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Commensurate to Incommensurate Charge Ordering and Its Real-Space Image
in La 0.5Ca0.5MnO 3
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(Received 24 January 1996)

The antiferromagnetic to ferromagnetic transition in La0.5Ca0.5MnO3 is accompanied by a commensu-
rate to incommensurate charge-ordering transition. The presence of incommensurate charge correl
in the ferromagnetic phase is a remarkable interplay between charge and spin in double-exchange fe
magnets. Furthermore, a dark-field imaging technique has provided real-space images of charge-ord
domains revealing discommensurations inside the nearly commensurate domains. Local density fl
tuations of discommensurations are responsible for the similar variations of the charge-ordering w
vector. [S0031-9007(96)00232-3]

PACS numbers: 75.30.Kz, 64.70.Rh, 71.38.+i, 75.50.Cc
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Charge carrier doping in antiferromagnetic (AFM) i
sulators, particularly through heterovalent ion substitut
in transition metal oxides with perovskite-related stru
ture, has revealed extraordinary phenomena such as
temperature superconductivity, electronic phase sep
tion, and charge ordering. For example, hole carriers
perconduct in layered La1.85Sr0.15CuO4 at ,40 K [1], and
holes undergo a charge-ordering transition in isostruct
La1.67Sr0.33NiO4 at ,240 K [2] with indications of elec-
tronic phase separation [3]. Another remarkable beha
of doped charge carriers was discovered recently in th
dimensional perovskite La12xCaxMnO3 [4,5]. LaMnO3

is an AFM insulator and carrier doping via Ca substitut
in La sites with0.2 , x , 0.5 results in the occurrence o
“colossal” magnetoresistance (CMR) [4]. La12xCaxMnO3
is a paramagnetic insulator at high temperatures. At
temperatures, the material is a ferromagnetic (FM) meta
the doping range where CMR occurs, and forx . 0.5, the
ground state is an AFM insulator [5,6]. A phase bound
between the FM metallic and the AFM insulating grou
states exists in a narow range aroundx  0.5. In fact,
the x  0.5 compound first undergoes a FM transitio
upon cooling and then follows a first-order transition to
AFM charge-ordered state at,135 K (,180 K on warm-
ing) [5,7].

In this paper, we report that the AFM to FM trans
tion in La0.5Ca0.5MnO3 is structurally associated with
commensurate to incommensurate charge-ordering p
transtion. The presence of incommensurate charge o
ing in the FM phase is a new finding that could shed li
on the intriguing interplay among charge, spin, and
tice in the system. Furthermore, we have obtained
space images of the charge-ordered phase using th
perlattice dark-field imaging technique. Configurations
charge-ordered domains (COD’s) with the presence of
commensurations (DC’s) were observed in the nearly c
mensurate phase. Local fluctuations of DC densities w
commonly observed and found to be responsible for sim
variations of the charge-ordering wave vector—a comm
occurrence in various charge-ordered systems.
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Both ceramic and single-crystalline samples were u
for the present study, and essentially the same results w
obtained. The ceramic samples were synthesized b
solid state reaction. Single crystals were grown by a flo
ing zone technique. Samples for electron diffraction a
dark-field imaging were prepared by mechanical polish
followed by ion milling at liquid nitrogen temperature. A
JEOL 2000 FX electron microscope equipped with a lo
temperature sample stage and a 14-bit charge couped
vice array detector was used. The sample in the elec
microscope is located inside an objective lens with a m
netic field of,2 T.

The diffraction evidence of the charge ordering
La0.5Ca0.5MnO3 is shown in Fig. 1(a) which represen
a [001] zone-axis electron diffraction pattern obtained
95 K. The diffraction pattern can be indexed with th
known orthorhombic crystal structure [8] (space gro
Pbnm) of La0.5Ca0.5MnO3 with a ø b ø

p
2 ap andc ø

2ap (where ap , 3.9 Å is the lattice parameter of the
simple perovskite structure). We made no attempts to
tinguish thea and b lattice parameters due to the sma
orthorhombic distortion that cannot be readily resolv
in a typical electron diffraction experiment. In Fig. 1(a
sharp superlattice spots are evident in addition to the f
damental Bragg reflections. Furthermore, the wave vec
$q of the superlattice modulation was found to be nea
commensurate at this temperature and can be written
$q  s2pyad s1y2 2 ´, 0, 0d with incommensurability pa-
rameter´  0.013. In the tetragonal cell notational, th
superlattice peaks occur nearspy2, py2d. Results ob-
tained from selected-area electron diffraction experime
show that´ could vary slightly from grain to grain and
area to area even within the grain. Commensurate cha
ordering with´  0 was often observed. We have als
determined that the two perpendicular sets of super
tice spots around each fundamental Bragg reflection
tually originate from different areas of the sample. W
will elaborate on this point later when we discuss the r
space results obtained from dark-field images. The
tection of superlattice spots at low temperatures provi
© 1996 The American Physical Society
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FIG. 1. (a) [001] zone-axis electron diffraction pattern o
tained at 95 K. The fundamental Bragg peaks labeleda, b,
and c can be indexed as (200), (020), and (110), respectiv
The presence of superlattice spots with modulation wave v
tor (1y2, 0, 0) or (0, 1y2, 0) is evident. Kinematically forbidden
(100) and (010) spots also appear as a result of multiple sca
ing. (b) Schematic charge-ordering picture of Mn41 and Mn31

ions. Open and closed circles represent Mn41 and Mn31 ions,
respectively. The orientational order ofdz2 orbitals of Mn31

ions which results in the cell doubling along thea axis is also
indicated.

direct structural evidence of charge ordering as sugge
from previous indirect transport and magnetic suscepti
ity measurements [5]. In La0.5Ca0.5MnO3, there are just
as many Mn41s3d3d ions as Mn31s3d4d ions. We show
in Fig. 1(b) a schematic picture of ionic ordering of Mn41

and Mn31 consistent with the ordering wave vector
$q  s2pyad s1y2, 0, 0d. Previously, it was proposed tha
the cell doubling along thea axis could be achieved b
the orientational ordering ofdz2 orbitals in Mn31, in addi-
tion to the Mn41-Mn31 ionic ordering [9,10].

The first-order FM-AFM transition is characterize
by a substantial thermal hysteresis in the temperat
dependent resistivity and magnetization measurem
[5]. To establish the correlation between the prese
of charge-ordering superlattice peaks and the FM-AF
transition, we have followed the superlattice peaks a
measured the charge-ordering wave vector as a func
of temperature during cooling and warming. The resu
are shown in Fig. 2 in which the incommensurability
charge ordering,́ , is plotted as a function of temperatur
Figure 2 clearly shows that the first-order FM-AF
transition is associated structurally to an incommensur
commensurate charge-ordering transition. Upon coo
from room temperature, precursory incommensur
charge-ordering superlattice peaks first become vis
below ,240 K, with ´ decreasing rapidly toward th
-

ly.
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FIG. 2. Superlattice wave-vector incommensurability as
function of temperature upon cooling (open circles) a
warming (closed circles). Lines are drawn as guides to
eye. The Curie temperatureTC and Néel temperaturesTN upon
cooling and warming, determined from magnetic susceptibil
measurement in 2 T, are also indicated.

FM transition at 220 K below which́ decreases rathe
slowly until 150 K. Below 150 K,́ decreases rapidly,
and a commensurate charge-ordered states´  0d is
observed below 130 K. Due to spatial fluctuations
the charge-ordering wave vector, the charge-orde
state at lower temperatures is not always commensur
and nearly commensurate states are often observed.
that case, the incommensurate-commensurate trans
described above will become an incommensurate–ne
commensurate transition. Upon warming,´ remains
commensurates´  0d until T , 180 K, above which
the charge ordering becomes incommensurate, an´

increases rapidly and coincides with the cooling cur
above 210 K within the experimental uncertainties. T
commensurate-incommensurate charge-ordering tem
atures at 130 and 180 K upon cooling and warmin
respectively, correlate well with FM-AFM transition
temperatures determined by magnetization and resisti
measurements [5]. Intensity measurements of superlat
peaks during cooling and warming also reveal simi
hysteresis with weaker intensities in the FM regime.
a recent x-ray and neutron powder diffraction expe
ment on La0.5Ca0.5MnO3 [11], anomalous broadening o
fundamental Bragg peaks was observed at the FM-AF
transition. We believe that the broadening is also rela
to the commensurate-incommensurate charge-orde
transition.

We emphasize that the temperature dependence o´

shown in Fig. 2 is not due to chemical inhomogeneity
Ca doping. Ca inhomogeneity, if it exists, cannot va
below room temperature because of the low mobility of C
cations at low temperatures. Furthermore, electron be
microanalysis with a,300 Å probe did not detect any
chemical inhomogeneity of La and Ca ions in this are
A similar temperature dependence of incommensura
ity with similar magnitude has also been observed in t
4043
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nonmagnetic ferroelectric insulator of barium sodium n
bate [12]. First-principles theoretical studies [13] ind
cated that the incommensurate behavior in insulators
caused by the relaxation of highly unstable structural u
exhibiting angstrom-size displacements with essenti
zero energy change. Similar mechanisms may also be
sponsible for the incommensurate behavior observed in
case.

The appearance of commensurate charge modula
with the high intensity of superlattice reflections in th
AFM insulating phase is a familiar scenario since the
port of charge ordering in the two-dimensional nickela
[2]. Charge-ordering phenomenon, however, is mutua
exclusive with ferromagnetism, particularly in the doub
exchange process [14] which requires transfer of a cha
carrier (hole) from a Mn31 ion across an intervening O22

ion to an adjacent Mn41 ion. The FM coupling induced
by itinerant charge carriers in the double-exchange s
nario is totally incompatible with the localized picture of
commensuratecharge-ordering state. We have carried o
electron diffraction experiments for thex  0.33 sample
with an FM ground state and we found no superlattice
flections due to charge ordering at low temperatures.
the present case ofx  0.5, it is surprising thatincom-
mensuratecharge ordering superlattice spots are pres
in the FM region. The energies involved for the FM o
dering and incommensurate charge ordering may be
generate around 225 K. As the temperature decrea
the incommensurate charge correlation gradually beco
more prominent with decreasing incommensurability a
at ,135 K, it becomes commensurate with the disappe
ance of ferromagnetism.

Let us now turn to dark-field imaging of the COD’s an
the DC’s in the nearly commensurate phase. Figures
and 3(b) show dark-field images obtained at 95 K
the nearly commensurate phase from superlattice s
perpendicular to each other. The large brighter doma
are areas that diffract strongly to the chosen superlat
spot. The most striking feature of the dark-field images
the presence of large rectangular COD’s of a few thous
angstroms in size. The complementary domain cont
shown in Figs. 3(a) and 3(b) is direct proof that the tw
perpendicular sets of superlattice spots actually come f
twin-related regions of the sample. The boundaries of
COD’s are found to be more or less parallel to the Mn-
Mn direction of the simple perovskite structure, which
45± off the charge-ordering wave vector. This orientati
becomes the natural choice of COD boundaries in v
of the twinning structure of the COD’s. The presence
impurities, defects, and local strains, however, can alter
orientation of the straight domain boundaries into oth
directions. The curved boundaries visible in Figs. 3
and 3(b) are probably the results of these extrinsic effe
It is important to note that the COD structure can on
be observed from the superlattice reflections (not fr
the main Bragg peaks) and, therefore, they are dire
associated with the charge ordering of doped holes.
4044
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FIG. 3 (color). (a),(b) Color-coded complementary dark-fie
images obtained from superlattice peaks that are perpendic
to each other. (c) The quasiperiodic discommensurations in
charge-ordered domains. The visibility of discommensuratio
is sensitive to the variations of local diffraction conditions. Th
crystallographic orientation of the discommensurations and
charge-ordered domains relative to the Mn-O square lattice
also shown.

The domain boundaries shown in Figs. 3(a) an
3(b) are not to be confused with domain walls or DC
often seen in an incommensurate or nearly commensu
modulation. In a discommensurate state of an inco
mensurate modulation, small commensurate domains
separated by discommensurations within which t
modulation superlattice phase varies rapidly [15]. Th
existence of DC’s in the charge-ordered perovsk
transition metal oxides is still a matter of conjecture.
Fig. 3(c), we show unequivocally the presence of DC
in the nearly commensurate state of charge orderi
The dark-field image of Fig. 3(c) was obtained und
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similar conditions of 3(a) and 3(b). However, it wa
taken at a higher magnification to resolve the fine sp
ing of DC’s. The dark stripes which separate the wh
stripes are identified as DC’s, where the modulation
perlattice phase varies rapidly, and the white stripes
commensurate regions where the modulation ph
factor remains constant. DC’s have also been dire
observed in charge-density-wave systems [16,17] by
same superlattice dark-field imaging technique. T
DC’s, being perpendicular to the charge-ordering wa
vector, are oriented in a direction 45± from the domain
boundaries, i.e., along the diagonal of the Mn-O squ
lattice. The average spacing of DC’s is,80 Å as
measured from Fig. 3. For a discommensurate syst
the average system, the average spacing,L, of DC’s
is related to the incommensurabilitý (in the units of
2pya) through the relationshipL  2pyp´ [15], where
p is the order of commensurability and, in the prese
case,p  2. For the single-crystalline sample used
our study, ´ is found to be 0.034, and this gives ris
to a L . 80 Å, in excellent agreement with the valu
observed in the dark-field image. The DC’s shown
Fig. 3(c) actually extend throughout the thickness of
sample, and the images are, therefore, two-dimensi
projections of these structures. Similar dark-field ima
ing of the incommensurate phase in the FM tempera
region is much more difficult due to weak superlatti
spots. We have, however, managed to obtain ima
in the FM regime showing the presence of DC’s whi
become weaker, denser, and more disordered as tem
ture increases. We note that DC’s in the charge-orde
state appear to be strongly pinned to the lattice with
any noticeable movement even under intense elec
beam irradiation during the dark-field observations, u
like the DC’s in the charge-density-wave systems wh
their movement could be seen under similar conditio
[16,17]. Samples examined with0.5 , x # 0.67 also
show an incommensurate charge-ordered state, and
ence of discommensuration is a universal phenomen

The charge-ordering incommensurability´ is found to
vary from area to area. This has been an outstand
unsolved problem since the report of charge order
in the two-dimensional La22xSrxNiO4 [2]. Now, with
the real-space imaging technique, we have discove
that this phenomenon occurs as a result of slight lo
density fluctuations of DC’s. Even in a commensura
region wheré  0, as determined from selected area ele
tron diffraction, widely separated residual DC’s are s
present. The underlying reasons for the local density fl
tuations of DC’s remains unclear. We note, however,
length scale of the fluctuations is typically a few thousa
angstroms, and preliminary electron beam microanal
does not reveal any significant chemical inhomogeneity
this length scale. Furthermore, no obvious crystalline
fects are present in the sample that can be responsibl
the fluctuations. In charge-density-wave systems, sim
DC density fluctuations do not occur [16,17].
-

-
re
e

y
e

e
e

e

,

t

e
al
-
e

s

ra-
d
t
n
-
e
s

es-
.

g
g

d
l

-

-
e
d
is
f
-

for
r

In conclusion, much remains to be understood for t
nearly commensurate to incommensurate charge-orde
transition in La0.5Ca0.5MnO3, which coincides with the
AFM to FM transition. The unexpected coexistence
incommensurate charge correlation and ferromagnet
provides an intriguing new phenomenon of charge-s
fluctuations. Real-space images of COD’s with the pre
ence of DC’s reveals the discommensurate nature of
nearly commensurate charge-ordered state. Detailed c
figurations of DC’s in the charge-ordered state, i.e., ho
DC’s join to each other, might be interesting since
could be different from that observed in the convention
charge-density-wave system [16,17] due to the discr
lattice sites available for the ordered charge carriers.

We thank W. Bao for sample preparation and L. W
Rupp, Jr., for susceptibility measurement. We ha
benefited from discussions with T. M. Rice, B. Batlog
A. P. Ramirez, and P. E. Schiffer.
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