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Synopsis

Among oxides materials, spinel oxides having structure AB,O4, exhibit a rich spectrum
of functional responses due to their interesting magnetic, electric and multiferroic properties [1—
6]. In this spinel structure, there are two different crystal-field environments: tetrahedral
environment and octahedral environment. The A-site divalent cation sits in the tetrahedral
environment and trivalent cation residing in the octahedral environment made by surrounding
oxygen atoms [7,8]. Spinels with all sites occupied with magnetic ions, are well-established
systems because of their noteworthy applications in electronic devices, magnetic recording
devices, super-capacitors and phase-shifters etc. [9-11]. In the family of magnetic spinel oxides,
Cobalt chromate (CoCr,04) is famous as magnetoelectric (ME) multiferroic material which
exhibits a rich phase diagrams involving spin and orbital degrees of freedom, geometrical
frustration and complex spiral ferrimagnetic (FIM) orderings [12-15]. The possible exchange
interactions between different magnetic ions present in different crystal field environments (i.e.
tetrahedral and octahedral) lead to interesting magnetic properties which result in an exotic
magnetic phase diagram [12,14]. CoCr,04 exhibits a long range collinear FIM ordering at (T¢)
~94 K followed by another magneto-structural transition (Ts) ~24 K below which an
incommensurate conical spin-spiral order exists [8,16—18]. It is the existence of the conical spin-
spiral order in this compound, which gives rise to ME coupling as predicted by the spin-current
model [19]. Further, through neutron scattering experiment, another transition is also observed at
T ~15 K, known as lock-in transition (T.) in CoCr,O,4 [18]. Neutron scattering experiments on
CoCr,04 have revealed that magnetic structure is quite complex in this compound where it
comprises a long range FIM component around T¢ and a short range spiral ordering manifests
below T~86 K (T~50 K in case of single crystal) and then becomes long range at ~31 K [8,16].
The presence of weak magnetic frustration, which is very much intangible to superexchange
interactions present along different paths such as A—O—A, B-O—B and A—O—B [8,18,20] give
rise to all above enthralling features.

In 1948, Néel had predicted the unusual magnetic behavior of negative magnetization (or
magnetization reversal) in ferrimagnetic materials [21]. Finding of negative magnetization is
fairly unconventional because it occurs without the change in the direction of the magnetic field.

During the temperature variation of magnetization in the sample, net magnetization displays zero
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value at a certain temperature which is known as compensation temperature (Tcomp). The
negative magnetization is observed below this Temp. The competition of different exchange
interactions present in the system induces such fascinating phenomenon of negative

magnetization.

Exchange bias (EB) effect attracts the interest in various magnetic materials since its
discovery in 1956 by Meiklejohn and Bean due to its potential applications such as magnetic
recording device, spintronics, magnetic sensors and spin valve devices [22-27]. It is
demonstrated by the shift of hysteresis loops along the magnetic field or magnetization axes [28].
Recently, EB has been observed in many systems containing ferromagnetic (FM),
antiferromagnetic (AFM), spin glass (SG) or cluster glass (CG) interfaces and in layer systems
[29]. It is usually as a result of unidirectional anisotropy which is caused by the coupling of
different components (for example: FM and AFM) at the interface below the magnetic ordering
temperature [30]. Such EB effect along with the presence of negative magnetization in the
compound increases the tunability for device applications by understanding the clear magnetic
structures of the materials through microscopic techniques (for example: Neutron scattering).

The systematic study of crystalline and magnetic structures with substitution effect is
lacking in CoCr,O4. This thesis presents detailed study to understand the crystalline and
magnetic structure by performing neutron powder diffraction experiments and other physical

properties of A and B site substituted spinel compounds;

0) Co(Cry.xFex),04 with x = 0.00-0.075,
(i)  Co(Cry1xMny),04 with x =0.00-0.30, and
(iii)  Co1xCuyCry0O4 with x = 0.0-0.20.
This thesis is planned in 6 chapters. Brief description of each chapter is as follows:

Chapter 1 provides an introduction to the spinel oxides, crystal structure and their
applications along with some basic concepts of magnetism. Present chapter also includes current
research till date on the crystalline, magnetic and dielectric properties of CoCr,0,4. Various
important concepts/topics such as crystal field environment, Jahn-Teller effect, magnetic
frustration and exchange bias (EB) etc., are discussed with the underlying physics. Exciting
phenomenon of negative magnetization in ferrimagnets has also been discussed in this chapter
with great detailed along with some experimental findings. Further, a brief introduction to
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multiferrocity was presented. This chapter concludes with the cubic spinel CoCr,04 that exhibits
complex and rich magnetic phase diagram along with some critical issues of magnetic structure
at low-temperature. Finally, a detailed description of motivation behind present research problem
and its approach towards solution is illustrated in this chapter.

Chapter 2 describes details of various experimental techniques employed in this thesis.
Standard solid-state reaction method which is used for synthesis of studies compounds is
discussed. The discussion regarding the working principles of various instruments are included
in this chapter. The structural characterization has been performed using X-ray diffraction
(XRD) technique followed by the Rietveld refinement method using Fullprof software. For the
determination of magnetic structure of studied compounds, neutron scattering technique has been
used and a brief introduction and working principles is included. In subsequent section,
commercial superconducting quantum interference device (SQUID) based magnetometer with
temperature capabilities of 2-320 K and magnetic field up to + 70 kOe which was used to probe
the dc and ac-magnetic properties, is discussed. Basic principle of temperature dependent
specific-heat [Cp(T)] measurement procedure performed by means of a physical property
measurement system (PPMS) was described. Complex dielectric permittivity (€;) and tand (loss)
as function of temperature and magnetic field was measured using Agilent E4980A LCR meter
with a home-made sample holder at several frequencies (1-100 kHz) with 1V ac-bias field. These
pyroelectric measurements were performed with the same sample holder by using Keithley

6517B electrometer in a columbic mode with PPMS.

Chapter 3 presents synthesis of Co(Cri.xFex)204 with x = 0.00-0.075 polycrystalline
samples and provide a detailed structural, magnetic and magneto-dielectric properties. A
systematic comparison of the structural and magnetic properties of these Fe substituted CoCr,04
with that of parent CoCr,0,4 has been done. The role of few percent of Fe on the global magnetic
behavior of CoCr,04 samples was discussed in terms of dc-magnetization (M), ac-magnetic
susceptibility (yac) and heat capacity studies. Along with existing magnetic transitions in pristine
CoCr,0,4, temperature dependent magnetization studies reveal a fascinating phenomenon of
negative magnetization in these Fe substituted samples below the respective magnetic
compensation temperature (Tcomp) Which was absent in the parent compound CoCr;O4. In
addition to these magnetic ordering, exchange bias (EB) properties are also studied in these
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compounds. Further, temperature dependent NPD experiments have been performed to study the
magnetic structure which explains the finding of negative magnetization and EB in these
compounds. CoCr,Q4 is well-known multiferroic materials, therefore the temperature dependent
magneto-dielectric and pyroelectric studies have also been performed in these minimal Fe
substituted compounds. Furthermore, the origin of all these interesting properties along with the
magnetic structures of Co(Crg.gsF€eg.05)204 and Co(Crog2sF€0.075)204 samples were discussed in
detail.

Chapter 4 deals with the synthesis of Co(Cr1.xMn,),04 with x = 0.00-0.30 polycrystalline
samples and provide the evolution of temperature and magnetic field dependent magnetic
properties of these compounds along with crystalline structure. Compensation temperature
(Tcomp) and then the onset of negative magnetization at T = 60 K and 83 K was noticed only for
Co(Crg.73Mng27)204, i.e. x = 0.27 and Co(Crgp 70Mng30)204 i.e. Xx=0.30 samples which was absent
in the parent compound CoCr,0,. For large applied fields magnetization reversal disappears but
ends in field induced transition across Tcomp. Magnetic hysteresis loops of Co(Cro 70Mng.30)204
exhibit gigantic coercivity at 3 K, and dramatically drops on increasing temperature. The
exchange-bias-like behavior is observed below 10 K and as well as in the vicinity of
compensation point, Tcomp (~ 83 K). Compared to Fe substitution, there is no sign change in EB
and a minimal amount of exchange bias field (Heg) is observed. Low temperature neutron
diffraction experiments on these polycrystalline samples (i.e. x = 0.27 and 0.30) are done to
explore the understanding of observed negative magnetization, complex magnetic properties and
correlation between chemical and magnetic structure. The reason of minimal Hgg observed in
present chapter has also been discussed through NPD experiments. The correlation among bond-
lengths, bond-angles and magnetic moments at Tcmp, Clearly indicates a magneto-elastic
coupling around compensation temperature in these compounds. Through NPD experiments, we
have also discussed the role of such magneto-elastic coupling which gives rise to the sign change
of the magneto-caloric effect (MCE) at compensation temperature. Finally, the origin of all these

interesting properties was discussed in detail.

Chapter 5 presents a systematic study of the structural and magnetic properties of Cos.
xCuxCr,04 with x = 0.00-0.20 with a special emphasis on the structural transition at low

temperature along with anomalous magnetic behavior such as negative magnetization, sign
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change in EB across compensation temperature and large magnetic coercivity. Similar to the
previous compounds, solid-state reaction method has been employed for the synthesis of these
samples. Compared to previous chapters here the substitution of Cu*? has been done for Co**,
(i.e. A-site) in CoCry04. The role of ‘Cu’ substitution on A-site ‘Co’ of CoCr,O4 and the
corresponding changes in the crystal and magnetic structure were discussed in detail. State of
magnetic compensation and then the onset of negative magnetization at T = 52 K exists only for
C0psCuUp2Cr04, 1.e. X = 0.20 sample which was absent in the parent compound CoCr,0,.
Neutron and x-ray diffraction, magnetic susceptibility, and specific heat measurements have
been used to investigate the magneto-structural phase transitions present in the CoggCug2Cr,04
compound which persist the state of magnetic compensation. It is noticed that Jahn-Teller active
Cu?* ion in the tetrahedral A-site of the spinel configuration induces the Jahn-Teller distortion
slightly above the Neel temperature. It was further observed that the high temperature cubic
Fd3m structure coexists with the low temperature orthorhombic (Fddd) structure till the lowest
temperature of measurement. Furthermore, the origin of this magneto-structural correlation along

with fascinating magnetic properties in CoggCug2Cr,O4 was discussed in detail.

Chapter 6 presents a brief summary of research work carried out in this thesis. The
effects of different transition metal ions substitution at both tetrahedral A-site and octahedral B-
sites, which affects the exchange interaction and magnetic structures of these compounds, are
studied. The present thesis also highlights the scope for the future research work, by growing
single crystals and thin films of these spinel oxides for better understanding of magnetic

structures as well as for application point of view.
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Chapter 1
Schematic representation of the different spins arrangement presenting different
classes of the magnetic materials.
Spinel crystal structure of CoCr,0,. The Co** (green spheres) occupy the tetrahedral
sites (A), the Cr®* (blue spheres) occupy the octahedral sites (B) and Oxygen ions
are shown in the red color. The black solid lines represent a unit cell.
Schematic representation for the relation between the geometrical magnetic
frustration along with the different magnetic configuration in different spinels.
Low temperature magnetic structure of spinel CoCr,O, showing the spin-spiral
ordering of Co®* and Cr** ions for the respective sublattices (A, B, and By) [31].
(a) Field and temperature dependent phase diagram of CoCr,O, based on
magnetization and specific-heat measurements, (b) detailed spin-spiral (below Ts)
phase diagram at low temperature derived from the ultrasound propagation [15,32].
(a) and (b) show the crystal field effect on the 3d° ions in tetrahedral and octahedral
environments, respectively where fivefold degeneracy is lifted and separated into
two eg levels (dyz_yz2, d;2) and three t,, levels (dyy, dy, and dy). (c) represents the

all five different d-orbitals.

Schematic presentation of Jahn-Teller effect with the energy level diagram of
d-orbitals showing the tetragonal distortions in case of both tetrahedral and
octahedral crystal fields.

Temperature dependent FC (H = 700 Oe) dc-magnetization curve displaying the
negative magnetization in Co,VO, [33].

(a) Negative ZFC magnetization due to the negative trapped field of the
superconducting solenoid, and (b) a positive ZFC magnetization in the same
compound with applied field of Hx = 10 Oe [34].

Schematic representation of EB effect in bilayer structure with an appearance of a
pinned ferromagnetic layer at the interface with the antiferromagnetic layer having
uncompensated spins (b). The hysteresis loop without shifting (a) and shifted
hysteresis loop (c) presenting the exchange bias effect in the system.

Temperature dependence of (a) the effective coercive field (HET), and (b) the EB
field (Heg) of single crystalline Ndg 7sH0, 25Al [26].

Temperature dependent FC (H = 0.5 T) dc-magnetization along the [001] direction
(left axis), specific heat divided by temperature in H =0 T upon cooling (right axis),
and dielectric constant (right axis) in H =0 T at 44 kHz upon warming showing the
evidence of three existing phase transitions in single crystalline CoCr,0O,4 [12].

(a) Electric polarization (P) and magnetization (M) as a function of temperature in
single crystalline CoCr,0,. (b) and (c) depict the H-dependent polarization along
[ 110] and magnetization along the [001] directions at 20 K and 10 K, respectively
with the applied magnetic field in [001] direction [46].
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Schematic representation of exchange bias effect around magnetically compensated
state which can be achieved by tuning the different crystallographic sites of spinel
COCrzO4.

Chapter 2

Schematic diagram of the scattering geometry in neutron scattering experiment.
Schematic representation of Bragg’s diffraction law with incident and diffracted
waves.

Schematic representation of the nuclear fission reaction taking place inside the
nuclear reactor for neutron production.

Comparison of the nuclear and magnetic form factors in neutron diffraction along
with X-ray form factor plotted against scattering angle.

Schematic diagram presents the neutron nuclear scattering during neutron scattering
experiment.

Schematic representation of different components of magnetic moments along with
the scattering vector during magnetic scattering.

Block diagram of Neutron diffractometer at UGC-DAE Consortium Scientific
Research, BARC, Mumbai Centre, Trombay, India.

Pictorial representation of neutron diffraction facility at UGC-DAE CSR, Mumbai
centre [35] along with list of instrument parameters of the neutron powder
diffractometer.

Schematic diagram of MPMS SQUID-VSM magnetometer.

Chapter 3

Room temperature X-ray diffraction pattern of CoCr,0,, along with Fe substituted
compounds, i.e. Co(CrggsF€0.05)204 and Co(Crg.g25F€0,075)204.

The temperature dependence of ZFC and FC magnetization, measured under 1 kOe
field for (a) Co(Cro.gsF€0.05)204, and (b) Co(Crqg25F€0.075)2.04. The inset of (a) shows
the first order derivative plot of magnetic susceptibility for the better appearance of
the magnetic transitions.

Temperature dependent ac-magnetic susceptibility of Co(CrggsFeo.05),04 measured
at various frequencies under warming condition with the amplitude of dynamic
magnetic-field, h,. = 3 Oe and under zero-dc bias. Insets show the enlarged view of
the magnetic transitions at different frequencies.

M-H loops of Co(CrqgsFenes).04 and Co(CrggosFepo75)204 Samples in the close

vicinity of respective Tcomp . Insets depict an enlarged view of respective plots to see
a clear loop shifting.

(a—c) Rietveld refinements of the NPD patterns for Co(CrggsF€g.5)204 recorded in
zero field at T = 295 K, 44 K and 20 K, respectively. Here, at 295 K, only the
structural (nuclear) phase is refined and for the patterns at 44 K, both nuclear and
ferrimagnetic phases are refined. For the 20 K data, incommensurate (IC) phase has
also been added in the refinement where (220)* and (002)* are satellite reflections
as explained in the text.

Temperature dependence of the bond lengths A—O and B-O along with the bond
angles A-O-B and B;—O-B, in the temperature range 2.9-90 K for both
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Co(Cro.g5F€0.05)20sand Co(Crog25F€0.075)204.

Schematic diagram of the crystal structure of pristine CoCr,0, for the better
understanding of the different bond parameters in the compound.

Neutron diffraction patterns measured at various temperatures of (a) x = 0.05 and
(b) x = 0.075 samples. The appearance of the (220)* and (002)* peaks below 35 K
is evident. The insets show the temperature variation of the integrated intensity of
the satellite peaks (220)* and (002)*.

Temperature dependence of the integrated intensity of the (111) and (220)
fundamental  reflections for both (@) Co(CrpgesFenes).04, and (b)
Co(Cro.g25F€0.075)20a.

Diffuse signal around the (111) Bragg peak in the neutron diffraction patterns at
different temperatures for (a) x = 0.05, and (b) x = 0.075 (all graphs are plotted in
the same scale). Temperature variation of integrated intensity of diffuse scattering
are shown of both (c) x = 0.05, and (d) x = 0.075 compounds..

Temperature dependence of different site moments calculated from NPD along with
EB field of Co(Crgge5F€0.05)204 (a-d) and Co(Crg g25F€0.075)204 (e-h) compounds.
Temperature dependence of cone angles of the different sub-lattices (A, B; and B,)
of both Co(Crggs5F€0.05)204 (a-c) and Co(CrqesF€0.075),04 (d-f) samples. Inset shows
the ferrimagnetic spin spiral order which points to the [001] direction similar to that
of the CoCr,0,.

Temperature dependent magnetization M(T) curves of Co(Cry xFey).04 (X = 0.05,
left column and 0.075, right column) samples measured under the low field 0.01T
[(a) and (d)], high field 5T [(b) and (e)]. (c) and (f) are the net local moments
obtained from NPD data.

(a) Neutron diffraction spectra showing the modulation of the incommensurate
phase for the (220)* satellite peak which starts around 10 K. (b) depicts the M—T
data at 100 Oe in the FCC and FCW modes, and (c) shows an enlarged view of the
same figure for clear observation of the thermal hysteresis around 10 K.
Temperature dependent variation of different site moments from NPD data along
with the Brillouin function fit of both Co(CrggsFeos).0s (a,b) and
Co(Cro.925F€0.075).04 (C,d).

Magnetic field (H) dependence of the magnetization (M) for Co(Crg¢5sMng5).04 at
different temperatures regions, (a) 34-56 K, (c¢) 102-120 K, (b) calculated
temperature-dependent magnetic entropy change (-ASy) around Tem, and (d)
around FIM transition temperature T in the various magnetic fields changes (1
kOe-90 kOe).

The variation of the distortion (A) as a function of temperature along two different
paths i.e., A-O and B-O of Co(CrggsFe€,05)204.

Temperature dependence of (a) dielectric constant at 100 kHz (left y-axis), dc-
magnetic susceptibility (right y-axis), (b) specific heat divided by temperature (C/T)
(left y-axis) and ac-magnetic susceptibility (right y-axis) with f = 487 Hz of
Co(Cro.gsF€0.05)20s.

(a) and (b) show temperature dependence of dielectric permittivity (g;) and tand
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4.1

4.2

4.3

4.4

(loss) measured at the different frequencies (5kHz-100kHz) respectively for
Co(Cro.95F€0.05)2034.

(a) depicts the enlarged view of temperature dependent dielectric permittivity () at
different frequencies (5kHz-100kHz) of Co(CrggsF€0.05)204and (b) shows the plot of
the differences of dielectric constant (Ag) at two extreme frequencies (5 kHz and
100 kHz) as a function of temperature in the same temperature range.

Magnetic field dependent isothermal magnetodielectric data MD, i.e. Agy[=(en-
en=0)/en=0] measured at different temperatures with 100 kHz frequency of (a)
Co(Crogs5Fe005)204 and (b) Co(CrogrsFeqors)204; respective insets show the
coefficient of quadratic term (B,) as a function of temperature. (For more details
about fitting, see the text.)

Temperature dependence of electric polarization (P) obtained from pyroelectric
current measurements for Co(CrogsF€0.05)204 (@) and Co(Crgg25F€0.075)204 (b). The
insets show the corresponding temperature dependent pyroelectric current data,
which is measured with an applied voltage of 200 V in the absence of external
magnetic field.

Temperature dependent magnetization of (a) Co(CrggsFepos)204and  (b)
Co(Crq.g25F€0,075)204 Samples in FC mode with two different applied magnetic field,
i.e. 100 Oe and 50 kOe. Insets of both (a) and (b) show the sign change of
AM  [=  (Mu=sok0e-MH=1000e)/MH=1000e] @round compensation temperature for
Co(Crqos5F€0.05)204 and Co(CrqgsFe0.075),04, respectively. Black circles in insets
represent the respective temperatures where MD effect is shown.

Plots of Inverse Ag, with the square of magnetization (M?) of Co(CrogsFeq.05),04
(a, b) and Co(CrqgsFeo075).04 (c, d) at 20 K and 80 K, respectively. Respective
insets show the linear variation with the square of magnetization in log scale
measured at 20 K (T < Teomp) and 80 K (T > Tcomp).

Chapter 4

Observed and fitted powder X-ray diffraction patterns of (a) CoCr,O4 (b)
Co(Cry73Mng27),04, and (c) Co(Cry7Mnq3),0, compounds by Rietveld refinement
method using the FullProf program

(@ - (f) Temperature dependent dc-magnetization of Co(Cr,_,Mn,),0,
(x=0.0-0.30) under ZFC and FC modes with the applied field of H ~1 kOe.
Temperature  dependent magnetization of (a) Co(Cry73Mng27).04, and
(b) Co(Cry70Mng3),0, compounds measured in FC mode under various applied
fields ranging from 100 Oe to 70 kOe. Here T, Teomp and Tsg denote ferrimagnetic
transition, compensation temperature and field induced spin reorientation transition
temperatures, respectively.

Temperature dependence of ac-magnetic susceptibility measured at various
frequencies under zero dc-bias field with h,. = 3 Oe for (a) Co(Crg.73Mng27).04, and
(c) Co(Crp70Mng30)204 . (b) and (d) depict the effect of applied magnetic field for f
= 987 Hz for Co(Crq73Mng27).0, and Co(Cry70Mng30).04 respectively. Respective
insets show the enlarged view around Tcomp.
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Main panels of (a) and (b) depict the temperature dependent specific heat Cp(T) of
Co(Crp73Mng27)2,0, and Co(Crp73Mng,7)04 samples measured in zero field,
respectively. Insets of (a) and (b) show the respective Cp(T)/T vs T plot across T¢
for better clarity of the transitions.

(a) FC M-H loops of Co(Cry7Mng3),0, sample at different temperatures under FC
condition with H = 70 kOe. (b) depicts an enlarged view of the FC M-H loop at 82
K. Inset of (a) shows the experimental and fitted initial magnetization curve at 5 K.
Temperature dependence of (a) effective coercive field HE' and (b) EB field Heg in
Co(Cry7Mng3),0, compound. Inset of (a) is experimental and fitted temperature
dependent HE™ plotin 3 K < T <50 K range.

Left panel (a-c) shows the Rietveld refinement of NPD patterns recorded in zero
field at T = 297 K, 59 K and 3 K, respectively, for Co(Crg73Mng27).04. Similarly,
right panel (a-c) depicts NPD patterns recorded in zero field at T = 295 K, 82 K and
3 K, respectively for Co(Crq70Mng30).04. NPD patterns near room temperature (297
K and 295 K) are refined using a structural phase (indicated by the first row of
vertical tick marks) whereas another FM phase (second row) is also included in
refinement for temperature below Te.

Temperature dependence of the integrated intensity of the (111), (220), (400) and
(331) fundamental Bragg reflections for Co(Crg73Mng27),0, (a-d) and for
Co(Cro.70Mng 30)204 (-h).

Diffuse signal around the (111) Bragg peak in the neutron diffraction patterns at
different temperatures for Co(Crg 73Mng27).04 (a-f) and Co(Cry70Mng.30)204 (g-1) (all
graphs are plotted in the same scale).

Temperature variation of integrated intensity of diffuse signal around (111) Bragg
peak for both Co(Crg73Mng27),0;4 () and Co(Crg.70Mng30)204 (b) compounds.
Temperature dependent magnetization M(T) curves of Co(Cry73Mng27),0, (Left
panel) and Co(Cry70Mng )20, (right panel) samples measured under low field
(a)&(d) and under high field (b)&(e). In last (c)&(f) show the net local moments
obtained from NPD data of both the samples Co(Crq7sMng27).0,  and
Co(Cr.70Mnyg 30)204 respectively.

Temperature dependence of different site moments (i.e. A, B; and B,) of both the
compounds; (a-¢) Co(Crq73Mng27)204, and (d-f) Co(Cry70Mng 30)204.

Temperature dependence of cone angles (a), (B) and (y) of sublattices A, B; and B,
of (a-c) Co(Cry73Mng27),04 and (d-f) Co(Cry70Mng30)204, respectively. Insets show
the cone angles representing conical spin-spiral ordering pointing to the [001]
direction.

The temperature dependence of the bond lengths Co-O (A-O) and Cr/Mn-O (B-0)
along with the bond angles Co-O-Cr/Mn (A—O-B) and Cr/Mn-O-Cr/Mn (B—O-B)
for Co(Cry73Mng,7).04 [(a) & (b)] and Co(Crg.70Mng30)204 [(c) & (d)] compounds.
The variation of the distortion (A) as a function of temperature along two different
path i.e. A-O and B-O of Co(Crg70Mng 30)20s.

Magnetic field (H) dependence of the magnetization (M) for Co(Crg70Mng30).0; at
different temperatures regions, 70-98 K (a) and 106-120 K (c) and calculated
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temperature-dependent magnetic entropy change (-ASy) around Teme (b) and
around FIM transition temperature T¢ (d) under various magnetic fields changes
(1 kOe- 90 kOe).

Temperature dependent variation of different site moments along with the fit of
Brillouin function for both Co(Crg 73Mng 27).0,4 (a-b) and Co(Crg.70Mng 30).0, (c-d).

Chapter 5

(a) An example of the linkage of CoO4,/CuQ, tetrahedral A-site through a CrOs
octahedral B-site. Schematic representation of enlarged view of CoO, (b) & CuQ,
(c) tetrahedron and CrOs octahedron (d) with electronic configurations of
constituent Co?*, Cu®* and Cr** ions, respectively. The dotted spin arrow in case of
CuQ, shows the degeneracy present in the t,, orbitals. Oxygen atoms are omitted
for a clear view.

Room temperature X-ray diffraction patterns of Co,_.Cu,Cr,O, (x = 0.0-0.20)
polycrystalline compound with Rietveld refinement showing that all compounds are
in single phase with cubic Fd3m space group.

Temperature dependent dc-magnetization of Co,_.Cu,Cr,O4 (X = 0.0-0.20) under
ZFC and FC conditions with the applied field of H ~1 kOe.

(a) Temperature dependent magnetization for CoggCug,Cr,0,4 at H = 100 Oe under
both the ZFC and FC conditions, and (b) shows the dMgz:/dT plot of the same
sample. Insets show the enlarged portion of the plot where another transition (T
~95 K) can be seen clearly. Arrows represent the different magnetic transitions in
the sample.

Temperature dependent dc-magnetization of CoggCugCr,O4 sample measured in FC
mode for different applied fields (1 kOe, 30 kOe and 50 kOe).
(a) Temperature dependence of ac-magnetic susceptibility of CoggCug,Cr,0,

recorded at various frequencies, 487 Hz, 987 Hz and 4797 Hz under zero dc-bias
field with hy, = 3 Oe. (b) shows the effect of applied magnetic field for f = 987 Hz
of the same sample. Inset shows the enlarged view around magnetic transitions.

The magnetization (M) versus field (H) hysteresis loops of CoygCug2Cr,0,4 are
shown at selected temperatures in the vicinity of compensation temperature. The
respective insets show the enlarged view of M-H loops near origin showing the
asymmetry in the loops.

The temperature variation of exchange bias field; (a) Hggs(T), (b) Mgg(T), and (c)
coercive field He(T) in CoggCug,Cr,0,4 . The lines connecting the data points are
visual guides.

The main panel of (a) shows the temperature dependent specific heat Cp(T) of

C005Cug,Cr,0, sample measured with H = 0 Oe and 50 kOe. Insets (I) and (1)
show the enlarged view across T, and magnetic entropy AS,(T) across the Tg,
respectively. Main panel of (b) shows the Cp(T)/T with the first order derivative in
the inset.

Temperature dependent NPD patterns with Rietveld refinement in zero fieldat (a) T
=300 K, (b) 51 K and (c) 3 K of CoggCug,Cr,04. NPD pattern at room temperature
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(300 K) is refined using a structural phase (indicated by the first row of vertical tick
marks) whereas for 51 K another structural phase along with FM phase (second row
and third row) is also included in the refinement. NPD patterns at 3 K include
additional incommensurate (IC) phase along with all these phases in the refinement.

Temperature dependence of the integrated intensity of the fundamental reflections
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The temperature dependence of the different Bragg peaks; (a) (400), and (b) (511)
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Temperature dependent magnetization M(T) curves of CoggCug.Cr,04 measured
under low field (a) 100 Oe, and (b) high field 50 kOe. Net local moments obtained
from NPD data are shown in (c).

(a-h) Diffuse signals around the (111) Bragg peak in the neutron diffraction patterns
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Chapter 1

Introduction

Nowadays our daily life is mostly dependent on magnetic materials and their
applications, for example, storage of digital and analog information, in aviation industry, for the
creation of strong motors and aviation sensors and in medical industry e.g. magnetic resonance
imaging (MRI) etc. The field of magnetism involves several fashionable research topics,
including giant magnetoresistance (GMR) effect, high T¢ superconductors, magnetocaloric effect
(MCE), colossalmagnetoresistance (CMR) effect, magnetic exchange bias (EB) effect,
spintronics, topological insulators and many more [36-41,27,42,43]. The basic motivation of the
interplay between the magnetic properties and electric properties of materials opened up a field
of spintronics which is believed to bring innovation in the future technology. After the discovery
of EB effect, there has been a revolution in the spintronic related industry as EB plays very
crucial role in devices [27,28,44]. In terms of enhancement of functionalities of these devices,
one can go for the multiferroics, in which magnetic and ferroelectric ordering coexist and can be
controlled by one another. Researchers in this field have renewed their interest to search for new
multiferroic materials and these are indeed exciting times for material research. Strong
magnetoelectric (ME) coupling in multiferroic also finds many potential applications like
AC/DC magnetic field sensors, band-pass/band-stop filters, transducers and phase shifters, etc.
[45-49]. Hence, one has to understand various aspects of electricity and magnetism behind such
phenomena in order to adapt materials for the fundamental physics as well for technological
applications point of view.

1.1 Magnetism

In solids, it is the spin degree of freedom which is responsible for perceiving most of the
magnetic phenomena. An ordered magnetic state exists below a characteristic temperature which
is known as transition temperature T¢ in magnetic compounds. Generally in solid state physics,
unpaired electrons in the partially filled d-shell of transition metal ions or f-shell of rare-earth

ions give rise to magnetism in the system. The magnetic exchange interaction is responsible for
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giving rise to interaction among different moments of neighboring elements. This exchange
interaction energy between localized moments which dominates over the thermal energy
corresponds to the magnetic ordering below/at their respective transition temperature. Naively,
magnetic materials are classified in to three classes (as shown in Fig. 1.1) which depends on the

different microscopic arrangement of the magnetic moments,

Q) Ferromagnetic (FM)
(i)  Antiferromagnetic (AFM)
(i) Ferrimagnetic (FIM)

ptttet tedetr tetete
phieed totete tetety
Phheed tetete tetetd

Ferromagnetic (FM) Anti-Ferromagnetic (AFM) Ferrimagnetic (FIM)

Figure 1.1 Schematic representation of the different spins arrangement presenting different classes of the
magnetic materials.

From the above figure, one can see that adjacent moment which aligns parallel to each other,
even in the absence of external field, represents a FM material. These FM materials can exhibit
spontaneous magnetization below the Curie temperature (T¢). In case of AFM materials, the
neighboring moments align antiparallel to each other, which results in zero net magnetic
moment. In case AFM materials, the transition temperature where AFM ordering takes place is
known as Néel Temperature (Ty). Further, FIM materials are known as a special case of AFM
materials having two magnetic sublattices with different magnitude of magnetic moments which

give rise to net magnetization similar to the FM materials.
1.2 Crystal Structure of Cobalt Chromite (CoCr,0,)

In recent studies, due to success of technological advancement along with multiple

functionalities and fascinating properties, transition metal oxides (TMOQO) have attracted lot of
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attention [50-52]. The transition metal oxides based system with spinel (AB,QO,) structure have
attracted many researchers due to various interesting properties such as multiferroicity,
ferroelectricity, different phase-transitions, colossal magnetoresistance (CMR), metal-insulator
transitions, coexistence of charge, orbital and spin ordering and magnetocaloric effect (MCE)
etc. [1-4]. One should know that all these fascinating properties are very sensitive to their
crystalline as well as magnetic structures and also on the application of external parameters such
as temperature, pressure, electric and magnetic fields. Recently, such interesting TMO materials
are under intense investigation because of their potential applications in the field of spintronic,

magnetic field sensors and magnetic refrigeration etc.

Figure 1.2 Spinel crystal structure of CoCr,0,. The Co®" (green spheres) occupy the tetrahedral sites
(A), the Cr** (blue spheres) occupy the octahedral sites (B) and Oxygen ions are shown in the red color.
The black solid lines represent a unit cell.

Spinel oxides have the same structure as that of the mineral spinel, MgAl,O4 which have
the space group Fd3m (space group no.227). Bragg [53] and Nishikawa [54] both determined
this crystal structure independently. Cobalt chromite (CoCr,04) with Co?* and Cr** magnetic
ions also crystallizes in this same AB,04 (MgAl,O,) type crystalline spinel structure. Existing

oxygen anions in CoCr,0, designed two different interstitial sites or environments which are
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known as A-site (tetrahedral environment) and B-site (octahedral environment). Such atomic
arrangement formed the close-packed face-centered cubic (FCC) lattice for CoCr,O4. A-site
cations (i.e. Co®") in the tetrahedral environment form a diamond structure whereas B-cations
(i.e. Cr¥) sitting in the octahedral environment have a pyrochlore structure. There are eight
formula units per unit cell of spinel structure, i.e. 8[AB,O,] which can be represented as
AgB1s03,. In general, there are two different sub-lattices (A and B) for spinel structure and
depending on the distribution of the total present cations in the available two different
sublattices, one can define the different types of spinel compounds. Generally there are three
types of spinel structure: (i) Normal Spinel (CoCr,Q,4), (ii) Inverse Spinel (FesO4 [55]) and
(iii) Mixed Spinel. In case of normal spinel, all tetrahedral sites are occupied by all 8 A-cations
and all 16 B-cations occupy the octahedral site. For obtaining inverse spinel structure, half (i.e.
8) of the B-cations occupy tetrahedral site and remaining 8 B-cations together with all A-cations
reside in the octahedral site. In case of mixed spinel, some intermediate number of total present
A and B-cations occupy these tetrahedral and octahedral sites, for example CoFe,O,4 [56]. A
schematic representation of normal spinel crystal structure of CoCr,0, is presented in Fig.1.2
where one can see that tetrahedron and octahedron are connected through the corners whereas
octahedron to octahedron sharing takes place along with the edges of adjacent octahedron.
Further, different angles along superexchange path in CoCr;0O4 i.e. Co—O—Cr (A-O-B) and
Cr—O—Cr (B-O-B) are around 125° and around 95°. In this cubic spinel structure, distance
between the A-site ions (i.e. A—A neighbor ions) is longest followed by the A—B neighbor

distance and the smallest distance exists between B—B neighbors [20].

1.3 Magnetic Structure of CoCr,0,

Depending on the existence of transition metal ions in different interstitial sites (the
tetrahedral (A) and octahedral (B) of spinel structure, spinel oxides exhibit a wide range of
magnetic properties. In these spinels, magnetism is mainly governed by AFM exchange
interactions. Due to lattice geometry in the spinels, the existing spin interactions could not be
fully satisfied which give rise to magnetic spin frustration in these compounds which is known as
geometrical magnetic frustration (GMF) [57-59]. The main outcome of such frustration is the

inability of the system to form collinear magnetic ground states, thus leading to emergence of

TH-1881_126121028



unconventional non-collinear ground states which is present in the spinel compounds as shown
in Fig. 1.3 [57,60].

Neel Long-
collinear range Locally unstable spiral region
spiral |
l Weak GMF GMF
0 8/9 |1.298 2 l ,
——+— | />
Fe;0,  MnCr,0, CoCr,0, ZnCry0,
CoFe,0, ZnFe,0,

Figure 1.3 Schematic representation for the relation between the geometrical magnetic frustration along
with the different magnetic configuration in different spinels.

Having the crystallographic information of CoCr,;04 one should also know about the
existing magnetic structure in detail. Basically, magnetic structure is not much different from
chemical structure as it refers to the real arrangement of spins in the respective magnetic unit
cell. One important thing to remember is that the size of magnetic unit cells can be different from
the chemical one. Neutron powder diffraction (NPD) is one of best technique to find the
magnetic structure of polycrystalline sample. A three dimensional orientation of magnetic spins
with respect to different crystallographic directions along with their magnitude can be seen

clearly through NPD experiments.

Chemical structure of CoCr,O, (cf. Fig.1.1) shows that magnetic ions of Co?* at
tetrahedral A-site is strongly coupled to the other magnetic ions of Cr** at octahedral B-site via
superexchange interactions. Co®*-cations in CoCr,O,4 spinels form a tetrahedrally coordinated
diamond structure, which is simply looks like a chain of corner shared triangles. On the other
hand, pyrochlore lattice formed by the Cr®* cations represents the corner shared tetrahedra. In
case of spinel where only B cations are magnetic, GMF is present due to the strong magnetic
interaction in pyrochlore lattice of B-sites, and leads to evolving excitations of spin states which
results in complicated non-collinear spin structures. Further, if in case A-site is also occupied
with the magnetic ions (example: CoCr,Q,), the strength of super exchange interaction between
A and B (Jag) becomes comparable to that of the strength between B-sites (Jgg). This causes the
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Figure 1.4 Low temperature magnetic structure of spinel CoCr,O, showing the spin-spiral ordering of
Co?" and Cr®" ions for the respective sublattices (A, B; and B,) [31].

reduction in the GMF and results three different magnetic sub lattices namely Co (A), Cr1(B1),
and Cr,(B,) with complex non-collinear spin-spirals structure [33,61]. Fig. 1.4 depicts the low
temperature magnetic structure of CoCr,0O4 which represents the complex non-collinear spin
spiral ordering. In last case, when only the A cations are magnetic, frustration due to competing
nearest neighbour (NN) and next nearest neighbour (NNN) magnetic exchange interactions lead

to non-collinear magnetic ground states [62—65].

For CoCr,04, neutron scattering experiment along with superexchange integrals (Jag and
Jes) corroborate the value of ‘u’~2 [8]. LKDM model suggests that if the value of ‘U’ is around
2, it will be a favourable condition for the formation of spin spirals configuration [8,33,66] which
is seen in case of CoCr,04 at low temperature. Experimentally observed results showed that the
observed FIM ordering at transition temperature T¢ is mainly due to the ordering of the A-site
(Co*") moments which are parallel to [001] easy axis [33,67]. Further, neutron scattering

experiments have shown that below the FIM ordering, the presence of weak GMF gives rise to
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Figure 1.5 (a) Field and temperature dependent phase diagram of CoCr,0,4 based on magnetization and
specific-heat measurements, (b) detailed spin-spiral (below Ts) phase diagram at low temperature
derived from the ultrasound propagation [15,32].

the formation of short range spin-spiral ordering together with the long range ordering of A-site
(Co*") moments [8,33,67]. This short range spin-spiral ordering entirely changes into a long
range incommensurate (IC) conical spin-spiral ordering at Ts which is known as the magneto-
structural transition as the magnetic structure changes from collinear FIM ordering to IC conical
spin-spiral ordering. Such conical spin-spiral picture of different site moments of A (Co®"),
B1(Cr®") and B,(Cr**) is shown in Fig. 1.4. The cone angles for the different site moments of A,

B1 and B, are 48°, 71° and 28°, respectively in pristine CoCr,Q4. Further, one can visualize this
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magnetic structure clearly as it could be seen that A-site moment is along the [001] direction
along with net moment of B-site align to the [001] direction. The detailed magnetic ordering at
Ts, which confirms the long range ordering of conical spin-spiral components with an
incommensurate phase with propagation vector k = (0.63, 0.63, 0), has been confirmed through
neutron scattering experiments [8,18]. Further, another transition around 13 K had also been
revealed from detailed neutron scattering experiments which was observed as step-like change in
the thermomagnetic properties [12,18]. There is a further change in magnetic structure as the I1C
propagation vector observed at Ts adapts to a commensurate phase of conical spin order with
k = (2/3, 2/3, 0) across T, [18]. As this propagation vector of commensurate conical spin-spiral
order is locked to the underlying lattice below 13 K, hence such transition at T is known as the
lock-in transition [12]. Further, high-field magnetization and heat capacity measurements on
single crystal CoCr,0, revealed a new transition at T~ = 5-6 K [32]. Above Fig. 1.5 (a) shows a
magnetic field vs. temperature (H-T) phase diagram of in single-crystalline CoCr,0,. Fig. 1.5 (b)
also depicts the similar magnetic phase diagram with ultrasound propagation and magnetization
studies [15]. Hence, with all the above phase transitions, it is very clear that CoCr,0,4 has

complex magnetic phase diagram.

Spherical symmetry Tetrahedral symmetry Spherical symmetry Octahedral symmetry

lal [b] - &

ERE B 3
3d°
P AN

N e

[e]

A
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dyy2 de d,, dy dy

Figure 1.6 (a) and (b) show the crystal field effect on the 3d° ions in tetrahedral and octahedral
environments, respectively where fivefold degeneracy is lifted and separated into two e levels (d,z_,z,
d,2) and three t, 4 levels (dy,, dy, and d,,). (c) represents the all five different d-orbitals.
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1.4 Crystal field in Spinels

The crystal field theory describes the effects of symmetry of the coordination
environment [68,69]. In case of transition-metal oxides, where 3d cations are always present in
different valance state, gives rise to the degenerated d states. Due to the asymmetry of these 3d
orbitals in crystal, such degeneracy can be lifted up. In spinel oxides, 3d transition metal cations
are present in tetrahedral and octahedral coordination environments. When a transition metal
cation is surrounded by four/six anions (for example: oxygen) in a tetrahedral/octahedral
arrangements, the five cation d-orbitals no longer remain degenerate but split into two groups of

triplet ¢, (dyy, dy, and d,) and doublet e; (d,2_,2 and d,2). The Columbic repulsion between

Xy
the transition metal d-electrons and the surrounding anions is the physical basis of such splitting
of energy levels. Direct overlap between d,2_,2 and d,: states of e, orbitals with that of the
surrounded oxygen p orbitals increases the energy in an octahedral environment. On the other
hand, t,, orbitals where Xy, yz, and zx states lies in different directions where the field is least
and thus have lower energies. Consequently, octahedral coordination therefore yields lower
energy triply degenerate t,, states and higher energy doubly degenerate e, states as illustrated in
Fig.1.6. In case of a tetrahedral environment, the order of the triply degenerate t,, states and
doubly degenerate e, states is just a reverse case of octahedral one [2,70]. The energy difference
between the two sets of orbitals (i.e. e, and t,,), A is called the crystal field of respective
environment [68]. The magnitude of the tetrahedral crystal field (A;) is less than that of the
octahedral crystal (A,) field as the number of the coordinating ligands is less than to that of the

number of coordinating ligands in case of tetrahedral environment.

In transition metal oxides, the understanding of electronic stabilization of various cations
present at tetrahedral and octahedral sites enables significant prediction of cation distribution in
these materials. It is well known that Cr* cations show a strong preference for the octahedral site
where d? electrons half fill the t,q States. As a result, chromium oxide spinels typically adopt a
normal spinel configuration such as in case of CoCr,0.. On the other hand, Fe** with 3d® shows
no crystal-field stabilization on either in the tetrahedral or octahedral sites and consequently

spinels with Fe** cations are typically inverse spinels.
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Figure 1.7 Schematic presentation of Jahn-Teller effect with the energy level diagram of d-orbitals
showing the tetragonal distortions in case of both tetrahedral and octahedral crystal fields.

1.5 Jahn-Teller Effect

Jahn and Teller [71] have demonstrated that if the electronic state of a non-linear
molecule is orbitally degenerate then its ground state will undergo a geometrical distortion that
removes orbital degeneracy in the system. Such distortion is known as Jahn-Teller distortion and
the effect as Jahn-Teller effect. Earlier discussed octahedral and tetrahedral crystal fields
partially lift the degeneracy of 3d orbitals in transition metal oxides. The presence of any orbital
degeneracy in octahedral and tetrahedral transition metal complexes gives rise to lattice
instability [71]. In case of spinel oxides having orbital degeneracy, it has been found that there is
strong urge to undergo lattice distortions, typically from cubic to tetragonal symmetry or much
lower symmetry to lift such orbital degeneracy. Depending on the bonding and anti-bonding
power of the degenerate electrons, degree of distortion could be identified. For the octahedral

coordination, t,, orbitals are relatively non-bonding and thus small distortions are expected from

t,4 degenerated orbitals. On the other hand, degeneracy in the strongly anti-bonding e, orbitals
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gives rise to significant Jahn-Teller distortions. In tetrahedral coordination, it is the e, orbitals
which are non-bonding while t,, orbitals are antibonding. Thus large distortions from regular
tetrahedral symmetry are expected for configurations which are degenerated with respect to t,,

orbitals only [cf. Fig 1.7].

In general, the effect of Jahn-Teller distortion (which is not too large) in case of cubic
crystal where ions are arranged in a cubic lattice, each ion will undergo a set of equivalent
distortions due to its perfect symmetry. But, if the distortions are significant, the neighboring
ions will influence each other and the lattice would minimize the energy by adjusting itself to a
lower symmetry for example to the tetragonal one which gives rise to a new ground state. Thus
Jahn-Teller mechanism is very useful to understand the structural aspects of spinel compounds
[2,72-74].

1.6 Negative Magnetization (or Magnetization Reversal)

In general, magnetic material having nonzero spins such as ferromagnetic (FM),
ferrimagnetic (FIM) and paramagnetic (PM) materials, show a positive magnetization with
respect to the applied magnetic field direction. In 1948, Néel gave a phenomenological theory
[21] according to which certain ferrimagnetic materials will exhibit spontaneous magnetization.
Such spontaneous magnetization changes the sign with temperature or magnetic field due to
different temperature dependence of sublattice magnetization. During the temperature dependent
dc magnetization measurement a crossover of magnetization curve from a positive value to a
negative value (cooled under a positive applied magnetic field), below its magnetic ordering
temperature, is known as the negative magnetization or magnetization reversal. The
magnetization reversal was first discovered in spinel ferrites (FIM material) where the
spontaneous magnetization arises and changes sign due to uncompensated magnetic spins of two
different crystallographic sites or sublattices. Various magnetic materials such as multilayers,
spinel ferrites, garnets, perovskites and intermetallic alloys etc. are few examples where negative
magnetization has been experimentally observed. Several intrinsic parameters for example
temperature dependence of sublattice magnetization, different magnetic exchange interactions,
crystalline structure and magnetic anisotropy are responsible for manifesting this phenomenon of

negative magnetization. Such finding of magnetization reversal below Tcomp Was also observed in
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mixed spinels [33,75], which is further extended to other FIM systems including molecular
magnets, garnets along with some antiferromagnetic materials [21,76-78]. Moreover, this
phenomenon of negative magnetization in the material adds another stable state of magnetization
in the material can have important applications in the area of magnetic storage devices.
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Figure 1.8 Temperature dependent FC (H = 700 Oe) dc-magnetization curve displaying the negative
magnetization in Co,VO, [33].

During the temperature dependent dc-magnetization measurement, the net magnetization
of the sample becomes zero at a particular temperature which is known as compensation
temperature (Tcomp). The magnetization of a compound is strongly depending on the history of
measurements for example cooling or heating history. Basically, there are two experimental
ways of measuring dc-magnetization of a sample as a function of temperature which are known
as zero-field cooled (ZFC) and field-cooled (FC) processes. The FC process represents the
equilibrium magnetization whereas ZFC is known as non-equilibrium time dependent
magnetization process. In general, the negative magnetization below Tcomp IS cOmmonly
observed in the FC protocol of dc-magnetization measurements. However, there exist a few
reports where negative magnetization has been observed in both the ZFC and FC conditions of

the magnetization measurements. Hence, one should understand that implemented experimental
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conditions during the measurements of dc-magnetization in searching such phenomena of

negative magnetization are playing very important role [34].
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Figure 1.9 (a) Negative ZFC magnetization due to the negative trapped field of the superconducting
solenoid, and (b) a positive ZFC magnetization in the same compound with applied field of Hy = 10 Oe
[34].

1.7 Exchange Bias Effect

In 1956, Meiklejohn and Bean discovered the exchange bias (EB) effect when studying a
system where Co particles were embedded in CoO [79]. In this experiment where Co is FM and
CoO is AFM, the system is cooled from above the Néel temperature, Ty of AFM CoO under
static applied magnetic field. They had observed a shift in M-H loops along the field axis during
this experiment and discovered a new exchange anisotropy which is responsible for such shifting

in M-H loops [79,80]. The EB field can be qualitatively defined in terms of the M-H loop
shifting which is given as:

Where Hc. and Hc. are the positive and negative coercive fields of the M-H loop, respectively.
Since the discovery of EB in 1956, it was it was observed in various systems containing FM-
AFM interfaces but still continued to be of fundamental interest with some other interface
systems like AFM-FIM and FM-FIM [28]. EB effect has been observed in different bulk oxide
materials [81]. Systems with EB effects have various useful technological applications for
example magnetic recording devices [27,37-39,41], magnetic field sensors [28,44],
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magnetoresistive random access memories (MRRAM) [82-87], and in permanent magnets [88—
90].
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Figure 1.10 Schematic representation of EB effect in bilayer structure with appearance of a pinned
ferromagnetic layer at the interface with antiferromagnetic layer having uncompensated spins (b). The
hysteresis loop without shifting (a) and shifted hysteresis loop (c) presenting the exchange bias effect in
the system.

Typical EB M-H loop along with normal M-H loop is demonstrated in Fig. 1.10 where
AFM interface layer has uncompensated spin and coupled to the spins at the FM interface
layer via the exchange interaction. Such interactions which developed from the exchange
correlations at the FM-AFM interface in the cooling process of the materials were assumed to be
the origin of the EB phenomenon [91]. We can discuss the origin of EB effect with a model as
shown in Fig. 1.10 where FM and AFM substances are in contact with each other having their
magnetic ordering temperature Tc and Ty, respectively where Tc of FM component is greater
than that of the Ty of AFM component. When a static magnetic field is applied on such system at
a temperature much above of the Ty but below T¢ and then cooled through Ty down to much
low temperature i.e. T << Ty, the FM spins at the interface of the AFM spins are getting coupled
to the uncompensated AFM spins of the system. In other words, the AFM spins at the interface
exert a pinning force (microscopic torque) on the ordered FM spins to keep them well aligned at
the interface. During this process few layers of FM spins at the interface are pinned in to the

AFM spin side, hence due to this pinning there will be some difference in the energy required to
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rotate the FM spins in positive and negative field directions which is responsible for shifting in
the M-H loop. Depending on the depth of this FM pinning at interface which depends on the
strength of anisotropy in AFM substance, one can observe an increase or decrease in the loop
shifting in M-H measurements. Such existing coupling between FM and AFM substances at
interface gives rise to a displacement of the M-H loop, and a sin & component in the torque curve

which is the typical manifestations of the EB effect [91].
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Figure 1.11 Temperature dependence of (a) the effective coercive field (Hgff), and (b) the EB field (Hgg)
of single crystalline Nd, 75H0g 25Al> [26].

Although EB effect is basically explained on the basis of interface between the FM and
AFM layers and assumed to be an interfacial phenomenon, but such effect has also been
observed in other materials namely, spin glasses, magnetically disordered systems, core-shell
nanostructures and irregular nanostructures of metal-metal oxides etc. [92-95]. Bulk materials
such as binary alloys, Heusler alloys, intermetallic compounds along with oxide materials are
also known to reveal EB effect [81]. Structurally single-phase materials having the analogous
structure of AFM-FM interfaces in multilayers and composites also exhibit the phenomenon of

EB. Such discovery of EB effect in the single-phase alloys and compounds has renewed interest
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in research community. Still there are not many reports on the investigations on the EB effects in
structurally single phase materials. There are very few reports on EB effects on structurally
single phase materials in charge ordered manganite having the spontaneous interfaces between
short range FM clusters embedded in the AFM matrix [92].

Further, the observation of the sign change of EB with temperature across Tcomp in an
ideally homogeneous single phase system [26] is the most stunning feature of this effect. This is
called the tunable EB with respect to the change in temperature. Fig. 1.11 (b) depicts the change
in sign of EB effect across Tcomp. Recently similar observation of sign reversal of both EB field
and magnetization across Tcomp IS also observed in few other bulk single phase oxides [96-98].
There are a few reports where magnetic field (or cooling field, Hec) induced tunable EB is also
observed for example SroYbRuOg, NdMnOs and in bilayer system of FeF,/Fe etc. [97-99]. The
finding of EB effect in single phase material is due to the coexistence of FM and AFM orderings
which arises because of competing interactions between the transition metal ions. Origin of EB
effect in these single phase materials is quite different from other interfacial systems for example
multilayers etc. Further, a sign change in EB is observed across the Tcomp Which is due to both
the presence of different magnetic ordering and change of exchange anisotropy between the FM
and AFM spin configuration across the magnetically compensated state. Although lot of research
has been done on EB effect, but the exact origin of tunable EB is under debate. Consequently, a
detailed investigation is required to explore new materials, with magnetically compensated state,

to observe the tunable EB effect.
1.8 Multiferrocity in CoCr,0,

Coexistence of the more than one ferroic order in a material is known as multiferroicity.
In general, coexistence of ferroelectric (FE) and magnetic ordering has attracted research
community as both are interesting for fundamental interest as well as for technological
applications [100-107]. Such existence of these ferroic orders in material enables the mutual
control of their properties. As magnetism is related to the spin degree of freedom, ferroelectricity
can be observed in a material due to the presence of electric charge. Similar to the FM, a FE
material exhibits electric polarization below the transition temperature (Tg). Depending upon the
mechanism of multiferrocity, there are two different types of multiferroics, i.e. Type-I and Type-
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Il multiferroics. The origin of the magnetism and ferroelectricity exists independently in case of
type-1 multiferroic, and therefore weak coupling establishes in such multiferroics. Some
materials such as BiFeO3; and YMnOs are the well-known examples of type-1 multiferroics. In
second case i.e. type-Il multiferroics, the existing magnetic ordering gives rise to the electric
polarization or ferroelectricity in the material. Materials having the non-collinear or spiral
magnetic structure are basically responsible for observing the ferroclectircity. Thus

ferroelectricity and magnetism are related to each other in such materials, for example TboMnOs.
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Figure 1.12 Temperature dependent FC (H = 0.5 T) dc-magnetization along the [001] direction (left axis),
specific heat divided by temperature in H = 0 T upon cooling (right axis), and dielectric constant (right
axis) in H=0T at 44 kHz upon warming showing the evidence of three existing phase transitions in single
crystalline CoCr,0,4 [12].

Interestingly, there are various well known multiferroic compounds such as CoCr,0q,
RMn,0s, RMnO3 with R = Th, Dy, and Ho which persist strong ME coupling [12,13,108-111].
The observed electric polarization (P) can be reversibly switchable by the applied magnetic field
in these compounds. Among very few materials, multiferroic CoCr,0,4 is well-known for
exhibiting both saturated magnetization and polarization. The non-collinear conical spin-spirals
magnetic ordering observed in CoCr,0,4 [cf. Fig. 1.12] is the source of such magnetically driven
electric polarization [12,13]. The spin-current model [19], which gives a relation between the
polarization and the canted spins responsible for such polarization, one can express it as,
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P = ae;; X (5; X §j), where ‘a’ is the proportionality constant, e;; is the vector connecting two
adjacent spins S; and S; and P is the induced polarization. According to this model, all three i.e.
propagation vector, spontaneous polarization and plane of spin-spiral configuration are
perpendicular to each other. Earlier shown Fig. 1.4 depicts the schematic view for conical spin
spiral spin configuration existed in the different sites of CoCr,0,. From this one can see that
propagation (e;;) of the spin-spiral configuration towards [110] direction leads to a spontaneous
polarization which is perpendicular to the spiral propagation direction as in [110] direction. Due
to the change in magnetic field direction, one observes the flipping in polarization which is the

results of change in the direction of spin axis [12,13].
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Figure 1.13 (a) Electric polarization (P) and magnetization (M) as a function of temperature in single
crystalline CoCr,0,. (b) and (c) depict the H-dependent polarization along [ 110] and magnetization along
the [001] directions at 20 K and 10 K, respectively with the applied magnetic field in [001] direction [12].
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In addition, Fig. 1.13 depicts a thermally (a) and magnetically (c) induced reversal of spin
induced polarization below lock-in transition T in CoCr,04[18]. Above discussed, spin-current
model has failed to explain such unusual polarization behavior below T,. Researchers have also
revealed the multiferroicity in CoCr,Q, in the temperature range of Ts < T < T¢ which suggests
that there exists the non-collinear or short range spin spiral ordering in this temperature region
[111,112]. Previous neutron scattering experiments have already confirmed such non-collinear
magnetic ordering in CoCr,04 [8,16]. With the motivation of finding multiferrocity in such non-
collinear spin state, one can search for an existence of multiferroic order in different temperature

regime.
1.9 Motivation

Pristine CoCr,04, which is a normal spinel with cubic crystalline structure, exhibits a
complicated magnetic structure [32]. Different magnetic ordering such as long range FIM
ordering with short range conical spin-spiral ordering which starts below T and develops in to a
long range spin-spiral ordering at Ts were observed in CoCr,04 [8,12,13,16,19]. This magneto-
structural transition Ts where magnetic structure changes, gives rise to the strong magneto-
electric coupling in CoCr,04 [12,13,112]. Further, below Ts, more complex magnetic structure
has taken place which is still controversial. The existing super-exchange interactions among
different crystallographic sites in CoCr,O4 gives rise to all exciting magnetic properties [113].
The substitution of different transition metal ions into its tetrahedral A-site and octahedral B-site
of spinel structure will illustrate a different chemical and magnetic structure with new fascinating

structural and magnetic properties.

Basically, the present thesis has two aims. Firstly, it attempts to study the substitution
effect of different transition 3d-elements having different magnetic moments into both the A
(Co) and B (Cr)-sites. This will give a comprehensive understanding of the crystal and magnetic
structures and observed interesting magnetic properties like negative magnetization and
exchange bias which arises due to the substitution effect. Fig. 1.14 shows a schematic scheme for
such plan where one can expect the magnetically compensated state with ‘X’ substitution in
CoCr,04 along with the EB effect in the close vicinity of this compensated substituted

compound. Therefore, we have chosen Fe**, Mn** for B(Cr**)-site substitution and Cu®" for
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A(Co?")-site which have different magnetic moments but nearly same ionic sizes to that of the
Cr® and Co?* respectively. Multiferrocity is also another dimension to explore such magnetic

properties having the dependency on different sublattices in spinel oxides.
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Figure 1.14 Schematic representation of exchange bias effect around magnetically compensated state
which can be achieved by tuning the different crystallographic sites of spinel CoCr,0,.

Secondly, we know that neutron powder diffraction experiment is the best way to
understand the magnetic structure of polycrystalline compound. One can find out the exact origin
of the magnetic properties like negative magnetization and exchange bias in the compounds by
knowing the existing magnetic structure. Understanding of these fascinating magnetic properties
of compensated substituted compounds of CoCr,O, requires a detailed experimental

investigation of the magnetic structures.
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Chapter 2

Experimental Techniques

In the present chapter, the synthesis method of sample preparation will be discussed. This
chapter also provides an insight into the basic principles of various instruments used for
experimental data recording and analysis. Detailed investigation of structural and magnetic

properties of the studied compounds is done for physical characterization of the samples.

After a brief discussion on the sample preparation techniques, X-ray diffraction (XRD)
and neutron powder diffraction (NPD) techniques are deliberated in more detail. Further,
analysis of the magnetic structure from neutron diffraction data, which is very important from
the point of view of the present thesis, is also discussed. The magnetic and thermodynamical
properties were investigated by carrying out temperature dependent dc and ac-magnetization,
heat capacity and magnetocaloric effect (MCE). Dielectric and ferroelectric properties have also
been studied by performing temperature and field dependent dielectric and piezoelectric

measurements.

2.1 Sample Preparation: Solid State Reaction Method

In the present thesis, all the experiments have been performed on the bulk-polycrystalline
samples. In general, there are two basic methods for the synthesis of polycrystalline samples i.e.
solid state reaction and sol-gel methods. In present thesis, solid state reaction method has been
employed to synthesize the studied polycrystalline samples. Solid state reaction method is known
as the versatile technique by which solid oxide materials is synthesized in bulk polycrystalline
form [114]. Starting materials were mechanically mixed and the solid-state reaction among these
mixed constitute powders were achieved by repeated cycles of grinding and heating at high
temperatures (>700°C). This heating or sintering is essential for the ions to diffuse across their
kinetic barrier. High temperature furnaces (40—-1500°C) are being used for heating these mixtures
of constituent oxides so that they can react with each other which are not possible at ambient
temperature. Hence, such solid state reaction requires a typical reaction time from few days to

few weeks which is essential to overcome the diffusion barrier. A fast reaction rate can be
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achieved if there is a better contact between surfaces of the reactants. Therefore, good
homogeneity as well as reduction in the particle size of reactants (i.e. increase in surface area)
can be obtained by through grinding of several hours. Further, by changing the temperature rate
(heating/cooling), thermodynamic kinetics of the reaction can be controlled which plays an

important role for better sintering of the sample.

All samples are prepared by solid state reaction method in the present thesis. Starting
with the stoichiometric equation, we weighed the required amount of starting materials using an
electronic balance (accuracy of +0.0001 g) in the form of oxides. These weighed materials
ground using an agate motor and pestle for 4-5 hours (depending on the quantity) in the organic
medium (acetone/methanol) for achieving the homogeneous mixture of the final compound. This
homogeneous mixture of the materials was calcined around 600-700°C to confiscate the
remaining solvents. Further, this powder was pressed into cylindrical pellets of ~10-13 mm and
finally sintered at 1150-1350°C for several hours with intermediate grinding and pre-sintering to

achieve pure polycrystalline compounds in single phase without any trace of impurities.

Scattered radiation
with wave vector:
krand Energy: Ef

wave vector transfer
-

—»
QO =kr-Fki

Incident radiation
with wave vector:
k; and Energy: E;

Figure 2.1 Schematic diagram of the scattering geometry in neutron scattering experiment.

2.2 Scattering Techniques

2.2.1 General Scattering from Matter

Scattering techniques are known as the best techniques for the phase identification of a

crystalline/ordered material in solid state physics. A schematic of scattering experiment is shown
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in Fig. 2.1 where an incident radiation of energy E; with k; (wave vector) is scattered by the
sample into a radiation of energy E; and wave-vector k. In the case of elastic scattering i.e., |ki|
=|k;| or E; = E;, one can analyze the scattering phenomena by knowing its important parameter of
momentum transfer which is also known as the scattering vector Q = ks -k;, with magnitude of Q
= (4z/2) sind. Bragg experiment is known as a very popular scattering experiment which
provides all the information about the crystalline structure of the sample. In this experiment,
Bragg scattering/diffraction of the incident radiation takes place from the existing lattice planes
of the sample. According to Bragg’s condition, once the wavelength of the incident radiation is
of the order of interatomic spacing of the lattice plane, diffraction pattern will be obtained.
Further, one can measure the intensity of the diffracted radiation as a function of the magnitude
of the scattering vector (Q) or in terms of the angle (¢) which provides the information about the
crystal structure of the sample. The following figure depicts the necessary geometrical condition

for achieving Bragg’s diffraction.

Incident wave Diffracted wave

2d Sinf=nAi

>V 9
1 g
| o ™

Figure 2.2 Schematic representation of Bragg’s diffraction law with incident and diffracted waves.

In his experiment of scattering, Bragg considered that the diffraction of crystals is
nothing but a reflection from atomic lattice planes of the sample. According to him, the scattering
centers can be represented by a set of parallel atomic planes from which incident rays of
radiation reflect. One observes the peaks in diffraction pattern when scattered radiation from

these planes is in ‘phase’ or the path difference of the scattered waves is an integral multiple of
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the radiation wavelength. From here, one can write this condition which is shown in Fig. 2.2 with

path difference 2d sin 6’, i.e.
2dsinf = nA (2.1)

Where, d is spacing between these parallel planes, 26 is angle of diffraction and A is the
wavelength of radiation. Above equation represents the Bragg’s law. Nowadays, many different
radiations are being used for diffraction experiments such as x-ray, electrons and neutrons. From
the point of view of the present thesis, we have used x-ray and neutron scattering techniques

which we will discuss in detail in the following section.
2.2.2 X-ray Powder Diffractometer

A powder x-ray diffraction experiment is known to be a primary technique to
characterize a polycrystalline sample. One can determine the crystal structure, atomic spacing
along with the phase purity of a particular compound through x-ray diffraction technique. Present
thesis has employed the powder x-ray diffraction method for determining the very first chemical
structure of the studied sample. As shown in schematic diagram (Fig. 2.2), in x-ray diffraction
experiment, incident monochromatic x-rays are scattered by the different atomic planes of the
sample and gives rise to a diffraction pattern due to the interference of scattered rays. From the
basic principle of diffraction, one observes a diffraction pattern just because of comparable order
of inter-atomic spacing and the wave length of x-rays. These diffracted rays must undergo a
constructive interference for the validation of Bragg's law. A detector is used to collect these
diffracted/scattered x-rays and a diffraction pattern is produced during the scanning through a
certain range of angle. RIGAKU diffractometer (TTRAX 1I1) of 18 kW power with rotating
anode in the Bragg-Brentano geometry having Cu-K,, radiation (A = 1.5406 A) is used to perform
powder x-ray diffractions of all the samples synthesized for this thesis. Studied polycrystalline
samples were scanned in the angle range of 26 = 10°-90° at a step of 0.02°. All obtained XRD
patterns are fitted by Rietveld refinement technique using the FULLPROF program [115-117].
Through such refinement analysis, one can calculate all the information about the crystalline
structure for example, lattice parameter, atomic positions, site occupancies and different bond

parameters such as bond lengths and respective bond angles etc.
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Figure 2.3 Schematic representation of nuclear fission reaction taking place inside the nuclear reactor
for neutron production.

2.2.3 Neutron Scattering

For performing neutron scattering experiments, one needs to produce the neutrons. In
general, there are two best techniques are known for neutron production which are (i) nuclear
fission reaction and (ii) spallation source. Fig. 2.3 presents a schematic presentation of the
nuclear fission reaction where single neutron gives rise to three another neutrons. This reaction
will continue like a chain reaction if the produced neutron involves in the further fission. In case
of neutron production through spallation source, a high intensity proton beam having energy of
~1 GeV strikes on a heavy metal target of W or Ta. Different particles like neutron, proton etc.
are emitted during the returning of excited nucleus (happens due to interaction between high
energy proton and target nucleus) to ground state. If these emitted neutrons again interact with
the other nuclei, a neutron shower takes place similar to the case of fission reaction. Compare to
fission reaction, spallation source produces more high energy neutrons; therefore the energy

spectra of produced neutrons from these methods are also different.

As neutron is a neutral (chargeless) particle, it penetrates deep into materials with short

range interaction. In contrast to x-ray atomic form factor which strongly depends on atomic
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number (Z), neutron atomic scattering factor is not following any trend. Another important thing
is the neutron scattering length which is different for different isotopes of the same element

which is essential for different isotopes study.

A
/
Neutron (nuclear)

1

X-Rays

Neutron (magnetic)
>
Sin 6/A

Figure 2.4 Comparison of the nuclear and magnetic form factors in neutron diffraction along with X-ray
form factor plotted against scattering angle.

In comparison to X-rays which is generally used for investigation of chemical structure,
neutron is an excellent probe to investigate both chemical and magnetic structures of the solids.
As neutron has a magnetic moment which interacts via a long range dipole-dipole interaction
with the atomic magnetic moments of sample, one can investigate the magnetic structure of the
sample. Fig. 2.4 shows a comparative plot between the nuclear as well as magnetic form factors
in neutron diffraction and X-ray form factor plotted against scattering angle. Unlikely, the nuclear
scattering form factor, magnetic form factor f(Q) has Q dependence and decreases rapidly with Q,
therefore magnetic scattering can be observed up to the low-Q region. In addition, one can also
investigate the energy dynamics of sample as thermal neutrons have the energy of the order of

few meV which matches with the excitation energy of the solids.

In the present thesis, NPD has been used to study the crystal and magnetic structures of
the prepared oxide compounds. Before going further, one should understand the concept of the

scattering cross-section as it is the main quantity which is measured in the diffraction
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experiment. In the NPD experiment, one measures the differential scattering cross-section, which
is defined as [118,119],

do _ total number of neutron scatterd into a solid angle d(2 per unit time
an ¢dQ

(2.2)

Where, ¢ is the incident flux and dQ is the solid angle in the 0, ¢ direction.
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Figure 2.5 Schematic diagram presents the neutron nuclear scattering during neutron scattering
experiment.

2.2.3.1 Elastic Nuclear Scattering

As we know that neutron has both nuclear as well as magnetic scattering from the
sample, we first discuss the scattering of the neutrons with a fix nucleus (nuclear scattering) in
the present section. In case of neutron scattering experiments, neutron is supposed as a plane
wave (y; = e where k is the wave vector = 27t/A). In elastic neutron scattering, |ki |= |k,
i.e. AE = 0 and Q (scattering vector) has to be equal to a reciprocal lattice vector (G) of the
sample. As compare to neutron wavelength (1), the range of nuclear force (~ 1 fm) is very small
which gives rise to a point like scattering. This elastic nuclear scattering is isotropic in nature as

shown in Fig. 2.5.
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In case of nuclear scattering, both coherent and incoherent scattering arises from a
nucleus. Coherent scattering is the one which is of interest during crystal structure determination
of a material. Along with coherent scattering, incident neutron can also scatter incoherently and

such scattering can be seen as background in the data.
The total nuclear elastic differential cross-section is given by,

do do do

2= (). ()
For the crystal structures, having more than one atom per unit cell, the coherent scattering cross-
section is given by,

(d_a) = N @ (b)2 X6 6(Q — G)|Fy(G)? (2.4)

a2/ con

Here N is the total number of unit cells, and V is the volume of the unit cell. The J-function in
coherent scattering cross-section implies that coherent scattering cross-section is finite when Q =
G, otherwise it is zero. We know that reciprocal lattice vector |G| = 2a/dng and

scattering vector |Q| = 4z sind/4, then the condition Q = G yields, Bragg’s law.

With nuclear structure factor,

Fy(Q=G)= Y;e?"ip; e”"i@D (2.5)

For the elastic neutron scattering at finite temperature, the Debye-waller factor e =i (@T) of the
atom as a function of scattering vector and temperature must be included. It takes into account

the small thermal fluctuation of the atom.

2.2.3.2 Magnetic Neutron Scattering

Neutron possesses a magnetic moment of -1.913uy (uy is nuclear Bohr magneton) which
is responsible for the magnetic scattering in the material. This magnetic moment of a neutron can
interact with the existing magnetic moment of the unpaired electron in the sample via dipole-
dipole interaction. The main difference between nuclear and magnetic cross-sections is that
magnetic moment arising from the electron cloud of unpaired electrons has a large special

distribution of its scattering potential whereas nuclear scattering taking place when the neutron is
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very close to it and has a small range of scattering potential. A necessary condition for magnetic
scattering to occur is that an incident neutron only scatters from a magnetic moment of a material

when the present moment is perpendicular to the scattering vector Q.

The differential cross-section for elastic magnetic scattering is given as,

(Z_g)wh = Nu ex Y6y 0 (Q — G Fy(Gu)? (2.6)

Vm

Where Ny is the number of magnetic unit cells, V the volume of the magnetic cell and Gy is the

reciprocal lattice vector in the same magnetic unit cell.
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Figure 2.6 Schematic representation of different components of magnetic moments along with the
scattering vector during magnetic scattering.

Next,
Fu,= Q XFy xQ 2.7)
Here, Fr, is known as the magnetic structure factor and is defined as:
Fu(Q) = yo %, £(Q) 1, 97 e~ @D (28)

Where y = 1.9132 is the gyromagnetic ratio, ro = 2.8x10 > m (classical radius of the electron),
and p; the magnetic moment of the j™ ion. Here f(Q) magnetic form factor which is given by:
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f(@ = [M(@r) e d3r (2.9)

Where M(r) is the magnetization density. This f(Q) arises because of the finite spatial extent of electron

cloud of unpaired electrons in the atom.
Detailed mathematical derivations and equations used in above sections are given in many books

on neutron scattering [118-123].
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Figure 2.7 Block diagram of Neutron diffractometer at UGC-DAE Consortium Scientific Research,
BARC, Mumbai Centre, Trombay, India.

2.2.4 High Resolution Neutron Powder Diffractometer

Neutron powder diffractometer has been extensively used for performing neutron powder
diffraction (NPD) experiments in the present thesis work to get a deep understanding into the
crystalline and magnetic structures. All NPD experiments were carried out using position-
sensitive detector based focusing crystal high resolution neutron powder diffractometer (PD-3)
(as shown in Fig. 2.7) designed and developed [124] by UGC-DAE CSR Mumbai Centre, at
Dhruva reactor, Trombay India. During these NPD experiments, a collimated monochromatic

neutron beam is incident on the polycrystalline sample which is in powder form. A bent Si single
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crystal behaving as a crystal monochromator at a take-off angle of 90°, is employed to enable
high flux at the sample position along with high resolution (4d/d ~ 0.3%). A desired wavelength
out of the operational onesi.e. A=1.10 A, 1.48 A, 1.76 A & 2.31 A of monochromatic beam can
be achieved by rotating or flipping the crystal monochromator. In the present thesis, a standard
wavelength of 1.48 A is used for all the neutron diffraction measurements.

Instrument Parameters

Beam hole No. TT-1015
Monochromator Bent Si
Wavelength 1.48 A (standard)
Beam size 15 x 25 mm*
Flux at sample 7 x 10" n/cm?/s
Scattering angle 6-123°
Q-range 04-74A"
Ad/d <0.3%
Detector 12 Linear *He PSDs

Figure 2.8 Pictorial representation of neutron diffraction facility at UGC-DAE CSR, Mumbai centre [35]
along with list of instrument parameters of the neutron powder diffractometer.
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In a polycrystalline sample, the diffracted beam of neutron lies on the surface of several
cones (Debye-Scherrer cones) which satisfy the Bragg’s condition. Multi-position sensitive
detectors (PSDs) with large angular range are being used for the detection of these cones. The
neutron powder diffraction measurements were carried out at the different temperature between
2.9 K to 300 K in the 20 range of 6° to 120°. NPD data were refined by again Rietveld

refinement method using the Fullprof suite programs.

2.3 Physical Property Measurements

After the structural analysis, the high quality polycrystalline samples with single phase
are subjected to study further. Hence, to investigate different physical properties of all these
single phase compounds, many experiments such as dc-magnetization, ac-magnetization and

heat-capacity measurements were performed which are discussed in details in the next few
subsections.
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Figure 2.9 Schematic diagram of MPMS SQUID-VSM magnetometer.
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2.3.1 Superconducting Quantum Interference Device (SQUID) Magnetometer

All temperature and magnetic field dependent magnetization measurements were
performed in Quantum Design MPMS SQUID-VSM and PPMS VSM magnetometer. Both
instruments can measure over a wide range of temperature between 1.8 to 400 K and isothermal

magnetization measurements in fields up to 7 and 9 T respectively.

In recent times, superconducting quantum interference device (SQUID) is the most
delicate device for magnetization measurement of a material. The simplified block diagram of a
SQUID-VSM magnetometer p is shown in Fig. 2.9. The basic principle of SQUID is based on
two parallel Josephson junctions in a loop. Extremely small magnetic field (for example 10
Tesla) can be measured by using SQUID as it has a very high sensitivity. Sensitivity of SQUID
magnetometer is connected with the concept of flux quantization. A SQUID device is a closed
superconducting loop which includes one/two Josephson junctions in the current path. The main
detection coil in SQUID is consisted of superconducting pick-up coils. Such superconducting
detection coils are configured as a second-order gradiometer. With respect to the central
windings in the coils, two center-windings are in the same sense whereas the outmost two are in
counter-wound. With such arrangements, the set of coil becomes non-responsive to uniform
magnetic fields and linear magnetic field gradients. Hence, the detection coils generate a current
in response to local magnetic field disturbances. Besides, the sensor itself is shielded properly
from the fluctuation of the ambient magnetic field of the laboratory and the magnetic field
produced by the superconducting magnet. During magnetization measurement in SQUID
magnetometer, sample is allowed to vibrate through the superconducting detection coils where
the change in magnetic moment of the sample induces an electric field in the pick-up coils. Such
generated electric field gives rise to a change in persistent current in the detection circuit which
is proportional to the change in magnetic flux. The SQUID functions as a highly linear current-
to-voltage convertor, so that variation of the current in the detection coils results in a variation in
output voltage proportional to the magnetic moment of the sample. Hence, SQUID directly
determines the magnetic moment of the sample by measuring the output voltage of the detection
coil as the sample moves through the coil. The vibration frequency of the sample in case of
SQUID VSM is 14 Hz. The sensitivity of SQUID VSM is very high (of the order of 10® emu

moment) with one second averaging time.
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To perform temperature dependent dc-magnetization measurements different modes were used

which are described below.

(i) Zero-field-cooling (ZFC): In this mode, sample was cooled from room
temperature/paramagnetic region to lowest temperature of measurement in zero magnetic field.
Data were recorded in the heating cycle after switching on a constant magnetic field for this

measurement.

(ii) Field-cooled cooling (FCC): In this mode, sample was cooled from room temperature or
paramagnetic region to lowest temperature of measurement in presence of constant applied

magnetic field and data were also reordered in the same cooling cycle.

(iii) Field-cooled warming (FCW): Similar to FCC mode, here also sample was cooled from
room temperature or paramagnetic region to lowest temperature of measurement in presence of
constant applied magnetic field (same field as of FCC case) but data were reordered in the

heating cycle of the measurement. In general FCW is commonly written as ‘FC’.
2.3.2 Physical Property Measurement System (PPMS)

Physical Property Measurement System (PPMS, Model P 650) is utilized for performing
the heat capacity measurements of different prepared samples in present thesis. Here Quantum
Design heat capacity option in PPMS uses a conventional relaxation technique [125] to measure
the heat capacity at constant pressure,

d
Cp = (ﬁ , (2.10)

Such relaxation technique controls the heat added to and removed from a sample while
monitoring the resulting change in temperature. For Heat Capacity measurements, a known
amount of heat is applied to the sample for a certain time with constant power and then this
heating period is followed by a cooling period (when heat is removed) of the same duration. Heat
capacity measurement provides significant information about the phase transitions, lattice,
electronic, and magnetic properties of the samples. A very thin layer of grease works as a
thermal connector between sample and platform. Samples are mounted on the platform using

adhesive such as Apiezon N or H Grease (addenda). In general the mass of the sample must be at
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least of ~10 mg for precise measurement. Typically a single heat capacity measurement involves
of several distinct stages. To start the measurement, first the temperatures of sample platform and
puck are stabilized at some initial temperature and then by applying power, once can increase
sample platform temperature to a particular temperature. Subsequently, the temperature of the
sample platform decreases to match the puck temperature. One can monitor the sample platform
temperature during both cooling and heating cycles of the experiment which provides the raw
data of the heat capacity calculation. Further, a well- known two-tau model is used to analyse the
heat capacity data of the compound [126,127]. This model simulates the effect of heat flowing
between the sample platform and puck as well as the effect of heat flowing between the sample

platform and the sample.

One can determine the values of the heat capacity by optimizing the agreement between
the measured data and the two-tau method. Such two-tau model has two different time constants
where the first time constant (t7) represents the relaxation time between the sample platform and
the puck and second time constant (tz) represents the relaxation time between the sample
platform and the sample itself. Sample heat capacity (Cp) is calculated by subtracting addenda

heat capacity from total heat capacity.
2.3.2.1 AC Susceptibility Measurement

The Quantum Design AC Measurement System (ACMS) option for the Physical Property
Measurement System (PPMS) is a versatile technique for AC susceptibility measurements. By
being connected to the automated temperature and field control systems of the PPMS, the ACMS
provides a highly powerful, fully automated magnetic workstation for sample characterization.
Magnetization measurements performed through ac-susceptibility are different from that of the
magnetic moment measurements in case of dc-magnetization. One can measure the response of
magnetic moment present in the sample by adding a small alternating field to the large field of
PPMS superconducting magnet through ACMS. Both the amplitude and phase of this response
are reported. One should remember that the output amplitude from ACMS measurement is the
amplitude of the change in magnetic moment, i.e. dM which is different from the susceptibility
(dM/dH). Hence, one can obtain the ac-susceptibility by simply dividing the change in
amplitude dM by the amplitude of the alternating field dH which gives y,.= dM/dH. Remember

that this is only the local slope of the sample’s magnetization curve M(H) which is different from
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the 'true’ susceptibility ¥ = M/H. During an AC susceptibility measurement, an alternating
magnetic field is applied to the measurement region by itself or in addition to the constant field
applied by the PPMS superconducting magnet. The signals are stored as waveform blocks in the
data buffer. The real and imaginary components of each response waveform are obtained by
again fitting the data and comparing it to the driving signal. The two calibration readings are
subtracted to yield a calibration vector in the complex plane. Subtracting the two calibration
readings subtracts out the sample signal, leaving only environmental and instrumental factors
that affect the reading. The true values of interest for the sample are then reported, either as
moment amplitude and phase (magnitude and angle of the sample vector) or as in-phase and out-
of-phase (or quadrature) components of the moment (real and imaginary components of the
sample vector.) Notice that in-phase components of the response signal are in phase with the
ideal response signal, which is 90° out of phase with the driving signal. This is due to the nature

of Faraday’s law.

2.3.3 Temperature and Field dependent Dielectric and Pyroelectric Measurements

Temperature and field dependent dielectric and pyroelectric studies of Fe substituted
CoCr,0y, i.e. Co(CrpgsFen5)204 and Co(Crog25F€0.075)204 Were done in the temperature range of
5 K and 300 K. Complex dielectric permittivity (g;) and tand (loss) as function of temperature
and magnetic field were measured using Agilent E4980A LCR meter with a home-made sample
holder at several frequencies (1-100 kHz) with 1V ac-bias field where the control of the sample
temperature and external magnetic field was ensured by using PPMS. The electric polarization
was measured using pyroelectric current measurements for both the samples. These pyroelectric
measurements were performed with the same sample holder by using Keithley 6517B

electrometer in a columbic mode with PPMS.
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Chapter 3

Studies on Co(Cr;_.Fey),0,4 (X =0.00-0.075)

3.1 Introduction

Cobalt chromite (CoCr,0,4) is a well-known multiferroic material having fascinating
temperature and magnetic field dependent magnetoelectric (ME) properties [12,13,111].
CoCr,04 has spinel structure in which Co®*—ions (3d’, $S=3/2) occupy the tetrahedral sites (A)
and the Cr¥*—ions (3d*, S= 3/2) are at the octahedral sites (B). Theoretical calculations with the
nearest-neighbor and isotropic antiferromagnetic exchange interactions (Jag and Jgg) reveal that
the arrangement of the magnetic moments in this compound will be like “ferrimagnetic conical
spiral ’[33,66]. In this structure, the axes of the cones are along the [001] crystallographic
direction and the magnetic moments lie on their respective conical surfaces. This spin spiral
configuration has repeated modulation along the [110] direction [8,33]. Hence, this configuration
produces a finite magnetization along the [001] direction. The competition between the exchange
interactions of magnetic ions located at the A and B sites leads to an exotic magnetic phase
diagram [12,14,15]. Even though the CoCr,0,4 shows a FIM ordering below T¢ ~94-97 K, we do
not observe a sign change in the magnetization across the compensation temperature, as seen in
most of the traditional FIM compounds. Also, it is reported that the magnetic structure changes
below 26 K which may be hindering the magnetization reversal [33]. Some homogeneous rare-
earth intermetallic compounds have demonstrated exchange bias across the compensation
temperature in single phase compounds [96,128,129]. Such investigations were extended to
compensated FIM Heusler alloys along with some other oxides, where a similar effect was
observed [130,131]. In all the above alloys, the EB is observed because of the presence of the

ferromagnetic clusters created due to anti-site disorder in the fully compensated host.

In recent years, investigations of magnetoelectric (ME) multiferroic materials which have
coexistence of ferroelectricity and ferromagnetism, have attracted attention due to their potential
applications such as dual read-write memory devices, spintronic devices and sensitive magnetic
field sensors [102,103,107]. In general, a strong magnetoelectric coupling is observed in
multiferroics; that is, the induction of magnetization (M) by external electric field (E) and/or
electrical polarization (P) tuned by applied magnetic fields (H) [100,132-134]. In such ME
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multiferroics, the dielectric constant is affected by the applied magnetic field through the
intrinsic spin arrangements. Such coupling of the dielectric constant to the applied magnetic field
is called the magnetodielectric (MD) coupling, which is commonly observed in oxide materials
[135-140]. From literature, it has been found that due to inverse Dzyloshinskii-Moriya (DM)
interaction, the breaking of inversion symmetry at neighboring sites of non-collinear spins at

spiral magnetic transition produces ferroelectricity [45,141,142].

This chapter deals with the synthesis of Co(Cr;—Fex),0,4 for x = 0.00-0.075, and study of
their structural, temperature and magnetic field dependent magnetic, dielectric, ferroelectric and
magnetodielectric properties. As it is well known that all these fascinating properties are
dependent on the existing complex crystalline and magnetic structures of the compounds,
therefore to understand the microscopic origin of these novel properties, we have reported the
magnetic structures of these compounds by performing the temperature dependent NPD

experiments.

3.2 Experimental Details

The phase pure polycrystalline samples of Co(Cri«Fex).04 for x = 0.00-0.075 were
synthesized by standard solid state reaction methods. Stoichiometric amounts of the constituent
oxides (Co304, Cr,03, and Fe;03) with purity (> 99.6) were initially mixed using an agate mortar
pestle. These mixed powders were pressed into cylindrical pellets of a diameter of ~10 mm using
a hydraulic press with a maximum load of 5 tons/cm? and placed in a platinum crucible. In order
to enrich the homogeneity throughout the sample, pellets were reground and pelletized 2/3 times
and finally sintered at 1300-1350 °C for 24 hours. The structural characterization and phase
formation of the samples were investigated by room temperature XRD patterns on powdered
samples by utilizing Cu-K, (A, = 1.5406 A) radiation using a Rigaku X-ray diffractometer
(model: TTRAX-111). NPD measurements were carried out on finely ground powders of the
Co(CrixFey)2.0,4 for x = 0.05, 0.075 samples packed in a vanadium container in the temperature
range of 2.9-295 K at the UGC-DAE CSR beam line at the Dhruva reactor using a focusing
crystal based powder diffractometer (FCD-PD3). Patterns covering the 20-range 6-120° were
recorded at all temperatures using a closed cycle refrigerator (AS Scientific make). Neutrons at a
wavelength of 1.48 A were used in the measurements [124]. Temperature and magnetic field
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dependent magnetic measurements were performed with a Magnetic Property Measurements
System (MPMS), Quantum design, USA. Specific heat (Cp) and ac-susceptibility measurements
were carried with a commercial Physical Properties Measurements System (Quantum Design,
USA). Complex dielectric permittivity (e;) and tand (loss) as function of temperature and the
magnetic field were measured using Agilent E4980A LCR meter with a home-made sample
holder at several frequencies (1 kHz-100 kHz) with 1V ac-bias field where the control of the
sample temperature and external magnetic field was ensured by using PPMS. The electric
polarization was measured using pyroelectric current measurements for both the samples. These
pyroelectric measurements were performed with the same sample holder by using Keithley
6517B electrometer in a coulombic mode with PPMS. A poling static electric field of ~3 kV/cm
for both the samples, i.e. Co(CrggsFep05)204 and Co(CrogzsFep075)204 was applied at 150 K
(which is above the transition temperatures) during cooling to align electric dipoles. At 8 K, the
poling electric field (E) was switched-off and the polarization vs time was recorded for the 2000s
before measuring polarization (P) vs temperature during warming (5 K/min) under zero electric
field. To test the effect of the magnetic field upon polarization, the sample was also cooled with

a magnetic field (H =9 T) always applied at 150 K.

3.3 Results and Discussions
3.3.1 X-ray Diffraction

X-ray diffractograms of pristine and Fe-substituted CoCr,04 compounds are compared in
Fig. 3.1. It can be clearly seen that all the Bragg peaks of CoCr,0,4 can be indexed using a cubic
spinel structure in space group Fd3m. The cell parameters were calculated on the basis of the
Miller indices and their corresponding d-values using the least squares method. Cell parameters
calculated from above XRD experiment are found to be in good agreement with earlier reports
[32]. Comparison of XRD patterns of Fe substituted CoCr,O4 samples with that of the pristine
CoCr,04 shows that all the Bragg peaks can be accounted for the same space group and no extra
peaks are seen which indicates that Fe is indeed substituted for Cr. The slight variation of cell
parameters further confirms this. For qualitative analysis of the XRD data, Rietveld analysis of
the powder XRD data was carried out using the reported CoCr,04 structure as the starting model.
The results of the XRD investigations are given in Table 3.1. We have noticed an increase in the
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lattice parameter with Fe substitution which is due to the difference in the ionic sizes of

Fe*3(~0.785 A) to that of the Cr'3(~0.755 A) in the octahedral crystal field [143].
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Figure 3.1 Room temperature X-ray diffraction pattern of CoCr,0, along with Fe substituted
Compounds, i.e. CO(CrolgsFeo_05)204 and CO(Cr0.925F90.075)204.

Table 3.1 Structural parameters from the Rietveld refinement of X-ray powder diffraction

patterns for Co(Cr;—Fex)204 (x = 0.0-0.075) samples at room temperature.

Parameters X =0.00 x =0.05 x =0.075
Crystal Symmetry Cubic Cubic Cubic
Space Group Fd3m Fd3m Fd3m
a=b=c(A) 8.332(1) 8.333(1) 8.339(1)
V (A% 578.43(1) 578.63(2) 578.89(1)
Oxygen position 0.263(2) 0.261(2) 0.260(2)
GOF (3 2.4 2.1 2.8
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Figure 3.2 The temperature dependence of ZFC and FC magnetization, measured under 1 kOe field for
(@) Co(CrggsFen0s)204, and (b) Co(Crggo5Fe075).04. The inset of (a) shows the first order derivative plot
of magnetic susceptibility for the better appearance of the magnetic transitions.

3.3.2 Temperature and Field Dependent Magnetic Properties

Temperature dependent ZFC and FC magnetization measurements were carried out in the
temperature range of 2-180 K under an external applied magnetic field of 1 kOe. Fig. 3.2 (a) and
(b) depict the temperature dependent magnetization (M—T) curves of the Co(Crg gsFep.05)204 and
Co(Crp.g25F€0.075)204 compounds, respectively, under two different conditions, namely, ZFC and
FC under the external magnetic field of 1 kOe. It is observed that 5% and 7.5% Fe substituted
samples exhibit the ferrimagnetic transition at T¢c ~110 K and ~118 K, respectively. One can see
clearly that there is an increase in T¢ with Fe substitution. In the case of FC measurements, upon
field cooling the sample from a paramagnetic state, the spin configuration goes to a stable state.

But in the case of the ZFC measurements, because of the absence of an applied external field
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during cooling, the spin configuration attains the metastable configuration. It is possible that
complete reorientation of the spins does not take place when the field is applied in the
ferrimagnetic state. However, for the FC case, the spin configuration attains the stable state
because of slow field cooling with temperature. Hence, we have considered using this FC mode
of measurement to identify different magnetic transitions. With lowering the temperature below
Tc, the FC curves of both the samples exhibit a reversal in the magnetization across Tcomp ~ 43.8
K and 67.8 K respectively. Further, below Tcomp, the samples show another transition around
Ts~24 K which could be due to the accompanied magneto-structural transition into the non-
collinear phase similar to the parent compound. This transition temperature, Ts is unaffected by
Fe substitution. The inset of Fig. 3.2 (a) shows the first derivative plots of magnetic
susceptibility, where we can see clear evidence of all these transitions. Furthermore, the lock-in
transition around T, ~10 K, which is not that clear in the M—T curves, is also clearly seen in this
inset of the plot.
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Figure 3.3 Temperature dependent ac-magnetic susceptibility of Co(CrqesFeo.05),04 measured at various
frequencies under warming condition with the amplitude of dynamic magnetic-field, h,. = 3 Oe and under
zero-dc bias. Insets show the enlarged view of the magnetic transitions at different frequencies.
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Fig. 3.3 shows the temperature dependence of ac-magnetic susceptibility ()ac) measured
under warming condition using different frequencies for Co(CrggsFep05)204 With hy. = 3 Oe and
Hqc = 0 Oe. It is observed that there is a sharp peak at Tc = 110 K confirming the long range FIM
ordering and another peak is at Ts ~ 24 K showing the signature of magneto-structural transition
which validates with dc-magnetization measurements presented in Fig. 3.2. In addition, a clear
anomaly around ~44 K confirms the presence of Tcomp as shown in inset (a) for the clear view.
Further, inset (b) does not show any frequency dependence of Tc. From these susceptibility

measurements at different frequencies, we ruled out the possibility of glassy nature of the

sample.
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Figure 3.4 M-H loops of Co(CrggsFepes),0, and Co(CrggrsFeg075).04 samples in the close vicinity of
respective Teomp . INSets depict an enlarged view of respective plots to see a clear loop shifting.
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3.3.3 Exchange Bias Effect

Recently, it has been found that the materials having negative magnetization are likely to
exhibit the sign change in the EB across the Teomp [26,98,144-146]. The study of EB effect in
these compensated samples may reveal new features in these Co(Cri«Fex),04 compounds. A set
of six panels in Fig. 3.4 shows the distinct and detailed information on the hysteretic behavior of
70 kOe FC M-H loops for 5% and 7.5% Fe substituted compounds, i.e. Co(CrggsFe€9.05)204 and
Co(Cro.925F€0.075)204 in the vicinity of the Teomp ~43.8 K and ~67.8 K, respectively. The small left
shift in the origin of M-H loop observed above the Tcomp Of the respective sample becomes right
shift below Tcomp. Temperature dependence of EB effect is studied by recording field cooled
(FC) M-H loops by following the given protocol. First, the sample was cooled in 70 kOe from
room temperature (i.e. paramagnetic range) to the temperature of interest in the close vicinity of
Teomp for recording M-H loop, and thereafter the field was cycled between H = + 50 kOe to
complete the M-H loop at that particular temperature. Importantly one should notice that it is
very important to repeat the same procedure for each and every temperature in order to avoid the
possibility of the sample history on the M-H loop measurements. Linear behaviour of M-H loop
is observed in the close vicinity of respective Tcomp reveals the fact of compensated moments of

the two sublattices at Tcomp. We will further discuss it in detail in next section with NPD results.
3.3.4 Temperature Dependent Neutron Powder Diffraction Studies

For the microscopic magnetic structure study of the above observed fascinating
properties such as negative magnetization, sign change in exchange bias along with the
temperature dependency of crystalline and magnetic structure, NPD experiments have been
performed at various temperatures ranging from a paramagnetic state to magnetically ordered
states across Tc, Tcomp, Ts, and Ty till ~3 K. Fig. 3.5 (a)—(c) shows the Rietveld refinement of the
NPD patterns recorded in the full range, i.e. 26 = 6-118°, at 295 K (paramagnetic state), at 44 K
(Tcomp) and at 20 K (below Ts) for the Co(Crg.gs5F€o.05)2.04 using the FULLPROF program [147].
Magnetic symmetry analysis using the program Baslreps was used to obtain the irreducible
representations (IR) and their basis vectors (BV) for the magnetic atoms on different sites for k =

[6 6 0] and & = 0.62 has given the best fitted values for low temperature magnetic structures (T =
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Figure 3.5 (a—c) Rietveld refinements of the NPD patterns for Co(CrqgsFeo05).04 recorded in zero field at
T =295 K, 44 K and 20 K, respectively. Here, at 295 K, only the structural (nuclear) phase is refined,
and for the patterns at 44 K, both nuclear and ferrimagnetic phases are refined. For the 20 K data, the
incommensurate (IC) phase has also been added in the refinement where (220)* and (002)* are satellite
reflections as explained in the text.

2.9-20 K). But above these temperatures, we have k = [0 0 0] for T = 35-90 K. Here, refinement

converged with reasonable values of profile fitting parameters such as Bragg-R factor, R¢-factor,
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Rp-factor, Ry,-factor and goodness of fit (GOF-index) throughout the temperature range, similar
to the values represented in Tables 3.2 and 3.3. These numbers are good enough to show the
goodness of the fit [148]. From the magnetization measurements, it is clearly established that
these compounds are paramagnetic at room temperature, hence only the nuclear
(crystallographic) structure was refined for the room temperature NPD data. It can be seen from
the NPD pattern that the nuclear reflections at 295 K are well fitted to the cubic spinel structure.
The structure is characterized by the positions of cations on the A (tetrahedral) and B
(octahedral) sites of the AB,0O, type spinel structure. Here, the A-sites are occupied by Co ions,
whereas the B-sites are occupied by Cr and substituted Fe, indicating that there is no mixing of
the Fe cation on the A and B sites up to the given percentage of Fe substitution. The Wyckoff
position for the Co ions is 8a, for the Cr/Fe atoms it is 16d, and oxygen atoms are at the 32e (u ~
0.26) site having the Fd3m space group, where u represents the oxygen coordinates. The lattice
parameters of the Co(Crg gsFep.05)204 and Co(Cro g25F€0.075)204 Samples at room temperature (295
K) are found to increase similar to XRD. There is also a minimal change in the lattice parameter
upon lowering the temperature from 295 K for both the compounds. As shown in Fig. 3.5 (b) and
(c), the NPD patterns near to the compensation temperature (Tcomp ~44 K) and below the
magneto-structural transition temperature (Ts ~ 24 K), the magnetic structure has also been
refined with the nuclear (crystallographic) structure for low temperature NPD patterns. At 44 K,
the magnetic structure has been refined by assuming two phases (i.e. the nuclear phase along
with the commensurate (C) FM/FIM phase). Below Ts (i.e. T = 20 K), we have further added, an
incommensurate (IC) antiferromagnetic phase in the refinement. The magnetic reflections have
been refined based on symmetry operators given in the numeric form, generated for the
propagation vector, k = [0 0 0] using Baslreps with Fd3m space group for the temperature above
Ts (i.e. for 44 K).

As depicted in Fig. 3.5 (c), at 20 K (below Ts), two additional magnetic reflections [i.e.
(220)* and (002)*] are observed compared to the patterns above Ts which are similar to that of
the parent compound. The observation of these reflections may indicate the persistence of the
conical spirals as reported by Menyuk et al. [33]. These additional peaks have been fitted to the
IC spin-spiral component with an IC propagation vector of (0.62, 0.62, 0) which is different from
the T= 44 K NPD data. Such (220)* is the satellite reflection for the (220) Bragg peak as
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Table 3.2 Structural and magnetic parameters like lattice constant (a), magnetic moments and agreement factors are determined

from Rietveld refinement of neutron diffraction patterns measured at low temperatures for the Co(CrogsFep0s5)204 compound [both

commensurate (CP) and incommensurate phase (ICP)]

TIK) a(A) Aus) B(us) Netmoment A(ps) B(ug) Netmoment R, Rup Ry Rs GOF
+0.002 +£0.01 +001 (us) 002  +£001 001  (us)£0.02 index
(CP) (CP) (ICP) (ICP)
2.9 8.329 1.53 1.61 0.08 3.07 2.85 0.22 8 11 4 8 4.2
10 8.330 1.50 1.53 0.03 2.75 2.84 0.09 8 10 4 7 4.1
20 8.330 1.50 1.74 0.24 2.54 2.36 0.18 8 10 4 7 4.0

Table 3.3 Structural and magnetic parameters like lattice constant (a), magnetic moments and agreement factors are determined

from Rietveld refinement of neutron diffraction patterns measured at low temperatures for the Co(Crg.g25F€0.075)204 compound [both

commensurate (CP) and incommensurate phase (ICP)]

T(K) a(A) A(us) B(ug) Netmoment A (ug) B (ug)  Netmoment Ry Rup R¢ Re GOF
+0002 +001 +0.01 (ue)*002  +0.01  +001  (us)£0.02 index
(CP) (CP) (ICP) (ICP)
2.9 8.331 1.62 1.67 0.05 3.42 2.74 0.68 12 15 8 12 29
10 8.331 1.62 1.68 0.06 2.95 2.79 0.16 12 15 8 13 29
20 8.331 161 1.90 0.29 251 2.72 0.21 11 15 5 9 3.0
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(220)* = (220) £ k with k = 0.62. This (002)* has a purely magnetic origin in the spinel structure,
and the spatial ordering of the transverse spins may give rise to the (002)* superlattice reflection
[149] as predicted in the Yafet—Kittel (YK) model [150-152]. The magnetic moments below Tg
have been listed for both the compounds in Table 3.2 and 3.3.
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Figure 3.6 Temperature dependence of the bond lengths A—O and B-O along with the bond angles
A-O-B and B;—O-B, in the temperature range 2.9-90 K for both Co(CrygsFe€o0s5).0s and
Co(Crg.g25F€0.075)20..

Figure 3.6 depicts the plots of the temperature dependence of the bond angles and bond
lengths which corresponds to the magnetic superexchange paths in these spinel compounds. As
we are substituting Fe for Cr in the B-sites of the spinel compound, one can see these bond
parameters such as A-O and B—O bond lengths and corresponding bond angles, i.e. A-O-B and
B;—O-B, which show fluctuations across Teomp. The A-O bond length and B;—O-B; angle is
found to increase significantly below the magneto-structural transition temperature (Ts), whereas
the B-O bond length and A-O-B angles are found to decrease. This indicates that there are

magnetically driven distortions in existing tetrahedra and octahedral which consequences in a
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correlation between the magnetic ordering and the crystal structure. Fig. 3.7 represents the
schematic crystal structure of the pristine CoCr,0,4 for better view of understanding the different

bond lengths and bond angles which are calculated from NPD data.

Figure 3.7 Schematic diagram of the crystal structure of pristine CoCr,0, for the better understanding of
the different bond parameters in the compound.

Detailed NPD patterns recorded at different temperatures in the range 2.9 — 90 K for both
of the Fe substituted CoCr,0, samples are shown in Fig. 3.8 [(a) for x = 0.05 and (b) for x =
0.075]. On lowering the temperature, it can be seen from the NPD patterns that intensities of
lower angle Bragg reflections increase with decreasing temperature. Furthermore, the appearance
of two additional broad (not instrumental resolution limited) asymmetric peaks, i.e. the magnetic
satellite peaks (220)* at scattering vector (Q = 4nSin6/A) ~ 1.46 A™ and (002)* at Q ~ 1.64 A™
suggest the presence of non-collinear spin-spiral orderings at low temperatures below Tg for both
the compounds. As displayed in the insets of Fig. 3.8, it can be observed that the peak intensity
of (220)* and (002)* magnetic reflections increases significantly on lowering the temperature
from 20 K to 2.9 K. The A-site and B-site magnetic moments show a clear variation with
temperature and their values are much lower than the spin only moment value, confirming the

non-collinear magnetic ordering in these compounds. The lower value of the magnetic moment
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Figure 3.8 Neutron diffraction patterns measured at various temperatures of (a) x = 0.05 and
(b) x = 0.075 samples. The appearance of the (220)* and (002)* peaks below 35 K is evident. Insets show
the temperature variation of the integrated intensity of the satellite peaks (220)* and (002)*.
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on the A-site [see Tables 3.2 and 3.3] indicates the coexistence of disordered finite magnetic
clusters within the infinite magnetic network and these disordered magnetic clusters play an
important role for the low magnetic moment value [151,153,154]. The observed loss of the B-
site magnetic moment suggests the possibility of a canted spin structure at B-site, i.e. the
moments are highly non-collinear in these compounds, similar to the parent compound reported
by Menyuk et al. [33].
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Figure 3.9 Temperature dependence of the integr:tidK )intensity of the (111) and (220) fundamental
reflections for both (a) Co(Crgg5F€.05)204, and (b) Co(Crggz5F€0.075)204.

Further, Fig. 3.9 shows the temperature dependent variation of integrated intensity of the
fundamental reflections (111) and (220) of Co(CrogsFeo05)204 (@) and Co(Crgg25F€0.075)204 (b)
calculated from NPD data. Intensity of both the reflections appears to increase up to 30 K, but
there is an unusual change around Teomp ~ 43.8 K and 67.8 K for Co(CrggsF€0.05).04 and

Co(Crog2sFe0.075)204, respectively. It was observed in CoCr,0,4 that magnetic order consists of a
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FIM component and a spiral component below the FIM transition temperature. Hence, in this
case, it was found that the magnetic moment makes an angle (cf. cone angle) with the cone axis
in the [0 0 1] direction [8,33,155]. In present compounds, where the amount of Fe substitution is
minimal, the observed behaviour is similar to that of parent compound. The variation in the
magnitude of these spiral components is the primary cause for the variation in the integrated
intensity. Hence, this unusual change of integrated intensity around compensation temperature
could be the result of the change in the magnitude of the spiral components of the magnetic

moments.
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Figure 3.10 Diffuse signal around the (111) Bragg peak in the neutron diffraction patterns at different
temperatures for (a) x = 0.05, and (b) x = 0.075 (all graphs are plotted in the same scale). Temperature
variation of integrated intensity of diffuse scattering are shown of both (c) x = 0.05, and (d) x = 0.075
compounds.
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Fig. 3.10 shows the enlarged portions of the low-angle NPD patterns at different
temperatures for both the x = 0.05 and 0.075 samples. The patterns at 90 K, i.e. closer to the FIM
temperature, T¢ for both of the samples, show the presence of a diffuse signal around the (111)
reflection. The presence of this diffuse signal, which is of magnetic origin, indicates the
formation of magnetic spin clusters in these compounds. Contributions to the diffraction pattern
from these clusters are only limited around the (111) peak in these compounds, and may be due
to very sharp form factor dependence [156]. From earlier reports on the magnetic structure study
of CoCr,0q, it is observed that there is a clear long range FIM ordering along with a short range
spin spiral ordering emerging at around 80 K, below T [33]. Further, it seems that the diffused
signal started appearing at a higher temperature compared to that of the parent CoCr,0,4
compound. This could be the result of the substituted Fe ions at the Cr site. The presence of this
diffuse signal may be due to the finite short range clusters of the transverse spin component
coexisting with the infinite long ranged magnetic order in these spinel compounds
[151,153,154]. The scattering from these disordered magnetic clusters which are present in these
compounds is the origin for these diffuse signals. The variation in diffuse intensity with
temperature is shown in Fig. 3.10 (c) and (d). With decreasing temperature, the diffuse scattering
intensity increases up to 35— 45 K and then decreases, possibly due to the presence of long-range
spin-spiral order commencing below Ts in these compounds. This is an explicit indication of the
build-up of a short range correlation of the transverse spin component with temperatures above
the spin-spiral transition, Ts.

In Fig. 3.11, we have shown the temperature dependence of EB field along with the
moments corresponding to different sublattices in the spinel structure. EB field defined as,
Hes = (H++H.)/2, where H. and H. represent the right and left field values of M-H loop where
the net magnetization crosses the M = 0 axis. It can be seen that EB field changes its sign across
the Teomp for both the samples. The sign change of the M-H loop shifting across the
compensation temperature, which was absent in the pristine CoCr,0,4, indicates temperature
dependency of spin configurations in Co(CrggsF€005)204 and Co(Crgg25F€0.075)2.04. Attentively,
in the narrow temperature window in the proximity of Tcomp, there is a non-monotonic variation
in the individual moments of A-site, B;-site and B,-site which will be discussed later with NPD

results. This is indicative of the reorientation of moments due to the underlying spin reorientation
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Figure 3.11 Temperature dependence of different site moments calculated from NPD along with EB field
of Co(Crq.g95F€0.05),04 (a-d) and Co(Crggo5F€0.075).04 (€-h) compounds.

which was invoked for the explanation of the sign reversal of EB across the compensation
temperature [23]. The EB field is present only in the close vicinity of Tcomp and goes to zero as
one increases/decreases the temperature beyond this temperature window of Tcomp. Further, from
dc-magnetization data we know that ZFC M-T curves do not show any change in the slope (or
unusual features) across Tcomp Window representative of a spin-glass transition. Moreover, we
have not observed any relaxation in this temperature region in the magnetization values.
However, we cannot completely rule out the possibility of an appearance of a very thin spin-
glass interface between the ferromagnetic and antiferromagnetic clusters. Hence, we do not
expect any spin-glass transition responsible for observed EB effect. The pristine compound
CoCr,04 has a strong spin-lattice coupling [12,13]. With a small amount of Fe substitution, there
is no reason that the strength of this spin-lattice coupling will change. Here, we have also

observed this strong spin-lattice effect where a non-monotonic change of the spin angle is taking
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place around Teomp @s shown in Fig.3.12. So, in other words, the sign change of EB effect is

indirectly related to spin-lattice coupling.
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Figure 3.12 Temperature dependence of cone angles of the different sub-lattices (A, B; and B,) of both
Co(CrggsFe€0.05)204 (a-c) and Co(Crqgo5Fe075),04 (d-f) samples. Inset shows the ferrimagnetic spin spiral
order which points to the [001] direction similar to that of the CoCr,0,.

Six panels of Fig. 3.13 depict the comparison of the temperature dependent spontaneous
magnetization obtained from the refinement of the magnetic phase of the ND patterns of
Co(CrpgsFeo05)204 and Co(CrggrsFeo75)204 samples with that of the bulk magnetization
measured experimentally under the applied fields of 0.01 T and 5 T. We can see that, similar to

the bulk magnetization, the moments obtained from the ND data also exhibit near zero values at
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Figure 3.13 Temperature dependent magnetization M(T) curves of Co(Cr,_Fe,),04 (x = 0.05, left column
and 0.075, right column) samples measured under the low field 0.01 T [(a) and (d]), high field 5 T [(b)
and (e]). (c) and (f) are the net local moments obtained from NPD data.

the compensation points Teomp ~43.8 K and 67.8 K for Co(CrogsFeo0s).04 and

Co(Crp.g25F€0.075)204, respectively. And remarkably,

it can be observed that the behaviour of the

spontaneous magnetization across the compensation point is very similar to the bulk

magnetization under 5 T field. The magnetic moment values obtained from ND experiments are

the actual values of the sublattice magnetization (without any external perturbation or excitation,
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such as external magnetic field). However, what we observe from the high field magnetization
measurement is a rather dynamic experiment, where the external field induces the magnetization
in the sample, which is then measured using the magnetometer. The interesting observation we
make here is that the net moment observed from ND experiments shows the similar functional
form as that observed in magnetization measurements carried out in 5 T field, around the
compensation point. From here, it is clear that there is a strong spin-lattice coupling which is
influenced by the external field. One more point that is clear from these combined plots is that
magnetization obtained from both measurements is of the same order for the compounds. From
this plot, it is understood that there are orientations of the moments corresponding to different
sublattices, across the compensation point. All these features are not noticed in case of the parent

CoCr,04 compound.

The left panel of Fig. 3.14 demonstrates the enlarged view of the (220)* satellite
reflection in the low temperature part from 2.9-20 K. Here, we can see that at 20 K, the peak is
symmetrical in nature, but on lowering the temperature to 10 K, it becomes asymmetric, and
there is a clear modulation of the peak, which becomes more prominent on further lowering of
the temperature down to 2.9 K. The Q-values of these two modulated satellite peaks at 2.9 K are
1.46 and 1.48 A respectively. At 20 K, the incommensurate propagation vector for the
magnetic structure is (0.62, 0.62, 0) whereas an additional modulation appears with Q ~ 1.48 A™
around 10 K. However, in contrast to L. J. Chang et al. [18], we find that the (220) Bragg peak
has a substantial contribution from magnetic origins in these compounds. As the temperature is
lowered, the magnetic form factor of this (220) peak increases until 10 K, after which it saturates
off. Remarkably, our data on polycrystalline samples trace these features similar to the single
crystalline CoCr,0,4. This transition temperature at 10 K is identical to the lock-in transition
temperature observed in the present study of Fe substituted compounds. Furthermore, the
increment in the intensity of this IC peak with a decrease in temperature may indicate the
unsaturated magnetic configuration in this temperature range, i.e. 2.9-20 K (cf. inset of Fig. 3.8).
We have also calculated the correlation length for the (220) satellite peak at these three
temperatures. It is found that the correlation length increases as the temperature is lowered from
20 K to 2.9 K, and becomes maximum (~3.4 nm) at 2.9 K. This correlation length is of the same

order as that calculated by Tomiyasu et al. for their pristine single crystal CoCr,04 [8]. To
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further confirm the feature of the lock-in transition, we performed field cooled cooling (FCC)
and field cooled warming (FCW) magnetization as shown in Fig. 3.14 (b). As shown in Fig. 3.14
(c), the enlarged view of magnetization around 10 K shows a clear thermal hysteresis. This
hysteresis could be the result of the modulation in the IC spin-spiral phase with Q ~1.48 A™

around T (10 K).
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Figure 3.14 (a) Neutron diffraction spectra showing the modulation of the incommensurate phase for the
(220)* satellite peak which starts around 10 K. (b) depicts the M-T data at 100 Oe in the FCC and FCW
modes, and (c) shows an enlarged view of the same figure for clear observation of the thermal hysteresis
around 10 K.

Thermal variations in the magnetic moments of the A-site (Co) and B-sites (Cr/Fe) as
obtained from the NPD data for these compounds are shown in Fig. 3.15. We applied the
molecular field model in order to calculate the thermal variations of these magnetic moments.
For simplicity, we assumed that these spinel compounds have two sublattices A and B whose
spins are anti-parallel to each other with different molecular field constants, Aa a, Aa g and Ag g
representing A—A, A-B and B-B exchanges, respectively. The calculation was done by a self-

consistent mean-field calculation method using the Brillouin function B;(x) with molecular field
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constant (A). The values of ‘J = S’ used in the function By(X) as given below, are modified to
include the substitutional effects, i.e. S = 0.95 (3/2) + 0.05 (5/2) and S = 0.925 (3/2) + 0.075
(5/2) for Co(Crp.gsF€p.05)204 and Co(Crgga5F€0.075)204, respectively. Hence, the expressions used
for the calculations are [157]:

My = Mf&atB] [gugS(hg-p Ma — Aa-p Mp)/kpT] (3.1)
Mg = M5"Bj[gu;S(—Aa_g My + Aa_a Mp)/kgT] (3.2)

Where M3' and M{' are the saturated A-site and B-sitt moments respectively, kg is
Boltzmann’s constant and T is the temperature. The best fit of the above formula to the NPD data
provides the molecular field constants, Aa A, Aa g and Ag g Which are given in Table 3.4.
Furthermore, the Néel transition temperature (Tc) and the compensation temperature (Tcomp)
using these molecular field constants, Aa a, Aa g and Az g are also shown in the same table.
Molecular field calculations are the simplest theoretical model to calculate various magnetization
parameters. It has its own limitations in including some corrections when compared to the
experiments, such as NPD in the present case. In spite of these, there is good agreement between
the parameters obtained from MFC and NPD for these compounds. For both the x = 0.05 and x =
0.075 compounds, there is no change in occupation of the tetrahedral site, as it is parallel only by
the Co atoms. Therefore we do not expect different Aa a, Which is also found from our
calculation. Here, we have substituted the Fe into the octahedral site and therefore, as the Fe
concentration increases in the octahedral site (from x = 0.05 to 0.075), there is an increment in
As s, Which suggests that the molecular field between Cr—Fe is stronger than pure Cr—Cr. Aa g OF
As_a represent the molecular field constants for the A-B interactions, and as the concentration of
Fe increases, Aa_g decreases, which suggests that the strength of the Co—Fe molecular field is less

than that of the Co—Cr molecular field in the given compounds.

Table 3.4 The calculated molecular field constants, A from molecular field calculations for both
the compounds with Teemp and T are shown here:

Co(Crl_xFex)204 AACA AAB AB A As B Tcl\gfncp Tchan;p T(l:v[ FC T(I:v[ FC
(T/ug) (T/ug) (T/ug) T/ug)
x =0.05 50.07 32.08 33.05 47.65 ~93 ~44 ~130 ~110
x =0.075 5040 29.06 29.10 49.87 ~123 ~67 ~160 ~118
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Figure 3.15 Temperature dependent variation of different site moments from NPD data along with the
Brillouin function fit of both Co(CrqgsFe€p.05)204 (a,b) and Co(Crgg25F€g.075)204 (C,d).

Further, we have investigated the magnetocaloric properties in the same
compound to expose the technological importance. Fig. 3.16 (a) & (c) shows the isothermal
magnetization hysteresis (M—H) curve (First quadrant) measured in various temperature ranges
of (a) 34-56 K and (c) 102—-120 K (with step size of T = 2 K), with an applied field ranges from
1koe to 90 kOe. We have observed the interesting magnetic transitions as Tcomp (~44 K) and T¢
(~114 K) from bulk dc-magnetization data; therefore these are the respective temperature regions
of interest to explore the MCE in Co(CrggsFep.05)204. Hence, we have investigated the MCE

behavior in Co(CrggoFe.05)204 in the temperature regimes of 34-56 K (around Tcomp) and in 102 -
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120 K (around T¢). We have calculated the change in magnetic entropy (-ASy) using isothermal
M-H curves [Fig. 3.15 (a) & (c)] across the magnetic transitions. The field sweeping is done
from 0 to 90 kOe and again back to 0. During this protocol, the sample was first cooled to 10 K
(i.e. below transition temperatures) and then heated back to near its Tcomp Without overshooting.
M-H curve was measured at that temperature, and after the completion of the measurement, the
sample was again cooled to 10 K. This time the sample was heated to a temperature 2 K higher
than the last measurement temperature without any overshoot, and then, another M-H curve was
measured. This method was repeated for all the M-H curves taken within the temperatures
between 34 K and 56 K (across the Tcomp) and also between 102 K and 120 K (across the Tc).
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Figure 3.16 Magnetic field (H) dependence of the magnetization (M) of Co(CrggsMng5).0, at different
temperatures regions, (a) 34-56 K, (c¢) 102-120 K, (b) calculated temperature-dependent magnetic
entropy change (-4Sy) around Tem, and (d) around FIM transition temperature Tc in the various
magnetic fields changes (1 kOe—90 kQOe).
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Figure 3.17 The variation of the distortion (4) as a function of temperature along two different paths, i.e.

A-O and B-0O of Co(Cryg5F€0.05)204.
Here, ASy has been calculated from the isothermal M-H curves using Maxwell’s relations
[158]:

ASw (T, H) = j[%—'\TAj dH (3.3)

One of the interesting observations from these plots of -ASy for such compound is that there
is a sign change in -ASy exactly at compensation temperature. Along with earlier discussed
magneto-elastic coupling, Fig. 3.17 represents such signatures around Tcomp by calculating the
distortion (A) in bond parameters where A = [{dr — dgg}/dgo]?, Where dt and dgo are the bond
lengths at different temperature T and at 90 K, respectively. Here, we have shown the
consequence of the magnetic compensation on the magnetocaloric properties of
Co(Crp.g5Fep.05)204 compound. A maximum value of -ASy, observed is 1.2 J kg'l K along with
relative cooling power (RCP) of 13 J kg™ which is analogous to the other oxide compounds
[158-160]. Such finding of sign change across Tcomp IN -ASw IS Very attractive as it opens a new
opportunity in magnetic materials where both normal as well as inverse MCE effect persists in a

single phase compound.
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Figure 3.18 Temperature dependence of (a) dielectric constant at 100 kHz (left y-axis), dc-magnetic
susceptibility (right y-axis), (b) specific heat divided by temperature (C/T) (left y-axis) and ac-magnetic
susceptibility (right y-axis) with f =487 Hz of Co(Crgs5F€0.05)204.

3.3.5 Dielectric/magneto-dielectric and Pyroelectric Properties

Fig. 3.18 presents the results of dc-susceptibility (yqc) and dielectric permittivity (&) [cf.
Fig. 3.18 (a)]; ac-susceptibility (yac) and specific heat (Cp) [cf. Fig. 3.18 (b)] to depict the

correlation between the features of magnetic ordering and dielectric permittivity in
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Co(CrogsFe0.05)204. The dc-susceptibility was obtained in the FC mode under the applied field of
100 Oe. It clearly reveals the collinear FIM transition at T¢ ~110 K followed by another peak at
24 K which is related to the magnetostructural transition (Ts) [161]. We further observed that
magnetization changes sign at the compensation temperature, Teomp ~ 44 K. The anomaly at 24
K corresponds to a non-collinear spiral magnetic transition similar to the parent compound
CoCr,0y, as revealed by the neutron diffraction measurements [8,33,161]. It is interesting to note
that dc changes its sign across Tcomp Which was not observed in pristine compound CoCr,0.. The
above magnetic transitions (Tc, Tcomp and Ts) are corroborated from y,c measurements. The
temperature dependence of ¢ measured at f = 100 kHz during the warm-up mode is depicted in
Fig. 3.18 (a). The anomaly at T ~24 K is related to the transformation of a collinear spin
configuration to another incommensurate spin spiral configuration. A clear change in the slope of
gr IS observed at Tomp. However, there is no visible sharp change in the &(T) curve at T¢ ~110
K. The specific heat data without any applied magnetic field shows a sharp and large transition,
reminiscent of first order nature at T ~24 K which corresponds to the magneto-structural
transition (Ts) observed in 4. Such A-shape transition observed at Tc ~110 K in Cp data
corresponds to the FIM ordering in the sample. In the parent compound CoCr;0y, it is generally
accepted that the ferroelectric (FE) ordering is compatible with the spiral ordering at Ts.

The present section deals with the dielectric behavior of the studied compounds. The
highly insulating nature of these compounds fulfills the essential requirement to address the
changes in dielectric constant (g;) to its intrinsic properties. Fig. 3.19 (a) shows the temperature
dependent complex dielectric permittivity (e;) with different frequencies (5 kHz-100 kHz) of
Co(CrogsFe.05)204. Moreover, the value of tand (loss) is also very small consistently in the
temperature range (8—300 K) as shown in the Fig. 3.18 (b), which confirms the virtuous quality
of the sample. We observe no visible sharp change both in ¢ and in tand around T¢ (~110 K).
However, a feeble and gradual increase in the value of ¢, is observed after Tc. With further
lowering in temperature, a broad hump is observed around Tcmp followed by a very sharp
change in g at Ts (~24 K). After 150 K, we observe a continuous increase in dielectric constant.
Such observation is attributed to the increase in electrical conduction in the system, rather than a
global ferroelectric transition.
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Figure 3.19 (a) and (b) show temperature dependence of dielectric permittivity (&) and tand (loss)
measured at the different frequencies (5kHz-100kHz) respectively for Co(Crg.g5F€0.05)204.

Fig. 3.20 (a) depicts the frequency dependence of dielectric constant at low temperature.
We do not observe noticeable change at Ts even when the frequency changes by a factor of 20,
which rules out any type of electrical glassiness associated with this transition. In addition, it is
worth mentioning that there is no frequency dependence of the broad hump around T = 40 K.
Fig. 3.20 (b) is the plot of the differences of dielectric constant (&s) at two extreme frequencies (5
kHz and 100 kHz) as a function of temperature. We observe two clear dips in dielectric constant
at T=10 Kand T = 40 K along with a sharp peak at Ts. The dip at 10 K can be correlated with
the lock-in transition (T.) reported in the literature [161]. Furthermore, the dip around Tcomp IS
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reflected very clearly in & vs T plot. Although the spin-current model provides a mechanism of
correlating electric dipole dynamics with that of the magnetic spin dynamics but further

investigations are needed for complete understanding of such dynamical magnetoelectrical

phenomena.
1 1 1 1 1 1 1 N 1
T~24K oKz
6.73 I (a) /;0\ 0000090000000f

/O/ N
4008 r 20kHz
09%a %999
=672 | 3900"0 B PR 2 Kbt
; e | GERERTeeees a

k r(o%\ro:ooo""

Kr“%“ o®

671 M (“( QQQOQOO \

€5 kHz C100 kHz)

A (

5 10 15 20 25 30 35 40 45

Temperature (K)
Figure 3.20 (a) depicts the enlarged view of temperature dependent dielectric permittivity (&) at different
frequencies (5kHz-100kHz) of Co(CrggesFeq05).04, and (b) shows the plot of the differences of dielectric
constant (4g) at two extreme frequencies (5 kHz and 100 kHz) as a function of temperature in the same
temperature range.

In order to address the magnetodielectric (MD) behavior across the magnetic transitions
(especially across Tcomp), Aen or Ag, was measured with 100 kHz frequency as a function of
magnetic field (H) at different temperatures for both Co(CrggsFepos)204 and
Co(Cro.g25F€0.075)204. These results are shown in Fig. 3.21 in the form of MD effect or Ag, vs H,
where the magnitude of MD effect in the present case is analogous with the reported value for
other magnetoelectric materials in literature [133,139]. The above observed results clearly reveal

that there are qualitative changes in the MD behavior at different temperatures. In particular,
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Figure 3.21 Magnetic field dependent isothermal magnetodielectric data MD i.e. Agy[=(&u-84=0)/En=0]
measured at different temperatures with 100 kHz frequency of (a) Co(CrggsFeg0s5)204, and (b)
Co(CrggsFeo075)204; respective insets show the coefficient of quadratic term (5,) as a function of
temperature. (For more details about fitting, see the text.)

there is a sign change of MD effect for different temperature regions, like T < Teomp and
T > Teomp. From literature, we found that such observed MD vs H behavior suggests the presence
of a higher-order ME coupling effect in these systems (mostly quadratic at higher H). The sign of
MD depends on the temperature and magnetic field and can be explained by using the simple
phenomenological model given by Katsufuji et al. [162]. Further, we have fitted the MD results
by using the combination of linear and quadratic terms of H, i.e. MD ~ (BiH+ BZHZ). The
coefficient of fitting parameter of the quadratic term (B2) is found to increase with the increase in
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temperature for both the samples as shown in the insets of Fig. 3.21 (a) and (b). This is in

contrast with the result obtained in other oxides where, there was a distinct change in sign of 3,

across various magnetic ordering regimes [133,163]. It is possibly due to the different MD

coupling in the unlike magnetic regimes (AFM and FM). However, in our compounds the

magnetodielectric coupling does not change substantially as entire region has FIM correlation

below Tc. This perfectly explains the positive value of B, throughout the temperature domain.

Hence, the sign change of MD and 3, arises from different underline physics in these compounds

which will be discussed later.
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Figure 3.22 Temperature dependence of electric polarization (P) obtained from pyroelectric current
measurements for Co(CrggsF€q.05).04 (a) and Co(Crggo5F€0,075)204 (b). The insets show the corresponding
temperature dependent pyroelectric current data, which is measured with an applied voltage of 200 V in

the absence of external magnetic field.
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Further, we have carried out Pyroelectric current measurements for the study of electric
Polarization (P) behavior which clearly address ME coupling in these compounds. Main panels
of Fig. 3.22 depict the results of these pyroelectric measurements i.e. temperature dependence of
polarization for both Co(CrggsFep0s).04 (@) and Co(CrpgzsFe075).04 (b) compounds. The
pyroelectric current is also shown in the insets of respective plots. The pyroelectric current
exhibits a sharp peak at respective Ts of these samples for both polarity of applied electric field
(E ~3 kV/cm). This sharpness of the pyroelectric peak attributes to the first order nature of the
transition which collaborates with the specific heat data. The strategic finding of this experiment
is that the electric polarization sets just below Ts of respective compounds. Electric P changes
slowly with increasing temperature and decreases sharply at Ts, following which it becomes
temperature independent at above Ts. The sign of P is changed by reversing the poling electric
field which is very clear from the pyroelectric current plots. It has also been observed that value
of P increases about 12% (in case of 5% Fe substitution) with the application of external
magnetic field (H =9 T) at the lowest temperature, which proves the existence of ME coupling
in these compounds. Such ME coupling is also observed in other compounds [162,164,165]. All
these results prove that these compounds have polar behavior which can be tuned with the
application of external magnetic field. It will be worthwhile to recollect the point that the
transition at Ts is associated with the transformation of conical spiral magnetic ordering to an
incommensurate spin-spiral ordering. It is surprising that only when the spin-spiral wave vector
is incommensurate, a noticeable magnitude of polarization or ferroelectricity is generated. The
present studied systems are type-Il1 multiferroic, where the ferroelectricity is the by-product of

change (improper ferroelectric) in the magnetic structure [100].

The above dielectric and pyroelectric results indicate that there is a strong coupling
between the magnetic moments and electric dipoles in both Co(CrggsFeos)204 and
Co(Crog2sFep075)204 compounds. In addition to it, the MD results indicate that the strong
coupling in magnetic moments with that of the electric dipoles exists within the collinear FIM
region. This is illustrated by the change in sign of MD effect in the vicinity of the compensation
temperature. The MD effect is positive below Tcomp and negative above Teomp. From neutron
diffraction experiments, it has been observed that there is a change in spin configuration around
compensation point [161,166] which could be seen by the change in cone angles (that is, spin

canting) of the spins of all different sub-lattices of the spinel structure. From the above results,
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one can argue out that the explanation about the sign change of MD effect has to be strongly

coupled to the change in spin configuration around Tcomp.
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Figure 3.23 Temperature dependent magnetization of (a) Co(CrggsFeq0s).04 and (b) Co(Crg.g25F€0.075)204
samples in FC mode with two different applied magnetic fields, i.e. 100 Oe and 50 kOe. Insets of both (a)
and (b) show the sign change of AM [=(Mgu=sokoe-Mn=1000e)/MH=1000e] @round compensation temperature
for Co(CrggsFeqos).04 and Co(CrogrsFepors).04, respectively. Black circles in insets represent the
respective temperatures where MD effect is shown.
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Main panels (a) and (b) of Fig. 3.23 depict the temperature dependent FC magnetization
data in the presence of low magnetic field (100 Oe) and high magnetic field (50 kOe) for both
the compounds Co(CrggsFeo5)204 and Co(CrggzsFeoor5)204, respectively. We observe a
compensation temperature in case of 100 Oe field whereas there is a strong dip exactly at T
comp for 50 kOe field. This change in magnetization data is associated with the re-orientations
of a part of the spin moment with that of the crystal lattice. NPD results have already revealed a
non-monotonic variation in the cone angles of the spins of Co and (Cr/Fe) across Tcomp [166].
Further, insets of Fig. 3.23 (a) and (b) show that change in magnetization i.e. AM [=(Mp=50k0e-
Mu=1000e)/MH=1000e] for both the samples. The sign change in AM across Tcomp reflects an
intrinsic readjustment of the spin configuration as demonstrated by neutron experiments. As
anticipated earlier, the mechanism which is responsible for sign change of MD effect is the
identical one which is responsible for the sign change in AM.

For quantitative explanation of sign change of MD effect and AM in Co(Crg g5F€0.05)204
and Co(Crgg25F€0.075)204 around compensation temperature in collinear FIM region, we resort to
the phenomenological model of Landau to deduce the expression for the magnetodielectric
permittivity. After assuming the fact that magnetic moment and electric polarization are coupled
in such realistic non-collinear magnets, the total free energy for such systems can be written in
the following form [167],

F(M,P) = aM? + bM* — MH + cP? + dP* — PE + eM?P? (3.4)

Where M, P, H and E are magnetization, polarization, magnetic field and electric fields,
respectively and a, b, ¢, d and e are temperature dependent coefficients. From equation (3.4), one
can deduce the dielectric permittivity by performing second-order derivative of total free energy
with respect to polarization P, i.e. 1/e=6°F/6P?. Because P is very small, we are neglecting the
higher order terms in P i.e. P* and finally has the mathematical expression for magnetodielectric

permittivity in the following form:

1/e = 2c + eM? (3.5)

From equation (3.5), it is clearly seen that magnetodielectric permittivity (en) is inversely related
to square of magnetization (M?). According to this equation, if M(H) increases with the

application of the external magnetic field relative to the magnetization at zero field
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M (H~0) i.e. M(H)/M(0) > 1 (i.e. [AM=(M(H)-M(0))/M(0)] is positive) then from above
equation, we can infer that ¢(H)/e(0) < 1 (i.e. [e(H)-&(0)] is negative). On the other hand, if the
value of M(H)/M(0) < 1 (i.e. [AM=(M(H)-M(0))/M(0)] is negative) then it results e(H)/e(0) > 1
(i.e. [e(H)-e(0)] is positive). The insets of the Fig. 3.23 claim a sign change in AM across
the Tcomp. This can be explained in another way, by differentiating equation (2), where one has
the relation, -Ae/e? = 4eMxAM, which is nothing but -Ag o« MxAM. This relation demands that
MD behavior should also change sign across Tcomp if there is sign change in the quantity (MAM),

which is in agreement with the results obtained in our experiment (cf. Fig. 3.21).
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Figure 3.24 Plots of Inverse A& with the square of magnetization (M?) of Co(CroesFeoes).04 (a, b) and
Co(CrpgasFeq075)204 (c, d) at 20 K and 80 K, respectively. Respective insets show the linear variation with
the square of magnetization in log scale measured at 20 K (T < Tcomp) and 80 K (T > Tcomp).
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Table 3.5 Parameter (y) extracted from the fits in Fig. 3.24 by using eq. (3.6) for both
Co(Crg.gs5Fe0,05)204 and Co(Crp g25F€0.075)204 compounds at different temperatures are given as:

Co(Cro.95F€0.05)204 Co(Cro.925F€0.075)204
T(K) Slope (y) T(K) Slope(y)
20 1.46 20 1.54
40 1.61 40 1.14
50 0.91 80 0.86
80 0.81 100 0.94

For our polycrystalline samples, the magnetic domains are randomly oriented in zero

applied fields, resulting in a zero average magnetization. Thus ¢(0) is a constant value. Hence

changes in the value of MD effect, i.e. Agy [z M] arise only from the changes of the value

€H=0
of &(H). So equation (3.4) can be retold as the value of MD effect is a decreasing function of M2,
To examine the effect of ME coupling from Landau phenomenological theory, the MD effect
and the magnetization data are repotted in the form of 1/Aey vs M? in Fig. 3.24. The
temperatures 20 K and 80 K are so chosen that one is below Tcmp and other is above Tcomp
respectively, in both the samples. As required from above model, we observed that the sign of
1/Aey is different at two different temperatures. The M? dependence of the MD value can be re-

expressed in the form of the scaling function given as,
log|1/Aey| = a + ylog M? (3.6)

This equation is fits well to the data as shown in the insets of the Fig. 3.24. The Value of slope
(y) hovers around 1 [see table. 3.5] which is consistent with the mean-field phenomenological
theory. These results lead to the conclusion that the ME effect is attributed to the coupling term

P?M? in the thermo-dynamical potential of the model.

3.4 Summary

In conclusion for this chapter, we have investigated the detailed structural and magnetic
and dielectric/magnetodielectric and ferroelectric properties of Fe substituted magnetically
compensated compounds of CoCr,04 i.e. Co(Cr;—Fex)204 (X = 0.05, 0.075). These studied
samples were synthesized in polycrystalline form by standard solid state reaction method.

Magnetic properties have been studied in great details through dc and ac-magnetization
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measurements. There is an increase in the FIM transition with Fe substitution. It has been
observed that minimal Fe substitution gives rise to all the fascinating properties of negative
magnetization and sign change of EB across respective Tcomp. Further, detailed temperature and
field dependent dielectric and pyroelectric properties show the signature of multiferrocity which
includes the sign change in magneto-dielectric (MD) behavior across respective Tcomp, for the
first time in such multiferroic compounds. Temperature dependent NPD experiments were
performed for understanding of the real microscopic origin of these emerging properties such as
negative magnetization, sign change in EB, sign change in MD behavior and sign change in
magnetocaloric effect. Long range FIM ordering is observed at T¢ for both the samples. The
local magnetic moments and the crystalline structure show a non-monotonic variation across
Teomp. Sign change in EB field across the compensation temperature is correlated with the
magneto-structural effects revealed from the neutron data. This class of materials provides a
platform to study the competition between the crystalline energy and the Zeeman energy, which
is reflected in the sign change of the exchange bias. A clear transition into incommensurate spin-
spiral phase across Ts has been also observed but at a lower temperature compared to CoCr,0..
Moreover, below T, an additional incommensurate modulation in the magnetic structure is
observed in these Fe substituted compounds. We have also carried out molecular field
calculations for moments on different sites, which are best fitted to the moments extracted from

the NPD experiment.
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Chapter 4

Studies on Co(Cr;_.Mn,),04 (x = 0.0—-0.3)

4.1 Introduction

In the previous chapter, we have noticed that the substitution of ‘Fe’ for Cr-site in
CoCr,0, influences its magnetic properties due to its different magnetic structures compared to
the pristine CoCr,04. NPD experiments described that the ‘Fe’ substitution which leads to the
negative magnetization and sign change of EB across the Tcomp, gives rise to unusual magnetic
structures around Teomp. Further, it is very clear that ‘Fe’ substitution in CoCr,04 influences the
magnetic structure of pristine CoCr,O4 which is responsible for observing EB effect. In addition,
it is appreciable to see the influence of Mn®" substitutions for ‘Cr’ on the magnetic properties of
CoCr,04. Having similar ionic radii and different magnetic moment with that of Cr in CoCr,0,,
one can look for interesting as well as different magnetic properties and magnetic structure of
these Mn substituted CoCr,O, compounds. There are few reports on multilayers of collinear FM
and noncollinear AFM materials where unusual temperature dependent EB effect is noticed
[168,169]. EB effect has also been observed in the non-collinear spin structure within a single
phase bulk material [170] [96]. Hence, it is indispensable to validate the surfacing of EB across
Teomp In the framework of oxide systems with noncollinear spin-spiral such as Co(Cr;-xMn,),04

compounds.

In this chapter, we have invoked Mn substitution for ‘Cr’-site to design the compensated
state in CoCr,04. As, Mn**- ions having larger magnetic moment compared to Cr**- ions hence it
would be useful to enrich magnetic interactions among A and B-sites of the spinel structure. Low
temperature neutron powder diffraction (NPD) experiment has also been carried out for the
better understanding of such interesting magnetic properties of compensated compounds. Here,
we report preparation, structural, temperature and magnetic field dependent magnetization, the

study of EB effects and magnetic structures determination through NPD.
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4.2 Experimental Details

Polycrystalline samples of Co(Cr;—xMny),04 (x = 0.0-0.3) were prepared in the single
phase by employing standard solid state reaction method by using high purity ( > 99.6%) binary
oxides Co304, Cr,O3 and MnO,. Structural characterization of the sample is conducted by
recording room temperature XRD patterns on powdered samples by utilizing Cu-K, (A = 1.5406
A) radiation in Rigaku X-ray diffractometer (model : TTRAX Ill). Temperature dependent
neutron powder diffraction experiments were carried out on the high resolution powder
diffractometer (FCD-PD3) at beam line TT-1015 at Dhruva reactor using neutrons of
wavelengths 1.48 A [124]. Magnetization measurements on polycrystalline samples are
performed using both commercial SQUID-VSM (Model S-VSM Quantum Design, Inc.) and
Physical Property Measurement System with VSM option (PPMS-VSM, Quantum Design Inc.)
in the temperature range from 2 to 300 K with magnetic field range from 0 to 9 T. In addition,

AC susceptibility was also measured using PPMS with ACMS option.

4.3 Results and Discussions

4.3.1 X-Ray Diffraction

Fig. 4.1 depict the observed and fitted powder XRD patterns of CoCr,0; (a),
Co(Crg.73Mng27)204 (b) and Co(Crp70Mng30).04 (c) compounds by using Rietveld refinement
method using the FullProf program. We can see the goodness of fit of the data in terms of the
non-scattered difference curve (the blue one) between experimental and fitted patterns having
low x? value around 1.5. From the above plot, it is very clear that all the observed peaks of both
the Mn substituted samples adopt normal cubic spinel crystal structure with Fd3m space group
similar to CoCr,04. From here one can see that the prepared samples are in a single phase
without any trace of impurities. The extracted lattice parameter (a), cell volume (V) and
important bond lengths and bond angles along which the superexchange paths take place are
listed in the given Table 4.1. The oxygen coordinates correspond to the 32e Wyckoff positions
are found to be (0.26, 0.26, 0.26). From the table, it is very clear that lattice parameter ‘a’ and
unit cell volume “V’ increase for Mn substituted compounds. Bond angle between the Co(A) and
Cr/Mn(B), i.e. A—O—B (deg) found to be unchanged with Mn substitution and found to be
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around 121(deg). Similarly, the angle between the B-site ions, i.e. Cr—O—Cr/Mn (deg) or B-O-B
is found to be around 94 (deg) in both parent as well as in the 30% Mn substituted sample. It can
be seen that A—O and B—O Bond lengths also change nominally with Mn substitution for Cr-site
in CoCr,04. The structural changes are nominal with substituted Mn ions, except expansion in
the unit cell. The expansion in lattice parameter or cell volume could be understood in terms of
the difference between the ionic sizes of Mn®*" (0.645 A) and Cr** (0.615 A) in octahedral

environment [143].

| (@) 5 Cubic: Fd3m  CoCr,0,

Intensity (arb. units)

obs “cal
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20 | 30 40 50 | 60 | 70
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Figure 4.1 Observed and fitted powder X-ray diffraction patterns of (a) CoCr,0,, (b) Co(Crg73Mng27).04,
and (c) Co(Cry7Mng3),04 compounds by Rietveld refinement method using the FullProf program.

4.3.2 Temperature and Field Dependent Magnetic Properties

Fig. 4.2 depicts the temperature dependent magnetization (M-T) curves of
Co(Cri—xMny ),04 (x < 0.30) samples measured in ZFC and FC modes with the applied magnetic
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field of H ~1 kOe. It is observed that with lowering in temperature from the paramagnetic
region, all the compounds exhibit a long range collinear FIM ordering around their respective
transition temperatures (Tc). Further, we have observed an increase in T¢ with an increase in Mn
substitution in CoCr,04. Such observed enhancement in the FIM transition temperature is due to
the strong

Table 4.1 Structural parameters, selected bond distances and bond angles from the
Rietveld refinement of X-ray powder diffraction patterns for Co(Cr;—xMny).04 (x = 0.0 and 0.30)

samples at room temperature.

Co(Cr;xMny),04 x =0.00 x =0.30
Crystal Symmetry Cubic Cubic
Space Group Fd3m Fd3m

a=b=c(A) 8.3328(1) 8.3519(3)

V (A% 578.59(1) 582.57(4)
<A-0> (A) 1.947(1) 1.956(1)
<B-0> (A) 2.004(1) 2.006(1)

2£A-O-B (deg) 121.90(2) 121.82(1)
£B-O-B (deg) 94.6(2) 94.8(2)

GOF () 3.6 3.5

magnetic interactions between A-site (Co®") and B-sites (Cr**/Mn®") compared to that of the only
Cr®" at B-sites in the parent CoCr,0,. As, there is difference in magnetic moments of different
sublattices compare to parent compound, interesting magnetic properties have been noticed. In
case of x = 0.27 and 0.30 samples, we observed that below respective T¢, the magnetization
show a crossover of M = 0 axis at temperature [i.e. compensation temperature (Tcomp)] T ~60 K
and ~83 K, respectively. Such magnetically compensated state is observed only for
Co(Crg.73Mng27)204 and Co(Crp70Mng30).04 compounds among prepared samples. The finding
of magnetically compensated state in these compounds indicates the significant influence of
‘Mn’ substitution on the magnetic properties or magnetic exchange interactions between
different sublattices of pristine CoCr,04. One can explain this state of magnetic compensation in
terms of different temperature dependence of sub-lattices (A and B) magnetization in these FIM
compounds. These FIM compounds are having two different sublattices A (Co®") and B
(Cr¥*IMn*") which are anti-parallel to each other. We assume that the substitution of 27% and
30% Mn at B-sites makes the magnetic spin of A-site and B-site anti-parallel and parallel to the

direction of applied magnetic field. Below ordering temperature, the parallel spins (i.e. B-site) to
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the field dominate over the A-site spins which are antiparallel to the field. But with further
lowering in temperature, these anti-parallel A-site spins grow up and becomes equal in
magnitude to the B-site spin magnetic moment at compensation point and the temperature is
known as compensation temperature as T = Tcomp. After this Teomp, these anti-parallel spins
further continue to grow and dominate over the B-site spins and one finds the phenomenon of
negative magnetization/magnetization reversal [171]. The present magnetic anisotropy in these
systems plays an important role for observing such negative magnetization by holding these
antiparallel spins to the applied field direction.
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Figure 4.3 Temperature dependent magnetization of (a) Co(Cry73Mng,7),04, and (b) Co(Crg70Mng30)204

measured in FC mode under various applied fields ranging from 100 Oe to 70 kOe. Here T¢ , Teomp and
Tsr denote ferrimagnetic transition, compensation temperature and field induced spin reorientation
transition temperatures, respectively.

Further, we have performed the temperature dependent magnetization in the presence of
different applied magnetic fields to study the detailed behavior of magnetic transitions observed
in these compensated samples: Co(Crg73Mng27).04 and Co(Cry 70Mng 30)204 compounds. Fig. 4.3
depicts the FC M-T curves under the application of various magnetic fields ranging from 500 Oe
to 70 kOe. From these plots, it can be seen that magnetization curves exhibit a negative
magnetization below T¢omp under low applied field (for H = 100—1 kOe). For high applied fields
(i.e. for H~10 kOe), M-T curve shows a dip exactly at Tomp, Where magnetization again switches
back to positive value. This turnover or reorientation of spins exactly at compensation point
which takes place under the high applied field is known as spin-reorientation transition, i.e. Tsg

[172]. Interestingly, it has also been noticed that with the increase in the applied field, this
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transition at Tsg slightly broaden but not vanishes even under the large applied field of 70 kOe
which conveys that such field induced transition is very robust in nature. In addition to it, T¢ also

becomes broaden with the strength of the applied magnetic field.
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Figure 4.4 Temperature dependence of ac-magnetic susceptibility measured at various frequencies under
zero dc-bias field with h,. = 3 Oe of (a) Co(Cry73Mng27),04, and (¢) Co(Crg70Mng30).0, . (b) and (d)
depict the effect of applied magnetic field for f = 987 Hz for Co(Cry73Mng27).0, and Co(Crq70Mng 30)204
respectively. Respective insets show the enlarged view around Tomp.

0

We have also performed ac-magnetization measurements for x = 0.27 and 0.30 samples.
Fig. 4.4 shows the temperature dependent ac-magnetic susceptibility (y,c) measured frequencies
under warming condition using different frequencies and under different applied magnetic fields
for both the samples. Four panels, i.e. [(a),(b)] and [(c),(d)] represent the real part of ac-magnetic

susceptibility (y’) with h,c=3 Oe, Hg.= 0 and with different applied magnetic field for
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Co(Crg.73Mng27)204 and Co(Cro70Mng30)204, respectively. For both the samples, there is a large
peak representing a long range FIM ordering at Tc = 111 K and 114 K, respectively (cf. Fig. 4.4
(@) and (c)). Further, we have observed a strong dip exactly at respective Tcomp for these
compounds [insets of Fig. 4.4 (a) and 4(c)]. From these susceptibility measurements at different
frequencies with Hqc = 0, we ruled out the possibility of glassy nature of the samples as there are
no signatures of spin glass in both these compounds. Further, in case of applied magnetic field at
a constant frequency (987 Hz), we noticed that these observed transitions are becoming less
prominent with the increase in applied field which indicates that effect of the applied magnetic

field on existing spin configuration present in these systems.
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Figure 4.5 Main panels of (a) and (b) depict the temperature dependent specific heat Cp(T) of
Co(Crg73Mng27)2,04 and Co(Crg73Mng,7).04 samples measured in zero field, respectively. Insets of (a)
and (b) show the respective Cp(T)/T vs T plot across T for better clarity of the transitions.
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Further, the plots of the temperature dependence of specific heats Cp(T) and Cp(T)/T (as
in insets) of both Co(Cro73Mno27)204 and Co(Crp70Mng30)204 compounds measured in the
absence of magnetic field are shown in Fig. 4.5. These measurements were performed at smaller
temperature intervals around transition temperature regions. We observed a single peak in Cp
versus T plot, at Tc = 111 K and 114 K for Co(Crp73Mng27).04 and Co(Crp.70Mng 30)204
compounds, respectively. Such lambda type shape of the peak observed around T¢ shows the

FIM ordering in these samples.
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Figure 4.6 (a) FC M-H loops of Co(Cry7Mng3),04 sample at different temperatures under FC condition
with H = 70 kOe. (b) depicts an enlarged view of the FC M-H loop at 82 K. Inset of (a) shows the
experimental and fitted initial magnetization curve at 5 K.
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4.3.3 Exchange Bias Effect
Main panel of Fig. 4.6 (a) depicts the field cooled magnetization (FC M-H) loops of

Co(Cro7Mng 3).04 sample recorded at different temperatures under the cooling field of 70 kOe.
To record these FC M-H loops the sample was initially cooled in a field of 70 kOe from
paramagnetic state to the temperature at which we need to record the M-H loop, and thereafter
the field was ramped between 50 kOe. This entire process was repeated to record M-H loops at
each temperature. We can see that the loop at 3 K exhibit unusual coercivity in the order
of 15.6 kOe which is considerably large in the frame work of oxide compounds. Generally, the
anisotropy and spin canting or non-collinear magnetic structure leads to large coercivity in the
magnetic systems. In order to assess the rough value of the magnetic anisotropy in the system the

initial magnetization curve has been fitted to the equation M = Mg (1 e N %) +xH; b = 4K%/15M3
and H, = 2K, /Mg, here Ms is saturation magnetization, a, b are free-parameters, K; is anisotropy
constant, is the high-field susceptibility and Ha is the anisotropy field [173,174]. As shown in the
inset of the Fig. 4.6 (a) the best fit to the experimental data yields the anisotropy (Ha) to be
roughly 38(1) kQe. This large value of magnetic anisotropy may results in the large coercivity in
the sample at low temperature. Further, in this sample the hysteresis loops are measured such
that the maximum applied field (50 kOe) > Ha. It can be noticed that the behavior of the loop
changes drastically on increasing the temperature to compensation point. The loops up to 50 K
exhibit typical ferrimagnetic behavior, with decrement in the width of loop. But, the loops in the
close vicinity of Tcomp show typical antiferromagnetic trend. Further, a decrease in the
magnetization has also been noticed. Fig. 4.6 (b) shows the enlarged FC M-H loop at 82 K i.e.

just below the Tcomp. We can see a tiny shift in the loop towards the positive field axis.

For these FC M-H loops we define the effective coercive field, Hg = &=, and the EB

Hy +H_
2

field, i.e. measure of the amount asymmetry in the loops along the field axis as Hgg = —( ),

where H, and H. represent the right and left field values of M—H loop where the net

magnetization crosses the M = 0 axis. The temperature dependence of Hgff is plotted in the main

panels of Fig. 4.7 (a). It can be noticed that Hgff falls very sharply on increasing the temperature
from 3 K to 10 K. Thereafter it almost saturates up to 50 K and then shows a small upturn just
below Teomp then show minima at Teomp. As shown in the inset of Fig. 4.7 (a) Hgff is found follow

exponentially decaying function. The decrease in anisotropy could be the reason behind the sharp
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Figure 4.7 Temperature dependence of (a) effective coercive field Hgff and (b) EB field Hgg in
Co(Crp.7Mng 3)204 compound. Inset of (a) is experimental and fitted temperature dependent Hgf !

plotin 3 K <T <50 K range.

fall of HE as a function of temperature. As shown in Fig. 4.7 (b) Hes exhibits considerable value
below 10 K as well as in the vicinity of the compensation point. The small rise in the EB below
10 K could be the resultant of the large anisotropy (as evidenced in HE) that leads to exchange
coupling similar to the conventional EB systems. Further, the observation of EB again only in
the vicinity of Tcomp could be ascribed to the spin reorientation as observed Ndg 75H0g 25Al> and
Co(CrogsFeo.0s5)204 [23,26]. In addition, the exchange coupling between the nearly compensated
moments and that of FIM clusters is also present there [130]. The small enhancement in HEff in
the vicinity of Tcomp confirms the development of exchange coupling between the nearly
compensated moments and that of ferromagnetic clusters. At the intermediate temperature, i.e.
10 K > T < Teomp Neither the spin reorientation nor the anisotropy contributes to the EB field as a
result we might have observed negligible values of EB. This could be the possible reason behind

the observed temperature dependence of EB around the compensation point. Analogous to our
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compound where features like glassiness or phase separation are absent, the only other alloys or
intermetallic compounds which shows a sign change in EB across Tcomp, are Ri—GdyAly,
Ndo.75H0o 25Al, and Smo 975G do 025CusPd [26,146,175]. However, there are some other reports of
single phase homogenous Heusler alloys [130] and charge ordered manganites [97] where one

observes the large value of EB, but there are no such reports on sign reversal of EB across Tcomp.
4.3.4 Temperature Dependent Neutron Powder Diffraction Studies

In order to see the detailed behavior of negative magnetization and exchange bias, we
carried out temperature dependent NPD experiments on Co(Cry73Mno27).04 and
Co(Crp70Mng 30)204. Room temperature chemical structures have been confirmed by performing
XRD experiments on these polycrystalline samples of Co(Cr;.xMny)204 (X < 0.30). Fig. 4.8
shows the NPD patterns of Co(Crg73Mng27).04 and Co(Crg70Mng30)204 together with Reitveld
refinement fitting at different temperatures (295 - 3 K) in 26-range 6-120°. The observed patterns
are fitted well with a cubic spinel phase having space group: Fd3m (227) till lowest measuring
temperature (3 K). In order to study the changes in the nuclear and magnetic structures as a
function of temperature, the NPD patterns have been measured at various temperatures ranging
from a paramagnetic state to magnetically ordered states till 3 K. It is observed that the
experimental data is well fitted to the cubic spinel structure with Fd3m space group, without any
impurities till the lowest measuring temperature. The increase of some nuclear Bragg peaks is
observed due to the FIM ordering of moments below T¢, pointed towards the appearance of FM
order with propagation vector k = [0 0 0]. In order to follow the temperature dependent behavior
of the FM components, Rietveld refinement was carried out for temperature range of 3—100 K.
Hence, in the magnetically ordered state, in addition to nuclear reflections, we have determined
the propagation vector for magnetic reflections using the program K-Search, which is also a part
of the FullProf suite program [147]. For FM/FIM systems, k is always [0 O 0] since
superstructure reflections are absent. It was found to satisfy the Bragg conditions for all FIM
peaks at all temperatures. Further, one can also notice that there is no satellite peak even at 3 K,
as a signature of magneto-structural transition (Ts) which was present in case of pristine
CoCr,04 and Fe substituted CoCr,0O, [16,161]. The absence of Ts shows that the higher
substitution of ‘Mn’ for Cr-site in CoCr,0, affects the magnetic ordering strongly and suppresses
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Ts. This absence of Ts in the Mn substituted CoCr,04 samples is due to the absence of long

range conical spin-spiral ordering which was present in CoCr,0,4. Hence, one notices the absence

of such transformation from collinear FIM state to a conical spin-spiral state in these

compensated samples. However, for small amount of Mn substitution, Ts is present.
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Figure 4.8 Left panel (a-c) shows the Rietveld refinement of NPD patterns recorded in zero field at T =
297 K, 59 K and 3 K, respectively, for Co(Crq73Mng27),04. Similarly, right panel (a-c) depicts NPD
patterns recorded in zero field at T = 295 K, 82 K and 3K, respectively for Co(Cry70Mng30).04. NPD
patterns near room temperature (297 K and 295 K) are refined using a structural phase (indicated by the
first row of vertical tick marks) whereas another FM phase (second row) is also included in refinement

for temperature below Tc.
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Figure 4.9 Temperature dependence of the integrated intensity of the (111), (220), (400) and (331)
fundamental Bragg reflections for Co(Crq73Mng 27)20;4 (a-d) and for Co(Crg.70Mng 30).04 (e-h).

Fig. 4.9 illustrates the temperature dependence of the integrated intensity of the (111),
(220), (400) and (331) fundamental Bragg reflections for Co(Crp73Mng27),04 and
Co(Cro70Mng30)204, respectively which are calculated from temperature dependent NPD
patterns. We have noticed that there is an unusual change in the integrated intensity plots for the
Bragg reflections (111), (220), (400) and (331) in both the compounds. Recently, it was reported
that similar to pristine CoCr,0,, other transition metal substituted CoCr,0,, also possesses a
short-range conical spin-spiral components along with the long range FIM ordering below T¢
[161]. Similar to these reports, we also found that there exists a combined ordering of FIM
components along with spin-spiral components below T¢ in Co(Cry73Mng27).04 and

Co(Crg.70Mng 30)204 samples. The variation in the magnitude of these spin-spiral components is
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the prime source for the observed variation in the integrated intensity. Such change in the
magnitude of the spiral components of the magnetic moments (i.e. the cone angles) could be the

reason for the observed modulation in integrated intensity around respective Tcomp.
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Figure 4.10 Diffuse signal around the (111) Bragg peak in the neutron diffraction patterns at different
temperatures for Co(Crq73Mng27).04 (a-f) and Co(Cry70Mngs0)204 (g-1) (all graphs are plotted in the
same scale).

Fig. 4.10 depicts the enlarged view of the low-angle NPD patterns at several temperatures
for both Co(Crg.73Mng 27)204 and Co(Crp70Mng 30).04 compounds. One can see that the patterns

around 100 K, which is near to the ordering temperatures of both the samples, have some

89
TH-1881_126121028



presence of a diffuse signal around the (111) Bragg-reflection which were absent in room
temperature NPD patterns. These diffuse signals stipulate the presence of magnetic spin clusters
in these compounds [151,153]. Further, it is noticed that this diffused signal originating from
magnetic spin clusters is limited around the (111) reflection. In case of parent CoCr,04
compound, it is revealed from NPD experiments that below T¢, both long range ferrimagnetic
ordering and a short range spiral ordering coexists [8,16]. Compared to CoCr,0O4, we have
noticed that diffused signal started appearing at a higher temperature which could be because of
Mn substitution. In Fig.4.11, the temperature dependence of these diffuse signal intensity is
shown for both x =0.27 (a) and 0.30 (b) samples, respectively. With lowering in temperature, the
diffuse signal intensity increases but there are non-monotonic changes around the respective
Teomp Of the compounds which may be due to competition between the spins of both sublattices
which are responsible for the compensated state. Hence, the indication of such short range
correlation of the transverse spin components which are present till 3 K give a clue that the spin-

spiral transition, Ts could exists at much lower temperature compared to CoCr,0,.
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Figure 4.11 Temperature variation of integrated intensity of diffuse signal around (111) Bragg peak for
both Co(Crq73Mng7).04 (a) and Co(Crg7Mng3),04 (b) compounds.
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Figure 4.12 Temperature dependent magnetization M(T) curves of Co(Crq73Mng27).04 (Left panel) and
Co(Crg70Mng 50),0, (right panel) samples measured under low field (a)&(d) and under high field (b)&(e).
In last (c)&(f) show the net local moments obtained from NPD data of both the samples
Co(Cry73Mng,7),0, and Co(Crg70Mng 30),0, respectively.

Now, we will discuss the results obtained from the NPD experiments along with the bulk-
magnetization measurements. Fig. 4.12 shows a comparative plot of the bulk dc-magnetization
measured under the different applied fields with that of temperature dependent spontaneous
magnetization obtained from the refinement of the magnetic phase of the NPD patterns of
Co(Crg73Mng27)204 and Co(Crg70Mng 30)204 compounds. From here, one can see that similar to
the bulk magnetization, the moments obtained from the magnetic phase refinement of NPD data
also exhibit the same order of magnitude of magnetization at the compensation points Tcomp = 60
K and 82 K for Co(Crg73Mng27)204 and Co(Crp70Mng30)204, respectively. Interestingly, it can
also be noticed that the behavior of the spontaneous magnetization calculated from NPD data

across the compensation point has the similar functional form as the bulk magnetization
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Figure 4.13 Temperature dependence of different site moments (i.e. A, B; and B,) of both the compounds;

(a-c) Co(Crg73Mng 7),0,4, and (d-f) Co(Crg70Mng 30)20..

under the application of high magnetic field of 50 kOe or 70 kOe. This observed magnetization
behavior validates that there is a strong spin-lattice coupling presents in these systems which is
influenced by the application of the external field. From here, it is clear that there are different
orientations of magnetic spins corresponding to different sub-lattices around magnetic
compensation state. Hence, one observes these respective compensation temperatures form bulk
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magnetization data and verified the change in magnetic spin configuration across T comp through
NPD experiments. It should be noticed that all these interesting features like magnetic
compensation, were absent in CoCr,04. We have further calculated the different site-moments
for both these samples from NPD data as shown in Fig. 4.13. Noticeable non-monotonic changes
in different site magnetic moments around the respective compensation temperatures for these
compounds implies the real understanding of magnetic structure which is responsible to attaining

the state of magnetic compensation.
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Figure 4.14 Temperature dependence of cone angles (o), (B) and (y) of sublattices A, B; and B, of
(a-c) Co(Crp73Mng27).04 and (d-f) Co(Cry70Mng30)204,respectively. Insets show the cone angles
representing conical spin-spiral ordering pointing to the [001] direction.

Fig. 4.14 depicts the change in the cone angles (o, £ and y) of different sites (A, B; and
B,) as a function of temperature for both Co(Crg73Mng27)204 (a-c) and Co(Crg70Mng 30)204 (d-f)

compounds which attains a complicated conical spin-spiral ordering. Similar to the parent
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Figure 4.15 The temperature dependence of the bond lengths Co-O (A-O) and Cr/Mn-O (B-O) along
with the bond angles Co-O-Cr/Mn (A-O-B) and Cr/Mn-O-Cr/Mn (B—O-B) for Co(Cry73Mng27).04 [(2) &
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(b)] and Co(Crg70Mng30)204[(c) & (d)] compounds.

CoCr,0,4, the magnetic spiral configuration made a cone angle with the [0 0 1] direction. There
may be a change in the crystalline parameters which result in a change in the cone angles of the
spin configurations of all the sub-lattices. Hence, it is remarkable to observe a variation of the
cone angles across the compensation temperature in these Mn substituted compounds. The most
interesting finding regarding the magnetic structure of these samples is that the magnetic spin of
A-site has become anti-parallel to the [001] direction which was earlier parallel to [001] in the

case of pristine CoCr,04. This could be explained in terms of the reasonable changes in the
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magnitude of the magnetic moments of different sublattices by substituting 27% and 30 % of Mn
for Cr in CoCr,Q,. This is the favorable spin configuration for these Mn substituted compounds
for achieving the state of magnetic compensation. Further, from the magnetic structure of these
samples, one can understand the reason of small value of EB in Co(Crg70Mng.30)204 (cf. Fig. 4.7).
Compared to earlier studied EB in Fe substituted CoCr,0O4 samples, the A-site spins becomes
parallel to that of B,-site in these Mn substituted samples which is unfavorable to achieve the
similar EB effect. It should be noted that to get a large EB, the favorable condition was that A
and B sites should be anti-parallel to each other [166]. Further, the possible reason for a minimal
EB arises from the coupling of B; and B, sites which are anti-parallel. But the exchange coupling

among B-sites is not strong enough to gives rise to a large EB in the compound.

100 CO(CrO7OM n030)204 ‘;Tcomp~ 83K
80 |
B 60 |
IS
Z —o— Across A-O
< OrF s Across B-O
20
0 -
" 1 " 1 " 1 " 1 " 1
0 20 40 60 80 100

Temperature (K)
Figure 4.16 The variation of the distortion (4) as a function of temperature along two different paths, i.e.

A-O and B-0 of Co(Crq70Mng 30)204.

Fig. 4.15 represents the temperature dependence of the structural parameters such as bond
lengths and bond angles which are calculated from NPD data. These calculated bond lengths and
bond angles correspond to magnetic super-exchange paths in both Co(Crg73Mng27).04 and
Co(Crp.70Mng.30).04 Which are important to know the possible exchange interactions present in
these systems. From this figure, one can see that all the calculated bond parameters, i.e. Co-O
(A-O) and Cr/Mn-0O (B-O) bond lengths with Co-O-Cr/Mn (A-O-B) and Cr/Mn-O-Mn/Cr (B-O-
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B) bond angles have modulations around the respective Tcomp Of both the samples. Such
modulation in bond lengths and bond angles around magnetic compensation temperature
indicates the magnetically driven distortions in different interstitial sites, i.e., tetrahedral A-site
and octahedral B-sites of this spinel structure. Hence, such observations around Tcomp giVves raise
a clue for a correlation between crystalline and magnetic structures in these compounds. Further,
observed magnetic compensates state at Tcomp IS correlated with noticeable structural distortions
in bond parameters of both Co(Crg73Mng27)204 and Co(Crg70Mng30)204. In addition, One can
calculate the present distortion (A) in these compounds which is defined as: A = [{dt —
d100}/d100]%, Where dr and dioo are the bond lengths at different temperature T and at 100 K,
respectively. For Co(Cro70Mno30)20s, the variation of the calculated distortion along both A-O
and B-O path as a function of temperature is shown in Fig. 4.16. We observed that there is a
negligible distortion occur at the low temperature as well as at high temperatures but a large
jump exactly at compensation temperature (~83 K) is noticed in such distortion which indicates a

large magneto-structural coupling in the compound.

Because of such intrinsic magnetization induced distortion (A) across Tcomp, Which in
other words produces a magneto-elastic effect, it would be worthwhile to study the MCE in this
temperature region. Fig. 4.17 (a) & (c) show the isothermal magnetization hysteresis (M-H)
curves (First quadrant) measured in various temperature ranges of (a) 70-98 K and (c) 106-120
K (with AT = 2 K), with an applied field ranges from 1koe to 90 kOe. We have noticed the
interesting magnetic transitions of Teomp (~83 K) and T¢ (=114 K) from bulk dc-magnetization
data; therefore these are the respective temperature regions of interest to explore the MCE
behavior. Hence, we have investigated the MCE behavior in Co(Crg70Mng30)204 in the
temperature regimes of 70-98 K (around Tcomp) and in 102-120 K (around T¢). We have
calculated the change in magnetic entropy (-ASwm) using isothermal M-H curves [Fig. 4.17 (a) &
(c)] across the magnetic transitions. The field sweeping is done from 0 to 90 kOe and again back
to 0. During this protocol, the sample was first cooled to 10 K (i.e. below transition
temperatures) and then heated back to a particular temperature around Tcomp Without
overshooting. M-H curve was measured at that temperature, and after the completion of the
measurement, the sample was again cooled to 10 K. This time the sample was heated to a

temperature 2 K higher than the last measurement temperature, and then, another M-H curve was
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measured. This method was repeated for all the M-H curves taken within the temperatures
between 70 K and 98 K (across the Tcomp) and also between 106 K and 120 K (across the T¢).
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Figure 4.17 Magnetic field (H) dependence of the magnetization (M) for Co(Crq70Mng.3),0, at different
temperatures regions, 70-98 K (a) and 106-120 K (c) and calculated temperature-dependent magnetic
entropy change (-4Sy) around Teomp (b) and around FIM transition temperature T¢ (d) under various
magnetic fields changes (1 kOe- 90 kOe).

Here, ASy has been calculated from the isothermal M-H curves using the Maxwell’s relations
[158]:

ASw(T,H)= j(aa—'\m dH (4.1)
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One of the interesting observations from these plots of -ASy for this magnetically
compensated compound is that there is a sign change in -ASy exactly at Teomp. From earlier
discussed magneto-structural coupling along with the ordering of different magnetic species
around Tcomp, We have shown the consequence of the magnetic compensation on the
magnetocaloric properties of Co(Crp70Mng30)204 compound. This is the key finding in this study
of MCE effect in this compound which has state of magnetic compensation. A maximum value
of -ASy observed is 0.6 J kg™ K™ which results in a relative cooling power (RCP) of 5.89 J kg™
which is near to the same order as observed in other oxides [158-160]. Such finding of sign
change in -ASy across Teomp IS Very attractive as it opens a new opportunity in magnetic
materials where both normal as well as inverse MCE effect persists in a single phase compound.
The sign change in MCE effect is in the proximity of liquid nitrogen temperature but one can
tune this temperature by other transition metal ion substitution in similar materials for practical

application of magnetic compensation in the area of solid state refrigeration devices [171,176].

In addition, we modelled the temperature dependence of the different site moments for
both the compounds by using the molecular-field theory according to which the magnetic

moment should follow the following temperature dependence [177]:
1= po By(x) (4.2)

With, x = (}i—]l TT—C Hﬂ) where p and o are the magnetic moments at temperature T and at 0 K and
0

J is the total angular momentum of the system. B; is the Brillouin function. As shown in Fig.
4.18, we have fitted the Eq. (4.2) for both the samples. Further, we have also calculated the
molecular field constants (1) from these modelled fitting; Aa ~100 T/ug, 122 T/ug and Ag ~92
T/ug, 97 T/ug for Co(Cro.73Mng27)204 and Co(Crg70Mng 30)204, respectively which matches with
similar systems [161]. It is noticed that strength of molecular field constants increases with Mn
substitution. One can observe that the variation of moments deviates from the mean field
behavior around respective compensation temperatures shown by a rectangular box in the Fig.
4.18. This implies that the underlying crystal structure has a strong influence to the magnetic
spin configuration which results in the deviation from the Brillouin function. Hence, it confirms
the presence of a strong magneto-elastic coupling in these Mn substituted compensated
compounds of CoCr,0,.
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Figure 4.18 Temperature dependent variation of different site moments along with the fit for the Brillouin
function of both Co(Crg73Mng 27).0,4 (a-b) and Co(Crg70Mng30).0; (c-d).

4.4 Summary

To conclude, we have presented the detailed investigations of structural and magnetic
properties through XRD, temperature and field dependent dc and ac-magnetization
measurements and performing temperature dependent NPD experiments on Co(Cr1.xMny)204 (X
< 0.30). Such Mn substitution with x = 0.27 and 0.30 for Cr-site in CoCr,0,4 drive the system to

magnetic compensation state at T = Tcomp under low applied fields below which negative
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magnetization has been observed in both the compounds. Further, such magnetization reversal is
turnout to be in the form of field induced spin reorientation transition at the respective
compensation temperature. Temperature dependent NPD experiments reveal that spin
reorientations of different sublattice sites play a crucial role to attain the observed magnetic
transitions in these compounds. The exchange bias like behavior observed below 10 K, and in
the close vicinity of compensation point, has been discussed in the context of large anisotropy (as
evidenced in the HE™) and spin reorientation. NPD experiments reveal the reason for getting such
minimal EB field in Mn substitution case which is different from the Fe case. Observation of
short range spiral ordering till lowest measuring temperature (3 K), reveals the absence of spin-
spiral transition which was present in the parent CoCr,0,4 and also in lower Mn substituted
samples. Change in crystalline parameters (i.e. bond lengths and bond angles) across respective
Teomp also reveals the correlation between chemical structure and the present magnetic spin
configuration around that temperature window. We also observed a sign change of -ASy across
the Tcomp Where one can have both normal and inverse MCE in single phase compounds. For
further detailed investigation of this sign change in -ASy, single crystal neutron scattering
experiment under thermodynamical variables such as pressure (P) and field (H) is highly

desirable.
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Chapter 5

Studies on Co;-,Cu,Cr,04 (x = 0.00-0.20)

5.1 Introduction

We have noticed that the substitution of ‘Fe & Mn’ for B (Cr)-site in CoCr,O4 influences
its magnetic structure and gives rise to interesting magnetic properties which were absent in the
pristine CoCr,0,4[161,166]. NPD experiments described that the ‘Fe’ substitution which leads to
the magnetization reversal and sign change of EB field across Tcomp, gives rise to the
modulations in the magnetic structures around Tcomp. The explanation of the observed Ts and
transformation of magnetic structure around T, could be made by performing NPD experiments
at different temperatures in Fe substituted samples. In case of Mn substituted samples, there are
some dissimilarity with respect to the magnetic structures of CoCr,04 and Co(CrixFex)204
(x = 0.05 - 0.075) compounds. Hence, the observed magnetic properties are also different which
is explained well through both bulk magnetization measurements and temperature dependent
NPD experiments.

[b] l¢] [d]
e == o FH=EE e
L’g :H:H_ e ;H: 4 g _' k=
C004 Cu0y Cr06

Tetrahedral_A-site Tetrahedral_A-site Octahedral_B-site

Figure 5.1 (a) An example of the linkage of Co0,/CuQ, tetrahedral A-site through a CrO¢ octahedral B-
site. Schematic representation of enlarged view of CoO, (b) & CuQ, (c) tetrahedron and CrOg
octahedron (d) with electronic configurations of constituent Co?*, Cu?* and Cr** ions, respectively. The
dotted spin arrow in case of CuO, shows the degeneracy present in the t,, orbitals. Oxygen atoms are
omitted for a clear view.

With the motivation of Fe and Mn substitution, we want to study the effect of transition
metal ion substitution on A (Co)-site of the CoCr,0,. For this study, we have chosen the ‘Cu’

with the same valence state of ‘Co’ (i.e. Co®") which has nearly similar ionic radii but different
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magnetic moment in comparison to Co?*. Present chapter deals with the synthesis, structural,
temperature and magnetic field dependent magnetization, EB effects and detailed study of
magnetic structures by temperature dependent NPD experiments of Co;—CuxCr,04 (x = 0.0-
0.20). Fig. 5.1 depicts the crystal structure of pristine CoCr,O, along with electronic

configuration of constituent Co?*, Cu®* and Cr®" ions in different crystal field environments.

5.2 Experimental Details
Polycrystalline samples of Co;—CuxCr,04 (x = 0.0-0.20) were prepared by standard solid

state reaction method. Stoichiometric amounts of the constituent oxides (CozO4, Cr,O3 and
CuO) with high purity ( > 99.6%) were initially mixed using an agate mortar pestle. These
mixed powders were pressed into cylindrical pellets of diameter ~10 mm using a hydraulic
press with @ maximum load of 5 tons per cm? and placed in a platinum crucible. All the pellets
were finally sintered at 1200 °C for 24 h in air with intermediate grinding and pre-sintering.
The structural characterization was performed using a Rigaku x-ray diffractometer (model
TTRAX I111) with Cu-K, radiation (A =1.54056 A). Temperature dependent NPD measurements
were carried out on finely ground powders of magnetically compensated CoggCug2Cr,0O4
sample packed in a vanadium container at the UGC-DAE CSR beam line at Dhruva
reactor using a focusing crystal based powder diffractometer (FCD-PD3). Closed cycle
refrigerator (CCR) was used to cool the samples from room temperature to 3 K. The NPD
patterns were recorded using an 5 array of linear PSDs. Neutrons at a wavelength of 1.48 A were
used in the measurements [124]. Bulk dc magnetization measurements were performed using a
SQUID based magnetometer from Quantum Design with temperature capabilities of 2—320
K and magnetic field (H) up to £70 kOe along with ac-magnetic susceptibility measurements
from PPMS with ACMS option. The temperature dependent heat capacity data [Cp(T)] was
recorded by means of a physical property measurement system (PPMS) from Quantum

Design.

5.3 Results and Discussions
5.3.1 X-ray Diffraction

Room temperature XRD pattern of the polycrystalline sample of Co;—«CuxCr,04 (x = 0.0-
0.20) was analyzed by Rietveld refinement using the FullProf program [147]. Fig. 5.2 shows the
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typical XRD pattern of prepared compounds. This analysis reveals that all the patterns are
consistent with the standard cubic spinel structure with Fd3m (No. 227) space group, without
any trace of impurities. The lattice parameter is found to be ‘a’ = 8.328(1) A which is slightly
smaller than the lattice parameter of pristine CoCr,04 (a = 8.333 A) [16]. Such minimal variation
in the lattice parameter is generally due to the difference in the ionic radii of the Co®* (0.58 A)
and Cu® (0.57 A) in tetrahedral coordination [ref shanno radii]. Even though Cu®" is a Jahn—
Teller (JT) active ion and occupies tetrahedral A-site which can induce a structural transition
from cubic to other lower symmetry structure, but there is no structural transition is observed

at room temperature for Cu substituted CoCr,0O4 compounds.

XRD at FET COO_BCUO.ZCrZO4
Cubic: Fd3m

Cubic: Fd3m Co,,CY,,Cr,0,

Intensity (arb. units)

Cubic: Fd3m

cal

(311)
O
o
@)
@)

lobs™lcal
| Bragg Peaks

20 30 40 50 60 70
20 (degree)
Figure 5.2 Room temperature X-ray diffraction patterns of Co,_.Cu,Cr,0, (x = 0.0-0.20) polycrystalline

compound with Rietveld refinement showing that all compounds are in single phase with cubic
Fd3m space group.
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5.3.2 Temperature and Field Dependent Magnetic Properties

Fig. 5.3 shows the temperature dependence of dc-magnetization (M-T) curves for
polycrystalline Co; xCuxCr,0O4 (X = 0.0-0.20) compounds both in ZFC and FC modes under the
applied field of H = 1 kOe. We have observed that FIM transition T¢ is decreased with Cu
substitution which is simply due to the weakening of magnetic exchange interactions between A
and B-sites. Further, one can notice that negative magnetization is taking place below Tcomp ~52
K in 20% Cu substituted sample (i.e. C0ogCu2Cr,04). As we are interested in the state of
magnetic compensation, we moved further with this compensated sample for more detailed study

in terms of both bulk dc and ac-magnetization and temperature dependent NPD experiments.
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Figure 5.3 Temperature dependent dc-magnetization of Co;_.Cu,Cr,0, (x = 0.0-0.20) under ZFC and
FC conditions with the applied field of H ~1 kOe.
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Figure 5.4 (a) Temperature dependent magnetization for CoqgCu,,Cr,04 at H = 100 Oe under both the
ZFC and FC conditions, and (b) shows the dMzc/dT plot of the same sample. Insets show the enlarged
portion of the plot where another transition (Tg ~95 K) can be seen clearly. Arrows represent the
different magnetic transitions in the sample.

Fig. 5.4 (a) shows the temperature dependent dc-magnetization (M—T) curves of the
C0psCup2Cr,04 compound in ZFC and FC states under low the applied field of H = 100 Oe and

Fig. 5.4 (b) demonstrates the first order derivative of the magnetization curve in ZFC protocol,
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(dMzec/dT) versus temperature plot where all the transitions are observed more evidently. The
main panel of this figure depicts that the onset of FIM ordering temperature occurs at
100 K, and the long range FIM ordering completes by T¢ ~89 K. Within this window of
temperature (100—89 K) where the compound undergoes a long range FIM ordering, we observe
a small peak (named as Ts ~95 K) in ZFC magnetization data which can be attributed to a
magneto-structural transition. This is related to the structural distortion of the crystal lattice
which shall be discussed later. With further lowering of the temperature, we observed the
compensation temperature at Tcomp~52 K. The signature of long range spin-spiral transition
which was earlier observed in parent CoCr,0O4 [8,16] and Fe substituted CoCr,04 [161]

compounds, is found to occur at Ts~ 30 K.

The FIM ordering in the present spinel compound results in a non-collinear spiral
configuration below Tc. To avoid complexity in the spin configurations, we shall confine
ourselves only to the longitudinal spin components (both A and B sublattices) along the direction
of applied magnetic field and present discussion deals with these molds. In Fig. 5.4 (a), the spin
component of A-sublattice is represented in blue color, whereas the spin component of the entire
B-sublattices is represented in red color. At very low temperature, the data depicts that the ZFC
magnetization is positive. Hence, we can infer that the magnitude of the longitudinal A-
site. moment which is parallel to the applied magnetic field is larger than the magnitude of the
longitudinal B-site moment which is anti-parallel to the applied magnetic field [16]. With
increase in temperature, it reaches a compensated state at T~52 K where magnitudes of spin
moments of both sublattices exactly cancel each other resulting in a zero magnetic moment. With
further increase in temperature, we find the magnitude of the longitudinal B-site moment which
is anti-parallel to the applied magnetic field is larger than the magnitude of the
longitudinal A-site moment which is parallel to the applied magnetic field, resulting in
the negative magnetization. Close to the FIM ordering temperature, we find that magnitude of
longitudinal spin moments in both the sublattices becomes comparable, resulting in the decrease
in the magnitude of the net magnetization. But an interesting fact is that the net magnetization
becomes positive before reaching the paramagnetic state. In this region, the longitudinal
magnetic moment of A-site is larger than that of the resultant B-site [see inset of the Fig. 5.4 (a)]
which is due to the internal reorientation of the magnetic moments. The crystalline structural

distortion can be held responsible for this internal reorientation of magnetic moments.
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Figure 5.5 Temperature dependent dc-magnetization -(I)-f géz,gCuo,zCrzm sample measured in FC mode for
different applied fields (1 kOe, 30 kOe and 50 kOe).

The isothermal FC magnetization data resembles a classical ferrimagnet. Below Tcomp, the
magnitude of B-site moment is larger than that of the A-site magnetic moment whereas above
Teomp, the magnitude of A-site moment is larger than that of the B-site magnetic moment.
Fig. 5.5 depicts the isothermal FC magnetization of the CoggCup2Cr,O4 compound under
different applied fields. This plot shows how gradually the FC curve changes with increasing
applied field from 1 kOe to 50 kOe. It is noticeable that under low field, i.e. 1 kOe, FC curve
exhibits magnetization reversal below the Tcmp, while with the increase in the field,
magnetization shows a turnover exactly at Tcomp. Further, it has also been observed that this
field induced transition of CoggCug2Cr,04 does not change with temperature under the large
field of 50 kOe.

The temperature dependence of the ac-magnetic susceptibility (¥') was measured using
different frequencies f = 487, 987 and 4797 Hz with h,c = 3 Oe & Hg. = 0 Oe which is shown in
Fig. 5.6. It has been observed that there are two different peaks in the close vicinity of ordering
temperature, one at Tg, = 95 K and another one is at T¢c ~ 89 K which corroborate with dc-
magnetization measurements in ZFC protocol discussed in the previous section. The presence of

a large peak around 89 K indicates the long range FIM ordering in CoggCug2Cr,04. In addition,
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Figure 5.6 (a) Temperature dependence of ac-magnetic susceptibility of CoggCuy,Cr,0, recorded at
various frequencies, 487 Hz, 987 Hz and 4797 Hz under zero dc-bias field with h,. = 3 Oe. (b) shows the
effect of applied magnetic field for f = 987 Hz of the same sample. Inset shows the enlarged view around
magnetic transitions.

we observe a small peak around T ~95 K which could be related to the structural transition
present in the system (will discuss in following section). The main peak representing long-ranged
FIM transition at 89 K is frequency independent and, therefore, ruling out the possibility of
glassy nature of the transition. All magnetic transitions present in dc magnetization
measurements also have their signatures in the ac susceptibility (yac) curve, shown in Fig. 5.6 (a).
Further, Fig. 5.6 (b) depicts the temperature dependence of yac’ with hye = 3 Oe superimposed
with various dc fields Hg. = 100 Oe, 1 kOe and 10 kOe. From here, one can see that the main
large peak around FIM transition is suppressed with the increase in Hgc. Intrestingly the small
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peak around 95 K disappears or merges to a single peak. Moreover, a very clear down turn
exactly at Tcomp Can be seen both in absence and presence of applied dc field. This signature of
Teomp 1S Unaffected with the increase in dc field till 10 kOe. In order to resolve the nature of low
temperature magnetic ordering present in this system, experimental tools, such as neutron

diffraction is very much essential, and have, therefore, been performed to get a clear

understanding of magnetic ordering at the microscopic level.
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Figure 5.7 The magnetization (M) versus field (H) hysteresis loops of CoggCug,Cr,0O, are shown at
selected temperatures in the vicinity of compensation temperature. The respective insets show the

enlarged view of M-H loops near origin showing the asymmetry in the loops.
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5.3.3 Exchange Bias Effect

Hysteresis loop (M-H) measurements of CosCuo2Cr,O4 were performed at selected
temperatures between 3 and 100 K in the magnetic field range of —60 to +60 kOe. These
measurements were done in the similar protocol as done in the earlier chapters. Fig. 5.7 shows
the hysteresis loops, at six selected temperatures (especially in the vicinity of T¢omp) Which favor
the FIM behavior in the compound. All respective insets depict the enlarged view of the loops
for a clear view to notice the asymmetry in the M-H loops measured at the different temperature

in the vicinity of magnetic compensation.
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The standard definition of EB field which is calculated in terms of the loop shifting along
the field direction i.e. Hgg = -(H++H-)/2, where H, and H- are magnetic field values at M = 0,
similarly the Mgg = (M++M_)/2 for the magnetization at H = 0 and coercivity can be calculated
as Hc = (H«—H-)/2. Fig. 5.8 depicts the Heg (a), Mgg (b) and Hc (c) of CopsCup2Cr,04. We have
noticed that, below 10 K, all the M-H data appear like minor loops; thus, magnitudes of Hegg,
Meg and Hc will not be worth to present. Interestingly, one can see that there is a sign change
both in the Heg and Mgg across Teomp ~ 52 K. The value of the Hgg in this system is about ~1400
Oe, which is analogous to the values in the rare earth alloys. From Fig. 5.8(c), it is observed that
Hc(T) collapses dramatically to zero at Teomp in the temperature window (AT) of 40 < T < 65 K.
Fe substituted polycrystalline CoCr,0,4 also perceived the similar behavior of Hgg (T) and Hc (T)
in the vicinity of Teomp [166,172].
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Figure 5.9 The main panel of (a) shows the temperature dependent specific heat Cp(T) of
Co0pgCug,Cr,0,4 sample measured with H = 0 Oe and 50 kOe. Insets (1) and (11) show the enlarged view
across T, and magnetic entropy ASy(T) across the T, respectively. Main panel of (b) shows the Cp(T)/T
with the first order derivative in the inset.

The plots of the temperature dependence of specific heat Cp(T) and Cp(T)/T of
Co0pgCup2Cr,04 measured under H = 0 Oe and 50 kOe are shown as the main panel of Fig. 5.9
(@) and (b), respectively. Measurements were done at smaller temperature intervals around
transition temperature regions. At H = 0 Oe, two peaks in Cp versus T are observed, at Ts = 30 K

and at T¢c ~ 89 K. A lambda type peak observed around T¢ represents the FIM transition in the
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compound. Another peak which is weak, like a shoulder at around Ts = 30 K, represents spin-
spiral transition in the sample. In applied field of 50 kOe, the peak at T¢ clearly smears and shifts
towards higher temperatures (see inset of Fig. 5.9 (b)). Interestingly, another peak at Ts is
unaffected with the application of large field, H = 50 kOe. Inset (I1) of Fig. 5.9 (a) demonstrates
the temperature dependence of change in magnetic entropy, ASy(T)n = (Cp(T)/T)dT. One can see
that ASy(T) decreases with increase in the applied field. As there is always lattice contribution
to total Cp(T), we have, therefore, plotted temperature dependence of Cp(T)/T in Fig. 5.9 (b) to
get a clear picture of the magnetic ordering. Inset of Fig. 5.9 (b) shows the clear shifting of T¢
towards higher temperature. This shifting of T¢ towards higher temperature could be due to the
application of applied field which makes possible the unstable spin configuration around T¢
transform to a stable one. This is also confirmed from the entropy calculation which shows that
ASm(T)H=50 koe < ASm(T)H=0 koe [Cf. inset of Fig. 5.9 (a)].

5.3.4 Temperature Dependent Neutron Powder Diffraction Studies

The structural and magnetic phases of CoggCug.Cr,0,4 are identified by performing
temperature dependent NPD experiments. NPD patterns have been measured in zero fields at
various temperatures between 300—3 K which covers paramagnetic state to magnetically ordered
states across Tc, Tcomp and Ts. Fig. 5.10 shows the Rietveld refinement of the NPD patterns
recorded at 300 K (paramagnetic state), at 51 K (close to Teomp) and at 3 K (below Ts) for
C0pgCup2Cr,04 using the FULLPROF program [147]. The temperature dependencies of the
different magnetic Bragg peaks intensity of CopgCuo2Cr,04 are plotted in Fig. 5.11 which
clearly shows that magnetic ordering starts around 90 K. Interestingly, we have also found that
there is a non-monotonic variation in the calculated integrated intensity of magnetic reflections
in the vicinity of T¢omp. For low temperature NPD data (T = 3-20 K), we have done magnetic
symmetry analysis using the program Baslreps for the magnetic atoms on different sites for
different propagation vector (k) which has given the best fitted values for magnetic structures
refinement between 3—-20 K NPD data. Above T = 20 K, or for the temperature T = 45-90 K, we
have FIM ordering with propagation vector k = [0 0 0] in addition to the nuclear phases. From
bulk dc-magnetization measurements, we know that CoggCug,Cr,0, is paramagnetic above 90

K, hence only the nuclear (crystallographic) phase was included in the refinement for
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Figure 5.10 Temperature dependent NPD patterns with Rietveld refinement in zero field at (a) T = 300 K,
(b) 51 K and (c) 3 K of CoygCuq,Cr,04. NPD pattern at room temperature (300 K) is refined using a
structural phase (indicated by the first row of vertical tick marks) whereas for 51 K another structural
phase along with FM phase (second row and third row) is also included in the refinement. NPD patterns

| (@ T=300K C00.8Cu0.2Cr20 .

"N@Cubjc O 1 1 A O I 1 O (O AR R

Intensity (arb. units)

WWW%WWMWWMMMMWW b s s WNHWMW
1 L i
(b) T=51K Fd3m+ Fddd+Mag phase
—— lobs
B — leal
— lobslcal

I Bragg Positions

N@GRRGmomaict 114 4 Ll LM Ll e e
ﬂWWW@ WMWMMWJ MMWMM\}M MMWW?”W& MWWM P
() T=3K Fd3m+ Fddd+Mag phases

@Orthorhomblc |

FM, | ‘1‘ “‘ “‘ H HH ” IIHI "I I‘I‘ 1 IH Hl llH H HlH IJ‘HIIHI N‘HNII I H ”1 |
— FM Iril I \ H\ H“\‘ HH H\‘Iw \‘HHIIHIII \‘I\HH "H I}I‘I\I\I‘I\\IIII‘\}‘I\‘H\‘HHI\HI\HHIIHIH\‘I“\ \IIII‘\‘IH‘H\ \w}l\”"“\II‘II\‘HHI\HIIIN \I”II“\‘\III\"‘H‘ﬁl”\}llﬂ\wlnllw"\IIH\I\I\mm“‘I\Illlll\wll\l‘l\“\I\"I“IHI\I\"\I\HMI\I‘I\“III‘I\I\IMII\IHI\II\‘W‘I}\III“\IIHIHIN‘I\”Hlﬁl“\‘\l}”\IIHI‘
WWV&MfWMWEWWWJWWMMWW
: 1 : 1 " L . 1 : 1 :
20 40 60 80 100

20 (°)

at 3 K include additional incommensurate (IC) phase along with all these phases in the refinement.
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NPD data above 90 K. Fig. 5.10 (a) shows that NPD pattern at 300 K with nuclear reflections
and well fitted to the normal cubic spinel structure. There is FIM ordering at 52 K (close to the
state of magnetic compensation) which can be clearly seen from Fig. 5.10 (b) with quite
enhancement in the magnetic spin magnitude representing by lower angle Bragg peaks. In
addition, Fig. 5.10 (c) depicts the emergence of new satellite peaks at much lower temperatures
(3 K) with IC magnetic phases which start below Ts. Pictorial representation of temperature

dependent magnetic structure of CoggCug»Cr,04 is shown in Fig. 5.12.
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In order to understand the observed distortion at 95 K from dc-magnetization,
temperature dependent NPD experiment is extremely helpful. The structural distortion can be
experimentally determined through the technique of neutron scattering at different temperatures
along with the magnetic structure of the compound. Here, NPD patterns were recorded on
C0psCup2Cr,04 sample at 200 K (paramagnetic state) and 90 K (close to FIM transition). Fig.
5.13 (a) depicts the NPD pattern at 200 K which is refined perfectly with the cubic spinel
structure without including any addition phase. The cell parameters, the position of oxygen
atoms and occupancies are refined and pattern is perfectly fitted with cubic structure as shown
Table 5.1. No impurity reflections were observed in the pattern which indicates that the sample is
prepared in single phase. But, on lowering of temperature to 90 K, distortion in some higher
order Bragg reflections (such as (800) reflection) was observed in the NPD pattern [Fig. 5.13 (b)]
which gives rise to the possibility of a structural distortion present in the system. There is no
obvious structural phase transition observed at 200 K in NPD data and the symmetry is perfectly
cubic, as shown in Fig. 5.13 (a). The similarity in the tetrahedral ionic radii of Co?*" and Cu*'-
ions allows the prepared compound, CoggCug2Cr,0O4 to maintain cubic symmetry at room
temperature. At low temperature (90 K), we have observed a phase co-existence of both cubic
(Fd3m) and orthorhombic (Fddd) nuclear phases along with the magnetic phase, as shown in
Fig. 5.13 (b). Regarding structural distortion or phase-coexistence around magnetic ordering
temperature, we observe that, there is no peak splitting of (800) refection at 200 K but at low
temperature (90 K), Bragg peak splitting of the (800) reflection is deconvoluted into
contributions from both Fd-3m and Fddd phases (as shown in Fig. 5.13 (c) & (d)). Nearly 32% of
cubic and 68% of orthorhombic phase fractions coexist in the 90 K nuclear structure of
C00sCup2Cr,04. With further lowering in temperature, the Fddd phase fraction increases to
~88% at 3 K. The observed phase coexistence over a wide temperature range in present work
may arise due to the one of the possibilities that the cubic phase goes quickly to orthorhombic
phase via the tetragonal one within a very narrow temperature range. Hence, the presence of
stress and the strain due to the quick transformation in the sample which was not relaxed, leading
to the phase coexistence over wide temperature range. Similar phase co-existence over relatively
wide temperature range has also been observed in other spinels [178]. The crystalline parameters
such as lattice constants, atomic site positions, and occupancies etc. along with the values of

fitting parameters are presented in Table 5.2.
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Table 5.1 Refined parameters of CoggCug,Cr,04 from NPD pattern at 200 K.

Atoms Site X y z Site occu.
Co 8a 0.125 0.125 0.125 0.796(2)
Cu 8a 0.125 0.125 0.125 0.194(2)
Cr 16d 0.5 0.5 0.5 1.021(2)
o) 32e 0.262(1) 0.262(1) 0.262(1) 0.999(1)

Table 5.2 Crystallographic information and Rietveld profile reliability factors for
C0psCuUg»Cr,0,4 from NPD pattern at 200 K and 90 K.

Parameters T=200K T=90K
Crystal Symmetry Cubic Cubic(l) + Orthorhombic(I1)
Space Group Fd3m Fd3m + Fddd
Phase Fraction 100% 32%[1]1+68%[11]
a(A) 8.3262(2) 8.3242(7) [1], 8.3400(7) [1]
b (A) 8.3262(2) 8.3483(7) [11]
c(A) 8.3262(2) 8.2890(7) [11]
c/a 1 0.994
V (A% 577.22(1) 577.03(1)[1], 576.95 (1) [1]
Theta Range 6-120° 6-120°
Bragg R-factor 6.0 6.3&6.9
Magnetic R-factor 0 9.2
GOF () 3.6 3.5

For the low temperature case (i.e. T < 200 K), the structure distortion from cubic to
orthorhombic is observed at T ~90 K. With further lowering in temperature this orthorhombic
phase is starting to dominate over cubic phase which is depicted in Fig. 5.14 In case of
temperature T > 200 K, there is no obvious structural phase transition observed and symmetry is
cubic. These different patterns were well described by the jumble of space groups Fd-3m and
Fddd. This is observed that there is cubic-orthorhombic structural phase transition instead of
cubic-tetragonal-orthorhombic sequence upon decreasing the temperature which is very
common. For T = 90 K, although the phase transition related peaks splitting is not much, the
peak splitting of (800) at 90 K is very clear which was absent at T > 200 K. The non-monotonic
change in phase fractions of this compound around compensation temperature (as shown in Fig.
5.14) is corroborating with the magnetic structure around Teomp. The temperature dependent
anomaly at ~52 K is strong on both integrated intensities and phase fractions; hence a correlation
between the crystal and magnetic structure is suggested around magnetic compensation in

C0psCup2Cry04. It is possible that the anomalies in the bulk magnetization measurements
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originate from the transition/crossover to the different ground state of t,, orbitals in the

tetrahedral environment due to the structural transition/distortion.
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Figure 5.13 NPD patterns of CoygCuo.Cr,04 measured at (a) 200 K, and (b) 90 K with Rietveld
refinement. The enlarged view of the (8 0 0) Bragg reflections of these NPD patterns have been shown at
(c) 200 K, and (d) 90 K. The stars indicate the distorted peaks in the patterns.
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Pristine compound CoCr,0,4, does not show any structural phase co-existence/transition
due to the absence of Jahn-Teller active ion with orbital degree of freedom at tetrahedral A-site.
CoCr,04 is perfectly cubic till low temperature with complex non-collinear magnetic ordering
with two magnetic sub lattices, namely A and B [12-14]. From the recent developments in Fe
substituted CoCr,O, compound [24, 27], it has been observed that there is no crystalline
structural phase transition close to the FIM transition. From this observation, it is very clear that
substitution of the Jahn-Teller active Cu®*-ions gives rise to the observed structural phase
distortion in CogCug2Cr,04. The weakening of the overall strength of magnetic interactions is
attributed to the lower spin of Cu?* (3d°) S = 1/2 compared to Co** (3d") S = 3/2. The higher spin
of Co* contributes to stronger magnetic interactions in parent CoCr,O,. The onset of magnetic
ordering in CogsCug»Cr,04 0occurs at lower temperature compared to CoCr,04 due to the dilution
of A-site spins. From NPD, it is clear that the substituted Cu®* -ions occupy only the A site of the
spinel, and the compound has the normal spinel structure with the formula [Co®*"Cu?*][Cr**],0..
A cubic and orthorhombic phase co-existence has been observed at 90 K from NPD data which
matches with the T¢ ~ 89 K of magnetization data. The spin-Jahn-Teller distortion observed in
Co00sCup2Cr,04 s illustrated by the splitting of the (8 0 0) reflection to another (0 0 8) peak at 90
K [see Fig. 5.13 (c) and (d)]. This Jahn-Teller effect also has strong impact on the (8 4 0) and (9
3 1) Bragg peaks which attests the presence of orthorhombic phase in the compound. The
observed phase coexistence of cubic and orthorhombic phases at 90 K also authenticates the
transition at T, observed from both the dc and ac magnetic measurements (see Fig. 5.5 and 5.6).
The importance of this structural transition is that it possibly bypasses the tetragonal (14;/amd)

structure observed in another spinel compound e.g. CuCr,0,.

This lowering in the symmetry (from cubic to orthorhombic) occurs due to the Jahn-
Teller active Cu®* -ions present in the compound. Due to Jahn-Teller effect, these ions lower
their energy to get equal stabilization by spontaneous deformation of their perfect tetrahedral or
octahedral environment to orthorhombic symmetry. Kanamori’s theory explains the relation
between the local distortions and cooperative effect due to tetrahedral Jahn-Teller cations [6].
We know that the ground orbital level at the tetrahedral environment is doubly degenerate e,
levels, whereas excited state is triply degenerate t,, orbital level. In present compound where

Cu®*-ion at A-site (tetrahedral environment), has nine 3d electrons so the configuration
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introduced by this element will be: (eg)4 and (tzg)5. This configuration, which is degenerated
with respect to the ¢, orbital, results to produce a distortion such that d,,, has more energy than
dy, and d,,. This resulting distortion also affects the eg orbitals where the dZ orbital has the
lower energy than d,_,,2 orbital. In the present compound where Co?* and substituted Cu®* ions

are located at tetrahedral site, two normal distortion modes (Q, and Q3) are then given by [179—

182]:
Q2= 775 (6X = 8Y) (5.1)
Qs = ﬁg (267 — 8X — 8Y) (5.2)

Where L is the cube length, and 6X, 6Y and 6Z are the modulations of the cube dimensions. Just
for the simplification of the above equations, one can introduce the polar coordinate

representation of Q; and Qs such as [3,6]:

0, = Q Sin 6 (5.3)
Q3= QCos o (5.4)

Now with these simplified equations, one can illustrate the relation between 6 and the
deformation described by it. It reveals that the directions 8 = 0, 2n/3 and 4n/3 have elongations
along the z, x and y axes, respectively whereas 6 = /3, = and 5 n/3 have contractions along the
y, z and x axes, respectively. The observed distortions along the above mentioned angles
correspond to the tetragonal distortion whereas the intermediate angles between these directions
correspond to orthorhombic distortions [6]. In the present study, we found 6 = (m-7.34°) with an
error of 0.07° which lies in the domain of orthorhombic distortions and satisfies the explanation

of observed distortion in CoggCug2Cr,04.

Further, as there is phase co-existence of cubic and orthorhombic phases as single cubic
lattice constant ‘a’ changes into three independent orthorhombic lattice parameters (a, b and c)
below T = 200 K [Fig. 5.15 (a) and (b)]. Interestingly, it is observed that cubic lattice constant
decreases gradually with temperature, but there is a sharp dip at Tcomp. These lattice parameters
of Fddd phase also have minimal anomaly at Tcomp. Although the structural distortions of
C00sCup2Cr,04 occur primarily due to the Jahn-Teller activity of tetrahedral substitution of
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Figure 5.14 The temperature dependence of phase fraction of both the phases (cubic and orthorhombic)
present in CoggCuq,Cr,O4. The green dashed line at T~52 K displays an unusual structural phase
fraction around Teomp. The inset shows an enlarged view of such unusual anomaly around T~52 K.

Cu®, there is a distinct difference in the distortions observed in CoggCug2Cr,04 compared to the
spinel CuCr,04 where A-site is fully occupied with Cu?*. In case of CuCr,0, the existing Jahn-
Teller distortions involve a cubic Fd3 m to tetragonal 14:/amd lattice distortion which is different
from CopsCup,Cr,04 [72]. It has also been reported that there is another structural distortion in
CuCr,04 from tetragonal I5/amd to orthorhombic Fddd symmetry which is derived due to the
magnetostructural coupling present in the system [183]. In the present system, we have observed
a cubic Fd3m to orthorhombic Fddd distortion, possibly bypassing the tetragonal l41/amd
structure observed in CuCr,O4. Moreover, there was no correlation between the existing lattice
distortions with that of the onset of magnetic ordering which has been observed in present case
of CogsCup2Cr,04. The modest connectivity between A-site CuO, tetrahedra along with CoO4
could be the reason for the different character of distortion in CoggCupCr,O4 compared to
CuCr,04. The partial Cu substitution (i.e. 20%) which dilutes the A-site of spinel structure
CoCr,04 and results in randomly distributed CuQ, tetrahedra among CoO4 which gives rise to

the average distortions in all three axes (x, y and z) of the cubic unit cell and hence system adopt
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orthorhombic (Fddd) symmetry in case of CoggCuo2Cr,O4. There are some reports in literature

where a similar cubic Fd3 m to orthorhombic Fddd lattice distortion has been observed.
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Figure 5.15 Variation in lattice parameter as a function of temperature in CoggCu,,Cr,04. (2) Cubic
lattice constant shows a dip around Tm,~52 K, and (b) also depicts the non-monotonic change in lattice
parameters (a, b and c) of the orthorhombic phase around same Tomp.

DT - T R

To further demonstrate the structural distortion, the temperature dependence of the (400)
and (511) Bragg peaks of NPD patterns is depicted in Fig.5.16. The single (400) and (511) peak
start to splits into two peaks at T = 90 K (where coexistence starts between cubic and
orthorhombic phases). Such deconvolution in these Bragg peaks becomes more and more
prominent with decrease in temperature. This stronger splitting with lowering the temperature,
also validate the dominance of orthorhombic phase on cubic phase with the decrease in

temperature.
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Figure 5.16 The temperature dependence of the different Bragg peaks; (a) (400), and (b) (511) of

C0,.5Cu(.Cr,0, at different temperatures.

Fig. 5.17 depicts the comparison of the bulk magnetization measured under low applied
field of H = 100 Oe and high field of 50 kOe with that of temperature dependent spontaneous
magnetization obtained from the refinement of the magnetic phases of the NPD patterns of
Co0psCup2Cr,04. Both the bulk magnetization and the local moments obtained from the NPD
experiment, exhibit a clear down turn at the compensation points Tcomp ~ 52 K. Interestingly, we
observed that the net moment observed from NPD experiments shows the similar functional
form as that observed in bulk magnetization measurements carried out in 50 kOe field, around
the compensation point. Further, the non- monotonic change in unit cell parameters, both the
phases, in the vicinity of Tcmp Shows that there is a strong spin-lattice coupling present in the
system. It can be understood that corresponding to different sublattices (i.e. A and B) and due to
different substitution in these sublattices, different magnetic spins orientations take place in the
vicinity of compensation point which gives rise to the strong spin-lattice coupling. All these

interesting observations were absent in CoCr,0,4 as there was no magnetic compensation.
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Figure 5.17 Temperature dependent magnetization M(T) curves of CoggCu,.Cr,0, measured under low
field (a) 100 Oe, and (b) high field 50 kOe. Net local moments obtained from NPD data are shown in (c).

Fig. 5.18 shows the enlarged portions of the low-angle NPD patterns at several
temperatures for CoggCugCr,04. The patterns at 90 K, i.e. closer to the FIM transition
temperature, T¢c ~89 K, shows the presence of a diffuse signal around the (111) reflection. The
presence of such diffuse signal, which is of magnetic origin, indicates the formation of magnetic
spin clusters in the compounds [151,153,154]. Further, it is found that these diffused signals
which induce short-range correlation among magnetic clusters contribute to the diffraction
pattern only around the low angle range, i.e. around (111) peak. In case of CoCr,Q,, it is reported
that a short range spin spiral ordering emerges around ~80 K, below T¢ [16] whereas in this Cu
substituted sample, one can see this short range correlation has activated at a higher temperature

(i.e. 90 K) compared to that of the parent compound. The presence of this diffuse signal may be
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due to the finite short range clusters of the transverse spin component coexisting with the finite
long ranged magnetic order in these spinel compounds [151,153]. The scattering from these
disordered magnetic clusters which are present in these compounds is the origin for these diffuse
signals. There is a variation in the intensity of these diffused signals with temperature. This is an
explicit indication of the build-up of a short range correlation of the transverse spin component

with temperatures above the spin-spiral transition, Ts.
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Figure 5.18 (a-h) Diffuse signals around the (111) Bragg peak in the neutron diffraction patterns at

different temperatures of CogCuoy.Cr,0O4 (all graphs are plotted in the same scale). The integrated
intensity of these humps is shown in (i).

124
TH-1881_126121028



2.7 —m— A-site_Co/Cu: NPD
—&— A-site_Co/Cu: MFC

N
[IEN
I

Moment (u.)
H
(o]
I

A, =45.02T/u

15}
A =1652T/n
A-B B
12 |
. 1 . 1 . 1 . 1 . 1
15 | —m— B-site_Cr: NPD
—&— B-site_Cr: MFC
12 |-

o
©
I

(b)

Moment (y,)
o
I

A, =5131 T/,

o
w
I

Ay, = 1640 T/u,

B

o
o
I

. 1 . 1 . 1 . 1 . 1
40 50 60 70 80 90

Temperature (K)
Figure 5.19 Temperature dependence of the observed magnetic moments of A (Co/Cu) and B (Cr)-sites

from the NPD data and calculated moments from the molecular field calculation (MFC) of
C00.8CU 2Cr,0,.

Thermal variations in the magnetic moments of the A-site (Co/Cu) and B-sites (Cr) for
Co0pgCup2Cr,04 as calculated from the NPD are depicted in Fig. 5.19 (black rectangles). Further,
we applied the molecular field model in order to calculate the thermal variations of these
magnetic moments. We assumed that these spinel compounds have two sub-lattices A and B
whose spins are anti-parallel to each other with different molecular field constants, Aa a, Aa g OF
As-a and Ag g representing A-A, A-B and B-B exchanges, respectively. The calculation was
done by a self-consistent mean- field calculation method using the Brillouin function B;(x) along
with the above molecular field constant (). The values of ‘J=S’ used in the function B;(x) as
given below, are modified to include the substitutional effects, i.e., S= 0.8x(3/2) + 0.2x(1/2).

Hence, the expressions used for the calculations are [157]:
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My = M3By[guyS(hg—g Ma — Aa—g Mg)/kgT] (5.5)
Mp = MISEatB][gMBS(_A‘A—B Mj + 2a-aMp)/kgT] (5.6)

where M52t and MZ* are the saturated A-site and B-site moments respectively, kg is Boltzmann’s
constant and T is the temperature. The best fit of the above formula to the NPD data provides the
molecular field constants, Aa a, Aa s Or Ag.a and Ag g Which are shown in Fig. 5.19 (a) and (b).
Furthermore, the FIM transition temperature (Tc) and the compensation temperature (Tcomp)
using these molecular field constants, Aa a, Aa s Or Ag.a and Ag g are found to be T¢ = 192 K and
Teomp = 176 K which are in good comparision to the experimental value of T¢c =89 K and Teomp =
52 K, respectively. Molecular field calculations are the simplest theoretical model to calculate
various magnetization parameters. It has its own limitations in including some corrections when
compared to the experiments, such as NPD in the present case. Inspite of these, there is good

agreement between the parameters obtained from MFC and NPD for Cog gCug2Cr,0; .

Further, with this magnetically compensated CoggCug,Cr,04 which has both postive as
well as negative magnetization in a single phase material, we have investigated the
magnetocaloric properties in this compound. Temperature dependent NPD experiments reveal
that there exists a magneto-elastic coupling in the proximity of Tcmp. We have observed the
interesting magnetic transitions as Ts, Tcomp and Tc¢ from bulk dc-magnetization data; therefore
these are the respective temperature regions of interest to explore the MCE behavior in
CopsCup2Cr,04. Hence, we have investigated the MCE behavior in the temperature regimes of
24-60 K (in the range of Ts & Tcomp) and in 80-100 K (around Tc). Fig. 5.20 shows the
calculated change in magnetic entropy (-ASy) using isothermal M-H curves across the magnetic

transitions. Here, ASy has been calculated using Maxwell’s relations [158]:

A5 (T, H) = | (Z—'\ﬂ dH (5.7)

As shown in Fig. 5.20, the interesting observations from this study is the sign change in -ASy
exactly at compensation point. From NPD measurements we have observed that the compound
exhibits strong magneto-elastic coupling around Tcomp (Cf. Fig. 5.21) which could be the reason

for this sign change in -ASy across Tcomp. We have shown the consequence of the magnetic
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Figure 5.20 Temperature dependent magnetic entropy change (-4Sy) around (a) Ts and Teomp, and (b)
around T¢ for CoggCug2Cr,04.

compensation on the magnetocaloric properties. This is the key finding in this study of MCE
effect in this magnetically compensated compound. A maximum value of -ASy observed is 0.65
J kg™ K. Such finding of sign change across Teomp in -ASy is very attractive as it opens a new
opportunity in magnetic materials where both normal as well as inverse MCE effect persists in a

single phase compound.
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Figure 5.21 Observed distortion (4) in lattice constant of cubic phase of Co,gCuy,Cr,0, as a function of
temperature with clear anomaly around Tcomp.

5.4 Summary

In conclusion for present chapter, we have investigated the detailed structural and
magnetic properties of Cu substituted polycrystalline compounds i.e. Co;CuxCr,04 (X =
0.00-0.20). Magnetic properties have been studied through temperature and field dependent bulk
dc and ac-magnetization measurements. The substitution of Cu®* for Co®*" reduces the
paramagnetic to collinear FIM transition temperature, Tc, which is likely due to the weakening
of magnetic interactions between A and B-site ions in these Cu substituted compounds
compared to that of CoCr,0O4. In addition, negative magnetization and sign change of EB and
MCE across Tcomp is also observed in 20% Cu substituted sample i.e. Co0ggCug2Crz0a.
Temperature dependent NPD experiments were performed for an understanding of the real
microscopic origin negative magnetization, sign change in EB and sign change in MCE. The
substitution of Jahn-Teller active Cu?* ion gives rise to the structural distortion with a phase co-
existence of cubic and orthorhombic at temperature Ty = 95 K just above the Tc¢ in this
compound. The observation of this Ty, close to Tc is likely due to the long-range nature of

magnetic interaction which is held responsible for distortion present in the system. A notable
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point is that such cubic to orthorhombic distortion possibly bypasses the tetragonal one which is
one of the new findings in such compounds. NPD data reveals that magnetic moments and the
crystalline structure show a nonmonotonic variation around Tcomp. Sign change in exchange bias
and MCE across Tcomp is correlated with the magneto-structural effects revealed from the neutron
data. We have also carried out molecular field calculations for moments on different sites, which

are best fitted to the moments extracted from the NPD experiment.
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Chapter 6

Summary and Conclusions

From the experimental work carried out for this thesis, the results obtained from three
different and distinct substitution effects at both Co and Cr—sites in CoCr,0,4 may be summarized
as follows. The present thesis is based on the studies of different magnetic structure which are
responsible for different magnetic properties in compensated substituted compounds of CoCr,0s.
Detailed investigations of structural and magnetic properties on (i) Co(CryxFex),04 (x = 0.00—
0.075), (ii) Co(Cri1xMny),04 (x = 0.00-0.30) and (iii) Co1xCuxCr,04 (x = 0.00-0.20) are
reported. Structural analysis of these polycrystalline compounds shows that substituted
compounds of Fe and Mn retains the cubic phase till the lowest measuring temperature (i.e. 3 K)
whereas a structural distortion is observed in case of Cu (20%) substituted sample. Bulk dc and
ac magnetization and heat-capacity measurements have revealed many interesting magnetic
properties including negative magnetization, sign change in exchange bias field and sign change
in MCE across compensation temperature. Temperature dependent NPD experiments have been
performed on the compensated substituted compounds which provide a detailed magnetic
structure responsible for observed fascinating magnetic properties of these compounds.
Summarizing the key results of the thesis, we concluded this chapter with some future

guidelines.

Minimal substitution (i.e. 5% and 7.5%) of Fe®*"-ions for Cr** (B-site) in CoCr,O.
systematically enhances the FIM transition temperature possibly due to the strengthening of
superexchange interactions between different sites of the spinel structure. But magneto-
structural transition (Ts) is not affected much as compared to CoCr,0O, in these Fe substituted
samples. One of the interesting findings of this small amount of Fe substitution, is the
occurrence of negative magnetization which was absent in case of CoCr,0O4. Further such
magnetization reversal below compensation temperature which occurs under small applied fields
changes to a field induced transition at Tcomp Upon increasing the strength of the applied field. EB
studies on these compensated samples have revealed that there is a sign change in EB field
across respective Teomp in these compounds. We have also observed the sign change in magneto-

caloric effect (MCE) across the Tcomp Which is due to the presence of strong magneto-elastic
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coupling present over there in the close vicinity of magnetically compensated state. In addition,
detailed temperature and field dependent dielectric and pyroelectric properties show the
signature of multiferroicity which includes the sign change in magneto-dielectric (MD) behavior

across respective Teomp, for the first time in such multiferroic compounds.

Temperature dependent NPD experiments were performed for an understanding of the real
microscopic origin of these emerging properties such as negative magnetization, sign change in
EB, sign change in MD behavior and also a sign change in MCE. Long range FIM ordering is
observed below T¢ for both the samples. The local magnetic moments and the crystalline
parameter show a nonmonotonic variation across the compensation temperature. Sign change in
exchange bias across this compensation temperature is correlated with the magneto-elastic
effects revealed by the neutron data. This class of materials provides a platform to study the
competition between the crystalline energy and the Zeeman energy, which is reflected in the sign
change of the exchange bias. A clear transition into incommensurate spin-spiral phase across Ts,
has also been observed but at a lower temperature compared to CoCr,04. Moreover, below T,
an additional incommensurate modulation in the magnetic structure is observed in these

compounds.

Having the interesting results with minimal Fe substitution in CoCr,0,4, we have chosen other
transition metal ions (i.e. Mn®*) with nearly similar ionic size but different magnetic moments
compared to that of the Cr®" in CoCr,O,. We have presented the detailed investigations of
structural and magnetic properties through XRD, temperature and field dependent dc and ac-
magnetization and by performing temperature dependent NPD experiments on Co(Cr;.xMny)204
(x = 0.00-0.30). In case of Mn substitution, we have observed that x = 0.27 and 0.30 in Co(Cr;-
xMny),04 drive the system to magnetic compensation state at T = T¢omp under low applied fields
below which negative magnetization has been observed. Further, such magnetization reversal is
turnout to be in the form of field induced spin reorientation transition across the respective Tcomp.
Temperature dependent NPD experiments revealed that spin reorientations of different
sublattices play a crucial role to attain the observed magnetic transitions. The exchange bias like
behavior observed below 10 K, and in the close vicinity of compensation point has been
discussed in the context of large anisotropy and spin reorientation. NPD results provided the

understanding of such minimal exchange bias in these compounds which is different from that of
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the Fe substitution case. Further, observation of short range spiral ordering till lowest measuring
temperature (3 K), revealed the absence of spin-spiral transition which was present in CoCr,0,
and also in the less Mn substituted samples. Change in crystalline parameters (i.e. bond lengths
and bond angles) across respective Tcomp also revealed the correlation between chemical structure
and the present magnetic spin configuration around that temperature window. We also observed
a sign change of -ASy across the T¢omp Where one can have both normal and inverse MCE in

single phase compounds.

Next, with above conclusions of ‘Fe’ and ‘Mn’ substitution at B-site of CoCr,04, | have
moved to the A-site substitution with Cu®*-ions in place of Co* in CoCr,0;. We have
investigated the detailed structural, and magnetic properties of Cu substituted polycrystalline
compounds , i.e. Co;—xCuxCr,04 (x = 0.00-0.20). Magnetic properties have been studied through
temperature and field dependent bulk dc and ac-magnetization and heat-capacity measurements.
The substitution of Cu?* for Co®* reduces the paramagnetic to collinear FIM transition
temperature, T¢, which is likely due to the weakening of magnetic interactions between A and B-
sites ions in these Cu substituted compounds compare to CoCr,0,4. In addition, negative
magnetization and sign change of EB and MCE across Tcomp iS also observed in 20% Cu
substituted sample, i.e. CoggCug2Cr,0,4. The substitution of Jahn-Teller active Cu® ion gives rise
to the structural distortion with a phase co-existence of cubic and orthorhombic at temperature
Tsr = 95 K just above the T¢ in CoggCug2Cr,04. The observation of this T, near T is likely due
to the long-range nature of magnetic interaction which is held responsible for distortion present
in the system. The notable point is that this cubic to orthorhombic distortion possibly bypasses
the tetragonal one. This is one of the new findings in such compounds. NPD data reveals that
magnetic moments and the crystalline structure show a nonmonotonic variation around Tcomp.
Sign change in exchange bias and MCE across Tcomp iS correlated with the magneto-elastic
effects revealed by the neutron data. We have also carried out molecular field calculations for
moments on different sites, which are best fitted to the moments extracted from the NPD

experiment.

These all interesting findings of compensated substituted samples of CoCr,O, adds the
additional degree of freedom to the multi-functionally of the system which has great potential

applications.
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Future Scope

Present thesis has explored the magnetic structure determination of compensated substituted
compounds of spinel CoCr,0,4. Below listed are some remarks and one can provide possible
extensions of the current thesis work as:

» To perform the dielectric/magnetodielectric measurements to discover the multiferroicity

at different temperature regimes having both collinear as well as non-collinear magnetic

ordering.

» One can grow the single crystals of these substituted samples, and after performing
neutron scattering experiments, one can draw the conclusions for observed magnetic

properties by magnetic structure analysis.

» To perform the electronic band-structure calculations using density function theory and
make a comparative study with the experimental results obtained from the optical
measurements (in UV-Vis-NIR regime).

» To synthesize the thin-films or nanostructure of these substituted samples for a systemaic
comparative study of their structural, optical and magnetic properties with their bulk

counterpart.
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