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Lattice effects and phase competition in charge ordered manganites
F. Rivadulla,a) L. E. Hueso, D. R. Miguéns, P. Sande, A. Fondado, J. Rivas,
and M. A. López-Quintela
Department of Physical-Chemistry and Department of Applied-Physics, University of Santiago de
Compostela, 15782-Santiago de Compostela, Spain

C. A. Ramos
Centro Atómico Bariloche, 8400 San Carlos de Bariloche, Rio Negro, Argentı´na

A complete characterization of the magnetotransport and magnetoelastic properties of two classical
examples of half doped manganites, Nd0.5Sr0.5MnO3 ~NSMO! and La0.5Ca0.5MnO3 ~LCMO!, was
carried out by electrical resistivity, magnetoresistance, thermoelectric power, electron spin
resonance~ESR!, and thermal expansion measurements. We have identified a mixed paramagnetic
~charge localized! plus ferromagnetic~FM! ~conductive! state between the low temperature
antiferromagnetic~AF! and high temperature paramagnetic~itinerant! phases, which in the case of
LCMO exists over a temperature range of about 100 K. The magnetic field completely separates the
FM and AF phases, suppressing the intermediate paramagnetic-localized phase. This mixed state is
only observed in a narrow temperature interval for NSMO, and shows how the relative strength of
the competing phases can be tuned by the lattice distortion. We also observed a large gap at the
charge ordering temperature in the activation energy of the resistivity, which is almost independent
of the sample. ESR results will be presented to show that this technique could be a very useful tool
with which to investigate the multiphase microscopic state characteristic of manganites. ©2002
American Institute of Physics.@DOI: 10.1063/1.1447285#
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In the last two years, manganites have suffered a sec
renaissance since it was suggested that some kind of
tronic phase segregation could be the origin of many of
intriguing properties of these compounds.1 As a result, pre-
vious work is now being reexamined in light of this ne
evidence and much experimental and theoretical effort is
ing devoted to determining the exact nature of this inhom
geneous state. However, the origin of this tendency towa
phase segregation is not completely clear at the moment
more research needs to be done in this direction.

Here we propose a comparison between two well-kno
charge ordered~CO! manganites: Nd0.5Sr0.5MnO3 ~NSMO!
and La0.5Ca0.5MnO3 ~LCMO!. These particular compound
were chosen for two reasons:~i! at 1:1 (Mn31:Mn41) com-
position CO is particularly feasible, leading to a rich varie
of charge/orbital ordered~CO/OO! structures,2 and ~ii ! in
spite of having the same hole density, their so very differ
values of the mean ionic radius at the rare earth posit
^r A& ~1.236 Å for NSMO and 1.198 Å for LCMO! make
them ideal candidates with which to explore different zon
of the phase diagram of half doped manganites.

The ceramic samples used for this study were syn
sized by solid-state reaction. Room temperature x-ray
fraction patterns indicate that the samples are single ph
~orthorhombic,Pnma!. Electron spin resonance~ESR! mea-
surements were performed at 9.4 GHz~X Band! with a EMX
Bruker spectrometer between 100 and 400 K.

In Fig. 1 we show many of the main results for LCMO
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By cooling down the compound from the high temperatu
paramagnetic~PM! state, it undergoes a second-order tran
tion towards a ferromagnetic~FM! state at 225 K, and then
becomes antiferromagnetic~AF! at TN;160 K. The strong
thermal hysteresis of the magnetization resembles the fi
order character of the AF transition. Associated with tho
magnetic transitions we observed two anomalies in the re
tivity which are reflected also in the activation energy. B

C

FIG. 1. Results for LCMO. Main panel: Thermal expansion without fie
~open circles! and with field ~1.2 T, lines! and decreasing and increasin
temperature. Note how the magnetic field suppresses the anomaly aT*
and defines the PM-FM-AF regions. Inset, bottom right: Thermal evolut
of the magnetization measured at 3.3 kOe in field cooling-zero field coo
conditions. Inset, top left: Resistivity and activation energy of the resistiv
The peaks in the activation energy coincide with anomalies in the magn
zation and resistivity curves.
2 © 2002 American Institute of Physics
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perhaps, the most interesting results that will be shown
this work are those concerning thermal expansion, show
the main panel of Fig. 1. By reducing the temperatu
through T;225 K, sample volume increases, as compa
with the high-T extrapolation, which indicates that some kin
of carrier localization takes place at this temperature.
when a magnetic field as small as 1.2 T is applied,
sample shows the typical~small! volume reduction associ
ated with the PM to FM transition, and the FM and AF sta
are completely separated.

In Fig. 2 shown is the thermal evolution of the magn
tization, thermal expansion, and some of the EPR lines
tained at different temperatures for NSMO. This compou
undergoes an insulator-to-metal transition associated to
FM-to-PM transition~not shown!, and then becomes AF-CE
~CO/OO! at low temperature.3 Differences in the thermal ex
pansion with respect to LCMO are also evident.

But, let us first discuss our results for LCMO. As w
mentioned, a second-order transition takes place aT
;225 K (5T* ). This cannot be considered a truly Cur
temperature since no long-range FM is achieved below it
FM clusters, probably near the percolation threshold, h
formed. On the other hand, the activation energy of the
sistivity continuously increases upon approachingT* from
above, indicating a transition from Zener~two-Mn! to small
~one-site! polarons, with a typical value of the activatio
energy of;200 meV. Thermopowera(T), measurements
confirmed this hypothesis: the almost temperature indep
dent value ofa well aboveT* is also characteristic of po
laronic conduction, and the progressive increment ofa(T) as
T decreases towardsT* indicates trapping out of mobile Ze
ner polarons, confirming the behavior of the activation e
ergy ~see, for example, the results for NSMO in Fig. 2!.
Below T* , the activation energy decreases again show
the more conductive character of the FM clusters with
spect to the matrix. From these experiments it follows tha
T* there is segregation between a hole-poor conductive
phase~x;0.4, estimated from the value ofT* , and hence

FIG. 2. Results for NSMO. Main panel: Thermal evolution of the magn
zation in field cooling-zero field cooling conditions~closed circles! and of
the thermopower~open symbols!. Some ESR lines are shown at the corr
sponding temperature~300 and 200 K!. Inset, top left: Thermal expansion
without field and increasing and decreasing temperature. Only the trans
at TN is observed.
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ferromagnetism is produced via double-exchan
interaction!4 and a hole-rich matrix in which conductivity
takes place through small-polaron activation. Moreov
from ESR experiments we deduced that the charge-local
matrix is PM and not AF, as we will discuss later. This tra
sition from the high temperature PM delocalized state to
intermediate mixed state (PM1FM) produces a positive
thermal expansion~main panel of Fig. 1! due to larger
Mn–O bonds in the charge-localized-PM matrix belowT*
with respect to smaller Mn–O bonds in the high temperat
PM state atT.T* .4 Upon further cooling, a transition to
wards a low temperature AF-CE charge and orbitally orde
phase takes place5 ~also observable as a jump in the activ
tion energy!. Due to localization effects in the CO phase, t
Mn–O bond lengths must be similar to those in the P
localized phase belowT* , and must be the reason why it
not observed in the magnetovolume. When a magnetic fi
is applied~1.2 T in this case!, it can be seen that there is
small thermal expansion anomaly around 200 K~the volume
of the mixed state is smaller than in the zero field situatio!,
due to the suppression of the PM localized state belowT* by
the applied field. The short Mn–O average bond FM phas
kept down to;130 K when the first-order transition to th
AF-CE phase takes place.

So, it is clear that atT* a transition takes place betwee
a high temperature PM-delocalized phase~from the low val-
ues of resistivity at high temperature, Fig. 1, it could
considered to be a bad metal! and a low temperature mixe
PM-localized plus FM-conductive clusters. Note that there
no any crystallographic transition atT* ~see Ref. 5!. The
magnetic field grows FM clusters beyond percolation, s
pressing the PM-localized state and producing a large m
netoresistive effect.6

On the other hand, the behavior of NSMO is quite d
ferent, in spite of the similar structure and doping level
LCMO. Looking at the magnetization versus temperatu
curve, a second-order transition at;250 K (T* ) towards FM
phase takes place although, again, the FM order is not a
ally long range~although it is closer to 3.5mB than LCMO!.
To study the magnetic nature of the phase segregated
below T* in more detail, we have performed careful ES
experiments at different temperatures in both LCMO a
NSMO throughout these transitions. Some results are sh
in Fig. 2 for NSMO. At high temperature, in the PM
delocalized state, we observed a single ESR line~Lorentzian
in shape! centered atHr;3.3 kOe, characteristic of PM be
havior. BelowT* , two lines appear in the ESR spectra: a lo
field ~LF! line and a high field~HF! line. We have fitted the
spectra and obtained the characteristic resonance fields
both lines. This allowed us to attribute the LF line to a F
state, and the HF line to a PM in both LCMO and NSM
Previous studies by139La nuclear magnetic resonanc
~NMR! and ESR in La0.5Ca0.5MnO3 suggested the coexist
ence of FM/AF phases betweenTN andTC .7 But, our results
point towards a PM nature of the incommensurate-CO ph
in La0.5Ca0.5MnO3 betweenTN and T* . Our hypothesis of
the PM character of this phase is supported by neutron
fraction studies by Huanget al.,8 who showed the existenc
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of a new crystallographic phase below;230 K in LCMO,
which becomes AF-CE below 150 K.

If we look now to the thermal expansion of NSMO,
can be seen that the there is no anomaly atT* , showing that
the FM order that developed below this temperature,
though not completely, is more pronounced than that
LCMO ~the compound becomes metallic below this tempe
ture, indicating percolation of FM domains!. However atTN ,
there is a reduction in the volume with respect to the F
phase, which cannot be explained in terms of charge lo
ization in the AF structure. Mahendiranet al.9 actually
showed that the low temperature AF-CO state has a mo
clinic structure with a unit cell volume smaller than the vo
ume of the high temperature FM~orthorhombic!, hence ex-
plaining the volume contraction observed in this compou

In order to compare the relative stability of the low tem
perature AF-CE~CO/OO! phase in both compounds~note
the coincidence ofTN!, we calculated the ratio between th
gap at the charge ordering temperature~from the resistivity!
and the thermal energy at this temperature,Ea(CO)/kBT.
This ratio is Ea(CO)/kBT;13, independent of the com
pound studied. This result is perfectly compatible with rec
calculations, which point toward a low-temperature-CO/O
state independent of electron–phonon coupling~l! for a
large enough value ofJAF .10 However, it should be noted
that the value of the gap calculated from the resistivity c
be influenced by variations in the carrier concentration
mobility at the transition and the data should be chec
with the Hall effect or spectroscopy data.

But there is an important question that should be
dressed: How does the intermediate two-phase state
place to the low-temperature AF-CE phase? In our opini
suppression of double exchange in the PM-localized s
introduces a AF state via superexchange interaction. Du
the doping level (x50.5) this AF state is CE type. Howeve
we have recently obtained ESR evidence of the existenc
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small FM clusters immersed in this AF-CE matrix, even
low temperature.6

In summary, we have demonstrated the coexistence F
conductive~hole poor! and PM-localized states betweenTN

and T* in LCMO and NSMO. The relative strength of th
competing interactions can be fine-tuned by electron–lat
coupling. Also, we have shown the importance of techniq
like thermal expansion and ESR for exploring the nature
the mixed phase state in manganites. On the basis of
results, LCMO should be considered an intermediate-l com-
pound, while NSMO represents an example of a low-l com-
pound.
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