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Abstract—The formation and specific features of the superstructure in La, 33Cag 6;Mn, _ Fe,O5 (y = 0, 0.05)
manganites doped with iron are investigated using transmission electron microscopy. The electron diffraction
patterns of the manganites are studied in the temperature range 90-300 K, and the high-resolution electron
microscope images recorded at temperatures of 91-92 K are analyzed. In both manganites, the structural tran-
sition that is accompanied by the formation of the superstructure and which is directly observed from the
appearance of additional peaks in the electron diffraction patterns occurs at a temperature that is in close agree-
ment with the charge ordering temperature 7-q determined from the temperature dependences of the magneti-

zation M(T). In the temperature range 90 < 7'< 200 K, the undoped compound has a commensurate superstruc-

ture characterized by the vector q = 1/3a* and triple the unit cell {(3a x b x ¢)) (where a =~ b = /2a s € =2ay,
and a, ~ 3.9 A is the lattice parameter of a simple perovskite). The doping with iron (5 at. %) brings about a
decrease in the charge ordering temperature 7q by 50 K and the formation of an incommensurate structure for
which the magnitude of the vector q is smaller by approximately 15%. The unit cell of the superstructure in the
iron-doped compound is not triple the unit cell but involves defects of ordering, such as quadrupling of the unit
cell, numerous translations by a pﬁ along the a direction, and dislocation-type defects in the stripe structure

of the charge ordering. These pseudoperiodic defects lead to a decrease in the magnitude of the vector q and
are responsible for the incommensurability of the structure. A decrease in the charge ordering temperature 7
due to the doping with iron and the incommensurability of the superstructure correlate with the change in the

concentration of Mn** Jahn—Teller ions as a result of their replacement by Fe** non-Jahn—Teller ions.

PACS numbers: 75.47.Lx, 68.37.Lp
DOI: 10.1134/S1063783406110138

1. INTRODUCTION

Since the discovery of the giant magnetoresistance
in Ln,_,AeMnO; compounds (where Ln is a lan-
thanide element and Ae is a divalent element), consid-
erable research attention has been concentrated on the
study of the many interesting properties of these per-
ovskite materials [1-5]. The Ae concentration x can
vary over a wide range (0 < x < 1). In this case, the phys-
ical properties of manganites change significantly
because the system undergoes a number of phase tran-
sitions accompanied by a change in ordering of differ-
ent types, such as magnetic, structural, and electronic
ordering. The majority of experimental and theoretical
works have predominantly dealt with investigating the
properties of manganites in the concentration range 0 <
x < 0.5. In materials with these compositions, holes in
the split e, band of manganese play the role of free car-
riers. Manganites belonging to the above region of the
phase diagram possess a unique property, i.e., negative
giant magnetoresistance, which manifests itself in a

severalfold decrease in the electrical resistivity in
response to an applied magnetic field. The maximum
effect is observed at temperatures close to the tempera-
ture T (where T is the Curie temperature) of the tran-
sition from a paramagnetic dielectric state to a ferro-
magnetic metallic state. The metal-insulator transition
and the giant magnetoresistance effect at temperatures
close to the temperature T can be qualitatively
explained by the simultaneous presence of Mn** and
Mn** ions in manganites of these compositions and by
the mechanism of double exchange of electrons
between these ions (Mn*—~O-Mn**) through the inter-
mediate oxygen atom [6, 7].

In a number of papers (see, for example, [8]), it has
been emphasized that, in manganites, the special role is
played both by the electron—phonon interactions asso-
ciated with the Jahn-Teller distortion of the environ-
ment of Mn** ions and by the experimentally observed
phase separation [9, 10], which indicates the formation

2115



2116

of a magnetically inhomogeneous structure on the
microscopic level.

The manganites Ln, _,Ae,MnO;, which correspond
to another region of the phase diagram at x > 0.5,
undergo a transition to a charging ordering (CO) state:
at low temperatures, these materials become antiferro-
magnetic insulators characterized by charge ordering
[11-13]. The possibility of the charge ordering that
occurs at the transition temperature 7o and has a non-
magnetic nature was originally noted by Goodenouph
[11] in respect to the superstructure peaks revealed in
neutron diffraction investigations not related to magne-
tism [14]. Goodenouph offered a qualitative explana-
tion for this phenomena based on mutual ordering of
the Mn?* and Mn** ions. The charge ordering is closely
associated with the orbital ordering due to the Jahn-
Teller distortion of Mn**Qy octahedra: the d(z*)(Mn3*)
orbitals are oriented perpendicular to the ¢ axis and
form a series of oriented chains in the (a—b) plane. This
lattice distortion can be clearly observed in transmis-
sion electron microscope images recorded along the ¢
axis. In the LaCaMnO manganites, the stripe structure
caused by the charge ordering was observed in [15, 16].
However, the obtained images had a poor atomic reso-
lution due to the mechanical instability of the samples
at low temperatures and, therefore, could not be used to
reveal specific features of the structural ordering.

In recent years, researchers have focused particular
attention on studying the charge ordering phenomenon
in Lnj sAe, sMnO; manganites [10, 17-21]. It has been
demonstrated that, in these systems, there exists a close
interrelationship between the spin, charge, and orbital
orderings responsible for the magnetic and transport
properties. Unfortunately, this interrelationship is still
not clearly understood. These materials represent a spe-
cial case, because the competition between two types of
magnetic ordering (i.e., the ferromagnetic metallic and
antiferromagnetic insulating orderings) is observed in a
narrow region of the phase diagram in the vicinity of
x= 0.5 Mn*: Mn* = 1). Furthermore, since these
compounds are very sensitive to a variation in the oxy-
gen content [18, 22], even an insignificant change in the
oxygen content can lead to a shift from the hole-doped
region to the electron-doped region of the phase dia-
gram and vice versa. From this standpoint, the
Ln, _,Ae,MnO; manganites at x > 0.5 are less sensitive
to a variation in the oxygen content, because they are
located farther from the ferromagnetic—antiferromag-
netic boundary in the phase diagram. It should be noted
that the structure and properties of these manganites are
considerably less well understood. The so-called com-
mensurate compounds La, 3;Ca, ;;MnO; (Mn** : Mn** =
1/2) and La,,sCay;sMnO; (Mn?** : Mn* = 1/3) are of
special interest. In these compounds, Mori et al. [23]
found stripes comprising a regular alternation of struc-
tural units formed predominantly by chains of Mn**
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Jahn-Teller ions and structural units composed only of
chains consisting of Mn** ions [23, 24].

At present, the mechanism of charge ordering is not
clearly understood, because this process leads to simul-
taneous ordering of charges, spins, and orbitals of Mn**
and Mn** ions. In order to gain better insight into the
charge ordering, it is expedient to investigate materials
doped with impurity elements. Light doping with dif-
ferent elements substituting for Mn sites can bring
about a considerable change in the physical properties
of manganites, as is the case with application of a mag-
netic field [25], pressure [26], or other actions. Most
likely, all these phenomena are closely related to each
other and the results of investigation into the doping of
Mn sites can play a key role in understanding their
nature. For example, the insulator—metal transition was
revealed in PrysCaysMn; _,Cr,0; manganites in the
absence of a magnetic field [19, 20]. The doping of the
La, ;Ca,;Mn, ;Cr, ,0; manganite with chromium leads
to the suppression of charge ordering and to the appear-
ance of magnetoresistance. All the above facts suggest
that the phase diagram of manganites can be substan-
tially modified by doping these compounds at Mn3*
sites with magnetic cations.

The effect of doping with iron on the charge order-
ing is also of interest because of the following reasons:
(i) the Fe?* ions have a radius identical to that of Mn3*
ions; (ii) the Fe** ions are magnetic cations but are non-
Jahn-Teller cations; and (iii) the Fe* ions, unlike Cr3*
ions, do not participate in the double exchange [27, 28].
The effect of the doping with iron on the electrical and
magnetic properties was studied primarily in hole-doped
manganites La,_,CaMn,_FeO; (x = 0.30, 0.25)
[27, 29]. It was demonstrated that, in these materials, the
Fe* ions substitute for Mn3* ions and do not provide fer-
romagnetic interaction through the Fe**-Mn** double
exchange.

The effect of doping with iron on the temperature
dependences of the magnetization and the electrical
resistivity has been studied for the La,sCay,sMnO;
manganite with the boundary composition in the phase
diagram [28, 30]; however, the data obtained are con-
tradictory. Since, as was noted above, compounds with
ala: Caratio close to the ratio La : Ca=1 are very sen-
sitive to the oxygen content, even a very insignificant
variation in the oxygen content can very strongly affect
their physical properties [22]. Most likely, this circum-
stance explains the contradictoriness of the results
obtained.

It should be noted that the effect of doping with iron
on the charge ordering of manganites with the initial
composition corresponding to the antiferromagnetic
insulating state (x > 0.5) has not been systematically
investigated to date. Moreover, the influence of the dop-
ing on the structure of LaCaMnFeO manganites of any
composition has never been examined using transmis-
sion electron microscopy (TEM), even though this
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method allows one to observe the formation of super-
structures directly and to study their specific features.

In this work, the effect of doping with iron on the
formation of the superstructure in polycrystalline sam-
ples of La, 53Cay ;Mn, _,Fe, 05 (y = 0, 0.05) was inves-
tigated by analyzing the electron diffraction patterns in
the temperature range 90-300 K and high-resolution
electron microscope lattice images obtained at low tem-
peratures. The structural investigations were accompa-
nied by studying the physical properties, magnetiza-
tion, and electrical resistivity.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Samples of La,3;Ca¢;Mn, _ ,Fe,O; (y = 0, 0.5)
manganites were synthesized by the solid-phase reac-
tion (see, for example, [12]) from the initial oxides
La,0;, CaCO;, MnO,, and Fe,0;, which were mixed
in specified stoichiometric proportions and annealed
two times in air at a temperature of 1320 K for 35 h
with intermediate milling. The prepared powders were
pressed in the form of rectangular parallelepipeds 7 X
7 X 4 mm in size under uniform compression at a pres-
sure of 30 MPa. Final annealing was performed in air at
1375°C for 22 h.

The synthesized samples were characterized by x-
ray powder diffraction analysis on a Philips automated
x-ray diffractometer (CuK, radiation).

The structure was investigated by the analyzing elec-
tron diffraction patterns recorded at different tempera-
tures (step, 10—12 K; temperature range, 91-300 K) and
bright-field and dark-field high-resolution electron
microscope images recorded at temperatures of 91-92,
140, and 300 K with a Jeol 2010 F transmission elec-
tron microscope (voltage, 200 kV) equipped with a
field emission gun. The sample was placed in a special
low-temperature holder cooled with liquid nitrogen.
The holder made it possible to vary and maintain a
specified temperature in the range 90-300 K and to
change the inclination of the sample by +30° in two
coordinates.

The electron microscope images were analyzed
using the direct and inverse Fourier transforms with the
Digital Micrograph program package and a special lab-
oratory program (Industrial Physics and Chemistry
Higher Educational Institution, Paris). The chemical
composition of the samples was determined locally in
situ with the use of an energy dispersive x-ray (EDX)
analyzer mounted in an electron microscope. The size
of the EDX probe was 1-2 nm. The oxygen content in
the samples was examined by iodometric titration (see,
for example, [31]).

The samples for electron microscopic investigations
were mechanically polished to a thickness of approxi-
mately 20-30 pm and then were thinned to electron
transparency (<50 nm) with an argon gun.
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Table 1. Lattice parameters a = b and ¢ determined by x-ray
diffraction analysis for the undoped and iron-doped (5 at. % Fe)
samples

Sample a, A ¢, A
La0_33Ca0'67MnO3 5.360 7.609

The electrical resistivity of the samples 2.0 x 0.5 x
8.0 mm in size was measured by the conventional four-
point probe method in the temperature range 6300 K
during cooling and heating.

The temperature dependences of the magnetization
M(T) in the temperature range 4.2—400 K was measured
on a quantum SQUID magnetometer after cooling of
the sample to 4.2 K in a zero magnetic field or different
dc magnetic fields.

3. RESULTS AND DISCUSSION

According to the x-ray diffraction data, both com-
pounds under investigation have an orthorhombic per-
ovskite structure of the Pbnm type with the lattice

parameters a = b = ﬁa,, and ¢ = 2a, (where a, ~ 3.9 A
is the lattice parameter of a simple perovskite [16])
without any impurity phases or precipitations of pure
iron. The lattice parameters obtained for the doped and
undoped compounds according to the x-ray diffraction
data are listed in Table 1. It can be seen from this table
that the doping does not lead to a noticeable change in
the lattice parameters. Most likely, this is associated
with the substitution of Fe** ions for Mn** ions that, as
was noted in Introduction, possess identical ionic radii.

Moreover, the chemical composition was controlled
using EDX analysis (ultrafine probe, 1-2 nm) directly
in the electron microscope. For this purpose, the ratio
La: Ca: Mn and the iron distribution were determined
at different points inside an individual grain and in 10—
15 different grains and the concentration profiles across
several grain boundaries were measured in order to
check possible grain-boundary segregation of iron.

The EDX data obtained for the initial sample con-
firm a high chemical homogeneity of individual grains:
the La : Ca ratios at different points of the grain differ
by less than 3%. This virtually corresponds to the error
in the measurements. However, the analysis of different
grains indicates that the homogeneity is somewhat
lower: the La : Ca ratio varies from 0.31 to 0.34 and, on
average, is equal to 0.33 for the sample as a whole.

In the doped samples, the change in the La : Caratio
within individual grains does not exceed 3%. For differ-
ent grains, this ratio varies over a wider range from 0.31
to 0.35 and, on average, is equal to 0.33 for the whole
sample, as is the case with the initial sample. The iron
content amounts to 5% of the (Mn + Fe) atomic content
in all the grains under investigation. No iron segrega-
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Table 2. Results of iodometric titration

Sample Oxygen content (3 — )
La0_33Ca0'67MnO3 -8 2.966
Lay 33Cag ;Mng osFe 0503 _5 2.964

tion in grain boundaries is observed. Since the probe
size used in EDX analysis is very small, the inference
can be made that iron is uniformly distributed over the
samples.

The oxygen content in the samples under investiga-
tion was controlled by iodometric titration. The results
obtained are presented in Table 2. As can be seen from
this table, the oxygen content is virtually identical in
the initial and doped materials, even though in both
cases it differs slightly from the oxygen content corre-
sponding to the chemical formula.
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Fig. 1. (a) Temperature dependences of the magnetization M
for Lag33Cage;MnO5  and  Lag 33Cag 67Mng gsFeq 503
compounds in the magnetic field H = 1 T after preliminary
cooling in a zero magnetic field to 7= 4.2 K. (b) Tempera-
ture dependences of the electrical resistivity for the
Lag 33Ca9 67MnO3 and La 33Ca 67Mng gsFeq 9503 com-

pounds.
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Figure 1a shows the temperature dependences of the
magnetization M for the initial (La; 33Caj ;MnQO5) and
iron-doped (La, 3;Ca, ;Mny osFe s03) samples in the
magnetic field H = 1 T after preliminary cooling in a
zero magnetic field to liquid-helium temperature. As is
well known for similar compounds, the magnetization
peak observed at T = 272 K for the initial sample is
associated with the transition from the paramagnetic
state to the charge-ordered state. The transition temper-
ature T¢o = 272 K determined for the initial sample is
in good agreement with the data available in the litera-
ture. In particular, the temperature 7o = 260 K of the
transition to the charge-ordered state in the
La, ;Cay ;MnO; compound was obtained from the peak
in the dependence M(T) by Sudyoadsuk et al. [21]. The
transition temperature T = 270 K for the
Lag 333Cag 46;MnO; compound was determined from
the neutron powder diffraction data by Radeaelli et al.
[32].

The temperature dependence of the magnetization
M(T) for the iron-doped La, 33Cag ;Mn osFe 0503 sam-
ple is similar to that of the initial sample. However, the
magnetization peak is observed at the temperature
Teo= 222 K, i.e., 50 K lower than in the case of the
undoped material (Fig. 1a). It will be shown below that,
this peak, as for the undoped compound, is attributed to
the transition to the charge-ordered state.

The temperature dependences of the electrical resis-
tivity for both compounds under investigation are plot-
ted in Fig. 1b. The doping with 5 at. % Fe does not
affect the behavior of the temperature dependence of
the resistivity. It can be seen from Fig. 1b that, as the
temperature decreases, the resistivity increases drasti-
cally beginning with the temperature 7o (specific for
the initial and iron-doped samples). This is explained
by the change in the conduction mechanism due to the
charge ordering [33]. The charge transfer occurs
between Mn** and Mn** ions [34]. The charge ordering
leads to a change in the electronic configuration of
manganese ions [34]. This, in turn, results in a change
in the conduction mechanism. Note that the tempera-
ture of the sharp increase in the resistivity of the iron-
doped sample is approximately 50 K below the corre-
sponding temperature for the undoped sample. This
agrees well with the transition temperature 7Tq deter-
mined from the magnetic measurements.

On the structural level, the influence of the doping
with iron on the charge ordering was investigated with
the use of electron microscopy by analyzing the evolu-
tion of the electron diffraction patterns with variations
in temperature and the high-resolution lattice images
obtained at low temperatures.

The electron diffraction patterns of the initial and
iron-doped samples at room temperature are typical of
the Pbnm orthorhombic structure (Fig. 2a). However,
the electron diffraction patterns measured at 91 K
exhibit an additional system of reflections located
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between the main Bragg peaks (Fig. 2b). These addi-
tional satellite reflections are attributed to the super-
structure formed as a result of the charge ordering and
can be indexed in the traditional system as q = (1/3 -
€)a*, where € is the incommensurability parameter (€ =
0 in Fig. 2b). The formation of similar structures for the
La, 33Cay ¢;MnOj initial compound is known in the lit-
erature (see, for example, [16, 23]).

For each compound under investigation, we studied
electron diffraction in approximately 15 grains with
different orientations, i.e., with different systems of dif-
fracting planes. It was revealed that the charge ordering
is observed throughout the sample in the case of both
the initial and iron-doped compounds.

At a low temperature, the initial sample is character-
ized by charge ordering with the vector q equal to
1/3a*. The difference between the magnitudes of the
vector q in different grains does not exceed 5%, which
is within the limits of experimental error. Therefore, we
can make the inference that the charge ordering in the
initial sample at a low temperature 7= 91-92 K is com-
mensurate: the parameter of the newly formed super-
structure along the direction a is equal to triple the lat-
tice parameter 3a.

In the iron-doped sample, the magnitude of the vec-
tor q at a temperature 7' = 91-92 K varies from 0.28 to
0.31 in different grains, as well as at different points
within the same grain. Moreover, the mean magnitude
of the vector q in the doped sample is approximately
15% less than that in the undoped sample. Conse-
quently, the charge ordering in the iron-doped sample is
incommensurate; i.e., the ratio between the magnitude
of the vector q and the reciprocal lattice parameter a*
cannot be represented as the first numbers of a natural
series. In order to elucidate the specific features of the
superstructure, we obtained the high-resolution elec-
tron microscope lattice images, which will be discussed
below.

Van Tendeloo et al. [17] noted that the temperature
determining the Mn** : Mn** ratio, the La : Caratio, and
the oxygen content at a given value of x, which also
affects the Mn** : Mn** ratio, are the most important
parameters of the charge ordering in La;_,CaMnO;
compounds. According to Chen et al. [16], La,_
.CaMnO; compounds are characterized by the rela-
tionship ¢ ~ (1 — x).

As was shown above, the EDX data obtained for the
initial and doped samples indicate that the La : Ca ratios
are identical for both samples. As follows from the
iodometric titration data, the oxygen contents in the ini-
tial and doped compounds are also virtually the same
(Table 2). Consequently, the substitution of Fe* ions
for Mn3* ions is the sole factor responsible for the
change in the Mn** : Mn** ratio in our case.

The ratio between the manganese ions in different

charge states in the initial compound is Mn?** : Mn* =
1 : 2, whereas the corresponding ratio in the doped
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Lag 33Cag 67MnO3 compound (in the zone with the [001]
normal) at (a) room temperature and (b) 91 K. Clear but
weaker satellite reflections with the vector q = 1/3a* corre-
spond to the superstructure formed upon charge ordering.
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Fig. 3. Temperature dependences of the magnitude of the vec-
tor q for Lag 33Cag 6;Mn03 and Lag 33Cag 67Mng gsFeq 0503
compounds.

material with 5 at. % Fe is Mn** : Mn** = 0.85 : 2. This
corresponds to a decrease in the Mn3** : Mn** ratio by
15% and is in agreement with the difference between
the magnitudes of the vector q in the doped and initial
compounds.

Let us consider how the temperature affects the
selected-area electron diffraction from the (00/) basal
planes for specific crystal regions (grains). The mea-
surements were performed for different grains in the
initial and doped samples. The temperature was varied
from 90 to 300 K in steps of 10-20 K. At each temper-
ature, the electron diffraction patterns were recorded
for identical electron beam parameters and the same
exposure time.

The temperature dependences of the magnitude of
the vector q for the initial and doped compounds are
shown in Fig. 3. As can be seen from this figure, the
magnitude of the vector q for the initial sample is equal
to 1/3 at 91 K and remains unchanged to temperatures
T ~ 170-200 K with an increase in the temperature.
Schuddinck et al. [18] observed a similar behavior,
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Fig. 4. Evolution of the satellite reflections with the vector
q = (1/3 — &)a* in the electron diffraction patterns of the
Lag 33Cag g;Mn gsFe( 503 compound during a step-by-
step increase in temperature. Arrows indicate residual dif-
fuse smearing of the satellite reflections.

namely, the presence of a plateau in the temperature
dependence of the magnitude of the vector q with a pla-
teau temperature 7Ty, = 160 K for La, sCa; sMnO; sam-
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ples without oxygen deficiency. In [18], the tempera-
ture T}, was identified with the Néel temperature Ty
corresponding to the formation of an antiferromagnetic
structure of the CE type [18]. However, in our case
(Fig. 3), the magnitude of the vector q does not sharply
decrease at a particular temperature 7},,.. We can only
note a tendency toward an insignificant decrease in the
magnitude of the vector q in different grains beginning
with a temperature in the range 170-200 K. With a fur-
ther increase in the temperature, a weak decrease in the
magnitude of the vector q gives way to a drastic
decrease in a narrow temperature range 260-270 K.
This is accompanied by a considerable decrease in the
intensity of the satellite reflections, which become dif-
fuse and virtually disappear at T= 270 K. Therefore, the
temperature of the observed structural transition 7" =
270 K agrees well both with the temperature 7 deter-
mined from the magnetic measurements and with the
temperature dependence of the electrical resistivity.

As for the initial compound, the quantity g for the
doped compound initially remains almost constant with
an increase in the temperature (Fig. 3). However, the
satellite peaks become diffuse along the a* direction
beginning with a temperature of approximately 200 K.
The pronounced superstructure peaks disappear at a
temperature of approximately 220 K, which is approx-
imately 50 K below the temperature 7 for the initial
sample. Therefore, the temperature dependence of the
quantity g(7) is in good agreement with the character-
istic temperature revealed for the charge ordering from
the temperature dependence of the magnetization M(T).
However, the electron diffraction patterns of the doped
samples exhibit a characteristic feature in the form of
residual diffuse smearing (streaking) along the a*
direction up to temperatures of 240-250 K, i.e., at tem-
peratures substantially higher than the temperature 7.
It should be noted that diffuse streaking was observed
not throughout the sample (grain) but only in a number
of nanoregions and the electron diffraction patterns of
the remaining regions of the grain did not exhibit simi-
lar manifestations of the charge ordering at these tem-
peratures. The evolution of the electron diffraction pat-
terns of the doped compound with variations in temper-
ature is illustrated in Fig. 4. The arrows indicate
residual diffuse smearing of the satellites at tempera-
tures T > T This residual diffuse smearing of the sat-
ellite peaks most likely suggests that a partial charge
ordering (insignificant and in separate small regions) is
retained to temperatures considerably higher than the
temperature 7¢o. These structural features cannot be
revealed from the results of magnetic measurements.

In order to gain a deeper insight into the influence of
iron on the charge ordering process and specific fea-
tures of formation of the incommensurate superstruc-
ture in the doped sample, we performed high-resolu-
tion electron microscopic investigations of the initial
and doped compounds at room and low (7" = 91-92
and 140 K) temperatures.
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Fig. 5. (a) High-resolution lattice image of the Lag 33Cag ¢;MnO3 compound at a temperature of 91 K. The observed superstructure
is characterized by a periodicity of 16.5 A = 3a. (b) Electron diffraction pattern obtained by the direct Fourier transform of the image
displayed in panel (a). (c) Image obtained by the inverse Fourier transform of the electron diffraction pattern shown in panel (b).
The inset presents region D on an enlarged scale with alternating fringes /—3 forming the superstructure unit.

Figure 5a displays the typical high-resolution elec-
tron microscope lattice image of the initial sample
along the [001] direction at a temperature of 91 K. Con-
ventional image processing by filtering was used in
order to enhance the image contrast. The Fourier trans-
form of the image displayed in Fig. 5a is shown in
Fig. 5b. Then, all the reflections (including the main
and satellite reflections) visible in the calculated dif-
fraction pattern in Fig. 5b were separated with the use
of a special mask. Thereafter, we performed the inverse
Fourier transform, which is shown in Fig. 5c. It can be
seen that the images in Figs. 5a and 5c exhibit a regular
fringe pattern of the (00/) planes, in which one bright
fringe 5.5 A in width (inset to Fig. Sc, fringe 1) alter-
nates with two neighboring, less bright fringes (inset to
Fig. 5c, fringes 2, 3) with approximately the same
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width. This regular fringe pattern has one characteristic
size that is approximately equal to 16.5 A, corresponds

to triple the lattice parameter 3a = 3a pﬁ , and agrees
with the magnitude of the vector q = 1/3a* in reciprocal
space. According to [16, 17, 23], the observed super-
structure corresponds to the expected 1 : 2 ordering of
chains formed by Jahn-Teller strongly distorted
Mn* Qg octahedra and chains composed of undistorted

Mn*Qg octahedra. This regular structural ordering was
observed at low temperatures throughout the crystal
(grain) or transformed into twin ordering in crystals
containing twins. The Jahn—Teller nature of these stripe
structures with charge and orbital ordering was dis-
cussed in more detail in [10, 23, 24]. It should be noted
that no indications of the superstructure in either the
initial or doped compounds were observed in the high-
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Fig. 6. (a) High-resolution electron microscope image of the Lag 33Caq ;Mn g5Fe( 0503 compound at a temperature of 91 K.
(b) Electron diffraction pattern obtained by the direct Fourier transform of the image displayed in panel (a). (c) Image obtained by
the inverse Fourier transform of the electron diffraction pattern shown in panel (b). The inset presents region C on an enlarged scale
with examples of local changes in the superstructure periodicity that correspond to triple the unit cell and quadruple the unit cell.
(d) Image obtained by the inverse Fourier transform of the electron diffraction pattern displayed in panel (b) with due regard only

for the separated satellite reflections.

resolution electron microscope lattice images measured
at room temperature.

The high-resolution electron microscope image
obtained at 91 K for the sample doped with 5 at. % Fe
is displayed in Fig. 6a. The direct (Fig. 6b) and inverse
(Fig. 6¢) Fourier transforms were obtained according to
the above procedure. Moreover, an additional inverse
Fourier transform was performed only with the use of the
satellite reflections separated in Fig. 6b by a special mask
in order to construct the image of the superstructure
(Fig. 6d). The image of the crystal with the ¢ = 1/3 — €
(e = 0.05) for the iron-doped sample also exhibits a
fringe pattern. However, it is clearly seen that the
sequence of bright and less bright fringes is substan-
tially less regular than the corresponding sequence for
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the undoped sample. It is evident that iron strongly dis-
torts the regular superstructure.

The main features revealed in the superstructure
formed in the iron-doped compound can be summa-
rized as follows.

(i) The sequence of bright and less bright fringes is
considerably less regular than the corresponding
sequence for the undoped sample. The distance between
bright fringes separated by two less bright fringes, as

before, is approximately equal to 16.5 A (=3a pﬁ) and

corresponds to triple the lattice parameter a. This fringe
arrangement alternates with a number of other structural
units. In the most typical units, three less bright fringes
are located between two single bright fingers. This corre-

sponds to the structural unit 4a pﬁ (Fig. 6¢).
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Fig. 7. High-resolution electron microscope images of the La 33Ca ¢;MnOj3 and La 33Ca ¢7Mn 9sFe( o503 compounds at a tem-

perature of 91 K.

(ii) Furthermore, there are shifts of fringes along the
a direction. These shifts are indicated in Fig. 6¢ by
black arrows at the points where the bright fringe goes
into the less bright fringe. The corresponding transla-

tion is equal to a pﬁ. Similar shifts were observed in a
number of other manganites, for example, in the
Nd, sCay sMn, _,Cr, _ O3 system [13].

(iii) The observed stripe structure of the charge
ordering is characterized by defects of the dislocation
type. A number of these defects are clearly seen in the
vicinity of the black arrows in Figs. 6¢ and 6d. The for-
mation of these defects is most likely associated with
the presence of Fe** ions. This leads to the so-called
impurity effect (pinning of superstructure discommen-
surations). The pinning effect associated with the Ru
impurities in the SmCaMnRuO system was noted by
van Tendeloo et al. [17].

Therefore, the defects observed in the stripe struc-
ture of the charge ordering bring about the incommen-
surability of this structure and, as a consequence, a
decrease in the quantity g for the iron-doped com-
pound. Numerous shifts in stripes and dislocation-type
defects of the stripe structure are responsible for the
wavy shape of the charge-ordering stripes and the for-
mation of nanoregions (for example, regions A and B in
Figs. 6¢ and 6d) with a considerably less pronounced
charge ordering. Figure 7b displays the high-resolution
electron microscope image of the stripe structure of the
doped sample at a lower magnification. It can be clearly
seen from this figure that the stripes in the newly
formed superstructure have a wavy shape, whereas
straight-line stripes are observed for the undoped sam-
ple (Fig. 7a).

It should be noted that, despite numerous defects in
the structure of the charge ordering, the stripes in the
same grain at low temperatures have identical direc-
tions (except for twin orientations in grains containing
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twins), even though they are wavy in shape. Apparently,
this fact directly indicates that the transition to the
charge-ordered state is correlated in nature.

As was noted in [23, 24, 35], elastic interactions
associated with the Jahn—Teller distortions of the envi-
ronment of Mn3* ions are responsible for the formation
of the stripe superstructure with charge and orbital
ordering. Most likely, repulsive forces act between the
structural units formed predominantly by chains of
Mn?** Jahn-Teller ions and the structural units com-
posed of chains consisting of Mn*" non-Jahn-Teller
ions and prevent their coalescence. According to [35],
the charge ordering temperature T is governed by the
competition between the mean field induced by Jahn-
Teller ions and the temperature factor k7. A decrease in
the concentration of Mn** Jahn-Teller ions due to their
replacement by Fe** non-Jahn-Teller ions leads to a
decrease in the mean field and, as a result, in the charge
ordering temperature 7. It seems likely that this is the
main factor responsible for the observed decrease in the
temperature 7o upon doping with iron.

4. CONCLUSIONS

Thus, we investigated the evolution of the electron
diffraction patterns of the initial compound
Laj3;Ca; (;MnO; and the iron-doped compound
La 33Caj ;Mng gsFeq osO; in the temperature range
91-300 K and the high-resolution lattice images of
these compounds at low temperatures. The results of
the analysis have demonstrated that the first peak
observed at Ty in the temperature dependence of
the magnetization M for the La,;;Cays;MnO; and
La, 35Ca; ¢;Mn, osFe, (sO; compounds upon a decrease
in temperature from room temperature corresponds to a
structural transition accompanied by the formation of a
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superstructure. At temperatures 7 < 200 K, the super-
structure formed in the undoped sample is commensu-
rate to the initial crystal structure such that the unit cell

of the superstructure ((3a pﬁ X a pﬁ X 2a,)) is triple
the unit cell of the initial structure. This corresponds to
the vector q = 1/3a* in reciprocal space. The doping of
the initial sample with 5 at. % Fe leads to a decrease in
the temperature 7o by 50 K and to the formation of the
incommensurate superstructure, in which the magni-
tude of the vector q is approximately 15% less. Accord-
ing to the high-resolution electron microscopic data
obtained at 7= 91-92 K, the unit cell of the superstruc-
ture in the iron-doped Lag3;Ca, ¢;Mn osFe 0sO; com-
pound is not triple the unit cell but involves defects of
ordering, such as quadrupling of the unit cell, numerous

translations by a pﬁ along the a direction, and disloca-
tion-type defects in the stripe structure of the charge
ordering. These pseudoperiodic defects result in a
decrease in the magnitude of the vector q and are
responsible for the incommensurability of the structure.
The observed decrease in the magnitude of the vector q
(by ~15%) is in good agreement with the decrease in
the Mn?** : Min** ratio by 15% due to the substitution of
Fe* ions for Mn3* ions. A decrease in the concentration
of Mn3** Jahn-Teller ions as a result of their replace-
ment by Fe** isovalent non-Jahn-Teller ions brings
about a substantial suppression of the charge ordering.
This suggests that the Jahn—Teller effects, most likely,
play a decisive role in the charge ordering in the com-
pounds under investigation.
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