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Abstract

The present paper deals with the effect of Mn doping on structural and magnetic properties of Y>Zr; , Ti; .Mn,,07 (x=0.0, 0.05,
0.10) compounds. All the samples are single phase and crystallize in the cubic system with Fd-3m space group. Both lattice
parameter a and cell volume V decrease with Mn substitution because of the smaller ionic radius of Mn** than Zr** and Ti**. No
significant differences between zero field-cooled (ZFC) and field-cooled (FC) curves are evident, demonstrating that the samples
exhibit no magnetic ordering or spin glass-like transition. Both the Mn-doped phases exhibit antiferromagnetic behavior, which
may possibly be due to the presence of super-exchange (SE) Mn**~0? —Mn** interactions. Small magnetic hysteresis loops are
observed for the Mn-doped phases suggesting the presence of weak ferromagnetic interactions.
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Introduction

Pyrochlore oxides of the type A,B,O, have been of great
interest for many researchers over a number of years due to
their fascinating properties and potential advantages. These
materials have great photocatalytic activity, exotic magnetic
properties, multiferroic behavior, dielectric tunability, order/
disorder transformations, and a range of electrical and ionic
conductivities that include semiconducting, metallic, and su-
perconductivity. Because of these properties, they are utilized
as fast ion conductors, magnetic materials, and thermal barrier
coating materials in gas turbines [1-7]. Moreover, their un-
usual chemical stability and flexibility to form solid solutions
with several cations make them suitable as a host matrix for
immobilizing radiotoxic nuclear waste [8, 9].

Pyrochlore oxides of formula A,B,0- have a cubic struc-
ture, crystallizing in Fd-3m space group, with all atoms occu-
pying specific locations. A is usually a trivalent rare-earth ion
located at the 16¢ site but can also be a mono- or divalent
cation, and B may be a 3d, 4d, or 5d transition element located
at the 164 site having a suitable oxidation state for charge
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balance with the stoichiometry A,B,0, [10, 11]. Three sites
(48f, 8a, 8b) are free for oxygen in this structure. In the per-
fectly ordered pyrochlore structure, O atoms are present at 8a
and 48f sites leaving the 8b site vacant. There is only one
variable positional parameter x which represents the position
of the O atoms on the 48fsite (x, 1/8, 1/8). The coordination
number of larger A site cation is 8 while that of smaller B
cation is 6 forming BOg octahedra. Of the seven O atoms,
one is separate from the BOg octahedra, and its only bond is
to the A cation, positioned in the voids between BOg octahe-
dra. Hence, the crystal structure can be seen as a network of
distorted BOg octahedra that share vertices with angles B-O—
B close to 130°, making a system of interconnected tunnels
that can be regarded as the backbone of the structure.

One intriguing characteristic of pyrochlore-type materials
is the structural transformation from their ordered form to a
disordered defect fluorite structure with changes in either of
the stoichiometry, temperature, or pressure [12, 13]. The
pyrochlore structure is nearly correlated to defect fluorite
structure. The unit cell parameters of pyrochlore are double
to that of defect fluorite. Not all compounds with stoichiome-
try A,B,05 form the pyrochlore cubic structure. The structural
stability of pyrochlore is usually associated to the ratio of the
ionic radii of the A and B type cations (r5/rg) lying within the
limit 1.29-2.30 [12]. Radius ratio less than 1.29 is expected to
exhibit the fluorite structure. It should be remarked that the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41779-020-00543-4&domain=pdf
mailto:drdssambyal@rediffmail.com

340

J Aust Ceram Soc (2021) 57:339-345

numerical value of the radius ratio (7,/75) is adopted only as a
widespread guideline in view of some exceptions [14].

Pyrochlores comprising the 2nd and 3rd row transition
metals have recently attracted noteworthy interest due to their
exceptional magneto-transport properties. The pyrochlore lat-
tice containing Zr at the B site is thought to be the potent host
matrix for fixation of nuclear wastes as it can hold significant
quantities of actinides and lanthanides in its structure [15].
Gd,Zr,05 is a well-investigated pyrochlore, which is one of
the most encouraging materials but with comparatively low
thermal conductivity. Pyrochlore-structured Sm,Zr,0; is re-
ported to have good conducting properties relative to other
low-temperature ionic conductors [16]. Geometrically frustrat-
ed Ti-containing pyrochlores of composition Ln,Ti,O, have
been widely investigated due to their novel characteristics such
as spin ice behavior in Dy,Ti,O, and Ho,Ti,O; [17, 18] and
spin liquid state in Tb,Ti,07 [19]. Most of the Ti-containing
rare-earth pyrochlore oxides show antiferromagnetic interac-
tions. Doping of Zr in the site of Ti in Gd,(Ti;_,Zr,),O7 system
results in a two-order rise in the ionic conductivity which is
associated to an increase in the anion disorder [11]. Kumar
et al. have explored the magnetic properties of pyrochlore ox-
ides with both Zr and Ti at the B site [20]. As the doping of
other cations at the A and B site takes place which changes the
radius ratio, more disorder between the cation sites can arise
resulting in the transformation of the pyrochlore phase and a
change in properties. Pyrochlores with Mn at the B site exhibit
fascinating magnetic properties [21-24]. Liang et al. reported
that in the BiyIr, ,Mn,O; system antiferromagnetic (AFM) in-
teractions are increased at the start with increase in Mn content,
which are then reduced with further increase in Mn content
[25].

As far as we know, there are limited reports in literature
where Mn is substituted for Zr and Ti at the B site. In view of
this, we have synthesized pyrochlore oxides with composition
Y,Zr,_, Ti;_Mn,,O; (x=0.0, 0.05, 0.10) via the sol-gel
Pechini method which needs neither high heating temperature
nor long calcination times and hence is advantageous over the
solid-state reaction method. The present work aims to study
the effect of substitution of larger Zr and Ti ions by smaller
Mn ion which shift the structure toward more ordered
pyrochlore form. Moreover, the effect on magnetic properties
with different doping levels of Mn has also been explored.

Experimental

In the present work, Y,Zr;_Ti;_ Mn,,O; (x=0.0, 0.05, 0.10)
powders were prepared via Pechini method using Y,O; (Loba
Chemicals), ZrO(NO;),.H,O (Alfa Aesar), C;,H,504Ti (Alfa
Aesar), Mn(CH;COO),.4H,0 (Loba Chemicals), citric acid
monohydrate (Loba Chemicals), and polyethylene glycol
(Loba Chemicals) as preliminary materials. Analytical grade
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(99.9% purity) chemical reagents were used in the present
study. The stoichiometric amounts of Y,03, ZrO(NOs),.H,0,
and Mn(CH3COO),.4H,0 were dissolved in minimum volume
of 3 N HNOj; with consistent stirring at 80 °C to convert them
into metal nitrates. The extra nitric acid was dissipated by
heating the resulting nitrate solution on a hot plate followed
by the addition of deionized water to these metal nitrates with
constant stirring for 30 min. The stoichiometric amount of lig-
uid C;,H,30,4Ti was then added to the solution and stirred
using a magnetic stirrer until a clear solution is formed. An
appropriate amount of citric acid (CA) in the molar ratio of
citric acid/metal cations as 3:1 was then added to get the metal
citrate solution followed by the addition of polyethylene glycol
in the molar ratio of 4:1 with citric acid. The resulting solution
was then stirred for 30 min. To evaporate the excess solvents
and to promote polymerization, the solution was kept on a hot
plate at 80 °C ending in a yellow clear viscous solution
succeeded by the appearance of the gel. The gel was then
decomposed in an oven at 200 °C resulting in a foamy and
voluminous combustion residue. The fluffy mass was readily
crushed into the precursor powder and transferred into silica
crucible which was then thermally treated at 500 °C in a muftle
furnace to decompose the organic precursor. After grinding, the
powders were pressed into pellets under pressure and then cal-
cined in air at 1250 °C for 24 h with two intermittent grindings
to get pure crystalline samples.

Elucidation of crystal structure was done by powder X-ray
diffraction (PANanalytical X’Pert PROMRD, the
Netherlands, using Ni-filtered CuK,, radiations) at room tem-
perature with 2e varied in the range of 10-100°. Scanning
electron microscopy (FE-SEM QUANTA 200 FEG from
FEI the Netherlands, with accelerating voltage 0.3-30 kV)
was used to analyze the surface morphology and microstruc-
tures. The compositional purity and stoichiometry of various
cations were checked by energy-dispersive X-ray spectrosco-
py (EDX) using INCA attachment with the SEM instrument.
Temperature-dependent magnetization measurements in the
range 10-300 K in both ZFC and FC conditions and field-
dependent magnetization measurements with an applied field
of — 70 kOe <H <70 kOe were conducted by means of
Quantum Design MPMS-3 SQUID magnetometer.

Results and discussion
Structural characterization

Purity and the crystal structure of Y,Zr;_Ti;,Mn,, 07 (x=
0.0, 0.05, 0.10) were checked by powder XRD. Figure 1
shows the XRD patterns of the three Y,Zr;_,Ti;_.Mn,,0-
compounds. The sharp and intense peaks within the diffrac-
tion pattern coinciding with the pyrochlore structure were
seen, implying good crystalline forms for samples. All the
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Table 1 Lattice parameter (@), unit cell volume (V), and crystallite size
(D) obtained from X-ray diffraction data for Y,Zr,_,Ti;.,Mn,,0;
Composition x=0.0 x=0.05 x=0.10

a (2\) 10.2818(1) 10.2617(2) 10.2555(1)
\% (A3) 1086.94(2) 1080.58(4) 1078.62(2)
D (nm) 92.3 92.1 91.6

peaks can be well indexed by the pyrochlore structure in cubic
system with space group Fd-3m [25-28] and matched well
with standard pattern (JCPDS 16-0400). The diffraction pat-
tern of pyrochlore is basically that of the fluorite structure
along with a set of low-intensity diffraction peaks at about
the 20 values of 14° (111), 28° (311), 37° (331), 45° (511),

and 51° (531), which correspond to the ordering in the lattice.
It may be noted that reflections (111) and (531) were not
observed in the present case. These missing reflections have
also been reported by a number of researchers [25, 27, 29].
The superstructure peaks of the ordered lattice are specified by
a Py label in the Fig.1. There is no evidence to suggest the
precipitation of any secondary phase from the solid solutions
indicated by absence of impurity peaks in the diffraction pat-
tern. The lattice parameter a and unit cell volume V are given
in Table 1. It has been noted that both the lattice parameter a
and cell volume V decrease with increase in x because of the
substitution of larger Zr** and Ti** with smaller Mn** ion.
Moreover, from the values of ratio of the average A site radius
to the average B site radius (r5/rp), it has been observed that
with the substitution of a smaller Mn** ion into the Zr** and

Fig. 1 Typical Miller-indexed
XRD patterns for Y,Zr;_, Ti;.
anZxO7
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Ti** site, the value of 7o /rg increases, resulting in the ordering
of pyrochlore structure.

The average crystallite size (D) was calculated by applying
the Scherrer equation, given below, to the most intense XRD
peak (222) as a reference plane [30],

KX\
(cost

where K is the shape factor (=0.90), A is the X-ray wave-
length, 6 corresponds to the peak position, and 3 is full width
at half maximum of (222) peak in radians. The results
(Table 1) show no appreciable difference in crystallite size
for the samples. This might be due to formation of stable
pyrochlore structure for all the Y,Zr;_ Ti; Mn,,O7 (x=0.0,
0.05, 0.10) samples.

Elemental and microstructural analysis

To check the elemental composition of the phases, EDX anal-
yses are conducted (Fig. 2). It gives the qualitative elemental
composition in the samples by the appearance of Y, Zr, Ti, and
Mn metal peaks. The results (mass percentage of elements
present) confirmed the existence of the constitutive elements
and did not show any impurity element in the phases. The
mass percentages calculated from the EDX data are found
near to the nominal compositions as presented in Table 2.
Analysis of surface morphology and microstructures of the
prepared phases was done by SEM. The SEM profile of
phases is displayed in Fig. 3. All the samples show more or
less alike near spherical morphology. The average grain size
calculated from SEM images using line intercept method falls
in the submicron range. Agglomeration of particles with high
homogeneity has also been observed to a certain extent.

Magnetic properties

A systematic study of temperature-dependent magnetic sus-
ceptibility for all samples has been accomplished using both
ZFC and FC modes at very low applied magnetic field
(100 Oe) as shown in the Fig. 4. It can be seen that there is
no change in magnetic susceptibility for the parent sample

Table 2 EDX results of the Y,Zr,_Ti;_ Mn,, O,

Compound  x=0.0 x=0.05 x=0.10
Mass% Mass% Mass%
Exp. Cal. Exp. Cal. Exp. Cal.
Y 41.54 4146 4169 4160 4170  41.74
Zr 21.19 2127 2022 2027 19.38 19.27
Ti 11.27 11.16 10.76 10.64 10.15 10.11
Mn 1.24 1.28 2.63 2.58
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Fig. 2 EDX spectra of Y,Zr,  Ti; ,Mn,,0

with x=0.0, which could obviously be due to the fact that
all the ions in the sample are diamagnetic in character.
Moreover, in the case of Mn-doped samples, no significant
differences between ZFC and FC curves are evident. This
shows that the samples obeyed the canonical paramagnetic
behavior, with no magnetic ordering or spin glass-like transi-
tion. Similar behavior was also observed for rare-earth-doped
Ti pyrochlores [31].

The thermal variation of the reciprocal ZFC molar magnet-
ic susceptibility for Mn doped samples is displayed in Fig. 5.
The linear part of inverse molar magnetic susceptibility data at
high temperature (170-300 K) for x =0.10 sample was fitted
using the Curie-Weiss law [32],

C

A =



J Aust Ceram Soc (2021) 57:339-345 343
0.08 O ZFC (x=0.00)
@ FC (x=0.00)
O ZFC (x=0.05)
® FC (x=0.05
0.06 1 O ZFC (x =0.10)
= @® FC (x=0.10)
o
E
£ 0.04-
)
£
=
0.02-
0.00 1

Fig. 3 SEM micrographs of Y,Zr,_,Ti;  Mn,,0;

where C is the Curie constant and @ is the Curie-Weiss tem-
perature, while x = 0.05 sample does not show any linearity in
the investigated temperature range.

The effective magnetic moment (i) of x=0.10 phase in
the temperature range of implementation of the Curie-Weiss
law was calculated from the Curie constant (derived from the
slope of x,! —T plot) by the following relation:

gy = 2.828VC
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Fig.4 Temperature dependence of molar magnetic susceptibility (y,,) for
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Fig. 5 Plots of temperature dependent inverse molar magnetic
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Table 3 Magnetic parameters of Y,Zr;_, Ti;..Mn,, 0

Compound 0 K) Her (BM.) e (BM.) M, (emu/g) 15 (BM.) sy (BML) A= g — fis
x=0.05 - - - 3.36 0.26 0.3 0.04

x=0.10 - 80 2.07 1.73 5.05 0.38 0.6 0.22

We have also calculated the value of theoretical magnetic
moment (u.;) of x =0.10 phase by the relationship [33, 34],

— /1,2
Hear = X ‘Mt

where x is the fraction of Mn** ions in the samples and Mt
(3.87 B.M.) is its spin only magnetic moment. The values of
O, pie and piq; for x = 0.10 sample are listed in Table 3. The
negative value of © shows that antiferromagnetic interactions
are dominant in the phase. The antiferromagnetic (AFM) be-
havior in the material might be due to the presence of super-
exchange Mn**—O%* — Mn** interactions.

To obtain more extensive information of the magnetic prop-
erties, magnetization (M) versus applied magnetic field
(— 70 kOe < H < 70 kOe) measurements at 10 K has been made
for both Mn-doped samples. The M—H curves for the samples
are shown in Fig. 6. Furthermore, magnetic hysteresis loops are
perceived for the Mn-doped compositions implying that the
systems have dominant antiferromagnetic (AFM) interactions
with a weak ferromagnetic component. The extent of
unsaturation in the M—H curves becomes progressively more
marked with increase in Mn concentration, which might be due
to increase in super-exchange Mn**—0? — Mn*" interactions.
Further, it is thought that the presence of weak ferromagnetic
component in the phases is due to the canted antiferromagnetic
arrangement instead of ferromagnetic order. The magnetization

O x=0.05
O x=0.10

M (emu/g)
o

24

-6 — —
-90 -60 -30 0 30 60 20
H (kOe)

Fig. 6 Variation of magnetization (M) as a function of magnetic field (H)
for Yzzrl,xTil,ansz7
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does not saturate even at the maximum applied field of 70 kOe
for both Mn-doped phases. Then, the saturation magnetization
(M,) was determined from the plot between M and //H in the
high field zone. The values of saturation magnetization are
monotonically increasing with Mn doping level (Table 3).
Using the hysteresis curve shown in Fig. 6, it is possible to
estimate the magnitude of the uncompensated moment ()
per formula unit from M,, the values of which are given in
Table 3. These values are found to be smaller than theoretical
value ) (Table 3) corresponding to high-spin state for Mn**
and ferromagnetic (FM) ordering of all spins which proves that
the dominating magnetic behavior is AFM, which is consistent
with present data of negative Curie-Weiss temperature (©).
Further, the increase in the value of Ay with Mn doping indi-
cates the presence of greater AFM interactions as a result of
increase in super-exchange Mn*—O% — Mn*" interactions.

Conclusion

In summary, we have studied the structural and magnetic
properties of Y,Zr_, Ti;_.Mn,,0; (x=0, 0.05, 0.10) com-
pounds synthesized by Pechini method. All the phases crys-
tallize in the cubic system with Fd-3 m space group. The
decrease in lattice parameter a and cell volume V with Mn
doping is attributed to smaller ionic radius of Mn** than
Zr** and Ti**. No magnetic ordering or spin glass-like transi-
tion was observed at low temperature. The negative value of ©
suggests that AFM interactions are dominant in the Mn-doped
phases. Moreover, small magnetic hysteresis loops are ob-
served for the Mn-doped phases suggesting the presence of
weak ferromagnetic interactions.
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