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The antiferromagnetic to ferromagnetic transition iry k@a, sMnO3 is accompanied by a commensu-
rate to incommensurate charge-ordering transition. The presence of incommensurate charge correlation
in the ferromagnetic phase is a remarkable interplay between charge and spin in double-exchange ferro-
magnets. Furthermore, a dark-field imaging technique has provided real-space images of charge-ordered
domains revealing discommensurations inside the nearly commensurate domains. Local density fluc-
tuations of discommensurations are responsible for the similar variations of the charge-ordering wave
vector. [S0031-9007(96)00232-3]

PACS numbers: 75.30.Kz, 64.70.Rh, 71.38.+i, 75.50.Cc

Charge carrier doping in antiferromagnetic (AFM) in- Both ceramic and single-crystalline samples were used
sulators, particularly through heterovalent ion substitutiorfor the present study, and essentially the same results were
in transition metal oxides with perovskite-related struc-obtained. The ceramic samples were synthesized by a
ture, has revealed extraordinary phenomena such as higblid state reaction. Single crystals were grown by a float-
temperature superconductivity, electronic phase separiig zone technique. Samples for electron diffraction and
tion, and charge ordering. For example, hole carriers sudark-field imaging were prepared by mechanical polishing
perconduct in layered LagsSry 1:CuO, at ~40 K [1], and  followed by ion milling at liquid nitrogen temperature. A
holes undergo a charge-ordering transition in isostructuralEOL 2000 FX electron microscope equipped with a low
La; g 5r03NIO, at ~240 K [2] with indications of elec- temperature sample stage and a 14-bit charge couped de-
tronic phase separation [3]. Another remarkable behaviovice array detector was used. The sample in the electron
of doped charge carriers was discovered recently in threemnicroscope is located inside an objective lens with a mag-
dimensional perovskite La,CaMnO; [4,5]. LaMnO;  netic field of ~2 T.
is an AFM insulator and carrier doping via Ca substitution The diffraction evidence of the charge ordering in
in La sites with0.2 < x < 0.5 results in the occurrence of LagysCaysMnO3 is shown in Fig. 1(a) which represents
“colossal” magnetoresistance (CMR) [4]. L.aCa,MnO;  a [001] zone-axis electron diffraction pattern obtained at
is a paramagnetic insulator at high temperatures. At lov®5 K. The diffraction pattern can be indexed with the
temperatures, the material is a ferromagnetic (FM) metal iknown orthorhombic crystal structure [8] (space group
the doping range where CMR occurs, andfar 0.5,the  Pbnn) of LagCay sMnO; with a = b = ﬁap andc¢ =
ground state is an AFM insulator [5,6]. A phase boundary2a, (wherea, ~ 3.9 A is the lattice parameter of the
between the FM metallic and the AFM insulating groundsimple perovskite structure). We made no attempts to dis-
states exists in a narow range aroune= 0.5. In fact, tinguish thea andb lattice parameters due to the small
the x = 0.5 compound first undergoes a FM transition orthorhombic distortion that cannot be readily resolved
upon cooling and then follows a first-order transition to anin a typical electron diffraction experiment. In Fig. 1(a),
AFM charge-ordered state at135K (~180 K on warm-  sharp superlattice spots are evident in addition to the fun-
ing) [5,7]. damental Bragg reflections. Furthermore, the wave vector

In this paper, we report that the AFM to FM transi- ¢ of the superlattice modulation was found to be nearly
tion in LaysCaygMnO3 is structurally associated with a commensurate at this temperature and can be written as
commensurate to incommensurate charge-ordering phage= (27 /a)(1/2 — &,0,0) with incommensurability pa-
transtion. The presence of incommensurate charge ordamametere = 0.013. In the tetragonal cell notational, the
ing in the FM phase is a new finding that could shed lightsuperlattice peaks occur neé#/2,7/2). Results ob-
on the intriguing interplay among charge, spin, and lattained from selected-area electron diffraction experiments
tice in the system. Furthermore, we have obtained reahow thate could vary slightly from grain to grain and
space images of the charge-ordered phase using the sarea to area even within the grain. Commensurate charge
perlattice dark-field imaging technique. Configurations ofordering withe = 0 was often observed. We have also
charge-ordered domains (COD’s) with the presence of disdetermined that the two perpendicular sets of superlat-
commensurations (DC’s) were observed in the nearly comtice spots around each fundamental Bragg reflection ac-
mensurate phase. Local fluctuations of DC densities wertially originate from different areas of the sample. We
commonly observed and found to be responsible for similawill elaborate on this point later when we discuss the real
variations of the charge-ordering wave vector—a commorspace results obtained from dark-field images. The de-
occurrence in various charge-ordered systems. tection of superlattice spots at low temperatures provides
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FIG. 2. Superlattice wave-vector incommensurability as a
function of temperature upon cooling (open circles) and
warming (closed circles). Lines are drawn as guides to the
eye. The Curie temperatuf@ and Néel temperaturesy upon
cooling and warming, determined from magnetic susceptibility
measurement in 2 T, are also indicated.

FIG. 1. (a) [001] zone-axis electron diffraction pattern ob- FM transition at 220 K below whicle decreases rather

tained at 95 K. The fundamental Bragg peaks labaed, slowly until 150 K. Below 150 K,e decreases rapidly,

and c can be indexed as (200), (020), and (110), respectivelyand a commensurate charge-ordered state= 0) is

The presence of superlattice spots with modulation wave vec- - .
tor (1/2,0,0) or (0, ¥2,0) is evident. Kinematically forbidden observed below 130 K. Due to spatial fluctuations of

(100) and (010) spots also appear as a result of multiple scattefhe charge-ordering wave vector, the charge-ordered
ing. (b) Schematic charge-ordering picture of Mrand Mr#* state at lower temperatures is not always commensurate,
:r(égs-ecg\lf’;” a'}dhglzsr;ae%tg:gﬁzlrgfégfedqﬁg%ri‘g l';’"(‘;f ,\'/?rgf and nearly commensurate states are often observed. In
iong whichyresults in the cell doubling along theaxis is also that case, the |nC(_)mmensurate-c':ommensurate transition
indicated. described above will become an incommensurate—nearly
commensurate transition. Upon warming, remains
direct structural evidence of charge ordering as suggestambmmensuratge = 0) until 7 ~ 180 K, above which
from previous indirect transport and magnetic susceptibilthe charge ordering becomes incommensurate, and
ity measurements [5]. In LaCaygMnO;, there are just increases rapidly and coincides with the cooling curve
as many MfA*(34%) ions as MA* (34%) ions. We show above 210 K within the experimental uncertainties. The
in Fig. 1(b) a schematic picture of ionic ordering of #fn  commensurate-incommensurate charge-ordering temper-
and Mt consistent with the ordering wave vector of atures at 130 and 180 K upon cooling and warming,
g = (27 /a)(1/2,0,0). Previously, it was proposed that respectively, correlate well with FM-AFM transition
the cell doubling along tha axis could be achieved by temperatures determined by magnetization and resistivity
the orientational ordering af.» orbitals in Mr**, in addi- measurements [5]. Intensity measurements of superlattice
tion to the Mri*-Mn3* ionic ordering [9,10]. peaks during cooling and warming also reveal similar
The first-order FM-AFM transition is characterized hysteresis with weaker intensities in the FM regime. In
by a substantial thermal hysteresis in the temperaturea recent x-ray and neutron powder diffraction experi-
dependent resistivity and magnetization measurementaent on Lg sCay,gMnO; [11], anomalous broadening of
[5]. To establish the correlation between the presenc@undamental Bragg peaks was observed at the FM-AFM
of charge-ordering superlattice peaks and the FM-AFMransition. We believe that the broadening is also related
transition, we have followed the superlattice peaks ando the commensurate-incommensurate charge-ordering
measured the charge-ordering wave vector as a functiamansition.
of temperature during cooling and warming. The results We emphasize that the temperature dependence of
are shown in Fig. 2 in which the incommensurability of shown in Fig. 2 is not due to chemical inhomogeneity of
charge orderingg, is plotted as a function of temperature. Ca doping. Ca inhomogeneity, if it exists, cannot vary
Figure 2 clearly shows that the first-order FM-AFM below room temperature because of the low mobility of Ca
transition is associated structurally to an incommensuratesations at low temperatures. Furthermore, electron beam
commensurate charge-ordering transition. Upon coolingnicroanalysis with a~300 A probe did not detect any
from room temperature, precursory incommensuratehemical inhomogeneity of La and Ca ions in this area.
charge-ordering superlattice peaks first become visibl& similar temperature dependence of incommensurabil-
below ~240 K, with & decreasing rapidly toward the ity with similar magnitude has also been observed in the
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nonmagnetic ferroelectric insulator of barium sodium nio-
bate [12]. First-principles theoretical studies [13] indi-
cated that the incommensurate behavior in insulators was
caused by the relaxation of highly unstable structural units
exhibiting angstrom-size displacements with essentially
zero energy change. Similar mechanisms may also be re- -
sponsible for the incommensurate behavior observed in our
case. P
The appearance of commensurate charge modulation
with the high intensity of superlattice reflections in the
AFM insulating phase is a familiar scenario since the re-
port of charge ordering in the two-dimensional nickelates
[2]. Charge-ordering phenomenon, however, is mutually
exclusive with ferromagnetism, particularly in the double

carrier (hole) from a M#" ion across an intervening0

ion to an adjacent Mii ion. The FM coupling induced

by itinerant charge carriers in the double-exchange sce-
nario is totally incompatible with the localized picture of a
commensurateharge-ordering state. We have carried out
electron diffraction experiments for the= 0.33 sample
with an FM ground state and we found no superlattice re-
flections due to charge ordering at low temperatures. In
the present case of = 0.5, it is surprising thatincom-
mensuratecharge ordering superlattice spots are present
in the FM region. The energies involved for the FM or-
dering and incommensurate charge ordering may be de-
generate around 225 K. As the temperature decreases,
the incommensurate charge correlation gradually becomes
more prominent with decreasing incommensurability and,
at ~135 K, it becomes commensurate with the disappear-
ance of ferromagnetism.

Let us now turn to dark-field imaging of the COD’s and
the DC’s in the nearly commensurate phase. Figures 3(a)
and 3(b) show dark-field images obtained at 95 K in
the nearly commensurate phase from superlattice spots
perpendicular to each other. The large brighter domains '
are areas that diffract strongly to the chosen superlatticeiG. 3 (color). (a),(b) Color-coded complementary dark-field
spot. The most striking feature of the dark-field images ismages obtained from superlattice peaks that are perpendicular
the presence of large rectangular COD’s of a few thousant® each other. (c) The quasiperiodic discommensurations in the

angstroms in size. The complementary domain contra arge-ordered domains. The visibility of discommensurations
: IS sensitive to the variations of local diffraction conditions. The

shown ir_l Figs. 3(a) and 3(b) i_S direct proof that the tWocrystallographic orientation of the discommensurations and the
perpendicular sets of superlattice spots actually come frortharge-ordered domains relative to the Mn-O square lattice is
twin-related regions of the sample. The boundaries of thalso shown.

COD’s are found to be more or less parallel to the Mn-O-

Mn direction of the simple perovskite structure, which is The domain boundaries shown in Figs. 3(a) and
45° off the charge-ordering wave vector. This orientation3(b) are not to be confused with domain walls or DC’s
becomes the natural choice of COD boundaries in viewften seen in an incommensurate or nearly commensurate
of the twinning structure of the COD’s. The presence ofmodulation. In a discommensurate state of an incom-
impurities, defects, and local strains, however, can alter thmensurate modulation, small commensurate domains are
orientation of the straight domain boundaries into otheiseparated by discommensurations within which the
directions. The curved boundaries visible in Figs. 3(a)modulation superlattice phase varies rapidly [15]. The
and 3(b) are probably the results of these extrinsic effectexistence of DC’'s in the charge-ordered perovskite
It is important to note that the COD structure can onlytransition metal oxides is still a matter of conjecture. In
be observed from the superlattice reflections (not fronfig. 3(c), we show unequivocally the presence of DC's
the main Bragg peaks) and, therefore, they are directlyn the nearly commensurate state of charge ordering.
associated with the charge ordering of doped holes. The dark-field image of Fig. 3(c) was obtained under
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similar conditions of 3(a) and 3(b). However, it was In conclusion, much remains to be understood for the
taken at a higher magnification to resolve the fine spacnearly commensurate to incommensurate charge-ordering
ing of DC’s. The dark stripes which separate the whitetransition in Lg sCa; sMnO,, which coincides with the
stripes are identified as DC’s, where the modulation suAFM to FM transition. The unexpected coexistence of
perlattice phase varies rapidly, and the white stripes arsncommensurate charge correlation and ferromagnetism
commensurate regions where the modulation phasprovides an intriguing new phenomenon of charge-spin
factor remains constant. DC's have also been directlfluctuations. Real-space images of COD’s with the pres-
observed in charge-density-wave systems [16,17] by thence of DC’s reveals the discommensurate nature of the
same superlattice dark-field imaging technique. Theiearly commensurate charge-ordered state. Detailed con-
DC's, being perpendicular to the charge-ordering wavdigurations of DC'’s in the charge-ordered state, i.e., how
vector, are oriented in a direction 4%5om the domain DC's join to each other, might be interesting since it
boundaries, i.e., along the diagonal of the Mn-O squareould be different from that observed in the conventional
lattice. The average spacing of DC’s is80 A as charge-density-wave system [16,17] due to the discrete
measured from Fig. 3. For a discommensurate systenfgttice sites available for the ordered charge carriers.
the average system, the average spacingof DC's We thank W. Bao for sample preparation and L. W.
is related to the incommensurability (in the units of Rupp, Jr., for susceptibility measurement. We have
27 /a) through the relationshifp = 27 /pe [15], where  benefited from discussions with T. M. Rice, B. Batlogg,
p is the order of commensurability and, in the present. P. Ramirez, and P. E. Schiffer.
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our study, e is found to be 0.034, and this gives rise
to a L = 80 A, in excellent agreement with the value
observed in the dark-field image. The DC's shown in
Fig. 3(c) actually extend throughout the thickness of the
sample, and the images are, therefore, two-dimensional
projections of these structures. Similar dark-field imag- [1] J.G. Bednorz and K. A. Miller, Z. Phys. &4, 189 (1986).
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