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Abstract. This paper reports the temperature- and field-dependent magnetic properties of monovalent-doped polycrystalline sample Gd0.85 Li0.15 MnO3 (GLMO) prepared by conventional solid-state reaction route. Final sintering at 1673 K for
18 h yields in the formation of well-grown, impurity phase free, single-phased, orthorhombic structured (with Pbnm space
group) crystal. The optical properties have been investigated by UV-absorption spectra. The room temperature UV-absorption
spectrum using Tauc’s formula gives an optical band gap of ∼3.12 eV. The paramagnetic (PM) state to incommensurate
antiferromagnetic (ICAFM) state transition temperature increases due to Li doping. Magnetic hysteresis curve at 5 K signifies
the Gd spin ordering.
Keywords.

Manganites; optical properties; magnetic properties; magnetic phase transition.

1. Introduction
In recent years, multiferroic-based manganites (RMnO3 with
R = Tb, Dy, Gd) have attracted much attention. They are
superlative materials for the study of the magneto-electric
effect, because of strongly competing magnetic interactions
[1–5]. In orthorhombic RMnO3 with perovskite structure,
the ferroelectricity appears because of a complex spiral spin
order that breaks the inversion symmetry [6,7] and magnetic transition takes place at much lower temperatures [8].
GdMnO3 (GMO) is an interesting multiferroic material. The
ionic radius of Gd lies in between La and Dy in the rare
earth family, for this, its physical properties is a sensitive
function of strain. In GMO, the interaction between Gd 4f
spins and Mn 3d spins generates various magnetic transitions at different temperatures [5]. Mn3+ spins are ordered
to an incommensurate state below TN ∼43 K and into a
canted antiferromagnetic state between 16 and 23 K with
small ferromagnetic ordering due to the polarization of Gd
4f spins. Below 6.5 K due to the interaction of 4f spins, longrange ordering of Gd moment occurs. At this temperature,
canted Gd moments completely ordered opposite to the ferromagnetic canted Mn moments [8,9]. The crystal structure in
GMO is described by Pbnm space group with an orthorhombic perovskite structure at room temperature [8,10,11]. The
magnetic properties of undoped and divalent/trivalent-doped
GMO have been studied by several researchers. Biswas et al
[12] and Snyder et al [13] observed that Gd1−x Cax MnO3
(x = 0.30, 0.33) shows ferrimagnetic nature and at low temperature, in the presence of low magnetic field, they show
magnetization reversal. This kind of magnetic properties also
observed in Pr1−x Gdx MnO3 [14]. But the effect of monovalent cation doping at Gd site is also interesting. Here, we
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have studied the effect of monovalent Li doping at Gd site
on the magnetic properties of GdMnO3 compounds. Fifteen
mole percent Li doping converts 30 mol% Mn3+ to Mn4+ due
to which Gd0.85 Li0.15 MnO3 compound show paramagnetic
to antiferromagnetic phase transition with Neel temperature
∼42 K.

2. Experimental
Hole-doped polycrystalline sample Gd0.85 Li0.15 MnO3
(GLMO) was synthesized in the air by conventional solidstate reaction method. Gadolinium oxide (Gd2 O3 ), manganese oxide (MnO2 ), lithium nitrate (LiNO3 ) were taken as
raw materials. At first, they were preheated at 573 K for 2 h to
avoid the moisture and then mixed with their stoichiometric
ratios in a mortar and grounded for 2 h with a little addition
of propan-2-Ol alcohol. The powder was initially calcined
at 873 K for 9 h, then, cooled down to normal temperature.
This preheated powder was reground and pressed into cylindrical pellets, calcined at 1173 K for 12 h, and cooled down.
Then, the final pellets were sintered at 1673 K for 18 h. Then,
the sample was furnace cooled with natural cooling rate and
collected for further measurements.
Structural characterization of the sample was examined by
using powder X-ray diffraction (XRD). The phase purity was
checked by analysing the XRD data using FULLPROOF suit
software with the help of pseudo-Voigt profile (or pseudoVoigt function). The UV–visible spectrum was recorded with
UV-3600 spectrometer. All magnetic measurements were performed by using SQUID magnetometer, whose temperature
range is 2–330 K. Magnetization (M) vs. temperature (T )
measurements in various field (H ) conditions were recorded
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in the temperature range of 5–300 K in both zero field cooled
(ZFC) and field cooled (FC) modes in the presence of various
applied external magnetic fields. In ZFC mode, sample was
cooled down to 5 K in zero fields and then, an external field
was applied to collect the data of the in-heating cycle. Again,
in FC mode, the sample was cooled down to 5 K with the help
of preferred field, and data was recorded in the heating cycle
in the presence of the same applied field. Magnetization–field
(M–H ) data were measured in SQUID magnetometer within
the field values ranging from −50 to 50 kOe at 5 K.

3. Results and discussion
The powder XRD profile of GLMO manganite is shown in
figure 1. The well-fitted Rietveld refinement of the XRD data
using the FULLPROF program assures that the sample possesses single phase orthorhombic perovskite structure and the
crystal structure belongs to Pbnm space group. The refined
lattice parameters, atomic positions, discrepancy factors are
stated in table 1. References [10,11] also confirm that the
sample is a member of the orthorhombic crystal system with
Pbnm space group. Goldschmidt tolerance factor in ABO3
(where A = Gd and B = Mn) compound is given by

t=√

rA  + rO 
2 [rB  + rO ]

,

Figure 1. The powder XRD profile of GLMO manganite.

Table 1.
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where r = ionic radius. In GdMnO3 sample, when we
substitute 15% Li in the place of Gd, average A and B sites
radii both reduce since rLi1+ < rGd3+ and rMn4+ < rMn3+ . Tolerance factor (t) for GMO is 0.8518 and for GLMO is 0.8595.
As the calculated value of tolerance factor (t) in Li-doped
compound is higher, so we can conclude that in the doped
compound, there is less distortion and better stabilization.
The room temperature optical absorption spectrum of the
sample was recorded as a function of wavelength in the range
of 275–800 nm (figure 2a). Absorbance is lower in the 450–
800 nm range, which is an essential condition for non-linear
optical applications. The optical band gap was calculated by
using Tauc’s formula αhν = A(hν − E g )n [15], where A
is a constant, α the absorbance coefficient, E g the band gap
energy of the material and n the band gap transition dependent
exponent, which depends on whether the transition is direct
or indirect. Here, the value of n is 0.5, since the transition is
direct one. Figure 2b shows the graph of (αhν)2 vs. energy
(hν) of the incident photon. The linear behaviour of the curve
cuts the real axis at about 3.12 eV, which is the value of optical
band energy gap. To understand the magnetic behaviour and
effect of monovalent substitution in the magnetic properties
in GLMO, temperature-dependence magnetization was measured under H = 50 Oe with FC and ZFC modes. Figure 3
shows that below 50 K temperature, the sample makes a phase
transition from paramagnetic to a critical state. We have plotted dM/dT vs. T curves in ZFC mode for H = 50 Oe in
the inset view of figure 4. dM/dT vs. T plot has two minima. First minima indicate that the sample undergoes a phase
transition from a paramagnetic state (PM) to an incommensurate antiferromagnetic (ICAFM) state at ∼41.32 K when
H = 50 Oe. The second minima show that a further transition occurs from ICAFM to canted-A-type antiferromagnet
(cAFM) at 20.27 K for H = 50 Oe. In GLMO sample, antiferromagnetic super-exchange interactions are observed in
Gd3+ –Gd3+ , Mn3+ –Mn3+ , Gd3+ –Mn3+ interactions. Among
them, Mn3+ –Mn3+ interaction is more significant than the
other two interactions, since 3d–3d interaction is stronger than
4f–4f/3d–4f interactions. So, antiferromagnetic behaviour is
observed in this sample below 42 K. Fifteen percent Li substitution transforms 30% Mn3+ into Mn4+ , which enhanced
the hole density, as a result, Zener double exchange mechanism in Mn3+ –O–Mn4+ network comes into play. Owing to
this weak ferromagnetism, canted-antiferromagnetic ordering is observed below 21 K. Similar transition has also been

Structural information of GLMO manganite.

Crystal system

Space group

Cell dimensions (Å)

Volume (Å3 )

Rp (%)

Rwp (%)

Rexp (%)

GOF

Orthorhombic

Pbnm

a = 5.30968
b = 5.77923
c = 7.44419

228.4251

2.24

3.07

1.82

2.84

Rb = the profile R-factor; Rwp = the weighted profile R-factor; Rexp = expected R-factor; GOF = goodness of fit which is
defined by (Rwp /Rexp )2 .
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Figure 2. (a) Room temperature optical absorption spectrum of GLMO. (b) Graph of (αhν)2 vs. energy (hν) of the incident photon.
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Figure 3. M–H curve at T = 5 K.

observed in GdMnO3 [16]. It is interesting to note that 15%
doping of Li creates 30% Mn4+ similar to 30% doping of Ca
at Gd site. However, the negative magnetization or magnetization reversal observed in Gd0.7 Ca0.3 MnO3 [12,13] is absent
in the present sample having same amount of Mn4+ .
For the better study of the magnetic field-dependent magnetization of GLMO, we have plotted M–H curve at T = 5 K
(figure 3). Small hysteresis is present in the sample at a very
low temperature (5 K) due to ferromagnetic interaction. At
5 K, the coercivity of the sample is ∼655 emu g−1 and retentivity of the sample is ∼7.41 Oe. No saturation was observed
in the whole field range as expected for AFM sample [17,18].
In figure 5, inverse susceptibility vs. temperature graph is plotted in ZFC mode for the field values H = 50 Oe. We have
fitted the curve with Curie–Weiss law
C
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Figure 4. Temperature-dependence magnetization was measured
under H is with FC and ZFC modes. Inset dM/dT vs. T curves in
ZFC mode for H = 50 Oe.

where C is the Curie–Weiss constant and cw the Curie–
Weiss temperature. The linear fit of experimentally obtained
susceptibility data intersects the x−axis near about −37 K,
which is represented as Curie–Weiss temperature for 50 Oe
field value. This negative value of cw indicates that there
is antiferromagnetic interaction between the spins at a very
low field in GLMO. Theoretical effective magnetic moment
of GLMO is calculated by using the formula
μeff = [0.85μeff (Gd3+ )2 + 0.15μeff (Li+ )2
+ 0.70μeff (Mn3+ )2 + 0.30μeff (Mn4+ )2 ]1/2 ,
where the theoretical values of magnetic moments are
taken as μeff (Gd3+ ) = 7.9μB , μeff (Li+ ) = 2.82μB ,
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The coercivity of the sample is ∼655 emu g−1 and retentivity
of the sample is ∼7.41 Oe. Theoretically and experimentally
calculated effective magnetic moments are well
matched.
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Figure 5. Inverse susceptibility vs. temperature graph is plotted in
ZFC mode for the field values H = 50 Oe.

μeff (Mn3+ ) = 4.9μB (high spin state), μeff (Mn4+ ) =
3.87μB . Theoretically calculated effective magnetic moment
of GLMO is μTh
eff = 8.69μB . The experimental effective magnetic moment is determined by using the equation of Curie
constant, C = N μ2 /3kB ; where N is the Avogadro number
and kB the Boltzmann constant. Taking the slope (1/C) of
inverse susceptibility vs. temperature plot from the linear fit
region, experimentally calculated effective magnetic moment
of GLMO is determined as 8.76μB , which is nearly close to
the theoretical value.

4. Conclusions
Impurity phase-free GLMO sample with orthorhombic Pbmn
space group has been synthesized by using solid-state reaction route. The optical band gap of the sample estimated
by using the Tauc’s formula is 3.12 eV. The sample undergoes a transition from PM state to ICAFM state below TN
∼42 K and transforms into a cAFM state below TC ∼21 K.
A ferromagnetic like M–H loop is observed at 5 K and
no saturation in the magnetization value in the whole range
of the applied magnetic field (H ) indicates the presence of
cAFM states. Hence, we can conclude that at 5 K, the magnetic moment of the sample is due to Gd spin ordering.
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