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SYNOPSIS

Rare earth mangnaties exhibit a variety of interesting physical properties which can be tuned
by varying the structural parameters. One such property is multiferroic, where ferroic orders
coexist. Such materials have innumerable applications and open up new area for
research.This thesis summarizes experimental effort undertaken towards understanding the
structural, dielectric, magnetic and multiferroic properties of Gd;.xYxMnO3 solid solution (x
= 0.2, 0.3 &0.4) whose physical properties can be tuned by varying the average rare earth

ionic radius. The details of the chapters are given bellow.

Chapter 1: This chapter provides a general introduction to mulitferroic materials and in
particular to rare earth manganites. A review of the current state of knowledge in various
RMnO3 systems is presented.The variation of structural parameters with different rare earth
ions and their effect on the magnetic and dielectric nature have been outlined. The chapter
ends with the motivation for the present work.

Chapter 2: This chapter deals with the various experimental techniques used to study the
physical properties.

Chapter 3: This chapter deals with sample synthesis, room temperature X-ray diffraction
studies to find the structural parameter and magnetic measurements.

Chapter 4: This chapter discusses the dielectric properties, magneto-elastic properties and
normal and inverse magneto-caloric effects of Gd;.xYxMnOs.

Chapter 5: This chapter discusses spin-phonon coupling present in the system by studying
the Raman modes as function of temperature and composition. The phonon density of states
have been calculated and compared with the experimental results.

Chapter 6: The thesis concludes by summarising the work done and giving direction for

future scope of work.
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CHAPTER 1

INTRODUCTION

1.1. Introduction

Magnetic and electric ordering in their varied ferimas been extensively investigated
resulting in numerous applications. There has ke@wonstant pursuit to synthesize materials
exhibiting both these forms of ordering, so thate @an be controlled through the other. This
would obviously give rise to wide ranging applicats. Materials exhibiting either magnetically
induced electric polarisation or electrically inédcmagnetization are called magneto-electric
materials. Magneto-electric effect was theoretycpioposed by Dzyaloshinskii in 1959 [1]. The
search for such materials should logically begithvgystems possessing both ferroelectric and
magnetic properties. Such materials are calledifarttics. According to the original definition
by Hans Schmid [2]multiferroic materials combine two or more of thingary forms of ferroic
order,i.e. ferromagnetism, ferroelectricity, ferroeleasticiiiyd ferrotoroidicity. In practice, most
of the recent research has focused on materiaistmabine some form of magnetic order with
ferroelectricity. Hence, the term multiferroigs its current usage is synonymous to magnetic
ferroelectrics and magneto-electric materidlee first material reported to exhibit magneto-
electric effects was antiferromagnetic,Gs¢ [3, 4], which shows both magnetic field induced
polarisation and electric field induced magnetmatiThe linear cross-coupling between these
fields is given by the second rank magneto-elestnigceptibility tensor - denoted in general by
a. Brownet al. [5] proposed that the magneto-electric coefficiem restricted by the values of

electric and magnetic susceptibility of the matsria

a’ < XeXm



Where y.and y,,, are the electric and magnetic susceptibility tensblence, it is seen that a
strong coupling is expected for ferromagnetic amdoklectric materials in general. However,
only a few compounds are seen to possess both tfpesdering. The first ferromagnetic-
ferroelectric material to be discovered was nickeline boracite, NB7O13l [6]. This was
followed by synthesis of multiferroics by partialieplacing d®-B cations in ferroelectric
Perovskite ABQ oxides by paramagnetic ions. Theoretical studies rehown that the usual
atomic-level mechanisms driving ferromagnetism &mdoelectricity are mutually exclusive,
because they require completely empty and partidiliég transition metal orbitals, respectively.
This led researchers to look in new directions.ofy a few materials were available which
showed both types of ordering and as most of thieenmaés studied have a very low valueof
potential applications were extremely limited. Tfast led to a decline of research in this area.
The recent interest in the field of multiferroicasvrevived by Hill in a report [7] which
addressed the issue as to why there was a padamultiferroic materials. Hill discussed the
allowed structural, physical and electronic resimits and suggested a class of materials that
should be studied further. Amongst these, is asatdigare earths and their related manganites.
YMnO3 and BiMnQ were discussed as typical examples. Experimentéiy reporting of
enhanced value of polarization in thin films of B@; by Wanget al. [8] and discovery of novel
class of multiferroics like ToMngJ9] and TbMnOs [10] rekindled research in multiferroics. It
was also shown that in the latter class of matgrihle direction of spontaneous polarization
could be flipped by the application of a magnetieldf These three materials are being
extensively investigated to test various theorétispects of multiferroics.

Multiferroic materials are generally classifiedantvo groups: type | and type Il [11]. In

type-l1 multiferroics, the origins of ferroelectigiand magnetism are different and they largely



appear to be independent of one another. Genefallyhis class of materials, the ferroelectric
transition occurs at higher temperatures than thagneatic transition. Though these materials
exhibit enhanced polarisation, the coupling is galherather weak. BiFe@is a classic example
of type-I multiferroic materials for which both magfic and ferroelectric transitions occur above
the room temperature @g~1100K and T~643K) [12]. For the type-Il multiferroics, the
magnetic and ferroelectric transition temperatwes close by and occur at low temperatures,
typically less than 50 K. More importantly, the magc transition of these compounds drives
the ferroelectric ordering and the coupling betwienferroic orders is strong. Though the value
of polarisation is lower compared to type-l, magnéelds have a better control over the ferroic
properties in type-Il systems. In some systems,sg@ntaneous polarisation direction can be
reversed by the application of a magnetic fielde Binchetypal example of type-Il multiferroics
are TbMnQ and TbMnOs. In these materials, the onset of collinear tolinear magnetic
ordering, incommensurate with the lattice periaghds to spontaneous polarization. For this
reason, they are called improper ferroelectricspeFly class of multiferroics are of special
interest as they are strongly correlated systenas farroic orders can be better controlled.
Further, different magnetic structures like spieald collinear gives rise to spontaneous
polarisation. The rare earth Perovskite mangahidé®® rich magnetic and electric phases and are
strongly correlated systems. As they are considaydoe potential candidates for multiferroic
research, much of research effort is devoted tonthEoMnGQ; one of the seminal materials

exhibiting a strong coupling falls in this classnoéterials.



1.2. RMnO; Structural, Magnetic and Multiferroic Properties

Rare earth manganites RMan@ave been studied for a long time in relation dssal
magnetoresistance. The structural as well as miagpedperties of rare earth Perovskite
manganites can be easily modified by varying th@ciogadius of the R-Rare earth ion. For
example, substitution of trivalent R with divalewitions like Ca and Sr result in magnetic phases
like paramagnetic, ferromagnetic insulator and metanted antiferromagnetic insulator as well
as structural transitions related to cubic, tetredjoorthorhombic, rhombohedral and monoclinic
symmetry [13, 14, 15, 16, 17, 18]. These invesugat have greatly clarified the nature of
changes that occur in the magnetic and the stralcgnound state of the RMnGsystems,
especially LaMn@ RMnG; with larger rare earth (R = La-Dy) ions have atharhombic
structure. As the rare earth ionic radius decreasles crystal structure changes from
orthorhombic to hexagonal with R = Ho-Lu exhibitingxagonal symmetry. As the rare earth
ionic radius decreases, the tolerance factor ofdéal perovskite structure deviates from unity.
This results in a mismatch of the A-O and B-O dhuiim bond lengths of an ideal cubic

perovskite ABQ type structure and the tolerance fadtstarts decreasing as:

(g +1)
t=" 0/\/5(7‘3+r0)

The value oft at room-temperature and ambient-pressure is cééclifftom the sums of the
empirical ionic radii given in tables, e.g., thoskeShannon and Prewitt [L9Reduction oft

results in theB-O bonds being subject to a compression andAt bonds to tension. These
internal stresses are relieved by a cooperativatioot of the BOg octahedra, leading to an

orthorhombic GdFetype distortion. This changes the ideal Perovs$iitecture from cubic to



orthorhombic. This increased cooperative bendirty decreasing rare earth ionic radii results in
a reduction of the Mn-O-Mn bond angle. In RMyp@rovskite, the Mt ion sits in an octahedral
site in high-spin configuratiorﬁge; and a Jahn-Teller distortion of the octahedrtia the two
fold energy degeneracy of thg level. In Perovskite RMn©systems, the cooperative Jahn-
Teller distortion of the Mng@octahedra results in long range ordering of theipiexie, orbitals
[20, 21] within the (001) planes of & orthorhombic structure. This alternating orderirfighe
orbital produces an O orthorhombic structure vafde< v/2 [22] with Pbnm symmetry. As the
rare earth ionic radius is decreased further, tigstal structure changes from orthorhombic to
hexagonal symmetry.

Concomitant with these phenomena, the magnetictstel of the RMn@ changes from A-
type anti ferromagnetic for larger R [R = La-Gd#[23] to E-type antiferromagnetic for smaller
R [R = Ho-Lu] through an incommensurate long wangth magnetic structure for intermediate
R (R = Th, Dy). The A-type antiferromagnetic [Btiucture in larger rare earth ions is stabilized
by the alternate orbital ordering of thg orbitals. In the case of RMn(the essential magnetic
exchange path is between adjacent 3d orbitals of' Mrediated by the 2p—orbitals of*O
Electron hopping results in a ferromagnetic inteoacbetween the nearest neighbour (N4y)
spins among thab plane and antiferromagnetic interaction among rtearest neighbour,,
spins. The magnitude of electron transfer amongegherbitals between the nearest neighbour
(NN) Mn*" ions in theab plane becomes larger than that in thedirection. Thus, the
ferromagnetic interaction is stronger in @@ plane while it is weaker in thedirection where
the anti ferromagnetic interaction is stronger [24[he competition between this anisotropic
ferromagnetic interaction and the isotropic antiieragnetic interactiofi,.2 stabilizes the A-

type AFM. As the rare earth ionic radius decreasesgesults in increased orthorhombic

5



distortion, which reduces the Mn-O-Mn bond anglehisT results in variation of the
ferromagnetic and anti ferromagnetic interactioniclwh progressively reduces the Neel
temperature of the M sublattice. The decrease of Mn-O-Mn bond angle tduecreased
orthorhombic distortion increases the next neanesighbour (NNN) antiferromagnetic
interaction, J2 and decreases the in-plane NN regmetic interaction- J1. The competing
interaction between these two results in the magfretstration of the M# ions, resulting in a
long wavelength incommensurate phase [25]. Thehawn pictorially in the Fig.1.1. Thus, it is
evident that the rare earth ionic radius affecth ltbe structure as well as the magnetic property

of the RMnQ system.

b)

Figure.1.1: Figure showing the various exchangegra a) inplanegb) inplane as well as
interplane forPbnm structure g,is FM while J, Jp and 4. are AFM

The experimentally obtained phase diagram of then®Msystems, depicting the
variation of Magnetic structure with Mn-O-Mn bondgie is shown in Fig.1.225, 23]. The
phase diagram shows that for intermediate R = Ggd4kith reduction in temperature the
magnetic structure changes from paramagnetic tdineal incommensurate sinusoidal

antiferromagnetic structure [26, 27, 28] of Wksublattice with its magnetic moments alignment



pointing along theb-axis. The incommensurate modulation is charaadrizy a temperature
dependent propagation wave veckgmg(T). The magnetic structure modulates the underlying
lattice through a magneto-elastic coupling. Thisises the modulation of propagation wave

vectork,,, to be twice that of the magnetic modulationkg,(T) = 2Kkpq4(T).

T. Kimura et al
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Figure.1.2: Phase diagram of RMm@® a function of Mn-O-Mn bond angle.

On further reduction of temperaturiy;,(T) starts to vary up to a temperature below which

kmng locks a constant valukjyl. At this temperatur&jys., the magnetic structure changes
from collinear sinusoidal to a non-collinear (cydml) incommensurate structure (R= Th and
Dy) with the moment of the M# ion lying along thebc-plane. With the onset of the

incommensurate cycloidal magnetic structure, Tbh¥irdd DyMnQ exhibit spontaneous
polarization along the-axis [29]. On the other hand, BY",, thek%ZQ of GAMnGs drops from a
finite value to zero k;,.x = 0) to adopt an A-type (commensurate) antiferromagrsgtucture.

This process renders GdMgparaelectric. Nonetheless, upon the applicatioa mwiagnetic field

as small as 1T alonigraxis, polarization can be induced along #&axis [30]The concomitant



emergence of polarization with cycloidal magnetiticture has been initially explained on the
basis of a spin current model or inverse Dzyalwshy-Moriya (DM) effect proposed by
Katsura-Nagaosa-Balatsky (KNB) [31]. This effecpisrely an electronic process in which the
spin-orbit interaction modifies the hybridizatiori electronic orbitals in such a way that a
ferroelectric polarization of the charge densitgtdbution emerges. It is important to note that
this picture does not demand the displacementr® fmm their centrosymmetric positions. The
overlap of electronic wave functions of two adjdcatoms with canted spins can give rise to a
local electric polarization given by

pi = Aeyirg X (S; X Siy1)
Wheree; ;,, denotes the unit vector connecting two adjacdess; andsS;,,; are the spins of
the adjacent atoms and is a constant determined by the spin-exchange gmnatosbit
interactions. As the modulated magnetic structoreefs the lattice to modulate [9, 29, 32,,33]
an alternate theoretical model was proposed to agxpthe emergence of spontaneous
polarization on the basis of magnetically inducespldcement of relevant ions [34,]3%he
spiral spin order can induce uniform shifts of the/gen ions through the spin-lattice coupling
via the DM interactions, leading to the electridgpzations. Such a polarization is termed as an
improper polarization. Theoretical studies havevahohat the displacement offQons alone
cannot account for the large polarization valueseoled in these materials and that the
displacement of Mfi ions plays a more important role [36, 37]. Thesslies show that the
lattice-mediated contributions to the ferroelecpwarization are dominant as compared to the
purely electronic sources. Recent experimentalesnadd based on non-resonant magnetic x-ray
scattering have shown that magnetically inducedciatisplacements are responsible for

substantial value of polarization in ToMp[38, 39]



From the phase diagram shown in Fig.it. 3% seen that for a narrow range of Mn-O-Mn
bond angles, a cycloidal magnetic structure exvilts an attendant spontaneous polarization. As
the Mn-O-Mn bond angle of TOoMnRODyMnGQ; falls in this window, they show a multiferroic
property. Additionally, the phase diagrams hands tbe scope for inducing a multiferroic
property in other systems whose Mn-O-Mn angle fallgside this favourable range. In
Perovskite compounds, the structure and hence th€®ONIn can be modified in a straight

forward fashion through an alteration of the avereage earth ionic radius.

1.2.1. TbMnO;

The multiferroic property of ToMn©was reported by Kimuret al. in the seminal paper
[9] and is one of the most extensively studied typenliltiferroic rare earth manganite.
Magnetization and heat capacity data showed thistenat features at 41K, 27K and 7K. The
transition at 41K is associated with the magnetangition from paramagnetic to collinear
sinusoidal antiferromagnetic of Misublattice [26, 27, 28, 40, 41]. The frspins are aligned
along theb-axis with an incommensurate propagation wave veelfi;, = (0, 0.29, 1) in the
Pbnm orthorhombic unit cell. With the decrease of terapgre ki, decreases and gets locked
in atkys, = (0, 0.276, 1) belowM" leading to magnetic transition, from sinusoidatyeloidal
[28] with the attendant emergence of spontaneous palemiz along thec-axis. This is well
captured in the variation of the imaginary partie dielectric constant with temperaturgT)
[9]; while the dielectric constant along tleeand c-axis shows sharp anomalies, small and
smooth variation is observed along thaxis [29]. The transition at 7K is associated with the
ordering of TB* magnetic moment in a canted antiferromagneticctira with a propagation

vector ofk,Tnbag: (0, 0.41, 1). Corresponding to this temperatarsinall anomaly is observed in



e (T) along thea-axis as well. Application of magnetic field alonlge b-axis, results in
reorientation of the ferroelectric order framaxis toa-axis, known as electric polarization flop.
Application of a magnetic field along tleeaxis increases the strength of the anomalg)\g},,
with no shift in its position. Regardless of theedtion of the applied magnetic field, no
polarization develops along theaxis. Application of magnetic field alorgaxis dramatically
varies theT/?. temperature [30] and suppresses the polarisatimydhec-axis above 7T. The
origin of polarization belowr’, has been attributed to the magnetoelastically daduonic

displacement [38, 39]. Holwket al.. have shown using non resonant magnetic x-ray scejte

that ionic displacement make a substantial confivbuo the observed value of polarization.

1.2.2. DyMnO;

The multiferroic property of DyMn@was reported by Gotet al.., and its multiferroic
properties are similar to that of ToMp{29]. DyMnO; shows an antiferromagnetic sinusoidal
transition of the M#"- sublattice below 39K and the moments of Maligning along thev-axis
with incommensurate propagation wave vedwff;, = (0, 0.72, 1). As the temperature is
decreased they7, increase and gets locked to (0, 0.77, 1) belowr'fffé ~18K resulting in a
cycloidal magnetic structure. Accordingly, spontaue polarization along theaxis is reported,
which could be flipped to tha-axis by the application of a magnetic field. Thg &pins align
commensurateljcgf,’lg= (0, 0.5, 1) below 6.5K in an antiferromagnetiuisture. The magnitude
of polarization in DyMnQ is larger than in TbMn® The temperature dependent dielectric
constant shows a broad peak along akexis and a sharp peak along the c-axis atT{i

temperature. The variation of the dielectric contstaith the application of a magnetic field
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alonga andb-axis is similar to that of TbMnf In contradiction to TbMng) the polarization

alongc-axis is not suppressed by application of magrietid alongc-axis up to 9T.

1.2.3. EuixYxMnOg3

As discussed in the earlier section, the A-type Agilund state of RMn{systems can changed
by tuning the average ionic radii of the R-siteghsthat the Mn-O-Mn bond angle falls in the
window exhibiting a modulated magnetic and crystaphic structure. This would allow the
realization of multiferroic properties in otherwisen-ferroelectric RMn@systems. An example
of such a system is EuMa(2, 43] When Partial substitution of Eu with Y was carrmat to
effect required structural and Mn-O-Mn modificasoithe ground state of ExY «MnO; for x =
0.2-0.3 changes from a canted A-type antiferromagme presumably spiral /cycloidal structure
in the ab-plane with the emergence of a spontaneous pdiamsalong thea-axis below 30K.
For higher concentrations, the polarization diattthanges frors-axis at higher temperatures
to a-axis at lower temperatures. Change of the cycldiden bc- to theab-plane results in a
reorientation of the polarization direction. Thegiree of c-axis polarization increases with
increasing Y concentration. The reorientation ofapmation or the flipping of the cycloidal
magnetic structure of the Mhions can thus be achieved both by a thermal vamiand by
increasing orthorhombic distortion. The presence noigneto-elastic coupling has been
established in this class of system by anomalies setemperature dependent lattice parameter

variation across the magnetic transitions [44]
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1.2.4. Sm1,YMnO;

Multiferroic properties of yet another mixed cryssgstem Sm,YMnO; was reported
by O’Flynn [45]. They reported the presence of niathd magnetic transition for x = 0.4 and
0.5 at \2~23-25K apart from the paramagnetic to sinusoidéfexromagnetic transition atyl-
41K. Associated with modulated magnetic transitien the emergence of spontaneous
polarization along the c-axis. This is also infdri®y the sharp peak like transition along the c-
axis in the temperature dependent variation ofdieéectric constant atng. The behaviour of

this transition with the applied magnetic fielcsimilar to that of found in ToMn®

1.3. Moaotivation for the present study

It is reasoned from experimental and theoreticadliss that multiferroic properties can
be induced in non-ferroelectric A-type antiferromatic RMnQ systems by suitably modifying
the average ionic radii of R. From the phase diagFeg.1.2 it is seen that GdM@@xists close
to the phase boundary between A-type antiferrontagmaed the modulated long wavelength
structure. One would therefore expect the exchangeactions to subtly compete with each
other. Thus, GdMn@is a good candidate for investigating the emergeot multiferroic
properties. GdMn@ has an A-type AFM ground state and is paraeledtnicthe entire
temperature range. It exhibits a modulated magrsttiecture in the form of sinusoidal AFM
ordering of the MA" sublattice below 43K [30] with an incommensuratepamgation wave
vector knag, = (0, 0.48, 1). As the temperature is reduced degree of incommensuration
decreases and abruptly jumps from 0.39 to 0,@t ¥ 23K. With disappearance of the long
wavelength modulated structure, the A-type AFM aiee emerge$30, 46} Thus, it can be
inferred from this observation that it should beye#o modify the magnetic ground state of
GdMnQ; by appropriately modifying the rare earth ioniditss. The Gii' sublattice enters into a
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canted antiferromagnetic structure below 5.1K. Témaperature dependent dielectric constant
shows some interesting anomalies. As the temper&uwtecreased the dielectric constant along
the a- andc-axis keep increasing with a sudden droff/4t. to result in a step like behaviour
rather than a peak. As the temperature is furteéuaged, additional anomaly corresponding to
AFM ordering temperaturg’£?¢) of Gd** - sublattice is observed. In genemkternal magnetic
field shifts these dielectric anomalies to higheanperature and suppresses the anomaly around
T$% [30]. Gotoet al.., studied the multiferroic properties of TIEAMnO; for 0<x <1 [47].
For x < 0.6, the polarization along teeaxis with a sharp peak in the temperature depdnden
dielectric constant is reported. With increase hie toncentration of Gd 0.6 < x < 0.8 the
polarization changes direction frotraxis toa-axis indicated by a sharp peak in #{&) along
a-axis. In addition, a step like anomaly at lowenperature is also seen, indicating reentrant into
a paraelectric phase. Investigators also reportiiearare earthelectron moments of Th and Gd
affect the multiferroic properties of the mixed-stgl system. Hence an investigation into the
correspondence between multiferroic propertieshef EdMnQ system and a variation of the
average Gd ionic radius involving nbmlectron system would be interesting. In this rdgae
have chosen G4dY,MnOs (x = 0.2, 0.3 & 0.4) mixed crystal system to stutlg structural,
dielectric and magnetic properties. Only one repaists on study of similar system by Ivarev
al. [48] which is limited to x = 0.2 concentration. The gystwas shown to have a polarization
and only dielectric properties were discussed.

The present thesis deals with the structural, diete and magnetic study of the
GdixYxMnO3 (x=0.2, 0.3 & 0.4) system. The presentation of thaterial is structured as
follows: The procedure for the synthesis of theamat, room temperature structural analysis as

function of composition and magnetization studies discussed in chapter 3. This is followed
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by the low temperature dielectric study to find fieeroelectric ordering and low temperature
lattice parameter study to elucidate magneto-elastupling in chapter 4. The chapter also
discusses the magneto caloric effect in this sys@mapter 5 deals with low temperature Raman
studies and computational studies to find the eris¢ of different phonon modes and band
structure calculations for different compositiorheTthesis ends with conclusions and future

scope.
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CHAPTER 2

Experimental techniques data analysis and calculaiins

2.1 Sample preparation

Bulk polycrystalline samples of GdyYMnOs (x = 0, 0.2, 0.3 & 0.4) were prepared by
conventional solid state reaction route.,Gg Y,0O3; and MnQ (Alfa Aesar) with purity better
than 99.995% were used as starting materials. [8tonetric amounts of precursor &%, Y,0s
and MnQ were weighed and thoroughly mixed using an agasganand pestle. High purity
acetone was used as a wetting medium to assishittieg process. Care was taken to remove
the moisture in GMD; and Y,O3 before weighing by preheating up to 900 for 8 hours. The
well-mixed, dry powder samples were calcined at°’€5@50C and 1350C for 80 hours with
intermittent grinding. The resultant powder was pasted into pellets of 10 mm diameter and
sintered at 135W. Heating rate of 12C/hr was used in all the heat treatments and #ieer
dwell time, the samples were furnace cooled to reemperature. The stability of the furnace
was better thast 5 °C in the whole temperature range. All the synthesisk was carried out at

ambient pressure and atmosphere.

2.2. Room temperature powder X-ray diffraction KRD)

Room temperature powder XRD patterns of the sampk® collected using a fully
computer controlled diffractometeSTOE, Germany) operated in the Bragg-Brentano para-
focussing geometry. The diffractometer consista ef kW X-ray generator (Spellman DF-4)

with sealed-tube Cu-target, highly oriented (002at f pyrolitic graphite secondary
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monochromator with minimum mosaic spread and actiete unit consisting of a Nal(Tl)
scintillation counter. A Si (911) single crystal feawith a shallow cavity that yields a low

background was used as the sample holder. Othaitsdet the experimental set up are given in

Table 2.1.

Geometry Bragg-Brentano Para-focussing geometry, Vertical,
R =260 mm

Target power setting 30 kVx 40 mA (maximum: 50 k\k 80 mA)

Radiation Cu Ky (A = 1.5418 A)

Soller slits Incident and reflected beam side§)(1

Slits Divergence slits (DS): 0.1-0.5 mm, variable motedz

Receiving slits (RS) : 0.1-0.5 mm, variable motedz
During a given XRD run, both DS and RS were keygdiat 0.3 mm

Scan mode 0-20

Scan range 20=20-90

Step size 0.05

Dwell time Varied to get a minimum count of ~610° for the 100% peak
20 standard Silicon (NIST SRM 640b)

20 correction Linear interpolation of the neared 8f the standard

Intensity standard a-Al,03 (NIST SRM 674)

Table 2.1 Details of the STOE Diffractometer.

Approximately 20 mg of fine powder of the sampleghtly exceeding the volume of the
cavity on the sample holder, was uniformly spreaer ahe cavity. A microscope glass slide was
used to very lightly compress the powder into tlawity. The excess sample material was
removed by an inclined glass slide over the grodVye dwell time was chosen, in such a way

that the Bragg intensity of the 100 % peak is ntbem 6<10° counts. It should be emphasized
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here that the @ (zero) correction was performed using NIST SRM&vder before recording
each set of XRD patterns. Analysis of the powdeitepa to extract the crystallographic
information was carried out by Rietveld refinemfjtusing GeneralStructureAnalysisSystem
(GSAS) [2] software. A brief description of the alkosoftware packages and the methodology

used in them is given at the end of this chapter.

2.3. Scanning electron microscopy and energy-dispersiveray analysis

Scanning electron microscopy (SEMMifachi SU6600, Japan) a Schottky Field
Emission Analytical SEM coupled with an energy-éigive X-ray spectrometeEDX) was
employed for the microstructural analysis and tleemental mapping of G4dY,MnOs ( x =0,
0.2, 0.3 &0.4) compounds. The variable pressurearalbws for observation and analysis of
non-conductive samples without the need for eldbosample preparation. The SU6600 SEM
system employs a tungsten filament serving as ldaren source with an applied acceleration
voltage in the range of 0.5 to 30 kV. It has a higéfficient Everhart-Thornly Secondary
Electron Detector (SED) for high resolution imagimgnd a low impedance solid state
Backscattered Electron Detector (BSED). Micro-Stuirad analysis was carried out using the
secondary electron mode whereas the back-scattéeetton mode was used for mapping the

elemental distribution of the compound using a rallannel analyzer.

The samples were mounted on a 5-axis, computem#igemotor-drive stage using
double sided adhesive carbon tape. The observsities were chosen on the grain, across grain
as well as near the grain boundaries. The reprbditigiwas checked by acquiring the data at

different locations of at least two pellets of #ame composition.
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2.4. Magnetisation measurement

The dc magnetization measurements were carriedusiniy a 12 Tesla commercial
(Oxford Instruments) vibrating sample magnetom@#&$M) as a function of magnetic field and
temperature. For zero-field-cooled magnetizationyfdyl measurements, the sample was first
cooled from room temperature down to 5K in zertdfi&fter applying the magnetic field of 200
Oe at 5K, the magnetization was measured in thenmar cycle with field on. Whereas, for
field-cooled magnetization (M) measurements, the sample was cooled in the safltk f
(measuring field in the ZFC case) down to 5K ang- Mas measured in the warming cycle

under the same field.

2.5. Specific heat

The specific heat measurements were made usingT 2K 4physical property measurement
system (PPMS) of Quantum design (QD), USA by thémelaxation method [3]. The system is
capable of measuring heat capacity both as funcidemperature and applied magnetic field.
Thermal-relaxation calorimetry provides a meangdefermining a sample’s specific heat by
measuring the thermal response of a sample/calt@imessembly to a change in heating
conditions. Sample typically weighting 20 mg is diser the measurement in the form of discs.
The sample is placed on a ~ 3x3 mptatform in the middle of a “puck”. The platforrs i
suspended by wires, which isolate the platform fitbermal contact with the system, and are
also used for platform heating and temperature areagent. The sample is attached to the
platform using Apiezon N-grease. This puck is tipdaced inside a superconducting magnet
which has a temperature range of 2-400 K, and paMda of applying magnetic fields up to

+14T. The heat capacity is then determined at &icodar temperature by applying a small
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increase in temperature (typically ~ 5% of the entrtemperature) and measuring how long the
sample takes to return to the initial temperattites is given by

T,(t) =T, + AT exp ("t/7)
WhereT, is the sample/platform temperatuig, external /bath temperatureAT is increase in
temperature andis the relaxation time. By measuring the relaxatime the heat capacity can
be determined by

T=(Cs+ Cy)/K

WhereC(; is the heat capacity of the samglgis the heat capacity of the addenda &nd the
thermal conduction of the sample/platform with Heh. As both the sample platform and the
Apiezon grease contribute to the relaxation tintds inecessary to initially take an addenda
measurement, where the heat capacity of just tlok pnd the grease is measured over the
temperature range required for the sample measuateriidis is then subtracted from the
subsequent measurement with the sample prdsaatdetermined by measuring the temperature
changeAT when power is applied. Heat capacity so measwgadder the assumption that in

small temperature chandé&, the heat capacity remains unchanged.

2.6. Dielectric spectroscopy

The dielectric properties were measured using da &halyser (Novocontrol Systems,
Germany) impedance analyser connected to a Heliyostat sample insert on sample of 10mm
dia and 2mm thickness. Silver paste was appliedath sides of the pellets for better electrical
contacts. Experimentally, the dielectric constdra material can be determined by measuring its
capacitance, assuming its dimensions are well kn®eth the reat’ and imaginary" part of

dielectric permittivity was measured in the tempam interval of 5 to 70K in the frequency

23



range of 18to 1 Hz. The temperature was varied using a helium babstat with a dip stick
arrangement for lowering the sample. The tempezastability was better thah 1 K. Bothe'
and ¢" were plotted as a function of temperature ateddht frequencies and as function of

frequency at different temperature for analysis.

2.7. Low temperature XRD

Low temperature x-ray diffraction measurements owger samples of GdY,MnOs3 (X
=0, 0.2, 0.3 & 0.4) in the temperature range ofa/Q0K were carried out using angle dispersive
x-ray diffraction (ADXRD) beam line (BL-12) at IND&-2 synchrotron source. Indus-2 is a 2.5
GeV, 100 mA second generation synchrotron facilitfhe ADXRD beamline is setup and

installed on BL-12 bending magnet port of the In@us/nchrotron. The electron source size at

Spectral range 5-20keV

Energy resolution leV at 10keV [measured value ~ 70E(E) at Cu K-edge]
Flux 10" photons/sec at 10keV

Beam size 0.7mm (H) x 0.5mm (V)

Angular resolution 15 arc sec (single crystal in rocking curve opetecter geometry)

0.03 degree @in 20) for powder LaB (NIST) on diffractometer

0.06 degree (@in 20) powder sample on Image Plate)

Table.2.2: Table showing the varioaarhparameters of BL-12 ADXRD beamline.

the port is approximately 0.5 mm (H) X 0.5 mm (\dathe beam acceptance of the beamline is
2 mrad(H) x 0.15 mrad(V). The optical elements ¢stesf a platinum coated pre-mirror (M1)

which is plane and bendable and is used for véffticaising/collimation of the x-ray beam. This
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is followed by a double crystal monochromator (DCMjth Si(111) which is used for

monochromatization of photon beam. A second crystdhe DCM is also used for the sagittal
focusing of the beam. For high energy resolutiai3Hli) crystal pair is used. The third optical
element is a platinum coated bendable post miv&) (used for vertical focusing/collimation of

the beam. The photon beam parameter of the beaarkngiven in Table.2.2

The diffraction patterns were recorded with a @lemgth A= 1.0293\ (12keV) in Deby-
Sherrer geometry using an image plate area det@@t@R 345 DTB). The wave-length was
accurately calibrated using diffraction patteri.aB6 NIST standard. The area detector is a 345
mm diameter image plate capable of recording XRepawith a Q-range of up to 10.88"At
20keV with an angular resolution of 0.06 degreei(220). The powder sample was sandwiched
between Kapton sheets. For low temperature a Igeitim based flow type cryostat was used
with Lakeshore 331 temperature controller. Tempeeastability during each measurement was
estimated to be +2K. The sample chamber consisevatuated double concentrical Be dome
for minimizing conduction and radiation loss. Tlanple sandwiched between kapton sheets is
placed on a Be disc inside the sample chamberm&ntalisation of temperature. As result of
this setup Be diffraction peaks are also obserdedgawith the sample peaks. Due to the
difference in distance of the two concentrical Bené from the image plates, the Be peaks
appear at different position at the image platermixed with sample peaks. This makes it
difficult for removal of Be diffraction peaks forRD analysis. Hence only the lattice parameter
variation as a function of temperature was estichated the atomic position variation could not

be determined by Rietveld refinement.
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2.8. Raman spectroscopy

Study of optical mode lattice vibration throw mdight into the understanding of various
physical properties an example of which is Jahnefehduced lattice distortion which changes
the electron kinetic energy near magnetic transitio Perovskite manganites. The optical
phonon were studied by recording the Raman speatrumpelletised Gg,YMnO3 (x = 0, 0.2,
0.3 & 0.4) sample using Renishaw (model: inVia Ramacroscope) system using 514.5 nm
excitation source with an optical eye piece of 2fagnification. The Raman spectra were
measured in the temperature range of 300K to 4steps of 10K down till 50K and in steps of
3K till 4K using a Helium gas flow closed cycle nigkrator. The Raman spectra were recorded
in 200 cm® to 800 crit wave number range. The peaks were fitted withivdignction to find

the peak position and FWHM for analysis.

2.9. Band structure calculations methodology

First principles DFT calculations of the electroband structure were carried out using the non-
scalar relativistic full potential linearized augmed plane wave (FP-LAPW) method for
GdixYxMnO3; (x = 0, 0.25, 0.5, and 1) to study the structural eledtronic properties with the
Generalized Gradient Approximation (GGA) using tRBESol [4] for the exchange and
correlation functional. The Kohn-Sham equationsensolved with the full potential linearized
augmented plane wave technique, as implementeldeiVIEN2K package [5]. In the present
self-consistent calculation, a muffin-tin model ftite crystal potential was assumed. The
electrons are divided into two groups: the coreted®s whose charge densities are confined
within the muffin-tin spheres and the valence etat outside the spheres. In the two regions of

the unit cell, different basis sets are used toapgpthe wave function, charge density and the
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potential function. Inside the non-overlapping geleof muffin-tin radius (Rr) around each
atom, a linear combination of the product of thdiabsolutions of the Schrédinger equation and
the spherical harmonics is used, while the planeevizasis set is used in the interstitial region.
Non-overlapping sphere radiug;Ris chosen in such a way that there is no chaajeatge from
the core and total energy convergence is ensuredusd&d the Muffin-Tin radius (R) of 2.14
a.u. for Y, 2.24 a.u. for Gd, 1.85 a.u. for Mn dnfi9 a.u. for O atoms. The basis set and k-points
were found to be fully converged withyiRK max = 7.5, Gnhax = 12 and 300 k-points in the full
Brillouin zone. Same numbers were used for allddleulations. Before calculating the material
properties, the convergence tests with respedtadasis set size and the k-points used in the
calculations were performed. Both the GdMn&hd YMnQ were specified in therifa (62)
space group as the two end compounds. We havethisezkperimental lattice parameters for
GdMnG;, Gh 75Y 0.29MN0O3 and GdsY 0sMNO3 obtained from the x-ray diffraction experiments
on the samples, while the parameters for YMn&ere taken from literature [6] for our
calculations. The atom positions were relaxed usiiegsymmetry of theritna space group for
the GdMnQ and YMnQ systems. For the intermediate systems, /&¢h.gMnO; and
Gdy5Y0sMNnO3, Gd atoms in the unit cell were replaced to obtlagrequired Gd:Y ratio, by first
converting the system to P1 space group with nonsgtnry other than translational symmetry,
and then replacing one or two of the Gd atoms byhé program was then allowed to find out
the symmetry of the resulting crystal structureefiorted B (no. 6), unique axis, as the space
group for x = 0.25 and R2n (no. 11), unique axis, as the space group for x = 0.5 compound.
All the atom positions were then relaxed usingdpmmetry of the reported space groups. The
final forces in between the atoms in these ioni@xagion steps were lower than 5 mRyd/a.u. The

electronic self consistent cycles were stopped wtherenergy convergence was better that 10
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Ryd, charge separation smaller thar’ 20u. and force convergence 1 mRyd/a.u. The systems
under study consist of thd 85d) and 4 (Y) and 3l orbitals (Mn), we have used the Hubbard
interaction with a U-J value of 8 eV, along witle tbpin-orbit coupling effects to model the
correlations present in the systems. Spin-orbératdtion uses a second variational method with
the scalar-relativistic orbitals as basis. The nenmdf eigenvalues doubles since SO couples the
spin-up and spin-down states, so they are no losggarable and become a single state. Hence,
the up- and down-spin density of states have badulated without accounting for the spin-
orbit coupling, while the band structures have besdoulated for both the cases.

The lattice dynamics has been performed for as@fieompounds G4YMnOs (x = 0,
0.1, 0.2, 0.25, 0.3, 0.4, 0.5 and 1) using the Gwtddule available in the Materials Studio
package. The charge state of the ions in theseerapsis Gd', Y**, Mn®" and G. The
interactions have been modeled using Buckinghara tgperatomic pair potentials along with

the Coulomb interaction between the different ipfjsThe potential form is given bWij(rij) =

%+ Aije‘rif/pif —% O ion interactions are split into a core with8@ charge and a shell

ij ij
with 0.869 charge. A spring with a specified sprocapstant is used to model the core-shell
interactions. The details of the potentials usedHte different species are given in the table 2.3.

We obtain the vibrational frequencies and phonarsitig of states of all the compounds.

Atom Types Potential Ai Dii Ci Charge Cutoffs
i j Type (eV) A) | (eV- A min (A) | max (A)
Mn core | O shel | Buckinghan | 1257.¢ | 0.321¢ 0 +3 0 10
Gd cor¢ | O shel | Buckinghan | 1336.¢ | 0.355: 0 +3 0 10
Y core | O shel | Buckinghan | 1345.. | 0.349: 0 +3 0 10
O shel | O shel | Buckinghan | 22764.( | 0.149( | 27.87¢ | +0.86¢ 0 12
O core | O shel | Spring (-s) | 74.92 0 0 -2.86¢ 0 0.€

Table 2.3: Interatomic potentialedisor GULP calculation
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Group theoretical analysis was carried out using ¢tmline available tool for the

structures [8].

2.10. Rietveld refinement by GSAS

Reitveld refinement is a nonlinear least-squaréeament method, in which the best fit
is obtained for the entire observed powder diffoactpattern taken as a whole and the entire
calculated pattern based on the simultaneouslynadfimodels for the crystal structure(s),
diffraction optics effects, instrumental factorsdaather specimen characteristics. The least
square structural refinement of G&¥,MnO3; was carried out using GSAS program [2] which
employs Rietveld analysis [1]. A brief descriptiohthe choice of the important parameters and
the strategy adopted for the refinement procedwgiaen in the following.

Starting values of the structural parameters ferrdfinement are taken from the standard
neutron powder diffraction of RMnfsystem [9]. A statistical replacement of Gd by “¥sw
carried out over thda site. For all compounds, the site occupancy wastcained in a manner
consistent with the nominal stoichiometry of thempmund. The atomic co-ordinates and
isotropic thermal parameters are constrained teduml for the different atomic species having
same point symmetry. The background is defined Ishitied Chebyschev polynomial with a
leading constant term (function 1 in GSAS), whisha default background function in the
program. The background intensity was estimatednduthe initial iterations with six terms
refined simultaneously. The intensity ratio ofiKo K, in the energy spectrum of X-rays from
X-ray tube, was estimated to be 0.445, from thegrdted intensity analysis of the standard

sample (NIST Si 640b) and is kept fixed during teEBnement process. In GSAS, pseudo-voigt
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function is integrated using multi-term Simpsonier The mixing parameten) is assumed to
have the functional form given by P. Thomssinal [10]. A detailed description of the peak-
profile parameters and their interpretation areegivoy Larson and Von Dreele [2], the
parameters refined in the present work are sumethtiere. While absorption correction is not
needed in Bragg-Brentano type powder diffractionngetry with flat plate samples, the zero
shift of the instrument is chosen as one of thamaters for the refinement. Th@é &nift, AT, is
corrected for the peak asymmetry &nd the sample shifts$orm the transverse diffractometer
axis asAT' = AT+(fiAdtan B)+Ss cos f is the Simpson’s rule co-efficient for asymmetnda
denotes the number of terms in the summation. Todifrad Thompson-Cox-Hastings pseudo-
voigt function [11] (peak shape function No. 2 0BA&S) is employed for the profile analysis.
This function provides a better fit to the asymnoegprofiles and shows less correlation with the
unit cell dimensions. The width of the peak vaneth 20 asc® = U tarf 6 + V tan® + W +
P/co$ 0, where U, V and W co-efficients are described agl®tti et. al. [12] and P is the
Scherrer co-efficient for Gaussian broadening. Theentzian co-efficienty, varies asy =
(X/cos ) +Y tan0, where the first term represents the Lorentzidme8er broadening, and the
second term describes the strain broadening. Thk pefiles were truncated at 0.1 % of the

peak height. During the refinement, it was foundttkthe preferred orientation effects are

practically absent. The functioh w (Y, -Y; )?, representing the weighted sum of the squared

errors, is minimized by least square procedure r@¥ig andY;. are the observed and calculated
intensity at each stepin the pattern. The weight; assigned to each step intensity is the
reciprocal of the variance? at thei™ step and was evaluated W= 1% = N/ Y;, where N is

the number of observations contributing to the agerstep intensity. The following goodness of

fit R factors were evaluated.
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Rp = oY, — Yicl/ 2 Y50 2.1
1
Rup = [Zw; (Y — Yi)?/ ZwiY2] 72 2.2

S= EWi(Yio _Yic)2 /(N —P) 2.3

where N and P are the number of observations am@dfustable parameters respectively. The
least square refinement is continued until the sofmsquared errors, i. e, parameter
shifts/estimated standard deviation, is less thé#m 1

During refinement, the parameter turn-on procedsuggested by Young was largely
adopted to select the parameters to refine. Thienggaition procedure was carried out in the
sequence of the background function with six patamsethe histogram scalef) 2hift then the
lattice parameter by turning one parameter on @a. Then the profile co-efficients were
refined. In the initial cycles, only the parametessresponding to a single atom were refined one
by one. When the system was near convergence, talh gparameters were refined
simultaneously to minimize the correlation betwegearameters of different atoms. As the
present system under study belong®bom symmetry, fractional atom co-ordinates of general
positions were only refined. This was followed by trefinement of the background parameters
alone with higher order terms. After that, the ©itzupancy of different atomic species was
refined one by one, with the constraint that thaltooncentration of Gd and Y in the sample at
any time to be one (i.e. §-+ x = 1). This followed simultaneous refinement of that cell
parameters and site occupancies. The progressafefmement process was reviewed by the
calculated, observed and the difference intendiyspof the different stages of the refinement
steps using the online plot facility of GSAS. Gressors in scale factors, in the background level

or shape or in lattice parameters, various kindsrofile misfits, including inadequate calculated
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tail length, uncorrected asymmetry and profile bdevang could be recognized at once in such

plots but not so easily in the numerical output.
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Chapter 3

Structural magnetization and specific heat studieson Gd.,Y,MnO;

3.1. Introduction

The multiferroic properties as has been alreadycrde=d are closely related to the
structural variations and distortions in RMn§ystem. The work of Kimuret.al. [1] had clearly
brought out a correlation between average bondeaxigIn-O-Mn> | ionic radius and magnetic
ground state of the RMnperovskites. It is proposed from earlier studg]that the onset of
ferroelectric behaviour depends strongly on themeéig ground state. The magnetic frustration
brought in by the competing magnetic interactioraadirect result of the structural distortions
and the R-Mn interaction results in the modulatexhnetic structure of the Mhsublattice in
the RMnQ perovskites. This results in the cycloidal magnegiound state of the Mh
sublattice as seen in ToMa@nd DyMnQ [4]. The increase in magnetic frustration is a clire
result of decrease of the Mn-O-Mn bond angle widtrdasing rare earth ionic radius. The
orthorhombic larger ionic radius rare earth havR-type antiferromagnetic structure and this
changes to long wavelength antiferromagnetic ovdér cycloidal magnetic ground state with
decreasing Mn-O-Mn bond angle. The emergence otifienbic property as a function of
varying Mn-O-Mn bond angle in non-multiferroic, Agte antiferromagnetic ground state
RMnO; perovskite has been carried out by several groBpbstitution of Y at the Eu site in
EuMnQO; and at Sm site in SmMnChas been reported. In both the cases substitatior
decreases the average Mn-O-Mn bond angle and dhgsneter is attributed to the emergence of
the multiferroic properties [1]. GdMn@Qvhich is located in the vicinity of the phase bdary of

A-type antiferromagnetic and long wavelength antfimagnetic phase is an ideal system for
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this kind of structural studies. Thus studying streictural variation on Y substituted GdMn®

an interesting problem to attempt. With this in djiwe have synthesized such specimens.

This chapter discusses the sample synthesis agdtigations on the variation of lattice
parameter and bond angles as a function of inergasiconcentration in GdYxMnOj3 (x=0.2,
0.3 & 0.4). The variation in magnetization behavidue to substitution is also studied, with a
view of inducing cycloidal antiferromagnetic traimn in the Mri* sublattice> This has been
seen in ToMn@and known to arise due to the variation of the ®iMn bond angle. We carry

out specific heat studies to identify the magngtasition present in the system.

3.2. Sample synthesis

Polycrystalline samples of Ggr'yMnOs; (x=0, 0.2, 0.3 & 0.4) were synthesized by solid
state reaction route using &, Y,O3; and MnQ (Aldrich make, 99.95% pure). The precursor
oxides were calcined at 900 °C for 12 hr to remagsorbed moisture. Homogeneously mixed
precursors in stoichiometric ratio were heatechm temperature range from 450 °C to 1350 °C
for a total duration of 72 hours with a few intett@nt grinding. Powders were compacted into
pellets of (~10m diameter and ~3 mm thick) undfaree of 40kN and sintered at 1350°C for 12
hrs. During all the heat treatment steps, platifiainvas used to reduce the contamination. The
SEM micrographs of the samples are shown in FigAB.the samples exhibit large grains with
well defined facets. The stoichiometry of the saaphs estimated from EDX studies closely

matches with the nominal composition.
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Figure.3.1: SEM micrographs of &g xMnOs for a) x=0, b) x=0.2, c) x=0.3 and d) x=0.4.

3.3. X-ray diffraction and structural studies

The room temperature XRD patterns ofi@MnO; (x= 0.2, 0.3 and 0.4) are shown in
Fig.3.2. No impurity could be detected from thefrdiftion studies. The XRD pattern of
GdMnG; matches with reported diffraction pattern [5] @@PDS (250337). The XRD pattern of
x = 0 composition is discussed in the next chapidr respect to low temperature XRD. Upon
Y3* substitution, the peak shift to higher angle iatlitg decrease of lattice parameters. The

preliminary structural analysis was undertaken giSireor programme [6]. All the peaks could
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be indexed to orthorhombic symmetry. The latticeap®etera, b, ¢ and the unit cell volume

obtained from this analysis were used as input§i®Rietveld refinement analysis [7]
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Figure.3.2: Room temperature XRD patterns of; dMnO; (x=0.2, 0.3 and 0.4). The
diffraction patterns are vertically shifted for gty

As a representative, measured X-ray diffractiortgpat(x) along with calculated{) pattern,
Bragg reflections [{) and the differencel{) patterns for GghY3MnOs is shown in Fig.3.3.
Variations of lattice parameters withare shown in Fig.3.4. While the lattice parametesiadc

decreases almost linearly, non-linear decreaséenldttice parametdn is observed. Similar

variation inb-axis was reported for such ortho-manganites [8jweler, the
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Figure.3.3: Measured X-ray diffraction pattern aly@¥ osMnO3 along with fitted pattern; (x) -
measured pattern;]() - Calculated pattern{{) — difference pattern andl(— position of Bragg

reflection.

relation,c/v/2 < a < b corresponding to O' distortion of the ortho-pelatesis obeyed for alk.
A moderate increase in the orthorhombic distori¢h — a)/(a + b) from 0.096 (GdMnG@) to
0.1 (G@6Y0.4MNnO3) is observed. Decrease of lattice parameter ant agfl volume with
Yitrium substitution is due to the smaller ionidies of Y** ion (1.075 A) compared to that of
Gd®* ions (1.107 A) [9]. Smaller ionic radius of*¥Yresults in rotation or/and tilting of the

octahedron leading to reduction Mn-O-Mn bond angle an®in-O bond lengthsgvn.o. Mn-O
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Bond lengths andMn-O-Mn bond angles along with other crystallographic pesters of

Gdi<YxMnOszare presented in Table 3.1. It is seen that octahedt angle defined by
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Figure.3.4: Variation in the lattice parametexsb, ¢ and unit cell volume with Y
concentration (x). Lines are drawn as a guiddéceye

6 = (180 — (Mn — 01 — Mn))/2 increases by about 0.51% upon 40 at.% substitutior®".
On the other hand, for the same substitution aeckégrO2-Mn bond angle undergoes larger
reduction of 1.67% in thab-plane. Importantly, the estimated average bondeanglosely
match with that TboMn@and falls within range of bond angle values foresbgg spontaneous

ferroelectric polarization [1]. Thughe present systems are expected to exhibit modulation
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magnetic structure. This in the presence of mageletstic coupling could lead to an improper
ferroelectric transition, quite similar to that ®MnQO;. This argument finds support in the

recent work on SmY xMnO;3 system [10].

Gdo.gYo.zM n03 Gdo,7Yo_3M n03 Gdo.eYOAM n03
a (A) 5.3048(3) 5.2988(1) 5.2927(2)
b (A) 5.8536 (4) 5.8532(1) 5.8511(3)
c(A) 7.4190 (4) 7.4105(1) 7.4027(3)
Mn-O1-Mn (Deg.)  145.918 (3) 145.537 (1) 145.166 (2)
<Mn-0O2-Mn> (Deg.) 145.433 (1) 144.299 (1) 143.042 (1)
<Mn-O-Mn> (Deg.)  145.594 (2) 144.711(1) 143.75 (2)
GdIY 4c gy, 1/4)
X 0.9849 0.9836 0.9829
y 0.0816 0.0815 0.0812
Mn  4b (1/2, 0, 0)
Ol 4cx y, 1/4)
X 0.1020 0.1022 0.1024
y 0.4702 0.4672 0.4644
02 8dxYy, 2
X 0.7049 0.7030 0.6995
y 0.326 0.3270 0.3282
z 0.0515 0.05424 0.0563
Rw 0.1589 0.0855 0.131
/ 7.751 1.686 6.565

Table 3.1: Estimated lattice parameters, bond andtactional co-ordinates of the atoms for
GdixYxMNnO3 (x= 0.2, 0.3 & 0.4) in orthorhombic symmetry bejomgy to Pbnm space group.

3.4. Thermomagnetisation and M-H studies

The magnetic properties of G MnO3 (x = 0.2, 0.3 & 0.4) have been investigated by
measuring the thermomagnetization and the magtietizaat fixed temperatures. The
thermomagnetization studies with an applied fidl@@0 Oe were carried out both in zero field
cooled (ZFC) and field cooled (FC) mode over thmderature range 300 to 5 K. Negligible

difference between the ZFC and FC curves is obderfee all the compositions. The
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thermomagnetization curve of all the samples shawsonotonous increase in magnetisation
with decrease in temperature, devoid of specifituiees of magnetic transitions. However,
earlier magnetization studies @mgle crystals of R-site substituted RMnOsystems indicate

diminutive yet clear signature of magnetic trawsisi of Mrt* sublattice. Coupled with inherent
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Figure.3.5: Figure showing the FC and ZFC curvekiagset showing the fitting of #As T with
Curie-Weiss law for a) x=0.2, b) x=0.3, c) x=0.4dad) effective magnetic moment for all
composition.

large anisotropy, these features might have beditei@ted in the case opolycrystalline

samples. Additionally, substantial paramagnetic trijoution of Gd*-sublattice to the
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magnetization at these temperatures could have @onded the problem as has been reported
for other RMnQ systems [10].

As such, expected magnetic transitions of iBublattice could not be ascertained from
thermomagnetization studies. The inverse suscéptilfinsets) vs. temperature plots exhibit
linearity down to ~55 K and takes a negative demmabelow this temperature. The linear
portion of the inverse susceptibility curve (T > Kb was fitted with Curie-Weiss equation to
estimate the Curie-Weiss constant and Weiss teryper@®). 0 almost linearly decreases from
-32 K for x=0.2 to -22 K forx=0.4. This is in agreement with a reduction in tleue of
<Mn-O-Mn> with Y substitution, which decreases next nearesghbour antiferromagnetic
interaction strength in relation to the nearestghieour ferromagnetic interaction strength
between MA" spins in theab-plane. The effective magnetic momentg was calculated from

the Curie-Weiss constant and its variation as atfan ofx is plotted Fig. 3.5.

The M-H curves have been measured at 20, 10 and &K applied magnetic field range
of -10 to 10T and are shown in Fig.3.6. For all deenposition, M-H curves exhibits a knee
without saturation. For a given system, magnetratit a given magnetic field increases with
lowering temperature, in accordance with thermoratigation studies. Also, magnetization
(Fig. 3.6d) measured at 5 K decreases with x, ao@ance with magnetic dilution effect. At 5K
the increase is more drastic and this could betdube Gd* ordering. Also the magnetization
increases rapidly beyond 1.5T at 5K, a partial Kileevariation of the M-H curve is seen. This
could be attributed to the magnetic transition bé tGd* sublattice from canted anti-
ferromagnetic to ferromagnetic in an applied magrfetld above 1.5T. This has been reported

for other RMnQ system and is more pronounced in case of singystais [11]. The
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magnetization value for 5K is seen to decrease witheasing Y, due to dilution of &d

Magnetization curves of single crystals of RMn@corded below the magnetic transition

temperature of R-sublattice exhibit a sharp inaaasmagnetization above a critical field [12].

This is attributed to a field-induced first-ordeetamagnetic transition from AFM to FM state.

Such a feature is not observed in the present stwilyg to polycrystalline nature of the sample.
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3.5. Specific heat studies

With a view to find out the magnetic transitiontbé Mr* and Gd" sublattices, specific
heat measurements were under taken both in presadce absence of magnetic field. Specific
heat measurements were carried out on powderedesoipGd.YMnO3 (x = 0.2, 0.3 & 0.4)
using a physical property measurement system (Quoamesign, USA). The measurements
were done in an applied field of 0, 0.5, 5 and i®The temperature range of 60 to 4K. Cp/T vs.
T curves for all the systems are plotted in Fig.. &ll the compositions show a lambda like
anomaly about 41K corresponding to a paramagnetsinusoidal antiferromagnetic transition
of the Mr?* sublattice (MT1) and is reported for the paremnpound GdMn@ about 43K [4].

This anomaly down shifts approximately by 2Kxas increased to 0.4.
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This should be contrasted against observed lowafiBgabout 10 K for the same change
in x. This indicates that the frustration defined @4Ty increases with ¥ substitution. Apart
from this, much stronger anomaly is observed ab&ufThis is attributed to the paramagnetic to
canted antiferromagnetic transition of the*Gsublattice and is not affected by Y substitution.
Other than this signature corresponding to magrtediesitions could be observed except for
x=0.3, due significant contribution from the ®dublattice. The feeble anomaly is observed
around 18K for x = 0.3 composition which increasesiagnitude with applied magnetic field as
shown in Fig. 3.8. It is proposed that this coudddscribed to the sinusoidal to cycloidal anti-

ferromagnetic transition of the Mhsublattice as seen in ToMa(2].
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3.6. Conclusions

Polycrystalline samples of GgY,MnO; (x = 0.2, 0.3 & 0.4) were synthesized in single
phase. All the peaks in the XRD patterns could mexed to the orthorhombic symmetry
belonging toPbnm space group. The lattice parameter is found taedse with increasing
Yttrium concentration. The bond angle is found ermase with Y and fall in a window of
favorable values [1] for emergence of multiferrproperty.

The thermomagnetisation curves of all the samplesewbserved to monotonically
increase with decrease of temperature and are dieva@ny features. The inverse susceptibility
plot of 1/ vs. T decreases linearly down till 55K and dewdtem linearity below it. The Curie
constant, Weiss temperature and effective magnatiment was estimated by fitting the linear
portion of the inverse susceptibility curve abowK7The effective magnetic moment and the
Weiss temperature decrease with Y concentratiortaldéution of Gd* ions with non-magnetic
Y**ions.

The specific heat measurements show strong anaratieut 41 and 5K corresponding
to a paramagnetic sinusoidal antiferromagneticsitam of the MrA* sublattice (MT1) and to a
paramagnetic to canted antiferromagnetic transifMi3) of the Gd" sublattice respectively.
While MT1 marginally decreases by 2K, no change wlaserved for MT3. Additional feeble
anomaly was observed near 18 K for the 0.3. The magnitude of this anomaly was seen to
increase with magnetic field. Based on estimated<MMn> bond angle and earlier works, this
anomaly is associated with the sinusoidal to cgelbAFM transition of the M# sublattice. The
specific heat measurement also shows features @netia transitions like that found in

TbMnO;, though they could not be clearly observed dugigher magnetic moment of the &d
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ion. Further studies like dielectric spectroscopy dow temperature XRD may give better

understanding and are discussed in the next chapter
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CHAPTER 4

Dielectric and powder XRD studies at low temperature

4.1. Introduction

The discovery of multiferroic property in ToMa®@y Kimura et.al [1] and in DyMn©
[2] has shown that the onset of incommensurate tatetll magnetic structure (spiral/cycloidal)
gives rise to spontaneous polarization. The presesfca sharp peak in the temperature
dependent dielectric constas{ll) curve is shown as a clear evidence of ferroetettansition.
Goto et.al. have clearly indicated that the a sharp peak arighe temperature dependent
dielectric constant along theaxis as well as along theaxis both in TboMn@ and DyMnQ at
temperature where spontaneous polarization emefdaismuch of variation is observed in
dielectric constant along theaxis. On the other hand, a step-like feature és s¢ong the-axis
and c-axis for paraelectric GdMnfOand EuMnQ at sinusoidal to A-type anti ferromagnetic
transition temperature. More over in the studyaidssolution of Th.GdAMnOs [3] it is clearly
shown that the a sharp peak exist alongctagis ing(T) for concentration upto x 0.6 with
polarization along-axis. As the concentration of Gd is increased ftbfto 0.8 a sharp peak in
temperature dependent dielectric constant emergesg dghe a-axis with polarization flipping
along thea-axis. This is associated to the flipping of thé&apmagnetic moments of the Nin
ions from bc-plane toab-plane. Along with this a step like feature is atsloserved for this
concentration along tha-axis in ¢(T) which becomes dominant beyond x > 0 .8. This is
associated to a reentrant paraelectric phase angy$tem becomes completely paraelectric
beyond x > 0.8. Thus, it is evident that a sharpkpeather than a step ig(T) at the

metamagnetic transition specifies a ferroelectangition. Such features has been reported for
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GdixYxMNnO3 [4] for x=0.1 and 0.2. GAMnO3 also has interestfegtures associated with
structural distortions and dielectric effect [5] Maover several relaxation process present in the
system can also be studied by analysing the rehiraaginary part of(T) which may provide
insight about the understanding of magnetic ancb&ectric transition. It has been reported that
dielectric relaxation changes across magnetic itrans[2, 6, 7] evidenced by change in
activation energy. Thus in view of this it will bateresting to study such behaviours and
relaxation process in the present system,&aMnO; (x = 0.2, 0.3 & 0.4). It has been reported
that temperature dependent lattice parameter shmwmalous variation near the magnetic
transition, evidencing magneto-elastic coupling [8énce low temperature XRD studies would
throw more light on the presence of magneto-elastupling in the present system. In general it
is observed that multiferroic materials exhibitgar magneto-caloric effect (MCE) at low
temperature and exhibit both normal and inverse M@E10]. Historically Gd [11] based
materials have higher magneto-caloric effect, handeght of all these Gg,YMnO3 (x= 0.2,

0.3 & 0.4) forms an excellent system to studyladl &bove phenomena.
4.2. Dielectric spectroscopic studies

Dielectric properties of GdYMnO; (x = 0.2, 0.3 & 0.4) were studied by impedance
spectroscopy. Dielectric measurements were caoutdn a temperature interval of 5 to 60 K
over a frequency range 1@ 10 Hz. This temperature range covers the magnetitsitian
temperatures of Gand Mri*-sublattices. The temperature dependant real paneadielectric
constante'(T) for all the compositions measured at differeegtrencies are shown in Fig. 4.1.
For the sake of comparisogl(T) measured at 10 kHz for x = 0.2, 0.3 and 0.4 amwvs in

Fig.4.1(d). These matches with that of tb@) dielectric curve along-axis for RMnQ [2]. For
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all compositions and frequencies, an anomaly infthen of a peak around ~18K and a weak
shoulder at ~7 K are observed. The peak at 18 Kndshifts marginally by 2 K as x is increased
from 0.2 to 0.4. However, there is no detectablenge in the position of the shoulder with x.
The width of the peak substantially increases withstitution that the shoulder (~7K) which is
relatively well resolved for x = 0.2, is barely sefor x = 0.4. This may be ascribed to site

disorder due to Y-substitution.

5,00 :
4,950 3
E R 3
1 sssf 3
1 asof 3
i arst 3
1 @470k E
E Y- 3
1 aeof 3
1 assp 3
1 asof i | 3
L S A BT RS S | IR | IR | I
0 10 20 30 40 50
Temperature (K)
6.8 T LI AL BRI LI LI LI
b 8.6F g Y E
[ E / ]
[ C E o o = 3
6.7F 8.4F S \ x=02 E
: : ~ N\ ]
b 8.2F = \ 3
6.6F E . e e ee
: 8OE, , ¢ e .
L 3 T oo T T T T E
6.5F _AeE A0 x=03 E
. w,sk 10kHz  »° 3
6.4F : \ E
w E 4.7 ;_ /./., . _;
6,3:— 4.6 ;— Seeeese o o o o sseee—t"" _f
[ E oy o . | I S S T | I S S T | IR S S T | IR S S T 1
F FH———— T /;7.\'. T T LA E
oot oo ot
Y \ ;
6.1 E N, ]
. | ‘ 6.2F e e reee e T
6 0: R R T B B Lo R 1 E. .0 Ly Ly L L L
0 10 20 30 20 50 0 10 20 30 40 50
Temperature (K) Temperature (K)
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In the parent compound GdMa(a step like anomaly at ~23K has been reporteshcasted to

an incommensurate sinusoidal to an A-type antifeagnetic transition [2vhich retains the
system in paraelectric phase. Corresponding to tdmsperature, the temperature dependant
modulation wave vector abruptly drops from finitalue /"~ 0.39) to zero, rendering the
ground state to be paraelectric [12]. Under thdéuarfce of magnetic field the ground state
changes to ferroelectric and the step like featusyT) modifies to a peak. In general, a peak in
¢'(T) is seen in multiferroic RMn®like TbMnO; and DyMnQ and in (RRMnO; like
EuYxMnO3; and Sm,YxMnO; and Th..GdMnOs; [1-3]. Additionally from the structural
studies presented in the previous chapter, itas sieat the averageMn-O-Mn> bond angles of
GdixYxMnO3 system fall in a window range that is favourabte bbserving multiferroic
properties in the present system. Thus it is sdmt Y substitution in GdMn@ induces
ferroelectric transition in GdY\MnQOj3 system about 17 K. Accordingly, the peak is iasck to
metamagnetic transition of Mhsublattice, MT2. The site disorder due to Y-suhstn,
deduced from the broadened ferroelectric transitidmot strong enough to alter the nature of
the transition to relaxor type. This is clearlydamced from the fact that the position of the peak
in €'(T) is unaltered with frequency. Moderate decreias¢he strength of the anomaly with
frequency is noticed. This is in accordance witle teported reduction in the strength of

dielectric constant measured along c-axis with frequency for other RMn@ompounds [2].

The shoulder observed in the real part of the digteconstant is due to the magnetic
ordering of the GH sublattice (MT3) from paramagnetic to canted antifmagnetic [13,14].
This is a clear indication that the rare earth nedéignordering also affects the dielectric
permittivity and has been reported for the pareammound GdMn@[2]. The position of the

peak is not affected by both frequency and Y-stligtn. However, no feature associated with
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the paramagnetic to sinusoidal anti ferromagnesinsition (MT1) of the M# sublattice could

be observed. This is in agreement with earlier variRMnQ systems [2].

Temperature dependant imaginary part of the digtecbnstants"(T) measured under
different frequencies for all the compositions at®wn in Fig. 4.2For ease of comparison,
€"(T) measured at 10 kHz for x=0.2, 0.3 and 0.4ase presented. Striking effects of frequency

on¢&"(T) is more apparent than in the case'(T).
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As in the case of'(T), two anomalies are observed about 7 and 18 K.hAd been
inferred above, these anomalies are associateglawation processes related to MT3 and MT2
of Gd®*- and Mri*-sublattices respectively. While the peak assodgiai¢th MT2 a down shift to
~ 2K with composition, no detectable change is nlezkin the position of the anomaly related
to MT3. Additionally, considerable suppressiorthie strength of the anomaly associated with

MT2 is seen. This reduction renders the contrisutif G&* sublattice to be distinct.

For f > 3.78 kHz, additional anomaly could be clearly seEms peak evolves stronger
and shifts to higher temperature with frequencye Peaks in imaginary part of the dielectric
constant shifting with frequency indicate relaxatiprocess [15] and are also reported in the
single crystal studies of RMnr(J2]. The temperature dependence of relaxation ga®c
associated with the additional peak was studieditbyg the £"(T) curve to the Debye model

[16] given by

4.1

Where A¢ is the dielectric strength, U is the activationeyy associated with dielectric
relaxation processg is the Boltzmann constant ang, Ts the temperature corresponding to a
maximum value ot™(T). The fitting of the curves are shown in Fi§4lt is observed that the
fitting is better for high frequency than at lowkequency due to strong overlap of the

anomalies. The data shown in Fig.4@re fitted to Eq 4.1 andyT at different frequency was
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estimated. Relaxation time was taken as the invefssrresponding frequency. Variation of
relaxation time as function of temperature waswestied by plotting the Inc) vs. 1/T to see how
it is related to the Arrhenius regime. The plotrglowith the corresponding fits for all the
compositions is shown in Fig.4.4. It is seen thed linearity i.e. Arrhenius law is obeyed in
certain temperature regions only. The figures sh@amying activation energies in different
temperature regions depicted by three differergedoThe fitted lines have been extended in Fig
4.4 (b) for clear visibility of three different gles. The first slope change occurs near the MT1

temperature, i.e. paramagnetic to sinusoidal antifeagnetic transition of the Mhsublattice
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near about ~ 41 K for all the composition, whefelike transition was observed in heat capacity

measurement discussed in previous chapter.
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to a Debye model. Corresponding activation enerfgiese indicated.

This indicates that the magnetic ordering changedlielectric relaxation activation energy. The
other change of activation energy is observed entémperature region of 27 K to 24 K, which
may be associated with some transition not detectedpecific heat as well as dielectric

measurement. The minimum temperature estimated fitoenfitting of imaginary part of
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dielectric permittivity using eq 4.1 was 19K. Hertbe second transition that is MT2 could not
be traced by linear fitting of the Arrhenius equaatilt is clear from the figure that the Arrhenius
law is not obeyed in the entire temperature regore over magnetic transition alter the
activation energy of dielectric relaxation mechamnis'he activation energies estimated fall in
the region of 22 meV to 8 meV for all the compasitiwhich are very well associated to
dielectric relaxation process. Similar trends aatugs for activation energy have been quoted
for GAMnG; [6]. This process described by Debye model fofldinve Arrhenius law in certain
temperature regions and does not describe mucht #ederroelectric transition indicated by

the strong peak ief (T), which is an indication of evolution of modtdd magnetic structure.

The relaxation process related to ferroelectricnph@gena can be best studied by
analysing the frequencynf(2n) dependence of dielectric permittivity at differeamperatures.
The relaxation time can be best determined fromrtfaginary part of the dielectric permittivity
as function of frequency'(o) at different temperatures. The loss pedks) over five decades
of frequency for different temperatures acrossfémeoelectric transition are plotted in Fig. 4.5.
The conductivity contribution is seen as a incraagbe value ot"(w) at lower frequency. The

dependence af' on conductivity is given by [15]

£" = 6olegm (4.2)

wheregy is the dc-conductivity of the sample agdis the dielectric permittivity of vacuum.
With the decrease of temperature, the loss peaifts shwards lower frequencies with an
increase in the strength. The loss peaks are maadér and indicate a distribution of relaxation

times. Hence the peaks are best fitted using ecapi€ole-Cole function which takes this into
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account [15]. The"(w) was fitted to the imaginary part of the Cole-Chlection for estimation
of relaxation time.

() = 28 * (TP *sin(Bn/2) / 43

1+ 2(wte)P * cos (?) + (0Te)?P]
where Ag is the dielectric strengthi. is the Cole-Cole relaxation time amflis a width

parameter, withg = 1 implying the Debye case. Values/b& 1 lead to broadening of the loss

peaks.
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Figure 4.5: Figure showing the variationstfo) at different temperature for gl o 2MnOs.

As theg"(o) consists of conductive and relaxation contribngiathe curves were fitted with both
the conductivity part given by Eq 4.2 and relaxagpart given by a Cole-Cole function give by
Eq 4.3. The fitting for GgkY ¢ MnO;3 at 23K is shown Fig.4.6.

Variation of the relaxation times as a functiont&perature is plotted in an Arrhenius

representation and is shown in Fig.4or all the compositions. The curves exhibit narehr
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dependence. This essentially indicates that theesmis not a simple thermally activated
behaviour, in other words are non-Arrhenius. Thsitpe curvature in the vs. logg) plots

imply that the non-Arrhenius could be a tunnelimggesses at low temperatures [7]. The curves
merge at the high temperature region indicating titva relaxation process has same origin in all

the compositions.

0.30 = ¢" experiemntal |
-Fitted curve

0.25[-

0.20r

=, 0.15

0.10r

0.05[-

2
log(v)

0.00!

Fig.4.6: Figure showing the fitting'(w) with both conductive and Cole-Cole function for
x=0.2 at 23K.

The plots show a peak like structure emerging #0.8 and 0.4 visible by slight change in slope
in the temperature region of 19 to 15K. This iaths that the relaxation process slows down
near the ferroelectric transition and then agasue®s its usual earlier behaviour. This also
matches with the EY,,MnO; curve reported in [7], but they are not as cleatlible as
reported byF. Schrettleet.al, where the measurements were donec-@xis oriented single

crystal, while the samples studied here are posgatiyne in nature.
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Figure.4.7: Arrhenius representation of relaxatiare variation as a function of temperature for
Gdi <Y xMnO; for x=0.2, 0.3 and 0.4.

The dielectric measurements were done at a tenyperatterval of 1K as a result the peaks
observed were not as well defined as seen in [d] @uld not be observed for the x=0.2
composition. The variations of the dielectric sggme, with temperature are plotted in Fig. 4.8.
The dielectric strength is seen to increase nearfelroelectric transition temperature and it

shows a peak well above the transition temperatuaé the compositions.
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Figure.4.8: Variation of dielectric strength for G «MnO3; (x = 0.2, 0.3 & 0.4).

4.3. Low Temperature XRD Studies

Low temperature XRD studies were undertaken on,&gMnO; (x=0, 0.2 &0.3) system
to study the variation of lattice parameters wigmperature and to elucidate the existence of
magnetoelastic coupling in the system. Powder Xeiffyaction (XRD) studies were carried out
at Indus Il synchrotron beam line in the tempemtuaterval of 10 to 110 K. In ToMn{the
ferroelectricity appears to originate from a lorggipd incommensurate AFM spiral or
ellipsoidal structure that cause the underlyingidatto modulate with a period twice that of
magnetic through magnetoelastic coupling. As feudists are devoted to low temperature
structural studies of GdMnQ parent compound is also included in the presamys As a
representative, low temperature XRD patterns fod.8=compound at select temperatures are

shown in Fig.4.9.
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Figure.4.9: Low temperature XRD pattern at différegmperature for GgYosMnO;

recorded at Indus-2. The Be peaks are star marked

The peaks marked with *' are the Bragg reflectidinem the beryllium foils/discs
located at the sample holder and at vacuum shadldee cryostat. Due to the difficulties, as
elaborated in Chapter 2, in taking into accountBef peaks during the Rietveld refinement
analysis, lattice parameters were alone estimatad the powder XRD patterns. Due to the
lower signal to noise ratio and background the Xp&tern of the x=0.4 sample were not
analysed.

The temperature dependence of the lattice parasnett¢ine parent compound GdMnO
is shown in Fig.4.10. In the temperature intenfa@@to 110 K, a positive thermal coefficient for

all the lattice parameters is clearly seen. Anoausichanges in the lattice parameters are
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observed at about 44 K, corresponding to paradonmmensurate sinusoidal AFM magnetic

transition of Mri* sublattice of GAMn@
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Figure.4.10: Lattice parametaiiateon of GAMnQ as a function of temperature.

This results in unambiguous increase in the voluohethe unit cell across this

temperature. At about 23 K- and c- axis alone exhibit measurable changes; whHaxis

increasesg-axis is seen to decreases by similar magnituddirigato marginal decrease in the

unit cell volume. This temperature region is ag#ed to a sinusoidal antiferromagnetic to A-

type antiferromagnetic transition of the Mn sulitatt [12] These changes across the magnetic

transitions clearly demonstrate presence of magtettc coupling in GdMn& Observed

changes in the lattice parameters across the Maisition are in general agreement with a

report on thermal expansion studies on crystaSd¥InGs.
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Temperature dependence of lattice parameters @fsYodVnOs in the temperature

interval of 10 to 110 K are shown in Fig. 4.11.
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Figure.4.11: Lattice parameter variation ofy@t 2MnO; as a function of temperature.

An overall positive coefficient for thermal expamsi of the lattice parameters are
observed down to 50 K. Minute anomalies in the terafure variation of lattice parameters
andc are observed about 41 K; whilst lattice paramedesiadc increase, a dip is observed for
the lattice parametds. This temperature coincides with thatiednomaly seen in specific heat
studies (Fig.4.13) and is associated with the pagmmtic to sinusoidal AFM transition of Nfa
sublattice. These variations are small comparedcdoesponding anomalies observed in
GdMnG;s. Other than this, no perceptible anomalies in @inthe lattice parameter is observed,

specifically about a temperature (~ 18K) whereiako@e'(T) ande"(T) is observed.
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Variations of the lattice parametessb, ¢, and unit cell volumer in the temperature

interval 0 to 110 K for GgkY ¢sMnO3 is shown Fig.4.12.
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Figure.4.12: Lattice parameter variations ob@¢th sMnO;3 as a function of temperature

The lattice parameters exhibit anomalous variationgheir temperature dependence
about the magnetic transitions MT1 and MT2. Itasrsthat tha-axis exhibits negative thermal
expansion with a dip about 41 K and a steep ineraasut 20 K. Though-axis also registers a
steep increase about 20 K, exhibits positive thearpansion between the magnetic transition
MT1 and MT2 temperature. On the other hand,ctagis in the temperature range of MT1 and
MT2 is almost temperature independent. In the teatpee range of 23K to 18K the c-axis first
decreases followed by a steep increase below 2@€rgning an expansion all the way to low

temperature. All the lattice parameters in gengredease below 20K. In general, the anomaly
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exhibited by the lattice parameiis smaller compared to those byndc. A steep increase in
the lattice parameteis b, andc at about 17 K are estimated to be 1.03 ¥,1032 x 1¢, and

1.15 x 10° A respectively.

Notwithstanding the thermal expansion and the afiesjathe relationc/V/2 <a < b
corresponding to O’ distortion of GgY¥yMnO; (x=0, 0.2 and 0.3) is obeyed throughout the
temperature range of measurement. Correspondiparéoto sinusoidal AFM transition of Mh
sublattice, changes in the lattice parameters laserged for all the value of x. Mixed variation,
increase and decrease along different axes arevellsé\ssociated to the ferroelectric transition
(MT2), no anomaly is detected in the lattice par@meariation with temperature for x = 0.2
However, increase in all the lattice parametershiserved for x = 0.3 about MT2 resulting in
substantial increase in the volume. This is ted@m®pared against mixed variations reported for
lattice parameters of ELYMnOs; [8] and LuYxMnOs [17]. In general, low temperature
structural studies imply existence of magnetoadastoupling for the compounds under

investigation.

4.4. Normal and Inverse Magneto Caloric Effect

The results on the specific heat measurements eRYGHRINO; (x=0.2, 0.3 and 0.4) were
discussed in Chapter 3, limiting to identificatiohthe magnetic transitions in the system. The
paramagnetic to antiferromagnetic transition ofMif~41 K) and Gd'- (~7 K) sublattice could
be clearly identified but the metamagnetic transitbf the MA* sublattice (~18 K) could not be
seen clearly. Magneto-thermal phenomena, vis-aaignetocaloric effect (MCE) have a strong
influence on physical properties like entropy, hesgiacity and thermal conductivity, and reflects

transformations taking place in spin structure ahagnetic material. Thus studying MCE in
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multiferroic materials is of great interest as thesnsists of several magnetic and meta magnetic
transition related to spin reorientation. MCE aquiiious phenomenon exhibited by all materials
in general and is further enhanced in 3d-4f systen®hus RMnQ system offers great
opportunity for such studies. The interest in iiggdion of MCE on the one hand is due to the
possibility of obtaining information about the magjo state and magnetic phase transformations
in magnetic materials that is hard to obtain byeotmethods and, on the other hand, because of
the prospects of the creation of magnetic cooliragmmes using magnetic materials as working
bodies. In the presence of coupling between theitedegrees of freedom, the magnetocaloric
effect in multiferroic is expected to be enhancesnpared to the rest. The MCE can be
guantified by either intensive parameter like adtabtemperature changgTl g, Or extensive
thermodynamic parameter like isothermal entropyngeaS. In most of the report in literature,
AS alone is shown, for the sake of comparison bo#ise parametersS andAT .4, have been
estimated for the present system. These parameézesobtained from the specific heat studies
both in presence and absence of external magnretet The details of their estimation will

subsequently be presented.

The reduction in gT at the Gd transition temperature with reducing éédcentration
was discussed in detail in section 3.4. The highmue of specific heat at Gdtransition is
owing to its higher magnetic moment compared to ohdin [18]. The Cp/T vs. T plot for all x
at different magnetic fields is shown in Fig.4.1Btom the figure it is seen that thg/Tvs. T
plot essentially is unaltered for H = 0.5 T. Fogher fields, significant changes are observed in
Cp/T value about Gé-sublattice ordering temperature (MT3) while dintisa changes are
observed corresponding to that of Wksublattice (MT1). In accordance with the

antiferromagnetic transition nature, no detectalange is observed about MT1. On the other
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hand the peak corresponding MT3 shifts to highewpteratures. Further, this peak broadens and
asymmetrically stretches to higher temperaturéénpresence of field. This stretching results in
a nominal increase in the value of @ about MT1. For certain RMnGystems, rare-earth
sublattice is reported to undergo below their antifmagnetic transition, a magnetic field
induced AFM to FM transition above certain critié@ld [19]. In view of this report and based
on the observed shift the anomaly associated wilfi-&ublattice to higher temperatures on
application of magnetic field, a magnetic field iceéd AFM to FM of the Gt-sublattice above
H>0.5 T is inferred in GgkY«MnO; system. Thus this could possibly be the first repbfield

induced AFM-FM transition of Gt in orthorhombic RMn@systems.
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Figure.4.13: Cp/T vs. T diot Gdi«Y xMnO3 a) x=0.2, b) x=0.3 and c) x=0.4.
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Hence, for H=0.5T, the AFM ground state of*Gdublattice is preserved and no change in the
specific heat about MT3 is observed. Broadeningstretching is direct consequence of
smearing of the Brillouin function under the infhee of external magnetic field and is a generic

of the ferromagnetic state.

The isothermal entropy change can be found indyreeither from isothermal
magnetisation curve or from heat capacity curvetioed at different magnetic field. The
change in entropy is found from the heat capacityes using the formula

as(H,T) = [T @O g

It is to be pointed out that, the specific heatev@easured at 0, 0.5, 5 and 10T for x=0.2 and 0.4,

while for x=0.3 system they were measured at 0, 8.and 14T. The variation of adiabatic
temperature changkT .4, and isothermal entropy changé at different applied magnetic field

as a function of temperature for all the compositis shown in Fig.4.14. For all the
compositions and for H=0.5 T, the value & .4, (AS) is negative (positive). The reasons for
observation of inverse MCE is that under a fieldd& T, ground state of both the sublattice are
still antiferromagnetic. In contrast to ferromagnetvhich cool upon demagnetization,
antiferromagnets cools upon adiabatic magnetizatgrpositiveASor inverse MCE (IMCE).
Thus for a ferromagnetic transition associatefl is —Ve andAT is +ve while for an anti
ferromagnetic transition signs are reversed, AS is +ve and\T is —ve[18]. At higher fields,
both AT,4, and AS reverse their signs and assumes much higher %@uoethat for H=0.5 T for
T<MT1. Reversals of signs imply the ground stafe Go®*-sublattice is changed to

ferromagnetic. Such a reversal of isothermal entatange is also reported for ToMan€rystal
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[20] along thea andb-axis. In addition to this, a weak and distincteseomaly about MT1 (~
41 K) rides over major peak ifiT .gaWhose sign is not reversed with field. Unlike tb&Gd**-
sublattice, the magnetic state associated with MTunaffected by field. These observations are
in line with the similar inferences drawn from t8g/T studies in the presence of magnetic field
[19]. It is seen that the temperature correspontiingnaximum iMT,y, doesn’t coincide with
that corresponding to minimaumAS. This is in accordance with the report of Pechaetkal
[21] who have showed that in general the maximumr(mimum)AT 44 (T) should not coincide
with the temperature of the corresponding minimuwmn rhaximum) inAS(T). This apart, for
higher field bothAT,4, and AS change their sign beyond a particular field. Thase for such a
change has to be probed and understood.

The maximum value oAT,q, is found to be ~ 5.4 K and 4.3 K for x = 0.2 and 0
respectively for H = 10T and ~ 4 K for x = 0.3 af.8t is observed that the value afl
decreases with decreasing Gd concentration. Ththaglvalue of AT,q4, is considerably large
they are less compared to archetypical Gd based M@Eerials like GeébeGe, [22]. The
maximum value foAS is found to be -16.102 mJ/gm-K and -11.562mJ/gfo#k=0.2 and 0.4
at 10T and -11.634mJ/gm-K for x=0.3 at 8T. In gahdhe value oAS decreases with decrease
of Gd concentration. Th\S changes sign and become positive above 20K foithal
composition. The sign reversal temperature inceeasth increasing magnetic field. Apart from
the magnitude oAAT,4, and AS the width of the peak is also important for ggrant capacity
(RC). In comparison to ToMn{the FWHM of AS for Gd.<YxMnOs system is smaller. This

indicates that the RC of current system is smatlleomparison to ToMn¢{10].
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4.5. Conclusions

The dielectric studies clearly show a peak likedeaboth in the real and imaginary part
of temperature dependent dielectric permittivitpuard ~18K for all the composition. As the
system studied is polycrystalline, the peak ishdligbroad which could be the combined effect
of peaks observed along a-aixs and c-axis [2]. sThus a clear evidence of ferroelectric
transition present in the system. This peak skghHifts with variation of composition. Apart
from this another anomaly is observed near abdi Tvhich is associated with the magnetic
ordering of the GH sublattice and this has been reported in liteeal2l. No evidence what so
ever of the magnetic transition at MT1 of Mrsublattice from paramagnetic to sinusoidal anti
ferromagnetic could be found in the dielectric @sv The study of relaxation process by
analyzing the imaginary part of the dielectric pitinity £"(T) as a function of temperature at
different frequencies shows that the Arrhenius iswbeyed only in certain temperature regions
thus indicating that in the entire temperature orgihe dielectric mechanism may not be a
simple thermally activated process. The first cleamgactivation energy is observed near MT1
around ~41K for all the composition. Another chairgactivation energy is observed near 27K-
24K whose process is not understood at presenfatiter investigations is required. As the
variation of activation energy across MT2 could hetstudied by this, the variation f was
analyised as a function of frequency at differemtperature by fitting it with Cole-Cole function
and also taking into account the conductivity patrtlower frequency over five decades of
frequency range. It is clear from this study thggtem does not follow the Arrhenius law and
variation of the relaxation time shows a bendingciwishows a tunneling process [7]. More over

for x = 0.3 and 0.4 change in relaxation time (slown) around MT2 is observed which is
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associated to ferroelectric transition and is @imih nature though not as evident as seen for
Ew Y0 MnO; c-axis oriented single crystal curve in the workFof Schrettleet.al [6]. The
variation of lattice parameter around MT1 and MT®ws the magneto-elastic behaviour about
the magnetic transition. The lattice parametersvsAnomalous changes and it is observed for
GdixYxMnO;3 for x = 0, 0.2 and 0.3. Similar variation has beeported for EusY«MnO; [8]

and Lu.Y,MnOs [17].

The system shows enhanced MCE as is expected fitifermoic materials. BotAS and
ATaga Show interesting features with temperature andneig field. The system shows reversal
of sign of bothAS andAT .4, With applied magnetic field. As the magnetic fieddincreased
beyond 0.5T the signs change this is associatell waiittiferromagnetic to ferromagnetic
transition of Gd" sublattice. This has been reported for other RMa@stems like TbMn®
[10,19]. This is a first report of magnetic fieldduced transition in GdMn{series. As the
magnetic moment of Gd is higher than Mn most of fketures of MCE is dominated by Gd.
With magnetic field there is also a slight sift aniadening of the peaks near Gd transition
temperature. As the temperature is further raid&dagain changes sign from negative to
positive. The reason for this is not understooditoculd be due to destruction of ferromagnetic
ordering of Gd" sublattice with temperature while the fistill remains antiferromagnetic. This
is just a supposition while the real reason needsetfurther investigated. The value of bath
andAT decrease witllecreasing Gd concentration. Thus; @MnO3z shows both normal and
Inverse MCE with magnetic field and temperatureciSonaterials have immense use for various

applications such as in hydrogen liquefaction grats applications.

74



References:

[1]. T. Kimura, T. Goto, H. Shintani, K. Ishizakg, Arima, and Y. TokuralNature 426, 55
(2003).

[2]. T. Goto, T. Kimura, G. Lawes, A. P. Ramirez, andlgkura,Phys. Rev. Let82, 257201
(2004).

[3]. T. Goto, Y. Yamasaki, H. Watanabe, T. Kimuend Y. Tokura, Phys. Rev. Br2,
220403(R) (2005).

[4]. V. Yu. Ivanov, A. A. Mukhin, V. D. Travkin, A. S.iekhorov, Yu. F. Popov,
A. M. Kadomtseva, G. P. Vorob’ev, K. I. Kaoul, and A. M. Balbashovphys. stat. sol. (b)
243, No. 1, 107-111 (2006).

[5]. Mathias Doerr, Michael Luewenhaupt, Aditya Wagh, P. S. Anilkumar, Suja Eilzabeth,
Sahana Roessler, Martin Rotter, Steffen WidttKorean. Phys. Socie62 10 (2013)

[6]. W. S. Ferreira, J. Agostinho Moreira, A. Alrdai M. R. Chaves, J. P. Araujo, J. B. Oliveira,
J. M. Machado Da Silva, M. A. S4, T. M. Mendongad &. Sime&o Carvalh@hys. Rev. B
79, 054303 (2009).

[7]. F. Schrettle, P. Lunkenheimed, Hemberger, V.Yu. Ivanov, A. A. Mukhin, A. M.
Balbashov, and A. LoidRhys. Rev. Letfl02, 207208 (2009).

[8]. J. Agostinho MoreiralA. Almeida, W. S. Ferreira, J. P. Aradjo, A. M. Biea, M. R. Chaves,
M. M. R. Costa V. A. Khomchenko, J. Kreisel, D. @neshov, S. M. F. Vilela and P. B.
Tavares,Strong magnetoelastic coupling in orthorhombic; E4MnO; manganite Phys.
Rev. B82, 094418 (2010)

[9]. Melvin M Vopson,J. Phys. D: Appl. Phygl6 (2013) 345304

[10]. Jin-Ling Jin, Xiang-Qun Zhang, Guo-Ke Li, and Zhdoa Cheng,Phys. Rev. B33,
184431 (2009).

[11]. X. Moya, S. Kar-Narayan and N. D. Mathudmat13, 439 (2014).

[12]. T. Kimura, G. Lawes, T. Goto, Y. Tokura and A. Rinirez,Phys. Rev. B1, 224425
(2005).

[13]. I.A. Troyanchuk, N.V. Kaspar, H. Szymczakdah. Nabialekl.ow Temp. Phy23, 300
(2997).

[14]. J. Hemberger, S. Lobina, H.-A. Krug von Nidd&a Tristan,V. Yu. lvanov, A. A. Mukhin,
A. M. Balbashov, and A. LoidRhys. Rev. B0, 024414(2004).

75



[15]. F.Kremer and A. SchonhaBroadband dielectric spectroscapypringer-Verlag Berlin
Heidelberg GmbH (2003).

[16]. C J F Bottcher and P BordewijKheory of electric polarization, Vol,IElsevier
Scientific Publishing Company1977.

[17]. Seongsu Lee, A. Pirogov, Misun Kang, Kwang-HyungJan. Yonemura, T. Kamiyama,

S.-W. Cheong, F. Gozzo, Namsoo Shin, H. Kimura\¥da & J.-G. ParkiNature 451,
805 (2008).

[18]. A M Tishin and Y | SpichkinThe magnetocaloric effect and its applicatioimstitute of
Physics Publishing Bristol and Philadelphia (2003)

[19]. A. Midya, S. N. Das, P. Mandal, S. Pandya ¥nGanesanPhys. Rev. B4, 235127
(2011).

[20]. Jin-Ling Jin, Xiang-Qun Zhang, Guo-Ke Li, Zi&lua Cheng, Lin Zheng and Yi Lu, ,
Phys. Rev. B3, 184431 (2011).

[21]. V. K. Pecharsky, K. A. Gschneidner, Jr.@&\.Pecharsky and A. M. TishiRhys. Rev. B
64, 14006 (2001).

[22]. V. K. Pecharsky, K. A. Gschneidner, Jhys. Rev. Let?8, 4494 (1997).

76



CHAPTER 5

Raman studies and band structur e calculation on Gd4.,Y,MnO;

5.1. Introduction

The average ionic radius of rare earth of RMrgdbtly modifies the ground state of
magnetic structure. With favourable structural peeters, especially the Mn-O-Mn bond angle a
few of RMnQ; compounds (R=Th, Dy ) are multiferroic. Decreasioigic radius increases the
orthorhombic distortion, which in turn varies theative strength of competing ferrd<Q) and
antiferromagnetic ¥>0) superexchange interaction among the*Mons. Resultant magnetic
frustration leads to varieties ground state forrtiegnetic structures, a few of which give rise to
spontaneous polarization as well. It is probablat tthese lattice, magnetic modulation and
distortions have some effect on the phonon parasetear the magnetic transitions. Strong
coupling between phonons and electrons has beemnnshwm play important role in colossal
magnetoresistance in L@MMnO; (M=Sr, Ca) system [1,2]. Among these, phonon msode
associated with the Jahn-Teller (JT) distortiopanticular is known to affect both the magnetic
and transport properties and has been studied ogitgal phonons [1,3]. As the JT distortion is
coupled to the magnetic structure, it is expectedftect those corresponding phonon modes are
modified across the magnetic transition. This cmgpbetween spin and phonon, known as
dynamic spin-phonon coupling is quite ubiquitous dartho-manganites and specifically in
multiferroic materials [4]. This results in renormation of phonon frequencies with the onset of
long range magnetic ordering. Such spin-phonon loayeffects have been studied in RMnO
[5] system and mixed crystal systems like RMnO3 (R=Y, Lu) [6]. These studies indicate

anomalous softening that of certain Raman activalaroespecially the stretching modes
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associated with dynamic Jahn-Teller distortion®serthe magnetic ordering. The anomalous
softening of these modes is reasoned to arise frbomon modulation of the superexchange

integral,J [7].

As had been stated in the Chapter 1, due to itsinpity to the border between A-type
and modulated AFM structure, the balance betweenpeting superexchange interactions in
GdMnG; is expected to more subtle. Hence, it will be akeiast to elucidate spin-phonon
coupling effects in Gg\YMnOs; system. Additionally, the improper ferroelectrrartsition in
this system is inferred from the dielectric studighapter 4). Raman scattering studies,
traditionally used to probe the conventional feleoic transition is employed to study the
optical properties of G4Y«MnO3 both as a function of x and temperature coverglgvant

magnetic transition temperatures.

5.2. Room temperature Raman studies

The Raman spectra of & ,MnOs; (x=0, 0.2, 0.3, 0.4) samples measured at room
temperature are show in Fig. 5Hor the sake of comparison, spectra were nornthgi¢h
respect to the intensity of a Raman mode at 480. dRaman modes arise due to structural
distortion of the present orthomanganite systemnagahe ideal cubic Perovskite. Among
allowed 60 normal modes at thepoint of Brillouin, only 24 modes are Raman activEhese

modes can be decomposed into irreducible repreagantz mmm point group as
F = 7Ag + SBlg + 7B2g + 5B3g

Mode assignments of the Raman peaks were carrietblbowing the works of llive et. al. [8]

and are enumerated in Table 5.1.
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Figure.5.1: Raman spectrum of ;d,MnO; (x=0, 0.2, 0.3 & 0.4) at room temperature
depicting various modes.

Fivefold degenerate Amodes and four fold degeneratgyBnodes are clearly seen. Their
association with the specific kind of lattice diston is shown in table 5.1. Among thesg, ahad

B2y are the most intense modes and are the ones wateateported in various studidhe three
Raman modes #7), Ay(2) and By7) associated with the vibration of R-O ions hweer
intensities as compared to the rest of the Ramatemd he other six relatively intense peaks are
associated with MnPoctahedra. From the symmetry consideration itemsnsthat, vibrational
motion of GF-ions and not that of Mf-ions contribute to Raman spectrum. This results in
rotation, tilt, symmetric and anti-symmetric oxyggtnetch or J-T tilt, or in phase stretching of
the octahedron. Due to shorter bond length of Moe@pared to that of R-O, Raman modes

associated with octahedra are more intense compatadse associated with R-O.
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Mode Atomic motion distortion
Ag(1) 02 anti stretching JT
Ag(2) In-phase MnOG6 y rotaion [010]
Ag(3) MnO6 bending [101]
Ag(4) Out of phase MnO6 x rotation [101]
Ag(7) 01(x) R shift
B2g(1) In-plane O2 stetching JT
B29(2) In-phase O2 scissorlike [010]
B2g(3) Out of phase MnO6 bending [101]
B29(7) 01(z) R shift

Table.5.1: Table showing the various Raman moded their assoiciation with lattice
distortions.

The Raman spectrum of GdMa@atches with those reported in the literature [5is
seen that with ¥ substitution, no disorder induced additional pemks¢he Raman spectrum
could be observed. The Raman modes however skitrspatically to higher wave numbers with
X. This clearly indicates that GgvyMnO; belong to a class of mixed crystals exhibiting
amalgamation type or single mode optical properfiée relative intensity of the Raman modes,
specifically those of 1) and A(3) remains unaltered with®Y substitution. However, flipping

in the intensity of these two modes have been tegdor Ey,YMnO3;system [9].

This is reasoned to arise due to mixing gf1) and A(3) modes. Such a mode mixing is
well documented for RMngsystem with the rare earth ionic radius in theyean.09-1.14 A

[10].
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Figure.5.2: Raman mode shift with bond angle vemmafor Gd.xY«MnOs (x=0, 0.2 ,0.3

&0.4).

While the average rare earth ionic radius of the,yMnO; system falls in the range for
strong mode mixing, Y substitution moves GdMrewvay from it. In Fig. 5.2. the peak position
of the Raman modes is plotted as function of <MM@> bond angle which varies with Y
concentration. Though, the shift in the peak positof the modes is almost linear with
increasing concentration, the rate of shifts afieidint; Ay(4) mode exhibits the maximum shift
of ~4 cni/deg, By(1) mode undergoes a shift of 0.95 tdeg and other modes shit with a slope
in range of 1.5 to 2.2 chideg. These shift especially ofyd) mode is far less compared to
reported shifts for RMn@system [10] but compares well with those repoftedEu Y xMnO3
system [9]. Larger shift of £4) mode, associated with the octahedral rotatmnpared to that

of tilt mode implies larger change in Mn-O-Mn boadgle inab-plane compared to changes in
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Mn-O-Mn along thec-axis. This is in complete agreement with the tssaf X-ray diffraction
studies. The B(1) is known to be insensitive to changes in thierfite radius of RMn@system

[10]. Accordingly, the By(1), among others exhibits lesser shift with Y ditbson.

5.2.1. Low temperature Raman studies

Raman spectra foe=0, 0.2, 0.3 and 0.4 at select temperatures angrshoFig. 5.3.

a 7535{ 50K
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Figure.5.3: Raman spectrum of G¥MnQO;3 for a) x=0, b) x=0.2, c) x=0.3 & d) x=0.4 at
select few temperature. The patterns have beetedlidr clarity.

82



For all samples neither emergence of new modeslisappearance of Raman modes is
observed indicating absence of phase transformatigsnb-ambient temperatures. In general, the
width of the Raman peaks narrows down considerabliemperature is decreased. The Raman
spectra were decomposed based on the allowed raodeaccordingly fitted to Voigt function.
Variation of the peak position of Raman modes w#mperature fox=0, 0.2, 0.3 and 0.4 are

shown in Fig.5.4.
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Figure.5.4: Variation of Raman modes with tempemfar Ay(4), Ag(1), Bxg(3), and By(1) for
all the composition. Red curve shows the fittingapharmonic equation.
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All the Raman modes shows shift to higher wave remnlwith decreasing temperature.
The modes in general shift faster initially as temperature is lowered and flattens out below
~80 K. Total shiftAwytq; (= w(10K) — w(300K)) of the individual modes are shown in
Fig. 5.5. Among all the modes, maximum hardeningpiserved fothe Ay(4) mode and least for
B2¢(3) mode. All modes exhibit a dip for x=0.3 suhbsiin in otherwise increasing trend of
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Figure.5.5: Total Raman shift of the individual nresdor different composition.

In general, contributions to temperature dependanation of phonon frequeney(T) is

given by

w(T) = w(0) + (Aw)qh(T) + (Aw)ann(T) + (A(‘))el—ph(T) + (Aw)sp—ph(T)

wherew(0) is temperature independent contribution from havimeibration, (Aw),, corresponds

to the change in phonon frequency due lattice paramvariations and is called quassi harmonic
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part,(Aw).,n @ccounts for changes due to anharmonic vibrafibe.term arises due to anharmonic
shift at constant volume. The tefidw).,_,, is due to renormalization of electronic states rspin
ordering temperature arising due to electron—phauoapling. The last terfw),,_,,, arises due

to the spin-phonon coupling arising due to the ntatthn of exchange integral by lattice vibrations.
The fractional change in the volume is quite neglegso the quasi harmonic term can be neglected.
As the samples are highly insulating, the electphreron renormalization contribution can also be

safely neglected. This leaves two contributign®),,, and (Aw)s,_,, for the consideration of

w(T). The expected variation of phonon frequency duantearmonic phonon-phonon scattering is

given by [11]

w() = w0) - C|1+ 2/(ehw/” 1

wherekg is the Boltzmann’s constant. The relation é&(7T) was used to fit shift of the individual
modes in the temperature interval of 70 to 300.&, in the paramagnetic region by treatihgs a
fitting parameter and extrapolated to cover thepterature range of measurement. The fitting is
shown in Fig.5.4. A good fitting to the experimdrdata set could be obtained only down to 100K.
Below ~100 K deviations as either anomalous haraeor softening of the modes is observed. The
deviation from the anharmonic contribution evidendbe spin-phonon coupling present in the
system. It is pertinent to note that, while singtgstals of GAMn@ exhibit such deviations [12],
same was not observed in polycrystalline sample fgjart from this, no additional anomaly
corresponding to other transition of firsublattice MT2 is observed. The deviation setatimuch
higher temperature, about twice compared to thathafnetic transition temperature MT1 of the
Mn®*-sublattice. Such a behaviour has been reportetbnely in other ortho-manganite multiferroic

systems [13], but also in double Perovskites [thfomates [15] and in Fefand MnFe [16] as
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well. The Q in-phase symmetric stretching mode shows negakdxéation in all the composition
and also has the maximum deviation among all thedRamodesThis is because the Mhspins
within the MnQ (ab) plane are ferromagnetically coupled and amyrsetric moments of the
O? ions should show stronger spin phonon couplinge ®ame has been shown for

Eu Y xMnO3 system and other RMnO3 systems [12].

Additional shift observed in certain Raman mode® da spin-phonon couplingvas
calculated as the difference between extrapolatdranonic contribution with respect to the
shift observed at 10K= wqp(10K) — wey, (10K)). In Fig. 5.6variation of dw)s, of certain
modes with x is shown. Anomalous softenigu(, < 0) of Bx¢(1) corresponding to in-phase
stretching of Mn-O bond length is observed for»allSuch a feature has been reported for

Eu Y xMnO3 system [12].
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Figure.5.6: Total Raman shift between anharmontcaprlated curve and experimental
curve at 10K

Among the observed modes, least variationlin,, with x is for the A(4) mode. For

x=0.2 and 0.3, all the modes exhibit anomalousesafyy. For other concentrations, mixed
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behavior is observedhe full width at half maximum (FWHM) of the Ramarode is related to the
life time of the phonon. With decrease of tempemtuhe lattice parameters decrease due to
anharmonicty, leading to changes in the life tims. per the standard model, the temperature

dependence of FWHM;(T) changes as [11]

r(m)=r©)+A|1+ 2/(6’“*’/” 1

Accordingly,I'(T) was fitted to above equation.
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In Fig. 5.7, temperature variation of FWHM alongttwicorresponding fit are shown for
GdixYxMNO3z (x=0, 0.3 and 0.4), with £1) mode, exhibiting maximum of anomalous
softening. Except for £1) mode of x=0.3 sample, tHT) of all modes of all the samples
exhibit varying extent anomalous narrowing of thexpected. This, in conjunction with
anomalous variation inw(T) as discussed above, establishes spin-phonon ogupii the

G dl.xY XM n 03.

5.3. Band structure and phonon density calculation

To understand the effect of Y substitution on tit@ation and electronic properties of
GdMnG; and how these affect the multiferroic nature oé tmaterial, detailed electronic
structure and phonon dispersion calculations haen lzarried out. Density functiona-intio
calculations using plane wave methods as implerdeintthe WIEN2k code [17] was used for
obtaining the electronic structure, while the tatdynamics program GULP in Materials Studio
[18] was used for calculating the phonon dispersiand the density of states of Gd,MnOs.

The details of the calculation have been explainezhapter 2.

The spin polarized total and atom decomposed deosistates (DOS) of G4YMnO3
(x =0, 0.25 0.5 and 1) without the spin-orbit (S®upling are shown in Fig.5.8 and Fig.5.9 for
the spin-up and spin-down cases. Spin-orbit intenaauses a second variational method with
the scalar-relativistic orbitals as the basis. Mhmber of eigenvalues doubles since SO couples
the spin-up and spin-down states. The SO statesatenger separable and become a single
state. Hence, the up- and down-spin density oéstiagve been calculated without accounting for

the spin-orbit coupling, while the band structunese been calculated for both the cases. The
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compositions of the compound were chosen mainlyikeein mind the ease of computation.
The crystal system has been assumed nb& for the two end compounds. This finds support
in the experimental observation that hexagonal RMsy3dtems (e.g. YMn$) can be stabilized

in orthorhombic crystal structure under high pressynthesis. The figures have been plotted to
show the contributions of all the atoms presenthim unit cell for comparison across all the
compositions. From the figures it is clear thaGdMnG;, the contributions to the valence band
in at the Fermi level (B are from the O @ and Mn 3l states. Away from the Fermi level the
predominant contribution is from the O and Mn laval the £6 eV energy window from the
Fermi level. The localizedf5levels of Gd are beyond 6 eV from & both in the valence band
as well as the conduction band. The YMA@DS plots look similar except for the absencehef t
strongly localized bands. The Y levels do not contribute to the D@&h to the valence band
states in the plotted energy range, but are seée ggrominent contributors to the conduction
band states beyond 4 eV. The DOS of all the comp®us compared in Fig.5.10. It clearly
shows the effect of increasing Y substitution.dhde seen from the figures that theshifts to
higher energy by a constant amount with increasé goncentration. The Gdf States do not
show any effect of the Y substitution, but the Mhehd O D states broaden by a significant
amount. Thus the band gap of the system decregsss Y substitution. While, both the end
compounds show a band gap of 2.1 eV for GdMa@d 2.2 eV for YMn@ the band gaps
decrease to 1.4 eV far= 0.25 and 1.5 eV far = 0.5 compounds. All the band gap values have

been quoted from the calculations where SO intenasthave been accounted for.
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Figure.5.8: Partial and total density of states (d) GdMnQ, (b) Gd, (c) Mn and (d) O
contribution to GdMn@DOS , (e) YMnQ, (f) Y, (g) Mn and (h) O contribution to YMnO
DOS.
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The SO band structures of G¥MnOs; (x = 0, 0.25 and 0.5) and YMn0Gn the Pnma
space group along the high symmetry directionssamvn in Fig.5.11. The Mnd3levels are
seen to be hybridized with the @ Rvels, which broaden on Y substitution in GdMn@part
from this no significant change in the band streestican be seen. All the compounds are seen to

have a direct fundamental band gap afitip®int.
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Figure.5.11: Electronic band structures of (a) GAMAb) Ga 25Y 0.79VMINO3, (C) Gdh5Y 0sMNO3
and (d) YMnQ.

The relaxed lattice parameters, atom positionsiouar characteristics of the Mn-O
octahedron and the Mn-O-Mn bond angles, along thghtotal magnetic moment per formula

unit and the calculated fundamental band gapsiaea ¢n the table 5.2 below.
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GdM n03 Gd0.75Y0.2503 Gd0.5Y0.503 YM n03
a(A) 5.86¢ 5.853¢ 5.851+ 5.791
b (A) 7.431 7.4190 7.4027 7.3606
c (A 5.318 5.3040 5.2928 5.2404
Y/Gd 0.0829, 0.25, 0.4816 (Gd).0821, 0.2488, 0.4816 (Y)0.0829, 0.25, 0.4815 (YP.0834, 0.25, 0.4806 (Y)
0.9171, 0.75, 0.5184 (G 9183, 0.7488, 0.5180 (Gd).9171, 0.75, 0.5185 (Y.9166, 0.75, 0.5192 (Y)
0.4171, 0.75, 0.9816 (G@) 4182, 0.7488, 0.9820 (GA)5832, 0.25, 0.0190 (G@).4166, 0.75, 0.9806 (Y)
0.5829, 0.25, 0.0184 (G@) 5810, 0.2488, 0.0185 (GA)4168, 0.75, 0.9810 (G@).5834, 0.25, 0.0194 (Y)
Mn 0,0,0 0,0,0 0,0,0 0,0,0
0, 05,0 0, 0.4976,0 0,05,0 0, 05,0
0.5,0,0.5 0.4982, 0.9995, 0.5006 0.5,0,0.5 0.5,0,0.5
0.5,0.5, 0. 0.4982, 0.4981, 0.50 0.5,0.5, 0. 0.5,0.5,0.!

01 0.4683, 0.25, 0.6066| 0.4622, 0.2488, 0.6060| 0.4615, 0.25, 0.6073| 0.4619, 0.25, 0.6128
0.5317,0.75,0.3934| 0.5328, 0.7488, 0.3942| 0.5385, 0.75, 0.3927| 0.5381, 0.75, 0.3871
0.0317,0.75,0.1066 | 0.0309, 0.7488, 0.1040| 0.9672, 0.25, 0.8881| 0.0381, 0.75, 0.1128
0.9683, 0.25, 0.8934| 0.9656, 0.2488, 0.8876| 0.0328,0.75,0.1119| 0.9619, 0.25, 0.8871

02 0.3224, 0.0515, 0.2033 0.3180, 0.0507, 0.2051| 0.3210, 0.0519, 0.20430.3222, 0.0535, 0.199

0.6778, 0.9464, 0.800
0.1778, 0.9464, 0.699
80.8222, 0.0535, 0.300
30.6778, 0.5535, 0.800
?0.3222, 0.4464, 0.199
?0.8222, 0.4464, 0.300
80.1778, 0.5535, 0.699

0.3180, 0.4469, 0.2051
0.6775, 0.9485, 0.7969
0.6775, 0.5491, 0.7969
0.1787, 0.9486, 0.7036
0.1787, 0.5490, 0.7036
0.8238, 0.0526, 0.2978
0.8238, 0.4450, 0.2978

0.6790, 0.9481, 0.795
0.6790, 0.5519, 0.795
0.3210, 0.4481, 0.204
0.1743,0.9471,0.701
0.8257, 0.0529, 0.298
0.8257,0.4471, 0.298
0.1743, 0.5529, 0.701

B
0.6776, 0.9485, 0.7967
0.1776, 0.9485, 0.7033
0.8224, 0.0515, 0.2967
0.6776, 0.5515, 0.7967
0.3224, 0.4485, 0.2033
0.8224, 0.4485, 0.2967
0.1776, 0.5515, 0.7033

NWNWWwNWN

Mn-O Octahedron

Vo (A3 11.08 11.02 10.97 10.82
lw (A) 2.03 2.03 2.02 2,01
D 0.059 0.057 0.058 0.053
<1> 1.0093 1.0089 1.0092 1.0085
o (degre?) 5.C 5.8 5.7 7.3
Apical Mn-O-Mn (°) 144.39 145.40 142.82 142.13
Planar M-O-Mn (°) 145.8: 146.1¢ 144.6¢ 144.7¢
M/formula 10.99 9.24 7.50 4
unit (ug) (Gd= 7, Mn~ 3.8) (Gd=7,Y~0,Mn~3.8) [(Gd~7,Y~0,Mn~3.8) (Y~=0,Mn=3.8)
E, (eV) 1.196 (no so), 2.1 (so 0.518 (no so), 10} (s| 0.585 (no so), 1.5 (so 1.213 (no so), 2.2 (s0)
By (GPa 235.5¢ 237.1" 238.8( 242.1¢
g0 (XX, VY, 2Z. 12.33, 23.19, 11.! 12.20, 25.57, 11.! 12.16, 28.30, 11.t 11.89, 35.89, 11.
€, (XX, Yy, 2Z) 217, 2.18, 2.17 218, 2.19,17 2,19, 2.20, 2.18 2.20, 2.22, 2.2(

Table 5.2: Lattice Parameters, atomic positions MneO octahedra characteristics as obtained
from the relaxed ground state configurations olatdifrom DFT. The fundamental band gaps
and the magnetic moments per formula unit and Herinhdividual atoms are also given. The
table also shows the values of the bulk modulus thedstatic and high frequency dielectric
constants obtained for the various compounds fl@@ULP lattice dynamical calculations.

It also shows the bulk modulus and the static aigth frequency dielectric constants
obtained from the lattice dynamical calculationsieTpolyhedral volumeYyo, average bond
length, |, distortion index,D, quadratic elongation, /%, and bond angle variance?, are

defined as below [19].
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D=- ?=1M, wherel; = distance from the central atom to tflecoordinating atom,

n lav

andl,, = average bond length.

A2
<A >=% i (ll—‘) , lo = center-to-vertex distance of a regular polyhedrbthe same
0

volume.

0% = ﬁ M (pi — do)?, m= (number of faces in the polyhedron) x3/2 (ieunber of
bond angles)p; = i"™ bond angle, angy = ideal bond angle for a regular polyhedron (3°an
octahedron).

The phonon dispersions for GdMg@nd YMnQ along were calculated along the path
containing the high symmetry directions WFEX-W-K-T" and phonon density of states were
calculated for the series of & MnO; (0 < x < 1) using GLUP program in Materials Studio
package. The phonon dispersion curves of the emdb@es GdMn@ and YMnQ are shown in
Fig.5.12. No phonon gap can be observed in theedigms. The phonon density of states for
Gdi«YxMnO3 (0< x <1) is compared in Fig.5.13. The peaks in the photemsity of states of
GdMnG; and YMNnQ are seen to occur at almost the same energy asgeen that there is a
gradual change in all the peak positions as wergm IGdMnQ to YMnO;s as a function of Y
substitution. This is an indication of one mode d&&br and is to be expected in the solid
solution Gd.xYxMnOs (0< x <1) without the emergence of any new mode. Thisls® &

agreement with the experimentally obtained specfam®&d..Y MnO; (0< x < 0.4) in the range

of 200 cni to 800 critdiscussed in previous section.
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Figure.5.12: The phonon dispersion curves for Gdyla@d YMnQ along the high
symmetry direction.
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Figure.5.13: Phonon densitytafes for GelYMnO; (0< x <1).
We have also calculated the phonon DOS and digpexrsif the end compounds using
the VASP plane wave DFT package [20]. The totatgneange for the phonons is smaller than
that obtained from the lattice dynamical calculasiobut it gives us the individual atomic

contributions to the phonon density of states faiMB0O; and YMnQ, which are shown in
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Fig.5.14. It is clear from the figure that the pbormodes at lower energies are predominantly
contributed by Gd and Mn. These are thg(7& Ay«2) and Bg7) modes as observed
experimentally and discussed in previous sectiohilé\the higher energy modes are due fo O
ions. The phonon energies between the experimgntdserved and those computed using

GULP differs slightly but the overall pattern remsthe same.
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Figure.5.14: Individual atomic contribution to tliensity of states for GdMnOand

YMnOj3 as calculated from VASP.

The rest of the phonon density of states in mi@aie higher energy range is mainly due
to the contributions from the Mn-O bonds and theseespond to the intense Raman modes
observed in experiments. Thus the theoretical céatiom clearly reveals the nature of origin of

Raman modes based on the atomic contribution.

5.4. Conclusion

The Raman modes of Gg¥'yMnOs (0< x < 0.4) linearly shifts to higher wave numbers
with increasing x evidencing increase in the oftioonbic distortion. Among these, the rotation

mode i.e the 44) mode exhibits largest shift while the symmeiristretching By(1) mode in
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the ab-plane undergoes least shift. As the temperatutewsred, all the Raman modes shift to
higher wave numbers and their full width at halfxmsum (FWHM) widths decreases. Both the
hardening of the modes and narrowing of the pealk&lde fitted to anharmonic model only up
to 100 K. Below this temperature the modes exteiilter anomalous hardening or softening,
riding over the harmonic contribution. Most of psakkhibit anomalous narrowing below 100 K.
Such an anomalous variation in the peak positiorthe presence of anomalous reduction in
FWHM clearly indicates the presence of spin phooaupling present in the system.
The theoretically calculated phonon density ofestso shows shift with increasing Y

concentration. The individual atomic contributidoghe phonon modes have been calculated by

VASP which shows that the intense modes are maimyto G ion movement.
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Chapter 6

Summary and scope for future work

Phase pure solid solutions of Gd;.xY xMnOs (x=0.2, 0.3 & 0.4) were synthesized and their
structural, dielectric, magnetic, magnet-caloric and vibrational properties were studied as a
function of temperature. These investigations have helped in understanding some of the
underlying properties of the system better. These investigations have also provided a greater
clarity as to the underlying processes occurring in the system. We shall now recapitulate the

central resultsin anutshell.

The variation of structural parameters with composition was estimated through the
Rietveld refinement of the XRD data. This is a rich source of information as for instance the
nexus between Yttrium concentration and the Mn-O-Mn bond angle could be clearly brought
out. The lattice parameter was found to decrease with increasing Y ttrium concentration owing to
the smaller ionic radius of Y*" compared to that of Gd*". The reduction of the average ionic
radius of the rare earth due to substitution with Y results in increased orthorhombic distortion,
which in turn reduces the average Mn-O-Mn bond angle. The Mn-O-Mn bond angle is found to
decrease from 145.594(2) to 143.75(1) as x increase from 0.2 to 0.4. This is an important piece
of information since this value falls more or less in the window range of bond angles that is
favorable for the system to exhibit multiferroic properties. From the thermomagnetisation
studies, specific magnetic transitions could not be identified. This is due to a substantial
paramagnetic contribution coming from Gd*" which carries a larger magnetic moment than
Mn**. However, from the plot of inverse susceptibility with temperature, an antiferromagnetic

(AFM) interaction is inferred with the Cuire-Weiss constant 8,~32 K. The nominal decrease in
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Oy (4 K) is observed. On the other hand, specific heat studies confirmed the occurrence of two
magnetic transitions: A A-like transition around ~41 K, associated with the paramagnetic to
(collinear) sinusoidal antiferromagnetic transition of the Mn®" sublattice 74" and a second
transition near 8 K due to magnetic ordering of Gd*" sublattice in a canted antiferromagnetic
structure TG4 . While TH™ decreases marginaly with x, no detectable change in T$% was
observed. Apart from this, no other magnetic transition could be observed in the specific heat

curve but for aweak anomaly about 18 K for x = 0.3 composition alone.

Temperature dependent dielectric studies showed an anomaly in the form of a peak
around ~18 K for al the composition. Thisis associated with an improper ferroelectric transition
driven by linear sinusoidal to cycloid AFM transition of Mn** sublattice (T}™)., whereas, for the
parent compound GdMnO; a step like feature has been reported. This is associated with a linear
sinusoidal to A-type AFM transition, which does not result in a ferroelectric transition. This
establishes that the reduction of average ionic radius of the R-site by the substitution of Y results
in aferroelectric transition in the otherwise parael ectric GAMNO;. The associated pesk is slightly
broader in comparison with those reported for single crystals of other systems. This is due to the
polycrystalline nature of the samples used in the present study and also due to the temperature
dependent dielectric variations along all the three crystallographic axes. Apart from this peak,
another peak is observed at around 8 K for all compositions. This peak originates from the
magnetic ordering of Gd*" sublattice. This ordering also affects the dielectric property, as has

been reported for the parent compound.

The dielectric relaxation behavior was studied both using the Arrhenius law as a function
of temperature and by fitting the frequency dependent imaginary part of dielectric permittivity
€"(w) by Cole-Cole function. It was seen that the plots could not be fitted to a single activation
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energy E, for the entire temperature range but required the use of three different values for E,,,
corresponding to three different temperature ranges. The first change is observed at about T *for
all the compositions of the Mn®" sublattice. The second change of activation energy occurs at
around 26 K , which corresponds neither to the magnetic transition of Gd**sublattice nor to that
of Mn®. This need to be further probed. The estimated activation energies match with that of the
normal dielectric relaxation behavior. The fitting of £"(w) at different temperature by Cole-Cole
functions clearly establishes that the function does not follow the Arrhenius law over the entire
temperature regime of study. This establishes that the dielectric process may not be a simple
thermally activated one. The observed variation (bending) of relaxation time suggests that some
tunneling process is probably involved. It is aso germane to point out that the relaxation timeis

seen to slightly slow down close to 18K near the ferroel ectric transition temperature.

The temperature dependence of the lattice parameters of Gd;.«YMnO3; was investigated
with low temperature powder X-ray diffraction studies. For al the compositions, lattice
parameter variations exhibit the expected positive thermal coefficient down to 100 K. At about
TH™ anomalous variations were observed for all compositions, indicating the presence of a
magneto-elastic coupling . Except for x=0.3, a mixed variation of the lattice parameters was
observed at about 5. For x=0.3, all parameters exhibit a considerable increase at around Ty

asthe temperature is lowered, a feature observed for other reported systems as well.

The magneto-caloric studies on Gd;.xY xMnO3; show that the system exhibits both normal
and inverse magnet-caloric effect (MCE). As with the case of other multiferroics, the present
system aso shows huge MCE with an entropy change AS of -16.102 mJ/gm-K and adiabatic
temperature change (4T) 444 Of 5.4 K for x = 0.2 composition for an applied magnetic field of

10T. Thus these materials would find good use in hydrogen liquefaction and space applications,
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both of which involve low temperatures. The present work also demonstrates that the system
shows magnetic field induced transition of the Gd** sublattice from antiferromagnetic to

ferromagnetic ordering. From a change in the sign of both AS and AT, it is inferred that Gd*'-

sublattice undergoes AFM to FM transitionfor H = 0.5 T.

Vibrational properties of the system were studied by Raman spectroscopy. It clearly
showed that the orthorhombic distortion of the system increases with increasing Y concentration
indicated by the shifting of Raman modes to higher wave number. All the Raman modes of the
system harden with considerable decrease in the full width at half maximum (FWHM) as the
temperature is lowered. The temperature dependence of the position of the modes and that of the
FWHM could be fitted to an anharmonic model down to 100 K. At still lower temperatures,
anomalous softening/hardening of the modes is observed to ride over the anharmonic variation.
However, most of the modes exhibit an anomalous narrowing just below 100K. Anomalous
hardening/softening of the modes along with anomaous narrowing in the full width at half
maximum of the corresponding modes, establishes the presence of spin-phonon coupling in the
present system. It is to be emphasized here that though spin-phonon coupling is not a prerequisite
for a multiferroic compound, it is nevertheless present in most of the multiferroic materias. The
observed deviations start much above the magnetic transition temperature T revealing the spin
correlations present even in the paramagnetic phase . Importantly, the Boy(1) related to ab-plane
exhibits anomalous softening for all x. Ab-initio calculations were carried out to find both the
phonon dispersion and phonon density of states. It is observed that the Raman spectrum matches
well with the calculated Phonon density of states. The Raman active modes were also cal culated

and the origin of specific Raman modes were identified with individual atomic contributions.
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Scopefor futurework

All the studies have been carried out on polycrystalline samples. As the physical
properties of this class of materials are anisotropic, it would be better single crystals are used. It
would give better understanding on the dielectric and vibrational properties. Neutron diffraction,
an indispensible tool to study the magnetic structure and sublattice magnetization could not be
employed on Gd-based compounds. This is due strong absorption of neutron by Gd. The
element specific X-ray magnetic circular dichoric (XMCD) phenomenon offers an alternate
method carry out such studies. It will be worthwhile to carryout XMCD studies across magnetic

transition temperatures TH.", T and T$C.
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