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Abstract

The relationships between incommensurability, charge ordering and magnetic
and electric transport properties were studied in Lag;33Cage7Mn;_,Fe,O3
(0 < y < 0.06) polycrystalline samples. Incommensurability and charge
ordering were directly observed by electron diffraction versus temperature and
lattice imaging at low temperature in transmission electron microscopy. Both
the charge ordering and the ferromagnetic Curie—Weiss temperature linearly
decrease with increasing Fe concentration y. A mean field analysis yields
an antiferromagnetic exchange J(Mn-Fe) = —22 K. The undoped samples
showed predominantly a commensurate charge ordering superstructure with
g-vector 1/3a™ over the whole temperature range < 200 K. For doped
compositions, the g-vector (1/3—e¢)a* is reduced by 12—15% for 5% Fe doping,
as compared to the undoped composition. The low-temperature superstructure
of the Fe-doped manganite does not correspond exactly to the threefold cell
with lattice parameters 3a, b, ¢, and defects inducing shifts along the a direction
create a disturbance in long-range charge ordering. Jahn—Teller effects on Mn**
centres are proposed to play a crucial part in the superstructure formation as well
as in the suppression of charge ordering temperature by doping with non-Jahn—
Teller impurity Fe*™ on Mn*" sites.

1. Introduction

Since the discovery of colossal magnetoresistance (CMR) properties in Ln;_,Ae,MnO;3 (Ln,
lanthanide; Ae, alkaline earth) many studies have been carried out to elucidate the many
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interesting properties of these perovskites (see, for example, reviews [1-3]). It was found
that x could vary in a wide range, 0 < x < 1, and consequently magnetic and electric transport
properties could change deeply, since the system undergoes several phase transitions with
different types of magnetic, electron and structure ordering. Most publications are devoted to
Ln;_,Ae,MnO; compounds (0 < x < 0.5) with hole-type carriers. These compounds exhibit
CMR: sample resistivity drops drastically under applied magnetic field near Curie temperature
Tc. The application of a magnetic field drives a phase transition from a paramagnetic insulator
to a ferromagnetic metal in these manganites. The simultaneous presence of Mn** and Mn**
ions in these compounds leads to the double exchange (DE) mechanism for the Mn**—O—
Mn** coupling, which can explain the appearance of the ferromagnetism as well as the phase
transition [4]. In addition to DE, a specific role of the Jahn—Teller distortion around the Mn?t
ion is pointed out in several reports (for example, in [5]). The importance of phase separation
indicating magnetically inhomogeneous structure at a microscopic level is also stressed in some
other papers [6, 7].

The other part of the phase diagram of Ln;_,Ae,MnO; with x > 0.5 corresponds to
compounds which exhibit charge ordering (CO) below charge ordering temperature 7t [8—10].
First the possibility of CO was discussed by Goodenough [8] in connection with data obtained
from observation by neutron diffraction [11] of superstructural peaks which are not of magnetic
nature. The superstructural modulation is due to the development of a Jahn—Teller distortion of
the Mn+Og octahedra: so, d(z2)(Mn>*) orbitals are oriented perpendicular to the c-axis and
form a series of ordered (zigzag) chains within the (a—b) basal plane. This lattice distortion can
be perfectly detected in transmission electron microscopy (TEM) observations made along the
c-axis. For example, in the LaCaMnO system charge ordering stripes were observed in high
resolution lattice images (HREM) by Chen et al [12—14]. However, the obtained HREM images
did not display details of structural ordering due to mechanical instability of the samples at low
T in the microscope.

The charge ordering phenomenon in LngsAepsMnO; manganites has been the subject
of a considerable number of papers over the past few years [7, 15-19]. It has been shown
that in these compositions there is an interplay between magnetism and transport properties
through spin, charge and orbital ordering which is still not well understood. This composition
presents a specific case since there is a competition between two types of magnetic ordering.
Effectively, both ferromagnetic metallic and antiferromagnetic insulating ordering are observed
in a small range around x = 0.5 (Mn**/Mn** = 1). However, these compositions are very
sensitive to oxygenation value [16] and small changes in oxygen content could result in a shift
from the hole doping part of the phase diagram to the electron doping or vice versa. It should
be noted that the compositions with x > 0.5 are less sensitive to the level of oxygenation
because they are located farther from the ‘border’ of the phase diagram, but they are less
studied.

The charge ordering mechanism is not sufficiently understood because it brings an
interplay between Mn3*:Mn** ions, orbital and spin ordering. Doping by impurity elements
appears to be very helpful for a better understanding of the CO phenomenon. So, doping
by a small amount of different elements on Mn sites can lead to drastic changes in the
physical properties of manganites, similarly to an applied magnetic field or pressure for
instance. All these phenomena seem to have a common explanation, and the study of Mn
site doping may play a key role in their understanding. For example, the insulator—metal
transition in ProsCap.sMn;_,Cr,O3; was found in the absence of magnetic field [17, 18]. Cr
doping in Lag3Cap7Mng 3Crp,03 composition results in the suppression of charge ordering
and appearance of magnetoresistance [19]. This shows that it is possible to modify dramatically
the phase diagram of the manganites by doping the Mn sites with a magnetic cation.
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Doping by Fe** also seems to be very appropriate since Fe’* is magnetic, but does not
give rise to the Jahn-Teller effect and unlike Cr does not participate in DE [20, 21]. The
influence of Fe doping on magnetic and electrical properties was mainly studied for hole-
doped La;_,Ca,Mn;_,Fe,O3 (x = 0.3 and x = 0.25) systems [20, 22]. It was shown that
in this part of the phase diagram Fe replaces Mn** and suppresses DE. In [20] a change
in the character of electric resistivity behaviour of Lag.75Cag2sMn;_,Fe, O3 was found for
Fe concentration y ~ 0.04. It was explained by localization—delocalization transition of
the quasi-particle excitation involved in the transport properties of this system. The data
obtained on the behaviour of magnetization and electrical resistivity with temperature are rather
contradictory for the Lag sCagsMnO3s composition doped by Fe [21, 23], but the compositions
with La/Ca & 1 are very sensitive to oxygen content and a slight variation in oxygenation can
strongly modify the physical properties [24], which most probably explains the contradictory
data. For the composition with charge ordered antiferromagnetic ground state (x > 0.5), no
systematic studies of Fe doping have been undertaken up to now. Furthermore, no LaCaMnO
composition, with doping by Fe, has been investigated yet from the structural point of view by
TEM, although such experiments are conducive to the direct observation of the appearance of
the superstructure and of its specificities.

In this work, we analysed the relationships between incommensurability, charge ordering
and magnetic and transport properties in Lag33CapeMn;_,Fe, O3 (0 < y < 0.06)
polycrystalline samples in a wide temperature range of 4.2-400 K. The electron diffraction
and microscopy experiments on charge ordering structures consisted in observing correlated
changes in electron diffraction patterns and high resolution lattice images versus temperature,
from room temperature down to 91 K.

2. Experimental details

Polycrystalline samples were synthesized by solid state reaction. Starting materials of La,Os,
CaCOj3, MnO, and Fe,O3 were mixed in stoichiometric proportions and heated twice in air
at 900-1200°C for 24 h with intermediate grindings. Cold forming was performed under a
uniaxial pressure of 30 MPa. Conventional annealing was conducted at 1300 °C for 24 h in air.
The prepared samples were characterized by powder x-ray diffraction (XRD) using a Philips
automated x-ray diffractometer with Cu Ko radiation.

The electron diffraction (ED) versus temperature and lattice images in bright and dark
field were carried out at room temperature and at low temperature down to 91 K with a
JEOL 2010 F transmission electron microscope (TEM) operating at 200 kV and equipped
with a field emission gun (FEG-TEM) and a double tilt liquid N, sample holder (tilt +15°
and 90 K < T < 300 K). The images were processed with Digital Micrograph. In situ local
compositional analysis was performed with a PGT energy selective x-ray Si—Li analyser (EDX)
attached to the electron microscope.

Samples for electron microscopy were thinned by mechanical polishing followed by argon
ion milling down to electron transparency (<50 nm).

Resistance measurements were performed in the temperature range from 6 to 300 K in both
cooling and heating regimes with a standard four-probe method on 2 x 0.5 x 8 mm? samples.

The temperature dependence of the magnetization, M (T), in the temperature range 4.2—
400 K was measured with a commercial Quantum Design SQUID magnetometer after cooling
the samples from room temperature down to 4.2 K in zero field (ZFC) or in different dc
magnetic fields H (FC).

The oxygen content in the studied samples was controlled by the iodometric titration
method described, for example, in [25].
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Table 1. The lattice parameters a ~ b and ¢ in undoped and 5% Fe doped compounds.

Composition aA)  cA)

Lag 33Cap.67MnO3 5.360  7.609
Lag 33Cag 67Mng.95Fe(.0503 5.364  7.580

Table 2. The results of iodometric titration studies.

Oxygen content
Sample 3-9)

Lag 33Cag.c7MnO3_g 2.966
Lag 33Ca0.67Mng.osFep 04035 2.963
Lag 33Cag.67Mng 95Feg. 05035  2.964

3. Results and discussion

3.1. Characterization of samples

The XRD patterns of all the studied compounds display a perovskite structure of the Pbnm
space group with a ~ b ~ /2a p and ¢ ~ 2a, (where a, ~ 3.9 A is the lattice parameter
of the simple perovskite structure [13]) and do not exhibit any other phase or any precipitate
containing Fe. Analysis of the patterns for undoped and 5% Fe doped samples gives lattice
parameters shown in table 1. We could not distinguish a and b parameters. Fe doping does not
significantly change the lattice parameters. This can be explained by the substitution of Mn*+
by Fe** and by the fact that both ions have about the same size.

In addition, the chemical homogeneity of undoped and 5% Fe doped samples was tested
carefully by EDX with the very fine electron probe (1 nm) of our FEG-TEM. For this purpose,
we analysed La:Ca:Mn ratio and distribution of Fe in different positions within a separate grain
and among about 1015 different grains.

In undoped composition, the chemical composition is very homogeneous within a separate
grain, which corresponds to a variation smaller than 3% for La/Ca ratio. However, chemical
composition seems to be less homogeneous when going from one grain to another. In this
case the La/Ca ratio varies from 0.31 to 0.34 (0.33 on average). In the Fe-doped composition,
variation of La/Ca ratio within a separate grain does not exceed 5%, but this ratio also changes
in a wider range from 0.31 to 0.35 among different grains, giving the mean value about 0.33.
The concentration of Fe fits well under 5% from (Mn + Fe) content in all studied grains. We
did not find any Fe segregation at grain boundaries. Since the spatial resolution in FEG-TEM
x-ray analysis is about 2 nm, we can conclude that the distribution of Fe is homogeneous in the
studied compounds. No secondary phases were observed in both compositions with TEM.

We achieved iodometric titration to check the oxygen content of the samples. As seen
in table 2, the oxygen concentration is about the same in undoped and Fe doped compounds,
though it differs slightly from the stoichiometric value: 3.

3.2. Magnetic properties

The temperature dependence of the magnetization M for the studied compositions is presented
in figure 1(a) for magnetic field H = 1 T for field-cooled (FC) measurements. Figure 1(b)
shows similar dependences for undoped and 5% Fe doped compositions for zero-field-cooled
(ZFC) and FC measurements in applied magnetic field H = 1 T. In the undoped parent
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Figure 1. (a) Temperature dependence of magnetization for Lag33Cag7Mn;_,Fe,O3 with
different Fe concentration y obtained in field cooled measurements (FC) at magnetic field H = 1 T.
(b) Temperature dependence of zero-field cooling (ZFC) and field cooling (FC) magnetization of
Lag 33Cag.67Mn0O3 and Lag 33Cag ¢7Mng 95Fe( 0503 in magnetic field H = 1 T.

composition, several distinct features can be noted as being the onset for different magnetic
behaviours: (i) the sharp drop in the magnetization just below T, = 272 K, (ii) an irreversibility
between the ZFC and FC magnetizations below 240 K. The sharp change in magnetization at
T, is associated with the transition from a paramagnetic state to a charge-ordering (CO) state as
well known now for La;_,Ca,MnO3 with x > 0.5. A charge ordering transition temperature
T.o ~ 260 K was reported for Lag3Cap7MnO;3 [19]. Furthermore, for Lag33Cag67MnOs3, a
Teo ~ 270 K was found from synchrotron x-ray and neutron powder measurements [26]. Thus,
our data are in good quantitative agreement with literature data.
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Figure 2. Characteristic temperatures versus Fe concentration y: Ti,—charge ordering transition
temperature, —Weiss temperature.

Previous phase diagrams [9, 27] of La;_,Ca,MnO3 system indicate that the ground state
for x = 0.7 composition is antiferromagnetic at low temperature with the Néel temperature
Tn ~ 170 K. We also observed a small, but noticeable change (so-called ‘hump’) in the slope
of magnetization behaviour around 160 K even for the highest applied magnetic field, 1 T.
In [19] the authors connect it with the antiferromagnetic ordering.

The temperature dependences of the magnetization M/H for Fe doped compositions
(figure 1) demonstrate a similar behaviour as the undoped sample, but Fe doping leads to
a pronounced shift of temperatures at which the character of specific magnetic behaviour
changes. As will be shown below by direct registration of electron diffraction patterns in
the transmission electron microscope, the characteristic temperature T, is the temperature
of charge ordering transition in all studied compositions. Figure 2 shows T, versus
Fe concentration y dependence. Doping by Fe suppresses charge ordering: T, linearly
decreases with the level of doping y as

Teo(y) = Teo(y = 0) — A™y (1)
for 0 < y < 0.06, where A* =922 £38 K, Too(y = 0) = 272 K.

The presence of a magnetic irreversibility and non-linear magnetic field dependence of
the magnetization at T < 240 K was noted earlier for Lay3Cap7MnO5 [19]. It was explained
by the presence of ferromagnetic clusters which nucleate at temperatures around 240 K and
can co-exist with the antiferromagnetic state at lower temperature. The co-existence of small
ferromagnetic clusters of Mn spins with an antiferromagnetic, charge-ordered structure at
temperatures below T, was also reported in [28] for La;_,Ca,MnO3 (0.53 < x < 0.65).

To verify that the magnetic behaviour at 7 < 240 K is associated with the presence of
a ferromagnetic component, we measured magnetization versus magnetic field H behaviour.
Magnetization loops with fields up to 5 T have been measured at 4.2, 90 and 150 K for
undoped and 5% Fe doped compositions. The obtained data are shown in figures 3(a)
and (b). At 4.2 K the zero-field magnetization Am extrapolated from high-field slope in M (H)
dependence is quite similar for undoped and doped samples: Am = 0.006-0.008 up/f.u.
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Figure 3. Magnetic field dependence of magnetization: (a) for the undoped Lag 33Cag 67MnO3
compound at 4.2 and 150 K. The inset shows the enlarged picture for positive values of the applied
magnetic field. Zero-field magnetization Am is defined as a zero-field extrapolation from the high-
field slope. (b) For doped Lag 33Cag.67Mng 95Fep 0503 compound at 4.2 and 150 K. The inset shows
the temperature dependence of Am extrapolated from the high-field slope in M (H ) for undoped and
doped compositions. The line is a guide for eyes.

(Bohr magneton per formula unit). At intermediate temperatures (150 K), the undoped sample
presents approximately the same Am value as at 4.2 K. The recorded remanence contribution
Am < 0.01 pup/fu. is less than 0.3% of the idealized saturated magnetic moment. This
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suggests that the ferromagnetic clusters involve only a small fraction of the Mn spins and hence
are short range.

The Fe-doped composition exhibits pure antiferromagnetic behaviour at 150 K without any
presence of ferromagnetic component (see the inset in figure 3(b)). Hence Fe doping suppresses
ferromagnetic and favours antiferromagnetic behaviour at intermediate temperatures below
240 K. This is in agreement with the fact that Fe’* does not participate in double exchange
interaction and hence should suppress the ferromagnetic phase. However, at T = 4.2 K, the
effect of Fe on Am becomes negligible. At low temperature, some spin glass or cluster glass
contributions could occur [7] and this would need additional investigations.

We carried out the measurements of M(T) well above T,,, up to 400 K (figure 1).
This allows us to investigate a sufficiently wide temperature interval to discuss the magnetic
behaviour above Ti, in detail. In the temperature range where short-range ferromagnetic
fluctuations are negligible, the susceptibility is expected to follow the Curie—Weiss law:

M Cc*
“THTT o

22N . . . .
%, Peit is the effective Bohr magneton number per magnetic ions, 6 is the

Weiss temperature and kg is the Boltzmann constant. Figure 4 shows that the plot of x ' (T
versus 7' can be fitted with the Curie—Weiss law above 320 K. The estimated values of 6 were
plotted versus Fe concentration y as shown in figure 2. Similar to T, 6 also linearly decreases
with y value as

6(y) =0(y=0)—B"y 3)
for 0 < y < 0.06, where B* = 840 £20 K, 6(y = 0) &~ 175 K. It should be noted that both
curves in figure 2 are almost parallel to each other.

Using equation (2) we estimated p.g from experimental curves in figure 4(a) in the range
where they fit well the Curie-Weiss behaviour. The obtained values are shown in figure 4(b) in
comparison with the theoretical values of p expected for a mixture of Mn*", Mn*" and Fe*"
in ratio (0.33 — ¥):0.67:y, where the average magnetic ion spin is taken as a weighted mean
value between those of Mn** (S = 2), Mn** (§ = 3/2) and Fe** (S = 5/2). As seen, the
experimentally obtained value of pesr is 10~13% higher than the theoretical p!f. for all studied
compositions. Fe doping does not lead to an increase in pes, as can be expected from the spin
mixture rule, but rather slightly decreases pes value.

This enhancement in peg value for undoped and Fe doped compositions compared with the
calculated value of p' is not due to an increase of the g factor. Indeed, an EPR measurement
at 9.5 GHz carried out with the same sample (y = 0) shows at 295 K a strong EPR resonance
(Dysonian line shape with a peak to peak line width = 735 G) centred at g = 1.996 £ 0.015.
The enhancement in p. can be attributed to the ferromagnetic exchange between the Mn lattice
and the conduction electrons with the same g = 2 as the Mn spins (magnetic polaron).

Now we will estimate the effect of Fe doping on the Weiss temperature 0 in the mean
field approximation. Since our EDX analysis confirms a quite uniform distribution of Fe** in
the parent lattice LCMO and the obtained values of pes do not differ much from pg}f we can
apply this method to the system of Mn**, Mn** and Fe** ions in the range of its paramagnetic
behaviour, where it follows the Curie—Weiss law. Let Mn>T = A, Mn** = A, and Fe’t = C,
then for magnetization of Ay, A, and C ion subsystems the following system of equations can
be written [29]:

My, = xa,(H+AMp, + oMy, +vMc), “4)
Ma, = xa,(H+ My + My, +nMc), )
Mc = xc(H +vMya, +nMay,), (6)

2

where C* =



Effect of Fe doping on Lag 33Cag.¢7Mn_,Fe, 03

6737

(a) 1.6
1.4 -
R
E 12 H {
B +, .
< e o
Z i , - RaRaaY F e
g oy ‘+ ErgKe
E 0 0 N > QO ><><
= (RAARARRAR 2 5% . 3 E K + undoped
l - o % S X 0.02Fe
0 s /dﬁ o 0.04Fe
087 % : + v 0.06Fe
-0 n
K+
) +F
0.6 . . . ; i , X
100 200 300 400
T (K)
® 49 -
I . (experiment)
4.8 - 1
= = 1
ol 43
p,q(theory)
424
41 : : : , . ' .
0.00 0.02 0.04 0.06

Fe concentration (y)

Figure 4. (a) Temperature dependence of the inverse susceptibility H /M of the studied samples at
H = 1T. The solid line displays a fitting of the data to Curie—Weiss behaviour. (b) Dependence of
Petr estimated from the H /M curves in comparison with pg}f calculated with the independent spin
mixture rule.

where My, , M4, and M are magnetizations and x4,, x4, and x¢ are magnetic susceptibilities
of the subsystems of A;, A, and C ions respectively. A, ¢, ¥, v and 1 are the molecular
mean field constants describing the exchange between the three types of magnetic ions. The

magnetization we measure is

M = My + My, + Mc.

XA1=XAZEX*,
2 2 2 _ 2
Ha, = g, = R =175

Y=g,

)

In the limit 7 — oo we will calculate magnetization in the form of the Curie—Weiss law.
To simplify the calculations the following approximations were made for 7 > T:

®)
€))
(10)
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n=v, (11)
where f14,, (4, and e are magnetic moments of A, A, and C ions, respectively. The above
approximations (8)—(11) reflect the fact that the valencies of the Mn atoms are indistinguishable
above T, and their average moment does not differ too much from that of Fe.

Calculating equations (4)—(7) we find the magnetization of the whole system of Ay, A,
and C ions is given as

M 2"+ xc+ x"xcldv — (L + )} (12)

H  1—G+@x*—22x*xc
For the case of small doping when x¢ < x* we approximate x*xc — 0, then M/H is given
to first order in x¢ as

M 2x* + xc

— = . (13)
H 1=+ @)x* = 3xc@v =1 =) +00x*xc)
In the range of paramagnetic behaviour [29]
2
w-N
= , 14
X = 3T (14)

where N is the number of magnetic particles in the considered system. Then in our system with
the number N of A, A, and C ions and the number N¢ of C atoms, taking into consideration
expressions (8) and (9), x* and ¢ are given as

1 p*(N — N,
= 2. u’ (15)
2 3kgT
2
n Ne
= 16
Xe =37 (16)
so that
2
2x* = . 17
X+ xc T (17)
With the susceptibilities given in (15)—(17), equation (13) becomes
M Nu?
H ~ Ao MMZ Nep? ey’ (18)
3kp{T — =~(N = No) iz — 55, (2v — 5)}

Comparing (18) with the expression for the Curie-Weiss law (equation (2)), we obtain the
Weiss temperature 6 as

2 2
9=(k+62“N+“3]j:C(2u—x—¢). (19)
Each of the two terms of (19) has a simple physical meaning. Indeed if v = 0 then
0= M—z(k + @) <E — Nc> (20)
3kg 2

describing the decrease of the Weiss temperature with the doping by non-magnetic impurities
(such as Ru, for example), whereas if A = ¢ = 0 then
2
o — 2u7v
3kp

showing the increase of the Weiss temperature with the doping by magnetic impurities in the
presence of the non-interacting parent background.

The Weiss temperature 6(y) (equation (19)) as a function of concentration of impurity
Fe’*, y = N¢ /N, is given as

6( )—9(0){1—2 (1— 2v )} (22)

Nc, (21)
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where

(A +@u’N
60) == 23)

is the Weiss temperature in the undoped sample, i.e. when y = 0.
Comparing (22) with (3) we get an expression for the slope B*:

B* = 26(0) (1 - 2—”) (24)
- r+o)’

Taking B* = (840£20) Kand 6(y = 0) = 175 K yields the ratio of the (Fe—Mn) to (Mn—-Mn)
molecular fields:
2v

At @

The negative sign shows that the exchange coupling between the Fe and Mn ions is opposite
to that between the Mn ions. In order to evaluate the order of magnitude of the averaged
Heisenberg exchange J (Mn—Mn), similarly to the work of Causa er al [30] we adapt the mean
field relation derived for a ferromagnetic lattice to LCMO [29]:

= —1.40 £ 0.06. (25)

2.,2
N
J(Mn-Mn) = %(x + @), (26)
v4
2.2
N
J(Mn-Fe) = £ #8217 7)
Z

where g is the gyromagnetic ratio, z is the number of first neighbour Mn in the perovskite

structure and N is the number of Mn per unit volume. Using (23) and taking z = 6 and g = 2,

we get

2kg6(0)
Per

Taking pesr = 4.75 up and 8(0) = 175 K from figure 4 gives J(Mn-Mn)/kg = 15.5 K and,

since

J(Mn-Mn) =

. (28)

2v _J (Fe—Mn)

= (29)

At J (Mn-Mn)
we get J(Fe-Mn)/kg = —22 K. The minus sign shows an antiferromagnetic coupling
for J(Fe-Mn) as expected a priori from the fast decrease of the Weiss temperature with Fe

doping.

It is important to note that all samples showed positive 6 values, which means that, in
our case, ferromagnetic interactions are dominant for 7 > T,,. On the other hand, all studied
samples exhibit predominant antiferromagnetic insulating ground state at low temperature. This
means that in the studied compounds the magnetic ordering is determined by charge ordering.

3.3. Electrical transport properties

The electric resistivity p as a function of temperature was measured for all studied
compositions. Figure 5(a) displays such dependences for most of them. The other compositions
showed a similar behaviour and are omitted here so as not to overload the figure. The
character of the p(T) dependences is kept after Fe doping and the value of resistivity does
not change substantially in the whole doping range 0 < x < 0.06. The samples remain
essentially semiconducting over the entire temperature range. As seen in figure 5(a) the
resistivity data could not be fitted to a single exponential temperature dependence. In the
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Figure 5. (a) Temperature dependence of resistivity of Lag33Cag67Mn;_,Fe, O3 with different
Fe concentrations y. (b) Plots of 1g(p/T) versus 1/T. The solid lines correspond to polaronic
conduction. Inset: average Fe—Fe separation and the activation energy Enop upon Fe concentration.

temperature range of paramagnetic behaviour, the small polaron hopping mechanism described
by p(T) = AT exp(Enep/T) and used to explain the resistivity for other manganites by Jaime
et al [31] seems to provide the best fitting to the data (figure 5(b)). The inset in figure 5(b)
displays the dependence of the estimated values of Ey,, with doping level y, Ep,, being
obtained from lg(p/T) versus 1/T plots. In the same figure the average Fe—Fe separation
in terms of lattice units (1 l.u. = 3.87 A) is also shown.
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The obtained values of Ey,p are very close to each other and comparable to the value
~100 meV found in [19] for Lag3Cap7Mng gCry,053 and to the value of 100-110 meV for
Lay75Cap2sMn;_,Fe, O3 (0 < y < 0.05) [20], but almost twice as high as the value of 45 meV
found for Lag 35Cag 6sMnO3 above its CO transition [27]. As seen in the inset in figure 5(b),
Enop slightly decreases with y-value. Fe does not participate in double exchange; consequently,
the carrier hopping occurs between the Mn>* and Mn** ions even in Fe-doped samples [20],
and hence the activation energy is not expected to change significantly, as is observed. However,
Fe doping leads to a decrease in Mn** concentration, which could slightly increase Epop. On
the contrary, a slight decrease of Ej},,, was found in Fe-doped samples.

Nevertheless, at higher Fe concentrations, which have not been considered in this paper,
Enop is most likely to increase and the resistivity of samples will be enhanced. Ahn et al
[21] analysed the influence of a high level of Fe doping (9-20% Fe) on the resistivity
of Lap47Caps3Mn;_,Fe,O3. A pronounced increase of the resistivity was found in the
paramagnetic range at room temperature, for y > 0.13, whereas the resistivity of sample with
y = 0.09 was slightly lower than the resistivity of the undoped composition. This is in good
agreement with our findings.

3.4. Electron microscopy experiments

The influence of Fe doping on charge ordering structure was directly investigated by trans-
mission electron diffraction and microscopy (FEG-TEM) on doped Laj 3Ca;/3Mnq 95Feg 0503
manganites in comparison with undoped Lag 33Cag 67;MnO3. Electron diffraction patterns and
high resolution lattice images were achieved mostly with a [001] zone-axis in the temperature
range extending from 90 to 300 K.

In both the undoped (parent) compound and the 5% Fe doped one, electron diffraction
(ED) patterns exhibit identical Pbnm-type structure at room temperature (figure 6(a)), whereas
at low T (91 K) charge ordering gives rise to extra spots at positions between the main Bragg
peaks. Such a characterization of the charge ordering in Lag 33Cag¢7MnOs3 at 91 K is shown in
figure 6(b), which displays a [001] zone-axis electron diffraction pattern obtained from an area
selected by an aperture introduced in the Gauss plane. The sharp weaker satellite spots that
can be indexed traditionally as ¢ = (1/3 — ¢)a* (¢ is the parameter of incommensurability,
in figure 6(b) ¢ = 0) are superlattice spots due to charge ordering. The formation of such
superstructure in the parent composition Lag 33Cag 67MnOj3 is known and reported, for example,
in [13, 14]. It was found that at temperature 91-92 K the CO seems to be typical for the whole
sample.

The undoped sample displayed charge ordering with g-vector equal to 1/3a* (figure 6(c)).
The difference in the measured values did not exceed 5%, that is within the error in the
measurement. Thus, it could be concluded that in the undoped sample, at low temperature
T = 91-92 K, the CO has a commensurate character. On the other hand, in the doped sample,
at low temperature 91-92 K the g-value varies from 0.28 to 0.31 within the same grain and from
one grain to another: the average g-value is about 12—15% smaller than in the undoped sample
as it is seen from the comparison of g-values for undoped and doped samples in figure 6(c).
Consequently, it can be inferred that charge ordering has an incommensurate character in the
Fe doped manganite.

The significant parameters for CO were assessed by Van Tendeloo et al [15] to be
the temperature, the La/Ca ratio, which determines the Mn** /Mn*" ratio, and the oxygen
content for a given x, which also affects the Mn**/Mn** ratio. According to Chen and
Cheong [13], the g-value is given by ¢ ~ (1 — x) for manganites corresponding to the formula
of La;_,Ca,MnOs.
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Figure 6. [001] Electron diffraction patterns of Lag 33Cag 67MnO3 recorded at room temperature (a)
and at 91 K (b). The satellite reflections are superlattice spots due to charge ordering (g = 1/3a*).
(c) Comparison of diffraction patterns recorded at 91 K for undoped Lag 33Cag 67MnO3 (1: enlarged
(b)) and doped Lag 33Cag.67Mng 95Feq.0s03 (2) samples.

In both studied compounds, doped and undoped, our EDX analysis confirms the same
value of the La/Ca ratio as shown above. Iodometric titration gives similar values for the
oxygenation level (table 2). Hence, the only factor which causes a change in Mn** /Mn** ratio
seems to be the substitution of Mn** by Fe**. In the undoped composition Mn**:Mn** = 1:2,
whereas in the 5% Fe doped one Mn**:Mn** = 0.85:2, which brings about a 15% decrease in
the Mn*"/Mn*" ratio. This is in good quantitative agreement with the obtained difference in
g-value for the doped and undoped compounds. Thus the difference in ¢g-value is compatible
with the change in Mn** /Mn** ratio.

The electron diffraction patterns were recorded versus temperature under the same optical
and geometrical experimental conditions. The temperature was first lowered down to 90 K and
then increased from 90 to 300 K, by steps of 10°-20°. Figure 7 displays the evolution of the
g-value versus T for the undoped and 5% Fe-doped compounds. The g-value of the parent
composition is equal to 1/3 at 91 K and remains unchanged between 91 K and T} ~ 170-
200 K. For the fully oxygenated composition with x = 0.5 similar behaviour with T}, = 160 K
was observed in [16]. The authors associated this 7}, with the Néel temperature, Ty, of CE-
type antiferromagnetic structure [11]. However, in our case (figure 7), we did not observe such a
sharp decrease of g-value at a precise Tp,c and can only note a tendency to start a slight decrease
of g-value from 170-200 K. This slight decrease goes on down to 260 K, where a drastic change
of the intensity and shape of the CO extra spots occurs in the narrow temperature interval
of 260-270 K. The satellite reflections give rise to streaking and then disappear completely
at T =~ 270 K. Thus, the observed structural transition in the undoped sample is in a good
agreement with the T, found in M (7)) measurements.
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Figure 7. ¢-value as a function of temperature for undoped Lag33Cage7MnO3 and doped
La0,33Cao,(,7Mno,g5Feo,0503 compositions.

In the Fe doped sample (figure 7), the g-value is stable when T increases from 90 to
200 K. Towards 220 K satellite spots became diffused along the a* direction and sharp spots
disappear completely at T ~ 220 K. This phenomenon occurs at about 50° under Tt, found
for undoped samples. Such a behaviour for ¢ (7") also fits M (T) measurements. However, in
the case of the doped compound the diffraction patterns still exhibit a streaking between Bragg
spots along the a* direction up to 240-250 K, i.e. at temperatures much higher than T,. It must
be pointed out that such a streaking was not found everywhere but only in limited areas within
a grain. Figure 8 presents an example of evolution of diffraction patterns with temperature for
the doped composition. A weak streaking can be observed around Bragg spots at T > T,.
Such streaking could indicate that in the Fe-doped sample partial charge ordering could remain
(to a lesser extent and in small local areas) at temperatures higher than 7t,. These structural
features cannot be seen from M (T') dependence.

To better understand the influence of Fe doping on the charge ordering process and the
corresponding structure of the incommensurability in the doped sample, at low and room
temperature, high resolution electron microscopy (HREM) images were recorded for undoped
and 5% Fe-doped compounds. No special features were found in the Fe-doped composition
compared with undoped at room temperature.

Figure 9(a) shows a typical [001] structure image of the undoped sample at 91 K. To
enhance the phase contrast, similar to [32], the image was processed by Fourier filtering of
the FFT (figure 9(b)) and reconstructed in the inverse FFT (figure 9(c)) with a special mask
where all visible reflections (including main and satellite reflections) were selected. The size
and arrangement of applied masks are shown in figure 9(d). From figures 9(a) and (c), the
periodicity of the superstructure can be visualized and measured precisely by using the substrate
as a template. A spacing close to 16.5 A was found for this superlattice. It corresponds to
a threefold increase of the parameter (3a p\/i) along the a direction, which is in agreement
with the value: ¢ = 1/3a™ in reciprocal space. This fits the expected 1:2 ordering of Jahn—
Teller heavy distorted Mn3*+Q° stripes and non-distorted Mn*+Q° stripes as previously reported
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Figure 8. Evolution of satellite reflection with ¢ = (1/3 — ¢)a* with increasing temperature in
Lag 33Cag.67Mng 95Fe 05s03. Arrows show remaining streaking near Bragg reflections.

in [13, 14]. This regular single or twinned superstructure is found at low temperature all over
the grains.

The [001] HREM image obtained at 91 K for the 5% Fe doped sample is shown in
figure 10(a) with the corresponding FTT (figure 10(b)) and inverse FTT (figure 10(c)) carried
out as in figure 9. This crystal with ¢ = (1/3 — &)a* (¢ ~ 0.05) value also displays an
extended superstructure. However, it was found that the superstructure was not as regular as in
the undoped sample. In order to get more detail on the distribution of this structure all along
the grains, we carried out dark field images obtained by interference of one diffracted spot
with an adjacent satellite spot as shown in the diffraction pattern in the figure 11. The direct
interpretation of such an image is difficult, but its comparison with the same type of dark field
image obtained for the undoped sample, which is perfectly regular, is striking. An estimation of
the periodicity of the superstructure yields 18-20 A, that fits well with the obtained decrease in
g-value of about 15% for this sample. It can also be inferred that the superstructure is disturbed
locally all over the crystals and faults occur in the arrangements of stripes (figure 11). Shifts
up to one lattice parameter (=a,, V/2) are observed in figure 11. Shifts corresponding to a pﬁ
were found in some other manganite systems, for example, in Ndg sCapsMn;_,Cr,O3 [16].
These shifts can give rise to local change in periodicity of Mn**Og and Mn** O stripes. The
substitution of Mn** by the Fe** ion, which does not participate in orbital ordering, seems to
lead to a defect in the formation of Mn>*t Qg chains and, as a result, shifts and faults in stripe
ordering can occur. Consequently, doping by Fe is likely to generate the so-called impurity
effect, inducing a pinning of the discommensurations. The pinning effect of Ru dopant in the
SmCaMnRuO manganite system was noted in [15]. The occurrence of such defects driving the
incommensurability of the superstructure is likely to be responsible for the decrease in g-value
found in the Fe-doped compounds.
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(b)

(@)

Figure 9. (a) HREM images of Lag33Cag¢7MnO3 composition at 91 K. The periodicity of the
superstructure 16.5 A = 3a. (b) FFT of the same area. (c) Processed inverse FET obtained from (b)
with masks selecting all visible reflections as exemplified in (d). (d) Enlarged diffraction pattern of
(b) with applied masks.

The obtained linear decrease of charge ordering temperature 7T, with the iron impurity
concentration y (equation (1)) could be related to the linear decrease of Jahn—Teller mean field
with substitution of the Mn** Jahn-Teller centre (JTC) by non-JTC Fe**. The charge ordering
critical temperature T, is determined as a result of the competition between the mean field
induced by Mn** JTCs, M; = Dny,s+, on the one hand, and the thermal factor, kg7, on
the other. Here ny;,s+ is an Mn* ion concentration and D is a coefficient proportional to the
average energy of indirect vibronic interaction between two Mn>* JTCs. Namely, the T, is
determined by

ksTM™ = Dy (30)

Substitution of a fraction of Mn** JTC by Fe®* non-JTC with concentration y leads to a
monotonic decrease versus y of the Jahn—Teller mean field related now only to the remaining
Mn>" ions. The latter results in a corresponding linear decrease versus y of critical temperature
T, in agreement with (30)

kBTC((,Mn3+_Fe3+) — D(”Mn3+ _ y) (31)

Taking T, = 272 K obtained for undoped composition (y = 0) we get from equation (30)
an estimated value of D & 817 £ 6 K, which should correspond to the measured value:
A* = 922 + 38 K (equation (1)). Thus, the experimentally obtained behaviour of T, as a
function of Fe concentration is in line with the mean field approximation.
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(b)
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Figure 10. (a) HREM images of Lag 33Cag 67Mng.95Fep 0503 at 91 K. (b) FFT of the same area.
(c) Processed inverse FFT obtained from (b) with the same conditions as in figure 9.

Figure 11. Dark field HREM image of superstructure obtained by interference of one diffracted spot
with an adjacent satellite reflection for Lag 33Cag 67Mng.95Fep.0sO3. The mode of spot selection is
shown in the inset diffraction pattern.
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4. Conclusion

The influence of Fe doping on structure, charge ordering, magnetic and transport properties of
Lag 33Cag.67Mn;_,Fe, O3 (0 < y < 0.06) versus temperature has been analysed by collating
magnetic and electrical measurements with electron diffraction and high resolution electron
microscopy in the range of 90-300 K. The transition at 272 K attributed to charge ordering in
the parent Lag 33Cag ¢7MnO3 composition is suppressed by Fe doping of Mn sites. The charge
ordering temperature T, decreases linearly with Fe concentration y.

The Weiss temperature 6 estimated from the range of paramagnetic behaviour also
decreases linearly with y. The observed 6 decrease fits well the mean field approximation.
Despite the fact that the obtained values of 8 are positive, all the studied compositions show
antiferromagnetic insulating behaviour at low temperature. This is associated with the fact
that the charge ordering transition takes place at higher temperature and it seems to determine
lower temperature magnetic behaviour. The observed irreversibility at temperatures below T,
is found to be associated with the presence of a small ferromagnetic component, which is
suppressed by Fe** dopant at intermediate temperatures.

In the undoped samples, electron diffraction versus temperature studies in TEM show
predominantly a commensurate superstructure with g-value equal to 1/3a* over the whole
temperature range <200 K. The Fe-doped composition Lag 33Cag 67Mng 95sFe( 0503 exhibits an
incommensurate superstructure at low temperatures, with g-value smaller by about 15%, that
is comparable with the decrease in Mn** /Mn** ratio due to substitution of Mn** by Fe**. In
both undoped and Fe-doped compositions, the values of charge ordering transition temperature
obtained from the ¢ (7") behaviour are in good agreement with T, values measured from M (T)
dependences.

High resolution electron microscopy images provide a better understanding of the charge
ordering. The low-temperature superstructure unit of the Fe-doped manganite does not
correspond exactly to the threefold cell with lattice parameters 3a, b, c; defects including shifts
along the a direction induce a disturbance of long-range charge ordering. The charge ordering
superstructure formation as well as its suppression by Fe** dopants are shown to be related to
the Jahn—Teller effect on Mn>* centres.
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