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Martensitic accommodation strain and the metal-insulator transition in manganites
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In this paper, we report polarized optical microscopy and electrical transport studies of manganese oxides
that reveal that the charge ordering transition in these compounds exhibits typical signatures of amartensitic
transformation. We demonstrate that specific electronic properties of charge-ordered manganites stem from a
combination ofmartensitic accommodation strainand effects of strong electron correlations. This intrinsic
strain is strongly affected by the grain boundaries in ceramic samples. Consistently, our studies show a
remarkable enhancement of low field magnetoresistance and the grain size effect on the resistivity in poly-
crystalline samples and suggest that the transport properties of this class of manganites are governed by the
charge-disordered insulating phase stabilized at low temperature by virtue of martensitic accommodation
strain. High sensitivity of this phase to strains and magnetic field leads to a variety of striking phenomena, such
as unusually high magnetoresistance (1010%) in low magnetic fields.
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Martensitic transformations, i.e., cooperative motion
atoms resulting in a formation of different crystal structu
~martensitic phase ormartensite! within a parent crystal,
have been known in metals and alloys for more than
century.1–3 In transition metal oxides, where strong electro
electron and electron-lattice interactions govern such p
nomena as magnetic ordering, metal-insulator transi
~MIT ! and superconductivity, phase transitions are often
companied by structural deformations.4 However, the struc-
tural transformations are often considered a secondar
even a cumbersome effect. Here we demonstrate that
synergy between martensitic accommodation strain
strongly correlated electrons underlies the extraordinary e
tronic properties of the manganite compounds.

Recent research on manganites has revealed that
physical properties of these compounds are governed by
existence and competition of different magnetic and str
tural phases—paramagnetic insulating, charge-ordered~CO!
insulating, and ferromagnetic metallic~FM! phases to list a
few.4 In particular, the coexistence of metallic and insulati
phases leads to the percolative metal-insulator transi
~MIT !,5–9 which is found to be very sensitive to a variety
parameters.10–13

Our studies show that many of the transport properties
charge-ordered manganites are determined by themartensitic
natureof the CO phase manifested by nucleation and gro
of the lenticular shaped CO domains, the rapid propaga
of domain walls through the crystal during the formation
martensite, and by thermal hysteresis of the resistivity~r! at
the CO transition temperature (TCO). Physical properties o
martensitic alloys are governed by the long-range defor
tions of the crystal lattice, the so-calledaccommodation
strain, which is induced as a result of nucleation of the m
tensitic particles within the parent matrix.1–3 Growth of the
accommodation strain with lowering the temperature~T!
dominates the establishment of the thermoelastic equilibr
between the parent phase and the martensite. This st
inherent to martensites and transformation twins, is intrin
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and is different from the external strains associated w
grain boundaries or substrate lattice mismatch in thin film2

In martensitic transformations, growth of martensitic d
mains across a grain boundary is prohibited. As a res
morphology of the martensitic particles and the accommo
tion strain strongly depend on the grain size. Concordan
our studies of polycrystalline manganite samples dem
strate thatr becomes extremely sensitive to the grain size
the presence of the martensitic CO phase. The mechanis
this effect is essentially different from the spin-polarized tu
neling across a grain boundary, which was found to be
sponsible for grain-boundary effects in non-charge-orde
manganite films.14–16

The morphology of the CO phase and the transp
properties of Bi0.2Ca0.8MnO3, Pr1/2Ca1/2MnO3, and
La0.275Pr0.35Ca0.375MnO3 have been investigated by polarize
optical microscopy at low temperatures. These compou
undergo a transition from theparenthigh-T cubic paramag-
netic state to themartensitic CO insulating state atTCO
5180, 230, and 210 K, respectively.17,11,5Due to optical an-
isotropy of structurally distorted phases, the CO and cu
phases appear as bright and dark regions, respectivel
observation with 90°-crossed polarizer and analyzer, with
overall contrast increased when the distortion of the C
phase is stronger.

The CO transition in these compounds exhibits essen
signatures of a martensitic transformation. For example, F
1 shows a nucleation and growth of the CO domains wit
the parent cubic crystal in Bi12xCaxMnO3 as a function of
time, whenT is set and stabilized just belowTCO5180 K.
Some of the domain walls were isothermally propagat
through the crystal in a rapidly jerking motion—the pheno
enon known in martensitic transformations as ‘‘umklap
transformation.1,2 All mentioned systems exhibit large ac
commodation strain at the CO domain boundaries. Inde
the peculiar shape of the CO domains, thin plates or len
is a morphological signature of martensites and is dictated
minimization of the elastic energy of the structur
distortion.1–3 Transport measurements of single crystals
©2001 The American Physical Society06-1
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these compounds demonstrate a thermal hysteresi
TCO, which is very typical for martensitic transformation
and is a result of partial irreversibility of domain wa
motion on cooling and heating. We note that the proper
of other charge-ordered manganites are consistent
martensitic phenomenology. For example, the CO tra
tions in (Nd, Sm)12xSrxMnO3 (x'1/2) ~Ref. 18! and in
La0.5Ca0.5MnO3 ~Ref. 19! demonstrate signatures of marte
sitic transformations.

Grain boundaries are known to affect nucleation a
growth of martensitic phases and, as a result, accomm
tion strain is expected to be very sensitive to the grain siz
polycrystalline samples. In order to investigate the influen
of grain boundaries on the accommodation strain, and th
fore on physical properties of manganites, we have p
formed systematic studies of single crystalline and polycr
talline samples of the same chemical composition w
different average grain sizêd&53, 6, 9, 12, and 17mm. All
the polycrystalline samples were prepared from a hi
quality La0.275Pr0.35Ca0.375MnO3 pellet, which was synthe
sized by the standard solid-state reaction. The pellet
carefully ground to obtain fine powder and then a set
additional sintering at 1380 °C was performed for differe
time periodsDt. The grain growth is described by the diffu
sion relationship̂ d&22d0

25DDt, whered0 andD are con-
stants~Fig. 2!.

Phase morphology of individual grains in the polycryst
line La0.275Pr0.35Ca0.375MnO3 samples observed under a p
larized optical microscope throughout the temperature ra
T'20– 300 K can also be understood in terms of large
commodation strain~Fig. 3!. Above the CO transition, the

FIG. 1. Micrographs of Bi0.2Ca0.8MnO3 single crystal taken with
a polarized optical microscope just belowTCO5180 K in time in-
tervalsDt51 s. Bright regions correspond to the CO domains; d
ones to the cubic parent lattice. Nucleation and growth of the p
and lenticular shaped CO domains is evident.
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crystal lattice of each grain is nearly cubic and the mic
graph at 300 K shows almost uniform dark surface. AtT near
TCO'210 K we observe nucleation and growth of small len
and plate-shaped CO domains within each grain. With f
ther cooling belowTCO, the dominant effect is an increase
the contrast of the image without further growth or shrinka
of the CO phase. The increase of the contrast is a resu
increasing long-range structural deformation of the C
phase. The amount of the CO phase does not notice
change even when the system is driven below the MIT
cooling @for this sampleTMI'130 K; seer(T) data below#.
This observation is consistent with recent x-ray and neut
scattering studies, reporting no reduction of the volume fr
tion of the CO belowTMI in related samples.20–22

Remarkable dependence of the transport properties
grain size^d& is revealed by the resistivity~r! and low-field
magnetoresistance@MR[(rH502r5 kOe)/r5 kOe# measure-
ments of polycrystalline La0.275Pr0.35Ca0.375MnO3 samples
~Fig. 4!. Data for a single crystal of the same composition a
shown for comparison. AlthoughTCO'210 K is similar for
all samples,TMI , defined as the temperature of the maximu
of d(logr)/dT on cooling, systematically decreases from 1
to 30 K when^d& is reduced from 17 to 6mm ~the inset in
Fig. 4!. Finally, the specimen with the smallest grain size
mm, does not exhibit the MIT down to 20 K below whichr
becomes too large to be measured reliably. Surprisingl

k
te

FIG. 2. Micrographs of polished polycrystallin
La0.275Pr0.35Ca0.375MnO3 samples sintered atT51380 °C for time
intervalsDt50 ~initial pellet!, 10, 40, and 100 h@panels~a!, ~b!,
~c!, and ~d!, respectively#. The average grain sizêd& is indicated.
The dependencêd&2 vs Dt is shown in the lower panel.
6-2
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change of the grain size by a factor of 2 is sufficient
switch the low-T state of the same compound from metal
to insulating. The low-T resistivity,r0[r(20 K), appears to
be the most grain-size-sensitive characteristic of the samp
For ^d&53 – 17mm, r0 varies systematically over the rang
0.1– 108 V cm in H50.

Sensitivity of r0 and TMI to the grain sizêd& becomes
much less pronounced when a small magnetic fieldH
55 kOe is applied~Fig. 4, the lower panel!. First, this field
induces the MIT in the sample witĥd&53 mm. Secondly,
r(T) curves for all samples become much more similar
H55 kOe, e.g.,r0 andTMI fall into much narrower range
for all ^d&. This behavior rejects possible arguments that
strong dependence ofr0 on ^d& shown in the upper panel i
due to the morphological defects of ceramic samples suc
grain boundaries or pores, as these ‘‘permanent’’ defe
would not be sensitive to the magnetic field. Low-fie
MR20 K in H55 kOe varies systematically witĥ d&
53 – 17mm over a broad range 0.1– 108 ~see the inset!. Such
a large low-field MR cannot be explained by the sp
polarized transport across magnetic domain bounda
which has been shown to result in MR520– 30 % in system-
atically studied epitaxial films grown on bicrystal substra
and in polycrystalline films.14–16

It is well known that the magnetic field of 5 kOe is n
strong enough to ‘‘melt’’ the CO phase and results only
rotation of the existing FM moments in the sample.11,22How-
ever, the strong suppression of the grain-size dependenc
r0 by H55 kOe is obvious after a comparison of the upp
and the lower panels of Fig. 4. This suggests that the in
lating phase responsible for the larger0 in H50 is much
more sensitive to the magnetic field than CO and, theref
cannot be the CO phase. This result is consistent with
optical studies~Fig. 3!, where no changes of the volum
fraction of the CO phase were observed when the samp

FIG. 3. Polarized optical micrographs of the polycrystalli
La0.275Pr0.35Ca0.375MnO3 sample with average grain sizêd&
517mm and the MIT temperatureTMI'130 K, taken at various
temperatures on cooling. Bright regions correspond to the
phase; dark ones to the cubic parental lattice.
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driven through the MIT. Therefore, both our transport a
optical experiments indicate that the martensitic CO phas
this system does not undergo the MIT and can only affect
properties of other phases, which undergo the transition.

On the basis of our optical observations and transp
measurements, we propose the following scenario for
MIT in these CO manganese oxides. The accommoda
strain, introduced by the martensitic CO domains into
surrounding lattice atTCO'210 K, significantly affects the
properties of the parent paramagnetic phase
La0.275Pr0.35Ca0.375MnO3. When this phase is loaded with th
strain, its FM transition is suppressed, e.g.,TMI is shifted to
a lower temperature. Therefore, the parent phase tend
retain its high-T paramagnetic properties, remainingcharge-
disorderedand insulating~CD-I! even at lowT. It is known,
that the martensitic strain is more difficult to accommod
as the grain size of polycrystalline samples decreases.2,3 As a
result, the amount of strain-loaded CD-I phase is higher
the samples with smaller grain size. The presence of
insulating phase results in an unusually high resistivity
low the MIT and leads to the low temperature shift of t
transition with decreasinĝd&. Our optical observations show
that the CO phase is not involved in the MIT directly. Thu
the transition occurs within the parent phase, when it se

O

FIG. 4. Temperature dependence of the resistivityr(T) in zero
magnetic fieldH50 ~upper panel! and in 5 kOe~lower panel! of
the polycrystalline La0.275Pr0.35Ca0.375MnO3 samples with different
grain size^d&53 – 17mm and a single crystal of the same comp
sition measured during cooling and heating. The upper inset sh
the dependence of the MIT temperature,TMI , on ^d& for zero field
cooling ~closed circles! and for field cooling in 5 kOe~open
circles!. The lower inset shows the grain-size dependence of
magnetoresistance~MR! in 5 kOe atT520 K.
6-3
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rates into the FM metallic and strain-stabilized CD-I pha
at T<TMI . It is noteworthy that the ability of strain to sta
bilize phases, which do not exist at all without the strain
well known in conventional martensites.1 For an illustrative
comparison with a system without intrinsic martensi
strain, recall La12xCaxMnO3 (0.2,x,0.5) where there is
no CO and, hence, little or no internal strain is present. T
MIT in this system occurs at much higher temperature (TMI
;275 K) and resembles a second order phase transition23

In summary, we found that the martensitic accommo
tion strain dominates the physics of the charge-order
transformation in manganites. Sensitivity of the martens
phase to the grain boundaries leads to the observed str
dependence of the transport properties of polycrystal
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samples on grain size. Our optical microscopy and mag
totransport measurements at low temperature indicate
the charge-disordered insulatingphase, which is responsibl
for the metal-insulator transition in the charge-ordered m
ganites, is the parent paramagnetic phase stabilized at
temperature by the martensitic accommodation strain. V
ous signatures of martensitic transformations manifested
mixed-valent manganites indicate general applicability of
martensitic approach and phenomenology to the struct
phase transitions in oxides with strongly correlated electro
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