. At 300 and 280 K, there is a single paramagnetic
phase ofIbmmsymmetry as mentioned above. Below 270
K the patterns show a gradual transformation of the orthor-
hombic Ibmmphase to the tetragonalI4/mcmphase (char-
acterized by antiphase tilting about the [001] directionsin

Glazer’s notationa0a0c-).24 The crystallographic transition
remains incomplete, and the maximum population of theI4/
mcmphase reaches 45% of the sample at 160 K.

On cooling below 160 K, the patterns show (see the
doublet at 78°) a formation of a new low-temperature phase
of the orthorhombic character. Compared to the high-
temperatureIbmmphase, this new structure shows a marked
contraction along thec axis, which points to an orientation
of manganese eg orbitals into theabplane. Precise symmetry
assignment is difficult because the data come from a medium
resolution diffractometer and the sample is multiphasic. For
the present refinements theIbmmspace group is used, but
the true symmetry can be decreased toPbnm (if a more
complex tilta-a-c+ is settled) and eventually to a monoclinic
P1121/m in a doubled cell along theb axis (if orbital order

(24) Glazer, A. M.Acta Crystallogr., Sect. B1972, 28, 3384.

Figure 1. Final refinement with experimental (O), calculated (-), and difference NPD patterns of Nd0.25Pr0.25Sr0.5MnO3 at room temperature (λ ) 1.2244
Å). The position of the Bragg peaks of theIbmmphase is marked below.

Figure 2. Temperature dependence of the NPD patterns registered on the G4.1 diffractometer from 1.5 to 300 K for Nd0.25Pr0.25Sr0.5MnO3. Insets give the
integrated intensities versusT of three peaks characteristic of AFM CE-A (left inset) and FM (right inset).
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is combined with the (Mn3+/Mn4+) charge order).6,18 The
results show that the high-temperatureIbmm phase com-
pletely vanishes at 120 K, the low-temperatureIbmmphase
becomes dominant (72% of the sample), and the amount of
the tetragonalI4/mcm is decreased to 28% of the sample.

The temperature dependence of unit cell parameters for
the high- and low-temperature orthorhombicIbmm phases
and the tetragonalI4/mcmphase are shown in the upper panel
of Figure 3. It is seen that the high-temperatureIbmmphase
possesses a weak orthorhombic distortion with lattice
parameters in a sequencea > b > cx2. The actual values
at room temperature area ) 5.4750(2) Å,b ) 5.4329(2) Å,
c ) 7.6417(2) Å, andV ) 227.31 Å.3 The low-temperature
Ibmmphase is distinguished by a much larger distortiona
> b . cx2. TheI4/mcmphase is characterized by a weak
tetragonal elongationcx2/a ≈ 1.01 that is associated with
thea0a0c- tilt rather than with manganese eg orbital polariza-
tion. The tilting angle of MnO6 octahedra around thec axis
is (8.2°. At 140 K where all three crystallographic phases
coexist in a ratio 40:38:22, an independent refinement shows
a ) 5.4726(11) Å,b ) 5.4201(9) Å, andc ) 7.6354(20) Å
for high-temperatureIbmm, a ) 5.5156(11) Å,b ) 5.4496-
(10) Å, andc ) 7.5309(16) Å for low-temperatureIbmm,

and a ) 5.4090(7) Å andc ) 7.7345(24) Å forI4/mcm.
The respective unit cell volumes are practically the same,
226.4 Å.3 This suggests that the phase coexistence does not
originate from a chemical inhomogeneity and should be
related to an intrinsic separation or quenched disorder.
Finally, at 1.5 K, the parameters for the low-temperature
Ibmmphase makea ) 5.5160(6),b ) 5.4469(4),c ) 7.5269-
(9), andV ) 226.15(8) Å3 and for theI4/mcmphasea )
5.4025(7),c ) 7.7449(24), andV ) 226.05(8) Å3.

As to the magnetic arrangement, an increase of the nuclear
peak intensities at about 260 K (see the right-side inset of
Figure 2) indicates a change of the paramagnetic state to a
FM state. The FM order originates likely in theI4/mcmphase
because much larger ordered moments could be attributed
to that phase in a detailed Rietveld refinement at 220 K.
The onset of bulk FM in the high-temperatureIbmmphase
can be estimated to about 230 K (see also the anomaly in
the resonance field in ESR experiments at the same tem-
perature, Figure 6). At 160 K, the long-range ordered FM
moments in both phases are comparable and make in average
2.7 µB. The spin orientation in theI4/mcmphase is along
the tetragonalc axis for theI4/mcmphase, and it is expected
to be perpendicular to the orthorhombicc axis in theIbmm
phase.

At about 150 K, additional peaks at low angles are
observed (see the left-side inset) and attributed to the
appearance of AFM states in the low-temperatureIbmm
phase. At the same temperature, the FM contribution is
partially suppressed due to decreased population of the high-

Figure 3. Temperature dependence of the lattice parameters observed for
Nd0.25Pr0.25Sr0.5MnO3 (from G4.1 data). The middle panel shows a long
range ordered FM moment averaged over theI4/mcmand high-temperature
Ibmmphases and the CE and A-type AFM components averaged over the
low-temperatureIbmmphase (for details see text). The lower panel shows
the ratio of the strongly distorted AFM regions, and the inset gives the
bulk magnetization calculated from the amount of FM regions and observed
FM moments in neutron diffraction. The magnetization in the field of 5000
G (full line in the inset) is given for comparison.

Figure 4. ESR spectra of the Nd0.375Pr0.125Sr0.5MnO3 sample at selected
temperatures between 130 and 320 K.
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temperatureIbmmandI4/mcmphases. A careful examination
of patterns evidence a presence of two AFM arrangements
in addition of the residual FM phase. One set of magnetic
peaks corresponds to type A, and the other one can be
attributed to type CE coupled with the Mn3+/Mn4+ order.
Both the A-type and CE-type AFM domains originate in the
strongly distorted low-temperatureIbmm phase. The CE-
type AFM order, which consists of FM zigzag chains running
along theb axis and coupled antiferromagnetically ina and
c directions, involves a further doubling of thea parameter
with respect to the crystal structure. The CE-type ordered
AFM moments are aligned along thea axis. The A-type
AFM order consists of FM planes [001] coupled antiferro-
magnetically in thec direction. The A-type ordered Mn
moments are oriented in the (001) plane, most likely along
the b axis.

The refinement at 1.5 K shows that the average AFM
moment per Mn atom makes 2.9µB, pointing to a high degree
of magnetic ordering in the CE and A-type domains of the
low-temperatureIbmmphase (72% of the sample). Generally,
the CE-type arrangement is more susceptible to defects than
the A-type one, which means that the actual moments in
A-type domains must be in the range 2.9-3.5µB. With these
limits we can estimate that CE-type regions comprise a
minimum 54% of the sample with ordered momentsm(Mn3+)
) 3.05µB andm(Mn4+) ) 2.6 µB, and A regions 18% with
m ) 2.9 µB; at a maximum they may comprise 60% with
m(Mn3+) ) 2.85 µB andm(Mn4+) ) 2.5 µB and A regions
12% withm ) 3.5 µB. The remaining 28% of the sample is
formed by theI4/mcm phase of FM order. The observed

moment makes 3.5µB, which is exactly the full moment
expected for the Mn3.5+ ion.

The temperature dependence of the long-range ordered
magnetic moments, determined by the refinement of neutron
diffraction patterns, is shown in the middle panel of Figure
3. Here, the FM momentsmFM represent an average over
the sum of high-temperatureIbmmandI4/mcmphases. The
CE and A-type AFM values are components that refer to
the total amount of the strongly distortedIbmm phase. In
particular, 〈mCE〉 ) 2.45 µB and mA ) 1.45 µB at 1.5 K
correspond to the average AFM moment per Mn atom given
by mAFM

2 ) 〈mCE〉2+ mA
2, that is, mAFM ) 2.9 µB as

mentioned above. Finally, the lower panel of Figure 3 shows
the relative amount of the strongly distortedIbmmphase with
the occurrence of CE and A-type arrangements. In the inset,
the bulk magnetization has been calculated from neutron
diffraction data onmFM. The values obtained are compared
with the magnetization data in a field of 5000 G, measured
on another sample of the same Nd0.25Pr0.25Sr0.5MnO3 com-
position. Some discrepancy at lower temperatures suggests
that the amount of residual FM phase in the present
compound may be sample and/or cooling-procedure depend-
ent. In summary, the neutron diffraction study of Nd0.25Pr0.25-
Sr0.5MnO3 reveals a formation of a highly nonuniform state
below the room temperature. First, there is a gradual
segregation of FM regions of tetragonal symmetry on the
background of the room-temperature orthorhombic PM
phase. This process starts atTC ) 260 K. At aboutTC2 )
230 K, the bulk FM order is established also in the
diminishing orthorhombic phase. The tetragonal and orthor-
hombic FM phases are found in half-to-half ratio at 160 K.
Below 160 K, the orthorhombic phase quickly vanishes and
the residual FM phase of the tetragonal symmetry coexists
with AFM regions, realized in a new, strongly distorted
orthorhombic perovskite cell. The presence of the CE-type
and A-type AFM orderings (TN ) 150 K) suggests an
occurrence of the (Mn3+/Mn4+) CO order in distinct parts
of this strongly distorted phase. The observed temperature
sequence of crystallographic and magnetic transitions leading
to a magnetically and structurally heterogeneous ground state
in a sample with single phase at room temperature is coherent
with the following ESR measurements.

2. ESR Study.ESR spectra obtained between 300 and
130 K for Nd0.5-xPrxSr0.5MnO3 (x ) 0.125, 0.25) are shown
in Figures 4 and 5. From these curves, the resonance field,
the line width, and the DIN (which is proportional to the
EMR susceptibilityXEMR) were extracted as a function of
temperature (Figures 6 and 7). Similar behavior is observed
for both samples.

As the temperature decreases from 330 to about 260 K,
the spectra are characteristic for the PM state. They consist
of a single line with a shape close to a Lorentzian derivative
appearing forgeff ) 2.007 (resonance fieldHr ) 3300 G)
irrespective of the temperature. The line width (∆Hpp) goes
through a minimumTmin at a temperature higher thatTC )
260 K (Tmin ≈ 1.1TC) and only slightly increases as the
temperature increases. The broadening belowTmin is at-
tributed to the existence of magnetic inhomogeneities which
are created by the appearance of FM domains in the PM

Figure 5. ESR spectra of the Nd0.25Pr0.25Sr0.5MnO3 sample at selected
temperatures between 130 and 330 K.
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matrix. This behavior is similar to that described for other
manganites with the FM ground state where the line width
minimum can be shifted even up to 1.7TC. To explain this
effect, different hypotheses were proposed like a relaxation
bottleneck behavior25,26or a combined effect of Dzialozhin-
sky-Moriya and crystal field interactions.27 In the “bottle-
neck” mechanism, the signal coming from Mn4+ ions with
a Curie-Weiss behavior arises from the exchange coupling
between the Mn3+ and Mn4+ subsystems,25,26whereas Huber
et al. explain that the line width versus temperature behavior
arises from the interplay of crystal field (single ion) anisot-
ropy and antisymmetric Dzialozhinsky-Moriya exchange with
isotropic superexchange between the Mn ions.27

Below 260 K, the ESR lines become asymmetrically
broadened due to the crossover from the paramagnetic to
FM resonance. The line width rapidly increases, and the
resonance field (zero value of the derivative curves in Figures
4 and 5) is gradually shifted from 3300 G down to a

minimum 1500 G at 220-230 K. Below this temperature,
the line width remains very large, but the resonance field
shifts in opposite direction, that is, to higher fields. At 170-
180 K this trend culminates and a certain drop of the
resonance field is detected at lower temperatures. It is worth
mentioning that variations in the resonance field occur close
to critical temperatures observed by neutron diffraction, onset
of FM order in the tetragonal regions atTC ) 260 K, FM
ordering in the orthorhombic phase atTC2 ) 230 K, and
formation of AFM phases atTN ) 150 K. In the literature,
different hypotheses have been suggested to explain the
behavior betweenTC andTN in the half-doped manganites.
Rivadulla et al. argue that the FM phase in La0.5Ca0.5MnO3

forms clusters that coexist with CO phase in PM state.28

Indeed, the superposition of PM and FM signals between
TC andTN was observed by ESR studies in La0.5Ca0.5MnO3

and Nd0.5Sr0.5MnO3, both with the CE-type AFM ground
state.29,30As concerns half-doped manganites with the A-type
AFM ground state and FM state at intermediate temperatures
(e.g., Pr0.5Sr0.5MnO3

7 or Nd0.45Sr0.55MnO3
31), there are no PM

regions betweenTC and TN, but the FM phase is still not
homogeneous as it exhibits A-type AFM spin fluctuations,
detected by inelastic neutron scattering.32 Our ESR curves
betweenTC andTC2 can be explained as a superposition of
PM and FM signals due to the orthorhombic-tetragonal phase
coexistence, observed for Nd0.25Pr0.25Sr0.5MnO3 by the neu-
tron diffraction. The simple Lorentzian PM signal vanishes
below TC2, but the FM spectrum remains complex and is
further changed on cooling. Detailed analysis of ESR spectra
in this FM region is, however, difficult because of the
polycrystalline character of our samples. More significant
data obtained on single-crystal Nd0.5Sr0.5MnO3 by Angapanne
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Figure 6. Temperature dependence of the line shape parameters forx ) 0.125 andx ) 0.25, resonance field (lefty axis), and line width (righty axis).

Figure 7. Temperature dependences of DINs (EMR susceptibility) forx
) 0.125 and 0.25.
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et al. show that apart of the crystallographic phase coexist-
ence and intrinsic effects like the above-mentioned AFM spin
fluctuations there is an important role of magnetocrystalline
anisotropy that influences the form of ESR spectra.30

DIN temperature dependence for both compositions of
Nd0.5-xPrxSr0.5MnO3 is shown in Figure 7. The DIN curve,
which generally resembles the behavior of the AC suscep-
tibility, exhibits a maximum at about 250 K corresponding
to the FM transition, and a smaller bump at about 160 K for
x ) 0.125 and 180 K forx ) 0.25 is seen. The ESR spectra
below the formation of AFM phases atTN ) 150 should be
attributed to residual FM domains. The signal is broad, and
its intensity quickly decreases with temperature. The mag-
netic phase coexistence in this temperature range is further
manifested in the ESR experiments at low fields (0 to 150
G). A careful observation of the ESR signal reveals a
staircase profile for temperatures belowTN ) 150 K (Figure
8). The position and number of steps do not appear at the
same field upon cycling the magnetic field. On increasing
the magnetic field above the threshold of spin flip, the spins
tend to be aligned, and the steps disappear. A staircase profile
was previously reported in the literature for metal alloys and
or manganites.22,33 It was interpreted as the results of either
some kind of martensitic transformation or Barkhausen
effect.34,35 However, these scenarios are not clear because
grain boundaries in ceramics could be intrinsic barriers for
domain-wall movement. But, the appearance of jumps can
be qualitatively explained by the competition between
magnetic and electric phases. In some reports, the presence
of steps was related to phase separation.22,33The Nd0.25Pr0.25-
Sr0.5MnO3 sample exhibits some FM domains coexisting with
the CO AFM phase leading to a phase separated ground state.
The strains within the samples that develop between the two
phases due to their different unit cells play an important role.

In such competition, the application of a magnetic field favors
the growth of the FM phase at the expense of the AFM
matrix.

Conclusion

Both the structural and the magnetic properties were
investigated on polycrystalline material of mixed composition
Nd0.5Sr0.5MnO3-Pr0.5Sr0.5MnO3 in the temperature interval
from 300 to 1.5 K. Early studies on the end members report
for Nd0.5Sr0.5MnO3 the orthorhombic perovskite structure
with a sequence of phase transitions PMf FM (TC ≈ 260
K) f charge ordered CE-type AFM (TN ) TCO ≈ 160 K)
while Pr0.5Sr0.5MnO3 exhibits tetragonal perovskite structure
with transitions PMf FM (TC ≈ 265 K) f orbitally
polarized A-type AFM (TN ≈ 135 K). In the mentioned CE
and A-type ground states, only minor residual FM regions
(few percent in maximum) have been detected. The present
compounds with composition Nd0.5-xPrxSr0.5MnO3 (x )
0.125, 0.25) are of the orthorhombicIbmmsymmetry at room
temperature. The neutron diffraction has been performed on
the sample withx ) 0.25. The data evidence a gradual
segregation of the FM phase of the tetragonalI4/mcm
symmetry (TC ≈ 260 K), followed atTC2 ≈ 230 K by FM
ordering in the orthorhombicIbmm phase. Finally, a new
perovskite phase of large orthorhombic distortion and AFM
ordering is formed atTN ) 150 K. As a result of these partial
transitions, the compound occurs at low temperatures in a
highly nonuniform state with coexistence in important ratios
of the FM, charge ordered CE-type AFM and A type AFM
regions, realized in two perovskite structures of distinct lattice
distortions. The spins in respective regions are long range
ordered as evidenced by high values of manganese moments
calculated from the neutron diffraction data.

The ESR measurements are in coherence with the neutron
diffraction results. The observed spectra and derived
parameters (resonance field, line width, and integrated
intensity) confirm the existence of four temperature regions.
First is the PM region around the room temperature where
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Figure 8. ESR spectra at low fields for Nd0.25Pr0.25Sr0.5MnO3.
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some signature for FM clusters can be indicated below
∼1.1TC (TC ) 260 K). Next is a narrow region betweenTC

andTC2 where the tetragonal phase of FM order is formed
at the expense of the orthorhombic PM phase. BelowTC2,
the FM order is established in both crystallographic phases,
and the amount of the tetragonal phase achieves a maximum
close to 45% of the sample. Finally, belowTN, the CE and

A-type AFM phases of strongly distorted perovskite struc-
tures are gradually formed while the orthorhombic FM phase
quickly vanishes and FM order survives in tetragonal regions
that make up about 28% of the sample at the lowest
temperature.
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