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Abstract

Magnetic materials are anticipated to exert a considerable influence on shaping the
landscape of future electronic devices and circuits. Not only do the type and concentrations of
charge carriers serve as key controlling factors in electronic circuits, but also the magnetic spins.
This increased degree of flexibility should lead to improvements in non-volatile memory, speed,
efficiency, miniaturization, and power usage. Researchers are putting in significant efforts to create
novel materials that surpass the performance of current materials, while also striving to deepen
their understanding of diverse physical properties. The mixed valence perovskite manganites are
an intriguing collection of compounds with numerous possible uses. It shows a broad spectrum of
conductivity spanning from strongly conducting metallic state to insulating state demonstrates
their flexibility for electrical uses. It also has possible uses in magnetic switches, sensors, magnetic
refrigerator and storage devices. Likewise, the remarkable characteristics of magnetic
orthochromites, such as their high magnetization reversal, exchange bias behavior, and exceptional
electronic conductivity, signify their immense potential for diverse electronic applications. The
discovery of large magnetization reversal and tunable exchange bias behavior in orthochromites
has paved the way for their promising utilization in spintronics, magnetic storage, multiple
memory elements, and magnetic switches.

The recent scientific focus on R2CoMnOs (R is trivalent rare earth element) stems from its
intriguingly complex magnetic behavior, which has opened up a diverse range of potential
applications. They are mostly found in monoclinic structure with P21/n space group, the super
exchange interactions across Co?*-O%-Mn** networks lead to FM ordering. The compounds such
as La2CoMnQg, Sm2CoMn0Og, Nd2CoMnQOsg, Th2CoMnOs, Er,CoMnQOs, Y2CoMnOs etc., exhibit
metamagnetic behavior, magneto-electric coupling, multiferroic behavior, spin-phonon coupling,
magnetization reversal (MR) and tunable exchange bias behavior, magnetocaloric effect, low-
temperature magnetic frustration and large magneto-resistance like properties. Few research
groups have been started working on Ho.CoMnOg, and reported a FM Tc around 77 K, with a
large magnetic entropy (ASm) of value ~ 12 J/kg.K ata 7 T field. This feature makes this material
applicable for magnetic refrigeration.

RoFeCrOg are also an important family of magnetic double perovskites, mostly found in
orthorhombic structure with space group - Pbnm, Pnma, R3c etc. The magnetic ordering is
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determined by the super exchange interaction between Fe**-0%-Fe3*, Cr¥*-0%-Cr®*, and Fe3*-0?-
Cr®* networks. It generally shows a canted G-type AFM structure with a weak FM component. In
Fe-Cr based perovskites such as LaFeosCros03, YFeosCros03 and YFe1.xCrxOz (0 < x < 1) shows
MR. The MR observed in the aforementioned samples are ascribed to the competition between the
single ion anisotropy (SIA) and Dzyaloshinsky-Moriya (DM) interaction. YFeosCros03 shows
normal and inverse magnetocaloric effects at around 260 K. This property makes this material
applicable in spintronics and magnetic refrigeration. While Fe-Cr based perovskites have been
extensively studied, there has been relatively limited exploration of Fe-Cr based double
perovskites. BioFeCrOs compounds has been the subject of extensive investigation for its
multiferroic properties. However, structural instability at high temperatures is a major issue.
ProFeCrOs, which exhibits exceptional structural stability up to 1500 K, represents a promising
addition to the AoFeCrQOg family, possessing a type-1 multiferroic nature that has been sought after.
It shows a magnetic entropy change (-ASm) = 2.06 J kg K at 14 K for H=9 T. Double perovskite
Y2FeCrOsg, shows magneto-dielectric behavior.

After going through the above literature survey on Co-Mn and Fe-Cr based DP, we found
that, there are just a few reports on Ho.CoMnOe, and Y2FeCrOs DPs. Thus, a thorough
investigation into the magnetic interactions present in the aforementioned two compounds is still
needed for a comprehensive understanding. Hence, our current research is centred on exploring
the magnetic DP materials based on Co-Mn (Ho.CoMnQOg) and Fe-Cr (Y2FeCrOg), with the
primary objective of tuning and comprehending their magnetic properties in this direction. To the
best of our understanding, there hasn't been much study done on nanostructured Ho,CoMnQOg and
Y2FeCrOg DPs, despite their high interest. In this work we have synthesizing nanostructured
Ho.CoMnOg and Y2FeCrOg DPs and emphasis on the investigation of their structural and magnetic
characteristics.

For the present thesis work, we have synthesized the following nanostructured double
perovskite compounds.

1) Nanocrystalline (Ho1.xSmx)2CoMnQOg for x = 0.0 to 0.5
2) Nanorods of HooCoMnOg

3) Nanocrystalline HooCoMn1xNixOe for x =0 - 0.4

4) Nanocrystalline Ho2CoMn1.xCrxOe for x =0- 0.5

5) Nanoparticles of Y2FeCrOs
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The present thesis consists of six chapters, namely

Chapter - 1 :- Introduction

Chapter - 2 :- Synthesis and Characterization Techniques

Chapter - 3 :- (H01xSmx)2CoMnOs series and HooCoMnOg Nanorods
Chapter - 4 :- Ho.CoMn1xMxOs (M = Ni and Cr) Series

Chapter - 5 :- Nanoparticles of Y2FeCrOgs Double Perovskite

Chapter - 6 :- Conclusions

Chapter - 1 deals with a brief introduction to crystal structure of DPs, crystal field effect and Jahn-
Teller distortion, various magnetic ordering types, interactions, and frustrations arising from
competing interactions. A literature review on DPs, emphasizing crystal structure and magnetic
properties like, the discovery of magnetization reversal (MR) and exchange bias (EB) phenomena.

Chapter - 2 stands for synthesis of the materials and discussion on their characterization
techniques. The working principle of various equipment such as X- ray diffractometer, Raman
Spectroscopy, Field Emission Scanning Electron Microscope, Energy Dispersive X-ray
Spectroscope, Transmission Electron Microscope, X-ray Photoelectron Spectroscope and Physical

Properties Measurement System are discussed.

Chapter - 3 deals with the detailed analysis of structural and magnetic properties of
nanocrystalline Ho,CoMnOs system substituted by Sm at Ho site and Ho,CoMnOgs flat nanorods.

Single phase nanocrystalline samples of double perovskite (Ho1-xSmx)2CoMnOs (x = 0-0.5)
(HSCMO) were prepared by auto combustion method. The samples are crystalized into a
monoclinic structure with space group P21/n. The lattice parameters along with the unit cell volume
are found to increase with Sm concentration. The average bond angle among the transition metal
(TM) ions is also found to increase with Sm concentration which lead to strengthen the super
exchange interaction and hence increases the ferromagnetic (FM) Tc. Temperature variation of
magnetization (M-T) measurements show that all the prepared samples exhibit FM transition with
transition temperature (Tc) increasing from 83 K for x = 0.0 to 115 K for x = 0.5. The FM transition
is attributed to the super-exchange interaction in Co?*-O - Mn** networks. A secondary rise in
magnetization is observed for T <50 K and is attributed to FM interaction between rare-earth (RE)

iii
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and TM ions. The M-H loops recorded at 5 K with an applied field of + 9T show a saturation
magnetization (Ms) in the range of 11.64 Ms/f.u. for x = 0.0 to 7.86 Mg/f.u. for x = 0.5 and it
indicates the contribution of RE ions to the net FM moment. All the prepared samples show EB
behaviour which is increasing from 30 Oe for x = 0.0 to 237 Oe for x = 0.5 sample at 5 K. The
origin of EB in this system is attributed to competition between FM moment of TM ions and the
spin canted magnetic moment of RE ions.

The nanorods of Ho.CoMnOQOg were prepared by the hydrothermal method and are formed
in pure monoclinic phase (space group: P2i1/n). The lattice parameters are found to be higher
compared to its bulk counterpart which leads to unit cell expansion. FESEM and FETEM
examination revealed a clear image of HCMO nanorods and the average width of rod is determined
to be 71 (£3) nm. The M-T measurement reveals that unlike the single FM transition in the bulk
HCMO sample, here three transitions corresponding to FM, antiferromagnetic (AFM) and re-
entrant spin glass (SG) ordering at 182, 97 and 31 K respectively. The FM transition (Tc) which
is much higher than the bulk (79 K) is due to the higher bond angles of HCMO nanorods as
compared to the bulk sample which depict the FM super exchange interaction in Co?* -O- Mn**
networks are getting stronger and it leads to increase the FM Tc. The AFM transition is due to
exchange interactions across Co**- O - Co?* and Mn**- O - Mn*" networks, as well as due to the
presence of Co®" and Mn®" ions. The presence of this spin-glass phenomena is further confirmed
by the magnetic relaxation phenomena and aging effect at different fields. A low value of
coercivity (Hc) and saturation magnetization (Ms) is observed for HCMO nanorods (8.52 ps/f.u)
as compared to that of bulk (14.9 pg/f.u). It may be due to the presence of higher oxidation states
of ions as well as the introduction of AFM ordering and frustration in the system. The maximum
value of magnetic entropy (-ASm) is recorded as 12.4 J/kg.K from the magnetocaloric studies.

Chapter - 4 contains the study of magnetic properties of nanocrystalline Ho.CoMnOe double
perovskite by Ni and Cr substitutions at Mn site.

The polycrystalline samples of Ho.CoMnixNixOs (x = 0.0 - 0.4) (HCMNO) and
H02.CoMn1.xCrxOs (x = 0.0 - 0.5) (HCMCO) were prepared by auto combustion method. Structural
studies reveals the single-phase formation of the compounds which belongs to a monoclinic
structure and adopt the P2:/n space group. A drop in the lattice parameters including unit cell
volume are noticed with Ni substitution. The M-T measurements shows a single FM transition in

0\
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the parent compound at 83 K (Tc1). However, it is turned into two FM transitions (Tci, Tc) after
Ni substitution, where Tc; arises due to possible super exchange interaction in Co?" - 0% - Ni**
networks. One FM transition (Tcy) is decreasing from 83 K for x = 0.0 to 78 K for x = 0.4 sample.
However, another FM transition (Tc1) is increasing from 82 K for x = 0.1 to 88 K for x = 0.4
sample. A MR has been observed in higher Ni concentrated samples such as x = 0.3 and 0.4 in the
field cooled state with a compensation temperature (Tcomp) Of 4.4 K and 10 K respectively. This
MR is attributed to the competition between the FM moment of the TM ions and the polarization
of magnetic moments of RE ions at low temperatures. A typical bipolar switching of magnetization
has been demonstrated for x = 0.3 and 0.4 sample in order to confirm the MR. At 5 K, the M-H
loops demonstrate a decrease in saturation magnetization (Ms) and coercivity (Hc) value after Ni
substitution. However, the observed Ms value of the order of 11.60 to 10.27 Ug/f.u. (for x =0.0 to
0.4) at 5 K is attributed to some visible contribution related to the polarization/ordering of Ho
moment with the net magnetic moment of TM ions. From the EB studies, we have observed an
interesting property, i.e., the FC M-H loop for x = 0.0 is shifting towards the negative field
direction, while for Ni substituted compounds it shifts towards positive field direction. The EB
field value is increasing with Ni substitution and a maximum value of 230 Oe is obtained for x =
0.4 sample at 5 K. It is due to the competition between the spin canted magnetic moments of RE
ions and the FM moments of TM ions.

Nanocrystalline samples of Ho2CoMn1.xCrxOs (x = 0.0 - 0.5) are also prepared by auto
combustion method and are comes under monoclinic structure with space group P21/n. The lattice
parameters along with unit cell volume are found to decrease with Cr concentration. Magnetic
analysis reveals a single FM transition (Tc1) at 83 K for x <0.2. Whereas, for x > 0.3, we observed
two transitions namely Tci1 and Tc2. Here Tc2 is attributed to the result of AFM interactions in
Cr3*- 0% - Cr¥ and/or Cr¥*- 0% - Mn** networks. Tc2 decreases from 77 K for x = 0.3 to 63 K for
x = 0.5 sample, whereas no appreciable variation in Tcz is observed. In addition, the intermediate
compounds such as x = 0.2 and 0.4 show another transition at 120 K and is attributed to the charge
ordering temperature (Tco). A MR has been noticed at 50 Oe applied field for x = 0.5 sample with
a Teomp Of 7 K. The competition between the paramagnetic (PM) moment of Ho®* ions under the
influence of the negative internal field caused by AFM ordered ions and the FM components of
Co?" and Mn** ions is attributed to this MR. In order to confirm the MR, at 4 K, a bipolar switching

of magnetization is demonstrated for x = 0.5. The drop in the values of saturation magnetization

\Y
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(Ms) is ascribed to the replacement of Mn®* ions having higher magnetic moment (4 ps/ion) with
the Cr3* ions having lower magnetic moment (3 pe/ion). From the EB studies, we have observed
a sign reversal of the EB field with Cr doping. the FC M-H loop for x = 0.0 to 0.2 are shifting
towards the negative field direction, while for x = 0.3 to 0.5 it shifts towards the positive field
direction. EB field of - 114 Oe and + 208 Oe are observed for x = 0.0 and 0.5 samples respectively.
They are attributed to the competition between canted magnetic moments of RE ions and FM
moments of TM ions, where, the former one is dominating for x = 0.5 and vice versa for x = 0.0
samples.

Chapter - 5 describe the structural and magnetic properties of nanoparticle Y2FeCrOs (YFCO)
double perovskite.

Here the technique used for the preparation of YFCO is auto combustion. It is found to be
in single phase form which comes under orthorhombic structure with Pnma space group. FESEM
image reveals an average particle size of 67 nm (x2). M-T measurements reveals an AFM
transition (Tn) at 327 K. The super-exchange interactions in Cr3*-O-Cr3* and Fe®*-O-Fe®* networks
are responsible for this transition. Both zero field cooled (ZFC) and field cooled (FC) curves show
MR with Teomp = 192 K. In addition, a small hump like structure is noticed in both ZFC and FC
curves at T~30 K, which is ascribed to the spin reorientation transition (Tsgr). Further raising the
field towards 5 kOe a reduction in Tcomp Value and suppression of spin reorientation has been
observed. The study of magnetic Hysteresis loops in both ZFC and FC condition shows a shift
towards the field axis. That is, the system has both spontaneous exchange bias (SEB) and
conventional exchange bias (CEB) behavior. The maximum absolute values of SEB Heg is found
to be 431 Oe at 55 K. However, the sign of the SEB Heg is changing from positive to negative in
the vicinity of Tsr and then decreases with rise in temperature and it is almost vanishing from
Teomp t0 300 K. Similarly, the maximum value of CEB Heg is found to be 2.1 kOe at 5 K, which is
10 times higher than the SEB value at 5 K. It also shows a sign reversal in the vicinity of Tcomp.
The competition between single-ion anisotropy and the Dzyaloshinsky Moriya interaction is found

to be responsible for the above behaviors.

Chapter - 6 deals with a brief summary of results obtained from the measurement and analysis of

experimental data of Chapter - 3, 4, and 5 respectively.
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Chapter 1

Introduction

Materials with decreased dimensions, such as thin films, wires/rods, and nanoparticles,
whose properties differ from those of bulk materials, have piqued the interest of researchers
because they add functionality to a wide range of applications. The success of technological
advancement in developing smart and nano magnetic materials over the last few decades for
applications in memory devices, data storage processing, spintronic devices, sensors,
biotechnology, magnetic refrigeration, etc. has piqued the interest of many people in magnetic
materials. Carbon nanotube discovery in 1991 was a watershed moment in nanomaterials research
[1]. After the ground-breaking discovery was made public, the number of researchers working in
the field has increased dramatically. The magnetoelectronic based on transition metal oxide is
rapidly emerging as a future viable technology. There are various applications of them in

electronics, medicine, technology, catalysis, alternative energy, etc., [2].
1.1 Historical Overview

Because of their intriguing physical properties and technological applications, transition
metal oxide-based materials with perovskite structures are attracting the attention of physicists,
materials scientists, etc. [2]. Oxide perovskite with ferromagnetic (FM) behavior around room
temperature was first reported in 1950 in manganite by Jonker and Van Santen [3]. Zener proposed
that the presence of mixed valence in Mn results in this FM behavior due to the double exchange
FM interaction in Mn®-0%-Mn*" networks [4]. In order to get higher FM ordering temperature,
this discovery prompted subsequent research on mixed valanced TM oxides. As partial substitution
is a very common method in order to tailoring the structural and magnetic properties of any system.
By continuing this discovery, in 1961 FM ordering was observed at 401 K in SrFeosReos03 and
538 K in CaFeosReos03 having perovskite structure [5]. In addition to this, perovskites possess
potential applications in spintronic devices, magnetic storage, magnetic sensors, magnetic
switches, oxygen sensors and magnetic refrigeration etc. [6]. The fact that perovskites exhibit a

wide range of conductivity ranging from highly conducting metallic state to insulating state
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demonstrates their versatility for electronic applications. Because of their intriguing magnetic and
magneto transport properties, these materials have technological applications [7-13]. A highly
popular technique for altering the characteristics of perovskite compounds is partial cation
substitution. This replacement might happen in several ways at either the A or B site. The scenario
in which precisely half of the B-site cations are replaced with another cation, has garnered a lot of
attention in recent years. The two distinct cations, B and B’, can either stay disordered at the B site
or order, yielding a B-site ordered double-perovskite, A2BB’Og. The majority of the A,BB’Oe-type
perovskite compounds reported in the literature were made at ambient pressure. High-pressure

(HP) synthesis has also yielded various novel A2BB’Os compounds.

It is noteworthy that many A>BB’Os compounds exhibit a diverse range of characteristics,
including semiconducting, metallic, half-metallic, dielectric, ferroelectric, thermoelectric, and
possibly even superconducting properties. Several semiconducting substances, like La;NiFeOs
and Sr.ColrOs, have electrical resistivities that are on the range of 103-10* Qcm. Contrarily, the
resistivity values of La,CoMnOs exhibit wide fluctuations [14,15]. There have been reports of
metal-insulator transitions (MITs) in Sr2CoTiOe around 700 K [16], YNiOz around 580 K [17], and
CaMnMoOs at 209 K [18]. The halfmetallicity present in substances like Sr.FeMoQg (B = Fe/Cr)
[19,20] is the most remarkable characteristic of the A2BB’Os perovskites. The most extensively
researched half-metallic perovskites are A2FeMoOe with A = Ca, Sr, and Ba. Even at ambient
temperature, they are all half-metallic materials with a strong metallic conductivity and noticeable
negative tunneling magnetoresistance behavior [19,21]. Takata and Kageyama [22] investigated a
series of A,BB’Og compounds, where A = Ca, Sr, or Ba; B = La, Nd, Sm, or Yb; and B' = Nb or
Ta. They discovered a number of compounds with dielectric constant k > 20 and either positive or
negative temperature coefficients of resistance. Similar to this, various A.BWOs compounds [23]
have been reported with significant k values and negative temperature coefficients of resistance
where A is Sr or Ba and B is Co, Ni, or Zn. For La,CuTiOs [24], La2NiRuOs [25], and La2BMnOs
with B= Mg, Co, or Ni [26,27,28], high values of k have been recorded. La2GaMnOg has a thermal
conductivity of around 2 W/m K [29]. Similarly, Sro.CoReOs (0.9 W/m K), Sro.BRuOe compounds
with B =Y or Er have demonstrated extremely low thermal conductivities of 0.2 W/m K at 300 K
[30]. In contrast, the conductivity of the Sro..AxFeMoQOs series, where A is either Ba or La,
fluctuates between 0.6 and 1.0 W/m K [31]. Sr-MgMoOs was shown to be a suitable anode material
for solid oxide fuel cells [32,33]. Sr.FeMoOs [34] and Ba2FeMoOs [35] have also been discovered
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to have strong fuel-cell performance and to be highly conducting. A,2BMoOe with A = Sr or Ba and
B = Mn, Co, or Ni has been demonstrated to function as a solid oxide fuel-cell anode [32,35,36].
Samples of quenched LaNiMnOs that have undergone B-site disordering exhibit frustrated
magnetic behavior [37]. In R2BMnOg, with B = Co or Ni, FM arises as a result of the coexistence
of vacant Mn**eq orbitals and partially filled Co?*/Ni?*eq orbitals [38-40]. The FM interaction, can
be weakened by AFM interactions across Co-O-Co, Ni-O-Ni, or Mn-O-Mn networks as cation
disorder is widespread in these compounds [2]. The FM A>BB’Oe perovskites often have very low
Tc values that are below room temperature (RT). The multiferroic characteristics may be
discovered in a variety of A = Bi** compounds and one of them is BioNiMnOg [41]. Sr.FeCoOs
exhibits two interesting phenomena: exchange bias and spin glass behavior. Even after 50%
replacement of strontium atoms with lanthanum atoms, these properties still persist [42,43].
Antisite disorder is attributed for the above behavior.

Jia et.al. reported a second order FM transition in the range of 70 K — 96 K for R.CoMnOg
(R = Dy, Ho, Er), with a maximum value of the magnetic entropy of 10.5 (Dy), 11.5 (Ho), and
11.8 (Er) Jkg'K* at low temperature for 7 T applied field [44]. Similarly, in Gd2NiMnOg and
Gd2CoMnOe DPs, maximum value of the magnetic entropy (ASm) of 35.5 J/kg K and 24 J/kg K
are reported at 10.5 K and 6.5 K at H = 7 T respectively [45]. These features make these materials
applicable for low temperature magnetic refrigeration. In 2014 it was found that Y>CoMnOs
exhibited a multicaloric behavior that is with ASm ~ 7.3 J/kg K and an electric field driven entropy
change (ASe) of 0.26 Jm2K™ [46]. Multiferroics provide interesting prospects for electric-field
control of magnetism. Hence, people from experimental as well as theoretical group work on
multiferroic BioFeCrOs compound in order to tune and enhance its property [47,48,49]. Nasir et.
al. gave a comparative study on structural and magnetic properties of R2NiMnOe (R = La, Pr, Nd,
Sm, Gd, Th, Dy, Y, and Ho) based on ionic size and antisite disorder [50]. Similarly, in 2016,
Kumar et. al. reported exchange bias in Nd2NiMnOs with a multi magnetic phase [51].
Ferroelectricity is also noticed in Y2NiMnOg by Su et. al. [52]. Colossal magnetodielectric behavior
has been observed in LaoNiMnOg at RT [53]. Many interesting properties have been observed in
Co/Mn based DPs, including multi magnetic phase, magnetocaloric behavior, multiferroic
behavior with magneto-electric coupling, negative magnetization (NM), exchange bias (EB)
behavior, metamagnetism, spin phonon coupling, Griffith phase, spin glass and colossal magneto-

resistance [54-70]. Ho.CoMnOs shows competing magnetic interactions, NM as well as a large
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magnetic entropy (ASm) of the order of 12 J/kg K at 10 K for 7 T field [44,63,71]. Orthochromites
and orthoferrites have been the most researched compounds over the last two decades due to their
fascinating underlying physics such as temperature-induced magnetization reversal (TMR), EB,
spin reorientation (SR), and potential applications in information storage, thermomagnetic
switches, spintronics, resistive memory devices, multiferroic materials, etc. [72-85]. The intriguing
properties of Fe/Cr based perovskite structures inspire researchers to work on Fe-Cr based DPs
(R2FeCrOes, R- rare-earth element) [86-91].

1.2 Crystal structure

The crystal structure of a solid substance is of considerable fundamental interest. Numerous
significant physical characteristics of the material, such as electrical, magnetic, optical properties,
can also be impacted by the crystal structure. Therefore, understanding the crystal structure is
frequently necessary in order to anticipate or predict the material characteristics. Perovskite oxides
are compounds with the general chemical formula ABO3, where A is rare earth (RE) and B is
transition metal (TM) ions. The structure of ideal cubic perovskite is shown in Figure.1.1 (a). The
oxygen ions occupy the face cantered position with the B-cations at the centers of the cube, while
the A site ions are located at the vertices of the cube. When the formula unit of a perovskite
structure is doubled, it results in the formation of A2B.Os. However, if one of the B-cations in the
formula, which is octahedrally coordinated, is replaced entirely by a different B' cation, then a new
type of double perovskite (DP) oxide structure is formed with the general chemical formula
A>BB'Os. The ideal cubic DP structure is shown in Figure.1.1 (b). Unlike the simple perovskite
structures with one A cation and one B cation site, DP compounds with two different TM elements
at B sites (B, B") and the presence of either RE or alkaline earth elements at A sites offer even
more flexibility and degrees of freedom to the compound. Because of this adaptability, DPs can
accept nearly all of the elements in the periodic table. On each of the three sites of the structure, it
is also possible to make partial substitution. The perovskite compounds are more complex and
adaptable because of the potential for cation ordering. Furthermore, the presence of two distinct
B-site cations permits the synthesis of unique and intriguing combinations of diverse elements,
including main group elements and TMs in the 3d, 4d, or 5d oxidation states, lanthanides, and
actinides. Due to the fact that the B-site cations usually control the most intriguing aspects of

perovskites, including their electrical conductivity and magnetic properties, the possibility of
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different elemental combinations and cation ordering opens up a world of intriguing and

potentially practical new materials.

Perovskite (ABO,) ®) Double Perovskite (41,BB'Oy)

Doubling fornula unit
(4:B,0y)

and
replacing one B by B’

@ 0: @ ()A @B OB @O0

Fig. 1.1: Ideal cubic crystal structure of (a) perovskite and (b) double perovskite.

In DPs, the cations at the octahedral site can order in three different ways, as shown in
Figure.1.2 (a-c) [92,93]. The most common case is that alternate arrangement of cations in 3-D
and the resulting rock-salt type structure (Figure.1.2 (a)). Similarly, when the cations alternate in
2-D and 1-D they give rise to columnar (Figure.1.2 (b)) and layered type (Figure.1.2 (c)) DPs.

Fig. 1.2: Different types of double perovskites based on ordering of (B/B’) Oe octahedral (a) rock

salt, (b) columnar and (c) layered structures. Reproduced image from ref [2].

Cation Size Mismatch

For an ideal cubic perovskite structure, the bond length A — 0 =2 = (B — 0). However,
DP compounds generally deviate from ideal cubic structure due to lattice distortion caused by a
variety of factors such as ionic size mismatch, crystal field effect, Jahn-Teller effect, and so on [2].
It is very rare that the ionic radii of A and B should match perfectly. So, the Goldschmidt tolerance
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factor t [94] is often used to define a large mismatch in the ionic radii of A and B / B' site cations
in DPs. Where, t is defined as;

- ratTo
t - TB+T'B[

o (1.1)

+TO]
Here, 14, 15, 75 and r, are the ionic radii of A, B, B' and oxygen ion respectively. An ideal cubic
structure should have t = 1. If the value of t is differing from 1 then, a structural distortion from
the ideal cubic phase is expected [94]. For t < 1, the ionic size mismatch can be compensated by
tilting the BOe octahedra in perovskite structure. Whereas, in A2BB’Os DPs the mismatch can be
compensated either by changing the bond lengths or by tilting the octahedra.
Phase Formation of Double Perovskite

Generally, it is quite difficult to get a typical DP phase at ambient pressure [98]. Some of
the compounds form at high pressure [99], whereas a few compounds could not even form at 80
kbar [100]. It was often found as a mixed phase such as pyrochlore, spinel and hexagonal phases
while trying to get a perovskite structure [101,102]. Ramesha et. al. found that, at 550° C it is
possible to get a DP structure at ambient pressure but when the temperature is raised to 600° C
they got a pyrochlore phase [103]. Once the DP is formed, depending on the crystallographic site
occupation of TM ions, the structure and space group can be defined. Most common type of B/B’
ordering in perovskite and/or DPs is the rock salt type. An alternating periodic arrangement of TM
ions gives rise to monoclinic structure, while a random arrangement of TM ions leads to an
orthorhombic structure. As shown in Figure. 1.3, there are several ways that the B-site cations
might become disordered. The antisite disorder (ASD), in which B and B' cations merely swap
locations. The antiphase boundary (APB), which divides two ordered domains with reversed B

and B' site occupancies, and it is another typical form of defect. This can be thought of as the gath-

SPOPOP  POOPD
<§§pqu,<¢@¢qpq,

0.

$4.60.6
0.6°¢ L9

.
268

(a) (b) (c)

Fig. 1.3: Types of B-site cation disorders: (a) completely ordered, (b) antisite disorder and (c)
antiphase boundary. Reproduced image from ref [2].
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ering of ASD in a particular area, which causes the correct periodicity of the ordered phase but in
the reverse order [104]. These APBs have actually been discovered quite often in the A2BB’Oe
perovskites [2].

Some compounds, primarily those with B' = Fe, appear to undergo structural transitions
connected to magnetic ordering, and the interaction between the magnetic and structural degrees
of freedom results in a reduction of symmetry. The well-known halfmetallic and FM material,
Sr2FeMoOs, undergoes a structural change at Tc = 400 K, i.e., changing from tetragonal to cubic
with rising temperature [14,126]. Similar to this, Ba2FeMoOg is said to undergo transition from
tetragonal 14/mmm structure to a cubic Fm3m structure at Tc = 320 K [21]. At 305 K, Ba;FeReOs
undergoes a phase transition from 14/mmm to Fm3m, and magnetic peaks are also seen at the same
temperature [127]. With B’ = Mn, Ti, or Rh, the A3*,Cu?*B**Os compounds are all disordered
and lack a cooperative J-T effect. Finally, several B' = Co compounds have also shown a mild J-
T effect.

Fig. 1.4: Crystal structure of double perovskites in (a) monoclinic and (b) orthorhombic symmetry.

The CoOe octahedra in SroCoFeOs appear to have a small J-T distortion [128]. This was
explained by the presence of Co®* ions (J-T active). Short annealing periods can result in two-
phase coexistence, making it difficult to determine the structure [129]. The temperature of the
orthorhombic to rhombohedral phase transition in La2CoMnOs is dependent on the cooling rate
during synthesis, which is quite intriguing. In a slow-cooled sample, the oxidation states appear to
be Co?* and Mn** or very near to it, but in quenched samples, the Valancy is shifted toward Co*

and Mn**. The monoclinic and orthorhombic structure of DPs are shown in Figure.1.7 (a) and (b)
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respectively. The crystal structure of A,CoMnOs (A = Ho, Tm, Yb, Lu), LaSrFeCoOs, R2NiMnOs
[43,50,55,57,64,66,68-71] comes under monoclinic structure with space group P2:/n. On the other
hand, the perovskite structure AFeosCrosOs (A =Y, Dy) and the DP Y;FeCrOs come under
Orthorhombic phase with space group Pnma [91,133, 134].

Table 1.1: Atomic position of elements in R.CoMnOe having monoclinic phase with P21/n space
group (from Ref. [57]).

Atoms Site X, Y, Z
R de 0.018(x), 0.071(y), 0.250(2)
Co 2d 0, %, 0
Mn 2C %, 0,0
01 de 0.298(x), 0.316(y), 0.051(2)
02 de 0.317(x), 0.293(y), 0.444(2)
03 de 0.605(x), 0.965(y), 0.256(2)

Table 1.2: Atomic position of elements in YFeosCros03 having orthorhombic phase with Pnma

space group (from Ref. [133]).

Atoms Site X, Y, Z
Y 4c 0.066(x), ¥4, 0.983(z)
Fe 4b %, 0,0
Cr 4b %, 0,0
01 4c 0.463(x), ¥4, 0.107(2)
02 8d 0.304(x), 0.055(y), 0.692(z2)

1.3 Crystal Field Theory (CFT)

The crystal field is the average electric field experienced by an atom (ion) due to other
atoms (ions) in the crystal [136]. Crystal Field Theory (CFT) is a model that explains the electronic
structure of TM ions in complex compounds based on their interaction with the electric field of
surrounding ligands. Magnetism in transition elements is caused by the partially filled d orbital.
The d orbital has five degenerate energy levels, so electron can enter into any of the energy levels.
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These energy levels are again divided into sub orbitals as ey (d,z_,2,d,2) and tag (dy,y, dyz, d,x)
respectively. The complete configuration of the d orbital is shown in Figure.1.5. The case where
the lobes of the d orbital present in between the axis such as xy, yz, zx, are named as tog orbitals
with sub orbitals d,,,, d,,, d,,. Whereas, when the lobes are present along the axis it is named as
&g orbitals with sub orbitals d,> and d,2_, respectively.

< z

X
d.. d'x‘
|
tzg Tz
y
A

d.2

)
|
€

Fig. 1.5: Electronic distribution of 3d orbitals.

To explain the CFT let us take an example of CrOs and MnO4 compounds [136,137]. So,
here, Cr/Mn are metal ions with d orbitals, and the oxygen ion approaches the metal to form the
compounds. As Cr/Mn has d orbital electrons, and Oxygen also has a lone pair of electrons. When
these ligands approach the metal, they will experience repulsion from the metal's d orbitals,
causing the d orbitals to lose degeneracy. These non-degenerate d orbitals have now been divided
into two sub orbitals, eq and tog. Because lobes are present along the axis in ey orbitals, ligand
approaches along the axis in octahedral compounds, raising the energy of ey. Because the tog lobes
are located between the axes, they experience very little repulsive force and thus in smaller energy
state. The difference in energy between these two sets of degenerate orbitals is known as crystal
field splitting energy (CFSE) or crystal field stabilization energy (CFSE). This CFSE is denoted

by the symbol 4 (4;, 4,). The letters t and o stand for tetrahedral and octahedral compounds,

9
TH-3274_186121011



Chapter 1: Introduction

respectively. In the case of tetrahedral compounds, ligands approach between the axes, hence, tog
orbitals experience more repulsive forces and move to the higher energy state, whereas eq orbitals
experience less force and hence lower energy. Figure 1.6 depicts the splitting of energy levels in

tetrahedral and octahedral environments.

Tetrahedral Octahedral
z
z
y
X X Y
tZg €y
! dyld,|d.. ] 2. d 2
. s 1
tzg €y g K A | tag g ’ 3
’ —_ 4
e 5 | L =4
dyld |d Jizdd2| e A , %
W] T TR dyld\d.|i:qd? G y A,
] \\ 3 : \\ 2
Degenerate d orbital ™, < A, Degenerate d orbital ™ 5 A,
\‘ N,
\\ \\
d.2] dz2 dx) dyz dzx
eg tZg

Fig. 1.6: Crystal field effect in tetrahedral and octahedral environments.

The formula used to calculate the magnitude of effective magnetic moment (,ueff) of an

ionis: Hopr = gvJJ + 1) g, (Jisthe total angular quantum number). But sometimes it does not

correspond to experimental values for the majority of transition elements. This is due to the large
crystal field effect in 3d transition elements, which dominates over the Hund's spin-orbit coupling

energy and, in such case, the orbital angular momentum is quenched. As a result, the relation for

Hopr is reduced to Hopp = gJS(S+1) g (S is the spin quantum number). The RE series, which

derives its magnetism from the 4f shell, is another intriguing series of elements with strong
magnetic moments. In contrast to transition elements, the 4f orbitals here are deep inside from the

outermost orbital with negligible overlapping with the electronic configuration of neighboring
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ions, and thus they do not exhibit any crystal field effect. The general relation Hopr =9 JJ+1)
uzcan be used to calculate y, £ for rare earth ions.

Jahn-Teller distortion

According to the JT theorem, any nonlinear molecules or ions in a degenerated electronic
ground state will be distorted in order to remove its degeneracy [137]. When electrons are occupied
in orbitals asymmetrically, they experience distortion. The JTD is a geometrical distortion that
reduces the symmetry and energy of a nonlinear molecular system. This distortion is most common
in octahedral complexes, where the two axial bonds can be shorter or longer than the equatorial

bonds. The JTD is generally present for octahedral complexes of d° and high spin d* ions.

Elongation Normal Octahedral Compression

Fig. 1.7: The splitting of sub orbitals t,, and e, in Mn3* ion at octahedral site due to JTD.
In octahedral compounds, two types of distortion are commonly observed: elongation and
compression. If eg electron is in the d,2 axis, the two ligands along the axis feel more repulsion,

causing axial elongation. If eg electron is in the d, .2

x2_y2 axXis, the four ligands along the equatorial

feel more repulsion, causing equatorial elongation. Consider the Mn®" ion in an octahedral site
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witha d* configuration. Its three electrons occupy tzg orbitals, while the fourth electron has orbital
degeneracy in eg orbitals. To remove the degeneracy, the octahedra stretch along the Z-axis,
resulting in a lower energy of d,> compared to d,z2_,2. As a result, the fourth electron will occupy
the d, orbitals. Similarly, in the tq orbital, the d,., level is elevated above the d,, and d,, levels.
However, in some other systems, the energy is reduced by octahedral compression. As a result,
the d,2_,2 energy level is reduced, and the fourth electron occupies the d,2_,2 orbital [138] and
the d,,, and d,, levels are lifted up in comparison to the d,,, level in the tyq orbital. Figure 1.7.
depicts a schematic diagram of this phenomenon. JTD is also observed in tetrahedral site, however,
in this case tog orbitals have a higher energy and JTD distortion is seen for both the high spin
configurations (d3, d*, d®, d®) and the low spin configurations (d°, d®, d®, d°).

1.4 Magnetic Interactions

In the solids, when we move to atomic or sub atomic level, the only interaction we have is
the electromagnetic interaction. The electrostatic interaction is a quantum mechanical phenomenon
between the spins, proposed by Heisenberg in 1928, popularly known as exchange interaction
[136]. According to Heisenberg model, the Hamiltonian for two spin interactions can be written

as;

Hgp = —Z]ijgi-gj (1.2)
ij

Here, J;; is the exchange constant, §i, §] are the interacting spins due to two different atomic sites.
For any system, the spins try to align and interact to other spins in such a way that it should acquire
a minimum energy. Based on this, for parallel (FM) alignment of the spins, J;; > 0, and for
antiparallel (AFM/FIM) alignment of the spins, J;; < 0, such that the system will get a minimum
energy [136]. Here we will be discussing some of the important exchange interactions.
1.4.1 Double Exchange (DE) Interaction

This interaction is found in the oxides where the magnetic ion must have a mixed valency
[136]. The oxides having magnetic elements such as Fe (Fe?*/Fe®*), and Mn (Mn**/Mn**) are the
most common example of this interaction. It is an indirect exchange interaction, that means the
interaction can’t be taken place between the cations directly. They need a nonmagnetic anion in
between them to make this interaction possible. This mechanism was first introduced by Zener in
1951 hence it is also known as Zener DE interaction [4,139]. The name is DE, because here the

12
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exchange of electron takes place simultaneously twice. That is, first from the magnetic cation
having lower oxidation state to nonmagnetic anion then second from anion to higher oxidation

state cation.

0 ONON
"CW D=0 ® o

Mn3* or Mn#+ Mn# 0* Mn3+
N N
€y €y €g €y
t g t; g t> g ty g

Mn3+ Mn4+ Mn3+ Mn4+

Fig. 1.8: Schematic diagram for DE mechanism between Mn** and Mn** ions via Oxygen.

To explain this interaction, we have taken Mn** and Mn** ions as magnetic ions and O% as
nonmagnetic ion in the octahedral site as shown in Figure 1.8 (a, b). In the first step, one up spin
electron hops from ey state of Mn" to O%, simultaneously, in the second step, the up spin of 0%
jumps to eq state of Mn** ion. As a result, now Mn*" changes to Mn*" and Mn*" ion changes to
Mn?®*. This interaction is only possible when the electrons in the toq orbital of Mn** are parallel to
the electrons in the d-shell of Mn®" as shown in Figure 1.8 (a). Whereas, the antiparallel spin
structure of tog level in Mn** does not allow this interaction as per the Hund’s rule as shown in
Figure 1.8 (b) [136].

1.4.2 Super exchange (SE) interaction

It is also an indirect exchange interaction however; the mechanism is different than that of
DE interaction. Based on the electronic distribution, here both FM and AFM interaction can be
possible. Similar to DE interaction, here also two magnetic ions are interacting via a nonmagnetic
ion. SE interactions are crucial in determining the magnetic ordering, magnetic transition

temperatures, and magnetic properties of materials. In Fig.1.9 (a), Mn*" -O - Mn** pair is presented.
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When magnetic cations have antiparallel core spins, and there are empty higher energy levels
available through a non-magnetic ion like oxygen, the strong Hund's coupling results in to AFM
interaction. In order to satisfy the Hund's rule, one of the valence electrons of oxygen spends some
time with the cation having the same spin orientation (up-up), while the other valence electron
(down spin) spends time with the cation having the down spin configuration. This results in each

cation-anion pair having a FM alignment of electrons, while the overall interaction between cations

e D — § TODE
*} CDD§ == § T

Mn3+ Mn3* Mn?3* Mn3*

Covalent Ionic

Fig. 1.9: Schematic diagram for super exchange mechanism in Mn-O-Mn network showing (a)
AFM and (b) FM ordering.

Figure 1.9 (b) shows the interaction between Mn®*"-O-Mn3* network, which leads to a FM
ordering. In this case, the core spins of the cations are aligned in parallel to each other. Here, a
covalent bond is created when the up-spin of the O% ion points in the direction of the up-spin of
the Mn®" cation (left side). On the other hand, the down spin of O% ion directed away from Mn3*
cation (right side) forming an ionic bond. As a result, the network as a whole experience an FM
interaction. The SE interaction between Co?*-O%-Mn*" and Fe3*-0?-Fe®* / Cr¥*-0%-Cr* networks

lead to a FM and an AFM ordering in Ho.CoMnOg and Y2FeCrOg DPs [38,2].
1.4.3 Dzyaloshinsky - Moriya (DM) Interaction

The name itself says that this interaction is the result of the involvement of two scientist
and the names are Igor Dzyaloshinsky and Toru Moriya [140,141]. The typical AFM interaction
among the spins can be explained by the Hamiltonian containing the AFM superexchange term;
Hgp = —]l-j§l-.§j, where, J;; > 0. While the explanation of weak ferromagnetism (WFM), due to
the canting of antiparallel spins is explained by Dzyaloshinsky and Moriya which is known as DM
interaction. Now the Hamiltonian for the interaction among the canted spins can be written as;

Hpy =D.(S; x ) (1.3)
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Here, D is known as Dzyaloshinsky vector and §i, §] are the two canted spins. This interaction tries

to orient the spins perpendicularly. This interaction is very small as compared to Heisenberg

exchange interaction, where the spins are perfectly colinear. If the anion mediating the two cation
spins (§i, §j) is at the inversion center, it gives rise to a zero value for D. Most common examples

of the compounds which shows this interaction is the Fe/Cr based perovskites [73,140,141].

1.5 Magnetism in Matter

The origin of magnetism in materials is found in orbital and spin motion of electrons, their
interactions with one another, and how materials respond to external magnetic fields. Magnetic
moment is the basic component of magnetism. Magnetic materials are typically defined as
substances with a significant magnetic moment. There may not be any collective interaction of
atomic magnetic moments in some materials, whereas in other materials there is a very strong
interaction between atomic moments. Depending on the nature of response to the applied field and
the nature of interaction among the magnetic dipoles present in the materials, the magnetic
materials are classified into five types; (i) Diamagnetic, (ii) Paramagnetic, (iii) Ferromagnetic, (iv)
Ferrimagnetic and (v) Antiferromagnetic.

1.5.1 Diamagnetic materials

In diamagnetic materials, there is no atomic dipoles, hence the net magnetic moment of
each atom is zero. On application of external magnetic field, the electrons distribution get
rearranged in an attempt to screen the applied field to some very small amount. This gives rise to
weak negative moment or a small susceptibility of the order of -10 to -10°. In diamagnetic
materials, the susceptibility (x) is generally independent of temperature. When a diamagnetic
material has N number of atoms per unit volume and Z number of fully filled electrons per atom
then according to Langevin's theory [136], its susceptibility can be expressed as;

2
x = LEEEE R (1.4)

em

Here, 72 is the mean square radius of the electron orbits, e, m, and p, represent the charge and
mass of single electron, and permeability in free space respectively of the electron. Few examples
of these materials are He, Ne, Ar, Hz, N2, NaCl etc.
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1.5.2 Paramagnetic materials

Unlike diamagnetic materials, here, an atomic dipole exists because the net magnetic
moment of every electron in the atom (Na = 152 25? 2P® 3S') does not add up to zero. However,
due to the random orientation of dipoles, it still has a zero net magnetic moment in the absence of
an external magnetic field. The atomic dipoles partially align with the direction of applied external
magnetic field. As a result, it has a small and positive value of susceptibility (10 to 10).

According to the Langevin’s theory, its susceptibility can be expressed as [136],

X = 34T

Here, T and kjz are the absolute temperature and the Boltzmann constant respectively. u is the

magnetic moment of each dipole, and is also expressed as, u = gzyf?](] + 1). Where g is the

Landé g factor and ug is the Bohr magneton (eh/2m). The PM susceptibility increases with
decrease in temperature and the inverse susceptibility has a linear temperature dependence, such
dependency is known as Curie law. Few examples of these materials are oxygen, aluminum etc.
1.5.3 Ferromagnetic (FM) materials

The atomic or ionic dipoles interact with each other in such a way that they spontaneously
align in same direction in small volumes called as domains. It was first explained by Weiss in 1970
in terms of molecular field model. FM domains are quickly aligned along the external magnetic
field. So, it has a large positive value for the susceptibility. Hard FM materials or permanent
magnets are those whose magnetization persists even after the external magnetic field is removed.
Soft FM materials are those in which magnetization disappears after the removal of an external
magnetic field. On increasing temperature, FM moment decreases and above certain temperature
called as Curie temperature it behaves as PM material. Above the Curie temperature, the magnetic
susceptibility follows the following relation, [142];

C (1.6)
T — 6,

This equation is known as Curie - Weiss law and here, C and 6, are Curie constant and Curie

Z:

temperature respectively. Here C can also be written as C = uoNg2u?/3kg. In the case of DPs
mostly the plot of inverse susceptibility versus temperature deviates from the linear behavior. As
a result, they are unable to fit to the equation (1.6). In such case, the modified Curie-Wiess law

(MCW) is used for extracting the magnetic data, which is given by [143];
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_ Crym CRE
X = T—0tm t T— ORrE (17)

Here, Cry | Crg and 61y, | Bx are the Curie constants and Curie temperatures for TM and RE ions
respectively. In such case, the interaction between TM and RE ions are treated as negligible.
Hence, Curie constants and Curie temperatures are taken independently for TM and RE ions.
1.5.4 Antiferromagnetic (AFM) materials

AFM materials exhibit negative exchange interaction, resulting in antiparallel alignment
of magnetic moments of adjacent magnetic ions leading to net zero magnetic moment. This AFM
ordering is active below a certain temperature known as the Néel temperature (Tn), and it mostly
behaves like a PM above the Tn, with susceptibility [142];

C (1.8)
T+ Ty

The AFM materials are Cr, NiO, CoO, Cr.03, FeO, MnO etc.
1.5.5 Ferrimagnetic (FIM) materials

Z:

FIM materials are a type of AFM in which the magnetic moments are antiparallel but the
overall magnetization is nonzero. Unlike AFM materials, the magnetic moments of the various
magnetic sublattices in FIM materials are different in magnitude, which prevents them from
cancelling one another out. Different sub-lattices in this case have different molecular fields.

According to the molecular field theory, the inverse susceptibility in FIM for T > T is [144,145];

(52

Here, ©, ¢ and @' represent asymptotic Curie temperature, the curvature in the inverse

susceptibility plot and the characteristic temperature respectively. Spinel ferrites, spinel chromites,

garnets, hexaferrites etc. comes under these materials
1.6 Magnetic Structure

The magnetic structure is the systematic configuration of the magnetic spins linked to each
atom in a magnetic unit cell. The neutron powder diffraction (NPD) patterns provide the best
insight to determine the three-dimensional magnetic structure, magnetic dipole orientation, and
magnetic moment magnitude associated with each magnetic ion. Some selected magnetic structure
based on the spin configurations in magnetic unit cell are shown in Figure. 1.10. In A-type

structure, magnetic spins in each plane are aligned parallel, but spins in alternate planes are aligned
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in opposite direction, resulting into a net AFM interaction in magnetic unit cell. As a result, the
planes are interacting via AFM interaction. In C -type structure, the atoms are arranged parallelly
in (110) and (110) planes. However, each atom has two parallel and four antiparallel nearest
neighbours thus it results into a net AFM magnetic unit cell. In E-type the spins are not aligned
parallelly in a particular plane perhaps they show some zig zag pattern. In F-type, all the spins in
one plane as well as in adjacent planes are aligned parallelly and gives rise to a net FM interaction
in the magnetic unit cell. However, in G-type each spin aligned antiparallelly to the six neighboring

spins in a magnetic unit cell leads to an AFM ordering [136].

sy

A - type

S

F - type X  G-type

- type

Fig. 1.10: Magnetic structures based on spin configurations in a magnetic unit cell.

The magnetic ordering of Ho.CoMnOg is F-type and it gives rise to a net long-range FM
ordering [57]. Where, the FM ordering in the ground state is taken place between the moments of
Co?* and Mn** cations. Blasco et.al. studied the neutron diffraction data at various temperature as
shown in Figure 1.11 (a) [57]. At high temperature few peaks are observed, with lowering
temperature the intensity of (110) reflection is getting rise along with that a few reflections ((020),
(112), and (200)) are detected around 60 K. At 2 K, a hump like feature has been observed below
30 degree, which is considered as the short-range magnetic contribution from Ho®* ion. Here, the
spins of Co?" and Mn*" are ferromagnetically arranged in ac plane as shown in inset of Figure.1.11
(a). The net magnetic moment was found to be 2.92 uz/ atom at low temperature, which justifies
that both the ions are at high spin state and aligned ferromagnetically. Similarly, YFeos5Cros06
perovskite shows a canted G-type AFM ordering at all the temperature below Tn [134]. Figure
1.11 (b) shows the neutron diffraction patterns at 6 K along with rietveld refinement for
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YFeosCros0s. Here, majority of the spins (Fe*, Cr3*) are oriented along z axis with some canting
along y axis (inset of Figure 1.11 (b)), this leads to a weak FM component along y axis. This canted

structure is attributed to the effect of antisymmetric DM interactions.

(b) o 2%,

Intensity (a.u.)
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Fig. 1.11: (a) Temperature variation of neutron diffraction patterns for Ho.CoMnOs, (b) neutron
diffraction patterns at 6 K along with rietveld refinement for YFeosCrosO3. Insets shows magnetic
structure of the respective compounds. The arrows in yellow, red, and green stand for Mn, Co, and
Fe/Cr moments, red and green spheres are stands for yttrium and Fe/Cr ions. Reproduced image
from ref [57, 134].

1.7 Charge Ordering in Manganite

The ordering of cations with various charges on certain lattice sites is known as the charge
ordering (CO), the evidence for this intriguing phenomenon, has been discovered in TM oxides
[146-147]. In the charge ordered state, the electrons of the respective ions become localized in
their particular sites. This localization possible because at this state the coulombs interaction
dominates over the kinetic energy of the electrons to form a long-range charge ordered state.
Around 0.5 to 1 eV is the range of energy that is associated with CO. Wollan and Koehler made
the initial discovery of the charge ordering in La:xCaxMnOs [146], and Goodenough presented the
qualitative theoretical work [38]. For x < 0.5, the concentration of Mn®* and Mn** ions are not
equivalent, hence they are dispersed randomly throughout the permitted Mn site. As a result, a FM
DE interaction takes place across Mn®*- O%- Mn** networks. However, for the 50% of Ca doping,
Wollan and Koehler found a 1:1 ratio for Mn®** and Mn** ions, leading to a charge ordering for
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these ions below a particular temperature, which is shown in Figure 1.12. They discovered that the
patterns observed could only be described with the help of a combination of C-type and E-type
magnetic structures. The Mn®* and Mn** ions are arranged in a regular pattern, occupying alternate
positions, resulting in a zigzag chain composed of Mn®** and Mn** ions. The intra chain magnetic
moment of Mn®* and Mn** ions are ordered ferromagnetically. while all the neighboring chains
are ordered antiferromagnetically in ab plane (Figure 1.12). This ordering basically occurs below
a particular temperature known as charge ordering temperature (Tco). This ordering stops the DE
FM interaction across Mn®*-O%-Mn** networks and causes the material to behave like an insulator.
As Mn®* ions possess one electron in eq state, so in order to minimize the electronic energy

sometimes orbital ordering is also taking place.

Fig. 1.12: Charge
and orbital ordering
of Mn** and Mn**
in LaosCaosMnOs.
Reproduced image
from ref [156].

The materials which show the charge ordering for the first time are (La, Ca)-Mn-O series
[147,148]. Thereafter, several reports came of CO in PrixCaxMnQ3 [149], ProsSrosMnOs [150],
and NdosSrosMnOs were reported [151]. By using an external magnetic field [152-155], pressure
[156], exposure to x-ray photons [157], an electric field [158], and visible—infrared laser [159], the
CO state may be transformed into a metallic FM state. It was also found that Tco can be increased
by decreasing the average ionic radii of rare earth ion in the A site [160]. Later on, some authors
claimed that CO did not require a 1:1 ion ratio between Mn®* and Mn** [161]. It has also been
noticed that, a rise in magnetic field leads to a fall in Tco [161]. So, it can’t be denied that, the CO

is crucial in determining the structural, electrical, and magnetic properties of a material.
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1.8 Frustration in Magnetic Materials

Understanding magnetic ordering and phase transitions is a major focus of research. On
numerous cases, it was discovered that the ordering could not be described by a single kind of
magnetic interaction. In these situations, the concept of magnetic frustrations was introduced.
Frustration is often caused by two causes in magnetic materials: geometry and disorder. In
geometric frustration, the overall energy of a magnetic spin or group of spins in this situation could
not be minimized by reducing each energy linked with its closest neighbor. The quantity of
magnetic frustration is frequently measured using the frustration factor f = |6¢|/Tc, where 6 is the
Curie temperature and Tc is the transition temperature. In general, magnetic frustration would be
present when f > 10 [162].

(2) AF (b) (c) FM

AF AF AF AF AF AF

AF AF ¢ AF
Fig. 1.13: (a) AFM spins that are not frustrated, (b) Equilateral triangle of geometrically frustrated
AFM spins, (c) Spin-glass frustration from random FM interactions in (a).

The majority of A;BB'Os perovskites exhibit noticeable cation disorder, and several of
these materials exhibit spin-glass-like behavior [163-165]. Let's use an example where the
conflicting magnetic interactions are the cause of the geometric frustration. To further comprehend

this, let's assume that the given system has two spins, S; and S; and the exchange Hamiltonian is

given by H = —]E).f;, where J is the exchange constant. Consider a system, where all the

interactions are FM, and the ground state has all spins aligned parallel to one another. In such case
there will be no frustration. However, for a typical AFM interaction the spin configuration depends
on the lattice structure. Figure 1.13 depicts the three cases; (a) unfrustrated system, (b) frustrated
system and (c) spin glass frustration. If only the nearest neighbor interactions are considered and
align two distinct spins in an antiparallel manner, there won't be any frustration observed
(Figurel.13 (a)). In contrast, if the same case is taken in an equilateral triangle such that three spins
are antiparallel to one another. If two spins are already aligned anti-parallel, then the third spin

cannot be aligned anti-parallel with each of the other two spins since pointing up or down has the
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same energy. Hence, it leads to a frustration in the system (Figure 1.13 (b)). Figure 1.13 (c) depicts
the third case, in which three pair of spins are AFM ordered i.e. with adjacent spins and one pair
ordering ferromagnetically. In this case the spin in one corner is frustrated, because the AFM
interaction next to it wants the spin to point down, while another neighboring spin trying to align
this spin ferromagnetically; this results in to frustration.
Spin Glass / Cluster Glass / Re-entrant Spin Glass State

Spin glass state is also known as spin freezing/frozen disordered state, where the spins got
frozen in random direction in order to decrease the overall energy. Because they are unable to find
a ground state by simultaneously reducing their energy with each neighboring spin. This state is
completely different from the long range ordered FM/AFM/FIM states. Because, in FM/AFM/FIM
states, a system changes from a disordered to an ordered state. On the other hand, in SG, the system
undergoes transition from one disordered state to another. This property was first observed by
Cannella et. al. in the year 1971 in gold-iron alloys [166]. The conventional SG states were
observed in TM doped alloys, which is identified by ac susceptibility measurements [167,168].
One of the general identifications for SG state is, there should be a large bifurcation between the
zero-field cooled (ZFC) and field cooled (FC) curves of dc susceptibility data at freezing
temperature (Tr) [169]. There are laws to study the frequency dependence Tt, such as Arrhenius
law and Vogel- Fulcher law [168]. The Arrhenius relation can be written as;

T=1 exp(i—;) (1.10)

Here, 7 is the relaxation time (1/f), 7, is a time constant, E,, is the activation energy.

Similarly, the Vogel-Fulcher law can be written as;

T=1, exp[ﬁ] (1.11)

Here, T, represents the characteristic temperature.

The SG model can be used to develop algorithms for image restoration and machine
learning [170,171], as well as to comprehend neural networks and protein folding [172,173]. A
number of protocols have been developed in the last few decades to identify the SG state [174,175].
Such as relaxation of thermoremanent magnetization (TRM) that is decay of remanence
magnetization with time. This relaxation process is explained by an exponential function, which

can be written as [176];
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M(t) = My + Mg [exp(—(t/T)'™™)] (1.12)
Here, M, stand for intrinsic FM component, My, magnetization contribution from spin glass
component, and v and n represents relaxation characteristic time and critical exponent
respectively. As explained above, in conventional spin glass state, system changes its spin from
one disordered PM spins state to another disordered metastable frozen state. However, in some
material along with the ordered state like FM/AFM/FIM state, a spin frustration state has been
observed at low temperature. In such case, the system undergoes transition from disordered PM
state to ordered FM/AFM/FIM state then to another disordered metastable frozen state. Such type
of spin frustration state is known as cluster glass/re-entered spin glass state. Because when a
disordered (PM) to ordered (FM/AFM/FIM) state transition occurs in the system, then it reenters
to the disordered spin frozen (spin glass) state. Some FM systems and few manganites with
perovskite structure had shown this property [177-182]. Similarly, in single crystal of
Euo.sSr.sMnQg4, and perovskite EuosBaosMnOs shows SG behavior [183,184].
Aging Behavior

A general characteristic that can be investigated using thermoremanent magnetization
versus time measurements M(t, t,,) is the ageing behavior of a spin glass system. To achieve this,
the system is field cooled below Tsy to a desired temperature and wait for a time tw, then the
magnetic field (H) was switched off. The response function produced by this is known as the spin

relaxation rate (S), and it is defined as [185];

d[-M(t,tw)/H]

S0 = dIn(t)

(1.13)

In this study, the S(t) versus In (t) plots one can see a peak and this peak depends on the applied
field value. Few authors demonstrated that applying a magnetic field in the spin frozen state
reduces the height of the barrier or the depth of the trap [186]. Which is attributed to the reduction
in Zeeman energy (Ez), which aids spins to escape the trapped potential. Ez can be calculated by
using the relation In (terr /tw) = - Ez/KgT [187], where tefr is the time at which the peak is observed
in S(t) versus In (t) plots. By carrying out various ageing experiments, it is possible to investigate
another feature of the SG system that is memory effects. Here the sample is zero field cooled
through Tsg to a temperature, then an external magnetic field is applied after waiting for a time of

tw. An inflection points in the rate of evolution of magnetization at a time roughly equal to tw, and
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it suggests that SG remembers the waiting time. The slow spin relaxation, ageing effect, memory

effects, and other magnetic characteristics of DPs make them more intriguing [187-189].
1.9 Magnetization Reversal (MR)

Magnetization reversal (MR) or negative magnetization (NM) is a very intriguing property
of magnetic materials. It refers to a change in magnetization from a positive value to a negative
value in a magnetization versus temperature measurement, under a fixed positive applied magnetic
field. The particular temperature at which the net magnetization of the material vanishes (M = 0),
and below this temperature magnetization becomes negative is called as compensation temperature
(Tcomp). This phenomenon was first observed by Neel in the year 1948 in FIM materials [144].
Afterwards MR has been observed in various FM and canted AFM materials [72,190-193],
intermetallic alloys perovskites/DPs, and multilayers etc. [78]. Thermomagnetic switches,
magnetic memory, spin valves, and thermally assisted magnetic random-access memory (TAM-
RAM) are some possible technological applications of the materials [78,194]. There are several
possible origins of MR in various materials; a few common ones are discussed below.
Temperature Dependent Antiferromagnetically Coupled Magnetization

This phenomenon was first explained by Neel in FIM materials [144]. It states that, if a
system consists of temperature dependent sublattice moments which are antiferromagnetically
coupled and placed at two distinct crystallographic sites. In this case, below a specific temperature,
one sublattice magnetization dominate over the other, and vice versa at higher temperatures. As a
result, at Tcomp the material has a net magnetization of zero, due to the equivalent magnitude of
magnetization value of two sublattices and their cancelation. Below the Tcomp, System has negative
value of magnetization. Menyuk et al. reported MR in the inverse spinel Co2VOs in the year 1960
with Teomp = 70 K [195]. As an inverse spinel, it has Co in both tetrahedral (A) and octahedral (B)
sites and V at octahedral site. The origin of MR in this compound is well explained by considering
the various temperature dependences of the magnetic moments of A site and B site ions in
accordance with the Neel's theory. Afterwards various compounds such as spinel ferrites Co(Cr1-
xF€x)204 [144], Ni(CrixFex)204 [145], other spinels like Fe2MoOa4 [142], FeCraxAlxSa [196], RE
garnets [166] and Prussian blue analogues [197] show MR and are explained based on Neels

model.
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Competition between ferromagnetic moment and paramagnetic moments in

negative internal magnetic field:
This feature is mostly found in perovskite compounds such as orthochromites and

manganite [190,192,200,201]. MR is found in orthochromites RCrOs when the A site is partially
or totally substituted by magnetic RE ions such as Pr, Ce, Yb, Gd, and so on. MR is caused by the
negative internal magnetic field produced by the antiferromagnetically ordered Cr®* ions and its
impact on the PM moment of R and/or substituted ions. Then, under the influence of a negative
internal field, the moments of the paramagnetic ions partially align themselves opposite to the
applied field as well as FM moments and it leads to MR. Cook et. al. derived an expression for
such compounds' net magnetization which can be written as [202].

(HI+ Hext)

M= Mpy + C x ==

(1.14)

Here, Mgy, C, H;, H.,, and 8 stand for the total FM component present in the system, Curie
constant, negative internal field, applied external field and the Curie temperature respectively.
Based on these mechanism MR is explained in Er(CoMn)Os perovskite [200], epitaxial
Gdo.67Ca0.33Mn0O3 thin film, GdCrOs [190], YbCrOz [201], LaCro.gsMno1503 [203] and Las-
xPrCrOs (x =0 - 1) [192] and R.CoMnOe (R = Er, Ho) DPs [65,71].

Competition between Dzyaloshinskii-Moriya (DM) interaction and single ion

anisotropy (SIA):
For some systems, competition between DM interaction and SIA leads to MR it is mostly

found in AFM materials. Authors have attributed the MR in perovskite structures such as YFe.
xCrxO3 (0 < x <1) [204], BiFeo.sMnos03 [205], Bio.3Cao.7Mno.75Cro.2503 [68], LaCrixFexOs (x =
0.45 and 0.5) [206], and LaFeo5Cro503 [206,207] to competition among SIA and DM interactions.
Ren et.al. said that tilting of VOs octahedra in YVOs, display distorted perovskite structure, which
results in to a canted spin structure [73]. The DM interaction and SIA are the results of this canted
spin structure [73,140,141].

Fig.1.14. Canted spin structure of two sublattice spins Sj and Sj under SIA and DM interaction.
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Due to structural distortion, the oxygen ions that mediate the SE interaction between the
two nearest neighbors are not in the inversion center. As a result, the DM interaction, which is an
antisymmetric interaction, occurs [140]. Additionally, the tilting of the VOs octahedra causes the
V-0 bonds to be staggered, which further causes the SIA axis to be staggered [141]. The schematic
representation of two sublattice spins Si and S;j is shown in Figure.1.14 with a canting angle of 0
and SIA prefers the spins along the dotted line with a canting angle y. For such system having
contributions from SIA and DM interaction, the Hamiltonian in an external applied field can be
expressed as;

H=Hs+H,+H, (1.15)

Here, Hg contributes to the spin spin interactions, H, represents the SIA and H, is due to the
external applied field. Hence, Hs = J (S;.5;) + D. ( $;xS;), H, = —2AS% and H, = Ef/N

Now, combining all these terms the net energy of the system can be written as [73,206],

E/y=3(5.5) +D.(8;xS;) —2AS% + Ef/N (1.16)

Here, 1 term stands for Heisenberg exchange interaction with J as the exchange coupling constant.
2" term stands for DM interaction and D is the Dzyaloshinsky vector. 3 term stands for SIA and
A as the anisotropy constant with the component of spins along the easy local easy axis S;.

Similarly, last term stands for nearest neighbour (NN) FM interaction and is independent of canting

angle. For a magnetic system and for single sublattice, the absolute value of magnetization can be

written as,
M = Ngps[(S)| (1.17)
Here, [(S)| = gwg:k(—S;% and B = pyH (H is the applied field). Now the equation. (1.16) can be
B
written as,
E/N = -2AS? cos® (y - 0) - J [(S)]? cos(260) + D [(S)|*sin(26) + E¢/N (1.18)

After minimizing the energy equation. (1.18) can be reduced to,

2AS? cos (8-y) sin (0-y) + T |{S)|?sin (20) + D|(S)|?cos (20) =0 (1.19)
By assuming 0 - y << 1, and using the Taylor expansion for sine and cosine functions, equation
(2.19) can be reduced to,

_ 248%*y-D[(S)I?
0= 2A52+2]|(S)|2 (1.20)
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To reduce the number of variables, let us take & = A/J and yp = D/2J, the above expression is

reduced to,
_ S2&y-ypl(S)I?
0= IS (1.22)
Now the net magnetic moment of the canted AFM system will be,
Mhee = 2NgUs[(S)] sin (6)
= 2NgMs|[{S)| 6 (- 0 is small)
S8y =vpl(S)I?
= 2NgHs () 2 (1.22)
T> Tcomp
M M
A p Mtot
Fig.1.15. (a, b) Temperature
T dependency of the two sublattice

magnetization due to SIA (Ma)
and DM interaction (Mp).

T<T

comp

(b)
B
H A tot

+ ] s

Ren etal. explained the MR, based on the competition between the temperature

dependence SIA and DM interaction. Figure 1.14 shows the mechanism of this SIA and DM
interaction below and above Tcomp. SIA is stronger above Tcomp, producing a net magnetic moment
in the direction of the applied field (Ma). When the temperature drops from Tn, Ma will initially
rise as a result of the development of the SE interaction and therefore, sublattice magnetization.
When the sublattice magnetization increases, the DM interaction also increases, leading to the
canting of the spins. The strength of SIA and DM interactions are equal at T = Tcomp, resulting in
zero magnetization. For T < Tcomp, DM interaction takes over SIA and it leads to the magnetic
moment opposite to the applied field (Mp). NM is thus shown below Tcomp.
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1.10 Bipolar Switching of Magnetization (BSM)

It is mechanism which is found in the material which shows the behavior of MR. When the

strength of the applied magnetic field changes without affecting the direction of the field, the

magnetization switches between positive and negative values and vice versa this is known as BSM.
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Fig.1.16. (a, b) Mechanism of Bipolar switching of magnetization for GdCrOz sample and (c) the
result obtained for GdCrOs sample by following the mechanism. Reproduced image from ref
[208].

In order to explain this, we have taken the help of magnetization versus time data provided
by Bibhuti et.al. for GACrOs compound [208]. The sample is initially FC to 110 K (T < Tcomp) at
a field of 100 Oe in order to get the switching behavior. After recording the magnetization for 100
seconds, it was discovered to be negative, as shown in Figure 1.16. Then by increasing the field to
550 Oe, the magnetization was recorded for 100 sec, here the magnetization switches to positive
value. This procedure was performed multiple times varing the field from 100 to 550 Oe and back
to 100 Oe and the BSM is consistent. This result indicates reproducible field induced bipolar
switching of the magnetization. Bipolar magnetization switching in materials with temperature
dependent MR has been reported [74,205]. These materials may thus be used in spintronics,

thermomagnetic switches, TAM-RAM, and other multifunctional devices.
1.11 Exchange Bias (EB) Behavior

As a result of anisotropic exchange interactions at the interface between FM/AFM,
FM/FIM, FIM/AFM, FM/SG, etc., give rise to the shift in the magnetic hysteresis loop from the
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origin and this phenomenon is known as EB behavior [209-212]. This phenomenon was first
discovered in 1956 by Meiklejon and Bean [213]. EB has now been found in a broad range of
systems, including multilayers, core-shell structures, binary alloys, intermetallic alloys, oxide
materials (manganite, cobaltite, chromite, ferrites) and so on [209-221]. This phenomenon has
piqued the interest of many scientists because of its possible use in magnetic recording media,
spintronics devices, spin valve, field sensor etc., The general formula used to calculate the shifting

in the magnetic hysteresis loop along the field axis can be written as [79];

Hgp = (1.23)

Similarly, the effective coercivity can also be calculated by using the relation;

HY'T =22 (1.24)

Sometimes a vertical shift in the loop has also been observed along the magnetization axis and this

can be calculated by using the relation;

Mgp = (1.25)
Here, H, and H_ stands for the field values in ascending and descending branches of the loop for
M = 0. Whereas, M and M_ represents the magnetization values for descending and ascending
branch of loop where H = 0 Oe.

To explain this phenomenon, we have taken the help of Meiklejohn et. al. report [210, 213]
as shown in the Figure 1.17. Here they have taken the layered AFM and FM structure to explain
EB. The spins in the FM portion of a sample will align along field direction when it is cooled to a
temperature that is below T, but above Ty (Ty < T < T.), while the spins in the AFM portion will
stay in arandom orientation (Figure 1.17 (a)). However, on further lowering the temperature below
Ty (T < Ty), there should be two possibility of spin coupling at the interface. It is either parallel
or antiparallel arrangement, here we have taken the case of parallel spins coupling at interfaces
(Figure 1.17 (b)). When the field reaches to maximum value in the first quadrant, the FM spins are
aligned themselves along the direction of field and the layer of AFM spins which is close to the
FM layer is also aligned parallel to it at the interface. Whereas, rest of the AFM spins follow the
usual AFM spin arrangement. Now, when we reverse the direction of field in the second quadrant,
FM spins also try to reverse their spins to align themselves along the field direction. But here the
AFM anisotropy is stronger than the FM one, as a result, AFM spins exert a torque on the FM

spins at the interface to retain their previous spin configuration. Due to this torque, during the
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descending branch of the loop, it required a large amount of field to demagnetize the system. Then
at maximum negative field in the third quadrant, FM spins are aligned along the direction of the
field and AFM spins are at the earlier state (Figure 1.17 (c)). Again, when the field changes its
direction to positive value, FM spins easily flip their spins towards field direction, the favorable
FM exchange anisotropy at the interface help the spin reversed. Hence, in the ascending branch of
magnetization, it doesn’t need a higher amount of field to align the spins in the field direction. This
complete process in the magnetic hysteresis, leads to the shifting of the loop towards the negative

field direction.
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Fig. 1.17: Diagram showing FM-AFM coupling at various stages of a shifted hysteresis loop,
including spin configuration at the interface.

The above explained loop is all about the conventional EB, where the system is cooled
down in the presence of a field. Even without cooling by an external magnetic field, a spontaneous
loop shift might be seen in some systems. This is known as the zero-field cooled EB or spontaneous
EB effect. The SEB effect is very advantageous for electric field control of EB devices because it
removes the need for an external magnetic field. At first, SEB was thought to be a minor loop
effect or instrumental artefact [222]. Saha et. al. in 2007 disproved this presumption by
demonstrating that it is an inherent characteristic of NigoFe2o/NisoMnsg [223]. A number of authors

have since reported SEB in a variety of systems, including nanocomposites, heusler alloys,

30
TH-3274_186121011



Chapter 1: Introduction

ceramics, films, perovskites, DPs etc., [223-230]. The existence of multi magnetic phases, spin
glass-like phases, and FM/AFM phases is the most typical cause of such SEB.

In the above texts we have explained, in any material the MH loop shifts either to negative
or positive field axis. But in certain systems, in a single compound the field dependent EB shows
the sign reversal at a particular field [231,232]. Similarly, there are some systems which show a
sign reversal in EB with respect to temperature [203,208,233]. Such sign reversal phenomenon of
EB by field and/or by temperature is known as tunable EB behavior. Field induced tunable EB
was observed in bilayer system such as Ni/FeF, and Fe/FeF», and it is attributed it to the
competition between the FM/AFM phase with the Zeeman energy [231,232]. Temperature induced
tunable EB has been observed in 2009 by Kulkarni et.al in intermetallic system Ndo.7sH00.25Al2
across Tcomp [234]. Later on, in Smo.9gGdo.02Al2 [235] and Smo.975Gdo.02sCusPd [236] alloys, such
behavior is also found. This characteristic behavior is generally observed in materials having
temperature-induced magnetization reversal (TMR) property [203,208,233]. A system having the
combined property of sign reversal in both temperature dependent MR as well as EB should be
used in device applications such as thermomagnetic switches, TAM-RAM etc. [199,237]. Such
behavior is observed by several authors in various materials such as, in nanoparticles of
Lao2CeosCrOs [199], perovskite structures of YFeosCros0s [238], LaixPrkCrOz [239], NdCri-
xFexO3 (x =0.05-0.20) [240], LaCro.ssMno.1503 [204], NdMnOs [240], solid solutions of BiFeOs —
BiMnOs [241], DP of Sr.YbRuOs [237] etc.

1.12 Magnetocaloric Effect (MCE)

The phenomena which describe the thermal reaction of a magnetic material to a varying
magnetic field is known as the magnetocaloric effect (MCE). The domains of an adiabatic
magnetic material attempt to align themselves along the field direction when an external magnetic
field is applied to it, which results in a drop-in entropy at a given temperature. However, when an
applied magnetic field is withdrawn under adiabatic conditions, the magnetic domains get
randomised, causing a reduction in the temperature of the system. In order to use this approach for
refrigeration, it is necessary to build a cycle that incorporates the two types of processes listed
below: releasing heat to a high temperature heat sink and absorbing heat from a low temperature
heat source. The Carnot magnetic refrigeration cycle, which combines the four processes of
isothermal magnetization, adiabatic demagnetization, isothermal demagnetization and adiabatic
magnetization is a typical example. The Maxwell equations of thermodynamics are considered to
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determine the magneto caloric effect, which is characterized in terms of change in magnetic

entropy (-4Swm) as a function of temperature and magnetic field [242].

ASy (T, H) —fH dM|dH
M o ldT (1.26)
The above equation can be written as,
M; — M4 (1.27)
ASy = ———— 4H;
M Ty =T

Here, Miand Mi+1 are magnetic moments at temperatures T; and Ti+1, in the presence of a change
in magnetic field AH;. The efficiency of a magnetocaloric material is measured by its relative
cooling power (RCP), which can be calculated using the relation,
RCP = —ASP*(T, H) X Trwum (1.28)

Here, Tryuy 1S the full width at half maximum of the entropy versus temperature curve. There are
several ways to find out the order of the magnetic phase transition. One is the slop in M? versus
H/M plot, Positive slopes indicate second order phase transitions (SOPT), whereas negative slopes
indicate first order phase transitions (FOPT) [243]. Second is, the field dependence of magnetic
entropy which is represented as, AS;;** = H™ . Here, ASj7** is the maximum value of A4S, at
different temperatures. Here n plays a major role, such as the value of 0 <n < 1 represents SOFT,
n > 1 represents FOPT and n = 2 stands for PM region [71,244,245].

1.13 Literature Survey

As it is explained in the section 1.1, that the perovskite is a class of materials, presented by
the chemical formula ABXs, where ‘A’ and ‘B’ are the cations and X is an anion and ‘A’ is much
larger than ‘B’ [2]. They can have electronic structures that range from insulating to metallic, and
they can even be half metallic with spin-polarized electrical conductivity. They also display ferroic
atomic displacements, ionic conductivity, and catalytic properties. Coming to the magnetic part,
they have magnetic orderings ranging from AFM to FIM and FM. In addition, they exhibit
magnetic frustration with no obvious long-range magnetic order. Perovskites may have many of
these characteristics all at once, giving rise to novel combination of properties like multiferroicity
[2]. In order to tune these properties, the formula is doubled and exactly half of the B-site cations
are substituted with another cation which leads to the formation of DP compound A2BB 'Xs [2].

The deviation of perovskite structure from deal cubic phase mostly depends on B/B’ ordering.
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Based on this we have reviewed the DP compounds by taking various B/B’ combinations, which

is explained below.
1.13.1 Co-Mn Based Double Perovskite

The ordered DPs belonging to the Co-Mn based family R,CoMnOs (R - rare-earth element)
are significantly explored to understand their magnetic, dielectric, magneto-dielectric and
magneto-electric properties. These are mostly found in monoclinic structure with P21/n space
group at RT [56,57,60,229,247,248]. In the case of ordered R,CoMnOe, it is anticipated that the
Co and Mn ions will be in the 2+ and 4+ oxidation states and they will both be in 3+ state for
disordered phase. They are of great magnetic interest as they belong to a typical FM group. In the
ordered state, the SE interactions across Co?*-O%-Mn** networks lead to FM ordering [38,57].
Whereas, sometimes due to ASD and APB, the interaction across Co?*-O-Co?* and Mn**-O-Mn**
networks and the presence of Co®**/Mn®* ions can lead to minor AFM phase [54-62]. However,
according to a few observations, in disordered state, the SE interaction across Co**-O-Mn®" leads
to FM at low temperatures [56,58,59]. This complex magnetic structure in Co-Mn based DP makes
it more promising as it leads to complex magnetic feature at low temperatures [56,58,59]. This
mixed phase adds few intriguing magnetic properties to the material, such as breakdown of spatial
inversion symmetry and the resulting spontaneous electric polarization [54,55,67,239,250].
La,CoMnOe (LCMO) is one of the most investigated DP compounds in this family because of its
complex magnetic features [56,58-60]. However, stabilization of its structure was a great deal. It
is interesting to note that the temperature at which the orthorhombic-to-rhombohedral phase
transition occurs in LCMO depends on the rate of cooling during synthesis. LCMO possesses a
high degree of orderness at 1060 K and gets disordered for T > 1400 K [251]. Two FM Tc values
of 80 K and 230 K have been observed for LCMO. High temperature FM transition at 230 K is
attributed to the Co?*-O%-Mn** interactions, whereas, the interaction among disordered Co%* and
Mn3* ions were predicted to be the source of the low temperature transition at 80 K [56]. A RT
magneto dielectric of about 80 % has been observed for LCMO ceramics [58]. It prompts their
application in spintronics and multiferroic devices. Researchers may still create multifunctional
materials using this combination because of numerous electronic interactions including the Co%*-
O-Mn** interactions. Few researchers replace La®** ions with Sr** ions in order to get a wide range
of characteristics. For 25% replacement of La with Sr, along with the above two FM transition it

exhibits a glassy nature, spin phonon coupling and a magneto-dielectric effect close to 45% [59].
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However, in 50 % doped sample, complex magnetic properties such as two FM phases, spin glass
like feature and EB effect have been observed [60]. The low temperature transition is the AFM
one and is caused by the ASD induced exchange interaction across Mn**-0%-Mn*" and Co?*-O?%-
Co?* networks.

Similarly, the other compounds such as Th.CoMnOs show metamagnetic phase which lead
to a sign reversal in MCE with a maximum value of maximum magnetic entropy (ASm) of 20.8
J/kg.K below 15 K at H =7 T [64]. Banerjee et. al. reported a FC MR in Er.CoMnOe With Tcomp =
4 K, [65]. It has also shown a MR in ZFC curve with two Tcomp at 20 K and 42 K. MR is ascribed
to the large uniaxial anisotropy of Er3* ions. It has a FM Tc ~ 67 K. In addition to this, it shows a
tunable EB behavior and it is due to the negative exchange interactions between the RE and TM
ions. In Y2CoMnOg the up-down arrangement of Co?* and Mn*" magnetic moment leads to a
ferroelectricity at 80 K [67]. Y2CoMnOs is also a FM one with Tc = 75 K with a spin glass type
of nature at 55 K [46]. MCE shows a maximum ASr, of the value 7.3 J/kg.K with RCP of 220 J/kg.
Similarly, Sm2CoMnOs is a multiferroic material with a FM T¢ of 135 K. Nd2CoMnQOsg shows a
FM Tc of 168 K and it arises due to Co?*-O-Mn** interaction. A spin glass type of ordering at 135
K as well as a metamagnetic phase, Griffith phase and spin phonon coupling has been reported
[248]. Similar type of properties along with EB effect is found in Pr.CoMnQs [54]. Kim et al.
taken all the elements from La to Lu at RE site and found that with rise in ionic radii of A site FM
Tc is increasing from 48 K for Lu2CoMnQOg to 204 K for La2CoMnOs [63]. The magnetic ground
state is found to be a F-type for large ions (Ho/Tm) whereas, for smaller one (Yb/Lu) E-type
ordering is found between Co?* and Mn*' ions [57]. A few groups have started studying

Ho2CoMnOg DPs from the last couple of years, as it has a lower cationic size of 1.07 (2) A and a
greater magnetic moment (10.6 ps) compared to other RE elements [44,57,63,71]. It shows a F-
type FM ordering across Co?* and Mn** ions whereas, Ho also takes part in the FM ordering at
higher fields [57]. The FM Tc is obtained around 78 K, with a magnetic entropy of 12 J/kg K at
10 K for 7 T field [44,63]. Recently a MR has been observed in ZFC curve of MT data with Tcomp
~50 K, and is ascribed to the exchange interaction among Ho®*" and Co?*/Mn*" ions [71].
1.13.2 Fe-Cr Based Double Perovskite

Fe-Cr based perovskite structure are generally found in disordered orthorhombic state
(space group - Pbnm, Pnma, R3c etc). Here, Fe and Cr ion randomly distributed in the octahedral
site due to their comparable ionic radii (Fe** (0.645 A), Cr¥* (0.615 A)), resulting in to octahedral
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distortion. The interaction in Fe**-O-Fe3*, Cr¥*-O-Cr¥* and Fe3*-O-Cr3* mainly determines the
magnetic and electronic properties of these material [50,206,252,253]. It generally shows a canted
AFM structure with a weak FM component. RCrOs is a popularly used materials among the
researchers due to its TMR and EB properties and hence its applications in storage devices,
spintronics, magnetic switches etc. [72-80]. A multiferroic material RFeO3 has also been shown
few applications like ultrafast photomagnetic recording [85], laser-induced ultrafast spin
reorientation (SR) [83,84], and ultrafast photomagnetic recording [85]. YFeOs is a canted AFM
with mild FM due to DM interaction and Cr®* ions in orthochromites show the SIA. After looking
at the tremendous properties and applications of RCrOz and RFeOs, researchers started to prepare
RFeosCros03 to tune their properties. In the year 2005, Azad et al. [207] reported MR in
LaFeosCros03 below 210 K, however its origin is yet unknown. In 2011 Mao et. al. prepares
YFeosCros03 and reported temperature as well as field induced MR [252]. Obtained MR is
reconfirmed by the tunable BSM below Tcomp (248 K). It has an AFM ordering temperature at 274
K, whereas, above and below 260 K, it exhibits both normal and inverse MCE. Then in 2012,
Dasari et. al. prepared YFe1.xCrxO3 (0 <x < 1), and they also reported MR [204]. The temperature
dependence and competition between SIA and DM interaction is ascribed to the observed MR in
the above two cases [204,252].

In 2013 Bora et. al. synthesised LaCri1.xFexOs by standard sol-gel route and observed some
interesting properties for the various concentration of the sample [206]. For x = 0.05 to 0.15 they
observed MR, for x =0.20 to 0.40 it shows a FM type behavior, whereas, for x = 0.45 - 0.50 again
MR has been observed [206]. The reason for the observed MR in lower concentrated samples is
attributed to the competition between PM moment of Fe** ion under the negative internal field and
the weak FM component created by the canted Cr3* ion. At the same time the origin of MR in
higher Fe concentrated samples are ascribed to the competition between the SIA and DM
interaction. In the same year Nair et. al. [134] synthesized YFeosCros03 by solid state route and
reported a canted AFM at 275 K with a weak FM depicted by a MH loop at 20 K. A dielectric
relaxation at ~507 K, and at the same temperature a peak in M-T plot revealed a magneto dielectric
behavior. BSM as well as the occurrence of both normal and inverse MCE have been observed in
materials with TMR [74,252]. This property makes this material applicable in spintronics and
magnetic refrigeration. Fe-Cr based perovskites are extensively studied whereas, Fe-Cr based DP

are very less explored few of which are listed here. In R2FeCrOg DP, the magnetic ordering is also
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determined by the SE interaction across Fe®*-0%-Fe**, Cr3*-0%-Cr®* and Fe3*-0%-Cr®* networks
as that of perovskite structure [2]. Due to its multiferroic properties, Bi2FeCrOs (BFCO) has been
the subject of much investigation [86-89]. Its structural fragility at high temperatures is however a
disadvantage [87-89,254]. In 2008 Ju et. al. [86] gave a theoretical aspect for colossal MCE in
BFCO.

In 2012 Nechache et. al. reported a progress on stabilization of ordered BFCO by tuning
the mismatch in radii of substrate and BFCO [88]. It leads to a novel multiferroic properties at RT
[88]. Similarly, Sha et. al. deposited BFCO on Pt/Ti/SiO/Si substrate by PLD, and reported a FM
behavior at RT [87]. A type-I multiferroic known as ProFeCrOg is a rare member of this family
which has an exceptional structural stability up to 1500 K [253,255]. It could be a strong contender
for spintronics applications because of its high Curie temperature (FM Tc~562 K) and
multiferroicity as reported by S. Ravi [253]. Recent research on ProFeCrOes nanoparticles by
Gaikwad et. al. revealed that they exhibit a structural stability at 923 K with increased magnetic
characteristics [135]. ProFeCrOs has also been shown to exhibit complex magnetic behaviour and
a maximum value of -ASm = 2.06 J kg K at 14 K for H = 9 T [90]. Recently a magneto-dielectric
behaviour has been seen in Y2FeCrQOg [91]. It has been discovered that an artificial superlattice of
LaFeOs; and LaCrOs exhibits FM behaviour. However, La;CrFeO¢ is yet disordered and
magnetically it is AFM with a weak FM component [207,256].

1.14 Motivation

In view of the above literature survey, we learned that the family of DP materials is of
tremendous interest in physics and materials science because of the vast variety of multifunctional
characteristics integrating magnetic, electric, and thermal properties. Despite their enormous
practical and scientific significance, it is still difficult to achieve a well-controlled behavior in
magnetoelectric and multiferroic properties at RT. Most of the magnetic properties such as EB and
MR which are the key factor for spintronic, storage application, and switching elements are found
at low temperature. It generates a thermal barrier that prevents these systems from being used in
RT applications. We've also discovered amazing features for Co/Mn-based DPs and Fe-Cr-based
perovskite structures. Despite the fact that, Ho possess a high magnetic moment compared to Co
and Mn, and the multiferroic property of YFCO. It is worth noting that, there are just a few reports
on Ho.CoMnOe, and Y2FeCrOs DPs. As a result, there is no comprehensive research on the
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magnetic properties at various temperatures and magnetic fields of these compounds. So, for the
thesis work, we have chosen two parent compounds, H0.CoMnQOs, and Y2FeCrOg DPs. It was
anticipated that by reducing the size of a system, it would be possible to preserve the original
characteristics of the system while also giving a few new magnetic properties. To the best of our
knowledge, research on nanostructured Ho.CoMnOs and Y2FeCrOs DPs is still lacking and of
large interest. Therefore, in this work we have focused on the preparation of nanostructured
Ho02CoMnOs and Y2FeCrOs DPs and studied there structural and magnetic properties. In the
current thesis work, we have focused on magnetization reversal (MR), exchange bias (EB)
behavior and/or tunable EB behavior, as well as raising the ordering temperature by appropriate
doping. So that, these materials might be used for spintronics, memory elements, and switching

elements across a wide temperature range.

For the present thesis work, we have prepared the following nanostructured double
perovskite compounds.
6) Nanocrystalline (Ho1-xSmx)2CoMnOs for x = 0.0 to 0.5
7) Nanorods of Ho.CoMnOeg
8) Nanocrystalline HooCoMn1xNixOe for x =0 - 0.4
9) Nanocrystalline Ho2CoMn1xCrxOs for x =0 - 0.5
10)  Nanoparticles of Y2FeCrOg

In the first series we have doped Sm in HooCoMnOg compound at Ho site, up to 50%
replacement of Ho. As per literature survey Sm>CoMnOs is a multiferroic system with a FM Tc
larger than Ho,CoMnOs, and ionic radii of Sm is larger than Ho. The goal is to induce some
anisotropy in the system, which lead to complex magnetic interactions and look for EB behavior.
It is also expected to get a higher FM Tc¢ with Sm substitution. Second one is the nanorod of
Ho2CoMnOg DP, here the aim is to report and analyses a detailed comparative study of the
structural and complex magnetic properties with that of the bulk and nanocrystalline Ho,CoMnOe.
Due to the transfer of the structure from bulk to nanorod, the possibility of surface spin canting is
there, and is might unlock complex magnetic properties. Also, the structural distortion leads to a
variation in bond angle of TM ions thereby tuning the ordering temperature. Third and fourth series
are the TM ion (Ni, Cr) doped series at the Mn site. As Ni*" ion has smaller magnetic moment

compared to Mn**, so to tune the FM interaction Ni is doped. At the same time Cr®* is the element
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which has the same electronic configuration as that of Mn** ion. Also, the literature survey says
that, the replacement of Mn by Cr give rise to multiple oxidation states for Mn. So, it is expected
to get a complex magnetic property due to the magnetic interaction between Mn and other TM
ions. Further, it might lead to EB behavior and MR in the system as obtained in systems with Cr
doping. As YFeosCros03 is AFM in nature and Fe/Cr are randomly distributed at the same
crystallographic site. So, it is aimed to go for nanoparticles of Y2FeCrQOs, with the possibility of
surface spin canting. In such a case, one would expect the ASD and associated weak FM
components which gives rise to a higher magnetic moment as compared to bulk counterpart.
Smaller the particle size larger the structural distortion and this also helps in tuning the bond angle
of TM ions and thus exchange interactions. So, in order to tune the Tc and improve the functional
properties, we have synthesized nanoparticles of Y2FeCrOsg and studied its structural and magnetic
properties.
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Synthesis and Characterization
Technique

The sample preparation techniques and sophisticated tools used for sample characterization
and measurements are covered in this chapter. For the preparation of samples, we have used two
methods: auto combustion and hydrothermal method. For the study of structural and magnetic

properties, we have used various instruments which are described in detail in this chapter.

2.1 Synthesis Methods

Auto Combustion

By combining various elements at the atomic level to create nano-sized, homogenous, and
highly reactive powders, auto combustion is a quick and affordable method for creating particulate
products. It has been widely utilized to create a range of metal - oxides and alloy nanoparticles.
Here, the primary forms of the starting chemicals employed were nitrate or acetate. In our case, to
prepare polycrystalline samples of (Ho1xSmx)2CoMnOs (x = 0.0-0.5) we have taken the initial
compounds as, cobalt nitrate hexahydrate (Co(NO3)2.6H20, 99.0% purity) and manganese acetate
tetrahydrate (C4HsMnO4.4H20, 99.0% purity). However, for holmium and samarium we have used
oxides and glycine (C2HsNO2, 99.0% purity) was used as a fuel for combustion. To prepare the
sample, diluted nitric acid (HNOz3) was added to the stoichiometric ratio of holmium oxide (H0203,
99.9% purity) and samarium oxide (Sm203, 99.9% purity) to produce their nitrates. The prepared
nitrates were added to the solution containing uniform mixture of Co(NO3)2.6H.O and
C4HsMnO4.4H20, which were dissolved in distilled water. Glycine was added to the solution in
1:2 molar ratio with metal ions. The resulting solution was progressively heated at 70 °C and
transformed into gel. After the gel was formed, it was allowed to burn by raising the temperature,
resulting in black fluffy powder. The powder was grinded further for uniform mixture then was
pre-sintered at 650 °C for 6 hours. The final sintering took 6 hours at 850 °C. Similarly, for
polycrystalline Ho2CoMn1xNixOe (X = 0.0 - 0.4) and Ho2CoMn1.xCrxOs (X = 0.0 - 0.5) we have
followed the same procedure. Where we have taken nickel nitrate hexahydrate (Ni(NO3)2.6H20,
99.99% purity) for Ni substitution and chromium nitrate nonahydrate (Cr (NO3)3.9H20, 99.99%
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purity) for Cr substitution. However, for the synthesis of Y2FeCrOg nanoparticles, we used 99.9%
pure yttrium nitrate nonahydrate (Y(NO3)2.9H20), iron nitrate nonahydrate (Fe (NOz)2.9H-0) and
chromium nitrate nonahydrate (Cr (NOz)2.9H20) and followed the steps outlined above. But in
this case, the final sintering was at 650° C for 6 hours.
Hydrothermal

One of the frequently utilized synthesis techniques for the creation of nanoparticles,
nanorods, nanotubes, nanosheets, etc. is the hydrothermal method. The reactions take place at high
pressure and temperature inside a hydrothermal autoclave. For the synthesis of Ho2CoMnOQOs
nanorods, holmium oxide (Ho203), cobalt nitrate hexahydrate (Co(NO3)2.6H20) and manganese
acetate tetrahydrate (CsHsMnO4.4H20) with 99.9% purity were used as initial precursors. As a
precipitating agent and a capping agent, aqueous ammonia (NH4OH) and cetyltrimethyl
ammonium bromide (CTAB) were utilized. As previously mentioned, Ho203 was first transformed
into nitrates, followed by the dissolution of Co(NO3)2.6H20 and C4sHsMnO4.4H20 in distilled
water. CTAB was then added in each beaker in 1:4 molar ratio with the respective metal ions. A
single beaker containing the three combined solutions was stirred for two hours at 80° C. To bring
the PH value near to 11, drop by drop, agueous ammonia was added. The precipitate was then
separated using a centrifuge. The precipitate was re-dispersed in methanol and stored in a
hydrothermal that was heated to 120° C for 24 hours in a hot air oven. After naturally cooling to
RT, the precipitate was rinsed multiple times with distilled water and it was centrifuged to separate
the precipitate. The precipitate was collected in a petri dish and dried at 80° C. Final sintering was
done for 6 hours at 1000° C.

2.2 High Temperature Furnace

The pre-sintering and final sintering of the as prepared samples were carried out using a
high temperature furnace. This is manufactured by Nabertherm with Model number HTCT 03/15,
and has a maximum working temperature of 1500 °C. Figure 2.1 shows the diagram of the high
temperature furnace. It has a double wall insulating chamber, outermost layer is made up of
stainless steel. A PID programmable temperature controller (model number C450) was used to
regulate the temperature. As a temperature sensor, a S type thermocouple (Platinum Rhodium-
10%/Platinum) was employed and Silicon-Carbide (Si-C) rods were employed as heating element.

To turn on the power supply to the Si-C rod, a solid-state relay was employed as a switching

40
TH-3274_186121011



Chapter 2: Synthesis and Characterization Techniques

device. The furnace's working voltage ranges from 380 V to 400 V, and its maximum current

capacity is 20 A.

- Lift door

“ \ Handle

c:S)l: S type Thermocouple
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Fig. 2.1: Schematic diagram of high temperature furnace.

PID controller

2.3 X-ray Diffraction

A wide range of materials, from single crystal and epitaxial thin films to polycrystalline
powders and even randomly oriented amorphous materials, are studied using the x-ray diffraction
(XRD) method. This method reveals details regarding the phase purity of the sample. In an XRD
experiment, the mounted sample is illuminated with a beam of x-rays. The x-ray tube and detector
move in a synchronized motion. The diffracted x-rays from the sample is recorded and plotted,
where peaks are observed related to the crystal structure of the sample. The instrumental setup is
shown in Figure .2.2 (a). Most of the materials are made up of many small crystals, each of these
crystals is composed of a regular arrangement of atoms and unit cell. X-rays are high energy light
with a wavelength (A), which is generally comparable to the interlayer spacing of atomic
arrangement. When the atomic planes are exposed to an x-ray beam, x-rays are scattered by the
regularly spaced atoms. Interference of the emitted signals occurs at very specific angles, leading

to peak for specific glancing angle popularly known as Bragg angle. The pictorial representation
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of diffraction is shown in Figure 2.2 (b). The angle between the incident and the scattered beam is
called 20. The relationship between the Bragg angle (0), spacing between the atoms (d) and
wavelength (L) can be determined by applying the Bragg’s law. It is named after William Henry
and William Lawrence Bragg the father son team, who won the Novel prize in 1915 for their work
of analyzing crystal structure with XRD. Bragg’s law can be express as [257],
2dsinf =nAi (2.1)

Here, n is the order of diffraction. For all of our samples we have used 9 kW powder XRD system
which is Rigaku made diffractometer (model- smart lab) with Cu K, radiation (4 = 1.5406 A) in
order to get the RT XRD patterns.

(@

Incident X - rays (b) Diffracted X - rays

X - ray tube

~ — Detector

Receiving slit

I _Goniometer
foe—

Sample

929/

Fig. 2.2: (a) Instrumental arrangement of XRD and (b) schematic diagram of Bragg’s Law.

2.4 Raman Spectroscopy

Raman spectroscopy is a method for understanding the crystal structure. C. V. Raman
discovered Raman scattering in 1928. It is a type of vibrational spectroscopy that is often used to
investigate structural features including crystalline phases, defects, strain, etc. When a sample is
exposed to monochromatic light in visible region, major portion of the light gets elastically
scattered. However, a minute part of the light gets inelastically scattered by the sample in all
directions. One can observes the scattering at right angle to the incident beam. The incident light
has a particular frequency (v;). If the scattered light has a same frequency (vs) as that of incident
light, then scattering is called as Rayleigh scattering. However, it has been observed that about 1%
of the total v, occurs at frequencies different from the v;, this is called as Raman scattering. When
an incident monochromatic light interacts with an electron in the sample, the electron absorbs
energy from the incident photon and rises to a higher state of energy. The Raman spectra comprise
three distinct portions: Rayleigh scattering, Stokes scattering, and anti-Stokes scattering. When
both the incident and scattered light frequencies are same Rayleigh scattering occurs. If the
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frequency of scattered photon is less than the frequency of incident photon (v; > v;), Stokes lines
are observed. Similarly, when frequency of emitted photon is greater than incident photon (v; <
Vv,), anti-Stoke lines are observed. We can observe the presence of Raman shift, denoted as Av =
v; - vs. If Avis positive it is known as red-shift or stokes shift. At the same time if Av is negative,
it is known as blue-shift or anti-stokes shift. The Raman spectra is different for different material.
By studying this, one can identify the rotational levels and thus a particular molecule. It helps in
performing qualitative analysis. Similarly, the intensity value of a particular Raman lines helps to
determine the concentration of a molecule in a sample. In this manner quantitative analysis can be
done. Thus, Raman spectroscopy can be used to perform both quantitative and qualitative analysis

on a sample [258].

Grating
Beam splitter and notch filter

|

CCD
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Fig. 2.3: Instrumental arrangement of Raman Spectrometer.

For our work, we have used a Horiba Jobin Yvon make micro-Raman spectrometer (model-
LabRam HR 800,) equipped with the Argon laser (A = 488 nm), objective lens (50X long distance,
numerical aperture 0.5, working distance 10.6 mm) and grating (1800 grating/mm) to record
Raman spectra at RT. Here, the system is a dispersive type, the instrumental part is shown in Figure
2.3. To see Raman effect, we need only four main components, a laser, an optical filter, a
spectrometer and a charge couple device (CCD) detector. From the laser we can shoot the sample
with as many as photon we need and all these photons have the same energy or wavelength. Next
is the optical filter, it only allows Raman scattered light to pass through and reflect Rayleigh

scattered light. Now, only the Raman scattered photons are left but to interpret them, we still need
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to know their exact wavelengths. The third component is the spectrometer, just like a prism it
guides the photons to different directions according to their wavelength. The grating and etalon
enabled the scattered light to pass through, which improved the resolution of the weak inelastic
scattered wavelength coming from the sample. Finally, the Raman scattered photons fall on distinct
positions on the CCD detector and thus, a Raman scattered light can be captured. However, in
Raman spectroscopy, the data obtained is in the form of intensity versus wavenumber, where

wavenumber is in the range of 100 to 1400 cmL.
2.5 Field Emission Scanning Electron Microscope (FESEM)

Field emission scanning electron microscopy (FE-SEM) is a sophisticated technique, most
widely used for capturing the microscopic picture of materials through scanning the surface of a
materials by focused electron beam passed through the different electromagnetic lenses and
apartures in high vacuum conditions. For the image formation, the focused electron beam scans
over the surface area of a given specimen and generate rectangular image. FE-SEM champer is
normally maintained in a high vacuum. For better results, our sample should be sufficiently dry
and coated with conductive layer to prevent the charging of the samples. If it is a nonconducting
sample, it should be safe to record it with a protective coating such as gold. The instrumental setup
is shown in Figure 2.4. The electron gun is a zirconium oxide coated with tungsten (ZrO2/W)
emitter. The positively charged, anode is to guide the produced electrons from the electron gun.
The function of first and second condenser is to give a proper shape to the electron beam. After
passing through the scanning coil, also known as the obstacle lens, the beam falls on the sample.

The total system should be in high vacuum and after acheving the vacuum we can apply
the high electric voltage. Depending on the applications, different magnitude of electric voltage is
applied for example, 5kV is applied for imaging and 20kV is appled for recording elemental
composition. The secondary electron (SE) detector, detects SE emitted from the sample and its
amplified signal is connected to computer. The scanning coils scan the surface of the samples,
controlled by the scan generator and connected to the CPU. The resulting image is visualized on
the computer monitor, depicting the interaction between the electron beam and the specimen (see
Figure 2.5). The back scattered electrons are detected by a detector mounted just before the sample.

When high energy incident electron pass the sample, and transmit without any interaction
with the specimen, that is called transmitted electrons. When the high energy incident electron
beam strikes the atoms, some of the electrons from the inner shell (mostly K-Shell) of atom may
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get ejected and they are called the SE. The recording of SE as SEM image reveals surface
morphology of the material. After this process the vacant space created by the SE is filled up by
the electron from the upper shell. This process leads to the release of x-ray and through this x-ray
we can analyze the composition of the samples. Other one is BSE, it is nothing but the incident
electron beam that is reflected from the atom. The BSE bears some characteristics of the nucleus
by this we can get the information about the nucleus of atom as it is related with the specimen’s
atomic number Z (~0.05ZY?). In adition to this other electrons like auger electrons,
cathodoluminoscence, characteristic and continuum X-rays also generated. For our work we have
used ZEISS make FESEM with model - Sigma 300.

Electron gun J
Anode —

Electron beam —0— 0 0—ow_.,

First condenser
lens

Second condenser
lens

Scanning coils

Backscattered
Electron detector

«+«——— Detector

Sample

Fig. 2.4: The instrumental setup for FESEM.

Energy Dispersive X-ray Spectroscope (EDS) is a tool inside a microscope and it gives the
information of elemental composition of any material. The characterisation approach is based on
the fact that each element has a distinct atomic structure and emits a distinct x-ray. As mentioned
above that after the formation of SE, x-ray is produced and this x-ray can be used for the analysis
of comoposition of any specimen. As the x-ray is nothing but the energy difference of the two
energy levels (upper and lower energy). Thus, one may determine the elements by measuring the

energy emitted by x-rays. As a result, the output is a spectrum with peaks corresponding to the
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energy levels. Information about the elements and their relative concentration are also estimated
from this spectra. The EDS spectra of the samples of this thesis were recorded utilizing a Zeiss

manufactured FESEM (model-Gemini) equipped with an EDS facility.

X-rays
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electrons

Transmitted
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Incident electron beam
@

Back-scattered
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Fig.2.5: The interaction between electron beam and specimen.

2.6 Transmission Electron Microscope (TEM)

Transmission electron microscopy is a method in which an image is formed by passing an
electron beam through a material. The specimen is usually an ultrathin slice less than 100 nm thick
on a grid suspension. The interaction of the electrons with the sample is similar as that of FESEM.
However, here the transmitted electron is used to get the image instead of SE. The picture is then
enlarged and focused on an imaging device, such as a fluorescent screen linked to a sensor. The
Figure 2.6. shows the construction of TEM. The basic parts of TEM are (i) An electron gun, (ii)
The condenser system, (iii) The image producing system and (iv) The image recording system.
Similar to FESEM here also electron gun produces electron beam. It is a cathode in the form of
heated tungsten filament. It is accelerated with the help of anode and pass through its aperture.
Then the condenser system focusses the electron beam on to the sample. Then the image producing
system consist of objective lenses and intermediate lenses. These lenses focus the beam passing
through the specimen, to form a real and highly magnified image. The magnification is done by
the projector lenses. The last part is the image recording system, it converts the electron image into
a format that can be seen by human eye. It consists of fluorescence screen for viewing the image.

For our measurements we have used a JEOL make TEM, model number 2100 F.
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Fig.2.6: The instrumental setup for TEM.

2.7 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique which typically
analyses sample to a depth of 5-10 nm. It is very useful in processes that only occur at the top few
atom layers of materials such as heterogeneous catalysis, adsorption, corrosion and adhesion. The
basic principle of XPS is the photoelectric effect (PEE), which was discovered by Albert Einstein
in 1905. PEE says that, when electromagnetic (EM) radiation (light) hits a material, electron from
the surface are emitted out. So, the basic equation for the ejection of electron from the surface by
EM radiation becomes;

hv=BE + KE + ¢ (2.2)
Here, hvis the photon energy, BE and KE are the binding energy and kinetic energy of electron
and ¢ is a constant known as work function. As we know the sum of binding energy and work
function is the minimum energy required to remove an electron from the surface. That means,
some of the energy of the EM radiation is used to remove the electron, and remaining energy is
used to accelerate electrons away from the surface which is KE of electron. Analyzer of XPS
instrument measures the KE of electron and if we know energy of incident EM radiation we can

easily find the BE of the emitted electron. The instrumental set up of XPS is shown in Figure 2.7.
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Fig. 2.7: Schematic diagram for instrumental setup of XPS.

The first part of the instrumentation is the source of photon. It is made up of a metal tube
and the end of the tube is having two surfaces one is coated with Mg and other is coated with Al
and very close to these coatings two filaments are arranged. When current in these filaments are
supplied they gets heated and starts emitting electrons. These electrons collide with the surface
coated with Mg/Al which is made up of cathode. By applying very high voltage about 20 kV on
metal tube they produce x-ray. Cooling water is used to cool the cathode. The sample is illuminated
by the incident x-ray, which causes the electron to escape from the surface with a variety of
energies and directions. The electrostatic lenses then collect the emitted electrons which are
focused to the entrance slit of the analyzer. Here, the analyzer is hemispherical, which is made up
of two hollow hemispherical electrodes. Outer sphere is negatively charged and inner sphere is
positively charged. Electrons are typically ejected in a straight line, but when they enter analyzer,
they are attracted to the positive electrode and repelled by the negative electrode. If a constant
voltage difference is applied across two hemispherical electrodes, the electron with a high KE will
be bent less and will collide with the outer wall. Similarly, if the ejected electron has a low KE, it
will be bent more and will strike the inner wall of the analyzer. Only specific electrons with fixed
KE will follow the path precisely and be permitted to exit through the slit. Electrons coming out
from the slit are counted by the detector and the KE of the electron are communicated to the
computer, it converts the KE to BE and plots a graph of BE versus electron counts. Each element

produces a set of characteristic XPS peaks. These peaks correspond to the electronic configuration
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of the atoms, such as 1s?, 2s2, 2p°®, 3s2 etc. For our measurement we have used XPS with model
number PHI 5000 Versa Probe I11.

2.8 Physical Properties Measurement System (PPMS)

For the magnetic properties of our samples, we have used Quantum Design make, the
DynaCool physical properties measurement system (PPMS) equipped with vibrating sample
magnetometer (VSM). The physical characteristics of materials in bulk, thin film, and powder
form can all be measured using the DynaCool PPMS system. A quick, accurate, and fully
automated DC magnetometer is the VSM option. By oscillating the sample in a pickup coil and
synchronously detecting the induced voltage, this measurement is carried out. The system can
resolve magnetic moment of 10 emu at a data rate of 1 Hz by utilizing a compact gradiometer
pickup coil configuration, a relatively large oscillation amplitude and a frequency of 40 Hz. The
VSM offered by quantum design has the same basic components. However, instead of an
electromagnet the field is generated by a superconducting solenoid. Quantum Designs' linear
transport motor offers sample translation and vibrations, and the pickup coils are housed in the
VSM coil section. The pickup coils arrangements with the protective cover removed are shown in

Figure 2.8.
Pickup Coils

15t Order Gradiometer

Standard coil set (6 mm bore)

Fig. 2.8: Picture of the pickup coils along with two different coil sets.

The pickup coils are arranged in a first ordered gradiometer configuration with clockwise
and anticlockwise windings separated by about 1 cm. The vibrations occur much faster and at a
smaller amplitude of 2 mm with a typical frequency of 40 Hz. The first order gradiometer can be
seen here along with the Cernox thermometer. VSM has two type of Pick-up coils with different
internal bore sizes. One is standard coil set having 6 mm bore with a sensitivity of about 6x10
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emu. The large coil set has 12mm bores size, with a sensitivity of 1.5x10° emu. The physics behind

the VSM is governed by the Faradays law of induction, represented as;
Vo do (d@) (dz> (2.3)
coil — _E - E E

Veoir = CMmAw sin(wt) (2.4)

Which is expressed as;

Here, V,,;; is the induced voltage in the coil, @ is the magnetic flux through the coils z is the
vertical position of the sample. This voltage in turns proportional to the amplitude of the oscillation
(A), frequency (®) and magnetic moment (m) of the sample. A calibration constant C can be used
to calibrate the response. Calculation of magnetic moment is based on the in-phase component of
the induced voltage with respect to sinusoidal vibration. Figure. 2.9 shows a block diagram of the

various steps that are involved in VSM mode.

Motor drive current

’ VSM head
Motor module

(Linear Motor)

RAW encoder signal
CAN network

=
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PC Encoder position E"
&
VSM module [ Coilset voltage | piop yp coils
(Vmil)

Fig. 2.9: Block diagram of various steps that are involved in VSM mode.

The sample rod is inserted into the chamber with the sample mounted at one end. By
calibrating the sample, the sample is positioned at the center of the gradiometer pickup coils. The
output voltage of the pickup coil is connected to the preamplifier and the VSM module which
contained a Lock-in amplifier providing phase sensitive detections. PPMS operates with extreme

precision in the temperature range of 1.8 K to 400 K.

50
TH-3274_186121011



Chapter 3

(H01-xSmy)2CoMnO¢ series and
Ho>.CoMnOs Nanorods

3.1 Nanocrystalline samples of double perovskite (Hoi-
xSMx)2CoMnOs (x =0 - 0.5)

Ho.CoMnOgs DPs forms generally in monoclinic structure with P21/n space group [57]. It
is a FM compound with T, ~ 78 K and it is attributed to the SE interactions across Co?*-O*-Mn**
networks. Sometimes, the presence of AFM phase is also observed due to the interactions across
Co2*-0%-Co?" and Mn*-O*-Mn*" networks which is originated by the ASD. Also, the presence
of Co®*/Mn®* ions can lead to a minor AFM phase [57]. It has a F-type FM magnetic structure with
a magnetic saturation value of ~ 15.5 pg/f.u. and a coercivity of ~ 4.5 kOe at low temperature [71].
In addition, a magnetic entropy value of 12 J/kg K at 10 K for 7 T field has been observed [44,63].
A MR has been observed in ZFC curve with T, ~ 50 K, and the presence of spin glass type of
behavior has also been observed [71]. In view of the above intriguing results on Ho.CoMnOe and
to understand the role of Ho in the magnetic and EB properties, we have prepared the Sm doped
(Ho1xSmyx)2CoMnOs (HSCMO) for x = 0.0 to 0.5 series. The Sm is chosen because of the known
interesting multiferroic properties in Sm2CoMnOs [70] as well as the larger FM Tc compared to
Ho.CoMnOs. Such substitution is also expected to give further insight in to magnetic interaction
between RE and TM ions in this series. We have prepared this series using auto combustion

method as described in chapter 2 (Section 2.1) and studied their structural and magnetic properties.
3.1.1 Structural properties

Room temperature XRD patterns of the HSCMO samples are shown in Figure.3.1, where
all the observed peaks are indexed based on monoclinic structure with space group P2i/n. The
XRD data of samples were analyzed using Rietveld refinement method. Rietveld analysis reveals
that all the samples are in single phase form with monoclinic structure (space group: P21/n). The
Rietveld refined data along with experimental data are shown in Figure.3.2 (a-f) for x = 0.0-0.5
respectively. The magnified view of (112) reflection (Figure.3.2 (g-1)) reveals the prominent shift
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of the peak towards lower Bragg angle (20) with Sm substitution. This clearly indicates the
increase in lattice parameters with Sm substitution. These features are the indication of a decrease
in crystallite size. The merging of (200) and (021) peaks are observed for x < 0.2, however they
split which are quite clearly visible for x > 0.3 as shown in Figure.3.3. It indicates the persistence

of monoclinic symmetry in samples for higher Sm concentration [50].
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Fig.3.1. Room temperature XRD patterns of HSCMO series.

The lattice parameters a and c along with the unit cell volume are found to increase with
Sm concentration, however no appreciable variation in lattice constant b is observed for x > 0.1
samples. This type of small variation in lattice parameter b is also earlier reported [50]. The unit
cell expansion with Sm substitution is due to the partial replacement of Ho®" ions having ionic
radii of 1.015 A with Sm3* (1.079 A) ions. The crystallographic angle a =y = 90° and the B values
for various samples are given in Table-3.1. The lattice parameters of the parent compound are
comparable to those reported by Mazumdar et.al. [71]. After refinement we have observed a tilt in

Co0e and MnOe octahedra in the unit cell of HSCMO samples. Hence, the overall tilting in unit

52
TH-3274_186121011



Chapter 3: (Ho1-xSmx)2CoMnOs series and Ho2CoMnOgs Nanorods

cell is measured by looking at the angle between CoOes and MnOg octahedra along c-axis. The

calculated bond angles between TM ions with Oz, O and Os, are shown in Figure. 3.3 (a-d).
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Fig.3.2. (a-f) Rietveld refinement for x = 0.0 - x = 0.5 and (g-l) zoomed view of (112) peak.

We found the angle made by TM ions with O; is decreasing, however with O, and O3

increasing with Sm concentration. The average bond angle is also found to increase with Sm
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concentration. For a perfect DP, the 180° bond angle between the TM ions situated at octahedral
sublattices gives rise to a strong FM SE interaction in Co?*-O-Mn** networks, as predicted by
Goodenough-Kanamori rules [38,39]. Here the deviation from 180° must affect the SE interactions
[2]. However, the rise in bond angle with Sm concentration might lead to strengthening of the SE
interaction and increase in the FM Tc¢ which will be discussed later.

Table - 3.1. Structural parameters of HSCMO series.

Sample x=00 | x=01 | x=02 | x=03 x=04 x=0.5
a(A) 5.228 5. 239 5. 251 5.261 5.274 5. 286
b(A) 5.581 5.573 5.572 5.572 5.572 5.572
c(A) 7.469 7.479 7.494 7.505 7.521 7.534
V(A3) 217.9 218.3 219.4 220.0 221.1 222.0
B (®) 89.93 90.03 90.06 90.07 90.08 90.05
Ry 7.70 4.08 2.29 2.95 2.76 2.59
Rgragg 4.46 2.93 1.96 2.14 2.22 2.01
*(%0) 1.55 1.37 1.16 1.20 v 1.25
Average crystallite
) 35 34 31 31 31 30
size(nm)
Micro-strain (10°%) 2.21 2.17 2.21 2.0 2.18 1.61

The average crystallite size and the micro-strain parameter were calculated from the XRD
peaks using the Williamson-Hall (WH) method [259] as given by the equation;

BcosO = ’;—A + 4¢ sin 0 (3.1)
Here, B is defined as the full width at half maximum (FWHM) of XRD peaks, k is the Debye-
Scherer constant (k = 0.94), A = 1.5406 A (wavelength of the x-ray source), D is crystallites size,
€ 1s the micro-strain parameter and 0 is the XRD peak position. The WH Plot (Bcos versus 4sinf)
is shown in Figure.3.4 (a-f). They are well fitted with the linear equation which are represented by
red solid lines. The values of average crystallite sizes, as well as micro-strain parameters are

evaluated from the intercept and slope of the straight line respectively.
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Fig.3.3. (a-d) Bond angle of TM ions with O1,02,03 and average bond angles of HSCMO series
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Fig.3.4. (a - f) Williamson-Hall plots of HSCMO samples for x = 0.0 to 0.5.
The estimated values of average crystallite size of samples show no appreciable variation
with Sm doping as listed in Table-3.1. All the samples are found to be in nanocrystalline form.
Similarly, the observed micro-strain parameters are also do not reflect any appreciable variation

as no appreciable change in surface to volume ratio is found with increase in Sm concentration.
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Fig.3.5. (a - f) FESEM images of HSCMO samples for x = 0.0 to 0.5.

The FESEM images of HSCMO samples are shown in Figure.3.5 (a-f). The particles are
highly agglomerated and interconnected to each other leaving considerable porosity in the system.
Such agglomeration makes it difficult to estimate the average particle size. Hence, the calculated
crystallite size is provided in Table - 3.1. The elemental composition was evaluated from EDS
analysis and the spectra are shown in Figure.3.6 (a, b). It confirms the presence of Ho, Sm, Co,
Mn and O with desired composition. The uniform distribution of these elements is confirmed by

elemental mapping as shown in Figure.3.6 (c, d).
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Fig.3.6. EDS spectra of (a) x = 0.0 and (b) x = 0.5 samples and their respected elemental mapping
(c, d).

RT XPS data along with the Gaussian fit for x = 0.4 and 0.5 are shown in Figure.3.7 (a -
h). The oxidation states of Co/Mn were measured by deconvoluting 2Ps,2 and 2P1/» peaks. Whereas,
for Ho and Sm were obtained by the deconvolution of 4D and 3D peaks. For x = 0.4, the 4D core-
level spectrum of Ho consists of peaks at 159.72 eV and 161.47 eV. The 3D core-level spectrum
of Sm consist of peaks at 1081.75 eV and 1082.68 eV. The obtained positions of peak say that Ho
is in the state of 3+ and Sm is in the state of 2+/3+ [260,261]. However, the Sm?* is much small in
amount as compared to Sm®* so it can be neglected. Similarly, the 2P core-level spectrum, of Co
consists of four peaks at 780.13 eV, 783.74 eV, 795.86 eV and 802.86 eV and Mn spectrum has
the peaks at 641.49 eV, 642.42 eV, 653.59 eV, and 664.38 eV. The peak positions of both Co and
Mn reveal that, Co is in the oxidation state of 2+/3+ and Mn is present in 3+/4+ states respectively
[261-266]. For x = 0.5, the peak positions for Ho is at 159.57 eV and 161.18 eV; for Sm it is at
1081.72 eV and 1083.55 eV; for Co it is at 780.03 eV, 783.83 eV, 795.74 eV and 801.49 eV and
for Mn it is at 641.69 eV, 643.70 eV, 653.10 eV and 654.39. All these positions represent the
presence of above stated oxidation states for individual elements [261-266].
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3.1.2 Magnetic properties

The measured temperature variations of magnetization (MT) under ZFC and FC condition
for an applied field of H = 100 Oe are shown in Figure.3.8 (a-f). The ZFC MT plot of x = 0.0
sample shows a sharp rise in magnetization for T < 85 K followed by a peak like structure at T)qx
=75 K. However, for T < 50 K, a secondary rise in magnetization is observed with decrease in
temperature. Similar type of peak like structure followed by secondary rise in magnetization is
reported by Blasco et.al. [57] and Jia et.al. [44] in HOoCoMnQOe. The FC magnetization shows a
sharp rise in magnetization at T < 85 K followed by tendency towards saturation. A large
irreversibility of the order of 1.24 x 10° % is observed for x = 0.0 sample at 5 K. The irreversibility
is quite prominent especially for T < T4, indicating competing magnetic interaction or spin
geometric frustrations such as spin glass or cluster glass at lower temperatures. The FC MT plot
indicates a typical FM transition. The FM transition temperature (T;) is determined by plotting
first derivative of the ZFC magnetization with respect to temperature (dM/dT) versus temperature
and the T is found to be 83 K for x = 0.0. Similar MT plots are observed in Sm doped samples
however the FM Tc is found to increase with Sm concentration as shown in Table-3.2. The T is
found to increase from 83 K for x = 0.0 to 115 K for x = 0.5. It can be attributed to the increased
bond angle resulting from Sm substitution and the corresponding strengthening of SE interaction.
For a clear view, ZFC plots are shown in the inset of Figure.3.8 (a-f).

Table - 3.2. Data obtained from MT measurements and modified Curie-Weiss law fitting.

sample (TK") e 190 ‘Z}T(’;' ‘(’S Hert /(fT'V') Herr (RE) | HeR(RE)
(5K) (10°%) uglf.u. uglf.u. pglf.u.
x=00 | 83 1.24 82 | -9 48 14.7 14.9
x=01 | 87 1.14 86 | 24 | 52 15.8 14.2
x=02 | 95 1.22 93 | -15 | 52 15.4 13.4
x=03 | 100 1.18 98 | 13| 53 14.2 125
x=04 | 108 1.33 107 | -12 5.2 13.4 11.6
x=05 | 115 1.38 114 | -8 5.2 125 10.6
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In order to understand the nature of magnetic interaction, we have analyzed the PM
susceptibility data. Typical plot of inverse susceptibility as a function of temperature for x = 0.0,
0.1, 0.3 and 0.5 samples are shown in Figure.3.9 (a-d) and they considerably deviate from linearity
and as a result they could not be fitted to Curie-Wiess law (CWL). So, we have fitted the data by
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modified CWL as explained in section 1.5.3 (Eqgn. 1.7) which is mostly used for DP systems [143].

They are reproduced here for convenience

Crm CRE
3.2
—0rm T-0Oge (3.2

x= T
Here TM and RE ions are treated independently i.e., by considering no interaction between TM
and RE ions [143]. However, at low temperatures, such interaction cannot be ruled out. The fitted
data are shown as solid line in Figure.3.9 (a-d) which closely follow the experimental data down
to FM T,. The estimated values of 6, and 8 for x = 0.0 sample are found to be 82 K and -9 K
respectively. The 64,, value is quite close to the measured FM T, (83 K). The fitted 6z value is
quite small and negative, it indicates the AFM interaction among RE ions at low temperature. We
have also repeated the fitting by fixing the 64, as experimental T, value as per the procedure
reported in Ref. [143], however, no appreciable variation in the fitted parameters is seen. Similar
fitting was carried out for other Sm substituted samples and in all cases 8, is found to be quite
close to the respective FM T, . Bz is found to be negative value and its magnitude mostly

decreases with Sm concentration. The effective PM moment (u.sf) is calculated by using the

formula, e]‘}ji =,/3kgC/N,, where kg is Boltzmann constant, C is the Curie constant (Cyy, / Crg)

and Na is the Avogadro number. Theoretical effective magnetic moments of RE ions per formula

unit can be calculated using the relation;

= 2 (=00, + 212, (33)

Similarly, the effective moment of TM ions can be calculated by using the relation;

Hyy = 1/#20 + 1, (3.4)

Here Wyo, Ksm. Heos Hum are the ground state effective magnetic moments of Ho®*, Sm®*, Co?",
and Mn** ions respectively, x is the doping concentration of Sm. The effective ground state PM

moments used for calculations are 10.60 pp for Ho®**, 0.85 pp for Sm®* and 3.87 p for both Co?*

and Mn** ions. The xI value is found to be 5.47 pg/f.u. The experimental values of y’j}cj’f (TM)

and ﬂf}‘]’? (RE) are tabulated in Table-3.2. The ﬂf]’f;’ (TM) values are mostly comparable to the

theoretical values except for x = 0.0 sample. The smaller experimental values for this sample could

be due to the presence of some fraction of Co*'Mn®* ions, with Co®" (t24°e(°) ions in low spin state

as reported in various Co/Mn based DPs [8,13,14,18,20,23]. The calculated value of pf}cji’ (RE) is
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decreasing with the Sm substitution, it confirms the substitution of Sm3* (0.85 ;) at Ho** (10.60

ug) site. Here yf;f}’ (RE) values are appeared to be slightly overestimated compared to theoretical

values. The possible reason is the domination of first term associated with TM ions in Eqn. (3.2)

and hence the considerable error in parameter related to the second term, i.e., RE ions term.

. (b) x = 0.1
8-
= =
6 g
= = 61
= S
2 :
St S 4
'TR o Expt. data 7?-?. o Expt. data
2 — Fitted data o) Fitted data
0 T T r T T 0 T T T T T
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Fig.3.9. Inverse susceptibility, fitted with modified Curie-Weiss law for (a) x = 0.0. (b) x = 0.1,
(c) x=0.3 and (d) x = 0.5 respectively.

We have also taken up the M-T measurements for x = 0.0 and 0.5 samples by varing the
applied field from H = 100 Oe to 10 kOe and they are shown in Figure.3.10 (a-d). The ZFC M-T
plots of x = 0.0 sample show the peak like structure for T < 85 K followed by secondary rise in
magnetization at low temperature. However, with increase in H value the peak is getting broadened
and shifting towards low temperature due to the forced magnetic polarization against the
anisotropic field. For H = 10 kQOe, the peak like structure disappears and only a step like behavior
is observed. The secondary rise in magnetization at low temperature is now much prominent due
to forced magnetic polarization of RE element due to large applied field. Simillarly in FC MT plots
of x = 0.0 sample show low temperature (T<25 K) rise in magnetization for H> 500 Oe. Thus with

increase in applied field, the RE moments are forced to align along FM moment. Similar behavior
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of peak broadening and secondary rise in magnetization at low temperature is observed in ZFC
MT plots of x = 0.5 sample. However, here the peak like structure remains even for H = 10 kOe
and it indicates the presence of robust magnetic anisotropy or competing AFM interaction with
increase in Sm substitution. The FC MT plots of x = 0.5 sample also show similar trend of x = 0.0

sample with secondary rise in magnetization at low temperature. However, the secondary rise is
more prominent for H > 3 kOe.
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Fig.3.10. (a, b) ZFC and FC, M versus T plots at an applied field of H = 500 to 10 kOe for (a, b)
x =0.0 and (c, d) x = 0.5 respectively.

(i) Study of M-H Loops

The magnetic hysteresis loops recorded at 5 K for magnetic field up to £ 9 T are shown in
Figure.3.11 (a). At the outset they all exhibit typical FM behavior with a considerable saturation
magnetization and coercive field. Even for H = 9 T, the magnetization is not saturated and
considerable linear behavior is observed. This can be attributed to the presence of spin canted AFM
or considerable PM moment at low temperature. To determine the saturation magnetization values,

the initial magnetization curves were analyzed based on LAS model as given below [267],

b
M = My (1--2) +cH (3.5)
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Here Ms is the saturation magnetization and c is a constant related to the forced magnetization at

high field. The parameter b can be written as follows,

8K?
105, M3

(3.6)

Here K; is the effective magneto-crystalline anisotropy constant. The initial magnetization data
along with fitted data (solid red line) are shown in Figure.3.11 (b). The obtained Mg and K; values

are given in Table-3.3.

(a) 141 ——LAS Fitted curve
= 12{ (b)
_5{ T=5K 10
-] _—
€ 5 —0.0 : 8-
= —0.1 1=36
= —02 =
—0.3 44
-10- —0.4 2]
—0.5
-15 T T T T 0 T T T
-80 -40 0 40 80 0 20 40 60 80
Magnetic Field (kOe) Magnetic Field (kOe)

Fig.3.11 (a) M-H loops measured at 5 K under ZFC condition (b) initial M-H loop along with
fitted data using LAS model for x =0.0 - 0.5.

The Ms value for x = 0.0 sample is found to be 11.64 pg/f.u. and it decreases to 7.86 pg/f.u.
for 50 atomic % of Sm substitution. The FM transition in these samples are expected to originate
from Co?*-0*-Mn** networks. For SE interaction in such networks, one would not expect more
than 6 pg/f.u. (Co?* = Mn** = 3 pglion). So, the observed large value of 11.64 pg/f.u. for x = 0.0
sample is expected to originate from the RE ions contribution to the FM moment. The magnetic
moment of each Ho®*" ion is 10 g and having two Ho** ions per formula unit, one would expect
total magnetization of 26 pg/f.u. if all the Ho®* ions take part in FM interaction. Since the obtained
M value is much less than 26 pg/f.u., it is attributed that some components of Ho** moment
contribute towards ferromagnetism. This can be visualized as a weak AFM interaction among Ho®*
ions giving rise to canted FM moment aligned along the net magnetization of TM ions. As the
doping concentration is increased, M value is found to decrease and it is consistent with Ho®* ions
having larger magnetic moment being substituted with Sm3* ions (0.71 pg/ion). However, unlike

M, values, M, and H values are found to increase with Sm concentration. This can be attributed
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to lattice distortion associated with Sm substitution as well as larger concentration of grain
boundaries in Sm substituted samples. The K; values are found to be in the order of 10* erg/cm?®

indicating no strong magnetic crystalline anisotropy in the system.

Table - 3.3. Data obtained from M-H Loops recorded at 5 K along with Heg values.

Sample x=0.0 x=0.1 x=0.2 x=0.3 x=04 | x=05

Hc (Oe) 5328 5160 5694 6565 6632 9275
Mr (ug/f.u) | 2.0 (4) 22(4) | 24@3) | 25(@) | 26@) | 27
Ms (ug/fu) | 11.6(3) | 11.0(3) | 100(3) | 91(3) | 88(3) | 7.9(3)

Ki 19 2.0 17 16 14 13
(10%erg/cm?) 3) 3) 4) (2) 3) 2
Hes (Oe) -30 -62 -81 127 -162 237

In order to understand that whether the magnetism in the system originates from single
magnetic phase or some competing complex magnetic behavior, we have plotted loop width (AH)
versus magnetization (M) as shown in the Figure.3.12 (a-d). In a system having single magnetic
phase, one would expect a Gaussian curve with a maximum at M = 0 [268]. On the other hand, in
the present system a dent is seen at M = 0 followed by two broad peaks on either side. This indicates

that more than one magnetic interaction exists in the present system.
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We have also recorded the magnetic hysteresis loops at 45 K i.e., above the secondary rise
in magnetization and they are shown in Figure.3.13. Looking at the figure we can say that all the
samples show FM behavior. The magnetization shows a linear behavior above 3 T and the coercive
field is increasing with Sm substitution. By using Eqn. (3.5) we have estimated M values at 45 K
and they are found to be in the range of 3 ps/f.u. to 3.7 ps/f.u. for various samples. These values
are certainly less than 6 pg/f.u. indicating no FM contribution from RE ions at 45 K. So, it can be
concluded that RE ions contribution to total magnetic moment comes into picture only below the
temperature of secondary rise in magnetization. So, this leads to large magnetic momentat T =5
K. However, the M values at 45 K are not close to the expected value of 6 pg/f.u. due to magnetic
interaction in Co?*-O%-Mn** networks. One possibility is due to the chosen temperature is
relatively close to FM T, leading to considerable thermal agitation induced depolarization of
magnetization. Inset of Figure.3.13. shows the enlarged view of loop near H,.

Having gone through the MT plots under ZFC and FC condition and MH loops at 5 K and
45 K for various samples, the following discussions can be made. The sharp rise in ZFC
magnetization of x = 0.0 sample at T < 85 K and at higher temperature for Sm doped samples, as
well as clear positive Curie temperature (61y,) suggest that this transition is due to FM interaction.
Here the estimated 6,, values are also comparable to the FM T,. The FM interaction originates
from Co?*-O%-Mn** networks in this series. Such FM interaction in DPs has been reported earlier
[54,60]. In conventional FM transition, one would expect magnetization tending towards

saturation for T < T, however here a peak like structure is seen in ZFC MT plots. One of the
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following reasons can contribute to such peak like structure: (i) AFM interaction between RE and
TM ions. (ii) strong magnetic anisotropy leading to FM domains in random direction. (iii) ASD of
a few TM ions leading to AFM arrangement across Co?*-0%-Co?* or Mn**-0%-Mn*" at FM
interface. (iv) Sometimes the presence of Co*/Mn** ion can lead to an AFM interaction between
the ions. So, the observed peak like behavior in ZFC is expected mainly due to the presence of
minor AFM ordering due to APB and/or ASD. Such APB have been reported in La2CoMnOs
system [54,58]. From the XPS data, we have observed the presence of Co**/Mn*" which could also
be a reason of the minor AFM phase in this series and it leads to the peak like behavior in ZFC
MT curve. The MT plots carried out at different applied fields indicate the broadening of the peak
and shifting towards low temperature. This can be attributed to forced magnetization and the
suppression of AFM interaction across ASD due to large applied field. For H = 10 kOe, no peak
is seen for x = 0.0 sample but the peak remains for x = 0.5 sample up to H = 10 kOe. The variation
in peak structure in the ZFC MT curves with increase in field is due to the strongly temperature
dependent coercivity of these samples [269]. When the value of applied field is less than H, at low
temperature (5 K) and by increasing the temperature, the measured magnetization will remain very
weak until near T,. Just below T, the temperature dependence of H. gives rise to sudden rise in
Mzec (T) curves to form a peak like structure.

Another prominent observation in ZFC MT plots is the secondary rise in magnetization for
T < 50 K. This can either be due to PM contribution of Ho®" ions at low temperature or due to the
partial FM interaction between Ho®" ions and net moment of TM ions. From MCW law fitting, we
have interpreted that Ho®* ions them self interact antiferromagnetically at low temperature.
However, one cannot rule out the spin-canted AFM interaction of Ho®*" ions leading to some FM
component along the moment of TM ions. The secondary rise in magnetization is found to be quite
dominant with increase in applied field. This can be attributed to polarization of Ho moment along
the direction of field. Similar strengthening of secondary rise in magnetization is observed in Sm
substituted samples. The large Ms value beyond the expected values from TM ions alone at 5 K,
can be attributed to the additional FM component from the RE sublattices. The smaller Ms values
in Sm substituted samples are mainly due to smaller Sm3* moment compared to Ho®*" ions. Such

FM component from RE ions in the present series at 5 K can be further supported from the

observation of low Ms value that is less than 6 s/f.u. in DPs without magnetic RE ions [54, 58,
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68]. Our measurements at 45 K also show that Ms value is less than 6 Hs/f.u. and it indicates that
RE ions order only at low temperature.
(if) Study of Exchange Bias Behavior

In view of the presence of multiple magnetic sublattices and their complicated magnetic
interaction along with disorder induced APBs, it is worth exploring of EB behavior in the present
series. Typical MH loop under FC condition for x = 0.3 sample is shown in Figure.3.14 (a), along
with the plot in expanded scale close to M = 0 (Figure.3.14 (b)). We can see a clear shift of MH
loops towards negative field axis indicating EB behavior. Similar plot is shown in Figure.3.14 (c)
for x = 0.5 sample. However, to rule out any stray field induced artefacts on EB field (Heg) we
have recorded negative (0—-9—+9—-9 T) MH loop along with the positive (0—+9—-9—+9 T)
MH loop for x = 0.5 sample as shown in Figure.3.14 (c, d) and are found to shift in opposite
direction indicating intrinsic EB behavior. The Heg was determined and are given in Table-3.3,
they found to increase with Sm concentration. This can be attributed to the exchange anisotropy
between the FM moment of TM ions and the spin canted AFM ordered Ho®**/Sm?* ions. As the Sm
concentration is increased, the lattice distortion gives rise to further spin canting and enhanced

exchange anisotropy.
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14
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=
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e /
= |
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Fig.3.14. (a) M-H loops under FC condition for x = 0.3 and (b) its enlarged view in the vicinity of
coercivity (Hc), (c) ZFC, positive and negative FC MH loops for x = 0.5 sample and (d) their
enlarged view in the vicinity of coercivity.
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Here x = 0.5 sample shows relatively large Heg value at 5 K. For this sample we have
recorded several MH loops under FC condition in the temperature range of 5 K to 95 K. These are
shown in Figure.3.15 (a) along with the plots in expanded scale (Figure.3.15 (b)). We can see that
all of them show EB behavior. The Heg values determined from these loops are plotted as a
function of temperature as shown in Figure.3.16 (a). It is found to fall exponentially with increase

in temperature. It is fitted to an exponential function of the form [270],

Hes (T) = Hgp (0) expl /) (37)
Here, Hes (0) is the EB value at T = 0 K and T is a constant. The fitted data are shown as solid
line in Figure.3.16 (a). The fitted values of Heg (0) and Ty are found to be -394 + 10 Oe and 9.8 +
0.4 K respectively. We can see a sharp fall in Heg especially for T > 20 K. This can be understood
that the exchange interaction between RE and TM ions in the perovskite structure based materials
are generally strong for T <20 K [240]. Thus, for T > 20 K the weakening of anisotropic exchange
interaction gives rise to decrease in the value of Hgz. We have also plotted the variation of H,
with temperature, which is shown in Figure.3.16 (b). It is found that it follows the modified

Kneller’s law [271].

He (M) =He Q) [1- (/g )] (38)
Here, H (0) is the value of coercivity at T =0 K, Ty is the blocking temperature and y is a constant.
According to Kneller’s law in single crystalline materials, the value of y = 0.5. However, we are

dealing with polycrystalline samples, So, a deviation from original Kneller’s law is expected. From

the fitted data, the value of H. (0), T and y are found to be 8068 + 302 Oe, 106 £ 3 K and 1.29 +

(b) x = 0.5
"Hgpe=0sT /
0
// )z
L / — 65K
— 95K

-40 0 40 80 -15 10 15
Magnetic Field (kOe) Mngnetlc Fleld (kOe)
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01@)x=10.5

-80
Fig.3.15. (a) M-H loops measured at different temperature under FC condition with Hrc = 0.5T

and (b) enlarged view of the loops near coercive field at T = 20, 65 and 95 K for x = 0.5 sample.
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Fig. 3.16. Temperature variation of (a) exchange bias field (Heg) and (b) coercivity for x = 0.5

sample.

EB behavior depends on both cooling field (Hg.) and maximum measuring field (H,,,qx)-
To study the variation of EB on Hy. at 5 K, we have recorded MH loops for x = 0.5 sample after
cooling the samples at Hgz =300 Oe to 5 T, as shown in Figure.3.17 (a). It is observed that the EB
value is keep on increasing with Hg¢, however the increment after 1 T is quite large (inset of
Figure.3.17 (a)). Based on previous reports [57], the Ho interacts with Co/Mn at higher magnetic
field. As a result, the anisotropic exchange interaction between the FM and AFM components
exhibits a sharp increase after reaching 1 T (Hg,), it leads to a larger Hgz. To see the variation of
EB on H,,,,, €ach loop of the sample was FC at Hgz- = 0.5 T then the measurement was done up
to various measuring fields such as H,,,,,, = = 6 to £ 9 T respectively. We have observed a clear
exponential decay of EB values with increase in measuring field (Figure.3.17 (b)), and it is well
fitted with an exponential function indicated by red solid lines (inset of Figure.3.17 (b)). This may
be due to the reduction of exchange anisotropy at higher measuring field. That is, the dominance

nature of Zeeman energy overcomes the exchange anisotropy leads to a drop in Hgp value.
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Fig.3.17. FC M-H loops taken at (a) different applied cooling field (Hg¢), inset shows Hyg versus

Hgc and at (b) different maxmium measuring field (H,,,4,), inset shows Hgg versus of H,, .
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3.2 Ho2CoMnOs Flat Nanorod

In the present section, we are going to cover the structural and magnetic properties of
Ho02CoMnOg (HCMO) nanorods. As explained earlier, materials with decreased dimensions such
as thin films, wires/rods, and nanoparticles, whose properties differ from those of bulk have drawn
lot of research interest since they add functionality to multiple applications. Due to the transfer of
the structure from bulk to nanorod, the possibility of surface spin canting is there, and it might
unlock complex magnetic properties. Also, the structural distortion leads to a variation in bond
angle of TM ions thereby tuning the ordering temperature. Several reports have already been
published on the fabrication of nanorods with magnetic perovskites. However, to the best of our
knowledge, investigations on nanostructured HCMO, like reported in the present work, is still
missing and of large interest. So, the current motivation in the present work is to synthesize 1D
HCMO nanostructured material with desired functionality for specific and efficient applications.
So here we have synthesized single-phase nanorods of DP HCMO by following a hydrothermal
route as described in the section 2.1 and carried out a detailed comparative study on structural and
complex magnetic behavior with that of the bulk and nanocrystalline samples. Various enhanced
properties such as a large increase in FM Tc as well as additional magnetic properties such as AFM
and re-entrant spin glass (RSG) ordering have been noticed in this nanorods.

3.2.1 Structural Properties

The powder XRD patterns at RT for HCMO flat nanorod, calcined at different temperature
are shown in Figure.3.18 (a). The as synthesized sample shows a clear amorphous nature, after
calcination at 650° C the (112) and (200) reflections are observed. At 850° C annealing all the
reflections of the monoclinic phase are found along with two impurity peaks which are indicated
by star symbol. On further sintering, the impurity peaks are removed and the pure monoclinic
phase was observed at 1000° C. However, as calcination temperature rises, the reflection peaks
become more sharper and narrower, indicating an increase in crystallinity. Figure.3.18 (b) shows
the Rietveld refinement of XRD data along with all the reflection peaks readily indexed. Rietveld
analysis reveals that the HCMO flat nanorods are formed in pure monoclinic phase with space
group: P21/n. Extracted unit cell parameters for the HCMO flat nanorods and the earlier reported
values for bulk [71] and single crystalline [63] HCMO samples are as follows. For the flat nanorods
the lattice parameter a (5.246 A) and b (5.648 A) are found to be higher than those of reported bulk
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sample (a=5.239 A, b = 5.587 A), as well as the single crystalline HCMO (a = 5.2454(2) A, b =
5.5988(2) A) which leads to unit cell expansion (220.9 A®) as compared to bulk (219.19 A%) and
single crystalline (220.06(1) A3%) samples. However, the value of lattice parameter ¢ is smaller
(7.457(0) A) compared to both bulk (7.486 A) and single crystalline sample (c = 7.4934(2) A).
The monoclinic angle B is found to be 90.1° for the present sample. Here all the errors are found

to be beyond the given significant digits.
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Fig.3.18. (a) Room temperature XRD patterns of HCMO nanorod calcined at different

temperature, (b) Rietveld refined data, inset shows Williamson-Hall plot.

The relation of WH plot as given in Egn. 3.1 is used to calculate the crystallite size, as well
as micro-strain parameters [259]. The WH Plot is shown in the inset of Figure.3.18 (b) and it is
well fitted with the linear equation which is represented by the red solid line. The value of average
crystallite size is found to be 42 (+5) nm. Whereas, the value of micro-strain parameter is found to
be 3.1 x 10 which is much higher than the bulk [71] as well as from the nanocrystalline sample
of HCMO as we reported in section 3.1 (our work). It can be understood as follows; the change of
structure from bulk/nanocrystalline to 1D nano form leads to a rise in the surface to volume ratio
hence rise in micro-strain parameter. Unit cell model of HCMO flat nanorods is shown in
Figure.3.19 (a) where CoOs and MnOs octahedra are situated alternately at the corner of the unit
cell and Ho at the void space between them. These corner shared octahedra are not symmetrically

placed rather they are tilted and stretched. The overall tilting in unit cell is measured by looking at
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the angle between CoOg and MnOs octahedra in horizontal and vertical direction (c axis) as shown
in Figure.3.19 (b, ¢). CoOs and MnOs form an angle of 159.5° between them with respect to
horizontal axis. Similarly, the tilt with respect to vertical axis gives rise to an angle of 144.3°, The
180° bond angle between TM ions in a DP generates a strong FM SE interaction [38,39]. As the
bond angles between the TM ions with O1 and Oz are much higher than the reported bulk HCMO
[71], one can expect a higher FM T, in the present case. By observing the bond angles between
octahedra with O1, O and Oz (Figure.3.19 (d)), we can say this structural distortion may also cause
ASD leading to AFM spin couplings across the ions. This type of feature is also observed in
ProFeCrOs nanoparticles [135].

(d)

Bond Lengths Bulk Nanorods

(A) (Our case)
Co-01 2.214(1) 1.716(4)
Co-02 1.987(1) 1.907(5)
Co-03 1.98(5) 2.061(6)
Mn-O1 1.945(1) 2.199(6)
Mn-02 1.890(2) 2.145(5)
Mn-O3 2.04(5) 1.855(5)

Bond Angles (°)

Co-O1-Mn 134.0(7) 159.5(5)
Co-02-Mn 162.2(1) 143.9(8)
L C0-03-Mn | 137.0(0) 144.3(3)

Fig.3.19. (a) Unit cell of HCMO flat nanorods, (b) horizontal representation of CoOs and MnOe
octahedra, (c) Vertical representation of CoOs and MnOg octahedra along c- axis, (d) Comparison
of structural parameters of HCMO flat nanorods with their bulk sample.
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Fig.3.20. (a) FESEM image, inset shows the log-normal fitting to determine average width of
HCMO flat nanorods, (b) TEM image, inset shows the enlarged view of the rods at specified
region, (¢c) HR-TEM and SAED pattern of (020) plane and (d) EDS spectra, inset shows elemental
mapping for HCMO flat nanorods.

FESEM examination revealed a clear image of HCMO flat nanorods as shown in
Figure.3.20 (). It is named as flat nanorods as it is not looking like a cylindrical rod but as a flat
shaped rod. A distribution of 10 to 110 nm of width has been noticed for the rods. The average
width is determined to be 71 (x3) nm as displayed in the inset of Figure.3.20 (a). The development
of flat nanorods is also seen in the TEM picture (Figure.3.20 (b)), and its width is compatible with
the FESEM analysis. The plane (020) is confirmed by the selected area diffraction (SAED) pattern,
which agrees with the XRD results (inset of Figure.3.20 (c)). The SAED pattern confirms the
single crystalline/unidirectional growth of the particle. EDS is used to determine the composition
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of the elements. It verifies the existence of Ho, Co, Mn, and O in the appropriate composition
(Figure.3.20 (d)). The elemental mapping (inset of Figure.3.20 (d)), confirms the homogeneous
distribution of these elements.
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Fig.3.21. XPS data for (a) Ho4D, (b) Co2P, (c) Mn2P levels and (d) O1 respectively.

The room temperature XPS data along with the Gaussian fit of Mn and Co for HCMO flat
nanorods are shown in Figure.3.21 (a-d). The oxidation states of Co/Mn were measured by
deconvoluting 2Pz, and 2P1> peaks of Co and Mn. The oxidation states of Ho are measured by
deconvoluting 4D peaks of Ho. Whereas, the O1s peaks of XPS gives the oxidation states of
oxygen. The spectrum for Ho consists of peaks at 159.9 eV and 162.18 eV as shown in Figure.3.
21 (a) and it is attributed to the 3+ state of Ho [260]. Figure.3.21 (b) shows the 2P core-level
spectrum of Co, it consists of four peaks, peaks at 780.54 eV, and 785.03 eV belong to 2P/, levels.
Whereas, peaks at 796.18 eV and 802.48 eV represent 2P1> levels. Similarly, Figure.3. 21 (c)
represents the 2P core-level spectrum of Mn, it also has four peaks, the peaks at 641.91 eV and
643.97 eV represent 2Pz, levels, and peaks at 652.50 eV, and 653.74 eV represent 2Py, levels. As
per the previous studies, the peak positions of both Co and Mn confirms their presence in 2+/3+
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and 3+/4+ states respectively [261-266]. The fitting peak of oxygen generally gives two distinct
peaks, here also we found two peaks as shown in Figure.3. 21 (d). The peak at 529.5 eV is ascribed
to the presence of O% in a typical metal-oxygen bond. The peak at 530.6 eV is corresponded to the

hydroxyl groups OH" through O-H bonds respectively [260].
3.2.2 Magnetic properties

Temperature variation of magnetization (MT) of HCMO flat nanorods recorded at 100 Oe,
in both ZFC and FC condition are shown in Figure.3.22 (a). ZFC plot shows a sharp rise in
magnetization at T < 182 K and it keeps on increasing, which indicates the transition of the system
from the so-called disordered state (PM) to a magnetically ordered state. Further lowering the
temperature, the magnetization value keeps on increasing, but with a peak around 31 K. The FC
data show rise in magnetization around 182 K, i.e., a FM Tc. The magnetization increases
continuously with decrease in temperature followed by a broad peak at 97 K. In addition, a small
kink is observed at 31 K coinciding the peak observed in ZFC curve. A large bifurcation is
observed between ZFC and FC magnetizations below 185 K, signifying the existence of
thermomagnetic irreversibility. Transition temperatures were determined by plotting first
derivative of the magnetization (for both FC and ZFC) with respect to temperature versus
temperature as shown in the inset of Figure.3. 22 (a). Three strong anomalies have been observed
in the dM/dT plots at 182 K, 97 K and 31 K (inset of Figure.3. 22 (a)). The anomaly at 182 K is
nothing but the FM transition temperature (T,) originating from the SE coupling between half-
filled Co?* (3d":- tog® 1 t2g? | eg® 1) and empty eq level of Mn** (3d%:- t2¢° 1e¢°) orbitals via O ions.
This FM T, is much higher than the bulk HCMO samples [44,57,64,71]. As the SE interactions
are affected by the presence of surface spin disorder in nanoparticles and the deviation of bond
angles from 180° [2]. Here the bond angles between CoOs and MnQs octahedra through O; and
O3 are found to be 159.5° and 144.3° respectively (shown in the inserted table in Figure.3.19 (d)).
These values are much higher than those observed in the HCMO bulk sample [71]. This clearly
says that in HCMO flat nanorods, the octahedral angles approaching towards 180° and hence the
FM SE interaction in Co?*-O-Mn*" networks are getting stronger and it leads to increase in FM T,
in this compound. The peak in dM/dT plot at 95 K is attributed to the Neel temperature (Ty). It
may arise from the number of reasons, which may cause strong AFM interactions in the system,
(i) AFM coupling between Ho®*" and Co?*/Mn** ions in the FM matrix. (ii) AFM coupling between

Co0?*-0-Co?* and Mn**-O-Mn** networks which arises in the disordered DPs, (iii) the presence of
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Co%* and Mn** ions and the AFM interaction between them. However, the peak at 31 K is ascribed
to the re-entrant spin glass transition temperature (7s,4). The presence of this spin-glass phenomena
is further confirmed and discussed later by the magnetic relaxation phenomena and aging effect.
The spin mechanism of the system can be explained as follows, for T > T, the system is in PM
state, for Ty < T <T¢, the interaction between the 3d-3d (Co-Mn) ions is strong and it gives rise
to the FM in the system. While, in Ty, < T < Ty the AFM ordering starts within Co?*-0*-Co?* and
Mn**-0%-Mn*" networks as discussed above. Below this temperature i.e., T < T,4 the RE ions get

polarized in the field direction, hence below T, magnetization value is kept on increasing [57,71].
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Fig.3.22. (a) M-T plots at an applied field of 100 Oe, inset shows the dM/dT plots, (b) Inverse

susceptibility fitted with Curie-Weiss law, (c) at various applied field in ZFC mode and (d) in FC

mode, inset shows the dM/dT plots.
To further understand the magnetic properties in detail, we have analyzed the inverse

susceptibility as a function of temperature in the PM region (T > T,) as shown in Figure.3.22 (b).
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We have found that far above the T, the inverse susceptibility follows the Curie-Weiss (CW) law
as explained in section 1.5.3 (Eqn. 1.6). The experimental data are well fitted to Eqn. 1.6 as
represented by red solid line in Figure.3.22 (b). Obtained values of C and 6, are 29.94 emu K mol

1 0e! and 4 K respectively. The positive value of 8, confirms the dominant nature of the FM

exp

Herr

is estimated by using the relation yjﬁ = /3kgC/N,4, where kg is Boltzmann constant and N, is

the Avogadro number. As earlier reports say that the presence of some fraction of Co®*/Mn** ions,

exchange interaction in the system. The experimental effective PM moment ( ) of the sample

with Co®*" in low spin state leads to a drop in magnetic moment in the Co/Mn based DP
[28,59,70,248]. As per our XPS data, the presence of Mn* and Co®*" have been confirmed.
Therefore, by considering the exact cationic population observed from XPS data, we have

calculated the theoretical effective magnetic moment by using the relation [136],

Th — 2 2
Hofr = J[Z X g2 +0.82 Xyl o +018X e o +0.73 X8, +027 x g2 ] (3.9

Here the spin only effective magnetic moments of Ho®*", Co?*/Co% and Mn*/Mn®* ions are
represented by Ho, pco2+/picoz+ and pumna+/pimns+ respectively. Here for the calculation, we have
used 10.60 pg for Ho®*, 3.87 us for both Co?" and Mn**, 0 pg for Co®* and 2.82 s for Mn®" ions
(considering both Co®*/Mn3* at low spin state) as the effective PM moments. After substituting all

these values in Eqn. 3.9 the y;’lf value is determined to be 15.81 us/ f.u. However, the yg? value

is found as 15.47 pg/ f. u., which is quite close to the theoretical value.

To study the influence of higher applied field on MT we have also carried out the MT
measurements at different applied field in the range of 100 Oe - 3 kOe in both ZFC and FC mode.
The ZFC and FC MT plots are shown in Figure.3.22 (c, d), while inset shows the dM/dT plots of
the respective curves. The ZFC curve shows a sharp rise in magnetization value at 189 K followed
by two cusp in the intermediate temperature region. One may look at the valley of dM/dT versus
T plot, which shows that the position of the valley increases with applied field. A closer view on
dM/dT plots illustrate the Ty peak is positive (upward peak from the origin) at low field, while
with increasing field it is getting supressed and finally at 1 kOe field it is showing downward peak
(valley). This is ascribed to the forced alignment of AFM spins at high magnetic field and the
dilution of AFM ordering. The sharp peak at 31 K at 100 Oe applied field is getting broadened
with increase in field and is also shifting towards low temperature due to the forced magnetic

polarization against the anisotropic field. At 3 kOe, the peak like structures almost disappears from
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the MT curve. The rise in magnetization at low temperature (T < Tg,) is now much prominent due
to forced magnetic polarization of RE element with large applied field. Simillar type of behavior
is observed in FC MT plots.
(i) Study of M-H Loops

Below T, number of MH loops are measured at different temperatures, in an applied field
of + 9 T which are shown in Figure.3.23 (a). A small hysteresis is observed at 5 K without any
saturation of magnetization signifying large AFM contribution or uncompensated spin structures
at low temperature. We noticed that MH loops at higher temperatures and in the high field region
is in straight line form, however near origin a small loop is observed at all the temperature (inset
of Figure.3.23 (a)). At 175 K, the loop is showing a small opening near origin signifying the system
is entering towards FM state from a PM state. By subtracting the linear part, the MH loop at 175
K is shown in the inset of Figure.3.23 (b), where a clear FM loop is seen. Which indicates that, as
the conflicting interactions are existing in the system, the FM behavior is suppressed, and the FM
loop is not readily visible in the as recorded loop at 175 K.

Table - 3.4. Parameters obtained from M-H Loops.

Sample Hc (kOe) Mr (us/f.u) | Ms (us/fu)
Bulk 3 K [Ref. 71] 434 3.31 15.28
Nanocrystalline 5 K 5.33 2.0 (4) 11.6 (3)
Nanorod
[present work]
5K 0.96 0.30 8.53 (1)
25K 0.29 0.05 5.62 (2)
95 K 0.55 0.03 0.46 (0)
175 K 0.08 0.003 0.05 (0)

The initial loop of the MH curve is fitted with the LAS model to get the Ms value [267].

Table-3.4 shows the M,., Hc, and Ms values which are extracted from the 5 K MH loop. From the
fitting we have obtained the Ms value as 8.53 Ma/f.u. which is quite smaller than the values
obtained in bulk HCMO sample [71]. However, the value is higher than the FM ordered Co/Mn

sublattices (6 Ms/f.u.), which signifies the contribution of the RE ion moment in the FM ordered
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domain. The existence of higher oxidation states of ions, as well as the introduction of AFM

ordering and frustration in the system, causes the Ms value to drop.
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Fig.3.23. (a) MH Loops taken at different temperature, (b) initial MH loop along with the LAS
fitting.

3.2.3 Magnetic Relaxation

In order to understand the presence of cluster glass/re-entrant spin glass behavior we have
investigated the time (t) evolution of magnetization (M). The measurement was performed in FC
mode at different temperatures, such as at 150 K, 70 K and 25 K under the applied field of 100,
300 and 500 Oe. However, only at 25 K a strong relaxation is observed, which is shown in
Figure.3.24 (a-c). So, initially the sample was FC from 300 K to 25 K at an applied field of 100
Oe, then the field was switched off and we have waited for t;;, = 120 sec. Then the recording of
remnant magnetization as a function of time (M) was carried out up to t = 6500 sec. Same protocol
was followed for H = 200 and 300 Oe. Generally, for non-spin glass system, M-t plot will show a
rapid drop in magnetization to nearly a constant value but in our case, we can see that the
magnetization is not going to a constant value even after a time of ~2 hours. Which reveals that
the system is showing glass like relaxation behavior. The magnitude of decay is relatively high
and tends to decrease with increase in applied field value. The M-t can be described by stretched
exponential relaxation function, which is well explained in Eqn.1.12 (chapter-1). They are
reproduced here for convenience,

M(t) = My + Mg [exp(—(t/T)*™™)] (3.10)
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Here, My, M4, T and n stand for intrinsic FM component, magnetic contribution from spin glass
component, relaxation characteristic time, and critical exponent respectively. The magnitude of
magnetic relaxation is represented by the value of critical exponent n, so its magnitude plays a
major role in the relaxation phenomenon. Generally, n value should lie in between 0 to 1, if n =0,
the system relaxes exponentially, if n =1, the system doesn’t show any relaxation behavior.
However, for 0 <n < 1 value, and a larger t value is attributed to a slow variation of M-t. The
measured data were well fitted by the Eqn. 3.10 which is represented by the red solid lines shown
in Figure.3.24 (a-c). The fitted parameters are listed in Table-3.5. From the parameters, it can be

seen that the FM contribution (Mo) along with the spin glass contribution is increasing with field.
The decrease in value of T indicates that less time is required to come back to the equilibrium state

from the frustrated state. Which further indicates the decreasing frustration/spin glass in the system
due to field which may arise due to the reduction in the depth of the trap which is explained in the
next part. In this compound, the observed cluster glass/re-entrant spin glass behavior can be
assigned to the presence of both FM and AFM interactions among the ions which leads to a

frustration at low temperature.
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Table - 3.5. Parameters obtained from magnetic relaxation measurements.

Field Mo Mg T n Ez
(Ge) (emu/g) (emu/g) (10 sec) (106 erg)
100 0.30 0.02 4.07(0.05) | 051 0.13
300 0.38 0.06 4.00 (0.05) | 0.42 0.12
500 0.41 0.11 3.99(0.17) | 0.29 0.11

3.2.4 Aging effect

The aging behavior of a cluster glass/re-entrant spin glass system is a general characteristic
that may be studied using M versus t measurements. Here the sample is FC through T, to the
desired temperature and the magnetic field was switched off and wait for a time ¢,,. This generates
a response function called spin relaxation rate ‘S’ and it is defined in Eqn.1.13 (chapter-1). It is

reproduced here for convenience,

d[-M(t,tw)/H]

S(t) = 21n() (3.11)
4 |
t =120 sec
——100 O¢
{——2000 r 4 : .

,: ——300 0: e Fig.3.25. Relaxation rate
» : \ S(t) wversus In(t) for
o : different magnetic fields.
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The measurements were performed at 25 K with a waiting time of 120 sec for three
different fields 100, 300 and 500 Oe respectively. The S(t) versus In (t) data are plotted for different
magnetic fields as shown in Figure.3.25. From the graph we can see a peak for all fields around t
= 3000 sec (In(t) = 8), indicating the nonequilibrium states such as cluster glass/re-entrant spin
glass in the present system. It is clear that the S (t) behavior is strongly influenced by the magnetic
field, as the magnitude of the peak is found to decrease with increase in field. Similar results were

reported in certain manganese-based perovskites [184,185]. The above feature is explained in
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terms of reduction in the depth of the trap by an amount E, (Zeeman energy) due to the applied
magnetic field, which helps the spins to move from a region of unfavourable state to a region of
more favourable state. From the measured t,fr and using the relation In (t.ff/t,) = - Ez IKgT
[274], Ez values are determined and are given in Table-3.5.
3.2.5 Magnetocaloric effect

After observing a number of magnetic phases in the present compound, we are encouraged
to study the MCE. For which we have recorded a number of isothermal magnetization curves at
various temperatures from 3 - 220 K with the required temperature interval (AT), over a maximum
field of 7 T (Figure.3.26 (a)). It was observed that, at low temperature magnetization sharply
increases with the field up to 5 T, then the increment slows down at higher magnetic field. Which
indicates the uncompensated spins and/or mixed magnetic interactions at low temperatures. Near
T¢, the increment in magnetization at low field is visible however the rate of increment is very
much small as compared to the low temperature isotherms. As the temperature crosses T,
observed isotherms show a linear type behavior throughout the field variation (0-7 T), which is the
hint of system getting into the PM region. To find out the order of the magnetic transition we have

investigated the isotherms measured at different temperature.
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Fig.3.26. (a) Isothermal magnetization curves from 3 - 220 K and (b) M? versus H/M plots at

various temperature range, inset shows the closer view of low temperature isotherms.

According to Banerjee [273], the order of the phase transition depends on the slop of the M? versus
H/M plot. If the slope is positive it represents second order phase transition (SOPT) at the same
time negative slope represents first order phase transition (FOPT). From the M2-H/M plot
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(Figure.3.26 (b)) we can see the negative slope at low temperature (inset plot), this type of curve
is also observed by Pakhia et.al. [244] which indicates FOPT. However, the further confirmation
of FOPT will be discussed later in this section.

Further to study, how the magnetic entropy (AS) is varying with respect to temperature at
different field we have followed the Maxwell thermodynamic relation [242]. This relation is well
explained in chapter 1 in section 1.12. Here the variations of -AS versus temperature at different
applied fields are shown in Figure.3.27. Inset shows the semilogarithmic plot, it is given for a clear
visualization of the peaks at lower temperatures. From the figure we can see a number of peaks
throughout the temperature range of 3 K to 220 K. Which confirms the presence of multiple
magnetic phases in the present HCMO flat nanorods. The value of -AS is increasing with rise in
applied field. However, at low, field (< 5 kOe) negative value of -AS has been observed in low
temperature region. This type of behavior is known as inverse magnetocaloric effect (IMCE),
which is the indication of presence of AFM components at low temperature [50]. It further justifies
the obtained AFM transition in this compound. We have observed five distinct peaks in the -AS
versus T plot. Out of which two peaks are observed at lower temperature, and other three are
observed in the vicinity of ordering temperatures which were explained in the MT data such as

spin glass, AFM and FM ordering temperatures.

Fig.3.27. Variation of -AS with temperature at different field.

84
TH-3274_186121011



Chapter 3: (Ho1-xSmx)2CoMnOs series and Ho2CoMnOgs Nanorods

The peak at 10 K is denoted by Two", it is attributed to the active polarization of RE ions
due to the exchange interaction across Ho**-O-Ho®* networks [44,45]. Here the maximum entropy
(-AS™%*) is obtained as 12.4 J/kg.K and it is comparable with the earlier report on bulk HCMO
sample [44,71]. Further at T = 20 K, another peak is observed and it is denoted as Tt.q, Similar type
of peak is reported by Jia et. al. [44] and Majumdar et. al. [71]. According to them it might be
attributed to a large magneto crystalline anisotropy caused by the spin orbit coupling of Co-Mn
networks, or it could be linked to the 3d-4f exchange interactions between the FM network of
Co/Mn sublattice and Ho®* spins. Here -AS™%* is found to be 10 J/kg.K. In addition to this, two
more peaks are observed at 30 K and 97.5 K, represented as T, and Ty respectively. The former
one is attributed to the re-entrant spin glass and the later one is the AFM transition with -AS™®*
of 5.8 and 1.6 J/kg.K respectively. Another peak at 180 K has been observed with -AS™%* of 1.0
JIkg.K. This peak is attributed to the FM ordering among Co?* and Mn** ions that is nothing but
the FM T.. However, the value of entropy at T is quite low as compared to the bulk HCMO
sample [44,71]. It is due to the incomplete saturation and low value of magnetization in the
compound. RCP can be calculated from the following equation, RCP = |[AS|™ X 6TrwHm, Where
dTrwhwm is the full width at half maximum of -AS™?*-T plot. The estimated RCP value at an applied
field of 7 kOe is found to be 53 J/kg for the HCMO flat nanorod.
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Fig.3.28. (a) -AS versus field at different temperature along with the fitted curve to power law
equation and (b) variation of n with temperature.

In order to confirm the order of the magnetic phase we have analyzed the field dependence
of AS as represented by a power law; AS™* o« H" [44,71,244]. According to the earlier reports,
for O<n<1 it indicates SOPT, and n>1 corresponds to FOPT respectively. However, n = 2 indicates

complete PM region. On the other hand, Jia et. al. [44] proved that n>2 corresponds to FOPT. To
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investigate the order of the magnetic phase we have used the above power law, by considering n
as a free parameter. The fitted curve along with the plot of AS™?* versus H for different
temperature are shown in Figure. 3.28 (a). Afterwards, the obtained values of n are plotted as a
function of T (Figure.3.28 (b)). We have observed that the value of n is < 2 below T, then it
increases to a value > 2 near T,. Further increase in temperature, its value gradually reaches to n
= 2. This is a distinct feature of FOPT [245]. The similar feature is observed in the vicinity of Ty,
which indicates, may be Ty is also a FOPT. So, we could say that the magnetic phase transitions
in HCMO flat nanorods comes under FOPT. Furthermore, we have also fitted the AS™** versus H
plots at various temperatures using the above power law, but this time by fixing the value of n =
2, and we found that the data are well fitted for T > 215 K. This clearly confirms that the sample
is in PM state above 215 K.

3.3. Conclusion

Single phase nanocrystalline samples of (Ho1xSmx)2CoMnOs (X = 0.0 to 0.5) were
successfully prepared by auto combustion method. Analysis of XRD patterns show that these
samples crystallize in monoclinic structure with P21/n space group. The lattice parameters, unit
cell volume and bond angle between the TM ions are found to increase with Sm substitution. The
MT measurements show complex magnetic properties such as FM transition with peak like
structure followed by secondary rise in magnetization. They are explained based on FM interaction
in Co?*-O-Mn** networks clubbed with AFM interaction at APBs. The FM Tc is found to increase
from 83 K for x = 0.0 to 115 K for x = 0.5. It is attributed to the strengthening of SE interaction
among Co%*-O-Mn*" networks, due to the increase in bond angle between CoOs/MnOs octahedra
with Sm substitution. The secondary rise in magnetization is attributed to FM interaction of some
of RE ions with net magnetic moment of TM ions. Such interaction is supported by the observed
large M; value of the order of 11.64 pg/f.u. at 5 K. These materials also show the EB behavior
with a maximum Hgg of 237 Oe at 5 K. Temperature variations of Hyz and H. were analyzed
based on exponential law and modified Kneller’s law.

Similarly, single-phase Ho.CoMnOg flat nanorods were successfully synthesized through
a hydrothermal process. RT XRD analysis state that the sample crystallizes in monoclinic structure
with P21/n space group. The lattice parameters, unit cell expansion as well as tilting angles are
much higher than that reported for bulk sample. FESEM and TEM study confirms the formation
of HCMO flat nanorods with an average diameter of 71 (x3) nm. MT study show the FM transition
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at 182 K followed by AFM and re-entrant spin glass transitions at 97 and 31 K respectively. The
higher FM transition as compared to bulk is attributed to the strengthening of FM interaction in
Co?*-O-Mn* networks due to the increase in bond angle between CoOs/MnQOg octahedra. The
AFM transition is expected due to the presence of AFM coupling between the ASD ions. The
presence of FM and AFM interactions and the ASD leaves the system in a random frustrated spin
configuration which leads to re-entrant spin glass behavior. However, some visible contribution
related to the polarization/ordering of Holmium at low temperature has been observed. Isothermal
magnetization measurements at 5 K show that the system has uncompensated spin structure. The
presence of higher oxidation states of ions, introduction of AFM and frustration in the system leads

to a lower value of Ms. The maximum value of magnetic entropy is observed as 12.4 J/kg.K.
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Ho.CoMn1.xMxOs (M = Ni and Cr) Series

4. Ho2CoMn1xMxOs (M = Ni and Cr) Series

MR in RE oxides such as manganite (RMnOs3) have sparked a lot of interest, driven by both

fundamental physics and potential applications [74]. Some TM ions substitution at Mn site has
been reported to show MR such as in ErMn1.xMxO3 (M = Ni,Co) [274,275], BiFeosMnos03 [205],
Bio.3Ca0.7Mno.75Cro.2503 [68], ErCoosMnosOz [200]. More interestingly, in a single compound
such as LaCro.gsMno.1503 [203] and NdCr;—xMnyOs (x = 0.0 - 0.30) [276] sign reversal of both MR
and EB field has been observed. However, to the best of our knowledge there is no report available,
where Mn is replaced by any other TM ion in Ho2CoMnOs to study the MR and EB behavior.
Therefore, it was thought that by doping Ni and Cr in place of Mn, it would be possible not only
to sustain the FM properties of the system Ho2,CoMnOe, but also induce few novel magnetic
properties. So, in this chapter we are going to study the structural, MR as well as EB behavior by

doping Ni and Cr at Mn site.

4.1 Nanocrystalline samples of DP Ho2CoMn1-xNixOs (X = 0 - 0.4)

We have synthesized nanocrystalline Hoo,CoMn1xNixOs (X = 0-0.4) (HCMNO) DP by
following auto combustion method as described in section 2.1 (Chapter 2). This work analyses in
detail the crystalline structure of the sample and their complex magnetic properties. Additional
FM phase, magnetic compensation with MR, BSM and sign reversal in EB field with the Ni
substitution, are some of the characteristic features present in these samples.

4.1.1 Structural properties

The powder XRD patterns of HCMNO series were collected at RT are shown in Figure.4.1,
where all the observed peaks are indexed based on monoclinic structure with space group P21/n.
The obtained RT XRD data of x = 0.0 to 0.5 were refined by using the Rietveld refinement
technique as shown in Figure.4.2 (a-e) by red solid line. From the Rietveld analysis we found that
all the patterns are well fitted to the monoclinic structure with space group P2:/n. The enlarged
view of intense peaks such as (112), (020) and (200) are shown in Figure.4.2 (f-j). The shifting of
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the peaks with Ni concentration towards higher 20 (Bragg angle) value along with increase in

broadening indicates the decrease in lattice parameters and particle/crystallite size as described

below.
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Fig.4.1. Room temperature XRD patterns of HCMNO series.

The obtained structural parameters from the Rietveld refinement are listed in Table-4.1.
Here, with increase in Ni concentration a drop in the value of lattice parameters along with the unit
cell volume has been observed. It is attributed to the partial replacement of larger Mn** ions (0.53
A) with the Ni** ions having smaller ionic radii (0.48 A). The value of monaclinic angle p # 90°,
whereas the crystallographic angle o and y are found to be 90° which is consistent with the
monoclinic structure. The reliability factors such as Ry, Raragg, goodness of fit (?) are found to be

small value, indicating a good fitting of the XRD patterns.
The tilt in CoOg and MnOg octahedra in the Unit cell of HCMNO series were calculated

along c-axis with O1, Oz and Ogz, and are shown in Figure. 4.3 (a-d). Bond angle across TM ions
with Oy, Oz and O3 are found to be increasing with Ni concentration and so does the average bond
angle (Figure. 4.3 (d)). This result indicates strengthening of SE interaction and increase the FM

Tc with Ni concentration which will be discussed in the magnetic section.
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Fig.4.2. (a-e) Rietveld refinement of RT XRD patterns of HCMNO series, and (f-j) enlarged view

of (020), (112), and (200) peaks for x = 0.0 to 0.4 respectively.

The WH plot method [259] is used to calculate the average crystallite size and the micro-
strain parameter as explained in Egn. 3.1. The WH Plot for x = 0.1 to 0.4 are shown in Figure.4.4
(a-d). Here, x = 0.0 is excluded as it is presented in chapter-3 in Figure.3.4. From the graph one
can see that, they are well fitted with the linear equation as represented by red solid lines. The
estimated average crystallite size of the samples is found to be 35 nm up to x = 0.2 then decreases

to 19 nm for x = 0.4 sample as given in Table-4.1. With increase in Ni concentration, an overall
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decrease in crystallite size has been observed. However, all the samples are found to be in

nanocrystalline form. Similar to crystallite size, the observed micro-strain parameters are also do

not reflects any huge variation up to x = 0.2 sample then suddenly it increases to 9.5 for x = 0.3

and finally goes to 10.1 for x = 0.4. It indicates, higher surface to volume ratio as the average

crystallite size is decreasing with Ni concentration.

Fig.4.3. (a-d) Bond
angle of TM ions
with 01,02,03 and
average bond angles
of HCMNO series.

Fig44. (a - f)
Williamson-Hall
plots of HCMNO
seriesforx=0.1to
0.4 respectively.
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The FESEM microstructural images reveal a highly agglomerated particles as shown in
Figure.4.5 (a-d) for x = 0.1 to 0.4 samples. The calculated crystallite size is tabulated in Table -
4.1. The particles in all of the samples are linked weakly such that, porosity is quite significant.
EDS analysis was used to determine the elemental composition for x = 0.0, 0.1, 0.3 to 0.4 samples,
and the resulting spectrum is given in Figure.4.6 (a-d). It validates the existence of the appropriate

composition of Ho, Co, Mn, Ni and O in the present series.

Fig.4.5. (a-d) FESEM images of HCMNO series for x = 0.1 to 0.4.

The RT Raman spectra in the range of 100 - 1400 cm* of wavenumber for HCMNO series
are shown in Figure.4.7 (a). Generally, for monoclinic structure, Raman spectra should give two
active modes; one is around 600 cm™ another one near 400 - 500 cm™ [60]. From Figure.4 (a) we
can see two Raman active modes for all the samples; one band is in the range of 427 - 490 cm™
while the other one is in the range of 609 - 631 cm™. After fitting the observed data of x = 0.0
sample to Lorentz fit, we found two peaks at 427 and 609 cm™ (Figure.4.7 (b)), which are
comparable to the previous reports for Co/Mn based DPs having monoclinic structure [60].
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However, after fitting the data of all other samples, we found that with Ni substitution both the
peaks are shifting towards higher wavenumber (Blue shift) representing decrease in lattice
parameters with Ni substitution. The peaks are assigned as Ag and By mode, where Ag (427 - 490
cm™t) mode represents the antisymmetric stretching and bending/rotational motions of (Co/Mn)Os
octahedra and By (609 - 631cm™) mode represents the symmetric mode, attributed to stretching
vibration of (Co/Mn)QOs octahedra [60].
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Fig.4.7. (a) Room temperature Raman spectroscopy for x = 0.0 - 0.4, and (b, ¢) Lorentz fit for x =

0.0 and 0.4 samples.

Table - 4.1. Data obtained from structural studies of HCMNO compound.

Sample x=0.0 x=0.1 x=0.2 x=0.3 x=04
a (A) 5. 228 5.224 5.213 5.207 5.193
b (A) 5. 581 5.567 5.546 5.531 5.507
c (A) 7. 469 7.472 7.462 7.454 7.438
V(A3) 217.9 217.3 215.8 214.7 212.8
B (°) 89.93 89.91 89.91 89.83 89.99
Ry 7.70 3.58 211 1.56 1.50
Rpragg 4.46 2.53 1.83 1.73 1.68
23(%0) 1.55 2.29 2.10 2.05 1.88
Average crystallite
size(nm) 35 35 35 20 19
Micro-strain (10°3) 2.21 2.3 2.3 9.5 10.1
95
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In order to identify the oxidation states of each elements we have carried out the RT XPS
measurements for x = 0.3 and 0.4 and fitted the data with Gaussian model are shown in Figure.4.8
(a-h). The oxidation states of Co, Mn and Ni were studied by using their 2Pz, and 2P1> peaks.
However, the oxidation states of Ho are analyzed using deconvoluted 4D peaks. From the graph
we have observed, for x = 0.3, Ho consists of peaks at 159.51 eV and 161.51 eV indicating the
presence of 3+ state [260,261]. The 2P core-level spectrum, of Co consists of four peaks at 780.13
eV, 784.26 eV, 795.43 eV and 802.26 eV. However, Mn shows three peaks at 641.21 eV, 642.65
eV and 653.68 eV. The peak positions of both Co and Mn reveal that, Co is in the oxidation state
of 2+/3+ and Mn is present in 3+/4+ states respectively [261-266]. Figure.4.8 (d) shows the XPS
of Ni 2P32 and 2P1/2 and it consists of peaks at 856.77 eV, 860.22 eV and 872.86 eV. Out of these
three peaks the peak at 860.22 eV can be assigned to satellite peak and the rest two are assigned
to 4+ state [277]. Similarly, for x = 0.4, the peaks are observed for Ho at 159.59 eV and 161.35
eV, for Co at 780.03 eV, 783.52 eV, 795.36 eV and 803.13 eV, for Mn at 641.57 eV, 643.57 eV
and 653.96 eV and for Ni at 856.72 eV, 860.52 eV, 872.18 eV and 879.85 eV. All these positions
represent the presence of above stated oxidation states for individual elements. This illustrates the
presence of mixed valence states of Mn and Co, whereas, Ho and Ni are present in 3+ and 4+ states

respectively.
4.1.2 Magnetic properties
Figure.4.9 (a-d) shows the MT plots at an applied field of 100 Oe, under both ZFC and FC

conditions. The ZFC curve for x = 0.0 sample exhibits a rapid rise in magnetization below 85 K,
followed by a peak-like structure, and then a secondary rise in magnetization below 50 K, which
is well explained in chapter - 3. Similarly, the FC curve and a large irreversibility at 5 K are also
well explained in chapter - 3 for x = 0.0 sample. The ZFC plots of all Ni substituted samples show
two peaks followed by secondary rise in magnetization for T<50 K. Whereas the FC magnetization
curves of all Ni doped samples show a sharp rise in magnetization below 90 K followed by a steep
fall in magnetization value at T <50 K. Interestingly, this downfall in magnetization value leads
to MR in the higher Ni concentration samples such as x > 0.3 as shown in Figure.4.9 (c, d). The
compensation temperature (Tcomp) increases from 4.4 K for x = 0.3 to 10 K for x = 0.4. Here the
transition temperatures (Tc1/Tc2) are estimated by taking first derivative of magnetization (ZFC)
with respect to temperature (dM/dT) and it is plotted as a function of temperature as shown in the
lower inset of Figure.4.9 (a-d). Interestingly for x = 0.0 sample, we have observed one FM
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transition at 83 K which is represented as Tci1. However, for all Ni substituted samples we found
two FM transitions designated as Tci and Tc2. The former transition (Tc1) is found to decrease
from 83 K for x = 0.0 to 76 K for x = 0.4 sample, whereas the later transition (Tc2) is found to
increase from 84 K for x = 0.1 to 88 K for x = 0.4 sample as shown in the lower inset of Figure.4.9
(a-d). The upper inset of Figure.4.9 (a-d) shows the enlarged view of ZFC curves of the respective

samples in the vicinity of the transitions.
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Fig.4.9. M versus T plots in both ZFC and FC conditions at an applied field of H = 100 Oe for (a)
x =0.0, (b) x=0.2 (c), x =0.3 and (d) x = 0.4. Insets show ZFC M - T plots in expanded scale
(Upper) and dM /dT versus T plots (lower) respectively.

The transition Tc arises due to the FM SE interaction in Co?*-O-Mn** networks. The
additional FM transition which is observed after Ni doping i.e., Tco is attributed to the SE
interaction across Co?*-O-Ni** networks governed by the Goodenough Kanamori rule [38,39]. The
variations in the values of Tci1 and Tc2 are tabulated in Table-4.2. The peak which is associated

with the Tc2 is getting prominent (upper inset of Figure.4.9 (a-d)) keeping the Tc1 peak suppressed
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with Ni concentration. This typical behavior represents the strengthening of the SE interaction of
Co?*-O-Ni*" networks at the same time weakening of the SE interaction of Co?*-O- Mn* networks.

So, it leads to the increase in Tc. value with Ni concentration along with a drop in Tcy value.

Table. 4.2. Magnetization versus temperature analyzed data.

sample | Tci(K) | Tez(K) | Ore (K) | pEP(TM) pe/fu | poP(RE) pe/f.u | pihy pe/f.u
x=0.0 83 -- -9 4.8 14.70 5.47
x=0.1 82 84 -3 5.30 15.60 5.33
x=0.2 80 86 -4 4.72 15.30 5.19
x=0.3 78 87 -17 4,99 15.17 5.04
x=04 76 88 -13 4,33 15.26 4,89
g|(a) x=10.0 g|(b)x=0.1
= =
6 6
= =
(=] =]
E E
h St
T?{ o Expt. data ‘TN —o—Expt. data
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Fig.4.10. ¢! versus T plots, with a modified Curie-Weiss law fitting for (a) x = 0.0, (b) x = 0.1, (c)
x =0.2 and (d) x = 0.3 respectively.
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The inverse susceptibility versus temperature (™ -T) has been studied in the PM region.
Here we have used a modified CWL as explained in Eqn. 1.7, to fit and analyze the observed data.
The result of fitted data are shown in Figure.4.10 (a-d) for x = 0.0-0.4. The 6tm value is quite close
to the measured FM Tc. So, we have fixed the 6tm as observed Tc value for all the samples and
proceeded for the fitting, which was also done by Chakraborty et. al. [143]. However, the small

negative value indicates low temperature AFM interaction between the RE ions [71]. The formula
. . . EXDy : Exp _
used to estimate the experimental effective PM moment (,ueff) IS, tyer = 3k C/Ny4, where Kg,

Na and C represent Boltzmann constant, Avogadro number and Curie constant (Ctm/Crg)

respectively. While the theoretical effective moments of RE ( ygg) and TM (;ﬂ;’;,) ions are

calculated by using the formula, 42" = /2 x 4 and gt = \/ﬂ%o + (1 =2, +xp2). Here

the ground state effective magnetic moments of the respective ions are presented by p (with the

suffix of respective chemical symbol). The value of ﬂgﬁ is found to be 14.99 pe/ f.u., while the

E.

Th values for the respective samples and
e

u xjf (TM and RE) values are tabulated in Table- 4.2.

f

The values of yf}‘]’f for TM are comparable to the theoretical values of all Ni doped samples.

Whereas the smaller value of ,uf)’f}’ for x = 0.0 sample is attributed to the presence of Co**/Mn3*

ions, with Co®* ions in low spin state [28,59,250,248].
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Fig.4.11. (a) AM/Mzrc versus temperature for all the samples and (b) M versus T plots in FC

0 50

condition at an applied field of H = + 100 Oe for x = 0.4.

The magnitude of irreversible magnetization, AM/Mzec = (Mec — Mzec)/Mzrc is found to

decrease as doping concentration increases. One of the possible explanations is the presence of

100
TH-3274_186121011



Chapter 4: Ho2CoMn1-xMxQOs (M = Ni and Cr) Series

two FM super exchange interactions and an increase in the strength of the SE interaction in Co?*-
O-Ni*" networks. Figure.4.11 () depicts a typical plot of AM/Mzec versus T for all samples, with
a clear peak in the vicinity of FM transition temperature Tcz. At Tc1, we also discovered a broad
hump like structure, as shown in the Figure.4.11 (a). All samples with x = 0.0 to 0.4 displayed a
similar property. However, after Ni doping, the (AM/Mzrc)max Shifts towards higher temperatures
with increasing Ni concentration, which could be due to an increase in the Tcz value.
(i) Study of Magnetization Reversal

As a MR has been observed for higher Ni concentration samples (x = 0.3 and x = 0.4), to
make sure that it is not due to any stray field or any instrumental artifacts, we have recorded the
FC magnetization curve for x = 0.4 sample for Hrc = £100 Oe as shown in Figure.4.11 (b). A
mirror image is observed for the applied field in opposite directions, it confirms that the observed
MR phenomena is the intrinsic property of the sample. Earlier a MR has been reported in Co/Mn
based DPs in ZFC curve by several authors [71,248,287]. However, a similar kind of MR in the
FC curve is observed by Banerjee et.al. in Er.CoMnOs [65] and Aswathi et. al. in Sm2CrMnOe
[278]. This MR in FC curve is well explained by Banerjee et.al. considering the negative exchange
interaction between the RE and TM sublattices located at two different crystalographic sites in the
unit cell [65]. The obtained MR in the present case can be attributed to the negative exchange
interaction between RE and TM ions spins. So, basically the Ho moment is antiparrell to the overall
ferromagnetically ordered Co/Mn moment. Here, the 3d orbital configuration of the TM ions are
Co%* (3d":- tag® 1 tog?leg? 1), M (3d3:- tag® Te¢°) and Ni** (3d°:- t2g° 1| eg°), where Co and Mn are
at high spin state and Ni is at low spin state. The effective ground state PM moments of the ions
are 10.60 pg for Ho®*, 3.87 g for both Co?* and Mn**and 0 g for Ni**. So, when we are doping
Ni at Mn site, the overall FM moment is further decreasing leading to the domination of Ho
sublattice moment. However, one cannot rule out the movement of few Ni?* ions towards the Co?*
site in the octahedral environment, which can also lead to a drop in the overall moment of TM
sublattices. It is already known that the moment of RE orders at low temperature (generally below
30 K). So, on field cooling the sample through Tc, the moments of TM ions (M1wm) align along the
field direction keeping moment of RE (MHo) sublattices in PM state (Figure.4.11 (b)). On further
lowering the temperature and due to the presence of negative or antiparallel exchange interaction
between Ho®* ion and Co?*/Mn**/Ni** ions, the Ho®* sublattice orients opposite to the applied field
direction. As a result, the value of Mno becomes equivalent to the combined moment of TM
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sublattices (Mtm). The mutual cancelation of the magnetic moment takes place due to the
antiparallel alignment of Mo with Mtwm. The temperature at which the net magnetization is zero
is known as compensation temperature (Tcomp). On further decreasing the temperature,

magnetization turns out to be negative due to the dominant nature of the Mo, over the Mtm for x
= 0.3 and x = 0.4 samples.
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Fig.4.12. Field variation of M-T plots in both (a,d) ZFC and (b,e) FC conditions, and (c,f) M-T
plots at H> 5 kOe for x = 0.3 and 0.4 samples respectively.

In order to understand and investigate the field variation of magnetization, we have carried
out the MT measurements under both ZFC and FC conditions for H = 100 Oe to 10 kOe for x =
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0.3 and x = 0.4 samples as shown in Figure.4.12 (a - f). The M-T plots in ZFC condition for x =
0.3 are shown in Figure.4.12 (a), where one can see the broadening of the peak at Tc1 and Tca,
along with the secondary rise in magnetization when the field increases. Similar type of behavior
in ZFC mode is noticed for x = 0.4 sample (Figure.4.12 (d)). This type of variation in the peak
structure of ZFC M-T curves with increase in field is also reported by lvanov et.al. [269] and it is
attributed to the temperature dependent coercivity (Hc) of the samples. When the magnitude of
applied field is smaller than Hc at low temperature such as at 5 K and by raising the temperature,
the observed magnetization will stay extremely weak till approaching Tc. The temperature
dependence of Hc just below Tc causes a abrupt rise in ZFC curve to produce a peak like shape.
At a field higher than the Hc, the peaks get dissappeared and left with a step like structure. The
MT graphs carried out at various applied fields illustrate the widening of the peak and moving
towards low temperature. It can be ascribed to forced magnetization and the suppression of AFM
interaction across ASD owing to excessive applied field. The magnetization below 50 K is getting
much prominent with rise in field and it is due to forced magnetic polarization of RE ions. The FC
MT plots for x = 0.3 and 0.4 as shown in Figure.4.12 (b,e) are completely different from the ZFC
curve as discussed above. Here we found a remarkable change in the low temperature
magnetization data with rise in field value. At low fields, magnetization at low temperature drops
to negative values, while with increasing field, Tcomp sShifts towards low temperature. Then for a
particular field i.e., H > 200 Oe for x = 0.3 (Figure.4.12 (b)) and at H > 300 Oe for x = 0.4
(Figure.4.12 (e)) sample, MR disappears and magnetization is positive in all temperature range.
As discussed above, the MR value at low temperature is associated with the opposite orientation
of the Ho sublattice moment with respect to the applied field. On further increasing the field, the
Ho moment will tend to get aligned along the field as well as along the FM moments of TM ions
against the anisotropic field. It leads to a resultant positive magnetization for higher applied fields.
With increasing applied field, the secondary rise in magnetization below 30 K is observed to be
fairly dominant. This is due to the polarization of the Ho moment along the highly polarized FM
field. For, further rise in field value (H > 1 kOe) the peak broadening has been observed.
Meanwhile, in the ZFC plots (Figure.4.12 (c,f)), Tc: is getting merged with Tc. at higher fields
i.e., for H> 5 kOe. However, FC curves for H > 5 kOe show a step like behavior without a clear
peak. It is owing to the large applied field's forced magnetization and the suppression of AFM

interaction across ASD.

103
TH-3274_186121011



Chapter 4: Ho2CoMn1-xMxQOs (M = Ni and Cr) Series

After looking at the FC MT plots for different cooling fields, and the suppresion of MR
beyond certain field, we are encouraged to study the magnetic field induced MR phenomenon at a
given temperature below Tcomp. That is the switching of magnetization value between positive and
negative values and vice versa with the change in magnitude of applied magnetic field without
changing its direction. Here we have carried out this measurement for x =0.3 at 2 K and 0.4 sample
at 5 K as shown in Figure.4.13 (a) and Figure.4.14 (a). In order to achieve the switching behavior,
the sample is first FC to a temperature below Teomp (itis 2 K for x = 0.3 and 5 K for x = 0.4) at an
applied field of 100 Oe and the magnetization was recorded for 100 sec, and it is found to be
negative as shown in Figure.4.13 (a) and Figure.4.14 (a). As the MR vanishes for H >100 Oe (for
x = 0.3) and 300 Oe (for x = 0.4), so the field was increased to 120 and 350 Oe for the respective
samples to switch the magnetization to a positive value and the magnetization was again recorded
for 100 sec. The process was repeated for several times by varing the field from + 100 to +120
and back to +100 Oe (for x = 0.3) and + 100 to +350 and back to +100 Oe (for x = 0.4) and the
bipolar switching of magnetization is consistent. This result indicates reproducible field induced

bipolar switching of the magnetization.
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Fig.4.13. Bipolar switching of magnetization for x = 0.3 sample in between 100 to 120 QOe, at (a)
2K, (b) 3K, (c)4.4Kand (d) 5 K.
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In order to further study the magnetic switching behavior below, above and at Tcomp, We
have carried out the M-t measurements for x = 0.3 and 0.4 at various temperatures and the data are
shown in Figure.4.13 (b-d) and Figure.4.14 (b-d)). For both x = 0.3 and x = 0.4, we have observed
a typical switching behavior below the Tcomp. However, at Tcomp the magnetization is almost zero
at 100 Oe and positive for 120 Oe (x = 0.3) and 350 Oe (x = 0.4), which is consistent with the MT
data. Then above Tcomp the magnetization is completely positive for both low and high field. It

justifies the presence of magnetization switching behavior in the present series for x = 0.3 and 0.4

samples respectively.
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Fig.4.14. Bipolar switching of magnetization for x = 0.4 sample in between 100 to 120 Oe, at (a)
5K, (b) 8K, (c) 10 Kand (d) 12 K.

(if) Study of M-H Loops

We have recorded the magnetic hysteresis (MH) loops of all the samples at 5 K at an
applied field up to = 9 T as shown in Figure.4.15 (a). They all exhibit a typical FM behavior
however even at 9 T field, the loops are not getting saturated and it is attributed to the
uncompensated spin structure at low temperature. In order to estimate Ms value, we have analyzed
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the initial curves based on LAS model [267] as expressed in Egn. 3.5, The observed initial
magnetization data fitted to Eqn.3.5 are shown in Figure.4.15 (b). The obtained values are
tabulated in the Table-4.3, here the Hc, Ms, Mr and K values are decreasing with Ni substitution.
In these samples, the two FM transitions are attributed to arise from interactions in Co?*-0%-Mn**
and Co?"-0%*-Ni*" networks. For such case, the maximum moment of TM sublattices should not
be more than 6 pe/f.u. for x = 0.0 sample (Co?* = Mn** = 3 ps/ion and Ni** = 0 pe/ion). However,
by looking at the values of Ms, which are higher than the FM ordered Co/Mn/Ni sublattices, the
partial contribution of RE moment to the overall FM moment is confirmed. The drop in Ms value
with Ni substitution can be understood by the replacement of Mn** ions having larger magnetic

moment ions with Ni** ions.
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Fig.4.15. (a) MH loops recorded at 5K, inset shows the expanded view of loops near coercive field
and (b) initial MH loop along with fitted data to Eqn. (3.5) for HCMNO series.

Table. 4.3. Estimated data from the hysteresis loops (ZFC and FC).

Sample x=00[x=01|x=02|x=03|x=04

Hc (Oe) 5328 | 3477 | 2910 | 1737 | 1110
Mr(ue/fu) | 200 | 1.80 | 1.45 | 0.80 | 053
Ms (ue/f.u) | 11.60 | 11.26 | 11.08 | 10.40 | 10.27

Ki(10%rg/cm®) | 190 | 179 | 178 | 135 | 132
Hes (Oe) 114 | 30 131 | 225 | 230
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Fig.4.16. (a,b) M-H loops measured in the temperature range of 5 - 100 K and (c,d) saturation

magnetization versus temperature for x = 0.3 and 0.4 samples.

Again, to see the temperature dependence of magnetization for x = 0.3 and x = 0.4 samples
we have recorded several MH loops in the temperature range of 5 to 100 K, as shown in Figure.4.16
(a,b). We found that the Ms value is decreasing with increase in temperature, however, Hc value
is initially increasing with a maximum value at 40 K for x = 0.3 and at 45K for x = 0.4 then again
decreasing with further rise in temperature as shown in inset of Figure.4.16 (a,b). This behavior
suggests a maximum anisotropy/uncompensated spins at 40 K and/or 45 K among the sublattices.
By looking at the shape of Hc versus T plot one can say that it reflects the FC MT plot. As we
have explained earlier that the shape of the peak in ZFC curve is due to the temperature dependent
coercivity of the samples. By observing Figure.4.16 (a,b) we can also say that the FC MT may also
represent the temperature dependent coercivity of these samples.The variation of Ms value with
temperature for x = 0.3 and x = 0.4 are shown in Figure.4.16 (c,d). The Ms value varies from 9.74

to 0.49 Me/f.u. for x = 0.3 for a temperature span of 5 to 100 K, while it varies from 9.69 to 0.39
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Me/f.u. for x = 0.4 sample. In these samples, the maximum moment of TM sublattices should not

be more than 5.1 Ms/f.u. for x= 0.3 and 4.2 ps/f.u. for x = 0.4 sample. However, the obtained
higher value of Ms is only up to a temperature of 25 K and it signifies that the contribution of RE
ions is appreciable only up to 25 K. smaller moment < 6 Ug/f.u. for T > 30 K can be attributed to
the presence of Co®* and Mn®* ions and their AFM interaction.
(iii) Study of Exchange Bias Behavior

As the negative exchange interaction between RE and TM sublattices in HCMO gives rise
to MR. So, in order to understand the EB behavior in HCMNO series we have recorded MH loops
at 5 K under a FC condition with a cooling field of Hrc = 0.5 T and by varying the measuring field
up to £ 6 T as shown in Figure.4.17 (a-d). Here we have observed a clear shift of MH loops

indicating EB behavior.
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respectively.
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However, to rule out the stray field effect/instrumental artefacts, we have carried out the
MH loop for both Hrc = £ 0.5 T for x = 0.4 sample at T =5 K as shown in Figure.4.18 (a, b). From
the figure we can see a clear shift of the loop in the opposite direction as the cooling field is
reversed. The enlarged view of MH loops in the vicinity of coercivity is shown in Figure.4.17 (a-

d) and it clearly shows EB behavior in HCMNO series. Unlike the parent compound, Ni substituted
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samples show loop shifting along positive field direction and this shifting is increasing with Ni

concentration. The maximum value of Heg = 230 Oe is obtained for x = 0.4 sample at 5 K.
1.5
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Fig.4.18. (a) M-H loops of x = 0.3 sample under ZFC and FC (Hrc =+ 0.5 T) and (b) its enlarged
view in the vicinity of coercivity (Hc).

The obtained values of Heg are tabulated in Table-4.3. Here the EB is attributed to the
competition between spin canted magnetic moment of RE ions and FM moment of TM ions. For
x = 0.0, the loop was shifting towards negative field direction. However, after Ni substitution the
loop was shifting towards positive field direction. Here we have tried to explain this phenomenon
by using the schematic diagram of spin configuration for x = 0.0 and Ni substituted samples as

presented in the Figure.4.19.

After FC

After the initial MH loop

Fig.4.19. Schematic
diagram of spin
configurations

before and after field
cooled the sample
for parent and Ni
substituted samples.

Forx=0.0

For Ni
substituted
samples

Below the FM T¢, few FM clusters are present along with the canted spin components even
at H = 0 Oe (after FC). During the FC process the FM spins are strongly coupled with canted spins
and form two integrated anti-parallel spin systems. The field ramping then creates more such
clusters during the first loop of FC MH, increasing the number of FM and/or canted spin interfaces.
Hence, during the descending field, the FM spins impose a microscopic torque on the canted spins,

while they were trying to keep the spins aligned along the measuring field direction. As a result,
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larger negative field is required to align the canted spins along the field direction. The loop is
shifted towards the negative field direction throughout this operation, resulting in a negative
exchange bias in the x = 0.0 sample. In the meanwhile, when we consider the Ni substituted
samples, here the FM moment is decreased due to the replacement of Mn** with Ni**. As the FM
components are small here, so, during the descending branch of MH loop the FM spins easily flip
its spin along the direction of field without imposing torque on the canted components. However,
during the ascending branch of MH loop, it required more amount of positive field to further align
the FM and canted spins along the direction of applied field. So, it results into shifting of the loop
towards right side. The increment of Hes value with Ni concentration is attributed to the

strengthening of canted magnetic components of RE ions.
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Fig.4.20. (a, b) Temperature variation of FC M-H loops with Hrc = 0.5 T for x = 0.3 and 0.4
samples with inset showing the enlarged view of the loops near coercive field, and (c, d) Hes
versus temperature along with the fitted data to Egn. 3.7.

Many systems showing MR are reported to exhibit sign reversal in EB near Tcomp
[65,203,240]. So, it encouraged us to carry out the temperature variation of EB for x = 0.3 and X
= 0.4 samples. Here we have measured the FC MH loops in the temperature range of 3 to 40 K for
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x = 0.3 and 5 to 45 K for x = 0.4 which are shown in Figure.4.20 (a, b). Insets of Figure.4.20 (a,
b) show enlarged view of the curves near coercivity. The values of Heg are plotted with respect to
temperature as shown in Figure.4.20 (c, d). Here, we have not observed any sign reversal in EB in
the vicinity of Tcomp as the Hes value decreases with temperature. As the EB in this compound is
caused by the competition between RE and TM sublattice moment. The decrement in the value of
Hes with temperature can be explained as follows: As the RE contribution is minimal above a
certain temperature (20 K), the FM component of TM ions do not encounter any competing
anisotropic magnetic moment. Thus, at T > 20 K, the exchange interaction weakens, resulting in a
decrease in Hes. However, the obtained Heg versus T follows the exponential function as explained
in Eqgn. (3.7) and are shown as solid lines in Figure.4.20 (c,d). The Hgp (0) values are found to be
355 £ 25 Oe and 403 + 11 Oe for x = 0.3 and 0.4 respectively and the T, values are close to 9 K.

15 0.005
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g 8 222 —a-7
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216 o
-15 ) L T T L L} 214 T L) ) T L] L) T L)
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Field (kOe) n

Fig.4.21. (a) Consecutive 8 M-H loops recorded at T =5 K for x = 0.3 and (b) Heg versus n along

with fitted data to Eq. (4.1), inset shows the loops in expanded scale.

The training effect, is one of the conclusive tests for EB, where Heg decreases with the
number of successively measured loops [212]. In order to investigate this, we have measured 8
consecutive FC MH loops at 5 K with Hec = 0.5 T for x = 0.3 (Figure.4.21 (a)). The loop shifting
is shown in the inset of Figure.4.21 (b), however, the loop number (n) dependency of Heg is shown
in Figure.4.21 (b). It is found that the Heg versus n (for n > 1) follows a power-law [209],

Hgg (n) - Hgp () « 1/ n (4.2)

Here Hgp (00) is the EB field for n—oo. The fitted data to Eqn. 4.1 is represented by solid red line
in Figure.4.21 (b). The obtained experimental value of Heg (%) is found to be 210 £ 0.7 Oe.
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4.2. Nanocrystalline samples of DP Ho.CoMn1xCrxOs (X = 0.0 - 0.5)

From the literature review it has been found that, the replacement of Mn by Cr will give
rise to multiple oxidation states for Mn. So, to explore additional magnetic properties, we have
used auto combustion method to prepare nanocrystalline Ho,CoMn1xCrxOe (X = 0-0.5) DP as
describe in section 2.1 (Chapter - 2). Here, we explored the effect of the above substitution on the
structural and magnetic properties of Ho.CoMnOg compound. After Cr substitution, an additional
AFM phase, a MR with Tcomp = 7 K, BSM below Tcomp and sign change in EB field are some of
the characteristic features of the present discussion.

4.2.1 Structural properties
XRD patterns of the HCMCO series taken at RT are shown in Figure.4.22. We are able to

index the XRD peaks to a single phase monoclinic structure with space group P21/n. The obtained
RT XRD data of x = 0.0 to 0.5 are refined by using the Rietveld refinement technique as shown in
Figure.4.23 (a-f) by red solid line. One can see the observed data are well fitted to the monoclinic
structure with space group P2i/n and accordingly the diffraction peaks are well indexed. The
enlarged view of most intense peak of (112) and (020), (021) reflection in the range of Bragg angle
32.5 to 35 degrees are shown in Figure.4.23 (g-1). The most intense peak of (112) reflection is
found to shift towards higher 26 with an increase in Cr concentration. In addition, the peak shows
a small broadening with the increase in Cr concentration. These features are the indication of a
decrease in particle/crystallite size and lattice parameters. Here, it has to be noted that the
broadening of x = 0.4 sample is maximum as compared to others. The merging of (200) and (021)
peaks are observed for x < 0.4, however they split and are quite clearly visible for x = 0.5 sample
as shown in Figure.4.23 (). It indicates the persistence of monoclinic symmetry in samples for
higher Cr concentration [50]. The angle B in the crystal structure is consistent with the monoclinic
structure, keeping a and y at 90°. Obtained chi-square (%) values along with reliability factors for
the HCMCO compound from the Rietveld refinement are listed in the Table-4.4 and are found to
be quite small indicating a good fitting. All the structural parameters for the HCMCO series are
listed in Table. 4.4. The decrease in lattice parameters along with the volume is consistent with the
uniform shifting of the peaks towards higher Bragg angles. Here we have assumed that some of
the Mn®* ions (0.645 A) present in the sample are replaced by the Cr®* ions (0.61 A) rather than

the abundant Mn** ions (0.53 A) present in the material. As the concentration of Mn** ions in the
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parent compound is quite small, so there is no variation in the lattice parameter as well as volume

in the 10 % Cr substituted sample. Then a visible variation can be seen for x > 0.2 sample.
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Fig.4.22. Room temperature XRD patterns for HCMCO series.

Figure. 4.24 (a-d) depicts the bond angle made by CoOs and MnOs octahedra with O1, O2
and Oz along c-axis. A smooth decrease in bond angle by TM ions with O1 has been observed up
to x = 0.4 sample. However, a sharp fall has been observed for x = 0.5 sample (Figure. 4.24 (a)).
Similarly, the angle with O is found to be increase up to x = 0.4 but for x = 0.5 sample a decrease
in the value is observed (Figure. 4.24 (b)). Furthermore, the bond angle of TM ions with O3 are
found to be unchanged up to x = 0.2, whereas for x > 0.3 a rise in the bond angle value has been
observed (Figure. 4.24 (c)). Whereas, the average value of bond angle of the TM ions shows a
monotonous rise up to X = 0.4 and a drop in the value for x = 0.5 (Figure. 4.24 (d)).

The average crystallite size and the micro-strain parameters are calculated using the WH
method [259] as shown in Figure.4.25 (a-f) and is listed in the Table. 4.4. They are well fitted to
the linear equation which are represented by red solid lines. We have observed an overall decrease
in the crystallite size from 35 to 29 nm for x = 0.0 to 0.5 as tabulated in Table-4.4. Which shows
that, all the samples are found to be in nanocrystalline form. This decrease in crystallite size with
Cr doping may lead to spin canting, which further leads to complex magnetic interactions among

the spins and decrease in overall magnetic moment etc. However, we found some anomaly in the
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size for x = 0.2 and 0.4. A minimum value of the crystallite size was obtained for x = 0.4 sample,
which is consistent with the maximum broadening of the (112) reflection as compared to other

samples. It could be due to the presence of multiple oxidation states of the ions with varying ionic

radii. Similar to crystallite size, the observed micr
variation. It shows a maximum value of 3.07 for x
for this sample.

o0-strain parameters are also showing the same

= 0.4 indicating higher surface to volume ratio
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Fig.4.23. (a-f) Rietveld refinement of RT XRD patterns of HCMCO series, and (g-1) enlarged view
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of (112), (200), and (021) peaks for x = 0.0 to 0.5 respectively.
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Table. 4.4. Extracted Refined structural parameters and reliability factors for the HCMCO

compound.
Sample x=00 x=01 x=02 x=03 x=04 x=05
a(A) 5.228 | 5.228 | 5.226 | 5.220 | 5.223 | 5.213
b(A) 5.581 | 5.574 | 5.557 | 5.543 | 5.531 | 5.513
c(A) 7.469 | T7.477 | 7.476 | 7.473 | 7.471 | 7.467
V(A3) 217.9 217.9 217.1 216.2 215.8 214.6
B (°) 89.93 89.88 90.09 90.07 90.21 90.06
RBragg 4.42 3.05 2.16 3.06 2.02 1.80
Rt 7.64 3.95 2.31 3.54 2.19 2.07
1% (%) 1.55 1.66 1.45 1.52 1.51 1.29
Average crystallite size(nm) 35 39 28 30 17 26
Average particle size(nm) 120 179 161 94 61 78
Micro-strain (10°3) 2.21 2.41 2.38 2.4 3.07 1.98
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Fig.4.24. (a-d) Bond angle of TM ions with O1,02,03 and average bond angles of HCMCO series.
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Fig.4.25. (a - f) Williamson-Hall plots of HCMNO series for x = 0.1 to 0.4 respectively.

For FESEM images we have followed a drop cast method to prepare the samples, in order
to get an image of well separated particles from one another. The FESEM images for x = 0.0, 0.3,
0.4 and 0.5 with a 200 nm of scale size are shown in Figure.4.26 (a-d). It reveals a quite
agglomerated particles with an overall decrease in particle size from x = 0.0 to 0.5. However, the
smallest particle size is obtained for x = 0.4 sample as shown in Figure.4.26 (c) which is further
consistent with the crystallite size, as explained in the previous paragraph. The average particle
and crystallite size are listed in Table. 4.4. The elemental composition was determined using EDS
analysis for x = 0.2, 0.3, 0.4 and 0.5 samples, and the resulting spectrum is shown in Figure.4.27
(a-d). It confirms the presence of Ho, Co, Mn, Cr, and O in desired elemental composition in the
current series.

The oxidation states of Co/Mn/Cr were measured using deconvoluted 2Pz, peaks of Co,
Mn, and Cr, using XPS spectrum as shown in Figure.4.28 (a-f) for x = 0.0 and 0.4 samples.
According to the results, Co is present in the compound in the 2+/3+ oxidation state, while Mn
and Cr are found in the 3+/4+ oxidation state. The observed peak locations agree with previous
observations [262-266]. Mostly in DPs a little amount of the formation of Co** and Mn** ions have
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been reported [248], which can also be seen in our case. However, as previously stated, the

replacement of Mn3* by Cr®* leads to a decrease in lattice parameters. By looking at the ratio of
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Fig.4.26. FESEM images of HCMCO series for (a) x = 0.0, (b) 0.3, (c) 0.4, and (d) 0.5.
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Fig.4.27. EDS spectra for (a) x = 0.2, (b) x=0.3, (¢) x = 0.4 and (d) x = 0.5.
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Mn3*/Mn** and Cr3*/Cr** in the XPS data this statement is best understood. Table. 4.5 shows that
the ratio between the concentration of Mn®* and the combined concentration of Mn** and Cr®*is
around 1:1 for x = 0.2 and 0.4 sample and such arrangement would lead to charge ordering (CO).

A small amount of Cr* ions is also detected in the current system. However, because its amount

is very much small as compared to Cr3*, so it might be neglected.

Fig.4.28. X-ray photoelectron spectroscopy for (a,b) x = 0.0 and (c-e) x = 0.4 for Co, Mn, and Cr

elements.
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Table. 4.5. Extracted elements and their proportions in the respective ionic state from XPS data.

Percentage of oxidation states of elements Composition of each

concentration

Mn3* | Mn% Cr3+ Cr# Co?* Co®*

C0%0.33C0%"0.67MN%** 0 26
Mn**0.74
C0%*0.37C0%*0.63MN>*0.49(
Mn**0.31Cr¥*0.11 )Cr**o.09
C0%%0.38C0%"0.62MN*0.11(
Mn**059Cr3*0.26 )Cr**o.04
C0%*037C0%*0.63MN3* 0 39(
Mn**021Cr¥*0.23)Cr**o.17
C0%*020C0%*0.71MN3* 0 12(
Mn**038Cr*0.35 )Cr**o.1s

x=0.0 | 25.89 | 74.10 -- -- 67.38 32.61

x=0.2 | 49.37 | 30.56 | 10.64 9.36 62.73 37.27

x=03 | 10.65 | 59.35 | 25.57 4.42 62.35 37.64

x=04 | 3878 | 21.21 | 22.79 17.2 63.41 36.58

x=05| 1236 | 37.64 | 3515 | 14.85 70.62 29.38

4.2.2. Magnetic properties

(i) Magnetization versus Temperature (MT) Study

Figure.4.29 (a-f) depicts the MT measurements of HCMCO series in ZFC and FC mode in
an external field of 100 Oe. The nature of ZFC (Mzrc) and FC curve for x = 0.0, already been
explained previously. The MT plots for Cr doped samples are shown in Figure.4.29 (b-f). A similar
type of behavior (as that of the parent compound) for Mzec curve has been observed up to x = 0.2
samples. However, the Mzec curve of other Cr substituted samples such as for x > 0.3 show two
peaks followed by a secondary rise in magnetization for T < 50 K. Unlike the FC curve of the
parent compound here for x = 0.1 and 0.2, it shows a sharp increase in magnetization value below
90 K, followed by a sharp decrease in magnetization value for T <50 K as shown in Figure.4.29
(b,c). Whereas, for x > 0.3 it shows two peaks similar to the ZFC curve below 90 K as shown in
Figure.4.29 (d - f). This decrease in M value, causes MR in the x = 0.5 sample at lower field and
it will be detailed later. In addition, for the intermediate compositions such as x = 0.2 and 0.4
(Figure.4.29 (c) and (e)), they exhibit another peak in both ZFC and FC curves at a temperature of
120 K. This is attributed to the charge ordering temperature (Tco). The transition temperatures are
determined by calculating Mzrc's first derivative with respect to temperature (dM/dT) and plotting
it with temperature (lower inset of Figure.4.29 (a-f)). Single magnetic transition (Tc1) is observed

for x < 0.2. Whereas, for x > 0.3 we have observed two transitions namely Tc1 and Tco.
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Fig.4.29. (a-f) M - T plots in both ZFC and FC conditions at H = 100 Oe applied field, the lower
and upper inset show dM /dT versus T plots, and ZFC M - T plots in expanded scale for x = 0.0 to
x = 0.5 respectively.

As illustrated in Figure.4.29 (a-f), the former transition (Tc1) is found to be in the range of
83 - 85 K. The later transition temperature (Tc2) decreases from 77 K for x = 0.3 to 63 K for x =

0.5 sample. The non-monotonous variation of the bond angle with respect to Cr concentration
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could be a reason for this variation in the Tc. However, for the intermediate compounds (x = 0.2
and 0.4), we found another third transition at high temperature i.e., at 120 K. This transition is
attributed to the charge ordering temperature (Tco). From the XPS data we have also found a 1:1
ratio of Mn®" and Mn**/Cr3* ions for x = 0.2 and 0.4 samples which is one of the proofs for charge
ordering. Further signature in the field dependent MT plots is discussed later. The upper insets
provide an expanded view of the individual ZFC curves near the transitions.

The d - shell electronic configuration for the TM ions Co?* and Mn**/Cr3* are, Co?":- tyg°eq?
and Mn**/Cr*:- t,g%4° respectively. According to Goodenough - Kanamori rule, Co?* has a FM
interaction with Mn**/Cr®* and an AFM interaction with Mn®*:- tog®e4t, whereas Cr** has an AFM
interaction with Mn** and a FM interaction with Mn®" [38,39]. So, here the transition Tci is
attributed to the SE interaction in Co?*-O%-Mn** networks which result in a FM ordering. Tca is
almost unchanged for Cr doped samples. The second transition Tc2 could be due to two possible
reasons. One is FM interaction across Mn®*-O%-Cr®" networks via DE interaction, because it is
similar to Mn®*-0%-Mn*" networks in terms of electronic configuration. Second is, an AFM
interaction caused by SE interaction between Cr3*-O%-Cr3* and/or Cr3*-O*-Mn** ions. However,
one cannot rule out that at higher Cr concentration Mn®* concentration would be small as compared
to that of Mn** and Cr3*, as most of the Mn®* ions are replaced by Cr3*. This deficiency in Mn**
ion with Cr concentration is also visible from XPS data as tabulated in Table. 4.5. So, the AFM
interaction becomes stronger in Cr¥*-0%-Cr®" and/or Cr3*-O%-Mn** networks as compared to the
DE driven FM interaction in Mn®*-0%-Cr®* and Mn®-0%-Mn*" networks. Hence, we have
considered the transition Tc; is the result of AFM ordering arising from the SE interaction in Cr3*-
0%-Cr® and/or Cr¥*-0%-Mn** networks. The AFM interaction is dominating at T < Tcy, which can
also be visible from the MT plot of x = 0.5. Where the transition at Tc. is much sharper as compared
to lower Cr concentration samples. This type of FM/AFM ordered phase in a single compound is
also noticed earlier in Co/Mn based DP [248] and Cr doped samples [279]. The magnetic
irreversibility (AM/Mzrc = (Mrc - Mzrc)/Mzrc) is highly visible for all the samples, particularly
below the ZFC peak temperature. Which is an indication of frustrated spin structure such as spin
glass. At 5 K, an irreversibility of 12.4 is seen for x = 0.0. However, the magnitude decreases to 3

for x = 0.4 and eventually to -0.9 for x = 0.5 as Mrc < Mzrc at 5 K for x = 0.5 sample.
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Fig.4.30. Fitted data of inverse susceptibility (%) versus T plots, with a MCWL for (a) x = 0.0,
(b) x=0.1, (c) x =0.3, and (d) x = 0.5 respectively.

Table. 4.6. Data extracted from the M-T study.

sample | Ter(K) | Te2 (K) | Teo(K) | 8re(K) | po? (TM)ps/fu | piP (RE) pe/fu
x=00 | 83 - - 9 4.8 14.70
x=01 | 83 - -- 7 4.59 14.65
x=02 | 84 - 120 8 3.66 14.35
x=0.3 84 7 -- -4 3.28 14.17
x=04 | 85 73 120 5 4.40 14.01
x=05 | 83 63 - 6 2.18 14.27

We have fitted the PM inverse susceptibility data with the MCWL as explained in Eqgn.
1.7. Figure.4.30 (a-d) shows the fitted data for x = 0.0, 0.1, 0.3 and 0.5 samples by red solid lines.
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One can see, this closely follows the experimental results all the way down to FM Tc. The
estimated values of 6m for all the samples are found to be close to FM Tc. So, we have fixed the
value and not tabulated here. However, the value of Ore for all the samples are found to be quite
small and negative as tabulated in Table-4.6. With Cr doping, Ore value is not varying vigorously,
it suggests that the growth of Cr concentration has no significant influence on the Ho site.
According to previous report, the presence of some fraction of Co*/Mn®* ions with Co%* in low
spin state causes a decrease in magnetic moment in the Co/Mn based DP [248]. The presence of
Mn3*, Co®*" along with Cr** in HCMCO has been confirmed by our XPS data. As a result, using
the exact cationic population, we have calculated the theoretical effective magnetic moment for

RE (") and TM (uf! ) ions, using the formula [136],

= 2%t (43)

/u;:iI\L/I:\/[Yl " 'u?,‘oz+ +1; X 'ué03+ + 13 X 'UIZVIn4+ + 1, % 'ulzvm3++ Y5 X 'ui‘r3+ + e X 'uzr4+] (4'4)

Here, the ground state effective magnetic moments of the respective ions are represented by p
(with the suffix of respective chemical symbol). The coefficients, Y1 to Ys represent the ionic
population of that particular ion. From this study, we have found that, the theoretical effective PM
moment of RE ion (u;?f(RE) = 14.99 pg/f.u) is comparable to the experimental values tabulated in
Table. 4.6. The value of experimental effective PM moment .77 is decreasing more rapidly with
Cr concentration, it confirms the substitution of Cr* (3.87 us) at the Mn site and replacing the

Mn®" (4.89 us) ions. However, there is a small discrepancy in the xI" and y’j}‘]’f (TM) values. The

theoretical value (/1%) IS quite large than the calculated effective moments. It may be attributed

to the presence of some fraction of Mn®* ions in low spin states. However, one can notice a sudden

Exp
Hers

of Mn3* and Mn**/Cr®* ions from XPS data as tabulated in Table. 4.5.

Furthermore, various MT data were collected at different applied fields in both ZFC and
FC mode for x = 0.3, 0.4 and 0.5 as shown in Figure.4.31 (a-f). Figure.4.31 (a) shows ZFC curves
in an applied field varying from 100 to 3 k Oe for x = 0.3 sample. The presence of long-range FM
phase Co?*-0%-Cr3* and/or Co?*-O%-Mn*" in HCMCO is confirmed by a field independent

magnetic transition at Tci1. However, the field dependent Tc2 is merged with Tc1 with a rise in the

increase in (TM) values for x = 0.4 sample. It could be understood by looking at the 1:1 ratio
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field (Figure.4.31 (a)). Tc2 can be clearly visible in the ZFC curve at lower applied fields (up to
500 Oe). The merging behavior of Tc. in x = 0.3, can be explained in two ways, (i) The FM
interactions between the ions is trying to dominate the AFM interaction in Cr¥*-0*-Cr®* and/or
Cr3*-0%-Mn* networks at higher applied field,
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Fig.4.31. MT plot in both ZFC and FC modes at various applied fields (a, b) for x = 0.3, (c) ZFC

curve, (d) ¢t - T plots, inset shows FC curve for x = 0.4 sample and (e,f) for x = 0.5 sample.
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(ii) the AFM phase is somewhat weaker here than the long range FM Tc1, hence, with rise in field,
the AFM domains get forced aligned along the direction of field and merged the Tcz with Tci. This
type of behavior is also observed by Ranjana et.al. in Nd2CoMnOe compound [248]. Below 50 K
the magnetization value is sharply rising with field, which is attributed to the polarization of the
RE ions moment with magnetic field. The FC curve of x = 0.3 is presented in Figure.4.31 (b) and
it shows a similar type of behavior as that of ZFC curve, however, the rise in magnetization is
much higher than the ZFC curve. As Tcz is quite weak as compared to long range FM transition at
Tci, S0, it is not clearly observed in the FC curve. Figure.4.31 (c) shows ZFC curves in an applied
field varying from 100 Oe to 5 kOe for x = 0.4 sample, it shows that Tco is field dependent and
with arise in applied field value it is getting suppressed and finally no trace of CO is seen at 5 kOe
field. Here also the presence of long range FM transition Tca is confirmed by observing its field
independent nature. The transition at Tc> can be clearly visible in the ZFC curve at lower applied
fields (up to 1 kOe). However, similar to x = 0.3, the field dependent Tcz is merged with Tc1 with
a rise in the field as shown in Figure.4.31 (c). The merging behavior of Tc, in x = 0.4, can also be
explained as that of x = 0.3 sample. Similar to x = 0.3, a sharp rise in the magnetization value has
been observed below 50 K, and ascribed to the polarization of the RE ions with magnetic field. To
visualize the suppression of Tco properly, we have plotted the inverse susceptibility versus T plot
(ZFC) at different applied fields, as shown in Figure.4.31 (d). The FC curve of x = 0.4 is presented
in the inset of Figure.4.31 (d) and it shows a similar type of behavior as that of FC curve of x =
0.3 sample.

Similarly, the field variation of ZFC and FC curves of magnetization for x = 0.5 sample
are shown in Figure.4.31 (e) and (f) respectively. Unlike x = 0.3 and 0.4, here one can clearly see
the two transitions Tci1 and Tc2 in both ZFC and FC curves. Starting with ZFC curve, Tc1 is
independent of the field as described in the above paragraph. However, Tc2 is field dependent,
unlike the behavior of x = 0.3 and 0.4 here, Tc2 is getting more prominent with rise in field. So, as
explained earlier, the deficiency of Mn®" ions in the higher Cr concentration samples leads to
strengthening the SE driven AFM interactions in the system. A similar type of feature has also
been observed by Capogna et.al. in Cr doped systems [279]. Here, Tc transition is quite sharper
indicating dominating AFM ordering. Whereas, the sharp rise in magnetization value below 50 K
is still noticed as that of x = 0.3 and 0.4 sample. The variations that are observed for Tc1 and Tc2

in ZFC for x = 0.5 sample, is also consistent with the FC curve. However, at lower fields, there
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was a downfall in the FC magnetization value below 50 K. It results in MR for 50 Oe of applied
field with a Tcomp Of 7 K. On the other hand, MR disappears as the applied magnetic field increases.
A sharp upturn is observed below 25 K, indicating the polarization of RE ions. From the MT data,
we can make a statement that Cr doping dilutes the long range order of ferromagnetism. A
conclusion can be made from the MT plots carried out at different applied fields. The merging of
Tc1 and Te2 for x = 0.3 and 0.4 along with broadening of the peak can be attributed to forced
magnetization and the suppression of AFM interaction due to large applied field. The variation in
peak structure in the ZFC MT curves with increasing field might be caused by the substantially
temperature dependent coercivity of these samples [269]. When the applied field value is less than
Hc at low temperature, the measured magnetization will stay extremely weak until approaching
Tc. The temperature dependence of Hc causes a sharp spike in ZFC curves just below Tc, resulting
in a peak-like shape. The variation of Hc value with temperature will be discussed later. The

transition at 120 K is confirmed by the suppression of Tco at higher applied field, which is a basic
characteristic of charge ordering.
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Fig.4.32. (a) MT plot in both ZFC and FC condition, inset shows FC curve at H = + 50 Oe, (b)

Bipolar switching of magnetization at 4 K, (¢) FC MT data fitted to Eqn. 1.14 and (d) Mrm and H;
versus applied fields for x = 0.5.
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The downfall in FC magnetization at T <50 K at 100 Oe is very prominent with a decrease
in magnetic moment which leads to MR at 50 Oe field in x = 0.5 as shown in Figure.4.32 (a). The
Teomp IS Observed at 7 K. Capogna et.al. observed a similar pattern of behavior in Cr doped systems
[279]. They attributed it to the canted AFM (CAFM) state arising due to the random distribution
of Cr¥* ions with randomly oriented spin. To examine the instrumental artefact, we have carried
out the Mrc versus T measurement at an applied field of + 50 Oe as shown in the inset of
Figure.4.32 (a). Obtained mirror image of the MT curves in the opposite applied field confirms
that MR is a sample intrinsic property. Figure.4.32 (b) depicts the BSM at 4 K. To achieve BSM,
we FC the sample down to 4 K by crossing the Tcomp, With a 50 Oe applied field. We measured the
magnetization value for 100 sec after it reached 4 K and found that it was negative. The
magnetization then switched to a positive value when we increased the field to 75 Oe and recorded
it for 100 sec. This method was repeated several times, i.e., shifting the field from 50 Oe to 75 Oe
and back to 50 Oe, and consistency in BSM is found. This confirms field-induced BSM can be
reproduced without changing the direction of the applied magnetic field.

From the field variation of MT plots, we have confirmed that the higher Cr doped
compounds exhibit two magnetic ordering; one is FM and the other one is AFM. The MR in such
systems is caused by the competition between the PM moment and the FM/AFM component
located at different crystallographic sites. Under the influence of an effective molecular field
arising from the ordered AFM component, the moments of the PM ion partially align opposite to
the applied field. So, the observed MR in x = 0.5 can be explained by considering the competition
between the weak FM components of Co?*/Mn** (Mem) and the PM behavior of Ho** ions under
the influence of negative internal field (H;) caused by AFM ordered ions. We found that the
measured Mrc is well fitted to Eqn. 1.14. The fitted data at various fields for x = 0.5 sample are
shown as green solid lines in Figure.4.32 (c). The obtained data of Mrw and H, are plotted in
Figure.4.32 (d). As can be seen that Mrm as well as the magnitude of H; is increasing with rise in
field. Increase in H; is ascribed to the increase in the size of AFM domains with respect to applied
magnetic field. 0 values are found to vary from -7 to -9 K for 50 Oe to 1 kOe.

(if) Hysteresis Loops

MH loops were recorded at 5 K for an applied field up to = 9 T as shown in Figure.4.33

(a). The magnetization is not saturated even at 9 T, and thus supports the canted/uncompensated

spin structure. We used LAS model to analyze the initial curves in order to estimate the Ms value
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[267]. We have fitted the high field region data to the LAS model which is shown by green solid
lines in Figure.4.33 (b). The obtained parameters such as Hc, Ms, My, and Ky are listed in Table -
4.7. All the parameters are found to decrease with Cr substitution. The drop in the values of Ms is
ascribed to the replacement of Mn3* ions having higher magnetic moment (4 ps/ion) with the Cr*
ions having lower magnetic moment (3 pe/ion). We can see the Ms value is much higher than the

expected one (6 pe/f.u.) which confirms the RE contribution to the overall FM moment.
15

1.0
wel S
gao.ﬁ
=
ST e xmd
tm 0 EEE Fieldu(k09)4 o x=0.1
< T=5K x=0.2
= -5 o x=03
x=04
-104 o x=05
——Fited data
-15 T v T v t v v - v . T r r v T v
-80 -40 0 40 80 0 20 40 60 80
Field (kOe) Field (kQOe)

Fig.4.33. (a) Magnetic Hysteresis loops recorded at 5K, with an expanded view of loops near the
coercive field (inset) and (b) initial M-H loops fitted with the LAS model for HCMCO series.

Table. 4.7. Magnetic data were estimated from the hysteresis loops (ZFC and FC).

Sample x=00 | x=0.1 x=0.2 x=0.3 x=04 | x=05
Hc (Oe) 5328 4086 3329 2723 2580 1289
M (ps/f.u) 2.00 1.97 1.52 1.13 1.13 0.55
Ms (us/f.u) 11.60 11.13 10.3 10.28 9.86 9.79
Ky 1.90 1.86 1.52 1.60 141 1.31
(10%rg/cmd)
Hes (Oe) -114 -110 -26 47 69 208

A number of temperature dependence MH loops were recorded for x = 0.4 and 0.5 samples
from 5 K to 140 K as shown in Figure.4.34 (a,b). A drop in the Ms value has been observed with
rise in temperature up to 120 K for x = 0.4 and up to 90 K for x = 0.5, then attained a value close
to zero by further rising the temperature (inset of Figure.4.34 (a, b)). Observed Hc values with
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respect to temperature are plotted with the FC MT plots as shown in Figure.4.34 (c,d). The form
of the Hc versus T plot is similar to that of the FC MT plots. A sharp fall in the value of Hc has
been observed at Tcz. Then a hump like feature is found in the vicinity of transition Tc1 and Tco
respectively. Which may be attributed to the temperature dependent Hc of the sample. Similar type
of nature is also explained in section 4.1, where Ni was substituted at the Mn site of Ho.CoMnOg
compound. For both x = 0.4 and 0.5 samples, obtained Ms values at any particular temperature
below 25 K, are higher than the expected value from the TM sublattice. For x = 0.5 sample, the

Ms value is ranging from 8.9 Ug/f.u. to 8.1 Mg/f.u. for the temperature 5 K to 10 K, this value is

certainly higher than 6 Ms/f.u. Then it falls to 4.3 Hg/f.u. at 25 K. However, T > 25 K it starts to
drop drastically, indicating a lack of FM contribution from RE ions for T > 25 K.
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Fig.4.34. (a, b) Temperature variation of M-H loops for x = 0.4 and 0.5, inset shows the MS versus
T plot and (c, d) Hc and M versus T plot (Mrc) for x = 0.4 and 0.5 respectively.
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(iii) Study of Exchange Bias Behavior
For this study, as shown in Figure.4.35 (a-d), we measured FC MH loops at 5 K with a
cooling field of Hrc = 0.5 T and a measuring field varying up to = 6 T. We found a clear shift of

MH loops, indicating EB behavior.
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Fig.4.35. Enlarged view the FC M-H loops at 5 K for (a) x = 0.0, (b) 0.1, (c) 0.3, and (d) 0.5.

To ensure the observed shift in FC MH is not attributable to any stray field effect, we have
measured the loop for both Hrc = £ 0.5 T for x = 0.5 sample at T =5 K as shown in Figure.4.36
(a, b). As the cooling field is reversed, we can witness a definite shift of the loop in the opposite
direction. Figure .4.37 (a-d) depicts an expanded view of hysteresis loops at low field region and
it clearly demonstrates EB behavior in the present series. However, here we found an interesting
fact that, up to x = 0.2 the loop is shifting towards the negative field axis which leads to a negative
EB field value (Heg). Then, for x > 0.3 we found the loop is shifting towards the positive field axis
and gives rise to a positive Heg, and this value is increasing with Cr. We found a maximum positive
value of Heg = 208 Oe for x = 0.5 sample. The observed Heg values are tabulated in Table - 4.7.
Here, the reason for the observed EB for parent and Cr doped sample is considered to be different.

For the parent compound it is attributed to the competition between FM moment of TM ions and
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the spin canted magnetic moment of RE ions. RE ions are PM at T > 25 K, but below that, they
begin to polarize along the direction of the field. Yet, some of spins are not entirely polarized but
rather canted. As a result, the competition between canted moment of RE ions and TM ions causes
a shift in the MH loop for the x = 0.0 sample towards the negative field direction. Moreover, the
role of ASD induced AFM cannot be ruled out. However, the competition between the FM and the
AFM components which are arising due to the Cr doping is considered to be the reason for the EB

in the Cr doped samples.
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Fig.4.36. (a) FC hysteresis loops for x = 0.5 sample with Hrc = £ 0.5 T and (b) its enlarged view
in the vicinity of coercivity (Hc).

Shifting of the loop to positive direction in the higher Cr concentrated samples can be
explained as follows. Initially in the parent compound, after FC (at H = 0 Oe), a few FM clusters
are present below the FM T¢, along with the canted magnetic components of the RE ions. The FM
spins are strongly coupled with the canted spins throughout the FC process, resulting in two
integrated anti-parallel spin systems. During the first loop of FC MH, field ramping produces
additional FM clusters, increasing the number of FM and/or AFM interfaces. As a result, while
striving to keep the spins aligned with the field direction, the dominant FM spins impose a tiny
torque on the canted spins during the descending field. As a result, to align the canted spins in the
field direction, a bigger negative field is necessary. Throughout this procedure, the loop is pushed
towards the negative field direction, resulting in a negative EB in the x = 0.0 sample. At the same
time, Cr substitution in the HCMO sample introduces an AFM ordering in the form of Cr¥*-O%-
Cr** and /or Cr¥*-0*-Mn*" networks. And this AFM interaction gets more and more prominent
with Cr concentration which is also proven by the field dependent MT measurement of x = 0.5

sample. Now, unlike to the parent and lower Cr concentration samples, now at the interface AFM
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spin structure is more prominent. Hence, instead of FM spins, now AFM spins giving a torque to
the FM spin structure to get aligned along the spin structure. So, it leads to the shift of the loop
towards the positive field axis and results in to a positive Hegs. The increase in Heg value with Cr
is attributed to the strengthening of AFM components in the system as compared to the FM spin
structure at the interfaces.

Many MR systems have been found to display sign reversal in EB around Tcomp
[65,203,240]. As a result, it encouraged us to test the temperature variation of EB. As a result, we
only measured EB versus T for the x = 0.5 sample (Figure.4.37 (a)). So, for this, we have chosen
the temperature range of 5 to 60 K and recorded the FC MH loops. The enlarged view of this
temperature variation of FC MH loops, in the vicinity of Hc are shown in the insets of Figure.4.37
(a). The temperature variation of Heg plots are shown in Figure.4.37 (b). One can clearly see that
there is no sign reversal in Heg at the Tcomp. However, it follows the exponential function as
explained in Egn. 3.7. The fitted data to the Egn. 3.7 is shown as the red solid line in Figure.4.37
(b). The fitted values for Hgz (0) and T are found to be 385 £ 37 Oe and 8 £ 1 K respectively.
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Fig.4.37. (a) FC M-H curves for T = 5 to 60 K with Hrc = 0.5 T, inset shows the enlarged view of
the loops near the coercive field, and (b) Hes versus T with the data fitted to an exponential
function for x = 0.5.

The magnetic phase diagram of our system is shown in Figure. 4.38. From the figure one
can see the complex magnetic behaviors such as FM, AFM, RE polarization, and charge ordering.
For x = 0.0 to 0.1 mostly a transition from PM to FM has been observed followed by a RE
polarization at 25 K. Strong magnetic properties have been observed for x = 0.2 to 0.5 sample. For
x = 0.2, PM to a charge ordering phase followed by FM phase has been observed. However, for x
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=0.3t0 0.5, PM, charge ordering (x = 0.2, 0.4), FM, and AFM have been found with decreasing
temperature. Unlike, to other Cr concentrations, for x = 0.5, a MR has also been observed below
7 K. Furthermore, at T < 25 K, a rare earth polarization is observed in all the compositions ranging
from x =0.0to 0.5.

120
gSO
l_
40
0
0.0 d 0.2 ? A) 0.5
r concentratlon

Fig.4.38. Phase diagram of HCMCO series.
4.3. Conclusions

An auto combustion technique was used to prepare nanocrystalline samples of Ho.CoMn;.-
xNixOs (X = 0.0 - 0.4) in single-phase. RT XRD analysis reveals that the samples are formed in
monoclinic structure with space group P21/n. A drop in the lattice parameters as well as unit cell
volume are observed with Ni substitution. A shift in the peak of Raman spectra towards higher
wavenumber further justifies the drop in the lattice parameters. MT shows two FM transitions for
all Ni doped samples. In the present case, the two FM transitions are attributed to the super-
exchange interaction in Co?*-O-Mn** and Co?*-O-Ni** networks. The transition temperature (Tca),
which arises from Co?*-O-Mn** networks are decreasing from 83 K for x = 0.0 to 76 K for x = 0.4.
Whereas the other transition (Tcz2) which arises from Co?*-O-Ni** networks is increasing from 84
K to 88 K for for x = 0.1 to x = 0.4. For higher Ni concentrated samples i.e., for x =0.3and 0.4 a
MR has been observed with a Tcomp at 4.4 and 10 K respectively and it is due to the negative
exchange interaction between the moments of RE ions and TM ions. The magnetization versus
field (MH) measurement at 5 K shows a drop in coercivity and saturation magnetization (Ms) with
Ni doping. The drop in Ms value is due to the replacement of Mn*" ions having larger magnetic

moment with Ni** ions having negligible moment. However, the observed Ms value of the order
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of 11.6 Ms/f.u. at 5 K is attributed to the FM interaction of RE ions with the net magnetic moment
of TM ions. A maximum value of EB field of 230 Oe at 5 K is observed and is attributed to the
competition between spin canted magnetic moment of RE ions and FM moment of TM ions.

Similarly, we have investigated the effect of Cr doping on the structural and magnetic
properties of HCMO DP. For this we have synthesized single-phase nanocrystalline samples of
H0.CoMn1.xCrxOs (x = 0.0 - 0.5) through an auto combustion technique. According to Rietveld
refinement of XRD data, the samples exhibit a monoclinic structure with space group P21/n. With
Cr substitution, the lattice parameters are found to be reduced. For x < 0.2 samples, a pure FM
phase (Tc1) has been observed at 83 K which is confirmed by MT plots. The SE interaction in
Co**-0%-Mn** networks is responsible for it. However, with an increase in Cr doping other
magnetic state such as AFM (Tc.) is observed. The AFM interaction in Cr3*-0%-Cr3* and/or Cr3*-
O%-Mn* ions gives rise to Tco. Tca does not show much variation, it stays in the range of 83 K to
85 K. While, Tc2 drops from 77 K for x = 0.3 to 63 K for x = 0.5 samples. However, for x = 0.2
and 0.4, we discovered another transition at 120 K. This transition is attributed to the charge
ordering temperature (Tco). With Cr doping, the downfall in the FC magnetization below 50 K is
very prominent with a decrease in magnetic moment. This decrease in moment leads to MR in x =
0.5 sample at lower applied field with a Tcomp Of 7 K. The competition between the PM moment
of Ho**/Mn** ions under the influence of a negative internal field caused by AFM ordered ions
and the FM components of Co?* and Mn** ions is ascribed to this MR. After Cr substitution, the
magnetic hysteresis loops show a reduction in saturation magnetization and coercivity. For
samples with x = 0.0 and 0.5, an EB field of - 114 Oe and + 208 Oe is seen. They are explained by
the competition between canted magnetic moments of RE ions and FM moments of TM ions, with
the former dominating for x = 0.5 sample and the latter one dominating for x = 0.0 sample.
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Nanoparticles of Y.FeCrOs Double
Perovskite

Perovskite structures based on Fe-Cr are often found in a disordered orthorhombic form
(space group - Pbnm, Pnma, R3c etc). Because of their comparable ionic radii (Fe3* (0.645), Cr3*
(0.615), the Fe and Cr ions are randomly distributed in the octahedral site, resulting in octahedral
distortion. The magnetic characteristics of these materials are mostly determined by the interaction
in Fe¥*-0-Fe*, Cr¥*-0-Cr®*, and Fe**-O-Cr®" networks [50,206,252,253]. It typically exhibits a
canted AFM structure with a weak FM component and this is achievable only due of the random
distribution of Fe*/Cr** ions at the B site and the resulting tilting of the octahedral. YFeosCrosO3
shows a temperature as well as field induced MR with Tcomp ~ 248 K and an AFM ordering
temperature at ~ 274 K [252]. However, above and below 260 K, it exhibits both normal and
inverse MCE. Along with the MR a magneto dielectric effect has also been observed in this system
[134]. Because of this feature, this material is useful in spintronics and magnetic refrigeration.
Here, the different temperature dependence of SIA and DM interaction and their competition is
ascribed to the observed MR in these types of systems. Fe-Cr based perovskites are extensively
studied material whereas, Fe-Cr based DPs are very less explored. For example, recently a
magneto-dielectric behavior has been seen in Y2FeCrOg [91]. However, no one reported MR or
EB either in bulk or nanostructured Y 2FeCrOs DP. With limited work on Y2FeCrOs DP, a complete
and systematic investigation of the magnetic property at multiple temperatures and magnetic fields
is lacking. As nanoparticles are known to give distinct properties compared to the bulk sample and
also helps in tuning the lattice distortion etc. It was thought that by doubling the formula unit from
YFeosCros03 (bulk) to Y2FeCrOe (nanostructured), it would be able to keep the previous features
of perovskite structure while additionally inducing a few new magnetic properties into the DP
structure. So, to tune the magnetic properties such as Tc, and improve the functional properties,
we have synthesized nanoparticles of Y2FeCrOg having a particle size of 67 nm and presents a
detailed investigation of structural and magnetic properties. Here we observed the coexistence of
MR and sign reversal of both spontaneous and conventional EB field. Unlike the previous reports
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on MR on DP, here we suggest a simple mechanism based on the competition between SIA and
DM interactions. We have prepared this sample using auto combustion method as described in the

section 2.1 (Chapter - 2).
5.1 Structural Properties

The YFCO sample is found to be in single phase form as per the powder XRD pattern
recorded at RT. The XRD pattern was analyzed using the Rietveld refinement technique which is
shown in Figure.5.1 (a). After fitting our observed XRD data, refinement result confirms the
formation of the YFCO compound purely in the orthorhombic phase with the space group Pnma.
All the diffraction peaks are well indexed based on the best fit to the orthorhombic structure. No
additional impurity peaks have been identified within the resolution limit of the instrument,
pointing to the single-phase nature of the compound. The refined lattice parameters and the unit
cell volume obtained from the Refinement are as follows: a = 5.5509(1) A, b = 7.5704(2) A, ¢ =
5.2635(1) A and volume, v = 221.191(8) A® respectively. These values are comparable with the
earlier reports on YFeosCros03 and Y2FeCrOs, where they crystalize in to orthorhombic phase
[91,133]. Fe** and Cr** ions are distributed in the same crystallographic (4b) site in this space
group, ruling out the ordering of Fe and Cr ions [91,133]. The values of reliability factors are found
to be Ry = 9.74 %, Rwp = 6.95 %, Rexp = 6.65 %, Reragg = 1.0 %, Rr= 1.01 %, and y* = 1.09

respectively, are found to be acceptable in the case of DP compounds.
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Fig.5.1. (a) Room temperature XRD data along with Rietveld refinement and (b) Williamson-Hall

plot of YFCO nanopatrticles.
A polycrystalline compound consists of uneven sizes of numerous crystallites. So, the WH

plot technique as explained in Eqn. 3.1, was used to calculate the average crystallite size and micro-
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strain parameter [259]. A linear fit can be done among the data points of Bcosf versus 4sin 0 as
shown in Figure.5.1 (b). The value of average crystallite size is found as 72 nm and the micro-

strain parameter is determined to be 1.7 x 107,

Fig.5.2. (a) Unit cell of YFCO sample, Angle between FeOs and CrOs octahedra with (b) Oy, ()
with Os, (d) EDS spectra and elemental mapping (inset) of YFCO sample.

Like typical DP structure of rock salt type arrangement, here, FeOg and CrOg octahedra are
placed alternately at the corner of the unit cell and the RE (YY) is situated in the void space between
them as shown in Figure.5.2 (a). However, unlike the typical DPs, here the octahedra are
asymmetrically arranged at the corner, which is the most common type of structural distortion in
DPs [2]. To examine the distortion, we have calculated the overall tilting in the unit cell by
measuring the angle between the two octahedra along Oy, and Oz ions. The angles of octahedra
with respect to O1 and O are found to be 143.46° and 145.23° respectively, which are shown in
Figure.5.2 (b,c). When the angle between the two octahedra in a perfect DP is 180°, the SE

interactions are expected to be stronger as governed by Goodenough and Kanamori [38,39] rule.
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In the present sample, the deviation of the angle from 180°, indicates a structural distortion which
may also cause ASD leading to Fe**-0%-Fe*" and Cr3*-O%-Cr®* AFM spin couplings. Gaikwad
et.al. detected this kind of characteristic in ProFeCrOe nanoparticles [135]. The elemental
stoichiometry is confirmed by the EDS spectra as shown in Figure.5.2. (d). Inset of Figure.5.2 (d)
shows the elemental mapping and confirms the homogeneous distribution of all the elements

present in the compound.

Pasticle size (nﬂf

“‘\
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Fig.5.3. (a) FESEM image, along with the log-normal fitting (inset), (b) TEM image, (¢c) HR-TEM
and SAED pattern and (d) Raman spectra for the YFCO sample.

The FESEM microstructural images of YFCO samples is shown in Figure.5.3 (a). The
average particle size calculation of it is shown in the inset of Figure.5.3 (a). It can be seen from
the figure that the particles are oval in shape and are well separated from each other. The calculated
average particle size is found to be 67 nm (£2). The development of YFCO nanoparticles is further

confirmed by the TEM image which can be seen in Figure.5.3 (b). From the HR-TEM (Figure.5.3
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(©)), the (121) plane is confirmed. However, other planes such as (141), (410), (401) are confirmed
by the SAED pattern (Figure.5.3 (c)). In order to further study the effect of reduced particle size
on the crystal structure and to get a further confirmation on the phase purity, we have recorded RT
Raman spectra in the wave number range of 100 to 1400 cm™ and they are shown in Figure.5.3
(d). RE based orthorhombically distorted perovskite structure with Pnma space group is known to
exhibit 24 Raman active modes namely 7Ag + 5B1g + 7B2q + 5B3q [280]. Here, we have observed
eight prominent Raman modes at ~107, 143, 182, 213, 270, 332, 487 and 674 cm™. This is the
typical sign for an orthorhombic system, and it is comparable to the previously reported DPs
having orthorhombic structure [280], it confirms the orthorhombic phase formation of our
compound. The Raman modes observed below 200 cm™ are mainly associated with the vibrations
of the RE ions while the Raman modes observed in the mid spectral region are sensitive to the
change in the orthorhombic distortion of the lattice. The phonon modes observed in the higher
wave number region (487 cm™ and 674 cm™) are mainly associated with the vibrations of the
(Fe/Cr) O octahedra.
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Fig.5.4. XPS data for (a) Y3D, (b) Fe2P, (c) Cr2P levels and (d) O1s respectively.
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In order to get an idea about the oxidation states of each element in YFCO sample, we have
carried out the RT XPS measurement (Figure. 5.4 (a-d)). The oxidation states of Y are measured
by deconvoluting 3D peaks. The oxidation states of Fe/Cr were measured by deconvoluting 2Ps
and 2P1> peaks. Whereas, the oxidation states of oxygen are measured using deconvoluted O1s
peaks. The 3D core-level spectrum of Y is shown in Figure. 5.4 (a) which consists of peaks at
158.67 eV and 160.66 eV. The observed peak position of Y confirms the 3+ oxidation state of Y
[281]. The 2P core-level spectrum of Fe and Cr are shown in Figure. 5.4 (a, b). The peak position
of Fe is 713.17 eV and 726.70 eV, whereas, for Cr the peaks are at 578.33 eV, and 588.34 eV
respectively. The obtained position of the peaks for Fe and Cr indicates both of them are in 3+
oxidation states [282,283]. Figure.5.4 (d) shows the XPS for O1s peaks of oxygen, it shows two
distinct peaks, here also we found two peaks at 531.27 eV and 533.42 eV respectively. The former
one is ascribed to the presence of O% in a typical metal-oxygen bond. However, the later one

corresponded to the hydroxyl groups OH" through O-H bonds respectively [260].
5.2 Magnetic properties

MT measurements were performed for YFCO nanoparticle under both ZFC and field FC
conditions by applying various magnetic fields ranging from 100 Oe to 5 kOe within a temperature
range of 5 to 300 K as shown in Figure.5.5 (a-f). From the graph, it can be seen that, the AFM
ordering temperature (Tn) is present above the measured range of temperature i.e. above 300 K.
For T < T, a peak like structure is observed in all FC MT plots i.e., for different applied fields
near 300 K (Tpeak). The weak ferromagnetic (WFM) component arising out of a canted spin
structure of AFM ordered Fe**/Cr* ions are likely to play a role in the above magnetization peak
[90]. For H = 100 Oe and T < Tpea, both ZFC and FC curves show a continuous decrease in
magnetization towards negative value and cross the temperature axis with compensation
temperature Tcomp ~ 192 K. Furthermore, below Tcomp, magnetization keeps on decreasing towards
negative value and attained a negative maximum of -10.7 emu/mole in the ZFC mode and -12
emu/mol in the FC mode with a small bifurcation below 150 K. Raising the field to 500 Oe, a
similar trend is observed but with a decrease in Tcomp Value to 172 K. In addition to this, a small
hump like structure is noticed in both ZFC and FC curves at T~30 K, which is ascribed to the spin
reorientation transition (Tsr). Earlier such spin reorientation is reported in orthochromites as well
as in orthoferrites such as RFeO3, RCrO3 and RCr1xMxO3 (M = Fe, Mn) [206,208]. Here, the
magnetic ground state is generally spin canted AFM (CAFM) across Fe**/Cr®* ions [90,206,208].
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As a result, the WFM component is observed given by the magnetic structure of I's (Gx Ay F>).
Further cooling aids the reorientation of magnetic spins of Fe**/Cr* sublattices to the magnetic
structure of I'2 (Fx Cy G;) [76,90,208]. Further raising the field towards 5 kOe, we have found the
following changes in MT plots:- (i) An upward shift in the entire MT curve i.e., towards positive
M axis. (ii) shifting of Tcomp towards low temperature i.e., from 192 K for 100 Oe to 66 K for 3
kOe. (iii) suppression of peak at Tsr and its disappearance for 5 kOe; where only an upward trend
is observed at low temperature. (iv) Increase in bifurcation between Mzrc and Mgc below 200 K.
Even though Mrc>Mzrc below Tn, the Mec value is found to decrease continuously with
temperature by crossing the Mzrc at 210 K. It can be understood in this way:- one can expect a
higher FC magnetization value in a typical FM material. However, in this system main interaction
is AFM, when the system is in FC mode, the domains are aligned with ease, leading to smaller
magnetization. The obtained Tcomp OF 155 K at 1 kOe is comparable to the reported Tcomp value for
LaFeosCros503 compound at 1 kOe [207,284]. The upward shift in magnetization can be attributed
to field induced enhancement in the WFM component and such shifting gives rise to a reduction
in Tcomp Value. The sharp rise in magnetization at low temperatures is mainly due to the suppression
of spin reorientation and the forced alignment of part of AFM moment along the field direction.
We can observe that the shape of the ZFC curve mimics the FC data in the low applied field,
implying that they may have a similar microscopic origin.

Below 210 K, the MT curves for all applied fields exhibit negative irreversible
magnetization ((Mrc - Mzrc)/Mzec) i.e., Mrc<Mzrc as shown in Figure.5.6 (a). This type of
negative irreversible magnetization is also reported by several authors in Fe/Cr based perovskites
structure [206,207,208,285]. The absolute value of fractional irreversible magnetization,
|AM/Mzec| = |(Mec - Mzec)/Mzec| is found to decrease with an increase in an applied field. This
could be due to the quick alignment of a considerable number of domains for a large applied field
even in ZFC condition. This makes the difference smaller with respect to the FC case. In a large
applied field even in ZFC condition considerable fraction of AFM domains get aligned, leaving a
small fraction of domains left out for further improvement under the FC case. So automatically
irreversible magnetization decreases with an increase in field. Thermal hysteresis is a phenomenon
in which a system is affected not just by temperature but also by its previous thermal history. It is
used to compare the behavior of the magnetic system by heating as well as cooling through the

same temperature range.
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Fig.5.5. Thermomagnetic plots under ZFC and FC conditions for (a) H = 100 Oe, (b) H = 500
Oe, () H=1kOe, (d) H =2 kOe, (e) H =3 kOe and (f) H = 5 kOe.

From Figure.5.6 (b), shows a clear irreversibility between FC MT plot during the cooling
(FCC) and warming (FCW) process. Madiligama et. al also observed a similar kind of behavior in

the alloys and attributed it to the magnetic phase transformation from a FM to a low magnetization

phase upon cooling and from a low magnetization phase to a FM phase upon heating [286].

Thermal hysteresis also represents the first order magnetic phase transition in the system [72,73].
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Fig.5.6. (a) Fractional irreversible magnetization versus temperature plots for various applied
fields and (b) FC MT plots during cooling and warming processes.

From the field variation of MT plots, we found that Tn should present above 300 K. So, in
order to find out the transition temperature, we have carried out the MT measurement at an applied
field of 1 kOe in the temperature range of 300 K to 900 K in the ZFC mode as shown in Figure.5.7
(). From the MT plot we have observed a monotonous increase in magnetization value with
decrease in temperature, and a peak like structure around 300 K. This is consistent with part of the
peak observed in the vicinity of 300 K in the low temperature MT plot. The transition temperature,
Tn =327 K is found as the AFM transition. Figure.5.7 (b) shows the inverse susceptibility versus
temperature plot. Here one can see the linear behavior at high temperature (> 500 K) then it started
showing a downfall trend. Around T = 320 K, a sharp fall is observed which is the Tn. We have
used the Curie Weiss law as defined in the Egn. 1.6. The values of C and 6¢ are determined as 6.94

emu.K.mol?.0e! and -154 + 0.34 K respectively. The negative value of Oc validates the

dominating AFM exchange interaction of the system. The relation ye;? =./3kzC/N,, and 'ueff

\/ [2 X w2 + 42, + 12 5. ] [136] are used to calculate the experimental and theoretical effective

moment of the sample. Here ks and Na are Boltzmann constant and Avogadro number, [y, pFes+,
uers+ are basically the spin only effective magnetic moments of yttrium, iron, and chromium ions

respectively. From the relations, yg}f and Mot P values are found to be 7.07 pg/f.u. and 7.45 ps/f.u.

respectively. The observed difference between theoretical and calculated values could be due to

some orbital moment contribution.
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Fig.5.7. (a) Zero field cooled M-T plot at 1 kOe from 300 to 900 K, (b) Inverse susceptibility
versus T data along with the linear Curie wiess fit.

(i) Study of Magnetization Reversal

It should be noted that the trapped field in the superconducting magnet can have an effect
on the ZFC data. Therefore, before each measurement, we removed the trapped field by bringing
the field to zero from a high field in oscillation mode. However, we have seen multiple reports on
DPs, where the observation of MR in ZFC mode is very common and is attributed to the APB
developed due to the ASD in B/B’ crystallographic sites of the system [57,65,287]. Hence, a low
magnetic field is insufficient in the ZFC mode to overcome the APBs and orient the frozen spins
of clusters and domains along with the applied field direction. As a result, as the temperature is
decreased, the antiparallel or canted spins get stabilized, and the net magnetization tends to be

negative [50]. Whereas a few authors have attributed the MR to intrinsic property [248].
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Furthermore, in order to make sure that the obtained MR in FC mode is not due to any
instrumental artifacts, we have carried out the FC MT measurement for Hec = +1 kOe as shown in
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Figure.5.8. From the figure in can be seen that, they are mirror image to one another of opposite
applied field and hence it confirms that the MR is the intrinsic property of the compound. The
trend of FC MT plots in this system is similar to that reported in YFeosCros03 [204,252,288],
CeCrixFexO3 [289], LaCrosFeosO3 [207] and BiFeosMnos03 [205,140,267]. In the perovskite
compounds such as YFeosCros03 [204] and LaFeo.sCros03 [206,207], authors have explained that
the competition between SIA and DM interactions is the reason for MR. The La(Cr,Fe)Os and
YV O3 exhibit distorted perovskite structure due to the tilting of CrOs/FeOs and VOs octahedra and
it gives rise to the canted spin structure [73]. Because of the titling of CrOe/FeOs and VOs
octahedra, the intermediate oxygen ion is not at the inversion center of two Cr/Fe/V ions, resulting
in an antisymmetric interaction known as the DM interaction. Furthermore, the tilting of
CrOs/FeOe/VVOs and the corresponding staggered Cr-O/Fe-O/V-O bonds cause the SIA axis to be
staggered.

1@ 101 (b)

=

=]

| H=1000e

H =500 Oe @ Observed Data

= Fitted Data

@ Observed Data
== Fitted Data

M (emu/mole)

o:c A

M (emu/mole)
=

[y
[\
_——

-104

) 100 200 300 0 100 200 300
T(K) 50 T(K)
304 (© (d)
40+

)
= H =3 kOe =
g20 $30{ H=5k0e
g £

=
g, @ Observed Data g 204 @ Observed Data
2 104 = Fitted Data E == Fitted Data

[
=

/
0 100 200 300 0 100 200 300
T(K) T(K)
Fig.5.9. (a) The fitted curve of FC M-T data to equation (1.22) at various field for (a) 100 Oe, (b)
500 Oe, (c) 3 kOe, (d) 5 kOe respectively.

In the present case, we have observed tilting of FeOs/CrOg octahedra as previously shown

in Figure.5.2 (a) and as per the previous reports on Fe/Cr base perovskites structure it leads to a
canted spin structure [73,206]. Here the AFM interaction is expected from Cr3*-0%-Cr®*, and Fe3*-

O%-Fe3* networks. Since, oxygen ions mediating the SE interaction between two nearest neighbor

145
TH-3274_186121011



Chapter 5: Nanoparticles of Y2FeCrOs Double Perovskite

ions (Fe/Cr). Since, these two ions are not at the inversion center due to structural distortion.
Hence, this leads to DM interaction [140]. In addition to that, the tilting of (Fe/Cr)Os octahedra
results into the staggered Fe/Cr-O bonds and it further leads to staggering of SIA axis [141]. Based
on SIA, DM, and AFM interactions the energy of the system can be written as an equation as
described in Eqn. 1.16. However, the net magnetic moment of the CAFM system will be
represented by Eqn. 1.22.

We have used the Eqgn. 1.22 to fit the observed MT data and obtained the fitted parameters.
The fitted data at various applied fields are shown in Figure.5.9 (a-d) as the red solid lines.
However, the low temperature data are deviating from the fitting, one of the possible reasons is
the presence of Tsg and also the anisotropy/FIM interaction between Fe3*/Cr3* ions at low
temperature. From the fitted parameters, we have calculated the values of y;, and &y and found that
yp value decreases and &y value increases with increase in magnetic field. The values of &y and
are found to be in the range of 1.4 x 10® to 406 x 10® and 5.7 to 0.002 for 100 Oe to 5 kOe
respectively. The typical value of &y at 100 Oe is found to be 1.4 x 108, and it is very much
equivalent in order and magnitude as reported by Ren et.al. for YV Oz single crystal [73]. However,
the yp value is much higher than that of reported by both Ren et.al. for YVO3 single crystal [73]
and Tribedi et.al. for LaFeosCros503 [206]. By observing the &y and y;, values, one can say that the
contribution of SIA is getting enhanced and the DM interaction becomes weakened with rise in

field. By using the mean field model, the AFM coupling constant (J) can be calculated by the

3kgTn

relation, J = ,
S(S+1)

and the value is found to be 48 K (4.13 meV). As & = A/J, we found a large

value of anisotropy constant such as 206 K (18 meV) at 100 Oe, which is quite comparable to that
of YVOs single crystal [73]. Similarly, the estimated value of D is found to be in the range of 546
t0 0.2 K for 100 Oe to 5 kOe. Which is quite large from the reported values by Ren et. al. for YVOs3
single crystal and Dasari et al. [73,204] for YFe1.xCrxOz compounds.

The presence of MR in this compond encouraged us to go for the demonstration of BSM,
which is shown in Figure.5.10. In order to perform the BSM, we have FC the sample down to 50
K by crossing the Tcomp, With an applied field of 1 kOe. Once it reaches to 50 K, we have recorded
the magnetization value for 100 sec and observed that it gives a negative value. Then by increasing
the field up to 3550 Oe and again recorded the magnetization for 100 sec, we found the

magnetization switching over to the positive value. This procedure was performed multiple times,
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changing the field from 1 kOe to 3550 Oe and back to 1 kOe, a consistency in the BSM is observed.
This result indicates reproducible field induced BSM.

0024 T=50K 3550 Oe
@ 0.01 1
= Fig.5.10. Bipolar switching of
2 0.00 magnetization at 50 K between the
= field of 1 kOe and 3550 Oe.

-0.01 -

— 1000 Oe

0 500 1000 1500
t (Sec)

(if) Study of Spontaneous Exchange Bias Behavior

The MH loops recorded at 5 K for magnetic field up to = 9 T are shown in Figure.5.11 (a).
From the graph we found a predominant linear behavior with a small hysteresis. Which is an
indication of uncompensated spins or a predominant AFM exchange interaction, which does not
allow the spins to align along the direction of the applied field. In addition to that the shape of the
loop is not a normal MH type, one can see that the loop in the vicinity of the origin (M = 0) has
some minor elliptical hysteresis loop. So, we have calculated and plotted the loop width versus
magnetization (AH-M) as shown in the inset of Figure.5.11 (a). Unlike the typical MH loop (where
the loop width should be maximum at M = 0), we got two maximum values of loop width on either
side of M = 0. This type of trend in the AH-M is attributed to the presence of multiple magnetic
phases in the compound [268]. Figure.5.11 (b) shows the expanded MH loop at 300 K, where we
can see a clear loop in the low field region, which indicates the presence of some WFM moment
due to the canted moments of Fe**/Cr3* ions. We have used the LAS model [267], explained in
Equation 3.2 to determine the magnetization saturation (Ms) as shown in Figure.5.11 (c) and the
Ms value is found to be 0.02 + 0.001 pg/f.u. Other parameters such as effective coercivity (Hcesf),
magneto crystalline anisotropy constant (k) and the anisotropy field (Ha) are found to be 2243 Qe,
2.38 x 10*erg/cm®and 24.5 kOe respectively. To minimize any minor loop effect, the anisotropy
field (Ha) should be modest in comparison to the optimal maximum applied magnetic field. In our
case the Ha is found to be 24.5 kOe which is quite smaller than that of LaSrCoFeOs [43] and much
higher than those of Sr.FeCoOs [42] and Y2CoMnOs [61]. Here, the obtained value of Ms is quite
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small, which indicates the dominant nature of AFM ordering. However, the non-zero Ms value
indicates the presence of WFM moment. The WFM is mainly attributed to the spin canted AFM
interaction in Fe**/Cr¥*-0%-Fe3*/Cr** networks due to the lattice distortion in FeOg/CrOs
octahedra. The shape of the initial MH curve at 5 K is quite irregular, so, we have taken the initial
isotherm MH loops at different temperatures and presented the dM/dH versus H plots which are
shown in Figure.5.11 (d). A clear peak around 25 kOe field followed by a sharp rise in dM/dH for

H < 10 kOe is an indication to the presence of multiple magnetic/metamagnetic phase [71,143].
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Fig.5.11. Magnetization versus field plots, (2) at 5 K, inset shows loop width versus magnetization,
(b) at 300 K, (c) initial curve along with the LAS fitting and (d) dM/dH versus field at various

temperature.

We have noticed a shift in the ZFC MH loop along the magnetic field axis, which was not
reported earlier in this sample. However, there are several reports on spontaneous EB (SEB) field
such as in Co0ogCuo2Cr204 ceramics, DPs LaisCaosColrOs, SmisCansCoMnOs etc.,
nanocomposites of (La,Sr)MnOa/PbZrogTio.2O3/(La,Sr)Mn0O3s) and BiFeOz—Bi2Fe4Og and Ni-Mn-
In based heusler alloys [224-229]. Rigitano et. al. reported the SEB in Co/Mn based DP and
attributed it to the uncompensated AFM coupling between the sublattices [229]; Maity et. al. [226]
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and Giri et. al [230] explained it in terms of core- shell model with competition between FM and
AFM components. Wang et. al justified this process by considering the interface between different
magnetic phases during the initial magnetization process [224]. Murthy et. al attributed it to the
large unidirectional anisotropy at the interface of isothermally field induced FM phase and CAFM
background [46]. The coupling interaction between the two sublattices is reported to give rise to
SEB, as per Wang et. al in 2015 [227].
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As we have mentioned in the introduction, the loop shift in the ZFC MH plot is generally

considered as the stray field effect. Therefore, we have carried out MH loop at 55 K using two
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protocols namely P-type and N-type. Here, P-type refers to the measurement protocol of 0 — +6T
— -6T — +6T, and the N-Type refers to 0 — -6T — +6T — -6T protocol. The P-type and N-type
loops are shown in Figure.5.12 (a). They are clearly showing the loop shift on either side of the
field axis for the two different protocols. It justifies the intrinsic SEB in the YFCO nanoparticles.
Furthermore, from the initial MH curve (5 K), one can see that the starting value of the
magnetization is zero, i.e., unmagnetized, which clearly rules out any stray field effect. To further
analyse this SEB phenomena we have taken several ZFC MH loops at various temperatures from
5 K to 300 K, with a maximum applied field of = 6T. We have estimated the EB field value (Heg)
as well as the effective coercive value (Hcefr) and presented the graph with respect to temperature
(Figure.5.12 (b, c). The maximum absolute values of Heg and Hcesf are found to be 431 Oe at 55
K and 2243 Oe at 5 K. It is clearly seen from the figure that the sign of the Heg is changing from
positive to negative in the vicinity of Tsg and then decreases with rise in temperature and it is
almost vanishing from Tcomp to 300 K. The value of Hcefr also shows some anomaly near Tsr as
well as Tcomp. It shows two peaks on either side of Tcomp, and two minimum values at Tsr as well
as at Tcomp.

(iif) Study of Conventional Exchange Bias Behavior (CEB)

After observing a large SEB field, we have encouraged to study the CEB. For this, we have
carried out several FC MH loops at various temperatures ranging from 5 K to 300 K, after cooling
the sample under a field of Hec = 0.5 T, as shown in Figure.5.13 (a-f). A clear shift of MH loops
along the field axis is noticed; for a clear view, they are presented in expanded form. However, to
clarify the stray field effect, we have taken the MH loops for both Hrc =+ 0.5 T at 5 K as shown
in Figure.5.14 (a). The symmetric shifting of loops for + 0.5 T and - 0.5 T fields towards positive
and negative field axes confirms that the EB behavior is intrinsic. From Figure.5.13 (a-f) one can
see an irregular shifting of the loop with respect to temperature. So, after calculating the Heg value,
its variation with respect to temperature is shown in Figure.5.14 (b). The maximum value of Heg
is found to be 2.1 kOe at 5 K, which is 10 times higher than the SEB value at 5 K. Further increasing
the temperature, it shows a monotonous drop in its value, then at Tcomp it is almost zero and above
Teomp, it drops to a negative value. Further rise in temperature, a valley like feature is observed

followed by Heg going towards zero at a higher temperature, i.e., in the vicinity of Tn. Effective
coercivity (Hgff) versus temperature is shown in Figure.5.14 (c). It shows two peaks on either side

of Tcomp With @ minimum value at Tcomp. This behavior, that is the sign reversal of CEB and the
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observed two peaks in the Hgf T are comparable to the reports on perovskite based LaCr1-xMnxO3

[140], spinel compound of Co(Cro.osFeo.05)204 [285] and some intermetallic alloys [234,235].
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After looking at all the magnetization measurements, a discussion can be made that, in
YFCO nanoparticles. The observed magnetization value is found to be very small and it is
attributed to the AFM interaction between Fe3*-O%*-Fe3* and Cr3*-O%-Cr3" networks. In this
compound, the competition between DM interaction and SIA is considered as the reason for MR.
This is further confirmed experimentally, by fitting the observed MT data to Eqn.1.22 and
extracting the respective values. Here, the obtained SIA and DM constants are much higher than

those of earlier reports on perovskite LaFeosCros03 [203], YFeosCros03 [204] and YVOs [73].

The MR and EB behavior are explained as follows. Just below T\, if the SIA is significant,
the two sublattice spins prefer to reside near to a local easy axis, resulting in a net magnetic moment
along the applied field direction. This net moment will initially increase when the temperature falls

due to the growth of SE interaction and hence sublattice magnetization. However, when the
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sublattice magnetization grows, so does the antisymmetric coupling (DM interaction), which
causes the spins to cant. As a result, as temperature decreases, the net moment reaches a maximum
value and subsequently decreases. Further lowering of temperature strengthens DM interaction.
At T = Tcomp, the strength of both SIA and DM interactions are equivalent and leads to a zero
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magnetization. As temperature falls below Tcomp, the DM interaction takes over and thus
contributes to the magnetic moment, opposite to the applied field. Hence, below Tcomp MR is
observed. A strong external magnetic field can overcome the barrier to sublattice spin rotation,

resulting in a reversal of sublattice spin orientation. Which can be seen from the MT plots carried

152
TH-3274_186121011



Chapter 5: Nanoparticles of Y2FeCrOs Double Perovskite

out at H = 5 kOe. Now coming to the sign reversal of both SEB and CEB. As explained above,
below Tcomp @ strong positive field is required to align the spins along the field directions as the
DM interaction is stronger. Hence below Tcomp the FC MH is shifting towards the positive field
axis. However, with increasing the temperature both the DM interaction and SIA are getting
weakened as they are approaching towards the Tn which leads to a drop in Hes value. At Tcomp
both SIA and DM interaction has equivalent strength, so Heg is zero at Tcomp. Whereas, above
Tecomp, @ Small negative Heg is observed, which is possibly due to the flipping of spins by DM
interaction. Further raising the temperature, the thermal energy dominates over the competition of
magnetic interactions and thus the CEB value is decreasing towards zero. In SEB, the same
phenomenon plays a role but the thermal energy overcomes the competition between SIA and DM
at a lower temperature as compared to CEB. That’s why the sign in SEB is changing near Tsr

instead of Tcomp.
5.3 Conclusions

In summary, single phase nanoparticle of Y.FeCrOs DP were prepared by auto combustion
method. Structural studies confirm that the sample is crystallized in the orthorhombic phase with
the Pnma space group. FESEM and TEM study confirms the formation of nanoparticles with an
average size of 67 nm. Presence of all the elements with desirable atomic percentage is confirmed
by EDS analysis. Presence of Fe and Cr in the oxidation states of 3+ has also been confirmed by
XPS analysis. According to the MT measurements, the system has an AFM transition with a Ty of
327 K. This AFM transition is attributed to arise from the SE interaction in Cr®*-O-Cr®*, and Fe%*-
O-Fe®*" networks. A MR with a compensation temperature (Tcomp) Of 192 K at 100 Oe and a spin
reorientation with Tsr~30 K are observed. At 55 K, spontaneous exchange bias (SEB) field exhibit
a maximum negative value of -431 Oe. However, after field cooling the sample at 0.5 T, the
maximum value of the conventional exchange bias field (CEB) is found as 2.1 kOe, at 5 K. The
SEB is confirmed by taking the MH loop in two different protocols (P-Type and N-Type).
However, the CEB is confirmed by recording the MH loops, after cooling the samples in positive
and negative applied fields. Both spontaneous and conventional EB field show sign reversal across
Tsr and Teomp respectively. In addition to this, the MH loop investigation confirms the existence
of a multi-magnetic phase. As well as a typical bipolar switching of magnetization has been
demonstrated at 50 K. The above behaviors in the YFCO sample are quantitatively examined using
a model that considers the competition between single ion anisotropy and DM interaction.
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Conclusions

This chapter deals with the summary of conclusions obtained from the experimental study
of structural and magnetic properties of Sm doped Ho.CoMnQOs nanocrystalline, nanorods of
Ho.CoMnOs, Ni and Cr substituted Ho.CoMnOs nanocrystalline at Mn site and nanoparticles of
Y2FeCrOg DP compounds.

(Ho1xSmx)2CoMnOs (x = 0.0 to 0.5) DP have been successfully prepared by auto
combustion method. There are new results obtained on the influence of Sm substitution on the
structural and magnetic properties of Ho.CoMnOs nanocrystalline, particularly those related to the
increase of FM Tc and EB field. So, in summary, study of RT XRD patterns reveals that these
samples crystallize in monoclinic structure with P2:/n space group. The lattice parameters along
with the unit cell volume are found to increase with Sm substitution. It is ascribed to the partial
replacement of Ho®* ions having smaller ionic radii of 1.015 A with Sm®* ions having larger ionic
radii (1.079 A). FESEM and EDS measurements confirm the nanocrystalline formation and the
presence of respective elements respectively in the present series in the required atomic
percentage. XPS study reveals the oxidation states of all the elements in the desired states.
However, a little amount of Co®*" and Mn®" are also observed. The MT measurements shows
complex magnetic properties such as FM transition with peak like structure followed by secondary
rise in magnetization. They are explained based on FM interaction in Co%*-O-Mn*" networks
clubbed with AFM interaction at APBs and/or presence of Co**/Mn*" ions in the compound. The
FM transition is found to increase from 83 K for x = 0.0 to 115 K for x = 0.5. The secondary rise
in magnetization is attributed to the polarization of RE ions moment along the field direction at
low temperatures. The observed large Mg value of the order of 11.64 pg/f.u. at 5 K is ascribed to
the FM interaction of some of RE ions with net magnetic moment of TM ions. These materials
also show the EB behavior which is increasing with Sm concentration, with a maximum Hgg of
237 Oe at 5 K for x = 0.5 sample. This is attributed to the exchange anisotropy between the FM
moment of TM ions and the spin canted AFM ordered Ho®**/Sm?* ions. As the Sm concentration

is increased, the lattice distortion gives rise to further spin canting and enhanced exchange
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anisotropy. Temperature variations of Hgz and H. were analyzed based on exponential law and
modified Kneller’s law.

In order to investigate and tune the structural and magnetic properties specially the FM
ordering temperature, we have prepared the single-phase flat nanorods of Ho.CoMnOg by using a
hydrothermal process. Here, we analyzed in detail the crystalline structure of the sample and its
complex magnetic properties. The sample presents a nano structure, with some peculiar differences
from the bulk counterpart. This translates to peculiar magnetic properties characterized by the
occurrence of different magnetic orders at different temperatures, from high temperature dominant
FM interactions to AFM ones at intermediate temperature values, and re-entrant spin-glass
phenomena at low temperature. In addition, this complex panorama of magnetic features is
confirmed by the analysis of MCE. In summary, room temperature XRD analysis state that the
sample crystallizes in monoclinic structure with P21/n space group as that of nanocrystalline
Ho.CoMnOs. However, the lattice parameters, unit cell expansion as well as tilting angles are
much higher than that reported for bulk sample of Ho.CoMnOs. FESEM and TEM study confirms
the formation of HCMO flat nanorods with an average width of 71 (£3) nm. XPS analysis reveals
a little contribution of Co®*" and Mn®" along with the desired Co?" and Mn** ions in the system.
MT study at low fields show the FM transition at 182 K followed by AFM and re-entrant spin
glass transitions at 97 and 31 K respectively. The higher FM transition as compared to bulk (83 K)
is attributed to the strengthening of FM interaction in Co?*-O-Mn** networks due to the increase
in bond angle between CoOs and MnOs octahedra. The AFM transition is expected due to the
presence of AFM coupling between the ASD ions. In addition, we have also observed a frustrated
spin structure at low temperature for this system. The presence of two types of competing magnetic
interactions such as FM and AFM leaves the system in a random frustrated spin configuration
which leads to re-entrant spin glass behavior in HCMO flat nanorod at ~ 31 K. It is further
confirmed by the measurements such as magnetic relaxation at ~ 25 K for different applied fields
and aging behavior of the system. MH measurements at 5 K show that the system has
uncompensated spin structure at low temperature with a small value of saturation magnetization
(Ms). It is concluded that, the presence of multiple interactions in the compound leads to a lower
value of Ms. From the study of MCE, we found that the HCMO flat nanorods exhibit FOPT with
a maximum value of magnetic entropy as 12.4 J/kg.K.
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After getting excited properties such as increase in FM Tc and Hgg in Sm substituted
HCMO sample. We have prepared nanocrystalline Ho.CoMn1.xNixOs (x = 0-0.4) series and
investigated the structural, magnetic properties, MR and EB behavior. The magnetization data
clearly demonstrate that Ni doping induces an additional FM phase, resulting in the magnetic
compensation in the samples and a MR below Tcomp, Which is well confirmed by the BSM. In
addition, the Hgp changes sign from negative to positive with Ni concentration. In summary, an
auto combustion technique was used to prepare nanocrystalline samples of Ho2CoMn1.xNixOs (X
= 0.0 - 0.4) DP. XRD analysis reveals that the samples are formed in monoclinic structure with
space group P2:/n. A drop in the lattice parameters as well as unit cell volume are observed with
Ni substitution. It is due to the partial replacement of larger Mn** ions (0.53 A) with the Ni** ions
(0.48 A). The formation of nanocrystallines and the existence of the corresponding elements in the
required atomic percentages are confirmed by FESEM and EDS measurements respectively. The
oxidation states of all elements in the desired states are revealed by XPS analysis. However, traces
of Co®* and Mn®*" have been detected. The Raman shifting towards higher wavenumbers also
supports the reduction in structural parameters. Unlike the parent compound, for all Ni doped
materials, MT measurement reveals two FM phases. The two FM transitions are attributed to the
SE interaction in Co?*-O-Mn** and Co?*-O-Ni*" networks. The transition temperature, which
arises from former networks are decreasing from 83 K for x = 0.0 to 76 K for x = 0.4. Whereas the
other transition which arises from the later networks is increasing from 84 K to 88 K for for x =
0.1 to x = 0.4. For higher Ni concentrated samples i.e., for x =0.3 and 0.4 a MR has been observed
with compensation temperature at 4.4 K and 10 K respectively. It is due to the negative exchange
interaction between the moments of RE ions and TM ions. With Ni doping, the MH measurements
at 5 K reveals a decrease in coercivity (Hc) and saturation magnetization (Ms). The decrease in
Ms value is caused by the substitution of Mn** ions with larger magnetic moments with Ni** ions
having negligible magnetic moments. However, the observed higher Ms value is attributed to the
FM interaction of RE ions with the net magnetic moment of TM ions. According to EB analysis,
the Hgp has a negative value of -114 Oe when x = 0.0. By replacing Ni, we could see that the loop was
moving in the direction of the positive field, and at x = 0.4, the highest positive Hzp value of 230 Oe
was discovered. The reason behind the EB is the competition between spin canted magnetic moment

of RE ions and FM moment of TM ions.
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Similar to the above work, we have investigated the effect of Cr doping on the structural
and magnetic properties of HCMO DP. For this work, we have prepared nanocrystalline samples
of Ho2CoMn1xCrxOe (X = 0.0 - 0.5). According to the RT-XRD pattern, the samples exhibit a
monoclinic structure with space group P21/n. The lattice parameters are found to be reduced with
Cr concentration and it is ascribed to the replacement of Mn®* ions (0.645 A) by the Cr®* ions (0.61
A). MT measurement reveals that, for x < 0.2 samples, a pure FM phase has been observed at 83
K. It is attributed to the SE interaction in Co?*-O%-Mn** networks. Whereas, the AFM interaction
in Cr¥*-0%-Cr®" and/or Cr¥*-O%-Mn*" ions give rise to another AFM phase for higher Cr doped
samples. The former transition does not show much variation, it stays in the range of 83 K to 85
K. While, the later one drops from 77 K for x = 0.3 to 63 K for x = 0.5 samples. However, another
transition at 120 K has been found for x = 0.2 and 0.4 samples. This transition is attributed to the
charge ordering temperature (Tco). For x = 0.5 a MR has been seen with a compensation
temperature of 7 K. The competition between the PM moment of Ho3* ions under the influence of
a negative internal field caused by AFM ordered ions and the FM components of Co?* and Mn**
ions is ascribed to this MR. After Cr substitution, the magnetic hysteresis loops show a reduction
in saturation magnetization and coercivity. It is due to the replacement of Mn3* ions having higher
magnetic moment (4 pe/ion) with the Cr* jons having lower magnetic moment (3 ps/ion). For
samples with x = 0.0 and 0.5, an Hgp of - 114 Oe and 208 Oe is seen. They are explained by the
competition between canted magnetic moments of RE ions and FM moments of TM ions, with the
former dominating for sample with x = 0.5 sample and the latter one dominating for sample with
x =0.0.

A detailed investigation has been done on the magnetic properties of Y2FeCrOs
nanoparticles having a particle size of 67 nm. It explains the existence of MR and also details the
extensive investigation of EB behavior (both spontaneous and conventional EB effects) in the
vicinity of SIA and the DM interaction. In summary, we have prepared the nanoparticle of
Y2FeCrOes DP by using auto combustion method. XRD pattern confirm that the sample is
crystallized in the orthorhombic phase with the Pnma space group. The Raman spectra further
confirms the formation of sample in orthorhombic phase with Pnma space group. The lattice
parameters and the unit cell volume are found to be as follows: a = 5.5509(1) A, b = 7.5704(2) A,
¢ = 5.2635(1) A and volume, V = 221.191(8) A3 respectively. FESEM and TEM confirms the

formation of Y2FeCrOg nanoparticles with an average particle size of 67 nm. Presence of all the
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elements with desirable atomic percentage is confirmed by EDS analysis. However, the presence
of Fe and Cr in the oxidation states of 3+ has also been confirmed by XPS analysis. The MT
measurements, reveal that the system has an AFM transition with Ty ~ 327 K. This AFM transition
is attributed to arise from the SE interaction in Cr3*-O-Cr®*, and Fe**-O-Fe** networks. A MR with
a compensation temperature of 192 K has been observed at 100 Oe. A spin reorientation at low
temperature of Tsr~30 K is also been seen. A spontaneous EB (SEB) exhibit a maximum negative
value of -431 Oe at 55 K. However, after field cooling the sample at 0.5 T, the maximum value of
the conventional EB (CEB) field is found as 2.1 kOe, at 5 K. The SEB is confirmed by taking the
MH loop in two different protocols such as P-Type and N-Type. However, the CEB is confirmed
by recording the MH loops, after cooling the samples in positive and negative applied fields. SEB
field show a sign reversal across Tsr. However, CEB field shows a sign reversal across Tcomp
respectively. A multi-magnetic phase has also been noticed from the MH loop. A typical BSM has
been demonstrated at 50 K. The above behaviors in the Y2FeCrOs sample are ascribed to the

competition between SIA and DM interaction.

Future Scope

1. Doping has been done in the Ho and Mn site of Ho2.CoMnQOs, one can dope at Co site in
order to tune structural and magnetic properties.

2. Magnetocaloric studies can be done in (Ho1-xSmx)2CoMnQOg for x = 0.0 to 0.5.

3. Thin film preparation of these materials and study their negative magnetization, exchange
bias and bipolar switching of magnetization.

4. Study of magneto-caloric effect for Y2FeCrOs nanoparticles.

5. Detailed study of magnetization, dielectric response and magneto-electric effect in the

vicinity of Tcomp and Tc for the above mentioned samples
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