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a b s t r a c t

We have investigated the structural and magnetic phase transitions in Sr doped polycrystalline
Tb0.55Sr0.45MnO3, using temperature-dependent high-resolution neutron powder diffraction in the HRPT
diffractometer at PSI to address the origin of magnetization reversal at low temperature. The solid so-
lution Tb0.55Sr0.45MnO3 crystallizes in O0 type orthorhombic structure having the Pnma symmetry. The
substitution of the divalent cation of Sr2þ at the site of Tb3þ dilutes the MneTb interaction and affects the
magnetic structure, which was observed by the field and temperature-dependent dc magnetization and
neutron diffraction study. The temperature-dependent zero field-cooled and field cooled dc magneti-
zation study reveals the indication of spin reversal phenomena, which is the nature of canted antifer-
romagnetic or ferrimagnetic transition at 100 Oe because of MneMn sub-lattices interaction below 65 K.
By increasing the applied magnetic field up to 20 kOe, a weak ferromagnetic type of behaviour is
observed. The field-dependent magnetization shows weak coercivity due to the canted spin structure at
low temperatures. The low-temperature neutron diffraction study of polycrystalline Tb0.55Sr0.45MnO3

reveals the non-collinear canted antiferromagnetic structure due to Tb ordering at 1.5 K, which turns into
a non-collinear ferromagnetic structure along with spin canting followed by the spin reversal phe-
nomena at 25 K.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Manganites have always attracted the research interest due to
their rich interplay between spin, charge, and orbital ordering,
which was revitalized after the discovery of magnetic field
controllable ferroelectricity in multiferroic TbMnO3 [1e3]. The
single-phase rare-earth manganites RMnO3 and alkaline-earth
metal-doped mixed-valent rare-earth manganites R1-xAExMnO3
(R ¼ a trivalent rare-earth ion; AE ¼ Alkaline earth metals) are
appealing because of their strongly competingmagnetic interaction
and physical properties such as metal-insulator transition,
magneto-resistance and charge ordering [4e6]. The rare-earth
harshit.agarwal@bhu.ac.in
manganites without any hole doping (x ¼ 0 and x ¼ 1) are anti-
ferromagnetic and insulating in nature [7]. The magnetic structure
of the compounds obtained after substituting the rare-earth ion
(R3þ) in rare-earth manganites with divalent ion (A2þ) may be
either ferromagnetic (FM), induced by double exchange (DE)
interaction, or antiferromagnetic (AFM) induced by super-exchange
(SE) interaction [8]. A non-collinear magnetic structure is then
predictable for mixed-valence manganites systems, due to signifi-
cant competition between double exchange and super-exchange
interactions. Also, the replacement of the rare-earth ion with
divalent cation leads to a canted spin structure, which further tends
to become fully ferromagnetic [9,10].

Most of the research studies related to the mixed-valence
manganites are focused on the physical property characterization
and magnetic structure study for larger rare-earth ions (R ¼ La, Pr,
Nd) [11e13]. There are currently only a few studies on the neutron
diffraction and magnetic transition analysis of the mixed-valence
manganites when the parent compound is multiferroic (R ¼ Gd,
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Tb, Dy, etc.). Gadolinium is a neutron absorber due to its highest
thermal cross-section of any natural element [14] so it is not easy to
understand the magnetic structure of the Gd based compound
using the neutron diffraction analysis. Alkaline-earth metal-doped
rare-earth manganites with larger rare-earth ions have a broader
range of average ionic radii and variance in ionic radii, which affect
the physical properties of rare-earth manganites. Such properties
may also be affected by the doping level of alkaline-earth metal at
the A site of rare-earth manganites and distributed in various cat-
egories based on one-electron bandwidth ‘W’ [15,16]. Among the
substitution level, the region near the half doping of AE metals
shows charge and orbital ordered phase transitions with inter-
esting physical properties [17]. A global phase diagram for the
doping level of x ¼ 0.45 for rare-earth manganites from La to Gd is
observed based on the variation of ionic radii and the average
radius of A site in R0.55AE0.45MnO3 (R¼ LaeGd, AE¼ Ca, Sr, Ba) [18].
The magnetic structure analysis by neutron diffraction study of
Tb0.55AE0.45MnO3 (AE ¼ Sr, Ca, Ba) is an attention-grabbing area of
research.

Multiferroic TbMnO3 with orthorhombic symmetry possesses a
distorted structure having magnetic phase transitions, from para-
magnetic to an incommensurate antiferromagnetic ordering tran-
sition at TN (41e42 K), and a transition into amultiferroic spin spiral
state at TC (26e28 K), at which a ferroelectric order takes place [19].
A structural correlation to the ferroelectric nature of TbMnO3 at a
low temperature of 25 K was observed, which suggests that
ferroelectricity is driven by a phase transition from the centro-
symmetric orthorhombic structure to a non-centrosymmetric
orthorhombic structure via displacement of Mn and O ions, even
though the overall orthorhombic symmetry is maintained [20]. A
detailed neutron scattering study of Sr-doped Tb-based rare-earth
manganite with composition (Nd1-xTbx)0.55Sr0.45MnO3 indicates
the features of long-range and short-range magnetic ordering in
the intermediate region of doping. Also, it shows the feature of
long-range C - type canted ferromagnetic metallic case for x � 0.5
and changes into an insulating state of short-range ferromagnetic
and C- or A-type antiferromagnetic state for x � 0.6 [21]. The Sr2þ

and Ca2þ divalent cation doping at the trivalent Tb site of multi-
ferroic TbMnO3 plays a significant role in changing the magnetic
phase transition and the physical properties at low temperatures.
The large ionic size mismatch variation at the A site favors the
frustration in the ferromagnetic and antiferromagnetic coupling,
which leads to spin glass behavior at low temperatures [22,23]. The
ferroelectricity and effect of spin reversal have been observed in
polycrystalline Dy1-xSrxMnO3 [24]. Recently, the evidence for
ferromagnetic clusters has been observed at room temperature in
Dy and Mn site co-substituted compounds [25].

In the present study, we have doped the Sr at the Tb site of
polycrystalline Tb1-xSrxMnO3 and observed the magnetic phase
transition for x ¼ 0.45. The magnetic structure analysis at low
temperatures down to 1.5 K is observed by neutron powder
diffraction (NPD). This is complemented by a structural and mag-
netic study of polycrystalline Tb0.55Sr0.45MnO3 by using the x-ray
diffraction and DC magnetization.

2. Experimental

2.1. Synthesis of polycrystalline Tb0.55Sr0.45MnO3

We have synthesized polycrystalline Sr-doped Tb0.55Sr0.45MnO3

(TSMO) by following the conventional solid-state route in a high-
temperature programmable furnace. A stoichiometric proportion
of high purity (�99.9% or better) oxide precursors of Tb4O7, SrCO3,
and MnO2 powders were placed in a furnace at 150 �C for 24 h
preheating. After the preheating process, the precursors are mixed
in agate mortar and ground for 8 h. Then the mixture was placed in
an alumina boat and calcined at 1250 �C for 24 h. For homogeneity
and single-phase formation, the calcined sample is again ground for
2 h and pelletized by applying 6-ton pressure for 20 min. The pellet
was sintered at 1350 �C for 24 h followed by furnace cooling. The
sintered sample was used for further experiments.

2.2. Structural and microstructural characterization

The synthesized sample has been characterized by X-ray
diffraction (XRD) to confirm the crystallinity and phase purity.
During the synthesis process, we have observed the XRD for the
powder sample two times; one is for the calcined sample at 1250 �C
and another one for the sintered sample at 1350 �C. The XRD
pattern of the synthesized sample was further analyzed by the
Rietveld refinement technique to determine the crystal structure of
the sample using the program JANA2006 [26]. The XRD data has
been collected with a Panalytical Empyrean X-ray diffractometer at
0.02� 2q step size in 2q range from 10� �110�. The microstructure
analysis of TSMO was done by using a scanning electron micro-
scope (SEM) using the secondary electron imaging detector and
bright field imaging of a high-resolution transmission electron
microscope (TEM) operated at 200 kV. The elemental analysis was
done by energy dispersive X-ray analysis (EDAX) attached with
SEM, which confirms the proper stoichiometry of TSMO.

2.3. Magnetic characterization

The temperature-dependent DC magnetization study has been
carried out in the temperature range 2e300 K in Zero-field cooled
(ZFC), field cooled cooling (FCC) and then field cooled warming
(FCW)mode at 100 Oe, 5000 Oe,10 kOe and 2 kOe using a quantum
design SQUID VSM (70 kOe). Also, the DC Magnetization study of
polycrystalline Tb0.55Sr0.45MnO3 sample has been measured as a
function of applied magnetic field M(H) (�70 kOe to 70 kOe at
different temperatures) by SQUID-VSM (M/s. Quantum design,
USA).

2.4. Neutron diffraction study

Neutron diffraction is the best tool to determine the magnetic
structure with long-range magnetic ordering. Since the mechanism
of neutron scattering depends on the scattering length of the
constituent elements in the compound, it is useful to provide ac-
curate information of the atomic positions in the nuclear structure
[27]. We have carried out temperature-dependent neutron
diffraction on polycrystalline Tb0.55Sr0.45MnO3 at High-Resolution
Powder Diffractometer for Thermal Neutrons (HRPT) [28] in the
SINQ spallation source at PSI, Switzerland. The sample was filled in
a vanadium can; a collection time of 3 h was required for each
temperature, ranging from 295 K down to 1.5 K. The wavelength
was 1.494 Å. The analysis of nuclear and magnetic refinement is
performed by using the program Fullprof [29,30]. The magnetic
propagation vector and corresponding irreducible representations
were determined by using K-search and BASIREPS modules in
Fullprof suite from the peak positions of the magnetic diffraction
lines [31].

3. Result and discussion

3.1. Structural characterization of Tb0.55Sr0.45MnO3

TbMnO3 exhibits an orthorhombic crystal structure showing a
multiferroic nature. We have replaced the Tb site (Tb3þ ion) with
Strontium (Sr2þ, a divalent cation). The substitution of Sr changes
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the Mn oxidation state from Mn3þ to Mn4þ by doping with Sr2þ.
The divalent doping in rare-earth manganites induces interesting
properties. Intermediate-range hole-doped polycrystalline
Tb0.55Sr0.45MnO3 has been successfully obtained by solid-state
synthesis. We have analyzed of Sr-doped TbMnO3 by XRD and
found a single-phase polycrystalline perovskite oxide. Fig. 1(a)
shows the comparison of XRD analysis of calcined TSMO at 1250 �C
and sintered TSMO at 1350 �C. After sintering, the Bragg reflections
are sharper and well defined, as shown in the inset of Fig. 1 (a). The
Rietveld refinement from XRD data of polycrystalline
Tb0.55Sr0.45MnO3 is illustrated in Fig. 1(b), which shows that
Tb0.55Sr0.45MnO3 crystallizes in the orthorhombic Pnma space
group; a view of the crystal structure is shown in Fig. 1(c). Fig. 1(d)
shows an octahedral distortion in TSMO having the a-bþa� type
Glazer distortion for Pnma. The MneO octahedron is slightly dis-
torted from cubic to orthorhombic symmetry. With respect to
TbMnO3 structural parameters [20], the lattice parameters of TSMO
evolve to a quasi-tetragonal lattice, since the unit-cell parameter ‘a’
is nearly equal to ‘c’. In this way, TSMO possesses the O0 type of
lattice distortion, characterized by a lattice arrangement a �
c � b∕√2, in contrast with the case of the O type of lattice distor-
tion, where the lattice parameter arrangement is a � b∕√2 � c. So,
the orthorhombic structure of TSMO is less distorted than the
crystal structure of pure TbMnO3. The refined lattice parameters
and atomic coordinates determined from the XRD refinement study
are shown in Table 1a, and b respectively.
Fig. 1. (a) Comparison of XRD analysis of calcined Tb0.55Sr0.45MnO3 at 1250 �C (blue color) an
changes in XRD data in between the 2 q range for 45� to 57�; (b) Rietveld refinement of X-
structure having the centrosymmetric Pnma space-group; (d) Octahedral distortion in Pnma
this figure legend, the reader is referred to the Web version of this article.)
Since, the properties of the manganites can be tuned by using
twomain parameters, which are the average ionic radii at the A site
< rA >, and the variance of the ionic radii s2. In the case of
R0.55AE0.45MnO3, the variance s2 and average radii of A-site are
studied for understanding the magnetic phase transition of the
sample [17,18]. Since the Tb/Sr atoms are surrounded by nine ox-
ygen atoms, the values of Shannon ionic radii for nine-fold coor-
dination are considered. The average radius of the A-site < rA >
(Tb0.55/Sr0.45) in Tb0.55Sr0.45MnO3 is 1.192 Å and variance of the
ionic radii s2 is 0.011. The phase diagram having the effect of
average radius and variance of ionic radii was observed for the rare-
earth manganites from La to Gd. It is expected from the phase di-
agram that Tb0.55Sr0.45MnO3 must have an intermediate behavior
between the insulating spin-glass structure and ferromagnetic
metallic state [21].

The Microstructural study of the TSMO has been carried out by
the scanning electron microscopy (SEM) and Transmission electron
microscopy (TEM). Fig. 2(a) shows the secondary electron imaging
of the TSMO sintered sample coated by platinum, which shows the
chunks of polycrystalline TSMO. As the sintered pellet is crushed
and ground in an agate mortar pestle, so the particles are varying in
size and show the homogeneous solid solution of TSMO. However,
the average crystallite size of the sample is 60 nm observed using
the XRD characterization. The Energy dispersive X-ray analysis
coupled with SEM shows the presence of Sr, Tb, Mn, and O in the
sample shown in Fig. 2 (b). For further microstructural
d sintered Tb0.55Sr0.45MnO3 (TSMO) at 1350 �C (red color) with inset showing the clear
ray Diffraction data of polycrystalline TSMO synthesized at 1350 �C; (c) Orthorhombic
symmetry with a-bþa� Glazer notation. (For interpretation of the references to color in



Table 1a
Lattice Parameters and Structural refinement parameters for TSMO observed by XRD.

Refined Parameters and Phase Data

Unit-Cell Parameters a ¼ 5.421(7) Å, b ¼ 7.629(3) Å, c ¼ 5.406(9) Å,
a ¼ b ¼ g ¼ 90�

Space Group Pnma (Centrosymmetric)
R- Factor Rp ¼ 1.93%, Rwp ¼ 2.55%, GOF ¼ 1.06%,

RBragg ¼ 3.94%, wRBragg ¼ 3.75%
Volume V ¼ 223.65(3) Å3

Table 1b
Atomic Parameters for TSMO at room temperature.

Atoms Atomic Positions Uiso Factor Wyckoff position Occupancy

x y z

Tb 0.9744(3) 0.25 0.0078(5) 0.005 4c 0.55
Sr 0.9744(3) 0.25 0.0078(5) 0.005 4c 0.45
Mn 0.5 0 0 0.001 4b 1
O1 0.0073(4) 0.25 0.5679(2) 0.008 4c 1
O2 0.7061(6) 0.4622(6) 0.2515(9) 0.001 8d 1

Fig. 2. (a) Surface morphology of polycrystalline TSMO coated by Platinum, which is observed by secondary electron imaging of SEM; (b) Energy dispersive X-ray analysis of
synthesized sample; (c) High resolution lattice fringe imaging (HRLFI) observed by high resolution Transmission electron microscope; the inset displays the Fourier filtered HR-LFI
showing the interplaner spacing aligned along the [101] direction; (d) SAED pattern indexed for polycrystalline TSMO having Pnma symmetry.
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characterization, we have observed the bright field imaging of
TSMO by TEM, showing interesting features of polycrystalline
TSMO. Fig. 2(c) shows the High-resolution lattice fringe imaging
(HRLFI) observed by high-resolution TEM in bright field mode. The
inset displays the Fourier filtered HR-LFI, which is filtered by the
Gatan Microscope tool. The interplanar spacing is 3.92 Å, which
means that the crystal is arranged in [101] direction. Fig. 2(d) shows
the SAED pattern for TSMO at 10 1/nm scales, which is confirming
the single-phase character of orthorhombic TSMO.
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3.2. Magnetic characterization of Tb0.55Sr0.45MnO3

We have measured the magnetic properties at various temper-
atures down to 5 K and field up to 70 kOe. Fig. 3 (a) shows the
temperature-dependent DC magnetization study in which the
systemwas cooled down to 5 K. Then amagnetic field of 100 Oewas
applied and magnetization data were collected up to 300 K, which
is the zero-field cooled (ZFC) state shown in Fig. 3(a) as a black
colored curve. After applying a field of 100 Oe, the data were
collected by cooling the system again down to 5 K, which is known
as field-cooled cooling (FCC), depicted as the red curve in Fig. 3 (a).
For checking the reversibility in the magnetization curve, the sys-
temwas again warmed to 300 K and the data was collected, which
is known as field-cooled warming state (FCW), depicted by the blue
curve in Fig. 3 (a). We have found that during the ZFC state, as we go
from 5 K to 300K, the magnetization from the weak saturation
Fig. 3. (a) The Temperature-dependent Zero Field Cooled, Field-Cooled Cooling, and
Field- Cooled Warming DC magnetization study of polycrystalline TSMO observed at
100 Oe; (b) the inset is showing the bifurcation in ZFC and FCC/FCW curve at TB ~ 65 K,
related to the Mn ordering temperature; the spin reversal transition due to MneMn
sublattice interaction and canted antiferromagnetic transition due to Tb3þ ion at
TTb ~ 8 K; (c) Inverse susceptibility study obtained by ZFC curve with Curie-Weiss
Fitting having the linearity parameter R2 ¼ 0.9997, showing the weak ferromagnetic
with canted spin or ferrimagnetic nature of the sample; (d) Irreversible magnetization
related to the magneto-striction present in the polycrystalline TSMO.
starts to decrease to 25 K and then increases to a maximum at TcuspZFC

~41 K, after which it decreases exponentially up to 300 K. During
the field-cooled cooling (FCC) from 300K to 5K, the magnetization
curve bifurcates from the ZFC curve at 65 K and increased up to
TcuspFC ~ 39 K. The bifurcation temperature is considered to indicate
the first transition temperature happening due to Mn ordering,
which is visible in the inset of Fig. 3 (b). Also, the bifurcation and
irreversibility in the ZFC/FCC data may be the effect of spin reor-
ientation or spin glass nature of the sample but below 40 K, the FCC
magnetization is decreased and crossed the ZFC magnetization
curve at TSR ¼ 21 K, known as spin-reversal temperature. After this,
the FCC state comes in the same saturation state of magnetization
below TTb ¼ 8 K, which is considered to be another magnetic
transition temperature due to Tb ordering. We have not observed
any changes in the FCW state and found it to be similar to the FCC
state of magnetization. Since the magnetization in the FC state is
lower than the ZFC state, it may not be the effect of a spin-glass
state [32]. Such type of reversal magnetization phenomena may
be the reason for a canted spin structure, due to the formation of
two sub-lattices with different coercive fields and different
magnetization behavior, which generally happens in ferrimagne-
tism. The temperature-dependent inverse susceptibility is obtained
from the ZFC mode at 100 Oe shown in Fig. 3 (c) and fitted by the
Curie-Weiss law in the temperature range of 100 Ke300 K {c¼ C/(T
- q), where C is Curie Constant, and q is Weiss temperature}, which
also indicates the weak ferromagnetic with canted spin or ferri-
magnetic behavior of polycrystalline TSMO at low temperature.
Such type of ferrimagnetism and spin reversal phenomena has also
been observed in (Gd, Ca)MnO3 [33]. The experimentally observed
effective magnetic moment of polycrystalline TSMO is 10.76 mB,
which is close to the theoretical value of the effective magnetic
moment (TSMO meff ¼ 8.476 mB, the square root of the sum of
theoretical moments as 0.55 (mTb3þ)2 þ 0.55 (mMn3þ)2 þ 0.45
(mMn4þ)2 where mTb3þ ¼ 9.72mB, mMn3þ ¼ 4.89mB, mMn4þ ¼ 3.87mB).
Also, the Curie constant (C) and Weiss temperature (q) for poly-
crystalline TSMO are 14.482 emu K- Oe�1. mol�1 and 14.884 K
respectively, which is positive in nature. To investigate the irre-
versible magnetization (IRM) [34], the difference between FC and
ZFC curves, MIRM ¼MFC �MZFC is plotted in Fig. 3(d). MIRM shows a
negative value under the low magnetic field (100 Oe) in a certain
temperature region. This unusual feature may be related to the
large magneto-striction present in this material. The mechanism of
magneto-striction originates from the interchange coupling of the
magnetic moments of atoms in the sample below 21 K.

For reconfirmation of the DC magnetization behavior, we have
performed the temperature-dependent DC magnetization study on
various fields, which are 100 Oe, 5000 Oe, 10 kOe and 20 kOe in the
temperature range 5 Ke100 K; shown in Fig. 4 (a), (b), (c) and (d)
respectively. Also, the temperature-dependent inverse suscepti-
bility is plotted in the same graph on another Y-axis. The spin
reversal effect of magnetization at low temperatures seems to
violate by increasing the magnetic field. We have observed that the
effect of magneto-striction has been changed by applying the
magnetic field.

Fig. 5 shows the field-dependent DC magnetization curve M (H)
for polycrystalline TSMO collected in between the magnetic field of
±70 kOe, at various temperatures 5 K, 25 K, 60 K, 100 K, and 300 K.
We have observed that there is no saturation in the field-dependent
magnetization curve down to 5 K. Also, a weak coercivity of
~2810 Oe and ~700 Oe are observed at 5 K and 25 K respectively,
which may be the effect of canted spins or the ferrimagnetic nature
of the sample. For confirming the magnetic structure of the poly-
crystalline TSMO, our further study is focused on the Neutron
Diffraction experiments.



Fig. 4. Temperature-dependent DC magnetization of polycrystalline TSMO along with the inverse susceptibility at (a) 100 Oe; (b) 500 Oe; (c) 10 kOe; (d) 20 kOe, in the temperature
range of 5Ke100K.

Fig. 5. (a) Field dependent DC magnetization M � H behavior of polycrystalline TSMO at various temperatures down to 5K and magnetic field �70 kOe to þ7 kOe; (b) inset is
showing the weak coercivity at 25 K and 5 K; (c) the M/H loop is further opening at 6.8 kOe without following any saturation.
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Table 2
Neutron powder diffraction refinement parameters of polycrystalline TSMO at
various temperatures down to 1.5 K

Parameters 300 K 150 K 50 K 25 K 1.5 K

a (Å) 5.411(3) 5.410(6) 5.409(5) 5.409(1) 5.408(6)
b (Å) 7.626(4) 7.616(2) 7.611(5) 7.610(5) 7.611(2)
c (Å) 5.398(2) 5.394(5) 5.392(9) 5.392(8) 5.392(3)
b/√2 (Å) 5.393(2) 5.386(3) 5.383(1) 5.382(2) 5.382(7)
MneO1/MneO4 (Å) 1.940(4) 1.937(5) 1.936(1) 1.936(1) 1.936(8)
MneO2/MneO5 (Å) 1.934(2) 1.932(1) 1.930(2) 1.935(7) 1.936(3)
MneO3/MneO6 (Å) 1.949(9) 1.952(9) 1.955(2) 1.947(8) 1.949(1)
MneO1eMn (�) 158.53(3) 158.67(5) 158.74(9) 158.64(9) 158.46(9)
MneO2eMn (�) 159.42(5) 159.04(3) 158.82(4) 159.08(9) 158.75(3)
Volume (Å3) 222.76(3) 222.30(4) 222.05(8) 222.03(1) 221.91(5)
Bragg R-factor (%) 1.68(8) 1.57(3) 1.80(8) 2.02(5) 1.67(4)
Rf factor (%) 1.18(1) 1.21(7) 1.25(7) 1.28(6) 1.13(4)
Chi Square 1.68 1.74 2.10 2.10 2.14
Magnetic R factor e e 39.6 28.58 14.61
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3.3. Neutron diffraction study of Tb0.55Sr0.45MnO3

The magnetic structure of the orthorhombic TbMnO3 parent
compound was found to be spiral antiferromagnetic as per the
neutron diffraction study [19]. When the rare-earth ion was
partially substituted by an alkaline earth metal having a divalent
state, the antiferromagnetic phase becomes distorted and trans-
forms into a canted structure before becoming fully ferromagnetic
[9]. The magnetic structure is expected to be transformed for the
substitution of alkaline-earth metal; the introduction of Sr2þ has
changed theMn state to a mixed-valent state and it has also diluted
the magnetic contribution of Tb3þ ion. For the study of the mag-
netic structure of Tb0.55Sr0.45MnO3, neutron powder diffraction
(NPD) patterns at different temperatures of 300 K,150 K, 50 K, 25 K,
and 1.5 K have been acquired. The observed neutron diffraction
patterns at various temperatures are depicted in Fig. 6, and the
inset shows the important low-angle 2q regions. We can observe
that there is no signature of any additional peak down to 150 K, and
at 50 K a feeble hump-like feature around 2q ¼ 15.8� starts
appearing. As the temperature decreases, the new peak develops
from this hump-like feature. This situation points out towards an
interesting magnetic structure, which will be discussed further in
the text. The nuclear structure at all the temperatures has been
refined by the Rietveld method from the NPD patterns, using the
program Fullprof. The temperature dependent variation in lattice
structural parameters and refined phase data along with the MneO
e Mn bond angle and bond length has been observed from the
nuclear structure refinement of NPD patterns, which is mentioned
in Table 2. The variation in these parameters is visible in Fig. 7. A
small anomaly in the MneO distances at the phase transition is
expected. The signification of this study is to show how the MneO
distances and lattice parameters are changing by decreasing the
temperature. Nevertheless, the symmetry of the lattice is main-
tained from 300 K to 1.5 K, which is orthorhombic in all T range.
Table 3 represents the temperature-dependent variation of the
atomic position of Tb/Sr, Mn and Oxygen atoms. At all tempera-
tures, TSMO follows the condition of a � c � b∕√2, which shows
that the TSMO is maintaining its centrosymmetric symmetry of O0

type with Pnma structure down to 1.5 K.
Fig. 6. Neutron Powder Diffraction Study of polycrystalline TSMO at 300 K, 150 K,
The magnetic contribution in NPD patterns due to long-range
ordering of Mn moments was found to start at 50 K, which con-
tinues down to 1.5 K. After the nuclear structure refinement of
TSMO, the magnetic propagation was analyzed by following the K-
search program. As discussed aforementioned in Fig. 6, in the NPD
patterns acquired at T ¼ 25 K and T ¼ 1.5 K, a new Bragg peak
around 2q ¼ 15.8� is observed, which can be indexed as (1, 0,
0)þ (0, 0, 1). This Bragg peak is forbidden for the Pnma space group
and it comes from the ordering of the Mn sublattice. It indicates
that the magnetic ordering is characterized by the propagation
vector k ¼ (0,0,0). For the space group Pnma, the little group GK
formed with the elements that leave k invariant coincides with the
space group. The irreducible representations calculated from the
program BASIREPS for the magnetic symmetry analysis areas are
presented in Table 4:

The spatial notation for the magnetic atoms is:
Mn (site 4b): 1 (0, 0, 1/2); 2 (1/2, 0, 0); 3 (0, 1/2, 1/2); 4 (1/2, 1/2,

0)
Tb (site 4c): 5 (0.9686, 0.25, 0.0049); 6 (�0.4686,�0.25, 0.5049)
7 (�0.9686, 0.75, �0.0049); 8 (1.4686, 0.252, 0.4951)
According to group theory, the possible solutions for these
50 K, 25 K, and 1.5 K. Inset is showing the changes observed in NPD patterns.



Fig. 7. Variation in Crystallographic parameters observed by NPD of polycrystalline TSMO at various temperatures (a) Unit cell parameter (b) MneO e Mn Bond angle (c) MneO
Bond Length.

Table 3
Refined structural variation in polycrystalline TSMO observed form Rietveld refinement of neutron powder diffraction patterns.

300 K 150 K 50 K 25 K 1.5 K Site

Tb x 0.9701(5) 0.9695(4) 0.9690(6) 0.9695(8) 0.9685(6) 4c
y 0.25 0.25 0.25 0.25 0.25
z 0.0004(9) 0.0039(8) 0.0037(1) 0.0044(7) 0.0049(3)
U 0.01 0.008 0.005 0.005 0.005

Sr x 0.9701(5) 0.9695(4) 0.9690(6) 0.9695(8) 0.9685(6) 4c
y 0.25 0.25 0.25 0.25 0.25
z 0.0004(9) 0.0039(8) 0.0037(1) 0.0044(7) 0.0049(3)
U 0.01 0.008 0.005 0.005 0.005

Mn x 0.5 0.5 0.5 0.5 0.5 4b
y 0 0 0 0 0
z 0 0 0 0 0
U 0.009 0.007 0.007 0.006 0.006

O1 x 0.0128(9) 0.0130(5) 0.0130(4) 0.0116(6) 0.0138(4) 4c
y 0.25 0.25 0.25 0.25 0.25
z 0.5656(9) 0.5651(5) 0.5648(9) 0.5654(7) 0.5656(4)
U 0.016 0.017 0.014 0.015 0.014

O2 x 0.7190(7) 0.7183(6) 0.7181(3) 0.7190(4) 0.7180(5) 8d
y 0.4658(4) 0.4650(1) 0.464(3) 0.4650(4) 0.4648(7)
z 0.2789(8) 0.2790(4) 0.2787(3) 0.2795(3) 0.2804(4)
U 0.018 0.019 0.017 0.017 0.016

Table 4
Irreducible representations: p ¼ 1/2.

{1|000} {2_00z|p0p} {2_0y0|0p0} {2_x00|ppp} {-1|000} {m_xy0| {m_x0z|0p0} {m_0yz|ppp}

G1 1 1 1 1 1 1 1 1
G 2 1 1 1 1 �1 �1 �1 �1
G 3 1 1 �1 �1 1 1 �1 �1
G 4 1 1 �1 �1 �1 �1 1 1
G 5 1 �1 1 �1 1 �1 1 �1
G 6 1 �1 1 �1 �1 1 �1 1
G 7 1 �1 �1 1 1 �1 �1 1
G 8 1 �1 �1 1 �1 1 1 �1
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Table 5
Notation for Mn and Tb ion according to Group theory.

Mn Tb

G1 (Ax, Gy, Cz) (0, Gy, 0)
G 2 (Ax, 0, Cz)
G 3 (Gx, Ay, Fz) (Gx, 0, Fz)
G 4 (0, Ay, 0)
G 5 (Cx, Fy, Az) (0, Fy, 0)
G 6 (Cx, 0, Az)
G 7 (Fx, Cy, Gz) (Fx, 0, Gz)
G 8 (0, Cy, 0)

Mn Tb
F ¼ m1 þ m2 þ m3 þ m4 F ¼ m5 þ m6 þ m7þ m8

G ¼ m1 - m2 þ m3 - m4 G ¼ m5 - m6 þ m7 - m8

C ¼ m1 þ m2 - m3 - m4 C ¼ m5 þ m6 - m7 - m8

A ¼ m1 - m2 - m3 þ m4 A ¼ m5 - m6 - m7þ m8

Fig. 8. Neutron Diffraction pattern refinement using Rietveld Analysis along with the nuclea
the figure (c) and (d) represent the magnetic peak refinement observed at 15.8� 2 q. (e) Rietv
The inset is showing the diffuse scattering reflection observed at 15.8� 2 q due to short-ran
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magnetic atoms and notation for the basis vectors are mentioned in
Table 5.

On the other hand, around 50% of the Tb positions must be
occupied by Sr atoms, and probably they are randomly distributed.
So it can be considered that the Tb atoms do not contribute to the
long-range magnetic order, although a short-range ordering is
probable. The magnetic structure factor, if only the Mn is consid-
ered is:

F
!

M ¼ f
�
j h!j

��
m!1e

lpi þm!2e
hpi þm!3e

ðkþlÞpi þm!4e
ðkþkÞpi

�

where f(|h|) is the atomicmagnetic form factor of Mn. The reflection
at 2q ¼ 15.8� corresponds to the Bragg reflections (1,0,0) þ (0,0,1).
The magnetic structure factor is:
r structure having Pnma symmetry at (a) 300 K (b) 150 K (c) 50 K and (d) 25 K. Inset of
eld refinement of Neutron Diffraction pattern along with the nuclear structure at 1.5 K.
ge ordering of Tb.



Fig. 9. Magnetic structure of polycrystalline TSMO at (a, b) 50 K having large ferromagnetic ordering with weak antiferromagnetic canting of Mn spin in the (�)ve ‘a’ direction along
with the top view of the magnetic lattice (c, d) 25 K due to the spin orientation of canted ferromagnetic ordering in the (þ)ve ‘a’ direction along with the top view of the magnetic
lattice (e, f) 1.5 K due to the non-collinear antiferromagnetic ordering of Tb and Mn spin follows the magnetization reversal along with the top view of magnetic lattice having Tb
and Mn spin.

Table 6
Magnetic moment of different cations at various temperatures.

Temperature Cation mx my mz Magnetic Moment

50 K Mn3þ/4þ 1.25(3) 0.36(9) �0.22(6) 0.50(7)
25 K Mn3þ/4þ 1.35(2) 0.71(7) �0.50(1) 1.61(1)
1.5 K Mn3þ/4þ 0.22(7) 0.45(4) �0.52(3) 0.72(9)

Tb3þ 0.41(6) 0 1.43(5) 1.49(4)
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F
!

Mð1;0;0Þ¼ kðm!1 �m!2 þm!3 �m!4Þ

F
!

Mð0;0;1Þ¼ kð � m!1 þm!2 �m!3 þm!4Þ
The magnetic structure factors of the reflections (1,0,0) and

(0,0,1) are different from zero only for the basis vector G. So, the
possible solutions correspond to G1, G3, and G7. The possible solu-
tions correspond to G3 and G7 irreducible representations. On the
other hand, the magnetization curves give a small ferromagnetic
component. It means that there is a canting of the magnetic
structure when a magnetic field is applied. So, only the solutions of
G3 and G7, which are (Gx, Ay, Fz) and (Fx, Cy, Gz), respectively, are
acceptable. Fig. 8 illustrates the Rietveld refinement study from the
NPD patterns at (a) 300 K, (b) 150K, (c) 50 K and (d) 25 K. Fig. 8 (e)
depicts the refinement of NPD pattern at 1.5 K. The inset displays
the presence of a diffuse scattering peak, which may be originated
by a short-range ordering of the Tb lattice, with a glassy nature of
spin orientation.

The magnetic structure at 50K is a canted ferromagnetic-type
structure having the canted spin along the negative a-axis, as
shown in Fig. 9 (a, b). According to the spin reversal phenomenon
observed in the DC magnetization study, we have found that the
spin of Mn atoms in the magnetic structure observed at 25 K fol-
lows the spin reversal condition, as the Mn spin is canted along the
positive a-axis. The refinement of the magnetic structure in both
cases is following the G7 solution, which is (Fx, Cy, Gz) for Mn atom.
The spins in each layer are oriented at different angles, which are
expected to be happening due to MneOeMn superexchange in-
teractions within theMn sublattices. Also, the canting in spins leads
to some magnetic moment, which was the indication of the
ferromagnetic-type nature observed in the DC magnetization
study. Fig. 9(c and d) shows the canted ferromagnetic structure
along the positive a-axis. The NPD pattern observed at 1.5 K has also
been refined using the irreducible representation of G7 solution,
which is (Fx, Cy, Gz) for Mn atom and (Fx, 0, Gz) for Tb atom. Such
type of non-collinear spin ordered magnetism is well explained in
multiferroic perovskites [35]. Table 6 shows the refined coefficient
for the resulting magnetic structure.

In addition to this, we have observed the diffuse scattering in the
magnetic reflection at 2q ¼ 15.8�, which indicates the short-range
ordering of Terbium, as the doping of Sr dilutes the magnetic
contribution of Tb moments at low temperature. The MneTb
coupling is weaker than the MneMn coupling. The TbeTb inter-
action leads to a canted antiferromagnetic ordering in the magnetic
structure observed at 1.5 K, as shown in Fig. 9 (e, f), along with the
top view of the magnetic square lattice.

It is clear from the complementary observation of DC magne-
tization and neutron diffraction that TSMO has a canted-spin
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orientation at low temperature, below 65 K. Polycrystalline
Tb0.55Sr0.45MnO3 has an orthorhombic structure with the long-
range canted ferromagnetic ordering of Mn ions below 65 K,
which turns into the short-range antiferromagnetic ordering of Tb
ion having FxGz type magnetic structure and canted antiferro-
magnetic ordering of Mn ion having a FxCyGz-type magnetic
structure below 8 K.

4. Conclusion

Terbium ions with large magnetic moments play a significant
role in modulating the magnetic properties of manganites due to
MneMn and MneTb lattice interaction. The Sr doping induces a
mixed-valent state of Mn3þ/Mn4þ and dilutes the magnetic in-
teractions of Tb3þ ion. DC magnetization study reveals the
magnetization reversal phenomena in TSMO, which is happening
due to ferrimagnetic or canted spin ordering of MneMn sublattice.
The neutron diffraction study confirms the exact location of atomic
positions. It also states that TSMO has a long-range canted ferro-
magnetic ordering at 50 K and 25 K. Themagnetic ordering induced
a short-range canted antiferromagnetic ordering of Tb ions at 1.5 K.
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