Crystal Structure and Magnetic Ordering of Manganites
La,,Cay;Mn, _ Fe O,

Abstract—The influence of the replacement of Mn ions in the La, ;Ca, 3Mn,; _ ,Fe O3 compounds (0 <y <
0.09) by another transitional metal, Fe, was studied. The radii of both ions are almost identical, which makes
the effect of the transitional metal on the physical properties of manganites more transparent. The crystal struc-
ture of three samples (with y = 0, 0.03, 0.09) is studied in the temperature range 7'= 1.5-300 K by neutron pow-
der diffraction. All investigated samples belong to the orthorhombic space group Prma (62). It is confirmed that
Fe ions occupy the Mn positions in the unit cell. As the Fe concentration increases, the saturation value of the
spontancous magnetic moment and the Curie temperature decrease, but the ground state remains ferromagnetic
for 0 <y <0.1. The saturation values of the magnetic moments at 7' = 1.5 K are mgy = 3.72(3), 3.40(3), and
3.27(3) pp/Mn for the samples with an Fe concentration y = 0, 0.03, and 0.09, respectively.

1. INTRODUCTION

A drastic change in the resistivity p(7) accompanied
by a paramagnetic—ferromagnetic (FM) transition in
perovskite manganites was one of the main reasons for
the revived interest in these compounds [1, 2], which
were first studied as early as in the 1950s [3, 4]. In
recent years, colossal magnetoresistance (CMR), dif-
ferent kinds of magnetic ordering [2, 5-7], the metal-
insulator transition [1-5], charge ordering [8-10], and
phase separation [11] have been intensively studied in
manganites and related compounds. The properties of
perovskite manganites are determined by the double
exchange in the Mn**~O-Mn*" complex and the Jahn—
Teller effect due to the Mn* ions [3, 4, 12].

Partial substitution of divalent ions (A = Ca, Sr, Ba,
Pb) for La*" in hole-doped La, _ ,A,MnO, manganites
leads to a deviation of the Mn—O—Mn bond angle from
180° and changes the Mn—O bond length in the perovs-
kite lattice. Simultaneously, the interaction between
Mn** and Mn* changes, which affect the FM ordering
mechanism (double exchange) [13]. The main building
block determining the properties of the manganites
ABOQj; is the MnOg octahedron. Substitution of a small
amount of ions at the B sites by other transitional met-
als, such as Fe3* [14-28], which has an ionic radius
close to that of Mn* [29], affects the charge ordering
and the double exchange interaction [15, 19]. Although
the properties of the La, ,CaMn,_,Fe O, (LCMFO)

compounds, such as the temperature and field depen-
dences of the resistivity, the magnetothermoelectric
power, and magnetization [14-25], have been studied
quite thoroughly in the hole doping range x < 0.5, the
structure and especially the features of the magnetic
phase diagram of the La, _ ,Ca,Mn,; _,Fe,O; compounds
are not so well known.

We are aware of just two publications devoted to
investigation of the LCMFO structure at low tempera-
tures using neutron powder diffraction [26, 27]. The
results obtained in those studies are very different. In
[26], a sample of La, 4,Ca, 33sMng oFe, ;05 was studied
over the temperature range 15-150 K. The neutron
diffraction patterns in the low-angle range 12°-33°,
where the magnetic scattering intensity is expected to be
maximum, are absolutely identical at all temperatures
and correspond well to an only crystallographic phase;
i.e., no long-range magnetic ordering is observed. In
[27], three samples of the LajgCays,MnO;,
Lay 66Cag 34Mng b 103, and  Lag 66Cag 3,Mny ghe ;05
compositions were studied over the temperature range
15-150 K. For all three compositions, a noticeable mag-
netic contribution is observed in neutron diffraction pat-
tern at low temperatures and the magnetic ordering is
purely FM. In order to resolve the discrepancies between
the data on the magnetic properties of La, CaMn, _
ye,0s reported in [26] and [27], we performed high-res-
olution neutron powder diffraction measurements over a
wide temperature range.



Structural parameters (lattice parameters and interatomic distances and bond angles in the MnOg octahedron) derived from
the experimental neutron diffraction patterns for Lag ,Cag sMnOs;, Lag 7Cag sMng o7Feg 0305, and Lag ,Cag sMng o1Feg 0005

Lag 7Cag sMnO; Lag 7Cag sMng g7F€0 0303 Lay 7Cag sMng g1 Feg 9003
T=15K T=300K T=15K T=300K T=15K T=300K
Lattice parameters, A
a 5.4550(1) 5.4655(1) 5.4664(2) 5.4674(2) 5.4596(1) 5.4685(1)
biN2 5.4499(1) 5.4612(1) 5.4513(3) 5.4634(3) 5.4536(2) 5.4642(2)
c 5.4679(1) 5.4812(1) 5.4681(3) 5.4794(3) 5.47302) 5.4813(2)
Vo, A? 229.89(1) 231.37(1) 230.02(3) 231.47(3) 230.45(2) 231.63(2)
Interatomic distances, A
Mn-O1 x2 1.9544(9) 1.9632(6) 1.954(1) 1.9706(9) 1.960(1) 1.965(1)
Mn-021 1.951(3) 1.959(2) 1.948(5) 1.948(5) 1.958(4) 1.961(4)
Mn-022 1.968(3) 1.966(2) 1.973(5) 1.9734) 1.967(4) 1.962(4)
Interatomic bond angles, deg
Mn-O1-Mn 160.7(1) 159.2(1) 161.0(1) 156.6(1) 159.8(1) 156.9(1)
Mn-02-Mn 160.5(1) 160.9(1) 160.1(2) 160.0(2) 159.7(2) 161.4(2)

2. EXPERIMENT

La; _,CaMn, _Fe,O5 samples (x = 0.3; y =0, 0.03,
0.09) were prepared using a standard solid-state
ceramic method. Stoichiometric mixtures of La,0s;,
CaCO;, MnO,, and Fe,0, were annecaled in air at
1320°C for 15 h, then for 5 h, and again for 15 h. The
samples were ground between annealings. The powders
thus obtained were pressed into pellets using a pressure
of 2000 kg/cm?. The pellets were annealed at 1375°C
for 22 h and then were powdered again.

Neutron diffraction measurements were performed
using a G4.2 Russian-French high-resolution neutron
powder diffractometer, which was installed on a cold-
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Fig. 1. Experimental neutron diffraction patterns recorded
at 7= 1.5 K (in the magnetic ordering region) and at tem-
peratures slightly above T~ (T = 260, 230, and 150 K for
Lag 7Cag 3Mny _ Fe, 04 with an Fe content y = 0, 0.03, and
0.09, respectively).

neutron guide of the ORPHEE reactor in the Leon Bril-
louin Laboratory (Saclay, France) and has 70 detectors
in seven sections [30]. Neutron diffraction patterns
were recorded in the superposition mode using mono-
chromatic neutrons (A = 2.3428 A) over the angular
range 3° < 20 < 174°. For the measurements, powder
samples were placed in a vanadium container 8 mm in
diameter. Samples were cooled to 1.5 K in liquid
helium. Diffraction patterns were recorded during heat-
ing at 7 = 1.5, 200, 250, 260, and 300 K for the
La, ,Cay ¢sMnO; compound; at 7= 1.5, 150, 210, 230,
and 300 K for the Lay,Caj3Mn, o7Fe, ;05 compound;
and at 7= 1.5, 100, 130, 135, 150, and 300 K for the
La, ,Cay sMng o, Fe 40053 compound. These modes of
operation were chosen based on the temperature depen-
dences of the magnetic susceptibility ¥4.(7), which
were measured for the samples beforehand [21]. We
chose the lowest available temperature (1.5 K) at which
full magnetic ordering was certainly achieved (Fig. 1);
room temperature (=300 K), at which all compounds
are paramagnetic; and also several temperatures around
(both above and below) the onset of magnetic ordering.

3. CRYSTAL STRUCTURE

Figure 1 shows several experimental neutron dif-
fraction patterns measured for La,y;CagsMn, _ Fe 0,
samples at 7= 1.5 K (in the magnetic-ordering region)
and at temperatures above the Curie temperature 7,
where the compounds under study are paramagnetic
(T =260, 230, and 150 K for samples with a Fe content
vy =0, 0.03, and 0.09, respectively). The crystal struc-
tures and their parameters were refined using the
Rietveld method with the FULLPROF software [31].
The crystal structures of all three samples in the tem-



=
% 2304} =}
< 3
= 43.6
= =
S 2302 s
= g
§ 13.43
2 2300F ~— — 2
= =

o

229.81— 32

0 0.04 0.08

Fe concentration y

Fig. 2. Unit cell volume and the saturation value of the Mn
magnetic moment as functions of the Fe concentration in
Lag 7Cag 3Mny _ yFe, 04 samples.

perature range 1.5-300 K are described well by the
orthorhombic space group Prnma (62) typical of manga-
nites. It is established unambiguously that Fe ions sub-
stitute for Mn ions at their positions in the unit cell. This
fact directly confirms the conjecture stated in several
papers [15, 17, 32] that iron ions substitute for manga-
nese and corrects earlier publications wherein it was
reported that LCMFO samples have an undistorted
cubic unit cell with space group Pm3m [21-23]. The
reason for this error was in the use of x-ray powder dif-
fraction. The low sensitivity of the equipment
employed prevented detection of small lattice distor-
tions of the order of 0.15%.

The table gives the main structural parameters (the
lattice constants and the interatomic distances and bond
angles in the MnQy octahedron) obtained using high-
resolution neutron powder diffraction at 7 = 1.5 and
300 K. The values of the lattice constants indicate that

the unit cell satisfies the condition /2 < a < ¢ at all
temperatures. At both 7= 1.5 and 300 K, the lattice
constants and, accordingly, the unit cell volume
increase almost linearly with the Fe content (Fig. 2).
These results are in good agreement with the increase
in all three lattice constants in La,,CaysMn,; _,Fe,04
[17] and LagsCagsMn, _Fe,O; [19] established in
experiments on x-ray powder diffraction. The linear
increase in the lattice constants and the unit cell volume
with the Fe content is unexpected, because the ionic
radius of Fe*" is almost equal to that of Mn*". The
valence of Fe atoms (3+) in these compounds was
established earlier in Mossbauer experiments [18, 28].
However, the absolute opposite result was obtained in
[27] by neutron powder diffraction  for
Lag 66Cag3,Mn0O;, Lag 66Cag3sMng oFeg O, and
Lay ¢Cag 34Mn, gFe .05 samples, where the lattice con-
stants were found to decrease with increasing Fe con-
tent.

The distances between the ions in the MnOy octahe-
dron (Mn—O1, Mn-02, Mn-022) differ only slightly
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Fig. 3. Example of the refinement of the neutron diffraction
pattern of Lag 7Cag 3Mng g1 Feq goO3 measured at 7=1.5 K.
Open circles are experimental data, and the solid line is the
result of processing the diffraction pattern using the
Rietveld method. The difference curve (between the exper-
imental data and the calculation) is shown by the solid line
in the lower part of the figure. The Bragg reflections for the
nuclear and ferromagnetic structures are shown by vertical
bars.

and are, on the average, 1.962 A, The value for the apical
Mn-0O1 bond length lies between the equatorial bond
lengths. The Mn—O-Mn bond angles turned out to be
significantly different from 180° and are roughly equal
for all three compositions, despite significant differences
between the magnetic ordering temperatures. The Mn—
O1-Mn and Mn-0O2-Mn bond angles differ at room
temperature and are =157° and 161°, respectively. These
angles become almost equal (=160°) at 7= 1.5 K.

4. MAGNETIC STRUCTURE

The magnetic contribution is clearly seen in the neu-
tron diffraction patterns at 7= 1.5 K (Fig. 1). The vari-
ations in the first strong reflection (at 26 = 35.1°) indi-
cate that this contribution decreases with an increase in
the Fe content.

The magnetic contribution to the neutron diffraction
patterns at low temperatures is also analyzed using the
Rietveld method with the FULLPROF software. We
used only a single-phase homogeneous model for the
Mn sublattice and assumed that the crystals have an
orthorhombic Prma lattice.

The analysis unambiguously indicates that the mag-
netic ground state of all compounds under study is
homogenous and purely FM. The closeness of the fit-
ting to the experimental data can be seen in Fig. 3,
which shows the result of analyzing the experimental
neutron diffraction pattern of Lag,CaysMn, o1Feq 0005
measured at 7= 1.5 K.

The saturation values of the magnetic moments mipgy,
at 7=1.5 Kare 3.72(3), 3.40(3), and 3.27(3) uz/Mn for
y=0, 0.03, and 0.09, respectively (Fig. 2). Because the
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Fig. 4. Temperature dependences of the Mn magnetic
moments for three Lag 7Cag sMny _ \Fe, O3 samples (y =0,
0.03, 0.09) derived from the experimental neutron diffrac-
tion patterns.

differences between the lattice parameters are small,
the diffractometer resolution does not allow unique
determination of the direction of the FM moments. Fig-
ure 4 shows the temperature dependences of the magni-
tude of the FM moments for all three compounds under
study.

5. DISCUSSION

In [26, 27], the magnetic propertics of
La,_,CaMn, _ Fe,O; compounds were studied over
temperature and composition ranges comparable to
those covered in the present paper. According to the
Maossbauer spectroscopy data [27], the Fe ions substitut-
ing for Mn ions are in the Fe** state (S = 5/2) and the
interaction between the Fe and Mn ions in the perovskite
lattice is antiferromagnetic. Investigations of the mag-
netic susceptibility of ceramic La, _,CaMn, _,Fe O,
samples in weak dc magnetic fields (B = 2-80 Oe)
showed that 7 decreases from 259 to 107 K as the Fe
concentration increases in the range 0 <y < 0.09. The
LCMFO compounds undergo a transition from the
weakly frustrated FM phase with an Fe content y = 0—
0.05 to a strongly frustrated phase (with y =0.07-0.10),
which is confirmed by observations of magnetic irre-
producibility and long relaxation times (up to £ = 107 s)
of the residual magnetization [21, 22]. The strongly
frustrated state is a mixture of the FM phase and a spin-
glass phase. When Fe is introduced into a sample, the
magnetization and T, decrease and the resistivity
increases. In [1, 15, 25], it was shown that the resistivity
maximum corresponding to the metal—insulator transi-
tion was shifted to lower temperatures with an increase
in the Fe content. Iron doping affects the Mn*/Mn*
ratio and the number of sites suitable for hopping. Elec-
trons can hop between Mn* and Mn*" but cannot hop
between Mn* and Fe** sites. So, even a small amount
of Fe (y = 0.01-0.1) has a strongly effect on the trans-
port and magnetic properties of LCMFO [21, 22, 25].

Iron atoms form Fe**—Mn** pairs and introduce an anti-
ferromagnetic superexchange interaction, thereby sup-
pressing the double exchange mechanism. This fact is
clearly illustrated by Fig. 4, where the temperature
dependences of the magnetic moments are shown for
samples with different Fe contents.

6. CONCLUSIONS

Our neutron diffraction measurements, as well as
previous studies of compounds with y=0 [33, 34], have
demonstrated that, below the magnetic phase transition
point T, manganites La,,Ca,;Mn,_,Fe,O; are in a
homogeneous ferromagnetic state. It has also been
established that, as the Fe concentration increases, the
saturation value of the spontaneous magnetic moment
and the Curie temperature decrease. It has been shown
that Fe doping to levels in the range 0 <y < 0.1 does not
change the nature of magnetic ordering in LCMFO.
Therefore, our results on magnetic ordering completely
confirm the data from [27] obtained for slightly differ-
ent Fe contents; y=0.1 and 0.2.
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