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Abstract

In this thesis, we addressed the question of low dimensionality of trirutile compound
CoTa;0¢ and studied how the low dimensionality evolved with doping of Mg on Co-site. In
order to study low dimensionality in CoTa>Os and its derivative compounds Coi..Mg,Ta>Os (x =
0.1, 0.3, 0.5, 0.7, and 1), we used different techniques: X-ray diffraction, magnetic susceptibility,
magnetization, specific heat and elastic neutron diffraction. We have addressed the question of
low dimensional magnetism of CoTa>Os by preparing phase-pure samples of the compound. In
CoTaxOs a broad feature is observed in magnetic susceptibility at 10 K and an antiferromagnetic
phase transition is confirmed to occur at 6.2 K through magnetization, specific heat and neutron
diffraction. It is noted that the transition peak at 6.2 K in the parent compound is robust up to 7 T
and corresponds to an antiferromagnetic transition. With the addition of Mg, the peak at the
magnetic transition is suppressed. Significant short-range spin fluctuations are present in
CoTaxOs as evidenced through specific heat analysis. The analysis of magnetic susceptibility
combined with neutron diffraction data points towards a quasi-low-dimensional magnetic
structure in CoTa>06 which is suppressed with the addition of non-magnetic atom due to dilution
of interaction between Co-atoms. Coi1.xMg,Ta;0¢ with x > 0.5 show slight enhancement in
ferromagnetism. Structural analysis using X-ray and neutron diffraction data shows anomalies in
the lattice parameters corresponding to x = 0.5. Future studies will address the role of structure in

observed magnetic features and the magnetic excitations in this trirutile compound series.



Table of Contents

ACKNOWIEAZEMENLS ....c.eviieiiieciiie e e e e s beeeesseeeens \%
ADSITACE ...ttt ettt ettt ettt et be et naeen vi
Table Of CONENLS ......coeiiiieiiieiie et vii
LSt Of TADIES ..ttt ix
LISt Of FIGUIES ...vvieiiieeiie ettt et e et e e ae e s ta e e s nsaeesssaeesnsaeeens X
Chapter 1: INtrodUCHON ......ccvieiiiiieeiiecie ettt ee 1
Chapter 2: Theoretical Background.............ccccoeiiiiiiiiiiniiieeeeee 6
2.1 Crystal StIUCTUIE ....ecvieiiieiieciie ettt ettt e b e ebaeeaee e 6

2.2 Powder X-ray diffraction (PXRD).......cceceriiiiiiinniiiiinniiceeeieee 6

2.2.1 PXRD INStIUMENL . ....ceuieiiriieiieieeiieiieeie ettt seee e enees 8

2.3 Elastic neutron diffraction...........eocueeriiiiieiiiiiiie i 8

2.3.1 Neutron scattering CroSs-SeCtioN ........c.ivveerreerieerreenveerueenenennens 10

2.3.2 Scattering CroSS-SECHION «..ec.uiiiuereriierirenreeieneenteeieeresreenteneenaeens 11

2.3.2 Coherent and incoherent neutron SCattering ...........c.cceeeevveennen. 12

2.3.3 Magnetic SCALETING ...ccuververueeiiienierrenieenieete st steeteeieesreenteeresaeens 12

2.3.4 Diffracted neutrons from ideal polycrystalline material............. 14

2.4 Rietveld analysis ......ccoeeeerieiiirieniiieeeceeee e 15

2.5 MagneticC PIrOPETLIES ....eeeruvreereieeeriieeeiieeeieeeeereeeareesrreesseeesnseeensseeennes 17

2.5.1 Magnetic iNteraction ..........ccceeeruerverienieenienienieenieeeesieenieeeenaeens 17

2.5.2 Antiferromagnetism and ferromagnetism..........cccceeceeeveeneennnen. 18

2.5.3 Magnetic susceptibility ........coceeveriieriiniiiiniencccceeee 19

2.5.4 Curie-Weiss 1aw.....cc.ooiiiiiiiiiiiiiicceeeee e 19

2.5.5 SPIN ChaINS ..cc.viiiiiieiieiii et 20

2.5.6 Two-dimensional magnetiSm..........cccueeevuveeniieeeniveeeniieeesree e 20

2.6 Specific heat capacity of a crystalline solid.........cccccecevieverienennennne. 21

2.6.1 Einstein theory of specific heat of a solid..........c.ccoeoeiiininnin. 21

2.6.2 Debye theory of specific heat of a solid.........c.ccccevviniininnenin. 22

vi



Chapter 3: Synthesis and Magnetic Properties of Co1-MgTaO6 ......ccocvvveunenne. 23

3.1 Polycrystalling SyNthesis ..........cceevierieerieniieiieeieeeeeee e 23
3.2 Characterization of powder x-ray diffraction data.............ccccceveeennenn. 23
3.2 Characterization of magnetization data ............ccceevverieenieenieeniiennnns 25

3.3 Characterization using Curie-Weiss fit and low dimensional models .26

Chapter 4 Neutron Diffraction and Specific Heat of Coi1.x\Mg,Ta,0k.................... 31
4.1 Neutron powder diffraction...........cceccueeerciieeiiieeiieeeeeee e 31
4.2 SPECIIC NEAL......eeiiieiieiiecieee e e 35
(0707161 10 1S 103 s SRS 38
RETEIENCES ..o 40
Vita 44

vil



List of Tables

Table I: Energy and wavelength of cold, thermal and hot neutrons ............ccccoeeeveeevceeiciiecenene 11
Table I: Lattice parameters, goodness of fit and volume of unit cell for Coi..Mg,Ta>Os, x = 0,
0.3, 0.7and 1 respectively. Fractional coordinates of atoms in the CoTa,Os structure is shown. 29
Table II: Effective paramagnetic moment (uefr), Curie-Weiss temperature (6,), maximum
magnetic moment (Max), Lande g-factor, and Ising and Bonner-Fisher fit exchange parameter

Jnnl (K) amd JnnBF (K) are shown in the table. ...........ccccoeviiniiiiiiniiicce e, 32
Table III: The atomic position and lattice parameters for the composition x =0, 0.3, and 0.7 at
tEMPETATUTE 295 K.t e ettt e et e e st e e e ta e e s bt e e nabeeesaseeesaseesnnseeeas 38
Table IV: Bond distance and bond angles for CoTasOg ........cveevureeeiieeriieeiiie e 39
Table IV: The parameters exacted from the analysis of low temperature specific heat of Co;.-
AIMIZET2006 et e st 44

viil



List of Figures

Figure 1.1 (Left) The crystal structure of CoTa206, showing the CoO6 and TaO6 octahedra in
blue and gray colour, respectively. The oxygen atoms that form the octahedra are shown as red
spheres, (Right) Represents the square planar structure of Co magnetic lattice............ccceeuvennneen. 2
Figure 1.2: (Left) The specific heat of CuSb20s, NiTa20¢ and CoSb20Os were seen to display
anisotropic effects in the presence of external magnetic field. (Right) A single crystal of
CoTaxOs was demonstrated as displaying optical dichroiSm ...........cccceeevierieiiiiiniieiienieeeeee, 3
Figure 1.3: The magnetocaloric effect observed in CoTa>O¢ and FeTaxOg. Note that this is an
anisotropic effect observed due to magnetic field being applied along different crystallographic

ATECLIONS. ...ttt ettt ettt et e e et e bt e s at e e bt eeabe et e e sabeembeeeabeebeesabe e bt e enbeeseesnbeenneeenne 4
Figure 2.1: Seven different type of unit Cell...........cccuiiiiiiiiiiiiiiiiiiceieceeee e 7
Figure 2.2: Represents the geometrical figure of Bragg’s 1aw ........cccccoeiiiiiiiiiiiiiiiieee 9
Figure 2.3: This is the architecture diagram of the reactor and instrumental beamline in MURR

(Missouri University Research Reactor).........c.coouiiiiiiiiiiiiiiiieie e 10
Figure 2.4: Geometrical figure of neutron scattering Cross-S€CtION. .........cvervveerreerveerreerveerreennnes 12
Figure 2.5: 2D figure of diffraction of neutrons from parallel planes. ...........ccccceeviiiiiininnennen. 16
Figure 2.6: Plot between 1/y and Temperature (K) for various substance............ccccccvevveeneennen. 23
Figure 2.6: Normalized specific heat plotted as a function of normalized temperature (normalized
with respect to Debye temperature, Tp) for both Einstein and Debye Models...........cccoeeneneene. 26

Figure 3.1: (a-d) The PXRD patterns for Coi.xMg,Ta;0¢ (x =0, 0.3, 0.7and 1) compositions.
Figure 3.1 (e) and (f) represents the variation of lattice parameters with x. Figure (g) show the
structural diagram Of METas06...c..ccvueiiiiriiiieiiiriiei ettt 28
Figure 3.2: (a) The magnetization vs Temperature curve of CoTa20¢ in ZFC and FC protocols at
Happ=1000 Oe. The black marker shows the paramagnetic response of MgTa>O¢ which is also
represented in the same graph. (b) The ZFC and FC plots of at H,, = 100 Oe of x = 0.1 which
showing a bifurcation at 30 K. The inserted graph of dM/dT show three anomalies in the case of
x =0.1. (c) An enhancement in magnetism are observed for x = 0.5, and 0.7 at low temperature.
The inserted graph shows the FC curve of x = 0.1 at Hypp = 1000 Oe.......oovvevieiiniiniiiiniieenee. 31
Figure 3.3. The magnetic susceptibility of Coi..Mg,Ta>Os compounds plotted in semi-log axis (x
=0, 0.1, and 0.7). The magnetic susceptibility data are fitted using Bonner-Fisher model which is
represented by pink solid line and Ising model fit is shown by black solid line. The figures (a),
(b), and (c) represents cases for x =0, 0.1, and 0.7 respectively. ......cceveerriienieiiieniieiesieeiene 35
Figure 3.4: (a) The magnetization isotherm, M (H), of CoTaxOs at 2 K, 10 K, and 300 K. The
insert graph shows the derivative, which reveals the field-induced transition at 2 T and 5 T. (b)
shows the M(H) of x=0.1 at 2 K, 10 K, and 300 K. The insert graph shows a field induced
transition present at 1 T at 2 K. (c) shows the M(H) of x = 0.3, 0.5, and 0.7 at 2 K. Field-induced
transitions are absent for these COMPOSTHIONS..........cccuieriieriieriieiie et 36
Figure 4.1: The neutron diffraction pattern forx =0, 0.3,and 0.7 at T=295 K......oceeviireenne. 38
Figure 4.2: The neutron powder diffraction patterns obtained for x = 0.1 and 0.7 at 5 K are
presented in Figure (¢) and (d) respectively. The low-angle region of the pattern is shown
magnified in (c) to clearly show that the magnetic Bragg peaks are absent even with Mg-dilution
OF T0D0. 1ttt ettt bbbttt ettt 41
Figure 4.3: (a) Represents specific heat capacity forx =0at0T,5 T,and 7 T. Cp of x =1 so
shown in same figure with pink color at O T, for comparison. The insert graph represents dCp/dT

X



for x = 0.1. Figure (b) rep resents the specific heat capacity for x =0, 0.1, 0.3, 0.5, 0.7, and 1 at 0
T and the insert graph show the Cp of x =0.5 at 0 T and 7 T. Figure (c) represents Ising fit (red
solid line) of magnetic specific heat for x = 0, in zero field. .........ccccvveeviiiecieeciiiee e 43



Chapter 1: Introduction

Research interest in low dimensional magnetic systems is mainly due to the fact that they
provide unique possibilities to realize novel magnetic ground states, magnetic excitations,
possible new phases of magnetic matter incorporating the interplay of quantum and thermal
fluctuations. The magnetic properties of low-dimensional spin systems are strongly dependent on
S (spin) of the electron as well as on the existence of single-ion anisotropy, along with the
physics brought about by dimensionality of the crystal structure. Control of magnetic order in
low-dimensional systems can be important milestone for the nanoelectronics and spintronics. It
is difficult to realize long-range magnetic order in low dimensional bulk magnetic systems as it
is suppressed by the thermal fluctuation. The Mermin Wagner theorem prohibits the formation of
a long-range order in bulk spin systems of reduced dimensionality [1]. There are several 1D and
2D spin systems that are interesting from the perspective of low-dimensionality. In the present
thesis, we discuss the physics of a class of compounds called trirutiles of general formula
MTaO¢ (M = transition metal) where the lattice formed by M can be treated as a square net of
spins. The M lattice could also be perceived as a chain of spins aligned along a certain
crystallographic axis. The trirutile structure of MTaxOs is derived from the rutile (TiO2)
structure. In rutile structure, each cation, Ti", is surrounded by 6 oxygen ions, O, which forms
an octahedral environment. The metal cation in a trirutile has the same basic structure as rutile,
but the cations will order in such a way to triple the c-axis. Trirutile compounds crystallize in the
space group P4,/mnm, space group number 136 [2]. Since the present thesis deals with the
trirutile CoTa20s, a schematic of the crystal structure is presented in Figure 1.1. In the figure, the

crystal structure composed of CoOgs and TaOs octahedra are shown in blue and grey colored
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