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Transmission electron microscopy studies of the effect
of A-site cation size mismatch and disorder on charge ordering
behavior in „La1ÀxYx…0.5„Ca1ÀySry…0.5MnO3
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The effects of A-site cation mismatch and disorder on the charge ordering~CO! behavior in the
manganites (La12xYx)0.5(Ca12ySry)0.5MnO3 have been studied by transmission electron
microscopy. The presence of the size mismatch and disorder suppresses the CO transition.
Incommensurate CO modulations are observed in three samples with 0<s2<0.003. Structural
models, based on the selected area electron diffraction and high-resolution electron microscopy
observation, are suggested for such kinds of incommensurate modulations. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1364505#
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In manganese systems, the charge ordering~CO! modu-
lation ~resulting from the ionic ordering of Mn31 and Mn41

associated with thedz2 orbital ordering! is induced by the
development of a Jahn–Teller distortion of the Mn31O6 oc-
tahedra. In particular, the CO phenomena in the ABO3-type
rare earth manganites with the formula, Ln12xAxMnO3, have
been the subject of several studies,1–7 since these are assoc
ated with the magnetotransport properties that are sens
to electronic and geometric factors. It has recently be
found that size mismatch and disorder of A-site cations p
an important role on the magnetic and transport propertie
the manganites.8,9 In order to explain the effects due to th
strain arising from the size mismatch of A-site cations on
Curie temperatureTC , Rodriguez-Martinezet al.8,9 used the
variance in the distribution of the average size of A-site c
ions to quantify the A-site cation size mismatch. The va
ance is defined bys25Sxir i

22^r A&2, wherexi is the frac-
tional occupancy of A site ions andr i is the corresponding
ionic radii. ^r A& is the average radius of A-site cations. F
La0.5Ca0.5MnO3, ^r A& is equal to 1.198 Å. Rodriguez
Martinez and Attfield8,9 studied the effects of cation mis
match and disorder in the manganites of the ty
Re0.7A0.3MnO3 for a fixed value of̂ r A&. They found thatTC

decreases linearly with increasings2. Fontcubertaet al.10

studied the relationship between theTC and external pressur
in the sample Ln2/3A1/3MnO3 with different ^r A& and s2.
Vanithaet al.11 studied the effect of the cation size disord
on CO in rare-earth manganites~with fixed value of
^r A&:1.24 and 1.17 Å!. They found that the CO transition i
the rare-earth manganites was not very sensitive to the
mismatch of the A-site cations or to the orthorhombic latt
distortion arising from the small cation size. For th
(La12xYx)0.5(Ca12ySry)0.5MnO3 ~with fixed ^r A&:1.198 Å!
system studied, the measurements of the magnetiza

a!Electronic mail: yiqianwang@usa.net
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temperature~M–T! curves12 showed that the CO transitio
temperature (TCO) evidently decreases with increasings2.
So we think it is necessary to study the effect of size m
match and disorder of A-site cation on the CO transition
the manganites.

In this letter, we report transmission electron micr
scopy ~TEM! studies of the effect of the A-site catio
mismatch and disorder on the CO behavior of four com
sitions with different s2 and fixed ^r A& in the
(La12xYx)0.5(Ca12ySry)0.5MnO3 system, using the selecte
area electron diffraction~SAED! and high-resolution elec
tron microscopy~HREM!.

Polycrystalline samples (La12xYx)0.5(Ca12ySry)0.5MnO3

were synthesized by the conventional solid-state reac
from La2O3, Y2O3, CaCO3, SrCO3, and MnCO3. Four
samples with different composition~x,y! were selected for
TEM studies. X-ray diffraction patterns12 for the four
samples can be indexed using the orthorhombic crystal st
ture ~a'b55.41 Å, c57.63 Å!. Specimens for transmissio
electron microscopy studies were prepared by mechan
polishing followed by ion milling. A Philips CM200-FEG
transmission electron microscope equipped with low te
perature specimen stage and Gatan imaging filter system
used for SAED and HREM studies. All the TEM studie
were carried out at liquid nitrogen temperature~93 K!.

From measurements of the M–T curves for the
samples, it was found that theTCO decreases with increasin
s2. At s250.005, the CO transition disappeared, and a sp
glass state appeared. It was concluded that the size mism
and disorder had a suppression effect on the CO. Thes2 and
initial TCO for the four samples with fixed̂r A& value of
1.198 Å and constant Mn31/Mn41 ratio are listed in the
Table I.12 In order to verify that the Mn31/Mn41 ratio was
constant~equal to 1!, electron energy-loss spectroscopy w
performed using the ratio of the intensity of white lines
7 © 2001 American Institute of Physics
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determine the valence state of manganese following
method of Wanget al.14 The results15 showed that the va
lence state of manganese was constant~3.5! in all samples.

The SAED patterns recorded at liquid nitrogen tempe
ture from the four samples are shown in Figs. 1~a!–1~d!,
respectively. Figure 1~a! is a @0 0 1# zone-axis diffraction
pattern taken from CR-0 sample. It can be seen clearly
superlattice spots are evident in addition to the fundame
Bragg reflections, which are characterized as the incomm
surate modulation due to the CO and orbital ordering. T
modulation period is about 11.5 Å; the satellites are not
actly alonga* , but slightly inclined. The wave vectorq of
the superlattice modulation can be written asq5(2p/a)
3(0.47,d0,0). With the substitution of La with Y and C
with Sr, there is increased size mismatch and disorder in
A-site cations. This is reflected in the@0 3 1# zone-axis dif-
fraction pattern@Fig. 1~b!# recorded from the CR-1 sample
Because of the larger A-site cation size mismatch and di
der in CR-1 sample, the modulation period changes a l
from 11.5 to 12.4 Å, compared with Fig. 1~a!. Furthermore,
the modulation direction has a larger deviation froma* . The
wave vector of this modulation can be written asq
5(2p/a)(0.44,d1,0). Figure 1~c! is a @0 0 1# zone-axis dif-
fraction pattern recorded from the CR-3 sample. There
two sets of superlattice spots perpendicular to each ot
which are actually originated from 90° twin-related domain
It can be clearly seen from Fig. 1~c! that the superlattice

TABLE I. The s2 and initial TCO of (La12xYx)0.5(Ca12ySry)0.5MnO3 with
fixed ^r A& value of 1.198 Å and constant Mn31/Mn41 ratio. s2 was calcu-
lated using the following cation radii~see Ref. 13!: ^r La31&51.216 Å,
^r Y31&51.075 Å, ^r Ca21&51.18 Å, ^r Sr21&51.31 Å.

Sample name x y s2 TCO ~K!

CR-0 0 0 0.000 230
CR-1 0.048 0.052 0.001 210
CR-3 0.191 0.207 0.003 160
CR-5 0.333 0.361 0.005 Without

FIG. 1. Selected area diffraction patterns recorded from samples C
CR-1, CR-3, CR-5, all recorded at 93 K.
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reflections are broadened and become streaked alonga* @in-
dicated by an arrow in Fig. 1~c!#. The modulation period
changes to 14.7 Å, with a wave vector ofq5(2p/a)
3(0.37,d3,0). Finally, in the CR-5 sample, having the grea
est size mismatch and disorder, there is no evidence of
either from the M–T measurement or from the SAED p
tern. Figure 1~d! is a @0 0 1# zone-axis diffraction pattern
obtained from the CR-5 sample, and no clear modulat
reflections are observed. Thus, it is clear that increasing
mismatch and disorder have suppressed the CO transitio

Generally speaking, there are two basic prerequisites
the formation of CO state: the commensuration of differe
charge ions and the Coulombian interactionU between
different-charge ions greater than the kinetic energy of e
tronsEk . In fact, only when thê r A&, which determines the
band gap of electrons, is smaller than about 1.25 Å,16 can the
CO transition take place in the Ln0.5A0.5MnO3. In addition to
this dependence on̂r A&, however, increasing the size mis
match and disorder of A-site cations suppresses the CO t
sition. Maignanet al.17 studied the magnetic and transpo
properties of Ln0.5Ca0.5MnO3~Ln5Pr, Nd, Sm! by substitu-
tion of Mn with Ni, and it was found that a small amount o
Ni would destroy the CO state. In the Pr0.5Ca0.5MnO3 system
using the substitution of Mn with Cr, Damayet al.18 ob-
served similar phenomena. The incommensurate mod
tions found in the Nd0.5Ca0.5Mn12xCrxO3

19 system were
explained by the presence of a slight excess
Mn41~Mn41/Mn31.1). In summary, in those studies, th
suppression effect on the CO state by the substitution of
was attributed to the destruction of the commensurate r
of Mn41 and Mn31. However, the Mn31/Mn41 ratios in all
four samples in this study were constant and very cl
to 1. The suppression effect of the size mismatch a
disorder can, therefore, not simply be explained by
presence of excess Mn41~Mn41/Mn31.1) or excess
Mn31~Mn41/Mn31,1).

To clarify the nature of the incommensurate modu
tions, the HREM technique was used. Figure 2 is a@0 0 1#
zone-axis HREM image recorded from CR-0 sample at 93
The regions~a! and ~b! are enlarged later. There are thre
distinct features in this image that can explain the inco
mensurate modulation observed in the SAED pattern.

~1! The first phenomenon deals with the fact that t
number of adjacent 1:1 ordered cells (2apA2) is not always
perfectly regular, exactly like in intergrowths. Moreover, o
sometimes observes that the local sequences consist ofn ad-
jacent ordered cells separated by one defective adja
simple cell@residual discommensurations can be seen in
gion ~a!#. The local fringe periodicity is then
16.3 Å(3apA2). So the original periodicity (2apA2) is
changed due to the larger discommensurations. This can
plain why the periodicity of the incommensurate modulati
is a little larger@11.5 Å determined by the SAED pattern i
Fig. 1~a!# than 2apA2.

~2! The second phenomenon corresponds to the shif
of the fringes alonga. The amplitude of the translation alon
a is apA2 or apA2/2. Note that the formation of such area
implies that the modulation vector is no longer parallel toa,
but that it involves components alonga and c. This is the

0,
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reason that the modulation direction@in Fig. 1~a!# is not ex-
actly alonga, with a small deviation.

~3! In region~b!, there exists antiphase boundaries~high-
lighted by two arrows!. The phase difference on either sid
of the antiphase boundary isp. That is also to say, the brigh
fringe is locally connected to a gray one. The periodicity
modulation is not changed. This can be explained thro
the model proposed by Moriet al.20

Based on the SAED and HREM observation, structu
models~after Barnabe´ et al.!21 for the evolution of CO be-
haviors in the four samples are shown in Fig. 3. Although
size mismatch and disorder do not affect the ratio of Mn31

and Mn41 in all the samples, the structures@Figs. 3~a!, 3~b!,

FIG. 2. The@0 0 1# zone-axis HREM image of CR-0 sample obtained at
K.
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and 3~c!# of the incommensurate crystals could consist
regions with additional@Mn41# layers and regions with
some Mn31 species distributed in the@Mn41# layers. The
periodicities of the structural models@Figs. 3~a!, 3~b!, and
3~c!# for the incommensurate modulated structures in CR
CR-1, and CR-3 are in good agreements with those ca
lated from diffraction patterns in Figs. 1~a!, 1~b!, and 1~c!.
From the evolution of the CO behaviors in Fig. 3, it can
clearly seen that the CO and orbital ordering are destro
gradually. With the greater substitution of La and Ca with
and Sr, the original CO and orbital ordering will be d
stroyed gradually, and they will disappear at last~in CR-5
sample with largest size mismatch ofs250.005!. So it is
reasonable not to observe the CO transition in the C
sample.

In conclusion, the present study indicated that the s
mismatch and disorder of A-site cations could suppress
CO transition. Incommensurate CO modulations were
served in three samples~CR-0, 1, 3! of the system
(La12xYx)0.5~Ca12ySry)0.5MnO3. Structural models, base
on the SAED and HREM observation, were proposed
such kinds of incommensurate modulations.
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G. André, Appl. Phys. Lett.73, 3772~1998!.
19W. Schuddinck, G. Van Tendeloo, A. Barnabe´, M. Hervieu, and B.

Raveau, J. Magn. Magn. Mater.211, 105 ~2000!.
20S. Mori, C. H. Chen, and S.-W. Cheong, Phys. Rev. Lett.81, 3972~1998!.
21A. Barnabe´, M. Hervieu, C. Martin, A. Maignan, and B. Raveau, J. App

Phys.84, 5506~1998!.


