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Nanometer-sized regions of charge ordering and charge melting in La2Õ3Ca1Õ3MnO3
revealed by electron microdiffraction
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Electron microdiffraction study of phase transition in La2/3Ca1/3MnO3 revealed temperature-dependent (h
11/2,0,l) diffraction spots. Their intensity peaks atTc . Quantitative electron diffraction intensity analysis
shows that they come from nanometer-sized domains with modulated transverse atomic displacements in the
orthorhombica-c plane, which has two types of Mn ions and thus charge ordering. The average domain is
;3.6 nm in diameter and;1.5 nm in height~along theb axis!. The number of domains increases and then
decreases, as the sample is cooled throughTc .
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Doped mixed-valent transition metal oxides exhibit co
plex temperature-dependent structural phases, which o
have macroscopic crystal symmetry but with local structu
fluctuations that resemble more closely the phases of liq
crystals.1 An example is the phase separation found in hig
Tc superconductors and related compounds.2 Strong ten-
dency of phase separation in manganites has also
predicted3 and suggested by a number of experimen
evidences.4 However, so far, no clear picture has emerg
about the structure and nature of phase separation. Th
ported length scale varies from subnanometer to micro4

Structural characterization is complicated by the microstr
ture of manganites, in the best case, as-grown single cry
are often twinned with submicron domains. Electron diffra
tion has the unique advantage for studying such structu
Single crystal diffraction pattern can be obtained from ea
domain, using a submicron electron probe. Using this
proach, we observed the structural fluctuations in colos
magnetoresistive~CMR! La2/3Ca1/3MnO3 by measuring elec-
tron diffraction intensity quantitatively. We find that th
paramagnetic~PM! to ferromagnetic~FM! phase transition is
accompanied by the formation and melting of random dr
lets of nanometer-sized domains. From the single-cry
electron diffraction data, we propose a structure model ba
on the structure of charge ordered La1/2Ca1/2MnO3.

5 We
show that there is a good agreement between the experim
tal diffraction intensity and the model, thus providing
strong evidence of charge ordering in these domains.

Upon cooling, doped La12xCaxMnO3 ~with 0.2,x
,0.45) undergoes a PM to FM transition atTc , which co-
incides with a insulator-metal transition.6 This, and related
compounds, has attracted great attention recently becau
CMR and the interesting physics. Structural
La12xCaxMnO3 has an average distorted-perovskite str
ture, with simple perovskite structure bya'c'&ap and
b'2ap . Accumulated experimental evidences suggest b
structural and magnetic inhomogeneities.3 Structural
probe7–9 revealed a gradual transition from multiple Mn-
bond lengths at high temperature characteristic of Ja
Teller distortions, to a low-temperature single Mn-O bo
length.
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We use electron diffraction~ED! to study structural fluc-
tuations near the phase transition because electrons int
strongly with crystals, and ED patterns can be obtained fr
a very small volume, and thus very sensitive to local str
tural fluctuations. The ED experiment was carried out us
an energy filtering LEO-912V electron microscope~120
kV!. Single crystal ED patterns were recorded from a th
area of 300 nm in diameter using parallel illumination.10 The
specimen is a polycrystalline La2/3Ca1/3MnO3, thinned for
electron transparency. The sample was synthesized by
ing stoichiometric proportions of La2O3, CaCO3 and MnO2
~puratronic grade, AESAR! using the standard solid state r
action method. Powder x-ray diffraction and energ
dispersed x-ray analysis in a electron microscope confirm
single-phase and chemically homogeneous structure wi
the experimental error. The sample was initially cooled w
liquid nitrogen and measured by heating the specimen u
the Gatan liquid nitrogen holder. The sample sits in a 1 T
magnetic field from the electron objective lens. An ener
selection slit of 10 eV was placed around the zero-loss p
to remove the inelastic background, which usually domina
the weak structural diffuse scattering in electr
diffraction.10 All diffraction patterns were recorded from th
same area in the zone axis orientations using a beam d
gence of 0.13 mrad, exposure time of 9 s and the camera
length of 450 mm. Fuji 25mm imaging plates were used fo
quantitative electron intensity recording. To compare diffra
tion intensity at different temperatures, we monitored t
electron beam intensity and any change in diffraction con
tions using the weak6~104! and 6~1̄04! reflections. The
overall fluctuations were less than 6%.

Figure 1 shows the recorded electron diffraction patte
in the @010# zone axis orientation at four differen
temperatures.11 The most remarkable feature in the diffra
tion pattern is the nearly commensurate satellite peaks w
half indices of (h11/2,0,l); these are superlattice reflection
from a superstructure with the period twice the originala
axis. Previously, they were found in~LaPrCa!MnO3 with Ca
concentration ofx53/8.12 The SR intensity changes wit
temperature, and they are most visible nearTc . The SR sits
©2001 The American Physical Society07-1



e
t

ur
s

y

st
th
th
th

ic
ve

e
ed

is

r

m
u
o

re

S

lat-
ant

ics
tice

nda-
-
ic

g is

d

e
s

th

re

e
real

ak

nd

RAPID COMMUNICATIONS

J. M. ZUO AND J. TAO PHYSICAL REVIEW B63 060407~R!
on a broad anisotropic diffuse background, especially n
strong fundamental reflections. The diffuse scattering has
characteristics of Huang scattering. Figure 2~a! shows the
intensity profile from~0, 0, 4! to ~2, 0, 4! in Fig. 1. Both the
SR intensity and the background change with temperat
The overall temperature dependence was measured u
~3/2, 0, 4! SR. The results are shown in Figs. 2~b! and ~c!.
The superlattice peak and background were separated b
ting the intensity distribution around~3/2, 0, 4! with a Gauss-
ian function plus a linear background. From Fig. 2, we e
mateTc;270 K. Figure 2 also shows that the increase in
satellite peak intensity is associated with an increase in
background, indicating that there is strain associated with
formation of the superstructures.

The SR is mostly observed in the@010# zone axis. Inspec-
tion of the @001# and @100# zone axes revealed anisotrop
diffuse scattering, but no SR. The diffuse scattering obser
here differs from that of Sr-substituted manganites.13 In that
case, incommensurate satellite peaks were observed at m
smallerq, and the diffuse scattering disappeared almost
tirely below Tc . The diffuse scattering observed in layer
Sr doped manganites is mostly quasielastic.13 The energy
resolution of this experiment is not sufficient to make th
distinction.

There are two coherence lengths in the diffraction patte
The lattice reflection has a Gaussian half width~GHW! of
0.0053 Å21, of which 80% comes from the electron bea
divergence, the rest from the detector and small-angle diff
scattering due to atomic vibrations and strain. The GHW
SR, subtracted off the GHW of the lattice reflection, cor
sponds to structural domains of about 3662 Å in diameter.
No appreciable change was observed in the half width of

FIG. 1. Evidence of the temperature-dependentx51/2 type
charge ordering in La2/3Ca1/3MnO3 . Four diffraction patterns in the
@010# zone axis orientation at~a! 114 K, ~b! 257 K, ~c! 272 K, and
~d! 322 K are shown, displayed on an absolute intensity scal
units of counts~1 count corresponding to about 1.2 beam electron!.
The diffraction patterns were taken from the circled region of
sample~shown in the up-right inset!. The circle diameter is 0.3mm.
Three twin domains are visible in the image. The illuminated a
covers a very small part of neighboring twins~2 and 3!, giving the
faint diffraction spots at the (h11/2,0,l11/2) positions.
06040
ar
he

e.
ing

fit-

i-
e
e
e

d

uch
n-

n.

se
f
-

R

as a function of temperature. All these indicate that super
tice reflections come from nanodomains, of nearly const
sizes.

The diffraction pattern of Fig. 1 has the characterist
that come with an atomic displacement wave. Superlat
reflections are nearly absent in the (h11/2,0,0) row, and
strong superlattice peaks are associated with strong fu
mental reflections in thel 52n rows. Both suggest that su
perlattice peaks originate predominately from small atom
displacements. In such case, kinematical diffuse scatterin
given by:14

Fk~G1q!}~G1q!•(
i

Di f i exp@2Wi~G1q!#

3exp~2p iG•r i !. ~1!

The observed extinction of (h11/2,0,0) reflections and (h
11/2,k,0) reflections in the@001# zone axis can be explaine

in

e

a

FIG. 2. Temperature dependence of diffraction intensities.~a!
Intensity profiles of Fig. 1 from~004! to ~204!, averaged over a
width of 0.008 Å21. The profiles clearly show two coherenc
lengths. The width of superlattice reflections corresponds a
space size;36 Å; ~b! the superlattice peak and~c! background
intensity at~3/2,0,4! position as a function of temperature. The pe
and background were obtained by fitting the intensity profile of~a!
around~3/2,0,4! using the combination of a Gaussian function a
the linear background@see the inset in~b!#.
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by the (G1q)"D term withD parallel to thec axis. Based on
this, we propose a model~Fig. 3! for the superstructure in
side the nanodomains. In this model, atoms are displa
along thec axis with a pattern that closely resembles a tra
verse wave ofq5(100)/2. Transverse atomic displaceme
wave was previously obtained in the charge-ordered ph
of La1/2Ca1/2MnO3 ~Ref. 5! and La2/3Ca1/3MnO3.

18

The displacements shown in Fig. 3 result two types of M
ions, Mn(A) and Mn(B). For the Mn(A), four oxygens with
two each at the left and right move in opposite directio
These gives two short and two long Mn-O bonds in thea–c
plane, and they differ by;D/&. The Mn(B) ion is un-
changed and has nearly equal bond lengths. Atomic pair
tribution from x-ray results9 indicate three bond length
~;1.85–1.9 Å,;1.97 Å, and;2.1–2.15 Å! at 300 K and a
single bond length at 20 K forx50.33. Assuming that the
different bond-lengths are due to charge ordering, we exp
the shortest bond of;1.9 Å for the Mn41-O22 bond. This
can be accounted for by introducing a contraction~d! for the
Mn41-O2 bond in thea–c plane and a consequent dilatio
for the Mn31-O22 bond in the same plane. To fit the x-ra
data, we needD;0.14 Å andd;0.06 Å. For comparison
the mean thermal displacement of oxygen in this materia
about 0.09 Å.

To see whether the model proposed above fits the exp
mental data, we carried out a full dynamical calculation
electron scattering from randomly distributed structural d
mains, assuming incoherent electron scattering from e
domain. Dynamic calculations are necessary because
strong electron scattering. Theoretically, whether the na
structures are static or time dependent, they can be tre
similarly by averaging over space or time or both. We u
the general dynamic theory of electron diffuse scattering
rived by Gjonnes,15 taking account of electron diffraction
before and after the diffuse scattering:

dI~q1h!5dz(
g

(
g8

(
f

(
f 8

Shg~2!S* hg8~2! f 1

3~q1g2 f ! f * 1~q1g82 f 8!So f~1!S* o f8~1!.

~2!

FIG. 3. Atomic structure model of lattice distortions propos
for the superstructure. In this model, atoms shift by6D and 0
depending on their position~as indicated by the arrow!. The dis-
placement pattern resembles a transverse wave withk5(1/2,0,0).
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Here f 1 is the electron scattering matrix of the supe
structure andSo f(1) andSgb(2) are the scattering matrice
from the averaged structure before and after the su
structure, respectively. All are calculated using the Blo
wave theory of electron diffraction.16 The calculation was
done by integrating Eq.~2! over the sample thickness, whic
we estimate to be 840 Å from the intensities of fundamen
reflections. The SR structure factors were calculated us
D50.14 Å ~they are not affected by the contractiond!. The
thickness of nano-domains,t, was treated as a parameter. T
calculation was compared with 21 independent superlat
reflections in the@010# zone axis. The best fit between theo
and experiment was obtained witht;15 Å, which has ax2

;1.4. The comparison between our model and experimen
shown in Fig. 4. The agreement is good, considering that
model only contains a single structural parameter. From
intensity of SR, we estimate the volume percentage of na
domains to be a few percent at 272 K withD50.14 Å. This
estimate is inversely proportional toD2.

The nature of superlattice reflections cannot be explai
by simple chemical inhomogeneity, however, it is possi
that fluctuations in chemical composition could act as
pinning centers for charge ordering. Experimentally, it
also not clear whether thex51/2 type charge ordering is
associated with an excess concentration of 1/6 holes per
mula inside the nano-domain. Charge separation, in gen
is not favored energetically. The amount of Coulomb ene
required to separate charges increases rapidly with the
~In the textbook case of a spherical charge cloud of radiur,
the assembly energy is proportional tor 5.) Charge separa
tion can only exist if there is a sufficient amount of ener
gained by charge ordering, which would be proportional
the volume (r 3). In that case, the size of charge separa
domains would be dictated by the balance between the C
lomb interaction and charge ordering.

The experimental picture emerged from our electron d
fraction study can be summarized in following. AboveTc ,
there is an average increase in the number of extended
dered structural domains, as the sample is cooled towardTc .
Below Tc , the average number of domains slowly decreas

FIG. 4. A comparison between the experimental and theoret
dynamic diffraction intensities of superlattice reflections. The
flection index~x axis! is based on the supercell. Theoretical inte
sities were calculated using the structure model proposed in Fig
and the domain thickness of 15 Å.
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The shape of domain resembles a droplet, with the diam
;36 Å and height;15 Å ~along theb axis!. They are ran-
domly distributed. Recent neutron data shows that they
also static with a lifetime larger than 1 ps~Ref. 17! (t
.3 ms from the NMR data19!. Compared to the averag
structure, the domain has modulated transverse atomic
placements in thea-c plane, similar to these found in th
structure of charge ordered La1/2Ca1/2MnO3. The rise and fall
of superlattice reflections coincide with the similar change
resistivity, indicating that they are strongly related. The e
nc
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ys
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perimental findings here raise interesting questions abou
underlying physical origin of these domains, their effect
the transport properties, and the implied charge separa
associated with charge ordering.
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