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Abstract

The effect of Fe doping on the ferromagnetic Ndy ,Pby3Mn,_,Fe, O; (x = 0, 0.025, 0.05, 0.075, 0.1) phases has been studied in order
to analyze the double-exchange interaction. The structural and magnetic study has been carried out by neutron powder diffraction and
susceptibility measurements between 1.7 and 300 K. The substitution of Fe at the Mn site results in reductions in both the Curie
temperature 7, and the magnetic moment per Mn ion without appreciable differences in the crystal structures. All the compounds
crystallize in Pnma space group. The thermal evolution of the lattice parameters of the Nd, ,Pby sMn;_,Fe O3 (x = 0.025, 0.05, 0.075)
compounds shows discontinuities in volume and lattice parameters close to the magnetic transition temperature. Increasing amounts of

Fe’" reduces the double exchange interactions and no magnetic contribution for x = 0.1 is observed. The magnetic structures of
Ndg 7Pby sMn;_,.Fe O3 (x =0, 0.025, 0.05, 0.075) compounds show that the Nd and Mn ions are ferromagnetically ordered.
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1. Introduction

The hole-doped perovskites such as Ln;_,A4,MnO;
(Ln =La, Nd, Pr; 4 =Ca, Sr, Ba, Pb) have attracted
considerable attention these last years owing to their
‘colossal’ magnetoresistance (CMR) effect near the para-
magnetic (PM) to ferromagnetic (FM) transition tempera-
ture, T, [1-3]. The substitution of a divalent alkaline
element by Ln’" leads to FM Mn*"-Mn’" double
exchange (DE) interactions competing with antiferromag-
netic (AF) Mn®"-Mn®" superexchange interactions.
Nevertheless, in order to understand the electronic and
magnetic properties, some other effects should be taken
into account: lattice effects and polaron formation [4],
magnetic frustration [5,6], charge ordering in half-doped
manganites and phase separation effects [7,8].

In the perovskite manganese oxide, the introduction of
other transition metal elements, which exhibit the dissim-
ilar electronic configuration to the Mn site, should lead to
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dramatic effects associated with the electronic configura-
tion mismatch between Mn and the other substituted
magnetic ions. The B-site doping directly reduces the
content of mobile e, electrons when Mn®* is replaced.
Considering that e, electrons would tend to distort its local
lattice, forming a Jahn—Teller polaron, the Mn®* substitu-
tion should induce changes in the electronic structure. In
this sense, and in order to avoid the lattice distortion, the
Fe atom has been selected regarding the identical ionic
radii of Fe*" and Mn>®* [9]. Thus, the number of Mn®"/
Mn** pairs is reduced, which is an essential ingredient for
the DE interaction.

Most of the studies on the Fe-doped substituted
manganites have been focused on Lagy,Cag;Mn;_.Fe, O3
[10*13], La0A7Sr0.3Mn1_XFexO3 [14] and La0A7Pb0.3Mn1_X
MO [15,16] systems. Strontium-substituted neodymium
single crystals have been recently studied [17,18]. Although
no apparent structural changes were associated with Fe
doping, both ferromagnetism and metallic conduction were
systematically reduced. It has been found that with the
same amount of Fe doping, the Curie temperature T
decreases faster in the Nd-based system than in the
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corresponding La-based system. At high Fe-doping levels
(x>0.1), the strong competition between the Mn—O-Mn
DE and the Mn—O-Fe superexchange interactions might
also result in spin-glass behavior [19,20].

Although the properties of lanthanum manganites have
been well studied, here we focus the study on the variation
of the crystallographic structure and the magnetic behavior
of different Fe doped Ndj;Pbgs;Mn;_,Fe,O; (x=0
0.025, 0.05, 0.075, 0.1) compositions. The investigations
have been performed in a small range of iron composition
in order to know the quantity necessary to eliminate the
DE interaction and to obtain additional information
concerning microscopic lattice disorder, which has strong
influence on the magnetic properties. Neutron diffraction
techniques have been used to elucidate the influence of iron
doping and the effect of neodymium on the crystal and
magnetic structures.

2. Experimental section
2.1. Syntheses

The polycrystalline Ndg,PbgsMn;_,Fe,O; (x=0
0.025, 0.05, 0.075, 0.1) compounds were prepared by
thermal decomposition from the precursor complexes,
using citric acid as a complexing agent. To an aqueous
solution containing high purity Nd,Os;, Pb(NOj3),,
Mn(C,H30,),-9H,0 and FeO in stoichiometric propor-
tion, citric acid was added. The molar ratio of total metal
ions to citric acid was 1:3. After stirring for 1h,
ethylenglycol was added (3/4 mol of ethylene per 1 mol of
citric acid). The solution was dehydrated at 373 K in a sand
bath into a gel, which was slowly incinerated in a crucible
for 1 day at 723K in air. Then, they were fired at 973K for
10 h. The microcrystalline powder obtained was pelletized
and sintered at 1073K for 12h in flowing oxygen.
Inductively coupled plasma atomic emission spectroscopy

(ICP-AES) analysis showed the expected stoichiometry for
Nd, Pb, Mn and Fe in all samples. The microstructure of
the obtained particles, observed by scanning electron
microscopy, reveals uniform and fine grain growth, around
0.3-0.5pum. The image of one of the samples can be
visualized in Fig. 1. Particle sizes have been measured by
low angle laser light scattering (LALLS) (Supplemental
Materials). The sol—gel process used in the synthesis of the
compounds gives rise to the formation of small size
particles with a considerable degree of agglomeration,
which can be attributed to the fineness of the grains.

2.2. Experimental techniques

The first crystallographic characterization of the samples
was performed by X-ray powder diffraction analysis at
room temperature using a Stoe/Stadi-P diffractometer
equipped with a Ge(Ill) monochromator, working with
CuKo, radiation, over the interval 10°<20<80° in
increments of 0.02° (20). The diffraction maxima of the
phases were indexed in the orthorhombic space group
Pnma.

Neutron diffraction data were performed at the high-flux
reactor at the Institute Laue Langevin (ILL) in Grenoble.
Three different instruments were used. For accurate
refinements of the nuclear and magnetic structures,
measurements were carried out on D2B, using a wave-
length 4 = 1.594A. Measurements of the temperature
dependence of the structural and magnetic properties were
carried out on DIB and D20 instruments, using wave-
lengths of A =25210A and 2.41A, respectively. The
diffraction spectra were registered in the angular range
5<26<100°, in steps of 0.05° in the 1.7-300 K temperature
range. Data were Rietveld [21] fitted using the FullProf
program [22]. A Pseudo-Voigt function was used to model
the peaks, with the asymmetry correction proposed by
Baldinozzi et al. [23]. In all the cases, the background was

Fig. 1. SEM photograph of the Nd, ;Pby3MngoFeq 103 phase sinterized at 900 °C.
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fitted by linear interpolation between regions where no
Bragg peaks appear. The coherent neutron scattering
lengths for Nd, Pb, Mn, Fe and O were 7.69, 9.405,
—3.73, 9.45 and 5.803 fm, respectively. In the final run, the
following parameters were refined: unit-cell parameters,
zero-point, half-width, pseudo-Voigt, asymmetry para-
meters, scale factor, atomic coordinates and thermal
isotropic factors.

Susceptibility measurements were performed in the
temperature range 1.8-300K using a QUANTUM DE-
SIGN MPMS-7 SQUID magnetometer at magnetic fields
between 0 and 7 T. The zero-field cooling (ZFC) and field
cooling (FC) curves were performed under an applied
magnetic field of 10mT. M(T) curves at 1T applied field
and hysteresis loops at 10K and up to 7T were also
obtained.

3. Results and discussion
3.1. Structural characterization
The structural characterization of the

Ndgy 7PbgsMn;_,Fe, O3 phases has been carried out in
both PM and FM regions. The phases have been measured

Table 1

on D2B and D1B instruments. D2B was used at 190 and
10K for x =0 and at 250, 110, 50, 10 and 1.5K for
x=0.1. The x=0.025, 0.05 and 0.075 phases were
measured on D1B between 4 and 200 K. Weak extra lines
corresponding to a small amount of Mn,O3; (<3%,
Bixbyite ASTM No. 41-1442) appear due to the difficulty
in the attainment of high amounts of samples. Neutron
diffraction measurements showed all samples to have O”-
orthorhombic symmetry with b/./2 <a<c distortion in the
studied temperature range. The refinements performed
show Nd/Pb atoms at 4¢ position, Mn/Fe at 4b, O1 at 4c
and O2 at 8d crystallographic positions. The mentioned
atomic disposition yields two Mn-O(1)-Mn and four
Mn—-O(2)-Mn equivalent angles. The results obtained from
the refinement, above 7T, and at low temperatures, are listed
in Tables 1 and 2.

The unit cell volume and the Mn/Fe—O distances slightly
increase with increasing the Fe content. These features
indicate that the distortion is nearly independent of the x
value, in good agreement with the similar sizes of the Fe**
and Mn®" jons. It is to note the thermal evolution of the
unit cell parameters when cooling down to low tempera-
tures. A unit cell contraction is observed. This fact is
related to the existence of shorter Mn—O distances at lower

Selected parameters refined from D2B neutron diffraction data for (a) Nd, ;Pby 3;MnO3 and (b) Nd 7,Pbg sMng gFe, 103. Nd/Pb are at 4¢ positions (x, 1/4,

2); Mn/Fe at 4b (0, 0, 1/2), O(1) at 4c (x, 1/4, z) and O(2) at 8d (x, y, 2)

S.G a (190K) a (10K) b (250K) b (1.5K)
Pnma Pnma Pnma Pnma
a (A) 5.4584(1) 5.4497(4) 5.4597(4) 5.459(1)
b/J2(A) 5.4577(2) 5.4483(5) 5.4583(6) 5.459(1)
¢ (A) 5.4837(1) 5.4737(5) 5.4864(4) 5.479(2)
vV (A3) 231.02(1) 229.84(3) 231.22(3) 231.03(9)
Livin (UB) 0 2.89(2) 0 1.50(7)
Nd/Pb
X 0.0165(3) 0.0157(7) 0.0106(9) 0.023(1)
z —0.0028(4) —0.0031(8) —0.0004(9) —0.001(2)
Biso (Az) 0.57(2) 0.56(4) 0.59(4) 0.3(1)
Mn/Fe Biso (Az) 0.45(3) 0.7(1) 1.44(3) 0.8(3)
O(1)
X 0.4923(6) 0.489(1) 0.484(2) 0.497(1)
z 0.0633(4) 0.069(1) 0.0619(9) 0.067(3)
Biso (AZ) 1.16(4) 1.4(1) 1.4(1) 0.8(3)
0(2)
X 0.2737(4) 0.2742(6) 0.2704(8) 0.276(1)
y 0.0334(2) 0.0310(5) 0.0316(4) 0.033(1)
z 0.7273(4) 0.7262(6) 0.731009) 0.726(1)
Biso (Az) 1.48(3) 1.12(9) 1.38(7) 0.9(2)
Ry (%) 4.10 3.86 6.38 7.58
R, (%) 3.22 2.97 4.99 5.91
Rinag (%) 3.08
7 1.61 2.05 1.40 1.24
Mn-O(1) 1.9610(4) (x 2) 1.964(1) (x 2) 1.961(1) (x 2) 1.965(2) (x 2)
Mn-O(2) 1.963(2) (x 2) 1.955(3) (x 2) 1.961(5) (x 2) 1.969(7) (x 2)
1.956(2) (x 2) 1.954(3) (x 2) 1.952(5) (x 2) 1.954(3) (x 2)
{(Mn-O) 1.960(2) 1.958(2) 1.958(3)
Mn-O(1)-Mn 159.47(2) (x 2) 157.44(5) (x 2) 159.37(5) (x 2) 158.4(1) (x 2)
Mn-O(2)-Mn 161.55(1) (x 4) 162.18(1) (x 4) 163.07(2) (x 4) 161.0(3) (x 4)
{Mn-O-Mn) 160.86(1) 160.60(2) 161.84(3) 160.13(3)
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Table 2

Selected parameters refined from D1B neutron diffraction data for Nd ;Pbg 3Mn;_,Fe, O3 (x = 0.025, 0.05, 0.075): (a) at 4 K and (b) 185 K* and 200 K**

(a) NdeMnFeOAO% NdeMHFCO‘(ﬁ NdeMHFC0.075
T (K) 4 4 4

a(A) . 5.465(4) 5.466(3) 5.469(5)

b/y2 (A) 5.458(2) 5.461(1) 5.463(2)

c(A) 5.475(1) 5.478(1) 5.479(2)

V(A% 231.1(2) 231.2(1) 231.5(2)

R, (%) 1.86 1.89 2.32

Ryyp (%) 2.48 2.48 3.03

e 6.26 6.30 4.28

(b) NdeMnFeOA025 NdeMnFeom NdeMHF€0.075
T (K) 185 185 200

a(A) 5.462(1) 5.463(1) 5.464(1)

b/y2 (A) 5.459(2) 5.460(3) 5.464(3)

c(A) 5.490(1) 5.492(2) 5.486(2)

V(A% 231.5(1) 231.7(1) 231.7(1)

R, (%) 1.89 2.04 2.24

Ryyp (%) 2.60 2.69 2.92

Ve 6.72 7.73 4.06

temperatures, which range from 1.9580(3)1& at 250K to
1.9566(3)1& at 10K for the Nd, ,Pby3Mng¢Feq 105 phase.
The thermal evolution of the lattice parameters for the
Ndy7PbgsMn;_Fe,O; (x=0.025, 0.05, 0.075) com-
pounds obtained from DI1B data is shown in Fig. 2. A
greater decrease of the ¢ parameter can be observed,
confirming the major influence of this parameter to the
octahedral distortion. The discontinuities in volume and
lattice parameters close to the magnetic transition tem-
perature, which clearly appear for x = 0.025 and 0.075
phases, could be related to the alterations produced by the
energy associated to the magnetic transition.

The Mn—O(2)-Mn angles, related to the buckling of the
equatorial planes, are smaller (159.47(2)° for Ndg-
Pby3MnO3) than the Mn-O(1)-Mn ones (161.55(1)°)
indicating tilting of octahedra along the »-axis. The values
are in good accordance with those observed in other
manganites with a similar average A cationic radius,
(ra) = 1.22 A. The MnOg octahedra show smaller distor-
tions when increasing {ra > [24,25].

3.2. Magnetic properties

The temperature dependence of the FC and ZFC
magnetizations for all the phases has been performed and
represented in Fig. 3. Some results concerning the x =0
and 0.1 compositions have been previously reported by the
authors [26]. Characteristic magnetic data are given in
Table 3. The usual ferro to PM transition appears at
different temperatures depending on the iron amounts. The
T, values have been obtained as the minimum of the curve
dM/dT calculated from the ZFC curves. The T, in the
parent compound, Ndg7Pby3MnQO;, is 175K and gradu-
ally decreases to lower temperatures when the content of
Fe increases. In these phases, 1% Fe doping causes a

decrease in 7. by approximately 10K, similar to that
observed in other compounds such as Lag;Srg3MnO5 or
Lay,PbysMnO; [15,27] and quite different from the
obtained for the Ndg 6751 33Mn;_,Fe O3 system, where a
drop of 18K per 1% Fe was observed [17,28]. The Fe
amounts are more effective in weakening DE when the
bandwidth of e, electrons narrows. This narrowing is more
significant for the Nd/Sr phases than for Nd/Pb ones,
probably due to the presence of lead, which increases the
ionic radius at 4 site.

Another interesting effect of the Fe substitutions on the
ZFC curves can be observed in Fig. 3. In this way, at
temperatures just below 7., the magnetization reaches the
maximum value and decreases until practically zero. This
effect is more significant with higher iron amounts. In this
case, the DE Mn—-O-Mn mechanism competes with the
superexchange Mn—O-Fe interactions and consequently
the ZFC-FC curves display irreversibility and A-shape
traces, indicating the existence of a short-range spin
ordering [29]. The values of the effective magnetic
moments, e, determined from the y7 curves at 300K,
are higher than those expected for a PM behavior, which is
around 5.64 B.M (see Table 3). This result is in good
agreement with the existence of short range FM interac-
tions up to room temperature, as was observed from EPR
measurements [26].

The magnetization measurements as a function of the
magnetic field at 10K have been represented in Fig. 4. An
FM behavior is observed for all phases with a decrease of
the magnetization when increasing the iron content. The
highest value of magnetization at 7T corresponds to
Ndy 7Pbg sMnO; (M/N~3.31 per Mn site) (see Table 3).
This value is slightly lower than the corresponding to a free
ion with 70% Mn’*" and 30% Mn*" (M/Np ~ 3.7), as
was observed in related manganites [15,16]. The low field
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Fig. 2. Thermal evolution of the lattice parameters for the phases: (a) NdPbMnFey o5, (upper), (b) NdPbMnFe, o5 (medium) and (c) NdPbMnFe 75
(lower).

magnetization data over +5kOe show the presence of  increase of iron content gives rise to an antiferromagnetic
hysteresis with low coercitive fields, between 211 and coupling between Mn and Fe ions and the DE is
520 Oe, and remanent values around 2000 emu/mol, which progressively suppressed, weakening both the FM and
are characteristic of these kinds of systems [30]. The  metallic behaviors of the samples [17,18,31].
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Fig. 3. Thermal evolution of the magnetization (field cooling, FC and zero field cooling, ZFC) for the Nd, 7Pby sMn,_,Fe O3 (x = 0, 0.025, 0.5, 0.075,
0.1) phases under an applied magnetic field of 10 mT.

Table 3

Magnetic values for the Nd, ;Pbg sMn;_,Fe 05 phases: (a) T, calculated from the minimum of the d Mgc/dT curve, (b) pegr determined from the y 7 curves
at 300K, (c) values calculated from hysteresis loops at 10K and 7T, (d) M/Np electrons for magnetic atom, (e) H. values in O, and (f) M, values in

emu/mol
T, (K)® ftegr @ MINRO© HOA© MO
NdPbMn 175 11.06 3.31 394 2727
NdPbMnFe o5 144 9.41 3.29 246 2261
NdPbMnFe, s 130 8.74 3.02 211 1658
NdPbMnFeg 75 107 8.82 2.89 316 1957
NdPbMnFey 75 8.14 222 527 1989
3x10* 7]
1 —e— NdPbMn
2x10* ] ——e—— NdPbMnFe( s
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Fig. 4. Hysteresis loops at 10K for the Nd, ;Pby ;Mn,_,Fe, O; (x =0, 0.025, 0.5, 0.075, 0.1) phases.

3.3. Magnetic structure

NPD data for Ndg 7Pbg sMnQO5 were collected on D2B at
190 and 10K. At low temperatures, a strong magnetic

contribution appears at (002), (121) and (200) Bragg
positions. Extra Bragg intensity to the nuclear peaks is
observed in (101), (020), (220) and (022) positions,
corresponding to the magnetic alignment of the Mn
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moments. The Rietveld refinement of data was performed
using a simple FM model with both Mn and Nd magnetic
moments aligned along one crystallographic axis. The
saturated magnetic moments reach values of 2.89(2) ug and
0.19(2) ug for Mn and Nd, respectively, being similar to
those obtained in other neodymium systems where parallel
ordering was considered [32]. The total contribution to the

Fe0.025

magnetic moment is in good agreement with 3.3le—
calculated from the hysteresis loops.

In order to study the evolution of the magnetic peaks
with temperature for all the samples, diffraction patterns
were recorded on D20 for x =0, 0.1 and on DIB for
x = 0.025, 0.5 and 0.75 phases in the 4200 K temperature
range. A progressively decrease in the intensity of the

20 30 40 50 60
26 (9

70 80 90 100

20 30 40 50 60
26 (°)

Fe0.075

70 80 90 100

20 30 40 50

60
26 ()

70 80 90 100

Fig. 5. Thermal evolution of neutron diffraction patterns for the Ndy ;Pbg 3Mn;_,Fe, O; (x = 0.025, 0.5, 0.075) phases measured at DIB.
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magnetic peaks is observed when increasing the Fe content
giving rise to a magnetic frustration (Fig. 5). When the
concentration of Fe reaches 10%, the pattern does not
show any magnetic contribution, because of an absence of
the magnetic ordering in this temperature range. Sequential
refinements of data for the Nd, sPbg3Mn;_,Fe, O3 phases
(x =0,0.025, 0.05 and 0.075) were performed with Mn and
Nd moments along the c-axis, using FULLPROF pro-
gram. The evolution of the manganese magnetic moments
with temperature (Fig. 6) shows the characteristics of the
FM-PM transitions as was observed from magnetic
measurements. The manganese magnetic moment reaches
the maximum value of 3.10 ug for the Ndgy,Pby;MnO;
phase and progressively decreases until 1.95 ug when the
content of iron is 7.5%. The Nd moments only appear for
the Ndj7Pby;MnO; phase where the maximum value is
0.3 pug. This value decreases down to 0 ug at approximately
15K where the neodymium contribution disappears [33].
In order to improve the knowledge of the magnetic
behavior for the Ndj;PbgsMngoFey ;05 phase, neutron
measurements on D2B instrument at 250, 110, 50, 10 and
1.5K and different magnetic fields between 0.01 and 5T
were performed. Magnetic contribution without magnetic
field is only observed at temperatures near 2 K. At this
temperature, a value of 1.50(7) ug was obtained for the
manganese moment (x = 0.1), which is slightly lower to
that observed for the x = 0.075 composition (1.95 ug) as
the increase in iron content reduces the DE coupling. When
applying a magnetic field at low temperatures (1.5K), the
intensity of the 101 and 020 reflections increases and
diffraction maxima corresponding to 002, 121 and 200
reflections appear, due to the alignment of the Mn and Nd
spins. The magnetic structures were indexed using the
magnetic model previously described. The values of the

Table 4
Selected parameters refined from D2B neutron diffraction data for
Nd 7Pby3Mng oFeq 103 at different magnetic fields at 1.5K

H (T) 0.01 1 2 5

S.G. Pnma Pnma Pnma Pnma

a (A) 5.459(1) 5.4597(9) 5.4550(2) 5.4546(2)
b/\/oz (A) 5.459(1) 5.4610(1) 5.4538(4) 5.4533(3)
¢ (A) 5.479(2) 5.481(1) 5.4792(2) 5.4785(2)
V (A3) 231.03(9) 231.12(7) 230.53(3) 230.47(1)
Linin (4B) 1.49(7) 2.09(4) 2.16(5) 2.60(5)
pnd (4B) 0 0.12(4) 0.40(4) 0.74(4)
Ry, (%) 7.58 4.51 4.00 3.58
R,(%) 5.91 3.55 3.13 2.80

7 1.24 1.37 1.63 1.81

refined parameters are shown in Table 4. The variation of
the magnetic field has not any influence on the cell
parameters, but an increase of the magnetic moment for
both manganese and neodymium ions is observed. This
fact can be explained by the decrease of the antiferromag-
netic interactions and the increase of the FM ones, the total
magnetic moment being lower than the theoretical one.

4. Conclusion

The sol-gel method has been used to synthesize
Ndy 7PbysMn;_,Fe O3 (x =0, 0.025, 0.05, 0.075, 0.1)
homogeneous oxides with small grain size. Rietveld
analysis of the neutron diffraction data shows orthorhom-
bic symmetry with b/./2<a<c distortion in the studied
temperature range. The increase of Fe amounts does not
affect considerably the unit cell volume and Mn/Fe-O
distances. In these materials, local strain effects induced by
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the dopant amount are not dominant in controlling the
magnetotransport properties and the lattice effect can be
considered as negligible due to the similar radius of Fe and
Mn. When cooling down to low temperatures, thermal
evolution of the unit cell parameters related to shorter
Mn-O distances can be observed. However, Mn-site
doping causes a direct effect on the magnetic properties
as DE mechanism is directly affected. A systematic study of
the magnetic properties in the compounds shows that 1%
Fe doping produces a decrease in the 7, about 10 K. This
effect is similar to that observed by other authors in
Lag ;SrgsMnO;3; or Lag7Pbg3sMnO3; compounds [15,16,27]
and can be explained by a general weakening of the FM
DE interactions and an increase in the contribution of the
AFM ones arising from superexchange. The observed
irreversibility between the ZFC and FC magnetization
curves could be explained as due to the presence of a spin-
glass phase transition from kinetic freezing of magnetic
domains.

The magnetic structure of the Ndg,Pby;Mn,_,Fe O3
(x =0, 0.025, 0.05, 0.075) phases indicates that both types
of ions, Nd and/or Mn are ferromagnetically ordered. The
neutron diffraction study for Ndg 7Pby 3sMng oFeq 105 does
not show any FM Bragg contribution or extra peaks until
2K. When increasing the magnetic field a magnetic
contribution appears. A competition between FM and
antiferromagnetic interactions together with the random
substitution of Fe ions in B places gives rise to a randomly
FM canted phase with low net moments.
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