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ARTICLE INFO ABSTRACT
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In this work, a novel series of multiferroic materials BiMn, Os doped by Neodyme has been prepared by a sol-gel
method at low temperature. The crystallographic studies using X-ray diffraction and Rietveld Refinement
techniques showed the formation of single-phase samples for all compositions, crystallizing in a mullite-type
orthorhombic perovskite structure, space group Pbam (Z = 4). The SEM techniques confirmed the formation of
single-phase materials with excellent mapping distribution. Raman and infrared spectroscopic measurements
were performed and combined with lattice dynamics simulations to describe the room-temperature vibrational
properties of all samples. The X-ray Photoelectron Spectroscopy (XPS) were measured in the energy range of
0-1400 eV at room temperature. The Fermi level Er was defined with the accuracy of 0.127, 0.32 and 0.48 eV for
BiMn, Os, BigoNdo1Mn,Os and BigsNdy,Mn,0s respectively. The X-ray photoelectron spectroscopy shows the
existence of Mn** state. Magnetic measurements indicate Neél temperature Ty at 31, 40 and 61 K for BiMn, Os,

BiooNdo1Mn,0s and BiosNdo>Mn,Os respectively.

1. Introduction

Smart materials are sensitive to external stimuli such as stress, tem-
perature, and electric or magnetic field. Thus, several technological inputs
are expected. Multiferroic materials belong to these kinds of smart materials
when their ferroelectric properties can be tuned by applying a magnetic
field, indicating the existence of an effective magnetoelectric coupling [1].
Recently, two novel classes of multiferroic materials in which ferroelec-
tricity can be triggered by either magnetic ordering [2] or charge ordering
[3] have emerged. Tremendous work has been devoted to these novel
classes of materials, and structural RMn,Os (R = rare earth, La, Y or Bi)
insulators [4,5] are typical examples. The crystals of the series RMn,Os
®R3>*Mn®>*Mn** 052", where R** denotes a rare-earth ion or Bi**) belong
to the class of magnetoelectric crystals, for which magnetic and structural
phase transitions take place at the same temperature T ~ 40K [6-9]. At
room temperature, these crystals have orthorhombic symmetry described
by the space group Pbam, have attracted considerable attention due to their
multiferroic properties such as magnetoelectricity and magnetodielectricity
[10].

In the mean structure, there are two distinct crystallographic sites
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for Mn** (site 4f) and Mn>®* (site 4h) forming Mn®* Os square pyr-
amids, and corner sharing Mn** O octahedra are coordinated to eight
oxygen atoms forming BiOg polyhedra. These polyhedra are responsible
for the inter connection between both manganese cations localized at
the octahedral and tetragonal pyramidal sites [11]. The mixed valence
manganese ions occupying different crystallographic sites lead to the
formation of a magnetic structure with two different magnetic sub-
lattices. As one representative group of these special multiferroic ma-
terials, they have been immensely investigated in recent years [12,13].

This paper aims, firstly, to demonstrate that the sol gel is an ade-
quate synthesis method to obtain multiferroic materials and, secondly,
to investigate the role of the Neodyme ions as improving dopants and
their effect on the physical properties in multiferroics material.
Therefore, this study demonstrates the potential of X-ray photoelectron
spectroscopy as a tool to study valence and magnetic state of ions in
compounds.

2. Experimental section

The Nd®* substituted bismuth compounds with the general formula
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Fig. 1. (a) X-ray diffraction pattern for three samples. (b) XRD pattern of two main peaks. (c), (d) and (e) approximation of BiMn,Os, BipoNdy1Mn,0s and
Big gNdg 2Mn,Os unit cell respectively, presenting Mn**Og octahedra and Mn®* pyramids.

Bi;_xNd, Mn,Os (x =0, 0.1 and 0.2) were obtained as a black poly-
crystalline powder starting from precursors previously synthesized by a
sol gel technique. The stoichiometric amounts of analytical grade (Bi
(NO3)3'5H50), (Mn(NO3)»4H,0) and Nd,O3 were solved in Citric acid.
The citrate solutions were slowly evaporated and decomposed at tem-
peratures up to 600 °C. All the organic materials were eliminated in a
subsequent treatment at 800 °C in air. The sample was finally annealed
at 850 °C in air for 24 h [14]. Powder XRD patterns at room temperature
were collected with a Cu Ka;(1.5406 A). All diffraction patterns have
been refined with the Rietveld refinement method [15] using FULLP-
ROF program. The background was fitted with a 12-coefficient poly-
nomial function, and the peak shapes were simulated by a pseudo-Voigt
function. In the final run, the following parameters were refined: zero
points, U, V, W, background points, scale factor, unit cell parameters,
positional parameters, isotropic thermal factors and preferred orienta-
tion parameters. Unique isotropic atomic displacement parameters
were used for all oxygen positions in all refinements.

199

Scanning electron microscopy (SEM) was performed with a Rigaku
JSM- 6700F microscope operated at 10 kV.

The composition and chemical states of surface elements of samples
were investigated by X-ray photoelectron spectroscopy (XPS) (PHI
5700/660 Physical Electronics), using Al K-alpha (1486.6 eV) as the X-
ray source. The surfaces are etched by an Ar* ion beam for 30 min to
remove surface contamination. The survey spectra were collected with
the pass energy 187.85eV. The studied spectra were analyzed using
MultiPak 9.2 program according to the Cls peak, which was used as a
reference for charge correction. All collected core level lines spectra
during XPS examinations were measured with a standard limit of re-
solution 0.1eV.

The Raman scattering spectra were excited with the 514.5 nm laser
line from an Ar* laser, with a power of ~ 12 mW focused in a spot of
~ 100p m diameter. Room temperature infrared reflectivity has been
measured using Fourier transform infrared spectrometer (Vertex 80v) at
near-normal incidence mode.
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Table 1
Structural parameters.

Samples BiMn;,0s Bip.9Ndp1Mn,0s BipgNdp2Mn,0s
Space group Pbam Pbam Pbam
a(A) 7.54946 7.450565 7.439506
b(A) 8.54962 8.419172 8.423370
c(A) 5.753627 5.682965 5.673781
v(A%) 371.3679 356.4786 355.5516
Z 4 4 4

x 2 2.42 4.62 3.81
Mn**0g

Mn1-02 1.902 1.893 1.833
Mnl1-04 1.945 1.896 1.841
Mnl-03 1.856 1.86 1.746

< Mn-O > 1.901 1.883 1.806
Mn®*0g

Mn2—-01 1.905 1.833 1.852
Mn2—-02 1.941 1.917 1.948
Mn2—-03 2.10 2.01 2.17

< Mn—-0O > 1.982 1.92 1.99
<ra> A 1.03 1.043 1.056
<o}> A? 0 0.001521 0.002704
Scherrer method (D) (nm) 47.74 47.079 44.79
§x 10~4(nm~?) 2.66 3.105 3.369

% 0.282 0.2757 0.2931
Average grain size (Sygp) (nm) 107 103 92

X-ray density (g cm™>) 7.1331137  7.3112 7.209
Bulk density (g cm™%) 5.03331137 4.85429 4.62685
Porosity 0.2943 0.33604 0.35818

The dc magnetization measurements were made in a 500 Oe SQUID
magnetometer (Quantum Design, MPMS). First, zero-field-cooled
(ZFCQ), Field-cooled warning (FCW) and field-cooled (FC) magnetization
curves were measured to determine the Néel temperature (Ty), which is
sensitive to the grain-size distribution. The ZFC curves were obtained
by cooling the sample under a zero field from 300K to 2K, and sub-
sequently sweeping the temperature from 2K to 300 K under a weak
applied field. Then, hysteresis loops for the studied multiferroics sam-
ples were measured at different temperatures, and applied magnetic
field up to 7T.

3. Results and discussions
3.1. X-ray diffraction (XRD) study

The X-ray diffraction data (XRD) of the three samples were refined
by the Rietveld method. Fig. 1 (a) shows a good agreement between the

calculated and observed data for the patterns of parent (BiMn,0Os) as
well as the neodyme-substituted samples Bi;_,Nd,Mn,0s with (x = 0,

(b)

i .

=
®
&
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0.1 and 0.2) collected at room temperature. The entire XRD pattern
reveals a well-crystallized orthorhombic phase with space group Pbam
[14]. In these structures, Mn ions are found in two different crystal-
lographic sites: Mn** ions occupy the octahedral pyramidal site (4f)
coordinated with six oxygen atoms and Mn>* ions at a tetragonal
pyramidal site (4 h) with five oxygen atoms. The Bi** ions sites at the
4 g sites are coordinated to eight oxygen atoms forming BiOg polyhedra
[16-18]. The Rietveld refinement was done using FULLPROF software
[19] to study the detailed crystal structure and the fitting parameters
are listed in Table 1. The substitution of Nd®** ions having lower ionic
radius than that of Bi®" ions results in the reduction of lattice para-
meters and cell volume [20] as seen from Table 1. A closer view of the
obtained XRD peaks around 28-31° in Fig. 1(b) shows a slight shifting
of the main peaks i.e. (121) and (211) to higher 26 angles with the
increase in x concentration. This feature can also be attributed to lower
ionic radii substitution, thus confirming the substitution of Nd** ions at
Bi®™ site [21]. Besides, the variation in bipyramid and octahedral co-
ordinated Mn—O bond lengths due to substitution are estimated and
listed in Table 1. Fig. 1 (c), (d) and (e) represent a schematic re-
presentation of the crystallographic structure. In this representation
distorted Mn* " Og octahedron is the environment of the Mn** (Mn;
atoms), which forms infinite linear chains along the c-axis, sharing
edges via the O3 and O4 oxygen. Mn®* (Mn, atoms) occupy Mn®*0s
distorted tetragonal pyramids and have five oxygen atoms as neighbors.
Moreover, the comparative variation of Mn;—O0 as well as Mn,—O bond
lengths in Bi;_Nd,Mn,0s with (x = 0, 0.1 and 0.2) are schematically
depicted in Fig. 2 (a), (b) and (c), respectively. All the refinement re-
sults, the average ion radius of the A cation site < ry > and the mis-
match o for all our samples are also listed in Table 1.

The average crystallite size estimated from XRD data using
Scherrer's formula and the cell volume of all samples are estimated and
shown in Table 1.

The Scherrer's formula can be written as [22]:

Ak
Bcos6

®

where constant k depends upon the shape of the crystallite size
(k = 0.9), (assuming the circular grain), 8, Full Width at Half Maximum
(FWHM) of intensity vs 26 profile, A is the wavelength of the Cu Ko,
radiation (0.15406 nm) and 6 is the Bragg diffraction angle of the most
intense peak.

It is found that the average crystallite size of Bij_,Nd,Mn,Os with
(x = 0.1 and 0.2) are less than that of the fraction (x = 0). Earlier, it
was reported that the unit cell parameter decreases as the average
crystallite size decreases [23]. The dislocation density 8, which re-
presents the amount of defects in the sample is defined as the length of

Gl

Fig. 2. The Mn—O backbone of the pyramid and octahedron in the structures of (a) BiMn,Os, (b) Big 9oNdo.1Mn,Os and (c¢) Big 2Ndp 1 Mn,0s samples.
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Fig. 3. SEM micrographs of all samples.

4o 8000
i a : (b)
‘ @ 3 —B|09Nd01Mn205
5000 5 ' .
6000
. 4000 =
G ©
S =
2 3000 2 4000
@ 7]
2 c
2 2
S 2000 £
2000
1000
0 0
Raman shift Cm™ Raman shift Cm"'
12000
‘ Bi, ,Nd _Mn O ©
PR—
10000 | ‘ EYRLPULLN®
| Fit
8000
<
=
2 6000
®»
c
b
T 4000
2000

Raman shift Cm”

Fig. 4. Unpolarized Raman spectra of the multiferroic systems at room temperature.



H. Felhi, et al.

Table 2
Structural parameters obtained from the raman of the room-temperature for
BiMn,Os.

Sample Center (Cm™1) Height (u.a) Area (cm?) FWHM(cm)

BiMn, Os 183 690.269 9253.09 8.53392
185 1088.92 40723 23.8081
195 3121.19 107442 21.9147
196 1041.94 8082.46 4.93833
198 901.631 5998.63 4.23549
200 580.943 4653.45 5.09944
230 298.697 5606.43 11.9491
323 568.41 8665.92 9.70583
324 681.198 281746 263.308
398 286.838 14626.9 32.4634
469 269.91 21582.1 50.9044
532 507.529 100306 125.819
601 2132.23 143756 42.9214
604 1289.48 27456.8 13.5554
649 159.523 8791.69 35.0857
650 2064.52 83077.9 25.618
693 111.37 7439.96 42.5288
726 258.885 42040.9 103.382
788 327.673 61384 119.26

Table 3

Structural parameters obtained from the raman of the room-temperature for
Big.oNdo.1MnyOs.

Sample Center(Cm-1) Height (u.a) Area(cm2) FWHM(cm)

Bi9gNdy1Mn;0s 185 3489.06 44197.8 8.0644
186 1325.77 12855.7 6.1732
198 6095.33 73337.1 7.65961
200 1384.51 9566.92 4.39902
228 461.51 60691.1 83.7189
231. 328.055 6608.93 12.8252
266 130.321 5711.58 27.9011
282 156.457 4317.9 17.5694
300 168.47 1844.69 6.97079
301 306.94 14970.3 31.0497
322 1497.51 21030.8 8.94058
344 261.485 6055.4 14.7426
358 197.097 4480.82 14.4729
391 130.319 6535.55 31.9268
397 385.751 7027.52 11.5978
470 300.07 14281 30.2982
492 192.524 4986.99 16.4905
536 253.916 6073.41 15.2273
580 489.349 7558.61 9.83339
582 770.992 346259 285.911
585 178.135 1593.72 5.69563
604 560.419 4744.14 5.3892
606 5167.75 123580 15.2239
651 212.263 1867.47 5.60094
652 2687.04 68719.5 16.2812
691 130.319 6535.55 31.9268
719 253.41 13161.5 33.0644

dislocation lines per unit volume of the crystal and is
the Eq:

calculated using

1

5:§

(2)

The strain-induced broadening in powders due to
tion and distortion was calculated using the formula,

crystal imperfec-

B

" 4tand 3

The values of the dislocation density 8 and the strain ¢ are listed in
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Table 1. Various structural parameters, like X-ray density, measured

density and porosity were determined with the help of XRD data using

the following mathematical relations [24]:
m

nir’h

m

“@
With m the mass of the pellet, r is the radius and h is the thickness of

the pellet.

ZM

PX—ray = T~
X Ny Veent

(5)

In Eq. (5), M is the molar mass, the value of Z (number of formula
units per unit cell) is 4 for orthorhombic system and V. is the cell
volume (Table 1).

Pm

pX—ray

P=1-
(6)

In Eq. (6), P is the porosity, px_,,, is the X-ray density and p,, is the
bulk density.

It is further observed that px.r,, and P increase with the increase in
the concentration of Nd®* ion [25].

3.2. Surface analysis by SEM

At the same time, the surface morphology and size of the grains of
our compounds were examined using Scanning Electron Microscopy
(SEM) images using the Image-J software.

The SEM images of the Grain size distribution of Bi;_,Nd,Mn,Os
(x=0, x=0.1 and x = 0.2), respectively, are shown in Fig. 3. The
average particle size, commonly known as grain, was 107 nm for
BiMn,0s, 103 nm for BiggNdy1Mn,0s and 92nm for BiggNdj,Mn,0s
[14]. In addition, the grain growth and crystallization is observed with
decreasing neodymium substitution. Obviously, the grain sizes ob-
served by SEM are several times larger than those calculated by XRD,
which indicates that each grain observed by SEM is composed of several
crystallites [26].

3.3. Raman spectroscopy study

To have better insight to the vibrational, structural and lattice
properties, the room-temperature Raman spectra of the parent
(BiMn,Os) and its substituted samples (BiggNdo1Mn,0s and
BiygNdy,Mn,0s) were performed at wave number ranging from 100 to
800 cm ! are illustrated in Fig. 4(a), (b) and (c). Factor group analysis
for the Pbam symmetry of the paraelectric phase of these oxides yields
48 Raman-active phonon modes ([raman = 13Ag+13B1g+11By,
+ 11B3,) [27]. The Ay modes are expected to appear in the parallel xx,
yy and zz scattering configuration and should not be seen in the crossed
xy, xz and yz configurations. The B4, Bog and Bs; modes are expected in
xy, xz and yz configurations, respectively. The room-temperature and
temperature-dependent Raman spectra for the RMn,Os family of ma-
terials have been reported by various groups [28]. Raman modes have
been observed, except few whose intensities are either very small or
exist at < 100 cm ™~ '. Briefly, Raman studies indicate that the Nd sub-
stitution does not significantly change the phonon structure of the
parent compound except for a change in the wave number and broad-
ening of the phonon pattern due to Nd substitution. To clearly assign
the active Raman modes, we have deconvoluted the Raman spectra of
three samples. The deconvolution of Raman peaks of all samples was
realized with the Fityk software by Lorentzian A function in the form
I=10+ Y Ait/[4(w — w;)* + 7%] where, i is the peak number, Io is the
background intensity, w; is the center frequency, ; is the full width at
half maxima (FWHM), and A; is the area of i of the peak [29]. The
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Table 4
Structural parameters obtained from the raman of the room-temperature for
Big 2Ndo oMn,Os.

800

Transmittance(u.a)
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deconvoluted Raman spectra of BiMn,Os with 19 major Raman modes
[30], for BigyNdg1Mn,Os, there are 27 Raman peaks and for
BiygNdy,Mn,0Os, there are 28 Raman peaks. The missing modes are of
very low intensity or superimposed or out of the spectral range
(< 100 cm™ 1Y) of our Raman setup. Their positions are summarized in
Tables 2—4.

Fig. 5 (a), (b) and (c) show the IR spectra at room temperature for
all samples. It is a complementary technique to Raman spectroscopy.
They are both from the same physical origin, either the interaction of
light with the phonons or the vibration of the atomic bonds of a mo-
lecule that satisfies the permissible transitions between the different
levels of vibrational energy. The different nature of the two processes of
Raman and infrared interaction means that some vibrations will only be
active in Raman, others are only active in infrared and others will be
active for both. It can be seen that the relative peaks are added to the
infrared and Raman curve corresponding to the Nd group vibration
modes.

3.4. X-ray photoelectron spectroscopy (XPS) study

A typical, low-resolution X-ray photoelectron survey spectrum for
BiMn, Os, BigogNdy1Mn,Os and BisNd,,Mn,Os before etching and after
etching by Ar beam respectively, in the energy range of 0-1400 eV are
shown in Fig. 6. XPS did not reveal any traces of impurities besides,
carbon accumulated on the surface. The strongest peaks of Bi 4f;,,, Bi
4f5/2’ Bi 5d3/2, Bi 5d5/2’ Mn 2133/2, Mn 2p1/2, (6] 15, C 1s and Nd 3d5/2
were chosen for investigating peculiarities of the core-level XPS spectra
in these quasi-one-dimensional semiconductors. Fig. 7 (a) shows the
valence band (VB) spectra for all samples, whose main features are
indicated by ticks.

100
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Fig. 5. The IR spectra at room temperature for all samples.
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It consists of two main peaks (A and B) which represent Bi 5d states
(A - Bi5ds,» and B - Bi5d3,») with the spin — orbit splitting of about
AE = 2.9 eV and partly overlapped with O 2s states visible above 20 eV
as small shoulder of A peak. The line (C) represents the contribution
from Mn3p states. The shapes of the energy positions of the XPS spec-
trum VB of all the features after etching are in very good agreement
with the XPS spectrum VB before etching, Fig. 7. (b). The Fermi level Er
was defined with the accuracy of 0.127, 0.32 and 0.48 eV for BiMn, O,
Bi9Ndy1Mn, Os and BiygNd,,Mn,Os respectively. The inset of Fig. 7(a)
shows the near Er region of VB.

The high-resolution spectra of the Bi4f, Mn2p and Nd3d regions
were recorded by XPS and fitted using mixed Gauss — Lorentz functions
and with the use of Shirley background. Fig. 8 shows the XPS core level
spectra for the binding energy of Bi in Bi;_,Nd, Mn,0s(x = 0, 0.1 and
0.2) before and after etching. The chemical shifts are well visible. It is
observed, that Bi 4f lines are usually composed of four peaks typical for
pure Bi as well as Bi>O3 states. One may noting that the energy posi-
tions for Bi 4f spectra is rather stable before and after cleaning proce-
dure. For the Bi;_,Nd, Mn,0s (x = 0 and 0.1) samples each line Bi4f line
can be fitted with two components (Bi** and Bi,Os3). We assert that in
the case of x = 0.1 sample the second component at slightly lower
binding energy is also Bi** in a different chemical environment
[31,32]. On the other hand, for BiygsNdy,Mn,0s is modeled by one
component (Bi»03), but after cleaning the surface for 30 min with the
use of Ar* beam the pure Bi states are well visible.

Fig. 9 shows the XPS spectra for the binding energy of Mn2p states
in BiMn,Os, BiggNdy1Mn,0s and BiggNd,Mn,0s. The Mn2p was split
by the spin-orbit interactions into the Mn 2p3,, and Mn 2p; » peaks.
The Mn 2ps,, peak is deconvoluted into corresponding of Mn®* and

* peaks with the binding energy of 640 eV and 642 eV, respectively
[33,34]. Our broad Mn 2pj3,, line obviously shows an overlapping of
Mn®* 2p;,, and Mn** 2ps,, lines, which indicative of the coexistence
of Mn®" and Mn** ions. Comparing the area under each curve, it can
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Table 5
Binding energies of Bi4f and Mn2p for BiMn205 sample before and after
etching for 30 min.

BiMn,Os5 Bi4f Mn2p
Positon %Gauss Positon

Before etching 158.26 100 641.14
160.83 91 643.16
163.57 100 652.19
166.14 74 654.21

After etching 156.82 78 641.50
158.52 98 642.24
159.87 90 646.05
162.13 77 651.55
163.83 100 653.29
165.18 90 657.10

Table 6
Binding energies of Bi4f, Mn2p and Nd3ds,, for Biy gNdo ;Mn205 sample before
and after etching for 30 min.

Big.oNdo.1Mn;05 Bi4f Mn2p Nd3ds,»
Positon %Gauss Positon Positon

Before etching 157.14 91 640.93 966.50
158.50 100 642.25 972.58
162.45 89 651.98 977.40
163.81 100 653.30

After etching 156.56 78 640.43 966.50
158.23 98 642.00 971.79
161.87 71 651.48 975.58
163.54 97 653.05
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be concluded that Mn®* state is the highest valence state in these
samples. So, the shapes of the energy positions of the Mn2p XPS spec-
trum of all samples after etching are in accordance with the Mn2p XPS
spectrum before etching. As shown by the XPS spectra of Nd in Fig. 10,
since only the Nd**ionic state is formed, Nd exhibits a sharp spectrum
before etching for BiggNdo1Mn,0s and BigsNdo>Mn,0s. The shape of
the energy positions of the Nd 3ds,» XPS spectrum of BiyygNd;Mn,0s
sample after etching accords well with the spectrum Nd 3ds,, XPS be-
fore etching. However, for the compound BiygNd,,Mn,Os after etching
the surface at 30 min with the use of Ar* beam, it is observed that the
content of the functional group in the Nd 3ds,, increases. The resulting
peak positions under the peaks determined from this fitting for each
spectra are given in Tables 5-7.

3.5. Magnetic measurements

As shown in Fig. 11, the dc magnetic magnetization of BiMn,Os and
BipgNdo,Mn,0s as a function of temperature in three different mea-
surement protocols viz: zero-field cooled (ZFC), field-cooled cooling
(FCC) and field cooled warming (FCW) conditions measured under an
applied magnetic field of 0.5kOe. Ty = (31K and 61 K), showing AFM
coupling between Mn-spins corresponding to the temperature of divide
between ZFC and FCC measurements. The curves of inverse magnetic
susceptibility for both samples at the paramagnetic state are shown in
Fig. 11. The analysis of 1/¢ vs T by linear regression in the range
[100-300 K] allows finding the paramagnetic Curie temperature 6, and
the constant of Curie C for both samples, with the values of
6p = (—241.59, —212K) and C = (4.86854, 5.1519830e. K. mol. emu!)
for BiMn, Os and BiygNd,,Mn,Os, respectively.
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Table 7
Binding energies of Bi4f, Mn2p and Nd3ds,» for Bip gNdo ; Mn205 sample before
and after etching for 30 min.

Big.sNdg »Mn,05 Bi4f Mn2p Nd3ds,»
Positon %Gauss Positon Positon
Before etching 158.80 85 641.01 965.60
164.11 83 642.19 972.81
652.06 979.78
653.24
After etching 156.56 70 640.00 965.67
158.09 100 640.96 972.99
161.87 70 645.05 976.89
163.40 99 651.05 979.72
652.01 981.37
656.10 1002.32

The temperature-dependent magnetic magnetization as a function
of temperature in three different measurement protocols viz: zero-field
cooled (ZFC), field-cooled cooling (FCC) and field-cooled warming
(FCW) conditions and inverse susceptibility for BiyoNdo1Mn,Os is pre-
sented in Fig. 12. At low temperatures, the magnetization increases and
exhibits an outspread maximum with two characteristic temperatures
T = 32K and T = 40 K, which would suggest the appearance of an AFM
order with Ty = 40K. The existence of two transition temperatures

Progress in Natural Science: Materials International 29 (2019) 198-209

could indicate a small delay in the ordering of the magnetic moments
associated with one of the manganese sites with respect to the second
one. The evolution of the ZFC and the FC curves is very similar [35],
which seems to exclude the presence of weak ferromagnetism effects
[35]. According to the Curie-Weiss (CW) y = T—Cep fitting, we can ob-
tain C = (5.0602165 Oe.K.mol.uem™') and 6p = —236.14K. We observed
that the Curie constants increase with the increase in Nd®* content. The
negative values for the paramagnetic curie temperatures indicate that
the magnetic interaction is predominately-antiferromagnetic [36].

From the fitted value of the Curie constant C, effective paramagnetic
moment value of p = 6.2408, 6.36525and 6.4199 uz were derived
for Bi;_Nd,.Mn,Os with (x = 0, 0.1 and 0.2) respectively. According to
the general understanding supported by our XPS results reported
above, the ionic structure of the orthorhombic manganite is
Bi* Nd2*Mn3*Mn*+0s. In a paramagnetic state, the magnetic moment
per structural unit can be expressed with the magnetic moments of
individual ions [37-39]:

w(Bii—xNd: M, 05) = [xu(Nd**)? + (1 — )u(Mr**)? + (1 + x)u(Mn*+)?2]/2
()

where Bi** ions have no magnetic moment since they do not have
unpaired d- or f-electrons, therefore, the magnetic state in those com-
pounds is determined uniquely by the Mn**, Mn®* and Nd>*ions
subsystems. The theoretical paramagnetic moment is given by:
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Fig. 11. FCC, FCW and ZFC curves and the inverse susceptibility for (a) BiMn205 and (b) Bi0.8Nd0.2Mn205.
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u =g (IA+1]H? 8)

where J is ion's total moment and g is a Lande g-factor determined as:

+J(]+1)+S(S+1)—L(L+1)

=1
20U +1)

(€©)

with S and L being ion's spin and orbital moments. The magnetic mo-
ments of the manganese neodyme ions calculated with (8) in this ap-
proximation are  u(Mnr**) =490ug, Wu(Mn*t) =387uz and
u(Nd3+) = 3.62 pp. The effective magnetic moment is in good agreement
with the theoretical values, of 6.24, 6.27 and 6.30 for Bi;_,Nd,Mn,Os
with (x =0, 0.1 and 0.2), respectively. Our experimental ¢ value
shows the coexistence of Mn®* and Mn** in Bj_,Nd,Mn,0s. There-
fore, XPS and the magnetic moment both indicate the coexistence of
mixed Mn®>* and Mn** valences [39] At low temperatures, a weak
ferromagnetic state caused by Mn arrays is observed [35].

The isothermal magnetization curves of all samples displayed in
Fig. 13(a), (b) and (c) show a negligible magnetization at low tem-
peratures, discarding the presence of a weak ferromagnetism effect. The
hysteresis loops observed at different temperatures are found in the
inset of these figures. For 5K, the coercive field for BiMn,Os,
Biy9Ndy1Mn,Os and BiggNd,Mn,Os are 676, 128 and 106 Oe, respec-
tively, is observed due to a weak ferromagnetic state caused by Mn
gratings. The replacement of Bi®*by Nd®*favored a decrease in the
coercive field and an increase in the Ty, suggesting weak ferromagnetic
property, which is canted-antiferromagnetic coupling.

4. Conclusion

We have synthesized multiferroic samples with (x = 0, 0.1 and 0.2)
by sol gel method. The XRD pattern resulted in crystallizing in a mul-
lite-type orthorhombic perovskite structure, space group Pbam (Z = 4).
Scanning electron microscopy (SEM) has revealed that the grains are
irregularly spherical-like shaped confirming the formation of single-
phase materials with excellent mapping distribution, with mean sizes of
107, 103 and 92 for (x = 0, 0.1 and 0.2), respectively. The replacement
of Bi®* by Nd®* favored not only a decrease in the average crystallite
size calculated using the Scherer formula, but also in the grain size
estimated by SEM. XPS and the magnetic moment both indicate the
coexistence of mixed Mn3+ and Mn4+ valences.
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Fig. 13. Field-dependent magnetization measured at different temperatures.
The inset are magnetic hysteresis of all samples.

Prime novelty statement

In the present study a novel series of multiferroic materials BiMn, Os
doped by Neodyme has been prepared by a sol-gel method at low
temperature. Rietveld refinement of the room temperature X-ray dif-
fraction data indicates that this system is characterized by a single
phase and crystallizes in the orthorhombic structure with space group
Pbam. Scanning electron microscopy (SEM) revealed that the grains are
irregularly spherical-like shaped confirmed the formation of single-
phase materials with excellent mapping distribution, with mean sizes of
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107, 103 and 92 for (x = 0, 0.1 and 0.2) respectively. The replacement
of Bi3 + by Nd3+ favored a decrease in the average crystallite size was
calculated using the Scherer formula as well, a decrease in grain size
estimated by SEM. XPS and the magnetic moment both indicate the
coexistence of mixed Mn3+ and Mn4+ valences.
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